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Abstract

The paper presents the results of tribological studies of the influence of nanoscale additives on the properties
of ethanol and biodiesel fuels. The non-monotonic extreme nature of the dependence of the carrying capacity of
liquid fuels on the content of nanoscale particles is revealed; this indicator changes most maximally in the region
of ultra-low concentrations of nanoparticles (several ppm).

The possibility of improving the synthesis and modification of carbon spheroidal nanoclusters by
conducting high-frequency high-voltage synthesis in various organic solvents has been shown, which allowed to
increase significantly the set of starting materials for the synthesis with the inclusion of various elements in the
structure of CNSs. In order to increase the yield of carbon nanospheres during synthesis in the liquid phase, a
reactor with a given angle of the interelectrode space was made for the first time for use in the synthesis process
of "Jacob's ladder".

Chemical analysis and structural studies of synthesized samples of nanoscale objects of different chemical
structures were carried out using IR and Raman spectroscopy, and electron microscopy.

For the first time, the hypothesis proposal has been made that individual carbon nanoparticles, obtained by
high-voltage high-frequency plasma-chemical synthesis, which appear as spheroidal objects in electron
microscopic images, are actually twisted coils of linear chain molecules of the polyyne type — carbynes.

Keywords: fullerene-like carbon nanoparticles, plasma discharge, high-voltage high-frequency plasma
chemical synthesis, carrying capacity, alternative fuels.

Introduction and literature review

In addition to the main function of motor fuels — the ability to transform the chemical energy accumulated
in them into thermal and mechanical work of engines, they must provide high lubricating properties [1].

According to the generally accepted definition, "the lubricating properties of fuels and lubricants are their
ability to reduce friction and wear of contact surfaces moving relative to each other when a load is applied to the
friction pair."

In modern internal combustion engines running on liquid fuels (gasoline, diesel and jet), fuel acts as a
lubricant for plunger pumps, injector elements and other parts of the fuel supply control equipment. The condition
of this equipment determines fuel consumption, reliability, service life and functional suitability of the engines as
a whole.

Therefore, the problem of assessing the anti-wear properties of modern motor fuels (both traditional
hydrocarbon and biofuels) is very important for developing the composition of fuels, creating new anti-wear
additives, and recommendations for their use.

The final, most reliable tests of batches of motor fuels for compliance with anti-wear properties before their
practical implementation are carried out on real engines. However, this requires significant consumption of motor
fuel (tens of tons) and is long-term.

For screening non-engine assessment of anti-wear properties of liquid motor fuels at the initial stages, more
than 10 tribological testing methods are used in world practice [2—3]. These methods differ in friction contact

schemes, friction pair materials, test time and load. When conducting tribological tests, the anti-wear properties of
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diesel fuels are characterized by the values of the following indicators: friction coefficient, average diameter of
wear spots (under selected standardized conditions), as well as by the value of the bearing capacity (critical load
before seizure).

In our studies, the impact of nanoscale additives on the anti-wear properties of biofuels was assessed by the
change in bearing capacity.

The bearing capacity of fuels determines the range of loads at which, under given standard conditions, the
fluid friction mode is implemented until the fluid layer ruptures and metal contact of friction surfaces occurs with
their microdamage - burrs.

The characteristic of bearing capacity for a liquid is, in its physical content, analogous to the corresponding
characteristic of dynamic strength for solids; they both reflect the ability of materials to resist external loads on
them.

Carbon nanospheres (CNSs) ideally have a structure in the form of concentric fullerene-like shells. In
addition to the six-membered Cg rings, the shells also include Cs and C7 rings [4].

But in real spherical carbon nanoobjects, the regular shell spherical structure is disrupted; they consist of
individual graphene fragments — petals.

Currently, various methods for the synthesis of CNSs have been developed: pyrolytic deposition from the
gas phase, hydrothermal synthesis, template synthesis. However, despite the significant number of publications on
the synthesis methods of carbon nanospheres, they mainly concern large-sized nanospheres. The number of
publications on the synthesis of CNSs with sizes smaller than 100 nm is very limited [5].

The main methods for obtaining such nanospheres are arc discharge between carbon electrodes in the gas
phase, as well as in a liquid, for example, in water or benzene, the particle size in this case is 5-100 nm [6]. High-
temperature annealing of detonation nanodiamonds creates spheroidal particles with well-defined shells and a
narrow size distribution of 2—10 nm [7].

There is no commonly accepted model for the primary structure of individual spherical nanoparticles at the
moment. Most researchers who have obtained CNSs by thermal transformation of nanodiamonds [8] believe that
individual nanoparticles that form spheroidal agglomerates consist, in turn, of multilayered partially closed
defective graphene shells — petals of irregular shape, the interplanar distance between which is ~ (0.332+0.001)
nm (the interplanar distance of graphite is 0.3354 nm). In the middle of the particle there is a disordered core. It is
believed that this core is in a liquid state [9].

