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The features of acetylene pyrolysis in an atmosphere of inert gases in a

cyclic compression reactor
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The pyrolysis of acetylene was studied experimentally in a cyclic compression reactor in an atmosphere of buffer
inert gases (argon, neon, helium). A significant difference in the thermodynamic conditions for the complete
pyrolysis of the precursor for various buffer gases was revealed. The reaction products of acetylene in neon and
helium contained up to 20% of the part soluble in organic solvents. The study of the ethanol-soluble part of the
product using time-of-flight mass spectrometry with matrix-assisted laser desorption/ionization made it possible to
distinguish even and odd branches in the spectrum of substances by the number of carbon atoms. A mechanism is
proposed for the formation of larger particles by merging smaller ones.

Keywords:
nanoparticles.

DOI: 10.21883/TPL.2023.02.55375.19436

The process of pyrolysis of hydrocarbons has a consid-
erable application potential (clean gaseous hydrogen fuel,
carbon nanoparticles) in various fields [1-3].

A piston—cylinder compression reactor is a convenient
instrument for pyrolysis of hydrocarbons (specifically,
acetylene). High temperatures needed for pyrolysis are
established in the vicinity of the top dead center (TDC)
piston position due to compression of the gas volume.
An additional temperature effect is achieved in adiabatic
compression of a mixture of hydrocarbons diluted with a
monatomic gas.

The process of thermal decomposition of acetylene into
hydrogen and soot was examined in such reactors [4,5].
Hydrogen and carbon nanoparticles with a mean size of
approximately 40 nm were the primary reaction products.

The authors of [6] performed hydrocarbon pyrolysis in
an inert gas (Ar, Ne, He) atmosphere under pressures up
to 11 MPa and calculated temperatures T = 1500—2000 K.
An almost complete pyrolysis of hydrocarbons to molecular
hydrogen and carbon nanoparticles was noted.

Experiments were carried out in a cyclic piston—cylinder
compression reactor that was described in detail in [7,8].
Acetylene was used as a precursor. Argon, neon, and helium
were buffer gases. Gaseous reactor products were analyzed
with an UGA-200 universal gas analyzer. Data on the degree
of acetylene decomposition are presented in the table.

Substances soluble in organic solvents were found among
the products of pyrolysis of acetylene in neon and helium.
Solvents were discolored to yellow. A mass loss of 15—18%
was found after dissolution of the product in ethanol with
subsequent solution separation by centrifugation and drying
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of the residue. The products of acetylene pyrolysis in argon
did not have a soluble component.

The presence of a large number of various substances in
soluble pyrolysis products was established by X-ray diffrac-
tion analysis, chromatography-mass spectrometry, nuclear
magnetic resonance, and IR and UV spectrometry; however,
the substances were not identified definitively by these
methods.

The most comprehensive data were provided by time-of-
flight mass spectrometry with matrix-assisted laser desorp-
tion/ionization (MALDI-TOF MS), which was performed at
the Center of Collective Use ,,Mass spectrometric investiga-
tions™ Shared Equipment Center of the Siberian Branch of
the Russian Academy of Sciences with the use of an Ul-
traflex III (Bruker Daltonics, Germany) MALDI-TOF/TOF
spectrometer. Samples were deposited onto a standard
polished metal target (MTP Bruker Daltonics) without any
added matrix. Measurements were performed 3—35 min after
the deposition of a sample onto a target (immediately after
the solvent evaporation). Mass spectra of positive ions
were recorded in the 30—4500 m/z range. The product of
pyrolysis of 10% acetylene in 90% neon under a pressure
of 5.5MPa was used for measurements. The solvent was
ethanol (HPLC grade, J.T. Baker). Substances dissolved in
ethanol and, possibly, suspended in it were subjected to
examination. Figure 1 presents an example mass spectrum
for this sample. A considerable fraction of substances in the
spectrum is missing from the NIST database. This database
contains 1209 hydrocarbon compounds in the range of
60—590u. A total of 381 masses within this range (ie.,
around 65%) lack corresponding chemical substances, but
these peaks are present in the spectrum (Fig. 1, ).
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Degree of acetylene decomposition (in %) under different pressures in a reactor for various buffer gases (their concentration in the mixture

is also indicated)

Buffer gas Pressure at TDC
Buffer gas N
content, % 5MPa 7MPa 10 MPa 11 MPa
Argon 90.0 96 - — -
Neon 72.0 91 96 97 98
Helium 96.4 — — 84 90
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Figure 1. @ — MALDI-TOF mass spectrum of products of acetylene pyrolysis in neon; b — fragment of this spectrum within the

60—250 m/z range.

A continuous distribution of signals with a distance of
12u, which corresponds to a single carbon atom, between
monoisotopes is seen in the spectrum. The spectrum
also features two components with even and odd possible
numbers of carbon atoms.

