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Kinetics and catalytic behavior of NiO supported on alumina and on activated carbon and
NiMoO, supported on alumina have been studied in the liquid phase oxidation of cumene.
The catalysts have been characterized by means of DTA, TGA, X-ray, ir, and BET studies.
Detailed studies of the concentration of main products of cumene along with the effect of
catalyst weight, and hydrocarbon concentration on the rate of oxidation were conducted at
80°C employing these supported catalysts. A reaction mechanism is proposed in which the
catalyst plays an important role in the initiation and termination steps. Rate equations derived
are in good agreement with the experimental data. It was observed that carbon as a support
relative to alumina (NiO eatalysts) induced increased activity, lower activation energies, and
shifted the limiting oxidation rate to lower catalyst amounts.

INTRODUCTION

The oxidation of cumene has been the
subject of numerous investigations in the
past, thus making it difficult to give a com-
prehensive review of this reaction. More-
over, there are only few cases (1-6) among
the variety of catalysts studied wherein
significant attention has been given to the
insoluble catalysts and the heterogenecous
reactions. The kinetics and catalytic be-
havior of oxidation of cumene in the pres-
ence of supported nickel oxide and sup-
ported NiMoO, have not been discussed in
the literature.

A number of authors (7-11) has treated
in some detail the solid state properties of
alumina-supported nickel oxide and nickel
molybdate; however, very little is reported
of the characterization of nickel oxide on
activated carbon (12).

Presented in this paper are the results
of oxidation of cumene over NiO-Al,O;,
NiO-C, and NiMoO,-Al,O; catalysts cou-
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pled with the characterization of these
catalysts by means of DTA, TGA, X-ray,
ir, and BET studies. In this investigation,
we limit ourselves to present results on
the commercial catalysts.

The principal purpose of this study is to
examine the effect of several variables,
catalyst weight, hydrocarbon concentra-
tion, and reaction temperature along with
the concentrations of the main products of
oxidation as influenced by nickel oxide on
different supports. Experimental data of
this type are expected to lead to a better
understanding of a degenerate chain-branch-
ing mechanism and, especially to evaluate
the role of the catalyst and support in such
reaction. In addition, physicochemical char-
acterization is desired in order to amplify
literature results for these systems.

EXPERIMENTAL
Materials

Nickel oxide supported on activated
carbon (229, NiO) and on alumina (659,
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NiO), and nickel molybdate supported on
alumina (69, NiO, 109, MoO;), were sup-
plied by Girdler Company. The catalysts
were crushed and screened to 150 mesh.
Pure nickel oxide was obtained from Fisher
Scientific in the powdered form. Reference
to the various samples will be made as NiO
or NiMoO, followed by the support.

Cumene obtained from Herdillia Chem-
icals was fractionally distilled. This was
treated with concentrated sulfuric acid
followed by dilute alkali and washed with
distilled water. The dried cumene was
stored in a nitrogen atmosphere.

Chlorobenzene obtained from Sarabhai
Chemicals was washed with concentrated
sulfuric acid, washed with distilled water,
and dried before use. Cumene hydroper-
oxide was prepared by the thermal oxida-
tion of cumene using MnO; as a catalyst at
60°C.

PHYSICOCHEMICAL CHARACTERIZATION

No extensive determinations have been
published on the physical properties and
characteristics of these particular catalysts.

X-Ray

The X-ray diffraction patterns were re-
corded using a General Electronics diffrac-
tometer (XRD-VI Generator, SPG-4 de-
tector, and SPG-2 diffractometer) with
copper (Ko) radiation. The diffractometer
was operated with 2° diverging and receiv-
ing slits at a scan rate of 1°/min and a con-
tinuous trace of intensity as a function of
20 was recorded. The accuracy of Bragg’s
angle positions were checked using a perma-
quartz standard sarmple. Spectra of finely
ground samples were run in the 20 range
5-80°.

