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Abstract: The constant utilization of petroleum-based products has prompted concerns about the
environment, hence a replacement for these products must be explored. Biolubricants are a suitable
replacement for petroleum-based lubricants as they provide better lubricity. Biolubricant perfor-
mance can be improved by the addition of graphene. However, there are reports that graphene
is unable to form a stable suspension for a long period. This study used a graphene-ionic liquid
additive combination to stabilize the dispersion in a biolubricant. Graphene and ionic liquid were
dispersed into the biolubricant via a magnetic stirrer. The samples were tested using a high fre-
quency reciprocating rig. The cast iron sample was then further observed using various techniques
to determine the lubricating mechanism of the lubricant. Different dispersion stability of graphene
was observed for different biolubricants, which can be improved with ionic liquids. All ionic liquid
samples maintained an absorbance value of three for one month. The utilization of ionic liquid was
also able to decrease the frictional performance by 33%. Further study showed that by using the
ionic liquid alone, the frictional could only reduce the friction coefficient by 13% and graphene could
only reduce the friction by 7%. A smooth worn surface scar can be seen on the graphene-IL sample
compared to the prominent corrosive spot on the IL samples and abrasive scars on graphene samples.
This indicates synergistic behavior between the two additives. It was found that the ionic liquid does
not only improve the dispersion stability, but also plays a role in forming the tribolayer.

Keywords: biolubricant; graphene; ionic liquid; friction and wear

1. Introduction

Our dependency of petroleum-based products is now in to the spotlight as there is
increasing environmental awareness and concerns regarding the health of the environment.
Further dependency on these products may lead to foreseeable consequences as they are
toxic, non-renewable, and harmful to the environment [1]. Hence, an alternative must
be found to these types of products. Bio-based lubricants are a possible substitute to
petroleum-based lubricants as they have good lubricity, high flash point, high viscosity
index, and good resistance to shear compared to mineral oils [2]. Bio-based lubricants
are lubricants derived from bio-based raw materials, which makes them renewable and
environmentally-friendly [3].

Despite their advantages, the widespread usage of bio-based lubricants today is still
limited due to major challenges concerning their performance, production scale, and lack
of encouragement from the authorities. Henceforth, the reliability of bio-based lubricants
must be strengthened in order to promote the bio-lubricant usage. By introducing suitable
additives, it is possible to improve the performance of bio-based lubricants [4].
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Graphene is a carbon allotrope that has the potential to be utilized in many appli-
cation such as hydrogen storage [5], supercapacitors [6], hydrogen sensing [7], energy
storage [8–11], and enhanced electromagnetic interface shielding [12]. Graphene is also a
suitable additive to improve the tribological properties of bio-lubricants. The excellent ther-
mal [13] and mechanical properties of graphene, along with its unique two-dimensional
structure, enable further friction and wear reduction by the bio-lubricant. Demirtas and
Kaleli [14] tested the performance of graphene in actual piston ring-cylinder liner working
condition and found that the graphene was readily able form a protective layer, hence
increasing the tribological performance. Zulkifli and Azman [15] have found that graphene
can improve the tribological properties of palm-based Trimethylolpropane (TMP) ester
blended with Polyalphaolefin (PAO). The concentration of graphene in a bio-based oil must
also be within the optimum range as too little graphene will form an incomplete lubricating
film and too much will reduce its effectiveness to reduce friction [16].

However, the inertness of graphene has hindered its ability to form a uniform disper-
sion after a long period of time. This concern was met with various studies to improve the
dispersion stability of graphene such as structure modification and using surfactant. An
extensive study by Zhang and Xu [17] found that graphene oxide cannot be dispersed in
rapeseed oil on its own and the unstable dispersion can have a detrimental effect on its
tribological properties. Dou and Koltonow [18] also proved the importance of dispersion
stability where they successfully synthesized a self-dispersed graphene that improved the
dispersion stability and significantly improved the friction and wear performance.

One of the ways to improve the dispersion stability of graphene is by modifying its
chemical structure. The graphene structure can be combined with other chemical structures
via chemical structure. A previous study modified graphene using octadecylamine and
dicyclohexylcarbodiimide [19], alkyl structure [20], and a titanate coupling agent [21]. An-
other method is by adding surfactants, which are an easier solution. Sarno and Cirillo [22]
were able to stabilize various carbon allotropes just by adding Tween 80 as a surfactant,
which also resulted in increased friction and wear reduction.

