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Results of experimental investigations on the formation of carbon nanostructures in a reactor as a result of
the decomposition of hydrocarbons in a low-temperature plasma are presented. The influence of the internal
geometry of the reactor, the temperature regimes, and the relative content of a reagent and an oxidizer in the
working mixture on the formation of carbon nanostructures has been investigated. It was established that or-
dered carbon structures are formed on the surface of a metal containing iron and nickel. Data on the pro-
duction rate of the process and the content of the structured carbon in the material obtained are presented.

Keywords: carbon nanomaterials, nanotubes, nanofibres, plasma, electric discharge, decomposition of hydrocar-
bons, mechanism of the carbide cycle.

Introduction. At present, carbon materials containing nanostructures are finding application in new fields. The
increasing demands of consumers for such materials generate a need for the development of efficient and energy-sav-
ing methods of their production.

Carbon nanostructures can be obtained by different methods: in an electric arc [1], as a result of the laser ab-
lation of graphite [2], in the process of chemical deposition of substances in the gas phase, and so on [3, 4]. However,
the majority of these methods provide a low production rate (lower than 10 g ⁄ h) and call for the formation of special
conditions in the synthesis zone: a low pressure, high temperatures, and the use of a catalyst, which increases the
power consumption and decreases the efficiency of the process.

In the present work we consider results of investigations on a relatively new method for obtaining of carbon
nanomaterials in the low-temperature plasma.

Experimental Setup. The setup used in the present work (Fig. 1) has been developed on the basis of a low-
temperature plasma generator. Its main units are 1) a plasma generator of power 30 kW with a power-supply system;
2) a plasma-chemical reactor; 3) a system for delivery of the working mixture and the plasma-forming gas (air); 4) a
hardening-scrubber system; 5) a system for recycling and exhaustion of the gas phase; 6) a system for cooling of the
cathode, the anode insert, and the other reactor units subjected to intense heating; 7) a system for control and diagnos-
tics. The heating of the working mixture was provided by a direct-current plasma generator of power 30 kW with a
hollow copper anode and a copper cathode with a hafuium insert. The current and voltage in the plasma generator
were varied within the ranges 140–190 A and 160–200 V, respectively. Air was used as the plasma-forming gas, the
flow rate of which was changed from 2 to 8 m3 ⁄ h.

The plasma-chemical reactor consists of a tube of stainless steel with an inner diameter of 210 mm and a
thickness of 10 mm. Inside the tube was a demontable heat-insulating cylindrical insert of stainless steel, on the inner
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surface of which carbon nanoparticles were formed. The design of the plasma-chemical reactor allowed the use of dif-
ferent-diameter inserts and the placement of a central body inside it (Fig. 2).

A mixture of plasma-butane with air was supplied to the plasma flow at the output of the anode. The rates
of the air and gas flows were varied within the ranges 2–6 m3 ⁄ h and 0.5–1.5 m3 ⁄ h, respectively.

The hardening-scrubber system was designed for cooling of the working-mixture decomposition products and
removal of the carbon material from the gas flow. This system includes a burner assembly, a water tank, a heat ex-
changer, a water pump, and a system of pipelines with a liquid filter. The water was circulated from the lower part
of the water tank through the filter and the heat exchanger to the burner assembly located downstream of the plasma-
chemical reactor. After the experiment, the water containing carbon particles was pumped out into special settling ba-
sins. In the water tank a gauze, on which the dense part of the suspension was deposited after the water was pumped
out, was installed. Thus, in the preliminary experiments, the carbon material was taken from three different zones: the
walls of the plasma-chemical reactor, the gauze of the water tank, and the suspension found in the settling basins.

The recycling system served for the possible use of the reaction products, containing methane, hydrogen, and
carbon oxide, in the main process, and comprised a gas compressor, a system for dosing of the gas phase, and a unit
for reclamation of the exhaust. The diagnostics and control were carried out with a system including transducers of the
flow rates and pressures in the lines for supply of the working-mixture components and the plasma-forming gas and
an assembly of thermocouples positioned in the regions of the plasma-chemical reactor, an analog-to-digital converter,
and a personal computer with the corresponding software.

In the process of an experiment, the following parameters were measured: the temperature in different zones
of the plasma-chemical reactor, the pressure and flow rates of the inward gases, the voltage and current of a discharge,
and the ratio between the amounts of the reagent and the oxidizer, representing the equivalence factor γ:

γ = 
νr

νo
 n . (1)

In the experiments, the value of γ was varied from 3 to 5.

