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Abstract: Many researches are focused on the tribological performances of pure vegetable oil in order
to replace the conventional mineral engine oils. This work investigates the influence of local moringa
oil (noted VO) on the performances of lubricants formed from a blend of dodecane and graphite
particles at ambient temperature. In a first part, a reduction of about 50% of friction properties of
dodecane is observed when adding small amounts of moringa oil (VO), which is intended to be
used as a bio-base performance additive in lubricant formulations. The friction properties of their
blends with graphite, generally employed as solid lubricant additive, showed an adsorption effect of
fatty acid molecules. The more promising results were obtained for the blend containing 2 w% of
VO. Physicochemical characterizations of the tribofilms evidence the good antiwear properties of
the lubricant.
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1. Introduction

Green lubrication presents an increasing interest in world industrial and economic
development. Indeed, commercial lubricants being petroleum-based are the subject of nu-
merous studies due to the progressive depletion of the world reserves of fossil fuels but also
owing to concern on their environmental impact. Conventional lubricants are composed of
base oil and additives conferring specific properties to the lubricant. Friction reduction ad-
ditives are used to ensure the lubricating properties in the friction boundary regime [1-5].
Other additives act on the oiliness of the lubricant [6-9]. Natural oils developed with
vegetal or animal biomass, and fats present better friction and wear performances than
mineral oils. If the use of vegetable oils as lubricant base oil is not economically possible,
the addition of vegetable oils to conventional mineral oils is interesting to improve the
tribological performances of the lubricants and to reduce its environmental impact.

Indeed, the amphiphilic properties due to the presence of fatty acids in vegetable
oils improves lubrication and antiwear performances compared to mineral or synthetic
lubricant oils. Due to their adhesion to metallic surfaces, the long chain of polar fatty
acids constituting the structure of the triacylglycerol is responsible for the interest of using
natural oils in boundary lubrication by creating a protective thin monolayer, which allows
us to reduce friction and wear of the sliding surfaces [10]. Numerous studies have been
focused on vegetable oils as surfactant molecules added to engine oils to reduce friction
in the boundary lubrication regime [11-14]. In 2018, Bahari et al. experimented with
the tribological response of vegetable oils (palm oil, soybean oil) and their blends with
mineral engine oil in a reciprocating sliding contact running in severe conditions [15].
The presence of the vegetable oil strongly influences the lubrication performances of the
mineral oil/vegetable oil blends. In 2020, Fry et al. studied the adsorption of organic
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friction modifier additives (octadecylamine, oleylamine, oleic acid and glycerol) in hexane
with a rubbing contact formed by stationary glass ball and a rotating silicon disk under
the boundary lubrication regime [16]. They showed the impact of the layer thickness and
the surface coverage depending of the molecular structure of organic friction modifier.
In 2013, Pereira et al. analyzed the natural biodegradable oils (sunflower oil, high oleic
sunflower oil, castor oil and ECO-350 recycled oil) as an alternative to traditional canola
oils used for minimum quantity of lubrication [17]. The tribo-rheological performances and
investigations of lubricants evidences that high oleic sunflower oil improves tool life and
is a feasible alternative to walk towards a total ecofriendly machining process. Moringa
oil presents a high oleic concentration, which allows it to improve oxidation stability over
many other natural oils [18]. Salaheeden (2014) and Tulashie (2019) have shown that
moringa oil is a potential source for bio-fuel due to its high concentration in oleic acid and
low concentration of polyunsaturated fatty acids [19,20]. Kerni et al. (in 2019) evaluated
the effect of nanoparticles (CuO and hBN) in different concentrations on the friction and
wear behavior of epoxidized oil; olive oil consists of 85% unsaturated fatty acids [21]. They
observed that the addition of 0.5 w% concentration of nanoparticles in olive oil results in
the exhibit minimum friction coefficient.

Many researchers have reported that the addition of graphite nanoparticles can im-
prove the tribological properties of pure oil [9,22-25]. Graphite is well known for its friction
properties due to its lamellar structure, in which carbon atoms are strongly bonded (co-
valent bonds) in graphene sheets, the layers are separated by weak Van der Waals forces.
The good friction properties of graphite are due to alignment of graphene layers parallel
to the sliding direction [26-28]. In 2015, Su et al. investigated the tribological properties
of graphite nanoparticles as LB2000 vegetable-based oil additive with a pin-on-disk fric-
tion and wear tester [29]. They show that the smaller particles allow for a lower friction
coefficient and reduce the wear volume of the disk.

The objective of this work is to investigate the possibility to use local biomass to
improve the performances and reduce the environmental impact of petroleum-based lubri-
cants. The effect of the addition of moringa oil (noted VO) as base additive, and graphite
as friction reducer is studied. Dodecane is used as base oil. In the first part, the influence of
small amounts of moringa o0il (VO) in base oil has been studied. Then, three formulations of
lubricants containing different percentages of moringa oil (VO) mixed with a blend of dode-
cane and fixed weight percentage of graphite particles have been investigated. The second
part is focused on the physicochemical characterizations of the lubricant presenting the best
friction properties. Infrared spectroscopy and thermogravimetric analyses are performed
on a VO/dodecane blend before friction experiments, then Raman spectroscopy and SEM
experiments are carried out on a graphite/VO/dodecane blend in order to identify key
parameters for friction reduction.