This study focused on countering the unstable graphene dispersion using an ionic
liquid (IL) as a surfactant for the lubricant. Ionic liquid is molten salt at room temperature
that consists of an anion and cation. Previous studies have highlighted the ability of ionic
liquid as a friction modifier additive to lubricants. However, the polar nature of ionic
liquid can interact with graphene to form a stable dispersion, which makes it a suitable
surfactant for graphene. This means that it is possible that the addition of ionic liquid to a
graphene dispersion can stabilize the dispersion while further increasing the tribological
behavior of the lubricant. This study focuses on the synergistic effect between graphene
and ionic liquid, which will be analyzed in terms of dispersion stability, frictional behavior,
and wear mechanism.

2. Materials and Methods

Three base oils and two additives were used in this study. For the base oil, the three
mentioned base oils were polyol esters (i.e., neopentyl glycol dioleate (NPG), trimethylol
propane trioleate (TMP), and pentaerythritol tetraoleate (PE)). All base oils were purchased
from Shandong Ruijie Chemical Industry Co. Limited., Qingdao, China. The two ad-
ditives selected were graphene as the tribological additive and ionic liquid, which was
initially selected as the surfactant. Graphene nanoplatelets were purchased from the Low
Dimensional Material Research Center, University of Malaya, Kuala Lumpur, Malaysia.
Information regarding graphene properties was given by the supplier. The field emis-
sion scanning electron microscope (FESEM) image along with energy dispersive X-ray
(EDX) analysis of the graphene nanoplatelet is shown in Figure 1 and Table 1 displays the
given graphene properties. The ionic liquid selected was trihexyltetradecylphosphonium
bis(2,4,4-trimethylpentyl)phosphinate. Ionic liquid is purchased from IoLiTec-Ionic Liquids
Technologies GmbH, Heilbronn, Deutschland.
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Figure 1. FESEM micrograph focusing on graphene and EDX spectrum on graphene nanoplatelet. 

Table 1. Properties of the graphene nanoplatelet. 

Name Graphene Nanoplatelet 
Appearance (Form) Powder 
Appearance (Color) Black 

Purity (%)* 99 
Morphology* Non-spherical, multilayer 

Thickness* ~5 nm 
Surface area* 120 m2/g 

* Data provided by the manufacturer. 

Graphene nanoplatelets were dispersed in three separate bio-based oils by stirring 
with a magnet for 2 h at 80 °C and 700 rpm. The bio-based oils selected were the neopen-
tylglycol (NPG) ester, trimethylolpropane (TMP) ester, and pentaerythritol (PE) ester. 
Graphene was blended at a concentration of 0.1 wt%. Ionic liquid was then added to the 
blend at 1 wt.% to all blends. The ionic liquid used was trihexyltetradecylphosphonium 
bis(2,4,4-trimethylpentyl)phosphinate. Chemical structures for all base oils and ionic liq-
uid are shown in Figure 2. 

Figure 1. FESEM micrograph focusing on graphene and EDX spectrum on graphene nanoplatelet.

Table 1. Properties of the graphene nanoplatelet.

Name Graphene Nanoplatelet

Appearance (Form) Powder
Appearance (Color) Black

Purity (%) * 99
Morphology * Non-spherical, multilayer

Thickness * ~5 nm
Surface area * 120 m2/g

* Data provided by the manufacturer.

Graphene nanoplatelets were dispersed in three separate bio-based oils by stirring
with a magnet for 2 h at 80 ◦C and 700 rpm. The bio-based oils selected were the
neopentylglycol (NPG) ester, trimethylolpropane (TMP) ester, and pentaerythritol (PE)
ester. Graphene was blended at a concentration of 0.1 wt%. Ionic liquid was then added to
the blend at 1 wt.% to all blends. The ionic liquid used was trihexyltetradecylphosphonium
bis(2,4,4-trimethylpentyl)phosphinate. Chemical structures for all base oils and ionic liquid
are shown in Figure 2.

