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Abstract—In the combustion of carbon disulfide, the direct substitution reaction O + CS, = OCS + S (I) was
found to be the main source of atomic sulfur, which is responsible for the branching of reaction chains. Asdis-
tinct from the reactions of intermediate products with each other, step (1), which is afirst-order reaction with
respect to the concentration of chain carriers, together with an act of multiplication of active species, isrespon-
sible for not only flame propagation but aso critical self-ignition conditions.

It is well known that carbon disulfide is a highly
inflammable compound. Its vapor self-ignites in air
even at 100°C and at low pressures. The combustion of
CS, isachainreaction; that is, it is primarily dueto the
avalanche multiplication of active intermediate species
(chain carriers). This reaction exhibits characteristic
properties of branched-chain processes. Great inflam-
mability is an indicator of the occurrence of afast reac-
tion of chain branching in the process mechanism. The
combustion of carbon disulfide is known in the theory
of chemical kinetics mainly because of the fact that the
flame-propagation regime that does not require an
increase in the temperature of a reaction mixture pre-
dicted by Zel’dovich and Frank-Kamenetskii [1] was
supported experimentally using this reaction as an
example [2]. This regime of “nonthermal” flame prop-
agation is caused by the avalanche multiplication of
active intermediate species as aresult of their reactions
with each other. The subsequent studies were devoted
to the regularities of nonthermal flame propagation in
the mixtures of CS, with air and oxygen and to theiden-
tification of active intermediate species—reaction
chain carriers in the flame zone (for example, [3-10]).
Azatyan et al. [10] obtained the propagation character-
istics of a nonthermal carbon disulfide flame in air by
the numerical solution of sets of equations. Becausethe
use of a great number of calculated parameters was
responsible for unavoidable uncertainty in quantitative
results, it was beyond the scope of the cited work [10]
to achieve an agreement between the calculated and
measured values of self-ignition limits and flame prop-
agation rates.

In the region of self-ignition limits, the process
mechanism is incomparably simpler, and a much
smaller number of parameters are required for the cal-
culation. Moreover, equations for self-ignition limits
are much simpler. Nevertheless, the calculated values

of self-ignition limits [10] are dramatically different
from the experimentally measured values [2]; this is
mainly due to inaccuracies in the rate constants known
by the time the cal culations were performed.

By now, the rate constants of many main reactions
of the processes have been determined by various tech-
niques to reliable accuracies. At the same time, the
detailed mechanism of carbon disulfide oxidation
remains unknown. Therefore, many regularities of the
combustion, including dramatic changes in the main
Kinetic characteristics of the process and in the color of
aflame on varying the ratio between theinitial concen-
trations of components near a stoichiometric composi-
tion, still remain unexplained.

This work is devoted to studying the role of the
direct reaction of sulfur atom displacement from the
CS, molecule by atomic oxygen:

O0+CS,=COS +8S. ey

Note that this reaction, along with other reactions,
was included in the hypothetical reaction scheme of
CS, combustion [3]. However, in this case, it was spec-
ified that the proposed scheme is only one of the con-
ceivable schemes, which was only givenfor clarity. The
rate constant of reaction (I) does not appear in an
expression for the rate of flame propagation, which was
derived on a number of assumptions. Thisreactionisa
conceivable step of carbon disulfide combustion in
reaction schemes given in other publications. However,
the role of reaction (1) in the development of reaction
chains was not analyzed, and this reaction was com-
pletely absent from the mechanisms proposed, for
example, in [11-13]. The critical conditions of CS,
self-ignition were not considered in the above publica-
tions. However, as discussed below, reaction schemes
that do not take into account reaction (I) cannot explain
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Limiting pressures of (1) self-ignition and (2) nonthermal
flame propagation in a mixture of 0.03% CS, in air accord-
ing to published data [2].

the observed self-ignition of CS, at moderate tempera-
tures and pressures.

