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Abstract
Full Text
PHYSICAL CHEMISTRY
É. A. BLYUMBERG, A. D. MALIEVSKII
and Corresponding Member of the Academy of Sciences of the USSR N. M.
EMANUEL’

CRITICAL PHENOMENA IN THE LIQUID-
PHASE OXIDATION OF BUTANE IN BEN-
ZENE
The high efficiency of methods for oxidizing low-molecular hydrocarbon gases
in the liquid phase (1,2) has drawn interest to the use of inert solvents, which
make it possible to preserve a liquid-phase system at elevated temperatures and
thereby to ensure a high reaction rate. For the process of oxidizing liquefied
butane, acetic acid—being the principal product of the reaction—can serve as
such a solvent (3,4).

Fig. 1. I —kinetic curves for the accumulation of acetic acid during the ox-
idation of liquefied butane in benzene at 170∘ and a pressure of 50 atm: 𝑎—
𝛾init ≤ 0.4, 𝑏—𝛾init = 0.49, 𝑣—𝛾init = 0.61, 𝑔—𝛾init = 0.92; II —dependence of
the amount of acetic acid formed in 2 hours of reaction on 𝛾init under the same
conditions; III —change in 𝛾 with reaction time at 170∘ and a pressure of 50
atm.

In the present work, a study was carried out of the oxidation of butane in
benzene, in the course of which a distinctive kinetic behavior of this solvent
was established. It was found that the reaction rate and the maximum yields
of the products of liquid-phase oxidation of butane in benzene depend on the
ratio of the concentrations of butane and benzene 𝛾 = [RH]/[C6H6]. This
dependence has a clearly pronounced critical character. There exists a certain
value of the ratio [RH]/[C6H6] = 𝛾cr, below which butane oxidation does not
proceed at all, while above it an ordinary autocatalytic reaction develops. The
experiments were carried out in an autoclave-type apparatus specially adapted
for the oxidation of liquefied hydrocarbon gases (2). To accelerate the process (to
“remove”the induction period), cobalt stearate was used in an amount of 0.04
mole % relative to the initial butane. The course of oxidation was monitored
from the kinetic curves for the accumulation of the main reaction products—
acetic acid and methyl ethyl ketone—as well as from the intermediate product,
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𝑛-butane hydroperoxide.

Figure 1 I gives the kinetic curves for the accumulation of acetic acid during
the oxidation of liquefied butane in benzene at 170∘ and a pressure of 50 atm,
illustrating the phenomenon of the critical concentration of benzene.

It is seen that the yield of acetic acid decreases as the amount of benzene in the
initial mixture increases, down to the value 𝛾 = 0.40, at which

the reaction ceases completely. This phenomenon is especially clearly seen from
Fig. 1, II, which gives the dependence of the amount of acetic acid formed in 2
hours of reaction on 𝛾. A slight change in the value of 𝛾 near 𝛾cr = 0.40 leads to
an abrupt transition from the complete absence of reaction to butane oxidation
at a considerable rate. It is not difficult to verify that in those cases when
mixtures with 𝛾 > 0.4 are taken for the experiment, the reaction proceeds until,
in the course of the process, the value 𝛾cr = 0.4 is reached. For this purpose,
by means of gas chromatography we followed the consumption of butane during
the reaction and indeed observed stoppage of the process as

Fig. 2. Introduction of butane and benzene during the reaction at 170∘ and a
pressure of 50 atm.
1 —kinetic curve of acetic acid accumulation at 𝛾init = 0.92, transferred from
Fig. 1, I. The points reflect the kinetics of acetic acid accumulation, beginning
from the moment butane was added to 𝛾 = 0.92 to a mixture with 𝛾init = 0.40,
kept in the vessel:
𝑎 —0.5 hour, 𝑏 —1.5 hours, 𝑣 —2.5 hours, 𝑔 —4 hours.
2 —curve of acetic acid accumulation upon adding fresh benzene to a mixture
with 𝛾init = 0.92 down to 𝛾 = 0.40. The moment of benzene addition is marked
by an arrow.

