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Abstract
Plastic waste has many complex chemical components. In developing countries, direct incineration is often used 
to reduce plastic waste, releasing pollutants into the atmosphere. A more environmentally sound alternative is 
pyrolysis. It can turn plastic waste into an alternative fuel. A catalyst, such as natural zeolite, can reduce the 
energy used in pyrolysis. However, mineral contaminants must be removed first to get optimum activity. This 
research was focused on using Ende natural zeolite as a catalyst, determining the properties of the mineral in its 
activated form. It also investigated the interaction between H-zeolite composition and the operating temperature 
towards pyrolysis oil yield. The experimental results showed that Ende natural zeolite contained a mixture of 
mordenite, clinoptilolite, and quartz. After activation and modification, there was an increase in the surface area 
from 53.17–104.67 m2/g. The average pore radius ranged from 19.96–34.21 Å. There was an increase in the 
pore volume from 22.01–72.34 cc/g. The total acidity changed from 1.456–5.342 NH3/g. The optimum catalyst 
concentration was 10% in the pyrolysis of 1000 grams of plastic waste catalyzed by 100 grams of H-zeolite. 
The oil yield decreased at 15% concentration. The 10% concentration worked best at 400 ℃.
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1 Introduction

Plastic is one of the most commonly used materials in 
the modern world due to its strength, lightweight, and 
versatility [1]. It is also cheap and more economical  
when producing plastic material in large quantities  
[2], leading to an accumulation of plastic trash. 
Polyethylene plastic is one of the most frequently used 
plastics for bags and packaging [3], [4]. The common 
chemical properties of polyethylene and other types of 
plastic include their high molecular weight with many 
aromatic rings and intricate chemical connections  
[5]. This chemical complexity does not allow plastic 
to be decomposed by microorganisms in the soil, 
leading to an accumulation of plastic cover that clogs 
the soil pores and pollutes the environment [6]. Many 

recycling methods have been developed to overcome 
the increased plastic waste [7]. However, it can only 
be carried out on specific types of waste in small 
quantities, and the remains still accumulate in landfills 
[8], [9]. 
 In many developing countries, direct incineration  
is often preferred to reduce plastic waste because it 
is considered efficient and feasible [10]. However, 
this method releases pollutants into the air, such as 
volatile organic compounds (VOCs), NOX, SOX, CO, 
CO2, polychlorinated dibenzofurans (PCDFs), and 
dioxins [11]. A more environmentally sound alternative 
to direct incineration is pyrolysis [12]. This thermal 
processing method employs high temperatures in a 
closed system, producing smaller chemical fractions 
as liquid fuel from plastic polymers without releasing 
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dangerous chemicals into the atmosphere [13], [14].
Pyrolysis requires a catalyst to help distribute products 
and efficiently use the energy [15], [16]. Zeolite is one 
of the best catalysts for pyrolysis [17], [18]. Zeolite 
is a porous, highly acidic mineral that can control the 
dispersion of pyrolysis fluids due to its high reactivity  
[19], [20]. Today, the best catalytic performance in 
pyrolysis is shown by synthetic zeolite, which is  
expensive and challenging to obtain [21].
 Natural zeolite can be used as a cheap and more 
abundantly available alternative to synthetic zeolite 
[22]. This mineral can be found in almost all parts of 
Indonesia [23], including in the Ende District of Flores 
Island in East Nusa Tenggara Province [24]. Natural 
zeolite, which is predominantly found in the Indonesian  
archipelago, contains mordenite and clinoptilolite  
crystalline components, which have been known to 
have good resilience to high temperatures so that they 
can be employed as catalysts in pyrolysis [25]–[27]. 
However, in general, natural zeolite often displays 
very varied properties. The natural form tends to have 
different degrees of crystallinity, grade, pore size, and 
surface area. It reduces their catalytic performance, 
prevents their application as a catalyst in large-scale 
industries, and undermines their potential application 
[27]–[31].
 For optimum catalytic performance, natural  
zeolite must first be activated and modified [32]. These 
procedures can remove impurities and improve natural 
zeolite’s crystal structure, allowing better catalytic  
activity and providing the industry with cheaper  
catalysts from nature [33]. Several studies on modified 
natural zeolite from the Indonesian archipelago have 
confirmed this [34]. For example, after being activated  
with acid, Sukabumi natural zeolite converted 
80% of the total styrofoam samples into oil yield 
that contained kerosene [35]. Another example, at  
450 ℃, Aceh natural zeolite, used as a catalyst in the 
pyrolysis of polypropylene plastic waste, produced 
65% liquid from its total solid feedstock, with a 
gasoline composition of up to 96.71% [36]. In another 
study, as much as 90% of the polypropylene plastic 
was converted into pyrolysis oil, mostly gasoline 
components, using Klaten natural zeolite as the catalyst 
at 450 ℃ [37].
 The oil produced by pyrolysis with plastics  
directly correlates to the type of plastic feedstock used 
in the reaction [38]. For example, only 60–80% of 