2. Materials and Methods

Dodecane ReagentPlus 99% used in this study as base oil was provided by Sigma-
Aldrich. Vegetable oil is local moringa oil (VO) extracted by Phytobokaz Laboratory
(Guadeloupe, France). The fatty acids composition of moringa oil is presented in Table 1
(industrial analysis of Phytobokaz). VO is mainly composed with monounsaturated fatty
acid. Exfoliated graphite particles is used as a solid friction reduction additive (Timcal
Society). Graphite particles thickness is about 100 nm with an average size of 40 pm. The
ratio between size and thickness is about 400.

Blends containing 0.5, 1, 1.5 and 2 w% of VO in dodecane were prepared. The mixture
preparation consists of simply weighing with a precision of 0.01 mg. Three lubricants’
compositions were prepared by adding 1 w% of graphite in base oil composed of 1, 2 and
3 w% of VO in dodecane by the same weighing technique. The dispersion of the different
blends was obtained in ultrasonically bath during 5 min.
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Table 1. Composition of moringa oil.

Fatty Acid Methyl Ester % Mole Fraction

Palmitic C16:0 6.09
Palmitoleic C16:0 1.94
Stearic C18:0 3.77

Oleic C18:1 75.33

Linoleic C18:2 0.90
Linolenic C18:3 0.29
Arachidic C20:0 247
Behenic C22:0 5.67
Lignoceric C24:0 1.01

The friction properties of materials were measured at room temperature (25 °C) with a
reciprocating ball-on-plane tribometer consisting of a AISI 52100 steel ball rubbing against
a static AISI 52100 steel plane (Figure 1). The ball with a diameter of 1 cm was brought
in contact of the plane with a normal load of 10 N. The alternative motion of the ball
was performed with a sliding speed of 4 mm-s~!. The frequency is 1 Hz. The tangential
force Fr was estimated with a computer-based data acquisition system. The friction
coefficient value was calculated as y = % Two thousand friction cycles were performed,
a cycle corresponding to an alternative motion of the ball. According to Hertz theory, such
tribological conditions lead to maximum contact pressure of 1 GPa and a contact diameter
of 140 um. The generation of multidirectional stripes favors the adherence of graphite
particles on the sliding surfaces. For all experiments, the initial roughness of the steel ball
is about 50 um. Before friction experiments, both steel materials were successively cleaned
in ultrasonic acetone and ethanol baths. A drop of selected mixture was deposed on the
plane before the friction experiment. The blends with VO and dodecane are referred to
as liquid conditions, and the friction coefficient measured is noted py9v0+dodecane- FOT
mixtures containing graphite particles, the notation is yGyaphite -+ w%VO-+dodecane-

Motor
Sphere
Plane
33X,z sample ]
' holder —
—
Frmeasured
Fy= 10N
F y g
Addition of a drop Ball on plane contact Back and forth
of the blend tested Application of F,, movement of the ball

Figure 1. Picture of reciprocating ball on plan tribometer with a schematization of friction experiment.
SEM image of the multidirectional stripes generated on the steel plane in order to assure the presence
of solid particles in the sliding contact.

Fourier transform infrared spectroscopy (FTIR) analyses were performed to iden-
tify the functional groups in the blends using a PerkiElmer Spectrum Two spectrometer
(Waltham, MA, USA) with a range of 4000 to 50 cm~ ! wave numbers and a resolution of
4 cm 1. Thermogravimetric experiments were carried out with Setaram (Caluire-et-Cuire,
France) device under argon at a heating rate of 2 °C/min from room temperature to 700 °C
of about 20 mg of sample. The same conditions were used for all the tests. The onset
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temperature (Tonset) and the maximal temperature (Tmax) were reported. The viscosity
parameter of the blends without particles was measured by a modular compact rheometer
(Anton Paar, Graz, Austria) at ambient temperature with a cone/plane contact. The cone
has a diameter of 50 mm and angle of 2°. The plane has a diameter of 50 mm. The share
rate is 0.01 to 1000 s~!. Scanning electron microscopy (SEM) using secondary electron
imaging characterized the particles and their corresponding tribofilms with a FEI Quanta
250 microscope (Hillsboro, OR, USA). Both samples were analyzed by Raman spectroscopy
performed with a HR 800 Horiba multi-channel spectrometer (Kyoto, Japan) using a Peltier-
cooled CCD detector for signal recording. The exciting line was 532 nm wavelength line
(ND YAG laser). The steel planes were rinsed before Raman analysis in order to eliminate
the residual particles.

