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Effect of plastic pyrolytic oil and waste cooking biodiesel on tribological

properties of palm biodiesel-diesel fuel blends

Purpose - The purpose of this work was to investigate the lubricity of palm biodiesel (PB)-

diesel fuel with plastic pyrolysis oil (PPO) and waste cooking biodiesel (WCB).

Design/methodology/approach - Three quaternary fuels were prepared by mechanical stirring.

B10 (10% PB in diesel) fuel was blended with 5, 10, and 15% of both PPO and WCB. The

results were compared to B30 (30% PB in diesel) and B10. The lubricity of fuel samples was

determined using high frequency reciprocating rig (HFRR) in accordance with ASTM D6079.

The tribological behavior of all fuels was assessed by using scanning electron microscopy

(SEM) on worn steel plates to determine wear scar diameter (WSD) and surface morphology.

The reported wear scar diameter (WSD) is the average of the major and minor axis of the wear

sScar.

Findings - The addition of PPO and WCB to B10 had improved its lubricity while lowering

wear and friction coefficients. Among the quaternary fuels, B40 showed the greatest reduction

in coefficient of friction and WSD, with 7.63 and 44.5% respectively when compared to B10.

When compared to B30a, the quaternary fuel mixes (B40, B30b, and B20) exhibited significant

reduction in WSD by 49.66, 42.84, and 40.24%, respectively. Among the quaternary fuels, B40
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exhibited the best overall lubricating performance, which was supported by surface

morphology analysis. The evaluation of B40 indicated a reduced adhesive wear and tribo-

oxidation, as well as a smoother metal surface, as compared to B20 and B30b.

Originality/value - Incorporation of PPO and WCB in PB-diesel blend as a quaternary fuel

blend in diesel engines has not been reported. Only a few researchers looked into the impact of

PPO and WCB on the lubricity of the fuel.

Keywords: Lubricity; Plastic pyrolysis oil; Waste cooking biodiesel; HFRR; Wear and

friction; Palm biodiesel; Diesel

Abbreviation
COF : Coefficient of friction
FAME : Fatty acid methyl ester
GC-MS : Gas chromatography-mass spectrometry
HC : Hydrocarbon
HFRR : High frequency reciprocating rig
LDPE : Low-density polyethylene
NaOH : Sodium hydroxide
PB : Palm biodiesel
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PPO : Plastic pyrolysis oil

SEM : Scanning electron microscopy
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10 USLD : Ultra-low sulphur diesel
14 VI : Viscosity index

17 WCB : Waste cooking biodiesel
WCO : Waste cooking oil

24 WSD : Wear scar diameter

28 1. Introduction

31 Renewable, clean, and sustainable alternative fuels have become more important as mineral
34 supplies are drained, global warming worsens and environmental challenges intensify (Sudrajat
etal.,2020). Up to 30% biodiesel with diesel fuel is used in several regions of the world without
41 any adjustments to the diesel engine. Currently, Indonesia and Malaysia are using B10 (10%
44 palm biodiesel (PB) in diesel) and B20 (20% PB in diesel) fuels successfully, with Indonesia
is planning to deploy B40 (40% PB in diesel) by 2022 (Elisha et al., 2019). Malaysia is expected
51 to deploy B30 (30% PB in diesel) by 2025 (Latiff, 2020). The use of PB-diesel blend as a fuel

54 reduced engine performance while improving exhaust gas emissions, except for nitrogen
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oxides (Ali et al, 2016). Several studies used various alternative fuels (such as waste vegetable

oil-based biodiesel and pyrolysis oil) in diesel to improve engine characteristics.

In pyrolysis oils, plastic pyrolysis oil (PPO) outperformed diesel in terms of engine

performance and exhaust gas emissions (Kaewbuddee et al, 2020; Sachuthananthan et al.,

2018). PPO's brake thermal efficiency and brake-specific fuel consumption were both greater

than diesel (Kaewbuddee ef al, 2020; Sachuthananthan er al, 2018). PPO produced less

hydrocarbon (HC) emission than diesel (Kalargaris ef al, 2017). Whereas some researchers

combined waste vegetable oil-based biodiesel with diesel as a substitute fuel to achieve better

diesel engine performance while lowering emissions (Abed et al, 2018; Al-Dawody et al.,

2019; Gad et al, 2021). Waste cooking biodiesel (WCB) has been identified as a viable

alternative fuel for reducing engine exhaust gas emissions (Abu Jrai ef al, 2011; An et al,

2013).

