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ABSTRACT: This work provided catalytic copyrolysis of spent
lubricating oil (SLO) with waste low-density polyethylene (LDPE)
using copper modification of a spent fluid catalytic cracking
(sFCC) catalyst to produce diesel-like fuels in a microbatch
reactor, which will lead to effective waste management, ensure
sustainability, and serve as an alternative energy source. The effects
of LDPE blended with SLO, temperature, reaction time, and
catalyst loading using an inert nitrogen atmosphere were
investigated on the yields and distributions of copyrolyzed oil,
while metal modification of the sFCC was prepared and used to
investigate the catalytic activity. The temperature and time of
reaction played an important role in the gaseous contribution to
the pyrolysis of SLO. The addition of the LDPE ratio in the catalytic copyrolysis, including Cu loading on a spent FCC template,
also enhanced the acidity and was responsible for the catalytic activity, which could improve the product distribution and chemical
compounds in a range of diesel-like fuels. It was shown that the pyrolyzed oil was in the range of C7−C26 with a maximum diesel-like
fraction of 23.11 ± 2.88 wt % compared with the catalytic pyrolysis of SLO alone, which contained a diesel-like fraction of only 12.45
± 1.92 wt %. It was noticed that the acid active site of the catalyst resulted in a carbon−carbon bond cleavage and further secondary
reaction, leading to the conversion of the long residue fraction into a light oil product. In addition, the LDPE ratio in the catalytic
copyrolysis could improve the product distribution and chemical compounds in a range of diesel-like compounds, as confirmed by
the GC/MS analysis. Catalytic copyrolysis oil of the optimal process condition (0.7:0.3 mass molar of SLO/LDPE, 450 °C, 60 min,
3 wt % Cu-sFCC, and 10 wt % catalyst loading) mainly contains light hydrocarbons in the C7−C19 range. Accordingly, both the
product selectivity and the conversion of the long residue to the diesel-like fraction were nearly stable (59.01 ± 1.36%) during the
catalyst reusability test from one to three cycles without regeneration and significantly decreased after the fifth cycle. This is an
indication that the copyrolysis enhanced the conversion of SLO by LPDE blended into smaller hydrocarbon compounds, and the
catalytic activity therefore showed a major tendency toward the formation of diesel-like fractions (C8−C18).

1. INTRODUCTION
The rapid decrease in world energy resources coupled with an
increase in energy and fuel consumption in accordance with
rapid population and economic growth along with the growth
of industry and service productivity has led to an increase in
the level of traditional fossil fuels. At the same time, fossil fuel
transformation and environmental concerns regarding carbon
dioxide and greenhouse gas emissions from the burning of
fossil fuels have led to increased attendance for research on
renewable energy, which plays a role in candidate super clean
fuel production and sustainable energy for future energy
supply, which could reduce the energy demand of fossil fuels.
Spent lubricating oil (SLO) is a waste product that usually
occurs when oil is used to lubricate a mechanical part in the
engine of vehicles and machinery. During use, a lubricant
generally undergoes chemical changes, and its properties
change due to oxidation in air, moisture, high temperature, and

contamination with others, causing the performance to
deteriorate until it ceases to meet the lubricated quality that
needs to be replaced,1,2 which causes the waste lubricating oil
to be discharged in large quantities waste every year.
Therefore, SLO, also composed of heavy metals, polyaromatic
hydrocarbons, and chlorinated polycyclic aromatic hydro-
carbon compounds, is classified as hazardous waste because it
is highly toxic and a potentially carcinogenic substance that has
a serious impact on human health, irritating, and corrosive
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properties that lack proper disposal, resulting in pollutant
contamination and environmental impact.
The thermal and catalytic conversion of SLO into fuels is an

alternative way of converting waste into valuable fuel oil to
enhance the value of waste and manage those pollutants
through appropriate processes to preserve the environment.
Along these lines, the conversion of SLO into alternative fuel
has raised concerns about its impact and accumulation in the
environment.
Generally, SLO is heated in the absence of oxygen or an

inert gas atmosphere and thermally cracked, and large
hydrocarbon chains are randomly thermally decomposed into
smaller hydrocarbons until the hydrocarbon chain is shortened
to yield products that can be used as fuel oil.3,5,6,7

Unfortunately, some limitations of the random decomposition
of SLO at high-temperature process condition may produce a
large amount of smaller noncondensable gas, which requires
control of the operation conditions.3,5,8 Alternatively, catalysts
are used in the pyrolysis of SLO to obtain oil products with a
large number of carbon atoms.
Noble metal acid catalysts are highly expensive and need

regeneration after the reaction, while it is necessary to
investigate an inexpensive alternative active catalyst that has
a long lifetime and good catalytic performance for the
production of pyrolysis oil from SLO.9−12 Therefore, many
researchers have also focused on the product distribution and
further treatment to improve the physicochemical properties
and fuel quality,8,9,11,13,14 including the copyrolysis of feed-
stocks with high H/C material, such as waste polymer and less
oxygenate composition.3,14−21 Low-density polyethylene
(LDPE) can be co-fed with SLO, enhancing the role of
LDPE and its synergy of both thermal decomposition and
further catalytic reaction, resulting in shortened hydrocarbon
molecules and conversion into desirable pyrolysis oils when
compared with the pyrolysis oil obtained from the pyrolysis of
individual SLO.14,22−24 Furthermore, upgrading the coprocess-
ing of SLO and LDPE is also a candidate process with some
acid/basic heterogeneous catalysts to produce a diesel-like
grade. In general, zeolites, especially fluid catalytic cracking
catalysts (FCCs), are widely used as heterogeneous acid
catalysts in oil refining industries9−11,15,17 due to their textural
properties, microporosity, thermal stability and acidity,
resulting in the conversion of crude oil into commercialized
fuels and liquified petroleum gas.
The product distribution of hydrocarbons from the catalytic

reaction consisted of several carbons ranging from C1 to C4
gaseous products, naphtha, kerosene, gas oil, diesel and
carbonaceous hydrocarbon compounds,25 revealing mainly
the process conditions and several types of catalysts employed
with pore structures, surface areas and acid active sites of the
catalysts.9,11,13,19,20,24

In addition, the presence of micropores limits the catalytic
performance for bulky molecules, especially for the hydro-
conversion of large hydrocarbon compounds to naphtha-like
fuels.
However, one major limitation of microporous catalysts is

often limiting the catalytic activity and further catalytic
efficiency for a large hydrocarbon compound according to
intracrystalline diffusion, resulting in obstacles to the cracking
reaction, isomerization, and arrangement of large hydrocarbon
molecules into smaller hydrocarbon compounds at similar
fractions to naphtha kerosene or diesel.11−18,25 Consequently,
the modification of zeolite with metal doping has attracted

much attention to improving both the acid strength and
catalytic activity of the cracking reaction,26−28 which might
favor a higher yield of shortened hydrocarbon compounds that
also effectively improve the catalytic oil to meet the stringent
standard properties for diesel-like products in commercialized
transport fuels.15,17,24,28−30 Therefore, plastic waste entails
dumping it at landfills, which can lead to numerous
environmental pollution. The disposal of spent lubricant oil
is collected and burned to produce heat energy, whose
potential can be converted into energy by thermochemical
reaction. This research illustrates that addressing these issues
by recycling both plastic wastes and waste lubricating oil into
fuels could contribute to the long-term management of waste.
Both types of proper waste management are realized as
effective sources of cheap raw materials to produce more
affordable sustainable fuels than expensive refined crude oils.
Furthermore, this copyrolysis of plastic waste and spent
lubricant oil also promotes the upcycling of deteriorated
materials as classified to waste materials into useful products
while simultaneously reducing the amount of waste materials
that pollute the environment according to adopt a concept of
circular economy and line in a sustainable development goal.
This research aims to understand the optimal process

conditions of catalytic copyrolysis of SLO and LDPE blended
to diesel-like oil production. The effect of temperature,
reaction time, and the mass molar ratio of LDPE blended to
SLO, using the different mass molar of Cu impregnated into
the sFCC catalyst, and the percentage of catalyst loading on
the desirable diesel-like product yields and quality were also
investigated to explain that thermal degradation of plastics
waste into hydrogen radical and hydrocarbon radical promotes
the carbon−carbon bond cleavage of large hydrocarbon chains
from SLO. Meanwhile, the catalytic copyrolysis enhances the
bond cleavage of plastic waste, which easily disintegrates, and
promotes the hydrogenation reaction enhancing the carbon−
carbon bond cleavage of SLO, then shape selective at the
textural structure of the catalyst produced both LDPE and
SLO into small straight-chain hydrocarbon product. Addition-
ally, the physicochemical properties of pyrolyzed oil inves-
tigated under optimum conditions were characterized to
determine the optimal process conditions to produce diesel-
like oil while adhering to the circular economy concept. The
stability of the catalyst was determined in terms of the
reusability of the Cu-modified FCC catalyst in the copyrolysis
of SLO and LDPE under the optimal conditions to obtain the
desirable yield of diesel-like oil when compared with the
noncatalytic pyrolysis of SLO alone.

