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ABSTRACT

Article history:

Vegetable oils are becoming increasingly important as an alternative lubricant oil due
to their non-toxic, renewability and biodegradability characteristics. They are
considered as promising candidate to replace the conventional petroleum based
lubricant which are constantly threatening our environment. However, most of the
vegetable oils are facing common issue which is low oxidative stability that limits them
to be used directly as bio-lubricant oil. This work studied the application of TertiaryButyl-Hydroquinone (TBHQ) as synthetic base anti-oxidant agent inside palm kernel oil
(PK). The effect of load on the tribological performance of lubricant formulated were
tested using four-ball tribo-tester according to ASTM D4172 standard with duration of
60 minutes for each test. The results obtained were compared to the commercialized
mineral (MO) and semi-synthetic engine oil (SSO) for the reference purpose. Based on
the result obtained, the coefficient of friction of palm kernel is smaller as compared to
commercialized petroleum based oil. This is contributed by the presence of long polar
fatty acid structure that acts as a protective film between two rubbing surfaces. The
addition of anti-oxidant, TBHQ also helps to further reduce the friction coefficient of
PK. However, the wear scar diameter of PK and PK+TBHQ are larger compare to MO
and SSO. Thus, it can be concluded that TBHQ manage to enhance the friction reducing
performance of PK by lowering the value of friction coefficient. However, there is still
room improvement for the anti-wear properties of palm kernel oil.
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1. Introduction
In recent years, our planet is facing a lot of environmental issues like global warming, climate
change and water pollution. Many factors are contributing to these issues including emissions of
pollutant gases, improper waste disposal and the usage of non-biodegradable products. According
to report, about 50% of total production of mineral lubricants worldwide accumulates in the
environment every year and will directly contaminate water sources, cause infections towards
human and bring damage to aquatic ecosystem [1,2]. In response to this issue, there are growing
interest for the development of renewable energy in Malaysia. The study on the application of nano
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particle inside various field [3-5], the development of wind turbine [6, 7] and the research on the
potential of vegetable oil as lubricant oil [8, 9] are becoming the latest interest for many researchers
today.
Recently, vegetable oils are potential substitutes for petroleum based lubricant not only because
they are renewable raw materials but also because they are biodegradable and non-toxic. The
tribological properties of vegetable oils are excellent and have potential to be used as lubricants such
as high-viscosity index, high lubricity and low volatility [10].
However, low oxidation stability is becoming one of the main issue that restricting the industry
acceptance towards the application of vegetable based lubricant. In common vegetable oils,
oxidation stability is primarily affected by the degree of unsaturated double bonds. Carbon-carbon
double bonds are highly tending to act as active sites for many reaction including oxidation [11].
As the level of unsaturation increase, the more double bond present, the easier for the vegetable
oil to oxidized [12]. This issue can be progressively solved by reducing the level of unsaturated fatty
acid through chemical modification method such as blending, interesterification, hydrogenation and
epoxidation [13-15]. However, the excessive modification of vegetable oils will ruin their useful
lubrication properties. Thus, a proper balance must be met to produce bio-lubricant which can meet
standard requirement for the lubricant oil. Besides that, the oxidation stability of vegetable oils can
be enhanced by addition of anti-oxidant packages.
Anti-oxidant is an additive that can interrupt the oxidation process, forming stable molecule and
slowing the reaction of double bond with oxygen molecules [16]. Previously, studies on TBHQ as an
anti-oxidant oxygen have been carried out by many researchers in various applications. A study was
conducted by Munoz et al., to analyse the effectiveness of using TBHQ in stabilizing compounds of
biodiesel in long storage time [17]. As the results, the addition of TBHQ was able to prolong induction
time. Similarly, it has been reported by the other researchers that TBHQ is considered as the most
effective anti-oxidant agent to improve oxidative stability of biodiesel.
Another experimental study was conducted by Hammond et al., (2002) in determining the
capability of several anti-oxidant additive such as TBHQ, BHT, hydroquinone and ascorbyl palmitate
[18]. 0.01% and 1.28% concentrations of each anti-oxidant agent was added into soybean oil to
improve its oxidative stability. Based on the result, it was revealed that TBHQ exhibits the most
effective performance in improving the oxidative stability of soybean oil.
2. Methodology
2.1 Apparatus
For this research, the test rig used is four-ball tester type TR-30L. The test rig uses four balls as
stated in its name. The important components are the ball pot, collet and ball bearings. The
configuration is as shown in Figure 1.