3. Results and Discussion
3.1. Influence of the Presence of VO as Bio-Additive

Figure 2 presents the friction coefficient obtained at 1000 cycles, and wear scar diame-
ters were measured on the ball for pure moringa oil (VO) and as a function of the percentage
of VO added in dodecane. The comparison of the wear traces diameter to the theorical one
(Hertz's theory) allows us to evaluate wear of the ball and in consequence the antiwear
properties of the tested lubricants. The friction and wear values obtained for pure dodecane
are high; 14ure dodecane = 0.18 £ 0.02 and D pure dodecane = 280 & 10 um characterizing severe
wear and friction conditions. Contrary to dodecane, the tribological properties of pure VO
are weak pipyre vo = 0.070 £ 0.005 and &y vo = 150 £ 10 pm confirming the excellent
properties of vegetable oils. For the VO/dodecane blends, the friction coefficients are not
as low as the one obtained for pure VO, but the influence of the presence of VO strongly
improves the tribological properties of dodecane. We observe a progressive reduction then
a stabilisation of the friction coefficient value according to the percentage of VO added
in dodecane. The friction coefficient, yg 5,%v0+dodecane = 0-13 £ 0.010, decreases down to
0.1+ 0.005 from the blend with 1.5 w% of VO. The wear diameter is reduced from 180 to
145 + 5 um as a function of the w% of VO added. These results lead us to conclude about
an excellent tribological influence of the presence of VO. Our results are in good agreement
with the literature. Bahari et al. (2018) showed that the presence of vegetable oils improves
and dominates the tribological properties of minerale/vegetable oil blends [15]. In 2021,
Ponomarenko et al. found that when sunflower oil is added to mineral transmission oil,
strong boundary layers are formed during friction reducing wear and friction [12]. At
ambient temperature, Reeves et al. (2015) demonstrated that natural oils with high oleic
acid concentration present better friction performances [30]. Fry et al. (2020) have demon-
strated that the properties of organic friction modifer (oleylamine, oleic acid . .. ) adsorbed
layers govern the friction by forming an adsorbed layer with critical thickness necessary
to provide low friction [31]. Our results also suggest a benefical effect of adsorbed film of
fatty acid molecules on the friction performances of dodecane.

On the basis of these first results, mixtures containing graphite particles in 1, 2 and
3 w% of VO/dodecane blends were prepared. Figure 3 presents the friction curves ob-
tained for the different mixtures containing 1 w% of graphite in pure VO, in pure dode-
cane and the three VO/dodecane blends. It can be interresting to note that the friction
coefficient value of pure graphite particles is y e grapnite = 0.12 & 0.01 in our experi-
mental conditions. All the friction curves decrease during the first cycles down to a
stable value after 500 cycles, except for the mixture containing 3 w% of VO. This first
part of the friction curves can be attributed to an induction period during in which the
tribofilm is built. The curves are then quite stable until the end of the friction experi-
ment. Figure 4 recapitulates the friction coefficient values obtained with the different
mixtures containing graphite at 2000 cycles. The friction coefficient value obtained in the
presence of pure VO is ygrapnitet pure vo = 0.09 = 0.01, whereas in the presence of pure
dodecane, an important reduction is obtained, pGraphite+dodecane = 0.06 & 0.005, imply-
ing a viscosity effect on friction properties of graphite. The friction coefficients of the
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graphite/1 w%VO/dodecane and graphite/2 w% VO/dodecane blends are closed to
the graphite/dodecane, whereas graphite/3 w% VO/dodecane presents a higher friction
coefficient. In previous studies (2021), we have demonstrated the influence of the presence
of liquid on the tribological performances of graphite [32]. Indeed, at the addition of
dodecane, an immediate and drastic reduction has been evidenced due to simultaneous
presence of liquid and particles in the sliding contact. This liquid effect is influenced by
its viscosity. An important reduction is observed in the presence of pure dodecane due to
weak viscosity Upyre dodecane = 1.383 mPas, whereas the reduction is less with pure moringa
oil, vpure vo = 87 mPa-s. However, the viscosity of the different blends containing VO and
dodecane are similar V1w%VO+dodecane == V2w%VO-+dodecane =~ V3w%VO-+dodecane ~ 2.37 mPa-s
when the friction coefficient values are different in the presence of graphite. Consequently,
no specific action of viscosity can be supposed. The presence of liquid in the sliding contact
is not enough to explain the friction reduction differences. By using the Fry et al. demon-
stration about critical thickness of adsorbed organic molecules allowing low friction, we
can suppose an adsorption effect of fatty acid molecules thickness on the graphite particles
and steel surfaces. Our results suggest that the presence of weak amounts of fatty acid
molecules in dodecane governs the tribological properties of the blends.
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Figure 2. Evolution of the friction coefficient (1) and the wear scar diameter measured on the steel
ball (©) for pure VO and as a function of the weight percentage of VO added in dodecane blends.
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Figure 3. Friction curves of the mixtures containing 1 w% of graphite particles.
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Figure 4. Friction coefficient values obtained at 2000 cycles of the mixtures containing graphite.