The sample containing ionic liquid will then be compared with the pure graphene
dispersion in term of their dispersion stability using the sedimentation test and UV–Vis
spectrophotometer. The samples were observed for one month. The viscosity index,
viscosity, and density of the samples were also compared by using a SVM3000 Stabinger
Viscometer (Anton Paar GmbH, Graz, Austria) according to ASTM 445. In terms of
tribological behavior, samples were tested using a high frequency reciprocating rig (HFRR).
The contact was a line contact between a stainless steel pin to a grey cast iron plate. Grey
cast iron plate was obtained commercially, which was cut into 15 × 15 mm using a wire
cutting machine. The plates were polished using a surface grinder machine to obtain
an approximate surface roughness of 1–1.2 µm. Stainless steel roller bearings were also
purchased commercially with a diameter of 6 mm. The sample was cut to a length of 6 mm.
The samples were submerged with the lubricant before starting the HFRR testing. The
working parameter and operating condition for testing is shown in Figure 3 and Table 2.
After testing, both the plate and the pin were changed before testing the next samples.
Three tests per sample were done to ensure reproducibility.
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Table 2. Operating condition of HFRR testing.

Parameter Value

Duration 3600 s/1 h
Frequency 10 Hz

Temperature 75 ◦C
Load 100 N

Stroke length 5 mm

The wear scar from the cast iron plate was then analyzed under scanning electron
microscopy (SEM), energy dispersive x-ray spectroscopy (EDX), surface profilometer, and
Raman spectroscopy to study the wear mechanism of the IL contained graphene dispersion.
SEM was done to observe the worn scar surface whereas the surface profilometer was used
to obtain 3D imaging and measure the surface roughness. EDX and Raman spectroscopy
helped in confirming the synergy between the graphene and ionic liquid.

3. Results and Discussion
3.1. Physicochemical Properties of Lubricant Samples

From Table 3, it can be seen that the addition of graphene only caused minor changes
in viscosity and density. A more notable change could be seen in after the ionic liquid was
added into the samples. However, the change was not significant enough to change the
lubrication regime between all samples. The lack of change in the graphene sample can be
attributed to its low concentration. A study by Azman and Zulkifli [23] confirms that the
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addition of graphene in low concentration (0.01–0.5 wt%) does not significantly change the
physicochemical properties of the PAO–TMP blend.

Table 3. Physicochemical properties of the lubricant samples.

Samples Kinematic
Viscosity @40 ◦C

Kinematic
Viscosity @100 ◦C Viscosity Index Density

Pure NPG 26.086 6.3539 210.8 0.9084
NPG + G 26.217 6.3612 209.7 0.9080

NPG + G + IL 27.568 6.6109 209.9 0.9100
Pure TMP 48.447 9.648 188.9 0.9196
TMP + G 49.312 9.7751 188.6 0.9198

TMP + G + IL 51.814 9.9973 183.8 0.9200
Pure PE 63.407 11.855 186.1 0.9295
PE + G 63.216 11.815 185.8 0.9295

PE + G + IL 65.366 11.886 178.9 0.9298

It was observed that samples with different base oils exhibited noteworthy different
viscosity value while maintaining an almost similar density. This difference can be ex-
plained by relating it with each molecular size. Viscosity by definition is the resistance to
flow, hence in this case, NPG, which has a lower molecular size (as can be seen in Figure 2)
will have a higher tendency to flow, and therefore a lower viscosity. Since the chemical
structure of fatty acid is the same for all base oils, viscosity increased with higher molecular
weight and size [24].

3.2. Dispersion Stability of Graphene-IL in Bio-Based Lubricant

As seen in Figure 4, graphene dispersion was observed for over one month using a UV–
Vis spectrophotometer. The absorbance value by the UV–Vis spectrophotometer indicates
the stability of graphene dispersion over time. For all samples, stable dispersion could
be seen after one week (absorbance value of three). The dispersion started to destabilize
after two weeks for both the TMP and NPG samples with NPG being more apparent.
Meanwhile, almost all samples started to sediment at the third week. It can be seen that
NPG and TMP exhibited similar absorbance at the third week, however, TMP was able
to retain a more stable dispersion after one month. Graphene dispersed in PE ester had
a more stable dispersion compared to other samples. Samples with IL exhibited better
dispersion stability, which means that an IL has the capability to act as a dispersing agent
for graphene in all base oils.
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Figure 4. UV–Vis spectrophotometer for graphene–IL samples for one month.

