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A B S T R A C T   

The main objective of the current work is to investigate the effect of nickel–waste chicken eggshell modified 
Hydrogen exchanged Zeolite Socony Mobil-5 (Ni-WCE/HZSM-5) on pyrolysis of high-density polyethylene 
(HDPE). Ni-WCE/HZSM-5 was synthesized via the impregnation incipient wetness (IWI) method with Ni and 
WCE mass loading of 4 and 12 wt% respectively. HZSM-5, CaO, WCE, WCE/HZSM-5, and Ni/HZSM-5 were 
prepared for comparison purposes with Ni-WCE/HZSM-5. All the synthesized catalysts were characterized for 
phase analysis, metal loading, surface morphology, and textural properties. The impregnation of nickel and WCE 
had significantly affected the original framework of HZSM-5, where the crystallinity percentage and average 
crystal size of HZSM-5 dropped to 44.97% and increased to 47.90 nm respectively. The surface morphology of 
HZSM-5 has drastically changed from a cubic-like shape into a spider web-like surface after the impregnation of 
WCE. The BET surface area of HZSM-5 has been lowered due to the impregnation of nickel and WCE, but the total 
pore volume has increased greatly from 0.2291 cm3/g to 0.2621 cm3/g. The catalyst performance was investi
gated in the pyrolysis of HDPE via a fixed bed reactor and the pyrolysis oil was further analysed to evaluate the 
distribution of C6 to C9> hydrocarbons. Among the tested catalytic samples, the highest pyrolysis oil yield was 
achieved by WCE (80%) followed by CaO (78%), WCE/HZSM-5 (63%), HZSM-5 (61%), Ni/HZSM-5 (44%) and 
Ni-WCE/HZSM-5 (50%). For hydrocarbon distribution in pyrolysis oil, the Ni/HZSM-5 produced the highest of 
total C6 and C7 hydrocarbons at 12% and 27% respectively followed by WCE/HZSM-5 (4% and 20%), non- 
catalytic (5% and 13%), Ni-WCE/HZSM-5 (0% and 15%), WCE (0% and 10%), HZSM-5 (0% and 6%) and 
CaO (0% and 0%).   

1. Introduction 

Hydrogen exchanged Zeolite Socony Mobil–5 (HZSM-5) is a man- 
made zeolite which commonly used as a supported catalyst to enhance 
catalytic cracking in petroleum refineries for hydrocarbon productions 
(Al-asadi and Miskolczi, 2021). This is because, the HZSM-5 catalyst is 
deemed to such a high reputation than other acid catalysts due to higher 
catalytic cracking properties on heavy hydrocarbons (Dwivedi et al., 
2021). The popularity of HZSM-5 is its solid-state properties, which have 
high porosity and good thermal stability during the cracking process (Ali 
et al., 2021). Consequently, the drawbacks of HZSM5 are its short 
product cycle where coke formation easily occurs which leads to low 
yield organic liquid and selectivity (Wang et al., 2021). 

Interestingly, calcium oxide (CaO) is a base catalyst and was reported 
to be a reliable catalyst in the transesterification process (Rahman et al., 
2019). Xing et al. (2018) reported that generally CaO was obtained from 
limestone quarry and also an alternative, environmentally friendly, and 
cheaper resource can be extracted from waste chicken eggshell (WCE). 
Coincidentally, based on the previously reported work we found that the 
applications of WCE in pyrolysis have not been well investigated. The 
CaO can act as both active metal and promoter catalyst to stabilize the 
acidic properties of HZSM5 and improve the synergy of hydrocarbon 
fuel properties (Awogbemi et al., 2021). Laca et al. (2017) found that 
CaO has a small surface area that limits the exposure of active basic sites 
which impacted the long reaction time needed for the completion of 
catalytic cracking of heavy compounds into light compounds. Hence, the 
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usage of WCE as a catalyst over CaO commercially produce, can reduce 
the environmental impact and alter the HZSM-5 framework to have a 
longer product cycle. However, the alkaline metal impregnated with 
HZSM-5 alone is not enough to increase catalytic cracking performance, 
a varied selection from transition metal series can further help the cat
alytic activity. 