polyethylene plastic feedstock could be converted into 
pyrolysis oil [39]. On the other hand, up to 80–95% of 
polypropylene plastic could be converted into oil [40]. 
Other than this, in terms of utilizing natural zeolite 
as a catalyst in pyrolysis, the catalytic performance 
of natural zeolite is highly dependent on its natural 
properties [41]. These properties are directly linked 
to the location where the zeolite originates and the 
geological process that contributed to the formation 
of this mineral [42]. 
 The diversity in natural zeolite properties does not 
allow similar activation and modification procedures 
for all natural zeolites [42]. The zeolite minerals from 
western Indonesia may have completely different  
natural features from those in the eastern region [25], 
[43], [44]. There have not been enough studies to 
generate sufficient information about the catalytic 
performance of natural zeolites originating from the 
eastern region of Indonesia, particularly from the 
Ende regency on Flores Island. This study generated 
data that added to the library of information about 
the catalytic activity of natural zeolite from eastern 
Indonesia, continuing our previous preliminary study  
on Ende natural zeolite [27]. The results of this study 
could determine the stability of Ende natural zeolite at 
the operating temperature of pyrolysis employed for 
polyethylene plastic waste.

2 Research Method

2.1  Preparation of catalyst from ende natural zeolite

The natural zeolite was taken from Ondorea village, 
on the southern coast of Ende district, Flores Island, 
Indonesia. The crushed Ende natural zeolite was 
put through a sieve with a mesh size of 100. The 
resulting zeolite powder was washed with water and 
then dried for 12 h at 120 ℃ in an oven to remove 
any leftover water and organic contaminants not 
washed away by water. This natural zeolite powder 
was then used to acquire the initial data for the 
catalyst, including the type of crystal components, 
surface morphology, surface area, pore radius, pore 
volume, and acidity.
 The natural zeolite powder was activated by 
soaking it in a 1:2 (w/v) 1% hydrofluoric acid (HF) 
solution for 30 minutes, dissolving away more organic 
and inorganic contaminants. In this process, the silica 
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(Si) atoms on the mineral’s outer framework should 
have interacted with fluorine [24], forming SiF4 that 
would have dissolved away in the solution [43]. The 
pellet produced in this step was then dried for 24 h at 
120 ℃ in an oven. After this step, the natural zeolite 
was called active Ende natural zeolite. An X-ray  
diffraction (XRD) analysis was used to characterize 
the dry powder produced from this step to understand 
how the activation procedure affected the crystallinity 
of its active form.
 The active Ende natural zeolite powder was 
refluxed in a 6 M hydrochloric acid (HCl) solution 
by constantly stirring the slurry at 90 ℃ for 30 min to  
allow dealumination [44]. After decanting the liquid, 
the remaining pellet was rewashed with distilled  
water and dried at 130 ℃ for 3 h. The dried sample was 
then impregnated by refluxing it in a 1 M ammonium 
chloride (NH4Cl) solution for seven days. During this 
period, the incubated slurry was stored in an oven, 
preventing any interaction with the atmosphere. Daily, 
the slurry was heated for 3 h at 90 ℃. The continuous 
stirring and mixing allowed an interaction between 
active Ende natural zeolite and NH4Cl. The slurry was 
filtered and dried at 130 ℃ for 3 h on the final day. 
Ammonium ions (NH4

+) from the NH4Cl solution were 
expected to replace the cations (e.g., Na+ and Ca2+) in 
the zeolite’s framework [24], [45], [46].
 The resulting dried powder after impregnation 
was then called active Ende H-zeolite. The residual 
ammonia (NH3) in the zeolite’s framework was cleaned 
through calcination at 500 ℃ for 2 h. Nitrogen gas 
was allowed to circulate to open up the pores in the 
zeolite’s framework [24]. Several characterization 
methods were employed to reveal any changes in the 
active Ende H-zeolite.

