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Abstract

Herein, the production of a poly (methyl methacrylate)/carbon quantum dots (PMMA/CQDs)-based
composite has been proposed for the first time through a one-step, mild temperature, easily scalable
oleic acid- and citric acid-based green synthesis. The composite consists of an oil-compatible
polymer matrix which locally releases anti-friction and anti-wear CQDs under lubrication
conditions. After extensive characterization, tribological tests were performed in commercial VG
220 at different temperatures, loads and additive concentrations, showing remarkable performance.
At 25°C and under a 19 N normal pressure, with 0.3 wt.% PMMA/CQDs, 20.2 % and 41.6 %
reductions were observed for friction and wear, respectively. Furthermore, viscosities
measurements at both 40°C and 100°C showed that the nanocomposite presence did not

substantially interfere with the oil rheological parameters.
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1. Introduction

In the last few decades, the demand for highly efficient and environmentally sustainable lubricant
oils is becoming more and more imperative. Conventional lubrication of operating machines is
carried out by use of different types of liquid lubricants, which act as intermediate means between
the sliding metallic surfaces. Along with the base oil, additives are typically added in order to
increase tribological performance. Some of the most adopted ones are friction modifiers (FM) and
anti-wear (AW) additives, which have been represented for many years by P-, Mo- and S-
containing compounds [1-3]. However, since these additives have by now reached their
performance limits, and in the view of enhancing the system efficiency, reducing harmful
compounds emission and environmental impact as well, nanoparticles have been considered as the
most feasible and effective alternative [4-7]. Their higher lubricating performance is strictly
connected to their intrinsic characteristics such as small size (<100 nm), morphology and thermal
stability which permit them to function within lubrication surface interfaces with a greater
durability even under harsher conditions [8] compared to conventional FM and AW additives.
Furthermore, nanoparticles morphology and structure can be accurately manipulated for superior
results. Among nano-additives, carbon-based nanomaterials are capable of ensuring high anti-wear
and anti-friction performance [9] as a result of their chemical inertness, as well as of their
remarkable mechanical and structural properties, and through several effective friction mechanisms
such as rolling, protective film, self-mending and polishing effects [10-16]. However, the inert
structure of nano-carbons and their solid nature, especially for 1D and 2D materials, makes their
long-time dispersions in lubricant oil extremely challenging [17] With the aim of increasing carbon
nano-additives stability, surface-modification processes have been proposed, even though they still
hinder large-scale applications because of their high cost, complexity and, even more, poor
effectiveness [18-21].

Carbon quantum dots (CQDs) can be regarded as a new type of nano-carbons consisting of quasi-
spherical particles with ultra-small sizes and unique optical and electronic properties. Since their
accidental discovery by Xu et al. in 2004 [22], CQDs have been receiving a significant research
focus. Other than sizes below 10 nm, they often exhibit a polar nature due to the presence of
functionalized hydroxyl and carboxyl groups on their surface, and are highly biocompatible and
environmental friendly [23,24].

An additional advantage of CQDs is the ease of synthesis as they can be prepared from natural
carbonaceous sources under both severe and mild conditions, for instance through carbonization of

various fruit juices, vegetables, fruit peels, plant parts and citric acid [25-30].



As lubricant additives, in virtue of their ultra-small size and “naturally” functionalized structure,
CQDs exhibit enhanced tribological properties, even though they stably disperse only in polar
solvents [31,32]. Indeed, the polar nature of CQDs poses the question of their compatibility with
non-polar hydrocarbon oils, such as polyalphaolefin (PAO) and mineral oils, which highly hampers
the future usage of CQDs with them. In this direction, a few attempts have been made so far [33,34],
yet there is still the need to search for simpler synthesis procedures which do not involve the usage
of harmful substances.

On the other hand, in order to obtain complete and effective lubricant formulations, researchers
often seek for additives which can be multifunctional as well as compatible with different chemicals
in a formulation, both with other additives as well as the base fluid. Within this context, the
development of multifunctional additives with wear- and friction-reducing properties as well as
viscosity index-improving behavior, which do not interfere either with each other or with the base
oil, yet exhibit beneficial synergistic interactions, would be of high significance.

