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Abstract

The escalating global accumulation of plastic waste (PW) poses a critical obstacle to envi-
ronmental sustainability, necessitating the development of viable valorization strategies.
Pyrolysis process offers a thermo-chemical conversion pathway capable of transforming
waste plastics into a potentially functional liquid product. This work presents a systematic
and comprehensive investigation of the physicochemical, wettability, thermal stability, rhe-
ological, and tribological properties of pyrolysis oil (i.e., pyro-oil) derived from virgin linear
low-density polyethylene (LLDPE) pellets to mimic the behavior of common polymers
in such thermo-chemical conversion processes. Pyro-oil was produced under controlled
slow pyrolysis conditions in a fixed-bed reactor at 700 ◦C, and its properties were bench-
marked against tire-derived pyro-oil and a commercial engine oil. Chemical and structural
characterization was conducted via Fourier transform infrared spectroscopy (FTIR), wave-
length dispersive X-ray fluorescence (WDXRF), and scanning electron microscopy coupled
with energy-dispersive X-ray spectroscopy (SEM-EDS). Wettability was evaluated through
temperature-dependent contact angle measurements, and thermal stability was assessed
by thermogravimetric analysis (TGA). Rheological profiling of the plastic pyro-oil was
investigated using a rheometer apparatus at different temperatures. Lastly, the tribological
properties of plastic pyro-oils at various temperatures were examined using a tribometer
instrument in a ball-on-disk configuration. Results demonstrate that plastic-derived pyro-
oil exhibits a hydrocarbon-dominant chemical composition similar to that of tire pyro-oil
and engine oil. Its absolute viscosity is nearly similar to that of the tire pyro-oil and is
lower than that of engine oil across different temperatures. Tribological testing revealed
that the plastic pyro-oil results in lower friction at elevated temperatures compared to both
tire pyro-oil and commercial engine oil. However, the thermal examinations showed that
plastic pyro-oil has lower thermal stability than tire pyro-oil and engine oil. Overall, these
findings indicate that plastic pyro-oil holds promise as a functional lubricant for low-load
and moderate-temperature industrial applications, positioning PW pyrolysis as a viable
contributor to circular economy strategies in the lubricants sector.
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1. Introduction
Plastic waste (PW) constitutes one of the most pressing environmental challenges of

the twenty-first century, affecting societies across all stages of economic development [1].
The environmental consequences of plastic pollution are well-documented, with ever-
increasing levels of PW in terrestrial, marine, and water bodies environmental sinks [2].
To address this issue, researchers have explored various recycling and recovery routes
for plastics, with a particular emphasis on waste generated from single-life-cycle plastic
products [1]. The four main routes for treating plastic solid waste are primary, secondary,
tertiary, and quaternary recycling [1,3]. Primary recycling involves re-introducing con-
verted scraps back into the processing line to produce similar products but is rarely used
among conventional recyclers, as the recycled materials often lack the required quality [1].
Secondary recycling, or mechanical/physical recycling, involves processing PW into new
products without substantial modifications to the material’s chemical structure [4]. Ter-
tiary recycling, commonly referred to as chemical recycling, involves the breakdown of
plastic polymers into their original monomers or other valuable chemical products through
processes such as thermo-chemical conversion (TCC) for fuels or monomer recovery [3,5].
Quaternary recycling, also known as energy recovery, includes the incineration of PW to
produce heat or electricity [6].

Among the various recycling and recovery routes, the pyrolysis process stands out as
a promising solution for the sustainable management of PW. This process, which involves
the treatment of plastics in inert atmospheres, leads to the decomposition of the material
into smaller hydrocarbon (HC) molecules [4]. The resulting hydrocarbon products serve
as valuable chemical feedstocks, suitable for repolymerization, fuel blending, or lubricant
formulation [7]. Life cycle assessment studies suggest that pyrolysis can reduce the cli-
mate change impact of plastic waste management by up to 50% relative to other waste
management methods, such as energy recovery and mechanical recycling [8]. Furthermore,
due to the absence of oxygen, the pyrolysis process can have a lower carbon footprint
since no dioxins are being produced, which reduces the emissions of carbon monoxide and
dioxide [3]. As research in this area continues to advance, the pyrolysis process is predicted
to become a key component of circular economy strategies for addressing the global plastic
waste crisis.

Global demand for industrial lubricating oils continues to rise, creating both economic
incentives and environmental imperatives for the development of alternative feedstocks.
Therefore, using plastic pyrolysis oil (pyro-oil) as an oil lubricant could meet the goals of
providing an environmentally friendly and commercially competitive oil lubricant. The
management of PW locally, within the State of Kuwait, poses a serious challenge that has
governmental entities focusing their efforts on this issue. This is apparent within the new
strategic plans of the State of Kuwait, whereby sponsored White Papers were published
alongside a new strategic plan for the Kuwait Environment Public Authority (KEPA) to
tackle this issue in particular, which accumulates to some 300 ktpa from municipal sources
alone [9,10]. Thus, valorizing PW, which could be a sustainable route in developing a local
circular economy, presents an important aspect for Kuwait’s strategic plans in the near
future, especially for engine oil production, which offsets petroleum-based pollution and
crude-based products.

