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Abstract. LDPE plastics contributed 20-30% of the plastics use. Due to its non-biodegradable properties, plastic waste management is crucial. In the
other hand, the LDPE plastics provide potential and benefits in the exploration of energy resources; they could be converted to liquid fuels through a
catalytic hydrocracking. This study focuses on the effect of temperatures during the hydrocracking of LDPE using a Ni-Cu/HZSM-5 catalyst. The Ni-
Cu/HZSM-5 catalyst was synthesized using the wet impregnation method assisted by an ultrasonic irradiation. The characteristics of the catalyst
were evaluated prior to its use during the hydrocracking of LDPE. This study showed that the impregnation of Ni and Cu at HZSM-5 surface did not
significantly affect the crystallinity of HZSM-5. Even though the peaks of Ni and Cu in the diffraction pattern were not clearly observed, their presence
at HZSM-5 surface was well confirmed by the XRF spectrum. In addition, the hierarchical structure of HZSM-5 was also confirmed by the appearance
of microporosity together with the type-IV hysteresis loop on the nitrogen adsorption-desorption isotherm. A considerable decrease (~25%) of the
catalyst acidity was observed after the impregnation of Ni and Cu at HZSM-5 surface. The Ni-Cu/HZSM-5 catalyst showed a good activity during the
hydrocracking of LDPE at temperatures of 275—400 °C, resulting in liquid, solid, and gaseous products. The yields of the liquid product increased by
increasing the hydrocracking temperatures. It was observed that by increasing the hydrocracking temperatures, the yield of the kerosene and diesel
fractions decreased, while the yield of the gasoline fraction increased, as supported by the density and calorific value that was close to the commercial
gasoline. A further temperature increase would lead to more products with lighter fractions, reducing the yield of gasoline. This was also supported
by the presence of alkenes, ketones, and esters formed after the catalytic hydrocracking as shown by the FTIR spectra of the liquid products.
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1. Introduction plastic waste has the potential to be converted into liquid fuels,

reducing the accumulation of plastic waste and providing a new
source of fuel oil using plastic as a raw material (Surono 2013).

Several methods can be used to convert plastics into liquid
fuel, such as thermal cracking, catalytic cracking, and
hydrocracking. Hydrocracking is one of the most commonly
used methods for converting plastic waste into high-quality
liquid fuel. This method is more advantageous than thermal
cracking and catalytic cracking because it produces highly
saturated liquid products that can be used directly, without
further processing, as transportation fuel or petroleum fuel
required for energy production (Munir et al. 2018).
Hydrocracking involves a break-down of long-chain
hydrocarbon molecules into short-chain hydrocarbon
molecules at high pressure using hydrogen and a catalyst (Al-
Salem et al. 2017).

Catalysts play an important role during the hydrocracking.
The catalysts with bifunctional properties are preferable,
combining the functions of cracking and hydrogenation-
dehydrogenation activities (Aitani, 2004). The cracking
activities are resulted by the acid supports with large surface

The growing population and rapid industrial development have
led to increased fuel consumption, especially oil-based fuels
(Wardhana et al. 2022). However, domestic oil production has
decreased over years due to the limited and dwindling oil
supplies. In Indonesia, the amount of oil reserves has declined
in the last 10 years (National Energy Council 2023), promoting
the alternative measures to overcome the energy gap.

On the other hand, plastics have become the dominant
material used in every sector of the economy, causing the
amount of plastic waste to increase by 96% from the Covid-19
pandemic (Marbun et al. 2021). Low density polyethylene
(LDPE) is one of the most widely used types of polyethylene
plastic in the world. Approximately 20-30% of plastic waste
consisted of LDPE plastic (Li et al. 2022). LDPE plastic is widely
used as plastic bags and as packaging for food or beverages, as
well as packaging for online shopping products. It is low cost,
has easy production process, flexibility, and recyclability
(Hariadi et al. 2021). This plastic is lightweight and has a low
density, ranging from 0.91 to 0.94 g/mL, due to the presence of
some branches in its molecular chain (Genet et al. 2021). LDPE
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area and superficial acidity such as aluminas, zeolites and clays
(Aitani, 2004 ). The hydrogenation-dehydrogenation activities
are coming from one or more transition metals, such as Cu, Ni,
Mo, Co, Pt, Rh, Ru, and Pd. Many catalysts have been
demonstrated during the hydrocracking of LDPE plastics, such
as Pt-impregnated USY and Beta (Bin Jumah et a/. 2019), Ni, Ni-
Mo, Co and Co-Mo Metals supported on Indonesian natural
zeolite (Sriningsih et al. 2014), Ru/y-Al:Os and Ru/ -zeolite (Du
et al. 2025), ceria-promoted Ni/BEA zeolite (Sun et al. 2025),
bifunctional Pt/Nb.Os (Lu et al. 2024), sulfated zirconia (Hauli et
al. 2019), nickel supported on Indonesian natural zeolite
(Taufiqurrohaman et al. 2022), and nickel-promoted sulfated
nanozirconia (Amin et al. 2023). From the studies reported
earlier, it is clear that Ni-Cu bimetals supported on mesoporous
zeolites was not studied before during the hydrocracking of
LDPE plastics. Therefore, this study focuses on the synthesis
and the application of Ni-Cu supported on mesoporous HZSM-
5 during the hydrocracking of LDPE plastics. Ni metal has been
widely used as a catalyst in the petroleum industry due to its
sufficient activity and selectivity during the hydrocracking
(Savitri et al. 2016). Ni is able to activate hydrogen bonds by
adsorbing hydrogen gas at the catalyst surface, facilitating the
reaction. The larger the catalyst surface area, the more
hydrogen gas adsorbed and the more contact occurs between
the reactants, increasing the reaction rate (Lao et al. 2025). A
promoter metal is often necessary for a metal active catalyst.
Copper (Cu) is a good-activity and -selectivity and low-cost
promoter for a catalyst system (Khromova et al. 2014). The
addition of Cu to Ni-based catalysts would result in changes in
the catalytic activity and selectivity compared to a
monometallic Ni catalyst. Cu could prevent the formation of
coke and sintering of active phase particles (Khromova et al.
2014). Furthermore, the presence of a support in the catalyst
system would further enhance the catalytic activity of the Ni-Cu
catalysts. H-Zeolite Socony Mobile-5 (HZSM-5) is one of the
most commonly used zeolites as a catalyst in hydrocracking
processes, due to its high thermal stability, strong acidity, ability
to concentrate reactants within the pores, and well-developed
mesopores, which lead to higher activity and stability (Valizadeh
et al. 2022). HZSM-5 is a type of zeolite with an MFI-type
framework and has a high molar ratio of SiO:/Al:Os, ranging
from 10 to 100.

