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ABSTRACT

Two types of functionalized polyaniline (PAN) were synthesized based on the
interfacial polymerization. PAN was characterized by scanning electron
microscopy (SEM), energy-dispersive X-ray spectroscopy and Fourier transform
infrared spectrometer. The results showed that synthesized PAN had different
structures and was effectively modified by ionic liquids. The tribological
properties of PAN as additives in polyethylene glycol (PEG) for steel/steel pairs
were investigated in detail. The maximum reduction in friction and wear was
achieved by PEG with addition of 0.2 wt% PAN. In particular, the wear volume
was reduced by 3.8 times under 200 N. Moreover, the lubrication mechanisms
were proposed by SEM and X-ray photoelectron spectroscopy (XPS) analysis of

Received: 16 October 2017
Accepted: 11 January 2018
Published online:

18 January 2018

© Springer Science+Business
Media, LLC, part of Springer
Nature 2018

the worn surfaces.

Introduction

Friction is caused by relative motion or relative
motion trend between two bodies in contact, and
wear is the consequence of friction. Friction and wear
consume a huge amount of energy and account for a
lot of mechanical failures. Many aggressive efforts
have been made to address the detrimental influence
of friction and wear [1, 2]. Some research improves
the tribological properties by dealing with the mate-
rials of friction pairs such as heat treatment, bur-
nishing, turning, nitriding and plating [3-8]. Some
other research explores new materials as lubricants or
additives to meet the requirement of tribological
performances [9-13]. These methods all achieve good
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results, and some of them have been successfully
employed in industry, thereby saving energy and
creating a considerable economic benefit.
Polyethylene glycol (PEG) has been widely utilized
as high-performance lubricants, metal working flu-
ids, gear oils, compressor lubricants and brake fluids
in industry, as it is environmental friendly and
degradable [11, 14]. However, PEG itself exhibits
poor tribological performances under some harsh
conditions [15]. Hence, it is necessary to employ
friction reduction and anti-wear additives to improve
the tribological properties of PEG during the actual
applications. The development of suitable and high-
performance additives has long been a research focus
in the PEG-based lubricant field, and many lubricant
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additives have been evaluated to improve the tribo-
logical properties [11, 12, 14, 15].

Recently, polyaniline (PAN) as a lubricant additive
has attracted our great interest because it exhibits
good friction reduction and anti-wear abilities under
multiple conditions [16]. However, in our previous
work, due to the relatively large size and strong
conjugated n electron system, micrometer PAN is
easy to precipitate and agglomerate in lubricating oil,
which result in limited tribological properties.
Therefore, it is of great significance to fabricate
nanometer PAN and improve its solubility. Some
studies suggest that interfacial polymerization is a
preferable approach to fabricate nanometer PAN. It
involves that two reactive agents are dissolved,
respectively, in two immiscible solvents and the
polymerization reaction is taken place at the interface
of two immiscible solvents [17]. To improve the sol-
ubility of PAN in solvents, many procedures have
been adapted: (1) doping PAN by using functional-
ized protonic acids [18, 19]; (2) copolymerization or
homopolymerization with aniline derivative [20]; (3)
incorporation of polar functional groups [21].
According to the studies [22, 23], imidazolium-based
ionic liquids (ILs) are sufficiently acidic in the 2-po-
sition and they have some favorable n—n interactions
and hydrogen bonding interactions with PAN.
Therefore, imidazolium-based ILs may be utilized as
functionalized protonic acids to dope PAN and
donate functional groups which can be incorporated
onto PAN via n—r interactions and hydrogen bonding
interactions. These previous studies provide a rich
theoretical and experimental support to prepare
nanometer PAN with improved solubility. Thus,
PAN may hold a great promise as an ideal material
for a huge range of applications.

Herein, two types of functionalized PAN were
synthesized on the basis of interfacial polymerization.
The structures and functionalization of obtained PAN
were characterized and analyzed by scanning elec-
tron microscopy (SEM), energy-dispersive X-ray
spectroscopy (EDS) and Fourier transform infrared
spectrometer (FI-IR). The tribological properties of
PAN as additives in PEG for steel/steel contacts were
investigated under different conditions in detail.
After friction and wear test, the morphologies and
chemical compositions of the worn surfaces were
observed and analyzed by SEM and X-ray photo-
electron spectroscopy (XPS), respectively. Finally, the
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reasonable lubrication mechanisms of the function-
alized PAN were also proposed.