Fuel lubricity is an important aspect to consider when it comes to the durability of diesel

engine components. To comply with the Kyoto Protocol's objective of reducing greenhouse

gas emissions, many countries have begun to utilize ultra-low sulphur diesel (ULSD).

Compared to petroleum diesel, ULSD possesses poor lubricity. Engine parts rust or are
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damaged as a result of insufficient lubrication provided by ULSD fuel during fuel injection and

pumping.

In addition to emitting fewer pollutants, biodiesel has high intrinsic lubricity (Gopal et al,

2018). Because biodiesel contains 98% methyl ester, it considerably reduces wear and friction

when is mixed with petroleum diesel (Wadumesthrige et al, 2009). According to Fazal e al.

(2013), the coefficient of fraction (COF) values of PB-diesel blends (B10 and B20) and neat

PB were 1.83, 2.96, and 4.93% lower than diesel. In contrast to diesel, their wear scar diameter

(WSD) values were found to be 1.34 (B10), 9.41 (B20), and 22.72% (B100; 100% PB) lower.

As the percentage of PB in secondary fuel blends increased, the COF and WSD decreased.

However, PB has been observed to be prone to oxidation, which can have a negative impact

on lubricity. In their study, Awang ef al. (2021) found that PB had the highest COF. The

oxidation process converts the esters into fatty acids such as formic acid, acetic acid, propionic

acid, caproic acid, and others (Fazal et a/., 2013). PB's polyunsaturated fatty acids, such as oleic

acid, could be the most significant component influencing auto-oxidation. Furthermore, adding

10% PB to PPO has raised its COF and WSD by 5.61 and 11.75%, respectively. The oxidation

process can result in fuel degradation, reduced lubricity, increased corrosion, and material

deterioration (Fazal ef al., 2013).
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Using the high frequency reciprocating rig (HFRR) based on ASTM D6079 standard,

Awang et al. (2020) investigated the impact of adding low-density polyethylene (LDPE) waste-

based PPO to diesel on the lubricity of the blended fuel. They discovered that adding PPO to

diesel lowered COF and WSD, with the least reductions of 17.62 and 19.92%, respectively for

10% PPO in diesel. According to Awang et al. (2021), polypropylene and polyethylene waste-

based PPO had a lower WSD than B10 by 5.80%, although its COF was 5.44% higher. As a

result, PPO could be a suitable component in PB-diesel blend to improve lubricity.

There have not been any investigation on the lubricity of WCB in diesel at different

percentages. Fatty acid methyl ester (FAME) has been promoted for use in engines to increase

the lubricity of diesel engines in numerous studies (Agarwal, 2003; Dhar and Agarwal, 2014;

Kulkarni et al., 2007). FAME contents in WCB were 97.71, 98.14, and 98.5 wt%, according to

Mohamed et al. (2020), Yusuff ef al. (2021) and Gardy et al. (2019), respectively. Because of

the large amount of FAME in WCB, it can be added to diesel as a lubricant.

Plastic waste and waste cooking oil (WCO) are superior alternatives to be converted into

fuel and blended with PB and diesel to make B30 blend due to their cost-effectiveness and high

availability (Antelava et al., 2019; Czajczynhska et al., 2017; Moecke et al., 2016). According

to the literature, PPO and WCB are viable alternative fuels in the B10 diesel, which can
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improve lubricity. Despite this, certain PPO's poor quality, such as low viscosity, could limit

its use in diesel engines at high percentages. To improve such poor fuel qualities, WCB with

FAME at greater viscosity is an essential option to be employed with PPO in B10 diesel. The

influence of PPO and WCB on the lubricity of PB-diesel blends (B10) is investigated in this

study. Tribological behavior was observed for quaternary blends (PPO-WCB-PB-diesel-fuel)

for the durability of diesel engines, pumps, and fuel injectors. The lubricity of quaternary fuel

mixes was assessed using HFRR, according to the ASTM method (D6079).

During operation, diesel engines' pumps and injectors are lubricated by the diesel fuel itself.