To compare the different base oils, it was seen that NPG has a significant drop in
dispersion stability after one month. This was followed by TMP, while PE was shown to
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have good dispersion stability even without the presence of an additive. The difference
in dispersion stability between the base oils can be explained by the presence of carbon
number on the molecular structure, which leads to less polarity.

It can be seen that the presence of IL increased the stability of the graphene dispersion.
Ionic liquid can easily disperse graphene and is able to provide a more stable dispersion to
the samples. This can be supported by a study by Zhang and Ning [25], where graphene
oxide is able to form a stable colloidal suspension without the aid of a surfactant/dispersant
in pure ionic liquid. In this case, the ionic liquid improves the graphene dispersion by being
the mediator between graphene and the bio-based oil to form a more uniform dispersion.
Contrary to the assumed “cation–π” interaction, Wang and Chu [26] found that the high
dielectric constant from the IL could shield the strong “π–π” stacking interaction by the
carbon allotrope, hence effectively dispersing the nanoparticles. The reduced dispersion
stability with respect to time occurred due to the agglomeration of graphene where the
nanoparticles lump together and form a sedimentation layer.

3.3. Tribological Behavior of IL–Graphene Contained Lubricant

Frictional trend can be explained by analyzing the running-in period, which is the
initial period and the steady-state period where the frictional trend settles down. The
addition of graphene and ionic liquid is able to decrease the friction in thee steady-state
period for the PE and TMP samples. PE + G was able to reduce the overall friction by
having a more stable frictional trend compared to the base PE. PE + G + IL exhibited a
similar decrease in friction, however, it had a second spike in friction during the running-in
period, which lengthened the running-in period. This is caused by very high friction
during the initial contact and instability of the initial protective layer formation. However,
PE + G + IL is able to achieve overall lower friction by having a substantially lower friction
during the steady-state period.

Frictional trend of the TMP samples are shown in Figure 5b. TMP + G + IL was able
to reduce the overall frictional performance by significantly reducing the friction during
both the running-in and steady state period, however, the base TMP was seen to have a
smoother running-in to steady-state transition. TMP + G exhibited higher friction and
longer time in the running-in period, but it achieved lower overall friction due to its lower
steady-state friction when compared to the base TMP.
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From Figure 5a, it can be seen that the NPG samples showed a similar trend during
the steady-state period where the frictional trend stabilized and steadily decreased until the
end of testing. However, the different frictional behaviors during their running-in period
severely affected the overall frictional performance. NPG + G + IL was able to reduce the
frictional magnitude during initial contact and swiftly transition to its steady-state period
compared to its base oil. The disruptive running-in performance by NPG + G increased the
friction and lengthened the running-in period, resulting in higher overall friction.

The average coefficient of friction is shown in Figure 5d. The values were the average
of the friction obtained throughout the experiment including the steady state and running-
in period. The error bars in this bar chart indicates the highest and the lowest friction
coefficient obtained from the test samples. From this graph, it was found that the presence
of the ionic liquid not only improved the dispersion stability of the lubricant sample, but
also improved the tribological performance. Ionic liquid, which is used as a surfactant, is
a proven anti-wear additive. Lhermerout and Diederichs [27] attributed the ionic liquid
promising tribological behavior to its ability to form a structured boundary tribofilm
strongly bonded to polar or charged surfaced. Sanes and Avilés [28] found that there was a
synergy when both IL and graphene were used whereby IL will form a protective layer for
asperity contact and graphene will provide a protection layer on the wear track. It can be
seen that samples with ionic liquid exhibited a similar average coefficient of friction around
0.052–0.059. This is the result of a decrease in friction value in the steady-state period, as
seen in Figure 5. This indicates the strengthening of the tribofilm, hence lowering friction.

It can be seen that TMP + G benefited the most from the addition of IL with a further
decrease of 27% in the coefficient of friction. Hence, TMP samples will be used to further
study the synergy between graphene and ionic liquid. The drastic change in its frictional
performance allows a clearer view on the improvement by the graphene–IL additive
combination.