2.2  Plastic waste preparation 

The plastic waste used in this study was strictly 
taken from unused plastic containers with a  
polyethylene (PE) symbol. The PE plastic waste 
was then divided into small pieces of 0.5 × 0.5 cm 
[47]. For pyrolysis, 1000 grams of the small PE 
plastic pieces were used. Four different temperature 
treatments (300, 350, 400 and 450 ℃) [48] were 
employed with four different catalyst compositions 
(0, 5, 10, and 15%) [47]. There were three technical 
replications in the experiment.

2.3  Pyrolysis of the plastic sample

There were 1000 grams of PE plastic pieces fed 
into the pyrolysis reactor for a reaction at 300 ℃. A 
stopwatch was used to time the duration of pyrolysis.  
When the first pyrolysis oil drop came out of  
the reactor, it marked the initial time of the cracking  
process. At an interval of ten minutes, the oil  
reservoir was changed, and the oil volume was  
calculated. When no oil drop came out of the reactor 
anymore, the pyrolysis process was assumed to be 
completed, marking the end of the cracking process. 
A similar procedure was performed at 350, 400, and 
450 ℃ [45]. For this first set of treatments, no catalyst 
was used.
 The plastic waste and the active Ende H-zeolite 
were used in a ratio of 5% - where 50 grams of zeolite  
for every 1000 grams of plastic was used. This process  
was catalyst-induced pyrolysis conducted at 300 ℃. 
The same procedure as the no-catalyst treatment was 
conducted here. When no oil drop was produced by 
the reactor anymore, the reaction was assumed to 
have ended. This catalyst-induced reaction was also  
performed at 350, 400, and 450 ℃. Similar temperature  
treatments were also performed for the catalyst-to-feed 
concentrations of 10% and 15% [49].

2.4  Characterisation of zeolite as a catalyst

The characterization data included crystallinity 
components, surface area, and acidity. An X-ray 
diffractometer with an observation area between  
10–90 degrees was used to determine the crystallinity  
components. The peak values of 2θ displayed in 
the diffractogram produced by the samples were  
qualitatively compared to the standard zeolite 
diffractogram of the International Centre for  
Diffraction Data [50]. The I/II percentage and the 
intensity produced by each sample were calculated 
by dividing the XRD experimental value for each 
sample by the value displayed in the standard  
diffractogram [34].
 A scanning electron microscope (SEM)  
investigated the surface morphology. A gas sorption 
analyzer employing the Brunauer-Emmett-Teller 
method determined the surface area, pore radius, and 
pore volume. A gravimetric approach determined the 
acidity of the zeolite sample.
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2.5  Data analysis

A randomized factorial design with two randomized 
elements was employed in this study. The first  
element was pyrolysis temperature with four levels: 
T1, T2, T3, and T4. The second element was catalyst and 
plastic waste, which had four levels: C0, C1, C2, and 
C3. Three repeats for each treatment were used. The 
mathematical model of the design was:

Yij = µ + Ti + Cj + TCij + Rk + €ijk

Yij : the observation results for the addition of the 
catalyst  j at temperature i and repetition k
µ : the average
Ti : temperature i
Cj : catalyst  j
TCij : the interaction between temperature i and  
catalyst  j
Rk : repetition k
€ijk : possible measurement error at temperature i, 
for catalyst j at repetition k
 Microsoft Excel 2007, Design Expert, and SPSS 
(Statistical Product and Service Solution) 23 were used 
to statistically process the experimental data generated  
by pyrolysis from each treatment. A regression 
analysis was used to process the cracking time (ln k)  
and the operating temperature of pyrolysis (1/T). 
These data were employed in the Arrhenius equation  
(Equations (1) and (2)) to calculate the activation 
energy for each catalyst increment.

