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Abstract: Environmental awareness and ever-growing restrictive regulations over
contamination have increased the need for more environmentally-friendly lubricants. Due
to their superior biodegradability and lower toxicity, vegetable oils are a good alternative
to replace currently-used mineral oils. However, vegetable oils show low oxidation and
thermal stability and poor anti-wear properties. Most of these drawbacks can be
attenuated through the use of additives. In the last decade, ionic liquids have emerged as
high-performance fluids and lubricant additives due to their unique characteristics. In this
study, the tribological behavior of two phosphonium-based ionic liquids is investigated as
additives of coffee bean oil in steel-steel contact. Coffee bean oil-ionic liquid blends
containing 1, 2.5, and 5 wt% of each ionic liquid are studied using a block-on-flat
reciprocating tribometer and the test results are compared to commercially-available,
fully-formulated lubricant. Results showed that the addition of the ionic liquids to the
coffee bean oil reduces wear volume of the steel disks, and wear values achieved are
comparable to that obtained when the commercially-available lubricant is used.
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1. Introduction

The machines and devices that we use in our daily lives require energy to operate, and a significant
portion of this energy is wasted through friction. In addition, wear is one of the major causes of mechanical
failure of engineering equipment [1,2]. Most of these devices and machines need lubricants to reduce
friction and wear, remove wear particles, minimize energy losses, evacuate the heat, and increase
efficiency [3,4]. The world uses an average of 35 million tons per year of lubricants; this consumption
is expected to increase 1.6% per year in the coming years [5]. The majority of these lubricants are
mineral oil-based and are obtained from petroleum products. Petroleum-based lubricants are toxic
and have poor biodegradability. It has been estimated that between 5 to 10 million tons of petroleum
products affect the environment each year [3,6]. Environmental awareness and ever-growing restrictive
regulations over contamination have increased the need for more environmentally-friendly lubricants.
Due to their superior biodegradability and lower toxicity, vegetable oils are a good alternative to
replace currently used mineral oils [7-10]. However, vegetable oils show low oxidation and thermal
stability, poor low-temperature properties and narrow range of available viscosities [11,12] that limit
their potential industrial application. Most of these drawbacks can be attenuated through the use of
additives [7,10,13,14].

In the last decade, Ionic Liquids (ILs) have emerged as high performance fluids due to their unique
characteristics [15,16]. Their high thermal stability, low vapor pressure, non-flammability, non-volatility,
high viscosity, broad liquid range, high ionic conductivity, wide electrochemical window, and miscibility
with organic compounds make them ideal candidates for many engineering applications. ILs are salts
with melting points lower than 100 °C; and are usually composed of an organic cation and a weakly
coordinating anion. In addition to the above-mentioned properties, ILs have the ability to form
highly-ordered absorbed layers [17,18] on metal surfaces, reducing friction and wear of mechanical
components. The use of RTILs as neat lubricants was first reported in 2001 [19]. Since then, ILs have
emerged as promising advanced lubricants, not only as neat lubricants [20-22], but also as lubricant
additives [23-27]. Most of the ILs used today in lubrication are composed of halogen-containing
anions. It is well known that these anions will decompose in presence of water, liberating highly toxic
and corrosive species [21,28]. Therefore, there is an urgent need to investigate the lubricating ability of
halogen-free RTILs to avoid these negatives effects.

In this study, the tribological behavior of two phosphonium-based ILs, a fluorinated IL whose
anion has shown excellent lubricating results of steel-steel contacts [29,30]: trihexyltetradecylphosphonium
bis(trifluoromethylsulfonyl) amide [THTDP][NTf2] and a halogen-free IL: trihexyltetradecylphosphonium
decanoate [THTDP][Deca], are investigated as additives of a coffee bean oil in steel-steel contact. Coffee
bean oil-IL blends containing between 0 wt% and 5 wt% of each IL are investigated using a block-on-flat
reciprocating tribometer and the test results are compared to commercially-available, fully-formulated lubricant.

2. Materials and Methods

2.1. Coffee Bean Oil

Coffee is one of the largest commodity products produced worldwide with an annual production
of 8 million tons per year [31]. The consumption of coffee worldwide which is increasing yearly
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produces substantial quantities of spent coffee grounds (SCG) which can be problematic for disposal.
Microbial decomposition of SCG is a high oxygen demand process (such as in landfills) and can
produce residual caffeine, tannins, and polyphenolic contaminants to the environment [32].