In this study, the Ni-Cu/HZSM-5 catalyst prepared through
impregnation-ultrasonic-assisted method. The combination of
impregnation and ultrasound irradiation for the preparation of
Ni-Cu/HZSM-5 was not reported in the previous studies,
especially as the catalyst of hydrocracking of LDPE plastics.
This study focuses on the catalytic hydrocracking of LDPE
plastics using the Ni-Cu/HZSM-5 catalyst at temperatures of
275—-400 °C. Hydrocracking temperature is crucial parameter as
it could reveal the behavior of reactant molecules, products, and
catalysts during the reaction (Sinaga et al. 2014). The properties
of the Ni-Cu/HZSM-5 catalyst were evaluated by means of
several analytical techniques. Furthermore, the effect of
reaction temperature on the activity of the Ni-Cu/HZSM-5
catalyst was investigated during the hydrocracking of LDPE
plastic.

2. Materials and Methods

2.1 Materials

The LDPE plastics as the feedstock of pyrolysed LDPE in this
study was black plastics commonly used for packaging in online
shops, available in marketplaces. Nickel nitrate hexahydrates
(Ni(NOs)2.6H20) and dan copper nitrate trihydrates
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(Cu(NOs3)2.3H20) with a purity of 99.95%, respectively, used as
the precursors of Ni and Cu metals. Both of them were
purchased from E. Merck. The HZSM-5 zeolite with a Si:Al ratio
of 38 used as the catalyst support in this study, was purchased
from HW Nanomaterial (Indonesia). All of the aqueous solutions
in this study were prepared using distilled water produced by
the laboratory of National Research and Innovation Agency
(Indonesia). The nitrogen and hydrogen gases used during the
pyrolysis of LDPE plastics and hydrocracking of the pyrolysed
LDPE plastics, respectively were purchased from PT. WAP.

2.2 The preparation of the Ni-Cu/HZSM-5 catalyst

The Ni-Cu/HZSM-5 catalyst was synthesized using the wet
impregnation method with ultrasonic irradiation using
Ni(NO,),.6H,0 and Cu(NO,),.3H,0 as precursor, with a Ni:Cu
metal ratio of 1:1 and a total metal loading of 5wt%. An alternate
loading of metal precursor was employed; nickel was
impregnated first, followed by copper impregnation. Ultrasonic
irradiation was applied in both impregnations. Briefly, HZSM-5
support was added into the nickel solution under a magnetic
stirring for 3 h. The sample was then placed in a sonication bath
at 40 °C for 60 min. The sample was then evaporated until the
water evaporated, leaving only the solid residue. The residue
was then heated in an oven at 120 °C for 12 h to remove any
remaining water. The solid was then calcined for 3 h at 500 °C.
The calcined solid was then further impregnated using copper
precursor with the same procedure as previously explained. The
solid obtained after this step is assigned as the Ni-Cu/HZSM-5
catalyst.

2.3 The characterization of the Ni-Cu/HZSM-5 catalyst

The properties of the Ni-Cu/HZSM-5 catalyst were evaluated
by wusing several analytical techniques. The crystalline
properties of the catalyst were evaluated using a Rigaku
SmartLab powder X-ray diffractometer with Cu-K« as the
radiation source. The sample was scanned through 2-tetha of 5-
90°. The metal composition of the catalyst was measured using
a Bruker S2 PUMA X-ray fluorescence spectrometer. The
surface morphology of the catalyst was also investigated by
using a Jeol-JIB-4610F field emission scanning electron
microscope equipped with an energy dispersive X-ray analysis.
The surface porosity of the catalyst was measured by using a
Quantachrome Nova Station C gas sorption analyzer with
nitrogen as the adsorbate gas. The catalyst sample was
degassed at 250 °C for 3 h to remove the moisture. The data
was then analyzed using a BET-BJH adsorption-desorption
isotherm. In addition, the surface acidity of the catalyst was also
measure by using an Autochem II Micromeritics NHs-
Temperature Programmed Desorption. The sample was heated
at 350 °C for 60 min under inert helium atmosphere. A 5% NH3
in He (v/v) was used as an adsorbate. The NH3 adsorption was
carried out at 100 °C for 30 min. A helium purging was then
performed at the same temperature for 30 min. The NH3
desorption was then carried out at 100-800 °C with a
temperature increment of 10 °C/min.