k = k0.exp(–Ae/RT) (1)

k : the reaction rate constant (min–1)
k0 : pre-exponential factor (min–1) (independent of 
temperature)
Ae : activation energy (cal/mol)
T : absolute temperature of the reactor (K)
R : gas constant (1.986 cal/mol K).
 By changing Equation (1) above to its logarithmic 
form, we get Equation (2) below:

 (2)

If  Y = a + bX, 
 Y = ln k

 b = (–Ae/R)
 Ae = b.R
 k0 = exp (a) 

 The effects of each temperature level and the 
catalyst composition level were analyzed with a  
Response Surface Method (RSM). The RSM could 
better display the effects of interaction between 
different independent variables measured in the  
reaction towards the dependent variables. Based on the 
MANOVA acquired from RSM, the Least Significant  
Difference (LSD) test was performed on the  
dependent variables that showed significant differences.  
The LSD was performed to determine which  
independent variable had the most significant effects 
(the temperature, the catalyst, or their interaction) on 
the pyrolysis cracking time, volume, and oil yield.

3 Result and Discussion

3.1  The zeolite characterization

Ende natural zeolite is a bluish-colored mineral found 
in marine rocks in the southern coastal region of 
Flores Island, Indonesia. The color of natural zeolite 
highly depends on the type and amount of impurity 
adsorbed in its crystal structure [51]. It also depends on  
environmental conditions [33] and will significantly 
affect its properties and catalytic performance [52].
 The 1% HF solution activation on Ende natural 
zeolite turned the color paler. This color change may 
have indicated that the impurities and the silica atoms 
in the outer framework of this mineral had dissolved 
into the acid solution [43]. This process rearranged the 
external framework of Ende natural zeolite, leaving 
more aluminum atoms that could be further removed 
and rearranged [24]. The dealumination of Ende  
natural zeolite with HCl ionized the abundantly  
available aluminum atoms into Al3+ cations and pulled 
more atoms from the inner framework into the outer 
one [53]. 
 HCl reflux and heat treatment at 90 ℃ allowed the 
crystalline water molecules to get mixed with the acid 
solution and evaporate, providing a larger pore volume 
that aided in rearranging the atom positions within the 
zeolite framework [45]. In this process, the clear HCl 
solution turned greenish-yellow, indicating that the 
impurities had dissolved. The physical appearance  
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of the active natural zeolite was pale white (Figure 1). 
Seven days of continuous washing and stirring of the 
active Ende natural zeolite in NH4Cl solution allowed 
the release of the Cl– anions, leaving behind NH4

+ 
cations and providing more H+ to the zeolite [24], [46]. 
The treatment with NH4Cl solution turned the color of 
the powder into pure white, indicating that the natural 
zeolite had changed to an active Ende H-Zeolite.
 The characterization with XRD generated  
detailed information regarding the activation process. 
Figure 1 shows the results of the XRD analysis on Ende 
natural zeolite (bottom brown line), active Ende natural 
zeolite (middle red line), and active Ende H-Zeolite 
(top blue line). In Figure 1, the crystal intensity of 
the zeolite sample appears better when the crystalline  
water content inside the crystal packing has been  
removed [54]. The peaks of the crystal components  
appear taller and narrower in active Ende natural  
zeolite and active Ende H-Zeolite (see the red and blue 
lines in Figure 1), indicating the successful removal of 
water molecules and other impurities.
 Our XRD analysis revealed that Ende natural 
zeolite has a particular crystal blend that consists 
of clinoptilolite and mordenite, consistent with the 
results from previous research [24], [27], [55]. The 
highest diffraction peak in Figure 1 corresponds to the  
mordenite crystal component, marked at 2θ = 
26.72° with a degree of crystallinity of 39.30%. The 
mordenite peak also appears at 2θ = 22.26° with a 
4.10% degree of crystallinity. The second highest  
component is the clinoptilolite crystal component, 
which peaks at 2θ = 22.14° with 2.13% degree of 

