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Abstract: An oil soluble multifunctional protic ionic liquid (IL) was synthesized and its tribological and

antioxidant properties in poly alpha olefin (PAO4) were investigated. The tribological results demonstrated
that the IL significantly reduced friction and wear of PAO4. The PAO4 blend with IL resulted in an induced
oxidation time of 555 min which is 8.2 and 3.5 times higher than that of pure PAO4 and PAO4 with zinc dialkyl
dithiophosphate (ZDDP) for the rotating pressure vessel oxidation test. It is likely that free nonylated

diphenylamine acted as a radical scavenger to enhance antioxidant performance, while free bis(2-ethylhexyl)

phosphate was more prone to adsorb and react with the metal surface to form a phosphorus-rich tribofilm in

order to protect the rubbing surface.
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1 Introduction

Ionic liquids (ILs) are molten salts at low temperatures
(<100 °C) and are usually composed of bulky asym-
metric cations and anions [1]. ILs were first reported
as a lubricant in 2001 [2]. Since then, a considerable
amount of studies has been published regarding ILs.
Initially, imidazolium, pyridinium, ammonium, pho-
sphonium, Tf,N", FAP", BF,, PE, CI’, and Br~ were the
most extensively studied ions for preparing ILs [3, 4].
These ILs exhibited negligible volatility, high thermal
stability, and outstanding tribological behavior, which
are highly desirable properties of lubricants used in
extreme environments [5-11]. Unfortunately, their
relatively high cost, poor compatibility with con-
ventional base oil, and potential corrosion risks are the
major obstacles to their real application in tribology.
Recently, various approaches have been developed to
address the above listed issues. Qu’s group developed
a series of oil miscible ILs and investigated their
tribological performance as additives in base oil or

fully formulated engine oils [12-14]. Fan et al. reported
the preparation of in-situ synthesized ILs and showed
that they exhibited good thermal and high temperature
tribological properties with an easy and low cost fabri-
cation method [15-17]. Cai et al. developed several
multifunctional ILs with anti-wear, antioxidant, and
anti-corrosion properties [18-20]. These ILs possessed
good compatibility with hydrocarbon base oil and
were less corrosive to metal surfaces, making them
more suitable for use as lubricants.

On the other hand, due to the increasing concern
regarding ash generation and catalyst poisoning of zinc
dialkyl dithiophosphate (ZDDP), the development
of ashless and low phosphorus anti-wear additives
is necessary [21]. ILs are considered to be the most
promising candidates to replace ZDDP in lubricating oil.
However, antioxidant performance, which is almost
equally important as the tribological behavior of ZDDP,
has typically been ignored when developing ZDDP
replacements. In practice, the deterioration of oxidation
stability is the primary concern of ZDDP replacements
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when formulating engine oils, hydraulic fluids, and
greases [22]. Therefore, there is an urgent requirement
to develop ashless, less corrosive, low phosphorus, and
multifunctional additives with good tribological and
antioxidant performance.

In this study, an oil soluble multifunctional protic
IL was synthesized by neutralizing bis(2-ethylhexyl)
phosphate (HDEHP) and nonylated diphenylamine
(NDPA). The thermal stability, solubility, as well as
tribological and antioxidant properties of the IL in
PAO4 were investigated. In addition, the anti-oxidation
and tribological mechanisms of the prepared IL are
discussed based on the experimental results.

2 Experimental
2.1 Materials

HDEHP was purchased from Heowns Biochemical
Technology Co., Ltd. Nonylated diphenylamine (NDPA)
with trade name IRGANOX L 67 was obtained from
BASE. ZDDP was chosen for comparison and was
kindly provided by Wuxi South Petroleum Additive
Co., Ltd. The detailed hydrocarbon groups of ZDDP
was not clear. Polyalpha olefin (PAO4), synthetic ester
(3970), and oil soluble polyalkylene glycol (OSP 32)
were purchased from Exxon Mobil, Croda lubricant,
and Dow Chemical, respectively. Mineral oil MVI
150 was obtained from China Petroleum & Chemical
Corporation.

2.2 Synthesis of the IL

The IL was synthesized by neutralization reaction. In
detail, an equimolar amount of NDPA (42.28 g, 0.1 mol)
and HDEHP (32.24 g, 0.1 mol) were mixed at 25+ 5 °C,
then the temperature was subsequently increased to
80 °C with continuous stirring. After 8 h, a viscous,
dark bronze product was obtained. The chemical
structure of the IL and ZDDP are shown in Fig. 1.
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Fig. 1 Molecular structures of IL and ZDDP.