X-ray powder diffraction of NiO-Al,O;
samples showed the presence of crystalline
NiO (ASTM4-0835). In the NiO-C samples
broad diffraction bands of NiO were found
which were attributed to low concentration
of nickel oxide in the support. The intensity

of the line at d = 2.08 A increased in the
NiO-Al,O; catalysts as compared with the
NiO-C catalysts.

XRD study of NiMoO,~Al;O; samples
showed the presence of alumina and ab-
sence of characteristic diffraction bands of
the Ni-Mo—-O system. The spectra of the
alumina samples were similar to Stumpf
and co-workers (13) alumina.

DT4 and TGA

DTA measurements were carried out on
a Dupont-900 apparatus equipped with
high temperature cell, using ecalibrated
platinum/platinum-139, rhodium thermo-
couples. TGA was performed by Aminco
Modular Thermo-Grav. apparatus, with
programmed temperature increase, under
atmospheric conditions. TGA measure-
ments were carried out by heating the
samples at a rate of 10°C/min.

A programmed heating at a rate of
12°C/min between 25 and 1000°C was used
in DTA measurements. The analysis of an
NiO-C sample showed an endothermal
transformation at 116°C, followed by an
exothermal drift at about 466°C; no further
transformation was observed. The exo-
thermal transformation at 466°C can be
explained as due to burning of carbon. This
is in agreement with the observation that
the TGA curve at this temperature showed
a rapid loss in the weight. In the case of
NiO-ALO; system, only one small effect
was observed : endothermic at about 300°C.
Indeed the TGA curve also showed a
weight loss between 120 to 400°C. How-
ever, this loss is only small (of the order
2097). The endothermal trends for both
catalysts probably simply result from
dehydrations.

In the case of NiMoO.Al:O; system,
TGA curve also showed a weight loss start-~
ing from 100°C. DTA of an NiMo0O,-Al,0O;
sample showed the endothermal effects, a
broad effect from 100 to 300°C and a very
small at 690°C. A similar effect at 690°C
was observed while studying the structure
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TABLE 1
Physical Characteristics of Catalysts

Catalyst Surface Pore Mean
area volumes® pore
(m?/g) (em3/g) radius (A)
NiO-Al O, 24 0.37 311
NiO-C 243 0.57 47
NiMoO+~AlO; 48 0.12 50

2 Referred to 1500 atm.

of NiMoO, (14). This was attributed to a
structural transformation from «- to 8-
NiMoOy. This transformation is in agree-
ment with the observation that TGA
curve at this temperature became more flat.

Infrared Spectroscopy

Transmittance spectra for powdered sam-
ples (<150 mesh) were recorded on a
Perkin—Elmer-521 Grating ir spectropho-
tometer using KBr disk.

In the transmittance spectra of NiO-Al,O3
system (65 wt9, NiO), we noticed the in-
tense absorption of NiO (plateau in the
800-400 cm™! region) covering any diag-
nostic Al-0O frequency in the bulk. The 900
em™! Al-O (plateau in the 940-500 c¢m™!
region) resolved into a set of components
at 925 and 885, which is attributable to
free Al,O; present in the bulk.

In the NiO-C (22 wt9, NiO) system the
transmittance spectra show absorptions at
650 and 400 e¢m™!, which are attributable
to free NiO present in the bulk.

The spectra of NiMoO,~AlO; samples
showed the intense absorption of Al,O;
(plateau in the 940-500 em™! region) cover-
ing any diagnostic Ni-Mo—~0O frequency of
the bulk.

The transmittance spectra of Al,O; and
NiO samples were similar to previously
reported spectra of these oxides (14, 16).

Surface Area and Pore Volume

Surface areas of powdered catalysts were
calculated from N, adsorption isotherms

using BET apparatus. Pore volume and
pore size distribution were measured by a
mercury porosimeter Carlo-Erba Model-70
for the 2000 atm range.

