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Abstract: While the methyl ester structure in biodiesel is responsible for lubrication improvement
in base fuels with poor lubricity properties such as ultra-low sulfur diesel and non-upgraded HVO,
relatively little is known about its effect on all-level blends, which would provide higher energy
security for biodiesel utilization. In this study, binary blends of palm oil biodiesel (POB) with
commercial petroleum diesel fuel (DF) and HVO at every 10%-v/v blend point were analyzed using
a high-frequency reciprocating rig (HFRR) according to the standard method of ASTM D6079. It was
found that the addition of POB successfully improved the lubricating properties of DF-CN48 and
DF-CN51 and efficiently acted as a lubricity improver that showed a minimum friction coefficient
and improved the specific wear rate. The adsorption of ester molecules on the metallic surfaces acted
as a protective layer during the rubbing process, resulting in lubricity improvement for the diesel
fuel. Interestingly, the 60–90%-v/v POB blend with HVO showed a lubricity capacity that competed
determinatively and attractively, resulting in a non-ideal contribution to the changes in the friction
coefficient, WSD formation, and specific wear rate.

Keywords: biodiesel; diesel fuel blends; HVO; HFRR; lubricity

1. Introduction
1.1. Background

Diesel fuel is widely used for heavy-duty vehicles in the transportation and industry
sectors. It provides higher thermodynamic efficiency and fuel economy compared with
motor gasoline engines. In 2040, the global demand for diesel fuel is expected to increase
to 1834 billion liters, according to data from the Organization of Petroleum Exporting
Countries (OPEC) [1]. Unfortunately, burning diesel also contributes to global warming,
ozone depletion, and air pollution. Therefore, diesel alternatives have been proposed to
reduce the dependency on petroleum-based diesel and use more sustainable resources,
such as vegetables and animal fats. However, using vegetable oil and animal fats directly
causes engine problems due to their high viscosity [2,3]. Alternatively, transesterification
and hydrotreatment processes can be applied to vegetable oils and animal fats to yield
hydrotreated vegetable oil (HVO) and fatty acid methyl ester (FAME), which have more
desirable properties for biodiesel. The trend of HVO production for the biodiesel supply
increased from 5 percent in 2019 to 10 percent in 2021. Meanwhile, Indonesia’s largest
crude palm oil producer reported a continuous increase in production since 2015, with
48 million tons of CPO being produced in 2019. CPO resources potentially increase the
size of the biodiesel supply. However, considering its sustainability, biodiesel production
from CPO creates full life-cycle environmental issues. Therefore, using non-edible oils as
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feedstocks for biodiesel production can reduce competition for food production resources
and reduce greenhouse gas emissions. Moreover, the environmental impact of biodiesel
synthesis from non-edible oils depends on factors such as the type of feedstock used, the
energy source for production, and the disposal of waste products [4,5].

Many studies have reported that biodiesel has been proposed as a lubricity improver
for a long time, opening a potential market [6]. It is fascinating if blended with other base
fuels with poor lubricity properties, such as non-sulfur diesel and non-upgraded HVO [7,8].
The chemical composition of HVO consists of simple n-alkane. In contrast, diesel fuel
consists of a complex mixture of hydrocarbons, resulting in a higher cetane number than
HVO of approximately 69–75 [9], while the standard minimum is 40, based on ASTM D975.
The heat release rate of HVO is higher than that of diesel fuel [9]. With the environmental
benefits of HVO and palm oil biodiesel, these fuels are considered to be viable alternatives
to diesel fuel. Furthermore, using biodiesel for lubricity improvement is an option for
low-sulfur diesel fuel. A de-sulfuration process in petroleum diesel is needed to ensure
the correct operation of after-treatment techniques, but at the cost of decay in the lubricity
capability of the fuel. This can be compensated with the addition of biodiesel, even as an
additive (at very low concentrations) [10,11].

However, the lubricity of diesel fuel is an essential factor that should be considered
before applying the fuel in the automotive industry, as it protects engine moving parts
from wear [12]. Diesel fuel injection equipment relies on the lubricating properties of diesel
fuel. A lack of lubricity in diesel fuel produces a shortened life of engine components, such
as diesel fuel injection pumps and injectors. Furthermore, to prevent surface-to-surface
contact and reduce wear under loads, the fuel must have the ability to form a protective
film that is indicated by the film percentage in a lubricity analysis [13]. There are two
standard methods for determining fuel lubricity: the high-frequency reciprocating rig
(HFRR) methods of ASTM D 6079 and the scuffing load ball on cylinder lubricity evaluator
(SLBOCLE) of ASTM D 6078. Nevertheless, no absolute correlation has been developed
between the two test methods.