There is no report on the incorporation of PPO and WCB in PB-diesel blend as a quaternary

fuel blend in diesel engines, according to a review of literature (Abed et a/., 2018; Chandran et

al., 2019; Singh et al., 2021). Furthermore, only a few studies looked into the influence of PPO

and WCB on the lubricity of diesel (Awang et al., 2020; Hu et al,, 2016; Sikdar et al., 2020).

The lubricity of the fuel is an important factor in determining the longevity of diesel engines.

Prior to engine testing, the lubricity of fuel should be determined. During the delivery of diesel

fuel into the combustion chamber, the lubricity of diesel injectors is significant.

This research work focuses on the lubricity of PB-diesel fuel with PPO and WCB. The

additives have been added in the PB-diesel mixture as a quaternary fuel blend in diesel engines.
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It is a very important experimental research work because fuel lubricity is a significant aspect

when it comes to durability of diesel engine components. Engine parts rust or are damaged as

a result of insufficient lubrication provided by fuel during fuel injection & pumping. The main

objective is to minimize adhesive wear and tribo-oxidation due to the presence of

polyunsaturated fatty acids in PB that could be the most significant component influencing

auto-oxidation. The HFRR test was used to evaluate the lubricity of PB-diesel fuel with PPO

and WCB for fuel injector application using a ball-on-plate combination. A ball on a test sample

plate was used to evaluate the tribological behavior of fuel samples, in which the steel ball was

allowed to slide on a steel specimen while being submerged in fuel sample in a reciprocating

motion. The plate scars used in HFFR experiments were analyzed using a scanning electron

microscopy (SEM) instrument to study their surface morphology.

2. Materials and methods
2.1.  Materials

PB was purchased from KL-Kepong Oleomas Sdn Bhd and PPO was provided by Syngas
Sdn Bhd. WCO from chicken frying was collected from a local restaurant located at Taman
Setapak Jaya, Kuala Lumpur, Malaysia. In the current study, WCO was employed as a
feedstock in the present study to make biodiesel. AISI 52100 Chrome hard polished steel balls
with a diameter of 6.2 mm were brought from SKF Malaysia Sdn Bhd and 15 mm SAE-AMS
6440 steel smooth diamond polish plate was purchased from the local market, according to

ASTM D6079.
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2.2. PPO production

LDPE wastes were gathered and processed into black pellet. The pyrolysis of LDPE black

pellet into PPO was conducted via the pyrolysis under the absence of oxygen, the catalytic

reforming and the condensation of the resultant gases. A portable semi-batch type reactor was

used. Water vapor was used to turn the LDPE black pellet into molten plastic. The molten

plastic was heated to a regulated temperature (500 °C) in the reactor. The vaporising pressure

forced the gas product to flow through the catalytic chamber. The gas product was cracked

even more in the catalytic chamber before being vented. Condensation and distillation of the

gas product happened after passing through the chamber. After that, the condensed oil (PPO)

was stacked in the storage tank. These approaches were adapted from Awang et al. (2020).

2.3. WCB production

To minimise moisture content, the collected WCO was gradually heated up to 100 °C for 10

min. The heated WCO was let to cool down to room temperature before undergoing the

filtration process to remove solid particles. Transesterification took place in a glass reactor with

a heating jacket that was connected to a heated thermostatic bath, a reflux condenser and

mechanical stirrer. To begin, 1000 ml WCO was heated to 60 °C. Within this process, 90 g of

methanol (30 wt% of WCO) and 3 g of sodium hydroxide (NaOH) (1 wt% of WCO) were
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mixed into a beaker. Following that, the NaOH pellets were dissolved in methanol to produce

a methoxide solution. 300 g of WCO and methoxide solution were mixed with a mechanical

stirrer at 830 rpm and heated at 60 °C for 1 h to complete the transesterification reaction. After

that, the product was placed in a separating funnel and left for 24 h. Two distinct layers of

biodiesel and glycerol were formed. The glycerol layer, which was on the bottom, was

discarded. Meanwhile, the top layer was rinsed with warm water to obtain the pure biodiesel.

2.4. Gas chromatography and mass spectrometry

As described in Table I, the composition of PB, WCB, and B10 diesel was evaluated using

gas chromatography-mass spectrometry (GC-MS). After 50 mg of liquid fuel product was
dissolved in 1 mL of n-hexane, the sample was injected into the chromatographic inlet and
processed for 42 min. The carrier gas is helium, which has a flow rate of 0.51 mL/min. The
separation started at a temperature of 50 to 250 °C, with a heating rate of 5 °C/min (Juwono et

al.,2018). The same method was applied to identify the composition of PPO.