2.3 FTIR analysis

The Fourier transformation infrared (FTIR) spectra of
HDEHP, NDPA, and the prepared IL were recorded
on a Bruker Tensor 27 FTIR spectrometer from 4,000
to 650 cm™.

2.4 Thermal analysis

Thermogravimetric analysis (TGA) of HDEHP, NDPA,
and the prepared IL were measured using a STA
449 TG-DSC instrument. Typically, about 3 mg of
the sample was placed in the sample holder and the
temperature was raised from 30 to 600 °C at a heat
rate of 10 °C/min in nitrogen.

2.5 Tribological test

The tribological properties of the prepared IL and
ZDDP were performed with a ball-on-disc configuration
using an Optimol SRV-V oscillating reciprocating friction
and wear tester. A GCrl5 bearing steel (AISI-52100)
ball with a diameter of 10 mm and hardness of
58-62HRC was rubbed against a GCr15 bearing steel
disc (AISI-52100, 60-64HRC, o 24.00 x 7.9 mm). The
friction and wear tests in this study were conducted at
75 °C, 25 Hz frequency, amplitude of 1 mm, and 100 N
load (corresponding to a calculated initial Hertzian
contact pressure of 2.18 GPa) for a duration of 30 min.
The relative humidity was 50%—60%. Every test was
repeated at least three times to guarantee accuracy.
After the tribological tests, a MicroXAM-800 3D non-
contact surface mapping profiler was used to measure
the wear volume of the worn surface. The morphology
and chemical composition of the rubbed surfaces were
analyzed using a Hitachi S-3500N scanning electron
microscope (SEM) coupled with an energy-dispersive
X-ray spectroscopy spectroscope (EDS).

2.6 Oxidation test

Pressurized differential scanning calorimetry (PDSC)
tests were performed using a NETZSCH DSC 204HP
instrument (Bavarian, Germany) according to ASTM
D 6186-08(2013). The detailed experimental conditions
are described in a previous study [23]. The oxidation
onset temperature (OOT) was obtained via temperature
programmed experiments and a higher OOT indicates
better oxidation stability of the lubricant. The rotating

http://friction.tsinghuajournals.com | www.Springer.com/journal/40544 | Friction



570

Friction 8(3): 568-576 (2020)

pressure vessel oxidation test (RPVOT) was used
to evaluate the oxidation stability of the oil in the
presence of water and a copper catalyst according
to ASTM D2272-14a. Typically, 50 g of test oil, 5 g of
distilled water, and a fresh copper coil were placed
into a glass liner and inserted into the vessel. The
vessel was initially pressurized to 600 kPa at room
temperature and was axially rotated at 100 rpm, at an
angle of 30° from the horizontal in a bath maintained
at 150 °C. The results are reported as oxidation
induction time (OIT), which was the number of
minutes required to reach a 175 kPa pressure loss. A
longer OIT suggests improved oxidation stability of
the tested oils.

3 Results
3.1 FTIR analysis

The FTIR spectra of HDEHP, NDPA, and the prepared
IL are presented in Fig. 2. The absorption peak at
1,683 cm! corresponds to the stretching vibrations of
the -OH group on O=P-OH in HDEHP. The stretching
vibration of the P=O and P-O-(C) bonds in HDEHP
and the IL gives rise to corresponding peaks at 1,221
and 1,029 cm-, respectively [24]. The peaks at 3,406
and 1596 cm can be ascribed to the N-H stretching and
bending vibration of NDPA [25]. For the prepared
IL, the absence of vibration corresponding to the
—-OH group on O=P-OH (1,683 cm™") indicates that the
neutralization process was complete. In addition, the
red shift and broadening of the N-H stretching peak
at approximately 3,358 cm™! suggests the formation of
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Fig.2 FTIR spectra of HDEHP, NDPA, and the prepared IL.

hydrogen bonds between HDEHP and NDPA, further
confirming the formation of the protic IL.