1.2. Literature Analysis

The HFRR lubricity tester has become a widespread method for determining diesel
fuel lubricity. It is evaluated according to the wear scar diameter (WSD), in microns,
produced on an oscillating ball from contact with a stationary disk immersed in the fluid
operating under defined and controlled conditions [14]. Generally, the smaller the wear
scar, the greater the lubricity of the sample. Therefore, the lubricity analysis also produces
a friction coefficient and film percentage. The friction coefficient describes a ratio that
defines the force that resists the in-motion contact between two surfaces. This ratio depends
on a material’s properties, and most materials have a value between zero and one [15].
The higher the lubricity of a fuel, the lower the friction coefficient it has. In the literature,
the HFRR method has been used to evaluate the relative effectiveness of diesel fuels for
preventing wear under prescribed test conditions. Nevertheless, the correlation of HFRR
test results with the field performance of diesel fuel injection systems has not yet been
determined. Moreover, the HFRR method is designed to evaluate boundary lubrication
properties. Therefore, the friction and wear between two surfaces in relative motion are
determined via the surfaces’ properties and the contacting fluid’s properties. At the same
time, the effects of viscosity on lubricity in this test method are not eliminated but only
minimized [14,16,17].

During the past several years, many studies have investigated the effects of blending
alternatives with diesel fuel on the lubricity characteristics of the fuel blends. Xu et al. [18]
successfully characterized emulsified rice husk biodiesel lubricity using an HFRR. The
result showed that the bio-oil has better friction reduction and worse wear resistance
than diesel fuel. Further examination of the diesel and bio-oil chemical compositions was
performed using FTIR. They suggested that the lubricity properties of the emulsified bio-oil
were supported by the polar groups and oxygenic compounds that cause the micro-bio-oil
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drops to penetrate the surfaces of moving components and produce a chemical reaction
that provides lubrication. Meanwhile, the presence of oxygen might increase the corrosion
on a surface. Previously, Suarez et al. [19] compared the lubricity of fatty acid mono-alcohol
biodiesel, soybean oil pyro-diesel, and their blends with high- and low-sulfur petroleum
diesel. Using the HFRR method and a ball-on-disk experiment, it was found that the
biodiesel and pyro-diesel lubricities were superior compared with petroleum diesel. Thus,
the bio/pyro/diesel blend has better lubricity than petroleum diesel [20,21]. Currently, the
sulfur content in ASTM D975 diesel fuel is kept low, to a maximum of 15 ppm, to reduce
the emission of sulfur oxides. However, the sulfur content increases wear resistance [8] and
fuel oxidation stability [22].

Lubricant tribological properties can be significantly improved by incorporating nano-
additives. In general, additives are used to enhance the tribological and thermal properties
of a base oil or fluid. Additives such as titanium dioxide, aluminum oxide, zinc oxide,
copper and copper oxide, carbon nanotubes, molybdenum disulfide, tungsten disulfide,
and diamond improve the heat dissipation rate, load carrying capacity, and wear and
friction properties of a base oil or fluid. It is believed that the lubrication mechanisms of
lubricant additives include tribofilm formation, the rolling bearing effect, microstructure
transformation, and synergistic and repairing effects. Furthermore, their impacts on the
environment, safety, and health-related aspects invite more research, and this shows that
lubricity research is still very interesting to investigate further [23,24].

The ASTM 7467 standard specification for diesel fuel oil and biodiesel blends (B6–B20)
states that they should conform to the requirements of the WSD (using an HFRR) and
cannot exceed 520 µm. Meanwhile, according to the requirements for fuels determined in
the Worldwide Fuel Charter for category 1, 2, and 3 fuels for compression-ignition engines,
the WSD (determined using an HFRR) cannot exceed 460 µm, whereas for category 4 and
5 fuels, this value cannot be greater than 400 µm [17]. The EN 15940 of the European
specification for hydrogenated vegetable oil (HVO) limits the WSD to a 460 µm maximum,
which is the same value as the HVO specification for Neste Renewable Fuel, while the
Crown UK limits it to a 400 µm maximum. Therefore, the lubrication properties of diesel
fuel, biodiesel, HVO, and their binary blends are still interesting to be explored regarding
the trend of using HFRR test results to determine diesel injection pump distress, which is
believed to be a factor in the operation of the component.

