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Abstract

The paper presents the results of experimental studies of the synthesis of fullerenes 
C60 in a coaxial flame of benzene and acetylene at low pressures; of the synthesis 
of graphene in a coaxial flame of ethanol and propane, benzene, and acetylene; of 
the soot formation process in the coaxial flame of propane and ethanol. It has been 
established that the optimum temperature of a coaxial flame for the formation of 
fullerenes C60 is 970‒1000 °C with the carbon to oxygen ratio in the internal benzene-
oxygen flame C/O ≈ 0.9 ÷ 1. The C/O ratio in an external acetylene-oxygen flame 
was maintained at a stoichiometric ratio. It was found that the preliminary (before 
feeding into the burner) treatment of the benzene-oxygen mixture using ultraviolet 
(UV) radiation with a wavelength of 254 nm promotes an increase in the yield 
of fullerenes. The synthesis conditions were optimized for: 5‒10 layers graphene 
in a coaxial flame of acetylene and ethanol; graphene containing more than 10 
layers in a coaxial flame of propane and ethanol; one and two-layer graphene in a 
coaxial flame of ethanol and benzene. The possibility of a significant reduction of 
the formation of soot particles in the diffusion flame of propane by organizing its 
coaxial combustion with ethanol is shown.

1. Introduction

Due to the intensive development of the new 
technologies and the transport industry, the level 
of energy consumption is increasing, a significant 
part of which is produced by burning fossil fuels. 
In turn, the burning of fossil fuels releases a huge 
amount of pollutants into the environment. The 
toxicity of emitted pollutants depends on the type 
of hydrocarbon fuel burned and the conditions for 
organizing the combustion process, as a result of 
this, the study of problems and issues related to 
combustion does not lose its relevance. According 
to the theory of chain reactions, developed by aca-
demician N.N. Semenov combustion is a reaction 
with branched chains when one active particle gen-
erates several new active particles, each of which 
generates several newer active particles, etc. and 
thus there is an avalanche acceleration of the re-
actions that support the combustion process. In a 
flame, the development of a chain reaction occurs 

due to the active intermediate particles, free rad-
icals, atoms, ions and excited molecules formed 
during combustion. By varying parameters such as 
the ratio of fuel to oxidizer, pressure, temperature, 
supply or removal of external energy, it is possi-
ble to change the combustion conditions, which in 
turn leads to a change in the composition of active 
intermediate particles and their quantitative ratio. 
This circumstance makes it possible to control the 
processes of the formation of the final combustion 
products, which becomes of particular relevance 
with the development of nanotechnology. Numer-
ous studies on the synthesis of various nanoma-
terials show that the method of their synthesis in 
flames is one of the most promising for large-scale 
production.

Many research groups are conducting inten-
sive research on the synthesis of carbon nanotubes 
(CNTs) [1, 2] and fullerenes [3, 4] in flames. The 
authors of [5] studied the formation of fullerenes in 
a laminar premixed toluene-oxygen flame depend-
ing on the pressure in the system, the C/O ratio of 
the combustible mixture, and the rate of its supply. 
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The authors found that the yield of fullerenes de-
creases with an increase in the C/O ratio in the com-
bustible mixture, regardless of the pressure in the 
system from 40‒100 Torr, and vice versa, the feed 
rate of the combustible mixture does not affect the 
mass yield of fullerenes. According to the authors, 
the method developed by them makes it possible to 
produce more than one ton of fullerenes per year.  

