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The utilization of pyrolytic plastic oil (PPO) enhances the engine performance 
and exhaust emission compared with the diesel. Accordingly, PPO is 
promising to be implemented as a diesel substitute. This work portrays the 
exploratory outcomes to analyse the lubricity of PPO from catalytic pyrolysis 
of low-density polyethylene (LDPE) waste.  Fourier transform infrared (FTIR) 
spectroscopy was implemented to examine the saturation level of PPO and 
diesel. For comparative study, the physicochemical properties of PPO, 
polyalphaolefin 8 (PAO8) and trimethylpropane trioleate (TMPTO) were 
determined and, their lubricities were compared. In this study, PPO presented 
an outstanding lubricity property in terms of lowest coefficient of friction 
(COF). Five blends were prepared from PPO and diesel for further studies. 
Their wear and lubricity characteristics were computed using high-frequency 
reciprocating rig (HFRR) based on ASTM D6079 standard. Scanning electron 
microscopy (SEM) was used to evaluate the worn surfaces of specimen plates. 
The results of FTIR analysis suggests that PPO has good quality as diesel. PO10 
showed the lowest average COF compared to diesel. A lower concentration of 
PPO decreased COF, and higher concentration of PPO caused higher wear as 
remarked by SEM. Consequently, PPO is believed to become a preferable 
replacement for commercial lubricant. 
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1.0 INTRODUCTION 
The exhaustion of fossil fuels discloses the fundamental of inventing alternate sources of 

energy (Kalargaris et al., 2017). This very day, numerous alternative sources of energy have been 
created, but only a part of them is implemented extensively (such as hydro-power, solar energy, 
wind energy, nuclear energy, and geothermal energy). Wastes can also be manipulated as a 
possible energy source because of their high daily production, generally due to the growth in 
human population. The main element of the municipal solid waste is plastic waste, constituting 
around 20-30% by volume of the whole waste (Scott et al., 1990). As shown in Figure 1, the quality 
of plastic waste is anticipated to grow because of the uniform annual rise in universal plastic 
manufacturing (3.5% roughly) (Kalargaris et al., 2017). Plastics have a broad difference of 
utilization due to their low density, economical cost of fabrication and durability. Lamentably, 
many environmental drawbacks are induced when plastics are landfilled because of majority of 
them have low rate of degradation. Also, plastics have noteworthy amount of energy (because of 
their petroleum basis), that should be handled efficiently instead of landfilling it. 

 

 
Figure 1: Global plastic production from 2005 to 2015. 

 
80-85% of plastic wastes cannot be recovered by mechanical recycling because they are 

inapplicable to uncontaminated and single polymer wastes (Kalargaris et al., 2017). Another 
perspective that has been implemented to manage plastic wastes for power generation power is 
the incineration, which triggers raised nitrogen oxides and carbon dioxide emissions 
(Heydariaraghi et al., 2016). Hydrocracking, gasification and pyrolysis can also be practised to 
waste plastics to turn them into fuel. Pyrolysis is a promising technology that occurs at uplifted 
temperatures in the absence of oxygen. It can turn the waste plastics into high grade liquid (oil), 
gas and char (Kumar et al., 2011; Lopez et al., 2011). The grade and amount of the products chiefly 
rely on the type of plastic and the pyrolysis parameters (temperature, residence time, type of 
reactor, catalyst and more). Pyrolysis of waste plastics has been investigated by diverse scholars 
disclosing that the oil product has good quality which has the potentiality to be operated in diesel 
engines. 

 Diesel engines are preferable for power generation by using alternative fuels because of their 
high effectiveness, less burdensome exhaust emission regulations and worthy durability. The 
application of plastic pyrolytic oil (PPO) in diesel engines is restricted and concentrated on the 
utilization with diesel blends in single cylinder diesel engines (Kalargaris et al., 2017). The 
physical characteristics of PPO were very comparable to the characteristics of commercial 
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gasoline and diesel (Sharuddin et al., 2018; Ruban et al., 2017). Some scholars have applied PPO 
as a transportation fuel after blending it with conventional diesel in varied ratios. Blended PPO 
and diesel in a particular ratio was reported to issue alike engine performance collated with that 
of traditional diesel and the mixed fuel was partially cost-effective (Lee et al., 2015; Nileshkumar 
et al., 2015). A constraint, as reported in one study, was that there was an escalation in the exhaust 
emission from the engine when there was an addition in the mixture of PPO (Frigo et al., 2014).  
Khatha et al. outlined that the usage of PPO escalated the brake specific fuel consumption but 
moderately minimized the brake thermal efficiency with respect to diesel fuel. The combustion of 
PPO was likely to elevate nitrogen oxides while diminishing smoke collated with the pure diesel 
fuel (Khatha et al., 2020). Thus, PPO has very high prospect to be implemented as new energy 
resources. 