3.4. Synergy between Graphene and Ionic Liquid in Bio-Based Lubricant

Both graphene dispersion and tribological behavior showed significant improvement
for the all bio-based lubricants by graphene–IL. However, a question must be asked on
whether this significant improvement comes from the incredible performance of the ionic
liquid alone or if there is a synergy between graphene and ionic liquid that allows further
improvement of the tribological performance of the biolubricant. Hence, the combination
of TMP + IL must also be tested under the same condition.

Figure 6 shows the frictional performance of all TMP ester samples. It can be seen
that the addition of 1 wt% ionic liquid had an effect on the tribological performance of the
TMP ester. In particular, the ionic liquid used, trihexyl(tetradecyl)phosphonium bis(2,4,4-
trimethylpentyl)phosphinate (or [P14,6,6,6] [TMPP]), had good tribological properties due
to the fact that it is halogen-free [29] and it is a phosphonium-phosphate ionic liquid [30].
However, the improvement was not as significant as TMP + G + IL. This indicates that
the combination of graphene and ionic liquid improved more than the cumulative im-
provement of using graphene and ionic liquid alone. The significant improvement by
TMP + G + IL signifies the presence of synergistic behavior between graphene and the
ionic liquid. To look at it more objectively, TMP + G, TMP + IL, and TMP + G + IL achieved
an overall friction reduction by 7%, 13%, and 33%, respectively, when compared to the
TMP ester. The error bars in Figure 6b indicate the highest and lowest coefficient of friction
obtained from the test samples. An interesting point to note is that the highest friction of
TMP + IL and the lowest friction TMP + G resulted in a similar value. However, overall,
there was a distinction in performance when using the two individual additives. This also
highlights the significant improvement by TMP + G + IL.
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The synergistic behavior between ionic liquid and graphene can be clearly seen in its
frictional performance from HFRR testing. With such a significant improvement compared
to other samples, this synergy must be studied further. There are reported synergies
between graphene and ionic liquid, however, it used a halogenic ionic liquid mixed in
isoparaffinic oil and fully formulated oil [28]. The oil in which the ionic liquid and graphene
disperse in is important as using different base oils will disturb the synergy between the
two lubricant additives.

Although the frictional synergy between ionic liquid and graphene is proven, its
antiwear performance is still untested. To achieve this, the cast iron samples used in the
HFRR testing were observed using a surface profilometer to measure the surface roughness
and scanning electron microscope to visualize the scar from the tribotest. This is important
as the antiwear performance is crucial to ensure the synergy between the two additives
does offer a significant trade-off to other critical lubricant properties.

Cast iron samples lubricated by TMP samples were observed under SEM and the
result is shown in Figure 7. By only changing the additive composition, four different wear
scars with different wear modes were observed. Plain TMP ester was seen to have many
more abrasive scratches compared to the other samples.
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The addition of graphene in the TMP ester reduced the abrasive scratches that were
prominent in the pure TMP sample. However, the wear mode shifted toward cracking
and material removal (delamination). Severe material removal with moderate cracking is
observed by graphene additives. Eswaraiah and Sankaranarayanan [31] also reported wear
mode change to material removal by the addition of graphene in an engine oil. However,
the study also reported that graphene reduced the wear scar area on the contacting area,
indicating that graphene can improve wear reducing performance even though the wear
mode has changed.

Unlike graphene, ionic liquid changes the wear mode to corrosion with minor cracking,
though both reduced the abrasive scratches present in the pure TMP sample. The cracks
on the ionic liquid sample were not as bad as those on the graphene sample, which was an
improvement. However, the degree of corrosive wear of TMP + IL was too severe. The
presence of corrosive attack can be due to the ionic liquid being a more reactive substance
compared to the inert graphene. The presence of corrosive attack has been noted when
using an ionic liquid as a lubricant additive, particularly in the TMP ester [29]. However,
the utilization of an optimum ionic liquid concentration can defer the corrosive attack.