Table I Chemical composition of PB, WCB and B10

< Insert Table I >

2.5.  Fuel samples preparation

To explore the impact of quaternary fuel blends on lubricity properties, three different

quaternary fuels (B20, B30b and B40) and a binary fuel (B30a) were prepared. Their

composition is shown in Table II. The prepared fuel samples were contrasted to Malaysian
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diesel that is available commercially (B10). To prepare B30a fuel blend, 20% PB was mixed

with 80% B10 diesel (by volume) and agitated for half an hour at 700 rpm until homogeneous.

The quaternary fuel blends were prepared by using the same method as B30a fuel. The tested

blank fuels and quaternary fuel blends are shown in Figure 1. Table III shows the

physicochemical properties of the blank fuels and fuel mixes that were examined.

< Insert Figure 1 >

Figure 1 Tested blank fuels and quaternary fuel blends

Table II The composition of different tested quaternary fuel blends

< Insert Table II >

Table III Physicochemical properties of tested fuel blends

< Insert Table 111 >

2.6.  Experimental set-up

Eight fuel samples were evaluated using DUCOM's HFFR equipment (Model: TR-281-M8),

as indicated in Figure 2. The stainless-steel plates were cut to a dimension of 15 mm x 15 mm

to serve as test sample plates, and polished with silicon carbide sheets of 600, 800, 1000, 1500,

and 2000 grit on a polishing machine. The plates were then polished with 1 and 3 m diamond

suspension as an extra layer of polish. After that, a profilometer (Veeco Dektak 150) was used
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to measure their surface roughness, which was kept between 0.03 and 0.04 (Ra) on the scale.

A ball on a test sample plate was used to evaluate the tribological behavior of fuel samples, in

which the steel ball was allowed to slide on a steel plate while being submerged in 2.0 0.2

ml fuel sample in a reciprocating motion. The operating conditions for the tribology test are

listed in Table IV below and were based on ASTM D6079, which is the standard test method.

The following parameters were maintained: 1.0 + 0.02 mm stroke length, 50.0 + 1 Hz frequency

for 75 min, 2 + 0.01 N applied load, and a constant fuel temperature of 25 + 2 °C.

< Insert Figure 2 >

Figure 2 Schematic view of reciprocating friction and wear monitor (HFRR) rig
Table IV HFRR tribological test operating conditions

<Insert Table IV >

SEM was used to quantify the WSD of worn steel plate after tribological tests. Eq. 1 and 2

below were used to calculate the WSD of worn surfaces and the COF:

M+ N
2

WSD =

in which,

M = major axis (Um) measured through SEM

N = minor axis (Wm) measured through SEM
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Actual frictional force (N) ’

~ Applied Load (N)

oNOYTULT D WN =

12 2.7. SEM analysis
SEM was used to analyze the surface morphology of worn steel plates after tribological

tests. To visualise the type of wear, SEM images were obtained at magnifications of 500, 2000,

19 and 3000x.

26 3. Results and discussions

3.1 Chemical composition of PPO, PB, WCB and B10

32 The fatty acid composition varies depending on the type of biodiesel. Because of the various

35 sources of origin, each biodiesel has its own fatty acid content. In biodiesel, there are two types

of fatty acids: saturated and unsaturated fatty acids. Table I showed that saturated acids found

42 in PB include oleic acid and gondoic acid. Unsaturated acids found in PB include caprylic acid,

45 capric acid, lauric acid, myristic acid, pentadecanoic acid, palmitic acid, heptadecanoic acid,

49 arachidic acid and lignoceric acid. Oleic acid has the highest content of fatty acid in PB

52 (48.5%), followed by palmitic acid (34.7%). Meanwhile, saturated acids found in WCB include

caprylic acid, capric acid, lauric acid, myristic acid and pentadecanoic acid. Unsaturated acids

59 in WCB include linolenic acid and gondoic acid. WCB contains the highest content of gondoic
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acid (33.5%), followed by myristic acid (5.2%). Table I also showed that the percentage of

unsaturated fatty acid composition is more in PB (49.52%) as compared to WCB (35.94). The

biodiesel's unsaturated fatty acid content improves the lubricity of blended fuel. B10 contains

10% POB and 90% petroleum diesel, so its fatty acid content is lower than pure POB. B10

contains 3.32% saturated fatty acids, including 2.1, 0.8 and 0.4% palmitic acid, myristic acid

and arachidic acid, respectively.