2. MATERIALS AND METHODS
2.1. Feedstock. SLO collected in the form of waste motor

oil by several motor garages in Bangkok, Thailand, was
collected in airtight bottles, and then the air inside the bottle
was purged with nitrogen gas to prevent oxidation of SLO with
oxygen and stored until the test. LDPE plastic waste was
collected and sorted from a municipal landfill in Saraburi
Province, Thailand, first cut by a high-speed plastic cutting
machine and then sorted into a size distribution of
approximately 0.5 × 0.5 cm. The tests in the proximate and
ultimate analyses of the SLO and LDPE were performed in
accordance with ASTM D 7582-10. A CHN-628 CHN
analyzer (LECO Corp., U.S.A.) was carried out to determine
the elemental analyses of carbon, hydrogen, nitrogen, and
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sulfur, whereas the oxygen content was also determined
according to the different analysis percentages.
2.2. Catalyst Preparation and Characterization. The

spent FCC (Star Petroleum, Rayong, Thailand) was used as a
catalyst compared with the modification of metal loading into
the spent FCC template. A copper-modified sFCC was
prepared by using the wet impregnation method by varying
several mass percentages of Cu (1−5 wt %) in the sFCC
template. A total of 4.00 g of the spent FCC catalyst and a
prescribed copper nitrate trihydrate (Cu(NO3)2·3H2O) were
weighed and then dissolved in deionized water to a Cu
concentration of a desirable wt % and continuously agitated
with a magnetic stirrer at 600 rpm and 80 °C for 6 h. The
slurry was filtered and washed using deionized water until the
nitrate ions were completely washed out and then dried in a
hot air oven at 120 °C for 24 h and calcined at 550 °C for 5 h.
Then, the modified Cu-sFCC was reduced at 20 mL min−1

flow rate in a hydrogen atmosphere at 400 °C for 2 h and
subsequently under a low flow rate of 1%-vol O2 atmosphere at
room temperature for 18 h to reduce CuO-sFCC to metallic
Cu-sFCC. The characterization of the catalyst samples was
carried out using a D8 Advance X-ray diffractometer (Bruker
Corp., Germany) at 40 kV and 40 mA with Cu Kα radiation at
λ of 1.5406 nm to determine the XRD pattern in the 2θ range
of 5°−85° at a 5° min−1 scanning rate. An S8 Tiger X-ray
fluorescence (XRF) spectrometer (Bruker Corp., Germany)
was used to determine the mineralogical composition. An
ASAP 2020 instrument (Micromeritics Instruments, U.S.A.)
was used to determine the textural properties (surface area,
pore volume, and pore size) by nitrogen adsorption−
desorption isotherms conducted at 77 K.
2.3. Catalytic Pyrolysis Reaction. The test of catalytic

copyrolysis of SLO and LDPE was conducted in a 70 mL
custom-built stainless-steel cylindrical reactor. A pressure
gauge and safety valve were used to monitor the occurrence
of pressure change within the reactor during the pyrolysis
reaction and relieve pressure in the system when it became too
high. Figure 1 illustrates a schematic diagram for catalytic
copyrolysis experiment. The reactor was assembled with an
injection heating coil using a proportional integral derivative

(PID) temperature control unit and shaker to achieve thermal
decomposition and maintain heat transfer throughout the
reaction. In each test, approximately 20 g samples of SLO/
LDPE mass molar blended with several ratios (1:0, 0.1:0.9,
0.3:0.7, 0.5:0.5, 0.2:0.8, and 0:1 SLO/LDPE), the weight
percentage of copper impregnated to the sFCC catalyst (1 wt
%, 3 wt %, 5 wt %, and no Cu loading), and catalyst mass
molar loading to the sample (1 wt %, 5 wt %, 10 wt %, 20 wt %,
and no catalyst) were performed in the experiment. Inert N2
was supplied into the reactor to ensure the absence of an
oxygen atmosphere, after which inert N2 was fed into the
reactor to attain 1 bar for all the tests at operating temperatures
of 400, 425, 450, and 475 °C. Pyrolysis of individual SLOs was
also performed at 450 °C for comparison.
The reactor was heated by an inductive heater from ambient

temperature to the desired operating parameters and kept
isothermal until the end of the pyrolysis reaction. The
temperature was controlled by a PID with a K-type
thermocouple detector, which was used to monitor the
temperature inside the reactor. The catalytic pyrolysis reaction
is isothermal due to the temperature being controlled by a PID
electrical furnace. After completing the reaction, the reactor
was immediately quenched into an ice bath to rapidly cool to
the ambient temperature to avoid further cracking reactions
and the formulation of solid carbonaceous inside the reactor,25

while the noncondensable gas was kept in the reactor until the
temperature inside a reactor was close to ambient temperature,
then released through the gas drier unit before being collected
in a gas bag to further determine the gas composition using a
Shimazu GC-2014 gas chromatograph (Shimazu Corp. Japan)
that were equipped with both flame ionization (FID) and
temperature controlled detectors (TCD). Quantitative analysis
using an external standard method was conducted to analyze
the detected gases. A mass balance was performed to
determine the yields of the solid, liquid, and gaseous products.
The liquid oil was separated using vacuum filtration from the
solid carbonaceous material and catalyst, while the gaseous
yield was calculated in accordance with the mass balance from
eqs 1−3:

Y
M
M

100liquid
2

1
= ×

(1)

Y
M
M

100solid
3

1
= ×

(2)

Y Y Y100 ( )gas liquid solid= + (3)

where M1, M2, and M3 represent the mass of the feedstock, the
mass of pyrolytic oil, and the mass of only carbonaceous solid
after the completed catalytic copyrolysis, respectively. Addi-
tionally, the small noncondensable gaseous yield was
determined by the difference mass balance calculation. In
this study, the test was performed in three replicates to
illustrate the average product yield and product distribution,
and the standard errors between the replicates under the same
conditions were all below 5%.
2.4. Product Analysis. The sample liquid oil was collected

and diluted with 1:100 carbon disulfide (Sigma−Aldrich,
Singapore) and analyzed using a Varian CP-3800 (Varian
Medical Systems, Inc., U.S.A.) simulated distillation gas
chromatograph connected to an RTX2887 capillary column
and FID detector in accordance with crude oil evaluation
(ASTM method 2887-D86). Typically, the analysis of liquidFigure 1. Schematic diagram for catalytic copyrolysis.
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product distribution consisted of main fractions of naphtha-like
(initial boiling point −220 °C), kerosene-like (221−250 °C),
diesel-like (251 to 370 °C), and long residues (371 °C to final
boiling point) represented in the product distribution.25

Additionally, the sample pyrolysis oil was analyzed with gas
chromatography/mass spectrometry (GC/MS) for qualitative
analysis. Approximately 1 μL of the sample was injected into
an Agilent 7890 gas chromatograph, a split/splitless injection
unit, and an HP-5MS capillary column (30 m × 0.25 mm ×
0.25 μm) equipped with an Agilent 5978 (Agilent
Technologies, USA) coupled with a 5977A mass spectrometer.
During the GC analysis of pyrolysis vapor products, the oven
temperature was initiated from 50 to 200 °C and then to 350
°C with a heating rate of 10 °C min−1 and held for 10 min.
The injector and MS detector temperatures were held at 280
°C. The mass spectrometer was operated in EI mode at 70 eV,
and the mass spectra were obtained from m/z 50−5000 to
investigate the chemical compounds. The chromatographic
peaks were identified according to the NIST MS library and
then calculated as a percentage of the total peak area.
Additionally, the compounds present in the pyrolysis oil and
their corresponding area % reveal molecular formulas that were
presented.
A LECO CHN analyzer was used to determine the amounts

of carbon, hydrogen, nitrogen, and sulfur in the elemental
analysis of the obtained pyrolysis oil. Furthermore, the
physicochemical analyses and fuel properties of liquid fuels
were also determined. The kinematic viscosity was analyzed by
using a HAAKE MARS iQ rheometer (Thermo Scientific,
U.S.A.) at 40 °C in accordance with ASTM D445. The
modification acid number (MAN) was determined using a
Trinoplus 848 automated titration (Metrohm AG, Germany)
in accordance with ASTM D66 due to the amount of KOH
that neutralized the oil/solvent mixture. Additionally, a LECO
AC-350 adiabatic bomb calorimeter was used to determine the
higher heating values (HHV) in accordance with ASTM D240.
2.5. Catalyst Stability and Reusability. After the

reaction finished, the pyrolyzer was rapidly cooled in an ice
bath to ambient temperature; the spent catalyst and carbona-
ceous material were separated by using vacuum filtration, and
the filtrated pyrolyzed oil and solid residue were collected.
Both the spent catalyst and carbonaceous material were dried
at approximately 105 °C in a hot air oven and then weighed.
The carbonaceous material was determined by using the mass
difference of the catalysts prior to the tests and then directly
applied to the next catalytic reaction without any washing or
regeneration. The reusability of spent FCC was determined by
measuring the corresponding conversion of the long residue
fraction into the diesel-like yield.

3. RESULTS AND DISCUSSION
3.1. Feedstock Characterization. Table 1 illustrates the

proximate and elemental analyses of both SLO and LDPE
plastic waste in accordance with the ASTM standard, including
the HHV. The ultimate analysis of the SLO shows that the
relative contents of C, H, O, and N are 79.55, 12.59, 7.72, and
0.14 wt %, respectively. The amount of sulfur cannot be
detected, causing neither very low sulfur nor no sulfur to be
contained. The oxygen content in SLO is formed by oxidation
by air during operation, which was found to be up to 7.72 wt
%, and O/C shows a lower value of 0.07, resulting in no
significant changes in the HHV.

