Chapter 2

Advancements in Eco-friendly Lubricants
for Tribological Applications: Past,
Present, and Future

Carlton J. Reeves and Pradeep L. Menezes

Abstract This chapter highlights the evolution of eco-friendly lubricants derived
from natural oils and fats to green lamellar solid additives to a new class of
“greener” functional fluids known as room temperature ionic liquids (RTILs). The
attraction to these bio-based lubricants began with vegetable oils due to their low
friction and wear properties. These superior tribological characteristics are a result
of their chemical composition of triacylglycerol molecules made up of esters
derived from glycerol and long chains of polar fatty acids. It is these fatty acids
within the natural oils that establish monolayers that enable high lubricity in
boundary-lubricated regimes. Despite these accolades, vegetable oils suffer from
thermal-oxidative instability, high pour points, and inconsistent chemical compo-
sitions. To improve upon the tribological properties, vegetable oils were subjected
to additives such as lamellar solid powders to establish more resilient transfer layers
to mitigate wear and surface damage. Currently, RTIL lubricants derived from
bio-based feedstock represent a promising potential solution to many of the prob-
lems associated with previous eco-friendly lubricants. An investigation into RTILs
begins with a discussion on the history of ionic liquids and an assessment on their
tribological properties. The chapter also includes a case study on the use of RTILs
as additives in vegetable oils and as neat lubricants as well as exploring the effects
of cation-anion moiety exchange within ionic liquids themselves. Ultimately, the
RTILs are compared to more traditional bio-based lubricants for their tribological
performance as a new class of eco-friendly lubricants and their potential as a future
lubrication technology.
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1 Lubrication Fundamentals

A lubricant is a substance introduced between two moving surfaces to reduce
friction, minimize wear, distribute heat, remove contaminants, and improve effi-
ciency. The importance of lubricants and sustainable lubrication systems cannot be
fully appreciated until understanding the implications of not using an appropriate
lubricant or a lubricant at all. In 1979, it was estimated that over $200 billion was
spent in North America on machine maintenance [1]. Within the $200 billion,
approximately one-third ($66.7 billion) could have been avoided with the use of
adequate lubricants. More recently, estimates claim that the amount of energy
wasted due to insufficient knowledge applied to the science of friction, lubrication,
and wear resulted in roughly 0.4 % of the gross domestic product (GDP) being
wasted [2]. In the United States, this means that over $60.36 billion of the $15.08
trillion GDP was wasted due to energy loss [3]. When considering the many
macroscale applications that utilize lubricants such as internal combustion engines,
turbines, hydraulic systems, compressors, vehicle and industrial gearboxes, and
journal and thrust bearings as well as the various micro- and nanoscale applications
and metal forming applications, it becomes easy to understand the importance that
lubricants play in the compliance, effectiveness, and operation of many of these
applications [4-6].

Within the lubrication market there are a vast number of applications which
require specifically formulated lubricants that have given rise to the upwards of
10,000 different lubricants that satisfy more than 90 % of all lubricant applications
worldwide [2]. Figure 1 analyzes the global lubrication market as of 2004, which
consumed roughly 37.4 million tons of lubricant [2]. This figure illustrates how
automotive and industrial lubricants are the most prevalent. Industrial lubricants
amount to 32 % and were composed of 12 % hydraulic oils, 10 % other industrial
oils, 5 % metalworking fluids, 3 % greases, and 2 % industrial gear oils [7, 8]. The
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Fig. 1 2004 Worldwide lubrication consumption [2]
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10 % of other industrial oils within the industrial lubricants section consist of a wide
range of lubricants such as air and gas compressor oils, bearing and circulating
system oils, refrigerator compressor oils, and steam and gas turbine oils. In the
automotive lubricants section, the most commonly used liquid lubricants were
engine oils (petrol and diesel engine oils), automatic transmission fluids, gearbox
fluids, brake fluids, and hydraulic fluids.