Figure 2 presents the results of processing of spectra
corresponding to even and odd numbers of carbon atoms.
The following approximations of experimental data are also
plotted in the same figure:

I (N¢) ~ exp(—%) / (N¢ - 11.9v27)

+sin(2.2InN¢ + 2.15)/(1651n Ne), (1)

I (Nc) ~exp(—(lnNC6;615'4)2> / (N¢ - 5.75V27)

+sin(2.81nN¢ + 0.72)/(6201n* N¢). (2)

Here, N¢ is the number of carbon atoms.
Root-mean-square differences between formulae (1) and
(2) the experimental data for odd and even N¢ are 5.5%
and 3.5%, respectively. The first term in these formulae
represents a lognormal distribution that is indicative of
a dependence of random-value factors. This distribution
should be observed if lower-mass clusters are involved in
the formation of higher-mass ones (ie., if carbon clusters
may form by incorporating both individual carbon atoms

and already formed carbon clusters). We started the search
for a dependence characterizing the experimental data with
the assumption of lognormality of distribution over masses,
since a distribution of this kind has already been observed
for carbon nanoparticles [9]. However, a well-pronounced
harmonic dependence was obtained after subtraction of a
lognormal distribution from the experimental data for even
N¢ and normalization to ln(Nc)z. Normalization to In N¢
was required for odd N¢. The first maximum is at N¢c = 10
and 11 for even and odd N¢. It may correspond to a
planar structure (two Cg rings, which have two common
sp?-hybridized carbon atoms in the former case and one
common sp*-hybridized carbon atom in the latter case).
Three Cs rings may correspond to the N¢ = 14 and 15
peaks. The N¢ = 108 and N¢ ~ 175—185 maxima for even
and odd Nc, respectively, apparently correspond to bulk
structures.

We attribute the difference in results of pyrolysis of
acetylene in different buffer gases to substantially non-
equilibrium exchange processes between buffer gas atoms
and precursor molecules. Owing to a high concentration
of buffer gas, the work on compression of a gas mixture
is converted primarily into the internal energy of a buffer
gas and is then transferred via collisional processes to
precursor molecules. The kinetic energy acquired by
precursor molecules in collisions with buffer gas atoms
is redistributed over the degrees of freedom of precursor
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Figure 2. Plots of integrated intensities of mass-spectrum peaks for odd (@) and even (b) numbers of carbon atoms.

molecules. Equilibrium is achieved first in translational
and rotational degrees of freedom [10]. The processes of
filling of vibrational degrees of freedom with subsequent
dissociation of precursor molecules are the most important
for chemical reactions. Tens of thousands of collisions of
molecules and atoms of comparable masses (C,H, in Ar
or Ne) and many times more collisions of molecules with
atoms of light buffer gases (C;H, in He) are needed to
fill vibrational levels. For example, the time of vibrational
relaxation for nitrogen at a temperature of 1500K is
estimated at 2 - 1074—3.8 - 1073 s [11]. This is the time lag
between the temperature of vibrational degrees of freedom
of a precursor and the buffer gas temperature. In helium,
the time lag is even more significant. Owing to this lag, the
state of precursor molecules needed for dissociation may be
established only within a fairly short time interval (or not be
established at all). Specifically, the time interval of pyrolysis
of helium is much shorter than the one in argon.

In our view, the presence or lack of substances soluble
in organic solvents is also attributable to differences in ther-
modynamic conditions between buffer gases. MALDI-TOF
mass spectra revealed that the soluble component contains
carbon clusters with a relatively low number of carbon
atoms and that these clusters are involved in the formation
of larger clusters. We believe that this process proceeds
further, inducing the formation of carbon nanoparticles.
While the characteristic times in argon are sufficiently
long for pyrolysis of precursor molecules with subsequent
nanoparticle growth, the time intervals in helium are too
short for nanoparticle growth. The process ends with the
formation of nanoparticle nuclei, which are regarded in
the present study as the main constituent of the soluble
component.

Neon as buffer gas assumes an intermediate position
between helium and argon. Although the atomic weights
of neon, argon, and acetylene are comparable, the collision
cross sections of neon and argon atoms differ significantly
(by a factor of 4.5); at the same time, the Bohr radii of gas
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atoms [12] suggest that these cross sections for neon and
helium are almost equal. A neon atom collides once within
a time interval in which argon, being two times heavier,
undergoes several collisions. Therefore, as in the case with
helium, the temperature of vibrational levels of precursor
molecules in neon may lag behind the temperature in argon,
although the lag itself is much smaller in magnitude than
the one corresponding to helium. The temperature range in
helium is significantly restricted and may be insufficient for
pyrolysis and subsequent synthesis of carbon clusters under
certain conditions, while pyrolysis and synthesis reactions
in neon and argon may still remain viable under the same
conditions.

Owing to its high enthalpy of formation, acetylene turned
out to be a universal precursor for pyrolysis in a cyclic
compression reactor in an atmosphere of light helium
and heavier neon and argon. We managed to achieve a
nearly complete decomposition of acetylene into carbon
and hydrogen within the operating pressure range of the
reactor (5—11MPa) both in argon and in lighter neon and
helium. The significant difference in physical conditions
needed for pyrolysis of hydrocarbons in different buffer
gases was explained in the context of specific features
of non-equilibrium processes of heat-exchange between a
buffer gas and a precursor.

Products of reaction in neon and helium contained a
significant amount of substances soluble in organic solvents.
MALDI-TOF MS allowed us to characterize the soluble
component of products of acetylene pyrolysis in neon.

A lognormal mass distribution of carbon particles was
used as a basis for the proposed mechanism of formation
and growth of carbon clusters, which are assumed to expand
by incorporating smaller clusters.
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