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Featured Application: The investigated protic ionic liquid could be used as an additive in
water-based lubricating fluids for hydraulic or metalworking applications.

Abstract: Recently, environmentally friendly lubricants and their additives have been of great interest.
Using such lubricants can provide a few benefits, namely: nontoxicity and biodegradability when
exposed to groundwater or soil. Moreover, renewable raw materials could be used to produce these
lubricants. This study aims to synthesize bis (2-hydroxyethyl)ammonium erucate protic ionic liquid
containing a renewable counterpart-erucic acid. The synthesis of bis (2-hydroxyethyl)ammonium
erucate, its physical properties, solubility in the base lubricating fluid, and tribological properties
were evaluated. The study shows that even though the investigated protic ionic liquid is liquid at
room temperature, it has a very high kinematic viscosity, which drops when the temperature increases.
Bis (2-hydroxyethyl)ammonium erucate can be dissolved in water up to 3 wt%. It also has excellent
lubricity when used as a neat lubricant and could be successfully applied as a lubricity-enhancing
additive in water.

Keywords: lubricant; additive; environmentally friendly; fatty acid; protic ionic liquid; friction; wear

1. Introduction

The industry’s growth is inseparable from the increase in and complexity of mecha-
nisms, leading to the usage of various lubricants. According to statistical data, the global
demand for lubricants was 37 million metric tons in 2020 [1]. Unfortunately, almost one-
third of this amount ends up in the environment and causes pollution [2,3]. According
to the entry methods into the environment, lubricants can be categorized as (i) lubricants
used in closed systems and (ii) total loss lubricants. The lubricants from the first category
can be collected. They enter the environment only due to leakage or during accidents. On
the other hand, lubricants from the second category enter the environment after their first
usage. Therefore, there is no possibility of collecting. Consequently, the former lubricants
must be nontoxic, readily biodegradable, and, if possible, produced using renewable raw
materials [4,5].

Researchers have already suggested several environmentally friendly lubricants and
their additives for a few decades that could replace the existing harmful ones [3,6–10].
Vegetable oil-based lubricants were the first choice for many researchers and industrial
applications. Owing to the inherent biodegradability, nontoxicity, and excellent lubricity
of vegetable oils, they were suggested for various applications: metalworking fluids [11],
engine oils [12], chain saw oils, hydraulic fluids [13], etc. However, despite the applied
additives, poor oxidation stability limits their wider application. Another environmentally
friendly lubricant alternative is water. Undoubtedly, it is an easily accessible, renewable,
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low-cost base fluid. In addition, additive-loaded water-based lubricating fluids possess ex-
cellent cooling capacity, good lubricity, and non-flammability [3,14]. Due to the mentioned
advantages, water-based lubricating fluids are widely applied in industry, particularly
in metalworking and hydraulics [3]. Unfortunately, toxic additives with sulfur, phospho-
rus, and chlorine are used to enhance the tribological properties of water-based fluids.
Therefore, various environmentally friendly alternatives are suggested [2,14–16]. The
third environmentally friendly lubricant alternative is synthetic esters. These substances
can have desired properties and perform well when used with the proper additive pack-
age [13,17,18]. However, the main drawbacks limiting their application are the very high
costs and complex synthesis procedures. Considering the above facts, environmentally
friendly lubricants are not widely acknowledged due to performance drawbacks or consid-
erably higher costs. Therefore, seeking new attractive lubrication materials at lower prices
is essential to improve the usage of environmentally friendly lubricants. Consequently, it
will lead to pollution reduction.

Nanoparticles and ionic liquids have recently become the most exciting lubrication
substances [19–24]. Ionic liquids can be used as neat lubricants or lubricity-enhancing
additives. Moving towards the development of environmentally friendly lubricants, protic
ionic liquids (PILs) have been suggested [25–27]. Protic ionic liquids can be synthesized in
a relatively simple acid-base neutralization reaction, investigated by Walden in 1914 [28].