1.3. Research Objective

A tribological study of any new fuel blend is important to ensure sustainable engine
durability. The main point is the lubricity analysis of all types of renewable fuels, which
are important to evaluate and are presented in this study. Moreover, the HFRR test method
applies to middle-distillate fuels, which are similar to petroleum-based fuels used in diesel
engines, and biodiesel blends. However, the suitability of the HFRR method to analyze
the lubricity of HVO and paraffin still needs to be explored. This suitability is related to
some of the literature showing that an HVO blend with pure esters allows the isolation of
and interference with the effects of each ester molecule to produce positive results on the
lubrication capacity.

Our study aimed to determine the effect of the volume of palm oil biodiesel (POB) on
the lubricity properties of two types of diesel fuel (DF), i.e., DF with cetane number 48 and
a sulfur content maximum of 2000 ppm (DF-CN48), and DF with cetane number 51 and
a sulfur content maximum of 500 ppm (DF-CN51), and also hydrogenated vegetable oil
(HVO). This study aimed to look into the effect of the methyl ester structure in biodiesel
on lubrication improvement, particularly in all-level blends. While previous research has
shown that the methyl ester structure positively affects low-lubricity base fuels, little is
known about its impact on all-level blends, which could potentially contribute to increased
energy security for biodiesel utilization. This research sheds light on the lubricity properties
of POB blends with DF and HVO. The novelty of this work mainly lies in the following two
aspects. First, we evaluate the suitability of the HFRR method for analyzing the lubricity of
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HVO (paraffin) blends, which has not been investigated previously. This is an important
aspect that can help to determine if the HFRR method can be used to analyze the lubricity
of a wider range of renewable fuels. Second, we investigate the impact of the methyl ester
structure in biodiesel on lubrication improvement, particularly in all-level blends. This is a
novel aspect, as it has not been extensively explored before, and it has the ability to lead to
a rise in energy security for biodiesel use.

2. Materials and Methods
2.1. Materials

In this study, four types of fuels were used to evaluate their lubrication properties.
Herein, four fuel types were produced by the major Indonesian fuel and biofuel companies.
Two types of commercial diesel fuel, namely, DF-CN48 and DF-CN51, and two types of
biofuels, i.e., palm oil biodiesel (POB) and hydrogenated vegetable oil (HVO), were used.
The lubricating properties of each binary fuel blend sample were prepared by mixing POB
(purity > 98,75%-mass) with DF-CN48, DF-CN51, and HVO, respectively. Herein, each
group’s mixture and blend were carried out on a volume basis at 28 ◦C to make several
test fuels, i.e., with 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, and 90% FAME contents
in each fuel test sample. The POB composition for this blend is shown in Table 1 and
comprised 43.74%-mass of saturated methyl palmitate, 7.38%-mass of saturated methyl
stearate, and 46.34%-mass of unsaturated methyl oleate. Each test sample blend was
verified based on its methyl ester content according to the ASTM D7806 method with the
interlaboratory development method. All samples comprised the blends’ values in the
prepared fuel test samples, and the various blends used in this study are listed in Table 2,
and the nomenclature is used throughout the manuscript. Fuels were tested immediately
after blending to avoid moisture being trapped during long-term storage.

Table 1. Composition of palm oil biodiesel.

Composition Mass Percentage (%)

Methyl palmitate 43.74
Methyl stearate 7.38
Methyl oleate 46.34

Monopalmitate 0.21
Monostearate 0.08
Monooleate 0.24

Table 2. Methyl ester content in each test sample.