2.4 The Catalytic hydrocracking of pyrolyzed LDPE plastic waste

LDPE plastic used in this study was black-colored LDPE plastic
used for online shopping packaging. The plastics were cleaned,
cut into small squares prior to pyrolysis. The prepared plastic
was then placed in a pyrolysis reactor equipped with a furnace,
thermocouple, and temperature controller. The pyrolysis
reactor was connected to a nitrogen gas inlet. The nitrogen gas
served as a carrier gas that also minimized the presence of
oxygen or air in the reactor. The pyrolysis of LDPE plastics was
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carried out at 500 °C with a flow rate of nitrogen of 50 mL/min.
The vapor produced from the pyrolysis reactor entered a
condenser connected to a chiller, which circulated the cold
water (with a temperature of 4 °C) through the condenser. The
condensed product was collected using a jar installed at the end
of the condensing system. The gas outlet was left open at the
end of the system adjacent to the pipe leading to the liquid
product jar. The process was stopped once it reached 1 h
(starting from when the reactor reached 500 °C).

The condensed product from the pyrolysis of LDPE plastics
underwent a catalytic hydrocracking using a batch reactor
equipped with a furnace, thermocouple, and temperature
controller. The hydrocracking was conducted at various
temperatures, ranging from 275 to 400 °C. At each experiment,
a 10 g of the pyrolysis product together with 10 wt% of the Ni-
Cu/HZSM-5 catalyst was introduced to the reactor vessel. Prior
to the hydrocracking, the reactor was flushed with hydrogen
several times and pressurised using a 60-bar hydrogen. The
reaction was stopped after 2 h. After each experiment, the liquid
product was recovered and then analyzed using an Agilent
7890B gas chromatograph equipped with an Agilent 5977A
mass selective detector to determine the yield of the fuel
fractions.

The yield of gasoline, kerosene and diesel fractions was
calculated using Equation (1), (2), and (3), respectively, where
Agasoline, Akerosene and Adieset Were assigned as the peak area of the
total ion chromatogram (in percent) for the gasoline, kerosene
and diesel fractions, respectively. While, Wiiqua and Wieedstock
were designated as the weight of liquid hydrocracking product
and that of the pyrolysed LDPE plastic feedstock, respectively.
Additionally, the specific gravity and calorific value of the
hydrocracking liquid products at various temperatures were
measured using pycnometer and ultimate analysis, respectively.
The chemical functionalities of the liquid product obtained from
the catalytic hydrotreatment was evaluated using a Bruker-
Tensor II Fourier-Transformed IR spectrophotometer with an
Attenuated Total Reflectance (ATR) sampling technique at
wavenumbers 4000-500 cm™.

. . % A ine X Wiiqui
Gasoline yield (%) = ——g2tine ~ “lauid y 100, (1)
eredstock
. % A X Wiigui
Kerosene yield (%) = ——kerosene” “liauid o 100, (2)
eredstock

% Agieset X Wiiquid

Diesel yield (%) = x 100% (3)

Wf eedstock

3. Results and Discussion
3.1 Catalyst Characterization

The crystal structure of HZSM-5 and the Ni-Cu/HZSM-5
catalyst was investigated using an X-ray diffractometer, as is
shown in Fig. 1. There was no significant difference between the
diffraction pattern of HZSM-5 and that of the Ni-Cu/HZSM-5
catalyst. The addition of Ni and Cu metals did not change the
crystal structure of HZSM-5. However, a decrease in the
intensity of diffraction peaks of the Ni-Cu/HZSM-5 catalyst was
observed. This might be related to the rearrangement of
molecules within the pores of HZSM-5 following the addition of
Ni and Cu metals, leading to a reduction of X-ray scattering
(Marlinda et al. 2017).

The HZSM-5 support showed specific diffraction peaks at 26
of 7-8° and 23-24° (Tursunov et al. 2019). In this study, the XRD
results showed diffraction peaks for HZSM-5 at 26 of 7.83°,
8.73°, 22.97°, 23.17°, 23.79°, and 24.28°. The presence of Ni
metal, according to Joint Committee on Powder Diffraction
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Fig. 1 The diffraction patterns of (a) HZSM-5 and (b) Ni-
Cu/HZSM-5 with 5% total metal loading and Ni:Cu ratio of 1:1.

Standards (JCPDS) No. 00-004-0850, was observed at 28 of
44.5° (111) and 51.84° (200). However, those two peaks could
not be clearly observed in the diffraction patterns. This might
indicate that Ni was finely dispersed on the catalyst surface or
not separated on the pore walls of the sample (Akga et al. 2007).
While, the presence of Cu metal, according to JCPDS No. 00-
003-1018, was observed at 26 of 43.2°, 50.3°, and 70.0°. Again,
there was no significant peaks observed in the diffraction
patterns indicating the presence of Cu metal; a small peak or
shoulder peak (Fig. 1(b)) appeared at 26 of 43.25°, which may
indicate the presence of a Cu metal peak ((111) crystal plane,
indicating the cubic structure) (Zheng et al. 2021).