Commonly nickel shows beneficial results compared to other metal 
loadings in the catalytic cracking process in pyrolysis (Xing et al., 2018). 
The impregnated nickel on HZSM-5 can enhance the catalytic cracking 
process to break down the long polymer chain HDPE (Sulaiman et al., 
2021). Since WCE has its unique surface morphology of fibre rod porous 
structure, it can further increase the surface area of the catalyst for the 
active site to optimize successful cracking attempts when the hydro
carbon is in contact with the active metal nickel embedded in WCE over 
HZSM5. 

High-density polyethylene (HDPE) is a common plastics wastes 
found in household items. From detergent bottles to plastic containers, 
stationaries, and plastic furniture are made from HDPE. Miandad et al. 
(2016) highlighted that improper plastic waste management had led to a 
global crisis and its presence everywhere in the globe. Interestingly, 
plastics are polymers derived from non-renewable petroleum (Liew 
et al., 2021). The monomers obtained from these natural resources are 
polymerized to produce long-chain polymers made up of hydrogen and 
carbon only (Al-Salem et al., 2017). Therefore, an attempt to convert 
plastic wastes into affordable hydrocarbon fuels using pyrolysis tech
nology is considered a solution to handle the plastics waste crisis (Putra 
et al., 2022). Sogancioglu et al. (2017) investigated the pyrolysis of 
HDPE and they found that three types of products are produced such as 
79.8% of pyrolysis oil, 17% of gas, and 3.2% of solid wax from HDPE. 
The pyrolysis oil generated from the pyrolysis of plastic waste is similar 
to those of conventional petroleum. This aligns with United Nations 
Sustainable Development Goals efforts, mainly on affordable and clean 
energy (SDG 7) and responsible consumption and production (SDG 12). 

For this reason, in this paper, HDPE was used as feedstock in catalytic 
pyrolysis to test out and investigate the catalytic performance of Ni- 
WCE/HZSM5 to produce hydrocarbons fuel and compared with indi
vidual pyrolysis of HDPE over HZSM-5, CaO, WCE, WCE/HZSM-5, and 
Ni/HZSM-5 catalysts. To the best of our knowledge, the catalytic per
formance of WCE, WCE/HZSM-5, and Ni-WCE/HZSM-5 on the pyrolysis 
of HDPE has not yet been evaluated as a function of hydrocarbon con
tents (%) in pyrolysis oil. The Ni-WCE/HZSM-5 catalyst was synthesized 
using the incipient wetness impregnation method (IWI) and character
ized for phase analysis via X-ray diffraction (XRD), metal loading was 
validated via X-ray fluorescence (XRF), surface morphology via field 
emission scanning microscopy (FESEM), and textural properties via 
Brunauer Emmett Teller (BET). The influence of catalysts in the pyrol
ysis of HDPE on hydrocarbon production in pyrolysis oil was discussed. 

2. Methodology 

2.1. Feedstock preparation 

High-density polyethylene (HDPE) type plastic waste was used as 
pyrolysis feedstock. HDPE in pellet form was supplied by a local recy
cling company in Malaysia. 

2.2. Catalyst preparation 

The preparation of HZSM-5, CaO (commercial), waste chicken 
eggshell (WCE), and WCE/HZSM-5 catalysts was reported in our pre
vious work (Ali et al., 2021). In this work, Ni-WCE/HZSM-5 was pre
pared to investigate the effect of nickel loading into WCE/HZSM-5. 
Additionally, Ni/HZSM-5 was also prepared for comparison with loaded 
WCE. Nickel (II) nitrate hexahydrate (99% purity) was purchased from 
Acros Organics. Ni-WCE/HZSM-5 was synthesized via the incipient 
wetness impregnation (IWI) method with mass loading of Ni at 4 wt% 

and WCE at 12 wt%. All three chemicals were added into a beaker with 
80 mL of deionized water and continuously stirred for a homogenous 
solution using a hot plate magnetic stirrer at 80 ◦C for 4 h. Next, the 
formed paste was filtered and washed with deionized water before 
proceeding to dry in a laboratory oven at 100 ± 2 ◦C for 12 h. Lastly, the 
dried paste was calcined at 600 ◦C for 4 h (5 ◦C/min). The synthesis was 
repeated for Ni/HZSM-5 with mass loading of Ni at 4 wt% 