A few studies have confirmed the superior lubricity and the versatile applications
of PILs. Espinosa and coauthors revealed that triprotic ionic liquid bis (2-hydroxyethyl
ammonium) succinate could be used as a neat lubricant or lubricity-improving additive
in water-based fluids [26]. Aviles et al. suggested stearic and palmitic fatty acid anions
containing PILs [29]. It was revealed that using PILs as additives in the water to lubricate
the sapphire-stainless steel friction pair resulted in an 80% lower coefficient of friction.

Usually, PILs only comprise C, O, and N elements and contain no heteroatoms. There-
fore, the adsorption of polar molecules was noted to be responsible for their lubricity [30].
Usage of PILs results in worn surface oxidation-reduction and, consequently, less wear [27].

This paper aims to present the tribological properties of a newly synthesized protic
ionic liquid bis (2-hydroxyethyl)ammonium erucate. The distinct feature of this PIL is a
long-chain carboxylic acid anion, which is expected to show better lubricity compared
to shorter-chain alternatives. Bis (2-hydroxyethyl)ammonium erucate was used as a neat
lubricant and an additive in water to demonstrate its performance. First, its physical and
tribological properties were investigated. Then, lubrication mechanisms were discussed
and compared with the existing alternatives.

2. Materials and Methods
2.1. Synthesis of Bis(2-hydroxyethyl)ammonium Erucate Protic Ionic Liquid

Erucic acid (CAS No. 112-86-7) was obtained from Alfa Aesar (Kandel, Germany).
Bis(2-hydroxyethyl)amine (CAS No. 111-42-2) was obtained from Acros Organics (Darm-
stadt, Germany). All the reagents were analytical grade. Therefore, they were used as such
without any preparation.

Generally, during the alkylation of the amine, a reaction between the ammonium
cation (secondary amine) and the carboxylic acid anion occurs [31], as shown in Figure 1.

Figure 1. Scheme of amine alkylation.
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To synthesize bis(2-hydroxyethyl)ammonium erucate, the bis(2-hydroxyethyl)amine
was alkylated using erucic acid, with a 1:1 molar ratio. An acid-base neutralization re-
action occurs in this process, forming a protolytic ionic liquid (PIL). The synthesis was
carried out in a thermostated three-necked flask connected to a reflux condenser, a ther-
mometer, and a dropping funnel. First, the thermostated flask was placed in a glycerol
bath to equilibrate the mixture’s temperature. Then, erucic acid was added to the flask
and heated to 100 ◦C while constantly stirring (400 rpm). When the required temper-
ature was reached, the bis(2-hydroxyethyl)amine was added dropwise (6 drops/min).
Furthermore, the reaction continued at a temperature of 100 ◦C for 24 h. The scheme of
bis(2-hydroxyethyl)ammonium erucate formation is shown in Figure 2.

Figure 2. Scheme of bis(2-hydroxyethyl)ammonium erucate formation.

The formation of the IL-DEE was inspected using Fourier transform infrared (FTIR)
spectroscopy. The FTIR spectra were taken using a JASCO FT/IR-4X Spectrometer (Tokyo,
Japan). The scan range was set to 4000–500 cm−1, with an accumulation of 50 and a
resolution of 4 cm−1.

Figure 3 presents FTIR spectra of bis(2-hydroxyethyl)ammonium erucate. The absorp-
tion band appearing in the range of 1800–1400 cm−1 is of low intensity and is characteristic
of carbonyl, (C = O) stretching, and (N-H) plane bending vibrations, while 3000–2800 cm−1

confirms the distinct ammonium peak, (N-H), and (O-H) stretching vibrations. In addition,
a peak at 722 cm−1 is visible in the spectrum, indicating the presence of alkyl chains with
at least four consecutive methylenes (-CH2-).