2 History of Eco-friendly Lubricants

Lubricants originally consisted of natural oils and fats derived from plant- and
animal-based raw materials which date back to 1400 B.C. The modern lubrication
market developed after the first oil well was drilled in 1959 in Titusville, PA. Since
then, lubricants have evolved from mineral oils to petrochemically modified syn-
thetic oils arriving in the 1960s, to today’s bio-based eco-friendly lubricants har-
vested from raw materials derived from the oleochemical industry. Recently,
bio-based lubricants have begun to seek prominence for their environmental-
friendliness and superior tribological properties. The current trend in the lubrication
industry is to develop more bio-based lubricants due to estimates indicating that
nearly 50 % of all lubricants sold worldwide pollute the environment, through
spillage, evaporation, and total loss applications [9]. An example of lubrication
pollution is that of the diesel engine particulate emissions, where approximately
one-third of the engine oil vaporizes thus polluting the atmosphere. The large
quantity of lubricant loss into the environment is the reason behind the development
of eco-friendly lubricants. Although the lubrication market is shifting to become
more environmentally responsible by reducing the use of petroleum-based lubri-
cants due to concerns of protecting the environment, depletion of oil reserves, and
increases in oil price, mineral oil remains to be the largest constituent and the
foundation to most lubricants [9, 10].

The use of biolubricants derived from plant oils and animal fats dates back to
antiquity. Scientists have known for centuries that biolubricants provide favorable
friction and wear properties. Since the beginning of the twentieth century, inves-
tigations into the properties of bio-based oils have received significant attention due
to the fact that 50 % of all lubricants worldwide end up in the environment through
usage, spill, volatility, or improper disposal [11-13]. Of these lubricants entering
the environment, 95 % are derived from petroleum-based oils and are detrimental to
many biological ecosystems [14]. More still, within North America alone, over 100
million gallons of toxic lubricants drip, spill, and leak into the environment
annually. With the advent of petroleum-based oils in the mid-1800s, the use of
bio-based oils as lubricants began to decline dramatically. Recently, there has been
a resurgence of eco-friendly lubricants due to increased environmental efforts to
reduce the use of petroleum-based lubricants in addition to the depletion of oil
reserves, increases in oil price, and rises in lubricant disposal costs [15, 16].
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When compared to petroleum-based lubricants, bio-based lubricants have a
higher lubricity, lower volatility, higher shear stability, higher viscosity index,
higher load carrying capacity, and superior detergency and dispersancy [9, 17, 18],
therefore they are excellent alternatives to petroleum-based oils. Traditional
eco-friendly lubricants are typically derived from naturally occurring organic
substances whose properties and utility vary based on biological factors such as
nutrient availability, climate, light, temperature, and water [19-21]. Despite these
favorable attributes, the largest drawbacks to many bio-based oils are their poor
thermal-oxidative stability, high pour points, and inconsistent chemical composi-
tion, which have led to the development of chemically modified synthetic biolu-
bricants, the use of stabilizing additives, and ionic liquids [22, 23].

2.1 Present: Eco-friendly Lubricants

The emphasis placed on bio-based lubricants is a result of the increase in demand
for eco-friendly lubricants that are less toxic to the environment, renewable, and
provide feasible and economical alternatives to traditional lubricants. Currently, the
interest surrounding liquid lubricants derived from various bio-based feedstocks is
focused on the use of eco-friendly lubricants derived from plant-based oils. This is
the result of the chemical composition consisting of triacylglycerol molecules made
up of esters derived from glycerol and long chains of polar fatty acids. It is these
fatty acids that are desirable in boundary lubrication for their ability to adhere to
metallic surfaces due to their polar carboxyl group, remain closely packed, and
create a monolayer film that is effective at reducing friction and wear by minimizing
the asperity contact [24, 25]. Much of the work with eco-friendly lubricants has
concentrated on understanding the fundamentals of saturated and unsaturated fatty
acids with the bulk of the attention focusing on the use of natural oils as neat
lubricants, fatty acids as additives in mineral oils, and bio-based feedstock for
chemically modified lubricants [12, 17, 26]. Recently, eco-friendly lubricants are
finding uses as carrier fluids for lamellar powder additives in sliding contact [9, 12,
27, 28].