Moreover, methods for the synthesis of graphene 
in flames have been successfully developed in re-
cent years. In work [6], the authors investigated the 
synthesis of graphene films in the laminar diffusion 
flame of pure ethanol and its mixture. The authors 
associated the impossibility of the graphene syn-
thesis in the pure diffusion flame of ethanol with 
the flame temperature. The ethanol laminar diffu-
sion flame temperature does not exceed 700 °C, 
while with an additional supply of hydrogen, the 
combined flame temperature reaches 1000 °C. High 
temperature increases the likelihood of dissolution 
of carbon atoms in the bulk of the nickel film, and 
the dissolved carbon upon cooling forms graphene 
in the process of segregation. In [7], the process 
of graphene synthesis on a nickel substrate in the 
flame of a premixed butane-oxygen mixture with 
an addition of benzene under reduced pressures 
of 40‒100 Torr was studied. It was found that the 
growth of graphene layers on a nickel substrate 
occurs at flame temperatures of 900‒950 °C and 
an exposure time of 0.5 min. It is shown that, at 
a pressure in the system of 45‒55 Torr, the pre-
dominant formation of single-layer graphene is 
observed. It was determined that with a decrease 
in the exposure time, the degree of graphene de-
fectiveness decreases and reaches a minimum val-
ue equal to ID/IG = 0.36. The main advantages of 
the method for the synthesis of graphene in flames 
include the fact that the synthesis is possible in an 
open atmosphere, a short growth time, the absence 
of additional energy costs due to the efficient use 
of fuel as a heat source, and the ability to scale the 
process. In one of the latest works [8], the authors, 
based on an analysis of the latest achievements in 
the synthesis of nanomaterials in premixed laminar 
flames, proposed a new model for the formation 
of soot, carbon nanotubes, fullerenes, single- and 
multilayer graphene in fuel-rich flames. 

One of the urgent problems associated with 
combustion processes is the fight against emissions 
of pollutants into the environment. Paper [9] pres-
ents experimental results for the thermal decom-
position of hydroxylammonium nitrate (HAN) in 
the presence of activated carbon obtained by rice 

husk. The addition of activated carbon reduces the 
temperature of the onset of decomposition of HAN 
from 185 to 86 ± 0.5 °C and reduces the amount of 
NOx gases produced by decomposition to 30%. The 
work [10] presents the results of experimental and 
numerical studies of the influence of the methanol 
and ethanol addition on the formation of polycy-
clic aromatic hydrocarbons (PAHs) and soot in the 
upstream counterflow diffusion flame of ethylene. 
Research results have shown that methanol and 
ethanol have different effects on the formation of 
PAHs and soot. The addition of a small amount of 
ethanol (up to 10%) enhances the formation of soot. 
Using numerical simulations, the authors showed 
that the decomposition of ethanol produces a rela-
tively large amount of CH3 methyl radicals, which 
interact with the C2 radical and promote the forma-
tion of propargyl C3H3 and the C4 radical. As a re-
sult, due to the interaction between acetylene C2H2 
and C4 and the recombination reaction of C3H3, the 
probability of benzene formation increases, which 
leads to an increase in the growth of PAHs and 
the formation of soot. In [11], the effect of add-
ing ethanol to a premixed laminar ethylene-oxy-
gen flame on the formation of soot particles and 
their size distribution function was studied. The 
soot particle size distribution did not change sig-
nificantly with the addition of ethanol compared to 
the flame of pure ethylene. Based on the results ob-
tained, the authors concluded that in the premixed 
flame of ethylene, the addition of ethanol has a 
significant effect on the chemistry of the forma-
tion of soot particles and suppresses their growth.

The authors of [12] studied the impact of eth-
anol vapor additions into the laminar diffusion 
flame of n-heptane on the mass yield of soot par-
ticles, as well as on their structure and morpholo-
gy. Research results have shown that the addition 
of ethanol has a direct effect on the flame height 
and the size of the resulting soot particles. When 
the ratio of n-heptane to ethanol was 1.5, the flame 
height increased by 10 mm and the size of soot 
particles decreased by an average of 34.83% com-
pared with that of pure n-heptane flame. The au-
thors also observed an overall decrease in the mass 
yield of soot.

After reviewing scientific works, we established 
that, despite the numerous studies, many questions 
remain open, related to the control of the formation 
of intermediate and final combustion products in 
a flame. The composition, structure and properties 
of the resulting end products of combustion in a 
flame depend on the nature of the initial particles 
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and the chemical kinetics of these processes. Hy-
drocarbons can be roughly divided into four main 
classes: iso- and normal- paraffins, naphthenes and 
aromatic ones. They differ in the physicochemical 
characteristics of molecules and thus have individ-
ual kinetic characteristics in the course of oxidation 
reactions, the production of radicals and products. 
Precursors (building material) of aromatic mole-
cules are especially sensitive to the reaction process 
of С3Н3, С4Н3, С4Н5, С2Н2, С3Н2, С4Н2 and С4Н4. 
Their formation and growth depend on the con-
centration of active radicals ОН, Н, О, НО2, СН3, 
С2Н, НСО, С2Н3. Thus, the composition, structure 
and properties of the forming first aromatic mol-
ecules, their growth to poly-aromatic combustion 
products in a flame depend on the composition and 
concentration of the formed intermediate particles 
and aromatic precursors. By combining the com-
positions of the intermediate components and the 
density of aromatic precursors, it is possible to cre-
ate the most favorable conditions for the growth of 
poly-aromatic molecules. In this regard, it seems 
effective to use a combination of intermediate ox-
idation products of various types of hydrocarbons 
in order to obtain aromatic molecules of specified 
sizes. Fundamental studies of the structures of 
such flames are practically unknown. The scientific 
novelty of the presented study is the experimental 
study of the possibilities to use the advantages of 
coaxial combustion of different fuels to control the 
formation of combustion products. 

