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The effect of Zeolite Y in its acidic form or ion-exchanged with
Na+-, Ba2+, Sr2+, or Ca2+ cations on the autoxidation of cyclo-
hexane was studied. Using hydrated ion-exchanged samples, a
pronounced catalytic activity, with a reactivity order CaY> SrY>
BaY>NaY, can be observed. On the other hand, in the presence of
acidic and/or calcined samples, inhibition occurs. In the decomposi-
tion of organic hydroperoxides, like cyclohexyl hydroperoxide and
t-butyl hydroperoxide, a product distribution typical of homolytic
peroxide decomposition is observed when using ion-exchanged Y
samples, with the same order of reactivity CaY> SrY>BaY>
NaY. This strongly suggests a homolytic peroxide decomposition
mechanism to be at the basis of the observed activity in autoxidation
reactions, which is confirmed by kinetic analysis. The observed
order of activity is indicative of a charge-transfer mechanism.
Inhibition is rationalized in terms of heterolytic peroxide decompo-
sition, in the case of acidic samples, and strong peroxide adsorption,
followed by intrazeolitic decomposition, in the case of the calcined
samples. c© 1998 Academic Press
INTRODUCTION

The autoxidation of cyclohexane is a major bulk process
for the production of cyclohexanol and cyclohexanone as
intermediates in manufacturing nylon-6 or nylon-6,6. Re-
cently, Frei and co-workers (1) and the present authors (2)
have observed that cyclohexane when adsorbed on alka-
line earth-exchanged zeolites is oxidized spontaneously to
mainly cyclohexanone at moderate or low temperatures, far
below the normal temperatures for free-radical chain au-
toxidation. This unusual catalytic activity has been ascribed
to the stabilization of a substrate oxygen charge-transfer
state by the intrazeolitic electrostatic field (1):

RH+O2−→
1T

[
RH+• +−O•2

] −→ R• +HOO•.

Nevertheless, a significant contribution of free radical
chemistry cannot be excluded (2, 3), especially since a study
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by Bergk et al. suggests that Ca2+ exchanged faujasites may
be capable of decomposing t-butyl hydroperoxide via a free-
radical chain pathway (4). Earlier we have shown that an
AlPO-11 molecular sieve has a distinct catalytic effect on
cyclohexane autoxidation, apparently even when no tran-
sition metal ions where present in the system (5). The cata-
lytic activity of such highly polar solids may be related to
the reported catalytic activity of calcium and barium oxides
and carbonates (6, 7) or even surfactants (8) in cumene au-
toxidation.

From the widely accepted reaction pathways for autoxi-
dation (Scheme 1) (9– 11), it is clear that liquid phase au-
toxidation reactions may be catalyzed by enhancing pri-
mary chain initiation (kin,1 [In]), for example by a direct
reaction between oxygen and the substrate, as proposed
by Frei and co-workers. However, in most cases, cata-
lysis results from homolytic peroxide decomposition (kin,2

[ROOH]), as in the case of classic transition metal cata-
lysts.

The aim of the present study was to establish whether
and how the IR-results on the dark thermal oxidation of
zeolite adsorbed substrates can be expanded to a zeolite-
based catalytic system for liquid-phase hydrocarbon
autoxidation. Thus, we investigated the effect of acidic and
alkaline earth-exchanged Y zeolites on the liquid phase
autoxidation of cyclohexane. We focused on distinguishing
between homolytic peroxide decomposition and primary
chain initiation as mechanisms for catalytic activity. Data
from a kinetic study, initiated reactions and test reactions
for peroxide decomposition were combined in order to
elucidate the reaction mechanism.

METHODS

Cyclohexane (Acros, 99.5+) autoxidation was studied in
a stirred 300-ml stainless steel Parr high-pressure reactor,
using 75 ml of cyclohexane and an initial room-temperature
pressure of 1.0 MPa. Prior to each experiment, the reactor
wall was passivated overnight using a saturated sodium py-
rophospate (Acros, p.a.) solution. The reaction mixture was
heated up and the temperature was maintained constant
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SCHEME 1. General pathways in free radical chain oxidation. NRP =
nonradical products.

at 420± 0.2 K using an Eurotherm 808 temperature
controller. Please note that the gas mixture obtained in
these conditions is potentially explosive and measures
should be taken to protect personnel while carrying out
similar experiments.