The most important thing to take note of is the combination of graphene and ionic
liquid resulted in a much smoother wear compared to the other three samples. The abrasive
scratches from the TMP ester is reduced significantly. This indicates that the tribofilm
formed by TMP + G + IL is able to withstand the load during the experiment hence
providing better protection for the contacting surfaces. On another note, there is no sign of
corrosive attack and delamination in the sample as well. It can be inferred that the presence
of graphene was able to diminish the corrosive attack of the ionic liquid. It is important to
reduce the corrosive attack as the attack indicates unnatural acidic environment during
testing. This mean that the synergy between the two additives is present. This is due to
both additives having a different anti-wear mechanism from one another. Ionic liquid
adsorb on to the contacting surface to prevent contact between asperities whereas graphene
forms a protective layer on the contacting area [28]. Using this logic, the stronger tribofilm
due to better film adsorption can reduce the delamination wear whereas the corrosive
attack on the material can be prevented by graphene which is an inert material.

Three-dimensional (3D) surface topography for worn cast iron surfaces from HFRR
tests are represented in Figure 8. Comparing to TMP ester, the surface roughness of
the worn cast iron is significantly reduced by the addition of graphene (Ra = 0.271 µm,
Rq = 0.472 µm and Rz = 1.568 µm against Ra = 0.853 µm, Rq = 1.053 µm and Rz = 3.845 µm).
This correlates with the frictional performance during the HFRR testing which indicates
the successful formation of enhanced tribolayer. Ionic liquid also reduced the surface
roughness with a value of Ra = 0.162 µm, Rq = 0.263 µm and Rz = 0.660 µm. It can be
noted that the surface roughness of TMP ester with ionic liquid sample has lower surface
roughness compared to graphene samples. However, this is attributed to the different wear
modes between the samples. Since the delamination wear is more present in TMP + G
sample, the surface roughness is higher due to the material removal creating a larger
scar. Meanwhile, the lower surface roughness of TMP + IL sample is more prone to
corrosive attacks.

The synergy between ionic liquid and graphene is clearly shown by measuring its
surface roughness. When compared to base TMP ester, an almost 95% improvement on
the surface roughness can be easily seen by using these two additives (Ra = 0.853 µm,
Rq = 1.053 µm and Rz = 3.845 µm against Ra = 0.042 µm, Rq = 0.056 µm and Rz = 0.172 µm).
This tremendous improvement can be expected from the frictional performance and the
SEM images. The significant improvement on the frictional trend indicates a smoother
operating condition hence less metal-to-metal contact can be assumed which reduces the
wear between the surfaces. At the same time, the smoother wear mark seen in the SEM
images indicates a more uniform surface in the wear area, hence the significantly lower
surface roughness.
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With such excellent results in its frictional performance, wear, and surface rough-
ness, the synergy between graphene and ionic liquid can be studied further, particularly
regarding its tribofilm formation mechanism. By knowing its functionalities during the
operating condition, a more in-depth knowledge can be obtained. To achieve this, energy
dispersive x-ray spectroscopy (EDX) was used to investigate the elements found inside
the wear scar and Raman spectroscopy obtained the binding energy on the worn surface.
These two methods show how graphene and ionic liquid synergize with each other. Only
TMP, TMP + G, and TMP + G + IL were analyzed as it was proven that the significant
improvement was due to the synergies between the graphene–IL additive and not solely
on IL. This will also make it easier to obtain knowledge on its mechanism.

From the EDX spectroscopy in Table 4, there were three prominent elements detected
on the worn surface. The most common was iron (Fe), which was due to the material of
the cast iron plate. This element can be an indicator of the bare metal surface of the cast
iron plate after the tribological test. The detected carbon element can also be attributed
to the cast iron composition (usually contains more than 2% of carbon). However, the
abundance of the carbon element can be due to the lubricated layer by the TMP ester, which
is mostly made up of carbon due to its alkyl chain (C–C chain) and also graphene, which is
completely made up of carbon. The oxygen can represent the oxide layer formation by the
lubricant due to its tribochemistry reaction during the testing period.

Table 4. EDX spectroscopy on worn cast iron surface lubricated by TMP, TMP + G, and
TMP + G + IL.

Elements Fe C O P

TMP 89.36 6.32 2.51 -
TMP + G 75.71 15.45 8.83 -

TMP + G + IL 59.99 30.83 9.04 0.15

When comparing the samples, there were some notable changes in the element compo-
sition going from TMP to TMP + G to TMP + G + IL. The first change was that the amount
of elemental iron detected by EDX spectroscopy decreased from TMP to TMP + G + IL.
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This indicates that there was less exposed iron surface due to the presence of more additive,
which also means a more effective protective film is formed by TMP + G and TMP + G + IL.