2.3. Catalyst characterization 

Physicochemical properties such as phase analysis via X-ray 
diffraction (XRD), metal loading was validated via X-ray fluorescence 
(XRF), surface morphology via field emission scanning microscopy 
(FESEM), and textural properties via Brunauer Emmett Teller (BET) for 
HZSM-5, CaO (commercial), WCE, and WCE/HZSM-5 catalysts were 
reported in our previous work (Ali et al., 2021). Meanwhile, the physi
cochemical properties for Ni/HZSM-5 and Ni-WCE/HZSM-5 were re
ported in this study and compared with HZSM-5, CaO (commercial), 
WCE, and WCE/HZSM-5 from our previous work (Ali et al., 2021). 

2.4. Catalytic pyrolysis of HDPE 

The effect of non-catalytic, HZSM-5, CaO, WCE, WCE/HZSM-5, Ni/ 
HZSM-5, and Ni-WCE/HZSM-5 catalysts on pyrolysis of HDPE was 
investigated via a lab-scale fixed bed reactor. The setup consists of a 
fixed bed reactor, tubular furnace, condenser system, gas sample bag, 
and nitrogen (N2) gas flow. All the experiments were performed in batch 
runs at a fixed temperature of 500 ◦C. For each run, the HDPE and 
catalyst were fixed at equal mass loading of 2g. The standard operating 
procedures for pyrolysis experiments and analysis of organic composi
tions in pyrolysis oil via gas chromatography-mass spectrometer (GC- 
MS) were reported in our previous work (Balasundram et al., 2018). 

3. Results and discussion 

3.1. Physiochemical properties of catalysts 

3.1.1. Phase analysis, crystallinity, and crystal size 
The phase analysis of HZSM-5, CaO, WCE, WCE/HZSM-5, Ni/HZSM- 

5, and Ni-WCE/HZSM-5 catalysts was characterized by XRD as shown in 
Fig. 1. Meanwhile, the crystallinity and crystal size of catalysts were 
tabulated in Table 1. The XRD scanning range is from 5◦ to 60◦ for all 
types of catalysts. The main peaks for HZSM-5 were present at 7.91◦, 
8.85◦, 23.10◦, 23.96◦, and 24.01◦ as reported in our previous work (Ali 
et al., 2021). As shown in Fig. 1, CaO and WCE exhibit similar peaks at 
32.35◦, 37.43◦, and 53.91◦. Hence, it can be concluded that WCE is pure 
and has the same crystal properties as CaO. For Ni-WCE/HZSM-5, the 
presence of Ni and WCE over HZSM-5 could not be seen significantly due 

Fig. 1. XRD patterns of respective catalysts.  
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to the higher weight percent of WCE (12 wt%) and lower weight percent 
of Ni (4 wt%). However, it can be observed that the presence of new two 
peaks for Ni/HZSM-5 at 37.47◦ and 43.25◦ which resembles the pres
ence of nickel in HZSM-5 (refer Fig. 1). Thus, it can be concluded that the 
addition of WCE into Ni/HZSM-5 has a significant effect on covering the 
presence of nickel. All of the main peaks for each catalyst are present, 
however, the presence of some noise in the peaks may indicate some 
impurities or transition from amorphous to the crystalline phase. The 
average crystal size of all catalysts was calculated using Debye Sherrer 
equations. The catalyst crystal size increases at the scale of 42.90–47.82 
nm except for CaO at 53.97 nm as shown in Table 1. This could be due to 
the vibration mode of the crystal lattice from the heat transfer in the 
muffle furnace environment to the crystal lattice by van der Waals 
interaction. Hence, the migration and displacement of the atoms create a 
shear, convergence, or divergence space with Ni and Ca atoms in the free 
space HZSM-5 similar to results reported by Loza et al. (2020). 

