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bstract

A new kinetic model for the liquid phase autoxidation of cumene has been developed utilizing the existing knowledge about the traditional
ree-radical mechanism involving the initiation of the free-radicals, the chain propagation and transfer and the various modes of radical termination.
nlike previous work, in the re-organized reaction network an important cross-termination step replaces an often used but less likely one and
new derivation of the rate model has been provided. A base set of rate parameters for the elementary steps within this reaction network were

hosen, many of them were same or very similar to those published in the literature, with a few critical ones re-estimated for correct match with
irectly observed kinetic data reported in the literature on cumene oxidation in bench scale reactors. Embedding this kinetic sub-model within a

imple reaction engineering model for a single air-sparged continuous cumene oxidator, the liquid oxidate composition at the reactor exit could
e predicted that compared closely with some limited published data from an industrial reactor. It is hoped that the kinetic model presented here
ould be a useful tool in the analysis and design of other autoxidation reactors as well with minor adaptations.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Liquid phase oxidation (LPO) of hydrocarbons using air or
xygen as the oxidant is a unit process that provides an effi-
ient and practical means of producing in very large scale many
rganic chemical intermediates of importance to the petrochem-
cal industry [1–3]. Some important examples are air oxidation
f cyclohexane to cyclohexanol and cyclohexanone enroute to
dipic acid, that of cumene to cumene hydroperoxide as a precur-
or to phenol, those of p-xylene to terephthalic acid, isobutane to
ert-butyl hydroperoxide, etc. More recently, liquid phase oxi-
ation of cycloalkenes have been categorized [3] as among the
ignificant emerging LPO processes that may provide, in the
ear future, alternative routes to cyclohexanol, cyclohexanone,
yclohexene epoxide, cyclododecanone, cyclododecene epoxide
nd a host of other useful intermediates.

Initial formation of a reactive hydroperoxide from the hydro-

arbon concerned appears as a common pathway in the above
PO processes, which is followed by further transformations of

he hydroperoxide catalytically or otherwise to stable products

∗ Tel.: +91 20 2590 2166; fax: +91 20 2590 2612.
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inetic model; Air-sparged continuous oxidator

ike alcohols and ketones in situ. Generally speaking, presence
f metal complexes and/or strong acids catalyzes the hydroper-
xide decomposition.

Production of cumene hydroperoxide (CHP), which is among
he very few examples of large-scale manufacture of a sta-
le hydroperoxide product, naturally uses an uncatalyzed LPO
rocess operated at about 105–115 ◦C and 6–7 bar [4]. The con-
ersion is limited to about 22–25% in order to limit the build
p of the side products like dimethylphenylcarbinol (DMPC)
nd acetophenone (ACP) produced by decomposition of the pri-
ary product, i.e., CHP. The oxidation process is conducted

n a set of four to six serially connected bubble column reac-
ors in order to improve the selectivity. Cumene hydroperoxide
s cleaved to acetone and phenol by a different unit process
n a subsequent section of a standard phenol plant based on
he Hock process. Apart from the major side products men-
ioned above some acids, like formic acid, are also formed in
he oxidate that would accentuate the decomposition of CHP
nd result in the loss of selectivity. Small quantities of aqueous
arbonate–bicarbonate buffer solutions are injected to the reac-

or to neutralize the acids. In more recent installations these
dditions are said to be minimized, higher reactor tempera-
ures, 130–140 ◦C, are used, up to 30% hydrocarbon conversion
llowed [3]. Continuing improvement of the efficiency and the

mailto:a.bhattacharya@ncl.res.in
dx.doi.org/10.1016/j.cej.2007.04.043
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Nomenclature

a′ specific interfacial area for solid–liquid mass
transfer (m−1)

A frequency factor (s−1 or m3/kmol/s)
C concentration of the liquid phase components

(kmol/m3)
E activation energy (kJ/mol)
H Henry’s law constant (MPa m3/kmol)
k rate constants for the elementary reactions

(m3/kmol/s)
kl gas–liquid mass transfer coefficient (m/s)
K combined rate constant as defined by Eq. (19)
NR number of reactor stages
OX oxygen
pO2 oxygen partial pressure (MPa)
p′

O2
partial pressure of oxygen in equilibrium with the
dissolved oxygen concentration (MPa)

R rate of consumption/production of a liquid phase
species (kmol/m3/s)

RH cumene
ROOH cumene hydroperoxide
t time (s)
ug superficial air velocity (m/s)

Greek letter
εg gas hold-up

Subscript
j component
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Superscript
o initial

rofitability of the process critically depends on better under-
tanding of the process kinetics and improved specification and
ontrol of the operating conditions.

There have been a considerable number of studies on the
echanism and the kinetics of homogeneous liquid phase uncat-

lyzed oxidation (or ‘autoxidation’) of hydrocarbons, the early
ork being summarized in the much-cited treatise by the Rus-

ian scientists [5]. Since then the basic framework of free-radical
echanism underlying the LPO processes has been generally

stablished. The kinetics of individual elementary reaction steps
hat constitute the overall reaction network, like propagation,
hain transfer and termination, have been extensively studied
sing a variety of model hydrocarbon species. This body of
ork can be accessed from a number of reviews and mono-
raphs [6–9]. Attention had also been specifically devoted to
he mechanism and kinetics of autoxidation of cumene [10,11].

A pioneering study made by Hattori et al. [12] on the kinetics
f cumene oxidation in a laboratory bubble column represented

n early adaptation by chemical engineers of the broad free-
adical mechanistic framework to the rate analysis. They also
resented a classic derivation of a simplified expression for the
verall rate of CHP production that had been used with minor

o
t
a
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odifications much later by Andrigo et al. [13] in their study of
inetics of cumene oxidation in a CSTR (‘micropilot reactor’)
nd in their simulation of the performance of an industrial scale
eactor. It is fairly common to find essentially the same or very
imilar rate expressions quoted in more recent literature as well
14,15] in respect of liquid phase air oxidation of hydrocarbons
n general.