Poly (methyl methacrylate) (PMMA) is considered as one of the most efficient viscosity index (V1)
improvers for base lubricant oils, i.e. able to significantly reduce the lubricant oil viscosity
dependence on temperature variations. Non-polar oil-compatible PMMA is traditionally synthesized
through free radical polymerization of alkyl methacrylate monomers. [35]. According to the most
widely reported mechanism of how this polymer acts as viscosity modifier, PMMA increases the
base oil viscosity proportionately with temperature due to the expansion of its long molecular
chains with increasing temperatures [36]. Indeed, chains occupying a larger volume possess higher
resistance to flow, hence greater viscosity [37].

As far as literature is concerned, few papers have been published on the preparation of
CQDs/PMMA nanocomposites [38-40], in which two step synthesis mechanisms were employed to
obtain CQDs, subsequently incorporated in a polymer matrix to give nanocomposites films. In
particular, Aziz et al. [38] reported the preparation, for applications in optoelectronic devices, of
PMMA/CQDs nanocomposite films in two steps: (1) synthesis of CQDs by hydrothermal treatment
using glucose, H3PO4 and NaOH as well as chloroform in the purification step; (2) preparation of
the nanocomposite using a solution casting procedure carried out by mixing PMMA/acetone and
CQDs/acetone solutions. Similarly, Maxim et al. [39] reported an improvement of the light
harvesting performance in perovskite solar cells by adopting CQDs-embedded PMMA thin films
obtained in a two-steps procedure: (1) phosphorus-doped CQDs were prepared at 200°C for 1 h
starting from Na,HPO4 and dextrose; (2) afterwards, CQDs with sizes around 3—-7 nm were mixed
with PMMA in chlorobenzene. Eventually, Bouknaitir et al. [40] studied the optical and the

dielectric properties of nanocomposite based on the incorporation of CQDs in PMMA at several



filler loading. The CQDs were synthesized at a temperature up to 300°C, in the presence of
octadecene acting as non-coordinating solvent. The nanocomposite was prepared by drop-casting a
PMMA/chloroform solution and the prepared CQDs onto glass slides.

Herein, with the aim to improve the sustainability and the simplicity of CQDs synthesis process,
which thus far involved harmful molecules, as well as in order to enhance CQDs dispersion stability
in non-polar lubricant oils by simultaneously obtaining an effective multifunctional nano-additive
for tribological applications, the production of PMMA/CQDs composites, consisting of CQDs
covered by an extremely thin layer of PMMA, was proposed for the first time by means of a one-
step, mild temperature, oleic acid- and citric acid-based green synthesis. In particular, no harmful
oleic acid was chosen as solvent of the one-step green process, contributing to drastically reduce
detrimental environmental impact in favour of an improved simplicity and, therefore, feasibility in
view of process industrialization. The synthesis of CQDs occurred during the thermal expansion of
PMMA molecular chains, followed by nanoparticles entrapment within the polymer body after
cooling. The resulting product is an oil-compatible polymer matrix which will locally release anti-
friction and anti-wear CQDs under lubrication conditions.

After an extensive characterization, tribological tests were carried out in a commercial mineral oil,

confirming the enhanced performance of the sample.

2. Materials and methods
2.1 PMMA/CQDs composite, CQDs and t-PMMA preparation and dispersion in oil

Citric acid (CA, purity grade >99.5%), crystalline poly (methyl methacrylate) (PMMA) and oleic
acid (OA, purity grade 90%) were all purchased from Sigma Aldrich. As for the PMMA/CQDs
composite, 5g of CA were dissolved in 50 ml of bi-distilled water and mixed with 100 ml of OA,
which is used a solvent to guarantee the proper reaction environment. Afterwards, 0.5g of PMMA
in powder form was added to the mixture, which was then heated up to 200°C for 2 h and under
magnetic stirring in an open flask. The flask was maintained opened to allow water evaporation.
The synthesis of CQDs occurred during the thermal expansion of PMMA molecular chains,
followed by nanoparticles entrapment within the polymer body after cooling (as shown in Figure 1).
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Figure 1. lllustrative representation of formation and entrapment of CQDs within PMMA structure.

