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Abstract—This article presents direct evidence of the occurrence of cumene oxidation resulting from the presence
of gaseous oxygen (O5*) at the gas—liquid interface, demonstrating a markedly higher magnitude of process
selectivity, as compared to oxidation that is promoted by dissolved oxygen (O5"). The significant contribution of
05" to the formation of cumene hydroperoxide under bubble-type process conditions is also discussed, emphasizing
that the hydroperoxide formation rate is composed of two components: W, = W5* + whiaid - where the first

component, W™, is a function of A¥*, [05], and of the liquid—gas interface area, while the second component, phiauid

is subject to equation: W = k[R'][Olziquid]'
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The classical notions of the core mechanism of
oxidation reactions are based on the Bakh—Engler’s
peroxide theory [1, 2], and on the theory of radical-
chain character of the oxidation process, that has been
proposed and proven by the Russian academician
N.N. Semenov [3]. These theories were later further
developed to a great extent, and for a wide spectrum
of hydrocarbons, by N.M. Emanuel and his co-
researchers [4—8], as well as by many other scientists
throughout the world [9-12]. Of course, it should be
noted that the abovementioned references [1-12] by
no means exhaustively represent the entirety of the
vast number of various research work, and publica-
tions on the subject, that have been performed and
issued to date.

The theory of hydrocarbon oxidation carried out by
means of air bubbling (i.e., the so-called “bubbling-
type oxidation”), is inherently connected with the
previously held assumption that the oxidation reaction
is completely promoted by oxygen (05"'%) dissolved in

! The text was submitted by the author in English.
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the liquid phase (represented by the oxidized prod-
ucts), while gaseous oxygen (O5*) at the liquid-gas
interface does not affect oxidation at all. This assump-
tion is based on prior studies of hydrocarbon oxidation
reactions and related calculations, which ostensibly
demonstrated that oxidation through O5* at the liquid-
gas interface could possibly occur “only if the [air
bubble] surface area is 1 000 to 10 000 m* per 1 cm’ of
the liquid phase. This specific area can only be attained
under the condition that the gas bubbles and the liquid
film reach 1 to 10 millimicrons, which actually never
takes place during liquid-phase oxidation.” [6]
(Note: All of the quoted text in this article has been
translated from Russian). Thus, the supporters of the
abovementioned assumption contemplate oxidation as
a purely homogeneous process [4-6], in which the
necessity of mixing of the phases is dictated by the
requirement of quick delivery of oxygen into the liquid
phase, “because otherwise oxygen diffusion deep into
the liquid would not be sufficient for oxygen
expenditure into the reaction.” [6].

The same assumptions, within the context of the
aforementioned oxidation theory, have led to the formula-
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tion of the requirement that the process occur in a
kinetic regime, in which the rate of oxygen transfer
from the gas phase into the liquid phase is significantly
higher than the rate of expenditure of dissolved oxy-
gen in oxidation reactions. Observance of the kinetic
regime would allow stabilization of the limiting (in
terms of solubility) O3 concentration in the liquid
phase, that would ensure a constant rate of the reaction
promoted by O3 molecules [4-6]. In the opposite
case of the process occurring in a diffusion regime, the
lack of understanding thereof has resulted in incorrect
estimations of reaction rate and of a decrease in
process selectivity. Furthermore, with an increase in pres-
sure, and with a proportional growth in 03 concentra-
tion as a linear function of pressure, the deviation from
linear dependence of the reaction rate (/) on
052 concentration is explained, within the framework
of the kinetic regime, by a shift in rate-limiting stage
from reaction (1) (see below), in which W = [O,] = Po,,
to reaction (2) [4—6], in which the W value is independ-
ent of Po,, where W is reaction rate and Po, stands for
partial pressure of oxygen:

R*+ 05— RO;, (1
RO5+RH — RO,H +R". )

The above-described assumption has been fol-
owed, as an undeniable postulate, over the course of
more than 40 years by many researchers, including
those working in fields dealing with cumene oxidation.
However, to the best knowledge of the author of this
article, for the vast majority of hydrocarbons, includ-
ing cumene, no direct tests that indisputably prove the
occurrence of oxidation solely due to dissolved oxygen
have ever been conducted. Likewise, there has been no
solid evidence obtained in the course of direct tests, to
confirm or deny the fact that oxidation occurs due to
presence and action of O5™ at the liquid-gas interface.

The study reported below, has been conducted
with the goal of obtaining direct experimental evi-
dence that confirms or denies that cumene oxidation
takes place at the liquid-gas interface with the par-
ticipation of O5™ molecules (as is discussed in this Ar-
ticle I). Another objective was investigating, through
direct testing, into the true causes of limiting concentra-
tions of cumene hydroperoxide (CHP), seeking an ap-
proach for overcoming this “barrier,” and revealing the
root causes of a decrease in the magnitude of process
selectivity with a growth in the degree of cumene con-
version (see details in the following Article II, pub-

lished in the Russian Journal of General Chemistry,
2011, vol. 81, no. 5, p. 865).

During the abovementioned recent experiments, cu-
mene oxidation, specially promoted by O5*, was carried
out without air bubbling through an oxidized product,
with 03¢ concentration in the liquid phase being
kept at its minimum possible level. Oxidizer reactors
of two types were used: (a) Atmospheric oxygen
only entered into the reactor from the environment,
i.e., without supplying forced air into the liquid
phase. Thus, the oxidation process (conventionally
called “unforced” or “static”) occurred through
contact between an oxidation feed, which had been
placed in the reactor, and air solely at the liquid-gas
interface. In other words, the oxidation reaction was
carried out under the conditions of natural diffusion
of atmospheric oxygen coming into contact with the
oxidized products; (b) A hard surface of a predeter-
mined area was set in a reactor, onto which an oxi-
dation reaction mixture was continuously delivered,
thereby generating a thin liquid film on the hard
surface. An air stream was continuously passed along
this liquid film. All oxidate was collected in a sepa-
rately located vessel, so that the oxidate from the
vessel was pumped back to the reactor top to reflux
the hard surface with the liquid phase, thus creating
and maintaining thereon a consistent film of
oxidized products. This type of oxidation process may
conventionally be referred to as “forced” or “dy-
namic”, due to forced (though without intermixing)
contact between the countermoving flows of the
gaseous phase (air) and the liquid phase (oxidized
products) at the liquid-gas interface.

The oxidation promoted by O5* was carried out
within a temperature range of 23 to 65°C. The oxi-
dizer feed temperature was maintained at a constant
level by means of thermostatic temperature control
over the continuous oxidate draw-off from the reac-
tor to the collector vessel. For the purpose of com-
parison with the experimental results obtained for
oxidation process types (a) and (b) above, a cumene
oxidation test was performed in the traditional (bub-
bling-type) mode, using a hollow bubble type reac-
tor with air being injected through a liquid phase
formed by the oxidized products. The experiments
were mostly conducted under atmospheric pressure. To
avoid an induction period, about 5 wt% to about
35 wt % of hydroperoxide was introduced into the
99.92 wt% pure cumene feed prior to the test,
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where the introduced hydroperoxide was 99.4 wt %
pure, with minimum possible contents of typical by-
products of oxidation, such as dimethylbenzyl alco-
hol, acetophenone, dicumyl peroxide, organic acids,
and phenol. The oxidate was sampled at certain time
intervals, and was tested in accordance with stan-
dard analytical methods, specifically: the chemical
method for analyzing hydroperoxide; GC for di-
methylbenzyl alcohol, acetophenone, and dicumyl
peroxide; the chemical method for organic acids;
and the chemical method for phenol.

1. Static (diffusion) oxidation promoted by O5™.
A. Fixed interface area. References [13, 14] describe
the research efforts that provided, for the first time,
firm evidence of the fact that the cumene oxidation
reaction conducted with air bubbling through the lig-
uid phase does not only follow a single reaction path
promoted by dissolved oxygen (05'%), but rather pro-
ceeds by two independent paths — cumene oxidation
by an oxygen molecule at the gas-liquid interface
(05®), as well as by an oxygen molecule in the liquid
phase (03%9), and that the contribution of the reaction
through O5* to hydroperoxide formation cannot be ne-
glected. This discovery, to a great extent, shattered the
previous notion of the single-path reaction mechanism,
which had seemed inviolable for many years. Therefore,
obtaining direct and undisputable evidence of the reac-
tion occurrence by both paths, and especially through
participation of oxygen at the gas-liquid interface, be-
came an urgent goal.

Verification of the participation of O5* molecules
in cumene oxidation at the gas-liquid interface was
performed, in a direct experiment, in the “static oxi-
dation” regime, involving natural (not restricted by
any means) diffusion, without any intermixing of the
gas phase and the liquid phase, and without air bub-
bling through the liquid phase. During the test, con-
tact between air and the oxidized products at their
interface was arranged, and a constant oxygen con-
centration in the air above the phase interface was
maintained. The test results are graphically illustrated
in Fig. 1. The test was conducted under atmospheric
pressure, in order to minimize the qu“id content, so
that the resultant validation (or invalidation) of the
oxidation reaction occurrence at the liquid-gas inter-
face under influence of gaseous oxygen (O5*) mole-
cules would not be distorted in any manner. The test
was performed under low temperatures (e.g., as low
as 23°C). This choice was primarily intended to

minimize the formation of process inhibitors, such as
aldehydes, phenol, etc., which to a great extent slow
down the reaction rate, and thereby distort the overall
pattern of the oxidation process, in particular with
regard to the desired hydroperoxide product. Con-
ducting the process at a low temperature also allows
determination of the limit of process selectivity when
cumene oxidation proceeds at the liquid-gas interface
and is promoted by O5* molecules, within the studied
range of the degree of cumene conversion and,
especially, at high hydroperoxide concentrations. The
third reason behind the selected process conditions
was that they allowed discovering whether the energy
barrier of the oxidation process promoted by O5* at
the liquid-gas interface is overcome (i.e., whether radi-
cals R* and ROO" that ensue formation of hydroperox-
ide and by-products are formed), at such a low tem-
perature. Finally, this temperature choice was relevant
for revealing the effect of cumene oxidation promoted
by O5* under low temperature conditions, both on
hydroperoxide formation rate and on process selectiv-
ity, over an extended period of time (two years).