Test Fuel %-vol Blend
Methyl Ester Content (%-v/v)

DF-CN48 DF-CN51 HVO

B0 0% 0 0 0
B10 10% 10.1 10.2 10.0
B20 20% 19.9 19.8 20.1
B30 30% 30.1 30.0 30.0
B40 40% 40.0 40.0 40.1
B50 50% 50.3 49.8 50.2
B60 60% 61.7 60.2 59.8
B70 70% 72.1 72.4 71.9
B80 80% 83.6 83.5 83.2
B90 90% 87.4 88.7 88.4
B100 100% 98.74 * 98.74 * 98.74 *

* Using gas chromatography.
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2.2. Fuel Characterization Test Method

Several characterization techniques were used in this study to investigate the fuel
properties of the fuel test samples. The densities of the fuel samples were determined using
an automatic density meter in accordance with ASTM D 4052. The kinematic viscosities
were determined using an ASTM D 445 capillary tube viscometer with a calibration constant
of 40 ◦C. The cloud points and CFPPs were determined using ASTM D 5773 and ASTM D
6371 using an automatic cloud point and cold filter plugging point analyzer. The acidity of
the fuel samples was determined using an ASTM D 664 potentiometric titration method.
The oxidation stability of the fuel test samples was determined using the standard method
described in EN 15751 during the induction period. In further investigations, the water
content was carried out according to ASTM D 6304. The cetane numbers and calorific
values were determined using ASTM D 613 and ASTM D 240. Moreover, each test was
repeated 3–5 times until the test’s repeatability was lower than that stated in the ASTM
method, and the average values were taken.

2.3. HFRR Test Method

A high-frequency reciprocating rig (HFRR) instrument (PCS Instrument D-1731) was
used to evaluate the fuel lubricity of each test sample according to the ASTM D6079
standard method (Figure 1). Typically, a test specimen ± 2 mL of fuel was placed in the
test reservoir of the HFRR. Subsequently, a vibrator arm holding a nonrotating steel ball
loaded with a 200 g mass was lowered until it came into contact with a test disk wholly
submerged in the fuel. Afterward, the ball was used to rub against the disk with a 1 mm
stroke at 50 Hz for 75 min. More specifically, the conditions related to the lubricity test are
summarized in Table 3.
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Table 3. Lubricity test conditions.

Parameter Value

Volume of fuel sample (mL) 2 ± 0.2
Stroke length (mm) 1 ± 0.02

Frequency (Hz) 50 ± 1
Fuel sample temperature (◦C) 60 ± 2

Test mass (g) 200 ± 1
Test duration 75 ± 0.1

The test conditions were maintained at 60 ◦C with a 30% to 85% ambient relative
humidity. Later on, the upper specimen holder was removed from the vibrator arm and
cleaned. The wear scar was captured using the digital microscope camera. Finally, the
friction coefficient was recorded, and the wear scar diameter (WSD) (in µm) was measured
by calculating the dimensions of the wear scar on the x-axis (WS x-axis) and y-axis (WS y-axis)
using Equation (1).

WSD =
WSx−axis + WSy−axis

2
(1)
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Uncertainty measurement was conducted to ensure the reliability of the test results.
Uncertainty during experiments may be caused by several factors, e.g., the type of instru-
ment, experimental setup, and surrounding conditions. The experiment was performed
at least three times for each sample to minimize bias. The uncertainties for each lubricity
parameter were determined from the average total uncertainty in the measurement based
on determining all the sources of uncertainty that affected the measurement process. The
uncertainty values for the friction coefficient, film percentage, and wear scar diameter were
±0.01, ±2, and ±5, respectively.

3. Results and Discussions
3.1. Physiochemical Properties of the Fuel

The physicochemical properties of DF-CN48, DF-CN51, HVO, and POB used in this
work are shown in Table 4. As the results show, HVO has a higher cetane number than the
other diesel fuels and POB. However, HVO is denser and more viscous than diesel fuel.
Meanwhile, POB has a higher water content and acid value than HSD and HVO. Moreover,
due to its paraffinic compounds, HVO has greater oxidation stability than POB, which has
unsaturated compounds in its methyl ester structure. Moreover, according to the ASTM
standard method, distillation characteristics were determined for each base fuel, resulting
in a distillation curve based on each base fuel’s composition.

Table 4. Physiochemical properties of the base fuels.