crystallinity and 2θ = 26.68° with 5.69% degree of 
crystallinity.
 Other than those two major crystal components, 
Figure 1 also shows a peak for the quartz crystal 
component that appears at 2θ = 26.82° and 2θ = 
19.78° with 3.93% and 1.43% degree of crystallinity, 
respectively. Figure 1 also reveals many amorphous 
phase impurities from Ende natural zeolite that appear 
as a hill [56] in the brown bottom line generated by 
the sample before activation and modification. The 
many natural impurities in Ende natural zeolite may 
directly link to the fact that Flores Island belongs to 
the Ring of Fire with different active volcanoes [57]. 
The lava from these volcanoes might have immediately  
discharged into the sea, forcing too rapid cooling 
that eventually formed the natural zeolite. This rapid  
cooling process did not allow good packing of the 
atoms in the framework of the zeolite, leaving the  
atoms that do not occupy their lattice locations  
properly [58], [59].
 After activation with HF solution, an amorphous 
line no longer appears in the diffractogram produced 
by the active Ende natural zeolite sample. Moreover, 
the mordenite peak at 2θ = 26.78° increases its degree 
of crystallinity to 71.76%. The modernite peak at 
2θ = 22.28° also increases its degree of crystallinity 
to 7.23%. An increase in the degree of crystallinity  
to 9.11% and 3.45% can also be observed on the 
clinoptilolite peak that appears at 2θ = 26.70° and 2θ 
= 22.16°, respectively. This activation procedure also 
increases the degree of crystallinity for the quartz peak 
at 2θ = 26.84° (increases to 8.32%) and 2θ = 19.80° 
(increases to 2.45%). The overall results of the XRD 
analysis concluded a successful activation procedure 
that only altered the chemical compositions of the 
natural zeolite without changing any of the main 
components.
 The dealumination with HCl solution was used to 
eliminate some aluminum atoms from the framework 
of active Ende natural zeolite [60]. After that, the  
impregnation of  H+, accommodated by NH4Cl solution,  
was carried out to compensate for the cation deficiency 
within the cavity [61]. This process was followed by 
calcination at 500 °C to increase the number of acid 
sites in the framework by dissociating NH3 from NH4

+, 
leaving behind H+ cations in the zeolite cavity [45]. 
The use of nitrogen gas (N2) in the calcination was 
meant to push out more impurities from the pores 

Figure 1: The diffractogram of Ende natural zeolite, 
active Ende natural zeolite, and active Ende H-zeolite.
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and to expansively stretch the pores, making it easier 
for polyethylene hydrocarbon molecules to enter the 
cavities during the pyrolysis [24], [46]. The XRD  
results show that the H+ impregnation was successful. 
As seen in Figure 1, the former peak corresponding 
to the clinoptilolite crystal component at 2θ = 22.18° 
increases the degree of crystallinity to 12.56%. 
The increasing peak now corresponds to the H-Z  
component in the active Ende H-zeolite (see the top 
blue line).
 In general, the impregnation results can be  
significantly affected by the overall surface morphology  
in the zeolite structure [62]. A non-uniform surface 
morphology at a molecular level creates a difference in 
the contact time between the zeolite’s surface and the 
compound used for impregnation, in this case, NH4Cl. 
This condition only allows the impregnation process 
to penetrate the surface with earlier contact with the 
NH4Cl solution, producing non-uniform dispersion 
of the H+ cations within the zeolite’s framework [61]. 
The surface with earlier contact with the impregnating  
compound may have a higher accumulation of H+  
compared to the ones further away that have later 
contact [55]. Figure 2 shows the surface observation 
results using SEM. Before activation, the surface 
of Ende natural zeolite exhibited brittle, amorphous 
characteristics common in natural zeolite (Figure 2(a)).  
The zeolite’s surface and pores were still covered 
in microscopic lumps of impurities. Following the  
activation procedure, the SEM revealed a more visible 
microstructure that better represented a composition 
of modernite. It can also be seen that there was less 
lump of impurities that covered the pore cavities with 
a concentrated H+ dispersion (indicated by white 
colored region [61]) that is visible in a certain region 
only at the surface of the active Ende natural zeolite  
(Figure 2(b)) and active Ende H-zeolite (Figure 2(c)).
 The ammonium deionization treatment for the 
active Ende natural zeolite rearranged its internal 
framework. This process provided more hydrogen ions 
(H+) occupying the environment aluminum left behind. 
The SEM analysis confirmed that this process was 
successful. As seen in Figure 2(c), the cavities within 
the zeolite’s framework are more uniform than those 
in Figures 2(a) and (b). However, Figure 2(c) also 
shows that the sample's surface after the impregnation 
does not appear as a well-uniformed morphology often 
displayed by a synthetic zeolite. As explained before, 