The fuel itself is applied to lubricate most of the engine components such as fuel injectors and 
pumps. Accordingly, the role of fuel is to lubricate the engine parts (Serrano et al., 2012) and 
diminish friction to preserve energy (Abbas et al., 2019). However, the lubricity of petroleum 
diesel is low. PPO can be a prospective alternative lubricant compared with conventional mineral 
and vegetable lubricants. Sikdar et al., (2020) evaluated the probable lubrication application of 
PPO by investigating its viscosity, density, and friction and compared it with commercial 
lubricants. They reported that the viscosity and density of PPO are found to be almost identical to 
the bio-lubricants. Moreover, the COF behaviour stipulated that the friction behaviour of PPO is 
close to, or in some cases superior than, the bio-lubricants (Sikdar et al., 2020). However, the 
further study of lubricity of PPO is not explored yet. The cost of PPO is comparatively more 
inexpensive compared with bio-lubricant and there is also large quality of plastic wastes 
procurable, which can mitigate the capital and cost consumed on fabricating the vegetable oils. 
The cost of PPO upon further treatment will still be cheaper compared with engine lubricant oil. 
To understand the potential lubricity of PPO, the kinematic viscosity and density values obtained 
at a fixed temperature are compared against other bio and petroleum-based lubricants (Sikdar et 
al., 2020). Hence, PPO subjected to future treatment can be a potential replacement for both 
mineral- and vegetable-based lubricant oils.  

This work strives to analyse the recyclability of waste plastic for tribological application as a 
lubricant. In this study, PPO was produced from low-density polyethylene (LDPE) waste by the 
catalysed pyrolysis process. A work carried out on density, viscosity and friction of PPO for 
lubricant application is investigated and compared to motor oil and bio-lubricant. This study also 
aimed to experimentally investigate the lubricity of PPO and their blends with the petrol diesel. A 
high-frequency reciprocating rig (HFRR) was utilized to analyse the lubricity, wear, and friction 
performance. 

 
 

2.0 MATERIALS AND METHODS 
 
2.1 Production of PPO 

LDPE wastes were gathered and processed into pellet, as shown in Figure 2. The conversion of 
LDPE waste to oil product was via the pyrolysis under the absence of oxygen, the catalytic 
reforming and the condensation of the resulting gases as showed in Figure 3. A portable semi-
batch type reactor was utilized. The LDPE waste feedstock went through to water vapor and then, 
become molten plastic. The molten plastic was heated in the pyrolysis reactor with the controlled 
temperature (500 °C). The gas product flowed through catalytic chamber by the force of 
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vaporizing pressure. The gas product was farther cracked in the catalytic chamber and then 
exhausted out via the vent. After passing the chamber, condensation and distillation of gas 
product was occurred. The condensed oil was then piled up in the storage tank. 

 

 
Figure 2: LDPE black pellet. 

 

 
Figure 3: Pyrolysis process of the commercial plant. 

 
2.2 Preparation of Plastic Pyrolysis Oil Blends 

PPO was blended with commercial diesel at different percentages of PPO on a volume basis via 
mechanical stirring for 30 min at 700 rpm. The composition of different tested fuel blends is listed 
in Table 1. 

 
Table 1: The composition of different tested fuel blends. 
Sample Code Fuel composition (by volume) 

Diesel 100% petroleum diesel 
PO10 10% PPO and 90% petroleum diesel 
PO20 20% PPO and 80% petroleum diesel 
PO30 30% PPO and 70% petroleum diesel 
PO40 40% PPO and 60% petroleum diesel 
PO50 50% PPO and 50% petroleum diesel 

PO100 100% PPO 
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2.3 Fourier Transform Infrared (FTIR) Spectroscopy 
A PerkinElmer Spectrum 400 FTIR spectrometer via the attenuated total reflectance (ATR) 

technique was used to examine the structure of the sample. The sample was analyzed within a 
spectral range of 450 to 4000 cm−1 at a resolution of 4 cm−1. 32 scans were done for each sample 
at room temperature.  