Experimental details
Materials

Polyethylene glycol (PEG400), aniline, ammonium
persulfate (APS) and acetone were all purchased
from Sinopharm Chemical Reagent Co., Ltd, and they
are all of analytical reagent grade. 1-butyl-3-
methylimidazolium hexafluorophosphate ([Bmim]
[PFsl, >99%) and 1-hexyl-3-methylimidazolium
hexafluorophosphate ([Hmim][PFs], > 99%) were
obtained from J&K Scientific Ltd.

Preparation and characterization
of functionalized PAN

The functionalized PAN was synthesized by the fol-
lowing steps. First, 10 g of distilled water containing
0.98 g APS and 10 g of ILs containing 0.4 g aniline
were efficiently dispersed for 10 min by ultrasonic
wave, respectively. Second, the two solutions were
slowly transferred into a breaker, and then, an
interface was formed between distilled water and ILs.
After 10 min, green PAN was generated at the
interface of water and ILs. With no disturbance, the
reaction was continuous for 24 h at room tempera-
ture. Finally, the solution was filtered and washed
with acetone and distilled water for several times,
and then, filtrate cakes were dried using a heat oven
at 40 °C for 12 h to obtain the functionalized PAN
(which were abbreviated as PAN-[Bmim][PFs] and
PAN-[Hmim][PFe]).

The structures of the PAN-[Bmim][PFy] and PAN-
[Hmim][PF¢] were characterized by a SU8010 scan-
ning electron microscopy (SEM, Hitachi). The Fourier
transform infrared spectra (FT-IR) of ILs and PAN
were recorded using a FT-IR spectrometer (Thermo
Fisher Scientific) in the wavenumber range of
4000-400 cm ™. The chemical compositions of func-
tionalized PAN were detected by an EVO-18 scan-
ning electron microscopy—energy-dispersive X-ray
spectroscopy (SEM-EDS) (Zeiss SEM, Bruker EDS)
with 7.5 nm beam current under 12 kv accelerating
voltage.
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Preparation and tribological tests
of lubricants

The obtained PAN-[Bmim][PFs,] and PAN-
[Hmim][PF¢]) were dispersed in PEG via vigorous
stirring for 30 min to prepare homogeneous solutions
as the to-be-tested lubricants, respectively. The con-
centration of samples in PEG was adjusted as 0.1, 0.2,
0.3 and 0.4% (mass fraction, the same hereafter). The
ILs including [Bmim][PF¢], [Hmim][PFs] were also
added into PEG to prepare lubricants in the manner
as just described.

The tribological performances of lubricants for
steel/steel pairs were investigated on a MFT-R4000
reciprocal friction tester with a ball-on-block config-
uration, which was produced by State Key Labora-
tory of Solid Lubrication, Lanzhou Institute of
Chemical Physics, Chinese Academy of Sciences
(Lanzhou, China). The upper ball (AISI 52100 steel
ball, diameter 5 mm, hardness 710 Hv) was driven to
slide reciprocally against the lower block
(@24 mm x 7.9 mm, AISI 52100 steel, hardness
590 Hv, surface roughness 0.05 um) at a stroke of
5 mm, a frequency of 5 Hz and a normal load of
50-200 N (corresponding to the Hertzian pressure in
the range of 1.7-2.7 GPa) for a duration of 30 min at
room temperature (RT). Before and after each friction
test, the steel balls and lower blocks were cleansed in
acetone for 10 min utilizing an ultrasonic cleaner.
Prior to test, about 0.5 g lubricant was added to the
friction region and every test was conducted thrice to
get more responsible values. A computer noted down
the coefficient of friction, and a Micro-XAM 3D sur-
face mapping microscopy profile meter determined
the wear volumes on the steel blocks.

