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Abstract

The autoxidation of cumene to cumene hydroperoxide (CHP) in the presence of catalyst which was prepared by
adsorbing copper(I) acetate onto polymer support, was investigated. When a styrene—divinylbenzene copoelymer with
sulfonic acid functional groups was used as a support, the resulting catalyst had no catalytic activity. When a macroreticular
acrylic polymer containing carboxylic acid exchange groups was used as a support, an effective catalyst was obtained. In the
presence of this catalyst (0.2 g Cu(OAc),-BR-0.6 per 10 mL of cumene) at 353 K, the steady autoxidation rate is 84% faster
than that initiated with CHP; the selectivity is 99% at 6.8% conversion. The catalyst is stable at 383 K. Furthermore, the
catalyzed cumene autoxidation rate increases linearly with copper acetate loading as well as the amount of catalyst. But
when the steady autoxidation rate increases, the selectivity to cumene hydroperoxide reduces, but is still satisfactory. Hence,
it is possible to speed up the cumene autoxidation rate by raising the reaction temperature, using catalysts with high metal
loading and using more catalyst.
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1. Introduction the reaction between cumene and oxygen [6] to
form CHP via a free radical mechanism. An
effective catalyst is prepared by supporting
Cu(OAc), onto Chelex which is a divinylben-
zene cross-linked polystyrene with paired imin-
odiacetate, with a copper(I) content of 0.6
mmol /g of dry support. Using this catalyst at
353 K, the CHP formation rate is 63% higher
than that initiated by CHP itself which is a
standard industrial process. Furthermore, the se-
lectivity (better than 99% with a conversion ca.
6%) toward CHP of the catalyzed reaction is
also better than that initiated by CHP. These

* Corresponding author. results are superior to those catalyzed by free

The oxidation of hydrocarbons catalyzed by
transition metal complexes has been studied
extensively [1-4]. Some of these oxidation reac-
tions are important industrial processes in mak-
ing commodity chemicals such as cyclohexanol,
cyciohexanone, ethylbenzene hydroperoxide,
tert-butyl hydroperoxide, terephthalic acid,
adipic acid, cumene hydroperoxide (CHP) and
many others [5]. Recently, we discovered that
some polymer supported catalysts can catalyze
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radical initiator [7], by heterogeneous catalysts
(Cu, Ag, Pt on support [8]) or by homogeneous
catalysts of metal salts (naphthenates of Zn and
Cd [9D.

In spite of the above mentioned excellent
properties of the Cu(OAc), on Chelex sup-
ported catalyst, there are some drawbacks. For
example, the catalyst undergoes slow decompo-
sition at a reaction temperature of 363 K (vide
infra). Therefore, it can not be used at tempera-
ture above 363 K. Furthermore, for the cat-
alyzed reaction rate, there is an optimum
Cu(OAc), loading, as well as an optimum
amount of catalyst. Therefore, it is not possible
to speed up the reaction rate by employing
catalyst with high Cu(OAc), loadings or by
using more catalyst. We would like to find a
supported catalyst which can circumvent these
drawbacks and can be of industrial application.
Here, we report a polymer supported Cu(OAc),
catalyst that can be used at 383 K, and pos-
sesses the desirable properties of metal loading
on catalyst and catalyst loading in the reaction
mixture.

2. Experimental
2.1. Material and equipment

Two supports, AG 50W and Bio-Rex 70,
both purchased from Bio-Rad, were investigated
in this work. AG 50W is a styrene—divinylben-
zene copolymer containing sulfonic acid func-
tional groups (5.1 meq/dry g). Bio-Rex 70 is a
macroreticular acrylic polymer containing car-
boxylic acid exchange groups (10 meq/dry g).
Cumene (purchased from Merck) was purified
by repeated reaction with concentrated suifuric
acid until the acid layer was colorless. It was
then washed with water, neutralized with sodium
carbonate and washed with water again. After
being dried over magnesium sulfate, and re-
fluxed over calcium hydride, cumene was dis-
tilled just before use.