The data presented in Fig. 1, demonstrates that
hydroperoxide formation rate was constant over the
period of two years, and that a hydroperoxide concen-
tration of 36.3 wt % was ultimately achieved, without
any tendencies for either reaction rate or process se-
lectivity to decrease. Moreover, the magnitude of se-
lectivity remained anomalously high and substantially
invariable, reaching more than 99 mol %, over the
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Fig. 1. Cumene hydroperoxide concentration as a function of
time: 7'= 23°C, P = 0.1 MPa, [CHP], = 10 wt %, interface
area is 12 cm’; (o) and (#) refer to two independent test runs.
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entire length of the test performance (Table 1), as op-
posed to the results that would have been obtained for
cumene oxidation conducted in the bubbling mode.

The obtained results provided clear evidence that,
under the conditions imposed in the test, oxygen diffus-
ing from the gas phase into the liquid phase does not
limit the hydroperoxide formation rate: Wyp = f(time).
It was found that the lack of liquid phase mixing does
not prevent oxygen from diffusion deep into the liquid
and, therefore, from being sufficient for enabling oxy-
gen expenditure into the reaction, even presuming that
hydroperoxide is formed solely due to oxygen dis-
solved in the liquid phase. Moreover, despite a very
low concentration of dissolved oxygen (about
0.04 wt % under pressure of 0.1 MPa [15, 16]), the
amount of oxygen contained in the reaction mixture
was sufficient for hydroperoxide formation. In fact,
the oxygen concentration in the liquid phase ([05"“])
remained constant over the entire course of the test
run, in spite of its expenditure into hydroperoxide —
even theoretically presuming that the O5* dissolution
rate is very low (at least markedly slower than the
rate of its expenditure into hydroperoxide formation),
the principal fact is the presence of about 106x
107 moles of O3 in liquid phase, as compared to
about 1.5x10° moles (which is equivalent to only
about 1.5% relative to the former value) of oxygen
expended into formation of hydroperoxide. This
predetermines that the constancy of the concentration
of dissolved oxygen during the test run may be
formulated as: [0399]; = [05%], = const.

Taking into account the reported values of the to-
tal amounts of cumene expended into formation of
dimethylbenzyl alcohol, acetophenone, and dicumyl
peroxide (about 0.08 wt %, about 0.006 wt %, and
about 0.017 wt %, respectively), of the increase in
hydroperoxide content (about 26 wt %), and of the

amount of oxygen dissolved in the liquid phase
(about 0.05 wt % under pressure of 0.1 MPa [15, 16],
which is very small), it may be concluded that, under
temperature of 23°C, the portion of hydroperoxide
formed with participation of dissolved oxygen (about
2 relative percent) is negligible, as compared to 98%
formed in the reaction of cumene with O5®. This
proves that the abovementioned 26 wt % increase in
hydroperoxide content, as was observed from the
beginning to the end of the experiment, was substan-
tially provided by the O5*-aided reaction at the lig-
uid—gas interface, rather than by participation of
04 molecules in the liquid phase. The obtained
results also serve as conclusive evidence that, irre-
spective of the particular path of hydroperoxide
formation (i.e., through participation of O3 or of
05"), oxygen expenditure into chemical reactions
does not change the value of [05%]; in the oxidized
products: [03"4], = [0%"]) = const. Moreover, irre-
spective of the particular method of oxygen delivery,
namely contact with O5* (superficial static oxidation
through the liquid-gas interface) or air bubbling
through the reaction mixture [17], the formation of
radicals R* and ROO®, which give rise to hydroperox-
ide, takes place even at the very low temperature
(23°C) under which the test was conducted. When the
diffusion method of air delivery was used, the
equation W = ki[R"][05%"] (see the description below)
remained linear (see the discussion of Figs. 2 and 3,
below), even at a high hydroperoxide concentration
([CHP]fina = 36.3 wt %), as opposed to the cases of
introduction of inhibitors and of bubbling-type cu-
mene oxidation (see the discussion of Fig. 9 in Sec-
tion 3, Bubbling-type vs. Static Oxidation of Cumene,
below). Finally, it should be noted that the magnitude
of oxidation selectivity, under the conditions of diffu-
sion regime of oxygen delivery, is anomalously high,
ranging from about 99.5 to 99.7 mol %.

Table 1. Effect of cumene hydroperoxide concentration on selectivity of oxidation promoted by O5*: T=23°C, P=0.1 MPa

Test Run # [CHP],, [CHP] a1, [Phenol]gmax10%, Cumene conversion® Process selectivity,”
wt % wt % wt % deg, % mol %
1 0.23 0.38 Zero 0.13 99.93
2 4.90 19.53 2 11.62 99.43
3° 10.00 36.30 2 20.51 99.55
4 35.20 4435 8 7.32 98.70
5¢ 35.20 37.68 2616 2.02 97.10

* Based on the total of hydroperoxide and by-products formed. ® Data relevant to Fig. 1. © With addition of 0.1 wt% HCOOH.
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Verifications of the effect of hydroperoxide content
on the rate of O5*-aided cumene oxidation, and of the
impact of inhibitor (newly formed phenol) on reaction
rate and process selectivity, under very mild conditions
of “unforced” cumene oxidation at the liquid-gas
interface, are summarized in Figs. 2, 3 and in Table 1.

Analysis of the obtained results (test runs 2, 3, and 4
in Table 1) confirmed that oxidation in the diffusion
regime of O5 delivery takes place within the full
range of hydroperoxide concentrations, specifically
from about 5 wt % to about 45 wt %, and, moreover,
that the oxidation process does not cease, with no lim-
iting point of hydroperoxide concentration being ob-
served, as opposed to the case of bubbling-type oxida-
tion, in which the achievement of an upper hydroper-
oxide concentration limit (at about 40 wt %) is fol-
lowed by a consistent declining trend, despite continu-
ing air injection into the reactor [4, 14, 17]. The fol-
lowing patterns were further observed in the case of
Of*-aided oxidation at the liquid-gas interface:
(a) hydroperoxide formation rate is described by a
linear function within a hydroperoxide concentration
range of 5-45 wt % (see Fig. 2); (b) The magnitude
of oxidation selectivity is exceptionally great (more
than 99 mol %), and remains as high as about
98.7 mol % even at about 45 wt % of hydroperoxide
(run 4 in Table 1); (¢) The contribution of chain ter-
mination and cross-coupling termination reactions,
leading to formation of radicals RO" and, correspond-
ingly, of by-products ROH, is negligible; (d) The initia-
tion of chains of radicals proceeds at a constant rate:
W;=const (see Fig.2); and (e) Despite the very low
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Fig. 2. Formation of cumene hydroperoxide at a varying
CHP content in the cumene feed: 7 = 23°C, P = 0.1 MPa.
[CHP]o, wt %: (1) 10.2; (2) 35 + 0.1 wt % HCOOH; (3) 35.

temperature of 23°C, about (2-8)x10* wt% of a
phenol inhibitor is still formed (see Table 1).

Introduction of formic acid into the oxidized prod-
ucts (line 2 in Fig. 2) revealed that, at the most initial
step of the test run, where formation of by-products
(dimethylbenzyl alcohol, acetophenone, and inhibitors)
affecting the reaction rate was negligible, a substantial
(about 6-fold) decrease in reaction rate was observed,
although as little as about 0.1 wt % of HCOOH was
added to the oxidized products.

Figure 3 graphically illustrates the effect of phenol
concentration on the selectivity of oxidation occurring
in the diffusion regime of O5" delivery to the gas—
liquid interface, based on the data obtained in the
course of experiments that were conducted over an
extended period of time (924 h) involving addition of
(19-933)x10* wt % of phenol into the cumene feed.
This data confirmed the above-noted conclusions with
regard to the significant negative impact of this inhibit-
tor on process selectivity and, in addition, revealed the
quantitative characteristics of this impact.