the impregnated H+ cations only got concentrated  
in a specific location on the surface of the active  
H-zeolite’s framework. The polycrystalline morphology  
of a natural zeolite contributed to this by allowing the 
top layer to have a higher probability of adsorbing H+ 
cations [55].
 The non-uniformed surface morphology of  
natural zeolite may also affect its catalytic activity by 
not allowing a well-spread contact with the reactants. 
In a non-uniformed surface, the reactants may contact 
the catalyst faster in a spot closer to the reactants,  

Figure 2: The SEM analysis results for the surface of 
Ende natural zeolite (a), active Ende natural zeolite 
(b), and the active Ende H-Zeolite (c).

(a)

(b)

(c)
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allowing a more prolonged contact and extended  
reaction. On another spot, further from the reactants, 
the contact occurs a bit later. Due to this uneven  
contact distribution, the overall reaction requires 
higher activation energy with a longer reaction time, 
producing poor-quality pyrolysis oil [63]. Modification  
and impregnation on a natural zeolite can produce  
an active zeolite form with a more even surface  
morphology. Although not as good as a synthetic 
zeolite, the more even surface morphology in active 
H-zeolite allows faster contact with the reactants,  
leading to better reactions with lower activation energy, 
producing good-quality pyrolysis oil [48]. 
 Figure 3 shows the results of the Gas Sorption 
Analyzer, which employed the Brunauer-Emmett-
Teller method, and it can be linked to Table 1. Figure 3  
shows that the surface area, pore radius average, and 
pore volume increased in the active Ende H-zeolite. 
These data indicated an expansion of the pores on 

the surface area of the zeolite after the activation 
and impregnation treatment. Based on the IUPAC  
classification of adsorption isotherms, Figure 3 
shows that the relative pressure graph generated by 
Ende natural zeolite corresponds to the non-porous 
material type. This result is consistent with the SEM 
analysis shown in Figure 2(a), where clogging from 
different natural components was still visible on the 
sample’s surface. After activation and impregnation, 
the sample’s surface changed into a porous type with a 
non-uniform pore distribution. As seen in Figure 3(a), 
the hysteresis loop for the non-uniformed pores started 
at around p/p° ≈ 0.5. The pore increase in active Ende 
H-zeolite was attributed to the contaminants that had 
dissolved in the HF, HCl and NH4Cl solutions, opening 
up the pores within the framework. The impregnation 
of H+ into the framework also increased the acidity of 
the zeolite, boosting its reactivity as a catalyst [61]. The 
active Ende H-zeolite also appeared to have increased 
the total acid sites.

Table 1: The analysis results of surface area, average 
pore radius, pore volume, and total acidity

Type
Surface 

Area 
(m2/g)

Average 
Pore 

Radius (Å)

Pore 
Volume 
(cc/g)

Acidity 
(mmol NH3/g 

zeolite)

Natural 
Zeolite 53.17 19.96 22.01 1.456

H-Zeolite 104.67 34.21 72.34 5.342

3.2  Activation energy

Figure 4 shows the effect of different active Ende 
H-zeolite percentages as a catalyst towards the  
activation energy in the pyrolysis. Without a catalyst 
(0%), the pyrolysis showed almost 15,000 cal/mol of 
activation energy and a rate constant of 99,309.85 min–1  
for all temperature treatments. When the reaction 
was introduced with 5% of the catalyst, the activation 
energy was reduced by almost 1,600 cal/mol, and 
the reaction constant decreased by 43,259.81 min–1. 
The pyrolysis with a 10% catalyst appeared to get a  
reduction of roughly 4,400 cal/mol with a reaction  
constant of 10,121.33 min–1. However, when the  
catalyst was increased to 15%, the pyrolysis could only 
get a 3,000 cal/mol reduction in activation energy with 
a reaction constant of 58,629.9 min–1, performing worse 
than the 10% catalyst.

Figure 3: The results of the Brunauer-Emmett-Teller 
method for Ende natural zeolite before and after  
activation.