Figure 3. FTIR spectra of bis(2-hydroxyethyl)ammonium erucate.
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2.2. Preparation of Samples

The synthesized bis(2-hydroxyethyl)ammonium erucate was used as a neat lubricant
(IL-DEE) and an additive in water (W + IL-DEE). The deionized water was selected as a base
fluid. Solutions with 0.5, 1, and 3 wt.% of IL-DEE in water were prepared to evaluate its
solubility. A magnetic stirrer operating at 300 rpm at room temperature blended IL-DEE in
water. The blending resulted in a light yellow opaque solution, where the opacity increased
with the concentration. The appearance of prepared solutions is presented in Figure 4. It
is evident from the image that bis(2-hydroxyethyl)ammonium erucate is soluble in water
within the investigated concentration range. Moreover, it showed no sedimentation or
clouding within several days. Furthermore, solutions with one wt.% of PIL were used for
lubricity evaluation.

Figure 4. The appearance of investigated lubricating fluids.

2.3. Physicochemical Properties

The viscosity and density of synthesized IL-DEE were examined at temperatures
ranging from 20 to 100 ◦C. At higher temperatures, the W + IL-DEE solution tends to
evaporate, which leads to inconsistent results. Therefore, its properties were examined in
the temperature range from 20 to 70 ◦C. In both cases, the SVM 3000 Anton Paar viscometer
was used to investigate viscosity and density.

2.4. Tribological Properties and Worn Surface Evaluation

The tribological properties of prepared samples were investigated using a ball-on-plate
reciprocating tribometer TR-282 (Ducom, India). The principal test scheme is shown in
Figure 5, while test conditions are shortly summarized in Table 1. During the test, a 6 mm
diameter ball made of bearing steel E-52100 was rubbed against the plate made of the same
steel. The hardness and surface roughness of ball and plate specimens were 850 HV and
0.05 µm, and 190 HV and 0.02 µm, respectively. The surfaces were only slightly lubricated
when IL-DEE was investigated as a neat lubricant. Samples of 1 mL were used when the
W + IL-DEE was examined. During the tribo-test, the variation of the coefficient of friction
was recorded, and its mean value was calculated from the last 20 min of the test.

Figure 5. Schematic view of the ball-on-plate tribo-test used in this study.
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Table 1. Summary of ball-on-plate tribo-test.

Lubricant
Test

Temperature,
◦C

Test
Duration,

min

Stroke
Length, mm Load, N

Reciprocation
Frequency,

Hz

IL-DEE 30 and 80
30 1 4 15W + IL-DEE 25

The worn surfaces were inspected using an optical microscope Nikon ECLIPSE MA
100 and a scanning electron microscope (SEM) Hitachi 3400N. Bruker Quad 5040 energy
dispersive spectroscopy (EDS) analysis was used to inspect the worn surface composition.
Before inspection, the specimens were rigorously cleaned in ethanol. The cross-section
profiles of the wear traces were measured in a few places throughout the wear trace using
a Mahr GD-25 stylus profilometer. Finally, the areas of the cross-section profiles and the
wear volumes were calculated.

The coefficient of friction, wear volume, and wear scar diameter were the main
characteristics of lubricity evaluation.

3. Results and Discussions
3.1. Physicochemical Properties of Investigated PIL

The physical properties of synthesized PIL are shown in Figure 6.

Figure 6. Kinematic viscosity (a) and density (b) of bis(2-hydroxyethyl)ammonium erucate as a
function of temperature.

Due to the long alkyl chain erucic acid anion, the synthesized protic ionic liquid
bis(2-hydroxyethyl)ammonium erucate exhibited very high viscosity at room temperature.
The erucic acid itself has a melting point of 28–32 ◦C. Therefore, such anion containing
protic ionic liquid possesses high viscosity. However, the kinematic viscosity sharply
drops at higher temperatures, showing the exponential temperature-viscosity relationship
(Figure 6a). The exponential relationship is a characteristic feature of lubricants. Further-
more, it has been determined that IL-DEE has a viscosity index of 88.6. The viscosity
index is a unit-less parameter showing how viscosity change relates to temperature change.
The lower value shows a higher viscosity change. Therefore, there was a dramatic differ-
ence in viscosity between temperatures of interest, namely—1271.7 mm2/s at 30 ◦C and
74.2 mm2/s at 80 ◦C. Such a difference can undoubtedly lead to a different tribological
response. Generally, having a higher viscosity index is better, because it leads to fewer
viscosity changes during operation. The temperature-density relationship has a linear
trend, decreasing in density while the temperature increases (Figure 6b).
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Introducing such a high-viscosity additive into water increased the solution’s viscosity
(Figure 7). However, the increment is temperature-related—higher differences occur at a
lower temperature. This relationship is related to the physical properties of IL-DEE, where
a wide viscosity range, moving from a low to a high temperature, was observed.