Surface area (SA), pore volume (V,), and
calculated pore radii (r = 2V ,/SA) for the
three supported catalysts are given in
Table 1. Catalyst NiO-Al:Os is character-
ized by a low pore volume and small surface
area, which results in g higher value of mean
pore radii.

Oxidation Apparatus

The oxidation apparatus and technical
procedure have been described previously
(1). The products of oxidation were ana-
Iyzed by titration as well with a Perkin—
Elmer, Model 137 ir spectrophotometer.
The experiments were conducted at a tem-
perature of 80°C.

RESULTS AND DISCUSSION

From the earlier experiments (1), it was
concluded that addition of both the cata-
lyst (M) and hydroperoxide (ROOH) was
necessary to initiate the oxidation of
cumene. There existed a limited value of
initial hydroperoxide concentration below
which the oxidation was negligible, Beyond
this limiting value, there was no effect of
increase in hydroperoxide concentration on
the oxygen absorption rate. These were
also evident in the present study.

A critical ratio of hydroperoxide concen-
tration to catalyst amount of approxi-
mately 3-4 X 10™* g mole/g of catalyst
was obtained for all the catalysts. Further
runs on cumene oxidation were conducted
with this ratio.

Figure 1 shows the oxygen consumption
against time for a fixed amount of NiO.
The amount of NiO~C and NiO-Al;O; cat-
alysts corresponding to 0.01 g of NiO was
used. Also, included in the plot are the
oxidation curves for systems containing the
support materials, i.e., Al,O; and carbon
with hydroperoxide initiator. The results
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obtained for NiO are similar to those of
Varma and Graydon (2). Considerable dif-
ferences in catalyst performance are quite
evident from an examination of this plot.

Immediately apparent from the oxygen
consumption plots of Fig. 1 is an observable
effect; a clear distinction of relative reac-
tivity for this reaction among the catalysts
tested is evident, the reactivity being judged
by the oxygen consumption at the equal
contact time, temperature, and fixed cata-
lyst amount. In spite of the NiO percentage
not being the same in NiO-C and NiO-Al,O;
systems, the general results indicate a
pattern which can be used to characterize
these metal oxide catalysts with respect to
the type of support. These reactivities may
be summarized by the following sequence:

NiO-C > NiO-Al,0; > NiO.

Influence of Catalyst Weight and Hydro-
carbon Concentration

Reaction orders with respect to the cata-
lyst amount were determined from the
slopes of the curves shown in Fig. 2, con-
sidering all points at catalyst ratios below
the apparent change in mechanism as indi-
cated by the break in the curve. The values
obtained are presented in Table 2.
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Fra. 1. Oxygen adsorption curves for 1 ml of
cumene at 80°C for difference catalysts. Amount of
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Fia. 2. Measured rates of oxygen absorption for
1 ml of cumene at 80°C as a function of catalyst
weights.

Meyer et al. (17) and Neuberg ef al. (18)
obtained apparent order of 0.70 and 0.63
with MnO, catalyst, in the liquid phase
oxidation of cyclohexene. This type of de-
viation from a theoretical value of 0.5 has
been reported by other authors (1, 19) and,
of course, is evident in the present study
of NiMo0O,~Al,0; catalyzed runs.

The influence of hydrocarbon concentra-
tion on the rate of oxidation was studied
with mixtures of cumene and monochloro-
benzene, employing NiO-C, NiO-Al;Os;,
and NiMo0O.—Al,O; as catalysts. Runs ‘were
made at a catalyst ratio of 0.03 g/ml for
all the catalysts. This ratio was chosen on
the basis that in this region of catalyst
ratios and hydrocarbon concentrations, the

TABLE 2
Catalyst Catalyst  Hydro- Activation
order carbon energy
order (keal /mole)
NiO-Al, 04 0.5 1.2 16.0
NiO-C 0.5 1.1 12.3
NiMoO~Al:O; 0.8 1.2 —
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Fia. 3. Rate dependence with respect to cumene
concentration for different catalysts at 80°C.

limiting rate of oxidation was not attained
(20).