The tribological properties of lubricants at high
temperature were evaluated on a MS-10] four-ball
test machine (Xiamen Tenkey Automation Co., Ltd,
Xiamen, China). The test parameters were set at a
rotating speed of 1450 rpm and a load of 392 N for
30 min under the temperature of 120 °C. The test
balls are made of GCr 15 bearing steel (diameter
12.7 mm, hardness 650-700 Hv). A computer and an
optical microscopy equipped on the four-ball tester
were employed to determine the coefficient of friction
and wear widths of the three stationary balls,
respectively.
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Surface analysis

After friction and wear test, the lower blocks were
ultrasonically cleansed in acetone for 10 min. An
EVO-18 SEM (Zeiss, Germany) was employed to take
the images of the wear scars and a PHI-5702 multi-
functional X-ray photoelectron spectroscopy (XPS,
American Institute of Physics Electronics Company)
with K-alpha irradiation as the excitation source was
employed to analyze the chemical states of the char-
acteristics elements on the rubbing surfaces. A pass
energy of 29.3 eV characterized the binding energies
of the target elements with the binding energy of
carbon (Cls 284.6 eV) as the reference.

Results and discussion
Analysis of functionalized PAN

The SEM morphologies of the PAN-[Bmim][PF,] and
PAN-[Hmim][PFe] are provided in Fig. 1. It is clearly
visible that two types of PAN present different
structures, where PAN-[Bmim][PF,] is rod-shaped
with the diameter of about 100 nm and PAN-
[Hmim][PF¢] shows spherical shape with the diame-
ter of about 120 nm. Interfacial polymerization syn-
thesizes the product based on interface nucleation
mechanism, and the interactions between the solvent
and aniline molecules have an important effect on the
movement speed of the aniline to the reaction inter-
face [24]. In general, a relatively fast movement speed
is favorable for the formation of rod-shaped PAN
[25]. The viscosities of [Bmim][PF¢] and [Hmim][PFg]
are 366 and 586 cP, respectively, and it is well known
that a lower viscosity leads to a better fluidity.
Therefore, the aniline molecules dissolved in
[Bmim][PFg] could move faster toward the reaction
interface, resulting in that two types of PAN possess
different shapes.

FT-IR was employed to characterize the functional
groups of ILs and PAN. As shown in Fig. 2a, the
characteristic peak at 839 cm™' belongs to the P-F
stretching vibration of anions and the characteristic
peak at 1562 cm™' belongs to the C=N stretching
vibration of the imidazolium ring [23, 26]. The peaks
located at 3162 and 2968 cm ™" are assigned to the H-
C-C-H asymmetric stretching vibration of imida-
zolium ring and C-H stretching vibration of alkyl
chains, respectively [27]. As shown in Fig. 2b, PAN
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Figure 1 SEM morphologies of a PAN-[Bmim][PFs] and b PAN-[Hmim][PFg].
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Figure 2 FT-IR spectra of ILs and functionalized PAN.

has the characteristic peaks of quinonediimine ring
and benzene ring vibration at 1567 and 1479 cm™',
respectively. The peaks at 1305 and 1242 cm ™' are
assigned to the C-N stretching vibrations of sec-
ondary aromatic amine, and the peaks at 1134 and
817 cm™! are assigned to the C-H bending vibration
of benzene ring [23, 27]. FT-IR was employed to
confirm the presence of functional groups from ILs
on the PAN. However, as shown in the low
wavenumber range (400-2000 cm ") of FT-IR spectra,
the presence of functional groups of ILs could neither
be confirmed nor excluded because the peaks of ILs
are almost overlapped by the peaks of PAN. Fortu-
nately, the FT-IR spectra recorded in the region above
2500 cm ™" are more favorable to detect the functional
groups. The peaks at 3160 and 2970 cm™' belong to
the H-C-C-H asymmetric stretching vibrations of
imidazolium ring and C-H stretching of alkyl chains
from ILs, respectively [23]. The results suggest that
PAN has been successfully modified with imida-
zolium-based ILs via n—n interactions and hydrogen
bonding interactions.
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SEM-EDS as a powerful facility can effectively
characterize the chemical compositions and distri-
bution, so it was employed to further confirm the
presence of functional groups on PAN. Figure 3 dis-
plays the EDS elemental surface distribution images
of the PAN-[Bmim][PFs] and PAN-[Hmim][PFg]. It is
clearly visible that the characteristics elements of
imidazolium-based ILs have reached high-density
coverage on PAN, which gives a direct evidence for
the successful modification of PAN via n-n interac-
tions and hydrogen bonding interactions.

