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United  Nation  Sustainable
Development Goals make sustainabil-
ity become common goals which drives
into investments of innovative product
and technology focusing on sustain-
ability. Cutting oils are generally made
from mineral oil and the renewable
replacement is sought after and one of
them are Jatropha curcas and sunflow-
er oil or blend of them. Viscosity and
adsorption will influence the proper-
ties of cutting oil. The study concern
on the relationship between percent-
age of JCO in the mixture to anti-wear
properties and contact angle mea-
sured using goniometer contact angle
and pin-on-disk tribometer by vary-
ing percentage of Jatropha curcas oil
in mixtures for 2.5 %, 5 %, 10 %,
20 %, and 30 %. Also, molecular simu-
lation is conducted through molecular
dynamic in search of dipole moment,
electrostatic potential, polarizabili-
ty and bond energy. The approach is
employed to connect molecular inter-
action and non-linearity trending of
experiment. The experiment shows
contact angle and wear scar width and
also wear rate become higher when
percentage of Jatropha curcas oil is
higher. The lowest contact angle is
26.9 deg. and the highest is 36.9 deg. of
2.5 % and 30 % Jatropha oil. The high-
est wear rate is 6.77e-7 and the lowest
is 2.74e-7 of 2.5 % and 30 % Jatropha
oil. The simulation gives supporting
basis in the finding of experiment in
which the viscosity is more prominent
in governing wear rate than adsorp-
tion. Increases of Jatropha curcas per-
centages have inversely proportional
to dipole moment, polarizability, elec-
trostatic potential and bonding which
explain why the fatty acids become
more adhere to the fatty acid than to
surface. The finding is restricted only
Jfor idealized conditions both of molec-
ular structure and surface
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1. Introduction

The implementation of United Nations UN Sustainable
Development Goals (SDGs) worldwide make sustainability
become common goals in industries and equipment sector.
In petroleum industries, the impact on environment by con-
sumption of fossil fuel-based energy become severe and to-
gether with scarcity and insecurity of fossil fuel deposits lead
to production and utilization of alternative energy resources.
The other type of petroleum derivative is lubricants, even
though it emits CO, very much less than its counterparts,
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i. e. fossil fuel, but it still needs to be substitute by more
environmentally friendly lubricants [1]. The market size of
lubricants worldwide annually is sizable with only a small
fraction of the size is bio-based one. For more specific prod-
uct, i. e. Metal Working Fluids (MWF), also have similar
trends. MWF can be categorized into cutting fluid and cut-
ting oil. Both have similarity in their basics element which
constitute of base liquids (oils) and additives.

Cutting fluid in general composed from a base oil that
can be constituted from mineral, synthetic, or vegetables oil.
Almost 85 % of the cutting fluids are mineral-oil based [2].




In literatures, this type of lubricants may use Jatropha
curcas (JCO), palm oil, jojoba, castor, soybean, peanut,
maize, rapeseed, palm, and sunflower (SFO). In general,
the direction of application and research in biodegradable
lubricants lies in the hands of society and scholars. While
society pursues on the more use of biodegradable lubricants,
the scholars are concentrating their research on searching
the most potential vegetable oil to replace mineral oil-based
lubricants. For reasons of biodegradability, renewability, and
low toxicity compared to mineral oil, those vegetable oils are
increasingly being used as a base fluid in MFW. To improve
the properties of vegetable oil such as enhancing their ther-
mal stability, reducing their viscosity, and improving their
lubricity, the researcher work on those vegetable oil in order
to be more suitable as MWF [3].

On application of vegetable oil as MWF, the most
common approach is using certain vegetable oil as base oil.
Another approach is using mixed of vegetable oil with aims
to improve properties of vegetable oil by balancing with low
viscosity or high viscosity one. The examples are mixing cas-
tor oil with soybean oil, JCO with jojoba oil or even mixing
mineral based oil with vegetable oil.

While the mixtures can be from any vegetable oils,
the choice may follow certain consideration. In Indonesia,
research on JCO is still pursued in effort to provide an alter-
native energy or lubricants. It started in early 2000s when
Indonesia government initiated the program to cultivated
Jatropha curcas. Another source of vegetable oil in Indonesia
is palm oil. It is abundance but facing environmental issue
in its cultivation. Currently in the world, renewable oil for
energy and lubricants come from edible oil which constitutes
95 % such as rapeseed oil (84 %), SFO (13 %), palm oil (1 %),
soybean oil, and others (2 %) [4]. In Indonesia, rapeseed
oil is scarce but SFO become sixth most produce oil after
palm oil, coconut, soybean, ground nut, and maize-germ oil.
Therefore, research related to JCO and SFO or mixed of
them become relevant to pursue to provide alternative envi-
ronmentally friendly lubricant.

2. Literature review and problem statement

Cutting oils are generally made from mixtures of mineral
oil and vegetable, animal or marine oil. Empirically, it has
been well recognized that applying lubricants to the vicinity
of the contact between tool and workpiece facilitate good
machining operations. They are used to prolong tool life by
decreasing tool wear, reducing cutting resistance, providing
finer surface finish thus increasing machining accuracy.
At higher cutting speed, since the tool wears is caused by
increased temperature which lead to thermal softening then
it is important that cutting fluid acts as coolant. At lower
cutting speed, the lubricating function of cutting fluid is
more prominent than cooling one. Another advantage when
using lubricants is to protect ferrous materials against corro-
sion while they are awaiting further machining or assembly
operation [5]. However, the corrosion inhibitor used in this
research is extract of Jatropha curcas and Hibiscus sabdar-
iffa (Rosella) which need additional process to prepare the
extract even though it may use JCO directly as lubricants
and also as corrosion inhibitors. Apart from being applied
as lubricants, Jatropha curcas is also an effective corrosion
inhibitor because of its capability in forming effective film on
surface of metal against corrosion attacks. Polar functional

molecules on Jatropha curcas develops barrier which acts as
protective layer. This feature is governed by the difference
between residual charge on metal surface and chemical
structure of inhibitors. Since many advantages when using
biolubricants, therefore applying lubricants in metal cutting
process is advantageous.