3.1.2. Metal loading 
Each catalyst metal loading was validated via XRF as shown in 

Table 2. It was observed that the HZSM-5 consists of 1.952% of alumina 
(Al2O3) and 96.757% of silica (SiO2). Meanwhile, CaO (98.894%) and 
WCE (98.559%) have around the same purity of element loading. The 
WCE/HZSM-5 consists of a slightly higher trace of WCE (14.213%) than 
the theoretical loaded of 12 wt%. However, it can also be seen traces of 
Al2O3 (1.859%) and SiO2 (82.848%) are lower than the HZSM-5. A 
possible reason could be during the impregnation, drying, and calcina
tion there are traces of other elements that contaminated the samples. A 
similar explanation can be made for Ni/HZSM-5 and Ni-WCE/HZSM-5, 
where the Al2O3 (2.215% and 1.520%) and SiO2 (75.444 and 81.303%) 
also have lowered element loading traces of HZSM-5. The amount of Ni 
traces in Ni/HZSM-5 is slightly lower at 3.951% than the theoretical Ni 
loading at 4 wt%. CaO content from WCE in Ni-WCE/HZSM-5 is aligned 
with the theoretical loading during the impregnation, and it was verified 
that Ni is present in the sample with 3.554% loaded. The results in 
Table 2 justified the unseen presence in Fig. 1 of XRD where traces of 
WCE in WCE/HZSM-5 and Ni-WCE/HZSM-5 while Ni in Ni/HZSM-5 and 
Ni-WCE/HZSM-5 is unclear. 

3.1.3. Surface morphology 
The surface morphology of all synthesized catalysts was shown in 

Fig. 2. HZSM-5 grains can be seen as an irregular grains pattern and also 
porous slits surface. On the contrary, for CaO and WCE, the differences 
are in the porous structure of CaO which has an irregular porous mesh 
agglomerate structure and WCE has a porous fibre rod-like structure. 

The reason between this two is one is extracted from earth’s natural 
resources like quarries where CaO formation derives from limestone 
minerals. The growth and formation of limestone minerals that contain 
Ca(CO)3 are by the formation of sedimentary rock in form of calcite or 
aragonite and was studied by Hou et al. (2018). Meanwhile, the WCE is 
from bio-mineralization in which proteins are responsible to create the 
fibre rod membrane structure of the chicken eggshell as reported by 
Gautron et al. (2021). WCE/HZSM-5 and Ni-WCE/HZSM-5 catalysts 
have similar spider web-like surfaces; due to the reactions caused by 
strong acid and strong alkali in contact. A similar encounter can be 
found by Kumagai et al. (2017) on CaO in contact with acid sites but 
Ni/HZSM-5 are differed due to both materials being acid where its 
surface is similar to HZSM-5. In this study, the CaO deteriorates over 
HZSM-5 during calcination at 600 ◦C processes to synthesize 
WCE/HZSM-5 and Ni-WCE/HZSM-5. HZSM-5 has a giant crystal struc
ture compared to the face cent cubic of Ni and Ca, therefore the presence 
of crystallinity is much clearer for HZSM-5 than Ni or Ca. 