The differences between reaction rates and magni-
tudes of selectivity in the compared experiments (see
lines 2 and 3 in Fig. 2), in which inhibitor concentration
was the only time-varying factor, conclusively prove
that, even under exceptionally mild oxidation process
conditions, the phenol inhibitor [4] is directly involved
in the reaction with radicals ROO’, leading to their re-
combination and transformation into radicals RO" (i.e.,
leading to formation of the by-products) (see details in
Article II). In view of the substantial avoidance (or, at
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Process selectivity, mol %
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Fig. 3. Process selectivity as a function of phenol concentra-
tion in cumene oxidation promoted by O5* in a static
regime: T=25°C, P=0.1 MPa, [CHP]y, = 10 wt %, test run
length = 924 h.
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least, minimization) of other common negative impacts
on the oxidation process, under the process conditions
imposed in the experiment, the noticeable decline in
process selectivity upon addition of phenol (see
Fig. 3), or of very small quantities of HCOOH, into the
oxidized products can only be explained, for these spe-
cific cases, by the presence of reaction retarders (which
are hereinafter referred to, purely for simplification pur-
poses, as inhibitors and denoted as In or InH) and of
actual inhibitors (which are hereinafter also denoted as
In or InH) in the reaction medium. In fact, the observed
difference in the magnitudes of selectivity (about
99 mol % in run 4 vs. about 97 mol % in run 5, as can
be seen from Table 1; or about 99.4 mol % vs. about
97.8 mol %, as indicated in Fig. 3), between the runs
with low and high concentrations of phenol, can only be
attributed to the essentially different amounts of radicals
R® and ROO’ formed in the course of oxidation reac-
tions, as well as to different relationships between the
concentrations of radicals and inhibitors [R*]/[InH] and
[ROO’)/[In] in the cases of low and high concentra-
tions of phenol. As a result, when any reaction retarder
or inhibitor (such as HCOOH, aldehydes [14, 17], or
phenol) is present in the reaction mixture, the above-
noted cases feature small concentrations of radicals R*
and ROO’, while these concentrations slightly exceed
the concentrations of In and InH. As long as this slight
excess is maintained, cumene hydroperoxide formation
in the reaction taking place in the diffusion regime of
oxygen (O5®) delivery to the liquid-gas inter-
face, proceeds at a lower rate. Moreover, the formed
radicals R* and ROO® are expended, for instance, in ac-
cordance with reaction (3):

R’ + InH —RH + In". 3)

The resultant rate of hydroperoxide formation no-
ticeably slows down (line 2 in Fig. 2), because the
reactions R* + O5*° — ROj and RO5+ RH — RO,H + R*
are substantially avoided, or, even though they may
occur, ROO® is expended into formation of by-
products in accordance with reactions (4) and (5):

ROO® + In — ROOIn" — RO" + InO, @)
RO*+ RH —ROH + R". )

Under the abovementioned conditions, the values of
[R'})/[InH] and [ROO])/[In] relationships decrease due
to the occurrence of reaction (3), while formation of
by-products in the liquid phase continues at a progress-
sively accelerating rate due to the occurrence of reac-
tions (4) and (5) as a result of the gradually increasing

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 81

concentration of phenol. Therefore, the above-
discussed factors lead to deterioration in process selec-
tivity in the presence of HCOOH and phenol, despite
the very mild process conditions of cumene oxidation.

In the case of a sufficiently high concentration of
hydroperoxide, and correspondingly of ROO®, in the
cumene feed, and a small concentration of retard-
ers/inhibitors (as described by the graph in Fig. 1, by
lines / and 3 in Fig. 2, and by run 4 line in Table 1), the
condition of [R*]>> [InH] and [ROO"]>> [In] is met. As
a result, hydroperoxide is formed in appreciably larger
quantities in reactions (1) and (2), while reactions (4)
and (5), that lead to the formation of by-products, con-
tinue to proceed in the same manner as in the experi-
ments described above (see Figs. 1 and 2 and Table 1).

The results of the test runs conducted in the diffu-
sion regime of oxygen delivery, both with and without
the addition of HCOOH and phenol, substantiate a
conclusion that molecules of phenol and HCOOH act
as inhibitors in the reaction between R® and oxygen
present at the gas—liquid interface, thereby slowing
down hydroperoxide formation rate, while at the same
time these molecules promote an acceleration of trans-
formation of ROO" into RO’ the latter being a source
of by-products formation and, thus, of a loss in selec-
tivity value. Therefore, like in oxidation under influ-
ence of 032 [17], reducing the concentration of re-
tarders/inhibitors in the liquid phase is a prerequisite
for enhancing process selectivity and for accelerating
the hydroperoxide formation reaction rate in the
course of oxidation promoted by oxygen at the gas—
liquid interface.

Comparison of test runs / through 4 (Table 1), at
different initial concentrations of hydroperoxide and
low concentrations of phenol formed in the reaction
[(2-8)x10™* wt %], with respect to the oxidized prod-
ucts, revealed that, despite the extremely mild oxidation
conditions (including the low O3 concentration, the
low process temperature, and the low concentration of
retarders/inhibitors in the liquid phase), an increase in
hydroperoxide concentration resulted in a certain de-
cline in selectivity. Specifically, the selectivity value
equaled 99.43 mol % at [CHP]gn, = 19.5 wt %, and fell
to 98.7 mol % at [CHP]g,a = 45 wt %. This minor de-
cline in selectivity value, however, extends beyond the
margin of a methodological error in estimation of the
contents of by-products, such as dimethylbenzyl alco-
hol, acetophenone, and dicumyl peroxide. This decline,
even corresponding to the very high final hydroperoxide

No. 5 2011



PHENOMENOLOGY OF OXIDATION OF A CUMENE FEED CONTAINING HYDROPEROXIDE: I. 851

concentration of about 45 wt %, was significantly lower
than that in the presence of 0.1 wt % of HCOOH. The
anomalously high magnitude of selectivity (98.7 mol %)
at a final hydroperoxide concentration of about 45 wt %
is clearly explained by an appreciably greater selectivity
of cumene oxidation promoted by oxygen at the gas—
liquid interface, as opposed to O [13, 14, 17], as
well as by the mild oxidation conditions imposed in the
experiments discussed, and in particular by the low re-
tarder/inhibitor concentration in the reaction mixture.
During the experiments, the relative contributions of
each of the abovementioned factors to achievement of
the anomalously high selectivity were not investigated.
Nonetheless, the collected experimental data, as well as
the information disclosed in references [13, 14, 17], lead
to a conclusion that none of the selectivity-affecting
factors (including process temperature, hydroperoxide
formation rate in oxidation through oxygen at the gas—
liquid interface vs. oxygen dissolved in the liquid phase,
and the amount of retarders/inhibitors formed during the
reactions) can be neglected in attempts to optimize the
oxidation process design. However, for purely theoretical
considerations, the following revelations, which are
opposed to the previously existing notions [4, 6], are of
greater importance: (a) Even under the mildest possible
process conditions, decomposition of hydroperoxide
present in the liquid phase occurs with formation of
ROO" radicals, and the chain propagation reactions lead
to formation of R® radicals, which in turn form hydroper-
oxide, when oxygen at the liquid—gas interface partici-
pates in the reaction; (b) Cumene oxidation promoted by
oxygen present at the liquid—gas interface, proceeds with
an anomalously high magnitude of selectivity; (c) The
reactions of propagation and degenerate branching of
the ROO" radical chains in the liquid phase, lead to
formation of RO’ radicals and, ultimately, to formation
of by-products, though in limited quantities; and (d) In
the course of O5"-aided oxidation at the liquid-gas
interface, an increase in hydroperoxide concentration
does not lead to an acceleration of hydroperoxide forma-
tion (lines / and 3 in Fig. 2), as opposed to oxidation by
O34 This is yet another independent difference between

oxidation promoted by O$* and oxidation by 03",

Of significant scientific interest are the established
facts that a phenol molecule behaves in an essentially
different manner with respect to the radicals formed in
the course of oxidation reactions — specifically that a
markedly higher phenol concentration is required for
phenol to act as a prominent inhibitor of hydroperoxide
formation in the reaction between R* and oxygen at the

liquid—gas interface, while its inhibiting impact in the
reaction between O2%“¢ and R° in the liquid phase
manifests itself to a much greater extent (indeed, as is
discussed in Article I, even a relatively low content of
phenol leads to a noticeable slowdown of hydroperoxide
formation). Moreover, phenol plays a considerable role
in transformation of ROO® into RO°, which is a source
of by-products formation and, therefore, results in a
decline in process selectivity.

The newly established, and previously unknown,
facts of the limited extent of inhibition of the oxidation
reaction occurring at the gas-liquid interface with
participation of O5®, and of the inhibitor-affected
decline in process selectivity under conditions of the
low temperature range, deserve further detailed research
to be undertaken to reach a better understanding of the
root causes of the significant distinctions between the
oxidation processes promoted by oxygen present at the
gas—liquid interface and by Oy,

B. Variable interface area. The dominance of Of*
at the liquid—gas interface in the overall hydroperoxide
formation was demonstrated through a series of ex-
periments that were performed at a varying interface
surface area (Fig. 4), under process conditions similar
to those described above (7'=23°C, P=0.1 MPa, no
air bubbling through the liquid phase). In addition,
these experiments were characterized by consistently
constant values of the rate of initiation (W;= const)
and the length of chain (v =const), as well as by
proven constancy of peroxide radicals concentration
([ROO’] = const), which implies that constant relation-
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Fig. 4. CHP formation rate as a function of liquid—gas
interface area: T'=23°C, P=0.1 MPa.
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ships between the rate constants of the reactions of
termination and propagation of radical chains (k;, k¢,
k}/ 2, in accordance with the common definitions adopted
in [4, 6]) are sustained.