3.2 Thermal stability

The TGA curves of the HDEHP, NDPA, and prepared
IL are compared in Fig. 3. NDPA showed the highest
thermal stability, with an onset decomposition tem-
perature of 368 °C, which is 123 °C higher than that of
HDEHP. For the prepared IL, the onset decomposition
temperature was 261 °C, which is 15 °C higher than
that of HDEHP. The intermolecular forces (van der
Waals forces and hydrogen bonding) between the
anion and cation were likely responsible for the good
thermal stability of the IL. It should be noted that the
IL TGA curve clearly showed two stages of weight
loss. The first stage was the thermal decomposition of
the IL anion (DEHP) from 250 to 280 °C with a rapid
weight loss of approximately 43%, in good agreement
with the calculated molecular weight of the anion
moiety. The second stage exhibited a similar weight loss
rate with NDPA and was ascribed to the decomposition
of the cation. The onset decomposition temperature
of the IL is much higher than that of the traditional
anti-wear additive ZDDP, which has been reported to
be approximately 200 °C [26].

3.3 Solubility of the IL

Figure 4 shows the images of four base oils (mineral
oil, PAQ, synthetic ester, PAG) mixed with 5 wt% of
the prepared IL. It is clear that all of blends were
clear and no clouds or phase separation was observed,
suggesting that the prepared IL exhibited good
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Fig. 3 TG curves of the HDEHP, NDPA, and prepared IL.
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Fig. 4 Solubility of IL in different base oils.

solubility in all base oils. The outstanding solubility of
IL in the base oils can be explained by the following
reasons. First, the long hydrocarbon chain in the
cation and anion moieties enhanced the intermolecular
interactions between the IL and base oil, increasing
the solubility of IL. Second, the high steric hindrance
of the cation and anion led to a weak ion interaction
for the IL, which made it less polar than traditional
ILs and more compatible with the base oils [27].

3.4 Tribological performance

Figure 5 compares the friction coefficients (COF) of
the lubricants with different formulations for the ball-
on-flat reciprocating wear tests. The COF of the PAO4
base oil experienced a high fluctuation for the first
300 s of sliding which may be due to the high contact
stress of the initial test period. The COF subsequently
dropped to approximately 0.16 with slight fluctuation.
The addition of the IL significantly reduced the COF
of the base oil. From Fig. 5, PAO4 with different concen-
trations of IL showed different running-in performance:
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Fig. 5 Variation of the friction coefficient as a function of time
with different lubricants .

PAO4 with 0.5%, 1%, and 1.5% IL experienced sharp
COF increments during the initial 300 s running-in
period, and subsequently reached low smooth COF
values of approximately 0.10-0.11. When the con-
centration of IL was increased to 2%, the lubricant
showed smooth increases in COF during the running-in
period and reached the lowest stable COF of 0.097,
indicating superior tribological properties of the IL
at this concentration. PAO4 with 2% IL exhibited the
lowest COF among all lubricants tested with a COF
reduction of approximately 38% compared to that of
PAO4, which can be explained by the higher concen-
tration and adsorption between the IL and metal
surface. The addition of ZDDP produced a COF of
approximately 0.135 which was lower than that of
the base oil, but higher than its IL counterpart. The
COF of ZDDP was consistent with previous literature
values, which showed that the tribofilm formed by
ZDDP generally exhibited a high boundary COF
ranging from 0.11 to 0.14 [28]. These findings demon-
strate that the prepared IL is effective for reducing
the friction coefficient of the base oil. The different
friction reducing behaviors of IL and ZDDP in PAO
are likely related to the nature of the tribofilm formed
on the rubbing surface.

Wear volumes of the steel disc after tribological
tests are shown in Fig. 6. All wear volumes presented
are the averages of tests performed in triplicate. From
Fig. 6, PAO4 resulted in the highest wear volume of

-5

Wear volume (10~ mm”)

Fig. 6 Wear volume of the steel disc lubricated with the different
formulations.
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19.8 x 105 mm?. The addition of anti-wear additives (both
IL and ZDDP) greatly reduced the wear volume of the
base oil. For the IL, increasing additive concentration
from 0.5% to 2.0% produced negligible improvement
of the wear protection performance, indicating that
0.5% IL is sufficient to protect the surface from wear.
Interestingly, although the friction coefficient of PAO4
with 1% ZDDP was the highest among all the
blended lubricants, the wear volume of ZDDP was
4.68 x 10> mm3, which is lower than those of the base
oil and IL.