The presence of Ni and Cu metals in the Ni-Cu/HZSM-5
catalyst, which is an indication of successful impregnation, was
also be evaluated through characterization using other methods,
such as X-ray fluorescence spectroscopy and scanning electron
microscopy. The elemental composition in Table 1 shows that
the metal components present in the HZSM-5 carrier were Si
and Al, with respective weights of 43.00% and 2.90%. This is in
accordance with the definition of zeolite, which consists of silica
and alumina.

The relative composition of Si and Al in the HZSM-5 support
was a bit higher than that in the Ni-Cu/HZSM-5 catalyst due to
the addition of Ni and Cu metals. The weight percentage of Si

Table 1
Elemental composition of HZSM-5 and Ni-Cu/HZSM-5

Composition (wt%)

Element -
HZSM-5 Ni-Cu/HZSM-5
Si 43.00 39.40
Cu - 3.10
Al 2.90 2.80
Ni - 2.80
Mg 0.90 0.80
P 0.20 0.20
Ca 0.10 0.20
S 0.10 0.20
Fe 0.10 0.10
Trace 0.20 0.10
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Fig. 2 Surface morphology of (a) HZSM-5 and (b) Ni-Cu/HZSM-5 at 10,000x magnification and elemental mapping results of (c) Ni-
Cu/HZSM-5, dispersion of (d) Ni and (e) Cu elements

Table 2
Elemental composition of HZSM-5 and Ni-Cu/HZSM-5 measured
using EDX spectroscopy

Elemental Composition (%)

Sample

Si O Al Ni Cu
HZSM-5 42.6 55.1 2.3 - -
Ni-Cu/HZSM-5 36.4 45.0 2.0 2.7 13.9

and Al decreased from 43.00% and 2.90% to 39.40% and 2.80%,
respectively. The introduction of Ni and Cu into the HZSM-5
structure may cause micro-pore blockage that could hinder the
accessibility of Si and Al sites for XRF measurement, which
effectively reduced the apparent concentration in the analysis
(Nugrahaningtyas et al. 2024; Wang et al. 2019). The elemental
analysis using XRF indicated that Ni and Cu metals were
successfully introduced at the HZSM-5 surface, while the
diffraction patterns did not say so.

The surface properties of the Ni-Cu/HZSM-5 catalyst were
also investigated using a field emission scanning electron
microscope (FESEM) equipped with energy dispersive X-ray
(EDX) spectroscopy to determine the elemental composition,
especially Si, Al, Ni and Cu in both materials. The surface
morphology of HZSM-5 and Ni-Cu/HZSM-5 is shown in Fig. 2,
while the elemental composition is listed in Table 2. It was
observed from Fig. 2(a) that the morphology of HZSM-5 showed
a uniform shape as hexagonal crystals. A slight difference in the
morphological structures between HZSM-5 and Ni-Cu/HZSM-
5 was observed. Small dots and clumps around HZSM-5
assigned as Ni and Cu metals were observed in Fig. 2(b). The
addition of Ni and Cu metals to HZSM-5 did not change the
crystal structure of HZSM-5. The objects visible surrounding the
surface of the HZSM-5 zeolite, shown in an area that is brighter
than the surrounding area, were an agglomeration of Cu metal,
which can be proven using Energy Dispersive X-ray (EDX)
analysis in Table 2 and Fig. 2(c-e).

The results of the EDX analysis show that Ni metal is evenly
distributed on the HZSM-5 carrier, as shown in Fig. 2(d). This
distribution is indicated by the yellow color, which symbolizes

Ni metal scattered throughout the HZSM-5 carrier, with a
weight percentage of 2.7%. Fig. 2(e) shows the distribution of
Cu metal impregnated on HZSM-5 zeolite. The uneven
distribution of Cu metal in this catalyst impregnation can be
seen from the high Cu content compared to Ni in Table 2, which
was 13.9%. Metal distribution can be influenced by the
impregnation technique used to add metal to the catalyst. If the
metal precursor solution was uneven or insufficient to fill all
pores, there would be unevenness in the distribution of Cu
metal. In addition, suboptimal stirring can also cause some
areas of the support to not be filled properly with metal, causing
variations in metal concentration (Zultiniar et al. 2017).

In addition to surface morphology, the surface porosity of
HZSM-5 and Ni-Cu/HZSM-5 catalyst was evaluated using
adsorption-desorption behavior of liquid nitrogen at the solid
surface. By using Brunauer-Emmett-Teller (BET) and Barrett-
Joyner-Halenda (BJH) adsorption-desorption isotherms, the
surface area, pore diameter, and pore volume of the catalyst
were analyzed, as is shown in Table 3. The results of the study
in Table 3 show that there was a considerable increase (34.44%)
in the surface area of HZSM-5 after impregnation of Ni and Cu
metals from 201.699 m?/g to 271.167 m?/g. It was likely due to
the distribution of the metals at the zeolite surface, causing
unevenness, which resulted in an increase in surface area
(Nugrahaningtyas et al. 2024). This increase in the surface area
would show a good effect on the catalyst activity since a large
surface area would have more active phases distributed, thereby
increasing catalyst activity. Catalysts with a high surface area
allow for more contact between reactant molecules and the
catalyst, which can influence the overall catalytic process
(Savitri et al. 2016).