Here, the role of reaction (1) in the combustion of
carbon disulfide is evaluated with consideration for
data on the inflammability of the vapor of this com-
pound in air and based on a comparison of the rate of
this process with the rates of the main steps of the com-
bustion. For this purpose, the concentrations of reac-
tants at the second self-ignition limit, which were given
in[2, 3] (figure), and the known reaction rate constants
of the main steps of chain propagation and termination
were used. The critical conditions of self-ignition were
chosen because these conditions depend only on a
small number of stepsthat play an important rolein the
development of spontaneous combustion. This pro-
vides unambiguous conclusions. Moreover, the con-
centrations appearing in the equation for ignition limits
relate to only parent reactants and the initial moment of
self-ignition; that is, they are the initial concentrations
of the parent reactants. Evidently, the measurement
accuracy of these concentrations is much greater than
the measurement accuracy of the concentrations of
active intermediate products and the characteristics of
flame propagation. It was preferable to choose the sec-
ond self-ignition limit because both chain branching
and chain termination (competition between them is
responsible for a critical condition of self-ignition)
occurred in the gas phase. Because of this, the knowl-
edge of the rate constants of heterogeneousreactionsis
not required. These rate constants depend on the mate-
rial and state of asurface, except for specially produced
conditions under which diffusion becomes a rate-limit-
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ing process [14]. These conditions were not produced
in the studies reported [ 2, 3].

Because a self-ignition regime and its critical condi-
tions were chosen in this study, attention must be given
to the following: It iswell known that self-ignitionisa
reduction regime that occurs in a reaction mixture that
hasthe sameinitial temperature over the entire reaction
volume. In this regime, combustion begins spontane-
ously without local initiation [3, 15]. A prerequisite for
the appearance and development of chain combustion
is an excess of the rate of chain branching over the rate
of chain termination [3]. Under critical conditions of
self-ignition, in fact, there are no reactions between
active species, which result in the multiplication of
these species. Therefore, if chain combustion begins by
self-ignition, an active intermediate species, reacting
with only the molecule of aparent reactant, is responsi-
blefor chain branching. Thus, the reaction rate of chain
branching in self-ignition is proportiona to the first
power of the concentration of active intermediate spe-
cies(chain carriers). Thistype of thekinetics of branch-
ing is sometimes referred to as “linear branching,”
implying that the rate of branching is alinear function
of the concentration of chain carriers. The chemical
nature of an act of spontaneous generation of reaction
chains, that is, areaction that occurs with the participa
tion of only initial molecular reactants without artificial
stimulation, does not define the limit value because the
rate of thisreaction is extremely low.

The following active intermediate species were
detected in the flames of carbon disulfide mixtureswith
oxygen using EPR and optical spectroscopy: atomic
oxygen, SO radicals, and stable intermediate products
(COS, CO, CS, and S,) [4-8]. The dependence of the
concentrations of intermediate products on the initial
composition of the mixture was found [6, 7]. The rate
constants of almost all the main steps of the processare
also known [16—22]. These data were used in the com-
parison between the rates of linear steps given below
and in the determination of the role of these stepsin
competition between chain branching and termination.

The reaction
0+CS,=S0+CS an

is not an act of the multiplication of chain carriers
because, among its products, only the SO radical in the
given mixture can propagate reaction chains. Under the
specified conditions, the CS molecule is not an active
species, and it cannot participate in the devel opment of
reaction chains. Indeed, at the ignition limit, CS can
react only with O,:

CS+0,=COS +0. (I1I)

However, the activation energy of this reaction is
greater than 15 kcal/mol, and its rate constant is lower
than 2 x 10° cm? mol~! s! [18]. It is clear, taking into
account the rate of CS, consumption in ignition under
the specified conditions (figure), that reaction (111) has
not managed to participate in chain ignition and com-
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bustion at least at temperatures lower than 500 K
because of the small rate constant. This was supported
by experimental results, which demonstrated that CS
was deposited on the walls. Because the rate of reac-
tion (I11) isinsignificant, only reaction (1) is a step of
chain propagation, in which the O atom is replaced by
another active intermediate species, SO, whichisaso a
biradical. At the same time, the self-ignition of carbon
disulfide, especially, at low temperatures and pressures,
is indicative of the occurrence of branching, which is
linear with respect to the concentration of chain carri-
ers. The following reaction results in the formation of
two active intermediate species:

S+0,=S0+0. Iv)

The products of reaction (1V) can initiate new branches
of the reaction chain via reaction (I1) and the parallel

step
SO + 0, =S50, + O. V)

Thus, at step (1V), atomic sulfur multiplies active spe-
cies. The published rate constants of reaction (1V) at the
center of the temperature range under consideration
(483 K) are very great and equal to 1.4 x 10'2[18] and
3.3 x 10'' cm® mol-! s [20]. However, this reaction
can result in linear chain branching only in the case
when the rate of the reaction that supplies sulfur atoms
for the chain processis not only great but also linearly
depends on the concentration of active species. Itisevi-
dent that the reaction of S atom formation

SO +S0O =S80, + S, (VD

which was given in a number of published reaction
schemes, cannot play a considerable role under critical
conditions of self-ignition, even if its rate constant is
great, because this is the interaction of active species
with each other, that is, nonlinear with respect to the
concentration. For the same reason, the following reac-
tion cannot play a considerable role under critical con-
ditions of self-ignition:

O0+CS=CO+S.

