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Abstract: In the following study, green carbon nanotubes and green few-layer reduced graphene oxide
(rGO) were synthesized through simple, sustainable, and scalable processes starting from recycled
plastic and charcoal, respectively, and with the highest number of steps involving non-harmful
substances. After an extensive physicochemical characterization, which evidenced that both
nano-carbons exhibit structures comparable with that of materials produced through more traditional
methods and from pure sources, the samples were dispersed in two types of conventional base oils,
in particular group I and group III, in order to carry out, for the first time on these green nanomaterials,
an accurate study on their tribological performance. Tribological tests evidenced a remarkable
reduction of coefficient of friction and wear scar diameter, especially for the green rGO dispersed at
0.1 wt% in the group III oil along with SDBS-Tween 80 surfactants mixture: 18% and 15% at ambient
temperature, 12% and 13% at 80 ◦C, respectively. Furthermore, the tribological performance of the
synthesized samples in both oils remained high for 160 min of investigation. A comparison with the
same material obtained with a traditional synthesis revealed the absence of fouling phenomena in the
lubrication chambers in our case, confirming the higher tribological performances of the green rGO
sample, probably, as a consequence of its less ordered nature.

Keywords: green carbon nanotubes and rGO; reduction of friction and wear; surfactants inducing
stability; absence of fouling phenomena

1. Introduction

Innovative improvements in the performance of lubricants, which have practically reached
their limits, and the replacement of additives with much more environmental friendly and recyclable
molecules which interfere as little as possible with other’s functions and base oils properties, would lead
to additional consumption reductions, lower emissions, and enhancement of transport environmental
sustainability [1–8].

In this perspective, control at the nanoscale is undoubtedly an opportunity for the development
of new and more efficient additive formulations. Among the most efficient nanostructured additives,
nanocarbon-based nanomaterials are able to significantly enhance anti-wear properties and friction
coefficient [9]. Moreover, the effect of nanocarbons with different degree of order has been little or not
analyzed. On the other hand, two recent papers report some interesting results which can be ascribed
to the amorphous nature of the nano-additives or interface [10,11].

Among nanocarbons, carbon nanotubes (CNTs) show good antiwear and antifriction properties
even under heavy load conditions, which makes them a valid alternative to the traditional lubricant
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additives [12–16]. Along with CNTs, graphene, a 2D nanomaterial with a hexagonal honeycomb
crystalline structure made up of sp2 hybridized carbon atoms, has shown remarkable antiwear and
antifriction properties due to its multilayer morphology, as well as due to its ability to increase a
convective heat transfer in the base oil as a result of its high thermal conductivity [17–19].

On the other hand, the circular economy and recycling can further increase sustainability.
For instance, the most efficient and adopted method for the synthesis of CNTs is hydrocarbon
chemical vapor deposition (CVD), which allows better control of the obtained product [20–24].
However, it involves the usage of a high quantity of energy and resources. Adopting recycled feedstock
such as carbon-rich polymer wastes for the CVD process can represent a more sustainable alternative
for CNTs production. Indeed, nowadays plastic polymers represent a significant portion of the waste
produced worldwide.

Among methods allowing mass production of graphene, the chemical strategy [25–28], of adopting
highly pure expensive graphite as the starting material, typically produced through high-energy
consumption and intensely polluting processes, is the preferable route. On the other hand, a large
amount of agroforestry waste, as well as the increased costs and the still significantly detrimental
environmental impact associated with the waste disposal, encourage looking for sustainable conversion
of agroforestry waste into useful products [29]. For this reason and in the view of increased shift
towards green chemistry, the production of graphene starting from agroforestry waste is a challenging
and valid opportunity [30]. Furthermore, in the view of an even more sustainable process, the reduction
step of graphene oxide can be carried out through green reactants, such as ascorbic acid.

Herein, green CNTs and green few-layer reduced graphene oxide (rGO) were synthesized through
simple, sustainable, and scalable processes from recycled plastic polymers and charcoal, which is
an intermediate during the procedure for lignocellulosic material valorization vs. rGO, respectively.
After an extensive characterization, the samples which exhibit physico-chemical characteristics very
similar to more conventional except for the degree of order, were dispersed in two types of conventional
base oils, in particular group I and group III, to test their tribological performance. It is worth
noticing that an accurate study on the tribological performance of rGO as well as carbon nanotubes
synthesized from carbonaceous waste has never been proposed thus far. Indeed, it is undeniable that
the search for high-performance and, simultaneously, eco-friendlier additive formulations are currently
becoming more and more imperative in the perspective of increasingly sustainable lubricant industry.
During tribological tests, a significant decrease of friction coefficient and wear were observed, proving
the outstanding performance of the synthesized materials.