Furthermore, for comparison reasons, two other samples were synthesized: a treated PMMA sample
and a PMMA-free carbon quantum dots sample, named as t-PMMA and CQDs in the following
study, respectively. As for t-PMMA, it was prepared with the same procedure without the addition
of CA. On the other hand, CQDs were obtained with both OA and CA without the addition of
PMMA. After reaction occurred, the three mixtures were cooled down to room temperature and
then underwent centrifugation at 7500 rpm and 5°C. The resulting solid particles were rinsed with
ethanol for several times and eventually dried for 24 h at 60°C. After synthesis, PMMA/CQDs and
t-PMMA were both dispersed at 0.1 wt.% into a VG 220 base oil (Mineral oil, viscosity index = 93,
density at 15 °C = 891.1 kg/m®) by means of a 400 W tip sonicator at for 2h at maximum power.

CQDs do not disperse well in the oils because of their polar nature. In Figure 2, the pictures of the
base oil VG 220 and the PMMA/CQDs composite dispersed in VG 220 are shown.




Figure 2. Photos: of pure VG 220 oil and PMMA/CQDs dispersed in VG 220 oil (a) and (b); of one

tank containing added oil for high volume tribological characterization.
2.2 PMMA/CQDs composite, CQDs and t-PMMA characterization

Transmission electron microscopy (TEM) by means of a FEI Tecnai 200 kV electron microscope
was used for understanding the morphological characteristics of both the samples. The absorbance
of the supernatant produced after centrifugation was then evaluated through Thermo-Scientific UV-
vis Evolution Q60 spectrophotometer. FT-IR analysis was carried out through a Vertex 70
apparatus (Bruker Corporation) by adopting the KBr technique. Thermogravimetric analysis (TGA)
and Derivative Thermogravimetry analysis (DTG) were performed through a SDTQ 600 Analyzer
(TA Instruments) under the following conditions: heating rate of 10 °C/min, from room temperature
up to 450 °C under air flow. Particle size distribution of nanosheet dispersion was determined using
a dynamic light scattering (DLS) instrument (HPPS ET - Malvern Instruments). Eventually, Raman

spectra were obtained by means of a Renishaw inVia spectrometer at a wavelength of 514 nm.

2.3 Tribological test description

In order to perform tribological tests, a Ducom TR-BIO-282 tribometer was adopted. In detail, the
equipment consists of a tribopair composed by an upper steel ball (X45Cr13 polished steel ball, 52-
54 HRC, diameter of 6 mm) in reciprocating motion and a lower X210Cr12 steel disc (60 HRC,
roughness Ra of 0.30 um, diameter of 25 mm, thickness of 6 mm) completely flooded in a lubricant
bath. Reciprocating sliding tests were performed with a normal load equal to 19 N and an initial
average Hertzian contact pressure of 1.17 GPa at 25 °C and 80 °C. Afterwards, normal pressure was
increased to 58 N and average Hertzian contact pressure to 1.76 GPa and measurements performed
at 25 °C [41,42].

Such test conditions were chosen to explore the anti-friction and anti-wear behaviour of CQDs as
mineral oil additive in both boundary and mixed lubrication regimes. With sliding motion set at
5mm stroke and 10 Hz as frequency, boundary regime at zero-speed inversion points moves to
mixed conditions in each stroke by sweeping the Stribeck number in the range [0, 7.38 1012 m] at
room temperature, and [0, 1.85 10712 m] at 80 °C; the transition to fully thin-film lubrication regime

is expected at around 1.0 10 m, outside of the domain of the test herein discussed.

3. Results and discussion

3.1 Characterization results

TEM analysis was adopted for a better understanding of CQDs morphology with and without the
presence of PMMA. Figure 3a, 3b and 3c show TEM images of the CQDs at different



magnifications, revealing semi-spherical particles with an average diameter of 3 nm, as clarified by

the particle size distribution in Figure 3d.
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Figure 3. TEM images of the formed CQDs at different magnifications: 2pm scale bar (a); 100 nm
scale bar (b); and, 50 nm scale bar (c). The particle size distribution of the formed dots (d).

Furthermore, in the presence of PMMA, the synthesized CQDs have smaller average diameters
(Figure 4). Moreover, it is possible to observe the higher distance between each individual particle
(Figure 4b).