Even though vegetable oil is an evitable replacement for
mineral oil, but it has lacks of oxidation stability, extreme
pressure, and anti-wear properties. Also, psychochemical
characteristics and the method’s application mechanism to
improve properties of vegetable oil are not fully understood.
In general, it is understood that cooling and lubricating
properties of vegetable oil is much influenced by several fac-
tors. Those factors can be divided into:

1) substrate in which lubricants works;

2) environmental condition like humidity which may
govern the forming of lubricant’s layer on substrate;

3) molecular structure such as unsaturation degree, den-
sity, chain length;

4) film thickness;

5) physical properties of lubricant such as viscosity and
surface tension.

Knowledge on them become key factor to achieve better
lubricating performance of vegetable oil [6]. Physicochemi-
cal characteristics of vegetable oils and also mechanism to
improve cooling and lubricating properties are not fully un-
derstood. This partially is caused by not many studies which
comprehensively conducting study both from experimental
and simulation. Also, physicochemical properties of different
vegetables oils are different therefore when mapping laws of
physical and chemical properties under various working con-
ditions are still unclear. Its means when certain vegetables
oil is modified then the working laws need to be examined.

Adsorption mechanism may differ when substrate and
working environment is different. Substrate such as iron-
based one when in humid environment may has oxide layer
on the surface. Different substrate for example aluminium
based or copper-based also produce different oxide layer
when expose to humid environment. Interaction between
carboxylic acid head group and substrate can occurs in
monodentate binding mode, asymmetric doublet, and biden-
tate bonding mode. Chemisorption on substrate is only de-
pendent on the interaction between the head group of fatty
acid and the substrate. It is not dependent on the molecular
structure of fatty acid whether saturated or unsaturated
alkyl chain. In other hand, in physisorption, the layer of
fatty acid above chemisorption increase with the degree of
unsaturation in fatty acids and also increase the friction
as well. For the chain length, increasing chain length of car-
boxylic acid will lead to closer molecular packing and make
adsorbed film became stronger with higher lateral cohesive
forces. This condition offers lower friction coefficient and
higher contact angle. When film thickness increase, the
coefficient of friction decreases so that more effective lubri-
cation occurs.

Viscosity of vegetable oil is positively in relations with
the amount of mono-unsaturated fatty acids but negatively
in relation with the amount of poly-unsaturated fatty acid.
The viscosity together with the adhesion caused by irregular
intermolecular movement can be used to measure flow resis-
tance of vegetable oil. Viscosity become an important factor
since it will influence the MWF properties. Higher the
MWF viscosity will make lubrications performance become
more effective, but the cooling performance of lubricants and



also removal of solid particles become less effective. When
the viscosity is lower, it may lead to a lack of lubrication
between tool edge and work piece, so does the thickness of
liquid film. Poor surface quality and tool wear can occur
increasingly. In machining process, therefore, a balance be-
tween fastest machining parameters and best surface quality
is needed.

High viscosity lubricants will form a lubrication film
that providing excellent wear protection. This protection
is more effective when used at higher temperature than
lower viscosity one. But high viscosity lubricants also have
disadvantages in causing churning losses and excessive heat
generation from fiction between the molecules. The high vis-
cosity lubricant also hinders spreading of lubricant therefore
limits lubricants flow into lubricant needed-surface. The
high viscosity lubricants also consume high energy because
it very resistant to the flow [7]. The difficulties arise when
supplying lubricants from vegetable oil is its properties and
composition are heavily dependent on the type of feedstock.
In nature, vegetable oils have a relatively high viscosity but
vegetable oil has different quality therefore thorough assess-
ment of biolubricants formulation need to be performed. Low
viscosity lubricant may move freely to the surface which
need lubrications and will increase the ability of the oil to
cool, clean and lubricate at wider range of temperature. But
low viscosity lubricants cause wear and friction which gen-
erate heat because the lubricant film is not strong enough to
separate two surfaces in friction. When heat generated, it
even led to more friction and wear and causing accelerated
wear which shorten machine/component life and also the
lubricant life [8]. The study had been done on the test bed of
engine using mineral oil. Very rare vegetable oils are tested
on real condition test bed since cooling and lubricating prop-
erties of vegetables oil usually difficult to standardize. Also,
it is unusual for vegetable oil to have low viscosity. Both
studies suggest that using too low viscosity of lubricants is
not recommended because it have detrimental effects related
to worsened wear and even loss of some components because
of heated lubricant. It leads to practices in using reasonably
higher viscosity for lubricating purpose and stable molecular
structure not easy to oxidize.