Figure 7. Kinematic viscosity of pure and 1% of IL-DEE-loaded water as a function of temperature.

3.2. Lubricity of PIL as a Neat Lubricant

To be considered a good lubricant, one must ensure low friction and wear-reduction
ability. In the present case, bis (2-hydroxyethyl)ammonium erucate demonstrated excellent
lubricity at both temperatures of interest. Figure 8 shows the variation of the coefficient of
friction during the test and its mean value.

Figure 8. Variations of the coefficient of friction and its mean value observed during the PIL tribo-test.
* friction coefficient values observed in our previous study [32].

The results show very low and relatively stable friction. At the temperature of 30 ◦C,
the friction was steady throughout the test period. However, at a higher test temperature,
the variation pattern changed. There was a sharp rise at the test’s onset, followed by a con-
tinuous decline throughout the test. This variation resulted in considerably lower friction
observed at a higher test temperature. The reason behind that could be the temperature-
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induced viscosity change. At the lower viscosity, thinner interacting surfaces separating
film was formed, resulting in less energy required to move interacting surfaces.

A comparison with the results from our previous study was performed to determine
the influence of fatty acid anions. In that case, bis (2-hydroxyethyl)ammonium oleate was
used as a neat lubricant [32]. The combination of bis(2-hydroxyethyl)ammonium cation
with erucic acid shows clear friction improvement compared to oleic acid. Furthermore,
the increased chain length reduced the coefficient of friction by approximately 30 and 50%
at the test temperatures of 30 and 80 ◦C, respectively (Figure 8). Erucis acid has a longer
alkyl chain (C 22:1) than oleic acid (C 18:1). Therefore, a thicker and denser adsorbed layer
could be formed, achieving better separation of interacting surfaces.

The wear traces on the plate and wear scars on the ball are shown in Figure 9. The
wear volume and wear scar diameter are listed in Table 2.

Figure 9. Optical images and cross-section profiles of wear traces on the plate (a,c) and wear scars on
the ball (b,d) observed after the IL-DEE tribo-test at 30 and 80 ◦C, respectively. P, Pm, and Pe are the
cross-section profiles of the wear trace measured in particular locations. The arrows point out the
lighter areas in the wear trace.

Table 2. Wear volume and wear scar diameter observed in IL-DEE tribo-test using it as a
neat lubricant.

Ionic Liquids
Wear Volume, µm3 × 103 Wear Scar Diameter, µm

30 ◦C 80 ◦C 30 ◦C 80 ◦C

IL-DEE 7.52 12.21 121 115
IL-DE 23.1 * 163.5 * n.d. n.d.

n.d.—values were not determined; * values of wear volume observed in our previous study [32].
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The different worn surface morphology was observed during the tribo-test at different
temperatures. At a temperature of 30 ◦C, the width and depth of the wear trace vary
throughout its length—in the middle, it is narrower and shallow, while at both ends, it
is deeper and broader. The profiles Pe and Pm shown in Figure 9 represent the cross-
sections of the wear trace at the ends and in the middle, respectively. These profiles
replicate the shape of the counter body because almost no wear occurs on the ball. Due
to plastic deformation, part of the plates’ material was pushed to the edges of the wear
trace. These appear as uplifts on the sides of the cross-section profile. Of course, this
material part is considered when wear volume is calculated. It is evident from these profiles
that more intense wear appears at the ends of the wear trace. This phenomenon appears
in a reciprocation motion when a high-viscosity lubricant is used. After the tribo-test at
30 ◦C, lighter areas were observed in the wear trace (Figure 9a). Interestingly, these areas are
located where the highest contact pressure is applied. EDS analysis shows that lighter areas
have fewer tribo-film-forming elements, namely oxygen, carbon, and nitrogen (Table 3).