 
2.5  Experimental Setup of Friction And Wear Testing 

High-frequency reciprocating rig (HFRR) was utilized to investigate the wear and friction 
parameters measurement for different fuels, especially prepared for this research. The schematic 
of the HFRR wear testing machine is shown in Figure 4. Testing specimens were cut into 15 mm 
× 15 mm pieces. The specimens were polished with 600, 800, 1000, 1500, and 2000 silicon carbide 
papers using a polishing machine. Then, 3 and 1 µm diamond suspensions were used for polishing. 
The surface roughness of specimens was between 0.03 and 0.04 µm (Ra). The surface roughness 
of specimens was measured by using a profilometer (Veeco Dektak 150). The experiments were 
performed based on ASTM-D6079 standard for the HFRR method. The test conditions applied to 
the HFRR wear testing machine for friction and wear measurement were load (50 N), fuel 
temperature (60 °C), frequency (50 Hz), test duration (4500 s), and stroke length (1 mm) (Gul et 
al ., 2020). 

 
Figure 4: Schematic diagram of HFFR wear and friction test-bed. 

 
Scanning electron microscopy (SEM) was used to investigate the morphology of wear tracks. 

The accelerating voltage used in SEM was 10 kV. In SEM, an electron beam was focused on the 
scanned wear surface and the required image of the worn surface was taken. The images of the 
wear surface for the seven samples were taken and shown in Figure 10. 
   
 
3.0 RESULTS AND DISCUSSION 

 
3.1  Characterization of PPO Using FTIR 

Figure 5 shows the FTIR spectra of PPO obtained by catalytic pyrolysis of LDPE black pellet 
and commercial diesel. The PPO has many functional groups similarities with commercial diesel. 
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In FTIR spectrum of PPO, there are two bands in the range 650–1000 cm-1, which are 
characteristic for alkenes with HC=CH-trans functional groups (Table 2). Meanwhile, only one 
band present in FTIR spectrum of diesel in the range 650–1000 cm-1. Besides, PPO contains 
primary amine through a band in the range of 1020-1090 cm-1. 

 
Figure 5: FTIR spectrum of pyrolytic oil and commercial diesel. 

 
 

Table 2: FTIR bands assignment of PPO and diesel fuel. 
Wavenumber (cm-1) Frequency of 

wavelength 
(cm-1) 

Type of 
vibration 

Nature of 
functional 
group 

Name group 
PPO Diesel 

2957, 2923, 
2854 

2954, 2921, 
2853 

3000-2850 C-H stretch alkanes C-CH3 

- 1751 1760-1740 Alkyl 
carbonate 

Carbonyl C=O 

1721 - 1725-1700 Carboxylic 
acid 

Carbonyl C=O 

1641 - 1680-1620 Alkenyl C=C 
stretch 

Alkene C=C 

1458 1458 1470-1450 C-H bend alkanes CH3/ CH2 
1378 1377 1380-1590 C-H bend alkanes CH3 
- 1169 1190-1130 CN stretch Secondary 

amine 
C-N 

1069 - 1090-1020 CN stretch Primary 
amine 

C-N 

966, 837 808 1000-650 =C-H bend alkenes CH=CH=trans 
722 722 675-730 C-H rock band alkenes -CH=CH-(cis) 
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Meanwhile, diesel contains secondary amine through a band in the range of 1030-1090 cm-1. 
Moreover, both samples, PPO and diesel show the presence of carbonyl group (C=O) but with 
different types of vibration, which are alkyl carbonate and carboxylic acid, respectively. The 
results derived from FTIR spectra summarized in Table 2 show the presence of mostly alkanes 
and alkenes in both fuels. It can be concluded that they have similar fingerprint, which suggests 
that the fuels are of good quality. The obtained results were consistent with the results reported 
by many researchers (Kumar et al., 2011; Miteva et al., 2016; Sarker et al., 2010). 

Figure 6 summarizes the composition of PPO, diesel and their blends. It was determined using 
FTIR analysis. All samples contained only saturated and unsaturated hydrocarbons (no aromatics 
was measured). Comparing the compositions of fuel, PPO has slightly lower concentration of 
saturated hydrocarbons than diesel, which is their difference is only 5 %. Meanwhile, the 
unsaturated content in PPO is marginally higher compared to diesel, with only 5 %. PO10 
contained the highest saturated hydrocarbons, which is 88.3% and the percentage of saturated 
hydrocarbon decreased as the fraction of PPO increased. Therefore, with the increase of 
saturation level in fuel, its lubricating properties increased (Miandad et al., 2017). 

