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This study introduces chaulmoogra oil as a base stock for lubricant formulation. The tribological properties of chaulmoogra oil are
evaluated by quantitative structure-property relation (QSPR) technique using the molecular modelling package Spartan 18. The
quantum chemical calculations were performed on a typical molecule of chaulmoogra oil and its constituent fatty acids. The
orbital energy gap of the constituent fatty acids in chaulmoogra oil is 7.37 eV and that of chaulmoogra oil molecule is 6.8 eV, which
is less than that of the lauric acid, the main constituent of coconut oil (7.78 eV). Orbital energy gap predicts a better tribological
performance for chaulmoogra oil, and the four ball test result is in agreement with this prediction. Oxidative property of
chaulmoogra oil is tested by isothermal thermogravimetric/differential thermal analysis (TGA/DTA) and compared with different
oils. Weight gain in oxygen is only 0.02% for chaulmoogra oil and showed better oxidative stability among all other tested oils.

1. Introduction

There is a surge of identifying new materials for developing
lubricant base stock. As a natural material, vegetable oils are
getting attraction and are proved to be the best biode-
gradable and renewable substitute for mineral oil in lubri-
cant formulation. Vegetable oils have some excellent
properties such as high lubricity, high viscosity index, high
flash point, and low evaporative loss [1-4], but the cold flow
properties, oxidation stability, and hydrolytic stability are
poor [5, 6]. A number of edible oils are used as lubricant base
stock. However, the use of edible oil in industrial application
causes price escalation and scarcity of these oils for food
purpose [7]. Now it became a necessity to identify materials
that cause less harm to nature and does not create a negative
impact on human consumption. India is blessed with rich
biodiversity consisting of unique plants, and many non-
edible oils can be identified as a substitute material for
mineral oil. This paper introduces chaulmoogra oil (Hyd-
nocarpus wightianus) as a new biodegradable and nonedible
lubricant base stock, and its antiwear property and oxidative
stability are evaluated by fast test methods and compared

with other saturated and unsaturated oils. The novelty in this
study is the prediction of the antiwear property of chaul-
moogra oil by QSPR technique and comparison of oxidation
stability of chaulmoogra oil with saturated and unsaturated
oil using isothermal TGA/DTA. Also, chaulmoogra oil is a
unique nonedible oil due to the presence of long-chain cyclic
fatty acids such as hydnocarpic acid, chaulmoogric acid, and
gorlic acid. Chaulmoogra tree grows in wild forests of India
and other countries. This tree is abundant in the villages of
Kerala. Chaulmoogra oil is useful for the treatment of skin
disorders and leprosy. A few years back, the folks of Kerala
used this oil for lighting lamp. Now a significant portion of
the seed is wasted as its benefits and market are not well
established.

Vegetable oils are triacylglycerides (TAGs), and the
general structure is shown in Figure 1 [8], where Ry, R,, and
R; represent the hydrocarbon chain of different fatty acids.
Some exceptions are present like jojoba oil which is liquid
wax [9]. Typical vegetable oils contain a combination of
saturated and unsaturated fatty acids, with the double bond
in the cis-configuration. Some vegetable oils contain fatty
acids with chemical functionality [10]. Fatty acids present in
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FiGure 1: Structure of TAG [8].

the oil determine the bulk properties of the oil. Evaluation of
vegetable oils for industrial use requires many time-con-
suming and expensive tests. Many standard test methods are
available to evaluate the antiwear characteristics of vegetable
oil. Pin on disc (ASTM G99, DIN 50324) and four ball tests
(ASTM 4172) are generally used for evaluating antiwear
properties, but these test methods are costly and require
mechanical hardware. Quantitative structure-property re-
lation (QSPR) is an inexpensive and fast technique to screen
and evaluate triacylglycerides for industrial application
[11, 12]. The antiwear characteristics of fatty acids and
triacylglycerides hinge on the three phenomena: physical
adsorption, chemical adsorption, and surface chemical re-
action [13]. These phenomena occur due to the interaction of
the polar group in the fatty acids with the metallic surface. In
boundary lubrication, polar heads of fatty acids adhere to the
metal surface and form a monolayer [14]. This monolayer
reduces friction between surfaces. This can be well explained
with QSPR techniques. It is assumed that the electronic
structure of the polar group is not affected by the ester
linkage [11]. Hence, instead of analyzing the complex
molecule of triglycerides, the properties that depend on the
electronic structure of the polar group can be assessed by the
fatty acid constituents. For a preliminary screening of new
vegetable oil, the QSPR technique is effective and enables a
fast comparison of its antiwear characteristics with some
well-known oils in use.