Table V and Table VI show the chemical composition of B10 and PPO, respectively. B10's

GC-MS data reveals that alkanes make up the majority of its chemical components. Alkanes,

benzene, naphthalene, and alkenes, respectively, make up 50.0, 5.0, 4.0, and 0.3% of B10.

PPO's GC-MS data indicates that it contains alkanes, alkenes, and aromatics. Table VI also

reveals that PPO has a lower alkane concentration than B10. This could explain why PPO has

lower viscosity than B10, making it suitable for injection with diesel in diesel engines. PPO,

on the other hand, has more olefins than B10. PPO has higher benzene level than B10, but

lower naphthalene content. PPO can only be used as a mixed fuel with diesel because it has

less aromatic components than B10.

Table V GC-MS composition of B10

< Insert Table V >
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Table VI GC-MS composition of PPO

<Insert Table VI >

3.2  Physicochemical properties of PPO and WCB in PB-diesel blend

The data were used to evaluate the differences between fuel blends and serve as the basic

for comparing the PB-diesel fuel and quaternary fuel, as well as quaternary fuel at different

compositions of PPO and WCB. The percentage of PPO and WCB in PB-diesel fuel in each

sample is shown in Table II. All of fuel blend properties are listed in Table III.

The density of fuel can provide its composition and nature. The density of quaternary fuels

(B20, B30b and B40), mainly HC, varies, between 0.8446 and 0.9449 kg/m?. The densities of

B10 and B30a were 0.8482 and 0.8534 kg/m?, respectively.

The VI (viscosity index) of a fuel is a number that represents how viscosity changes with

temperature. A low VI indicates a significant variation in viscosity with temperature changes.

In other words, at high temperatures, the fuel becomes incredibly thin, whereas at low

temperatures, it becomes extremely thick. A high VI indicates that viscosity changes relatively

low over a wide temperature range. For the most part, a fuel that maintains a steady viscosity

across temperature fluctuations is desirable. When the engine is cold, fuel with the high VI

resists excessive thickening, which aids speedy starting and circulation. When the engine's
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sliding components are hot, it resists excessive thinning, ensuring full lubrication and avoiding

unnecessary fuel consumption. The VIis calculated using known viscosity at two different

temperatures (in this case, 40 and 100 °C). It can be seen from Table III, B30a secondary fuel

has a higher viscosity than that of B30b quaternary fuel.

3.3  Friction analysis

The COF trend of all evaluated fuel samples over time is shown in Figure 3a. Because there

was no lubricating layer between the mating surfaces in the early stages of the experiment, the

COF of most samples was high. The running-in period is the first step of the experiment. The

surface roughness between the friction surfaces will become smoother over time as a

lubricating layer forms between the contact surfaces. The steady-state condition refers to this

stage of experiment. The running-in duration for B30a fuel sample is short. The findings show

that as the percentages of biodiesel and PPO in the fuel increase, friction decreases. Biodiesel

with a higher oxygen content than diesel can help to reduce friction (Wain et al., 2005). Figure

3b shows the average of COF data during running-in state and steady-state for all analyzed

samples. The average values of COF for all studied samples (B30a, B40, B30b, B20 and B10)

were 0.127, 0.154, 0.155, 0.161 and 0.166, respectively.

<Insert Figure 3 >
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Figure 3 (a) COF during the run-in period and steady-state period and (b) average COF for all

tested fuel samples by HFRR tester

The COF reductions of all studied fuel blends (B30a, B40, B30b, and B20) were 23.89,

7.63, 6.89, and 3.16%, respectively, as compared to B10 diesel. When compared to B10, the

B30a fuel mix had the lowest COF due to the higher proportion of FAME, which acts as a

protective barrier between the contact (Pehan et al., 2009).