G. A. Bani and M. D. Bani, “Pyrolysis of Polyethylene from Plastic Waste using Activated Ende Natural Zeolite as a Catalyst.”

8 Applied Science and Engineering Progress, Vol. 17, No. 2, 2024, 7320

 The 15% catalyst showed an inhibitory effect 
on the reaction. A catalyst in pyrolysis accommodates 
the breakdown of long hydrocarbon chains from  
polyethylene plastic waste into shorter chains. When 
the catalyst concentration is too high, insufficient 
substrate can be broken down into shorter chains. 
Moreover, pyrolysis may yield far too short gaseous  
hydrocarbons at high temperatures. The gaseous 
hydrocarbons can prevent the interaction between 
the active site within the zeolite framework and the 
substrates, gradually reducing its catalytic activity 
[64], [65].

3.3  Pyrolysis oil yield

Figure 5 shows the RSM results corresponding to 
the interaction between the observed reaction time, 
temperature treatments, and catalyst percentages. As 
shown in Figure 5, the reaction time would be faster 
with increasing temperature and catalyst percentage. 
At the highest temperature, 450 ℃, the pyrolysis 
without catalyst completed the oil production in 
roughly 65 min. Adding 5, 10, and 15% of the catalyst  
completed the oil production in 40, 20, and  
15 min, respectively. On the other hand, at the lowest  
temperature, 300 ℃, the pyrolysis without a catalyst 
completed the oil production in 125 min. In contrast, 
adding 5, 10, and 15% of the catalyst completed the 
oil production in 108, 85, and 63 min, respectively.
 The MANOVA analysis against temperature 
treatments, catalyst percentages, and the interaction  

between temperature and the catalyst showed a  
significant difference in the pyrolysis time (sig. = 0.000 
< α = 0.001). The LSD test, performed against the 
temperature increase and the interaction between the 
temperature and the catalyst, also showed a significant 
difference in the pyrolysis time (sig. = 0.000 < α = 
0.001). The LSD test also revealed that there was no 
significant difference between 10% and 15% treatment 
(sig. = 0.011 > α = 0.001).
 Based on Figure 6, the volume of pyrolysis oil  
increased when there was an increase in the temperature  
and the catalyst percentage. However, the LSD test 
revealed that at 300 ℃, there was no significant  
effect on the volume of pyrolysis oil (sig. = 0.05 > α 
= 0.001). This experimental result confirmed that the 
pyrolysis for polyethylene plastic is best carried out 
at temperatures above 300 ℃, yielding the optimum 
volume of pyrolysis oil [66]. Other studies [67], 
[68] were consistent with this result, where the best  
pyrolysis temperature was above 450 °C. In this  
experiment, active Ende H-zeolite could reduce the 
pyrolysis temperature to 400 °C. 
 Although there was a significant difference  
between all temperature treatments, the LSD test 
did not show any significant difference between  
10 and 15% catalyst percentage against the volume of 
pyrolysis oil (sig. = 0.02 > α = 0.01). The interaction 

Figure 4: The activation energy in the pyrolysis with 
different catalyst percentages.

Figure 5: The effect of temperature and catalyst  
interaction on the pyrolysis time.
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between the temperature and the catalyst percentage 
also showed a significant difference between 5% and 
10% (sig. = 0.000 < α = 0.001), but not with 15% at 
all temperature treatments (sig. = 0.751 > α = 0.01).

3.4  Pyrolysis oil characterization

Figure 7 shows the quality test results for the pyrolysis  
oil. The increase in catalyst percentage and the  
temperature affected the viscosity of the pyrolysis oil. 
At 400 ℃ [Figure 7(a)], the reaction with 10% catalyst 
produced oil with a visible viscosity comparable to 
gasoline (ASTM 445). The oil viscosity became lower 
as the pyrolysis temperature increased. The LSD test 
revealed significant differences for all the treatments 
in the experiment (sig. = 0.000 < α = 0.001). However, 
to utilize the pyrolysis oil as fuel, 10% of active Ende 
H-zeolite at 400 ℃ appeared to be the best treatment, 
producing pyrolysis oil with similar traits to gasoline.
 Other than viscosity, density is another important 
trait of pyrolysis oil that must be considered if it is 
to be used as fuel. The density of gasoline is around 
0.7429 g/ml (ASTM D4502). In general, the viscosity 
of pyrolysis oil is directly proportional to its density - 
a decrease in viscosity also decreases the oil density. 
Figure 7(b) indicates that starting from 400 °C with 5% 
active Ende H-zeolite, the density of the pyrolysis oil 
matched the density of gasoline. The LSD test revealed 