Eco-friendly lubricants composed of environmentally benign lamellar powders
such as boric acid (H;BO;5) and hexagonal boron nitride (hBN) are well-known
solid lubricants for their low interlayer friction, ability to form protective boundary
layers, and accommodate relative surface velocities [17, 28]. As with many lamellar
powders, atoms on the same plane form layers through strong covalent bonds.
These layers themselves are held together through the weak van der Waals force,
providing the minimal shear resistance, and enabling the low interlayer friction
[29]. Lamellar powders are effective in a broad range of environments of extreme
pressure and temperature as well as various applications from automotive to
aerospace to lower friction and minimize wear [9, 21]. An important property of
boron-derived lamellar powders is that they are environmentally benign and inert to
most chemicals making them attractive performance enhancing additives to



2 Advancements in Eco-friendly Lubricants ... 45

bio-based oils. Experiments have shown that these lamellar particles can be forced
out of the contact zone in sliding contact and therefore adding them to natural oils
such as canola oil creates a superior eco-friendly lubricant [12, 30]. This new class
of eco-friendly lubricant maintains the properties of the powder additives to coa-
lesce and fill in the asperity valleys, thereby establishing a thin, smooth, solid
lamellar film between the contacting surfaces, thus decreasing the friction coeffi-
cient, wear rate, and surface roughness [9, 31, 32]. In addition, these lubricants
maintain boundary lubrication characteristics by establishing the fatty acid
adsorption film that thwarts metal-to-metal contact.

2.2 Drawbacks to Eco-friendly Lubricants

The use of lubricants composed of natural plant oils or solid lubricants have their
merits; however, they do have their limitations, which have stifled their ability to be
widely accepted within the lubrication industry. The drawbacks to these lubricants
are summarized below. For natural oils, they suffer from thermal-oxidative insta-
bility, high pour points, inconsistent chemical composition, hydrolytic instability,
and a severe susceptibility to biological deterioration. For lamellar powders, they
suffer from concentration optimization (which affects their price making these
lubricants expensive), unwanted abrasive behavior due to particle size and shape,
particles can settle out of the colloidal suspension rendering them useless, large
particles can block tubes and capillaries within critical engine parts, and they can
clog oil filters in circulatory lubrication systems. These shortcomings of traditional
eco-friendly lubricants ultimately cause economic issues where the lubricants
themselves can become very expensive when modifying their properties for many
thousands of potential applications.

3 Future: Eco-friendly Lubricants

3.1 Ionic Lubricants

A new type of eco-friendly lubricant, ionic liquids, is beginning to gain attention.
Tonic liquids (ILs) were originally a novel class of solvents typically consisting of
an organic cation in combination with any of a wide variety of organic or inorganic
anions, exhibit a number of unique and useful characteristics, including high
thermal stability, low melting point, a broad liquidus range, and negligible vapor
pressure. The last of these properties, particularly minimizing solvent losses due to
volatilization (i.e., fugative emissions), have led many to regard ionic liquids as
“green solvents,” and over the last decades, they have been evaluated in a wide
range of applications, including the fabrication of dye-sensitized solar cells [33], the
preparation of electrolytes for electrochemical storage devices [34] and batteries,
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the electrodeposition of metals [35], the recovery of metal ions from aqueous
solutions via liquid-liquid extraction (LLE) [36, 37], and in the development of
separation processes for various organic compounds [38]. Many of the same
properties that make ILs useful in these applications also make them good candi-
dates as high-performance lubricants [39].

The use of ionic liquids as lubricants was first reported in 1961, when fluoride-
containing molten salts (i.e., LiF and BeF,) were subjected to high-temperature
(650-815 °C) bearing tests [40]. Nearly four decades later, low melting analogs of
classical molten salts, room temperature ionic liquids (RTILs), were first evaluated
as synthetic lubricating fluids [41]. Since this time, considerable attention has been
devoted to the utilization of ILs as lubricants. Three main applications have been
most extensively explored: the use of ILs as base oils, as additives, and as thin films
[42]. When employed as base oils, ILs have been reported to exhibit good tribo-
logical performance for steel/steel, steel/copper, steel/aluminum, ceramic/ceramic,
and steel/ceramic sliding pairs [43-56]. The negligible vapor pressure of ILs makes
them good candidates for use under vacuum and in spacecraft applications [42]. ILs
are also effective as additives to the main lubricant (e.g., mineral oils), because of
their tendency to form strong boundary films, that enhance the tribological perfor-
mance of the base lubricant [42, 57, 58]. Thin-film lubrication employing ILs has
been studied by many researchers with the goal of replacing conventional
perfluoropolyether (PFPE) lubricants [54, 55, 59-63].