The graph in Fig. 4 clearly demonstrates that hydrop-
eroxide formation rate varies as a linear function of the
O$*-liquid contact area. If the reaction occurred with
the participation of O34 only, as it was assumed by the
authors of [4, 6], the amount of newly-formed hydrop-
eroxide would remain constant despite the variations in
liquid—gas interface area, for the following reasons: (a)
The rate of oxidation reaction promoted by O is de-
termined by the concentration of dissolved oxygen in
the liquid phase; (b) O¥®“ concentration in the liquid
phase was constant during the test runs, because: (i) The
portion of oxygen expended into hydroperoxide forma-
tion equals no more than about 1-2% relative to the
overall quantity of O3%“ in the reaction mixture, even if
hydroperoxide were solely formed under influence of
03®4. This portion is negligible, considering the ex-
treme slowness of the hydroperoxide formation reaction
under the conditions imposed in the test; and (ii) The
(O34 1o (0Jd) . mole ratio equals 102, which is an
atypically high value for an oxidation process promoted
solely by 034" (c) The rate of oxygen expenditure into
hydroperoxide formation is negligible and does not limit
the formation of hydroperoxide, judging from the line-
arity of Wepp = f(¢) (This suggestion is also supported by
the reasoning set forth in item (b) above, as well as by
the fact that the rate of oxygen dissolution in the re-
action mixture is not crucial for determination of hy-
droperoxide formation rate under these particular oper-
ating conditions; and (d) The reaction mechanism and
its limiting stage — including the relationships between
the rate constants of the reactions of termination and
propagation of radical chains (k», k¢, k'), the reactions
of cross-coupling termination of the chain (R*+ RO,’,
ending in formation of RO"and ROH), and the reactions
of induced decomposition of hydroperoxide
(R*+ROOH, ending in formation of 2 RO"), as well as
the value of W; — remained strictly constant during the
test run, due to the complete similarity of the conditions
imposed in the comparative tests, and, in particular, of
process temperature, air flow rate, oxygen dissolution
rate, composition of reaction mixture, process pressure,
concentration of dissolved oxygen, content of inhibitors,
and degree of cumene conversion.

However, the data presented in Fig. 4 reveals a
totally different pattern of hydroperoxide formation,
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which accelerates corresponding to growth in the
interface area, despite the fulfillment of all of the
conditions (a) through (d) listed above. This conclu-
sively proves that the rise of hydroperoxide forma-
tion rate was ensured by the reaction involving O5*,
and not 03", especially in view of the very small
concentration of O3™Y in the liquid phase under
pressure of 0.1 MPa. The experimentally established
fact of the acceleration of hydroperoxide formation
rate with a growth in interface area, can hardly be inter-
preted in any other manner, because the liquid—gas
interface area was the only variable in the experi-
ments discussed, with all other parameters kept un-
changed.

Therefore, direct experimental evidence of the oc-
currence of cumene oxidation under the influence of
O5* at the liquid—gas interface, has been provided.
In particular, it has been demonstrated that oxidation
rate is affected by interface area as a linear function
(Fig. 4): Wup =f(S). Moreover, the selectivity of
cumene oxidation promoted by O5* has been
determined, under the experiment conditions presented
in Fig. 4, to equal more than 99 mol %, which is an ex-
tremely high value, being independent of the gas—
liquid interface area.

The theoretical importance of the verification,
through direct experiments, of the occurrence of oxi-
dation under the influence of O5*, as well as of the
extremely high magnitude of process selectivity,
becomes even more evident when compared against
the publically available reports [6], according to
which, “hydroperoxide does not decompose at a
temperature of 30—65°C, which substantially pre-
vents oxidation even when hydroperoxide is spe-
cially fed as an initiator,” and it is not until the tem-
perature reaches above 70—80°C that hydroperoxide
begins decomposing with formation of radicals and
oxidation proceeds through the mechanism of
degenerate branched chain reactions, where process
selectivity declines with a rise of hydroperoxide
concentration.

The abovementioned assumptions [6] have been
completely refuted by the obtained data, which is illus-
trated in Figs. 1-4, and which is further summarized as
follows:

1) Cumene oxidation by O5* took place at about
20°C, i.e., at markedly lower temperatures as opposed
to oxidation by O3 [4, 6].
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2) Under low temperatures, oxidation proceeded
through the mechanism of degenerate branched chain
reactions, in a similar manner as it does at higher tem-
peratures, judging from the formation of dimethylben-
zyl alcohol, acetophenone, and dicumyl peroxide (see
Tables 2 and 3, below).

3) The reactions of propagation, degenerate
branching, and termination of radical chains, leading to
formation of by-products, occurred to a very limited
extent, despite the high hydroperoxide concentration
(about 36 wt % to about 45 wt %) in the cumene feed.
As a result, cumene oxidation occurring at the liquid—
gas interface with participation of O5*, becomes similar
to a process that proceeds by the mechanism of low-
branched chain reactions.

4) During the oxidation under study, an exception-
ally high magnitude of selectivity (more than
99 mol %) was achieved within the entire range of hy-
droperoxide concentration, up to about 45 wt %.

To discover which specific radicals participate in
oxidation through oxygen present at the phase inter-
face, and to reveal the true reasons behind the anoma-
lously high selectivity achieved, a series of test runs
of oxidation promoted by O5" were performed, with a
hydroperoxide-containing reaction mixture in some of
the runs, and with an almost hydroperoxide-free reac-
tion mixture in the others. Comparison of the data ob-
tained during the unforced (diffusion) oxidation under
the influence of O5* with a cumene feed that was al-
most free of hydroperoxide (0.12 wt %), versus the
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same with a cumene feed containing about 5 wt % hy-
droperoxide, as presented in Tables 2 and 3, respec-
tively, led to the discovery that hydroperoxide formation
rate at [CHP], = 0.12 wt % was more than two orders of
magnitude (precisely, 256-fold) lower than that at
[CHP]y=4.9 wt %. In particular, at an initial hydroper-
oxide concentration of 0.12 wt %, the extreme slowness
of hydroperoxide formation rate is illustrated by the fact
that hydroperoxide concentration increased by as little
as 0.03 wt % over the period of 50 days (see Table 2),
and by 0.156 wt % over 196 days (not indicated in
Table 2). Therefore, O5*-aided oxidation did not occur
for practical purposes, as compared to the runs with an
initial hydroperoxide concentration exceeding 5 wt %
(as presented in Table 3 and Figs. 1 and 2), and the
reaction RH + 05*® — R* + HO; was avoided.

The presentation of the direct experimental proof of
an extremely low (i.e., close to zero) rate of hydroper-
oxide formation at a very small initial hydroperoxide
concentration (0.12 wt %, Table 2) in the cumene feed,
during the O5*-aided oxidation test, supports the above
conclusion that a direct contact between molecules of
cumene and O5® at the liquid-gas interface in the
absence of hydroperoxide, which otherwise serves as a
source of radicals in the oxidized products, fails to form
radicals R" and, therefore, does not bring any consider-
able contribution to formation of radicals ROO® and, as
a consequence, to formation of hydroperoxide. This
conclusion fully corresponds to the assumption postu-
lated in reference [17]. Therefore, the particular type of
oxidizing agent, whether O§* or 05", does not affect

Table 2. Unforced static cumene oxidation: 7= 23°C, P=0.1 MPa, S =10.7 cmz, [CHP];=0.12 wt %

Days [Acetophﬂenone], [Dimethylbenzyl alcohol], [CHP], [Dicumyl peroxide], A(curpene A.([.)roczzss
wt % wt % wt % wt % conversion), % selectivity),” mol %
0 0 0.001 0.12 0
27 0 0.001 0.15 0 0.03 100
50 0 0.002 0.15 0 0.03 96.91

* A(cumene conversion) and A(process selectivity) values are hereinafter estimated w/o consideration for hydroperoxide, dimethylbenzyl
alcohol, acetophenone, and dicumyl peroxide at the initial point of the run.

Table 3. Unforced cumene oxidation: 7'=23°C, P=0.1 MPa, [CHP], = 4.9 wt %, S=10.7 cm’

Days [Acetophﬂenone], [Dimethylbenzyl alcohol], [CHP], [Dicumyl peroxide], A(curpene Aﬁpfocess
wt % wt % wt % wt % conversion), % selectivity), mol %
0 0.002 0.02 4.9 0
27 0.002 0.022 6.28 0.0014 1.09 99.72
50 0.0035 0.031 7.7 0.0017 2.22 99.43
RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 81 No. 5 2011
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the character of the occurring chain reactions — both
cases are characterized by an induction period, with
an extremely low reaction rate in the substantial ab-
sence of hydroperoxide (less than 5 wt %).

The opposite scenario was observed when hydro-
peroxide was present in the liquid phase in an amount
of about 5 wt %, as is presented in Table 3. The review
of the data presented in Table 3, together with the oxida-
tion results obtained at an initial hydroperoxide content
of about 10 wt % and about 35.2 wt % (Figs. 1 and 2,
Tables 1 and 2), reveals that the oxidation reaction pro-
moted by O5™ occurs at a noticeable speed only when a
sufficient amount of hydroperoxide is contained in the
liquid phase. In the experiments discussed, hydroper-
oxide formation rate varied as a linear function, with
cumene oxidation selectivity being extremely high
(i.e., more than 99 mol %).

Comparison of Table 3 with lines / and 2 in Fig. 2,
leads to a predictable conclusion that, to ensure the oc-
currence of oxidation promoted by O5*, as in the case of
oxidation by 03, a sufficient concentration (i.e., con-
centration at a kinetic equilibrium) of hydroperoxide in
the reaction mixture is required, because hydroperoxide
1s a source of radicals R®, the amount of which needs to
be sufficient. When this requirement is met (i.e., when
[CHP]y > 5 wt %), hydroperoxide is formed at the
phase interface at a sufficient rate (see lines /-3 in
Fig. 2, and Table 3), due to a contact between radicals
R’ and oxygen O5* present at the liquid—gas interface.