that all the treatments and the interaction between 
the temperatures and the catalyst percentages were 
significantly different in lowering the oil density (sig. 
= 0.000 < α = 0.001).
 The RSM result displayed in Figure 8 shows 
that different temperature treatments did not have 
any significant effects on the formation of C5–C12  
fractions (gasoline) in the pyrolysis oil (sig. = 0.002 > α 
= 0.001). The LSD test for each temperature treatment 
(with or without a catalyst) did not have any significant 
difference between 300 and 350 ℃ (sig. = 0.027 > α 
= 0.001). A similar pattern was also shown at 400 and 
450 ℃, with no significant difference (sig. = 0.364 > 

Figure 6: The effect of temperature and catalyst  
interactions on the volume of pyrolysis oil.

(b) Density (g/ml)
Figure 7: The results of the quality test for the  
pyrolysis oil.

(a) Viscosity (cP)
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α = 0.001) between these two treatments. However, 
the 300 ℃ treatment was significantly different from  
400 ℃ (sig. = 0.001 ≤ α = 0.001) and 450 ℃ (sig. = 
0.000 < α = 0.001). The same significant difference 
could also be observed from the 350 ℃ treatment when 
it was compared to 400 ℃ (sig. = 0.074 > α = 0.001) 
and 450 ℃ (sig. = 0.016 > α = 0.001).
 These results indicated that it was unnecessary 
to continue the LSD test for the interaction between 
the temperatures and the catalyst percentages. It could 
be assumed that the temperature treatments did not 
do anything to the formation of the C5–C12 fraction  
(gasoline). Temperature only accommodates the  
random breakdown of the long hydrocarbon chains of 
the polyethylene plastic, whereas zeolite as the catalyst  
directs the product's formation and distribution,  
eventually yielding a C5–C12 fraction [37].
 On the other hand, the RSM result in Figure 8  
indicates obvious significant differences between 
the catalyst percentages (sig. = 0.000 < α = 0.001). A 
further LSD test showed that the percentage treatment 
was significantly different between 0%, 5%, and 10% 
(sig. = 0.000 < α = 0.001). No significant difference 
existed between 10% and 15% (sig. = 0.454 > α = 
0.001). These results indicated that the 10% active 
Ende H-zeolite appeared to be the best composition  
to produce gasoline fractions in the pyrolysis of  

polyethylene plastic.
 The catalytic activity of zeolite is due to active 
site pockets within the framework, allowing a quicker 
product formation [48]. Although important, high 
temperature does not directly impact the formation of 
the gasoline fractions that appear in the pyrolysis oil 
[68]. The experimental results in this study generally 
showed that only a small concentration of gasoline 
fractions could be generated by the reaction without 
H-zeolite as the catalyst. Adding 5%–10% significantly 
increased the gasoline fractions, yielding more oil 
products that can be distilled and utilized as fuel.

4 Conclusions

The natural zeolite collected from the southern coast 
of Flores mostly consists of mordenite, clinoptilolite, 
and quartz crystal components. The XRD analyses for 
the Ende natural zeolite before and after activation  
revealed a change in the degree of crystallinity  
without changing its main crystal component. This 
study revealed a change in the surface morphology 
due to a successful activation and modification of 
Ende natural zeolite. The surface area increased after 
impregnating H+ cations, from 53.17–104.67 m2/g. An 
increase was also observed in the average pore radius, 
from 19.96–34.21 Å. The pore volume increased 
from 22.01–72.34 cc/g. The value of the total acidity 
changed from 1.456–5.342 NH3/g. The experimental 
results of this study indicated that 10% of active Ende 
H-zeolite as a catalyst in the pyrolysis at 400 ℃ had the 
best interaction in lowering the activation energy from 
14,827–10,455 cal/mol. The 10 and 400 ℃ interaction 
also improved the rate constant of the reaction, the 
volume, and the quality of the pyrolysis oil.
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