Suresh et al. [16] have examined the kinetics of the uncat-
lyzed LPO of cyclohexane, conducted in a stainless steel
emi-batch reactor (with continuous flow of diluted air). In order
o interpret the apparent autocatalytic behaviour observed in
heir experimental data on the rate of oxygen absorption and
issolved oxygen concentration, they proposed a closed form
inetic model based on simplification of the classical free-radical
cheme by lumping all manner of products into one. There was
o way to identify the net rates of formation of the key products
uch as cyclohexanol and cyclohexanone nor the side product
cids.

To interpret their laboratory kinetic data on the catalyzed
e.g. with cobalt naphthenate as the catalyst) oxidation of cyclo-
exane, Pohorecki et al. [17] had postulated a reaction network
omprising of a rather eclectic admixture of some elementary
ree-radical steps and some molecular lumped reactions assumed
o account for the generation of the byproduct(s). The fundamen-
al structure of the free-radicals based reaction network, could
ot be retained partly because of the admitted need to modify
more empirically derived scheme depending on the kind of

atalysts used.
In an earlier publication from our group we had shown [18],

n the context of the uncatalyzed liquid phase oxidation of cyclo-
exane, that one could come up with a more general treatment
f the appropriate free-radical kinetics without any lumping of
pecies and at the same time without making the assumptions
nherent in Hattori et al.’s treatment [12]. On that basis it was
ossible for us to derive the pertinent component rates and selec-
ivity and allowed us to predict Suresh et al.’s data [16] on the
ate of oxygen absorption and dissolved oxygen concentration.

In the present work, we first present a consistent free-radical
echanism comprising of most of the proposed elementary

teps, which are known to be significant, in the case of cumene
utoxidation, but with some re-organization and re-emphasis.
his is to be followed by a general kinetic analysis based on such
network without having recourse to some simplifying assump-

ions routinely made by the previous workers. All the component
ates especially those of cumene depletion, oxygen consumption
nd the CHP production would be derived based on this kinetic
odel and used for prediction of the performance of a batch oxi-

ation reactor. By a critical review of the information and data
vailable in the literature on the free-radical kinetics pertinent to
iquid phase autoxidation reactions and some directly observed
inetic data [12,13] on cumene oxidation in bench scale reac-
ors, appropriate values will be assigned to all the necessary rate
arameters in the model.
Finally, for a continuous air-sparged oxidator, much like the
nes used in commercial installations, an attempt will be made
o devise a simple model, with the embedded kinetic sub-model
s developed here, for predicting the liquid oxidate composition
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t the exit of the reactor. It would be interesting to see how well
o these predictions compare with the limited reported data from
he literature.

. Previous work on cumene autoxidation modeling

On the basis of the state of knowledge on the free-radical
echanism for the homogeneous liquid phase autoxidation of

ydrocarbons, as summarized by Emanuel et al. [5], Hattori et
l. [12] proposed a reaction network for cumene autoxidation
hat has remained basic to the subsequent developments. They
uggested a possible set of initiation reactions such as generating
lkyl radicals either by direct decomposition or dehydrogenation
f cumene or by the reaction of the latter with initiator radicals
roduced in situ. While these pathways may cause the initial for-
ation of cumene hydroperoxide (CHP) in marginal quantities,

t is generally agreed that radical generation by the decomposi-
ion of CHP followed by further reaction with the hydrocarbon
s probably the more significant mode of initiation:

OOH → RO• + •OH (I)

OH + RH → R• + H2O (II)

O• + RH → R• + ROH (III)

Direct addition of dioxygen to the cumyl radicals to produce
he cumyl peroxy radicals followed by the hydrogen abstraction
y the latter from cumene producing CHP constituted, in Hattori
t al.’s scheme, the propagation steps:

• + O2 → RO2
• (IV)

O2
• + RH → R• + ROOH (V)

They considered two basic types of bimolecular termination
eactions, namely, the self-terminations involving either R• or
O2

• and the cross-termination between R• and RO2
•:

R• → RR (VI)

• + RO2
• → ROOR (VII)

RO2
• → ROOR + O2 (VIII)

here R in the termination products RR and ROOR is usually
erived from the cumyl radical, though other competing alkyl
adicals, if and when present, may sometimes contribute.

Though Hattori et al. concerned themselves essentially with
he rates of CHP production and cumene and oxygen con-
umption, their scheme indicated, at least formally, pathways
o produce the alcohol (DMPC), as in step (III), and the ketone
ACP), as in step (IX) (the so-called �-cleavage [8]):

O• → 2Ph C(O)CH3 + CH3
• (IX)

Andrigo et al. [13] took the above framework as their point
f departure and enriched the network further by including addi-

ional elementary steps (notably some important chain transfer
nd termination steps, such as the self-reaction of the per-
xy radical, RO2

•, to form the alkoxy radical RO• and the
ross-termination between the methyl peroxy and cumyl peroxy

a
d
c
n
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adicals) in the light of further advances [8,10] in the knowl-
dge base on the cumene autoxidation kinetics. This constituted
significant progress in the mechanism development that could
ccount for not only the primary product CHP and the main
yproducts DMPC, ACP and ROOR in the oxidate, but also
inor critical side products like formic acid. This latter part

f the scheme involved the formation, the propagation and the
ermination of the methyl peroxy radical:

H3
• + O2 → CH3O2

• (X)

H3O2
• + RH → CH3OOH + R• (XI)

H3O2
• + RO2

• → HCHO + ROH + O2 (XII)

CHO + 0.5O2 → HCOOH (XIII)

However, while the reaction scheme due to Andrigo et al. pre-
ented in their Fig. 1 [13] appears exhaustive, the scheme listed
ar too many elementary steps, one is afraid in a somewhat eclec-
ic manner, some of which may not be as important as others from
he theoretical and the kinetic considerations. Kinetic analysis
nvolving all these reactions in a general manner would be very
omplicated and parameter estimation unwieldy. On the other
and, the importance of certain key chain transfer and termina-
ion reactions seem to have been lost in their being relegated to
econdary side reaction steps. In this work, we propose to make
he reaction network both compact and more consistent with the
vailable and pertinent information in the literature.