The experimental setup consists of two coaxial 
burners for producing laminar premixed flames, the 
reaction zones of which can be brought into con-
tact to produce a combined coaxial flame reaction 

zone. The burners are installed in such a way that 
they allow mixing flames at different heights from 
the burner surfaces, i.e. at various stages of the de-
velopment of the reaction. This condition makes 
it possible to regulate the formation of stabilizing 
combustion products by selecting fuels and chang-
ing the concentration density and composition of 
intermediate particles in the combined reaction 
zone of the flames. The synthesis of fullerenes C60 
in a coaxial flame of benzene and acetylene at low 
pressures, the synthesis of graphene in a coaxial 
flame of ethanol with benzene, and the process of 
soot formation in a coaxial flame of propane and 
ethanol are studied in this present work.

2. Experimental part
Figure 1 shows a scheme of an experimental 

setup for studying the process of coaxial combus-
tion of various fuels with the formation of a com-
bined reaction zone of flames.

The main unit of the setup is a burner with a 
coaxial arrangement of two nozzles (Fig. 2).

The design of the burner allows feeding differ-
ent types of fuel to each nozzle separately and con-
trolling the ratio of oxidizer to fuel in the combus-
tible mixture and creating flames from very rich 
in fuel to the stoichiometric ratio. It is possible to 
move the nozzles relative to each other along the 
vertical axis, which allows mixing flames at differ-
ent stages of the development of combustion re-
actions. This makes it possible to study the effect 
of mixing of intermediate particles (radicals, ions, 
fragments of molecules, etc.) formed during the 
combustion of different fuels on the formation of 
nuclei of the final combustion products.

 
Fig. 1. Scheme of the setup for the study of coaxial flames: 1 – ethanol vapor generator; 2 – compressed air; 
3 – acetylene; 4 – propane; 5 – benzene vapor generator; 6 – connecting bushings; 7 – temperature meter; 8 – chromel-
alumel thermocouple; 9 – coaxial burner; 10 – flow meters.
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Figure 3 shows a schematic representation of a 
setup on which fullerene-containing soot was syn-
thesized during coaxial combustion of an external 
acetylene-oxygen mixture and an internal ben-
zene-oxygen mixture at low pressure.

The coaxial flame was created by encircling 
an internal premixed benzene-oxygen flame with 
an annular external flame of an acetylene-oxygen 
mixture. The gas flow rate was controlled by Al-
icat Scientific flow meters. Benzene vapors were 
obtained by bubbling oxygen gas through benzene, 
the flow rate of which was controlled by changing 
its temperature. The coaxial flame burned under 
the following conditions: consumption of benzene 
(С6Н6) – 140–150 cm3/min, oxygen consumption 
(O2) – 440–460 cm3/min, which ensured the ratio 
of carbon to oxygen in the combustible mixture 
C/O ≈ 0.9÷1. Argon consumption Ar = 60 cm3/min. 
The acetylene-oxygen flame burned at the follow-

 

Burner matrix No 1 

Fuel flame zone No 1 

Fuel flame zone No 2

Joint zone of fuel flames No 1 + No 2 

Fuel inlet No 2 

Fuel inlet No 1  

Fig. 2. Diagram of a coaxial burner.

ing flow rates: acetylene (С2Н2) – 200–220 cm3/
min, oxygen (O2) – 1100–1150 cm3/min, which 
ensured close to stoichiometric combustion of the 
acetylene-oxygen mixture. For 60 min of combus-
tion, up to 500 mg of fullerene-containing soot 
was formed. The temperature of the coaxial flame 
was 970–1000 °C. The collected soot was subject-
ed to cold extraction in benzene for 48 h at room 
temperature. The obtained extracts for the identifi-
cation of dissolved soot products were investigat-
ed on a Fourier-transform infrared spectroscopy 
(FTIR) spectrophotometer.