The analyses of LDPE consisted of 80.69 wt % carbon and
19.31 wt % hydrogen only. The proximate analysis shows that
SLO consists of volatiles, fixed carbon, and ash at 82.13, 8.34,
and 8.42 wt %, respectively. In addition, the raw SLO presents
the relative contents of the composition according to the
boiling temperature range using a simulated distillation gas
chromatograph in the procedure of the ASTM 2887-D86
method, which consisted of naphtha-like (0.15 wt %),
kerosene-like (3.11 wt %), diesel-like (7.67 wt %), and long
residue (89.07 wt %). In contrast, LDPE is characterized using
a CHN analyzer to investigate the content of carbon,
hydrogen, and oxygen. The results represent the high H/C
molar ratio because LDPE plastic waste is primarily composed
of carbon, hydrogen, and an oxygen-free composition,15 while
both nitrogen and sulfur are not detectable. Furthermore, the
HHV analysis according to the adiabatic bomb calorimeter
indicates that both raw feedstocks have higher calorific heating
values.
The X-ray diffraction (XRD) analyses of the patterns of the

new FCC catalyst, spent FCC catalyst, and Cu impregnated to
sFCC catalysts are compared in Figure 2. The XRD patterns

Table 1. Proximate and Ultimate Analyses

SLO LDPE waste plastic

proximate analysisa (wt %)
volatile 82.13 94.57
ash 8.42 1.12
fixed carbonb 8.34 4.31
ultimate analysis (wt %)
carbon 79.55 80.69
hydrogen 12.59 19.31
nitrogen 0.14 n.d.
oxygenb 7.72 n.d.
H/C (mol/mol) 1.90 2.87
O/C (mol/mol) 0.07
HHV (MJ/kg) 41.65 49.88
kinematic viscosity (mm2/s) 40.07 n.a.
MAN (mgKOH/g) 5.31 n.a.

aDry basis. bCalculation by the difference method. n.a. = not
applicable, n.d. = not detected.

Figure 2. XRD pattern.
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represent 2θ of 6.233, 10.160, 15.640, 23.636, 27.043, and
31.379, which matched the diffraction from indices of the
(111), (220), (331), (533), (642), and (555) planes and are
obviously detected in accord with the typical FCC catalyst of
the γ-Al2O3 (zeolite Y) structure. When comparing the XRD
patterns of Cu-modified sFCC with those of FCC and calcined
sFCC catalysts, it is also difficult to find some obvious changes,
and the modification of Cu on the sFCC parent template
illustrates the XRD patterns of faujasite structures. Addition-
ally, the modification of Cu to the sFCC template did not
significantly change the peak intensity when increasing the
content of Cu impregnation into the sFCC framework, even if
it contained Cu2O and CuO, in accordance with the metal
loading amount being relatively low.26,28

XRF analysis was performed to confirm the elemental
character and elemental composition presented in Table S1,
which has a mass molar ratio of Si/Al between 1.1 and 1.0 by
spent FCC catalyst and 3 wt % Cu-modified-spent FCC. In
addition, the modification of spent FCC with Cu impregnation
illustrated that the content of copper metal corresponds to the
weight percentage of Cu-modified-spent FCC of approximately
0.461 wt %.
Figure 3 illustrates the adsorption and desorption isotherms

of fresh FCC, spent FCC, and Cu-doped FCC, which

determined the textural properties (pore volume, pore size,
and specific surface area). The physicochemical properties of
the FCC, sFCC, and Cu-modified sFCC catalysts are listed in
Table 2. The small crystallites of CuO might be derived from
the rate of nucleation being larger than the rate of nuclear
increase with the content of Cu-modification to the sFCC
parent template corresponding to the increasing Cu loading
resulting in the crystallite size slightly increasing and the
surface areas decreasing gradually.28

3.2. Effect of Operating Conditions on Product Yield
and Distribution. 3.2.1. Influence of Reaction Temperature
on the Product Yield Distribution. Generally, the temperature
is the most influential operating parameter affecting the
product yield and its distribution in pyrolysis or catalytic
pyrolysis. In this study, the temperature is also the main
influence on SLO/LDPE catalytic pyrolysis, which affects both
SLO/LDPE by thermal decomposition and further cracking
reactions via acid strength and active sites when the catalyst is
used in the reaction. Figure 4 illustrates the effect of operating
temperature on the product yield and distribution, whereas the
constant conditions of the mass ratio 0.5:0.5 SLO/LDPE, time
of reaction 45 min, the 0.3 wt % Cu-sFCC by 5 wt % mass
molar of catalyst to the feedstock.
The product distribution according to the boiling point

range illustrated that the distribution obtained at 400 °C
mainly consisted of a long residue fraction due to the
insufficient thermal decomposition of large hydrocarbon
compounds of both SLO and LDPE into smaller hydrocarbon
compounds that contained a large structure and were not
suitable for catalytic pyrolysis through the porosity, acid
strength, and active sites of the Cu-sFCC catalyst.11,20

Therefore, the selectivity of smaller hydrocarbon compounds,
e.g., naphtha-like, kerosene-like, and diesel-like fractions, was
very low compared to those at other operating temperatures or
almost not present.
The selectivity of diesel-like fraction increased dramatically

with the increased reaction temperature from 400 to 450 °C
and decreased when temperature increased more than 450 °C
because the thermal degradation of both LDPE and SLO at
higher temperatures played an extreme role in accelerating the
thermal degradation of LDPE,5,6,14,29−31 which resulted in the
production of hydrogen radical and hydrocarbon radicals.
Then, the rearrangement of both H-radical and hydrocarbon
occurred to generate small amounts of hydrogen gas and
hydrocarbon gas products,28,31 resulting in an enhanced
hydrogen atmosphere in the catalytic reaction, which
promoted the hydrogenation reaction coupled with H-transfer
and β-scission of long-chain hydrocarbon compound into light
alkane during the catalyst pyrolysis reaction.
The liquid product yield obtained from the catalytic

copyrolysis of SLO/LDPE tended to decrease from 70.66 wt
% (400 °C) to 68.94 wt % (425 °C) and 63.12 wt % (450 °C)
and then markedly dropped to 55.76 wt % at 475 °C, causing
continuous thermal cracking of middle hydrocarbon molecules
into simpler small hydrocarbon gaseous products and leading
to a secondary cracking reaction into noncondensable gaseous
products.15 Furthermore, increasing the process temperature
can enhance the catalytic pyrolysis of SLO/LDPE and
decompose large hydrocarbon molecules into smaller hydro-
carbons. Then, the catalytic reaction enhances the scission of
middle compounds, promotes the hydrogen transfer reaction
over the acidic active site of Cu-sFCC, and enhances the β-
scission of middle compounds into a small linear
alkane.26−28,31 As shown in Figure 4, the product distribution
of the catalytic pyrolysis of SLO/LDPE over Cu-sFCC
obtained at 400 °C consisted mainly of a long residue fraction
of 42.91 wt %, while the proportions of diesel-like, kerosene-
like, and naphtha-like residues were 13.74, 8.38, and 5.63 wt %,
respectively. It seems that a low operating temperature was not
enough to accelerate the thermal decomposition of large
hydrocarbon molecules, especially from SLO, and could not
enhance the catalytic activity of the copyrolysis of SLO/LDPE

Figure 3. Adsorption−desorption isotherm.

Table 2. Characterization of the Catalyst Texture

catalyst
total surface area

(m2/g)
total pore volume

(cm3/g)
average pore size

(nm)

new FCC 413.7 1.12 2.06
sFCC 117.9 0.12 4.36
Cu-modified
sFCC

116.3 0.13 4.55
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because large hydrocarbon compounds could not arrange into
middle hydrocarbon compounds by thermal degradation.
Inappropriate large hydrocarbon compounds could not pass
through the microporous structure of sFCC and inhibited the
acidic active sites and pore structure of the Cu-sFCC
catalyst.11,12 Additionally, the catalytic activity at acidic active
sites of Cu-sFCC could not be completely illustrated mainly by
the long residue fraction, and a relatively low amount of the
diesel-like fraction was obtained according to the low pyrolysis
temperature.
Increasing the operating temperature also illustrated the

higher liquid yield and diesel-like fraction due to the high
reaction temperature dramatically promoting the catalytic
pyrolysis of SLO/LDPE, which can be explained by the fact
that temperature could be predominantly attributed to the
enhancement of the acceleration of the carbon−carbon
degradation of long-chain hydrocarbon compounds. Hydrogen
radicals and hydrocarbon radicals produced the hydrogen
gaseous product and enhanced the carbon−carbon scission of
the long residue fraction (C22+) to smaller, hydrogenation,
isomerization was also rearrangement of a middle hydrocarbon
compound to the diesel-like fraction of C12−C16 of linear
alkane,26,28,32,33 which was achieved from the influence of both
higher temperature and catalytic activity. However, it is notable
that the gaseous yield was slightly increased from 25.06 wt %
(400 °C) to 26.92 wt % (425 °C) and 31.45 wt % (450 °C).
Therefore, increasing the reaction temperature from 425 to
450 °C enhanced the catalytic activity of the cracking reaction
and promoted the degradation of large hydrocarbon
compounds into smaller hydrocarbon compounds. Then, the
catalytic pyrolysis of both pore-selective and acidic active sites
was also affected by the appropriate rearrangement of middle
hydrocarbon compounds by the cleavage of carbon−carbon
bonds, hydrogen transfer, hydrogenation, and isomerization at
the acidic active sites to obtain light alkanes and slightly

increased the amount of kerosene light and the small amount
of naphtha-like fraction.
In contrast, the liquid product distribution obtained at 475

