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a b s t r a c t

This study focused on evaluating the lubricity of diesel–biodiesel fuel with oxygenated alcoholic and
nano-particle additives. Fuel injection system lubrication depended primarily on the fuel used in the
diesel engine. Palm–sesame oil blend was used to produce biodiesel using the ultrasound-assisted
technique. B30 fuel sample as a base fuel was blended with fuel additives in different proportions prior
to tribological behavior analysis. The lubricity of fuel samples measured using HFRR in accordance with
the standard method ASTM D6079. All tested fuels’ Tribological behavior examined through worn steel
balls and plates using scanning electron microscopy (SEM) to assess wear scar diameter and surface
morphology. During the test run, the friction coefficient was measured directly by the HFRR tribometer
system. The results exhibited that B10 (diesel) had a very poor coefficient of friction and wear scar
diameter, among other tested fuels. The addition of oxygenated alcohol (ethanol) as a fuel additive
in the B30 fuel sample decreased the lubricity of fuel and increased the wear and friction coefficient,
among other fuel additives. B30 with DMC showed the least wear scar diameter among all tested fuels.
B30 with nanoparticle TiO2 exhibited the best results with the least wear scar diameter and lowest
friction coefficient among all other fuel samples. B30+DMC demonstrated significant improvement in
engine performance (BTE) and carbon emissions compared to different tested samples. B30+TiO2 also
showed considerable improvement in engine characteristics.

© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Rapidly increased energy demand and stringent emission re-
quirements attribute focus to renewable green biofuels from fos-
sil fuels. Biodiesel is a potential candidate as an alternative fuel
for compression ignition engines (Soudagar et al., 2020a; Ahmed
et al., 2020). Due to poor cold flow properties, insufficient ox-
idation stability, poor fuel atomization, and higher NOx emis-
sions, the biodiesel industry still faces problems in commercial-
ization (Mujtaba et al., 2020d; Razzaq et al., 2020). Nowadays,
biodiesel is blended with diesel fuel up to 30% in different regions
of the world without any engine modification (Mujtaba et al.,
rticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
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020c). Indonesia and Malaysia produce biodiesel from palm
il in the region of Asia. Indonesia and Malaysia are using B20
nd B10 biodiesel blends successfully, while B30 in Indonesia
nd the B20 in Malaysia will be introduced by 2020 (Elisha
t al., 2019; Yusoff et al., 2020). Diesel–biodiesel blended fuel
mproved the engine emissions instead of NOx but, at the same
ime, decreased engine performance. Various researchers blend-
ng various fuel additives (nanoparticles or alcohols) to improve
he Diesel–biodiesel blended fuel engine performance and engine
missions (Khan et al., 2020; Gavhane et al., 2020; Mujtaba et al.,
020a). Ultra-Low Sulfur Diesel (ULSD cleaner diesel) is produced
ith a maximum sulfur content of 15 ppm (Wadumesthrige et al.,
009). Diesel fuel’s lubricity is crucial for engine components
ecause injection systems and pumps are mainly lubricated by
iesel fuel (Gul et al., 2020a). The lubricity of diesel fuel is reduced
ue to the elimination of polar compounds (polyaromatic and
itrogen) during the desulfurization process. These compounds
roduce a lubricating film (protective layer) between the metal
ating surface to minimize wear and friction. High-pressure fuel

njection systems can also reduce engine emissions, so fuel lu-
ricity is key parameter to protect the injection system and other
ifferent engine components fuel lubricity (Lapuerta et al., 2010;
ul et al., 2020b).
Nowadays, researchers are blending fuel with nanoparticles

