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Abstract: The current study highlighted a simple, efficient and environmentally friendly preparation
method of a new type of nanolubricants. Herein, copper nanoparticles were successfully in situ
synthesized within ionic liquid-in-vegetable oil microemulsions, and the as-prepared systems could
be used as high-performance nanolubricants directly. Ascorbic acid and copper chloride were used as
the raw materials for the synthesis of copper nanoparticles, whereas the castor oil,
1-butyl-3-methylimidazolium tetrafluoroborate and Triton X-100 were employed for the formulation
of ionic liquid microemulsions. The copper-based ionic liquid-in-vegetable oil nanolubricants were
characterized by dynamic light scattering, UV-visible spectra and four-ball tribological tester, which
confirmed the formation of copper nanoparticles and the improvement of the friction performance.
The SEM micrographs and EDX chemical analysis were carried out to analyze the friction surface
after sliding. The results showed that the designed nanolubricants presented an enhanced lubricating
property compared to the neat ionic liquid microemulsion. In addition, the mechanism of the in situ
synthesis of nanoparticles within nonaqueous ionic liquid microemulsions was discussed.
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1. Introduction

In the last decades, a tremendous advances in engine technology was observed, which depended
largely on lubricants development.'! Owing to the worsening energy crisis and increasing
environmental awareness, some research groups have proposed or further investigated several
mineral lubricating oil substitutes such as ionic liquids, polyol esters and vegetable oils.® In order to
overcome their own deficiencies, such as the insufficient oxidative stability of castor oil, on the
lubrication performance, researches on processing of these biolubricants have been wildly
reported’™'%. Our previous study also indicated that vegetable oil-based ionic liquid microemulsions
may have potential as biolubricant basestocks, and the phase behavior of ionic liquid-in vegetable oil
microemulsions were further detailed in recent studies.'>™"

In order to response to the requirements of lubrication efficiency positively, the development
and application of additives, particular at the nanoscale, have made a rapid growth over the past few
years, because lubricants with nanoparticles as additives (hereafter referred to as “nanolubricants™)
can offer excellent anti-wear and friction-reducing properties.m'20 Numerous nanoparticles,
particularly Cu, have been investigated as component of nanolubricants.'® 2" In the attempt to
synthesize the designed nanolubricants, a two-step route was traditionally employed.'” However, the
difficulties in storing and dispersing the nanoparticles into lubricant base oils became bottlenecks of
this method. Recently, Zhang and his coworkers introduced an in situ one-step route for preparing Ni
nanoparticles directly in PAOG6 lubricant base oil.?' This method offered a novel option for reducing
the cost and promoting the industrialization of nanolubricants.

It has been found that water/oil microemulsion was an effective reactor for the preparation of
nano-Schiff base and Schiff base copper complex. However, the as-prepared microemulsion must be
demulsified for the collection of nanoparticles and oil phase. Moreover, the dispersed nanoparticles

should be diluted by lubricant base oil before the evaluation of tribological performance.** And yet,
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few studies dealt with in situ synthesis of metal nanoparticles in microemulsions, let alone
nonaqueous microemulsions. Besides, most of the chemical reactions on preparation of copper
nanoparticles were not green.25 28

In the present research, we showed that copper nanoparticles were successfully in situ
synthesized within vegetable oil-based ionic liquid microemulsions, which could be used as
copper-based nanolubricants directly. Notably, the highly stable dispersions of copper nanoparticles
were prepared by chemical reduction in nonaqueous microemulsions, and nontoxic ascorbic acid was
used as the reducing agent to prevent the oxidation of the synthesized copper nanoparticles. The
designed systems exhibited significant improvement of anti-wear and friction-reducing properties
compared with pure vegetable oil-based ionic liquid microemulsions. The current study highlighted a

simple, efficient and environmentally friendly preparation method of a new type of nanolubricants,

and their practical application was explored as well.
2. Experimental section

2.1 Materials

Ascorbic acid and copper chloride (CuCl) were commercial materials purchased from Aladdin
Chemical Reagent Co., China. Ionic liquid 1-butyl-3-methylimidazolium tetrafluoroborate
([BMIM][BF4]) was purchased from Lanzhou Institute of Chemical Physics and used without further
purification.  Castor oil and  Triton®  X-100  (TX-100;  polyethylene  glycol
p-(1,1,3,3-tetramethylbutyl)-phenyl ether; octyl phenol - 9.5 EO) were purchased from Guangzhou
CongYuan Instrument Co., Ltd. Before used, TX-100 was vacuum-dried at 70°C for 6 hours to
remove excess water.