In Fig, 3, the logarithmic rates of oxygen
absorption are plotted against hydrocarbon
concentrations. The orders are summarized
in Table 2.

When the initiation is of first order with
respect to catalyst and termination bi-
radical, and an overall order of 0.5 will be
obtained. The present results clearly con-
firm the idea of heterogeneous initiation and
homogeneous terminations of the chains.

As shown in Fig. 2, the catalyst NiO-
Al,Os, low specific surface (Table 1), the
oxidation rate declined for catalyst ratios
over 150 mg/ml. A similar retarding effect
was observed for NiMoO4—Al,O; catalyst.
The curve corresponding to NiO-C cata-
lyst, high specific surface (Table 1), shows
that for catalyst ratios over 50 mg/ml the
rates are markedly depressed. Tobolsky
et al. (21) have suggested that the initia-
tion of free radicals in metal catalyzed
oxidations is due to degenerate chain
branching and when the rates of formation

and decomposition of hydroperoxide in
the solution become equal, hydroperoxide
reaches a stationary concentration where-
upon a limiting oxidation is reached. The
retarding effect of the catalyst may arise
from the secondary termination of peroxy
radicals on the surface of the solid.

The decrease in rate after the maximum
was also observed by Srivastava and
Srivastava (1) and Varma and Graydon
(2), where the oxidation of cumene was
studied with transition metal oxides. Their
rate of oxidation after the maximum
dropped catastrophically. In the present
work such a sharp decay was not observed.
The occurrence of relatively long decay in
the presence of large quantities of support
is believed to be caused by physical ad-
sorption of peroxy radicals.

Product Distribution

Another important reaction character-
istic, that of product distribution, was also
obtained from these studies. These dis-
tributions as a function of catalyst weight
(for supported NiO catalysts) are pre-
sented in Table 3. One property of the
product distribution results, however, is
quite clear. In both the catalysts, before
the limiting rate conditions, as the catalyst
weight was increased, the mole?, yield of
hydroperoxide increased. Near and after
the break in point, hydroperoxide in the
total oxidized products decreased as the
catalyst was increased, while the per-
centage of cumyl aleohol and acetophenone
seems to increase.

In the case of NiMo00,~Al;O; system,
the concentration of cumyl alcohol was
much greater than the concentration of
acetophenone when the lower weight of the
catalyst was employed. In fact, the produc-
tion of acetophenone was negligible at low
catalyst ratios. At higher catalyst ratios,
the molar concentration of alcohol and
ketone produced were the same.
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TABLE 3
Distribution of Products of Cumene Oxidation with NiO-C and NiO-Al;Q; Catalystse
Catalyst NiO-C NiO-ALO;

wt (g)

Hydro- Alcohol Ketone Hydro- Alcohol Ketone

peroxide peroxide
0.005 63.6 36.4 —b 41.1 58.9 —b
0.01 68.7 31.3 —b 54.0 37.2 8.8
0.05 59.7 34.7 5.6 58.5 274 14.1
0.1 46.4 34.6 19.0 46.6 30.6 22.8
0.2 38.2 31.3 30.5

 All the concentrations are reported in mole%. Amount of initial hydroperoxide is included in the hydro-
peroxide concentration. Reaction temperature, 80°C; volume of cumene, 1 ml; reaction time 30 min.
® Acetophenone was detectable in infrared spectra but the intensity of absorption was too small for

accurate measurements.

Reaction Mechanism

The purpose of this work was to consider
a mechanism which would be consistent
with the following observations:

(a) For low catalyst ratios, the ap-
parent orders of the reaction with respect
to catalyst weight and the hydrocarbon
concentration are 0.5 and 1.0, respectively ;

(b) There is a critical weight of the
catalysts above which the rate of oxidation
drops sharply;

(¢) There is a critical hydroperoxide
to catalyst ratio below which the oxidation
was negligible;

(d) An excess of initial hydroperoxide
does not affect the reaction rate; and

(e) For a fixed cumene concentration
and increasing catalyst ratios, the rate of
hydroperoxide increases, passing through a
maximum, and then decreases with catalyst.