Another disadvantage of vegetable oil is its poor oxi-
dation stability. Oxidative property can predict long-term
stability of oils in industrial application, especially as a lu-
bricant. The formation of undesirable deposits, sludge, and
corrosive by-products can be suppressed if the lubricant is
resistant to oxidation. Oxidation rate increases with the
degree of unsaturation.

Oxidation reaction starts with the formation of hydro-
peroxides through free radical mechanism. Allyl proton in
unsaturated fatty acid is associated with less bond energy.
This proton gets detached from the hydrocarbon chain and
produces a free radical. The free radical then reacts with
oxygen to produce highly reactive peroxy radicals. Another
free radical is produced when the reactive peroxy radicals
take protons from other fatty acid molecules and form
hydroperoxide. Hydroperoxides then degrade to secondary
oxidation products such as alcohols, aldehydes, ketones,
epoxides, dimers, and polymers [15]. This leads to the
rancidity of oil. The presence of various protons (olefinic,
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allylic, and bis-allylic protons) and cyclic fatty acids are
confirmed using Fourier-transform infrared spectroscopy
(FTIR) and nuclear magnetic resonance (NMR) spectros-
copy. If the contact surface is water free, metals in the
presence of air may react with different components in the
oil or with the dissolved oxygen and get corroded [16]. In the
presence of water, these reactions become more complicated
[17]. Even without oxygen, air, or water, thermal degrada-
tion due to the pyrolytic reaction may occur at high tem-
perature. The degradation of cyclic fatty acid produces many
low-molecular-weight components.

The standard test methods for oxidation stability of oil
are the active oxygen method (AOCS Cd 1257 (89)), tur-
bine oil oxidation stability test (ASTM D943), and rotary
bomb oxidation test (ASTM D2722). These test methods
are time-consuming, and comparison of the oxidative
property with a greater number of oils is not so easy. Hence,
it became a necessity to find an oxidation stability test that
represents field performance within a short testing time.
Thermogravimetric/differential thermal analysis (TGA/
DTA) is a fast method to find the oxidation stability of
materials [18]. The weight loss and heat flow associated
with the exothermic and endothermic reactions of a sample
when heated at a constant rate or maintained at a constant
temperature under different environments can be mea-
sured using TGA/DTA. The higher precision and sensi-
tivity of TGA/DTA are the advantages compared to the
conventional methods. Also, this test method requires a
very small amount (milligrams) of the sample. Using TGA/
DTA, the oxidation stability of a material can be easily
compared to any number of other available materials
within a short time period.

Quantum chemical calculations are performed on
constituent fatty acids of chaulmoogra oil to predict the
tribological properties of the oil, and these values are then
compared with experimental data. Oxidative stability of
chaulmoogra oil is compared with other unsaturated oils
and saturated coconut oil. Chaulmoogra oil exhibited the
highest oxidation stability.

2. Experiment Details

2.1. Quantum Chemical Calculation. Quantum chemical
calculations are based on quantum mechanics which con-
sider property and behaviour of molecule as the interaction
between the nuclei and electrons. Also, the molecular ge-
ometry is described as minimum energy arrangement of
nuclei. All quantum chemical calculations are based on the
time-independent Schrodinger wave equation. Original
equation is applicable to single-electron single nuclei system,
which can be generalized as a multielectron multinuclear
system as follows [19]:

Hy = Ey, (1)

where E is the electronic energy in atomic units, y is the
many electrons wave function, and H is the Hamiltonian
operator corresponding to the multielectron, multinuclear
system.
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An exact solution to the multielectron Schrédinger
equation is too difficult. Born-Oppenheimer approxima-
tion, which assumes the nuclei do not move, deduce the
electronic Schrodinger equation [19]:

Hel l[/el _ Eelwel' (2)

Hartree-Fock method [11], semiempirical methods
such as Austin model 1 (AM1) or parameterization
method 3 (PM3) [20, 21], and density functional method
(DFT method) can be adopted to solve the electronic
Schrédinger equation, but some recent studies proved that
the DFT method gives a statistically more accurate QSAR
(quantitative structure activity relationship) model
[22-24]. Hence, DFT method and the molecular modelling
package Spartan 18 are used in this study. It is difficult to
model all the possible combinations of fatty acids for
triglyceride. Hence, a typical triglyceride molecule of
chaulmoogra oil is created by considering the major fatty
acid constituents. Also, the quantum chemical calculations
for the triglyceride molecule are time-consuming, and
analysis of the fatty acid component is sufficient to assess
the net electrostatic charge and orbital energies.