2. Materials and Methods

2.1. Lubricant Bases for Formulations

Two lubricant oil bases were adopted in the following study:

• ETRO IV (Group III) base oil, whose commercial family name when including further additives
is SYNPLUS by RILUB SPA and which for simplicity’s sake will be called SYNPLUS in the
following study.

• SN150 and BS150 mixture (Group I), whose lubricant family commercial name, when including
further additives, is EUBUSH by RILUB SPA and which for simplicity’s sake will be called
EUBUSH in the following study.

The obtained samples were dispersed in SYNPLUS both with and without dispersants/surfactants,
no further dispersants were added in EUBUSH since the sample stability in it was quite high. The chosen
dispersant/surfactants are: 1,8 diaminonaphthalene, Tween 80, sodium dodecyl benzenesulfonate
(SDBS), and a commercial dispersant (HiTEC®646E Performance Additive—Polyisobutylene
Succinimides) named as PS.

As can be seen in Table 1, the synthesized nanomaterials were classified into four groups for
clarity’s sake, depending on the type of surfactants/dispersant they were mixed with. Concerning the



Lubricants 2020, 8, 13 3 of 15

first group, nanocarbons were mixed with 1.8 diaminonaphthalene (weight ratio 1:8) in 100 mL of
bidistilled water, sonicated for 20 min and then dried at 80 ◦C. As for the second group, 50 mg of
nanocarbons were mixed with 500 mg of SDBS in 100 mL of bidistilled water, sonicated for 20 min at
45 ◦C and air dried for a day. Subsequently, the mixture was centrifuged for 30 min at 7500 rpm and
dried at 80 ◦C. As for the samples belonging to the third group, 50 mg of nanocarbons were mixed with
250 mg of SDBS and 250 mg of Tween 80 in 100 mL of bidistilled water. The as-prepared mixture was
then sonicated for 20 min at 45 ◦C, air dried for a day, centrifuged for 30 min at 7500 rpm, and dried
again at 80 ◦C. Concerning the fourth group, dispersions in PS were obtained by mixing nanocarbons
at three different percentages (0.05, 0.1, and 1 wt%) with a 2 wt% of PS. The as-prepared four groups
of nanomaterials were mixed in the two base oils at different percentages (0.05, 0.1, and 1 wt%) by
sonication in 25 mL of oil for 1 h. Eventually, the as-obtained oil suspension was mixed with the
remaining part of the base oil through a homogenizer (Silverson Homogenizer L5M).

Table 1. Prepared dispersions. In particular, for each nano-additive, a set of three different samples
was prepared at three concentrations of 0.05, 0.1, and 1 wt%.

Sample Surfactant/Dispersant

CNT 1,8 diaminonaphthalene
rGO 1,8 diaminonaphthalene
CNT SDBS
rGO SDBS
CNT SDBS and Tween 80
rGO SDBS and Tween 80
CNT HiTEC®646E Performance Additive—Polyisobutylene Succinimides
rGO HiTEC®646E Performance Additive—Polyisobutylene Succinimides

Dispersion stability tests were performed through UV–Vis spectroscopy coupled with
centrifugation. As previously mentioned, stability in EUBUSH is high even without the addition of
dispersant/surfactants. Therefore, tests were performed only in SYNPLUS. In particular, the prepared
dispersions underwent centrifugation at 1000 rpm for 30 min. Afterward, the absorbance of
the supernatant that resulted from centrifugation was measured through UV–Vis spectroscopy.
Finally, the ratio between the absorbance values before and after centrifugation (which from now on
will be named as A ratio) was calculated in virtue of the proportionality absorbance/concentration by
adopting the Lambert-Beer equation.