In addition to the increase in the surface area of the Ni-
Cu/HZSM-5 compared to the HZSM-5 support, a considerable
increase (32.73%) in the pore volume of the Ni-Cu/HZSM-5
catalyst (from 0.1537 cm®/g to 0.2040 cm3/g) was also
observed, as is shown in Table 3. The presence of Ni and Cu
metals that might enter the pore mouths could slightly expand
the pore size, thereby increasing the total pore volume
(Nugrahaningtyas et al. 2024). However, the increase in the
surface area and pore volume was not accompanied by the
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Fig. 3 Adsorption-desorption isotherm of liquid nitrogen at the HZSM-5 and Ni-Cu/HZSM-5 surface.

Table 3

Results of BET-BJH and NH;-TPD analysis of HZSM-5 and Ni-Cu/HZSM-5.

Sample Surface Area (m?/g) Pore Diameter (nm) Pore Volume (cm?/g) Acidity (mmol/g)
HZSM-5 201.699 1.9119 0.1537 3.2679
Ni-Cu/HZSM-5 271.167 1.9125 0.2040 2.4631

change in the pore diameter of HZSM-5 after the introduction
of Ni and Cu metals. There was no significant increase of this
pore diameter of HZSM-5 before and after impregnation with Ni
and Cu metals. The pore diameter of HZSM-5 zeolite and Ni-
Cu/HZSM-5 catalyst in this study was 1.9119 and 1.9125 nm,
respectively, indicating that the catalyst is a microporous
material.

The adsorption-desorption isotherm of liquid nitrogen at the
HZSM-5 and Ni-Cu-HZSM-5 surface as shown in Fig. 3 showed
a similar pattern; a type IV adsorption-desorption isotherm.
Type IV isotherms show the characteristic of mesoporous
solids, as indicated by the presence of a hysteresis loop at P/Po
> 0.4. The BET-BJH analysis in Table 3 showed that the pore
sizes <2 nm in HZSM-5 and Ni-Cu/HZSM-5, indicating
microporosity. However, the presence of a type IV hysteresis
loop in the adsorption-desorption isotherm indicated
mesoporous porosity, which corresponds to pores in the range
of 2-50 nm. This difference can be explained by the hierarchical
structure of HZSM-5, which had both micro- and mesopores.
HZSM-5 can have both micropores and mesopores, resulting in
combined features in adsorption analysis. Therefore, the BET
and hysteresis loop results were not contradictory but
complementary, indicating that the sample has a microporous
framework with mesoporous characteristics that likely originate
from a hierarchical structure or secondary porosity (Gorzin et al.
2018; Karim et al. 2024).

The number and strength of surface acidity were a good
measure of a catalyst activity. The surface acidity of HZSM-5
and Ni-Cu/HZSM-5 catalysts was analyzed using the ammonia-
temperature-programmed desorption (NHs-TPD) method. The
NHs-TPD analysis was performed to determine the effect of
catalyst acidity based on NH; gas adsorption. In this study, the
results in Table 3 showed that the acidity of HZSM-5
considerably decreased (24.54%) after the addition of Ni and Cu
metals from 3.2679 mmol/g to 2.4631 mmol/g. This decrease
in acidity may be influenced by the metal impregnation process
on the acid sites. The loading of Ni and Cu metals could replace

some of the protons responsible for the Bronsted acid sites on
HZSM-5, causing a decrease in Bronsted acidity and a change
in the balance between Bronsted and Lewis acid sites. This
exchange could reduce the total number of acid sites available
for NHs adsorption, thereby lowering the acidity value
measured by NHz-TPD (Qin et al. 2023).

3.2 Hydrocracking of Pyrolyzed LDPE Plastics Using Ni-Cu/HZSM-
5 Catalyst

The process of converting LDPE plastic into liquid fuel fractions
was carried out in two stages, namely LDPE plastic pyrolysis
followed by catalytic hydrocracking of the pyrolysis product
using a Ni-Cu/HZSM-5 catalyst. Thermal degradation of LDPE
plastic in this study produced wax, char, and non-condensable
gas. The color of the wax product was brownish yellow. The
wax resulted from the pyrolysis process was then used as the
feedstock during the hydrocracking in the presence of a Ni-
Cu/HZSM-5 catalyst at different temperatures. In the Ni-
Cu/HZSM-5 catalyst, Ni metal would improve hydrogen
activation so that increasing the activity and selectivity towards
hydrogenation/hydrogenolysis/hydrocracking (Xu et al., 2025).
Meanwhile, Cu would act as a promoter that could lower nickel
oxide reducing temperature and enhance the dispersion of Ni at
the catalyst support (Xu et al., 2025). The synergetic effect of Ni-
Cu in the Ni-Cu/HZSM-5 catalyst corresponded to high
cracking and hydrogenation activity resulting in high yield of
liquid product and suppressing the formation of coke (Soltani et
al., 2025).

The main product of hydrocracking is a liquid product. The
liquid product generally increased with increasing reaction
temperature as is shown in Fig. 4(a). The increase in liquid yield
was associated with increased catalyst activity and cracking rate
at higher temperatures. High temperatures accelerate the
cracking of long-chain LDPE wax into short-chain liquid
hydrocarbons (Sriningsih et al. 2014). Fig. 4(a) shows the yield
of liquid, solid, and gaseous product produced from the
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Fig. 4 (a) Yield of liquid, solid, and gaseous products and (b) yield of fuel fractions in liquid products produced during the hydrocracking of
pyrolyzed LDPE using Ni-Cu/HZSM-5 catalyst.

hydrocracking of pyrolyzed LDPE plastic. The hydrocracking of
the pyrolyzed LDPE plastics using a Ni-Cu/HZSM-5 catalyst at
temperatures of 275 and 300 °C did not produce liquid products.
It seemed that the temperatures of 275 to 300 °C were relatively
low for the hydrocracking of heavy hydrocarbons such as LDPE.
At this temperature, incomplete cracking occurs. The breaking
down of long hydrocarbon chains into shorter ones took place,
but it seemed not sufficient to produce significant liquid
hydrocarbons. Conversely, solid products dominated because
heavier solid fractions still existed due to insufficient cracking
leading to incondensable solids (Al-Muttagqii et al. 2019).