Initial energy minimization of the molecule is carried out
with MMT force field [24]. Then, it is further optimized by
Becker’s three-parameter hybrid functional (B3LYP) and
G6-31 basis vector [24].

Following quantum chemical descriptors are used in this
study:

Q,: the net electrostatic charge, the atomic charge that
matches with the electrostatic potential surrounding a
molecule [25].

E_HOMO: energy of highest occupied molecular or-
bital which represents the least tightly held electrons.

E_LUMO: energy of lowest unoccupied molecular
orbital which represents the easiest path for the ad-
dition of more electrons to the system.

AE: orbital energy gap, i.e., the difference between
E_HOMO and E_LUMO. Interaction between the two
reacting species molecules will be stronger if the energy
gap is small [25].

H_Form: energy required for a hypothetical reaction
that creates molecules from the scattered electrons and
nuclei.

Fatty acid composition of chaulmoogra oil, coconut oil,
and sunflower oil is given in Table 1 [26, 27]. Structure of
significant fatty acids in coconut oil and chaulmoogra oil
used for quantum chemical calculations is given in Figures 2
and 3. The various fatty acids like myristic acid, palmitic
acid, stearic acid, linoleic acid, ricinoleic acid, and eicosanoic
acids that are commonly seen in vegetable oils are modelled
and analyzed to find the influence of these acids on the net
electrostatic potential and orbital energy gap. A detailed
study is carried out for chaulmoogra oil and compared with
coconut oil (a representative of saturated oil) and sunflower
oil (a representative of unsaturated oil).

TaBLE 1: Fatty acid composition of chaulmoogra oil, coconut oil,
and sunflower oil [26, 27].

Fatty acid Chaulmoogra (%) Coconut (%) Sun(f;()))wer
Hydnocarpic acid 21 — _
Chaulmoogric 15

acid

Gorlic acid 6 — —
Caprylic acid — 8 _
Capric acid — 7 _
Lauric acid — 48 _
Myristic acid — 16 _
Palmitic acid 23 9 6
Stearic acid 3 2 5
Palmitoleic acid — — _
Oleic acid 26 7 20
Linoleic acid 6 2 69

2.2. Four Ball Test. Four ball test is the standard test method
(ASTM D4172-94) to find the tribological characteristics of a
lubricant base stock. The test is conducted using the four ball
tester, Ducom Instruments, USA. The test conditions are as
follows: three chromium alloy steel balls (12.7 mm diameter)
are held together and immersed in the chaulmoogra oil. The
load is applied on these steel balls for 60 minutes, through
another rotating steel ball pressed on it. The standard test
condition is 392N, 1200 rpm, and 75°C. Chromium alloy
steel balls of 12.7 mm are used for the test. Specified duration
for the test is 60 minutes. This test determines the coefficient
of friction and the average wear scar diameter. The test is
conducted on samples of chaulmoogra oil, coconut oil, and
sunflower oil.

2.3. FTIR and NMR Spectroscopy. Thermo Nicolet Avatar
370 FTIR spectrometer is used for recording the infrared
(IR) spectra. The scanning range of the instrument is 4000 to
400cm™’, and the recorded data were averaged for thirty-
two scans. Solution-state NMR spectrometer (400 MHz) is
used for recording the proton spectra (‘H-NMR) and carbon
spectra (**C-NMR).

2.4. Thermogravimetric/Differential Thermal Analysis (TGA/
DTA). Isothermal TGA/DTA is performed on chaulmoogra
oil at 150°C under oxygen and nitrogen environment. The
standard test methods for oxidation stability specify the test
condition as 150°C. So, the same temperature is specified for
the isothermal TGA/DTA. At first, the sample is rapidly
heated to 150°C under nitrogen and kept at that condition
for 10 minutes. Then, it is switched over to oxygen at a flow
rate of 100 ml/min and kept at the isothermal condition for
3hrs to find the oxidation stability. Diamond TG/DTA
thermogravimetric analyzer, PerkinElmer, USA, is used for
the analysis. Also, the test is conducted on nine other oils
(coconut oil, sunflower oil, castor oil, sesame oil, groundnut
oil, linseed oil, mustard oil, olive oil, and palm oil) for
comparison.
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Ficure 2: Structure of (a) lauric acid (C12:0) and (b) oleic acid (C18:1).
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FIGURE 3: Structure of (a) hydnocarpic acid, (b) chaulmoogric acid, and (c) gorlic acid.