3.1.4. Surface area and pore analysis 
The surface area and pore analysis for all the synthesized catalysts 

were shown in Table 3. As expected, the HZSM-5 has a higher BET 
surface area at 365.81 m2/g, while WCE/HZSM-5, Ni/HZSM-5, and Ni- 
WCE/HZSM-5 have almost similar BET surface areas at 292.10 m2/g, 
288.44 m2/g, and 292.14 m2/g respectively (refer to Table 3). This could 
be potentially due to Ni impregnated in the pores of both WCE and 
HZSM-5 creating more active metal sites, thus increasing its surface 
area. Interestingly, all the catalysts have almost similar pore diameters 
at 3.7 ± 0.1 nm except CaO at 3.58 nm. The impregnation of WCE, Ni, 
and Ni-WCE into HZSM-5 shows almost similar results of total pore 
volume at 0.2663 cm3/g, 0.2687 cm3/g, and 0.2621 cm3/g respectively. 
This could be due to the repeated calcination process for Ni to be 
impregnated into WCE/HZSM-5, where an increase in the temperature 
environment expanded the pores sizes to be larger and also creates new 
openings. The addition of Ni into WCE/HZSM-5 does not significantly 
affect the total pore volume of WCE/HZSM-5. This could be due to the 
small Ni mass loading at 4 wt% into WCE/HZSM-5 which only shows 
very few changes in surface area, total pore volume, and pore diameter. 
Hence, it can be concluded that a higher surface area of the catalyst, 
allows easier conversion via catalytic activity, to break down the carbon 
chain of HDPE into hydrocarbon. 

3.2. Pyrolysis of HDPE 

3.2.1. Pyrolysis product yield 
The pyrolysis product yields were shown in Fig. 3. The non-catalytic 

consist of 90% of pyrolysis oil. The CaO (78%) and WCE (80%) catalysts 
produced a higher pyrolysis oil yield at 78% and 80% respectively 
compared to HZSM-5 at 61%. This is due to the nature of the CaO-based 
catalyst (base) which has lower acid sites to break down heavy com
pounds into non-condensable gas during pyrolysis of HDPE. Finally, the 
heavy compounds in vapours will be gradually condensed into a higher 
yield of pyrolysis oil. This can be observed in the lower yield of pyrolysis 
gas from CaO and WCE compared to HZSM-5. The HZSM-5 is an acidic 
catalyst; thus, it enhances the cracking process of heavy compounds in 
vapour, turning them into lighter compounds that end up as a non- 
condensable gas. The pyrolysis product results of HZSM-5 can be re
flected by its surface morphology and pores characteristics from FESEM 
and BET results. The HZSM-5 consists of a high density of porous 
channels which enables a large surface area with acidic active sites for 
breaking down the heavy compound into lighter compounds in large 
quantities. 

However, for the WCE/HZSM-5 catalyst, the pyrolysis oil is the 
highest at 63%, compared to Ni/HZSM-5 (44%) and Ni-WCE/HZSM-5 
(50%). This proves that WCE with HZSM-5 which may be related due 
to stabilising conditions in catalytic cracking as mentioned by Awog
bemi et al. (2021). For Ni/HZSM-5, the Ni metal can be seen in Fig. 3 

Table 1 
Crystallinity and average crystal size of synthesized catalysts.  

Catalysts Crystallinity (%) Average crystal size (nm) 

HZSM-5 99.90 42.90 
CaO 40.22 53.97 
WCE 40.42 45.13 
WCE/HZSM-5 44.97 45.00 
Ni/HZSM-5 43.51 46.21 
Ni-WCE/HZSM-5 45.01 47.82  

Table 2 
XRF results of element loading.  

Catalysts Element Loading (%) 

Al2O3 SiO2 CaO Ni 

HZSM-5 1.952 96.757 0 0 
CaO 0.54 0.143 98.894 0 
WCE 0.482 0.032 98.559 0 
WCE/HZSM-5 1.859 82.848 14.213 0 
Ni/HZSM-5 2.215 75.444 0 3.951 
Ni-WCE/HZSM-5 1.520 81.303 12.689 3.554  
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Fig. 2. Surface morphology for A) HZSM-5, B) CaO, C) WCE, D) WCE/HZSM-5, E) Ni/HZSM-5 and F) Ni-WCE/HZSM-5.  