—
(@)
=

251

20 1

154

(b)

10

Percentage of particles %

“ 1 2 3 4 5 6 7

Figure 4. TEM images of the PMMA/CQDs at different magnifications: 2um scale bar (a); 50 nm
scale bar (b). The particle size distribution of the formed CQDs (c).

Hydrodynamic diameters in solution were determined by DLS. The DLS technique measures
Brownian motion (the random movement of particles due to the bombardment by the solvent
molecules which surround them) and relates this to the size of the particles. The size of a particle is
calculated from the translational diffusion coefficient by using the Stokes-Einstein equation [43].
The hydrodynamic diameters are in the range 1-18 nm for CQDs centered at 3 nm and in the range
3-10 nm centered at 4 nm for the PMMA-covered CQDs (Figure 5). These results are consistent
with the microscopy observations, indicating a mean shell of PMMA of about 2 nm covering the
dots.
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Figure 5. PSD of CQDs and PMMA/CQDs as determined by DLS technique.



The typical UV-Vis spectrum of the CQDs is reported in Figure 6a, showing that the main
absorption band can be seen at 340 nm, which suggests the formation of quantum dots with a size in
the range 2-4 nm [44] in agreement with TEM analysis. In Figure 6b and 6c¢, the spectra of t-PMMA
and of PMMA/CQDs are reported. The absorption band displayed by the pure treated PMMA is
around 274 nm, that corresponds to the n-n* electronic transition bands [45] exerted by the non-
bonding electrons [46]. On the other hand, the shift of PMMA absorbance in the presence of CQDs
to a higher wavelength (297 nm) indicates the formation of CQDS in the PMMA matrix that can be
likely attributed to either the interaction between the quantum dots and the polymer chains or the
formation of extra defects in the energy band gap [47,48]. In addition, Figure 6d shows the behavior
of pure ethanol (on the left) and CQDs dispersed in ethanol (on the right) while being exposed to a
UV lamp: contrarily to the one on the left, the sample on the right exhibits fluorescence properties,

thus confirming the successful formation of carbon quantum dots.
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Figure 6. UV-vis spectra of the different samples (a) for CQDs, (b) for the t-PMMA and (c) for
PMMA/CQDs; (d) the picture represents ethanol (yellow arrow, on the left) and CQDs dispersed in
ethanol (red arrow, on the right), evidencing the fluorescence properties of the latter.



The FT-IR spectral investigation was conducted and the results shown in Figure 7. Both spectra of
CA and PMMA/CQDs composite display stretching vibrations over 1700 cm™ which are due to
carboxylic free groups of CA (green spectrum) and —COOH on the surface of CQDs (blue
spectrum). On the other hand, PMMA shows a band at 1730 cm™ due to ester carbony! stretching,
which is no more visible in the spectrum of PMMA/CQDs, suggesting a shift as previously reported
for PMMA and carbon quantum dots nanocomposite films formed by solution casting method [49].
This phenomenon can indicate a polymer conformational change at molecular level [50].
PMMA/CQDs composite revealed C=C bond vibrations at 1460 cm™. The bands at 2928 cm™ and
2858 cm™ are due to —CHs and —C,Ho— groups, respectively. Moreover, stretching vibrations at
3498 cm™ strongly present in CA, are entirely disappeared in the PMMA/CQDs composite,
indicating the complete dehydration and decomposition of CA during reaction.
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Figure 7. FT-IR spectra of citric acid, PMMA/CQDs and t-PMMA.

The analyses of the thermograms of PMMA/CQDs and of t-PMMA are reported in Figure 8. The
thermogravimetric profile of PMMA/CQDs exhibits a first weight loss of ~55 wt. % (onset at
167.9 °C), probably due to CQDs [51]. On the other hand, the presence of CQDs stabilizes PMMA,

whose weight loss occurs in the temperature range 322 °C-431 °C, at higher temperatures than
PMMA alone.
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Figure 8. TGA and DTG graphs of PMMA/CQDs and t-PMMA.