In the previous stages of our research, the modification of carbon nanospheres was carried out by treating
the mixed synthesis product (in the form of carbon black) with various chemical reagents and subsequent isolation
of the desired target nanoparticles by extraction in various solvents, filtration and vacuum distillation of solvents
[10]. The structure and size of the nanoobjects selected for further research were controlled using SEM and TEM
electron microscopy and Raman scattering spectroscopy.

We have improved the synthesis and modification of carbon spheroidal nanoclusters - high-frequency high-
voltage synthesis was carried out in various organic solvents. This allowed us to increase significantly the set of
starting materials for the synthesis of CNSs with the inclusion of atoms of various elements in the structure.

Purpose

The aim of the work is to develop methods for the synthesis of nanosized objects with different chemical
structures and to identify the mechanisms of action of small concentrations of nanoclusters on the magnitude of
the carrying capacity of individual liquid substances and practically important liquid petroleum products.

Results

Brominated CNSs were obtained by a one-step synthesis from solutions of bromo- and fluorocarbons in
hydrocarbon solvents without using an additional CNSs halogenation step.

The synthesis of carbon nanomaterials in the liquid phase is carried out using dielectric liquids. These can
be organic solvents, as well as liquid gases (nitrogen, argon, helium). During these processes, a suspension of
individual nanoparticles with a defined spatial structure, as well as associates of such nanostructures, is formed in
the liquid. The content of various modifications of individual nanoparticles, their sizes and the sizes of associates
of these objects depend on the energy conditions of the arc discharge process and on the liquid in which the
synthesis takes place.

Plasma-chemical liquid-phase synthesis of carbon nanoparticles was carried out in a glass reactor. The
plasma discharge in aliphatic and aromatic solvents was generated by a bipolar power source - a high-voltage high-
frequency generator using tungsten open electrodes. The electrodes were placed in the volume of liquid - the
starting material. The frequency of the voltage pulses was 25 kHz. The generator voltage U =4 kV.

Also, to increase the yield of carbon nanospheres during liquid-phase synthesis, a reactor with a given angle
of the interelectrode space was first made for use in the Jacob's ladder synthesis process.

plasma-chemical liquid-phase synthesis modes for the production of spheroidal carbon nanomaterials was
carried out using individual hydrocarbon compounds in the liquid state (hexane, octane, benzene, bromomethane),
mixtures (hexane with bromomethane), and fluorocarbon derivatives.
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The synthesis products were isolated from the liquid phase by centrifugation (30 min at 4000 rpm). Then the
powders were additionally dried in vacuum and fractionated by extraction in low-boiling solvents and filtered on
filters with a pore diameter of 250 nm and the solvent was distilled off.

Electronic images of the CNSs samples are shown in Fig. 1. High-resolution microscopic images of the
CNSs were obtained using a JEOL JEM-2100F transmission electron microscope (TEM) with an electron
accelerating voltage of 200 kV. For this, carbon nanosphere samples were dispersed in a dimethyl ketone medium
using an ultrasonic disperser, and then applied to a special substrate.

The obtained carbon nanomaterials are spheroidal nanoparticles with sizes of ~ 10—30 nm with a complex
hierarchical structure.

We were the first to propose the hypothesis that individual carbon nanoparticles obtained by high-voltage
high-frequency plasma-chemical synthesis, which appear as spheroidal objects in electron microscopic images,
are actually twisted coils of linear chain molecules of the polyyne type - carbynes.

This opinion is confirmed by in particular, the results of IR spectroscopic analysis of these materials. Their
IR spectra (Fig. 2) show a rather intense band at 1737 cm™!, which is characteristic of linear carbynes with double
cumulated bonds =C=C=C=C=C=, and is absent in the spectra of cyclic molecules of the benzene type.

Fig. 1. TEM image of carbon nanospheres

Fig. 1 presents the results of the study of the structure of the synthesized compounds by transmission
electron microscopy. The synthesized nanospheres of the type consist of carbyne threads woven into a ball with a
diameter of 2.2 - 2.4 nm, which coincides with the diameter of the polycumulene chain. Indeed, the absorption
band at 1737 nm present in the IR spectra of the obtained nanocarbon compounds is present in the IR spectrum of
polycumulenes and is not observed in the spectrum of graphene.
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Fig. 2. IR spectrum of carbon nanospheres
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To identify the structural features, degree of ordering, and homogeneity of the obtained carbon materials,
laser Raman spectroscopy was used.

Raman spectroscopic studies of samples of synthesized nanomaterials were carried out at the V.E.
Lashkaryov Institute of Semiconductor Physics of the NAS of Ukraine (senior scientific collaborator Kolomys
O.F.).