soon as the value of 𝛾 fell to 0.4 (Fig. 1, III). When 𝛾 was artificially decreased
to 𝛾cr during a reaction that had begun at 𝛾init = 0.92, by adding fresh benzene,
complete stoppage of the process was likewise observed (curve 2, Fig. 2). One
more series of experiments was carried out. Fresh butane was added, to the
ratio 𝛾 > 𝛾cr, to a reaction vessel in which a mixture of butane with benzene at
𝛾 ≤ 𝛾cr had been kept for a long time under reaction conditions. The oxidation
reaction of butane then began immediately. The time for which the mixture had
been kept under conditions of a nonproceeding reaction had no effect whatever
on the character of the kinetic curves after dilution of the mixture with butane
(the various points on curve 1 in Fig. 2). These experiments indicate that the
observed critical phenomena are connected directly with the presence of benzene
at a definite concentration, and not with the formation of any products of its
transformation (for example, phenol). Apparently, benzene molecules react with
peroxy radicals RO•

2, forming a new complex radical [C6H6RO2]•, considerably
less active than RO•

2 and, as a result, incapable of further chain propagation.
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Thus, the interaction of benzene with RO•
2 is in fact a chain-termination reaction,

and the competition of this reaction with the hydroperoxide-formation reaction
underlies the phenomena observed by us in the oxidation of butane in benzene.

For a theoretical consideration of such a mechanism of the process, let us intro-
duce into the generally accepted scheme of liquid-phase oxidation the reaction
of formation of the complex radical [C6H6RO2]• as the only path of chain ter-
mination (we neglect quadratic termination RO•

2 + RO•
2):

RO•
2 + RH

𝑘2−→ RO2H + R• —chain propagation,

RO2H
𝑘3−→ RO•

2 —chain branching,

RO•
2 + C6H6

𝑘4−→ [C6H6RO2]• —chain termination.

Here RH is butane. If the concentration of butane is taken as constant (for the
early stage of the process), then the scheme leads to a system of two linear

differential equations:

𝑑[RO2H]
𝑑𝑡 = 𝑘2[RO•

2][RH] − 𝑘3[RO2H], (1)

𝑑[RO•
2]

𝑑𝑡 = 𝑤0 − 𝑘4[RO•
2][C6H6] + 𝑘3[RO2H], (2)

where 𝑤0 is the rate of formation of radicals. Assuming the concentration of
radicals [RO•

2] to be stationary and solving the system of equations (1), (2), we
obtain:

[RO2H] = 𝑤0

1 − 𝑘4
𝑘2

[C6H6]
[RH]

{exp [(𝑘2
𝑘4

[RH]
[C6H6] − 1) 𝑘3𝑡] − 1} . (3)

It follows from equation (3) that, as 𝑡 → ∞, the quantity [RO2H] tends to a

constant value when 𝑘4
𝑘2

[C6H6]
[RH] > 1, and increases when 𝑘4

𝑘2

[C6H6]
[RH] < 1.

Thus, the ratio 𝑘4
𝑘2

= [RH]
[C6H6] is the condition for transition from a slowly devel-

oping process to a rapid autocatalytic one. The formation of complex radicals
of the type [C6H6RO2] has also been proposed in the work of other authors,
for example, in studies of the photochlorination reaction of 2,3-dimethylbutane
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in organic solvents (5), the reaction of triphenylmethyl radicals with a series
of benzene derivatives (6), the polymerization reaction of styrene in bromoben-
zene (7), the decomposition reaction of di-tert-butyl peroxide in cyclohexane in
the presence of benzene and chlorobenzene (8), the decomposition reaction of
benzoyl peroxide in benzene (9), and in studies by the EPR method of radicals
formed in the radiolysis of benzene and its derivatives (10), etc. However, these
works contain no material on the basis of which it would be possible to obtain
a kinetic characteristic of the elementary reaction of formation of the complex
radical. The results of the present work make it possible, as a first approxima-
tion, to estimate the activation energy of the reaction of a radical with benzene.
Experimentally, we determined the values 𝑘2

𝑘4
= 1

𝛾cr
at different temperatures:

𝑇 , ∘C 170 145 140
𝛾cr 0.40 0.69 0.78

From the dependence of lg 𝑘2
𝑘4

on 1
𝑇 , the difference between the activation en-

ergies of the chain-propagation reaction and the reaction of formation of the
complex radical was found to be 𝐸2 − 𝐸4 = 9.0 kcal/mole. Taking 𝐸2 = 11.5
kcal/mole (by analogy with the oxidation reaction of 𝑛-decane (11)), we find for
𝐸4 a value equal to approximately 2.5 kcal/mole, i.e., a value quite plausible for
reactions of direct addition of radicals to a molecule. Experimental determina-
tion of the value of 𝐸2 for the liquid-phase oxidation of butane will enable us
subsequently to determine the value of 𝐸4 more accurately.
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