2.2 Synthesis of copper-based ionic liquid-in-vegetable oil nanolubricants

In a typical experiment, the procedure of copper-based nanolubricant preparation included the

following steps: (1) A certain amount of CuCl, was dissolved in castor oil at 80°C. After a moderate
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intensity of magnetic stirring for 40 min, TX-100 was added into the above solution, and the
as-prepared system was named as solution A. (2) Under the same condition, ascorbic acid was added
into [BMIM][BF4], and the obtained solution was dropped into the solution A to get a solution B. (3)
The solution B was kept at 80 °C for a certain time with continuous magnetic stirring. Then the
copper-based ionic liquid-in-vegetable oil nanolubricants were successfully synthesized. The
obtained nanolubricant was placed under ambient conditions for 6 months. The general recipe was
presented in Table 1. The chemical reduction process occured as follows *:
Cu®" + C¢HgOs — Cu + C¢HgOg + 2H" (1)

2.3 Characterization of copper-based ionic liquid-in-vegetable oil nanolubricants

The dynamic light scattering (DLS) of the produced nanolubricants was recorded on a Malvern Nano
ZS instrument at 25 + 0.1 °C. This instrument employed a 4 mW He-Ne laser operating at a
wavelength of 633 nm. UV-visible (UV-vis) analysis of copper-based ionic liquid-in-vegetable oil
nanolubricants was carried out using a Shimadzu UV-2450 spectrophotometer. The blank sample
was first scanned to get the baseline, and then the biolubricant sample was scanned to get the UV-vis
spectra. Measurements were carried out at 25 + 0.1 °C. The tribological properties of as-prepared
copper-based ionic liquid-in-vegetable oil nanolubricants were evaluated with an MS-10A four-ball
tribotester, which performed at 1450 r/min for 60 min. GCrl5 steel balls with an HRC of 61 to 64
were employed during the test. The wear scar diameters were measured using a video camera
installed in the four-ball tribotester. During the process, both the longitudinal and the horizontal wear
scar diameter were measured and the average of the two diameters was noted as the average wear
scar diameter for each ball. Similar method was used to obtain the average wear scar diameter of the
other two balls. The average value of three balls was defined as the final wear scar diameter. A
representative wear scar image was shown in the supplementary. Each set of DLS and tribological
experiments was repeated three times, and the average value obtained was used for data processing

and analysis. Morphology and element distribution of the worn surface on the tested ball were
5
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examined using scanning electron microscopy (SEM) Hitachi S-3700N equipped with an energy
dispersive X-ray spectroscopy (EDS). Each ball was cleaned by ultrasonically agitated thermal bath
before the SEM and EDS tests. The color transitions of the copper-based ionic liquid-in-vegetable oil

nanolubricants under different condition were observed visually.
3. Results and discussion

3.1.Reaction process of the in situ synthesis of nanoparticles in nonaqueous
microemulsions

A schematic picture of the reaction process is represented in Fig. 1. Once the two solutions carrying
the appropriate reactants were mixed, the formation of microemulsions and the interchange of metal
salt and reducing agent happened at the same time. These procedures occurred rapidly, which could
be confirmed by the determination of changes in appearance of color.*® Fig. 2 shows the appearance
of different samples. It could be observed that the mixture became colorless when ascorbic acid was
added initially, but turned to bright red brown from colorless after 10 min and barely changed as time
went on (see S1, S4, and S5). The reaction time had an influence on the average size of
nanolubricants as well. Fig. 3 shows the average size of each sample. When the reaction times were
extended, the average size of nanolubricants decreased, and the reason could be ascribed to the slow
arrival of the complete reduction.

The mixture of reactants took place in the interface of microemulsion droplets, and then the
chemical reaction occurred during this process, as shown in Fig. 1. Since the restricted solubility of
metal particles in the castor oil phase, as well as the fact that the surfactant molecules would attached
to the surface of particles after the copper nanoparticles attaining the final size,” the obtained
particles penetrated into the inner core of the microemulsions and got stabilized right there.

The theoretical concentration of copper in the nanolubricants was decided by the amount of

metal salt. Since ascorbic acid used in this work was overweight to prevent the oxidation of copper
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nanoparticles, Cu®" should be deducted completely in theory. Fig. 2 also indicates that the theoretical
concentration of copper could affect the appearance of the designed nanolubricants (see Sland S2).
The nanolubricants turned darker with the increasing of copper concentration. As the copper
generated continuously, the ionic liquid occupied by per unit of surfactant decreased, resulting in a
decrement of ionic liquid core. Since the particle size of copper mainly depended on the inner core of
the reverse microemulsion®', the incorporation of copper particle lead to decrease in particle size
compared to the blank control. Besides, the average size of nanolubricants increased with decreasing
copper concentration. The reason for the above results was that the average size of copper
nanoparticles was less than that of blank microemulsions, and hence the average diameter of
nanolubricants would decrease with the increasing pure copper nanoparticles in the as-prepared
microemulsions.