Property POB DF-CN48 DF-CN51 HVO

Density at 15 ◦C (kg/m3) ASTM D 4052 873 834 837 783
Viscosity at 40 ◦C (mm2/s) ASTM D 445 4.79 3.32 3.14 3.45

Cloud point (◦C) ASTM D 5773 14.8 8.9 1.1 11.1
CFPP (◦C) ASTM D 6371 12 7 −2 9

Distillation range (◦C) ASTM D 86 322–345 145–356 151–355 268–312
Sulfur content (mass %) ASTM D 4294 <0.001 0.15 0.03 <0.001

Lubricity (microns) ASTM D 6079 206.5 288.5 453.5 209.5
Water content (mg/kg) ASTM D 6304 298 87 72 54

Acidity value (mg KOH/g) ASTM D 664 0.36 0.08 0.05 0.10
Oxidation stability (hours) EN 15751 17 >180 >180 >180

Higher heating value (MJ/kg) ASTM D 240 41.410 45.215 45.660 47.050
Cetane number ASTM D 613 57 48 51 >75

The typical distillation curves of the test fuels are shown in Figure 2. In principle,
hydrocarbons outside of the presented boiling range are also suitable for the combustion
of diesel. DF-CN48 and DF-CN51 have a wide boiling point range, which can be divided
into 3 sections: a light fraction (10% distilled T10), a medium fraction (50% distilled T50),
and a heavy fraction (90% distilled T90). The results show that DF-CN48 and DF-CN51
have broad distillation curves caused by containing various hydrocarbon compounds as
components. Furthermore, POB and HVO have flat curves compared with DF-CN48 and
DF-CN51. It is clear that biodiesel has a major methyl ester component with a boiling range
of 322–345 ◦C, and HVO has a major paraffinic compound component with a boiling range
of 268–312 ◦C.
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3.2. Friction Behavior Analysis

Figure 3 shows the friction behavior of DF-CN48, which was influenced by the POB
percentages in the blends. It can be seen that the friction coefficient fluctuated during the test
time. Based on the results, the friction coefficient value decreased with an increasing POB
percentage in DF-CN48 due to the lubricating properties of the methyl ester compounds.
Specific confirmation of the positive impact of POB on the lubricity of diesel fuel is found
in the research conducted by Lapuerta et al. [25]. Adding 10% biodiesel to e-diesel (7.7%
ethanol v/v in diesel fuel) reduces the corrected WSD from 327 µm to 275 µm compared
with pristine e-diesel (without % biodiesel v/v).
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The highest average friction coefficient value is 0.150, which is the average friction
coefficient for DF-CN48, and the lowest is for POB, with an average friction coefficient
value of 0.126. The friction coefficient value with an increasing POB percentage looks
tenuous, even though there are some points at specific minutes whose values are close
together. From Figure 3, it can be analyzed that the film percentage value is not directly
proportional or inversely proportional to the POB volume in DF-CN48, in contrast with the
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friction coefficient value, which decreases with the addition of POB to DF-CN48. According
to Mei et al. and Sundus et al. [26,27], the decrease in the friction coefficient with the
increasing POB percentage could be attributed to the methyl ester compound in the DF-
CN48 blend. The ester group in POB has lubrication properties whereby they are adsorbed
on the metal surface to soften the friction [26]. Interestingly, increasing levels of POB in
DF-CN48 resulted in smoother WSD values and smaller diameters. This phenomenon is
due to the adsorption of ester molecules on the metallic surfaces, which acted as a protective
layer during the rubbing process [13,28].