Table 3 
Textural properties of synthesized catalysts.  

Catalysts aSBET (m2/g) bVtotal (cm3/g) cD (nm) 

HZSM-5 365.81 0.2291 3.87 
CaO 3.80 0.0063 3.58 
WCE 8.72 0.0156 3.87 
WCE/HZSM-5 292.14 0.2663 3.88 
Ni/HZSM-5 288.44 0.2687 3.83 
Ni-WCE/HZSM-5 292.10 0.2621 3.86  

a SBET (BET surface area) was obtained by the BET method. 
b Vtotal (total pore volume) was obtained from the adsorbed amount at P/P0 =

0.99. 
c D (pore diameter) was obtained from the adsorption branches of the iso

therms by the BJH method. 

Fig. 3. Pyrolysis product yield of HDPE in form of pyrolysis, pyrolysis gas, and 
pyrolysis char. 
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which might promote cracking and gasification, while WCE provides 
much greater control of the cracking activity. The combination of both 
catalysts as Ni-WCE/HZSM-5 did not meet the expectations initially 
made, which we assume can further produce higher pyrolysis oil than 
other catalytic samples. This shows the challenge of synthesizing an 
impactful multifunctional catalyst in the pyrolysis of plastic wastes. As 
can be seen in Fig. 3, all the catalysts produce a low yield of pyrolysis 
char with the highest by Ni/HZSM-5 (15%) and Ni-WCE/HZSM-5 (15%) 
followed by WCE/HZSM-5 (13%), HZSM-5 (12%), CaO (10%), and WCE 
(7%). The highest pyrolysis char was produced by Ni/HZSM-5 and 
Ni-WCE/HZSM-5 indicates the unconverted plastic waste. This could be 
due to the rapid and repeated cracking by nickel that has led to the 
formation of carbonaceous material and finally covered the active acid 
sites. Overall, it can be concluded that in this study the addition of WCE 
and Ni on HZSM-5 as Ni-WCE/HZSM-5 catalyst does not show beneficial 
results in terms of pyrolysis oil yield from pyrolysis of HDPE. 

3.2.2. Composition of C6–C9> hydrocarbons in pyrolysis oil 
The C6 to C9> hydrocarbon range was selected, as C6 to C8 is widely 

used and applicable in gasoline while C9> is outside the range of gas
oline hydrocarbon (Hees et al., 2019). Gasoline is predominantly a 
mixture of paraffin, naphthene, aromatics, olefins, benzene, aliphatic, 
alicyclic, alkanes, isoalkanes, and cycloalkenes (Jia et al., 2021). From 
Fig. 4, it can be observed that the non-catalytic consist of 5% of C6, 13% 
of C7, 16% of C8, and 66% of C9> hydrocarbons. The C6–C8 hydrocar
bons for the non-catalytic sample mostly consist of 1-octene, toluene, 
and benzene, 1,3-dimethyl-o-xylene. The hydrocarbon distributions for 
CaO (C6:0%, C7:0%, C8:2%, C9>:98%) and WCE (C6:0%, C7:10%, 
C8:10%, C9>:80%) are slightly different because of the porosity differ
ences (refer Table S1). However, the hydrocarbon content in CaO is 
mainly 1-octene, while for WCE is 1-octene, octane, and 1-heptane. CaO 
and WCE have the lowest percentage of C6–C8 hydrocarbons compared 
to HZSM-5 (C6:0%, C7:6%, C8:19:75%) and vice versa for C9>. This 
might be due to the acidic properties of HZSM-5 to crack heavy hydro
carbons into light hydrocarbons effectively compared to CaO and WCE 
which are the base catalyst. The HZSM-5 and WCE are both porous 
materials that help create many interworking channels for cracking 
framework flexibility, mass transfer, regeneration, and adsorption of 
HDPE into hydrocarbon as reported by Zhang et al. (2021). Meanwhile, 
the hydrocarbon content in HZSM-5 is mainly cis-1-butyl-2-methyl 
cyclopropane. For Ni-WCE/HZSM-5 catalytic sample, it has generated 
hydrocarbons as follows: C6 at 0%, C7 at 15%, C8 at 15%, and C9> at 
70%, which has resulted in the lower distribution of C6–C8 hydrocarbons 
compared to WCE/HZSM-5 (C6:4%, C7:20%, C8:17%) and Ni/HZSM-5 
(C6:12%, C7:27%, C8:25%). A possible reason is due to the acidity and 
alkalinity of the Ni-WCE/HZSM-5 when in contact with pyrolyze of 
HDPE. The Ni-WCE/HZSM-5 and WCE/HZSM-5 have a similar large 
content of 1-octene, 1-heptane, and toluene, while Ni/HZSM-5, largely 
contains phenol, p-cresol, and 4-ethyl-phenol. In addition, even the 
non-catalytic sample has a higher percentage of C6 to C8 hydrocarbons 
than from Ni-WCE/HZSM-5. This could be due to the higher weight 
percent of WCE (12 wt%) that had significantly covered the large area of 
acid sites for cracking the C9> into C6 to C8 hydrocarbons. Hence, it can 
be concluded that the weight percent of nickel and WCE in HZSM-5 
should be further investigated in the future. Overall, it can be 
concluded that in this study the addition of a higher weight percent of 
WCE than Ni does not show beneficial results in terms of total C6 to C8 
hydrocarbons. 