The metal contents of the supported catalysts
were analyzed on a Kontron Plasmakon model

S-35 ICP instrument. 'H NMR spectra were
recorded on a Germini-300 spectrometer.
Cumene and its oxidation 1products can be iden-
tified unambiguously in a "H NMR spectrum. In
the methyl region, the chemical shifts for the
relevant compounds are 1.26 ppm for cumene,
1.61 ppm for CHP, 1.57 ppm for 2-phenyl-2-
propanol and 2.61 ppm for acetophenone. From
the comparison of the integrated areas of vari-
ous methyl signals with that of the methyl sig-
nal of a methanol internal standard, the concen-
trations of cumene and its oxidation products
can be determined.

2.2. Synthesis of supported catalysts

Bio-Rex 70 (which contained about 65% wa-
ter as purchased) was dried in a vacuum oven at
323 K until a constant mass was obtained. The
dried support was then suspended in water.
Cu(OAc), of the desired amount was added to
the water suspension. After stirring for 1 h, the
supported catalyst was collected by filtration.
The catalyst was again suspended in methanol
under constant stirring for 30 min. After filtra-
tion, the catalyst was dried in a vacuum oven at
323 K. In the range of metal loading used in
this work, all Cu(OAc), used in the preparation
was virtually completely adsorbed by the sup-
port. The catalyst is designated as Cu(OAc),-
BR-r, where BR indicates that the support is
Bio-Rex 70 and r indicates the amount of
Cu(Il) in mmol per gram of dried support. The
values of r in this work are 0.3, 0.6, 1.5, 2 and
2.5. The procedure of preparing Cu(OAc), sup-
ported on AG 50W was practically the same as
that for Cu(OAc),-BR-r. The AG 50W has a
water content of 50% as purchased. The sup-
ported catalyst is designated as Cu(OAc),-AG-r.
Only one catalyst with r value 0.6 was pre-
pared for this support.

2.3. Oxidation of cumene

Cumene oxidation was carried out in a closed
Pyrex glass system with an oxygen reservoir
(0.11 L thermostated at 298 K) and a reaction
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flask in which the reaction temperature can be
controlled to within +1 K. 10 mL of cumene in
the reaction flask was used in each reaction run.
To monitor the progress of the cumene oxida-
tion reaction, the oxygen pressure was measured
by a pressure sensing system which stored all
pressure data in a PC. The details of the setup
and the experimental procedure were reported
previously [6]. The steady cumene autoxidation
rate was measured when fresh O, was repeat-
edly admitted to the reaction system when the
oxygen pressure dropped below ca. 35 kPa until
a steady oxygen consumption rate was obtained.
This steady rate was usually reached in the
second cycle after the first initiation cycle. The
amounts of the cumene oxidation products are
determined from 'H NMR spectra of the oxida-
tion mixture. To be more accurate, an iodomet-
ric method [10] was used in the determination of
the amount of CHP.

3. Results and discussion

In our previous work on the autoxidation of
cumene, Cu(OAc),-CHX-0.6, where CHX
stands for Chelex support and 0.6 indicates the
amount of metal loading in unit of mmol of
Cu(Il) per gram of dry support, was shown to
be an effective polymer supported catalyst [6].
Under the autoxidation conditions of 93.3 kPa
oxygen pressure, 0.2 g Cu(OAc),-CHX-0.6 per
10 mL of cumene at 353 K, the steady propaga-
tion rate is 1.84 X 107> Ms™! which is 63%
faster than that of uncatalyzed reaction. And the
selectivity is 99.4% at a conversion of 5.36%.
However, under identical conditions except at
363 K and repeated introduction of fresh oxy-
gen just before the autoxidation rate slowed
down, at a conversion of 33.5%, the color of
Cu(OAc),-CHX-0.6 turned from blue to green.
This clearly indicates that Cu(OAc),-CHX-0.6
is not stable at 363 K. Furthermore, the selectiv-
ity to CHP is only 65%. Therefore, in the
presence of Cu(OAc),-CHX-0.6, it is not possi-
ble to speed up the cumene oxidation rate by

raising the temperature. Also, it is not possible
to increase the rate by using more catalyst or
using catalyst with higher metal loading as men-
tioned in the introduction. Hence, one is left
with the only choice of resorting to other cata-
lyst, if one wants to have a high reaction rate. In
our previous work [6], we demonstrated that the
inorganic support, SiO,, though stable, can lead
to conversion of CHP to 2-phenyl-2-propanol
which is consistent with the literature report
[11]. We have also shown that when
polyvinylpyridine is used to support Cu(OAc),,
the selectivity to CHP is poor and the polymer
itself is oxidized. Therefore, from our success
with Chelex, we thought that polymer supports
with acidic functional groups are more likely to
be effective.