In this study, liquid products were produced from the
hydrocracking process at higher temperatures; at temperatures
of 325-400 °C. There was an increase in the yield of the liquid
product produced at temperatures of 325-375 °C. This increase
in the liquid yield at temperatures of 325-375 °C possibly
underwent through a hydrogenolysis mechanism facilitated by
Ni-Cu metal sites to activate and break H-H bond in hydrogen
as well as C-C bond in the pyrolyzed LDPE as the feedstock
(Manal et al, 2024). This mechanism would promote the
formation of light compounds with C-H bonds corresponding to
the liquid hydrocarbons. In addition to hydrogenolysis,
hydrocracking mechanism probably also took place leading to
isomerization and C-C cracking via a carbenium ion
intermediate (Manal et al., 2024). This mechanism required a
bifunctional catalyst; active metals and an acid support as
occurred in the Ni-Cu/HZSM-5 catalyst. The active sites in Ni-
Cu metals and acid sites of the support efficiently promoted the
cracking reaction at these temperatures, increasing the amount
of pyrolyzed LDPE converted into condensable products (Al
Muttaqii et al. 2024).

However, the yield of liquid product decreased when higher
temperature (400 °C) was employed. At this temperature, severe
(hydro)cracking dominated promoting the formation of
excessive gaseous product (Manal et al., 2024). There was a
possibility of competitive thermal and catalytic cracking during
the process. The former would follow a free-chain scission
mechanism; while the latter would involve the formation of
carbocation (Tang et al, 2022). In addition, hydrogenolysis
seemed still to occur indicated by the relatively high liquid
product yield. The severe (hydro)cracking was proven by the
low yield of solid produced during the process. The higher
temperature could also cause catalyst deactivation (such coking
or sintering) or changes in selectivity (Marhaini et al. 2024).

The GC-detectable compounds in the liquid product were
quantified using a gas chromatograph equipped with a mass
spectrometer as the detector. The total ion chromatograms of
the pyrolyzed LDPE and hydrocracking product at 350 °C are
depicted in Fig. 5. These TICs prove that the hydrocracking of
the pyrolyzed LDPE did result in fuel fractions. The
quantification results of the liquid product using GC-MS were
grouped into gasoline (Cs-Ciz), kerosene (Ci3-Ci4), and diesel
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Fig. 5 The total ion chromatogram of (a) pyrolyzed LDPE and (b)
the liquid product produced during the hydrocracking of the
pyrolyzed LDPE at 350 °C using a Ni-Cu/HZSM-5 catalyst.
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Table 4
The comparison of the liquid fuel fractions produced from the hydrocracking of LDPE plastics previously reported and this study.
Author Catalyst Condition Reactor type Results
Bin Jumah et al. (2019) Pt/USY zeolite; 330 °C, 20 bar Hy, Batch Selective for C4 products
Pt/B-zeolite <15 min
Du et al. (2025) Ru/y-ALO; + B- 250°C,2 MPaHz, 6h  Batch Yield of 73.4% Cs-12
zeolite
Sun et al. (2025) Ceria-promoted 300°C,30bar Hz,1h  Batch Selectivity of 80% toward naphtha
Ni/BEA zeolite
Lu et al. (2025) Pt/Nb2Os 290 °C, 3 MPa H2, 4 Batch Yield of 79.2 % (Cs—Cig)
h
Hauli et al. (2019) Sulfated Zirconia 300°C,1hH210 Continue Yield of 89.91% gasoline”
mL/min.
Taufiqurrohaman et al. (2022) Ni/natural zeolite 200 °C Semi-Batch Yield of 68.23% Cs-C12
Amin et al. (2023) Ni/ZrO» 250 °C for 60 min Semi-Batch Selectivity of 83.22% toward
with a feed-to- gasoline
catalyst ratio of
100/1
This study Ni-Cu/HZSM-5 375°C,60bar Hz, 2h  Batch Selectivity of 37,11% toward

gasoline, 13,87% toward kerosene,
49,02% toward diesel

(C15-Ca0) fractions, as is shown in Fig. 4(b). Generally, as the
hydrocracking reaction temperature increased, the gasoline
fraction produced increased, while the gasoline and diesel
fractions decreased (Liu et al. 2021). The results of this study
showed that the gasoline yield increased in the temperature
range of 325-375 °C from 7.27% to 8.48%. The increase in
gasoline yield was caused by the increase in the hydrocracking
reaction temperature at 325-375 °C, which encouraged the
breakdown of long polymer chains into short hydrocarbons in
the gasoline range (Cs-Ci2). The highest gasoline product was
produced at a temperature of 375 °C and then decreased at a
temperature of 400 °C with a yield of 6.49%. Further increase in
temperature would increase the amount of lighter fraction
products such as gas (Ci-Ca), thereby reducing the amount of
gasoline product (Wang et al. 2023).