4. Conclusions 

The catalytic pyrolysis of HDPE over Ni-WCE/HZSM-5 was success
fully achieved and compared with the non-catalytic and catalytic py
rolysis over HZSM-5, CaO, WCE, WCE/HZSM-5, and Ni/HZSM-5. The 
WCE/HZSM-5 shows 63% pyrolysis oil compared to Ni/HZSM-5 
(44%) and Ni-WCE/HZSM-5 (50%), which consists of valuable C6 and 

C7 hydrocarbons at 4% and 20% respectively. The formation of higher 
percentage of C6 and C7 than C8 and C9> are mostly from WCE/HZSM-5 
(C6:4%, C7:20%, C8:17%, C9>:59%) and Ni/HZSM-5 (C6:12%, C7:27%, 
C8:25%, C9>:36%). However, the combination of nickel and WCE into 
HZSM-5 as Ni-WCE/HZSM-5 has produced lower C6 to C8 hydrocarbons 
and higher C9> hydrocarbons as follows C6:0%, C7:15%, C8:15%, and 
C9>:70%. Before the investigation, we hypothesize that the addition of 
alkali metal (CaO) from WCE could fine-tune the physicochemical 
properties of HZSM-5 and be favourable in cracking C9> into C6 to C8 
hydrocarbons. However, this paper proves the challenge of synthesizing 
Ni-WCE/HZSM-5 as a multifunctional catalyst to enhance the produc
tion of C6 to C8 hydrocarbons from the pyrolysis of HDPE. This paper 
also shows how WCE can rival other synthesized catalysts in terms of 
pyrolysis oil yield. WCE alone is insufficient in cracking heavy hydro
carbons (C9>) into desirable light hydrocarbons (C6 to C8). Hence, the 
addition of acidic properties from HZSM-5 or metals (nickel) is highly 
recommended to enhance the cracking. Unfortunately, the application 
of WCE/HZSM-5 cannot be considered a green catalyst, but it shows 
some promising results in terms of physicochemical properties and yield 
of C6 to C8 hydrocarbons. This work is an attempt in screening the 
possibility of WCE as a catalyst in the pyrolysis of plastic waste. In the 
future, this type of catalyst can be explored in the pyrolysis of biomass or 
other processes. Thus, the application of WCE/HZSM-5 as a catalyst can 
be considered a promising catalyst to be used as an alternative to Ni in 
the catalytic pyrolysis of plastic wastes. 
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Fig. 4. Hydrocarbons percentage of C6–C9> in pyrolysis oil.  
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