In literature, both of crude JCO and chemically modi-
fied JCO [9] has been investigated to be a decent candidate
to replace mineral oil. Chemically modified JCO has been
characterized (FTIR, GC, and NMR), tested of the prop-
erties (cloud point, pour point, and oxidative stability),
assessment of tribological performance (frictional force and
coefficient of friction, wear scar, and surface roughness).
The study concludes that JCO is a potent biolubricant in
boundary lubrication regimes with lower frictional force,
coefficient of friction and wear scar diameter under different
operating conditions. But again, since the composition and
properties of vegetable oil is varied then research still need
to be conducted when the oil come from different sources.
Even though both crude and modified JCO able to provide
good lubricity but the latter offers better oxidative stability,
lower viscosity, and lower temperature properties. The main
difference is the amount of double bonds and acyl and alkoxy
functional groups in unmodified JCO which can easily react
with others such as other functional groups and hydrogen
which may alter their molecular composition. Therefore, it
is considered more suitable as lubricants. SFO also has been
studied sometimes mixtures with nano-additives. When
used as lubricants, the SFO with addition of Halloysite Clay

Nanotubes able to decrease coefficient of friction and wear
volume loss up to 70 % [10]. In many occasion, nano-addi-
tives have been employed as anti-friction additive for many
vegetable oil. Even though these approaches are not directly
related to improve several drawbacks found in vegetable oils
as mentioned before, but it improves sliding contact condi-
tion hence improving anti-friction properties. In this study,
tribological performance of sunflower nanolubricants varied
as a function of contact pressure which may led to reduc-
tion of lubricant film thickness therefore limits the process
parameters which can be applied in industrial application.
Therefore, optimal concentration of HNT in sunflower in
accordance with certain contact pressure need to be further
researched.

In general, lubricants from vegetables oil give acceptable
coefficient of friction (c.o.f) for machining processes applica-
tion in range of 0.3—0.45. When comparing the lubricating
performance between JCO and SFO for example for grinding
application by MQL, JCO give better c.o.f than SFO by 0.30
to 0.34 with specific grinding energy of 73.47 to 86.54 [11].
This research only concentrated on the experimental results
of lubricating performance and not try to dig deeper on the
mechanism of vegetable oil to lubricate better than the liquid
paraffin oil as benchmark. Using vegetable oils as MWF in
grinding process shows that vegetable oil is better applied in
MQL than flooding one. In higher cutting speed, the cooling
properties as given by mist of water based MW F is superior
than flooding in removing the heat and lowering friction in
the process. JCO has better lubrication than SFO because
of more contents of unsaturated fatty acids which leads to
formation of uncompact structure but more adsorption of
fatty acid into metal surface. Even though JCO has superior
performance than SFO, but from the production capacity it
can’t cope with SFO. Another problem when using JCO as
lubricant is this type of oil is toxic. This condition lead to
practice to add JCO to other vegetable oil when applied as
lubricants in hope it still offers good lubricity while retains
good spreading of lower viscosity than pure JCO as in SFO.
But, work on combining between JCO and SFO as biolubri-
cants is scarcely available in literature.

In study on vegetable oils, there are some different con-
clusion on the results such as on anti-wear performance.
Studies on mixture of JCO and engine oil (EO) give con-
clusions that in most of studies the anti-wear performance
of JCO is lower than EO while some results give contrary
one [12]. Since anti-wear properties is much depends on
materials and methods, then toe-to-toe comparison between
each research is challenging and need comprehensive anal-
ysis. The explanation of this phenomenon is the additive
in the EO is counter-productive since they compete each
other in reaching the surface of metal, while in JCO no such
competition occurs. At several papers, mixture between JCO
as additive and EO also give non linearity on c.o.f’s data in
which for addition of JCO in range of 0-100 % the c.o.f trend
is represented by polynomial trend line [13]. Since it mixture
between EO and JCO, not vegetable oil to vegetable oil, then
the objective to replace vegetable oil is limited. The choice is
justified since EO has standard performance while JCO still
need to be explore more. Additives in EO is good in reducing
wear damage while JCO has better lubrication properties.
The papers don’t explore further about the finding and only
focused on the discussion on tribometer results. Even though
it is an interesting topic to explore, but very rare paper which
pursue the exploration. To find the answer on those trend,



further examination using such integrated in-situ adsorp-
tion measurement which combining friction, adsorption and
XPS measurement may be employed. But such sophisticated
test-bed is very expensive to provide.

Molecular simulation, as cheaper solution, on the study
of adsorption of vegetable oil on metal surface can be found
in literature even though its mainly on the adsorption or
adhesion or certain additives of lubricants. Adsorption of
silica nanoparticles immersed in fatty acid on alumina is
studied [14]. The research is using simulation to give insight
on interaction between fatty acid and the surface through
molecular dynamic. This type of simulation only gives the
behavior of fatty acid when expose to surface but didn’t give
a clue on what parameters govern the mechanism of adsorp-
tion. The study provides new insight on the relationship
between structure and properties of fatty to adsorption on
alumina when nanoparticles present especially on stability
of foam. The counterions effect on the adsorption and mor-
phological state of fatty acid on surface of nano-particles are
largely unknown because of complexity of the interaction
between nano particles, counterions, and fatty acid mole-
cules in solution. But using simulation, interactions between
fatty acid and nanoparticles can be shown changing when
the concentration of counterions increase. From the molecu-
lar simulation, it is obvious than the simulation can be used
to give insight into what happened in the interface between
surface and lubricant’s molecule but only handful of study
which combine them.

3. The aim and objectives of the study

The aim of the study is to examine lubricating perfor-
mance by measuring contact angle and wear rate of mixture
between SFO and JCO with variation of JCO’s percentage of
2.5%,5%,10 %, 20 %, and 30 % on low carbon steel and con-
ducting simulation of molecular simulation between lubricant
and surface to obtain properties and condition on the surface
caused by molecular interaction between JCO and SFO mix-
ture to surface when the composition of JCO are varied.