Although the chemical structure of the cationic and anionic substituents of an IL
can vary greatly, the most commonly studied ILs in tribological processes have
been those containing a tetrafluoroborate (BF, ) or hexafluorophosphate (PFgs )
anion [64, 65], the result of the superior tribological properties that boron- and/or
phosphorus-containing compounds often exhibit under the high pressures and
elevated temperatures that lubricants can encounter [66—-69]. The frequent use of
boron- and phosphorus-containing ILs as lubricants does not imply that either of
them is optimum. Rather, ILs based on these anions are commonly studied because
they are readily available and low cost [70]. In fact, B, and PFg  have been found
to cause corrosion of steel under humid conditions. Moreover, other hydrophobic
anions, such as bis(trifluoromethanesulfonyl)amide (TFSA) and tris(tetrafluoro-
ethyDtrifluorophosphate (FAP), actually exhibit better tribological properties for
steel—steel contact [39, 70, 71]. In general, as the hydrophobicity of the anion
increases, both the thermo-oxidative stability and the tribological properties
improve [70].

Among the many possible IL cations, the imidazolium ion has probably been
studied in the most detail, a result of the high thermal stability of imidazole-based
rings [72]. Additionally, the chain length on the imidazolium cation can be readily
altered. Increasing the chain length to make the IL more hydrophobic will decrease
the friction coefficient in a manner similar to that observed when the anion is made
more hydrophobic. In contrast to the improvement in thermo-oxidative stability
observed with hydrophobic anions, however, a decrease in stability is observed
with more hydrophobic cations [70]. Nonetheless, ILs with longer alkyl chains and
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lower polarity have been reported to have excellent tribological properties from low
to high temperature (—30 to 200 °C) [73]. Other ILs have been studied with the goal
of improving their tribological properties include phosphonium [74-76] and
ammonium [53, 54, 77-79].

3.2 Room Temperature Ionic Liquid Lubricants

As the industrial marketplace continues to become more ecologically focused with
much of the attention centered on novel approaches to achieve efficient energy
conservation and sustainability, new classes of green lubricants are being developed
that represent the future potential of eco-friendly lubricants. Much of the devel-
opment aims at creating environmentally friendly lubricants that contain many of
the properties of the aforementioned eco-friendly lubricants such as polar molecules
(similar to the fatty acids), lamellar crystal structure (like the solid lubricants),
derived from bio-based feedstock (natural plant-based oils), high thermal-oxidative
stability, physicochemical consistency (which natural oils inherently lack), superior
lubricity with minimal wear, and require minimal use of additives [80]. Ionic lig-
uids, particularly those that are fluid at room temperature, represent a promising
new class of eco-friendly lubricants that show potential to improve the limitations
associated with current petroleum-based oils, bio-based oils, and solid powder
additives [42, 43, 81, 82].

Room temperature ionic liquids consist of combinations of a bulky, asymmetric
organic cation, and an appropriate organic anion with melting points below 100 °C
and a liquid range beyond 300 °C [83, 84]. The atomic structure of an IL is shown in
Fig. 2. This structure resembles a lamellar solid crystal structure, except with ILs the
anions and the cations form ionic bonds to creating layers and these layers are held
together with the weak van der Waals forces [85]. This structure provides ILs with
their liquid lamellar crystal structure [86]. Aforementioned, ILs exhibit a number of
unique and useful properties that make them well suited as the basis of a new family
of lubricants and initial research has already begun investigating the properties of ILs
[39, 43, 81, 87-89]. The appeal of ILs as lubricants becomes even more evident
when one considers their many potential advantages over other lubricants including:
(1) a broad liquid range (low melting and high boiling point); (2) negligible vapor
pressure; (3) nonflammability and noncombustibility; (4) superior thermal stability;
(5) high viscosity; (6) miscibility and solubility; (7) environmentally benign
(nontoxic); (8) lamellar-like liquid crystal structure; (9) long polar anion-cation
molecular chains; and (10) economical costs [35, 39, 42, 70, 90, 91].