The Rochester Institute of Technology (RIT) campus coffeechouses and dining halls produce more
than 9000 kg of spent coffee grounds per year (Enid Cardinal, personal communication) of which 90%
is disposed of in the garbage which ultimately ends up in various landfills. Thus, the use of spent
coffee grounds (SCQG) as a feedstock for coffee oil which can be tested as a lubricating oil may be
an attractive alternative to trash disposal and ultimate shipment to Western New York landfills.

In this study, SCG were collected from various coffee houses on the RIT campus. The grounds
were initially spread into a thin layer in various bins and partially dried in a greenhouse. Before oil
extraction the partially dried SCG were further dried to remove any water by exposing the grounds to
85 °C for 3—4 h in a drying oven. The oil was extracted from the SCG by taking 200 g of dried SCG
and adding this to 600 mL of hexane. The mixture was allowed to shake at 200-250 rpm at room
temperature for 24 h. After 24 h the hexane fraction was collected by filtration and the hexane was
removed by rotary evaporation under reduced pressure. The collected oil was then stored at room
temperature until used.

2.2. lonic Liquids

Ionic Liquids used in this study were commercially available from Sigma-Aldrich (St. Louis, MO,
USA). Their molecular structure, name, and abbreviation (code) are shown in Table 1. Both ILs have
identical cations with varying anion structures.

Table 1. Molecular structure, name, and abbreviation of ILs used in this study.

Structure IUPAC Name
Code . -
Cation Anion
O

(CH),CH Trihexyltetradecylphosphonium

[THTDP][Deca] ” H,C(CH,), </o Y YIPROSP
H,C(CH,), — P — (CH,),,CH decanoate

(CH,).CH N Trihexyltetradecylphosphonium

[THTDP][NT{2] cmozs/ RDZCFS Bis(trifluoromethylsulfonyl)
amide

2.3. Tribological Experiments

AISI 52100 steel flat disks (19 mm diameter, 7 mm thickness, 243 hardness HV, Roughness Ra = 0.01 um)
were tested in a ball-on-flat reciprocating tribometer against AISI 420C steel balls (1.5 mm spherical
diameter, 690 hardness HV). Tribological tests were carried out at room temperature and under
a normal load of 2 N (1.92 GPa maximum Hertzian pressure), 2 mm amplitude, 288 m sliding distance
and 10 Hz oscillation frequency. Friction coefficients were continuously recorded with sliding
distance. Mean friction coefficients and wear factors were obtained after three tests under the same
conditions. Volume loss (Vr) was determined by image analysis after 45 wear track width (W)
measurements for each test, according to Equation (1) [33]:
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Vi= Li[RE x sin” () — (GHGD] + 3 (3Re—ho) (1)

where Ls is stroke length, Rt is the radius of AISI 420C steel ball, and hr is the wear depth given by

Equation (2):
’ WZ

Lubricating mixtures were prepared by adding 1, 2.5, 5 wt% ratio of ILs to the coffee bean oil (CB)
and were compared to a commercially-available, fully-formulated, wind turbine gearbox lubricant
(Mobilgear SHC XMP 320). Before each test, steel disks were covered with 2 mL of the lubricant, and
no additional lubricant was added during the test. Optical micrographs of wear track were obtained
using an Olympus BX60M optical microscope and wear track profiles using a Taylor-Hobson
profilometer. SEM images were obtained using an AMRAY 1830 scanning electron microscope.

2.4. Viscosity, Density, and Thermal Stability of Lubricants

Densities at room temperature were determined by weighing a known volume. Viscosities at 40 °C
and 100 °C were obtained using a Brookfield DV II+ viscometer with a small sample attachment.
Thermogravimetric analysis (TGA) was carried out on a TA Instruments TGA-2950 at a 10 °C/min
heating rate in a nitrogen atmosphere.

2.5. Wettability of Lubricants

Contact angles of the lubricants on AISI 52100 steel surface to compare their wetting performance
were measured using a Ramé-Hart advanced goniometer (p/n 500-00-15) with Ul series camera. All
tests were run at 50 + 5 °C, using a Ramé-Hart Environmental Chamber (p/n 100-70-00). As illustrated
in Figure 1, a high contact angle indicates poor affinity between the lubricant and surface, and a low
contact angle indicates good affinity [34].

Poor Wettability Good Wettability

Figure 1. Contact angle to determine affinity between lubricants and the surface.
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3. Results and Discussion
3.1. Viscosity, Density, and Thermal Stability of the Lubricants

The density at 23 °C and kinematic viscosity at 40 °C and 100 °C of the lubricants used in this
study are listed in Table 2. MG and CB have similar densities at 23 °C. The addition of the [THTDP][Deca]
and [THTDP][NTf2] slightly increased the density of the mixtures. As can be seen in Table 2, MG is
much more viscous than CB and CB mixtures, regardless of the measuring temperature. In general,
adding the ILs to CB increases the viscosity of the CB at both temperatures.