Research on the synthesis of graphene in coax-
ial flames of ethanol with benzene, propane, and 
acetylene has been carried out. Ethanol and ben-
zene vapors were obtained by bubbling oxygen gas 
through ethanol or benzene the concentration of 
which was controlled by changing their tempera-
ture. In all experiments, the coaxial flame burned 
when the ethanol-oxygen combustible mixture was 
fed into the inner flame. The ratio of carbon to ox-
ygen in the ethanol-oxygen combustible mixture 
in all experiments was maintained at the level of 
C/O ≈ 0.9. The ratio in the supplied hydrocarbon 
combustible mixtures varied within С/О ≈ 0.7–
0.8, the flame temperature varied in the range of 
970‒1200 °C. Аs substrate used nickel foil from 
company Goodfellow with 0.2 mm thickness, the 
synthesis time ranged from 60 to 180 sec. In ex-
periments on the synthesis of graphene’s, the used 
substrates were installed at angles of inclination 
relative to the flame from 45 to 80 ° in the region 
of the combined reaction zone of the coaxial flame. 
In total, more than 150 carbon-coated samples 
were obtained under various experimental condi-

 

Fig. 3. Schematic representation of a plant for the synthesis of fullerene-containing soot: 1 – oxygen; 2 – argon; 
3 – acetylene; 4 – benzene vapor generator; 5 – flow meters; 6 – connecting bushings; 7 – coaxial burner; 8 – nitrogen 
trap; 9 – soot collector; 10 – sealed quartz reactor; 11 – vacuum pump.
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tions and examined by Raman spectroscopy. Sup-
pression of soot formation in flames remains one 
of the urgent problems. The article presents the 
results of studies of the process of soot formation 
in a diffusion flame of propane during its coaxial 
combustion with an ethanol-air flame. The coaxi-
al flame was created by encircling an internal pre-
mixed ethanol-air flame with an annular external 
propane diffusion flame. The external diffusion 
flame burned at a propane flow rate of 65 cm3/min. 
A combustible ethanol-air mixture with different 
C/O ratios was obtained by bubbling air through 
liquid ethanol. The supply of clean airflow to the 
internal burner promotes complete after burning of 
the fuel and, as a result, the process of soot forma-
tion is reduced. Therefore, in experiments, a com-
bustible ethanol-air mixture was obtained by bub-
bling a strictly fixed volume of air at 150 cm3/min. 
To change the C/O ratio in the ethanol-air flame, 
the concentration of the ethanol vapor volume was 
controlled by heating from 25 to 55 °C, which 
ensured the ethanol consumption in the range of 
0.035–0.75 g/min.

3. Results and discussion

3.1. Fullerene synthesis

The main condition for the formation of 
fullerenes is the presence in the system not only of 
structures containing a six-membered ring (hexa-
gon C6), but also the obligatory presence of a struc-
ture with a five-membered ring (pentagons C5). It is 
the combination of the pentagon with the hexagon 
that leads to the curvature and subsequent folding 
of the resulting structure into a fullerene nucleus. 
In a benzene flame, structures containing six-mem-
bered benzene rings are constantly present in suf-

ficient quantities and a very low probability of the 
formation of a structure with a five-membered ring. 
Based on the foregoing, in our research, we have de-
veloped a technique for forcing a structure contain-
ing a five-membered ring into the flame. It is known 
that short-term irradiation of benzene with short-
wave UV radiation with a wavelength of 254 nm 
leads to benzene isomerization with the formation 
of fullerene, a structure with a five-membered ring.    

Thus, if benzene is irradiated with UV radiation 
before it is fed to the burner, it is possible to arti-
ficially create structures containing five-membered 
rings, which, falling into the flame, will participate 
in the reactions of formation of a fullerene nucle-
us. For this purpose, the installation for the synthe-
sis of fullerene-containing soot was additionally 
equipped with a system for irradiating the supplied 
benzene-oxygen mixture with UV radiation with 
a wavelength of 254 nm. A bactericidal irradiator 
Generis 2-15-01 was used as a source of UV radi-
ation. The rapid breakthrough of the benzene-ox-
ygen combustible mixture through the quartz tube 
ensures a short duration of UV treatment. The syn-
thesis of fullerenes in a coaxial flame was carried 
out at a pressure in the system of 60‒100 Torr. Fig-
ure 4 shows the IR spectrum of a carbon black ex-
tract obtained at a pressure of 90‒95 Torr.