3. Results and Discussion

3.1. Quantum Chemical Analysis. A typical molecule of
chaulmoogra oil is formed considering the relative abun-
dance of fatty acids. As shown in Figure 4, the typical
molecule is formed with hydnocarpic acid, chaulmoogric
acid, and oleic acid. Quantum chemical calculations are
performed on the constituent fatty acids of chaulmoogra oil
and assessed the net electrostatic charge, orbital energies
(HOMO and LUMO), and heat of formation. The net
electrostatic charge predicts the physical adsorption, which
is directly linked to the polarity. The electrostatic potential
map of the significant fatty acids in chaulmoogra oil and
coconut oil is shown in Figures 5-7. Also, the analysis is
carried out on the typical molecule of chaulmoogra oil and
the constituent fatty acids commonly found in vegetable oils
(lauric acid, myristic acid, palmitic acid, stearic acid, oleic

acid, and ricinoleic acid). The electrostatic potential map of
the molecule of chaulmoogra oil is shown in Figure 8. It can
be observed that the electrostatic potential obtained from the
analysis of chaulmoogric acid and hydnocarpic acid is 0.57,
and the electrostatic potential of gorlic acid is 0.565. The net
electrostatic potential and the orbital energy gap of the fatty
acids obtained from the analysis are plotted, as shown in
Figure 9. As there is not much difference in electrostatic
potential of different fatty acids, the physical adsorption and,
hence, the value of the coefficient of friction are almost the
same for all vegetable oils. This conclusion is in accordance
with the experimental results given in Table 2.

HOMO and HOMO {-1} map and LUMO map of
chaulmoogric acid and HOMO-LUMO map of the typical
structure of chaulmoogra oil are given in Figures 10-12. It is
observed that the HOMO map of chaulmoogric acid is
centred around the pentene ring, and HOMO {-1} and
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FIGURE 4: Typical molecular structure of chaulmoogra oil with ITUPAC name.
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FIGURE 5: Electrostatic potential map of (a) chaulmoogric acid and (b) hydnocarpic acid.

FIGURE 6: Electrostatic potential map of gorlic acid.
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FiGure 7: Electrostatic potential map of (a) lauric acid and (b) oleic acid.
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FIGURE 8: (a) Electrostatic potential map of a typical molecule of chaulmoogra oil; (b) potential mapping on density surface.
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TaBLE 2: Result of the tribological experiment.

Vegetable oils Coefficient of friction Wear scar (yum)

Chaulmoogra oil 0.059 611
Coconut oil 0.086 598
Sunflower oil 0.061 614

LUMO maps are centred around the COOH group. The
orbital energy gap can be taken as the difference between the
LUMO and HOMO {-1} energies. The orbital energy gap is
an indication of chemical adsorption. The orbital energy gap
of the chaulmoogra oil molecule is obtained as 6.8eV

(energy difference between LUMO and HOMO {-3}). As
indicated in Figure 9, the orbital energy gap of the main
components of chaulmoogra oil is less than the orbital
energy gap of lauric acid, which is the main constituent fatty
acid of coconut oil. But it is comparable to oleic and linoleic
acids, the major components of sunflower oil. Hence, it can
be clinched that the orbital energy gap of chaulmoogra oil is
less than that of the predominantly saturated coconut oil but
comparable to the unsaturated sunflower oil. Also, the value
of orbital energy gap of the polar head of the typical molecule
of chaulmoogra oil is 6.8 eV, which is less than the orbital
energy gap of the constituent fatty acids in chaulmoogra oil.
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If the orbital energy gap is less, the chemical adsorption is
strong. Hence, we can predict a better tribological perfor-
mance for chaulmoogra oil than the constituent fatty acids
present in it.

The steric effect of the bent structure of unsaturated fatty
acids is also a contributing factor to the friction and wear
performance of vegetable oil molecules. Coconut oil is saturated
vegetable oil with lauric acid (C12:0), myristic acid (C14:0),
and palmitic acid (C16:0) as major saturated fatty acid

constituents. Sunflower oil has oleic acid (C18:1), a mono-
unsaturated oil fatty acid, as one of the major constituents. Since
saturated fatty acids do not have any kinks in their structure due
to double bonds with cis-configuration, they align normal to the
metallic surface, providing better molecular packing. Mono-
unsaturated fatty acids have only one double bond and hence
have only one bend in their structure. High oleic vegetable oils
were shown to have good tribological properties by many
researchers compared to polyunsaturated oils [28]. Though
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orbital energy gaps of chaulmoogric acid, hydnocarpic acid,
gorlic acid, and oleic acids are lower than that of lauric acids,
coconut oil has a favourable molecular structure (due to
straight-chain fatty acids).