Table 2. Density and viscosity values of the lubricants.

Density at 23 °C  Kinematic Viscosity (cSt)

Lubricant (g/cm?) 40 °C 100 °C
MG 0.86 335 38.3
CB 0.85 53.5 9.4
CB + 1% [THTDP][Deca] 0.87 88.5 12.6
CB + 2.5% [THTDP][Decal 0.86 148.3 19.2
CB + 1% [THTDP][NTf2] 0.87 61.6 10.5
CB + 2.5% [THTDP][NT£2] 0.89 174.1 213

The thermal stabilities of the lubricants were studied using thermogravimetric analysis (TGA).
Figure 2 shows the evolution of weight loss with temperature for the lubricants. From the figure, MG
shows the highest thermal stability, where the lubricant does not reach 1% weight loss until a temperature
of 300 °C. All the lubricants containing CB has a two-step decomposition process. For these lubricants,

degradation reaches 1% weight loss around 150 °C.
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Figure 2. Weight loss vs. temperature TGA curves for the lubricants.
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3.2. Wettability of Lubricants

As mentioned in Section 2.5, the contact angle of the liquids on steel surface was measured to study
the wetting ability of the lubricants. Figure 3 shows how the contact angle of the lubricants on steel
surface is changing with time. MG is the lubricant with higher contact angle, which means poorer
wettability. Adding more than 1 wt% of ILs to the CB reduces the contact angle of the mixtures,
improving the wettability of the lubricant.

—CB
8 CB+1% [THTDP][NTf2]
----- CBO+1% [THTDP][Deca]
= =CB+1.5% [THTDP][NT£2]
43 == =(CB0+2.5% [THTDP][Deca]
s CBO+5% [THTDP][NTf2]
= CBO+5% [THTDP][Decal
18 MG
MG ~a
L»
= 33
=T
=
=
-
3 28
=
=
Q
23
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13 e
— e i C—— e —_—
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Figure 3. Contact angle (°) on steel surfaces of the lubricants vs. time.
3.3. Tribological Properties

Figure 4 shows friction coefficients for AISI 52100 steel disks after a ball-on-flat reciprocating test
against AISI 420C steel balls lubricated with MG, CB, and CB + IL mixtures. The friction
performance of the CB is very similar to that of the MG. The addition [THTDP][Deca] to CB reduces
the friction coefficient for steel, while adding [THTDP][NTf2] shows no significant effect on friction
coefficient compared to that of CB without additive.

Real-time friction variation with sliding distance for CB, CB + 2.5% [THTDP][NTf2] and CB + 2.5%
[THTDP][Deca] are shown in Figure 5. For CB, after an initial period of low friction (2000 s) a sharp
increment is observed. Interestingly, when the ILs are used as additives, the friction coefficient remain
constant for whole duration of the test, being lower for CB + 2.5% [THTDP][Deca].
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Figure 4. Friction coefficient using different lubricants.
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Figure 5. Friction curves for CB, CB + 2.5% [THTDP][NTf2] and CB + 2.5% [THTDP][Deca].

Figure 6 shows wear volume of steel disk after tests lubricated with MG, CB, and CB + IL
mixtures. As expected, when the test is lubricated with commercially-available MG, the wear volume
of the steel disk is one order of magnitude smaller than that after a test lubricated with CB. The use of
ILs as additives of CB reduces the wear volume of the steel disks, and wear values achieved are
comparable to that obtained when the commercially-available MG is used. While increasing additive
concentration from 1 to 2.5 wt% has no significant effect on the lubricating ability of the ILs, the
addition of 5 wt% shows an increase in the wear volume when both ILs are used. These results are in
agreement with previous studies [24,35] that showed that increasing the concentration of ILs results in
an increase of tribocorrosion reactions between the IL and metal surfaces and, therefore, an increase in
the wear volume loss. [THTDP][NTf2] showed slightly better performance than [THTDP][Deca]
under the conditions studied.