To achieve the aim, the following objectives are accom-
plished:

— conducting experiment on the mixtures of JCO and
SFO with various percentage on low carbon steel so that
the influence of fatty acid composition on contact angle and
wear rate can be obtained by using goniometer contact angle
and tribometer pin-on-disk and then evaluate the trend of
contact angle and wear rate;

— adopting molecular simulation to obtain key parame-
ters (dipole moments, polarizability, electrostatic potentials
and bonding energy) in effort to explain the trends of con-
tact angle and wear rate when the composition of JCO and
SFO is varied.

4. Materials and methods

4. 1. Object and hypothesis of the study

The object of the study is contact angle and wear rate of
mixture of JCO and SFO from experimental view and con-
ducts simulation to give basic understanding on the role of
molecular properties on contact angle of vegetable oils mix-
ture on iron surface and the correlation with its wear proper-
ties. The study is based on the theory that composition of fatty

acid especially type of unsaturated one will govern the viscosi-
ty hence contact angle. The viscosity in turn will influence the
lubricating properties and ability of the fatty acid to protect
surface of specimens against pin by forming layer. JCO has
higher concentration of longer chain length of fatty acid than
SFO, therefore higher concentration of JCO will form stronger
layer. It makes the lubricating properties become better. Also,
higher percentage of JCO will contribute to higher concentra-
tion of mono-unsaturated fatty acid in which positively related
to viscosity. When poly-unsaturated fatty acid also present,
but it is not significantly higher than mono-unsaturated fatty
acid the previous will dictate the viscosity of mixed vegetable.
When the wear rate and/or contact angle is not give a linier
trending, then parameter of intermolecular interaction from
simulation, especially dipole moments and polarizability will be
used to explain the trending.

In this study, the assumption of surface has been made to
use iron surface based on ideal BCC one and the fatty acid
ones is build based on ideal structure on database as can be
found in literature. Also, the simplification on the surface of
iron is used. In which real-world pure iron always has oxide
on it, but for the sake of calculation power of the computer
the oxide is not considered present.

The molecular dynamic is a decent method when study-
ing interaction of molecules under certain condition to
simulate how each molecule behave when put on the surface
of metal. The free surface energy on the metal together with
the charge of molecules will make the molecules to self-orga-
nize toward lowest energy which will represent adsorption
mechanisms of fatty acid into iron surface. Also, from this
methods, parameters of intermolecular properties such as
electrostatic potential, dipole moment, polarizability, and
bonding energy will be acquired. In studying wear rate
and contact angle, tribometer pin-on-disk and goniometer
contact angle is a standard for measuring those parameters.

4. 2. Molecular dynamics of lubricants

Bio-lubricants are composed from Free Fatty Ac-
ids (FFA) both saturated and unsaturated ones. For plant
oils, it composed mostly of triacylglycerol which contains
different fatty acids attached to a single glycerol molecule.
For simulation purpose, it is either treated as single fatty
acid or in form of triacylglycerol one. For adsorption mech-
anism simulation, most of them use single fatty acid one to
represent. In literatures, several parameters such as Highest
Occupied Molecular Orbital-Lowest Unoccupied Molecular
Orbital (HOMOs-LUMOs), electrostatic potential, dipole
moment and polarizability become descriptor of the global
reactivity of adsorbate to adsorbent [15].

4.2.1. Molecular dynamic model and energy function

The molecular model of JCO and SFO as lubricating oil
was constructed in molecular simulation software. Both oils
have different composition of fatty acids. Theoretically, JCO is
composed of oleic acid (18:1) (C1gH3402) of 44.7 %, linoleic acid
(182) (C18H3202) 0f32.8 %, palmitic acid (160) (C16H3202) of
14.2 %, stearic acid (18:0) (C1gH3402) of 7.0 %, palmitoleic acid
(161) (C16H3002) of 0.7 %, linolenic acid (183) (C18H3002)
of 0.2 %, arachidic acid (20:0) (Cy0H40O5) of 0.2 %, marga-
ric 17:0 (C17H3405) of 0.1 %, and myristic acid (C14Hy5059)
of 0.1 %. Meanwhile, SFO has composition of oleic acid (18:1)
(C13H340z) Of 154 %, linoleic acid (182) (C18H3202) Of2.4 %,
palmitic acid (16:0) (CigH3202) of 8.4 %, stearic acid (18:0)
(C13H3602) of 2.4 %, arachidic acid (2030) (C20H4()02) of



0.1 %, myristic acid (14:0) (C14H1305) of 16.3 %, caproic acid
(6:0) (CgH209) of 0.2 %, caprylic acid (8:0) (CsHigO) of
3.3 %, lauric acid (12:0) (C13H2405) of 47.8 %, and capric acid
(10:0) (C19H2005) of 3.5 % [16].

In order to calculate dipole moment and bond energy of
adsorbed fatty acid, the first step is to draw the molecules
of fatty acid then do optimization. The second step is to
calculate HOMO and LUMO of simulated fatty acid. This
second step is useful to either in knowing the AE as energy
gap between HOMO and LUMO and also to find most suit-
able location in fatty acid molecular chain to arrange fatty
acid on surface. After the location is known then step three is
executed either to calculate dipole moment and bond energy
of individual fatty acid or mixture of JCO and SFO. These
steps are depicted in Fig. 1.