The kerosene yield showed an overall downward trend as
the hydrocracking reaction temperature increased, from 3.82%
at 325 °C to 1.72% at 400 °C. Meanwhile, diesel yield tended to
increase with rising temperatures from 8.96% at 325 °C to 11.2%
at 375 °C and decreased to 4.07%. As the reaction temperature
increases, the yield of kerosene and diesel fractions generally
decreases. At high temperatures, the components of the
kerosene and diesel fractions will easily crack into fractions with

shorter carbon chains, becoming gasoline and gas fractions.
This showed that at high temperatures, the components in the
liquid product will continue to undergo C-C bond cleavage,
resulting in the formation of hydrocarbon fractions with shorter
chains (Ma et al. 2024).

Despite of good characteristics of the synthesized Ni-
Cu/HZSM-5, the hydrocraking of the pyrolyzed LDPE plastics
catalyzed by the Ni-Cu/HZSM-5 conducted in this study
showed relatively low yields of fuel fractions, i.e., gasoline,
kerosene and diesel compared to previously reported studies as
is shown in Table 4. Moreover, the selectivity of the catalyst
toward the fuel fractions was also relatively, leading to other
challenges in fractionating the liquid product in order to obtain
a certain fuel fraction. More strategies in the -catalyst
development and reaction conditions are necessary to produce
high-quality liquid fuel.

3.3 Characteristics of Liquid Products Produced from the
Hydrocracking of Pyrolyzed LDPE Plastics

The chemical functionalities could greatly affect the chemical
properties of the products of hydrocracking of pyrolyzed LDPE.

Table 5
Interpretation of FTIR spectra of pyrolyzed LDPE plastics and its hydrotreated products at temperatures of 275-400 °C using a Ni-Zu/HZSM-5
catalyst.
Wavenumbers (cm!)
Vibration Bond
Py{ggfﬁe‘i Oil275°C  0il300°C  Oil325°C  0Qil350°C  Oil375°C  Oil 400 °
Aromatic C-H 3100-3000 - - - - - 3100-300(
Alkane (stretch) C-H - 2954 2954 2954 2954 2954 2954
Alkane (stretch) C-H 2917, 2850 2917, 2850 2917, 2850 2917, 2850 2917, 2850 2917, 2850 2917, 285!
Carbonyl (stretch) Cc=0 - - - 1850 - 1650 1850 - 16¢
Alkane (bend) —CHz— 1461, 1374 1461, 1374 1461, 1374 1461, 1374 1461, 1374 1461, 1374 1461, 137.
—CHs
Ether/Alcohol/Ester Cc-0 - 1300-1000 1300-1000 1300-1000 1300-1000 1300-1000 1300-100¢
Alkene (out of plane =CH 965 965 965 965 965 965 965
bend)
Alkane (rocking —CH2 730-717 730-717 730-717 730-717 730-717 730-717 730-717
vibration)
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Fig. 6 FTIR spectra of (a) pyrolyzed LDPE and the liquid products obtained from the hydrocracking of pyrolyzed LDPE at (b) 275 °C, (c) 300
°C, (d) 325 °C, (e) 350 °C, (f) 375 °C, and (g) 400 °C using a Ni-Cu/HZSM-5 catalyst.

The presence of alkanes, aromatics, and other hydrocarbons
contained in the product can provide information about the
quality of the product. The chemical functionalities of the liquid
product obtained from the hydrocracking of pyrolyzed LDPE
using Ni-Cu/HZSM-5 catalyst at various temperatures are
shown in Fig. 6. Fig. 6 shows the FTIR results of pyrolysis wax
and liquid products from the LDPE plastic hydrocracking
process at different temperatures. The IR spectra was taken in
the wavelength range of 4000-500 cm™. The type of vibrations
and bonds assigned from the spectra is listed in Table 5.

Based on the FTIR spectrum obtained, pyrolysis wax and
hydrocracking reaction products at various temperatures
showed uniform peaks at around 2917, 2850, 1460, 1374, 965,
and 722 cm!, which are characteristic of polyethylene polymers
(Yu et al. 2022). The peak detected at a wavenumber of 3000-
2850 cm indicated the presence of C-H bond stretching
vibrations (alkanes) in the compound. In this wavenumber
range, a new peak was detected at temperatures of 275-400 °C,
namely at a wavenumber of 2954 cm™, but it was not detected
in the LDPE wax results. Based on the data produced, the peak
intensity appears to increase with the rise in hydrocracking
reaction temperature. The presence or increase of this new peak
indicated that the alkane hydrocarbon content was greater than
that of LDPE wax (Marlinda et al. 2017). The absorption bands

at wavenumbers 1461 cm™ and 1374 cm™ indicate the
presence of —CH, and —CH, bending vibrations. At these
wavenumbers, it can be seen that as the hydrocracking
temperature increases, the peaks become sharper and their
intensity increases. This increase in peaks indicates a shortening
of the chain during the hydrocracking process and the formation
of shorter, more branched hydrocarbons with methyl (-CHs)
substituents (Smith 2021). The peak at a wavelength of 965 cm"
! indicated the presence of =CH bending vibrations, which
indicated the presence of unsaturated hydrocarbons such as
alkenes, and the peak at a wavelength of 717-730 cm™ indicated
the presence of —CH2 rocking vibrations (Hauli et al. 2020).
Several differences between the FTIR results of LDPE wax
and the hydrocracking products were observed. A peak at
wavenumbers of 3100-3000 cm! that was assigned as aromatic
compounds was observed in pyrolyzed LDPE. This peak was
not observed in the liquid products from the -catalytic
hydrocracking at temperatures of 275-375 °C but was re-
observed in those at a temperature of 400 °C. Aromatic
compounds in pyrolyzed LDPE would gradually convert into
aliphatic or smaller chain of hydrocarbons as the reaction
temperature increased. At high temperatures, aromatic
compounds can be formed through cyclization and
aromatization reactions during the hydrocracking process. The
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Table 6

The density and calorific values of the liquid hydrocracking
products using a Ni-Zu/HZSM-5 catalyst at temperatures of 275-
400 °C.