Table 3. Atomic [%] composition of the wear traces on the plate.

Elements of
Interest

After the Tribo-Test at 30 ◦C After the
Tribo-Test at 80 ◦C

Outside the Wear
TraceLighter Areas Dark Areas

C 0.58 0.69 0.39 0.18
O 0.02 0.18 0.05 0.01
N 4.00 4.78 3.80 6.74

Fe, Cr, Al, Si Balance

At a temperature of 80 ◦C, the wear trace patterns have changed (Figure 9c). Moreover,
according to its cross-section profile, it has the same size throughout its length. There are
also a few minor scratches in the wear trace. According to the wear volume, the higher
test temperature resulted in increased wear, which is not in line with the friction results.
However, it may be that the majority of wear occurred during the running-in period.
Therefore, this could explain why a high coefficient of friction was observed at the onset
of the tribo-test. Figure 10 presents high-magnification SEM images of wear traces. It
is evident from these images that the wear trace formed during the tribo-test at 30 ◦C is
smoother and contains only short, tiny scratches, while at the temperature of 80 ◦C, more
significant scratches occur. In both cases, the pushed-out material at the sides of the wear
trace is seen, which was also evident in the cross-section profiles Pe, Pm, and P (Figure 9).

Figure 10. SEM images of segments of wear traces on the plate formed during the IL-DEE tribo-test
performed at the temperatures of 30 ◦C (a) and 80 ◦C (b). Arrows indicate scratches, lines—boundaries
of the wear trace.

According to EDS analysis, the worn surfaces after the tribo-test at 80 ◦C have similar
amounts of active materials as the lighter areas in the tribo-test performed at 30 ◦C (Table 3).
It suggests that the higher temperature induces tribo-film formation.
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The heat in the frictional contact can be externally applied or occur due to the friction
process. In the case of the tribo-test at the temperature of 80 ◦C, the specimens were
externally heated and from the friction. On the other hand, during the low-temperature
test, the heat was only generated due to friction. Consequently, the lighter areas in the
wear trace (Figure 9a) were formed where the highest contact pressure occurs. Therefore,
these areas possess similar composition. It must be noted that the entire plate surface, even
outside the wear trace, also contains nitrogen. It means that ionic liquid is adsorbed on the
surfaces without tribo-reactions. Similar adsorption phenomena were confirmed by Song
et al., who studied ammonium-based ionic liquids [30].

The appearance of the wear scars on the ball is very similar for both test temperatures
(Figure 9b,d). However, the measurements show that a slightly larger wear scar was formed
at the lower test temperature, which is in contrast to the wear volume (Table 2). The reason
behind that could be the width of the plate’s wear trace, which varies throughout its length.
Therefore, the wear scar on the ball represents the plate’s widest section of wear trace.

The observed wear volume was also compared with oleic acid anion containing PIL.
It was found that erucic acid containing PIL had better wear reduction ability at both
temperatures of interest (Table 2). The reason behind this could be a thicker adsorption
layer that erucic acid with a longer alkyl chain could provide.

3.3. Lubricity of PIL as an Additive in Water

The variation of the coefficient of friction and its mean value observed using IL-DEE
as an additive in water is presented in Figure 11. Lubrication with pure water resulted in
very high and unstable friction. Applying one wt.% of IL-DEE reduced friction by 3.9 times.
The lubrication with an additized sample resulted in much more stable friction, which had
a running-in period of almost 10 min at the onset of the test.

Figure 11. Variations of the coefficient of friction and its mean value observed during the W + IL-DEE
tribo-test. * value of the coefficient of friction observed in our previous study [33].

In the present case, we also wanted to evaluate the influence of fatty acid anions on lu-
bricity. Comparing the results from a previous study where bis(2-hydroxyethyl)ammonium
oleate was used as an additive in the water; we found that PILs with different anions
similarly performed (Figure 11). Only a 3.3% difference in favor of the oleic acid anion
was obtained.