3.1. Effect of support

In our study [6] of the cumene autoxidation
rate catalyzed by MS-CHX-0.6 as a function of
metal salt (MS), we found the effectiveness of
the metal ion follows the order:

Mn(1) > Cu(II) > Co(1I) > Ni(II) > Fe(II)

The CHP selectivity of the Mn(II) catalyst is
less than that of Cu(II). Furthermore, we also
found that among the various copper(Il) salts,
including acetate, sulfate, nitrate, chloride and
bromide, the acetate is superior to the other
anions in terms of reaction rate ‘. Therefore, we
chose to study Cu(OAc), adsorbed on AG 50W
and Bio-Rex 70 (abbreviated as AG and BR,
respectively) as our catalysts.

In Fig. 1, the oxygen pressures are shown as
a function of time in the cumene autoxidation

" Catalysts of various copper (II) salts adsorbed onto Chelex
100 with the same number of moles (0.6) per gram of support
were investigated under identical reaction conditions: 0.2 g sup-
ported catalyst in 10 mL of cumene, initial O, pressure 93.3 kPa
at 353 K. The steady autoxidation rates are 1.91% 1077, 0.56 X
107, 0.54x107°%, 0.46X107° and 042X107% M/s in the
presence of catalyst of supported copper (II) acetdte, copper (II)
sulfate, copper (II) nitrate, copper (II) chloride and copper (II)
bromide, respectively.



112 Y. Fang Hsu, C. Pyeng Cheng / Journal of Molecular Catalysis A: Chemical 120 (1997) 109-116

which is carried out in a closed system contain-
ing 10 mL of cumene, at 353 K, 0.2 g of
catalyst and initial oxygen pressure of 93.3 kPa.
Cu(OAc),-AG-0.6 does not catalyze the cumene
autoxidation reaction at all. On the contrary, it
inhibits the autoxidation reaction. However,
Cu(OAc),-BR-0.6 is an effective catalyst for the
cumene autoxidation reaction. After an induc-
tion period of about 3 h, the oxygen pressure
drops continuously until a pressure of 26.7 kPa
is reached, then the pressure drop slows down.
When oxygen is added to the closed reaction
system again, rapid oxygen consumption is es-
tablished immediately. The variation of the oxy-
gen consumption rate can be explained by the
mechanism of the autoxidation of cumene [12—
14], as shown below.

Initiation: RH - - R’

ROOH — RO '+ 'OH

Propagation: R'+ O, —» ROO"

ROO + RH — ROOH + 'R
Termination: 2RO0O " — inactive product
2R'—> R,

(1)
(2)
3)
(4)
(5)
(6)

R+ ROO — ROOR’ (7)
Branching: ROOH + R'— ROH + RO’ (8)

The existence of the initial induction period
is a general phenomenon in initiating a free
radical reaction by Egs. (1) and (2). The nearly
constant oxygen consumption rate after the initi-
ation period is an indication that the rate deter-
mining step in the free radical reaction is inde-
pendent of the O, pressure. The hydrogen ab-
straction reaction in Eq. (4) is then the rate
determining step. The slowing down of oxygen
consumption at a pressure below 26.7 kPa is
due to the branching reaction Eq. (8) [14]. This
association of branching reaction with slow
oxygen consumption is further supported by the
observation that if the autoxidation reaction stays
in the slow down region longer, then the selec-
tivity to CHP is reduced and selectivity to 2-
phenyl-2-propanol is increased. Therefore, it is
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Fig. 1. At 353 K, the pressure of oxygen P(0,) (V=0.11L) as a
function of reaction time in the autoxidation of cumene (10 mL)
in the presence of catalyst (0.2 g); (@): Cu(OAc),-AG-0.6, (O):
Cu(OAc),-BR-0.6.

necessary to maintain a sufficient high oxygen
pressure such that the branching reaction is slow
in comparison with the propagation reaction
Egs. (3) and (4) if a high selectivity to CHP is
desirable.