ike metal oxides of Al, Pt, Fe, Co, B, Ce, Ti, and Cu as an ad-
itive to improve engine performance and emission character-
stics (Mujtaba et al., 2020b). Nonmetallic Graphene oxides (GO)
nd Carbon Nano Tubes (CNT’s) blended with fuel as a prominent
dditive to enhance engine performance and emissions (Soudagar
t al., 2018, 2019). Saxena et al. (2019) reported that TiO2 showed
etter engine performance (thermal brake efficiency (BTE), brake
pecific fuel consumption (BSFC), and ignition delay (ID)) and
missions (hydrocarbons (HC) and smoke emissions). Among
on-metal oxides, CNT’s showed better engine performance and
missions results in comparison to diesel fuel. Zhang et al. (2019)
ompared to cerium oxide and carbon nanotubes as an additive
or engine testing, CNT nano additives exhibited better results in
educing engine emissions (NOx, PM, HC, and CO). El-Seesy and
assan (2019) investigated engine performance and emissions
y adding different non-metallic nanoparticles (graphene oxide,
raphene nanoplatelets, and carbon nanotubes) with jatropha
iodiesel–diesel blends. CNT’s additive exhibited a significant
eduction in specific fuel consumption and exhaust gas emis-
ions (NOx, CO, and HC). Few researchers have also mixed CNT’s
anoparticles with biodiesel–diesel fuel to improve the combus-
ion efficiency, cetane number, and calorific value of fuel (Sad-
ik Basha and Anand, 2013; Alias et al., 2013; Balaji and Cher-
lathan, 2015). Various researchers (Şen, 2019; Lin et al., 2012;
raioli et al., 2014; Pan et al., 2019; Atmanli, 2016; Liu et al.,
011; Soudagar et al., 2020b) also investigated the blending
f different oxygenated alcoholic additives (butanol, pentanol,
ropanol, ethanol, di-ethyl ether, dimethyl carbonate, etc.) with
iesel–biodiesel blends for improvement of diesel engine per-
ormance and emissions. Venu (2019) researched to evaluate
thanol’s influence (20%) with Diesel–biodiesel blends on en-
ine performance and emissions. The results exhibited a reduc-
ion in exhaust gas emissions (NOx, CO, HC, and smoke emis-
ions). Pan et al. (2019) conducted a research to investigate the ef-
ect of dimethyl carbonate coupled with exhaust gas recirculation
ethod to minimize the engine exhaust emissions. Their research
oncluded that small amount of DMC up to 20% plays a vital role
n reduction of 80% soot emissions. Dimethyl carbonate contains
aximum amount of oxygen content among other oxygenated

uel additives.
Fuel lubricity is a crucial factor that should be controlled
oncerning the durability of diesel engine components. Many
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nations started to use ULSD (Ultra-Low Sulfur Diesel) to fulfill the
Kyoto Protocol to minimize greenhouse gas emissions. ULSD has
very poor lubricity in comparison to petroleum diesel. Desulfu-
rization process reduced the sulfur content up to the minimum
level (15 ppm), polar compounds, and other heteroatoms (oxygen
and nitrogen compounds) from crude diesel (Farias et al., 2014).
Due to insufficient lubrication provided ULSD fuel during fuel
injection and pumping, engine parts become corroded or dam-
aged. The addition of biodiesel in petroleum diesel significantly
reduced the wear and friction due to the presence of 98% methyl
ester content and other trace elements (monoglycerides, free
glycerin, diglycerides, free fatty acids, antioxidants, tocopherols,
vitamin E, etc.) (Wadumesthrige et al., 2009). By incorporating
fuel additives, several experts have researched enhancing engine
performance and emissions. It is also necessary that this additive
effect on the lubricity of blended fuel or ternary fuel (diesel–
biodiesel-additive) should also be evaluated prior to diesel engine
testing.

This study evaluates the effect of fuel additives on the lubricity
of Diesel–biodiesel blends (B30 as a base fuel) that were already
proved good for enhancing the performance and emissions of
the IC engines. Tribological behavior was observed for ternary
blends (diesel–biodiesel-fuel additive) for the durability of diesel
engines, pumps, and fuel injectors. According to the procedure
described in ASTM, ternary fuel blends’ lubricity is evaluated
using HFRR (D6079-11). Palm–sesame oil blends were prepared
to produce biodiesel. Palm and sesame oil mixed with a ratio of
50:50 to improve cold flow properties and oxidation stability.
Sesame oil is mixed with palm oil prior to biodiesel produc-
tion to improve palm oil’s poor cold flow properties. Sesame
oil exhibits excellent cold flow properties as well as oxidation
stability, among other feedstocks. Sesame oil contains naturally
occurring antioxidants. Sesame crop is cultivated in mostly Africa
and Asia region. The United Republic of Tanzania is leading in the
cultivation of sesame crops around the globe. The cost of low-
quality sesame seeds is 0.64 $/kg, and sesame seed oil is 1.28
$/L (Mujtaba et al., 2020d).

In diesel engines, pumps and injectors are lubricated by diesel
fuel itself during operation. Many researchers used different fuel
additives (nanoparticles and oxygenated alcohols) to improve
diesel engine performance and emission characteristics (Soudagar
et al., 2018; Farias et al., 2014). Few researchers explored the
effect of fuel additives on the lubricity of the fuel. The lubricity
of fuel is a critical parameter related to the durability of diesel
engines. Fuel additive’s lubricity should be analyzed prior to
engine testing. The lubricity of diesel injectors is crucial during
the supply of diesel fuel in the combustion chamber. HFRR test
is conducted with a ball-on-plate combination to analyze diesel
fuel’s lubricity with biodiesel and fuel additives mixture for fuel
injector application. For this research work, ethanol and dimethyl
carbonate has been chosen as an oxygenated distilled fuel addi-
tive and carbon nanotubes and titanium oxide as a nanoparticle
additive. Scanning electron microscopy (SEM) tool utilized to
analyze the plate and ball scars used in HFFR tests.