3.5 Surface characterization

After the tribological tests, the worn surfaces were
ultrasonically cleaned in petroleum ether and examined
with SEM and EDS. Figure 7 shows the SEM top view
images and EDS spectra of the worn scars lubricated
by PAO4, PAO4+1% IL, and PAO4+1% ZDDP. PAO4
showed the largest wear scar which was accompanied
with deep and wide grooves. High magnification

images (400x) provided clear evidence of the abrasive
and adhesive wear. In contrast, the wear scar generated
by PAO4 with IL was much narrower compared to
that observed with the base oil. The worn surface was
smooth, uniform, and showed no signs of adhesive
wear. The worn surface lubricated by PAO4 with
ZDDP showed the smallest scar and was interspersed
with typical dark patches which were formed by
tribochemical reactions between ZDDP and the steel
surface [29]. Only Fe and C were detected on the
worn surface lubricated by PAO4, which is due to the
absence of anti-wear additives. The EDS spectrum of
PAO4 with IL showed clear O and P peaks, indicating
the formation of a phosphorus-rich tribofilm during
the sliding process [27]. The absence of nitrogen on
the worn surface lubricated by PAO4 with IL can be
explained by either the low activity of nitrogen in the
IL or the low sensitivity of light elements in the EDS
test. All signature elements (Zn, S, P, and O) were
detected on the worn surface lubricated by PAO4 with
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Fig. 7 SEM top view (80x and 400%) and EDS spectra of the wear tracks after the tribological tests. (a) PAO4, (b) PAO4 with 1% IL,

and (c) PAO4 with 1% ZDDP.
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ZDDP, further indicating the occurrence of tribo-
chemical reactions between ZDDP and the steel surface
and formation of the tribofilm. The mechanism of
ZDDP on ferrous alloys has been extensively studied.
ZDDP can rapidly form a tribofilm with a thickness
>100 nm with uneven, pad-like distributions separated
by deep fissures [29]. This is in good agreement with
the results presented in Fig. 7(b) (400x). The tribofilm
was mainly composed of closely packed pads of
glassy zinc orthophosphate and pyrophosphate and
was effective for preventing metal surface contact
and reducing adhesive wear [30-33].

3.6 Antioxidant performance of the prepared IL

PDSC is a simple and effective method for examining
the oxidation stability of lubricating oil. A dynamic
model of PDSC was used to measure the oxidation
stability of the prepared lubricants, namely the oil
samples were placed under oxidizing conditions at a
defined heating rate (10 “C/min) until the onset of the
oxidation reaction and the corresponding oxidative
onset temperature was recorded. The OOTs of PAO4,
PAO4 with 1% ZDDP, PAO4 with 1% IL, and PAO4
with 0.57% NDPA were evaluated by PDSC and the
results are shown in Fig. 8. From Fig. 8, the pure base
oil exhibited the lowest OOT of 205.3 °C, while the
addition of 1% ZDDP and 1% IL yielded higher OOT
values of 216.6 and 221.4 °C, respectively, suggesting
that both ZDDP and IL enhanced the oxidation stability
of the base oil. To discuss the anti-oxidation mechanism
of IL, the OOT of PAO4 with 0.57% NDPA (equal mass

50
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Fig. 8 PDSC curves for the PAO4 andPAO4 with ZDDP, IL,
and NDPA.

percentage of NDPA in IL) was also investigated.
PAO4 with 0.57% NDPA showed the highest OOT of
approximately 224.1 °C, which was higher than those
of PAO4 and PAO4 with 1% ZDDP due to the anti-
oxidation properties of NDPA. For the equal mass
percentage of NDPA, PAO4 with 0.57% NDPA
exhibited a slightly higher OOT than that of PAO4
with 1% IL.

The oxidation stability of PAO4 and PAO4 with
ZDDP and IL was further examined using the RPVOT
and the corresponding oxidation curves are shown in
Fig. 9. The RPVOT is widely used to evaluate the
oxidation stability of lubricants containing antioxidants
in the presence of copper and water as catalysts,
which is also effective for distinguishing the anti-
oxidation performance of different antioxidants. The
base oil yielded a very low OIT value of 68 min due
to the absence of antioxidant additive. PAO4 with 1%
ZDDP showed an OIT of 159 min, which is 2.3 times
longer than that of base oil. Interestingly, the IL
additive exhibited exceptional anti-oxidation perfor-
mance in PAO4 with an OIT of 555 min, which is 8.2
and 3.5 times longer than those of PAO4 and PAO4 with
1% ZDDP, respectively, which is in good agreement
with previous PDSC results. The OIT value of PAO4
with 0.57% NDPA was 765 min, much higher than
that of PAO4+1% IL, which is consistent with the
PDSC results. This is likely due to the equilibrium
between the IL and free molecules of NDPA and
HDEHP. Free NDPA molecules react readily with
free radicals to enhance the antioxidant performance.