2.2. Carbon Nanotubes (CNTs) Preparation through a “Green” Approach

Carbon nanotubes (CNTs), instead of from hydrocarbon decomposition [31,32], were synthesized
starting from recycled materials, in particular from polymers (such as polyethylene and polypropylene),
forming recycled plastic bags and bottles. The syntheses were conducted in the pyrolysis plant adopting
a cobalt and iron-based catalyst. More specifically, the catalyst, consisting of Co and Fe, was prepared
using an aqueous solution containing equal amounts of cobalt acetate and iron acetate. A sodium
hydroxide solution was added to the previous solution until a pH equal to 12 was reached, hence
cobalt hydroxide and iron hydroxide were formed. The suspension was then washed with bidistilled
water until a pH equal to 6 was reached, filtered, and dried at 150 ◦C (until all the water evaporated).
Eventually, the as-obtained powder was mixed with the recycled polymer previously dissolved in
ortho-xylene. In particular, cobalt hydroxide and iron hydroxide were added to the polymer solutions.
The viscous suspension was stirred at 70 ◦C until uniformity is reached, and the residual solvent was
removed by heating at 95 ◦C. The adopted quantities were as follows: 20 g of polymer, dry basis,
per 1 g of Co and Fe hydroxides. Once the reactor was charged with the catalyst, nitrogen flow was
sent to the reactor for 20 min to generate an inert atmosphere. The reactor was then heated up through
a nitrogen flow at 750 ◦C for 4 h. Subsequently, the reactor was cooled down to room temperature
under nitrogen flow. Finally, a purification step allowed to obtain pure carbon nanotubes. In detail,
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in order to remove catalyst impurities, the samples were treated with a 46 wt% HF aqueous solution
for 24 h. Afterwards, the solid residue was washed with distilled water, centrifuged and, eventually,
dried for 12 h at 80 ◦C [33].

2.3. rGO Preparation through a “Green” Approach

2.3.1. Graphitization of Charcoal

rGO has been prepared through a “green” approach by using charcoal as feedstock. Charcoal is
an obligatory intermediate in the process of valorization of agroforestry waste. The first synthesis step
involves the chemical graphitization of the charcoal, i.e., a series of polymerizations and rearrangements
of the aromatic skeleton which lead to the formation of the multilayer atomic structure of graphite,
which is most orderly and thermodynamically stable than the chaotic one of the starting amorphous
charcoal [34]. At first, 1 g of charcoal was pulverized with a mortar and 0.5 g of iron chloride
hexahydrate (FeCl3·6H2O) were dissolved in water through sonication. After the salt solution was
stirred on a heated magnetic plate, the charcoal was dispersed in the solution, and the pH adjusted to
2 with the addition of HCl, see the first photo in Figure S1. The as-prepared solution was then heated
up to 60 ◦C under magnetic stirring and maintained at these conditions for 5 h. After the reaction
occurred, the solution was left at room temperature for a week to let water evaporate and then the
graphite powder was obtained.

2.3.2. Graphite Oxide Preparation

The chemically synthesized graphite was then treated by means of a modified Hummers’
method [27] in order to oxidize the graphitic planes, hence obtaining graphite oxide (GO). In detail, 1 g
of graphite was dispersed in 50 mL of sulfuric acid. The mixture was maintained under magnetic stirring
and its temperature lowered below 10 ◦C through an ice bath. After that, potassium permanganate, 4 g,
was added very slowly (20–30 min), since the dissolution of KMnO4 is a highly exothermic process.
After the addition of the permanganate, the solution became green, see the second photo in Figure S1.
Subsequently, the ice bath was removed and the mixture was kept under magnetic stirring for 1 h.
After room temperature was reached, the solution was heated up and kept at around 35 ◦C for 2 h.
During this phase, the exfoliation occurs due to the presence of solution ions that intercalate between
the various graphite planes lowering the binding forces between them. After 2 h, 50 mL of distilled
water were added to the solution very slowly to increase the temperature until 95 ◦C. Water brings in
the solution further by oxygen groups that complete the oxygenation of the graphite started through
the permanganate groups. With the addition of further water, the solution turned from green to pink,
see the third photo in Figure S1. The synthesis reaction ended through the addition of 50 mL of water
and 20 mL of hydrogen peroxide when temperature dropped below 50 ◦C. The addition of hydrogen
peroxide caused the release of a large quantity of gases in solution, which, due to the removal of all
the metal ions, turned to the typical brownish color of graphite oxide, see the last photo in Figure
S1. Eventually, the reaction mixture was washed through centrifugation and filtration with abundant
bi-distilled water, so as to remove all the excess reagents, the metal salts, and the sulfuric acid bringing
back the pH to 7. The final dispersion was centrifuged, the supernatant dried in a stove, leading to the
production of solid graphite oxide (GO).