Fig. 1. Steps in simulation of fatty acid mechanism on surface:
a — draw of oleic acid; b — geometrically optimized oleic acid;
¢ — plotting Highest Occupied Molecular Orbital plot of oleic acid;
d— plotting Lowest Unoccupied Molecular Orbital plot of oleic acid;
e — calculating molecular interaction of oleic acid; f— calculating
molecular interaction of mixture of Jatropha curcas oil and Sunflower oil

The step on e and f take different approach by observing
the HOMO and LUMO. When the most active section of
molecules is known, by plotting HOMO and LUMO, then
the position of HOMO and LUMO is used as basis for each
molecule to oriented to surface as contrary with other work
which usually take the approach by using random orientation.

4. 2. 2. Simulation and calculation process

The process of simulating molecular interactions us-
ing simulation software is carried out using a computer
with adequate specifications with processor using Intel
Corei7 3.4 GHz and RAM DDR4 64 GB. In simple terms,

the molecular mechanics and dynamic simulation process
uses a very straightforward approach. If the positions of all
the atoms that form a system of molecules or groups of mol-
ecules that interact with each other are known, the forces
experienced by an atom can be calculated as a result of its
interactions with other atoms.

For simulation purposes, both oils are represented by
their constituent fatty acid components. These fatty acids
have a molecular structure which is represented by an image
so that in the software it is converted into a number. The
computation begins by drawing the chemical structure of the
lubricant components. This chemical structure represents
how atoms bond in a three-dimensional plane in the most op-
timal structural form. This optimal value is represented by the
computational state of molecular mechanics through iteration
until it reaches a state where small changes in bond
angles and stretching do not cause too sharp changes
in the energy. The stopping point for the iteration is
defined as the Root Mean Square (RMS) parameter.
Convergence is sought using the Polak-Ribiere (con-
jugate gradient) methods. To obtain other parameters
such as dipole moment, bond energy, etc., molecular
mechanics methods such as MM+ method can be used
which provides more speed in terms of calculations
even though the results are less accurate than DFT.
Furthermore, after the fatty acid molecule is drawn,
the parameters you want to look for such as molecular
energy and dipole moment, and others are obtained.

To determine the adsorption of each fatty acid
component, parameters such as dipole moment,
Enomo, ELumo, bond energy and heat of bond forma-
tion are used as the basis for determining the level of
adsorption. In general, the molecular orbital energy
level expressed in Highest Occupied Molecular Or-
bital (HOMO) and Lowest Un-occupied Molecular
Orbital (LUMO) will express the adsorption level
of each fatty acid that forms JCO and VCO. To
calculate HOMO+ and LUMO-, the semi-empirical
MINDO/3 method is used, which is available in
commercial computer programs.

4. 3. Adsorption, viscosity and lubricity

Effectivity of lubricants is well described by its
properties. Two of them are wetting and lubricat-
ing properties. Wetting property is influenced by the
balance between adhesive forces (attraction between
the liquid and the solid surface) and cohesive forces
(attraction within the liquid molecules). In simulation,
the wetting property usually is represented by contact
angle simulation, adsorption mechanism simulation,
and molecular interaction by computing electrostatic
potential and bond energy in adsorption process. In this
paper, the molecular interaction methods are chosen.

Table 1 depict composition of fatty acids in mol per liter
of mixture of JCO and SFO for simulation. Depending on
the hardware, i. e. capacity of computing power, it is more
time consuming to do simulation using full range of values
given in the tables. Therefore, for computing power consider-
ation, the amount of molecules involves in simulation is need
to be considered wisely.

In this calculation, maximum of 45 fatty acid molecules
and certain size of iron is employed. Using stearic acid as
benchmark the for example for 0 % of JCO, the molecules in-
volved in simulation are 6 molecules of oleic acid, 1 molecule of



linoleic acid, 4 molecules of palmitic acid, 1 molecule of stearic
acid, 7 molecules of myristic acid, 1 molecule of caprylic acid,
20 molecules of lauric acid and 12 molecules of capric acid.

Table 1

Composition of fatty acid of JCO in mixture
of JCO + SFO (mol) for simulation

Percentage of JCO in Mixture of
JCO+SFO (%)
0 2.5 5 15 20 30
Oleic acid (18:1) 6.42 | 6.72 | 7.03 | 7.64 | 8.86 |10.08
Linoleic acid (18:2) 1.00 | 1.32 | 1.63 | 2.27 | 3.53 | 4.80
Palmitic acid (16:0) | 3.50 | 3.56 | 3.62 | 3.74 | 3.98 | 4.23
Stearic acid (18:0) 1.00 | 1.05 | 1.10 | 1.19 | 1.38 | 1.58
Palmitoleic acid (16:1) | 0.00 | 0.01 | 0.01 | 0.03 | 0.06 | 0.09
Linolenic acid (18:3) | 0.00 | 0.00 | 0.00 | 0.01 | 0.02 | 0.03
Arachidic acid (20:0) | 0.08 | 0.08 | 0.08 | 0.08 | 0.08 | 0.08
Margaric acid (17:0) | 0.00 | 0.00 | 0.00 | 0.00 | 0.01 | 0.01
Myristic acid (14:0) | 6.79 | 6.62 | 6.45 | 6.12 | 5.44 | 4.77
Caproic acid (6:0) 0.13 | 0.12 | 0.12 | 0.11 | 0.10 | 0.09
Caprylic acid (8:0) | 1.38 | 1.34 | 1.31 | 1.24 | 1.10 | 0.96
Lauric acid (12:0) 19.92 |1 19.42 | 18.92 | 17.93 | 1593 | 13.94
Capric acid (10:0) 1.46 | 142 | 1.39 | 1.31 | 1.17 | 1.02

Fatty Acid

4. 4. Experimental procedures

Tribology test. The material for the test is given in Fig. 2.
Tribology tests were carried out using pin-on-disk appa-
ratus. The apparatus is an in-house one (Fig.2,a). The
diameter of the pin is 4 mm with a nose radius of 0.3 mm.
Meanwhile, the specimen used in this research is low carbon
steel. This type of steel has specification as in Table 2.