Raman spectra were recorded in a wide range of wavenumbers at 150-3500 cm™ using a LabRAM laser
spectrometer (Yobin Yvon) with a 632.8 nm He-Ne laser excitation line.

Raman spectroscopy is one of the vibrational spectroscopy methods that does not require the destruction of
samples for analysis and is widely used in the study of various allotropic modifications of carbon. A characteristic
feature of the Raman spectra of carbon materials is the presence of a G-band at 1500-1600 cm!. The vibrations
that are reflected in the spectrum by the G (graphite) - band are considered to be associated with vibrations of
carbon atoms in the plane of graphene cycles (tangential vibrations).

Depending on the structural perfection and curvature of such layers, the G-band can vary in frequency and
shape. In the spectra of pure graphite, it has a narrow and undivided shape due to the symmetry and unstrained
state of the bonds between carbon atoms in the flat graphene layers of this material.

In the Raman spectra of onions (spheroidal multilayer carbon clusters), in addition to the band characteristic
of vibrations of sp>-bonds in ordered carbon materials, a band also appears at about 1320 cm™'. The intensity of
the band at 1320 cm™! may be different in magnitude compared to the intensity of the band at a frequency 1590 cm”
1

The Raman-active oscillation bands at a frequency 1590 cm™ are usually designated G (graphite) - band,
and the band at 1320 cm™ is designated as D (disorder) - band. The D (disorder) - band is due to various structural
defects and limited crystallite sizes, i.e. it is associated with the disordering of carbon nanomaterials. The intensity
of this band characterizes the defectivity, i.e. the degree of symmetry violation of the ideal graphite layer with sp*-
hybridization of carbon atoms. Therefore, the ratio of the intensities of the D/G bands characterizes the relative
content in the studied sample of the amount of materials with disordered and ordered structures.

The presence of these two bands in the Raman spectrum of a chemical substance is a kind of characteristic
mark that indicates the content of carbon with sp>- and sp’-hybridization in the substance, that is, carbon
nanomaterials with a spheroidal shell structure.

Below are the Raman scattering spectra (Fig. 3) of bromine-containing carbon nanoclusters, which we
obtained by the method of plasma-chemical synthesis in the liquid phase.
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Fig. 3. Raman spectrum of carbon nanoclusters obtained by plasma-chemical synthesis of bromine-containing
hydrocarbons in the liquid phase

The presence of two characteristic vibration bands in the Raman spectra of the products synthesized by us
(at about 1500 cm™ and 1300 ¢cm™) is confirmation that spheroidal carbon nanoparticles were indeed obtained
using the plasma-chemical synthesis method.

Tribological studies of the effect of small concentrations of nanoparticles in liquid motor fuels

The comparison of the bearing capacity of fuels was determined on a four-ball tribometer by the magnitude
of the critical load according to the ASTM D2783 method [11].

This indicator represents the maximum value of the axial load, up to which there is no metal contact and
no scoring during sliding friction of standardized metal balls made of steel ShKh15 (microhardness 64-66 HRC,
hardness parameter Ra < 0.25 um, ball diameter — 12.7 mm) in test liquid medium. Test conditions: rotation speed
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of the upper loaded ball relative to three stationary balls — 1500 rpm, temperature 20 °C, test time — 10 s. At each
load, at least three tests were performed.

Fig. 4 shows that the carrying capacity of ethanol is changing non-monotonically with increasing
concentration of bromine-containing CNSs.
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Fig. 4. Non-monotonic dependence of the carrying capacity of ethanol solutions on the concentration of
bromine-containing CNSs

The critical load value for blended biodiesel fuel (80% commercial petroleum diesel fuel DSTU 7688:2015

+20% ethyl esters of vegetable oils) at different concentrations of spheroidal carbon nanoclusters is shown in Fig.
5.
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Fig. 5. Maximum increase in the carrying capacity of ethanol fuel by additives of bromine- and fluorine-
containing carbon spheroidal nanoclusters (at optimal concentrations in the range of 10-4-10-3 % by weight)

The critical load value for blended biodiesel fuel (80% commercial petroleum diesel fuel DSTU 7688:2015

+20% ethyl esters of vegetable oils) at different concentrations of spheroidal carbon nanoclusters is shown in Fig.
6.
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Fig. 6. Effect of carbon bromine-containing nanospheres on the carrying capacity of blended biodiesel B20
(80% diesel fuel +20% ethyl esters)
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According to the results of tribological studies, the concentration dependences of the bearing capacity of
ethanol solutions and biofuels on the content of nanoparticles - carbon nanoclusters and metal complexes - are of
an extreme nature.

The maximum effect of increasing the critical load index is observed in the range of small concentrations
of nanoclusters in solutions (less than 102 % by weight).

The magnitude of the effect of increasing the carrying capacity for a given solution depends on the polarity
(polarizability) of the nanoparticles. The most significant increase in the carrying capacity of ethanol solutions (by
2-3 times) was observed for fluorine-containing carbon nanospheres.