Having assumed a reaction network comprising of the ele-
entary steps (I) through (VIII), Hattori et al. [12] proceeded in
classical manner (assuming a pseudo-steady state with respect

o the concentration of the radicals RO•, R• and RO2
•) to derive

losed form equations for the rate of cumene depletion and that
f CHP production. These calculated rates compared fairly well
ith the limited experimental rate data generated by the authors.
ut in their derivation they made two assumptions, namely, that√

kVIkVIII = kVII and kVI = kVIII. It is generally believed [8–10]
hat except under conditions where dissolved oxygen concen-
ration is drastically depleted (which is rarely the condition
haracterizing a well-designed and operated oxidator in prac-
ice), it is the step (VIII) that would be the dominant termination

ode. It is possible to argue that to cover the eventuality of a
ery highly mass transfer controlled and/or otherwise oxygen
tarved condition, occurrence of the self-termination among the
• radicals or even the cross-termination between R• and RO2

•
adicals might be needed. The particular assumptions by Hattori
t al. [12], however, appear to have been made mainly to sim-
lify their derivation. We did not find any data or other evidence
n the pertinent literature [6–11] supporting these very specific
elationships between the various termination rate constants.

While the probability of occurrence of the cross-termination
etween R• and RO2

• (step (VII)) may indeed be low, that
etween methyl peroxy and cumyl peroxy radicals (step (XII))
ay be much more significant, which was quite convincingly
rgued and demonstrated [11] by some systematic and well-
esigned experiments. This would suggest that there might be a
ase for including step (XII) as a parallel and perhaps the domi-
ant cross-termination step in the overall reaction network. The
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bove assumptions, pivotal to the development of the fundamen-
al rate equations due to Hattori et al. [12] would be invalid in
uch a case.

Andrigo et al. [13] by making the same assumptions as Hat-
ori et al. [12], obtained essentially the same rate equation for
HP as in Ref. [12]. They then extended similar methodology to

he elementary steps around the methyl radical. There is a need
o free the treatment of the kinetics of cumene autoxidation from
he legacy of the assumptions such as above that does not seem to
ave any factual basis. This would presage the development of a
ore general methodology that could apply to kinetic modeling

f other traditional LPO processes [16] as well as the emerging
nes [19,20] as well. As we shall show later in the paper, a gen-
ral kinetic analysis can be successfully made without assuming
uch relationships.

. New kinetic model

.1. Model equations

Based on a careful study of the previous work on the kinetic
odeling of cumene autoxidation, we present below the com-

lete set of elementary reactions forming the overall reaction
etwork.

OOH
k1−→RO• + •OH

OH + RH
k2−→H2O + R•

• + O2
k3−→RO2

•

O2
• + RH

k4−→ROOH + R•

O• + RH
k5−→ROH + R•

O• + ROOH
k6−→ROH + RO2

•

RO2
• k7−→O2 + 2RO•

O• k8−→Ph C(O)CH3 + CH3
•

H3
• + O2

k9−→CH3O2
•

H3O2
• + RH

k10−→CH3OOH + R•

• + RO2
• k11−→ROOR

H3O2
• + RO2

• k12−→ROH + HC(O)H + O2
RO2
• k13−→O2 + ROOR

R• k14−→RR
ng Journal 137 (2008) 308–319 311

It will be noticed that the above network adequately and con-
isely manifests all the important mechanistic pathways reported
n the pertinent literature [8–13], while pruning others that, in
ur judgment, would not contribute materially to either the over-
ll component rates or the product distribution usually observed
n commercial plant operations [4,13]. For the sake of complete-
ess we have included in the above scheme the cross-termination
etween R• and RO2

• radicals. However, in view of what has
een said in the previous section on the relatively more impor-
ant cross-termination between the methyl peroxy and the cumyl
eroxy radicals, the former termination step (step 11 in the
bove scheme) has been ignored in deriving the rate equations
s summarized below. The corresponding equations including
his step is equally easy to derive, but will not be presented
ere.

Given the above scheme, writing the equations for the rate
f accumulation of the radicals, •OH, CH3

•, CH3O2
•, RO•, R•,

O2
•, equating these rates to zero in view of the quasi-steady

tate assumption with reference to each of these species, and
olving for the corresponding concentrations would result in the
ollowing equations:

•OH] = k1[ROOH]

k2[RH]
(1)

CH3
•] = k8[RO•]

k9[OX]
(2)

CH3O2
•] = 2k8[RO•]

k10[RH] + k12[RO2
•]

(3)

RO•] = 4k1[ROOH] + 2k7[RO2
•]2

2k8 + k5[RH] + 3k6[ROOH]
(4)

R•] = −BB +
√

BB2 − 4(AA)(CC)

2(AA)
(5)

here AA = 4k14, BB = 3k3[OX] and CC =[
4k1[ROOH] + k4[RO2

•][RH] +
{

k5 + 2k8k10
k10[RH+k12[RO2

•]

}
[RO•][RH]

]
.

The concentration of the RO2
• radicals would be calculated

y solving the following equation:

3k3[R•][OX] − 2(k7 + k13)[RO2
•]2 − k4[RO2

•][RH]

+ 3k6[RO•][ROOH] − 2k8k12[RO•][RO2
•]

k10[RH] + k12[RO2
•]

= 0 (6)

The equations to calculate the net rates of consump-
ion/production of various molecular reactant or product species
y all the concerned reaction steps can then be written as
ollows:

Oxygen
ROX = −3k3[OX][R•] + (k7 + k13)[RO2
•]2 − 2k8[RO•]

+ 2k8k12[RO•][RO2
•]

k10[RH] + k12[RO2
•]

(7)
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ature level, and double this number if we are to consider data
at different temperatures). A full-fledged parameter estimation
work given extensive integral kinetic data is possible, though it is
not an easy task. Andrigo et al. [13] claimed to have made such

Table 1
Estimated values of the hydrodynamic and mass transfer parameters for the
cumene autoxidation experiments [12]

Parameters Values
12 A. Bhattacharya / Chemical Eng

Cumene

RRH = − 4k1[ROOH] − [RH]

[
k4[RO2

•]

+
{

k5 + 2k8k10

k10[RH] + k12[RO2
•]

}
[RO•]

]
(8)

CHP

RCHP = − 4k1[ROOH] + k4[RH][RO2
•]

− 3k6[ROOH][RO•] (9)

DMPC

RDMPC = [RO•]{k5[RH] + 3k6[ROOH]}

+ 2k8k12[RO•][RO2
•]

k10[RH] + k12[RO2
•]