Fig. 1. Diagram of a setup for production of carbon nanomaterials in an arc
discharge: a) plasma generator; b) gas system; c) plasma-chemical reactor; d)
system of cooling.

Fig. 2. Scheme of a plasma-chemical reactor: 1) supply of the plasma-forming
gas; 2) supply of the working mixture; 3) cooled cover; 4) insert of the reac-
tor; 5) thermal insulation; 6) central body; 7) outer wall of the reactor; 8–12)
thermocouples (correspond to the temperatures T1–T5).
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A mixture of the raw materials and air (the working mixture) was supplied to the air-plasma flow immedi-
ately at the output of the anode. The composition of the mixture was somewhat larger than that required for the fin-
ishing of the partial-oxidation reaction. As a result of the interaction of the working mixture with the hot plasma flow
after the partial-oxidation reaction endend a mixture consisting mainly of nitrogen, hydrogen, carbon oxide, and unde-
composed hydrocarbon was formed. This part of the hydrocarbon interacted with the metal of the plasma-chemical-re-
actor insert and, in doing so, formed carbon nanostructures. A part of the hydrocarbons was subjected to pyrolysis
with formation of soot particles that were then caught in the hardening-scrubber system.

The temperature of the growth surface was 650–950oC depending on the experimental conditions and the dis-
tance between the mixture flowing to the reactor and its input. Figure 3 presents the typical change in the temperature
of the process during an experiment for the case where the inner insert of the plasma-chemical reactor has the follow-
ing configuration (without a central body): outer diameter, �194 mm; inner diameter, �190 mm; thickness of the heat-
insulating layer, 10–15 mm. In this case, the flow rates of the gases involved in the process were as follows: Gp =
5.3 m3 ⁄ h for the plasma-forming gas, Ga = 4.3 m3 ⁄ h for the air in the working mixture, and Gg = 1.7 m3 ⁄ h for the
gas in the working mixture. The electric power of the plasma reactor was 28 kW. As is seen from the figure, the ex-
periment was conducted in two stages: the preliminary heating of the plasma-chemical reactor in air for 5–7 min (as
long as the temperatures T1, T2, and T5 were equal to 650–700oC) and the working regime.

After every experiment, the material was collected, cleaned, and analyzed with the use of the transmission-
electron and scanning microscopy.

Results and Discussion. The preliminary investigations were conducted for the purpose of verifying the sup-
position that structurized carbon is contained in the material formed. As was noted above, the material taken from the
three different zones was analyzed. The suspension from the settling basins and a part of the material deposited on the
gauze of the water tank were preliminarily dried. The final product represented a black-gray powder with an average
bulk density of 0.2 g ⁄ cm3. The content of the structured carbon formed in this product was determined using of the
transmission electron microscopy (TEM). Figure 4 presents photographs of the indicated material.

An analysis of the photographs of the material obtained has shown that the dry powders extracted from the
suspension and from the cake on the gauze are similar in composition and mainly contain amorphous-carbon particles
of different sizes (soot particles, flocs). The deposit taken from the walls of the plasma-chemical reactor contained as
much as 40–50% of the structured carbon and 30% of the amorphous one. The remainder was graphite (�15%) and
the particles of metals and their oxides (�5%). The material containing nanostructures was treated by a special acid
and subjected to thermal processing for removal of amorphous carbon and metal particles. After the purification, the
content of structured carbon was 70–80%.

The results of the preliminary experiments allow the conclusion that ordered carbon structures are formed on
a metal surface containing iron and nickel, which is consistent with the idea that carbon nanomaterials are formed by
the carbide-cycle mechanisms [5].

Figure 5 presents photographs of the material taken from the region of the plasma-chemical reactor; they were
taken with a scanning electron microscope (SEM). It is seen that a part of carbon structures represent fibres of differ-

Fig. 3. Typical temperature dependences: 1–5) temperatures measured by ther-
mocouples 8–12 in Fig. 2. T, oC; t, sec.
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ent length and shape with a characteristic diameter of 300 nm and larger. Moreover, the material contains structures of
diameter 50–70 nm with a length of up to 1 μm that can be qualified as multiwall carbon nanotubes.