2. Materials and methods

2.1. Raw materials and chemicals

Crude palm oil (CPO) was taken from Sime Darby Plantation
Berhad (Jomalina Refinery), Malaysia. Crude sesame oil (CSO)
was sourced from the local market of Lahore, Pakistan. Methanol
with purity 99.9% from Friendemann Schmidt, ACS, potassium
hydroxide pellets (KOH) AR grade from Friendemann Schmidt,
and Whatman filter papers Filtres Fioroni). Dehydrated Ethanol
(purity: >99.5%) from Friendemann Schmidt, Dimethyl Carbonate
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Table 1
FAME of P50S50 biodiesel produced from ultrasound-assisted technique.
Components of methyl esters Carbon structure Palm–sesame blend biodiesel
(FAME: w/w%) P50S50

Methyl Myristate C14:0 0.48
Methyl Palmitate C16:0 24.59
Methyl Stearate C18:0 4.45
Methyl Oleate C18:1 42.48
Methyl Linoleate C18:2 26.92
Methyl Linolenate C18:3 0.49
Methyl Arachidate C20:0 0.57
Total saturated 30.09
Total unsaturated 69.89
Table 2
Physicochemical properties of tested fuel samples.
Fuel samples Physicochemical properties of fuel and its blends

Density Viscosity Viscosity index Calorific value
kg/m3 mm2/s – MJ/kg

Standard specifications for pure biodiesel
ASTM D6751 (Standard specifications) (Mujtaba et al., 2020d) 870–890 1.9–6.0 – –
EN 14214 (Standard specifications) (Mujtaba et al., 2020d) 860–890 3.5–5.0 – –
Tested fuel samples
B10 (commercial diesel) 855.9 3.1507 81.2 44.1927
B100 (P50S50 biodiesel) 880.4 4.2110 186.2 40.2151
B30 (70% Diesel and 30% Biodiesel) 852.6 3.3189 164.2 43.4013
B30 + 20% (V/V) Dimethyl carbonate 878.0 2.0149 – 40.4611
B30 + 10% (V/V) Ethanol 847.0 3.0025 – 41.7887
B30 + Carbon Nano Tubes (100 ppm) 853.1 3.8064 176.8 43.075
B30 + TiO2(100 ppm) 853.0 3.8606 208.3 44.006
Extra Dry (purity: 99+%) from Acros Organics and Nanoparticles
(Carbon Nano Tubes and TiO2) was taken from the chemistry
department, University of Malaya. According to ASTM (D6079-
11) dimensions, AISI 52100 Chrome hard polished steel balls with
a diameter of 6.2 mm was purchased by SKF Malaysia Sdn Bhd,
and 15 mm SAE-AMS 6440 steel smooth diamond polish disk was
procured from the local market.

2.2. Biodiesel production

Ultrasound-assisted trans-esterified biodiesel produced from
Palm–sesame oil blend with (50:50 blend ratio). Ultrasound-
assisted trans-esterification was carried out under the following
working conditions: methanol to oil ratio (9:1), time (40 min),
catalyst concentration (1 wt%), and duty cycle (60%). When the
transesterification reaction was completed, the reactor mixture
was shifted to a funnel to separate methyl ester and glycerine
with impurities. This mixture was left for 8 h settling time in the
funnel. The lower layer containing glycerol was formed, while the
upper layer contained biodiesel, catalyst, and excess methanol.

The lower layer was removed from the funnel by an open-
ing stopcock. The upper layer containing catalyst and methanol
content was washed with warm water (40 ◦C) until the clear
water layer was found. Hot bubble washed methyl ester was
shifted to the round bottom flask (500 ml) for further purification
of methyl ester by removing water and methanol content using
rotary evaporator equipment at 70 ◦C with rotational speed 150
rpm for 30 min. Lastly, evaporated biodiesel was filtered using the
Whatman filter paper to eliminate the remaining trace amount of
catalyst and stored in a vacuum chamber. The maximum optimal
P50S50 predicted yield 96.138% was obtained using ELM coupling
with cuckoo search optimization algorithm with optimum pro-
cess variables: time (38.96 min), duty cycle (59.52%), methanol
to oil ratio (60 V/V%), and catalyst (KOH) amount (0.70 Wt.%).
The gas chromatography equipment (Agilent 7890, USA) was
utilized for the fatty acid composition of P50S50 biodiesel, as
shown in Table 1. Physicochemical properties of P50S50 biodiesel

mentioned in Table 2.
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2.3. Fuel sample preparation