Conclusions

1. The chemical analysis of the synthesized samples and structural studies using IR and Raman
spectroscopy, electron microscopy confirms the formation of nanosized objects of different chemical structure
(carbon spheroidal nanoclusters).

2. Tribological studies of the influence of nanoscale additives on the properties of ethanol solutions and
biodiesel fuels were conducted. It was shown that the introduction of small concentrations (several ppm) of
nanoscale additives allows to increase the carrying capacity of biofuels by 2—3 times. A non-monotonic extreme
nature of the dependence of the carrying capacity of liquid fuels on the content of nanoscale additives was revealed,;
this characteristic changes most maximally in the region of small concentrations of nanoparticles, when the
concentration threshold values are exceeded, the efficiency of the action of nanoparticles decreases.

3. The extreme non-monotonic nature of the dependence of solution parameters on the concentration of
nanoparticles is explained by the formation of regions of heterogeneity in solutions.
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Moaynkin €.B., [lneckyn C.M. JlocnimkeHHs! KOHIEHTPALIHHOTO BIUIMBY Ta CTPYKTYpH OararomapoBux
cepryHUX KapOOHOBUX HAHOKJIACTEPIB Ha BEJIMYHMHY HECYYOl 3/1aTHOCTI ajbTepHATUBHHX MaJINB

B po0oTi mokazaHo pe3yibTaTd TPUOOJOTIYHMX JOCHIPKCHb BIUIMBY HAaHOPO3MIPHHMX IIPHCAJOK Ha
BJIACTHBOCTI €TAaHOJNBHUX Ta OIlOJM3ENBHHUX IIANUB. BHSBICHO HEMOHOTOHHHMH EKCTpPEMaJbHHH XapakTep
3aJIe)KHOCTI HECY4Oi 3MaTHOCTI PIAKHUX ITajJHB BiJl BMICTY HAHOPO3MIpHUX YaCTOK; HAWOIIBII MaKCHMAIIEHO IICH
MTOKAa3HHUK 3MiHIOETHCSI B 00J1aCTi HAAMAINX KOHIIEHTPAIliif HAHOYACTHHOK (IEKiJbKa ppm).

IToka3zaHO MOXXJIMBICTH BIOCKOHAJICHHS CHHTE3y Ta MoAudikamiro KapOOHOBUX cdepoimarbsHIX
HAaHOKJIACTePIiB ILIIXOM IPOBEACHHS BHUCOKOYACTOTHOI'O BHCOKOBOJBTHOTO CHHTE3y B PI3HHX OpraHIYHHX
PO3YMHHHKAX, IO TO3BOJIIIO 3HAYHO 30UIBIIUTH HAOIp BUXITHOI CHPOBUHHM I CHHTE3Y 3 BKIIIOYCHHSM aTOMIB
pisHOMaHITHUX eneMeHTiB B cTpyktypy KHC. Jlnst 30uibiieHHsT BUXOQy KapOOHOBMX HaHOC(Ep MpH CHHTE31 B
pinunHIN da3i Biepiie OyB 3p00JICHO PeakTop 3 33JaHUM KYTOM MiXKEJIEKTPOIHOTO ITPOCTOPY /Il BAKOPUCTAHHS
B TIpOLieCi CHHTE3Y «IpaduHa SIkoOay.

[IpoBeneHo XiMi4YHMIA aHAITI3 Ta CTPYKTYPHI JOCIIKEHHS CHHTE30BaHUX 3pa3KiB HAHOPO3MIPHHUX 00’ €KTIB
pi3Hoi ximiuHO1 OynoBu Metonamu [U- Ta KP- ciektpockomii, e1eKTpoHHOT MiKpOCKOTIii.

Briepiie BUCYHYTO NpHITyLICHHS, 3TiHO SKOTO OKpeMi KapOOHOBI HAaHOYACTHWHKH, SKi OTPHUMYBAIX
BHCOKOBOJBTHUM BHCOKOYACTOTHMM  IUIa3MOXIMIYHAM CHHTE30M, IO B EICKTPOHHOMIKPOCKOIIYHUX
300pakeHHAX BUTINAIOTH SK cdepoimanbHi 00’€KTH, B [IHCHOCTI € CKpyYeHHMH KIyOKaMH JIiHIHHHX
JIAHIIOKKOBHUX MOJIEKYJI MOJIiHOBOTO THUITY — KapOiHiB.

Kawuosi cioBa: ¢ynepeHomomiOHI KapOOHOBI HAHOYACTKH, IDIa3MOBHH PO3psN, BHUCOKOBOJIBTHHM
BUCOKOYACTOTHUH IIa3MOXIMIYHUI CUHTE3, HECy4a 3/IaTHICTbh, aJIbTEPHATUBHI MaJIUBa