The decrease of pressure during reaction was monitored
using a computer. The reaction was stopped automatically
after a pressure drop equivalent to a cyclohexane conver-
sion of approximately 3.5% was reached. Catalytic activities
were evaluated by the time needed to reach this conversion.
In reactions without any catalyst, this conversion was ob-
tained very reproducibly after 310± 10 min. The pressure
drop as a function of time was fitted to the exponential ex-
pression P(t) = C− A · exp(B · (t − t0)) using the program
Origin 2.8 (Microcal) and the obtained kinetic factors A
and B were recalculated to mM (A) and s−1 (B).

In zeolite catalyzed experiments, 0.5 g of calcined (500◦C,
overnight) or hydrated zeolite was used, and, in the case
of hydrated samples, increasing amounts of water were
added to the reaction mixture. In another set of experi-
ments, 1 ml of an oxidation mixture, obtained using the
above-described standard reaction conditions, was added
to the reaction mixture as an initiator.

For peroxide decomposition experiments, 1.5 g of a
7.5 wt% solution of t-butyl hydroperoxide in benzene (ob-
tained by extracting 70% t-BHP in water (Acros) and dry-
ing the resulting organic phase with Na2SO4), or 1.5 g of an
cyclohexane autoxidation mixture (obtained by standard
liquid-phase oxidation), and 0.1 g of various zeolites were
stirred in glass bottles that were heated in an oil bath.

Products were analyzed by GC (HP 5890, Chrompack
Cpsil-5, 50 m) and GC/MS (Fisons MD-800, J&W DB-5MS,
50 m); concentrations of cyclohexanol, cyclohexanone, and
cyclohexyl hydroperoxide were calculated from a double
injection, before and after reduction of the hydroperoxide
using triphenyl phosphine, as described earlier (5). Oxygen

efficiency for mono-functionalization was used as a measure
XIDATION CATALYSTS 23

for overall selectivity and calculated as oxygen taken up by
formation of mono-functionalized products (cyclohexanol,
cyclohexanone, and cyclohexyl hydroperoxide), divided by
the total amount of oxygen taken up, derived from the pres-
sure drop during reaction.

Zeolite samples were prepared by triple ion-exchange
under reflux of a NaY sample (PQ) in an excess of 0.1 N
solution of the chloride salt of Ca2+, Sr2+, Ba2+, Na+, and
NH+4 . H-USY (PQ) was used as such.

RESULTS

Catalyst Characterization

D.R.I.F.T. spectra of in situ calcined (500◦C) BaY, but
especially SrY and CaY showed formation of an absorp-
tion band around 3630 cm−1, indicative of the formation of
Brønsted acid sites and in good agreement with literature
spectra (12, 13).

27Al MAS NMR gave no indication for the formation of
extra-framework aluminum, even after calcination of the
NaY, BaY, SrY, and CaY samples at slightly higher temper-
ature (550◦C).

Cyclohexane Oxidation

Figures 1a and 1b summarize results for cyclohexane au-
toxidation in the presence of CaY, SrY, BaY, and NaY. The
most striking feature of these reactions was that, when using
calcined samples, a pronounced inhibition of the reaction
was observed, whereas with hydrated samples catalysis oc-
curred and an optimum in the activity was reached when
an excess of 0.5-g water was added to the reaction mixture.
It can be calculated that this optimum corresponds to the
amount of water that evaporates when heating up the reac-
tion mixture to the reaction temperature, thus resulting in
a hydrated sample under reaction conditions. In this case,
a clear order of activity CaY> SrY>BaY>NaY was ob-
served.

When using calcined samples, it was noted that samples
became pale to dark brown after reaction, indicating the
formation of side-products. The main IR feature of such
spent catalysts was a very intense carbonyl stretching vi-
bration, indicating a mixture of ketone, acids, and esters
that may be termed “oxidative coke” in the zeolite pore
system. The hydrated samples retained their original white
color during reaction.

When using H-USY, the inhibition, accompanied by
a dark coloring of the catalyst, became even more pro-
nounced, even when a hydrated sample was used (Table 1).
For ammonium-exchanged Y samples, the effect of the zeo-
lite was a function of the pretreatment, with inhibition
at moderate temperatures of calcination and catalysis at
higher pretreatment temperatures. With all these samples,

excessive side-product formation occurred, as is evident
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FIG. 1. Autoxidation of cyclohexane in the presence of Y zeolites. (a) Time needed to reach a conversion of 3.5% (0.33 MPa pressure drop) as a
function of amount of water added to the reaction mixture, 0 denotes hydrated samples, calcined samples are represented as−0.2 g water. (b) Selectivity

for cyclohexyl hydroperoxide as a function of the time needed to reach a conversion of 3.5% (0.33 MPa pressure drop) for hydrated Y zeolites with

0.5 g water added to the reaction mixture.

from the low oxygen efficiency for mono-functionalization,
and the cyclohexanol/cyclohexanone ratio was increased
significantly.