Seven fuel samples were used to study the tribological behav-
ior and lubricity of fuels. Commercial diesel (B10) was obtained
from Shell, Malaysia, which was further used to compare other
fuel samples results. B100 (P50S50 biodiesel) is produced at a
lab scale. B30 (70% Diesel and 30% biodiesel) fuel sample is
prepared by mixing 20% of biodiesel with commercially available
diesel. Four fuel additive samples were ready to analyze their
effect on the lubricity of fuel during fuel injection. B30 fuel is
mixed with Dimethyl Carbonate (DMC) 20% by volume. Another
alcoholic B30 fuel sample is prepared by mixing 10% Ethanol in
volume. Ultrasonicated B30 with Carbon Nano-tubes (CNT) fuel
sample is produced. Nanoparticle additive B30 with a TiO2 fuel
sample is prepared after ultrasonication. B30 and alcoholic fuel
samples were prepared with 900 rpm stirring speed in 20 min.
Nanoparticle additive fuel samples were prepared by mixing 5 mg
of nanoparticle per 50 ml of B30 fuel with 20 mg of sodium dode-
cyl sulfate as a surfactant. B30 with nanoparticle and surfactant
stirred at 900 rpm for 30 min and then sonicated for 10 min at
pulse rate (3 s on and 2 s off) with 30% amplitude. Before tribolog-
ical studies, seven fuel samples’ physicochemical properties were
measured like viscosity, viscosity index, and density (SVM 3000)
and calorific value (C2000 basic calorimeter) in Table 2. QSONICA
(Q500 Sonicate), which had a 20 kHz frequency with a maximum
rated power of 500 W, was used for biodiesel production and
preparation of nanoparticle fuel sample.

2.4. Tribological HFRR test

Seven fuel samples were evaluated using the High-Frequency
Reciprocating Rig (HFRR) equipment from DUCOM (Model: TR-
281-M8) shown in Fig. 1. The testing specimen plates were pre-
pared by cutting 15 mm x15 mm pieces. The specimens were
polished with 600, 800, 1000, 1500, and 2000 silicon carbide
papers using the polishing machine. Then, the 3um and 1um dia-
mond suspension were used for further polishing. The specimens’

surface roughness was between 0.03 µm (Ra) and 0.04 µm (Ra).
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Fig. 1. Schematic diagram of Reciprocating Friction and Wear Monitor (HFRR) Rig.
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Table 3
HFRR tribological test operating conditions.
Test parameters Standard value

Sample temperature 60 ◦C
Sample test duration 70 min
Applied load 500 g
Frequency 10 Hz
Stroke length 2 mm
Sample volume 5 ml

The surface roughness of the specimens was measured by a pro-
filometer (Veeco Dektak 150). A ball on a test specimen plate is
performed to analyze the tribological behavior of fuel samples. A
steel ball slides on a steel specimen plate submerged in 5.0 ± 0.2
l fuel sample in a reciprocating motion with 2.0 ± 0.02 mm
troke length at a frequency 10.0 ± 1 Hz for 70 min with an
pplied load of 5 ± 0.01 N. Fuel temperature is constant at
0 ± 2 ◦C during the tribology test. All operating conditions were
ollowed by standard test method ASTM D6079-11 and given in
able 3.
After tribological experiments, Scanning Electron Microscopy

SEM) was utilized to investigate the surface morphology and
easure the wear scar diameter (WSD) of worn steel ball and
teel plate. SEM images were captured at 2000 x and 3000 x mag-
ification to visualize the nature of wear. The WSD of worn sur-
aces was calculated using the following equation WSD = (M +

)/2. In this equation, M represents the major axis, and N repre-
ents the minor axis (µm) measured through SEM. The coefficient
f friction was measured by using the following equation:

Coefficient of friction (µ)

= Actual frictional force (N)/Applied Load (N)