Due to the decrease in viscosity, which has a large influence on the lubricity of fuel, all

quaternary fuel blends (B40, B30b, and B20) exhibit an increase in COF of 21.27, 22.34, and

27.25%, respectively, when compared to B30a. Due to the increased biodiesel component

(Fazal er al., 2013), which enhances the viscosity of the blend, the B40 has the lowest COF

among the quaternary mixed fuels. Furthermore, increasing PPO and WCB concentrations in

quaternary blends reduces friction. Fazal ez al. (2013) made the same observation, stating that

COF reduced as biodiesel mix proportions increased. However, COF rose with increasing PPO

concentrations, according to Awang et al. (2020). In order to validate and better explain the

experimental results, similar research was evaluated. Table VII summarizes the COF and WSD

derived from this study as well as other research findings. Identical results have been achieved
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for COF. Biodiesel and PPO improve lubricating properties of diesel fuel, resulting in lower

COF than diesel fuel.

Table VII A brief comparison of COF and WSD resulted from present study with other

research works

< Insert Table VII >

34  Wear analysis

Figure 4 shows the average WSD of all analyzed samples. All of the samples tested (B40,

B30b, B20, B10, and B30a) had WSD values of 1.37, 1.56, 1.63, 2.48, and 2.73 mm,

respectively. WSD was reduced by 44.5, 37.0, and 34.1% for B40, B30b, and B20,

respectively, as compared to B10. As compared to B10, B30a showed a 9.3% increase in WSD.

The different acids produced upon oxidation of esters in PB cause this effect, which is known

as oxidative corrosion. Interestingly, as compared to B30a, the quaternary fuel mixes (B40,

B30b, and B20) exhibit a reduction in WSD of 49.66, 42.84, and 40.24%, respectively. Same

goes to COF, B40 also has the lowest WSD among quaternary fuel because of higher biodiesel

component that improve the viscosity of the blend. In addition, higher composition of PPO and

WCB in the quaternary fuels reduces the wear. According to Table VII, the present study
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reported that WSD exhibits the same pattern with previous studies, in which biodiesel and PPO

result in lower WSD than diesel.

oNOYTULT D WN =

11 < Insert Figure 4 >

14 Figure 4 Average WSD for all tested fuel samples by HFRR tester

18 SEM was used to examine the wear surface morphology of steel plates, and the scar worn

surface images are displayed in Figure 5. The findings show that all of the fuel samples

25 examined had significant surface deformations. Adhesive wear, tribo-oxidation, creaks and

28 cracks on the metal surface of B30a, B20, B10, and B30b were discovered. Grooves were only

discovered on the metal surface of B20. A similar observation was made on diesel fuel by Azad

35 et al. (2018), who looked at the lubricating properties of ternary fuel blends. Based on the

38 surface morphology, the balls removed the metal layers from the worn surface of their sliding

direction, as shown Figure 5. Adhesive wear was detected on the sliding surfaces due to the

45 increased wear debris particle size. Surface damage of more than 20 pm was measured,

48 implying this effect.

<Insert Figure 5 >
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Figure 5 SEM worn surface images at 500 (left), 2000 (middle), and 3000x (right)

magnification: (a, a’, a””) B10, (b, b’, b”) B30a, (c, ¢’, ¢”) B20, (d, d’, d”) B30a, and (e, e’, )

B40

The oxidative corrosion caused by various fatty acids was illustrated by the black areas on

the worn surfaces (Awang ef al,, 2020). The oxidation process converts the esters into fatty

acids such as formic acid, acetic acid, propionic acid, caproic acid, and others (Fazal ef al,

2013). The inclusion of polyunsaturated fatty acids in PB, such as oleic acid (Table I) , could

be the most influential factor in auto-oxidation (Fazal ef al., 2013). The presence of fatty acids

in PB caused corrosive oxidation, according to Table I. When PPO percentage in fuel blends

increased from 5 (B20) to 15% (B40), corrosive oxidation decreased due to the low

concentration of fatty acid and reduced oxidative corrosion.

Furthermore, B10 was found to have more creaks than quaternary fuels and B30a. This is

due to its lower viscosity, which results in a thinner protective layer. B40 produced a smoother

overall surface finish than B20 and B30b because of the polishing action of PPO (Awang et

al., 2020). An identical observation was made by Awang et al. (2020). They claimed that

increasing amount of PPO in the fuel blends improved the surface finish. Furthermore, higher

oxygen concentrations induced by WCB resulted in the creation of additional metal oxides,
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increasing the lubricating layer on the sliding surface. As a result, friction and wear between

the contact surfaces were reduced for B40.