(10)

ACP

RACP = 2k8[RO•] (11)

ROOR

RROOR = k13[RO2
•]2 (12)

RR

RRR = 2k14[R•]2 (13)

In order to test the above kinetic model by comparing calcu-
lated results against observed integral kinetic data (such as the
ones presented by Hattori et al. [12]) one has to write and solve
the following batch reactor equations for the concentration of
the seven species as above.
Oxygen

d[OX]

dt
= ROX + kla

′

1 − εg

(pO2

H
− [OX]

)
(14)

Other species

d[C]j
dt

= Rj (15)

with the subscript j varying from 2 through 7 denoting cumene,
CHP, DMPC, ACP, ROOR and RR, respectively. The equations
are subject to the following initial conditions:

[OX] = 0, [RH] = [RH]o, [C]j = 0, j = 3 − 7 (16)

The above equations were written with the following assump-
ions:

isothermal operation;
homogeneous liquid phase;
negligible vapour pressure for the liquid reactant and the
product species;
gas phase (air or diluted air) maintained at a constant pressure;

oxygen mass transfer resistance essentially in the liquid phase.

The equations would be applicable, in general, to traditional
xperiments where the reactor is operated with air or oxygen

L
I
V
G

ng Journal 137 (2008) 308–319

owing in and out of a semi-batch bubble column [12] or an
gitated sparged reactor [16]. As assumed and a posteriori jus-
ified by Hattori et al. [12] in the former case, a quasi-steady
tate with respect to the dissolved oxygen concentration under
he so-called ‘slow reaction regime’ operation may obtain in the
eactor. It is, in general, appropriate to solve the dynamic Eq.
14) along with the others (as it was done by Bhattacharya and

ungikar [18]) and allow the dissolved oxygen concentration
o find and reach eventually an approximately invariant level.

The model would also be applicable with minor modifications
o the typical experimental protocol used in many recent LPO
inetic studies [19,20]. In these experiments usually oxygen
ows into a batch of liquid reactant, kept at a constant tem-
erature, from a reservoir through a constant pressure regulator.
here is no gas flow out. Thus, the net flow of oxygen into the

eactor provides the rate of oxygen absorption.

.2. Solution procedure

Eq. (14) and those represented compactly by Eq. (15), sub-
ect to Eq. (16) were solved in this work by using the IMSL
DE solver IVPAG. The rate expressions for Rj were obtained
sing Eqs. (7) through (13) and the required concentrations of
he radicals were evaluated using Eqs. (1) through (6). Before
olving such a set of equations to obtain the temporal profiles of
he various species concentrations, one needs to assign or esti-

ate values for a number of parameters. A discussion on how
his was done is in order.

The value of Henry’s law constant for oxygen was found
sing the published data on the oxygen solubility in cumene [21],
hich was also reported to be fairly insensitive to temperature.
he mass transfer coefficient kl, gas hold-up εg and the specific

nterfacial area a′ were calculated by using the Akita–Yoshida
orrelation [22], taking the physicochemical properties for a liq-
id phase composition corresponding to about 30% conversion
f cumene (liquid phase comprising of a mixture of cumene and
HP). The calculated values of these parameters at 120 ◦C are

ummarized in Table 1. The calculated value of the mass transfer
oefficient turned out to be very close to what was experimen-
ally determined by Hattori et al. [12]. The two other parameter
alues are also in the expected range.

The key to successful kinetic modeling of the autoxidation,
owever, is the correct assignment of the values to the large
umber of kinetic parameters (13, to be exact, at any temper-
iquid side mass transfer coefficient (kl) 9.38 × 10−4 m/s
nterfacial area (a′) 141.4 m−1

olumetric mass transfer coefficient (kla′) 0.13 s−1

as hold-up (εg) 8.68 × 10−2
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Table 3
Arrhenius parameters for the rate constants used in this work

Rate constants ln A E (kJ/mol)

k1 23.56 s−1 103.76
k3 25.19 × 10−3 m3/kmol/s 14.04
k4 27.93 × 10−3 m3/kmol/s 55.47
k5 28.55 × 10−3 m3/kmol/s 22.84
k6 26.19 × 10−3 m3/kmol/s 15.61
k7 22.57 × 10−3 m3/kmol/s 29.29
k8 28.71 s−1 46.02
k10 21.82 × 10−3 m3/kmol/s 42.38
k12 33.58 × 10−3 m3/kmol/s 33.11
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n attempt with the performance data generated in their pilot
cale CSTR. However, the kinetic constants were not reported,
or the complete set of data. The limited integral kinetic data
resented by Hattori et al. [12] would not suffice to estimate
uch a large number of parameters. Instead of values for indi-
idual rate constants, Hattori et al. [12] came up with lumping of
everal rate constants (for the propagation and the termination)
uite in line with similar combinations one finds in the classical
iterature on the kinetics of free-radicals based reactions. In this
ork, we chose a slightly different approach.
There exists extensive literature data [8–11] on the measured

r estimated values of the rate constants for most classes of ele-
entary reactions of importance in autoxidation (sometimes for

umene itself and at other times for other similar model hydro-
arbons). In view of this, one was prompted to examine the
eliability of the values of these constants, if required reassign
alues to them in the light of the observed kinetic data [12,13].
able 2 summarises suggested values (at 120 ◦C) for the nine
ate constants that one obtains from the perusal of the litera-
ure. This includes the rate constants for all the propagation
nd transfer reactions and those for the key initiation and the
imolecular self-termination reaction of the RO2

• radicals (step
3). Rate constants for the steps 2 and 9 are not important as
he rates for these steps could be replaced, in the above analysis,
n terms of those for the adjacent initiation and the propagation
teps, respectively. That leaves the rate constants for the cross-
ermination step 12 and the self-termination of the R• radicals
step 14) to be estimated, apart from reassigning values to the
ther nine rate constants as above so as to closely approximate
given set of rate data.