2.3.3. Sonication and Reduction

The reduction of GO to rGO was carried out in water with vitamin C (ascorbic acid), which is an
“environmentally friendly” antioxidant [26]. In particular, 1 g of GO was transferred into 100 mL of
distilled water, obtaining a good dispersion by firstly adopting an ultrasonic bath (15 min) and then by
using an ultrasonic tip (5 min). In this step, the graphite oxide layers were exfoliated and dispersion of
rGO in water was produced. Subsequently, the larger particles (i.e., not completely exfoliated graphite
oxide and residues of unreacted graphite) were removed from the solution through centrifugation
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(3 min at 600 rpm) and the supernatant phase was recovered. The yield at this point was of about
30 wt%, which can be increased by reprocessing the heavier separated fractions. This phase is made
up of distilled water and graphene oxide (i.e., exfoliated graphite oxide). Afterward, 2 g of vitamin
C (20 times the weight of GO) were added to the liquid solution, and the reduction was carried out
at 98 ◦C in an oven for 1 h without stirring in a closed beaker. As a result, a dispersion of rGO in
water was obtained. The material was then recovered through filtration and washing, firstly with
water to remove the unreacted vitamin C and the reaction byproducts and secondly with ethanol to
remove water. Eventually, the as-recovered rGO was dried in an oven at 60 ◦C and then characterized.
Different preparation steps are shown through relative photos, in Figure S2.

2.4. Characterization Techniques

Transmission electron microscopy (TEM) (FEI Tecnai 200 kV electron microscope (Hillsboro, OR,
USA) and XRD measurements by a Bruker D8 X-ray diffractometer (Bruker Corporation, Billerica, MA,
USA) were used for morphological and structural characterization. SEM images were obtained with a
LEO 1525 microscopy (Thornwood, NY, USA).

As for thermogravimetric analysis (TG-DTG) a SDTQ 500 Analyser (TA Instruments, New Castle,
DE, USA) was used. The measurements were obtained under flowing air at a 10 K/min heating
rate. Raman spectra were recorded with a Renishaw InVia spectrometer (Wotton-under-Edge, UK) at
514 nm wavelength.

2.5. Tribological Tests

Test Description

In the following study, a Ducom TR-BIO-282 tribometer (Groningen, The Netherlands),
was adopted. The tested tribopair consists of a lower steel disc flooded in a temperature-controlled
lubricant bath and an upper steel ball in reciprocating motion. The upper element of the tribopair is a
X45Cr13 polished steel ball (diameter: 6 mm, 52–54 HRC), while the lower element is a X210Cr12 steel
disc (thickness: 6 mm, diameter; 25 mm, roughness Ra: 0.30 µm, 60 HRC). A dead weight-based lever
system is the source of a contact normal force varying in the range 0–20 N. The average Hertzian
pressure measured at the ball/disc interface with a normal load of 19 N is of 1.17 GPa, hence the
maximum attainable contact pressure is 1.76 GPa. In order to avoid starvation phenomena, the lubricant
bath has a volume of 10 mL, enough to cover the disk. After the temperature reached a constant value,
a load was applied. For each test, a new ball and disk were adopted. Tests were performed at both
room temperatures and 80 ◦C, and the lubricant average temperature was maintained constant by the
use of a NiCr–Ni thermocouple in the oil reservoir and an electric resistance coupled with a digital
controller. The parameters of the sliding motion are the following ones: triangular speed profile with
10 Hz of frequency and 5 mm of stroke. The resulting maximum sliding speed in each stroke reached
240 mm/s, while the average speed was equal to 120 mm/s. A four disks tribometer was also used for a
24 h test at 1500 rpm, Hertzian pressure of 1 GPa, and ambient temperature. The tribological tests were
performed in a mixed regime. The error for each obtained value of coefficient of friction and wear scar
diameter was calculated as the average error on three experiments.