4. Conclusions

The effects of PPO and WCB in the PB-diesel mixture on lubricating properties during

injection applications in diesel engines were the focus of this tribological study. All fuel

samples are evaluated using HFRR equipment to determine lubricity in compliance with the

ASTM D6079 standard method.

The percentage of unsaturated fatty acids is more in POB (49.52%) compared to WCB

(35.94%). This unsaturated portion of fatty acids in the biodiesel increases the lubricity of

blended fuel. PPO has a lower alkane content than that of B10, leading to lower viscosity of

PPO. Therefore, it is suitable for injection with diesel in diesel engines. The kinematic viscosity

and density of B30b quaternary fuels were lower than that of B30a binary fuel. B10 showed

the lowest lubricity compared to other fuel samples due to it high values of COF and WSD as

well as more surface deformations. The COF and WSD of all quaternary fuel mixes were lower

than B10 (commercial diesel). In comparison to B10, B30a showed a 9.3% increase in WSD.

The different acids created when the esters in PB are oxidized cause this effect, which is known
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as oxidative corrosion. Meanwhile, as compared to B30a, the quaternary fuel mixes (B40,

B30b, and B20) exhibit a reduction in WSD of 49.66, 42.84, and 40.24%, respectively.

In comparison to B30a, B30b exhibits a 22.34% increase in COF. For future study, the

additives such as nanoparticles or oxidised alcohol can be added in quaternary fuels to improve

lubricity properties, resulting in decreased COF when compared to blank quaternary fuels.

Because the nanoparticles serve as a sacrificial layer between the rubbing surfaces, this is the

case. Among the quaternary fuels, B40 exhibited the best overall lubricating performance,

which was confirmed by surface morphology analysis. B40 had the greatest COF and WSD

reductions of 7.63 and 44.5%, respectively, followed by B30b and B20. B40 also has the least

adhesive wear and tribo-oxidation than B20 and B30b. B40 produced a smoother overall

surface finish than B20 and B30b due to the polishing action of PPO.

It is proven that the addition of PPO and WCB into PB-diesel blend improves the durability

of diesel engines, pumps, and fuel injectors because they improve the lubricity of PB-diesel

fuel.
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Figure 1 Tested blank fuels and quaternary fuel blends
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Table I Chemical composition of PB, WCB and B10

Fatty acid Structure Area (%)

oNOYTULT D WN =

Common name

Formal name

PB

WCB

B10

Caprylic acid
Capric acid

Lauric acid
Myristic Acid
Pentadecanoic acid
Palmitic acid
Heptadecanoic acid
Oleic acid
Linolenic acid
Arachidic acid
Gondoic acid

Lignoceric acid

Octanoic acid

Decanoic acid
Dodecanoic acid
Tetradecanoic acid
Pentadecanoic acid
Hexadecanoic acid
Heptadecanoic acid
cis-9-Octadecenoic acid
cis-9,12,15-Octadecatrienoic acid
Eicosanoic acid

cis-11 Eicosenoic acid

Tetracosanoic acid

C8:0

C10:0
Cl12:0
Cl14:0
Cl15:0
C16:0
C17:0
C18:1
C18:3
C20:0
C20:1
C24:0

0.34
0.10
1.28
4.79
0.29
34.74
0.58
48.45

1.07
1.23

2.39
0.37
1.96
5.17
0.84

2.89

33.05

0.8

2.09

Total saturated fatty acids

43.35

10.73

Total unsaturated fatty acids

49.52

35.94
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Table II The composition of different tested quaternary fuel blends

Sample Code  Fuel composition (by volume)

B10 90% diesel and 10% PB

B30a 70% diesel and 30% PB

B20 80% diesel, 10% PB, 5% PPO and 5% WCB
B30b 70% diesel, 10% PB, 10% PPO and 10% WCB
B40 60% diesel, 10% PB, 15% PPO and 15% WCB
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Table III Physicochemical properties of tested fuel blends