While the present work is framed within Kuwait’s national waste management strat-
egy, the underlying valorization concept of converting polyolefin-rich plastic waste into a
lubricant feedstock via pyrolysis is, in principle, transferable to other regions facing similar
plastic waste management challenges, particularly where municipal solid waste streams
are polyethylene-rich and centralized waste-sorting infrastructure exists. However, the
specific economic and operational viability of this pathway is expected to vary interna-
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tionally with feedstock composition (i.e., the proportion of polyolefins relative to other
polymers, such as PET or PVC, in the local waste stream), the existing scale of plastic
collection and sorting infrastructure, regional energy costs, and the prevailing regulatory
or carbon-pricing framework governing waste valorization. In regions lacking organized
plastic waste segregation, feedstock heterogeneity would likely necessitate additional pre-
treatment or catalytic upgrading steps, which increase the cost and complexity of large-scale
implementation relative to the controlled single-polymer feedstock investigated here.

Recently, there has been considerable attention given to oils produced from municipal
solid waste (MSW) for economic and environmental reasons [11,12]. Due to its optimized
energy efficiency and scalable operational conditions, the pyrolysis process is increasingly
utilized to convert solid waste into economically viable outputs that mimic the properties
of crude oil fractions [3]. Alazemi et al. [13,14] investigated the potential use of pyro-oil
produced from recycling end-of-life tires (ELTs) as an oil lubricant and as an additive to
commercial engine oil. They concluded that tire pyro-oils exhibited similar chemical and
tribological properties in comparison to commercial engine oil, but with lower rheological
and thermal properties. Furthermore, they demonstrated that ELTs pyro-oil can be added
to commercial engine oil up to 10 wt.% without affecting its rheological and tribological
performance. Alternatively, plastic pyro-oil has gained a lot of attention in recent years as
an environmentally friendly and economically feasible oil lubricant [15–18]. Nevertheless,
a main gap in the literature exists (and accordingly, is studied in this work) regarding a
comprehensive study of the physicochemical, thermal, and tribological characteristics of
plastic pyrolysis oil as a standalone industrial lubricant in boundary and mixed lubrication
regimes. The present work constitutes a distinct and novel investigation in three key
respects: (i) it is, to our knowledge, the first study to comprehensively characterize plastic
(PE)-derived pyro-oil as a standalone lubricant rather than as a fuel additive or blending
component; (ii) all plastic pyro-oil and benchmark data presented herein were generated
using identical instrumentation, sample handling, and test protocols, enabling a rigorous,
like-for-like comparison that is not achievable when benchmarking against literature val-
ues reported under disparate experimental conditions; and (iii) the work establishes, for
the first time, a side-by-side physicochemical, thermal, and tribological dataset directly
comparing two distinct waste-derived pyro-oil feedstocks (plastic versus tire) against the
same commercial reference oil.

The transformation of plastic materials to oil via the pyrolysis method has substantial
environmental and economic advantages. Our research work explores several properties
(e.g., chemical, rheological, thermal, tribological, etc.) of the pyrolysis oil extracted from
locally sourced plastic resin that mimics the main component in PW. Furthermore, these
properties are compared to those of tire pyro-oil and commercial engine oil. This work
specifically addresses the gap identified above by establishing whether plastic pyro-oil
can function as a standalone industrial lubricant under boundary and mixed lubrication
regimes, rather than solely as a fuel or blending component. Accordingly, this research
provides a comprehensive assessment of plastic pyrolysis oil’s physicochemical, ther-
mal, and tribological behavior and examines the viable use of oil derived from PW as a
liquid lubricant.

2. Experimental Design
2.1. Sample Acquirement

Samples of pyro-oil were extracted from a batch pyrolysis process depicted in detail
elsewhere (Al-Salem et al. [19]). The pyro-oils are a result of the treatment of virgin linear
low-density polyethylene (LLDPE) pellets supplied through a local agent from EQUATE
Petrochemical Company with a 0.918 g.cm−3 density (ρ) and a 124 ◦C melting point (Tm).
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The material was used as is in the form of white translucent pellets (3 mm). The properties
of the polymer are reported in Al-Salem and Dutta [20] and Al-Salem et al. [19]. Slow
pyrolysis conditions were applied in the patented technology used in the production of the
pyro-oils [21], whereby 100 g was subjected to thermal pyrolysis utilizing three temperature
heating regions by the reactor’s casing. Chilling temperature was maintained at 20 ◦C,
and the pyro-oils were collected post-condensation (less than 3 h of pyrolysis time) [19]. A
heating rate (β) equal to 5 ◦C/min was used to produce oil samples under a 50 mL/min
nitrogen gas flow rate and an operating temperature of 700 ◦C. All experiments were
conducted in duplicates, and the oil mass balance was at about 25% of the original feedstock
with no char produced, indicating completion of full pyrolysis. The samples extracted
were spotty and viscous with apparent oil-like features and brownish/blackish in color.
Samples of pyro-oils were compared to commercial engine oil for physicochemical, thermal,
and tribological properties. The commercial engine oil (5W-30 Engine Oil) utilized in the
current investigation was manufactured by Valvoline Corporation, Lexington, KY, USA
(CAS no. 64742-65-0). Tire pyro-oil samples were also used for comparative assessment,
which was discussed elsewhere (Alazemi et al. [13,14]).