Additionally, ionic liquids have a consistent and easily tailorable chemical
composition that affords them the ability to provide the level of thermal-oxidative
stability and lubricity required for a variety of applications in the aerospace, auto-
motive, manufacturing, and magnetic storage industries [35, 44]. The consistent
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chemical composition allows ILs to have physicochemical properties that are readily
reproducible. Furthermore, they can be designed to be eco-friendly by selecting both
the cationic and anionic constituents to be nontoxic. In many instances, the ILs can
be prepared from nonpetroleum resources. Lastly, their capacity to overcome the
variety of environmental, cost, and performance challenges faced by conventional
lubricants makes them a potentially attractive alternative eco-friendly lubricant
[42, 83].

The possibility of preparing an ionic liquid capable of functioning as an efficient
lubricant, while exhibiting a variety of other useful properties is a result of the
physicochemical characteristics, inherent tunability, and structural diversity of these
novel compounds. Regarding the latter point, it has been estimated that as many as
10'® different combinations of anion and cation moieties are possible [92, 93].
Clearly, this vast assortment of possibilities can pose a significant challenge in ionic
liquid design. As the number of desired properties increases, the number of possible
candidate ILs declines dramatically. Here, for example, the desire for an environ-
mentally friendly bio-based lubricant means that the use of highly fluorinated
anions is unacceptable [94]. Instead, the use of carboxylic anions based on common
food additives (e.g., benzoate™ and salicylate are well-known preservatives) or
artificial sweeteners (e.g., saccharinate ) are utilized. Similar considerations guide
the choice of the cation and suggest that trihexyl(tetradecyl)phosphonium salts (i.e.,
Pégs.14), some of which have been found to exhibit antimicrobial and biodegradable
properties, can satisfy many of the desired criteria [95]. Along these same lines, the
objective of employing renewable feedstocks for the preparation of the ILs suggests
the use of certain 1,3-dialkylimidazolium cations, such as can be derived from
fructose or other bio-based feedstock [96—-100].
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4 Case Study: Room Temperature Ionic Liquids

To assess the potential of using ILs as base lubricants, two studies were investigated
consisting of imidazolium and phosphonium ILs with carboxylate anions for their
ability to address the performance challenges of traditional lubricants [58, 101]. In the
first study, a series of experiments were conducted with two conventional ionic lig-
uids, a phosphonium-based (Pgg6 14Tf2N) and an imidazolium-based (C;omimTf,N)
ionic liquid that were both mixed with avocado oil in five different proportions as
shown in Table 1 to investigate their use as an additive versus a base fluid [101]. In the
second study, another set of experiments were conducted by interchanging the
cation-anion moieties of the phosphonium-based and imidazolium-based ionic liquids
[58]. Multiple IL Iubricants having different ion pairs were then compared with var-
ious vegetable oils and commercial lubricants. In both studies, pin-on-disk tests were
conducted to characterize the tribological performance of ionic liquids as possible
lubricants and in particular investigate the performance of bio-based environmentally
benign ionic liquid lubricants.

4.1 Study 1: Ionic Liquids as Additives in Natural Oils

Figure 3 shows the variation of the COF for different mixtures of phosphonium-
based ILs and avocado oil. In Fig. 3a it can be seen that the lubricant mixtures
generally decrease with sliding distance and eventually reach a steady state value at
a sliding distance of approximately 1000 m. Figure 3b shows the final COF values
at the completion of the tests. It can be seen that as the graph moves from left to
right the amount of the IL sequentially decreases from 100 to 0 % in 25 %
decrements. This means that on the left, the 100 % IL is a lubricant composed
entirely of Pggg 14THoN and on the right, the 0 % IL is a lubricant composed entirely
of avocado oil. The lubricant mixtures in the middle are composed of combinations
of the two base fluids. Table 1 displays the friction results at the completion of the
tests. The correlation between the friction results and the composition of the IL in

Table 1 Ionic liquid and avocado oil lubricant mixture—tribological results at the completion of
the tests

Mixture Tonic liquid Natural oil Notation Pecse.14 TN, ComimTf,N,
number percentage (%) | percentage COF COF

(€)) 0 0.0168 0 % IL 0.0155 0.0135

2 25 0.0259 25 % 1L 0.0223 0.0185

3) 5 0.0355 50 % 1L 0.0381 0.0335

(@) 75 0.0417 75 % IL 0.0442 0.0401

5) 100 0.0512 100 % IL | 0.0498 0.0507
Correlation coefficient, R-value —0.982 —0.998
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Fig. 3 Variation of the coefficient of friction for different mixtures of phosphonium-based ionic
liquid and avocado oil. a Lubricant mixtures with sliding distance and b lubricant mixtures at the
completion of tests

the base fluid is strong with a negative correlation coefficient (R-value) of —0.982 as
shown in Table 1. This indicates that as the percentage of the IL increases in the
lubricant mixture the COF decreases.