Fig. 1. Four ball tester configuration
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2.2 Materials
The balls used in this experiment follows the ASTM D4172 standard which is chrome alloy steel,
made from AISI E-5200 with a diameter of 12.7mm. The grade is 25 EP and Rockwell C hardness 64
to 66. Each test used four new balls and were cleaned using acetone before starting the test. It is
then wiped dry using industrial tissue.
2.3 Lubricants
In this study, palm kernel oil (PK) is used as lubricant base oil. PK is obtained from the kernel of
the palm fruit. The refining process of crude palm kernel oil will produce refined, bleached, and
deodorised (RBD) palm kernel oil. The amount of 450ppm (parts per million) of Tertiary-ButylHydroquinone (TBHQ) anti-oxidant additive were added to this vegetable oil as bio-lubricant
formulation. TBHQ is considered as synthetic based anti-oxidant agent. Commercial mineral engine
oil (MO) and semi-synthetic engine oil (SSO) were used as a benchmark for comparison purpose.
General properties of each based lubricant oil tested are tabulated in Table 1.
Table 1
General properties of the lubricant tested
Lubricant
Specific Gravity (g/cm3)
Kinematic Viscosity (Cst)
@40°C

MO
0.8660

SSO
0.87

PK
0.89

108.2

112.9

29.40

@100°C
Viscosity Index
Free Fatty Acid (FFA %)
Peroxide Value (PV)
Pour Point (°C)
Flash Point (°C)
Iodine Value (IV)
Slip melting Point (°C)
Cloud Point (°C)

14.1
142
-36
236
-

20.90
211.89
<-30
>200
-

10
354.37
0.02
17.9
-

2.4 Experimental Condition
The experimental condition follows ASTM D4172 standard guide. For this experiment, the speed
and temperature are remain constant with a value of 1200rpm and 75⁰C respectively. Meanwhile,
the normal load varies from 40k, 60kg and 80kg. The duration to complete one experiment is 1 hour.
2.5 Friction Evaluation
The friction torque can be obtained directly from the software installed in the computer
(Winducom 2010) software that is connected to the four ball machine. The data parameter being
extracted are in the value of friction torque and time. Thus, the graph of friction torque versus time
can be obtained. The software also displays the value of coefficient of friction. By using the formula
shown in equation 1, the values of coefficient of friction can be obtained using friction torque values,
(T) , applied load (W) and the distance (r) from the center of contact surfaces on the lower balls to
the axis of rotation which is 3.67mm.
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𝑇√6

µ = 3𝑊𝑟

(1)

The wear scar diameter is measured using the Charge-Coupled Device (CCD) microscope. The
image is viewed on the computer using the already installed software. The microscope can only
viewed one ball at a time. After locating the wear scar spot, the image is captured and saved inside
the computer.
3. Results
3.1 Coefficient of Friction (COF)
The results of the coefficient of friction is being presented in Figure 2.

Fig. 2. Graph of Load VS COF for each lubricants and tests

The graph of load against coefficient of friction for MO, SSO, PK and PK+TBHQ are plotted in Figure
2 above. It can be seen that coefficient of friction increases as the load increases for MO and SSO.
This is because higher stress concentration in localize region is produced when the load increases
[19]. Another reason is because higher loads and temperature cause more metal to metal contact
through the destruction of protective film [20]. For SSO, the coefficient of friction values are the
highest compare than other lubricants at all loads. At 40kg, MO has the lowest coefficient of friction
than other lubricants.
Meanwhile, the values of coefficient of friction decreases as load increases for PK and PK+TBHQ.
Furthermore, the graph shows that the values of coefficient of friction for PK are lower compare to
MO and SSO at load 60kg and 80kg. This is because PK has a fatty acid structure that acts as a film
layer on the surface of the material. The triglyceride structure of the PK provides qualities that are
important in a lubricant, since long, polar fatty acid chains provide high strength lubricating films that
interact strongly with metallic surfaces. As a result, these films can reduce the friction and wear [21].
In addition, the fatty acids help the lubricant molecules to stick on the ball bearing surface very well
and maintain the lubricant layer. The presence of thin lubricant films of lubricant between the ball
bearing surfaces minimized the material transfer and adhesion of the two surfaces [22]. Besides that,
by having a great affinity for metal surface, it forms a strong additional monolayer or chemical coating
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between moving surfaces thus reducing the wear tendency significantly [23]. This also supported by
Aiman et al., [24] that stated long chain fatty acid can help to reduce the coefficient of friction.
From the graph, it can be seen that PK+TBHQ produced the lowest COF compare to other
lubricants in the experiment at all loads. This is because the presence of TBHQ (Tertiary-ButylHydroquinone) in the mixture significantly reduced the rate of the biofuel biodegradation [25]. The
highest values of coefficient of friction obtained for the three loads based on the graph is SSO. This
is due to the anti-wear additive that is included in the mixture [21]. From the results obtained, it is
proven that PK has higher resistant to friction compare than MO and SSO. In addition, the wear
resistant can be improved by mixing palm kernel with 450ppm anti-oxidant.
3.2 Wear Scar Diameter (WSD)
The diameters of the wear scar are observed by using CCD microscope. The results obtained can
be recorded in Figure 3.