°C decreased to 55.76 wt %, kerosene-like (7.11 wt %) and
diesel-like (21.21 wt %) were slightly changed, but the gaseous
yield extremely increased to 38.62 wt %, all of those affected by
the influence of thermal decomposition led to the decom-
position of SLO and LDPE to hydrogen and hydrocarbon
radicals, which obtained a high proportion of the small gaseous
products, while the high temperature also enhanced the
decomposition of a smaller compound and further the
secondary cracking reaction of these light hydrocarbon
compounds to the noncondensable gas rather than the effect
of the catalytic pyrolysis reaction.26,28,34 This can be ascribed
to the higher temperature of 450 °C also accelerating the
cleavage of carbon−carbon bonds of the volatile toward small
volatiles. Furthermore, the gaseous product yield increased
obviously with increasing process temperature from 450 to 475
°C, while a slight increase in the amount of carbonaceous
material was obtained at 475 °C of approximately 5.62 wt %. It
seems that the high process temperature enhanced the
decomposition of SLO and LDPE to noncondensable gas
products, which may be influenced by the gradual increase in
carbonaceous at the acidic active site, resulting in deactivated
catalytic performance.32−34 Thus, thermal decomposition was
only affected by the degradation of SLO and LDPE into
smaller hydrocarbon gaseous products and further secondary
cracking reactions into noncondensable gases,11,28,32 which
notably increased to 38.62 wt % at a reaction temperature of
475 °C.

3.2.2. Influence of the Reaction Time on the Product Yield
Distribution. Figure 5 shows the influence of reaction time on
product yield and its distribution according to the boiling point
range of catalytic pyrolysis of SLO and HDPE, which was
carried out at a constant temperature of 450 °C using 1.0 wt %

Figure 4. Effect of operating temperature on the product distribution of catalytic pyrolyzed oil from 0.5:0.5 mass molar of SLO/LDPE kept a
constant reaction time of 60 min using 3 wt % Cu-modified-spent FCC at 10 wt % mass molar of the catalyst to the feedstock.

Figure 5. Effecting reaction time on product distribution of catalytic pyrolyzed oil from 0.5:0.5 mass molar of SLO/LDPE kept constant reaction
temperature of 450 °C using 3 wt % Cu-modified-spent FCC at 10 wt % mass molar of catalyst to the feedstock.
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Cu-sFCC catalyst with 5 wt % loading of the catalyst. When
the reaction time was 45 min, the gaseous product yield was
30.83 wt %, the liquid yield was only 63.96 wt % and consisted
of long residual, diesel-like, kerosene-like, and naphtha-like
products of 31.86, 17.18, 10.69, and 4.23 wt %, respectively,
while a small amount of solid residue was obtained.
Increasing the retention time results in the conversion of

LDPE into a smaller hydrocarbon chain by the radical reaction
to produce a more stable component, which enhances the
promotion of hydrocarbon radicals and hydrogen gas to
enhance the hydrogenation reaction of the middle alkane
coupled with thermal degradation of SLOs into middle
hydrocarbon molecules prior to the effect of temperature
enhancing the promotion of cracking into small alkanes by the
catalytic pyrolysis reaction. This enhances the acceleration of
cracking at the metal active site over the sFCC into small
alkane hydrocarbon compounds. Nevertheless, it seems that
the short residence time insufficiently promotes the degrada-
tion of large hydrocarbon molecules of both SLO and LDPE to
smaller compounds,5,8,28,35 resulting in the large hydrocarbon
chain not passing through the pore structure of the sFCC and
further cracking at the metal acidic active site of the catalyst. In
contrast, at the short residence time, the pyrolyzed oil mainly
consisted of long residue, and a slight increase in solid residue
according to the thermal degradation of large hydrocarbon
compounds is more effective than catalytic pyrolysis to obtain
a middle hydrocarbon compound. Then, the depolymerization
of hydrocarbon compounds occurred to obtain larger
compounds.28,32

At a pyrolysis time of reaction of 60 min, the thermal
degradation of the medium hydrocarbon compounds was
enhanced to smaller hydrocarbon compounds and then further
affected by secondary cracking, leading to carbon−carbon
bond cleavage of those compounds to shorten linear alkanes,
which consisted of long residues, diesel-like, kerosene-like, and
naphtha-like of 26.52, 21.76, 8.19, and 6.65 wt %, respectively,
while the gaseous product yield slightly increased to 31.45 wt
%, whereas the time of reaction increased, the desirable diesel-
like fraction was quite increased while all of those small
hydrocarbon compounds were continually cracking into
smaller and secondary cracking to produce a large proportion
of noncondensable gas (43.82 wt %) at the time of reaction
increased to 90 min because the long residue fraction was also
affected by the thermal degradation and catalytic pyrolysis
under high temperature conditions. Both SLO and LDPE were
decomposed into a middle hydrocarbon chain and continually
cracked into a dramatically increased gas component as the
reaction continued. In addition, when the time of reaction
increased to 90 min, it was notable that the liquid yield tended

to decrease, while the gas yield dramatically increased owing to
the appearance of carbonaceous compounds that inhibited
acidity active sites at the catalyst surface and pore structure,
resulting in catalytic deactivation. Thus, the catalytic perform-
ance tends to decrease when the reaction time increases,
resulting in random carbon−carbon bond cleavage, which
affects only the thermal decomposition of free radicals and
enhances the scission of carbon−carbon bonds to obtain a
large amount of small hydrocarbon compounds, enhancing the
secondary cracking reaction and increasing the gas yield by
continued thermal degradation over time.26,28,35

3.2.3. Influence of the SLO/LDPE Mass Molar Ratio on the
Product Yield Distribution. The effect of the ratio of LDPE
blended to SLO (0.1:0.9 to 0.7:0.3) on the product yield
distribution in the catalytic pyrolysis of SLO/LDPE was
determined at a temperature of 450 °C, a reaction time of 60
min, 0.5 wt % Cu-modified sFCC and a catalyst mass molar to
feedstock of 10 wt %, as illustrated in Figure 6. In particular,
the hydrogen atmosphere is one of the limiting parameters in
hydrocracking and hydrotreating. The influence of the initial
hydrogen pressure has also been investigated in several studies.
In this test, the catalytic copyrolysis of SLO/LDPE was not
performed under the initial hydrogen gas atmosphere, but
hydrogen gas was generated from the thermal decomposition
of LDPE in the form of hydrogen radicals and hydrocarbon
radicals to produce a small amount of hydrogen gas during
catalytic copyrolysis. Herein, increasing the reaction temper-
ature enhanced the production of hydrogen gas and small
hydrocarbon gaseous products; therefore, the ratio of LDPE
blended with SLO was also investigated.
The increase in the LDPE to SLO from 0.1:0.9 to 0.8:0.2 is

compared with the catalytic pyrolysis of SLO alone, as
represented in Figure 6. As seen in the comparative product
distribution, the catalytic pyrolysis of SLO obtained a diesel-
like selectivity of 12.45 wt % (diesel-like yield of 12.45 wt %
and liquid yield of 61.90 wt %). The catalytic pyrolysis of SLOs
alone is influenced by the reaction temperature, causing
decomposition in the form of random hydrogen radicals and
hydrocarbon radicals. Then, the interaction of these radicals
enhances the scission of large hydrocarbon structures and
cleavage of carbon−carbon bonds and carbon−hydrogen
bonds to formulate smaller hydrocarbon compounds, but
these are still large hydrocarbon compounds, resulting in
difficulty reacting with the acid active sites and pore structure
of the catalyst.5,19,22,30,31 Therefore, the catalytic pyrolysis of
SLOs also obtained the product distribution, which is mainly
in the large amount of long residue fraction and small
noncondensable gaseous products.