Moringa oil is mainly composed of unsaturated fatty acid molecules. Fatty acids
are amphiphilic molecules constituted of a hydrophilic polar part (carboxylic acid) and
a hydrophobic group (aliphatic chain). Hardy et al. (1922) showed that polar groups
adhere on the steel surfaces in contact, and the fatty acid molecules orientate vertically to
form close-packed monolayers [33]. Numerous studies in the literature are related to the
influence of friction performances of vegetable oils as a function of their fatty acid [34-37].
Sharma et al. (2009) have shown that low amounts of saturated fatty acid and high amounts
of unsaturated fatty acid result in low friction [18]. Reeves et al. (2015) have shown that
natural oils with a high percentage of oleic acid preserve low friction coefficient values and
low wear rates, because the oleic acid forms a denser and protective fatty acid monolayer
that minimizes the asperity contact [30]. Bahari et al. (2018), studying the friction and
wear responses of vegetable oil and their blends with mineral engine oils, showed that
saturated acids exhibit a lower friction coefficient than unsaturated acids, linoleic and oleic
acid [15]. All studies suggest that free fatty acids improve the lubrication properties of
vegetable oils. Moreover, Crespo et al. (2018) worked on adsorption, self-organization
and mechanical properties of different fatty acids layers under confinements states [10].
The molecule architecture of oleic acid presents one unsaturation, a double bond in cis
configuration. These results in a bent shape for the alkyl chain compared with stearic acid
in which alkyl chains are straight. On the base of our results, the thickness of the fatty
acid molecules adsorbed on the surfaces appear as a key parameter to explain the friction
properties of the lubricant. The adsorption of fatty acid molecules in the exfoliated graphite
surface has especially to be investigated. It would be investigating to add different type
of particles in VO/dodecane blends and compare the friction results. Nevertheless, the
most important point to note is that the addition of 2 w% of moringa oil to conventional
graphite/dodecane lubricant significantly improves the friction performances.

3.2. Physicochemical Characterization of the Best Mixture
3.2.1. VO/Dodecane Blends before the Friction Experiments

Physicochemical analyses of the blend with 2 w% of VO in dodecane without graphite
particles have been investigated by FTIR and TGA. FTIR technique allows us to identify
important functional groups in pure VO, which are capable to absorb metal ions. FTIR
measurement uncertainty is approximately +3 cm~!. Figure 5 presents the FTIR spec-
trum of pure moringa oil with assignment of the different peaks [38]. Triglyceride is the
major component in moringa oil. Triglyceride functional groups can be observed around
2937 cm~! (C-H stretching asymmetry), 2856 cm~! (C-H stretching symmetry), 1749 cm ™!
(C=0 stretching), 1454 cm~! (C-H bending scissoring), 1166 cm~! (C-O stretching and
C-H bending) and 709 em~! (C-H bending rocking) [39,40]. FTIR peaks between 1400 and
1800 cm ! are attributed to C-H bending, C=0 stretching and C=C stretching groups and
are directly related to unsaturated C=C bonds: oleic and linoleic acids. In pure moringa
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oil used, the intensity of C=C peaks is very small or negligible and consequently hardly
detectable in the blend (Figure 6).
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Figure 5. FTIR spectra of pure moringa oil.
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Figure 6. FTIR spectra of pure VO, pure dodecane and the blend of 2 w% of VO in dodecane.

Figure 6 shows a comparison between pure dodecane, pure VO and the blend con-
taining 2 w% of VO in dodecane. Due to low amount of VO added, the carboxylic peaks
characterizing fatty acid molecules have not been detected. FTIR spectra of the blend
is similar to that of dodecane. The VO peaks are not detectable, but the presence of
VO in dodecane have a beneficial action on the friction performances of the mixtures:
H2w%VO+dodecane ~ 0.1 and HGraphite+2w%VO-+dodecane ~ 0.05. The improvements are about
55% compared to performances of pure dodecane.

The influence of the presence of VO on the thermal stability properties of dodecane
has been investigated by thermogravimetry (TGA). The analyses were carried out in an
inert atmosphere of argon. Figure 7 displays the TGA curves for pure dodecane (Figure 7a),
pure VO (Figure 7b) and the blend of 2 w% of VO in dodecane (Figure 7c). Both TGA and
DTG curves reveal a high thermo-oxidative stability in pure VO. TGA curves confirmed
by the DTG curve show three distinct stages of mass loss for pure VO. The first stage is
associated with water desorption. From 30 °C to about 100 °C, only 2% of mass loss is
observed for the samples. In the case of pure dodecane, the main thermal degradation
takes place in a single continuous step with an onset temperature, Topget-dodecane Of 150 °C.
Dodecane boiling point is 216 °C. It vaporizes rapidly into the form of its gaseous species.
For pure VO, two other stages are observed in the temperature range from 300 to 500 °C.
These stages are related to the decomposition of the greater part of the oil components,
which probably includes fatty acids. For example, stearic acid presents a boiling point of
383 °C. At 500 °C, no residue was observed.
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Figure 7. Thermo-degradation analysis of (a) pure dodecane, (b) pure VO, (c) 2 w% of VO/dodecane blend.