Figure 4 shows the values of the friction coefficients, which decrease with an increasing
volume of POB. It is clear that methyl esters have high lubricating properties, resulting
in a reduced friction coefficient and increased film percentage with the effect of the POB
volume in DF-CN51. Based on the results, DF-CN51 has the highest friction coefficient
value with an average of 0.293 compared with the POB friction coefficient of 0.126. The
experimental results show that adding biodiesel decreases the friction coefficient from 0.30
to 0.14–0.12 for B10–B90. It is worth noting that having no lubricating film between the
contacting surfaces during the test led to a very high friction coefficient for DF-CN51. After
adding POB, steady-state conditions were achieved due to it forming a thin lubricating
protective layer between the metallic surfaces, leading to a lower friction coefficient. The
pure POB sample showed a minimum friction coefficient due to the adsorption of ester
molecules on the metallic surfaces, which acted as a protective layer during the rubbing
process [29,30]. It is clear that the ester molecules in POB in the DF-CN51 fuel samples
assisted in forming a protective lubricating film between the contacting surfaces. From
Figures 3 and 4, it is evident that POB acts as a lubricant additive and a friction modifier
for diesel fuel (DF-CN48 and DF-CN51) based on the principle of film formation on metal
surfaces. On these protected engine components, the lubricant additive has a mechanism of
being adsorbed on the surfaces to reduce the friction coefficient of the engine components
in contact with each other [17,31].
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The effect of biodiesel in HVO on the fuel’s lubrication properties is shown in Figure 5.
An interesting trend was found in the friction coefficient value with the increasing POB
content in the HVO. However, it is worth noting that a non-equal contribution towards the
friction coefficient was also observed when the POB concentration was beyond 60–90%-v/v.
As a result, pristine HVO has a friction coefficient of 0.125, and the value decreases gradually
to the lowest at B30 with a friction coefficient of 0.121. At B40, the friction coefficient value
increases gradually until the highest value at B80 of 0.128. The film percentage produced
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with B0 is 93%, the same as that with B100, and increases for B10, B20, B30, B40, and B50
with a film percentage of 95%. Then, the film percentage decreases to 91% for B60, B70, B80,
and B90. Based on the results, 10–50% POB blends in HVO showed noticeable lubricity
improvements with friction coefficients lower than that for pristine HVO. According to
the literature, mixing biodiesel and HVO must produce effective lubricity properties to
prevent the removal of the adsorbed film formed under low-stress conditions at the test
temperature and load. Nevertheless, the higher ester content in POB-HVO blends did not
contribute to the lubricity capacities of the fuel blends (for 60–90% POB). It is clear that a
change in the saturation degree in higher-POB blends did not cause a strong improvement
in the HVO blends’ lubricity capacities [12,28].
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3.3. Wear Characteristics

The wear characteristics of each fuel blend sample in the HFRR test occurred on the
surface of the test material on a friction node determined by the physical processes. The
appearance of the wear scar on a ball can vary with the fuel type, particularly when lubricity
additives are present. The wear scar appears to be a series of scratches in the ball’s direction
of motion, somewhat larger in the x direction than in the y direction. In some cases, for
example, when low-lubricity reference fluids are tested, the boundary between the scar
and the discolored (but unworn) area of the ball is distinct, and it is easy to measure the
scar size. In other cases, the central scratched part of the scar is surrounded by less distinct
wear, and there is no sharp boundary between the worn and unworn areas of the ball, and
it shows cracks in different directions.

An increase in the methyl ester (POB) in the diesel fuels (DF-CN48 and DF-CN51)
increased the oxygen molecules in the samples. The presence of oxygen is conducive
to tribochemical processes, which, in turn, leads to a change in the chemical and phase
composition of the material [13,32]. It is clear that the evolution of the chemicals and phases
led to metal oxides forming and a reduction in the friction coefficient of the friction node.
The lubricating properties of generated metal oxides and their mixtures are determined
by their ionic potentials, as pointed out in [15,33,34]. A higher ionic potential carries out a
stronger polarization effect leading to a lower friction coefficient. Low ionic potential in fuel
can increase the friction coefficient and intensify wear, with a higher wear scar diameter
(WSD) value [8,35]. According to Kuszewski et al. [17], at low oxygen concentrations
in a sample, the wear is decreased by the oxygen due to the formation of anti-adhesive
oxide layers. Higher concentrations lead to excessive oxidation of the friction surface,
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leading to more intensification of wear. However, the wear characteristics phenomenon in
the POB blends in DF-CN48 and DF-CN51 were associated with the anti-adhesive oxide
layer formation and wear resistance increase at the beginning of the test. Clearly, such
a phenomenon is dominant in generating wear scars [36,37]. As shown in Figures 6–8,
confirmation of the tribochemical reactions within the test friction pair is given in the
photographs showing wear scars on the test balls. The effect of POB addition into DF-CN48,
DF-CN51, and HVO was analyzed for its degree of conformity correlation with the WSD
formation and its significance model to evaluate the results further.
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Figure 6. Effect of POB percentage on (a) WSD photographs (red lines are the wear scar measurement
guides) and (b) WSD values of DF-CN48 blends with POB percentages (Bxx).
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Figure 7. Effect of POB percentage on (a) WSD photographs (red lines are the wear scar measurement
guides) and (b) WSD values of DF-CN51 blends with POB percentages (Bxx).