Fig. 2. Tribology test: a — in-house pin-on-disk apparatus;
b — specimen after test; ¢ — scale

Table 2

Specification of material

Specimen Hardness (HV) | Surface Roughness (mm)

Low carbon steel 145 0.451

The wear test apparatus makes the specimen to move
around the center of the disc while the pin is in a stationary
position. The pin was pressed against the specimen by applying
a force of 500 grams weight mounted on the swing arm above
the pin. The specimen was prepared by cutting a low steel bar
with ¢ 32 mm and a thickness of 8 mm (Fig. 2, b). The specimen
was then sanded to meet the requirement of surface roughness
under Ra=0.8 um. The vegetable oils used in this research are
JCO (Fig. 2,¢) and SFO (Fig.2,d). The JCO used is the oil
from variety of Jatropha curcas Linn. cultivated by the UMM
research team under the name JCUMMS5, while the SFO used
is one which is commercially available.

For the wear test, the rotational speed of the driving
motor is regulated by applying a voltage of 12V and the
rotation is measured using a tachometer. To determine the
weight loss due to friction with the pin, before carrying out
the tribology test the specimen was weighed with a digital
scale which has an accuracy of up to 0.0001 grams (Fig. 2, e).
Weighing is also carried out after tribological tests are con-
ducted. To determine the condition of the pin tip, before and
after the tribological test the pin is photographed to find out
how worn the tip (radius) of the pin is (Fig. 3). To keep the
specimen clean, before and after measuring or weighing, the
specimen is cleaned and dried.

a b

Fig. 3. Pin condition: @ — before (sb 10 %);
b — after (sb 10 %) certain wear test run

From Fig. 3, it is shown that pin radius doesn’t experience
significant wear between before test (Fig.3,a) and after
test (Fig. 3, b). Wear is measured in two ways, which is by the
principle of volume loss due to wear tests and mass loss. The
first method is carried out using (1) with the assumption that
the pin does not experience significant wear [17]:

disk volume lost, mm? =

n(wear track radius, mm)(wear scar diameter, InIn)3 @

6(sphere radius, mm)

Meanwhile, the second method is conducted by using (2):

mass loss
volume lost, mm® = 8

_— 2
density, g/cm? @

Contact angle measurement of mixed bio-lubricants on
low carbon steel was conducted at room temperature (25 °C)
to compare their wetting performance with series camera.
Generally accepted that a high contact angle indicates poor
adsorption between the lubricant and surface while a low
contact angle indicates good one as illustrated in Fig. 4. The
contact angle measurement of mixture is captured by using
apparatus as in Fig. 5.

0

a b

Fig. 4. Contact angle to determine adsorption characteristic
between lubricants and surface: a — poor wettability;
b — good wettability
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Fig. 5. Contact angle measurement apparatus

Before the measurement, low carbon

. 1 40.0
steel surface was rinsed with ethanol and 36.9
dried in stream of hot air. One drop of 35.0 104
sample was dropped on the steel surface 29.7 '
using a syringe. To make sure that steady . 30.0 28.7 '
state contact angles’ value in average was g 26.9
obtained, a waiting period of 5 seconds & 25.0
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5. 1. Contact angle and wear rate of
mixture of Jatropha curcas oil and Sun-
flower oil

Fig. 6 shows contact angle for different
mixture of bio-lubricant as function of JCO

to percentage at room temperature (25 °C). 1.50 _
It became evident that adding of JCO into ]
SFO will increase the contact angle and 1.25

therefore the viscosity of mixture. When
it is possible to use the 2.5 % of JCO as
base, the next percentage, i.e. 5% of JCO
increase the contact angle at 6.7 %. For the
next percentage of 10 % of JCO, the contact
angle increases at 10.41 %. Percentage of
20.5% of JCO give the increase of con-
tact angle for 20.45 %. In a case of lowest
percentage to the highest percentage of

Wear Scar (mm)
(e) —_—
9 =)
W (=)
1 1

o

W

(e}
I

Percentage of JCO in Mixture (%)

Fig. 6. Contact angle for various mixture of Jatropha curcas oil and Sunflower oil

JCO,i.e. 30 %, the contact angle increases 0.25 -
about 37.17 %. ;
Fromthe wear test presentedin Fig. 7, 8, 0.00 ]

it is obvious that higher percentage of JCO
produce narrower wear scar. Comparing
the values of wear scars for each variation,
it shows 15.38 % decrease of scar’s width
for blending of 2.5 % and 5 %, then 13.64 %
decrease for blending of 5% and 10 %.
Next, for 10 % and 20 % blend the decrease of scar’s width
is 20.00 % and for 20 % and 30 % blend it shows 5 % of de-
crease. When comparing the lowest and highest percentage
of JCO content in the blend of SFO and JCO, the value is
26.92 %. From the results as mentioned before, the most
significant decrease in width of scar is found for percentage
blend of 5 % and 30 %.

1.30
I ‘110
2.5 5.0

1.25
I ‘ 1.00

10.0 20.0
Percentage of JCO in Mixture (%)

‘095
30.0

Fig. 7. Wear scar for various mixture of Jatropha curcas oil and Sunflower oil

Wear scar and wear rate of blended JCO with SFO tend
to show fluctuations for range of 2.5-20 % as shown in Fig. 8.