. Results and discussion

.1. Tribological behavior: Coefficient of friction and wear scar di-
meter

Coefficient of friction trend for seven fuel samples illustrated
n Fig. 2. The lubricity of diesel fuel is evaluated using a com-
on standard test method (ASTM D6079-11) using the High-
requency Reciprocating Rig (HFRR). The maximum allowable
ear scar diameter measured by standard test method at 60 ◦C
 a
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is 520 µm (ASTM D 975-10) and 460 µm (EN 590-10), according
to American and European standards respectively (Farias et al.,
2014). At the start of each experiment, the friction trend is un-
stable with respect to time known as the run-in period. After a
few minutes, this friction trend starts to stabilize, known as the
steady-state condition (Habibullah et al., 2015). It is seen from the
friction trend that the un-steady state of B10 (Diesel) increases
with time in comparison to other B30 fuel samples with additives.
The presence of more percentage of ester content in biodiesel fuel
samples provides a better protection layer as compared to B10
(Diesel) and B30 fuel sample. The presence of ester content in
the fuel sample leads to the conversion of run in the period to
steady-state conditions quickly (Konishi et al., 1996). The run-in
period for pure P50S50 biodiesel is lowest due to ester molecules’
adsorption existing in the biodiesel sample. In the case of B100
biodiesel, ester molecules of biodiesel stick to the metallic contact
surface. Fatty acids methyl ester reacts with metallic surfaces
and forms a protective layer between them. Which decreased the
‘run-in period’ for pure biodiesel. A similar trend can be seen in
nanoparticle fuel samples; the presence of nanoparticles in fuel
samples acts as a surfactant for two metallic contact surfaces.
Ester molecules and nanoparticles’ presence in fuel samples act
as a surfactant for contact surfaces (Fazal et al., 2013). It can be
deduced from Fig. 2; the friction coefficient decreases gradually
with respect to time for all fuel samples except B100 and B30
+ Eth fuel samples. The coefficient of friction for B100 and B30
+ Eth increases up to 10 min and then sudden decrement in
value with time. This phenomenon occurred due to the fatty acid
composition of biodiesel like after the run-in period, fatty acids of
B100 and B30 + Eth fuel samples were not involved in lubricant
film formation until the period of 10 min after the development
of a thin film layer resulting in a rapid reduction of the friction
coefficient for B30 and B100 respectively (Zulkifli et al., 2013).

B10 (Diesel) has a higher average coefficient of friction
(0.0676) and lower lubricity among other fuel samples due to
the presence of higher Sulfur content. In diesel engines, fuel
lubricity is important because it provides lubrication during ro-
tating pumps and fuel injection (Barbour et al., 2000). B100
biodiesel and B30 fuel sample showed good lubricity and low
coefficient of friction compared to alcoholic additives (B30 +

MC and B30 + Eth) and B10 (Diesel). The higher percentage
f unsaturated fatty acids and long carbon chain fatty acids in
iodiesel enhanced the lubricity of fuel and reduced the wear

nd friction between metallic contact surfaces. Another reason is



M.A. Mujtaba, H. Muk Cho, H.H. Masjuki et al. Energy Reports 7 (2021) 1162–1171

T
t
l
f
t
d
o
d
A
e
b
t
i
h
f
W
o

Fig. 2. Coefficient of friction trend with respect to time (min).

Fig. 3. Wear scar diameter and coefficient of friction of tested fuel samples.

that heteroatom lubricating film’s uniform availability between
mating surfaces also reduces the friction because heteroatom
includes oxygen and Sulfur content. The kinematic viscosity of
the B30 + Eth fuel sample is 3.0025 mm2/s, as shown in Table 2.
he B30 + Eth sample’s lubricity is significantly affected due
o lower density, which further hinders the formation of the
ubricating thin film between ball-plate metallic contact. B30
uel sample contains a low percentage of oxygen content, but
he B30 + Eth fuel sample contains a high oxygen content rate
ue to high oxygenated alcohol (ethanol). The higher percentage
f oxygen resulting in increased wear and friction coefficient
ue to oxidation of metallic surface can be seen from Fig. 3.
similar trend is reported by various researchers (Kuszewski

t al., 2017; Lapuerta et al., 2010). Lower lubricity of ethanol B30
lend is mainly affected by following properties like volatility,
emperature-sensitive, tribological behavior, and blending stabil-
ty. The addition of ethanol up to 10% by volume resulted in a
igher coefficient of friction, and wear scar diameter can be seen
rom Figs. 2 and 3. These results attributed that higher COF and
SD in the case of B30 + Eth was due to high evaporation rate
f ethanol from lubricating film.
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Fig. 4. Schematic diagram of the lubrication mechanism during the HFRR test
with Nanoparticles (Gulzar, 2018).

B30 fuel blended with ethanol-fueled in compression igni-
tion engine, which produced oxidation products during contin-
uous flow through the injection system. These products removed
the oxide layers from the injection system’s moving compo-
nents, and consequently, the anti-wear effects weaken. Similar
increments in wear for diesel–ethanol blend were reported by
other researchers (Chacartegui et al., 2007; Corkwell and Jackson,
2002). Dimethyl carbonate (DMC) as an oxygenated fuel addi-
tive blended with B30 showed promising WSD and COF results
compared to B30 blended with ethanol. DMC contains a higher
amount of oxygen content among all fuel samples. From Fig. 3,
the WSD value for B30 + DMC is lowest among all fuel samples.
The result can be attributed that at the start of the experiment,
the anti-adhesive oxide layer is formed between metallic contact
surfaces, which resulted in less wear and less WSD.