Figure 6 shows the wear scars produced with each additional volume of POB in
DF-CN48. The results show decreased WSD values when increasing the POB volume in
DF-CN48. Successively, rising levels of POB in DF-CN48 resulted in smoother WSD values
and smaller diameters. DF-CN48 has an immense WSD value of 288.5 µm, which decreases
with the POB volume in DF-CN48. Meanwhile, the smallest value of the wear scar diameter
with POB is 206.5 µm, with a smooth and precise WSD character. Clearly, every 10%-v/v
addition of POB to DF-CN48 results in a 3% decrease in WSD formation. As shown in
Figure 6, the addition of biodiesel improved the lubricity of DF-CN48, with a polynomial
fitting chosen for the generated model. Furthermore, the calculated R2 value (0.9951) of
the polynomial fitting was also considerably high and considered to be in good agreement.
It is clear that all the DF-CN48 and biodiesel blends following the model satisfy the limit
of ±5%.
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Figure 8. Effect of POB percentage on (a) WSD photographs (red line is the wear scar measurement
guide) and (b) WSD values of HVO blends with POB percentages (Bxx).

The wear scar characteristics resulting from the variation in POB in DF-CN51 are
shown in Figure 6. The wear scar looks more precise and smoother with the increase in POB
in DF-CN51. Methyl ester is an active compound that can become concentrated on a metal
surface, forming a thin adsorbed layer. The coating can naturally change the molecular
structure (via intermolecular forces) and surface characteristics of the metal. It causes a
change in the process kinetics involved in transferring substances across the surfaces that
rub against each other [13,15]. As a result, an increase in POB in DF-CN51, results in a
change in the conditions of the molecular interactions between the two contacting surfaces
and their effect on minimizing WSD formation [13,17]. It is worth noting that adding the
first 10%-v/v biodiesel to DF-CN51 resulted in the optimal WSD improvement, with a
decrease of 22%. Adding 10% POB further reduced WSD formation by 2–7% (B20–B90).
These results indicate that the effect of biodiesel as a lubricant improver additive is very
influential on the type of fuel used. In this study, DF-CN48 and DF-CN51 have differences



Lubricants 2023, 11, 176 13 of 17

in their compositional hydrocarbon compositions, which are determined via the differences
in their distillation ranges, as shown in Figure 1. For further analysis, the polynomial
fitting expresses the effect of biodiesel addition on DF-CN51, as demonstrated in Figure 7.
According to the results, the model’s calculated R2 value (0.8828) is considerably high,
implying that the model accurately navigates the correlations of all the samples following
it satisfying the limit of ±10%.

Figure 8 shows that increasing the WSD increased the percentage of POB in the HVO
mixture. The wear scar character in the HVO mixture tends to be longer and smoother as
the percentage of the POB volume increases. Many dominant vertical strokes are found on
B70, B80, and B90. The test results show that biodiesel in HVO only affects the WSD by
1–3% (B10–B50). However, it is worth noting that a non-equal contribution to the WSD was
also observed when the POB concentration was beyond 60–90%-v/v. These results suggest
optimizing biodiesel as an additive improver to increase the effectiveness of the material’s
lubricity is imperative. According to [17,29], compounds with good lubrication properties
are adsorbed as thin layers on metal surfaces. These layers can be easily cut off and easily
distracted by rough moving surfaces. The most exciting thing is that all these compounds
(methyl esters) function via adsorption on the metal surface, and the adsorbed layer can
be easily removed due to friction on the rough surface. After removing the stress, the
adsorbed layer can return to its original position [7]. This phenomenon can be described in
the experimental results of the POB-HVO blends. In such a non-ideal mixture, the methyl
ester in POB and the paraffinic compounds in HVO show effects of lubricity that compete
determinatively and attractively with each other, resulting in a non-ideal contribution to
the friction coefficient and WSD value.

According to the requirements for fuels determined in the Worldwide Fuel Charter for
category 1, 2, and 3 fuels for compression-ignition engines, the WSD (determined using
an HFRR) cannot exceed 460 µm, whereas for category 4 and 5 fuels, this value cannot be
greater than 400 µm. Thus, all the blends of DF-CN48 and HVO with POB in Figure 8 meet
the requirements for all fuel categories for compression-ignition engines. Interestingly, with
POB blends, DF-CN51 can fulfill the requirement in the WWFC, whereby pristine DF-CN51
has the highest WSD (467 µm).