Fig. 8 presents wear rate on low carbon steel when
using lubricants from the mixture of SFO and JCO with
various percentage. As seen in the figure, the wear rate
becomes lower when percentage of JCO increase. When
to take the basis of wear rate of 2.5 % percentage of JCO,



then of 5 % of JCO the wear rate decreases 23.04 %. For
10 % of JCO percentage, the decrease is 18,32 % while
of 20 % of JCO percentage, the decrease is 34.42 %. The
most significant decrease is of 30 % of JCIO percentage

of 59.53 %.
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6. Discussion of the experiment and
molecular simulation of addition of
Jatropha curcas oil to contact angle and
wear rate of mixture of vegetable oil

When comparing contact angle for dif-
ferent percentage JCO in the mixture with
2.5%,5%,10 %,15 %, 20 %, and 30 %, the
contact angle is increased with value of
6.7 %, 3.5 %,9.1 %, and 13.9 % respective-
ly as given in Fig. 6. The results show that
the contact angle measurements follow
general rule of viscosity of mixed oil. It is
known that viscosity of JCO is higher than
viscosity of SFO, and the contact angle of
each mixture represent the change of vis-
cosity of the mixture. Higher percentage of
JCO, will make the contact angle, and the-
oretically the viscosity, becomes higher.

The data of wear scar as shown in Fig. 7
in this research shows consistency with

10.0 20.0
Percentage of JCO in Mixture (%)

Fig. 8. Wear rate for various mixture of Jatropha curcas oil and Sunflower oil

5. 2. Value of dipole moment and polarizability

As shown in Table 3, varied percentages of JCO in the
mixture give different values of molecular parameters. Add-
ing more JCO in the mixture makes dipole moment decrease
and also polarizability. Total electrostatic potential of FFA —
iron alpha system become less negative when concentration
of JCO is increased. Total bond energy decrease when more
JCO is added to mixture.

Dipole moment, bond energy, and heat of bond formation of fatty acids

to 20x20x 1 iron-alpha

other researches such as for blending Extra
Virgin Olive Oil (EEVO) and JCO where
higher percentage of JCO will give nar-
rower wear scars. Another research which
compare the scar width of pure petroleum
diesel and biodiesel with 20 % of JCO also
shows similar research in which biodiesel give narrower
wear scars than pure petroleum diesel. Study on trans-es-
terification of JCO also agreed with the research in which
the trans-esterified JCO are blended with mineral oil and
higher the content of JCO then the wear scar became
decreasing. The data trends on the wear rate also in line
with wear scar data in which higher percentage of JCO
make wear rate decrease. Wear rate is governed by viscos-
ity and adsorption of lubricants.
Higher viscosity of lubricants
will give good strength in film
thus more efficient in preventing

Table 3

, Percentage of JCO in Mixture of JCO+SFO (%) friction between two surfaces in
Fatty Acid contact. Higher viscosity of lubri-

0 2.5 5 15 20 30 . .
Dol " cants also gives lower adsorption
‘p("dgbr;‘;’;‘;en 17320 | 15800 | 15530 | 9.885 8.154 6.738 | to the surface. But it is not neces-
Electrostatic potential sary to use too viscous lubricants
o ms(\ioll‘t:s‘;‘) A 43669 | -46.894 | 46427 | ~47.763 | -3.145 | -6.264 | because the sliding contact will
Polarizability (A% | 52177 | 48385 | 48164 | 47593 | 473.01 | 470.24 produce heat and need more en-
ergy to move. From data of wear

Bond (kcal /mol) 39921.300 | 39924.500 | 39913.200 | 39917.900 | 39853.000 | 39856.400 . . . .
rate as depicted in Fig. 8 also give

Dipole moment is decrease from 17.320 debyes for 0 %
JCO to 15.800 debyes when JCO is 2.5 %. This trend also
consistent with increase of JCO in which for 5 % then the
dipole moments is 13.530 while of 15 % of JCO the dipole
moments is 9.885. Dipole moment of 20 % and 30 % of
JCO are 8.154 and 6.738 respectively. Other parameter, i.
e. electrostatic potential for percentage of JCO 0 %, 2.5 %,
5%, 10 %, 15 %, 20 %, and 30 % are —43.669, —46.894,
—46.427, —47.763, —3.145, and —6.264 Volts respective-
ly. The polarizability for the same percentage is 521.77,
483.85, 481.64, 475.93, 473.01, and 470.24 A3 respective-
ly while for bond energy for fatty acid-iron system the
value is 39921.300, 39924.500, 39913.200, 39917.900,
39853.000, and 39856.400 kcal/mol respectively.

the trend that higher percentage
of JCO will give better anti-wear performance since the
wear rate is decreasing in general. Based on the result of
wear test, the viscosity is dominant in governing lubri-
cation. When to look closer to the wear scar (Fig. 7) and
wear rate (Fig. 8), both give a result that for 5 % of JCO
the data show slightly lower value of them than of 2.5 %
and 10 %.

Performance of lubricants to reduce friction is gov-
erned mainly by viscosity of lubricants and adsorption
to surface of lubricated one. The value of viscosity can be
estimated from the composition of fatty acid or molecules
while also give insight into adsorption behavior through
molecular simulation. JCQO’s fatty acid is composed main-
ly by oleic acid (18:1), linoleic acid (18:2), and palmitic



acid (16:0) while SFO’s fatty acid composition is domi-
nated by lauric acid (12:0), myristic acid (14:0), and oleic
acid (18:1). While JCO is dominated by unsaturated fatty
acid with longer chain, the SFO is dominated by saturated
fatty acid with shorter chain. It also explains why JCO is
more viscous than SFO.