Kinetic Analysis

The pressure drop, as a measure of the oxygen uptake
during autoxidation, was fitted to the simplified rate ex-
pression P(t) = C − A · exp(B · (t − t0)).

We have shown earlier that in this simplified kinetic
model, the addition of a catalyst for homolytic peroxide
decomposition results in an increase in B, accompanied by

TABLE 1

Autoxidation of Cyclohexane at 145◦C in the Presence
of Acid Y Zeolites

T3.5 ScHHP Emonof

Sample Pretreatment (min) (%) (%) ol/one

None 310 63 84 1.91
CaY Hydrated+ 0.5 g water 200 58 80 1.88
NH4-Y Calcined 500◦C 340 53 54 2.10

Calcined 600◦C 365 49 47 2.10
Calcined 650◦C 240 52 46 2.78
Calcined 700◦C 270 53 45 2.82
Calcined 700◦C +300 54 36 2.82

rehydrated+ 0.5 g water
H-USY Calcined 500◦C +4500a / / /
H-USY Hydrated+ 0.5 g water +400a / / /

Note. Time required to reach an oxygen uptake corresponding to 0.33
MPa pressure drop, selectivity for cyclohexyl hydroperoxide, oxygen effi-
ciency for monofunctionalization, and alcohol/ketone ratio. Data for CaY
(hydrated+ 0.5 g water) are included for comparison.

a At this stage, virtually no conversion was observed. After opening
the reactor, a dark brown slurry containing the zeolite was present at the

bottom of the reactor.
a decrease in A, whereas the addition of an initiator results
in an increase in A (14). Hence, this model should allow
distinguishing between primary chain initiation through a
zeolite-stabilized charge-transfer (increase in A) and ho-
molytic peroxide decomposition (decrease in A, increase
in B) as the mechanism for autoxidation catalysis by zeolite
samples.

The data represented in Fig. 2 are clearly indicative of
homolytic peroxide decomposition.

The data in Table 2 demonstrate how the inhibition by
calcined NaY and BaY results from a period of induction
(t0À 0), rather than from a decrease in reaction rate con-
stants.

Effect of Initiator

Another means of distinguishing whether homolytic per-
oxide decomposition plays a role in catalyzing the autoxi-
dation reaction is the addition of peroxide as an initiator.
When peroxide decomposition would be uncatalyzed, the

FIG. 2. Kinetic analysis of zeolite catalyzed cyclohexane autoxida-
tion. Kinetic parameters A and B obtained by fitting the experimental
pressure curves from experiments in Fig. 1 (hydrated+ 0.5 g water added)

to the equation P(t) = C − A · exp(B · (t − t0)).
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TABLE 2

Autoxidation of Cyclohexane in the Presence of NaY and BaY

Sample t0 (min) A (mM) B (sec−1)

NaY Calcined 500◦C 184 8.2 0.00024
Hydrated+ 0.5 g 2 8.8 0.00021

water
BaY Calcined 500◦C 278 7.8 0.00031

Hydrated+ 0.5 g −3 8.8 0.00025
water

Note. Results from fitting pressure curves in the corresponding exper-
iments in Fig. 1 to the expression P(t) = C − A · exp(B · (t − t0)).

catalyst and the initiator should operate independent of
one another, and the overall reaction observed would be
the direct sum of the reaction with the catalyst and with-
out the initiator and the reaction with initiator and without
the catalyst. On the other hand, when the catalyst enhances
peroxide decomposition, the combined effect of the perox-
idic initiator and the catalyst would exceed by far the sum
of their independent actions. The latter was observed when
adding cyclohexyl hydroperoxide as an initiator at 130◦C
(Fig. 3). As observed in the reactions without the initiator,
the order of activity was CaY> SrY>BaY>NaY. We ob-
tained similar results when using t-butyl hydroperoxide as
an initiator at 100◦C.

Peroxide Decomposition

Figure 4 shows the decomposition of cyclohexyl hy-
droperoxide over cation-exchanged Y zeolites. Again, the
order of reactivity CaY> SrY>BaY>NaY is apparent.
The product mixture, a 2 : 1 mixture of cyclohexanol and cy-
clohexanone with little by-products is typical of homolytic
peroxide decomposition.