It should be noted that virgin LLDPE pellets, rather than a real mixed plastic waste
stream, were deliberately selected as the feedstock in order to isolate the intrinsic pyro-oil
properties of polyethylene, which is the single largest polymer fraction typically present
in municipal plastic waste streams, from confounding variables introduced by feedstock
heterogeneity, such as co-mingled PET, PVC, or PP, food and dirt contamination, or variable
additive packages. This controlled, single-polymer approach is consistent with prior funda-
mental pyrolysis-oil characterization studies that likewise rely on virgin or single-polymer
feedstocks to establish baseline structure-property relationships [19,20,22]. Likewise, the
batch, fixed-bed slow-pyrolysis configuration used here is widely reported in bench- and
pilot-scale plastic pyrolysis literature [3,4,19,21] and is mechanistically representative of
larger continuous or semi-continuous reactor designs operating under comparable tem-
perature and residence-time regimes, although absolute yields and oil composition are
known to vary with reactor geometry, heating rate, and feedstock blend [3]. Consequently,
while the present results establish a robust baseline for polyethylene-derived pyro-oil as a
lubricant candidate, pyro-oils derived from real, mixed plastic waste streams are expected
to exhibit broader compositional variability (e.g., higher aromatic content from PET/PS
fractions, chlorine from PVC, or elevated sulfur from rubber or PVC contamination), and
their lubricant performance should be validated separately.

2.2. Characterization Methods
2.2.1. Physicochemical Characterization

The oil samples were examined for their physicochemical characteristics. Molecular
structure was characterized by FTIR (Cary 630, Agilent Technologies Inc., Santa Clara,
CA, USA). The quantitative identification of major and minor atomic constituents based
on infrared absorption in the spectral range of 500 to 4000 cm−1 was detected using this
technique. Additionally, elemental analysis was performed using WDXRF (Rigaku ZSX
Primus IV, Tokyo, Japan) spectrometer. This spectrometer is equipped with a high-power
4 kW Rhodium X-ray tube positioned above the sample stage. For each XRF measurement,
a 5 mL oil sample was introduced into a liquid unit and analyzed to quantify the elemental
composition of the examined oil sample. The rheological properties were studied via a
rheometer apparatus (ARES-G2, TA Instruments, New Castle, DE, USA) using a 10 mL oil
sample for each test. The absolute viscosity of each oil sample was measured over 5–60 ◦C.
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2.2.2. Morphology

The morphological and surface chemistry analyses of the particles within the pyro-oils
were conducted using a field emission scanning electron microscopy (SEM). Before imaging,
each sample was sputter-coated with gold (Au) using an auto fine sputter coater (JFC-1600,
JEOL, Tokyo, Japan) to mitigate charging effects. Elemental examination for carbon, hy-
drogen, nitrogen, and sulfur (CHNS) was carried out via a Vario MacroCube analyzer
(Elementar, Frankfurt, Germany). This instrument operates via dynamic combustion, where
the sample is incinerated at high temperatures (≥1050 ◦C), decomposing it into simpler
gaseous compounds. These gases—CO2, H2O, N2, and SO2—are transported by helium
(He) as a carrier gas through a chromatographic column maintained at a uniform, modular
temperature. The individual components are subsequently separated and quantified using
a thermal conductivity detector.

2.2.3. Wettability

Wettability measurements of the oil samples were executed by a Drop Shape Analyzer
(DSA100, Krüss GmbH, Hamburg, Germany), following the methodology outlined by
Alazmi et al. [23]. Measurements were conducted on polished stainless-steel substrates
at four discrete temperatures: 20 ◦C, 35 ◦C, 50 ◦C, and 75 ◦C. A droplet volume of 4 µL
was dispensed at a rate of 0.1 µL/s for each measurement. The stainless-steel substrates
were prepared with a nominally isotropic (random, multidirectional polished) surface
finish rather than a directionally textured surface; this distinction is relevant because
surface texture orientation and scale relative to the contact line have recently been shown
to influence dynamic contact angle and hysteresis on anisotropic surfaces [24]. Because
the substrate texture used here is isotropic, the measured CA values are not expected to
depend on droplet orientation relative to a preferential polishing direction. Contact angle
(CA) values were determined using the instrument’s integrated image analysis software,
and the temperature-dependent wettability response of each oil sample was evaluated. All
CA measurements, as well as the other characterization tests reported in this study, were
repeated three times per condition, and results are reported as mean ± standard deviation.