Fig. 3. Graph of Load VS WSD for each lubricants

The graph of load against wear scar diameter for MO, SSO, PK and PK+TBHQ are plotted in Figure
3 above. From the figure, it can be seen that wear scar diameter increases as the load increases for
the all lubricants. At all loads, the wear scar diameter of PK and PK+TBHQ are the highest followed
by SSO and MO. At load 40kg and 80kg, PK has the highest wear scar than PK+TBHQ. Meanwhile,
PK+TBHQ has the highest wear scar diameter at load 60kg compare to PK. At all load, the wear scar
diameter of SSO is higher compare than MO. MO has the lowest wear scar diameter compare than
PK, SSO and mixture of PK and PK+TBHQ. This is because there was no oxygen element that could
trigger oxidation [21]. Another reason is because it is fully formulated lubricant so its properties
already shows a desired lubricant compare to the PK [24].
The reason for the increase in wear scar diameter is because of the interaction between the
lubricant and the metal surfaces, and the reduction in the pressure. In addition, the increment of the
wear scar diameter was also caused by chemical attack on the rubbing surfaces by the fatty acid in
PK [22]. High value of wear scar diameter for PK is because it has an oxygen bond in its chemical
chain. The oxygen element caused the oxidation on the surface of the ball bearing, and made the
structure of the ball bearing brittle, producing a higher wear rate. As a result, the wear scar occurring
on this ball bearing is the largest.
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Even though the coefficient of friction of PK and PK+TBHQ are lower than MO and SSO, the wear
scar diameter is larger. This finding is consistent with the observation of increased wear when
vegetable oils are used as boundary lubricants due to the continuous removal of metallic soap film
that is formed as a result of the reaction of the oil with the metallic surface during sliding. The metallic
film is continuously reformed by further chemical reaction. Since the metallic soaps are of low shear
strength, the coefficients of friction will be low [26]. Overall from the graph, it can be seen that the
wear scar diameter of mixture of palm kernel with 450ppm anti-oxidant (TBHQ) is lower than Palm
Kernel, PK. This is because anti-oxidant concentrations above 100 ppm were effective for maintaining
the oxidation stability of the samples [27].
3.3 Wear Worn Surfaces Characteristic
From all the captured images, only the best images for the worn surface of the balls are included.
The wear worn surface of 50x magnification can be analyzed from the images in Figure 4.

Fig. 4. Wear worn surface for each lubricants (50x magnification)

The figures show 50x magnification of the ball bearing wear scar for PK, MO, SSO and PK+TBHQ.
Based on the figures with 50x magnification above, the wear worn surface characteristic can be
observed. It can be seen that the wear scar increases as the load increases for all three type of oils.
From the figure, the wear scars of ball bearing for MO and SSO were circular in shape at all the normal
load conditions. At normal loads 60kg and 80kg, the edge was slightly ragged and obscured by metal
particle.
In addition, the worn surface showed abrasive wear and some adhesive wear was found.
Meanwhile, the wear scars of ball bearing for PK showed no circular wear scars at 40kg and 60kg
loads condition. It can be seen that, the edge of the wear scar was totally ragged that caused no
circular shape form. However, the worn surface of the ball bearing showed abrasive wear occurred
but no severe adhesive wear was found. Besides that, there were parallel grooves found on the worn
surface for all lubricants. Some of the grooves were deep (dark region) and some were shallow (light
colour region) [22]. There was also improvement can be seen from the images of the mixture of palm
kernel with 450ppm of TBHQ.
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4. Conclusions
The coefficient of friction of PK and PK+TBHQ is smaller as compared to MO and SSO. This is
contributed to the presence of long polar fatty acid structure that acts as a protective film between
two rubbing surfaces. The addition of anti-oxidant also helps to further reduce the friction coefficient
of PK. However, the wear scar diameter of PK and PK+TBHQ are larger compare to MO and SSO. Thus,
it can be concluded that PK have a good friction reducer property compared to other commercialized
petroleum base oil but possess poor anti-wear property.
Acknowledgement
The authors would like to express their thanks to the Research Management Centre (RMC) of
Universiti Teknologi Malaysia (UTM) for the Research University Grant (17H96, 15J28, 20H29),
Faculty of Mechanical Engineering, UTM and Ministry of Education of Malaysia for their support.
References
[1]