Figure 6. Effect of the SLO/LDPE mass ratio on the product distribution of catalytic pyrolyzed oil from the reaction temperature of 450 °C for 60
min using 3 wt % Cu-modified-spent FCC at 10 wt % mass molar of the catalyst to the feedstock.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c05823
ACS Omega 2023, 8, 40785−40800

40791

https://pubs.acs.org/doi/10.1021/acsomega.3c05823?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05823?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05823?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05823?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c05823?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


When increasing the LDPE blended from 10% to SLO
feedstock, the liquid yield and product distribution in the
desired diesel-like fraction also increased from 12.45 to 18.33
wt %. It was pronounced that a low ratio of LDPE blended (0.1
LDPE to 0.9 SLO mass molar) still had a slightly significant
effect on the catalytic copyrolysis of SLO/LDPE because the
majority of the SLO component was also mostly converted to
large hydrocarbon compounds with a lower amount of
hydrogen atmosphere, which made it difficult to enhance the
cleavage of carbon−carbon bonds in the SLO component.
Thus, the product yield also contained mainly large hydro-
carbon compounds that were too large to react with the acid
active sites and could not diffuse through the microporous
structure of the catalyst, causing the long residue fraction to be
mainly obtained. It seems that SLO had a more prominent
effect on the lower ratio of LDPE blended in catalytic
copyrolysis and showed the product distribution and the low
selectivity of the diesel-like fraction, which was similar to the
catalytic pyrolysis of SLO alone.3,5,28,32,33

By increasing the ratio of SLO/LDPE from 0.9:0.1 to
0.7:0.3, it was found that the product distribution of the diesel-
like fraction was markedly increased from 18.33 to 23.11 wt %
due to the thermal degradation of higher amounts of LDPE,
which also increased the H-radicals and hydrocarbon radicals,
enhancing the chain scission of LDPE and causing the
production of medium hydrocarbon compounds. Herein, the
H-donor from the thermal decomposition of LDPE enhances
the carbon−carbon bond and carbon−hydrogen bond scission
of SLOs from the initial thermal decomposition and enhances
further catalytic reactions to produce smaller hydrocar-
bons.26,28,34 At the same time, the increase in LDPE blended
with SLO exhibited a tendency to increase the diesel-like
fraction to 24.59 wt %, according to the thermal decom-
position of LDPE contributed to the H-radical and hydrogen
radicals,26,31 which were attached to the H-donor and
subsequently facilitated the interaction of both radicals with
hydrogen gas production, which enhanced the hydrogenation,
hydrotreatment and further catalytic reaction. Therefore, the
selectivity of diesel-like molecules tends to increase. However,
too much LDPE blended with SLO enhances the thermal
decomposition of high-ratio LDPE due to the large proportion
of small radicals acting as hydrogen. Therefore, hydrogen and
hydrocarbon radicals may depolymerize and release hydrogen
gas, including small hydrocarbon gases. Then, hydrocarbon
transfer from the thermal degradation of LDPE and SLO acts
as a hydrogen donor for SLO large hydrocarbon compounds,
resulting in carbon−carbon scission to hydrogen gas, smaller
hydrocarbon gas, and smaller hydrocarbon compounds. Then,
further secondary reactions accelerate the catalytic cracking of

small hydrocarbon gaseous products to noncondensable gas,
which also obviously increases.28,30,31,34

3.2.4. Influence of Cu-Modification on the Spent FCC on
the Product Yield Distribution. The effect of the copper
concentration in the sFCC catalyst on the product yield
distribution from 1 to 5 wt % in the catalytic pyrolysis of SLO/
LDPE was determined under the following process conditions:
0.7:0.3 mass molar of SLO/LDPE, temperature of 450 °C,
reaction time of 60 min, and catalyst mass molar to feedstock
of 10 wt %, as illustrated in Figure 7.
The results of the wt % Cu-modification of the impregnate

on the textural properties of the sFCC can be seen in Table 2.
The increase in the wt % Cu impregnate also gradually
decreases the pore volume and specific surface area. Notably, a
high concentration of Cu was absorbed on the surface of the
catalyst, while the micropore area was greater than the external
surface area. It seems that the catalyst has many microporous
channels. Thus, increasing the wt % Cu-modification in the
sFCC template will decrease the large area on the external
surface compared to that in the micropores, which shows that
the increasing Cu-modification tends to be more absorbed in
the external part than in the micropores.26,28

The tests of the 3 wt % copper-impregnated sFCC show that
with increasing copper concentration, the proportion of the
long residue fraction greatly decreased to 26.77 wt %. Likewise,
the diesel-like fraction tended to increase due to the effect of
the thermal degradation reaction and catalytic activity, which
also correlated with acidic active sites and high concentrations
of copper. Notably, the increase in Cu impregnation contained
too many acidic active sites,14,15,26 which accelerated the
carbon−carbon bond decomposition during the high-temper-
ature pyrolysis reaction. Then, the small volatile vapor can pass
through the micropores of the sFCC. The results indicated that
the role of the strong Bro̷nsted acid catalyst was enhanced to
improve the catalytic activity to cleave C−C bonds from the
medium-length hydrocarbon chain to smaller compounds.
The 5 wt % impregnated sFCC catalyst containing the

largest amount of total acid sites represents the highest
noncondensable gas yield of approximately 34.28 wt %, and it
was found that the relation between the sFCC parent catalyst
and Cu-impregnated catalyst was likely due to sFCC having
strong Bronsted acid sites,24,26,28,33 which are more favorable
for the catalytic cracking reaction of long-chain hydrocarbons
to smaller hydrocarbon chains and rearranged its structure at
the pore structure, including the catalytic reaction, e.g.,
hydrogenation, hydrocracking, and isomerization. An increase
in Cu impregnation mainly has too many acidic active sites,
which are extremely enhanced due to the cleavage of carbon−
carbon bonds and carbon−hydrogen bonds in large hydro-

Figure 7. Effect of the amount of Cu loading to the sFCC on the product distribution of catalytic pyrolyzed oil from 0.7:0.3 mass molar of SLO/
LDPE kept at a constant reaction temperature of 450 °C for 60 min using 10 wt % mass molar of catalyst to the feedstock.
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carbon compounds, likely the long residue fraction into simple
linear alkanes. However, the high concentration of Cu
impregnation may also inhibit the catalytic pyrolysis reaction
under high-temperature conditions because the high relative
acid active sites cracked the long residue fraction into smaller
hydrocarbon compounds and further attributed the secondary
cracking reaction to a slight increase in the gaseous product
yield. Moreover, excessive Cu-impregnated sFCC showed a
lower content of both kerosene-like and diesel-like fractions
because copper inhibited the catalytic activity in the micro-
porous structure, resulting in the middle volatile hydrocarbon
compounds from thermal degradation not successively passing
through the textural structure of the parent catalyst and having
difficulty reacting with the acidic active site.9−11,26−28,33

Therefore, the product yield distribution of desirable products
in both kerosene- and diesel-like fractions tended to decrease.
It is obvious that the selectivity of diesel-like on all series of
Cu-modified sFCC represented higher selectivity than that
from the parent sFCC. In particular, the use of 3 wt % Cu-
sFCC also obtained the highest liquid yield and diesel-like
yield (62.46 wt %), resulting in the maximum selectivity of the
desired diesel-like product (23.11 wt %). However, an
excessive amount of Cu-modified sFCC could result in acidity
and simultaneous coverage of the active sites on the sFCC and
blockage of pores with a decrease in surface area, reducing the
catalytic conversion of SLO/LDPE to the desired diesel-like
product. Meanwhile, the yields of gas and carbonaceous coke
were higher than those of the sFCC catalyst alone.
The results illustrated that 3 wt % is the optimum Cu-

modified pm sFCC template causing the modified Cu-sFCC to
increase the acid properties, acid active site and acid strength,
affecting the catalytic cracking, further catalytic reaction, e.g.,
hydrogenation, hydrotreating, isomerization, and secondary
reaction,15,16,28 resulting in the liquid product yield and the
selectivity of the diesel-like fraction.

3.2.5. Influence of Catalyst Loading on the Product Yield
Distribution. The mass ratio of the catalyst to feedstock is one
necessary factor affecting the desirable pyrolysis product
distribution. In this test, the catalytic pyrolysis of 0.7:0.3 by
mass molar of SLO/LDPE, an operating temperature of 450
°C, and a reaction time of 60 min using 3 wt % Cu-modified
sFCC were performed by several mass ratios of catalyst to
feedstock from 3 to 20 wt % compared with no catalyst are
listed in Figure 8.
As seen in Figure 8, the noncatalytic pyrolysis produced

mainly a long residue fraction of 40.77 wt % in the liquid yield,
47.13 wt % in the gaseous yield, and the appearance of solid
carbonaceous also obtained at 7.03 wt % The result can be
explained that noncatalytic pyrolysis cannot effectively convert

large hydrocarbon compounds of both SLO and LDPE into
smaller molecules, but the effect of temperature only enhances
the random thermal degradation of large hydrocarbon to
smaller hydrocarbon, which resulted in the occurrence of a
small amount of hydrogen and a middle hydrocarbon radicals.
Both a middle hydrocarbon radical and hydrogen radical were
also depolymerized and polymerized to form large hydro-
carbon compounds that cannot undergo the hydrogen transfer
reaction, hydrogenation, or isomerization,14,15,28 which usually
occurs in the catalytic pyrolysis reaction. Therefore, only the
thermal cracking of SLO/LDPE feedstock to smaller hydro-
carbon compounds further influenced by high temperature
enhanced the secondary cracking reaction and continually
cracked the product into a noncondensable gaseous product.
In the catalytic pyrolysis of catalyst mass molar to SLO/