The next change was that the presence of elemental carbon was higher in TMP + G + IL,
followed by TMP + G. The increase in elemental carbon was due to the utilization of
graphene as an additive. Being completely made up of carbon atoms, the graphene tribo-
layer residue from the tribological testing increased the amount of carbon element. From
another perspective, it can be seen that the carbon element from the TMP + G + IL sample
was much higher than the TMP + G sample. This shows that the TMP + G + IL formed
a more efficient graphene tribofilm compared to TMP + G due to better dispersibility of
graphene in the sample (as can be seen in Figure 4), which translates to better graphene
circulation to form a more effective tribofilm [32,33]. However, the increase in the amount
of carbon can be attributed to the ionic liquid adsorbed in the metallic surface (ionic liquid
mostly consisting of carbon element).

In term of oxygen detected on the worn surface, significant improvement can be seen
with the addition of additives. However, there was minimal change between TMP + G and
TMP + G + IL, which indicates that the synergy between graphene and ionic liquid does
not have a significant effect on the amount of elemental oxygen on the worn surfaces. In a
study by Zulkifli and Azman [15], it was proposed that the TMP ester forms an oxidation
layer on the worn surface, which acts as protection from metal-to-metal contact. If the
amount of oxygen comes from the protective mechanism of the TMP ester, it can be said
that the low amount of oxygen on the TMP sample was due to the tribolayer being solely
dependent on the oxidation layer. This causes the oxidation layer to break down faster,
unlike with the addition of the additive whereby graphene and the ionic liquid help the
tribolayer, allowing more oxygen residue on the worn surface.

The final notable change was the presence of phosphorus on the worn surface of
the TMP + G + IL alone. The ionic liquid selected in this experiment consisted of a
phosphonium cation and phosphate anion in which both contain the phosphorus element.
It can be noted the amount of phosphorus was quite low compared to the other elements,
however, it is important nonetheless. This is because there are only two phosphorus
elements in a single structure of the ionic liquid. The presence of phosphorus is important
as it signifies that the ionic liquid not only helps in increasing the dispersion stability
of graphene, but it also plays a part in reducing the frictional and wear performance of
the lubricant.

Figure 9 shows the Raman spectroscopy of the worn surface. By utilizing the reading
of the Raman spectrograph, it is possible to understand the lubricating mechanism of
the lubricant samples, particularly the synergy between graphene and the ionic liquid.
This technique uses the interaction between the laser light and the molecular vibrations,
which results in an energy shift. This shift can be used to determine the vibration modes
of the substances that reside on the worn surface. Significant peaks from the Raman shift
are discussed with regard to how it can be interpreted with the support of EDX analysis
done earlier.

When compared with the literature, inspection of the Raman spectrograph indicated
the presence of Fe2O3 (iron(II) oxide) and Fe3O4 (iron(III) oxide). This is important as the
formation of an oxide layer is important for the tribological performance of the lubricant
and since the base metal is cast iron, iron oxide will represent that oxide layer. There was
acceptable consistency for the highest Raman peak at ~667, ~413, ~299, and ~225 cm−1 [34].
The Raman reading obtained from the sample, particularly in lower wavenumbers (100–
800 cm−1), emitted a similar reading of hematite, a common iron oxide mineral. From
this, some vibrational mode of iron oxide can be determined. A1g indicates the symmetric
stretch of oxygen in Fe–O bonds, which can be represented by the 667 peak cm−1. Eg and
T2g showed both asymmetric and symmetric oxygen bonds with respect to iron, which
was indicated by 413 (Eg), 299 (Eg), and 225 (T2g) cm−1 peaks. When the samples were
compared, it could be seen that the four peaks that represent iron oxide could only be
clearly seen in TMP + G and TMP + G + IL whereas only two peaks were present in the
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TMP sample. Since the Raman spectrum indicates the presence of molecular bonds, it can
be said that the Fe–O was less in the TMP ester, which indicates a lower amount of oxide
layer residue. As discussed previously, TMP samples solely rely on the oxide layer for the
lubricating mechanism, hence the lower iron oxide layer. This is supported with the lower
oxygen element count from the EDX analysis. With additives, other lubricating mechanism
will be introduced, hence the presence of a higher amount of iron oxide.
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Figure 9. Raman spectra of the worn cast iron surface lubricated by TMP, TMP + G, and
TMP + G + IL.