Quantum chemical analysis of chaulmoogra oil, as de-
tailed above, predicts comparable friction and wear prop-
erties to that of coconut oil and sunflower oil (which are
extensively studied and reported in [11]. The experimental
result as given in Table 2 corroborates the conclusion drawn
from quantum chemical calculations.

Bowden and Tabor plotted the transition temperature
and melting point of various fatty acids as a function of
carbon chain length and is given as Figure 13 [14]. The
transition temperature into high wear regime increases with
the increase in the number of carbon atoms in the fatty acid
chain [14]. The heat of formation of various fatty acids is
plotted and shown in Figure 14. The transition temperature
into high wear regime for different fatty acids as depicted in
Figure 13 shows good correspondence with the heat of
formation of the fatty acids, as plotted in Figure 14. The heat
of formation of constituent fatty acids of chaulmoogra oil is
high compared to lauric acid, which is the major constituent
of coconut oil. Coconut oil starts showing excessive wear
above ~120 [11], whereas for stearic acid, transition tem-
perature into high wear regime is about 130. Figure 14 shows
that the major constituent fatty acids of chaulmoogra oil,
namely, oleic, chaulmoogric, and gorlic acids (Table 1), have
the heat of formation equal to that of stearic acid. Hence, we
can predict a similar (~130) transition temperature for
chaulmoogric acid.

3.2. Oxidative Property Using TGA/DTA. Heat flow, tem-
perature, and normalized weight obtained from isothermal
TGA of chaulmoogra oil in nitrogen and oxygen are shown
in Figures 15 and 16. Heat flow and normalized weight are

70 3470

% Transmittance
Ul
<)

3050

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber, (cm)~!

FIGURE 19: FTIR spectra of chaulmoogra oil.

constant in nitrogen. The oil shows thermal stability at
150°C. But in oxygen, initially, it shows a weight gain due to
peroxide formation, and then, weights decrease due to the
volatile substances formed due to the decomposition of
peroxide.

The comparison of the percentage weight and heat flow
of chaulmoogra oil with the predominantly saturated co-
conut oil and unsaturated sunflower oil is shown in Fig-
ures 17 and 18. Coconut oil shows degradation after 60
minutes, but sunflower oil is polyunsaturated oil and shows
an initial weight gain before degradation. Chaulmoogra oil is
also unsaturated oil. However, it shows better oxidative
stability compared to coconut oil and sunflower oil, which is
attributed to the presence of the cyclic fatty acids which is
more resistant to oxidative degradation compared to oleic
acid or linoleic acid [29]. FTIR and NMR spectra given in
Figures 19-21 can confirm the presence of unsaturation and
cyclic components in chaulmoogra oil. IR peak at wave
number 3050 cm™" indicates the unsaturated system. Also,
the chemical shift between 5 and 6ppm in 'H NMR
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corresponds to the olefinic proton. The chemical shift at
~2ppm and ~2.6 ppm corresponds to the allylic and bis-
allylic protons. The chemical shift in ">°C NMR and 'H NMR
at ~130ppm and ~5.56 ppm, respectively, confirms the
olefinic carbon and proton in cyclopentene.

T T T T T

80 60 40 20 0 ppm

hift corresponding to carbon connected to the vinylic proton in

The isothermal TGA/DTA comparison of chaulmoogra
oil with mustard oil, linseed oil, castor oil, sesame oil, co-
conut oil, groundnut oil, sunflower oil, olive oil, and palm oil
in oxygen is shown in Figures 22 and 23. In the presence of
oxygen, the oils start to decompose. The unsaturated oils
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gain weight due to oxygen uptake and peroxidation. The = The oxidative reactions are exothermic, and the vaporization
peroxide so formed then decomposes to form low-molec-  of low volatile compounds is endothermic. The highest
ular-weight compounds. The change in weight is recorded ~ weight gain is for linseed oil. This is because the linseed oil
for 3 hrs keeping the oil sample in an isothermal condition. ~ possesses maximum unsaturation. The next highest weight
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gain is for sunflower oil. Oxidation stability of chaulmoogra
oil is good compared to all other tested oils.

4. Conclusions

The following conclusions are made from the study:

(i) The quantum chemical parameters (HOMO-
LUMO energy gap, electrostatic charge, and the heat
of formation) can be used to assess the friction and
wear performance of vegetable oils.

(ii) The quantum chemical analysis of chaulmoogra oil
predicts good friction and wear performance, which
is in agreement with the experimental result.

(iii) Saturated and mono-unsaturated vegetable oils
show comparatively better oxidation stability.

(iv) Chaulmoogra oil shows good oxidation stability (at
150°C) among all other oils tested.
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