Nanoparticles combined with lubricants to improve their lu-
bricity, wear, and friction. During this HFRR test, nanoparticles
make a lubricating film between the metallic contacts. There are
four different types of phenomena in the lubrication mechanism,
like ball-bearing effect, protecting film formation, polishing, and
mending impact, as shown in Fig. 4.

In this research work, Titanium oxide (TiO2) and Carbon Nano
Tubes (CNT’s) were combined with a B30 fuel sample to in-
vestigate its effect on the lubricity of fuel for injection system
application. B30 + TiO2 fuel sample showed the least friction
coefficient (0.0430) among all other fuel samples, followed by
B100 (P50S50). From Fig. 3, B30 + TiO2 exhibited better anti-wear
behavior and reduced coefficient of friction. This result attributed
the formation of effective and uniform lubricating thin TiO2 film
between metallic surface contact (ball to plate). Other researchers
also reported the significance of nano-TiO2 in reducing the fric-
tion coefficient of mineral lubricant (Shahnazar et al., 2016; Wu
et al., 2007; Arumugam and Sriram, 2013; Ingole et al., 2013).
Similarly, the above-mentioned experimental results support the
addition of TiO2 in fuels to enhance its lubricity for fuel injectors.

B30 + CNT fuel sample showed better tribological properties
(WSD and COF) among all other fuel samples instead of B30 +

TiO2. B30 + CNT fuel sample exhibited the lowest WSD due to
the formation of lubricating thin CNT anti-adhesive film between
contact surfaces. COF of the B30 + CNT fuel sample is higher than
B30 + TiO2 due to particles’ agglomeration in the fuel sample. The
dispersion of CNT’s in the fuel sample is quite challenging due to

CNT’s chemical inert behavior (Shahnazar et al., 2016).
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Fig. 5. SEM micrographs of worn steel ball used in HFRR test magnified at 3000x.
Lubricating thin films’ stability between metallic mating sur-
aces depends on the fuel’s fatty acid composition, fluid viscos-
ty, temperature, dispersion of Nano-additives in fuel, applied
oad, and speed (Maleque et al., 2000). Oxidation phenomenon
ransforms ester into different fatty acids (propionic acid, formic
cid, acetic acid, etc.) that increase fuel lubricity. Still, some-
imes it becomes corrosive for diesel engine components (pump
nd injection system) (Maleque et al., 2000; Sulek et al., 2010;
nastopoulos et al., 2001). Length of carbon chain molecules,
egree of unsaturation (presence of double and triple bonds),
xygen content in biodiesel, nanoparticle additives, and oxy-
enated alcoholic additives play an important role in enhancing
he lubricity of the fuel. Impurities, in the form of monoglycerides,
iglycerides, and free fatty acids in biodiesel, also contributed to
he lubricity improvement (Hu et al., 2005).
1167
3.2. SEM analysis

3.2.1. Morphological study of worn steel ball
Fig. 5 shows the micrographs of worn steel balls used for vari-

ous fuel samples during the HFRR test to visualize wear behavior.
Major surface deformation can be visualized from micrographs
of B10, B30, B30 + Eth, and B30 + CNT. It is observed that
particles detached from the cavities of worn steel balls of B10,
B30, B30 + Eth, B30 + CNT, and B30 + TiO2 are much bigger
than 20 µm, which attributed to adhesive wear. The particles
detached from the surface of B100 and B30 + DMC worn steel
balls are lower than 20 µm (abrasive wear). The removal of larger
particles of more than 20 µm from surface cavities known as
adhesive wear (Rabinowicz, 1984). The small particles detached
from worn surfaces lower than 20 µm reflecting towards abrasive
wear (Sperring and Nowell, 2005). Fig. 5 (1) B100 shows that
Black spots can be seen, predicting the oxidation phenomena. It
will demonstrate the presence of oxygen content, which will help
to form a lubricating film between mating surfaces due to the
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Fig. 6. SEM micrographs of worn steel plate used in HFRR test magnified at 2000x.
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onversion of Fe3O4 and Fe2O3 inorganic oxides (Zulkifli et al.,
013). In B10 (Diesel), severe adhesive wear can be seen due to
arge particles’ detachment from the worn surface.

Abrasive wear can also be visualized in the form of scratches.
rom Fig. 5 (3,5,6,7), the extrusion of small metal can be seen
n the form of adhesive wear. Micro pits and corrosion activity
an be visualized in the case of B30 + DMC and B30. As a result,
xidative corrosion is occurred in the form of corrosive wear
ue to the formation of different peroxides and acids during
xidation.