Having similar results to the phosphonium-based IL and avocado oil lubricant
mixtures, Fig. 4 shows the variation of the COF for different mixtures of
imidazolium-based IL and avocado oil lubricant mixtures. In Fig. 4a it can be seen
that the lubricant mixtures continue to decrease with sliding distance and eventually
reach a steady state value at a sliding distance about of 1000 m. Figure 4b shows the
final COF values at the completion of the tests. Similarly, it can be seen that as
graph moves from left to right the amount of the IL sequentially decreases from 100
to 0 %. On the left the 100 % IL is a lubricant composed entirely of C;omimTf,N
and on the right, the 0 % IL is a lubricant composed entirely of avocado oil. The
lubricant mixtures in the middle are composed of combinations of the two base
fluids. The correlation between the friction results and the composition of the IL in
the base fluid is strong with a negative correlation coefficient (R-value) of —0.998,
as shown in Table 1. This indicates that as the percentage of the IL increases in the
lubricant mixtures the COF decreases.

The friction results indicate that the presence of either the phosphonium-based or
imidizolium-based IL as an additive improves the COF. Similar results were
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Fig. 4 Variation of the coefficient of friction for different mixtures of imidazolium-based ionic
liquid and avocado oil. a Lubricant mixtures with sliding distance and b lubricant mixtures at the
completion of tests

witnessed with wear rates. As detailed in Table 1, as the amount of the IL additive
increases to the point where it becomes the majority fluid, effectively becoming the
base fluid, it continues to impart superior friction properties that outperform the
avocado oil. This study demonstrates that ionic liquids can not only be considered
as additives in lubricants, but they can also be considered as base fluids in the form
of neat lubricants. In the following investigation, various ILs having different
anion-cation moieties will be examined for their friction properties. The IL lubri-
cants will be compared to other natural oils and well-known commercial lubricants
from both petroleum-based and bio-based feedstocks.

4.2 Study 2: Ionic Liquid Anion-Cation Moiety
Manipulation

Figure 5 shows the variation of the coefficient of friction at the completion of the
tests for different anion-cation moieties separated into two groups. The first group
shown in Fig. 5a, shows a cation study of different ionic liquids all with the same
Tf,N anion. Here, an investigation into the influence of cation chain length was
performed with the five imidazolium cations having chain lengths of 10, 8, 6, 5, and
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Fig. 5 Variation of the coefficient of friction at the completion of the tests for different
anion-cation moieties. a X*Tf,N cation study and b Pgg 14X anion study

3 carbons as well as the phosphonium cation, Peee 14 having a chain length of 14
carbon atoms. It can be seen in Fig. 5a and similarly in Table 2 that as the COF
decreases, the cation chain length increases, with a strong negative correlation
coefficient, R-value of —0.878. It can be seen that having 10 or 14 carbon atoms
produces similar friction results with a 10 % difference maintaining values of
0.0526 and 0.0586, respectively. The COF percent difference between 10 and 14
carbon atoms is approximately 10 %, whereas the percent difference between 10
and 8 carbon atoms for two imidazolium-based cations is 47 %. Furthermore, the
COF percent difference between 8 and 3 carbon atoms is 50 %. The relative percent
differences indicate the importance of larger alkyl chains in the cation help to
promote a thicker adsorbed monolayer film that is more effective at minimizing
asperity contact. These results are in agreement with previous investigations of
ionic liquids [42].