Reaction temperature had a significant effect on the formation of copper nanopar‘cicles.29 For S2
and S3, we maintained the other conditions constant and altered the reaction temperature from 80 °C
to 60 °C, the color became lighter and the average size of nanolubricants became larger as shown in
Figs. 2 and 3. The above results indicated that the lower temperature gave rise to a weaker reducing
power of ascorbic acid so that less copper appeared, and a larger microemulsion diameter was
obtained.
3.2.UV-vis analyses

In this work, using traditional methods, such as X-Ray Diffraction and Transmission Electron
Microscopy, to identify the copper nanoparticles synthesized within vegetable oil-based ionic liquid
microemulisons was difficult because of the extraordinary stability and high viscosity natures of the
designed microemulsions. However, UV-vis absorbance spectroscopy is a powerful measurement
technique used to identify the formation of copper nanoparticles within microemulsions, since that a
distinct surface plasmon absorption band on the surface of nanoparticles will show up as a response

to the incident light.>* The measurement is not affected by viscosity, and can be carried out without
7
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demulsification. Fig. 4 shows the UV-vis absorption spetra of nanolubricant S1, S2 and the blank
control. It was reported that the as-synthesized copper nanoparticles were spherical if the UV-vis
absorption spectra of nanolubricant showed a single peak at around 570 nm.>> However, when the
diameters of copper nanoparticles are small enough, a broadened Plasmon peak will appear and have
a blue shift.>** In this work, only one moderate absorption peak at approximately 524 nm could be
observed, which confirmed the existence of spherical copper, and this absorbing peak could be
ascribed to the specific absorbion by nanosized copper particles.”® The UV-vis of sample S3 was
given in the supplementary, which showed similar absorbing peak. These results agreed with the
DLS analysis of nanolubricant S1, and based on these, we can infer that copper nanoparticles can be
successfully in situ prepared within vegetable oil-based ionic liquid microemulsions.
3.3.Tribological properties

The friction coefficients for nanolubricants S1, S2 and Blank are displayed in Fig. 5, and Table 2
presents the mean friction coefficient and the standard deviation for comparison. The standard
deviation represented the variation of three repeating runs for each samples. Since the only
difference between S2 and S3 was that they were prepared under different temperature, their
characterization results, such as the variation of the friction coefficient with time and the mean
friction coefficient were similar. The characterization results of S3 were shown in the supplementary.
The friction coefficient of microemulsion without additives (sample Blank) fluctuated obviously
with the duration of test, and showed a relatively high mean value. While with the participation of in
situ synthesized copper nanoparticles (sample S1 and S2), the friction coefficient varied smoothly
with duration and the mean value significantly decreased compare to the blank sample. Besides,
nanolubticant containing 0.32 wt% of copper nanoparticles showed a small decrease of friction
coefficient value compared with nanolubricant with 0.16 wt.% of copper nanoparticles. The results

convinced that nano-copper additive could enhance the friction-reducing properties of ionic liquid
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microemulsions, and the amount of this additive would affect the anti-friction properties of
nanolubricants.

Fig. 6 shows a comparison of the wear results among sample S1, S2 and Blank. Similar to the
friction results, the microemulsions with in situ synthesized copper nanoparticles exhibit enhanced
anti-wear properties, and the nanolubricants containing more copper nanoparticles could get a better
wear reducing results. It has been reported that nanoparticles dispersed in base oils can penetrate into
the contact area and then deposit on it because of their smaller size " *®. In this respect, these
findings supported the claim that tiny copper particles were released from nonaqueous
microemulsions and may even form a metallic film layer on the friction surface.
3.4.Worn surface analysis

Observing the wear, scars and grooves on the worn surface after lubrication are important
approaches when evaluating the tribological performance of lubricants. Morphology on the worn ball
surfaces was analyzed by SEM. Figs. 7 (a) and (b) are SEM images of the friction surfaces after nano
lubrication test with the in situ synthesized copper nanoparticles at rates of 0.32 wt% and 0.16 wt%,
respectively. The wear scar results of S3 were shown in the supplementary. Fig.7 (¢) shows the
surface after testing with pure ionic liquid-in-vegetable oil microemulsion. It can be seen that
scratches and grooves in Fig. 7 (c) are deeper than those in Figs. 7 (a) and (b), and Fig. 7 (a) presents
a smoother and more flat surface compared to Fig. 7 (b). These results demonstrated that the copper
nanoparticles can remarkably reduce the scarring and wear, and this effect becomes more obvious
with increasing copper nanoparticles amount. Therefore, it could be inferred that the copper
nanoparticles in ionic liquid-in-vegetable oil microemulsions enhanced the friction-reducing
properties.