Similarly, decomposition of t-butyl hydroperoxide yields
a mixture of acetone, t-butanol, and di-t-butyl peroxide
(Fig. 5) that typifies homolytic peroxide decomposition, and
the same order of reactivity is observed.

On the other hand, when acidic samples were used
(Table 3), a complicated mixture of products, largely other

FIG. 3. Zeolite catalyzed autoxidation of cyclohexane with and with-
out initiator. Conversion at 130◦C, 5 h, in the presence of 5-ml oxidation

mixture as initiator and various hydrated cation exchanged Y zeolites.
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FIG. 4. Decomposition of cyclohexyl hydroperoxide by Y zeolites.
1.5-g oxidation mixture, 0.1-g zeolite, 383 K, 24 h.

than cyclohexanol and cyclohexanone, was produced. In
the case of H-USY, the amount of cyclohexanone detected
after reaction was even lower than in the starting oxida-
tion mixture, resulting in an apparently negative selectiv-
ity for cyclohexanone. In GC/MS-analysis, most products
formed exhibited m/z peaks typical of cyclohexyl esters,
but only cyclohexyl formate and cyclohexyl acetate could
be positively identified. Furthermore, trace amounts of
2-cyclohexylidenecyclohexanone were detected.

DISCUSSION

Mechanism of Catalytic Activity

The results presented clearly indicate that the catalytic
activity of zeolites in autoxidation reactions results from
an enhanced homolytic peroxide decomposition. Peroxide
decomposition experiments and autoxidation experiments
using initiator, clearly demonstrate that the zeolite sam-
ples are capable of catalyzing homolytic peroxide decom-
position. The kinetic analysis suggests this to be the only
catalytic effect exerted by the catalyst, and no evidence for
primary chain initiation playing an important role in the
catalysis can be found.

It is less clear what the exact mechanism and the active
site for the catalysis are. Brønsted acid sites are clearly not
involved, as they give rise to inhibition, rather than catalysis.
The activity of the NH4Y-zeolite after calcination at higher

TABLE 3

Decomposition of Cyclohexyl Hydroperoxide by Acid Zeolites

Sample Conversion (%) Salcohol (%) Sketone (%) R (%)

NH4-Y 65 23 1 76
H-US-Y 100 22 −5 83
NH4-Beta 93 22 0 78

Note. Conversion of cyclohexyl hydroperoxide, selectivity for cyclo-
hexanol and cyclohexanone (calculated by subtracting initial from final
concentrations), and other products (R, calculated from a mass balance).

Zeolite samples were precalcined at 500◦C.
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t
FIG. 5. Decomposition of t-butyl hydroperoxide by Y zeolites. 1.5-g

temperatures suggests that Lewis acid sites, associated with
extra-framework aluminum, may play a role.

Using ion-exchanged samples, a clear order of reactivity,
CaY> SrY>BaY>NaY, is observed in autoxidation re-
actions, with or without initiator and in peroxide decompo-
sition experiments. Earlier, we observed the same order of
reactivity in the oxidation of zeolite-adsorbed cyclohexane,
monitored by in situ infrared spectroscopy (2). The consis-
tent observation of this cation effect in four types of exper-
iments, the dramatically different behavior of acid samples,
and the absence of any evidence for extra-framework alu-
minum in the NMR-data, strongly suggest that the catalytic
activity is associated with the presence of the cations them-
selves, rather than with the presence of other species like
transition metal impurities or Brønsted or Lewis acid sites.

Inspired by the work of Frei et al., it may be suggested
that the observed order of reactivity reflects the electro-
static field generated by the cations. Indeed, the field that
is generated by the presence of such (unshielded) cations
in the zeolitic matrix can be expected to be higher as the
charge of the cation becomes larger and its size becomes
smaller.

The electrostatic field generated by the cations might
catalyze reactions of adsorbed molecules by polarizing
bonds or enhancing electron transfer reactions. Csányi and
Jáky recently have proposed the catalytic effect of surfac-
tants they observed in autoxidation reactions to be caused
by a polarization of the peroxidic O–O bond, which would
facilitate homolysis (8). However, it is somewhat unclear
how such a polarization would enhance homolytic cleavage,
a reaction that by definition does not require any charge
separation. Therefore, we prefer an electron-transfer reac-
tion between two hydroperoxide molecules, enhanced by
polar interactions with the zeolite surface. Rearrangement
of the resulting charge-transfer state subsequently would
lead to the formation of an alkyloxy radical, an alkylper-

oxy radical, and water (Scheme 2). This is the same overall
result as in the well-known Haber–Weiss mechanism for
BHP solution in benzene (7.5 wt%), 0.1-g zeolite, 343 K, 2 h, and 15 h.

homolytic peroxide decomposition with transition metal
catalysts.