3.2. Effect of temperature

The catalytic activity of Cu(OAc),-BR-0.6
was investigated as a function of temperature.
The oxygen pressure variation in a reaction
mixture of 10 mL of cumene with 0.2 g
Cu(OAc),-BR-0.6 at initial oxygen 93.3 kPa as
a function of time at 353, 363, 373 and 383 K
are shown in Fig. 2. After O, pressure around
40 ~ 50 kPa was reached in the initial reaction
period, fresh O, was introduced to commence a
second reaction period. It is clear that the higher
the reaction temperature, the shorter the induc-
tion period; it shortens from 4 h at 353 K to ca.
30 min at 383 K. The steady oxygen consump-
tion rate (calculated from oxygen pressure drop
in the second period) also speeds up with tem-
perature increase. The 'H NMR spectrum of the
product mixture of cumene oxidation shows that
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Fig. 2. The pressure of oxygen P(O,) (V=0.11 L) as a function
of reaction time in the autoxidation of cumene (10 mL) in the
presence of Cu(OAc),-BR-0.6 (0.2 g) at various temperature:
(@): 353K, (O): 363K, (m): 373K, (4): 383 K.

besides cumene and CHP, 2-phenyl-2-propanol
is the only side product. The steady reaction
rate, conversion and selectivity at the end of the
second period are collected in Table 1. At 353
K, the rate of cumene autoxidation in the pres-
ence of 0.2 g of Cu(OAc),-BR-0.6 is 13% faster
than that in the presence of 0.2 g of Cu(OAc),-
CHX-0.6. This rate is 84% higher than that
initiated by CHP. At 383 K, the rate is 3.7 times
that at 353 K. The apparent activation energy is

Table 1

37.6 k] mol~'. More importantly, there is no
sign of decay of the Cu(OAc),-BR-0.6 catalyst
at 383 K. Therefore, the instability in the Chelex
supported catalyst can be overcome by using
Bio-Rex support. The Bio-Rex supported cata-
lyst also has a high selectivity, at 383 K, a
satisfactory selectivity of 94.4% was found.

3.3. Effect of copper acetate loading

At 363 K, the results of the autoxidation of
cumene in the presence of constant amount of
Cu(OAc),-BR-r, where r ranges from 0.3 to
2.5, are collected in Table 2. When the metal
loading increases, the steady autoxidation rate
increases. It is noteworthy that the rate increases
linearly by a factor of 1.78 when r changes
from 0.3 to 2.5. This linear vanation of autoxi-
dation rate as a function of r is distinctly
different from that of the Cu(OAc),-CHX-r cat-
alyzed reaction where an optimum rate is ob-
served at r = 0.6.

But the catalyst with high metal loading has
the detrimental effect of reducing the selectivity
to CHP. More precisely, the selectivity to the
undesirable 2-phenyl-2-propanol increases faster
than linearly by a factor of 3.1 when r changes
from 0.3 to 2.5. Therefore, a balance in rate and
selectivity must be considered in an application.
The effectiveness of the copper ions can be
judged by the ratio of autoxidation rate per

Product distribution and rate of the autoxidation of cumene (10 ml) in the steady propagation stage in the presence of Cu(OAc),-BR-0.6 (0.2

g) at various temperatures; initial P(O,): 93.3 kPa (V=10.11L)

Temperature a® An(0,)® CHP ¢ pp ¢ S(CHP) © Rate

(K) (%) (mmol) (mmol) (mmol) (%) (107 M/s)
353 6.80 4.85 4.81 0.05 99.0 2.06

363 6.39 4.54 4.46 0.11 97.6 2.76

373 7.17 5.09 4.90 023 95.6 4.05

383 7.20 5.06 4.86 0.29 944 7.42

a .
Conversion of cumene.

b
Amount of oxygen reacted.

© CHP denotes cumene hydroperoxide, determined by iodometric method.