2.2.4. Thermal Stability Investigation

The thermal stability of oil samples was assessed following ASTM E2550 standards via
a thermogravimetric analyzer (TGA) (METTLER TOLEDO, Model TGA 2, Columbus, OH,
USA), and sample analysis was conducted using STARe Software (version 16.20, Mettler
Toledo). Before testing, the chamber in the TGA instrument was purged by dry air for
60 min to ensure a stable baseline. About 10 mg of the oil sample was placed in a platinum
container with a volume capacity of 70 µL. Thermal degradation profiles (i.e., thermograms)
were obtained by heating the oil samples from 25 ◦C up to 600 ◦C under a heating rate of
10 ◦C/min in a nitrogen gas (N2) atmosphere, maintained at a flow rate of 50 mL/min.

2.2.5. Tribological Investigation

Tribological performance was evaluated using an MFT-5000 Multi-Function Tribome-
ter (Rtec Instruments, San Jose, CA, USA) with 10 mL lubricant per test, at three tem-
peratures (25 ◦C, 50 ◦C, 75 ◦C) spanning the typical operational range of industrial lubri-
cants (40–80 ◦C) [25]. The tribological tests were conducted following ASTM G99 stan-
dards [26] in a ball-on-disk configuration. A normal load of 20 N was maintained on
a 9.5 mm diameter stationary steel ball, producing 1.3 GPa maximum Hertzian contact
pressure—representative of severe tribological situations of boundary and mixed lubrica-
tion regimes [27]. A rotating steel disk (50 mm in diameter) was used, with the ball-disk
contact occurring at a sliding radius of 12.5 mm. The disk rotational speed varied from
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0 to 1500 rpm. The testing procedure involved heating the system to the target tempera-
ture within 1 min, followed by a speed ramp-up to 1500 rpm over 2 min. Subsequently,
the speed was reduced in discrete steps to assess the lubrication behavior across varying
regimes. Each test was conducted over a total duration of 74 min. Post-test analysis in-
volved examining wear scars on both the ball and disk using an optical profilometer at
10× and 20× magnifications. The coefficient of friction (COF) was continuously recorded,
and Stribeck curves were generated to assess the lubrication characteristics of the plastic
pyro-oil relative to tire pyro-oil and commercial engine oil.

3. Results and Discussion
3.1. FTIR Analysis and Elemental Composition of Oil Samples

FTIR transmittance spectra for all three oil samples are presented in Figure 1. This
illustrates the transmittance of key functional groups for plastic-derived pyro-oil compared
to those identified in the tire-derived pyro-oil and commercial engine oil. The observed
spectral bands in oil samples correspond to molecular vibrations, plotted as a function of
wavenumber (cm−1). A prominent peak at 3200 cm−1 was apparent for the plastic and
tire pyro-oil samples, indicating the existence of the O-H stretching functional group. This
points towards the development of oxides and hydroxides [28]. A band near 3400 cm−1

also shows the =C-H stretching characteristic, which is consistent with the presence of
alkenes and anticipated for the case of PE [29]. The peak at 1710 cm−1 was distinctive for
the plastic pyro-oil and was attributed to the C=O vibrational bonding. The same was
previously reported in [30] for PE samples.

Figure 1. FTIR transmittance spectrum of plastic pyro-oil, tire pyro-oil, and engine oil.

To assess the chemical composition of oils derived via pyrolysis process, an elemental
analysis of engine oil and plastic and tire pyro-oils was performed using a Vario MacroCube
analyzer (see Table 1). Regarding the sulfur content, the engine oil and plastic pyro-oil had
no sulfur, whereas the tire-derived variant exhibited a sulfur concentration of 0.74%. The
elevated sulfur concentration observed in tire-derived pyro-oil is ascribed to the vulcaniza-
tion stage of tire fabrication, where sulfur is introduced to facilitate polymer cross-linking.

The presence of micro-sized solid agglomerates was identified in the plastic pyro-oil
and characterized by SEM-EDS to determine their shape, size, and chemical characteristics.
SEM imaging confirmed a heterogeneous population of micron-scale clusters with irregular
morphology, as shown in Figure 2. The elemental chemical composition of the solid particles
was studied by energy-dispersive X-ray spectroscopy (EDS) connected to SEM apparatus.
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The EDS investigation confirmed that the particles consist of 86% carbon and 14% oxygen
by weight, as shown in Figure 2c. Note that the Au element is discarded in the EDS analysis,
as the sample was sputter-coated by Au in order to picture the non-conducting plastic solid
particles within the pyro-oil.

Table 1. Chemical elemental examination results for engine oil and plastic and tire pyro-oils.