Vecchio et al. (2008) have investigated the thermal breakdown of triglycerides con-
tained in olive oil [41]. They showed a single disintegration step between 160 and 370 °C
on the TGA and DTG curves of saturated C18:0, whereas two overlapped steps occurred
in the unsaturated chain. Different propositions were reported in the literature about
the interpretation of the decomposition of vegetable oil in the temperature between 420
and 495 °C. Garcia et al. (2007) observed that the mass loss step is due to oxidation of
unsaturated fatty acids in the 250 to 410 °C range, while it is attributed to the oxidation
of the saturated fatty in the 410480 °C range [42]. According to Santos et al. (2004), the
polyunsaturated fatty acids decomposition should occur in the 200 to 380 °C range, then
the monounsaturated fatty acids decomposition between 380 and 480 °C and, finally, the
saturated fatty acids thermal decomposition in the range of 480-600 °C [43]. The com-
parison of the FTIR spectrum of moringa oil within the literature suggest that our VO is
mainly composed of unsaturated fatty acid molecules. In the blend, a weak influence of the
presence of VO is observed on the thermal degradation of dodecane. The first one is due
to dodecane degradation. The two other superimposed steps of mass loss were observed
between approximately 315 and 460 °C with very weak loss of mass (between 1 and 2%)
corresponding to these thermal degradations of VO added.

3.2.2. Graphite/VO/Dodecane Blend after Friction Experiments

The obtained tribofilms have been investigated by SEM and Raman spectroscopy
analyses. Figure 8 presents a SEM micrograph of the film formed with graphite/2 w% VO/
dodecane blend. We can see that the wear trace is not homogeneous, characterizing weak
adhesion with the steel plane. Some parts of the tribofilm are missing. The initial stripes are
still visible on the steel plane, evidencing weak wear and, as a consequence, good antiwear
properties of the lubricant.

Figure 9 displays a typical Raman spectrum recorded close to the tribofilm of the best
mixture (Figure 9a) and another one recorded on the middle of the tribofilm (Figure 9b).
The first one corresponds to the Raman spectrum of the initial graphite particles before
friction. Both spectra exhibit the characteristic G, D and D’ bands associated with the
presence of graphite domains. The G band (1580 cm™!) is attributed to the Epg vibration
mode of the graphite lattice, while the D (1350 cm 1) and D’ (1620 cm ™) bands are
associated with disorder [44]. No significant difference is obtained indicating that the
structure of graphite particles does not evolve during the friction test. In previous study,
we have shown that in liquid conditions, the crystallographic disorder of graphite induced
by the friction process is lower compared to the dry one [32]. In the presence of liquid
(pure dodecane), the crystallites size decreases during the sliding experiments, but this
reduction is less important than in dry conditions (pure graphite). In this study, the tribofilm
investigations demonstrated that the presence of fatty acid thickness seems to attenuate the
mechanical constraints limiting /avoiding the destruction of crystallites during the sliding
process. In addition to liquid influence, demonstrated previously, an adsorption effect
of fatty acid molecules has been evidenced on the tribological performances of graphite,
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forming an adsorbed protective film on the graphite particles and steel surfaces during the
tribological experiments.

>

) spot |
10.7 mm| 4.0

Figure 8. SEM picture of a tribofilm obtained during the friction experiment of the lubricant composed
of graphite and 2 w% of VO in dodecane.
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Figure 9. Raman spectra recorded after friction experiment (a) near to the wear trace and (b) on the
middle of the tribofilm.

4. Conclusions

Moringa oil presents excellent friction influence as bio-additive for lubrication. By
studying the tribological performances of the different blends containing small amounts of
VO in dodecane, an important reduction in the friction and wear performances of dodecane
were identified. Dodecane was the synthetic base oil used. The friction reduction was
about 55% in the presence of 1 w% of VO added. This improvement is attributed to the
presence of fatty acid molecules. FTIR and TGA investigations of VO/dodecane blends
lead to the conclusion that no significant influence related to the presence of moringa oil is
observed on the physicochemical properties of dodecane. Despite the weak percentage
of VO, the presence of fatty acid molecules improves the tribological performances of
mineral-oil-based lubricant. A critical amount of VO and, consequently, a critical adsorbed
thickness is necessary to ensure low friction performances. Moringa oil as a bio-additive
also has an adsorption influence on the tribological performances of graphite particles. In
the presence of different percentage of VO, the best results are obtained for a lubricant
formulation containing 2 w% of VO. The hypothesis about the liquid effect is not enough
to explain the friction reduction. Raman results and SEM investigations of tribofilms does
not show significant change in graphite structure. Mainly constituted with unsaturated
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fatty acid molecules, the presence of VO protects surfaces in contact by removing mechan-
ical constraints due to sliding contact. These results show good antiwear properties of
the lubricant.