The unique functions of imidazolium-based
ILs in the polymerization

Two types of PAN were successfully synthesized
based on interfacial polymerization at the interface
between [Bmim][PF¢]/[Hmim][PFs] and water. The
FT-IR and SEM-EDS analysis demonstrates that PAN
was effectively modified with imidazolium-based ILs
during the polymerization. Herein, the unique func-
tions of the imidazolium-based ILs can be
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Figure 3 EDS elemental surface distribution images of a PAN-[Bmim][PF¢] and b PAN-[Hmim][PF].

summarized by the following aspects: (1) ILs serve as
liquid phase to dissolve the aniline monomers for the
polymerization of PAN. (2) ILs serve as functional-
ized acids to provide protons to dope PAN during
the polymerization. This synthetic method also
eliminates the usage of extra protonic acids as
dopant. (3) ILs provide functional groups which can
be incorporated onto PAN via n-n interactions and
hydrogen bonding interactions, resulting in prefer-
able solubility and tribological properties.

@ Springer

Tribological properties of functionalized
PAN as the additives in PEG

An optimal concentration of solid lubricant additive
has a significant improvement on the tribological
properties. Figure 4 shows the average coefficient of
friction and wear volumes as a function of the addi-
tive concentrations in PEG at 50 N, 5 Hz and RT. As
shown in Fig. 4a, b, the overall trends of coefficient of
friction and wear volumes decrease first and then
increase with the increasing additive concentrations.
The preferable improvement on friction reduction
and anti-wear abilities is obtained by the PEG with
the addition of 0.2% additives. Figure 4c, d compares
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Figure 4 Average coefficient of friction a and wear volumes b for PEG plus PAN-[Bmim][PFs] or PAN-[Hmim][PF,] at different
concentrations, coefficient of friction ¢ and wear volumes d for PEG and PEG plus 0.2% different additives at 50 N, 5 Hz and RT.

the tribological properties of PEG in the absence and
presence of 0.2% different additives. It is visible that
PAN-[Bmim][PFs] and PAN-[Hmim][PF,] exhibit
lower and more stable coefficient of friction than
others, and their wear volumes are also reduced by
about three times as compared to pure PEG. This
reveals that PEG containing 0.2% functionalized PAN
could have preferable friction reduction and anti-
wear abilities.

Figure 5 presents the average coefficient of friction
and wear volumes of PEG plus 0.2% different

~
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0.14 ——@—PAN-[Bmim][PF,]
—A— PAN-[Hmim][PF,]
0.13 |—¥—[Bmim][PE]
—<&— [Hmim][PF,]

0.12

0.11

Coefficient of friction

0.10

50 100 150

Load (N)

200

Wear volume (um’)

additives at multiple loads, 5 Hz and RT. Compared
with PEG, [Bmim][PF¢] and [Hmim][PF], two types
of functionalized PAN all exhibit lower coefficient of
friction and wear volumes as the load increases from
50 to 200 N. At the high load of 200 N, the addition of
PAN-[Bmim][PF¢] and PAN-[Hmim][PFg] can reduce
the wear volumes by 3.8 and 2.4 times as compared to
pure PEG. This is attributed to the superior anti-wear
ability of PAN-[Bmim][PFs] and PAN-[Hmim][PF]
because the functionalized PAN could prevent the
direct contact between the friction interfaces and an
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Figure 5 Average coefficient of friction a and wear volumes b for PEG and PEG plus 0.2% different additives at multiple loads, 5 Hz and

RT.
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effective tribofilm is generated on the rubbing sur-
faces by physical adsorption and tribochemical reac-
tion throughout the sliding process.