In view of the above consideration, it can be stated
that oxidation under the influence of O5* only takes
place when the reactions of degenerate branching, with
participation of ROO®, give rise to the presence of radi-
cals R® in the liquid phase (it should also be noted that
the radicals R* are formed from hydroperoxide, rather
than in a reaction between RH and O5®). This is the
reason why the oxidation reaction substantially does
not develop in the absence of hydroperoxide in the lig-
uid phase, and occurs extremely slowly if hydroper-
oxide is present in low concentrations, such as about
0.12 wt %. In fact, the action of O5* as a reactant, does
not differ from that of 0%, with respect to hydroper-
oxide formation with participation of radicals R’. Pro-
vided that a sufficient amount of radicals R" are pre-
sent or formed in the liquid phase, the oxidation proc-
ess takes place regardless of the oxidizing agent type;
otherwise, oxidation promoted by O5* fails to develop.
Consequently, hydroperoxide formation at the liquid—
gas interface involves contact of molecules of O5* with
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radicals R® that have been formed in the liquid phase,
and that are present at the phase interface. The de-
pendence of the oxidation and hydroperoxide forma-
tion rate on the concentration of radicals R°, provides
further evidence that the reaction between R* and O5*
is the rate-limiting stage of the oxidation process pro-
ceeding at the liquid—gas interface.

In the light of the abovementioned discussion, the
radical chain development scheme for the cumene oxi-
dation reactions aided by O3 at the liquid—gas inter-
face, with the liquid phase containing hydroperoxide
giving rise to R*, must have the appearance as de-
scribed by reactions (6) and (2):

slow

R' + 0§ = ROO", (6)
ROO® + RH — ROOH +R’, Q)

where R" is a radical of the liquid phase; and O5* is an
oxygen molecule of the gas phase.

A review of reactions (6) and (2) reveals that they are
only distinct from the commonly recognized scheme of
cumene oxidation into hydroperoxide, described by reac-
tions (1) and (2) in accordance with the assumptions dis-
closed in reference [4], in that formation of radicals
ROOQO’ involves the participation of O5* molecules at the
phase interface, and not of 05" molecules in the liquid
phase by reaction (1). On the other hand, whether O5®
or 04 Jeads the oxidation reaction, the limiting stage
in both cases is in fact the reaction between radicals R*
and oxygen molecules (O5* or 05 respectively), i.e.,
reaction (6) or reaction (1), rather than reaction (2),
which is the same in both compared schemes. Of course,
this distinction is only relevant for the particular condi-
tions (low temperature and pressure of 0.1 MPa) under
which the experiments were conducted. Reference [17]
clearly explains that, with an increase in temperature
and pressure, reaction (1) makes a more significant con-
tribution to the overall rate of hydroperoxide formation,
with the reaction between R® and oxygen (O5* and
041y proceeding by both paths.

Despite the low temperature of 23°C, further devel-
opment of the radical chain in the liquid phase, leading
to transformation of radicals into by-products follow-
ing the degenerate branched chain mechanism, still
occurs, though to a very small extent (see Tables 1 and
2). Therefore, while oxidation promoted by O3, with
a small concentration thereof in the reaction mixture,
follows the branched chain mechanism, the mild proc-
ess conditions (low temperature and a correspondingly
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low concentration of retarders/inhibitors) bring it into
proximity with the non-branched chain reaction
pattern. This is one, but not the only, cause of the high
selectivity of O5*-aided oxidation.

When comparing O§5* and O™ as oxidizing
agents, and specifically with respect to their reaction
with the R® radical, it should be noted that, at a
hydroperoxide concentration of 5wt % or greater,
when the induction period is over, formation of R* and
ROQ?’, as well as their subsequent conversion into the
desired hydroperoxide product, under the influence of
O5* are characterized by the following distinctions: (a)
a sufficiently high reaction rate (see Figs. 1 and 2); (b)
occurrence under very low temperature (23°C); and (c)
an anomalously high selectivity value (see Table 1), as
opposed to radical transformations in the course of
cumene oxidation promoted by O3 (which are
further discussed in Section 3, Bubbling-type vs. Static
Oxidation of Cumene, below).

Apart from the above-listed distinctions, two addi-
tional important features of O5* are noteworthy. For-
mation of R, RO", and ROO" takes place despite the
discouraging effects of: (1) the lack of thermal decom-
position of hydroperoxide at very low temperatures
(e.g., at 23°C); and (2) deep association of hydroper-
oxide molecules at a high concentration of hydroperoxide.

The aforementioned results provide additional evi-
dence supporting the conclusion that is drawn above,
in the discussion of cumene oxidation occurring with,
and without, addition of phenol and formic acid as
retarders/inhibitors, as well as the conclusion that was
made in references [14, 17], with regard to cumene
oxidation carried out at notably higher temperature
values (110-120°C) and hydroperoxide concentration
values (40-64 wt %). Specifically, it is clear that the
magnitude of process selectivity is affected not so
much by the concentration of hydroperoxide, which is
the source of appearance and transformation of radi-
cals, but by the presence of retarders/inhibitors in the
reaction mixture, because a variation in the content of
inhibitors has a very significant impact on the relation-
ships [R*])/[InH] and [ROO")/[In], and therefore on the
quantities of resulting hydroperoxide and by-products.

Figure 5 presents the data of cumene oxidation tests
that were performed successively in an open system
and in a closed system, under pressures of 0.1 MPa
and 0.5 MPa, all under the same temperature of 110°C.
The tests were intended for: (1) determining the por-
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Fig. 5. Formation and conversion of CHP in an open
system and a closed system, at 7= 110°C: (I) air bubbling
(oxidation aided by O3 and O§*); (II) oxidation aided by
Ofjauid, (0) thermal decomposition of CHP in the absence of
044 at P=0.1 MPa; (/) CHP decomposition in the
absence of O at P=0.1 MPa; (2) CHP conversion in
the presence (at “3 h” point) and in the absence of Oi®¢
(over the period of 3h to 5h), at P=0.5MPa; “15 h”
indicates the period of time during which the process was
brought to a stable concentration of the reaction mixture.

tion of hydroperoxide formed in the reaction of cu-
mene with Of* at the liquid—gas interface under the
conditions of an open system with air bubbling; and
(2) studying the phenomenology of oxidation pro-
moted by Olziq“id, the concentration of which, in the re-
action mixture contained in the closed system, was
about ten times higher than that in the open system
(about 0.43 wt % and about 0.05 wt %, respectively).

In the open system, oxidation was influenced by both
04 and O§*, while the closed system only involved
oxygen dissolved in the oxidized products, O3% (as a
result of the lack of air input from the outside). More-
over, oxidation in the closed system continued until the
complete exhaustion of 03", so as to determine in
situ the concentration of dissolved oxygen based on the
complete composition of the products formed.

The utility of the abovementioned developed
method is not only explained by its substantially
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higher accuracy, as compared to all other relevant
alternate methods, but, most importantly, this method
is the most appropriate for measuring the effect of the
presence of hydroperoxide and of other oxygen-
containing compounds in the reaction mixture on the
solubility of 03" therein, as opposed to the case of
pure cumene [16].

The obtained results (illustrated by line / and curve 2
in Fig. 5) suggest that, despite the same hydroperoxide
concentration (22.5 wt %), transitioning the oxidation
process from the open system into the closed system
(the “0 h” point), made the amount of newly-formed
hydroperoxide fundamentally different. Indeed, at
[OYi9] )~ 0.43 wt % (under pressure of 0.5 MPa), hy-
droperoxide formation proceeded, and its concentration
reached its maximum point, with its subsequent drop to
a point (2.3 h during step II) where it equaled the
hydroperoxide concentration of step I (during which the
residence time in the reactor was also 2.3 h). Then,
at [05%] = 0, hydroperoxide was expended into by-
products solely in the course of a thermal decomposi-
tion reaction. At [05%“]y~ 0.05 wt % (under pressure
of 0.1 MPa), an increase in hydroperoxide concentra-
tion during step II was almost zero (not indicated in
Fig. 5), so that the hydroperoxide entering along with
the reaction mixture from the open system (step I) was
only expended, with the expenditure rate equal to the
rate of thermal decomposition of hydroperoxide in the
absence of oxygen in the reaction medium (illustrated
by line 0 in Fig. 5).

During step I, at [05"%], = 0.05 wt % (under pres-
sure of 0.1 MPa), the hydroperoxide formation rate
was about 0.75 wt % h', due to air injection, while it
dropped almost to zero in the following step II. This
unambiguously suggests that hydroperoxide forma-
tion under atmospheric pressure and temperature of
110°C, with air bubbling through the reaction mix-
ture, occurs almost solely by action of O5* at the
liquid—gas interface, i.e., at the boundary between the
surface of air bubbles and the liquid phase.

When bubbling-type oxidation was carried out un-
der a higher pressure (e.g., 0.5 MPa), with a relatively
high concentration of 03", both formation and ex-
penditure of hydroperoxide took place during step II,
as is illustrated by curve 2 in Fig. 5. This serves as
evidence that hydroperoxide formation in step I pro-
ceeded by both 05* and 034" paths. The yield of hy-
droperoxide from step I is determined by the resi-
dence time of the oxidation mixture in the reactor;
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accordingly, as compared to hydroperoxide yield
under atmospheric conditions, this value under
higher pressure may be either higher (the usual
case), or equal (see dot “a” on curve 2 in Fig. 5), or
even lower. In fact, the final result depends on the
adequate selection, by the designer, of appropriate
values of reactor size, residence time, temperature
value, degree of cumene conversion into hydroper-
oxide, and of the quality of initial cumene feed as
well as of cumene recycle streams, which contain
various amounts of reaction inhibitors/retarders that
strongly affect the rates of formation of hydroper-
oxide and by-products. The quantitative ratios between
the amounts of hydroperoxide formed under influ-
ence of 05" and OY" for a specific reactor and for
the process conditions described above, are provided
in [17]. In the particular context of cumene oxida-
tion conducted in the static and dynamic regimes,
this data obtained from the test performed under
temperature of 110°C, is relevant as clear evidence
that, at atmospheric pressure and under exception-
ally mild process conditions, oxidation occurring at
the liquid—gas interface primarily involves O5® in the
hydroperoxide formation reaction.