Table 3 summarises the values of the frequency factor and
he activation energy for each of these rate constants that gave
esults, which were very close to the observed kinetic data and
ill be presented in the next section. As far as possible we tried

o use the parameter values reported in various published stud-
es. For instance, the activation energy for the initiation step
step 1) was reported by Hattori et al. [12] based on their exper-
mental data. Both the Arrhenius parameters for the constants
5, k7 and k8 were taken from the literature [8,11]. Those for k13

ere reported by Hendry [11]. However, in their later review
endry and Mill [8] discussed in detail the intrinsic kinetics of

his bimolecular termination step (formation of the RO• radi-
als in the solvent cage, its subsequent escape from the cage to

able 2
stimated values of rate constants for the elementary reactions in cumene autox-

dation from the reported Arrhenius parameters

ate constants Values at 120 ◦C (literature)

1 1.02 s−1 [12]

3 ∼1.0 × 109 m3/kmol/s [8]

4 7.56 m3/kmol/s [11]; 20.07 m3/kmol/s [8]

5 21.20 × 105 m3/kmol/s [8]

6 18.0 × 105 m3/kmol/s [8]

7 8.1 × 105 m3/kmol/s [11]

8 1.93 × 106 s−1 [8]

10 1.34 × 10−1 m3/kmol/s [8]

13 9.26 × 104 m3/kmol/s [11]; 6.76 × 104 m3/kmol/s [8]

t
o
i
a
r
r

f
a
a
k
a
a
v
a
t
e
p

13 28.16 × 10 m /kmol/s 33.11

14 33.56 × 10−3 m3/kmol/s 33.11

orm ROOR in competition with the so-called ‘concerted’ for-
ation of alcohol and aldehyde or further chain transfer). They

ave also provided estimates of the rate constants for each of
hese intrinsic processes. Putting together all this information it
as possible to assign values to the Arrhenius parameters for

he overall bimolecular self-termination of the RO2
• radicals

hat appear in Table 3. From Table 2 it can be seen that there
s not much difference between the experimentally determined
alues reported by Hendry [11] and the ones obtained by a the-
retically more consistent estimate derived in their later work
8].

For the rate constant k6 available estimate from the litera-
ure was indirect and probably open to question. This constant,
aving a bearing on the DMPC/ROOR ratio in the product,
as chosen to approximate the observed data and accordingly
alues of the Arrhenius parameters were assigned. For the
ydrogen atom transfer to RO2

• radicals (cumyl in step 4)
rrhenius parameters have been reported [8,11]. The oxida-

ion of alkyl radicals forming the peroxy radicals themselves
step 3) is said to be very fast, the rate constant likely to
e of the same order of magnitude as for typical exothermic
adical–radical reactions with essentially no activation energy
8]. Though this is generally true, we found the need to re-
stimate the parameters for both these steps (3 and 4) in order
o be consistent with the observed small but finite dependence
f the rate of CHP formation on the oxygen partial pressure
n the case of cumene autoxidation [12,13]. As for the prop-
gation reaction involving the methyl radicals (step 10), the
eported range of values was found to be too low and needed
e-estimation.

Thus, we were left with the estimation of the rate constants
or the propagation steps 3, 4 and 10, namely k3, k4 and k10,
nd those for the two subsidiary termination steps (k12 and k14)
part from the frequency factor for the initiation rate constant
1. In absence of specific information further simplification was
chieved by assuming identical activation energy values for k12
nd k14 as the one for k13. Thus, at any temperature we estimated
alues for the parameters k3, k4, k10 and ratios k13/k1, k13/k12

nd k13/k14 by trying to predict as closely as possible observed
emporal profiles of concentration of cumene and CHP and the
ffect of the dissolved oxygen concentration on the rate of CHP
roduction [12]. Clearly, this was a much reduced estimation
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roblem than the one we started with. Moreover, by virtue of
his re-assessment of the reported values of the rate parame-
ers we now had a better idea of both the guess values and the
pproximate range to be used for each parameter during estima-
ion. The responses calculated by the model were used to form
he deviations from the experimental data and the objective func-
ion constituted of the sum of squares of these deviations were

inimized by the Marquardt-Levenberg method (IMSL module
CLSF was used in this work) for estimating these parameters.
rom these determinations both the Arrhenius parameters for
3, k4, k10 and the frequency factors for k1, k12 and k14 were
stimated and reported in Table 3.

. Results and discussion

.1. Prediction of the concentration profiles

Hattori et al. [12] presented data on the time variation of the
oncentrations of cumene and CHP observed in course of their
xperimental study of autoxidation of cumene in a semi-batch
ubble column reactor. On the basis of their simplified kinetic
odel, based on the assumptions pointed out in Section 2, they

erived approximate analytic expressions for the rates of cumene
epletion (RRH) and CHP production (RCHP). Furthermore, they
rgued that the effect of oxygen partial pressure on the rates
s small but not negligible. Based on their experimental obser-
ations they made a further assumption of effectively constant
issolved oxygen concentration independent of the conversion
t a given level of oxygen partial pressure and the specific bub-
ling condition during a batch run period, while the rates were
ffected with the change of the set partial pressure. The final
orm of the rates used by the authors [12] were

RRH = K[RH]
√

[ROOH] + 2k1[ROOH] (17)

CHP = K[RH]
√

[ROOH] − k1[ROOH] (18)

The ‘effective rate constant’ K in the above equations was
iven by

= p′
O2

k3/H[RH]av

1 + (p′
O2

k3/k4H[RH]av)

√
k1

k13
(19)

here p′
O2

denotes the partial pressure in equilibrium with the
issolved oxygen concentration and the subscript ‘av’ denotes an
verage value of [RH]. Using the measured concentration–time
ata the ‘rate constant’ K was determined. Assuming a con-
tant K (for a specific temperature and oxygen partial pressure
ondition), Eqs. (17) and (18) were used by the authors [12] to
ack-calculate the integral cumene and CHP concentration pro-
les that practically traced the experimental data points (their
ig. 7).