A MS-10] four-ball tester is also employed to
investigate the tribological properties of different
lubricants at 120 °C and 392 N, and the results are
depicted in Fig. 6. It is visible that four types of
additives all can effectively lower the coefficient of
friction and wear widths. During the first 10 min of
friction test, all the lubricants have running-in period
with fluctuant coefficient of friction. As time goes on,
the friction coefficient of PAN-[Bmim][PF¢] and
PAN-[Hmim][PFs] gradually decreases, whereas
[Bmim][PF¢] and [Hmim][PFs] exhibit larger coeffi-
cient of friction than before. Figure 6b also indicates
two types of functionalized PAN have preferable
anti-wear ability in PEG. Compared with pure PEG,
the biggest reduction in wear width is obtained by
PEG with addition of 0.2% PAN-[Hmim][PF,] which
reduces the wear width by 41%. These results
demonstrate that PAN-[Bmim][PFs,] and PAN-
[Hmim][PF¢] are capable of forming an effective
boundary lubricating film to improve the friction
reduction and anti-wear abilities at 120 °C.

SEM and XPS analysis of the worn surfaces

Figure 7 shows the SEM morphologies of worn sur-
faces on the steel disks in the absence and presence of
0.2% each of the different additives at 200 N, 5 Hz
and RT. As shown in Fig. 7a and b, the worn surfaces
lubricated by PEG acquire considerably wider and
deeper wear scar. There are a number of deep and
narrow furrows which imply severe wear taken place
in this situation. As shown in Fig. 7c—f, the addition
of PAN-[Bmim][PF¢] and PAN-[Hmim][PF¢] in PEG

(a) 0.15{ —PEG
—— PAN-[Bmim][PF, ]
g PAN-[Hmim][PF]
5 0129 — [Bmim][PE,]
E w~ [Hmim][PF,]
Gt
S 0.09
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Q
;E’
G 0.06
o
O
0.03 T T T T T
0 5 10 15 20 25 30

Time (min)
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not only reduces the wear widths, but also makes the
worn surfaces smoother, indicating that functional-
ized PAN has a preferable anti-wear ability. In the
case of the PEG containing [Bmim][PFs] and
[Hmim][PF¢], although the wear widths and worn
surfaces are improved to some extent, some deep
grooves and corrosion points appear on the worn
surfaces. Furthermore, it can be also found that the
worn surfaces lubricated by PAN-[Bmim][PFs] and
PAN-[Hmim][PF4] have no corrosion points, which
demonstrates that PAN-[Bmim][PFs] and PAN-
[Hmim][PF¢] could reduce the corrosion to enhance
the tribological properties during the friction process.
Based on the SEM analysis, the anti-wear ability of
different lubricants can be arranged as follows: PAN-
[Bmim][PFg] > PAN-[Hmim][PF¢] > [Hmim][PF4] >
[Bmim][PFg] > PEG. This is also in accordance with
previous results shown in Fig. 5, which proves that
PAN-[Bmim][PFs] and PAN-[Hmim][PFs] as the
additives in PEG can remarkably enhance the anti-
wear ability.

Functionalized PAN was presented as the lubricant
additives to enhance the tribological properties for
PEG and the preferable friction reduction, and anti-
wear abilities have been proved in this work. To
probe the lubrication mechanisms of functionalized
PAN, XPS was employed to characterize the chemical
states of typical elements on the rubbing surfaces
lubricated by different functionalized PAN. As
shown in Fig. 8, it is visible that the Fe, O, F, N and P
on the rubbing surfaces have similar binding ener-
gies, indicating that they experienced similar tribo-
chemical reaction during the sliding process. The
spectrum of Fe2p exhibits peaks at about 724.3 and
710.8 eV, which may correspond to Fe,O; and Fe;O,
[28, 29]. The peaks of Ols located at 530.0-531.5 eV

(b) 0.8

B PEG
I PAN-[Bmim][PE,]
— 0.7 4 [ PAN-[Hmim][PE,]
g I (Bonion] [P ]
;’ 0.6 I [Hmim][PF,]
=)
z
g 054
=z
0.4

Samples

Figure 6 Coefficient of friction as a function of time a and wear width b for PEG and PEG plus different additives (0.2%) at 120 °C,

392 N in four-ball tests.
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<«Figure 7 SEM morphologies of worn surfaces on steel disks
lubricated by a and b PEG, ¢ and d PAN-[Bmim][PF¢], e and
f PAN-[Hmim][PFs], g and h [Bmim][PF¢], i and j [Hmim][PF]
at 200 N, 5 Hz and RT.