200
180
7 160+ L o ) \
k=3 68 min 159 min 555 min
g 140 -
2]
4
ok —_PAO4
100 —— PAO4+1% ZDDP
- ——PAO4+1% IL
80 4 —— PAO4+0.57% NDPA
0 1é0 2:10 SéO 4é0 6(')0 7%0

Elapsed time (min)

Fig. 9 Oxidation curves of PAO4 and PAO4 with ZDDP, NDPA,
and IL.
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3.7 Antioxidant mechanism of the IL

It is well-known that the oxidation process of the
hydrocarbon base oil involves three basic steps: initi-
ation, propagation, and termination [34]. According
to the mechanism, antioxidants can be divided into
two categories: primary and secondary antioxidants.
Primary antioxidants act as a “radical scavengers” reac-
ting quickly with free radicals during the propagation
phase and slowing down the oxidation process by
forming new, more stable radicals. Secondary antio-
xidants react with peroxides and are responsible for
breaking the cycle, preventing branching and further
propagation [35]. ZDDP is a typical secondary antio-
xidant additive that reacts with hydroper peroxides
and peroxy radicals and is effective for quenching the
hydrocarbon oxidation chain reactions [29]. Never-
theless, this process involves chemical breakdown of
the ZDDP, resulting in a high consumption rate. In
addition, previous studies showed that the oxidation
products of ZDDP could exhibit negative effects on
tribological performance [29].

The IL fabricated in this study was produced by
transferring a proton from HFEHP to NDPA [36].
However, in reality the transform process is likely
incomplete. For protic ILs, a dynamic equilibrium exists
between the IL and its dissociated forms. In addition, the
reaction between the anion and cation is reversible
and sensitive to the environment [37, 38]. As shown in
Fig. 10, during the tribological process, free HDEHP

=

P

e

/ o o
.;/@ freeor
separated

o ey
i 010

R R

) IL
\@2‘in° <°Ji/\/

A=Anion
partial

C=Cation_’
partial

Participate
tribochemical reaction
on metal surface

Steel ball

tends to absorb onto the metal surface and participates
in the tribochemical process to form a protective
phosphorus-rich tribofilm. During the oxidation tests,
free NDPA more readily reacts with free radical, which
possesses higher chemically activity. With the continued
consumption of free ions, the equilibrium between the
ILs and free molecules is disrupted and an increasing
amount of ions will separate from the IL to participate
in the tribochemical reaction or act as a free radical
scavenger, improving the tribological and antioxidant
behavior of the base oil.

4 Conclusions

A multifunctional IL with good friction reducing, anti-
wear, and antioxidant properties was synthesized.
The prepared IL exhibited high thermal stability and
good solubility in mineral oil, PAO, synthetic esters,
and PAG. The tribological results showed that the
prepared IL was an effective friction reducing and
anti-wear agent in PAO4. The addition of 1% IL in
PAO4 could significantly reduce friction coefficient
and wear volume compared to that obtained with
the base oil. In addition, both PDSC and RPVOT
demonstrate that the prepared IL exhibited better
antioxidant properties than that of ZDDP. The dynamic
equilibrium between the IL and free reactants was
broken with the consumption of HDEHP or NDPA
when the oil was subject to frictional or oxidation

Act as radical scavenger in bulk fluid

Phosphorus rich
tribofilm

& S

h Sliding direction -

Steel plate

Steel plate

Fig. 10 Schematic diagram of the tribological and antioxidant mechanism of the prepared IL.
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conditions. The free HDEHP participated in the
tribochemical reaction with the metal surface, which is
responsible for the improvement of the tribological
performance. On the other hand, the free NDPA acted
as an effective radical scavenger, inhibiting the oxi-
dation of the hydrocarbon chain of the base oil.
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