Lubricants 2015, 3 644

25C-04

CB

20E-04

1.5E-04

ICB + 5% [THTDP][Deca]

10E-D4

Wear Volume (mm?)
1CB + 5% [THTDP][NTF2)

\ CB + 1% [THTDP][Deca]

50E-05

CB + 2.5% [THTDP][Deca]

— CB + 1% [THTDP][NTf2]
= CB+ 2.5% [THTOP][NTf2]
—_

Figure 6. Wear volumes of steel disks after tests lubricated with MG, CB, and CB + IL mixtures.
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Figure 7 shows the wear track profiles on steel disk after a test using CB, CB + 2.5% [THTDP][NTf2],
and CB + 2.5% [THTDP][Deca]. As can be seen, the area of wear loss is clearly smaller when the
additives are used. Additionally, the area of material deformed plastically reduces when the ILs, and
particularly [THTDP][NTf2], are presented in the lubricant.

4

CB42.5% [THIDP||NT12]

m CB+2.5% [THIDP||Deca]
| /
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Figure 7. Wear track profiles on steel disks after a test lubricated with CB, CB + 2.5%
[THTDP][NTf2], and CB + 2.5% [THTDP][Deca].

Figures 8 and 9 show optical and SEM images of wear tracks on the steel disks after a test
lubricated with CB, CB + 2.5% [THTDP][NTf2], and CB + 2.5% [THTDP][Deca]. From the figure,
wear tracks when ILs are used as additives of CB are much narrower and show a milder wear regime
than that of a test lubricated with CB. Wear tracks for the three lubricants, but particularly when CB is



Lubricants 2015, 3 645

used with no ILs, show lateral plastic flow inducing accumulation of material on the groove borders.
Additionally, a presence of abrasive wear component is pointed out by the ploughed grooves inside the
three wear tracks. The worn surface when ILs are not used as additives of CB, exhibited not only a
higher amount of deformation but also fractures in the sub-surface and contacting surface, as can be
seen under higher magnifications (Figure 9).

a) b) c)

Figure 8. Optical micrographs of worn surfaces after a test lubricated with (a) CB;
(b) CB + 2.5% [THTDP][NT{2], and (c) CB + 2.5% [THTDP][Deca].

a)

Figure 9. SEM micrographs of worn surfaces after a test lubricated with (a,c) CB,
(b,d) CB + 2.5% [THTDP][NTf2].

The good lubricating ability of the ILs can be attributed to the formation of a protective tribofilm
on the metal surface [23,25,36] with the active components present in the corresponding IL. The
existence of this tribofilm is confirmed by the presence of fluorine (Figure 10) in wear debris when
CB + 2.5% [THTDP][NT{2] is used as the lubricant. The rest of the peaks of the spectrum in
Figure 10, correspond to the alloys elements present in the steel disk. In addition, a peak of oxygen
suggests an oxidative component of the wear mechanism. When the phosphonium cation is combined
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with a carboxylate anion, the tribofilm formed is very thin and contains as little phosphorus [29,37]
that is hard to be detected by EDS.
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Figure 10. SEM micrograph and EDS spectrum of wear debris collected after a test
lubricated with CB + 2.5% [THTDP][NT{2].

4. Conclusions

This paper investigates the tribological behavior of two phosphonium-based ionic liquids (ILs) as
additives of coffee bean oil (CB) in steel-steel contact. One, 2.5, 5 wt% ratio of
Trihexyltetradecylphosphonium ~ bis  (trifluoromethylsulfonyl) amide ([THTDP][NTf2]) and
Trihexyltetradecylphosphonium decanoate ([THTDP][Deca]) were added to CB and thermal stability,
viscosity, wettability, and tribological performance of the mixtures were studied.

The addition of the ILs to the CB shows no significant effect on the density and thermal stability of
the mixtures. However, adding the ILs to CB increases the viscosity of the CB at 40 and 100 °C. CB
and IL + CB mixtures show better wettability with steel surface than the commercially available, fully
formulated lubricant.

The addition [THTDP][NTf2] to CB reduces the friction coefficient for steel, while adding [THTDP][Deca]
shows no significant effect on friction coefficient compared to that of CB without additive. The use of
ILs as additives of CB reduces the wear volume of the steel disks, and wear values achieved are
comparable to that obtained when the commercially available MG is used. While increasing additive
concentration from 1 to 2.5 wt% has no significant effect on the lubricating ability of the ILs, the
addition of 5 wt% shows an increase in the wear volume when both ILs are used. [THTDP][NT{2]
showed slightly better performance than [THTDP][Deca] under the conditions studied. The improvement
in the lubrication ability of the CBO when ILs are added, can be attributed to the formation of a protective
film on the metal surfaces that reduces wear of the materials in contact.

Wear tracks after tests lubricated with CB and CB + IL mixtures, present plastic deformation and
fracture characteristic of adhesive wear, which is much more pronounced when the ILs are not present.
In addition, a presence of abrasive wear component is pointed out by the ploughed grooves inside the
wear tracks.
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