Table 5 summarizes the results of a generated model using ANOVA analysis. The
ANOVA suggested that the polynomial model was the best based on the results. It repre-
sents the relationship between the lubrication properties of the fuel test samples (Y) and
the concentration of POB (x). As shown in Table 3, the calculated F-value for the generated
model of each blend of DF-CN48, DF-CN-51, and HVO with POB was 402.85, 57.51, and
19.10, respectively. The results indicate that the model is significant, with a 0.01% chance of
occurring due to noise. Furthermore, the considerable values of the error probability (P)
were also found to be less than 0.05 (<0.0001 for DF-CN48 and DF-CN51 with POB blends
and <0.005 for HVO with POB blends). This suggests that the addition of POB blends
significantly affects the values of the DF and HVO blends’ wear scars with a probability
level of 95%. Therefore, the generated polynomial model is sufficient for describing the
fuels’ lubrication properties.

Table 5. Analysis of variance (ANOVA) results for fuel test lubricity.

Fuel Blends Sample Model F-Value P R2 Adj. R2

DF-CN48 with POB
blends

Polynomial 402.85 <0.0001 0.9951 0.9877
Y = 0.0043x2 − 1.229x + 288.06

DF-CN51 with POB
blends

Polynomial 57.51 <0.0001 0.8828 0.8535
Y = −0.0092x2 − 2.7522x − 411.44

HVO with POB blends
Polynomial 19.10 <0.005 0.9629 0.8786

Y = −0.001x3 − 0.146x2 − 4.647x + 219.74
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The specific wear rate for each fuel blend was determined in this study according to
the literature [11]. The specific wear rates (Wball) were calculated as per Equations (2)–(4):

Vball =
πh
6

(
3d2

4
+ h2

)
(2)

h = r −
√

r2 − d2

4
(3)

Wball =
Vball
NS

(4)

where d is the average wear scar diameter on rubbed balls, r is the tested ball radius, S
is the sliding distance, and N is the normal load. Figure 9 shows the impact of frictional
species growth kinetics on the surface material wear. According to the results, DF-CN48,
DF-CN51, and HVO have specific wear rates of 126, 311, and 66 µm3/Nm, respectively
(where pristine POB has the lowest specific wear rate of 64 µm3/Nm). The addition of
POB decreased the specific wear rate. As a result, the POB used in this work contains
methyl ester compounds that act as lubricity improvers, leading to the lower typical wear
rates measured in DF-CN48, DF-CN51, and HVO. It is clear that the specific wear rates
correlate linearly with the wear scar diameters and friction coefficients. The lower the
friction coefficient of the fuel blends, the lower the wear diameter and specific wear rate
they have, signifying the higher lubricity of the fuels.
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4. Conclusions

This work comprehensively presented a lubricating properties investigation on the
effects of POB blends in diesel fuel (DF-CN48 and DF-CN51) and HVO. Based on the results,
the addition of POB successfully improved the lubricating properties of the DF-CN48 and
DF-CN51 fuel samples. The key points of the results indicate the ability of POB to act as a
lubricity improver, efficiently showing a minimum friction coefficient due to the adsorption
of ester molecules on the metallic surfaces, which act as a protective layer during the
rubbing process. This phenomenon was indicated in the more positive film percentage
and the specific wear rate decrease. Such a phenomenon was obtained due to the ability of
the ester molecules in POB to assist the protective lubricating film formation between the
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contacting surfaces. The results demonstrated that an increase in the POB blend in DF-CN48
and DF-CN51 resulted in a change in the conditions of the molecular interactions between
the two contacting surfaces and the effect of minimizing WSD formation. Meanwhile,
adding 10%-v/v POB to DF-CN51 resulted in the optimum WSD improvement, with a
decrease of 22%. However, adding 10% POB to DF-CN48 decreased the WSD by 3%,
linearly. These results indicate that the effect of biodiesel as a lubricant improver additive
is very influential on the type of fuel used. Interestingly, the methyl ester in POB and
paraffinic compounds in HVO show lubrication effects that compete determinatively and
attractively with each other with 60–90%-v/v of POB. Consequently, the POB-HVO blends
at these levels have non-ideal contributions to the friction coefficients and WSD values.
The results demonstrate that adding POB blends significantly affects the values of DF and
HVO blend wear scars with a probability level of 95%. Therefore, the generated polynomial
model is sufficient for describing the fuels’ lubrication properties. Future research should
consider field testing under real-world conditions to confirm the findings of this study
and consider the full life-cycle environmental impacts of biodiesel use to determine its
sustainability.
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