LDPE feedstock from 3 to 20 wt %, the liquid product yield
also slightly increased from 55.57 to 62.46 wt % when the
catalyst loading was increased from 3 to 10 wt %, and then
extremely dropped to 46.34 wt %, which also indicated that the
catalytic cleavage of carbon−carbon bonds accelerated the
large hydrocarbon compounds decomposed into middle
hydrocarbon compounds.8,9,11,12,28 Nevertheless, when increas-
ing the catalyst loading from 10 to 20 wt %, it was observed
that the liquid product distribution tended not to significantly
increase, but on the other hand, the gaseous product was also
extremely increased to 48.23 wt %. Therefore, too much
catalyst loading may not be beneficial for the conversion of
SLO/LDPE into liquid yield and its desirable product
distribution. Furthermore, it may not be commercial to use a
high percentage loading of the invaluable metal catalyst in the
pyrolytic reaction.2,10,31,35

The product distribution of liquid products by several
catalyst loadings illustrated that the conversion of the long
residue fraction into smaller hydrocarbon compounds showed
that the diesel-likeness increased from 15.85 to 23.11 wt % as
the catalyst loading increased from 3 to 10 wt %. The increased
proportion of diesel-like compounds can be attributed to
increased metal active sites that enhance the cleavage of
carbon−carbon bonds, which also accelerates the β-scission
and H-transfer reaction of long-chain hydrocarbon compounds
into middle hydrocarbon compounds.26,28 At this time, the
secondary cracking reaction, hydrogenation, and isomerization
may occur, resulting in enhanced improvement of moderate
hydrocarbon compounds into light alkanes.28 Therefore, the
increased catalyst loading can be attributed to the increased
catalytic performance, which promotes the catalytic activity of
pyrolysis LDPE due to the catalytic active sites and pore-
selective enhancement improving the scission of carbon−

Figure 8. Effect of catalyst loading on the product distribution of catalytic pyrolyzed oil from 0.7:0.3 mass molar SLO/LDPE kept at a constant
reaction temperature of 450 °C for 60 min using 3 wt % Cu-modified sFCC.
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carbon bonds, hydrogenation, and isomerization to the diesel-
like fraction.
Increasing the catalyst loading to 20 wt % in the catalytic

pyrolysis of SLO/LDPE resulted in a high conversion of the
long residue fraction to smaller hydrocarbon compounds and a
high proportion of gaseous products to 48.23 wt %, but
notably, a diesel-like fraction dropped to 15.26 wt %. The
middle hydrocarbon compounds may not be converted to light
alkanes due to the higher catalytic site that continuously
facilitates the cleavage of carbon−carbon bonds of light alkanes
to a smaller hydrocarbon gas. This indicated that the catalyst
had the ability to break the carbon−carbon and carbon−
hydrogen bonds present in the hydrocarbons, which resulted in
increased carbon−carbon bond-breaking reactions at higher
temperatures or with increased catalytic sites. When the
catalyst loading was increased to 20%, more atomic bonds

were broken and their production increased as the percentage
of catalyst was increased. As the catalyst increased, the number
of carbon−carbon bonds broken increased,26,28 which
accelerated the conversion of light compounds into a large
proportion of noncondensable gas products.
The presence of the catalyst can accelerate the production of

hydrocarbon, and its further hydrogenation in the catalytic
pyrolysis of SLO/LDPE enhances the promotion of cracking
the long-chain hydrocarbon to light alkane by the cleavage of
carbon−carbon bonds and carbon−hydrogen bonds, then
hydrogen transfers, hydrogenation at the acidic active site with
the consumption of hydrogen radical and hydrogenation also
occurred,28,32−35 resulting to the proportion of diesel-like in
the liquid product increased that can see mainly light alkane
having a carbon range number of C12−C18.

Table 3. GC/MS Analyses of the Pyrolysis Oil from SLO/LDPE

peak
no.

% area peak

chemical compounds
molecular
formula

noncatalytic pysolysis
SLO

catalytic pyrolysis
SLO

catalytic pyrolysis
LDPE

catalytic copyrolysis SLO/
LDPE

1 0.13 n-heptane C7H16
2 0.1 heptane C7H16
3 0.11 2,4-dimethyl-hexane C8H18
4 0.17 0.19 octane C8H18
5 1.39 2.51 nonane C9H20
6 0.09 2,3,4-trimethyl-hexane C9H20
7 0.13 2,4-dimethyl-heptane C9H20
8 2.52 n-decane C10H22
9 0.93 decane C10H22
10 2.03 undecane C11H24
11 3.81 undecane C11H24
12 0.98 1-dodecene C12H24
13 0.22 4.09 dodecane C12H26
14 3.45 dodecane C12H26
15 1-tridecane C13H28
16 1.03 tridecane C13H26
17 0.34 3.65 4.24 tridecane C13H28
18 0.48 1,3-tetradecadiene C14H26
19 0.25 tetradecane C14H30
20 0.11 3.27 2.29 tetradecane C14H30
21 1-pentadecene C15H30
22 1.15 4.14 pentadecane C15H32
23 0.24 3.55 pentadecane C15H32
24 1.63 2.01 2.19 hexadecane C16H34
25 0.11 1-heptadecene C17H34
26 0.13 3-heptadecene C17H34
27 1.21 0.49 0.39 heptadecane C17H36
28 1.36 0.71 0.23 octadecane C18H38
29 1.32 1-nonadecene C19H38
30 2.41 0.34 0.13 nonadecane C19H40
31 2.52 0.08 eicosane C20H42
32 2.99 0.29 heneicosane C21H44
33 1.36 0.92 2,4-dimethyl-eicosane C22H46
34 4.32 2.63 0.34 docosane C22H46
35 5.44 2.87 tricosane C23H48
36 1.68 1-tetracosene C24H50
37 1.11 tetracosane C24H48
38 4.81 1-hexacosene C18H38
39 2.02 1.68 2-methyl-hexacosane C26H52
40 1.31 3-methyl-heptadecane C27H56
41 0.92 2-methyl-octadecane C19H40
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3.3. Compositional Study and Fuel Properties.
3.3.1. GC/MS Analyses. The pyrolysis oil obtained from the
catalytic copyrolysis of SLO/LDPE using Cu impregnated into
a spent FCC catalyst in a microbatch reactor was investigated
by using gas chromatograph mass spectrometry and consisted
of more than 100 different compounds, which made it difficult
to take into consideration all compounds detected through
GC/MS analysis. In this research, GC/MS is useful for
identifying the species of pyrolysis oil at several retention
times. The percentages of the peak area, chemical formulas,
and molecular weights are listed in Table 3, but the area
provided by the GC/MS is not proportional to the amount of
that compound in the liquid oil that consisted of many carbon
numbers of hydrocarbon compounds. Nevertheless, the GC/
MS technique presented only chemicals with main peaks,
which are illustrated of those in the % peak area. In addition,
the chemical compounds were also divided into functional
groups representing the occurrence of aliphatic hydrocarbons
of carbon ranging from C7 to C18 compared with the pyrolysis
of SLO alone. To determine the main commons present in
copyrolysis oil at a 0.7:0.3 mass molar ratio of SLO/LDPE
under the optimal process conditions of 450 °C and a reaction
time of 60 min, 3 wt % Cu was impregnated into the sFCC
catalyst at 10 wt % mass molar catalyst loading to feedstock
and compared with the catalytic pyrolysis of individual SLO
and LDPE and noncatalytic pyrolysis of SLO alone under the
same operating conditions. The main compounds and their
corresponding relative area % with molecular formulas are
represented in Table 3.
The GC/MS chromatograph obtained from the catalytic

copyrolysis oil matched with that from the NIST library,
representing a mostly linear alkane in carbon number ranging
from C7 to C18, which is subdivided into C7−C11 (naphtha and
kerosene-like fraction), C12−C18 (diesel-like fraction), and
C19+ (long residue fraction) according to the simulation
distillation gas chromatograph, consisting of nonane, un-
decane, dodecane, tridecane, tetradecane, pentadecane, and
hexadecane with peak areas of 2.51, 3,81, 3.45, 4.24, 2.29, 3.55,
and 2.19, respectively, which were found to be the major
chemical compounds in the desirable diesel-like products.
Meanwhile,the catalytic pyrolysis of SLO showed that
tridecane, hexadecane, heptadecane, octadecane, nonadecane,
eicosane, heneicosane, docosane, tricosane, tetracosane, and 2-
methyl-hexacosane with relative peak areas of 1.03, 1.63, 1.21,
1.36, 2.41, 2.52, 2.99, 2.63, 2.87, 1.11, and 1.68, respectively.