Hinman, Mark L. "Environmental Characteristics of Fuels and Lubricants." ASTM MANUAL SERIES MNL (2004): 885908..
[2] Ssempebwa, John C., and David O. Carpenter. "The generation, use and disposal of waste crankcase oil in
developing countries: a case for Kampala district, Uganda." Journal of hazardous materials 161, no. 2-3 (2009): 835841.
[3] Sidik, Nor Azwadi Che, Muhammad Noor Afiq Witri Muhammad Yazid, Syahrullail Samion, Mohamad Nor Musa,
and Rizalman Mamat. "Latest development on computational approaches for nanofluid flow modeling: Navier–
Stokes based multiphase models." International Communications in Heat and Mass Transfer 74 (2016): 114-124.
[4] Sidik, Nor Azwadi Che, Muhammad Noor Afiq Witri Muhammad Yazid, and Syahrullail Samion. "A review on the use
of carbon nanotubes nanofluid for energy harvesting system." International Journal of Heat and Mass Transfer 111
(2017): 782-794.
[5] Ghaderian, Javad, Nor Azwadi Che Sidik, Alibakhsh Kasaeian, Sepideh Ghaderian, Amir Okhovat, Amirabbas
Pakzadeh, Syahrullail Samion, and Wira Jazair Yahya." Performance of copper oxide/distilled water nanofluid in
evacuated tube solar collector (ETSC) water heater with internal coil under thermosyphon system circulations."
Applied Thermal Engineering 121 (2017): 520-536.
[6] Muhammad Faiz Rozaim, Fazila Mohd Zawawi, Nur Safwati Mohd Nor, Haslinda Mohamed Kamar, Nazri Kamsah.
"Experimental study on performance of low speed wind turbine for application in Malaysia." Journal Of Advanced
Research In Fluid Mechanics And Thermal Sciences 26, no. 1 (2016): 20-28.
[7] Nurul Izyan Majunit, Fazila M. Zawawi, Nur Safwati Mohd Nor, Haslinda Mohamed Kamar, Nazri Kamsah.
"Numerical investigation of vortex formation effect on horizontal axis wind turbine performance in low wind speed
condition." Journal Of Advanced Research In Fluid Mechanics And Thermal Sciences 27, no. 1 (2016): 1-11.
[8] Syahrullail, Samion, Kenji Nakadshi, And Shunpei Kwnitani. "Investigation of the effects of frictional constraint with
application of palm olein oil lubricant and paraffin mineral oil lubricant on plastic deformation by plane strain
extrusion." Japanese journal of tribology 50, no. 6 (2005): 727-738.
[9] Sapawe, N., Syahrullail Samion, P. Zulhanafi, C. S. Nor Azwadi, and M. F. Hanafi. "Effect of addition of tertiary-butyl
hydroquinone into palm oil to reduce wear and friction using four-ball tribotester." Tribology Transactions 59, no.
5 (2016): 883-888.
[10] Quinchia, L. A., M. A. Delgado, C. Valencia, J. M. Franco, and C. Gallegos. "Viscosity modification of different
vegetable oils with EVA copolymer for lubricant applications." Industrial Crops and Products 32, no. 3 (2010): 607612.
[11] Sharma, Brajendra K., Atanu Adhvaryu, Joseph M. Perez, and Sevim Z. Erhan. "Soybean oil based greases: influence
of composition on thermo-oxidative and tribochemical behavior." Journal of agricultural and food chemistry 53,
no. 8 (2005): 2961-2968.
[12] Sherwin, E. R. "Oxidation and antioxidants in fat and oil processing." Journal of the American Oil Chemists' Society
55, no. 11 (1978): 809-814.