The following mechanism is an adapta-
tion of that recently proposed by Neuberg
et al. (18) to explain the kinetics of oxida-
tion of cyclohexene.

Initiation:

K
ROOH + M = (ROOH...M) )
(ROOH...M) 5RO +OH...M (2

ROOH + -OH...M 5RO, + H,O + M

(3)

RO" + RH % ROH + R- )
Propagation :

R* + 0,55 ROy ®)

ROy + RHROOH + R* (6)

Termination :

ROy" + ROy 5 Tnactive products + O, (7)

ROy + M & (ROy".... M) ®)

RO, 4+ (RO,... M) 2 Inactive product?.
9)

If oxygen evolved from the biradical
termination is neglected with respect to
oxygen absorbed in the propagation, the
general rate of oxidation can be expressed as

d[0:]
Y

i i
6<2_k7 + KstEM]) [RH] (10)

where R, is the rate of free radical initiation.
If the termination rate of peroxy radicals

on the catalyst surface (Eqs. 8 and 9) is
negligible compared with the biradical ter-
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mination rate (Eq. 7), then the rate of
oxidation will be given by
d[0:] R;
T

%
—2} [RH].
i) B

It may be assumed that R, is propor-
tional to the amount of catalyst. Comparing
with the apparent order values in Table 2,
it is observed that Eq. 11 explains well the
NiO-C, NiO-ALQ; and NiMo0.,-Al,O;
catalyzed runs.

A second rate expression can be derived
in the case where a limiting oxidation is
reached. The derivation is similar to one
proposed by Neuberg et al. (18). Under
limiting condition, the rate of formation of
hydroperoxide through reaction (6) be-
comes equal to the rate of decomposition
on the catalyst surface, R4. The total rate
of formation of hydroperoxide is simply

o

b

————— ) [RH]
2](}7 + ngg[l\f:l

b Rd = 0. (12)

Let R; = aR4, where « is the fraction of
hydroperoxide decomposed yielding free
radicals. For a small value of @, the limiting
rate of oxidation is given by

~ (d[02]> ak2[RHT

- . (13)
dt /2 + Kako[M]

It is very clear from Eq. 13 that for high
catalyst ratios a point must be reached
where Kgko[ M]>> 2k; and inhibition will
start to be effective. It also explains the
behavior of NiO-C ecatalyst (high active
sites) where a limiting rate at a much lower
catalyst ratio was observed.

Under limiting rate condition, the ap-
parent order with respect to hydrocarbon
concentration is derived as 2. It is well
known that the rate of oxygen eonsumption
may present different reaction orders with
respect to hydrocarbon concentration, de-
pending upon the conditions of oxidation.

Kamiya et al. (20) and Neuberg et al. (18)
have shown that if the oxidation proceeds
via a chain branching mechanism and the
limiting rate has been attained, the reac-
tion order will lie above 1.

Activation Energy

Lastly, we note in Table 2 that the ac-
tivation energies are lower for nickel oxide
when supported on carbon compared with
alumina-supported nickel oxide. The effect
of temperature on reaction rate was studied
in the range of 70-80°C. Generally, carbon
as a support relative to alumina induces
increased catalytic activity, lowers activa-
tion energies, and shifts the limiting oxida-
tion rate to lower catalyst amounts. Some
of these conclusions are in the line with the
interpretation proposed by Schwab (22).

From the present results we conclude
that the catalytic activities of supported
NiO and supported NiMoO, are mainly
due to capability of decomposing hydro-
peroxides into the chain-initiating radicals.
The oxidation of cumene proceed via a
degenerate chain branching mechanism.
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