Asdistinct from thesereactions, step (1) of the direct
displacement of a sulfur atom from CS, is linear with
respect to the concentration of active species—atomic
oxygen.

The capahility of CS, and air mixtures for self-igni-
tion even at low temperatures and concentrations (for
example, see the figure) suggests that the rate of reac-
tion (1) isas great as the rates of the other main steps of
the chain process. This reaction can serve as a supplier
of sulfur atoms at a rate required for self-ignition only
when it not only efficiently competes with the decay of
O atoms but also provides the rate of reaction (I11) at
which chain branching predominates over chain termi-
nation. It is well known (see, for example, [3]) that
chain termination, which is responsible for the second
limit, should be limited by a termolecular reaction.
Thus, if therate of reaction (1) is greater than the rate of
the termolecular chain termination
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0+0,+M=0;+M (VID)

at the second limit of self-ignition, reaction () is one of
the most important stepsin the mechanism of CS, com-
bustion. Here, M is the third particle that removes
energy released in the recombination. The above condi-
tion corresponds to the following relation:

k;[O,1[M] < k,[CS,], (1)

where k; and k; are the rate constants of reactions (V1)
and (1), respectively; [M], [O,], and [CS,] are the total
concentration of the mixture and the concentrations of
0, and CS, at the second limit of self-ignition, respec-
tively. For example, a the center of the temperature
range shown in the figure (480 K), the rate constant of
reaction (VI1) isequal to 5.6 x 10" cm® mol2 s! [17].
At the specified temperature, the pressure at the second
limitisequal to 28 kPa (210 torr), which correspondsto the
concentration of the mixture equal to 6.9 x 10-% mol/cn?’.
Taking into account the above value of k; and the mole
fractions of O, and CS, equal to 0.21 and 3 x 107
respectively, using expression (1), we obtain k, > 2.7 x
10! cm? mol~! s'!. From this great rate constant and a
maximally possible preexponential factor for bimolec-
ular reactions, it follows that the energy barrier of reac-
tion (1) of the direct displacement of asulfur atomisno
greater than 13 kJ/mol.

The value of k; obtained is consistent with the
published value of this constant equal to 5.1 x
10'" cm® mol-! s! at the specified temperature [16]
and with the reported value of k; for 298 K [22], if the
effective activation energy was taken close to that pub-
lished in [16]. The use of the values of k; proposed in
[19, 23] aso resulted in good agreement with our
results.

Thus, reaction (I), being the main source of atomic
sulfur, which is responsible for reaction chain branch-
ing, efficiently competes with the reaction of atomic
oxygen decay. Because the rate of thisreaction linearly
depends on the concentration of chain carriers, it,
together with the acts of chain branching and termina-
tion, determines the limit of ignition.

Note that, along with the above reactions, the fol-
lowing reactions should also be taken into consider-
ation for the quantitative description of the second limit
of CS, ignition:

SO+0,+M=S0;+M,
S+0,+M=S0;+M.

However, the rate constants of these reactions were
determined to alower accuracy.

The role of nonlinear chain branching becomes
important in developed combustion and, in particular,
flame propagation. However, reaction (1) of chain prop-
agation also playsthe role of the main source of atomic
sulfur, which isrequired for the multiplication of active
intermediate species, in this combustion regime. An
analysis of competition between reactions (1) and (VI1)
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with consideration for the rate constants demonstrated
that reaction (1) of the direct displacement of a sulfur
atom together with reaction (IV) of the multiplication
of chain carriersin developed combustion are the most
important steps, which are also responsible for chain
branching at temperatures that are much greater than
those considered in this work.

The activation energy equal to 5.9 kJ/mol, which is
also consistent with the above upper limit of the energy
barrier, corresponds to the exponent n in the expression
reported by Singleton and Cvetanovic [16] for the rate
constant. However, the value of 5.9 kJ/mol should be
considered only as an effective activation energy
because the rate constant was presented in Arrhenius
form [16]. Indeed, the contribution of the temperature
dependence of a preexponential factor, which contains
the partition functions of the reactants and the activated
complex, is particularly noticeable in such reactions
with the rate constants weakly dependent on tempera-
ture.
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