The general dynamic model presented in this work with the
ate parameters tabulated in Table 3 can be used to predict very

imilar concentration profiles without making any of the above
ssumptions. However, in order to approximate the experimental
onditions of Hattori et al. [12] more exactly, we assumed a con-
tant dissolved oxygen concentration to prevail, thus ignoring

F
C
g
i

ig. 1. Comparision of the predicted time variation of the cumene and CHP
oncentration with the observed profiles.

q. (14). The rest of the model equations were solved and the pre-
icted cumene and CHP concentration profiles were compared
n Fig. 1 with the reported observed data. It can be seen that the
ew model simulates the experimental data very closely indeed,
ncluding the apparent (though slight) autocatalytic increase in
oth the CHP production and the cumene depletion rates midway
hrough the batch time. Under the conditions of the simulation
and using the values of the rate parameters from Table 3) the
alue of K calculated was 0.092 in comparison with 0.083, the
alue used in their paper. Considering that the model presented
ere is a much more general one, with independently set values
or the various rate parameters, the two values of K are remark-
bly close. This is an indirect validation of the kinetic model
nd the rate parameters. As we shall presently see, the predicted
ariation of K with p′

O2
was also found to be quite consistent

ith the observed data.

.2. Variation of K with p′
O2

Hattori et al. [12] plotted experimentally determined val-
es of the ‘rate constant’ K against p′

O2
. These experiments

ere conducted at three temperatures (namely, 110, 120 and
30 ◦C) and for the purpose of comparison the terminal conver-
ion was set so as to yield a CHP concentration of 2 kmol/m3. At
variety of preset dissolved oxygen concentrations (and hence

or a series of p′
O2

values) the new model was used to calcu-
ate the values of K as defined by Eq. (19) and the plots of
he variation of K with p′

O2
were generated at the three tem-

erature levels. In the interest of easy comparison with the
gures appearing in the original publications [12,13] the units
f the quantities used therein were retained in Fig. 2 and the
emaining figures to be discussed in this and the subsequent
ubsections. The predicted variation compared (see Fig. 2) very
ell with those observed except at very low dissolved oxygen

oncentrations. At such low levels the assumption underly-
ng the derivation of the relationship is questionable. However,

ig. 2 demonstrates the small but definite dependence of the
HP production rate (or the cumene depletion rate) on the oxy-
en partial pressure at any temperature. As the temperature is
ncreased from 110 to 130 ◦C this dependence is seen to become
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ig. 2. Comparison of the predicted dependence of K on p′
O2

with the observed
ata.

tronger.
Hattori et al. [12] had also provided another plot of 1/K against

/p′
O2

, as a verification of the linear relationship between these
uantities, which could be obtained by taking reciprocals of the
wo sides of Eq. (19). It is seen from Fig. 3 that our model also
rovides essentially the same relationship as appropriate at each
emperature.

.3. Dependence of the rate of CHP production on the
xygen partial pressure

In the above sub-section the oxygen dependence of the key
ates that drive the oxidation process was shown in a slightly indi-
ect manner, i.e., in the form of the dependence of an ‘effective’
r combined rate constant on the dissolved oxygen concen-
ration. Though Andrigo et al. [13] essentially used the same
asic rate expressions as Hattori et al. [12] the former workers

dentified a direct linear relationship between the rate of CHP
roduction (neglecting the CHP depletion by initiation and other
lementary processes) and the oxygen partial pressure and the

ig. 3. Verification of the predicted linear relationship between 1/K and 1/p′
O2

gainst observed data.
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umene concentration. This relationship can be written as

[RH]
√

[ROOH]

RCHP
=

√
k13

k4
√

k1
+ H

√
k13

k3
√

k1

[RH]

pO2

(20)

Andrigo et al. made their kinetic study in a 2 l CSTR with con-
tant chosen levels of oxygen partial pressure being maintained
n the overhead. Also, the reactor temperature and the liquid
esidence times were varied. They claimed that the reaction was
ssentially kinetically controlled under the conditions and using
alues of the measured concentrations and known oxygen par-
ial pressure levels and the rates derived there from, the authors
lotted the left hand side quantity against [RH]/pO2 as per Eq.
20) and verified the implied linearity.

In this work focused on the kinetic model being tested in an
ir-sparged batch reactor the exact conditions in the above exper-
ments would not be reproduced. However, there is every reason
o anticipate, based on the model comparison with Hattori et al.’s
xperimental data, that a relationship such as Eq. (20) should also
e possible to reproduce with the new model irrespective of the
eactor one uses. We, therefore, ran the model up to a cumene
onversion leading to a CHP concentration of ∼2 kmol/m3 at
hree temperature levels (namely, 105, 115 and 125 ◦C) and at
arious constant oxygen partial pressures. From these calcula-
ions the requisite quantities to be plotted were obtained and the
esults compared with the data due to Andrigo et al. [13].

It was observed, however, that though a linear relationship
as clearly discernible, the slope and the intercept at each tem-
erature level were different (the slope was more, the intercept
ess) than those characterizing the experimental data. After some
rials, it occurred to us that this discrepancy could be easily
emoved by a minor adjustment in the values of only the fre-
uency factors for the rate constants k3 and k4, with no change
n any other rate parameters in Table 3, including the activa-
ion energies for these two propagation steps. With reference to
able 3, the ln A value for the rate constant k3 would require

o be changed to 25.78 × 10−3 and that for k4 to 27.59 × 10−3.

ig. 4 shows how well the model predictions (made using these
odified parameters) compared with the observed quantities.
he need for the minor adjustments in just these two parameters
rose due to the slight differences in the oxygen partial pres-

Fig. 4. Effect of oxygen partial pressure on the rate of CHP production.
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ure dependence of the rates as observed independently by two
roups of workers (historically apart by over 20 years) in very
ifferent reactor configurations. It only goes to show how the
ew general model developed here can be used to re-estimate
ome of the parameters of the model should it become necessary
n the light of a new and reliable set of experimental data.