Similar to the coefficient of friction, lubrication with W + IL-DEE solution resulted in
effective wear reduction (Table 4). Compared to additive-free water, the wear was reduced
by 1.9 times. However, the wear was 14.5% higher than that observed in the case of the
oleic acid anion [33]. There could be a few reasons for that. Firstly, the concentration
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of the additive, which worked well for oleic acid anion containing protic ionic liquid,
may not work for erucic acid anion with PIL. Therefore, the concentration of the bis(2-
hydroxyethyl)ammonium erucate additive should be determined to obtain optimum results.
Secondly, the reactivity of shorter alkyl chains containing ionic liquids is higher. Therefore,
oleic acid anion with PIL has an advantage.

Table 4. Wear volume and wear scar diameter observed in W + IL-DEE tribo-test.

Ionic Liquids Wear Volume, µm3 × 103 Wear Scar Diameter, µm

W 343.0 284
W + IL-DEE 182.1 221
W + IL-DE 159.0 * n.d.

n.d. – values were not determined; * values of wear volume observed in our previous study [33].

The wear traces on the plate appear to have minor scratches oriented along the sliding
direction (Figure 12a). However, the wear scar on the ball has no scratches (Figure 12b).
Therefore, scratches on the wear trace were formed due to three-body wear when wear
debris came into contact. The high-resolution SEM image shows those scratches in more
detail (Figure 13). Moreover, a small amount of material is accumulated at the sides of the
wear trace, which is already evident in the cross-section profile (Figure 12). It was probably
formed due to plastic deformation when relatively soft plate metal was pushed from the
central part of the wear trace.

Figure 12. Optical image and cross-section profile of wear trace on the plate (a) and wear scar on
the ball (b) formed during the W + IL-DEE tribo-test P is the cross-section profile of the wear trace
measured in a particular location.

Figure 13. SEM images of a segment of wear trace on the plate formed during the tribo-test of
W + IL-DEE.
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The EDS composition of the wear trace reveals the oxygen and carbon-rich layer
(Table 5). In contrast, more than 7% nitrogen and very little oxygen and carbon were found
on the intact plate surface. Even though IL-DEE is present in a small concentration in water,
its molecules adsorb on the surface. During friction, rubbing between surfaces occurs,
leading to the decomposition of this layer. It could lead to the formation of metal soap or
friction polymers [34,35].

Table 5. Atomic [%] composition of the wear traces on the plate observed after the tribo-test of
W + IL-DEE.

Elements of Interest In the Wear Trace Outside the Wear Trace

C 1.71 0.14
O 3.18 0.02
N 3.30 7.01

Fe, Cr, Al, Si Balance

4. Conclusions

Bis (2-hydroxyethyl)ammonium erucate protic ionic liquid was synthesized in this
study. The relatively simple acid-base neutralization reaction at 100 ◦C for 24 h was
carried out, forming tertiary amine salt. As a result, a dark yellow, very viscose liquid was
obtained. The bis (2-hydroxyethyl)ammonium erucate was used as a neat lubricant and as
a lubricity-enhancing additive in water. The following conclusions could be drawn:

1. Synthesized PIL has exceptionally high viscosity at room temperature, which sharply
drops with increased temperature. Therefore, a low viscosity index of 88.6
was observed.

2. Bis (2-hydroxyethyl)ammonium erucate has good solubility in water. Therefore,
dissolving up to 3% of PIL in this base fluid leads to a homogeneous solution, which
shows no sedimentation or cloudiness.

3. Using bis (2-hydroxyethyl)ammonium erucate as a neat lubricant or an additive
resulted in a low coefficient of friction and low wear. The adsorbed layer, temperature-
induced tribo-reaction layer, and metal soap formation are suggested to be responsible
for that.

4. By comparing the results of previous studies, it was found that a longer alkyl chain
erucic acid anion provides an ionic liquid with better tribological properties. However,
the optimum concentration of bis (2-hydroxyethyl)ammonium erucate should be
determined to perform best when used as an additive in water base lubricating fluids.
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