We estimated the influence of the carbon content in the working mixture, characterized by the equivalence
factor γ, on the quality and quantity of the material obtained. In our experiments, the value of γ was varied from 3 to
5 at a constant flow rate (�1.5 m3 ⁄ h) of the propane-butane mixture. It has been established that carbon nanomaterials
practically are not formed at low values of γ (as low as 3.4). When the value of γ falls within the range 3.4–3.8, a
carbon material with a high content of structurized carbon (�40–50%) is formed on the walls of the plasmachemical
reactor. The production of the deposit increases with increase in γ; however, the degree of its structurization substan-

Fig. 4. TEM photographs of carbon nanomaterials: a) material formed on the
walls of the plasmachemical reactor; b) material deposited on the walls of the
water tank; c) material in the powder from the suspension.

Fig. 5. SEM photographs of carbon nanomaterials formed on the walls of the
plasma-chemical reactor: a) structures of large diameters; b) structures of
smaller diameters.
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tially decreases in this case. This is explained by the fact that the rate of growth of the carcass carbon structures in
this material is actually determined by only the temperature, and, at high concentrations of hydrocarbons, an increase
in the velocity of movement of carbon to the growth surface leads to the carbonization of this metal surface and the
overgrowing of the carbon nanostructures with an amorphous "fur coat." Thus, in out experiments, optimum conditions
for an intense growth of carbon nanostructures were realized at γ � 3.4–3.8.

Then we carried out experiments with the aim to investigate the possibility of increasing the production rate
of the process being considered by increasing the surface, on which carbon nanostructures are formed. At the first
stage, we used a central body (CB) that was positioned in the gas flow inside the plasma-chemical reactor. It repre-
sented a tube of stainless steel of length �600 mm and outer diameter 96 mm with a wall of thickness 3 mm. In the
experiments with the central body, an insert of inner diameter 184 mm and length ~680 mm with a wall of thickness
3 mm and heat-insulating layer of average thickness 10–15 mm was used in the plasma-chemical reactor. Figure 6
shows the scheme of gathering of the carbon deposit, and Table 1 presents relations between the average amounts and
qualities of the materials obtained in the zones of the reactor in the experiments of half an hour’s duration with the
central body and without it (at γ � 3.7 and t � 30 min). The areas of the inser t and the central body with a cone were
0.39 and 0.18 m2, respectively.

In the case where the reactor operated with the central body, the specific rates of production of carbon
nanomaterials on the walls of the plasmachemical reactor and the central body were 175.4 and 195.6 g ⁄ (m2⋅h), respec-
tively, and the degree of structurization comprised 30–40% and 10–20%. The data presented show that the placement
of the central body inside the reactor increased the rate of production of the deposit by approximately 12%; however,
the relative content of the structured carbon forms in the total amount of the deposit decreased in this case.

The decrease in the structural-carbon content can be due to, first, the rapid carbonization of the metal surface
of the central body, caused by the carbon contained in a large amount in the central region of the flow, and, second,
the small temperature gradient between the flow and the metal surface of the central body, determining the growth of
the nanostructure framework. To decrease the effect of the above-indicated factors, we proposed to use a central body
consisting of two steel plates of thickness 8 mm, welded to a flange (Fig. 7). It is believed that the placement of thick
plates aside of the center of the flow and an increase in the outflow of heat through them and the massive flange will
make it possible to provide the required temperature gradient. However, in our experiments the degree of structuriza-
tion of the carbon nanomaterials obtained on the metal plates did not exceed 10–15%, even though the specific rate of

Fig. 6. Scheme of collection of the carbon deposit in the plasma-chemical reactor.

TABLE 1. Distribution of Materials over the Zones in the Reactor without a Central Body (I) and with a Central
Body (II)

Material
I II

Zone 1 Zone 2 All told Zone 1 Zone 2 CB 1 CB 2 All told

Deposit, g 12.0 33.5 45.5 8.4 25.8 13.1 4.5 51.8

Nanostructures, % 30—40 30 30 30 20—30 10—20 10—20 20—30
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production of this material was on the average 200–250 g ⁄ (m2⋅h). This means that there is no point in using addi-
tional surfaces in the reactor being considered for the purpose of increasing the growth of carbon nanostructures.