Author Contributions: Conceptualization, N.N.-M.; methodology, N.N.-M.; software, Y.B. and P.B.;
validation, N.N.-M. and P.T.; formal analysis, N.N.-M.; investigation; N.N.-M.; writing—original
draft preparation, N.N.-M.; writing—review and editing, N.N.-M.; review, P.T., Y.B. and P.T; project
administration, P.T.; funding acquisition, P.T. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by Région Guadeloupe.
Acknowledgments: Henry Joseph of Phytobokaz Laboratory for the vegetable oil used.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses or interpretation of data; in the writing of the manuscript= or
in the decision to publish the results.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Hammes, G.; Mucelin, K.J.; da Costa Gongalves, P.; Binder, C.; Binder, R.; Janssen, R.; Klein, A.N.; De Mello, J.D.B. Effect of
hexagonal boron nitride and graphite on mechanical and scuffing resistance of self lubricating iron based composite. Wear 2017,
376, 1084-1090. [CrossRef]

Singh, D.; Ranganathan, A.; Diddakuntla, G. Tribological analysis of putranjiva oil with effect of CuO as an additive. Mater. Today
Proc. 2021. [CrossRef]

Thampi, A.D.; Prasanth, M.A.; Anandu, A.P; Sneha, E.; Sasidharan, B.; Rani, S. The effect of nanoparticle additives on the
tribological properties of various lubricating oils—Review. Mater. Today Proc. 2021. [CrossRef]

Senniangiri, N.; Manikandan, S.; Dhayanithi, G.; Hariharashayee, D.; Chelladurai, C.; Sunil, J. The lubricating properties of
Graphene-NiO/Coconut oil hybrid nanofuids. Mater. Today Proc. 2021. [CrossRef]

Cortes, V.; Sanchez, K.; Gonzalez, R.; Alcoutlabi, M.; Ortega, ].A. The performance of SiO; and TiO; nanoparticles as lubricant
additives in sunflower oil. Lubricants 2020, 8, 10. [CrossRef]

Jesbin, K.S.; Mahipal, D. Evaluation of tribological characteristics of natural garlic oil as an additive in rubber seed oil. IOP Conf
Ser. Mater. Sci. Eng. 2021, 1114, 012052. [CrossRef]

Rajaganapathy, C.; Vasudevan, D.; Murugapoopathi, S. Tribological and rheological properties of palm and brassica oil with
inclusion of CuO and TiO2 additives. Mater. Today Proc. 2020, 37, 207-213. [CrossRef]

Liew, Y.; Hsien, W. Utilization of Vegetable Oil as Bio-lubricant and Additive. In Towards Green Lubrication in Machining; Springer:
Singapore, 2015; pp. 7-17. [CrossRef]

Shafi, WK.; Raina, A.; Ul Haq, M.I. Friction and wear characteristics of vegetable oils using nanoparticles for sustainable
lubrication. Tribol Mater Surf. Interfaces 2018, 12, 27-43. [CrossRef]

Crespo, A.; Morgado, N.; Mazuyer, D.; Cayer-Barrioz, J. Effect of Unsaturation on the Adsorption and the Mechanical Behavior of
Fatty Acid Layers. Langmuir 2018, 34, 4560-4567. [CrossRef]

Masripan, N.A,; Salim, M.A.; Omar, G.; Mansor, M.R.; Saad, A.M.; Hamid, N.A.; Syakir, M.I;; Dai, F. Vegetable oil as bio-lubricant
and natural additive in lubrication: A review. Int. |. Nanoelectron. Mater. 2020, 13, 161-176.

Ponomarenko, A.G.; Boiko, T.G.; Bicherov, A.A.; Bicherov, A.V.; Shiryaeva, T.A.; Kulemzin, D.V. Improving the lubricating
properties of transmission oils by activating the processes of boundary films formation. IOP Conf. Ser. Mater. Sci. Eng. 2021,
1029, 012002. [CrossRef]

Farfan-Cabrera, L.I.; Gallardo-Hernandez, E.A.; Gomez-Guarneros, M.; Pérez-Gonzalez, J.; Godinez-Salcedo, ].G. Alteration of
lubricity of Jatropha oil used as bio-lubricant for engines due to thermal ageing. Renew Energy 2020, 149, 1197-1204. [CrossRef]
Gobinda, K.; Pranab, G.; Brajendra, K.S. Chemically Modifying Vegetable Oils to Prepare Green Lubricants. Lubricants 2017, 5, 44.
[CrossRef]

Bahari, A.; Lewis, R.; Slatter, T. Friction and wear response of vegetable oils and their blends with mineral engine oil in a
reciprocating sliding contact at severe contact conditions. Proc. Inst. Mech. Eng. Part | J. Eng. Tribol. 2018, 232, 244-258. [CrossRef]
Fry, B.M.; Chui, M.Y.; Moody, G.; Wong, ].S.S. Interactions between organic friction modifier additives. Tribol Int. 2020, 151, 106438.
[CrossRef]