2. Dynamic oxidation promoted by O5*. The
oxidation reaction is known not to be limited by oxy-
gen diffusion from the gas phase into the liquid
phase, as is noted in [4, 6]. Nonetheless, in order to
verify whether cumene oxidation rate is affected by
the rate of air flow above the gas—liquid interface,
another series of experiments were carried out, in
which cumene was oxidized by atmospheric oxygen
in the dynamic regime of interphase contact, rather
than in the static regime, as was performed in the test
reported in Figs. 1-4 and in Tables 1-3. For this pur-
pose, air was continuously passed along a moving
surface that was represented by a film of the liquid
phase (oxidized products) created by means of con-
tinuous refluxing of the hard reactor surface with the
reaction mixture, the latter being drawn off from the
reactor and then continuously returned into the reac-
tor for refluxing. In a number of runs, air was fed in
significant excess quantities, as compared to the
quantities required by the stoichiometry of cumene
conversion, while in other runs the amount of excess
air was relatively small (5-10%). The rate of hydroper-
oxide formation was found to be substantially
constant despite a variable air inflow rate. The supporting
experimental data is graphically illustrated in Fig. 6
and Fig. 7.
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[Cumene hydroperoxide], wt %

235 : ' ' ' :
0 10 20 30 40 50
Time, h
Fig. 6. Hydroperoxide accumulation under dynamic

oxidation conditions: 7=40°C, P=0.1 MPa, S= const,
[CHP], = 24 wt %.

As 1in the static oxidation tests, in the course of the
experiments performed in the dynamic regime with a
varying liquid—gas interface area, special care was taken
to strictly observe the similarity of process conditions
(in particular, the constancy of process tempera-
ture/pressure/concentration of dissolved oxygen, etc.),
critical for the steadiness of the relationship between the
rate constants of O3%%-aided reactions of propagation
and termination of radical chains in the liquid phase.
The only variable parameter was liquid—gas contact
area. Moreover, the oxygen excess, as compared to the
quantities required for chemical reactions, as well as
oxygen concentration in the spent air from the reactor,
were strictly maintained to be stable and constant.

The results obtained for different areas (200 cm?,
376 cm?, and 471 cm?) of contact between the coun-
termoving flows of the liquid phase and the gaseous
phase, convincingly proved both that oxidation under
the influence of O5* at the liquid—gas interface actu-
ally occurs in the dynamic regime, and that the rate of
oxygen diffusion from the gas phase into the liquid
phase is independent of the air flow rate when oxygen
is fed in excess, as compared to the stoichiometry of
cumene conversion.

The study further established that hydroperoxide
formation occurring in the dynamic regime is described
by a linear function (Fig. 6) until hydroperoxide concen-
tration reaches 27 wt %, without a declining trend of
reaction rate, in the same manner as it was observed for
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Fig. 7. Hydroperoxide formation rate as a function of
liquid—gas interface area under dynamic oxidation condi-
tions: 7=40°C, P = 0.1 MPa, [CHP], = 24 wt %.

static oxidation (cf. Figs. 1-4). Additionally, the oxy-
gen diffusion rate was found to be independent of
the rate and quantity of air inflow, while, on the
contrary, the reaction rate was discovered to depend
on interface area in a linear relationship, within the
interface area range of 0 to 471 cm® (Fig. 7):
Wyup = f(S). An increase in interface area from zero
to 471 cm® leads to a proportional acceleration of
hydroperoxide formation rate, as it was also
observed in the static oxidation case (Fig. 4).

Moreover, at hydroperoxide concentration of
about 27 wt %, the selectivity of O5"-aided oxidation
in the dynamic regime, in the same manner as under
the static conditions, was revealed to be about
98 mol %, which is an appreciably higher value, as
compared to the bubbling-type cumene oxidation with
the same hydroperoxide content (see details in Sec-
tion 3, Bubbling-type vs. Static Oxidation of Cumene,
below).

Both the conditions imposed in the tests and the
experimental results lead to a conclusion that the rate of
oxygen transfer from the gas phase into the liquid
phase does not limit the process, with the vast majority
of hydroperoxide being formed with participation of
O5™ at the liquid—gas interface, while the contribution
of reactions occurring in the liquid phase under influ-
ence of O3%¢ molecules to formation of hydroperoxide
and by-products, is negligible in view of the very low
concentration of dissolved oxygen. The same conclu-

No. 5 2011



858 ZAKOSHANSKY

sion was additionally supported by results of the series
of experiments performed under atmospheric pressure
and temperature of 110°C, where successive oxidation
steps in an open system and in a closed system were
arranged (in the open system, air was injected through
the liquid phase and oxidation was influenced by both

0% and 05" the closed system involved oxidation
solely promoted by 03%). This arrangement of two
successive steps ensured that the OS¢ concentration
in the open system was exactly equal to the 03" con-
centration at the initial time of oxidation in the closed
system. It was also revealed [13] that in the open sys-
tem a constant hydroperoxide concentration, being
equal to 22.2 wt %, was readily maintained both inside
and at the outlet of the reactor, thus proving that
continuous formation of hydroperoxide does in fact
take place. On the contrary, in the closed system, the ex-
penditure of hydroperoxide, that had been accumulated
during the first step of the test, and lack of formation
of hydroperoxide, was observed. The rate of this ex-
penditure was found to be exactly equal to the rate of
thermal decomposition of hydroperoxide in the ab-
sence of oxygen dissolved in the reaction mixture, as
was demonstrated in an experiment conducted in a ni-
trogen environment with dissolved oxygen pre-
removed by nitrogen. These revelations supply addi-
tional evidence that, in an open system in the presence
of both 0§ and O3, hydroperoxide formation is
only affected by O5®, whlle the contribution of O3 is
negligible under pressure of 0.1 MPa.

Similar experiments, in which a higher O3 con-
centration was used, and correspondingly a higher
pressure was imposed [13], also supported the above-
mentioned conclusions and, furthermore, additionally
demonstrated that an increase in the concentration of
dissolved oxygen predictably increases the amount of
hydroperoxide formed with participation of O}®¢
molecules.

Regarding the temperature impact on the dynamic
oxidation promoted by O5, an about two-fold tem-
perature elevation (from about 30°C to about 60°C)
resulted in about a 10-fold acceleration of hydroper-
oxide formation rate (Fig. 8).

Based on the experimental data, the activation
energy (E,) of the hydroperoxide formation under the
influence of O5* carried out in the dynamic regime,
was estimated to be about 16 kcal mol ' (with the cor-
relation coefficient » being equal to 0.9996), and this
estimation is markedly different from the value of
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E,=26.3 kcal mol™, that was previously obtained for
cumene oxidation promoted by O3 [17]. It appears
that the variation in E, values (about 16 kcal mol™" vs.
about 26 kcal mol') stems from a noticeable dif-
ference in the reactivity of O§* and O3 molecules,
which in turn originates from a different state of O5®
and O3 molecules in the gas phase, as opposed to
the liquid phase. This explanation is also supported
by the discovery, in the study discussed, of the
significant distinction in selectivity values between
oxidation processes promoted by O§* and by O3,
as well as of the fact that, when O5* participates in
the oxidation reaction, as opposed to O3"“aided
oxidation, hydroperoxide concentration within the
range of about 5-45 wt% has no effect on hydroper-
oxide formation rate (see lines / and 3 in Fig. 2).

The experimental results obtained with the static
and dynamic process types did not reveal any funda-
mental contrast — at least, within the studied ranges of
process conditions — between the compared regimes of
oxidation promoted by O5®. Therefore, both regimes
belong to the category of processes in which:
(a) cumene oxidation occurs with the participation of
O5™ at the liquid—gas interface; (b) oxidation rate is a
linear function of interface area; and (c) selectivity of
oxidation under the influence of O5* is anomalously
high, as opposed to oxidation occurring under the in-
fluence of the OQJid,

3. Bubbling-type vs. static oxidation of cumene. The
distinctions between the conventional bubbling-type
oxidation and the static oxidation are clearly demon-
strated by the data obtained in comparative experi-
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ments that were conducted under the same conditions,
including temperature of 23°C, pressure of 0.1 MPa,
the same flow rates of air delivery and cumene feed, an
interface area of 7.1 cm?, and the same continuous run
period of 137 days (Fig.9). In the bubbling-type
oxidation run, air was injected through a special sparger
that was effective in fracturing the air flow into 1-2 mm
bubbles, while in the static oxidation run air was deliv-
ered above the surface of the reaction mixture.

The amount of air delivered to the reaction was the
same in both runs, and the oxidation conditions were
such, that the rate of air expenditure into chemical reac-
tions was significantly slower than the rate of oxygen
transfer from the gas phase into the liquid phase. These
conditions ensured the constancy of the concentration of
the oxygen dissolved in the liquid phase, as well as the
constancy of the concentration of oxygen in the gas
phase in the static O5*-aided oxidation regime. The
low temperature was deliberately selected for the test to
minimize the formation of retarders/inhibitors which
markedly decrease both hydroperoxide formation rate
and process selectivity.

The graph in Fig. 9 demonstrates that, despite the
low temperature and the small degree of cumene con-
version, the obtained curves of hydroperoxide formation
have fundamentally different patterns. Indeed, curve 2
depicts a linear relationship in oxidation under the
influence of O5™ at the phase interface (see also the graph
in Fig. 1, relating to a notably greater degree of cumene
conversion), while curve / refers to a nonlinear relation-
ship in bubbling-type oxidation, where reaction rate
declines with an increase in cumene conversion rate. The
comparative data is also summarized in Table 4, below.