Sample Carbon (C, %) Hydrogen (H, %) Nitrogen (N, %) Sulfur (S, %)

Engine Oil 85.02 14.126 0.91 0

Plastic pyro-oil 91.71 8.125 0 0

Tire pyro-oil 91.51 6.35 0.40 0.74

 

Figure 2. (a,b) SEM images and (c) EDS analysis chart for plastic pyro-oil solid particles.

Further chemical examination of the plastic and tire pyro-oils with their solid particles
was performed using the XRF instrument. The XRF investigation also confirms the existence
of carbon as the predominant component of both pyro-oil samples. In addition, only
tire pyro-oil sample was found to contain sulfur (see Figure 3). Also, it was revealed
that the liquid tire pyro-oil contained more than double the sulfur content of the solid
particles within the tire pyro-oil. The micro-sized agglomerates of solid particles in the
plastic pyro-oil are carbon-based, as revealed by XRF analysis. This is expected since
at a pyrolysis temperature of 700 ◦C, the formation of carbonaceous char via secondary
gas-phase reactions is common.

Figure 3. XRF analysis results of the (a) carbon and (b) sulfur content in the liquid and solid particles
within the plastic and tire pyro-oil samples.
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3.2. Wettability and Thermal Stability Analyses

The wettability of a lubricant on a metal surface directly governs the quality and
continuity of the lubricating film, with lower contact angles reflecting stronger oleophilic
affinity and enhanced surface coverage. Conventional engine oils are predominantly
derived from petroleum or mineral sources and are formulated with different additives to
optimize lubrication characteristics. Historically, modifications to engine oils have been
aimed at improving their wetting capabilities on metal surfaces [23]. This section presents a
comparative wettability study of plastic and tire pyrolysis oils against a commercial engine
oil across different temperatures. Wettability was evaluated through contact angle (CA)
measurements, which serve as a primary indicator of the interfacial interactions between
the oil lubricant and the metal surface. For the present comparison, the industrially
relevant operating window for boundary and mixed-regime lubrication is approximately
40–80 ◦C [25], coinciding with the 50 ◦C and 75 ◦C conditions used in this work and with
the tribological test temperatures. Accordingly, the CA behavior captured at 50 ◦C and
75 ◦C is considered most representative of in-service wetting conditions, whereas the lower-
temperature data points (20 ◦C and 35 ◦C) primarily establish the baseline wetting trend
rather than inform application-relevant performance.

Temperature-dependent CA results of all oil samples are presented in Figure 4. At
20 ◦C, both plastic and tire pyro-oils displayed lower CA values compared to the engine oil,
indicating superior wettability. Upon increasing the temperature to 35 ◦C, the CA values of
both pyro-oil samples increased, whereas the engine oil showed a large decrease. Further
temperature elevations to 50 ◦C and 75 ◦C resulted in a reduction in the CA values for the
pyro-oils, while the engine oil experienced a marginal increase. This increase in CA with
temperature for the commercial engine oil can be ascribed to the complex formulation of
the oil and additive depletion at elevated temperatures.

 

Figure 4. Comparison of contact angle values versus temperature on stainless-steel substrate for
plastic pyro-oil, tire pyro-oil, and engine oil (left). Representative droplet image of all samples at
75 ◦C (right).

Notably, at elevated temperatures, plastic pyro-oil consistently demonstrated lower
CAs than tire pyro-oil. The superior high-temperature wettability of both pyro-oils com-
pared to the engine oil is ascribed to the carbonaceous solid particles dispersed within the
oils, as revealed by the SEM and XRF analyses. Regarding the proposed mechanism, the
improved high-temperature wettability is not attributed to an intrinsic hydrophilicity of the
carbonaceous particles themselves, as pristine carbon char is typically hydrophobic. Rather,
the mechanism is proposed to be geometric/physical in nature: micro- and sub-micron
carbon particles present at the oil–metal interface may locally roughen and fill the asperities
of the polished stainless-steel substrate, increasing the effective solid–liquid contact area
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and pinning the contact line, which is an effect previously reported for carbon-particle-
modified lubricants on metal substrates [23,27]. This asperity-filling/contact-line-pinning
mechanism is proposed as a plausible explanation of the observed reduction in CA values
compared to the commercial engine oil.

The thermal stability of plastic pyro-oil was evaluated and compared to that of tire
pyro-oil and commercial engine oil by analyzing the thermogravimetric (TG) thermograms,
as illustrated in Figure 5. Thermal stability is a critical property for lubricants exposed to
elevated operating temperatures and is primarily influenced by the chemical composition
of the oil. This property is typically characterized by the onset decomposition tempera-
ture, which marks the beginning of thermal degradation following moisture evaporation.
Thermal decomposition is reflected as a change in mass, indicated by a deviation from the
initial mass baseline [31].

Figure 5. (a) Weight loss versus temperature and (b) mass rate of change versus temperature for
plastic pyro-oil, tire pyro-oil, and engine oil.