Pereira, O.; Martin-Alfonso, J.E.; Rodriguez, A.; Calleja, A.; Fernandez-Valdivielso, A.; Lépez de Lacalle, L.N. Sustainability
analysis of lubricant oils for minimum quantity lubrication based on their tribo-rheological performance. J. Clean Prod. 2017, 164,
1419-1429. [CrossRef]

Sharma, B.K,; Rashid, U.; Anwar, F; Erhan, S.Z. Lubricant properties of Moringa oil using thermal and tribological techniques. J.
Therm. Anal. Calorim. 2009, 96, 999-1008. [CrossRef]

Salaheldeen, M.; Aroua, M.K.; Mariod, A.A.; Foon, S.; Abdelrahman, M.A. An evaluation of Moringa peregrina seeds as a source
for bio-fuel. Ind. Crop. Prod. 2014, 61, 49-61. [CrossRef]


http://doi.org/10.1016/j.wear.2017.01.115
http://doi.org/10.1016/j.matpr.2021.01.378
http://doi.org/10.1016/j.matpr.2021.03.664
http://doi.org/10.1016/j.matpr.2021.02.288
http://doi.org/10.3390/lubricants8010010
http://doi.org/10.1088/1757-899X/1114/1/012052
http://doi.org/10.1016/j.matpr.2020.05.032
http://doi.org/10.1007/978-981-287-266-1_2
http://doi.org/10.1080/17515831.2018.1435343
http://doi.org/10.1021/acs.langmuir.8b00491
http://doi.org/10.1088/1757-899X/1029/1/012002
http://doi.org/10.1016/j.renene.2019.10.116
http://doi.org/10.3390/lubricants5040044
http://doi.org/10.1177/1350650117712344
http://doi.org/10.1016/j.triboint.2020.106438
http://doi.org/10.1016/j.jclepro.2017.07.078
http://doi.org/10.1007/s10973-009-0066-8
http://doi.org/10.1016/j.indcrop.2014.06.027

Lubricants 2021, 9, 65 11 of 11

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

Tulashie, S.K.; Kotoka, F. Kinetics and thermodynamic studies on Moringa oleifera oil extraction for biodiesel production via
transesterification. Biofuels 2019, 1-9. [CrossRef]

Kerni, L.; Raina, A.; Haq, M.I.U. Friction and wear performance of olive oil containing nanoparticles in boundary and mixed
lubrication regimes. Wear 2019, 426, 819-827. [CrossRef]

Joly-Pottuz, L.; Vacher, B.; Ohmae, N.; Martin, ].M.; Epicier, T. Anti-wear and friction reducing mechanisms of carbon nano-onions
as lubricant additives. Tribol. Lett. 2008, 30, 69-80. [CrossRef]

Marcon, A.; Melkote, S.; Kalaitzidou, K.; Debra, D. An experimental evaluation of graphite nanoplatelet based lubricant in
micro-milling. CIRP Ann. Manuf. Technol. 2010, 59, 141-144. [CrossRef]

Kalhapure, A.S.; Mhaske, V.M.; Bajaj, S. Tribological Evaluation of Vegetable oils as a Multi-cylinder Engine lubricant. Int. Adv.
Res. J. Sci. 2016, 3, 68-72. [CrossRef]

Gupta, M.K,; Bijwe, ]. Tribology International A complex interdependence of dispersant in nano-suspensions with varying
amount of graphite particles on its stability and tribological performance. Tribol. Int. 2020, 142, 105968. [CrossRef]

Bryant, PJ.; Gutshall, P.L.; Taylor, L.H. A study of mechanisms of graphite friction and wear. Wear 1964, 7, 118-126. [CrossRef]
Spreadborough, J. The frictional behaviour of graphite. Wear 1962, 5, 18-30. [CrossRef]

Yadav, A; Singh, Y.; Negi, P. A review on the characterization of bio based lubricants from vegetable oils and role of nanoparticles
as additives. Mater. Today Proc. 2021. [CrossRef]

Su, Y,; Gong, L.; Chen, D. An Investigation on Tribological Properties and Lubrication Mechanism of Graphite Nanoparticles as
Vegetable Based Oil Additive. J. Nanomater. 2015. [CrossRef]

Reeves, C.J.; Menezes, P.L.; Jen, T.; Lovell, M.R. The influence of fatty acids on tribological and thermal properties of natural oils
as sustainable biolubricants. Tribol. Int. 2015, 90, 123-134. [CrossRef]

Fry, B.M.; Moody, G.; Spikes, H.; Wong, ].S.S. Effect of Surface Cleaning on Performance of Organic Friction Modifiers. Tribol.
Trans. 2020, 63, 305-313. [CrossRef]

Nomede-Martyr, N.; Philippe, B.; Philippe, T.; Georges, M.; Laurence, R. Tribological performances of graphite and hexagonal
boron nitride particles in the presence of liquid. J. Tribol. 2021, 143, 1-29. [CrossRef]

Hardy, W.B.; Doubleday, I. Boundary Lubrication. The Paraffin Series. Proc. R. Soc. A Math. Phys. Eng. Sci. 1922, 100, 550-574.
[CrossRef]