163

Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 56, Issue 2 (2019) 157-164

[13] Wu, Xuedong, Xingang Zhang, Shengrong Yang, Haigang Chen, and Dapu Wang. "The study of epoxidized rapeseed
oil used as a potential biodegradable lubricant." Journal of the American Oil Chemists' Society 77, no. 5 (2000): 561563.
[14] Haumann, Barbara Fitch. "Tools: hydrogenation, interesterification." Inform 5, no. 6 (1994): 668-678.
[15] Neff, W. E., M. A. El-Agaimy, and T. L. Mounts. "Oxidative stability of blends and interesterified blends of soybean
oil and palm olein." Journal of the American Oil Chemists’ Society 71, no. 10 (1994): 1111-1116.
[16] Eastman Chemical Company. “High Performance Additives.” www.eastman.com, Eastman Chemical Company,
Kingsport, T.N, USA (2007).
[17] Fernandes, David M., Dalyelli S. Serqueira, Flaysner M. Portela, Rosana MN Assunção, Rodrigo AA Munoz, and
Manuel GH Terrones. "Preparation and characterization of methylic and ethylic biodiesel from cottonseed oil and
effect of tert-butylhydroquinone on its oxidative stability." Fuel 97 (2012): 658-661.
[18] Ruger, Christopher W., Eric J. Klinker, and Earl G. Hammond. "Abilities of some antioxidants to stabilize soybean oil
in industrial use conditions." Journal of the American Oil Chemists' Society 79, no. 7 (2002): 733-736.
[19] Zulkifli, N. W. M., M. A. Kalam, H. H. Masjuki, and R. Yunus. "Experimental analysis of tribological properties of
biolubricant with nanoparticle additive." Procedia Engineering 68 (2013): 152-157.
[20] Maleque, Md Abdul, Haji Hassan Masjuki, and A. S. M. A. Haseeb. "Effect of mechanical factors on tribological
properties of palm oil methyl ester blended lubricant." Wear 239, no. 1 (2000): 117-125.
[21] Syahrullail, S., S. Kamitani, and A. Shakirin. "Performance of vegetable oil as lubricant in extreme pressure
condition." Procedia Engineering 68 (2013): 172-177.
[22] Ing, T. Chiong, A. K. M. Rafiq, Y. Azli, and S. Syahrullail. "Tribological behaviour of refined bleached and deodorized
palm olein in different loads using a four-ball tribotester." Scientia Iranica 19, no. 6 (2012): 1487-1492.
[23] Masjuki, H. H., and M. A. Maleque. "Investigation of the anti-wear characteristics of palm oil methyl ester using a
four-ball tribometer test." Wear 206, no. 1-2 (1997): 179-186.
[24] Aiman, Y., S. Syahrullail, and W. J. Yahya. "Tribological Performance Of Palm Kernel Oil With Addition Of Pour Point
Depressants As A Lubricant Using Four-Ball Tribotester Under Variable Load Test." Jurnal Teknologi 79, no. 7-3
(2017).
[25] Wieczorek, Dorota, Olga Marchut-Mikolajczyk, Bartosz Strzelecki, Malgorzata Gajewska, Arkadiusz Polewczyk, and
Tadeusz Antczak. "The effect of tert-butylhydroquinone (TBHQ) on biodiesel bioremediation in soil samples
inoculated with bacterial cells." International Biodeterioration & Biodegradation 115 (2016): 205-211.
[26] Jayadas, N. H., K. Prabhakaran Nair, and G. Ajithkumar. "Tribological evaluation of coconut oil as an environmentfriendly lubricant." Tribology International 40, no. 2 (2007): 350-354.
[27] Beker, Sabrina Anderson, Yara Patricia da Silva, Francielle Bücker, Juciana Clarice Cazarolli, Patrícia Dörr de
Quadros, Maria do Carmo Ruaro Peralba, Clarisse Maria Sartori Piatnicki, and Fátima Menezes Bento. "Effect of
different concentrations of tert-butylhydroquinone (TBHQ) on microbial growth and chemical stability of soybean
biodiesel during simulated storage." Fuel 184 (2016): 701-707.

164