In accordance with the classical theory [4], reaction
rate for bubbling-type oxidation is determined by the
following simplified equation: W =k [R*][O"],
where “W stands for the rate of oxygen absorption™ [4],
which is equivalent to the rate of 03" expenditure
into chemical reactions. The above equation requires
that: (a) The reaction rate should be equal to the rate of
oxygen transfer from the gas phase into the liquid
phase; (b) To ensure the linearity of equation (I), the
concentration of dissolved oxygen must be constant:
[O499] = const, which implies that the rate of oxygen
expenditure into chemical reactions must be slower
than the rate of oxygen dissolution in the liquid phase;
(c) Phase intermixing must be maintained, so that oxy-
gen diffusion deep into the liquid would be sufficient for
oxygen expenditure into the reaction, and oxygen

concentrations in different layers of the liquid would be
the same and equal to the limiting (in terms of solubil-
ity) value; and (d) Air should be fed in an excess
quantity, so that oxygen would be present in a certain
excess, as compared to the stoichiometry of required
oxygen expenditure into the chemical reactions.

The same four requirements are also critical —
necessary and sufficient — for the reaction to occur in a
kinetic regime. All of them are only relevant to an
equilibrium state of radicals, in which the radical chain
in the liquid phase is well developed.

In view of the above consideration, all of the re-
quirements mandatory for providing the linear nature
of reaction rate in the equation formulated above,
were met during the bubbling-type atmospheric oxida-
tion runs (see curve [/ in Fig. 9) performed for the
research discussed in this Section. In particular: (a)
The rate of oxygen dissolution in the liquid phase
equaled about 8.8"10* mol min ' [16], whereas the rate
of oxygen expenditure into chemical reactions, based on
the quantity of hydroperoxide formed, was about
0.32%107° mol min"!, which was almost two orders of
magnitude slower than the oxygen dissolution rate; (b)
[0399] = const, i.e., the requirements of an adequate
degree of phase intermixing, and of rapid oxygen
transfer from the surface layer deep into the liquid
phase, were satisfied; (c) Oxygen excess, as compared
to the stoichiometry of oxygen expenditure into the
chemical reactions, was maintained; and (d) The low
process temperature, and the low degree of cumene
conversion, minimized the formation of by-products.

187
16
14
12
%0 10

ACHP,

1 1 ]
09 50 100 150

Time, days
Fig. 9. Cumene hydroperoxide formation in bubbling vs.
static regimes of cumene oxidation: 7 = 23°C, P = 0.1 MPa,
[CHP], = 10.2 wt %; () bubbling-type oxidation; (2) static
oxidation.
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Table 4. Bubbling-type vs. static (O5*-aided) cumene oxidation runs: 7'=23°C, P=0.1 MPa, § = 7.1 cm’

A[CHP], wt % A(cumene conversion), % A(process selectivity),” mol %
pays Bubbling (0} Bubbling o5* Bubbling (0}
27 4.12 2.04 3.46 1.64
54 8.14 3.31 6.72 2.65 95.62
90 10.24 5.06 8.38 4.04
123 10.52 6.75 9.4 5.38
137 11.87 7.43 9.67 5.92 96.91 99.07

* The estimated A{CHP], A(cumene conversion), and A(process selectivity) are net of hydroperoxide and total by-products contained in

the initial oxidation mixture.

However, a deviation from the linearity of hydroper-
oxide formation rate was observed during bubbling-
type oxidation (curve / in Fig.9). Therefore, this
nonlinearity could not be caused by a failure to meet
the above-listed requirements predetermined by the
equation: W = k;[R'][05%"]. In fact, the only influence
that varied in the course of the test run, and could po-
tentially cause this equation to deviate from a linear
relationship, at [Olziquid] = const, was the concentration
of radicals R responsible for formation first of radicals
ROO?’, and then of hydroperoxide. This concentration
declined with time under the effect of retard-
ers/inhibitors. In turn, transformation of ROO® into
RO’, the source of by-product formation in the com-
parative tests, is supposed to have caused different se-
lectivity values. Thus, under the very mild conditions
of the bubbling-type test run, the relationships
[R'})/[InH] and [ROQO}/[In] were the only time-varying
factors having an influence on the rates of hydroper-
oxide and of by-products formation, that ultimately led
to a deterioration in process selectivity.

Analysis of the data presented in Table 4 and in
Fig. 9, reveals that the average hydroperoxide forma-
tion rate equals 0.06 wt % h™' for O§*-promoted oxida-
tion at the liquid—gas interface, and 0.15 wt % h™' for
bubbling-type oxidation (as evaluated for the linear
portion of the hydroperoxide formation curve). These
two values can be considered comparable as they only
differ from one another by a factor of 2.5. This compa-
rability, as well as the experimental results of oxida-
tion accomplished at the boundary of the liquid film in
the dynamic regime (see Figs. 6-8), lead to the only
possible conclusion that the value of relationship be-
tween reaction rates: Wiiquia/ Winterr = IOG/S, where Wiiquia
is the rate of reaction occurring in the liquid phase,

Winerr 1S the rate of reaction taking place at the phase
interface, and S is the interface area, requires an addi-
tional verification and complete revision. This rela-
tionship was estimated within the framework of the
kinetic-molecular theory of gases, and in particular
based on the number of collisions between radicals R”
and O, molecules present in the liquid phase and at the
liquid—gas interface [6]. The same necessity for com-
plete revision is also applicable to a number of as-
sumptions which were originally derived from the
above-noted estimation: (a) that oxidation at the lig-
uid—gas interface under influence of O5*, is only
possible when the interface area equals about 107 to
10® cm? per each cubic centimeter of volume (but this
condition is never feasible in real-world liquid-phase
oxidation practice); (b) that the constancy of the relation-
ship Wiiquia/ Winers can never be achieved; and (c) that
the occurrence of an oxidation reaction promoted by
O5™ at the liquid—gas interface is impossible.

The above-noted assumptions (a) through (c) are in
evident contradiction with the experimental data that
has been reported in Tables 1-4, and graphically
illustrated in Figs. 1-8, above, and which actually
serves as direct evidence of approximate com-
parability of hydroperoxide formation rates in the two
phases under discussion. Moreover, these estima-
tions/assumptions directly contradict the results of the
cumene oxidation test runs that were performed suc-
cessively — first in an open system, and then in a
closed system, under the same temperature, pressure,
and time values [14], which demonstrated, in particu-
lar: (a) a noticeable difference between the amount (by
weight) of hydroperoxide formed in an open system
functioning in the air bubbling regime, i.e., under in-
fluence of 04" together with O§*, and the amount of
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hydroperoxide formed in a closed system when being
only influenced by O™ (in the absence of O$*); and
(b) a substantial difference between the magnitudes of
cumene oxidation selectivity for the process occurring
under combined action of O and O$ in the air
bubbling regime, and for the oxidation reaction solely
promoted by 05" (in the absence of O5*) in a closed
system, these magnitudes being more than 90 mol %
and about 50 mol %, respectively.

Furthermore, the data presented in Table 4 demon-
strates that, with the same degree of cumene conver-
sion, the selectivity value in bubbling-type oxidation
was considerably lower than that in oxidation through
O5™ at the phase interface (see Table 3). For example,
at comparable cumene conversion values (5.92% for
bubbling conditions and 6.72% for static oxidation
through O5"), the selectivity value in the former case
was 95.6 mol %, as opposed to 99.07 mol % in the
latter case. This verified difference in selectivity
values, as well as in activation parameters, for the
hydroperoxide formation reaction occurring in the
liquid phase, as opposed to the reaction proceeding at
the phase interface (see discussion in Section 2,
Dynamic Oxidation Promoted by O5®, above), places
in question the presumption adopted in reference [6],
according to which, “the state of O, molecules dis-
solved in a non-polar liquid is unlikely to be notably dif-
ferent from the state of O, molecules in a gas phase.”

It is appropriate to recall, at this point, that the
direct experimental evidence supplied in the study
under discussion, as well as the research results
reported in references [13, 14], have conclusively
proven that bubbling-type oxidation occurs under the
actions of both dissolved oxygen (O3™%) and of
oxygen present at the liquid—gas interface (O5™). It has
also been known that hydroperoxide formation rate in
the liquid phase is described as Wyp = A[05""]), and
that the same at the liquid—gas interface is a function
of interface area: Wyp=£fS), provided that
[O5%] = const. Therefore, in view of equality between
044 concentrations in both compared test runs (see
Fig. 9 and Table 4), the difference in hydroperoxide
formation rates in these runs is only determined by
the gas—liquid interface area:

Stotal = Stiquid T Sbubble-

In the bubbling-type oxidation run, the contribution
of air bubble surface (Spupie) makes the total interface
area (Sir) about two times larger than in the static
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oxidation run occurring at the liquid—gas interface
under influence of O5%, in which Sy = 0 due to the
absence of air injection through the liquid phase. This
suggestion explains the about two times lower value of
hydroperoxide formation rate (line 2 in Fig. 9), as com-
pared to bubbling-type oxidation (curve / in Fig.9).
The higher hydroperoxide formation rate in bubbling-
type cumene oxidation is a result of the greater inter-
face area created by air bubbles in the liquid phase.