Figure 5 shows the IR spectrum of a soot extract 
obtained at a pressure of 60‒65 Torr.

In the IR spectra, there are 4 peaks in the re-
gion of 528, 577, 1183, 1429 cm-1, correspond-
ing to fullerene C60. Comparative analysis of the 
IR spectra of soot extracts obtained in the coaxial 
flame of benzene and acetylene at a pressure in the 
system of 90‒95 Torr and 60‒65 Torr shows that 
in the IR spectra with a decrease in pressure by 
30 Torr, the intensity of the peaks corresponding to 

 Fig. 4. IR spectrum of the carbon black extract obtained in a coaxial flame of acetylene and benzene at a pressure of 
90‒95 Torr.
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fullerene C60 increases approximately four times, 
and as a consequence, according to the Bougu-
er-Lambert-Beer law, the concentration of fuller-
ene C60 in soot also approximately quadruples.

Thus, studies have been carried out and the 
conditions for the formation of fullerenes in a co-
axial flame of benzene with acetylene have been 
optimized. It was found that the optimal flame 
temperature for the formation of fullerenes C60 is 
970‒1000 °C. It was found that for the formation 
of fullerenes the optimal ratio of carbon to oxy-
gen C/O in an internal benzene-oxygen flame is 
C/O ≈ 0.9 ÷ 1. The ratio of carbon to oxygen, C/O, 
in an external acetylene-oxygen flame was main-
tained close to stoichiometric. Studies have shown 
that the most effective option for the formation of 
fullerenes in a coaxial flame is coaxial combustion 
of an acetylene-oxygen mixture with a benzene-ox-
ygen combustible mixture, which is pretreated be-
fore being fed into the burner with UV radiation at 
a wavelength of 254 nm.

3.2 Graphene synthesis

The process of formation of graphene on the 
surface of a nickel substrate during coaxial com-
bustion of ethanol with acetylene, propane, and 
benzene was studied. In all experiments, the syn-
thesis time was 90 sec, and in an ethanol-oxygen 
combustible mixture, the ethanol vapor consump-
tion was 170 cm3/min at an oxygen consumption of 
420 cm3/min. Figure 6 shows the Raman spectrum 
of a carbon film obtained on the surface of a nickel 
substrate in a coaxial flame of ethanol and acety-
lene. In an acetylene-oxygen combustible mix-
ture, the acetylene consumption is 90 cm3/min, the 
oxygen consumption is 380 cm3/min. The flame 

 

Fig. 5. IR spectrum of the soot extract obtained in a coaxial flame of acetylene and benzene at a pressure of 
60‒65 Torr.

temperature in the combined reaction zone of the 
coaxial flame reached 1150 °C, the substrate tem-
perature 1100 °C. The angle of inclination of the 
substrate relative to the flame vertically is 80 °.

Figure 7 shows the Raman spectrum of a carbon 
film obtained on the surface of a nickel substrate in 
a coaxial flame of ethanol and propane. In a pro-
pane-oxygen combustible mixture, the propane 
consumption was 130 cm3/min, and the oxygen 
consumption was 560 cm3/min. The temperature in 
the combined reaction zone of the coaxial flame 
reached 1050 °C, the temperature of the substrate 
is 1000 °C. The angle of inclination of the sub-
strate relative to the flame vertically is 80 °.

Figure 8 shows the Raman spectrum of a carbon 
film obtained on the surface of a nickel substrate in 
a coaxial flame of ethanol and benzene. In a ben-
zene-oxygen combustible mixture, benzene vapor 
consumption is 160 cm3/min, oxygen consumption 
is 600 cm3/min. The temperature in the combined 

 

Fig. 6. Raman spectrum of a carbon film obtained on the 
surface of a nickel substrate in a coaxial flame of ethanol 
and acetylene.
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reaction zone of the coaxial flame reached 1200 
°C, the temperature of the substrate ‒ 1150 °C. The 
angle of inclination of the substrate relative to the 
flame is 80 °.