3.2 Tribological performance

The friction and wear performance of VG 220 base oil, along with VG 220 with 0.1 wt.% of
PMMA/CQDs and VG 220 with 0.1 wt.% of t-PMMA, are shown in Figure 9. The additive
concentrations were selected on the basis of the optimum concentration of nano-additives in various
studies on nano-lubricants [52-55] and with a view to promoting stability and modifying as little as
possible the base oil, which must still be added in a delicate balance with other components, e.g.
antioxidant and antifoam improvers, etc. What is more, tribological tests were not performed on
CQDs sample because of its weak dispersion in oil. In particular, the coefficient of friction (CoF)
and wear scar diameter (WSD) values of the pure base oil with PMMA/CQDs and t-PMMA,
measured under ambient temperature and low-load tests conditions, are reported in Figure 9a. As
also summarized in Figure 10, which includes further evaluations at 0.3 wt.% and 0.5 wt.% of
PMMA/CQDs in oil, at the optimum concentration of 0.3 wt.%, minimum CoF and WSD values
were recorded of 20.2 % and 41.6 % reductions, respectively. It is worth noticing that these
remarkable values were recorded under mixed lubrication conditions in which, because of the
relatively high thickness of oil between lubricated mechanical parts, the anti-wear and anti-friction
properties of the additive cannot be fully exploited and enhanced as in the boundary lubrication

regime often explored in literature.

A similar trend was observed when the test temperature was raised up to 80 °C (Figure 9b): a minor
improvement in tribological performance, but more significant at this high temperature in which the
reduction of the oil viscosity highlights the role of the nanoadditive, with a reduction of 10% and
12 % in CoF and WSD, respectively, for 0.1 wt. % PMMA/CQDs in oil was observed. In order to
better understand the role of the nano-additive on the load carrying capacity, the Hertzian pressure



was increased to 1.76 GPa for the same reciprocating test (Figure 9c). In detail, the load carrying
capacity was higher for the 0.1 wt. % PMMA/CQDs in comparison with the other two samples,
with a reduction of 8% in both CoF and WSD. The variation of CoF versus time was reported in
Figure 9d at room temperature for a duration of 120 minutes. The CoF of pure base oil was
fluctuating in a uniform manner with average constant values every 20 minutes time intervals. As
the CoF starts to decline, it suddenly bounces back again to maintain relatively the same values of
the previous period. McFarlane, J. S., & Tabor, D. explained this behavior in terms of “asperity
junction growth” [56] that occur when the normal load is high enough on the asperities causing a
partial absence of the lubricating media. Additionally, the asperities under load suffer from thermal
softening and are pulled off under motion of contacting pairs forming wear debris conjunctions,
hence increasing CoF. This behavior can also be observed in the case of t-PMMA sample, but as for
the PMMA/CQDs sample there is a gradual reduction in CoF as a function of time as well. Initially,
the values of CoF are higher than the ones at the end of the test: this can be attributed to the lack of
interactions in the tribo-zone with PMMA/CQDs at the beginning. Mungse at al. described a similar
phenomenon and the suggested reason is the enhanced dispersion of nanoparticles over time which
ensures a continuous supply to the tribo-interface and the formation of a uniform tribo-film once a

certain shear condition is reached [57].
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Figure 9. The reciprocating tribometer results of the 1-hour mean CoF and WSD values for pure
base oil VG 220, 0.1 wt. % PMMA-t and 0.1 wt. % PMMA/CQDs at: (a) 25°C and at 19 N, 1.17
GPa, (b) 80°C and at 19 N, 1.17 GPa; and (c) 25°C and at 58 N, 1.76 GPa. (d) CoF versus time
results for the three different samples at 25°C, at 19 N, 1.17 GPa.
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Figure 10. One-hour average CoF and WSD for 0.1 wt. % PMMA/CQDs in VG 220, 0.5 wt. %
PMMA/CQDs in VG 220 and pure VG 220 at 25 °C and 19 N.