As shown in Figure 5a, the TGA curves for all tested oils exhibit three distinct phases.
During the first phase, a minor mass loss of approximately 1% is detected, corresponding
to moisture evaporation. The temperature at which this initial weight loss occurs is defined
as the onset temperature [32]. The second phase is marked by a rapid decline in mass, with
the midpoint temperature representing the point at which 50% mass loss occurs. Then,
the third phase begins once the rate of weight change significantly drops, approaching a
plateau with a small residual mass remaining.

Among the tested samples, engine oil demonstrated superior thermal stability, initiat-
ing decomposition at an onset temperature of 208 ◦C. In contrast, plastic and tire pyro-oils
began to decompose at significantly lower onset temperatures of 43 ◦C and 68 ◦C, respec-
tively. The first derivative thermogravimetric (DTG) curves, presented in Figure 5b, further
highlight the differences in thermal behavior. The peak in the DTG curve denotes the
highest decomposition rate temperature, after which the rate of mass loss declines toward
a stable baseline. The DTG results reaffirm the higher thermal stability of the engine oil
compared to the pyro-oils.

Table 2 summarizes the thermal properties of the examined oil samples, including
onset temperatures and weight loss percentages at the end of the second phase. High-
temperature pyrolysis at 700 ◦C favors the production of light hydrocarbons in the naphtha
and diesel ranges (C5–C16), which have high volatility. In contrast, commercial engine
oils are composed of heavier base stocks (C20–C50). The presence of these light, unsatu-
rated fractions and potentially oxidized components significantly reduces thermal stability.
Therefore, fractional distillation or hydrogenation would be required to make the plastic
pyro-oil industrially viable. However, given that many engineering lubrication systems
operate within a typical temperature range between 40 ◦C and 80 ◦C [25], the relatively
low thermal stability of pyro-oils poses limitations for their use in high-temperature appli-
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cations. Nevertheless, these pyrolysis-derived oils may still serve as viable lubricants for
systems operating under moderate or low-temperature conditions.

Table 2. Thermogravimetric outcomes for plastic pyro-oil, tire pyro-oil, and engine oil.

Parameter Plastic Pyro-Oil Tire Pyro-Oil Engine Oil

Mass loss (%) 94.5 98.1 96.6

Onset temperature (◦C) 43.3 68.8 208.3

Midpoint temperature (◦C) 180.9 210.9 326.4

Maximum decomposition
rate temperature (◦C) 158.2 233.3 340.2

3.3. Rheological Investigation

A comprehensive rheological analysis was conducted to assess the flow behavior of
plastic pyro-oil relative to tire pyro-oil and commercial engine oil across varying temper-
atures and shear rates. Viscosity measurements were implemented at 25 ◦C, 50 ◦C, and
75 ◦C and over a shear rate range of 1 to 100 s−1. As illustrated in Figure 6, the viscosity of
all samples remained relatively constant across the tested shear rates, indicating Newtonian
behavior. However, a slight shear thinning at low shear rates and temperatures is observed
for the plastic pyro-oil. This is likely due to the presence of the suspended solid agglomer-
ates, which form weak networks that break under shear stress. Among the tested samples,
plastic pyro-oil exhibited slightly lower viscosity than tire pyro-oil and approximately one
order of magnitude less than that of the commercial engine oil. Previous research supports
the finding that 700 ◦C pyrolysis produces low-viscosity oils dominated by light aliphatic
and aromatic species [22].

Figure 6. Viscosity against shear rate for plastic pyro-oil, tire pyro-oil, and engine oil at temperatures
of (a) 25 ◦C, (b) 50 ◦C, and (c) 75 ◦C.

Further rheological assessments examined the relationship between shear stress and
shear rate at multiple temperatures. As shown in Figure 7, a linear correlation was observed
for all samples, further confirming their Newtonian nature. Both pyro-oils displayed
lower shear stress values than the engine oil across all shear rates and temperatures.
However, the disparity in shear stress between pyro-oils and engine oil diminished with
increasing temperature.
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Figure 7. Shear stress versus shear rate for plastic pyro-oil, tire pyro-oil, and engine oil at temperatures
of (a) 25 ◦C, (b) 50 ◦C, and (c) 75 ◦C.

The temperature-dependent viscosity behavior of the oil samples was also investigated
over a broader temperature range (5 ◦C to 60 ◦C), as depicted in Figure 8. Results showed
that plastic and tire pyro-oils had comparable viscosity profiles, except at low temperatures,
where plastic pyro-oil exhibited slightly higher viscosity. Nevertheless, both pyro-oils
consistently demonstrated significantly lower viscosity compared to that of engine oil
across the entire temperature range. At elevated temperatures, the viscosity of pyro-oils
showed increased instability, likely due to the presence of solid particles, as identified
through SEM analysis.

Figure 8. Viscosity against temperature for plastic pyro-oil, tire pyro-oil, and engine oil.