4 PP denotes 2-phenyl-2-propanol, analyzed by '"H NMR.
© S(CHP) denotes selectivity to CHP relative to cumene reacted.
f Rate is the steady oxygen consumption rate.



114

Table 2

Y. Fang Hsu, C. Pyeng Cheng / Journal of Molecular Catalysis A: Chemical 120 (1997) 109-116

Product distribution and rate of autoxidation of cumene (10 mi) in the steady propagation stage in the presence of catalyst (0.2 g) at 363 K;
initial P(O,): 93.3 kPa (V =0.11 L) as a function of metal loading in Cu(OAc),-BR-r.

Catalyst a (%) An(0,)(mmol) CHP(mmol) PP(mmol) S(CHP)(%) Rate(1075M/s) R*>(107*M/s)
Cu(OAc),-BR-03  7.08 5.05 4.96 0.10 98.0 2.67 445
Cu(OAc),-BR-0.6  6.39 4.54 4.46 0.11 97.6 2.76 2.30
Cu(OAc),-BR-1.5  7.69 5.51 5.30 0.20 96.3 4.05 1.35
Cu(OAc),-BR-2.0  6.09 427 4.15 0.21 95.2 4.38 1.10
Cu(OAc),-BR-2.5  7.08 5.01 4.75 031 93.8 474 0.95

All notations are the same as specified in Table 1.

* R is the rate per mmol of Cu(OAc), supported on each gram of dry support; it is given by rate /.

mmol of Cu(OAc), in the support. The data in
the last column of Table 2, clearly indicate that
the effectiveness of the copper ions decreases
monotonically with increasing loading.

3.4. Effect of the amount of catalyst

At 363 K, the results of autoxidation of
cumene in the presence of various amount of
Cu(OAc),-BR-0.6 are collected in Table 3.
When the amount of catalyst increases from
0.05 to 0.5 g per 10 mL of cumene, the steady
rate of autoxidation increases linearly from 1.42
X 1073 to 4.41 X 1073 M s~ !, Therefore, one
could use large amount of Cu(OAc),-BR-0.6
catalyst to increase the autoxidation rate. This
dependence on the amount of Cu(OAc),-BR-0.6
is different from that in the Cu(OAc),-CHX-0.6
catalyzed reaction in which there is an optimum
amount of Cu(OAc),-CHX-0.6 for the steady
autoxidation rate [6]. However, when the amount

Table 3

of catalyst increases by a factor of 10, the
autoxidation rate increases only by a factor of
3.10. The effectiveness of the Cu(OAc),-BR-0.6
catalyst per gram, measured by the autoxidation
rate divided by the mass of catalyst, is shown in
the last column of Table 3. It is obvious that the
effectiveness decreases with increasing amount
of catalyst. There is also a drawback in selectiv-
ity when a large amount of catalyst is used. The
selectivity to 2-phenyl-2-propanol increases
faster than linearly with the increase of the
amount of catalyst. There is an increase of 6.3
fold in selectivity to 2-phenyl-2-propanol for an
increase of 10 fold in the amount of catalyst.

3.5. The enhancement of cumene autoxidation
rate

The reaction mechanism of the Cu(OAc),-
BR-r catalyzed reaction should be the same as
that catalyzed by Cu(OAc),-CHX-0.6 [6]; it is

Product distribution and rate of autoxidation of cumene (10 ml) in the steady propagation stage in the presence of various amounts of

Cu(OAc),-BR-0.6 at 363 K; initial P(O,): 93.3 kPa (V=10.11L)

Amountof @ (%) An(0,)(mmol) CHP(mmol) PP(mmol) S(CHP)(%) Rate(107>M/s) R?*(107*M/s)
catalyst (g)

0.05 7.43 5.32 5.25 0.06 98.9 1.42 2.84

0.1 5.64 4.03 398 0.05 98.8 1.70 1.70

0.2 6.39 4.54 4.46 0.11 97.6 2.76 1.38

0.3 5.30 3.75 3.68 0.11 97.1 2.99 0.99

04 5.24 3.68 3.54 0.21 94.4 3.63 091

0.5 6.89 4.81 4.58 0.35 93.0 441 0.88

All notations are the same as specified in Table 1.