Reactivity of a molecular system can be described by
molecular electrostatic potential (MEP). MEP give under-
standing of system physicochemical properties and its rela-
tionship with molecular structure and also reactivity toward
the attack of electrophilic and nucleophilic [18]. Electrostat-
ic potential has a minor role in the adsorption, especially on
hydrophilic surface. This parameter shows how structure
of molecules and its reactivity. Oleic acid and linoleic acid
are unsaturated fatty acid and increasing when percentage
of JCO higher. Total bond energy described how weakly or
strongly bond between FFA and surface.

Other parameter, i. e. dipole moments, indicates the
polarity of molecular system and in general have inverse
trend with adsorption energy and enthalpy of adsorption
process. Meanwhile, polarizability define the state of
electron cloud when interact with electric charge. High
polarizability means electrons can be easily taken away
from the nucleus. Also, it refers to the tendency of mol-
ecules in developing dipole moments in response to an
electric field [19].

From molecular simulation, the dipole moments and
polarizability become lower when percentage of JCO
is increased as shown in Table 3. When dipole moment
become lower the adsorption energy also become less
negative [20]. Lower adsorption energy means the ad-
sorption of mixture to surface is less than pure SFO since
it can’t form strong chemical interaction which makes it
less stable. Table 3. shows that for 5 % of JCO there are
slightly lower in electrostatic potential and bond energy
value which may become the reason why the wear rate of
mixture slightly lower.

Depend on the type of adsorption, whether it take
form physio-adsorption or chemisorption, the mechanism
of adsorption is different. For physio-adsorption, the only
bonding is weak van der Waals type of force. This type of
bonding doesn’t change distribution of electron density
both in molecules or surfaces. In chemisorption, the bond-
ing may take form of ionic or covalent bonding with redis-
tribution of electron density occurs in either molecules or
surfaces. For mechanism of adsorption in this work tend
to physio-adsorption one.

The study needs to be further explored since there are
some limitation of the study. When comparing between
simulation and experiment, always the simulation can’t
reflect actual experimental one because of it depend on
the methods and initial conditions. Also, the time of
simulation is conducted in very short fraction of time
than experimental one because of computational power of
hardware even though it is still decent way to complement
the experimental research. Related to this study, further
simulation which represent the lubrication condition
between two surfaces which is separated by mixed vege-
table lubricant need to be explore more so that the whole
picture of theoretical background of the topics can be
presented more comprehensively.

The study has two limitations. The experimental one
is much depending on the varieties of Jatropha curcas
and sunflower together with cultivated area therefore the

results is valid only for JCUMMS5 variety of JCO which
cultivated in Pasuruan, East Java-Indonesia and SFO
from certain vendor. The simulation one is represent for
idealize both of fatty acid molecules and pure iron with
BCC only. Other surface such as surface with oxide and
others cis-fatty acid need to be run independently. Also,
JCO used in the study is crude one. This type of JCO has
disadvantages in oxidative stability and limits its use in
practical/industrial application. Therefore, the direction of
future research needs to be directed to epoxidized or ester-
ified JCO in order to improve oxidative stability and more
suitable to industrial application even though it will give
more viscous and oxygen adsorption in the fatty acid chain.

7. Conclusions

1. Adding more JCO into mixture with SFO will
make oil mixture become more viscous since JCO is more
viscous than SFO. This is indirectly concluded from the
value of contact angle in which become higher when more
JCO is added. With contact angle’s value of 26.9 degree
to 36.9 degree then it can be associated with good wetta-
bility. Since the value of contact angle is higher for higher
percentage of JCO then it inversely proportional to wet-
tability. Addition of JCO is also influencing the wear scar
and wear rate on pin-on-disc test using the mixture as
lubricant. Higher percentage of JCO in mixture will make
wear scar and also wear rate become lower. In general, the
addition of JCO improve wear characteristic for both wear
scar width and wear rate. The exception is of 5 % addition
of JCO in which both wear rate and wear scar slightly
lower than 2.5 % and 10 % of JCO’s addition.

2. Chosen parameters of molecular simulation i. e.
dipole moment, electrostatic potential, polarizability and
bond energy are obtained. Increasing of percentage of
JCO in mixture has inversely influence on dipole moment
and polarizability in which it will decrease the value of
both parameters. For dipole moments, the range of value
is 17.320 debyes for 0 % of JCO to 6.338 debyes of 30 %
of JCO. The decrease is about 63.4 %. Polarizability is
decreasing from 521.77 A% to 470.24 A% of 0% JCO to
30 % JCO. It’s about 9.87 % decrease. The electrostatic
potential is decreasing (less negative) when the percent-
age of JCO is increasing in which the electrostatic poten-
tials is —43.669 Volts of 0 % of JCO and —3.145 Volts of
20 % JCO and about 92.79%. The bonding energy which
combination of lubricant (fatty acid) and surface in gen-
eral has decreasing trending. Its value decrease but fluc-
tuate from 39921.300 kcal/mol to 39856.400 kcal/mol
of 0% JCO and 30 % JCO which about 0.16 %. From the
simulation, especially from the value of dipole moments
and polarizability, give explanation why the mixture be-
come more adhere to the fatty acid than to surface hence
higher viscosity and for some extent better anti-wear
properties. The slight fluctuation in electrostatic poten-
tial and bond energy may explain why the wear scar and
wear rate slightly lower in that percentage.
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