Table 2 X Tf:N cation Tonic Liquid | Cation Anion | Chain COF

chain length investigation length

results - -
ComimTf,N Comim TN 10 0.0526
Peo6,14THN Peco.14 TN 14 0.0586
CgmimTf,N Cgmim TN 8 0.099
CemimTf,N Cemim TN 6 0.116
CsmimTf,N Csmim TN 5 0.120
C3;mimTH,N Csmim TN 3 0.199
Correlation coefficient, R-value —0.878
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Table 3 Pgg,14X" anion ring size investigation results

ITonic Liquid Cation Anion Ring size COF
Pece.14Saccharinate Psoo.14 Saccharinate 2 0.025
Pece.14Cyclohexane Pese.14 Cyclohexane 1 0.0309
Pgo6.14Benzoate Peoo.14 Benzoate 1 0.0403
Pes.145alicylate Pece.14 Salicylate 1 0.0419
Pee6.14TE2N Pec6.14 Tf2N 0 0.0586
Pe66.14C1 Peco.14 Cl 0 0.0727
Correlation coefficient, R-value -0.917

The second group shown in Fig. 5b reveals the anion study of different ionic
liquids, all with the same Pggg 14 cation. This study examines the influence of anion
ring size on the phosphonium-based ionic liquids. The anions invested are shown in
Table 3 along with their corresponding ring size and final COF values. It can be
seen in Fig. 5b and in Table 3, that as the COF decreases, the anion ring size
increases, with a strong negative correlation coefficient, of —0.917. It can be seen
that the saccharinate with two aromatic rings has the lowest COF value followed by
cyclohexane carboxylate. The cyclohexane has a 6-vertexed ring that does not
conform to the shape of a perfect hexagon, thus its nonplanar shape is often con-
sidered a 3D chair or boat conformation. The benzoate and the salicylate anions
demonstrate similar properties as they have very similar aromatic molecular
structures consisting of only one ring and a difference of one hydroxyl group as
observed in Table 3. The Tf,N and CI anions have no ring shape and are included
for comparative purposes. Interestingly, the ring-shaped anions (saccharinate,
cyclohexane, benzoate, and salicylate) maintain a significantly lower COF value
than the C;omim cation. The difference between the Pgge 14Salicylate and the
C,omimTf,N reveals a 20 % difference in the friction values and this difference can
only increase as the ring size increases. Therefore, the influence of larger ring sized
anions tends to improve upon the effect that longer alkyl chain length cations have
on lowering friction. Similar results were observed with wear rate as well where
studies of the pin worn surfaces reaffirm that aromatic anions and long alkyl chains
length cations are important for improved tribological properties. It can be inferred
that this is due to density of the monolayer to remain tightly packed on a surface,
thus covering more of the surface to prevent unwanted asperity contact and aiding
to minimize wear.

4.3 Environmentally Friendly Ionic Liquid Lubricants

The anion-cation investigations thus far have shown that different anionic and
cationic constituents influence the performance of ionic liquids. Within the com-
binations of anion-cation moieties investigated, those ILs with superior tribological
properties can serveve as practical lubricants. Further examination will compare the
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Table 4 Classification of investigated lubricants based on source

Eco-friendly ILs Conventional ILs Bio-based oils Petroleum-based oils
Pee6.14Benzoate Pess.14Cyclohexane | Peanut Synthetic Motor oil
Pecs.14Saccharinate | Pegs 14 TN Avocado -
Pece.14Salicylate Pee6,14Cl1 Canola (rapeseed) -

CiomimTf,N Vegetable (soybean) -

CgmimTf,N Commercial biolubricant | —

CemimTf,N - -

CsmimTf,N - -

CsmimTH,N - -

tribological properties of the ILs in particular, the eco-friendly ionic liquids to
conventional ILs, bio-based (natural) oils, and petroleum-based oils. Table 4
classifies the lubricants into the four categories based on their source and Table 5
compiles all the friction values for the lubricants tested.

Figure 6 depicts the final COF values at the completion of the tests for all of the
lubricants studied in this investigation. The ionic liquid lubricants maintain superior
tribological properties when compared to all other lubricants tested. More specifi-
cally, the eco-friendly ILs (Pggs145accharinate, Pggg 14Salicyate, and
Pges.14Benzoate) exhibit lower coefficient of friction values better than all con-
ventional ILs (except Pgg6 14Cyclohexane), bio-based oils, and petroleum-based oil.
Two trends emerge when analyzing the lubricant chemical composition and the
friction values. As denoted previously in Fig. 5, the COF decreases as the alkyl