The wear scars after 60 minutes of test for the 0.1 wt. % PMMA/CQDs + VG 220 oil and the pure
VG 220 oil, at ambient temperature, 80 “C and at a high normal pressure of 21 N at 25°C are shown
in Figure 11. Moreover, the surface roughness obtained by a Profilometer for the corresponding
wear scars is also reported. From the Figure, it can be stated that the presence of the nanocomposite
did not only reduce the WSD under all the three conditions, but also significantly smoothened the

surfaces after the test.
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Figure 11. Worn surfaces of steel balls with: (a) VG 220 and (b) 0.1 wt. % PMMA/CQDs at 25°C
and at 19 N, 1.17 GPa; VG 220 (c) and 0.1 wt. % PMMA/CQDs (d) at 80°C and at 19 N, 1.17 GPa;
(e) VG 220 and (f) 0.1 wt. % PMMA/CQDs at 25 °C and at 58 N, 1.76 GPa.

In Figure 12a, the image of a worn surface lubricated with 0.1 wt. % PMMA/CQDs at 25°C and at
19 N, 1.17 GPa is shown. Micro-Raman spectrometer was further used to analyze the worn surface,
trying to identify carbon forms which can be formed by the CQDs. Raman spectra collected in some
areas of the image in Figure 12a are reported in Figures 12b, 12c and 12d. In particular, a band at
about 700 cm™ can be seen in the light areas, which can be attributable to iron oxides, indicating
oxidation on the steel surface, Figure 12b. It was found that in darker areas, the characteristic peaks



of carbon, D and G bands at about 1350 and 1590 cm™, are clearly visible, Figure 12c. On the other
hand, they are less intense in lighted areas, Figure 12d. No well-defined peaks from PMMA were
detected on the worn surface. These observations can draw the consideration that carbon derived by
CQDs, variously distributed deposits on the contact surfaces, helping lubrication and avoiding

oxidation.
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Figure 12. Image of the worm surface lubricated by 0.1 wt. % PMMA/CQDs at 25°C and at 19 N,

1.17 GPa (a). Raman spectra collected in the areas indicated by the arrows (b,c,d).

Moreover, viscosities of both pure VG 220 oil and 0.1 wt.% PMMA/CQDs in VG 220 oil were
recorded at both 100°C and 40°C and values were reported in Figure 13. As can be seen, no
significant modifications of viscosity could be detected between the two samples, which confirmed
that the presence of small percentages of the nanocomposite in the oil did not significantly modify

its rheological property.
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Eventually, considering the aforementioned results, the PMMA/CQDs composite was able to
enhance the tribological performance of the pure commercial oil as a consequence of: a) the release
of the entrapped CQDs from the polymer structure under lubrication conditions; and, b) the
subsequent efficient lubricating mechanism of the quantum dots, free to interact with their
hydrophilic groups with the metal surface to lubricate. A comprehensive scheme of the lubrication
mechanism is shown in Figure 14. The metal surface, due to emission of low-energy electrons, is,
during friction, positively charged and suitable to adsorb CQDs functionalities. As suggested by the

behavior showed under time increase, at the initial stage, CQDs act as bearing balls decreasing



friction, while continuous deposition results in the formation of a protective film reducing the direct
contact between the friction pairs. Further analyses have been planned and are required to
completely clarify the lubrication mechanism, by also deeply analyzing the wear track morphology.

4. Conclusion

In summary, PMMA/CQDs composite, consisting of carbon quantum dots, 1-2 nm average
diameter, entrapped in a PMMA matrix, was prepared through a one-step, mild temperature, oleic
acid- and citric acid-based green synthesis. PMMA not only ensures CQDs long-time stability in
non-polar commercial oils but, at the same time, allows the release of CQDs under lubricated
equipment’s operating conditions. Tribological tests carried out in a VG 220 commercial mineral oil
confirmed the high anti-wear and anti-friction performance of the synthesized sample. CQDs, acting
as bearing balls on the positively charged surface, decrease friction, whereas continuous deposition
results in the formation of a protective film, which significantly reduces the direct contact between
the friction pairs. In this context, it is of high importance the CQDs homogenous suspension, for a
continuous supply after deposition and shearing.

Viscosity measurements at 40°C and 100°C confirmed that the presence of small percentages of the
nanocomposite in the oil did not significantly change its rheological property. This is particularly
interesting because it does not interfere with the physical properties of the base oil, as well as with
the delicate balance of the final industrial formulations. Obviously, by increasing the PMMA
amount, an improvement of the V1 of the fully-formulated oil is expected to occur, which can affect

only positively the CQDs dispersion.
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