Quinchia, L.A.; Delgado, M.A.; Reddyhoff, T.; Gallegos, C.; Spikes, H.A. Tribological studies of potential vegetable oil-based
lubricants containing environmentally friendly viscosity modifiers. Tribol. Int. 2014, 69, 110-117. [CrossRef]

Choi, U.S.; Ahn, B.G.; Kwon, O.K; Chun, Y]. Tribological behavior of some antiwear additives in vegetable oils. Tribol. Int. 1997,
30, 677-683. [CrossRef]

Fox, N.J.; Stachowiak, G.W. Vegetable oil-based lubricants-A review of oxidation. Tribol. Int. 2007, 40, 1035-1046. [CrossRef]
Jain, A.K; Suhane, A. Review Article “Research Approach & Prospects of Non Edible Vegetable Oil as a Potential Resource for
Biolubricant—A Review”. Adv. Eng. Appl. Sci. Int. ]. 2012, 1, 23-32.

Hernandez-Martinez, M.; Gallardo-Velazquez, T.; Osorio-Revilla, G. Rapid characterization and identification of fatty acids in
margarines using horizontal attenuate total reflectance Fourier transform infrared spectroscopy (HATR-FTIR). Eur. Food Res.
Technol. 2010, 231, 321-329. [CrossRef]

Guillén, M.D.; Cabo, N. Characterization of edible oils and lard by fourier transform infrared spectroscopy. Relationships
between composition and frequency of concrete bands in the fingerprint region. JAOCS J. Am. Oil Chem. Soc. 1997, 74, 1281-1286.
[CrossRef]

Yang, H.; Irudayaraj, J.; Paradkar, M.M. Discriminant analysis of edible oils and fats by FTIR, FT-NIR and FT-Raman spectroscopy.
Food Chem. 2005, 93, 25-32. [CrossRef]

Vecchio, S.; Campanella, L.; Nuccilli, A.; Tomassetti, M. Kinetic study of thermal breakdown of triglycerides contained in
extra-virgin olive oil. J. Therm. Anal. Calorim. 2008, 91, 51-56. [CrossRef]

Garcia, C.C.; Franco, PI1.B.M.; Zuppa, T.O.; Filho, N.R.A.; Leles, M.1.G. Thermal stability studies of some cerrado plant oils. J.
Therm. Anal. Calorim. 2007, 87, 645-648. [CrossRef]

Santos, ]J.C.O.; Santos, LM.G.; Concei¢ao, M.M.; Porto, S.L.; Trindade, M.LES.; Souza, A.G.; Prasad, S.; Fernandes, V.; Aratjo,
A. Thermoanalytical, kinetic and rheological parameters of commercial edible vegetable oils. J. Therm. Anal. Calorim. 2004, 75,
419-428. [CrossRef]

Ferrari, A.C.; Meyer, ].C.; Scardaci, V.; Casiraghi, C.; Lazzeri, M.; Mauri, F; Piscanec, S.; Jiang, D.; Novoselov, K.S.; Roth, S.; et al.
Raman spectrum of graphene and graphene layers. Phys. Rev. Lett. 2006, 97, 187401. [CrossRef] [PubMed]


http://doi.org/10.1080/17597269.2019.1697041
http://doi.org/10.1016/j.wear.2019.01.022
http://doi.org/10.1007/s11249-008-9316-3
http://doi.org/10.1016/j.cirp.2010.03.083
http://doi.org/10.17148/IARJSET/ICAME.14
http://doi.org/10.1016/j.triboint.2019.105968
http://doi.org/10.1016/0043-1648(64)90083-3
http://doi.org/10.1016/0043-1648(62)90177-1
http://doi.org/10.1016/j.matpr.2021.01.046
http://doi.org/10.1155/2015/276753
http://doi.org/10.1016/j.triboint.2015.04.021
http://doi.org/10.1080/10402004.2019.1687797
http://doi.org/10.1115/1.4048550
http://doi.org/10.1098/rspa.1922.0017
http://doi.org/10.1016/j.triboint.2013.08.016
http://doi.org/10.1016/S0301-679X(97)00039-X
http://doi.org/10.1016/j.triboint.2006.10.001
http://doi.org/10.1007/s00217-010-1284-9
http://doi.org/10.1007/s11746-997-0058-4
http://doi.org/10.1016/j.foodchem.2004.08.039
http://doi.org/10.1007/s10973-007-8373-4
http://doi.org/10.1007/s10973-006-7769-x
http://doi.org/10.1023/B:JTAN.0000027128.62480.db
http://doi.org/10.1103/PhysRevLett.97.187401
http://www.ncbi.nlm.nih.gov/pubmed/17155573

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Influence of the Presence of VO as Bio-Additive 
	Physicochemical Characterization of the Best Mixture 
	VO/Dodecane Blends before the Friction Experiments 
	Graphite/VO/Dodecane Blend after Friction Experiments 


	Conclusions 
	References