Another possibility of increasing the production rate of the indicated setup is to enlarge the area of the growth
surface and provide optimum conditions for the growth. As the curves presented in Fig. 3 show, the temperature of a
large part of the surface of the plasma-chemical-reactor insert in the region of the fourth thermocouple does not exceed
300oC during the working period, which is insufficient for an effective growth of carcass carbon structures. For this
reason a different insert with thicker walls has been fabricated. It was believed that this will make it possible to in-
crease the heat conduction of the insert and, by this means, to provide a heat transfer from its high-temperature zone
to the "cold" part. Figure 8 presents typical temperature dependences for different zones of the plasma-chemical reactor
with a new insert. It is seen that, even in the time interval where the process is nonstationary, the temperature of the
"cold" part of the insert reaches 500–600oC. In this case, the specific rate of production of the material on the plasma-
chemical-reactor wall increased to 250 g ⁄ (m2⋅h) and the production rate of the setup reached 100 g ⁄ h at an average
structurization of the material of up to 40%.

Conclusions. Our experimental investigations have shown that, in the process of treatment of an air-hydrocar-
bon mixture in a reactor, carbon nanomaterials are formed on its steel surface by analogy with the catalytic decompo-
sition of hydrocarbons by the carbide-cycle mechanism. The influence of different parameters of this process (the
equivalence factor, the temperature, the internal geometry of the reactor) on the formation of carbon nanomaterials and
the rate of their production was determined. In the case where the setup being investigated operated under optimum
conditions, the rate of production of carbon nanomaterials reached 100 g ⁄ h at a structured-carbon content of up to
40%. The material obtained was analyzed. Further investigations in this direction will be devoted to solving the prob-
lem of increasing the efficiency of the process being considered and prevention of a deterioration of the quality of the
material in the process of a prolonged continuous operation of the setup.

NOTATION

Ga, air-flow rate in the working mixture, m3 ⁄ h; Gg, flow rate of a gas (reagent), m3 ⁄ h; Gp, flow rate of the
plasma-forming gas, m3 ⁄ h; n, stoichiometrical coefficient; T, temperature, oC; t, experimental time, min; γ, equivalence
factor (stoichiometrical ratio); νr, νo, number of moles. Subscripts: a, air; g, gas; p, plasma-forming; r, reagent; o, oxidizer.

Fig. 7. Inner insert in the plasma-chemical reactor.

Fig. 8. Typical temperature dependences of the process in the reactor with a
new insert (designations 1–5 are identical to those in Fig. 3): diameter, 200
mm; length, 680 mm; wall thickness, 10 mm. T, oC; t, sec.

412



REFERENCES

1. M. Cadek, R. Murphy, B. McCarthy, A. Drury, B. Lahr, and R. C. Barklie, Optimization of the arc-discharge
production of multi-walled carbon nanotubes, Carbon, 40, 923–928 (2002).

2. S. Arepalli, P. Nikolaev, W. Holmes, and S. Bradley, Production and measurements of individual single-wall
nanotubes and small ropes of carbon, Appl. Phys. Lett., 78, No. 10, 1–3 (2001).

3. P. Chen, X. Wu, J. Lin, H. Li, and K. L. Tan, Comparative studies on the structure and electronic properties
of carbon nanotubes prepared by the catalytic pyrolysis of CH4 and disproportionation of CO, Carbon, 38,
139–143 (2000).

4. N. A. Kiselev, J. L. Hutchison, A. P. Moravsky, E. V. Rakova, E. V. Dreval, C. J. D. Hetherington, D. N.
Zakharov, J. Sloan, and R. O. Loutfy, Carbon micro- and nanotubes synthesized by PE-CVD technique: Tube
structure and catalytic particles crystallography, Carbon, 42, 149–161 (2004).

5. R. A. Buyanov and V. V. Chesnokov, On the proceses proceeding in metal particles in the catalytic decompo-
sition of hydrocarbons on them by the carbide-cycle mechanism, Khim. Interes. Ustoich. Razv., No. 13, 37–40
(2005).

6. M. A. Ermakova, D. Yu. Ermakov, A. L. Chuvilin, and G. G. Kuvshinov, Decomposition of methane over iron
catalysts at the range of moderate temperatures: The influence of structure of the catalytic systems and the re-
action conditions on the yield of carbon and morphology of carbon filaments, J. Catal., 201, 183–197 (2001).

413



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [594.000 792.000]
>> setpagedevice