Table 5 Classification of Lubricant Classification COF
investigated lubricants Pyso 14Saccharinate Eco-friendly IL 0.025
Pee6.14Cyclohexane Conventional IL 0.031
Pecs.14Benzoate Eco-friendly IL 0.040
Pecs 145alicylate Eco-friendly IL 0.042
CiomimTf,N Conventional IL 0.053
Pee6.14THN Conventional IL 0.059
Vegetable (soybean) oil Bio-based oils 0.069
Peanut oil Bio-based oils 0.072
Pee6.14Cl Conventional IL 0.073
Avocado oil Bio-based oils 0.073
Canola (rapeseed) oil Bio-based oils 0.096
CgmimTf,N Conventional IL 0.099
Commercial biolubricant Bio-based oils 0.106
CemimTf,N Conventional 1L 0.116
CsmimTf,N Conventional IL 0.120
Synthetic oil Petroleum-based oil 0.173
CsmimTf,N Conventional IL 0.199
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Fig. 6 Variation of the coefficient of friction for different lubricant mixtures of eco-friendly ionic
liquids, natural oils, conventional ionic liquids, and commercial lubricants at the completion of
tests

chain length of the cation increases and as the aromatic ring size of the anion
increases. These trends remain true with the eco-friendly ILs, as they consist of the
largest cation with 14 carbon atoms in the alkyl chain and the largest anions with
single or double aromatic rings that enable them to have low friction. Comparing
the eco-friendly ILs to the bio-based natural oils, the eco-friendly ILs outperform
the bio-based oils in all circumstances. This is speculated to be caused by the
resilient monolayers composed of both anion and cation molecules. Here, the ionic
liquids are able to maintain lower COF values due to their polar molecules that can
adhere to the charged metallic surfaces, establish a monolayer, remain tightly
packed, and minimize asperity contact as well as benefit from their lamellar liquid
crystal structure that affords the ILs the reduced internal resistance during shearing
in the tribo-interface. On the contrary, the bio-based oils maintain high lubricity due
to their fatty acid composition consisting of over 70 % of oleic acid (C18:1) and
linoleic acid (C18:2) [25]. These fatty acids having 18 carbon atoms and one or two
double bonds can form a monolayer that promotes low friction, however, their
properties are susceptible to rapid oxidation and chemical inconsistency, which can
impede their tribological performance. The synthetic motor oil tested exhibits the
highest friction. The friction results are important because they directly reveal the
advantages of eco-friendly ionic liquids that make them well suited as a new class
of greener lubricants.

5 Conclusions

This chapter explores the history of eco-friendly lubricants from their past as natural
impeller pressed plant-based oils, to more complex natural oils with environmen-
tally benign solid particle additives, and now shedding light on a promising new
class of environmentally friendly lubricants known as room temperature ionic liquid
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lubricants. It has been shown that their lamellar-like liquid crystal structure
improves lubricity in comparison to traditional eco-friendly lubricants. The dipolar
structure allows cations and anions to adsorb on charged worn metal surfaces
facilitating self-assembling monolayers that create boundary films that minimize
wear, reduce friction, and improve component operation. Eco-friendly ILs were
presented and demonstrated to be feasible in design and provide superior tribo-
logical properties.

The lubrication industry continues to make new strides toward sustainable
eco-friendly lubricants with properties that will lower friction and wear, thereby
improving system efficiency and ultimately conserving energy. Continuing this
trend, future lubricants formulated from bio-based feedstock should offer the fol-
lowing advantages over petroleum-based oils: a higher lubricity lending to lower
friction losses and improved efficiency, affording more power output and better
economy. As oil prices rise, environmental awareness grows, and the demand for
renewable and sustainable lubricants increases, eco-friendly lubricants will begin to
seek prominence. For this reason, fundamental research is an important step to the
macroscale development, economical competence, and industrial use of biolubri-
cants for energy conservation and sustainability. Room temperature ionic liquid
lubricants represent a new class of novel “greener” lubricants that are nontoxic,
obtainable from sustainable (nonpetroleum) resources, and environmentally
friendly. They have the potential to satisfy the combination of environmental,
health, economic, and performance demands of modern lubricants. Their ability to
be tunable establishes them as ‘designer’ lubricants, where the optimization of
cation-anion moiety facilitates energy conservation through superior tribological
performance.
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