Viscosity is a critical parameter in lubricant performance, directly influencing the
load-bearing capability and frictional losses in any tribological system. The markedly lower
viscosity of pyro-oils—approximately an order of magnitude less than that of the engine
oil—suggests their suitability for applications involving low mechanical loads. Based on
the rheological findings, pyro-oils may be considered as potential lubricants in industrial
systems operating under moderate temperature and low-load conditions.

3.4. Tribological Study

The present investigation evaluated the lubrication performance of plastic- and tire-
derived pyro-oils against a commercial engine oil across a range of velocities and tempera-
tures. As shown in Figure 9, the lubrication performance was characterized by monitoring
the coefficient of friction (COF) as a function of rotational speed at 25 ◦C, 50 ◦C, and 75 ◦C
for all three oils. Figure 9 reveals the consistent decline in COF with speed increments,
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signifying the operation within the mixed lubrication regime for all tested oil samples.
At 25 ◦C, plastic pyro-oil exhibits an unstable and fluctuating COF with the change in
rotational speed, while the tire pyro-oil and the engine oil produce stable COF values and
slightly decreased with the increase in rotational speed (see Figure 9a). At 50 ◦C, the plastic
pyro-oil had a stable and the lowest COF value compared to the other two oil samples
(see Figure 9b). At 75 ◦C, the plastic pyro-oil also exhibited the lowest COF relative to the
other two oil samples, with some fluctuations with the change in rotational speed (see
Figure 9c). This unstable COF behavior for the plastic pyro-oil is attributed to the presence
of the agglomerated micro-sized particles within the oil, as seen in the SEM analysis; at
elevated temperatures these particles contribute positively via tribofilm formation. This
non-monotonic instability pattern—unstable at 25 ◦C and 75 ◦C but stable at 50 ◦C—is
consistent with a viscosity- and temperature-dependent particle-suspension behavior. At
25 ◦C, the comparatively higher oil viscosity is insufficient to keep the micro-agglomerates
uniformly dispersed under shear, promoting intermittent particle bridging and momentary
disruption of the boundary film within the contact, which manifests as COF fluctuations. At
50 ◦C, the combination of reduced viscosity and sufficient thermal energy is hypothesized
to allow more uniform particle redistribution and stable tribofilm formation. At 75 ◦C,
however, the further-reduced viscosity may favor renewed particle agglomeration and
intermittent particle expulsion from the contact zone, compounded by the onset of oil
thermal/oxidative degradation noted in Section 3.2 (TGA onset temperature of 43 ◦C),
re-introducing instability. Mitigation strategies such as fine filtration or centrifugation prior
to use could reduce the population of large agglomerates and improve COF consistency
across the full temperature range, while dispersant-type additives could stabilize the parti-
cle suspension without removing the beneficial carbonaceous tribofilm-forming particles.
These approaches are recommended as a direction for future formulation work on plastic
pyro-oil-based lubricants.

Figure 9. COF versus rotational speed for tribotesting using plastic pyro-oil, tire pyro-oil, and engine
oil at operating temperatures of (a) 25 ◦C, (b) 50 ◦C, and (c) 75 ◦C.

Post-test wear characterization was performed on both ball and disk specimens to
further evaluate the anti-wear performance of the plastic pyro-oil, and the obtained results
were compared against the tire pyro-oil and engine oil from the authors’ prior study [13].
Ball specimen wear scar diameters after tribotesting at 25 ◦C, 50 ◦C, and 75 ◦C using plastic
pyro-oil were measured to be 440 µm, 320 µm, and 420 µm, respectively (Figure 10). The
minimum scar size at 50 ◦C coincides with the lowest and stable COF value. Plastic pyro-oil
produced slightly larger ball scars (~9–29%) than those under tire pyro-oil or engine oil
lubrication. Figure 11 shows disk wear tracks following tribological testing at operating
temperatures of 25 ◦C, 50 ◦C, and 75 ◦C. Plastic pyro-oil resulted in a wide disk wear
track with a dark layer deposited on it. The wear track on the disk was found to have a
width between 300 µm and 400 µm. The depth of the disk wear track was determined via
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profilometric analysis, utilizing a line profile oriented perpendicularly to the wear track
developed after tribotesting using the plastic pyro-oil. The obtained results demonstrate
that the wear scars on the disk surface were very shallow, characterized by depths below
0.1 µm across the different temperatures. Interestingly, the wear track on the disk contained
a thin layer (~0.2 µm) adhered to its surface.

 

Figure 10. Wear scars image on the ball specimen after tribotesting using plastic pyro-oil at (a) 25 ◦C,
(b) 50 ◦C, and (c) 75 ◦C temperatures.

Figure 11. Wear scars image on the disk specimen with a line profile across the wear scar after
tribotesting using plastic pyro-oil at (a) 25 ◦C, (b) 50 ◦C, and (c) 75 ◦C temperatures.