As a result of the experimental studies, it was 
found that the exposure time of 90 sec is optimal 
for the growth of graphene layers on the surface of 
a nickel plate. In the first 15 sec, the substrate heats 
up to 950‒1150 °C, depending on the flame used, 
and then the substrate temperature is stabilized and 
maintained until the end of the experiment. An in-
crease in the exposure time over 90 sec does not 
affect the number of layers of the formed graphene.

Raman spectroscopy is an effective technique 
for determining the structural characteristics of 
allotropic forms of carbon. The peak at 1350 cm-1 
corresponds to the vibrations of the D mode, which 
is interrelated with the presence of vacancies and 
distortions of grain boundaries; with structural de-

 

Fig. 7. Raman spectrum of a carbon film obtained on the 
surface of a nickel substrate in a coaxial flame of ethanol 
and propane.

fects. The second peak at 1582 cm-1 corresponds to 
G mode vibrations and shows the degree of graph-
itization. The third peak at 2710 cm-1 is called the 
2D mode, because of the position and shape that 
can be estimated for the graphene layer. Thus, the 
intensity of the D peak in the Raman spectra can 
be used to analyze the structural imperfection in 
graphene, and from the ratio of the intensity of the 
2D peak to the intensity of the G peak, one can 
approximately estimate the number of graphene 
layers [13].

An analysis of the Raman spectra obtained for 
carbon coatings shows the possibility of synthesiz-
ing graphenes on the surface of a nickel substrate 
in all three studied types of coaxial flames. In a 
coaxial flame: propane with ethanol, graphene is 
formed, containing from 10 layers or more, acety-
lene with ethanol, graphene is formed, containing 
from 5 to 10 layers, in a coaxial flame of benzene 
with ethanol, one and two-layer graphene.

There are two possible mechanisms of graphene 
formation on the surface of metal substrates, which 
are considered in [14, 15]. First, at high tempera-
tures in a hydrocarbon gas medium, carbon atoms 
dissolve in the surface layer of a metal plate, and 
graphene grows due to the process of carbon segre-
gation on its surface when the substrate is cooled. 
In the second case, the dissolution of carbon in the 
surface layer of the metal does not occur, and the 
growth of graphene occurs due to the process of 
dissociation of gas molecules and the subsequent 
alignment of atomic carbon into the graphene struc-
ture on the substrate surface. The dissolution of 
carbon in nickel is possible at temperatures above 
1000 °C, which are achieved in our investigated 
coaxial flames. In the ethanol flame, OH radicals 
are formed in high concentrations, the concentra-
tion of which decreases during the coaxial combus-
tion of ethanol with all the hydrocarbons used. We 
assume that OH radicals, getting into the combined 
zone of the coaxial flame, react with the oxidation 
products of the second hydrocarbon, and in view 
of their activity, they break C–C and C–H bonds, 
promoting the formation of free carbon atoms. The 
formed carbon atoms diffuse into the surface layer 
of the nickel substrate, and the growth of graphene 
layers occurs already in the process of carbon seg-
regation upon cooling the nickel substrate. The rea-
son for the change in the number of graphene lay-
ers in the synthesized graphene can be explained 
by a change in the concentration density of free 
carbon atoms, which are formed in a coaxial flame 
as a result of combustion of the used hydrocarbon. 

 

Fig. 8. Raman spectrum of a carbon film obtained on the 
surface of a nickel substrate in a coaxial flame of ethanol 
and benzene
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In a coaxial flame of propane with ethanol, the 
process of soot formation is sharply reduced, and it 
can be assumed that this leads to a high concentra-
tion of free carbon atoms in the flame, because they 
do not have time to condense into soot particles. 
As a result, a larger amount of carbon dissolves on 
the nickel substrate, which form a larger number of 
graphene layers during segregation upon cooling. 
In the coaxial flame of acetylene with ethanol, a 
sufficient amount of soot is formed, which settles 
on the top of the nickel substrate, set at an angle 
into the flame. The process of condensation of free 
carbon atoms in the flame into soot particles leads 
to a decrease in their concentration, and a smaller 
amount of carbon dissolves on the surface of the 
nickel substrate. Accordingly, in the process of 
segregation, when the substrate is cooled, a smaller 
number of graphene layers are formed. The coaxial 
flame of benzene with ethanol, in comparison with 
the coaxial flame of propane and acetylene, is the 
most soot-forming. The intensive process of the 
formation of soot particles significantly reduces 
the concentration of free carbon atoms; according-
ly, a small amount of carbon has time to dissolve 
on the surface of the nickel substrate, and only one 
or two-layer graphene can form during the segre-
gation process.