3. Results and Discussion

3.1. Green Carbon Nanotubes (CNTs) Characterization

The yield of carbon nanotubes was about 55%; the rest of the polymers was practically in gas
phase. Figure 1a–d show TEM and SEM images of the nanotubes produced via “green” approach.
The images highlight the formation of multiwall carbon nanotubes with a mean external diameter
of 20 nm and a mean internal diameter of about 9 nm. The nanotubes have a length of few tens of
microns. In particular, the image in Figure 1c at high resolution shows the twisted and less ordered
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walls of the produced CNT. Figure 1e shows a Raman spectrum of the synthesized sample. From the
spectrum, the D band and G band can be clearly detected at 1347 cm−1 and 1588 cm−1, respectively.
Furthermore, the ID/IG ratio was also calculated and equals to 0.9. The synthesized nanotubes, mainly
as a consequence of the less controlled feed, are characterized, as expected, by a low level of order.Lubricants 2020, 8, 13 6 of 15 
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Figure 1. Typical TEM images (a–c), SEM image (d), typical Raman spectrum (e) of the produced CNTs
by catalytic chemical vapor deposition (CCVD).

3.2. Green rGO Characterization

Figure 2a,b show the TG-DTG profiles of the starting charcoal and of the final rGO. As can be seen
from the graphs, the thermo-gravimetric profile of rGO, although showing a weight loss located in the
same temperature region of charcoal, is sharper and with a DTG peak shifted to a higher temperature,
indicating an increased homogeneity and stability for the sample. The lack of residues in the rGO after
the test further confirms the successfully occurred removal of impurities.
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Figure 2. TG-DTG of charcoal (a) and rGO (b) in air flow.

Figure 3 shows the Raman spectra of the different materials obtained throughout the rGO
preparation. These spectra exhibit the typical bands of carbonaceous materials, namely the D band
(at about 1350 cm−1), G band (at 1582 cm−1), and 2D band (at about 2700 cm−1) [35–39]. As can be
seen from the spectra, all the materials show a certain level of disorder. Moreover, shape, intensity,
and positions can be used to distinguish between them [37]. The GO and the rGO spectra show both
the G bands slightly shifted towards lower wavelengths and a sharper D band which suggests lower
defect concentrations. In Table 2, the positions of the D and G bands are reported for comparison, along
with the ratio between the D and G bands intensities. ID/IG ratio is typically used to evaluate carbon
materials order. It can be seen that GO and rGO exhibit lower ID/IG ratios, indicative of increased order,
while band positions after reduction shift to lower wavelengths, as previously reported [40].

Figure 4 shows the XRD spectra of the materials obtained during the several synthesis steps.
Firstly, the starting charcoal spectrum exhibits peaks due to graphite, as well as peaks due to different
impurities: in particular, the peaks at around 29.8◦, 39.8◦ and 48.9◦ are ascribed to the treatment with
calcite which charcoal underwent during its production process [41]. The material spectrum after the
FeCl3 treatment has a peak around 26◦, i.e., the reference peak of graphitic materials, confirming the
presence of a graphite-like structure. Furthermore, the peak after 40◦ indicates the partially ordered
structure of the material. After being treated with the modified Hummers’ method, GO exhibits
a typical peak around 13◦ due to the functionalization and intercalation with water and a further
peak at 23◦, which is slightly lower than the typical angles of the graphitic materials, due to a partial
functionalization. Finally, the rGO spectrum suggests how the reduction process led to a more ordered
material, with the graphene planes closer to each other compared to those of GO. The 13◦ peak
disappeared, whereas the 23◦ peak became weaker and shifted to ~26◦. A broad peak above 40◦ can
be also seen, indicating a good level of planes order. Furthermore, a comparison between the peaks
intensity ratios at about 26◦ and 41◦ suggests the occurred exfoliation. Indeed, a reduced intensity of
the (002) peak is expected for thinner material.
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Figure 4. XRD spectra of: charcoal (a), post FeCl3 treatment (b), graphite oxide (c), and rGO
(d), respectively.

By means of the Scherrer equation, the average number of planes is calculated to be six. In particular,
TEM images, Figure 5, allow evaluating the distribution of the number of sheets in the sample. rGO is
mainly thin with a maximum of 10 layers; a small fraction, as typically occurs also starting from other
more ordered sources, has a number of layer higher than 12.
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Figure 5. TEM images of rGO at different magnifications (a–c); lowoal (a), rGO (b) and relative
histogram of number of layers per sheets distribution, insert in (a).

3.3. Lubricant Preparation and Stability Dispersion Tests

In Table 3, the evaluated A ratio values were reported for the rGO sample at 0.05 wt% in SYNPLUS
and at three different concentrations (0.05, 0.1, 1 wt%) in the same base oil with the additional use of
dispersant/surfactants. A ratios values for CNTs were low because of the difficulty to disperse them,
likely due to the intense van deer Waals forces between CNT surfaces not disturbed by the residual
functional group as in rGO. Moreover, the CNT aspect ratio and the degree of entanglement further
affect dispersion. Therefore, only data related to rGO are reported in the Table.