Properties of test Test PB PPO WCB B10 B30a  B20 B30b B40
fuel method
Density at 15 °‘C  ASTM 0.9360 0.7903 0.8840 0.8482 0.8534 0.8474 0.8446 0.9449
(kg/m?) D4052
Kinematic ASTM 5.5932 1.4182 5.0406 2.7658 3.3093 2.8407 2.8885 2.868
viscosity at 40 °C D445
(mm?/s)
Kinematic ASTM 1.7414 05991 1.7593  1.2834 1.3551 1.2805 1.2244 1.1942
viscosity at 100 °C D445
(mm?/s)
Dynamic ASTM 39642 0.8537 3.8872 2.6453 28400 2.5468 2.4345 2.3407
viscosity at 40 °C D445
(mPa.s)
Dynamic ASTM 1.4158 0.4330 1.4458 1.0107 1.0337 1.0067 0.9612 0.9363
viscosity at 100 °C D445
(mPa.s)
Viscosity index ASTM 1839 763 226.3 1543 163.6 2263 2034 2334
D2270
Calorific  value 4420 4270  39.77 4470  43.82  43.15 43.17  42.57
(MJ/kg) ASTM
D240
Flash point ("C) ASTM 174 47 192 80 89 73 68 64
D93
Oxidation ASTM 3.96 4276 2.81 - 23.02 23.80 1228 749
stability at 110 °C  D7462

(induction

time/hr)
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Table IV HFRR tribological test operating conditions

Test parameters

Standard value

Sample temperature
Sample test duration
Applied load
Frequency

Stroke length

Sample volume

25°C

75 min

2N

50 Hz

1 mm

2 ml
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Table V GC-MS composition of B10

oNOYTULT D WN =

Retention Composition Compound Retention Composition Compound

10 Time (min) (%) time (min) (%)

12 11.878 1.14 Dodecane 24.862 2.23 Heptadecane
14 13.883 1.37 4-methyldecane 25.057 1.05 2,6,10,14-
16 tetramethyl-
pentadecane
14.714 1.04 Tridecane 27.054 2.60 Hexadecane
16.75 1.23 4,6-dimethyldodecane 27.855 1.41 Heptadecane
17.477 3.06 Hexadecane 29.207 3.02 Heptadecane
27 19.043 2.19 Hexadecane 29.687 29 Hexadecanoic acid
29 methyl ester
31 20.018 2.67 Hexadecane 31.177 2.05 Heptadecane
33 20.851 1.68 2,3,6-trimethylnaphthalene  31.843 1.08 Heneicosane
35 21.558 1.62 4-methyltetradecane 33.399 1.00 Heneicosane
37 22.477 2.63 Hexadecane 34.939 1.42 Heneicosane

39 23.623 2.75 Hexadecane 36.675 1.18 Eicosane
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Table VI GC-MS composition of PPO

Retention Composition Compound Retention Composition Compound
Time (min) (%) time (min) (%)
1,2,4-
5.673 1.04 22.175 3.15 1-tetradecene
trimethylbenzene
6.001 2.59 Methylstyrene 22.427 5.23 Hexadecane
1,1'-(1,3-
11.71 2.69 1-dodecene 23.627 1.35 propanediyl)bis-
benzene
1,1'-(1,3-
4,6-
12.833 1.08 23.635 1.29 propanediyl)bis-
dimethyldodecane
benzene
14.957 2.53 7-methylundecene 24.737 2.96 Heptadecane
17.187 4.34 1-tetradecene 26.92 2.52 Heptadecane
17.43 5.63 Hexadecane 29.005 2.37 Heneicosane
18.914 1.23 Heptadecane 30.99 1.88 Eicosane
19.104 1.08 Hexadecane 32.883 1.52 Heneicosane
19.738 4.20 1-tridecene 34.711 1.00 Heneicosane
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Table VII A brief comparison of COF and WSD resulted from present study with other

research works

oNOYTULT D WN =

10 Fuel Composition Reference COF WSD Reference
12 sample fuel (%) (%)

B40 60% diesel +10% PB +15% PPO Commercial | 7.63 | 44.5  Current study

15 +15% WCB diesel

17 B30 30% PB + 70% diesel 111.63 NA Razzaq et al

(2021)

20 B50 50% PB + 50% diesel 1374  |12.18 Fazal et al

22 (2013)

23 POMES0 50% PB + 50% diesel 11390 NA Jamshaid et

25 CPMESO 25% castor oil biodiesel +25% PB 1104 NA al. (2020)
and 50% diesel

28 PO10 10% PPO, 90% diesel 1 16.06 | 17.96 Awang et al

30 (2020)

B30 30% palm-sesame oil biodiesel + 131.10 | 43.27 Mujtaba et al.

33 70% diesel (2020)

35 NA: not available