J Mater Sci (2018) 53:7060-7071

binding [28, 30]. The spectrum of N1s has a wide
peak centered at 400.2 eV, which may belong to the
nitrogen atoms in the imidazolium ring [12, 30, 31]. It
may be an evidence for the physical adsorption of
functionalized PAN on the rubbing surfaces. The

Fe2p Ols
3 £l
& &
2 2
£ £
5 g
= a E a
b b
T T T T T T T T T T
740 730 720 710 700 545 540 535 530 525
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Figure 8 XPS spectra (Fe2p, Ols, Fls, N1s and P2p) of the worn surfaces lubricated by a PEG + 0.2 wt% PAN-[Bmim][PF¢] and

b PEG + 0.2% [Hmim][PF].

may be assigned to FeO and C-O compounds, indi-
cating the generation of complex oxide species [30].
The peaks at about 684.5 and 689.0 eV on the spec-
trum of F1 s may correspond to FeF,, FeF; and C-F
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peak of P2p at 133.5 eV suggests the existence of
FePO, [30-32]. XPS analysis reveals that two types of
functionalized PAN as additives in PEG not only
generate a protective film which is composed of FeO,
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Fe;O;, Fe;0,4, FeF,, FeF; or FePO,4 by complex tribo-
chemical reactions, but also form a physical adsorp-
tion film to enhance the friction reduction and anti-
wear abilities.

In addition, it is well known that nanoparticles
such as carbon nanotubes, Cu, SiO, and TiO, can
achieve the rolling effect by acting as bearings
between the friction interfaces, thereby reducing the
shear force to enhance the tribological properties
[33-35]. As shown in Fig. 1, because the structures of
functionalized PAN are similar to the particles, they
may perform the rolling effect as well. During the
friction process, the functionalized PAN also can
exhibit a mending effect by filling the wear scratches,
thereby reducing the surface roughness to improve
the tribological properties [14, 34-37]. Meanwhile,
particles modified with functional ILs could have
superior stability in lubricants and easily adsorb on
the worn surfaces to form a protective film [26].
Consequently, based on the characterization and
analysis of functionalized PAN, and the SEM and
XPS analysis of the worn surfaces, the preferable
friction reduction and anti-wear abilities of func-
tionalized PAN mainly depend on the synergistic
lubricating effect including rolling and mending
effects and the physical adsorption and the tribo-
chemical reaction film on the worn surfaces. Hence,
the functionalized PAN could hold a great potential
as lubricant additives for a wide range of
applications.

Conclusions

The functionalized PAN including PAN-[Bmim][PF]
and PAN-[Hmim][PF¢] has been successfully syn-
thesized at the interface of ILs and water based on the
interfacial polymerization. SEM analysis of PAN
shows that PAN-[Bmin][PF¢] is rod shape and the
PAN-[Hmim][PF] is spherical shape. This is attrib-
uted to the different viscosities of ILs and the n—m and
hydrogen bonding interactions between PAN and
ILs. The FT-IR and EDS analysis demonstrates that
PAN was effectively functionalized by imidazolium-
based ILs. Tribological results indicate that PEG
containing 0.2 wt% functionalized PAN exhibits the
minimum coefficients of friction and wear volumes
for steel/steel pairs under different conditions. SEM
morphologies and XPS spectra of the worn surfaces
suggest that the preferable friction reduction and
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anti-wear abilities of functionalized PAN were
attributed to the synergistic lubricating effect
including rolling and mending effects and the phys-
ical adsorption and the tribochemical reaction film on
the worn surfaces. Therefore, taking into account the
simple and effective synthetic method and preferable
tribological properties, functionalized polyaniline in
association with ILs can serve as lubricant additives
for a range of applications.
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