For a better understanding of the distinctions be-
tween the dependencies revealed for the rate of
hydroperoxide formation (as are illustrated in Fig. 9),
as well as for process selectivity, the simplified
schemes of the reactions in question are provided
below. Reactions (7), relating to bubbling-type oxida-
tion, are fundamentally different from reaction (8),
which describes static oxidation at the phase interface:

+Qjauid
Cumene — Cumene hydroperoxide

— Dimethylbenzyl alcohol, @)
05"
Cumene —» Cumene hydroperoxide. 8)

Formations of acetophenone and dicumyl peroxide
are omitted in reactions (7) and (8) because these
reactions are the same in both types of oxidation and,
consequently, irrelevant to the present study.

In view of the fact that dimethylbenzyl alcohol, in
reactions (7), is produced in the course of the slow
conversion of hydroperoxide in the liquid phase (as a
result of ROO" transformation, as is noted in [4]),
direct formation of dimethylbenzyl alcohol at the
interface in reaction (8) would be unlikely, partly due
to the lack of hydroperoxide in the gas phase, and
also for the reason of the insufficient time of contact
between O5* and the hydroperoxide-containing cu-
mene feed (liquid phase) at the liquid—gas interface.
Therefore, without formation of dimethylbenzyl alco-
hol in reaction (8), and taking into account that di-
methylbenzyl alcohol is a major by-product affecting pro-
cess selectivity, the selectivity of reactions promoted
by O5° at the liquid-gas interface is expected to
appreciably exceed the selectivity of oxidation under
the action of O3 in the liquid phase. This expecta-
tion has been confirmed by experimental evidence — a
very high selectivity (99.4-99.6 mol %) was achieved
when reactions proceeded according to reaction (8),
while the selectivity value for reactions (7) of O™
aided bubbling-type oxidation under temperature of
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23°C only reached as high as about 97 mol %. More-
over, the abovementioned distinction in formation of
by-products between reactions (7) and (8) is sup-
ported not only by the revealed difference in selectiv-
ity values, but also by the comparison of the rates of
formation of acetophenone and dimethylbenzyl alco-
hol with the participation of O vs. O§* for a bubbl-
ing-type oxidation process, which is disclosed in
reference [17], and summarized in Table 5. The esti-
mation presented in Table 5, demonstrates that the
relative quantities of acetophenone and dimethylben-
zyl alcohol formed with the participation of O4%“ are
about 1.6-fold and about 29-fold, respectively, greater
than those in the case of O5*:

Table 5. Comparison of acetophenone and dimethylbenzyl
alcohol formation rates under the influence of O vs. 0§
during bubbling-type oxidation: 7= 110°C, P = 0.3 MPa

Reaction rate relationship Oliquid o5 Olauid/ygas
Acetophenone/ 0.08 0.05 1.6
hydroperoxide
Dimethylbenzyl alcohol/ 0.87 0.03 29.0
hydroperoxide

It should also be noted that direct experimental
evidence of the very low selectivity (about 50 mol %)
of cumene oxidation promoted by 05 in the liquid
phase, was supplied by a test run in the absence of
0O5*, under temperature of 110°C and pressure
of 0.3 MPa[14, 17].

Another reason behind the nonlinear nature of hy-
droperoxide formation rate and of the slowdown of
reaction rate with an increase in the degree of cumene
conversion in the bubbling-type oxidation test (as is
illustrated by curve / in Fig. 9), is the presence, in the
liquid phase, of inhibitors and by-products (which
also act as retarders of the hydroperoxide formation
reaction, as is described in [14]), which are unlikely
to exist in the gas phase. References [13, 14] explain
that inhibitors have a double negative impact. On the
one hand, they decrease the content of cumyl radicals
R®, which are required for formation of ROO" and,
correspondingly, of hydroperoxide. On the other
hand, due to the reaction between ROO® and inhib-
itors (In) in the liquid phase, they cause formation of
by-products (ROH), even under extremely mild
oxidation conditions, in accordance with reactions (4)
and (5), above.
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In fact, the difference in the values of hydroper-
oxide formation rate and process selectivity between the
compared oxidation regimes arises from two key fac-
tors: gas—liquid interface area and concentration rela-
tionships [R"]/[In] and [ROO®]/[In]. The impact of
the latter factor was convincingly proven by adding
HCOOH and phenol into the reaction mixture, as well
as by studying the “decay” step of the hydroperoxide
formation reaction that caused the so-called “limiting”
concentration of hydroperoxide, as is noted in [14],
and additionally discussed in Article II.

The above-described comparative experiments have
also proven that the reaction path promoted by O5%
makes a significant contribution to the overall
formation of hydroperoxide, that this contribution is
determined by the liquid—gas interface area, and that
oxidation under the action of O5" proceeds with a
greater selectivity, as compared with the dissolved
oxygen reaction path.

Thus, the above considerations lead to a conclu-
sion that the rate of a chain process occurring in ac-
cordance with reactions (1) and (2), corresponding to
bubble-type cumene oxidation, cannot be described
by the simplified equation (9) assumed by the clas-
sical oxidation theory [4-9], but this rate is instead
defined by equation (10), where W§* is a function of
k5§, [O5™], and of the liquid—gas interface area, while
W% is subject to relationship (9).

Wiow = KIRTI[03™], ©)
Wi = W™ + AN = 8™ + {4 [R)[03™]. (10)

It should be pointed out that, although the parame-
ters contained in equation (9) describe the relationship
between oxygen concentrations in the gas phase and in
the liquid phase, which actually adhere to the Henry’s
linear function [03%"9] = KPo,, this fact fails to pro-
vide neither direct nor presumptive evidence that the
oxygen dissolved in the liquid phase exclusively leads
the oxidation reaction. On the other hand, this point
equally fails to prove that oxygen present in the gas
phase takes no part in the reaction or, on the contrary,
that the gaseous oxygen is solely responsible for the
occurrence of the oxidation reaction and for its rate. It
would be even less correct to interpret equation (9) as
evidence of the reaction simultaneously proceeding
along both paths.

Therefore, equation (9) is essentially unable to
determine the contribution of either O§* or 014 to the
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overall reaction rate, because, in fact, the reaction si-
multaneously occurs by both independent reaction
paths, as is defined by equation (10), with different
rate constants, 5 and A" rather than by a single
reaction path through 03" as is presumed by equa-
tion (9). The relationship between oxygen concentra-
tions in the gas phase and in the liquid phase,
described as [05%Y] =~ KyPy,, is simply useless as a
means of determining the contribution of each path to
the overall hydroperoxide formation rate, because the
existence of two paths of the hydroperoxide formation
reaction converts equation (9) into equation (10) with
two unknown rate constants, &% and A%, Moreover,
when using equation (9) for the bubbling-type
oxidation test run, these reaction rate constants are
fundamentally indeterminable in terms of either the
hydrocarbon feed or the reaction products, as both the
feed and the products are the same, demonstrating no
difference from one another in the kinetic aspect.
Instead, constants A% and A%Y should be evaluated
separately — the first under a static (or dynamic)
oxidation regime, and the second in oxidation through
dissolved oxygen in the absence of the gas phase.

The test data disclosed above leads to a conclusion
that the previous theoretical notions assuming that the
oxidation reaction only proceeds through the action of
044" [4], are not supported by experimental results, at
least with respect to oxidation of cumene.

Finally, it is worth noting that the classical assump-
tion of the necessity to study a bubbling-type oxidation
process in the kinetic regime alone, was postulated for
an oxidation process in which oxidation reactions only
proceed in the liquid phase, and solely at the expense
of oxygen dissolved in the liquid phase [4]. However,
the above discussion, proven by corresponding dis-
closed experimental data, clearly demonstrates that
cumene oxidation occurs by two independent reaction
paths, i.e., through O3%“ and O$*; as such, in hollow
reactors operating without mechanical mixing of
phases, the amount of hydroperoxide formed by a
respective path depends upon the concentration of
04 in the reaction mixture and upon the magnitude
of process pressure (which markedly affects the size
and the rise rate of air bubbles, the gas content, and the
area of the gas—liquid surface [17]) — for the first reac-
tion path, and upon the area of the gas—liquid surface —
for the second, as is noted in [13, 14, 17]. This, in
combination with the aforementioned facts, implies
that equation (9), as is assumed in [4], can never reflect

either the essence or the reaction rate of bubbling-type
cumene oxidation, even though the process develops in
a kinetic regime — a regime that assumes that, under
almost any process conditions, and in particular under
high or low temperatures, reaction rate is significantly
slower both than the rate of oxygen dissolution in the
liquid phase and than the rate of oxygen expenditure
into chemical reactions. Thus, it should be stated that
the multiple contradictions arising when one uses
equation (9) in trying to describe bubbling-type
cumene oxidation, as are revealed in [17], are
explained by the hydroperoxide formation reaction
taking place by two independent paths, and not by a
particular regime — kinetic or diffusion — in which it
proceeds. Consequently, being aware of involvement
of both reaction paths in cumene oxidation, one can
never neglect either the impact of O3* concentration
(homogeneous path -of reaction), or the mass transfer
effects (heterophase path of reaction promoted by O5*)
in describing a bubbling-type cumene oxidation
process.

In the light of the direct experimental proof of the
two simultaneous paths (O§* and 05%) of the oxida-
tion reaction, and in view of a range of experimental
data clearly demonstrating the contradictions of the
earlier practiced assumption of exclusive contribution
of dissolved oxygen to an oxidation process [13, 14,
17], it must be stated that any mathematical models
(such as, by way of example, those disclosed in [12,
18-23]), as well as any kinetic models, which only
consider one or the other single reaction path, rather
than both paths together, appear to be erroneous from
the chemical standpoint.

The conclusions relevant to the findings disclosed
in this article, are provided in the overall Conclusions
Section in Article II.
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