Raman spectroscopy also confirmed that the improvement in tribological performance
of TMP ester could be attributed to graphene entering the contacting surfaces and forming
a deposition layer on the cast iron plate. In Figure 9, it can be seen that there was a Raman
peak on ~1320 cm−1 and ~1585 cm−1, which signifies the D band and G band of graphene,
respectively. Both of these are characteristic peaks that can be used to identify the presence
of graphene. The G band exhibited due to the E2g phonon mode of the graphite symmetrical
structure [35]. The D band, however, was caused by the structural disorder and defects
in the sp2 hybridized material [36]. When compared between these two peaks, it can be
clearly seen that the ID/IG ratio was more than one, which indicates high structural damage
in the graphene deposited on the worn cast iron plate. This damage in graphene structure
can indicate that the deposited graphene layer acts as a sacrificial layer during the testing
period to protect the contacting surfaces. It can also be seen that the intensity of the D
band and G band was higher in the TMP + G + IL sample, indicating a higher amount of
graphene deposited on the worn surface. This can be attributed to the higher supply of
graphene due to better graphene dispersion.

There was one peak that was only exhibited in the Raman spectrum of TMP + G + IL
at ~1000 cm−1. When compared to the literature, a possible explanation is that the peak
indicates P=O stretching due to the utilization of a phosphonium ionic liquid [37]. Another
peak that may arise due to the P=O stretching is at ~946 cm−1. However, both of these
peaks were quite low in intensity, which indicates low traces of the phosphorus–oxygen
bond. This is in line with the finding in the EDX analysis where low phosphorus count
was detected on the worn surface.

From the results obtained, some lubricating mechanisms can be deduced, particularly
when using TMP + G + IL as it contains all of the lubricant sample components. The
first important mechanism is the formation of an oxide layer due to the tribochemical
reaction during the testing period. The higher temperature around the contacting area
during the sliding motion promotes the in situ metal oxidation, hence forming the oxide
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layers [38]. This oxidation is further promoted due to the TMP ester having hydroxyl
groups, which contain oxygen [29]. The lubricating mechanism can also be deduced.
Graphene enters the contact area and forms a deposition layer that protects the sliding
surfaces. This deposition layer will sacrifice itself in order to protect the contacting surface.
The utilization of an ionic liquid as a surfactant allows for a higher dispersion of graphene
in the base oil, therefore allowing a more uniform deposition layer that results in a more
effective sacrificial layer. Ionic liquid also plays an important role in easing the friction
and wear other than providing uniformity to graphene dispersion. Ionic liquid also forms
a protective layer on the worn surface. However, the P=O stretching band in the Raman
spectrum indicates that the ionic liquid does not adsorb on the bare metal surface, but that
it rather bonds with the oxygen from the oxidation layer. This will strengthen the oxide
layer, hence providing secure protection of the contacting surface from wear.

4. Conclusions

The utilization of graphene and ionic liquid additives in bio-based lubricants has
been studied in terms of its dispersion stability, tribological behavior, and its lubricating
mechanism. The findings from this study can be summarized as follows:

• Only minor changes in the bio-based lubricant physical properties were observed after
the addition of graphene and ionic liquid.

• The addition of the ionic liquid stabilizes the graphene suspension in the bio-based
lubricant, hence increasing its dispersion stability.

• The combination of the graphene–IL additive exhibited superior tribological properties
when compared to samples with the graphene additive alone.

• Though the ionic liquid alone can improve the frictional performance of the TMP ester,
the improvement was as significant as TMP + G + IL, which indicates the presence of
synergistic behavior between the two lubricant additives.

• Ionic liquid does not only allow a better supply of graphene in the contact area due to
it higher dispersion stability, but it also plays a role in the TMP + G + IL lubricating
mechanism.
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Nomenclature

FESEM field emission scanning electron microscope
EDX energy dispersive x-ray spectroscopy
HFRR high frequency reciprocating rig
IL ionic liquid
NPG neopentyl glycol
PE pentaerythritol
SEM scanning electron microscope
TMP trimethylolpropane
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