® R is the rate per gram of Cu(OAc),-BR-0.6 catalyst in cumene (10 mL); it is given by rate /amount of catalyst.
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basically a free radical reaction mechanism as
indicated in Egs. (1)-(8). The rate determining
step is the hydrogen abstraction from cumene
by cumy! hydroperoxy radical (Eq. (4)). Since
the catalyzed reaction is heterogeneous, reac-
tions in the bulk solution and near the catalyst
surface must occur simultaneously. The former
reaction is not different from the CHP-initiated
reaction. The latter reaction must then con-
tribute to the enhanced rate. The catalyst can
increase the steady-state concentration of ROO"
radical. Alternatively, the catalyst may also re-
duce the activation energy in Eq. (4). Our exper-
imental data seems to be consistent with the
increase of the steady-state level of ROO" (vide
infra). We showed that when metal loading
increases, the autoxidation rate also increases,
but the effectiveness of the Cu(Il) centers de-
creases. This may be due to that some of the Cu
centers are imbedded inside the polymer that
reactants and products can not easily diffuse to
and from those Cu centers. We have also shown
that the reaction rate also increases with the
amount of catalyst. Again the effectiveness of
the individual copper center decreases. The de-
crease in the effectiveness can not be explained
by the same argument used in the explanation of
the metal loading effect. This may be caused by
the impeding effect of the support which is the
proposed mechanism in explaining the existence
of an optimum amount of Cu(OAc),-CHX-0.6
catalyst [6]. At 363 K, we measured the steady
autoxidation rates of cumene in the presence of
0.2 g of Cu(OAc),-BR-0.6 in 10 mL of cumene
with or without additional dry support Bio-Rex
70. The rates are 2.76 X 107>, 2.78 X 10~3, and
2.69 X 107> M s~ ! in the presence of 0, 0.050
and 0.100 g Bio-Rex 70 respectively. These
data clearly indicate that Bio-Rex 70 does not
impede the autoxidation of cumene. This is in
contrast with the Chelex support. Therefore, the
reduced effectiveness of metal centers at large
amount of catalyst is not due to support. How-
ever, this reduced effectiveness can be ex-
plained qualitatively by assuming that the major
effect of the catalyst is to increase the steady-

state level of ROO". When more catalyst is
used, then ROO" concentration should be in-
creased. This increase is counteracted to some
extent by the increased termination rate in Egs.
(5) and (7). Therefore, the effectiveness of indi-
vidual centers is decreased with increased cata-
lyst loading. Moreover, this catalytic mecha-
nism can also explain at least partially the re-
duced effectiveness of the individual copper
center with increased Cu(Il) loading. The selec-
tivity to CHP decreases by using catalyst with
high metal loading or using large amount of
catalyst. Examining the selectivity to 2-phenyl-
2-propanol, it seems that the selectivity has a
quadratic dependence on either the metal load-
ing or on the amount of catalyst. These depen-
dencies seem to indicate that the formation of
2-phenyl-2-propanol by a two-copper-center
process may be important.

4. Conclusion

We show that for cumene autoxidation,
Cu(OAc),-BR-r is a very effective catalyst. As
a support Bio-Rex 70 is superior than AG 50W,
SiO,, Chelex and polyvinylpyridine. Unlike
Chelex, Bio-Rex 70 does not hinder the autoxi-
dation of cumene regardless whether the cata-
lyst is present or not. This Cu(OAc),-BR-r cata-
lyst possesses the following desirable proper-
ties: (a) it is stable at 383 K; (b) the catalyzed
reaction rate increases linearly with icopper ac-
etate loading; and (c) the catalyzed reaction rate
also increases linearly with the amount of cata-
lyst. However, the selectivity decreases when
the catalyzed reaction is carried out at high
temperature, in the presence of catalyst with
high metal loading, or in the presence of a large
amount of catalyst. Therefore, in actual applica-
tion, a balance between rate and selectivity must
be optimized. But our finding that the
Cu(OAc),-BR-r catalyst has a high temperature
stability is important in that it may be used with
other substrates such as ethylbenzene and iso-
butane which require high temperature for effec-
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tive peroxidation reaction. Work along this di-
rection are in progress.
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