The results reveal that catalytic pyrolysis of SLO alone had a
higher area of C20+ hydrocarbon compounds and consisted of a
very small amount of C7−C19. Furthermore, thermal cracking
of SLO was mainly observed for pentadecane, 1-nonadecene,
2,4-dimethyl-eicosane, docosane, tricosane, 1-tetracosene, 1-
hexacosene, 2-methyl-hexacosane and 3-methyl-heptadecane
with relative peak areas of 1.15, 1.32, 1.36, 4.32, 5.44, 1.68,
4.81, 2.02, and 1.31, respectively. Most of these compounds
represented long-chain hydrocarbon compounds that could
not be converted into the desirable diesel-like products due to
the limit of random carbon−carbon bonds cleavage,
depolymerization and further repolymerization to formulated
larger hydrocarbon compounds than that cracked to smaller
hydrocarbon compounds.3,14,15,28,31,36 In contrast, the blending
of LDPE in the catalytic copyrolysis shifted to the distribution
of a diesel-like fraction, and an increasing trend of C12−C18
linear alkanes was observed with a higher proportion than that
of pyrolysis oil obtained from the reaction of SLO alone.
Furthermore, notably, C22+ hydrocarbon compounds were

present from the noncatalytic pyrolysis of SLO, while the
decline in long-chain hydrocarbon compounds included the
disappearance of C19+ compounds from the catalytic pyrolysis
of SLO/LDPE according to the GC/MS results, as presented
in Table S7. It seems that the introduction of catalysts
increased the total percentage of the relative peak area of C8−
C18 hydrocarbon from 6.65% area peak to 23.78% area peak. A
substantial increase in the relative peak area was present in
catalytic copyrolysis, revealing that the thermal degradation of
LDPE established by a small hydrogen gas and further catalytic
cracking reaction plays a key role in the production of a
hydrogen atmosphere and acid active sites, resulting in
enhanced promotion of hydrogenation, hydrotreating, and
hydrocracking of long-chain hydrocarbons of both SLO and
LDPE, favoring the cracking of middle hydrogen compounds
into smaller hydrocarbon molecules. Further catalytic reactions
of smaller compounds may engage in isomerization and
oligomerization reactions and convert them to linear alkanes
with carbon numbers ranging from C12 to C18. Although this
study pyrolysis process does not take place with the influence
of an initial hydrogen pressure enhanced to promote the
hydrogenation to the unsaturated hydrocarbon compounds
during the catalytic pyrolysis and further cracking reaction, the
catalytic copyrolysis reaction of SLO and LDPE to the alkane
hydrocarbon compounds which contain carbon 7−18 atom.
This chemical reaction can be described as LDPE being

Table 4. Ultimate Analyses and Physicochemical Analysis of the Optimized Pyrolysis Oila

raw SLO
noncatalytic pyrolysis

SLO catalytic pyrolysis SLO
catalytic copyrolysis SLO/

LDPE standard test method

ultimate analysis (wt %)
C 79.55 85.79 87.56 86.61
H 12.59 10.65 11.48 13.39
O 7.72 3.56 0.96 n.d.
N 0.14 n.d. n.d. n.d.
S n.d. n.d. n.d. n.d.
H/C (mass molar/mass molar) 1.90 1.49 1.57 1.86
O/C (mass molar/mass molar) 0.07 0.03 0.01 0.00
higher heating value (MJ/kg) 43.49 43.57 45.82 48.40 calculation
higher heating value (MJ/kg) 41.65 43.02 45.29 48.03 ASTM D240
kinematic viscosity (mm2/s) 44.07 7.71 6.95 2.05 ASTM D445-19
modification acid number (mgKOH/g) 5.31 0.52 0.36 0 ASTM D664-07

an.d. = not detected.
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thermally degraded into a radical, and further cracking via
hydrogen transfer enhances the cracking reaction of the long-
chain hydrocarbon polymer into smaller hydrocarbon com-
pounds coupled with the formation of hydrogen gas to
promote hydrogenation to unsaturated hydrocarbon com-
pounds.13,20,32,36 The results confirmed that both LDPE and
the catalyst cracked volatile vapor during the thermal
decomposition of SLO under a small amount of hydrogen
atmosphere, and the acid strength from metal modified to
spent FCC at the active site of the catalyst favored the
production of linear alkanes with carbon ranging from C12 to
C18. This might be due to the large hydrocarbon compounds
from both SLO and LDPE that consisted of C22+ hydrocarbon
chains being degraded from the influence of high temperature
to form radicals.26,28 Then, the cleavage of carbon−carbon
bonds and beta-scission enhanced by acid active sites cracked
and converted into a linear C7−C16 alkane.

3.3.2. Physicochemical Analyses of Optimized Pyrolysis
Oil. Physicochemical analyses of pyrolysis oil were performed
to investigate the characteristics of liquid fuels according to the
standard specifications endorsed by the ASTM standard and
were applied to pyrolysis oil obtained from this work. Ultimate
and physicochemical analyses of pyrolysis oil obtained from
the optimal process conditions of 0.7:0.3 mass molar ratio of
SLO/LDPE using 3.0 wt % Cu impregnated into the spent
FCC catalyst at 10 wt % catalyst loading to feedstocks
compared with noncatalytic pyrolysis of SLO and catalytic
pyrolysis of individual SLO are given in Table 4.
The H/C ratio of the optimized catalytic copyrolysis oil

indicated the saturation level of carbon−carbon bonds,6,33,37,38
which decreased the H/C ratio, indicating a designated
formation of compounds containing carbon−carbon bonds as
a result of thermal degradation of LDPE to small hydrogen
gaseous production, and then catalytic cracking under the
initial hydrogen atmosphere at high temperature enhanced the
production of a linear C7−C18 alkane.
The HHV of noncatalytic pyrolysis of SLO, catalytic

pyrolysis of individual SLO, and catalytic copyrolysis of
SLO/LDPE was performed in an adiabatic bomb calorimeter
according to ASTM D240 and was 43.57, 45.29, and 48.03
MJ/kg, respectively. Moreover, the HHV was also calculated
according to Dulong’s equation39
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Ç
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where C, H, O, and S are carbon, hydrogen, oxygen, and sulfur
in mass percentage, respectively, which were also obtained
from the elemental analysis. The calculation results illustrated
in Table 4 were quite similar to the HHV analyses from the
bomb calorimeter. Notably, the decreasing H/C ratio in the
process of catalytic copyrolysis was observed to increase the

HHV (48.40 MJ/kg) compared to that of noncatalytic
pyrolysis oil and catalytic pyrolysis of SLO alone (45.82 MJ/
kg).
The acidity of the pyrolysis oil was represented in terms of

the modified acid number (MAN), which was not very
different, and the noncatalytic pyrolysis of SLO, catalytic
pyrolysis of SLO and catalytic pyrolysis of SLO/LDPE
contained MANs of 0.52, 0.36, and 0.00 mg KOH/g,
respectively. Notably, the constituents of the used lubricants
mainly consisted of carbon and hydrogen, with only a very
small amount of oxygen and nitrogen. Therefore, the pyrolysis
process also obtains pyrolysis oils that are components of
hydrocarbon chains of different lengths.40−42

The catalytic copyrolysis oil showed a lower kinematic
viscosity value (2.05 mm2/s) than the noncatalytic pyrolyzed
oil (7.71 mm2/s) and catalytic pyrolysis oil from an individual
SLO (6.95 mm2/s), while the kinematic viscosity of the spent
SLO collected from the garage was also 44.07 mm2/s. These
results indicate that SLO is mainly composed of larger
hydrocarbon chains, and the operational temperature in the
reactor may affect the limit of random degradation, resulting in
the depolymerization and formation of large hydrocarbon
chains. Meanwhile, the pyrolysis process of SLO was also
influenced by high-temperature conditions, causing the
degradation of the hydrocarbon chain to a random free radical
to form hydrocarbon radicals and depolymerization6,28,31 and
may be further repolymerized to formulate large hydrocarbon
molecules as well. Therefore, the catalytic pyrolysis of SLO
alone and catalytic copyrolysis of SLO/LDPE were influenced
by thermal decomposition to shorten hydrocarbon chains,
which is sufficient for the further secondary reaction of large
hydrocarbon chains that can continually undergo catalytic
activity, e.g., hydrogenation, hydrocracking, hydrotreating, and
further secondary cracking. This resulted in the scission of
carbon−carbon bonds, decreasing the chain length to shorten
hydrocarbon compounds. Then, the hydrogenation reaction
and further cracking reaction enhance the improvement of a
saturated small hydrocarbon chain into a desirable diesel-like
fraction consisting of a shortened alkane in carbon number
ranging from C7 to C18.
The physicochemical analyses showed that the properties of

pyrolysis oil were also quite similar and met the standard
requirements of diesel grade.19,20,29 Therefore, it is a beneficial
alternative way to convert waste lubricant oil from the garage
via catalytic pyrolysis into diesel-like oil, while the catalytic
pyrolysis of SLO with blended waste LDPE could be a
successive process of both quantitative and qualitative
production of alternative fuels4,14,29,30 and enhance attraction
to the circular economy in several countries.
3.4. Gas Chromatograph Analyses of Gaseous

Products. Table 5 presents the compositions of the gaseous
product from the catalytic copyrolysis of SLO and LDPE at the

Table 5. Analyses of Gaseous Components Using Gas Chromatographa

experiment

gas composition (wt %)

H2 CH4 C2H6 C2H4 C3H8 iso C4H10 C4H10 C4H8
SLO noncatalyst n.d. 1.84 4.22 3.68 7.99 16.65 7.22 3.18
SLO/LDPE noncatalyst 1.87 4.11 3.77 0.60 12.28 12.47 8.03 0.00
SLO/LDPE 1 wt %Cu-sFCC 3.31 7.13 7.47 n.d. 9.55 8.97 n.d. n.d.
SLO/LDPE 3 wt %Cu-sFCC 3.21 7.16 7.76 n.d. 6.88 7.37 n.d. n.d.
SLO/LDPE 5 wt %Cu-sFCC 3.12 9.21 7.51 n.d. 7.36 7.08 n.d. n.d.