.2.2. Morphological study of worn steel plate
Fig. 6 showed the surface morphology of worn surface plates.

he micrograph of B100 depicts the oxidation process, which
rovides a lubricating film between rubbing surfaces. This re-
ult is attributed to oxygen content, double bonds, and a long
hain of carbon atoms in biodiesel. This oxidative layer formed
nd removed continuously due to sliding motion, therefore giv-
ng a smooth surface. But with time, these removed unreactive
etergents cause an increase in wear.
 B

1168
Deep grooves and scratches can be observed in the case of B10
Diesel). This result is attributed to the erratic friction coefficient
ehavior and lack of lubricating thin film between rubbing metal-
ic surfaces. Small sliding grooves, micro pitting due to corrosion
ctivity in case of B30 + Eth fuel sample. The B30 + DMC
urface’s micrograph shows a corrosive surface due to a chemical
ttack on the plate’s surface. This result is attributed to oxidative
ear and metallic soap formation due to metallic surface reaction
ith the chemical. Oxidation can be seen in B30 + TiO2, which
rovides lubricating film between mating surfaces and reduces
he overall coefficient of friction. Few deep grooves were also
bserved due to rubbing of debris and lead to adhesive wear.

.3. Engine performance and emission characteristics

Fig. 7 exhibited the engine performance characteristics (BTE
nd BSFC) at full load engine conditions. TiO2 and DMC were
ested as fuel additives with diesel–biodiesel fuel blends due
o better tribological behavior, among other fuel additives. The
verage BSFC values are 0.421, 0.442, 0.45 and 0.46 kg/kWh for

30 + TiO2, B30 + DMC, B10 and B30, respectively. Ternary fuel
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Fig. 7. BTE and BSFC trend for all fuel blends at full load condition.

lends showed a significant reduction in BSFC values of 8.48% and
.91% for B30 + TiO2 and B30 + DMC compared to B30 fuel.
The reduction in BSFC in nanoparticle ternary fuel blends due

o lower ignition delay time resulted in less premixed combustion
f fuel and air mixture (Nadeem et al., 2006). Oxygenated alcohol
s a fuel additive showed a promising reduction in BSFC value
ue to lower viscosity and dimethyl carbonate density, which
elped improve fuel spray characteristics, resulting in enhanced
ombustion performance (Imtenan et al., 2015; Soudagar et al.,
021). The average BTE values are 22.15, 21.12, 20.51 and 20.12%
or B30 + DMC, B30 + TiO2, B10 and B30, respectively. Ternary
uel blends showed a promising increase in the thermal efficiency
f 10.09% and 4.97% for B30 + DMC and B30+ TiO2 due to
igh oxygen content. Oxygenated alcohols improved the BTE due
o a high amount of oxygen content, which helped in better
ombustion and lower combustion time (Khalife et al., 2017).
uel additives provide the excess oxygen in the fuel-rich zone
uring combustion in the combustion chamber, which resulted in
mproved combustion; consequently, BTE is increased compared
o B30 fuel. B30 fuel showed very less BTE and brake power
ue to high viscosity compared to other fuel blends which re-
ulted in poor atomization due to poor fuel spray characteristics.
iO2 as a fuel additive act as a combustion catalyst due to its
hemical reactive surface with excess oxygen, which resulted in
nhanced combustion; consequently, BTE is increased (Saxena
t al., 2019). Örs et al. (2018) also reported a significant reduction
n BSFC 27.73% for B20 fuel with the addition of TiO2 compared
o B20 fuel. Yuvarajan Devarajan found a significant reduction in
SFC 4.1% and increased BTE 1.6% with DMC’s addition as a fuel
dditive.
Fig. 8 showed the carbon emissions (HC and CO) trend at full

oad conditions. HC and CO emissions reduced for all fuel blends
ompared to commercial diesel (B10). CO emissions are produced
ue to incomplete combustion or partial combustion. The higher
oncentration of biodiesel in diesel–biodiesel fuel blends resulted
n lower carbon emissions due to excess oxygen content, which
mproved the combustion process. CO emissions vary according
o the combustion chamber’s air-to-fuel ratio (Habibullah et al.,
014). The average CO emissions are 1.26, 1.57, 1.79, and 1.92
/kWh for B10, B30, B30 + TiO2, and B30 + DMC, respectively.
All ternary fuel blends showed a significant reduction in CO

missions compared to B10 due to higher combustion tempera-
ure in the combustion chamber. The conversion to CO2 increased
ue to higher combustion temperature because of excess oxygen
1169
Fig. 8. The trend of carbon emissions (HC and CO) for fuel blends at full load
condition.