Firstly, it can be observed that the samples disperse worse in 1,8-diaminonaphthalene than in
SDBS and this is due to the stronger electric interactions of the ionic surfactant with the rGO nanosheets
compared to the non-ionic one. On the other hand, it can be seen that the best dispersion was
obtained in the SDBS-Tween 80 mixture, as well as in the commercial dispersant. Apart from the
results obtained with the commercial dispersant, which is specifically designed for the dispersion of
nanocarbons, the good dispersion achieved with the mixture SDBS-Tween 80 can be ascribed to a
synergistic effect generated by the co-presence around the graphene nanosheets of both the dispersants.
Indeed, by mixing SDBS and Tween 80, the strong electrostatic self-repulsions of the former and the
steric self-repulsions of the latter decrease due to coexistence around the nanoparticle of both species.
At the same time, ion-dipole attractions and Van der Waals forces between the hydrophilic groups of
both the surfactants also contribute to strengthening the dispersion [42–46]. It is worth noticing that
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the A ratio for rGO in SDBS and Tween 80 at 0.1 wt%, as evaluated after a longer time centrifugation of
2 h, results still equal to 0.87.

Table 3. Stability of surfactant/dispersant assisted and free formulations.

ID Sample Nanoadditive Concentration Surfactant/Dispersant A Ratio

2 rGO 0.05% / 0.65
7 rGO 0.05% 1,8 diaminonaphthalene 0.67
8 rGO 0.1% 1,8 diaminonaphthalene 0.67
9 rGO 1% 1,8 diaminonaphthalene 0.65

16 rGO 0.05% SDBS 0.88
17 rGO 0.1% SDBS 0.74
18 rGO 1% SDBS 0.66
25 rGO 0.05% SDBS and Tween 80 0.93
26 rGO 0.1% SDBS and Tween 80 0.90
27 rGO 1% SDBS and Tween 80 0.88
34 rGO 0.05% PS 0.91
35 rGO 0.1% PS 0.88
36 rGO 1% PS 0.81

3.4. Tribological Characterization

Table 4 summarizes the reductions of Coefficient of Friction (CoF) and Wear Scar Diameter (WSD)
measured for the green rGO dispersed in SYNPLUS at three concentrations (0.05, 0.1, and 1 wt%),
at ambient temperature. As can be seen from the Table, the green rGO dispersed at 0.1 wt% in the
SDBS-Tween 80 mixture exhibits the highest reduction of both friction coefficient and WSD, 18% and
15%, respectively.

Table 4. Mean coefficient of friction (COF) (%) and wear scar diameter reduction (%) for different
formulations during 160 min of the test in a mixed regime.

ID Sample Nano-Additive
Concentration Surfactant/Dispersant COF

Reduction (%)
Mean Wear Scar

Diameter Reduction (%)

28 rGO 0.05% SDBS and Tween 80 8.2 ± 1.1 10.2 ± 0.2
29 rGO 0.1% SDBS and Tween 80 18.3 ± 1.2 15.0 ± 0.4
30 rGO 1% SDBS and Tween 80 6.0 ± 0.9 12.1 ± 0.3
31 rGO 0.05% PS 14.2 ± 1.2 13.4 ± 0.1
32 rGO 0.1% PS 16.3 ± 1.3 14.2 ± 0.3
33 rGO 1% PS 7.1 ± 1.1 9.1 ± 0.2

Values at 80 ◦C were also evaluated. At this temperature, the CoF and WSD reductions are of
12% and 13%, for both friction coefficient and WSD, respectively, at an optimum concentration of
0.1 wt%, confirming the role of the additives, which at higher temperatures are the main responsible
for lubrication, precipitating on the metal surfaces in contact by protecting them.

Furthermore, it is worth noticing that the surfactants were not able to significantly modify the
oil behavior.

In Figure 6a,b the wear scar diameter percentage reduction and the friction coefficient for 0.1 wt%
rGO and 0.1 wt% CNT in SYNPLUS with SDBS and Tween 80 surfactants, and, for 0.1 wt% rGO in
EUBUSH were reported for comparison.
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The addition of CNTs, which disperse worse due to the difficult disaggregation of formed bundles
and the presence of van der Waals interactions between them, determines a smaller reduction when
compared with the rGO sample, even though, also in this case, the friction profile of the lubricant is
low dependant on time, i.e., stability for the entire test, suggesting shear-induced exfoliation [47].