.4. Selectivity relationship

As a further check on the soundness of the model, follow-
ng Andrigo et al. [13] we derived the following relationship
etween the rates of production of the two key side products,
amely, DMPC and ACP using Eq. (10), ignoring the third term
s a much smaller contribution, and Eq. (11):

RDMPC

[RH] · RACP
= k5

k8
+ k6

k8

[ROOH]

[RH]
(21)

From the calculated results a linear relationship between
DMPC/[RH]/RACP and [ROOH]/[RH] could be obtained.
ndrigo et al. [13] also made a similar plot based on their data.
oth the slope and the intercept obtained by us turned out to
e a little higher than those reported by these authors. Again
his discrepancy could be eliminated by a little increase in the
alue of the frequency factor for k8 (by about 1.6 times) and the
inear plot resulting from the model predictions made with this

odified parameter is shown in Fig. 5. The model now fits the
xperimental data (see Fig. 3 of Ref. [13]) quite well. The value
f k8 calculated from the parameters reported in Table 3 was
ased on published low temperature small-scale studies (under
estricted conditions) conducted for elucidating the kinetics of
he elementary steps constituting the overall free-radical mech-
nism. In the context of a direct study on cumene autoxidation
nder commercial operating conditions with complete product
istribution as observed in a typical engineering bench scale

tudy [13], the need for retuning some key parameters in order
o be consistent with the data may arise. The fact that with a
mall change in just one rate parameter the model fits observed
ata on the product selectivity gives us hope that the model is

Fig. 5. Simplified selctivity relationship.

b
f
d
l
t
(
d

t
c
v
a
s
t
o
o
o
f

o
w
e

ng Journal 137 (2008) 308–319

obust and manifestly adaptable to data from disparate sources
ith marginal effort.

.5. Predicted product distribution at the exit of a
ontinuous air-sparged cumene oxidation reactor

So far we attempted to validate the new model presented
ere in terms of various published kinetic relationships and
oncentration profiles. The ultimate utility of the model lies
n our ability to embed the kinetic model in an appropri-
te model for a continuous air-sparged reactor of the type
sed in commercial phenol manufacturing facilities and thereby
redict the product distribution at the reactor exit. Such a
eactor model, apart from the detailed and consistent kinetic
odel like the present one, requires appropriate representa-

ion of the flow and mixing and providing values for the gas
old-up, interfacial area and the liquid phase mass transfer
oefficient for the specified sparging and/or agitation device
onfiguration. This could be done preferably by experimen-
al cold flow studies, such as the one conducted by Andrigo
t al. [13] on the specific reactor used, or in the absence of
xperimental data, by using appropriate published correlations
or the said hydrodynamic and transport parameters [23–26]
r by the use of computational fluid dynamic modeling tools
27]. Despite well-known and sometimes justifiable reserva-
ions against the use of generalized correlations, the advantage
f obtaining a quick and practical estimate of these parame-
ers cannot be overemphasized. The primary emphasis of this
aper is on placing a sound kinetic model for the autoxidation
f cumene in public domain. Before signing off we would like
o quickly see how a simply constructed continuous air-sparged
umene oxidator model could make a priori predictions of the
xit liquid composition under typical commercial operating
onditions.

In a recently published paper [28], we have presented the
asic model equations for a continuous air-sparged reactor stage
or cyclohexane oxidation. The reactor model for cumene oxi-
ation was built using this scaffolding, with the gas and the
iquid phase equations remaining essentially the same, except
hat in the liquid phase we now have five product components
CHP, DMPC, ACP, ROOR and RR) apart from cumene and the
issolved oxygen.

The gas hold-up, interfacial area and the liquid phase mass
ransfer coefficient were calculated by using the Akita–Yoshida
orrelations [22] in order to be consistent with the parameter
alues used in the batch reactor calculations presented earlier
nd the same physicochemical properties were used. The same
et of correlations was also used by Krzysztoforski et al. [29] in
heir simulation of an industrial scale multi-stage cyclohexane
xidation reactor. This, however, is not to be taken as a rec-
mmendation in favour of these correlations as against several
thers reported in the literature, which could also be tried out
or a specific design/simulation job.
The kinetic sub-model, which supplies the values for the rates
f depletion/generation of these seven species concentration,
as based on Eqs. (7) through (13) along with the ancillary

quations for determining the pertinent free-radical concentra-
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Table 4
Comparison of the predicted liquid composition at the exit of a single air-sparged continuous cumene oxidation reactor vis-à-vis reported test run data for a typical
commercial reactor configuration

Components Simulation
(wt%)

Test run data
[13] (wt%)

Simulation
(wt%)

Test run data
[13] (wt%)

Simulation
(wt%)

Test run data
[13] (wt%)

This
work

Andrigo et
al. [13]

This
work

Andrigo et
al. [13]

This
work

Andrigo et
al. [13]

Cumene 74.90 72.3 74.9 72.44 69.9 72.4 69.29 67.5 69.3
CHP 19.06 20.1 17.9 20.57 22.4 20.2 22.45 24.5 23.0
DMPC 2.26 2.11 1.88 2.62 2.28 2.06 3.10 2.46 2.27
A 0
R 0
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1
2
3
4
5
6
7
8

CP 0.34 0.48 0.4 0.39
OOR 0.25 0.053 0.044 0.30

ote: The complement to 100% is due to inert hydrocarbons.

ions. The complete set of non-linear algebraic equations was
olved by Newton–Rhapson method.

The simulations were done assuming a 0.025 m3 reactor vol-
me and the reactor temperature set at 115 ◦C, superficial air
elocity 0.15 m/s, oxygen partial pressure 0.021 MPa. At this
evel of air flow rate this variable has little effect on the conver-
ion and/or selectivity. The latter were primarily affected by the
ariation in the liquid flow rates so as to give mean residence
imes in the range 25,000–30,000 s. This could represent a pilot
lant scale cumene oxidation reactor under realistic operating
onditions.

The liquid compositions were calculated at three conversion
evels in the range of interest using the original set of parameters
rom Table 3. Andrigo et al. [13] provided several sets of test
un data (their Table 1) on the liquid composition at the exit of
number of reactors of different size forming a part of one of

he EniChem ANIC industrial production lines in their phenol
anufacturing plant in Italy. We have chosen three test run data

ets at varying cumene conversion values and compared (see
able 4) the predicted and the observed liquid composition. In

he same table, we have also included for easy comparison the
iquid composition obtained by the same authors [13] using their

ore elaborate reactor simulation model.
The point to note from this table is that our model has pre-

icted the liquid composition at each of the conversion levels
losely vis-à-vis the test run data in terms of the cumene, CHP,

MPC and ACP contents. The model predictions based on our
odel were at least as good as and in some cases better than the

nes made by the more sophisticated model [13]. In the case of
OOR, though in terms of the wt% composition there is consid-

a
t

t

able 5
ffect of staging, air rate and temperature on the product distribution in an air-sparge

ase NR ug (m/s) Temperature (◦C) Cumulative
residence time (h)