EDS was utilized to detect the elements distribution on the worn surface when the friction balls
were operated with ionic liquid-in-vegetable oil microemulsions containing nanoparticles. Fig. 8

shows the EDS results for the areas indicated in Fig. 7. The selected spectra for sample S1 presented
9
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as much as 63.08 wt % of copper, which originated from the nanoparticles. Besides, it also showed
carbon (2.7 wt %), chromium (0.96 wt %) and iron (33.26 wt %), which were from the ball alloy.
Neither cupric oxides nor cuprous oxides were detected on the worn surface. The EDS spectra for
sample S2 and S3 (see Supplementary) showed the same result. These facts further confirmed that
pure copper nanoparticles were successfully in situ prepared within ionic liquid-in-vegetable oil
microemulsions.

The mechanism by which copper nanoparticles reduced friction and resisted wear can be
explained by two possibilities. One is that copper nanoparticles in the microemulsion deposit on the
scars and grooves of the friction surface, and hence the element of ball alloy can be detected along
with the copper nanoparticles of lubricant 0il.>® Another is that the copper film is formed. According
to Yu and coworkers,” the copper film contained the element of iron, which may come from the iron
grindings produced in sliding.
3.5.The stability of nanolubricants

The stability of ionic liquid-in-vegetable oil microemulsions containing copper nanoparticles is
an important indicator to evaluate their performance. In this work, the as-synthesized copper
nanoparticles were well distributed inside the inner cores of the microemulsions. Due to the high
stability of microemulsions, no precipitate was obtained after a centrifugation at 12000rpm for 20
min. Fig. 9 presents the comparison photos of the nanolubricants S1 before and after 6 months of
storage at ambient condition. Besides, particle size and friction coefficient measurement of
nanolubricant after 6 months of storage were also investigated. (see Supplementary) The
nanolubricant showed no obvious color change, sign of sedimentation, and lubricating ability
reduction even after storage that indicated the nanolubricants with in situ synthesized copper
particles were highly stable at ambient condition. The stability of the designed nanolubricant could

be ascribed to the performance of the excess ascorbic acid, which prevented the oxidation of copper

10
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nanoparticles as mentioned earlier. Along with the initial stability of microemulsions, the capping

effect of the excess ascorbic acid also contributed to the formation of highly stable nanolubricants.*’
4. Conclusions

The results presented in this study showed that copper nanoparticles were successfully in situ
synthesized within ionic liquid-in-vegetable oil microemulsions, and the schematic reaction process
of this innovative synthetic method was discussed in detail. The nonaqueous microemulsions
containing the as-prepared copper nanopariticles could be used as high-performance nanolubricants
directly, which exhibited excellent tribological performance and high stability after storage for 6
months at ambient condition. This approach showed that the designed nanolubricants had potential

advantages in the application of lubrication.
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Figure Captions

Fig. 1 Diagram of the in situ synthesis of copper nanoparticles in ionic liquid-in-vegetable oil
microemulsions.

Fig.2 The appearance of different samples at the ambient temperature.

Fig. 3 The average size of different samples at the ambient temperature.

Fig. 4 The UV-vis absorption spectra of sample S1, S2 and Blank.

Fig. 5 Friction coefficient of nanolubricants S1, S2 and Blank under 392N of load.

Fig. 6 Wear scar diameters (WSD) of steel balls lubricated by sample S1 (a), S2 (b) and Blank (c).
Fig. 7 Worn surface morphology of nanolubriants S1 (a), S2 (b) and Blank (c).

Fig. 8 EDS spectra of the worn surfaces lubricated by nanolubricants S1 (a), S2 (b) and Blank (c).

Fig. 9 The photos of sample S1 before (A) and after (B) 6 months of storage.
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Table 1. General recipe used in the synthesis process of Copper-based ionic liquid-in-vegetable oil

nanolubricants.
Theoretical
Ascorbic Castor Reaction  Reaction )
Sample ) CuCl, [bmim][BF,] TX-100 concentration
acid oil time temperature
name of copper
(mM)  (mM) (mM) (mM)  (mM) (h) ‘O (Wt %)
S1 12 4 20 25 80 1 80 0.32
S2 6 2 20 25 80 1 80 0.16
S3 6 2 20 25 80 1 60 0.16
S4 12 4 20 25 80 1.5 80 0.32
S5 12 4 20 25 80 2 80 0.32
Blank 0 0 20 25 80 0 80 0

15
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Table 2. Mean friction coefficient of four-ball tribotester and standard deviation.

Samples Mean friction coefficient Standard deviation
S1 0.0559 0.000689
S2 0.0581 0.001215
Blank 0.0648 0.003742

16
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Figure 1
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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0.8

0.6 -

WSD (mm)

0.2 -

0.0

RSC Advances

/
.

/
%

)

S1

S2
Sample Name

Blan

k




RSC Advances Page 24 of 26

Figure 7
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Figure 8
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Figure 9
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