Moreover, wear and friction reduction in EUBUSH are quite similar to those observed in SYNPLUS,
thus highlighting the role of the nano-additives.

Up to this point, it has been observed that nanocarbons produced by “green” syntheses, i.e.,
starting from wastes and with the highest number of steps involving non-harmful substances, such
as ascorbic acid adopted for reduction, exhibit physico-chemical characteristics very similar to the
ones of materials produced through more traditional methods and from pure sources and are able
to guarantee reduction of friction and wear. It is worth noticing, that the main characteristic which
distinguishes these materials from those produced by traditional processes is their reduced level of
order, allowing increased exfoliation and fragmentation. On the other hand, this can be an intrinsic
advantage, since effective lubrication requires nanomaterials able to form, through an uninterrupted
supply to the contact surfaces [48], tribofilms, and this is more favoured by smaller nanoparticles
guaranteeing easier access to the sliding surfaces. In detail, in Figure S3, photos of the 4 disk tribometer
are shown, evidencing the presence of fouling, clearly attributable to graphene sheets (indicated by the
red arrow in the Figure), after a test of 24 h carried out in the presence of SYNPLUS + SDBS + Tween
80 + rGO at 0.1 wt%. In this case, rGO obtained by reduction of expanded graphite [49] was used.
This observation demonstrates the difficulty related to the use of more ordered graphene whose thicker
and greatly ordered fractions probably fail to exfoliate on the surfaces in contact. With this rGO, in the
same operating conditions of the tests shown in Figure 6, friction and wear reductions, in the mixed
regime in which the measurements were preformed, were lower than in the presence of rGO obtained
in this study and equal to 12% and 11% after 160 min, respectively. It is worth noticing that no fouling
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was detected after the test performed in the same operating conditions but with the rGO obtained in
this study.

Finally, in Figure 7a photos of the satellite wheel and planetary wheel after contact in the presence
of SYNPLUS + SDBS + Tween 80 + rGO at 0.1 wt%, are shown. The typical Raman spectra recovered
by scanning the wheels after tribological test (Figure 7b,c) evidence the presence of nanocarbons and
suggest the formation of a tribofilm. Moreover, as further confirmation, the Raman spectrum recorded
on the planetary wheel, after cleaning with acetone and hexane to remove any deposit (Figure 7d)
shows no peaks.
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4. Conclusions

In summary, green carbon nanotubes and green rGO have been successfully synthesized through
simple, sustainable, and scalable methods starting from recycled plastic and charcoal, respectively,
and with the highest number of steps involving non-harmful substances. Microscopy images highlight
the formation of multiwall carbon nanotubes with an average external diameter of 20 nm and an
average internal diameter of 9 nm. The synthesized nanotubes have a few dozen microns length and
are well-formed. On the other hand, as a consequence of the less feed control, they are characterized
by a low level of order. In particular, Raman and XRD spectra indicate the formation of rGO with a
low level of order, also if compared with typical literature results, e.g., rGO obtained from expanded
graphite. TEM images allow evaluating the distribution of the number of sheets in the sample. rGO is
mainly thin with a maximum of 10 layers, while only a small fraction has a number of layer higher than
12. The produced nanomaterials are suitable to reduce friction and wear when added to the base oil.

In conclusion, this study demonstrates that nanocarbons produced by “green” syntheses, i.e.,
starting from wastes and with the highest number of steps involving non-harmful substances (e.g.,
use of ascorbic acid for reduction), have physico-chemical characteristics very similar to those of
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materials produced by traditional methods and from pure sources and are able to reduce friction
and wear.

In particular, their less ordered nature is probably the fundamental aspect that allows good
performances during exfoliation and covering of the surfaces in contact, even in the presence of heavier
fractions, which are, in general, difficult to be avoided.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-4442/8/2/13/s1,
Figure S1: Photos of different synthesis steps, Figure S2: Photos of: GO dispersion in water (a), rGO precipitates
in water (b), Figure S3: Photo of a tribometer 4 disk, clean before lubrication (a); and, after test of 24 h, in the
presence of SYNPLUS 75W-90 + SDBS + Tween 80 + few-layer graphene at 0.1 wt% (b).
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