Components

Cumene (wt%)

1 0.15 113 2.07 75.37
1 0.1 113 2.10 75.58
1 0.075 113 2.20 75.62
1 0.05 113 2.68 75.64
1 0.0375 113 3.36 75.58
1 0.025 113 4.79 75.60
4 0.025 113/113/113/113 5.09 75.47
4 0.025 113/109/105/103 5.33 75.66
.51 0.43 0.46 0.55 0.47

.061 0.05 0.37 0.068 0.058

rable over-prediction, the molar ratio of DMPC to ROOR was
ound to be at ∼20, which was in the range said to be maintained
n the experimental 2 l CSTR data [13]. Indeed this observation
as borne in mind during our parameter estimation. If, however,

s seen in the test run data from the commercial reactor, the oxi-
ate is consistently leaner in ROOR, a further readjustment in
ome of the termination rate constants, notably k13 and/or k12
ay be required. But this should be done only in the event of a

ystematic and detailed study in a particular experimental/plant
acility demonstrating a need for retuning.

.6. Effect of process and operating variables on the
roduct distribution at the exit of an air-sparged cumene
xidation reactor network

In practice [4], several air-sparged oxidation reactors are con-
ected in series, with the effluent liquid stream from one flowing
nto the next while identical air stream, distributed evenly among
ll the reactor stages, is blown into each of them at the bottom
sing a suitable sparging device. It is a simple matter to extend
he single reactor model discussed above to that of a multi-stage
eactor network with, if necessary, resetting pressure, tempera-
ure and air composition at each stage. While it would be beside
he scope of this paper to attempt simulating any particular com-

ercial configurartion, we believe that the following discussion
ould bring out interesting observations regarding the process
nd operating variables that may possibly be used to influence
he product distribution at the exit of the reactor system.

Before turning to the multi-stage system, let us briefly illus-
rate how, for the given kinetics, mass transfer effect might come

d continuous cumene oxidation reactor system

CHP (wt%) DMPC (wt%) ACP (wt%) ROOR (wt%) RR (wt%)

22.68 0.69 0.09 1.08 0.06
22.47 0.69 0.09 1.04 0.10
22.37 0.72 0.10 0.99 0.19
22.02 0.86 0.12 0.80 0.56
21.59 1.05 0.14 0.63 1.00
20.60 1.42 0.20 0.43 1.75
21.87 1.01 0.14 0.36 1.16
22.66 0.62 0.08 0.53 0.46



3 ineeri

i
W
T
t
a
0
w
c
M
f
c
c
l
7
f
i
t
w
p
p
C
(
r

l
t
n
p
a

5

a
c
t
o
v
d
s
m
r
t
t
t
a
a
c
t
l
o
a
t
o
s
g
i

t
s
i
s
e
h
o

i
m
s
r

R

[

[

[

[

[

[

[

[

[

18 A. Bhattacharya / Chemical Eng

nto play and thereby adversely affect the product distribution.
ith reference to the first six cases of model predicted results in

able 5, all of which used a single reactor, the only variable was
he air flow rate, at a constant pressure of 0.64 MPa and a temper-
ture of 113 ◦C. As the superficial air velocity was reduced from
.15 to 0.025 m/s, almost identical cumene conversion (∼25%)
as achieved at increasingly longer residence times, thus indi-

ating a progressively increasing influence of mass transfer.
ore strikingly, at the same time the CHP selectivity also suf-

ered, with a gradual increase in the side product (DMPC, ACP)
oncentrations. That staging the process (using a multi-stage
onfiguration of four reactors in series) would counteract on the
oss in selectivity to an extent was expected. Thus, in the case no.
where identical pressure and temperature were used in all the

our stages and the lowest air rate was maintained, there is a clear
mprovement in the CHP selectivity. More interestingly, as the
emperature at each stage was progressively lowered (see case 8,
ith 113 ◦C in the stage 1 and 103 ◦C at the stage 4, with identical
ressure, these conditions being the same as shown on the exam-
le flowsheet for a large scale cumene oxidation process [4]) the
HP selectivity was brought back almost to the level of case 1

indeed a little better than that) which used a much higher air flow
ate.

These results of a simulation study may not be taken too
iterally as this is based on a simple reactor model. However,
his shows that practical conclusions of use to the process engi-
eers may be derived by combining the basic kinetic model
resented in this work with a more rigorous reactor model with
n appropriate fluid dynamic description.

. Conclusions

In the foregoing we have shown that it is possible to formulate
consistent free-radical mechanism for cumene autoxidation,

omprising of most of the elementary steps known to play impor-
ant roles in controlling the rates and product selectivity. Based
n the kinetic analysis of the resulting reaction network, indi-
idual component rates (net consumption/production) could be
erived. This formulation uses an important cross-termination
tep replacing an often used but less likely one and the treat-
ent avoided a couple of time-honored assumptions about the

elationship and values of the rate constants for the termina-
ion steps. By referring to the existing body of research on
he uncatalyzed free-radicals mediated major elementary reac-
ions such as radical initiation, propagation, the chain transfer
nd termination we could identify and/or re-estimate values for
ll the pertinent kinetic parameters that gave rates of overall
umene depletion, oxygen consumption and the CHP produc-
ion broadly in conformity with the observations reported in the
iterature. We were actually able to reproduce quite well a set
f well-regarded published data of long standing on cumene
nd CHP concentration profiles and the effect of oxygen par-
ial pressure on the rates in a batch reactor. It was a measure

f success of the new kinetic model that on embedding the
ame within a simple reaction engineering model for a sin-
le air-sparged continuous cumene oxidator of the type used
n commercial installations, the liquid oxidate composition at

[

[
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he reactor exit could be predicted that compared closely with
ome limited published data from an industrial reactor. Finally,
nteresting conclusions could be derived from a simulation
tudy of a multiple oxidators-in-series network, regarding the
ffect of staging, stage temperature and the air rate on the
ydroperoxide selectivity and the side product distribution in the
xidate.

The model presented in the paper should be a useful tool
n the analysis and design of cumene oxidation reactors. With

inor adaptations and re-estimation of some of the parameters it
hould be possible to use the same to simulate other autoxidation
eactors as well.
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