(higher air–fuel ratio) provided by fuel additives during the com-
bustion process. On average, ternary fuel blends, including B30,
showed a promising reduction of 6.57%, 18.22%, and 34.51% for
B30, B30 + TiO2, and B30 + DMC, respectively compared to B10
(commercial diesel). Alcoholic ternary fuel blends exhibited high
CO emissions reduction due to the presence of a higher percent-
age of oxygen content in its molecular structure, which helped
convert CO to CO2 and enhance the combustion process (Imtenan
et al., 2014). Nanoparticle blended fuel also exhibited a significant
reduction in CO emissions compared to B30 due to the presence
of oxygen content, high chemical reactive surface, and larger
surface area for the better combustion process, which resulted in
a complete conversion of CO to CO2.

HC emissions are produced due to an incomplete combustion
process (Marikatti et al., 2020). All ternary fuel blends showed
a promising reduction in HC emissions compared to B30 and
B10 due to higher oxygen content and higher cetane number,
which resulted in lower ignition delay (Anand et al., 2010). On
average, HC emissions are 64, 56, 51, and 44 g/kWh for B10,
B30, B30 + TiO2, and B30 + DMC, respectively. On average,
there is a significant reduction in HC emissions 12.5%, 20.06%,
and 31.25% for B30, B30 + TiO2, and B30 + DMC compared to
B10 (commercial diesel). Alcoholic ternary fuel blends showed
a noticeable reduction in HC emissions due to peak in-cylinder
temperature and pressure, resulting in an improved and complete
combustion process (Pan et al., 2019). Nanoparticle ternary fuel
blends also showed a significant reduction in HC emissions due
to the accelerated oxidation process for conversion of HC to
water or CO2 provided by nanoparticles, resulting in lower HC
emissions (Kalam and Masjuki, 2008).

4. Conclusion

This tribological study mainly focused on the lubricity of diesel
fuel during injection applications in diesel engines. All diesel fuel
samples are tested using HFRR equipment to evaluate diesel fuel
lubricity compliance with the protocol set out in ASTM standard
D6079-11. After the experimental investigation, WSD, COF, and
microscopic images of SEM for B10 (Diesel) depict inferior results
compared to other fuel samples. On average all fuel samples
showed significant reduction in coefficient of friction 34.03%,
31.47%, 26.6%, 16.37%, 32.61% and 36.25% for B100, B30, B30
+ DMC, B30 + Eth, B30 + CNT and B30 + TiO2 respectively
compared to B10 (commercial diesel). Among ternary fuel blends,
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30 + TiO2 showed a promising reduction in COF due to titanium
anoparticles ball-bearing effect during rubbing of metallic sur-
aces. B10 (commercial diesel) exhibited very poor COF and WSD
esults compared to other tested fuel samples. These poor results
ttributed the un-steady state coefficient of friction with running
ime due to weak lubricating film between two metallic rubbing
urfaces (ball to plate). The coefficient of friction is improved
or all other fuel samples due to unsaturated fatty acids, oxygen
ontent, and a trace amount of free fatty acid content in biodiesel.
thanol blended fuel samples showed very high wear and coef-
icient of friction in comparison to other additives. During the
est, the loss of ethanol evaporation results in weakening lubrica-
ion film formation between mating surfaces. Dimethyl carbonate
lended fuel samples exhibited better results in comparison to
thanol. Its wear scar diameter is very less among all tested fuel
amples due to the anti-adhesive lubricating film’s formation at
he beginning of the experiment due to high oxygen content in
he fuel sample. Oxidative wear can also be seen from SEM images
n the case of B30 + DMC due to chemical attacks on the metallic
late surface. Nanoparticles blended fuel samples showed the
est tribological behavior among all tested fuel samples. Both
ear and coefficient of friction are reduced due to the formation
f lubricating nanoparticle thin film between metallic contact
urfaces. Nanoparticles act as a sacrificial layer between metal-
ic rubbing contact. The friction coefficient for the B30 + CNT
uel sample is high compared to the TiO2 blended fuel sample.
ddition of nanoparticles in B30 diesel–palm–sesame–biodiesel
lends showed better tribological properties, among other all
uel additives. Dimethyl carbonate exhibited better wear and
riction coefficient among alcoholic additives for diesel engines.
30 + DMC exhibited very promising diesel engine performance
nd emission results compared to other tested samples due to
igher oxygen content. B30 + TiO2 also improved diesel engine
haracteristics compared to B30 fuel.
It is concluded that the addition of nanoparticles like TiO2

nd alcohol like dimethyl carbonate in B30 diesel–palm–sesame–
iodiesel fuel is good for the durability of diesel engines, pumps,
nd fuel injectors because these additives improve the lubricity
f the B30 fuel.
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