an.d. = not detected.
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optimum process condition (temperature of 450 °C, reaction
time of 60 min, using the 1−5 wt % Cu-modification on spent
FCC catalyst at 10% catalyst loading). The gaseous products
obtained from the pyrolysis of individual SLOs without
catalyst, the catalytic pyrolysis of SLO and the catalytic
copyrolysis of SLO/LDPE were also analyzed using a gas
chromatograph were composed of hydrogen, methane, ethane,
ethene, propane, iso-butane, butane, and butene.
As seen from Table 5, notably, the noncatalytic pyrolysis of

individual SLOs mainly contained C3 to C4 hydrocarbon gases,
and the composition of the gaseous products consisted of CH4,
C2H6, C2H4, C3H8, C4H10 and C4H8, while the formation of H2
did not occur due to thermal degradation enhancing the
random decomposition of long-chain hydrocarbons to middle
hydrocarbon compounds. Then, cracking reactions and further
secondary reactions of the medium volatile vapor occurred to
produce a large amount of gas.
CH4 is produced by the breakdown of hydrocarbon chains at

the end of the chain, resulting in free hydrocarbon radicals, e.g.,
CH2 radicals and CH3 radicals, that will bond with hydrogen
radicals from the thermal degradation of LDPE. Meanwhile,
the thermal degradation of LDPE promoted the random
decomposition of long-chain hydrocarbon compounds and
enhanced the production of hydrogen radicals and hydro-
carbon radicals. This noncatalytic copyrolysis of SLO/LDPE
will produce hydrogen gas.
In particular, the effect of using the modified Cu on the

sFCC parent template mainly has too many acidic active sites,
which in addition to promoting the cleavage of carbon−carbon
bonds and carbon−hydrogen bonds in large hydrocarbon
compounds both of LPDE and SLO, resulted in increased

carbon−carbon bond breaking reactions at higher temper-
atures or with increased catalytic sites that cause secondary
reactions at high temperatures, hydrocarbon breakdown, and
oxidation, likely the long residue fraction compounds to light
hydrocarbon gas. Additionally, the influence of the copper
metal modification on the spent FCC catalyst will aid in the
production of hydrogen and the breakdown of C3−C4 gases to
smaller amounts by the secondary decomposition of volatile
matter to hydrogen gas and light hydrocarbon gas products.
Notably, therefore, an increase in %Cu-modified sFCC also
leads mainly to increased production of H2, CH4, and olefin
changes, which were formed during thermal cracking and
enhanced the breakdown of a middle volatile vapor due to the
strong acid site and textural structure of the catalyst. The
appearance of C2H4, C2H6, and C3H8 hydrocarbon gases might
be attributed to the degradation of volatile vapor. Then,
secondary reactions also converted lower molecular weight
hydrocarbons to C2−C3 gases.
3.5. Catalyst Reusability. To study catalyst activity,

catalyst reusability is a significant parameter to consider. The
catalyst reusability study for each experiment was performed in
a 70 cm3 microbatch reactor by assuming that the reaction was
isothermal at the set temperature for each batch of reactants
under the optimal conditions of SLO and LDPE (by 0.7/0.3
mass ratio), an initial pressure of nitrogen gas of 1 bar, a
constant liquid volume at 450 °C, and a reaction time of 60
min with 3 wt % Cu-modified sFCC at 10 wt % catalyst
loading. After the reaction finished, the spent catalyst was
separated and collected after finishing the reaction, dried,
weighed, and then directly used before the next reaction. The

Figure 9. Reusability study of the 3 wt % Cu-modified sFCC catalyst. (A) Product distribution of catalytic copyrolysis from 0.7:0.3 mass molar
SLO/LDPE kept at a constant reaction temperature of 450 °C for 60 min using 3 wt % Cu-modified sFCC catalyst at 10 wt % catalyst loading
compared with catalytic pyrolysis of SLO alone and noncatalytic copyrolysis of SLO/LDPE (B) % conversion and % selectivity of diesel-like
fraction from the cycle of reusable 3 wt % Cu-modified sFCC catalyst.
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products were collected and therefore analyzed and compared
to the noncatalytic pyrolysis system.
The selectivity of the diesel-like fraction was determined

from the relative reaction of the diesel-like fraction and liquid
fraction on the catalytic copyrolysis reaction, while the
conversion of the long residual to the diesel-like fraction
could also be determined from the proportion of the long
residue from the noncatalytic copyrolysis of SLO/LDPE to a
diesel-like fraction in each catalytic copyrolysis experiment, as
described in eqs 5 and 6, respectively:

% selectivity
wt % of diesel like fraction

wt % of liquid fraction
100= ×

(5)

% conversion
(wt % of long resuidue wt % of diesel like)

wt % of long resuidue

100

non cat

non cat
=

× (6)

Figure 9A illustrates the product distribution of catalytic
copyrolysis compared with catalytic pyrolysis of SLO alone and
noncatalytic copyrolysis of SLO/LDPE, while Figure 9B
represents the reusable catalyst on the selectivity of diesel-
like and the % conversion of long residue to diesel-like. The
selectivity of diesel-like compounds and the % conversion of
long residue to diesel-like fraction were relatively stable,
reaching a maximum % selectivity of diesel-like compounds at
37.64 ± 0.65 and % conversion of long residue to diesel-like
compounds of 59.01 ± 1.36 when applied the 3 wt % Cu-
modified sFCC at 10 wt % catalyst loading in the catalytic
copyrolysis reaction at the fourth cycle and decreasing with
increasing reuse time of the catalyst. After that, the selectivity
of diesel-like species gradually decreased when the reuse cycle
of the catalyst increased to 6 times and then dramatically
decreased until catalytic copyrolysis occurred 9 times. At the
ninth cycle of the reusability study, the yield of the diesel-like
fraction, the selectivity of the diesel-like species, and the
conversion of long residue to diesel-like species decreased to
9.72 wt %, 21.02%, and 25.07%, respectively.
As shown in Figure 9B, the ninth cycle of reused catalyst

decreased the % selectivity of diesel-like to 21.02%, while the
conversion of long residue to diesel-like catalyst markedly
decreased from 38.20% (at the eighth cycle) to only 21.02%.
Additionally, when comparing the experimental results of
reusing the catalyst in the ninth cycle with the copyrolysis of
SLO/LDPE without the catalyst, it was found that both the %
selectivity and the %conversion of long residue were lower
than those of copyrolysis without the catalyst (%selectivity of
21.48 and %conversion of 28.17). In addition, it is also worth
noting that the catalyst reusability showed that the % solid
yield tended to increase from 5.16 to 7.72 wt % at the eighth
cycle, which was due to the formation of carbonaceous on the
surface structure of the catalyst and a significant increase to
9.45 wt % at the ninth cycle of reused catalyst, consistent with
the trend of increasing % gas yield. The gas yield illustrated a
slight increase in gas yield when using the reused catalyst from
the first cycle (32.38 wt %) to the fifth cycle (34.89 wt %) and
then continuously increased the % yield of noncondensable gas
from 36.17 wt % (sixth cycle) to 46.50 wt % at the 20th cycle
of reused catalyst. The catalyst reusability study indicated that
the catalytic copyrolysis reached low activities after the eighth
cycle without regeneration due to the 3 wt % Cu-modified
sFCC deactivation by carbonance in accordance with both

surface acidity and inside of pore structure, which caused the
blockage of pores and active sites, leading to catalyst
deactivation affecting the decreased conversion of large
hydrocarbon compounds to diesel-like fractions, while the
gaseous component also increased due to the primary role of
thermal degradation.

4. CONCLUSIONS
This study has shown that SLO and LDPE catalytic copyrolysis
using a spent FCC catalyst has been successfully performed in
a custom-built microreactor. The findings demonstrate the
optimum process conditions to obtain the highest proportion
of liquid fraction of 62.56 ± 2.77 wt % at a temperature of 450
°C and a reaction time of 60 min by using 3 wt % Cu-modified
to the spent FCC parent template at 10 wt % mass molar
catalyst loading to feedstock and show a remarkable effect of
SLO with LDPE blended when used as feedstock in
copyrolysis. On that, the yield of the diesel-like fraction
increased by 23.11 ± 2.88 wt % compared to that of pyrolysis
of SLO on an individual basis, which was only 12.45 ± 1.92 wt
% under these same conditions. The higher pyrolysis
temperature converted the complex hydrocarbon chain into
aliphatic hydrocarbons and then into aliphatic and aromatiza-
tion-derived middle aliphatic hydrocarbon molecules. Addi-
tionally, the addition of metal modification over the spent FCC
catalyst illustrated that the acid active site of the catalyst
resulted in a catalytic cracking and further secondary reaction
leading to an increase of light hydrocarbon compounds. The
diesel-like fuel range products can be obtained in LDPE-added
copyrolysis under the desired process conditions that had a
successive production on the diesel-like product distribution
and promoted the production of aliphatic hydrocarbon
compounds. The present results suggested copyrolysis of
SLO with waste plastic as a suitable choice for waste disposal
and the addition of metal modified on spent catalyst is a more
favorable process for enhancement toward a good potential
alternative of conventional fuel. The importance of applying a
circular economy approach to the conversion of several wastes
to alternative fuel production is also highlighted.
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