 

 
Figure 6: Composition of heavy oils. 

 
3.2  Density and Viscosity Measurement 

The spray pattern and atomization of the fuel injected in the combustion chamber were 
influenced by kinematic viscosity of fuel. High viscosity oils cause poor atomization in the engine, 
which lead to slightly better performance of engine (Miandad et al., 2017). The low viscosity of 
PPO can be employed as a lubricant from the fuel injection system because it decreases engine 
friction (Miller et al., 2005). The density and kinematic viscosity of the PPO detailed in Table 3 
were measured similarly and compared with two other lubricants such as, motor oils, 
polyalphaolefin 8 (PAO8) and bio-based lubricant, trimethylpropane trioleate (TMPTO). The 
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results show that the kinematic viscosity of the PPO was 1.4158 mm2/s, which was lower than the 
kinematic viscosity of POA8 and TMPTO. The low kinematic viscosity of PPO is due to high 
amounts of lighter hydrocarbon fraction (lower molecular weight hydrocarbon) due to secondary 
degradation reactions that were encouraged by catalyst (Khan et al., 2016). However, its 
kinematic viscosity is equivalent with published literatures (Kusumo et al., 2018; Khan et al., 
2016; Syamsiro et al., 2014). 

The density of PPO was slightly less than PAO8 and TMPTO (Table 3). The density of PPO can 
be boosted with further treatments as the lubricity of this oil is comparable to PAO8 and TMPTO, 
as discussed in the next part. The PPO can also be blended with conventional petroleum oils in a 
specific volumetric ratio to enhance thermal efficiency. This indicates that this lubricant in its 
current state can be used as an additive to conventional lubricants, but with further treatment. 
They are found to be a suitable alternative to bio-lubricant or for similar applications. The use of 
additives is recommended to enable control of the aspects of viscosity and density (Sikdar et al., 
2020).  

 
Table 3: Physical properties of lubricant samples. 

Sample name Density at 15 °C (g/cm3) Kinematic viscosity at 40 °C (mm2/s) 
PPO 0.7968 1.42 

PAO8 0.8316 45.98 

TMPTO 0.9190 48.75 
 

The physicochemical properties of all fuel blends are showed in Table 4. Obtained results 
clearly show that the density of commercial diesel fuel is slightly higher than the density of the 
obtained pyrolytic oil and their blends. The density of the fuel samples decreases with increase of 
PPO fraction in diesel fuel due to the higher amount of unsaturated hydrocarbon in blends (Figure 
6). This oil can be used for mixture with heavier diesel fraction, like diesel, with density around 
0.85 g/cm3 to obtain diesel fuel with lower density. Such kind of blends could be used in winter 
when the temperatures are low, and the density of diesel fuel would be around 0.82 g/cm3, which 
is the minimum specified value (according to ASTM standards) for proper work of the engine. 
When PPO is directly utilized in diesel engines without any treatment, it would be perturbed in 
terms of the lubricity in the fuel delivery and the injection system of diesel engines (Miteva et al., 
2016). Further treatments can refine the density of PPO since its lubricity are almost similar to 
other petroleum crude oils (Sharma et al., 2014). 

Viscosity is the internal resistance opposed to the flow and it provides details on the thickness 
of liquid and how effortlessly it can flow (Gul et al., 2020). The viscosity of diesel fuel is higher 
than the viscosity of the obtained PPO (PO100) and its blends (PO10-PO50). The blending of PPO 
with conventional diesel, as it was anticipated, has measurable influence on viscosity. The 
obtained value of kinematics viscosity for the commercial diesel is higher than viscosity of PPO, 
1.4158 mm2/s (Table 4). As the amount of pyrolytic oil fraction decreases, the viscosity of the 
blends also decreases (Table 4). It should be mentioned that the presence of small amount of 
pyrolytic fraction, (below 20%) in diesel fuel have no significant influence on the viscosity. There 
is a good agreement for the viscosity between the current study and study by Miteva et al., (2016) 
for each blend. However, the viscosity of fuel decreased due to many unsaturated hydrocarbon in 
the fuel (Jamshaid et al., 2020). Moreover, the viscosity of the oil is determined mainly by the 
amount of lighter and heavier fractions that it contains (Hossain et al., 2005). A decrease in 
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viscosity of the blend is because of the increase in percentage of smaller molecules and the 
decrease in amount of macromolecules such as asphaltenes. 