Further chemical and structural analyses of the disk wear scar were performed using
SEM-EDS. Figure 12 shows an SEM image, EDS mapping, and EDS spectrum on the disk
specimen before tribotest, as well as after tribotesting using plastic pyro-oil at 25 ◦C, 50 ◦C,
and 75 ◦C. The results showed a rise in the carbon content from 0.7 wt.% (pre-test) to
1.1 wt.% within the wear track after tribotesting with plastic pyro-oil at 50 ◦C and 75 ◦C.
This suggests that a carbon-based layer adhered to the surface of the disk within the wear
track and protected the disk specimen from wear damage and minimized friction between
sliding surfaces. It should be noted that while the carbon-based layer prevented deep
scarring on the disk, it failed to match the anti-wear performance of commercial engine oil
on the ball specimen, where ZDDP-type additive provides superior protection.

Overall, the tribological assessment demonstrates that the plastic-derived pyro-oil
exhibits a lubrication performance comparable to or superior to that of both tire-derived
oil and commercial engine oil, particularly at rotational speeds around 1000 rpm and
moderate temperatures.
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 12. SEM image, EDS mapping, and EDS chemical element chart on the disk specimen (a) before
tribotest and after tribotesting using plastic pyro-oil at (b) 25 ◦C, (c) 50 ◦C, and (d) 75 ◦C temperatures.

3.5. Evaluation of Environmental and Economic Implications

Despite widespread awareness and efforts, the global accumulation of plastic waste
poses a significant environmental challenge, with nearly 79% of plastics ending up in
landfills and the natural environment [33]. Diverting even a fraction of this stream toward
pyrolysis-derived lubricant applications—rather than only the fuel-range applications more
commonly proposed in the literature—would extend the value-recovery options available
for plastic waste management and is environmentally preferable to landfilling, which
contributes to groundwater contamination and forecloses resource recovery [34]. Given the
relatively low thermal stability and ball-wear performance identified in Sections 3.2 and 3.4,
the plastic pyro-oil characterized in this work is best positioned for low-load, moderate-
temperature niche lubrication applications (e.g., chain, slideway, or hydraulic systems oper-
ating below ~80 ◦C) rather than as a drop-in engine oil replacement, which narrows—but
does not eliminate—its practical valorization pathway.
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From an economic perspective, the production of pyrolysis oil from waste plastics
holds substantial promise. It presents an opportunity to develop a low-cost, domestically
sourced alternative to petroleum-based lubricants and fuels. While the initial investment
for a pyrolysis plant can be significant, the long-term economic viability is compelling [35].
The market value of the primary product, plastic pyrolysis oil, can range from $600 to
$900 per ton [36]. Economic feasibility is further enhanced by the marketability of solid
char and non-condensable gases, which can be used to power the pyrolysis process itself,
reducing operational costs. Therefore, while upgrading processes are often necessary to
meet industry specifications, investment in such steps can be justified by the enhanced
value and broader market applicability of the final product. It should be emphasized that a
rigorous techno-economic and life-cycle assessment that incorporates capital and operating
costs, upgrading requirements, and a process-specific carbon balance is identified as a
necessary direction for future work before definitive economic or environmental claims can
be made for this specific lubricant application.

4. Conclusions
This study presents a comprehensive characterization of LLDPE-derived plastic

pyro-oil benchmarked against tire-derived pyro-oil and a commercial engine oil. The
principal conclusions are: (1) FTIR, CHNS, and WDXRF analyses confirmed a predom-
inantly aliphatic, sulfur-free hydrocarbon composition comparable to both benchmarks.
(2) SEM-EDS identified micron-scale carbonaceous agglomerates with irregular structures.
(3) Plastic pyro-oil exhibits superior high-temperature wettability on stainless steel, at-
tributed to surface asperity-filling by carbonaceous particles. (4) Thermal stability analysis
revealed that the plastic pyro-oil and tire pyro-oil start the decomposition process at onset
temperatures of 43 ◦C and 68 ◦C, respectively, substantially lower than the engine oil,
which has an onset temperature of 208 ◦C. (5) The rheological profiles of both plastic and
tire pyro-oils were found to be comparable, with both fluids displaying a viscosity roughly
ten times lower than the commercial engine oil. (6) Plastic pyro-oil achieved lower COF
than both benchmarks at 50 ◦C and 75 ◦C; this was attributed to the carbonaceous tribofilm
developed on the disk wear track.

Collectively, the results demonstrate that while plastic pyro-oil cannot serve as a drop-
in replacement for commercial engine oil in high-temperature or high-load applications
due to its inferior thermal stability and anti-wear characteristics on ball specimens, it
presents a viable and sustainable lubricant candidate for engineering systems operating
under light loads, moderate rotational speeds, and moderate working temperatures. The
employment of pyro-oil derived from plastic waste for the lubrication of engineering
systems offers a sustainable utilization of cumulative plastic solid waste that poses a
serious environmental hazard.
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