Temperature (°C) Density Calorific Value

(g/mL) (MJ/kg)
275 - 43.9277
300 - 43.5174
325 0.80905 44.1614
350 0.8210 44.3124
375 0.8166 42.6437
400 0.7652 44.6004

formation of these aromatic compounds would produce
hydrocarbon fractions with high octane numbers, so that the
product would belong to gasoline fractions (Akhtar et al. 2025;
Onwudili et al. 2009).

A significantly high peak at a wavenumber of 1712 cm,
which indicated the presence of carbonyl (C=0) bonds was
observed in the liquid product from the catalytic hydrocracking
temperatures of 325 and 400 °C. In addition, peaks at
wavenumbers of 1300-1000 cm'! that was assigned as the
presence of C—O bonds, were observed in all liquid products
from the catalytic hydrocracking at all temperatures but not in
the pyrolyzed LDPE. This indicated the presence of esters,
ethers, carboxylic acids, or aldehydes in the hydrocracking
product. These FTIR spectra showed that pyrolyzed LDPE was
dominated by saturated alkyls without oxygenation groups.
After the hydrocracking process, characteristic peaks such as
C=0, C=C, and C-O appear, indicating the formation of
compounds such as alkenes, ketones, and esters.

Density values are very important in determining the quality
of a fuel oil. Generally, the higher the hydrocracking reaction
temperature, the lower the density value will be. Higher
temperatures cause long hydrocarbon chains to break down
into shorter ones, resulting in lighter hydrocarbon fractions with
lower density values (Febriana et al. 2020). The density of the
liquid products from the catalytic hydrocracking using Ni-
Cu/HZSM-5 catalyst is listed in Table 6. The density of the
liquid products was measurable for those produced at 325 °C or
higher, as the lower temperatures produced a wax-like
products.

The density of the liquid hydrocracking product from 325 °C
was 0.80905 g/mL. This value meets the kerosene fuel density
standard based on SNI 7390-200, (780-810 kg/m?®). The
Directorate General of Oil and Gas of the Republic of Indonesia
ruled that the density of diesel and gasoline fuels should be in
the range of 815-880 kg/m3 and 715-770 kg/m?3, respectively.
It means that the density of the liquid hydrocracking product
from temperatures of 350 and 375 °C (0.8210 and 0.8166 g/mL,
respectively), has met the standard density for diesel fuel, while
those from temperature of 400 °C (density of 0.7652 g/mL), the
density was in suitable with gasoline fractions. These results
indicated that the higher the hydrocracking reaction, the lower
the density value produced, approaching the density value of
gasoline.

Another important property of liquid fuel is the calorific
value. The calorific value indicates the amount of heat produced
during the combustion of fuel in the presence of oxygen. This
heat output is also referred to as the heating value
(Darmaningsih et al. 2019). The calorific value produced from
the hydrocracking of pyrolyzed LDPE in Table 6 showed an
insignificant difference of the calorific value for all (wax and)
liquid hydrocracking products, ranging from 42-44 MJ/kg.
According to Akhtar et al. (2025), commercial fuels such as

Int. J. Renew. Energy Dev 2026, 15(4), 797-807
| 805

gasoline and diesel have a calorific value of 42-47 MJ/kg, while
according to SNI 7182:2012, the calorific value of diesel fuel is
between 42-46 MJ/kg. Based on its calorific value, these results
indicate that liquid oil products produced from the
hydrocracking of LDPE plastic have the potential to be used as
an alternative diesel fuel.

6. Conclusion

The results of LDPE plastic conversion through hydrocracking
reactions show that increasing the reaction temperature will
increase the yield of liquid and gas products, while solid
products will decrease. The liquid products of the
hydrocracking reaction were analyzed using GC-MS and
classified based on hydrocarbon chain length, consisting of
gasoline fraction (Cs-C12), kerosene fraction (Ci3-Cia), and diesel
fraction (Ci5-Cz0). The results of this study show that the gasoline
yield increased in the temperature range of 325-375 °C from
7.27% to 8.48% and decreased at a temperature of 400 °C.
Further temperature increases will increase more products with
lighter fractions such as gas (Ci-C4), thereby reducing the
amount of gasoline products. The kerosene and diesel yield
results showed an overall downward trend as the hydrocracking
reaction temperature increased. FTIR analysis showed that the
pyrolysis wax was dominated by saturated alkyls without
oxygenation groups. After the hydrocracking process,
compounds such as alkenes, ketones, and esters were formed.
Increasing the reaction temperature caused further cracking
and functionalization reactions, resulting in lighter and more
complex products. The higher the hydrocracking reaction
temperature, the lower the density value, while the calorific
value decreases.
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