 
Table 4: Physicochemical properties of fuel blends. 

Blend Density at 15 °C (g/cm3) Viscosity at 40 °C (mm2/s) 

Diesel 0.8481 3.1794 
PO10 0.8446 3.0197 
PO20 0.8418 2.9456 
PO30 0.8355 2.6145 
PO40 0.8292 2.3411 
PO50 0.8259 2.2321 
PO100 0.7968 1.4158 

 
 
3.3 Tribological Characterization by HFRR 

The PPO, PAO8, TMPTO and different blend of PPO proportions in diesel was put through 
tribological tests to investigate its friction and wear properties. 

 
3.3.1 Coefficient of Friction 

The lubricity of the lubricant predominantly influences the resulting COF for HFRR 
(reciprocating motion at a relatively low load of 50 N). As the density of PPO are found to be 
comparable to the PAO8 and TMPTO (Table 3), the observed friction for PPO was compared with 
PAO8 and TMPTO, as appeared in Figure 7. The experimental results for the COF behaviour 
stipulate that the friction behaviour of PPO is better than PAO8. This can be allocated to the long-
chain polymers utilized in the waste plastics for the conversion to oil.  It proved that the long chain 
polymer-based oils had been found to increase lubrication by diminishing the friction drastically. 
Moreover, as discussed in the earlier part, the lower viscosity in PPO minimizes engine friction 
and thereby ameliorates fuel economy. Thus, PPO has low COF compared to commercial 
lubricants. 

For further study, the friction of PPO at different proportion in diesel, as shown in Table 1, was 
studied. The average COF of diesel decreases as 10 % of PPO (PO10) was blended in the diesel as 
presented in Figure 8. The depletion was caused by its high polarity, allowing it to create strong 
and effective adsorption films and tribo-chemical reactions on the steel surfaces. The less lubricity 
of petroleum diesel was due to the desulfurization of conventional petroleum diesel fuel. Results 
showed that the lubricity in terms of COF had been improved by adding the percentage of PPO in 
the petroleum diesel. This may cause by the presence of the long-chain polymers in the PPO that 
increases the lubricity of blended fuel. According to Figure 6, the presence of more saturated 
hydrocarbon increases the lubricity of the blend. However, the COF of friction increases from 
PO10 to PO100  as PPO concentration increases in diesel. This increase in average COF happens 
because the decrease in viscosity develops thinner and weaker lubrication layer between mating 
balls.  Average COF of all samples is within the boundary lubrication regime as COF range 0.001–
0.2 (Gul et al., 2020).  
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Figure 7: Average COF for different lubricant samples. 

 
The observed results for the COF behaviour show that the friction behaviour of the PPO is 

better than the diesel (Figure 8). This can be ascribed to the long-chain polymers utilized in the 
waste plastics for recycling and conversion to oil. The long chain polymer-based oils such as 
synthetic oils have been found to provide enhanced lubrication by reducing the friction drastically 
(Wang et al., 2019; Zhang et al., 2016). Identical sliding mechanisms are predicted to happen at 
the tribo-interface lubricated with mixed waste polymer pyrolyzed oils (Sikdar et al., 2020). These 
basic perception into a new source of lubricant should promote the tribological research towards 
examining environmental friendly products. Elevated study in this field can encourage and form 
the market requirements and demands for the petroleum lubricant alternatives and recycling of 
waste plastics for tribological obligation. The sudden rise in COF might also because of wear 
debris that created as a result of corrosive wear (Syahir et al., 2020). 

Figure 9 demonstrates the variation of COF against sliding time during run-in-period and 
steady-state. During the run-in-period, COF endured unstably because of the change in torque as 
contacting surfaces were not smooth in the beginning. After some time, contacting surfaces 
became smoother and steady-state attained as reported by Syahir et al. (2020). The COF is highest 
for PO100. Run-in period and COF decline with the lessen of PPO fraction in the blend because the 
long-chain hydrocarbons develop stable film between the sliding surface. Moreover, PPO’s 
resilience to hydrogenation can help in providing escalated wear and corrosion resistance to the 
system. It can also be spotted that COF for PPO percentage from 10% to 50% (PO10-PO50) is 
lower than diesel and raw PPO (PO100).  