3. Soot formation

To reduce the process of soot formation during 
combustion of hydrocarbons, the method of adding 
various alcohols to fuels is used. In [16], a detailed 
chemical kinetic model of ethanol oxidation was 
developed and tested on a variety of experimental 
data. The author of the work claims that the con-
tent of hydroxyl groups in the ethanol molecule 
promotes the intensive formation of active oxy-
gen-containing radicals HCCO, CHO, OH during 
its combustion. An increase in the concentration of 
these components contributes to a decrease in the 
concentration of CH3 and C2H2, which are the main 
components of PAH formation through methyla-
tion, cyclization, and dehydrogenation. Thus, the 
low PAH content in the ethanol flame leads to an 
additional decrease in the overall soot formation 
process. Ethanol is one of the most promising for 
practical application of oxygenates, now produced 
on an industrial scale. We investigated the effect 
on the process of soot formation in a diffusion 
flame of propane during its coaxial combustion 
with a premixed ethanol-air mixture. What is the 
difference between the process of coaxial combus-
tion? This is primarily that in the external diffusion 

flame of propane and the internal flame of etha-
nol at the beginning of the flame front, intermedi-
ate particles of different composition are formed, 
which are mixed at a certain height from the burn-
er matrices and change the course of the reactions 
of formation of combustion products. The exter-
nal diffusion propane flame burned at a propane 
flow rate of 65 cm3/min. The internal flame of the 
ethanol-air mixture burned at an air flow rate of 
150 cm3/min with different contents of ethanol va-
pors. The supply of ethanol vapors into the com-
bustible mixture was carried out by passing an air 
flow through a bubbler filled with ethanol, which 
was heated to a certain fixed temperature. At eth-
anol temperatures of 25‒55 °C, the equivalence 
coefficient of the combustible ethanol-air mixture 
varied within the range ɸ = 0.9‒2.26. The resulting 
soot particles were collected on the surface of the 
stainless steel plate for 5 min. The soot mass was 
measured on an analytical balance together with 
the plate. Table presents the results of the effect 
of changing the concentration of ethanol vapors of 
the internal ethanol-air flame on the mass yield of 
soot particles during coaxial combustion. 

The obtained results show a sharp decrease 
in the formation of soot particles in the diffusion 
flame of propane during the organization of its 
coaxial combustion with a premixed ethanol-air 
flame. An increase in the concentration of ethanol 
vapors in a combustible ethanol-air mixture above 
the equivalence coefficient ɸ = 1.21 does not lead 
to a further decrease in the formation of soot par-
ticles. As noted in [15], the ethanol flame contains 
increased concentrations of HCCO, CHO, OH 
radicals, which during coaxial combustion, mix-
ing with the combustion products of the propane 
flame, lead to intensification of oxidation process-
es and complete combustion of the fuel, and as a 
result, the probability of PAH and soot formation 
decreases. Thus, the results of experimental studies 
have shown the possibility of reducing the process 
of soot formation by organizing the coaxial com-
bustion of propane with ethanol.

4. Conclusion
The results obtained show the promise of us-

ing the process of coaxial combustion of various 
fuels to reduce the process of soot formation and 
controlled synthesis of nanomaterials in a flame. 
Comparative analysis of the IR spectra of soot ex-
tracts obtained in a coaxial flame of benzene and 
acetylene at a pressure in the system of 90‒95 Torr 
and 60‒65 Torr shows that in the IR spectra with 
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a decrease in pressure by 30 Torr, the intensity of 
the peaks corresponding to fullerene C60 increases 
approximately four times. It was found that when 
organizing coaxial combustion, changing the types 
of fuels, it is possible to achieve conditions for ob-
taining graphene with a given number of layers. In 
a coaxial flame of propane with ethanol, graphene 
containing 10 or more layers were synthesized; 
graphene containing from 5 to 10 layers were syn-
thesized with acetylene with ethanol; in a coaxial 
flame of benzene with ethanol, one and two-layer 
graphene. It was found that organizing the coaxial 
combustion of ethanol and propane can significant-
ly reduce the process of soot formation. This result 
can be of practical importance not only in terms 
of ensuring environmental safety, but also for in-
creasing the efficiency of combustion processes 
in internal combustion engines, gas turbines and 
boiler units.
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