The impact of different fraction of PPO in diesel on wear scan diameter (WSD) are shown in 
Figure 8. All blends exhibited the lower WSD than diesel. It is because the PPO does not experience 
hydrogenation and thus it can cause high resilience to wear and corrosion (Sikdar et al., 2020). It 
is seen that the WSD is escalated by increasing of PPO fraction in diesel. The PO100 exhibited the 
highest average WSD followed by diesel fuel, PO20, PO30, PO40, PO50 and PO10. At different PPO 
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fractions, the reduction of WSD for PO20, PO30, PO40, PO50 and PO10 were found to be 7.94%, 
8.42%, 11.41% and 13.01% and 17.96%, respectively. The lowest amount of WSD was found for 
PO10. The pure PPO increased WSD compared to diesel fuel. The very low viscosity of PPO 
decreases the lubricity of PPO. 

 

 
Figure 8: Variation of average COF for all samples under 50 N load and 60 °C by HFRR. 

 

 
Figure 9: COF during the run-in period and steady-state period by HFRR. 
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3.2.2  Analysis of Worn Surfaces by SEM 
The worn scar surface study is essential for discovery of the metallic failures that took place 

because of effect of friction and wear between the contact surfaces. SEM images of stainless steel 
plates submerged under different proportion of PPO mixed with diesel are expressed in Figure 
10.  The black spots on the worn surfaces in Figure 10(a-f) reflected the oxidative corrosion that 
was caused by the various acids (Mosarof et al., 2016). According to Table 2, the existence of 
carboxylic acid in the diesel led to the corrosive oxidation. By increasing the fraction of PPO, the 
concentration of carboxylic acid may decrease and thus, reduce the oxidative corrosion on worn 
surface. 

As shown in Figure 10(a), diesel sample caused corrosive oxidation (darker area) on the plate 
surface. It showed no abrasive wear because it developed an effective protective film between 
sliding surface. Corrosive oxidation decreased as PPO concentration in the diesel blends increased 
from 10% (PO10) to 50% (PO50) because of low concentration of carboxylic acid and reduced 
oxidative corrosion. For PO50, there is less corrosive oxidation and groove. While PO100 showed 
severe abrasive wear due to plastic deformation and groove. However, for PO100, detrimental 
wear such as plastic deformation and groove happened. This shows that a high loading condition, 
the tribofilms formed in PO100 was not able to resist the load, eventually breaking down and 
being polished away. In the case of PO100, plastic deformation and groove because of abrasive 
wear were visible when no diesel was added. 

With the increase of  more than 10 % PPO content in the blend resulted in a decrease in friction 
(Figure 4) but wear increase in PO50 as shown in Figure 6(f). This is happening because of very 
thin protective film due to very low viscosity. Looking at the effect of PPO fraction, concentration 
more than 10% PPO produced an overall smoother surface finish, as seen in Figure 6.  Moreover, 
the smoother surface finish obtained with increase of more than 10% PPO content in the blend 
can also be due to their polishing effect (Syahir et al., 2020). 

 
 

4.0 CONCLUSION 
The recyclability of waste plastic for tribological application as a lubricant was studied and 

analyzed. PPO showed excellent lubricity properties in terms of lower COF compared with PAO8 
and TMPTO. Moreover, its less viscosity has the capability to develop thinner but strong 
lubrication layer between mating ball. The viscosity of the PPO-diesel blends decreases with 
increasing of the pyrolytic oil fraction. According to HFRR results, a lower concentration of PPO 
decreased COF as compared to diesel. But the higher concentration of PPO gave higher wear as 
observed by SEM. PO10, PO20, PO30, PO40 and PO50 showed lower average COF compared to 
diesel by 16.1%, 13.4%, 11.2%, 9.6% and 7.1%, respectively. High COF, high WSD, and severe 
wear were observed in PO100. This is because a high concentration of PPO does not develop 
strong lubrication film. Less concentration of PPO as lubricant is effective in lessening friction and 
wear with good lubricity but direct use of raw PPO is not recommended as it increase the wear. 
Thus, anti-wear additives should be applied with raw PPO to improve the results. Overall, PPO 
can be used to decrease the friction and wear due to the improvement in the tribological 
properties of the fuel. It is recommended that the application of additives can enable control of 
the aspects of viscosity and density in addition to the treatments discussed in this article. 
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Figure 10: SEM images of stainless-steel plates tested with pin by HFRR under different PPO 
blends with 3000 x magnifications.  
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