In such a scheme, the cation formally acts as a Lewis acid,
activating the electron-accepting hydroperoxide molecule.
This also would explain the catalytic activity of acid sam-
ples after calcination at high temperatures, apparently as-
sociated with Lewis acid sites.

Finally, it should be clear that, in order to circumvent inhi-
bition, the zeolite is strongly deactivated, as the presence of
water dipoles around the cations will inevitably reduce the
electrostatic field. This, at least partly, explains the some-
what disappointing results in liquid-phase oxidation, when
compared to the related IR experiments (1–3).

Mechanism of Inhibition

The inhibition observed using calcined and/or acidic sam-
ples shows a kinetic behavior that is reminiscent of the effect
of free radical inhibitors.

The results of peroxide decomposition using acid zeolites
clearly suggest that Brønsted acid sites convert the peroxide
through an essentially nonradical mechanism, resulting in a
complicated mixture of esters. The formation of esters may
be related to the formation of cyclohexyl formate as the
main product in the reaction of t-BHP with cyclohexanol
over acidic Y zeolites (15). This was explained by an acid
Hock-like rearrangement, yielding methanol and acetone
SCHEME 2. Charge-transfer pathway for the homolytic decomposition
of cyclohexyl hydroperoxide.
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SCHEME 3. Hock-like rearrangements of hydroperoxides: (a) rearrange
ments proposed for cyclohexyl hydroperoxide (16); (c) rearrangement prop

(Scheme 3a), with subsequent oxidation of methanol to
formic acid. The latter reacts with cyclohexanol to form
the ester. In analogy with this reaction scheme, a Hock-like
rearrangement of cyclohexyl hydroperoxide may be pro-
posed, to yield the 6-hydroxy-capraldehyde (Scheme 3b),
from which through further oxidation a whole series of acids

can be formed that can form esters with cyclohexanol. The
formation of 2-cyclohexylidene cyclohexanone (the acid-
ment of t-butyl hydroperoxide to acetone and methanol (15); (b) rearrange-
osed for the perhemiketal of cyclohexyl hydroperoxide and cyclohexanone.

catalyzed aldol condensation product of cyclohexanone) at
least partly explains the apparent consumption of cyclohex-
anone in some reactions. Alternatively, an acid catalyzed
Hock-like rearrangement of the perhemiketal (10) of cyclo-
hexyl hydroperoxide and cyclohexanone may be proposed
(Scheme 3c).
Such a heterolytic conversion of hydroperoxide accounts
for the dramatic inhibition that is observed using a H-US-Y
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zeolite: peroxides are continuously being adsorbed in the
zeolite and converted without free radical production, so
that no free radical chains can be started. The other results
in Table 5 are to be interpreted as the combined effect of
Brønsted acid sites, structural collapse (a Y zeolite with
high Al content is not stable in its acid form), and Lewis
acid sites.

As upon calcination of alkaline earth-exchanged Y zeo-
lites acid sites are being formed; it is tempting to attribute
the inhibition observed with these samples to the same
mechanism. However, this does not hold upon closer exam-
ination of the data. Peroxide decomposition experiments
clearly indicate homolytic peroxide decomposition to be
dominating. Moreover, adding water to an acid-catalyzed
autoxidation experiment did not eliminate inhibition, as it
did when using ion-exchanged samples.

This inhibition can be related to the adsorption capac-
ity of the molecular sieve; only when the zeolite pore sys-
tem has been filled up with reaction products, can the re-
action proceed unhindered. This process of filling up the
pore system with oxidation products can be observed visu-
ally, as the catalyst turns from white to dark brown. This
phenomenon may be bypassed by the use of an excess of
water as a molecule competing for sorption: the inhibition
disappears and catalysis occurs. The optimum in catalytic
activity corresponds to a situation in which the zeolite in-
ner pores are filled up with water, leaving the outer pores
available for catalysis. Further increasing the amount of wa-
ter added ultimately results in the formation of a separate
water phase containing the zeolite. Catalysis is no longer
observed.

Csányi et al. have described a catalytic effect of water
on initiated liquid-phase oxidation of hydrocarbons, and
they obtained a similar dependency on the amount of water
present (17). Therefore, the inhibition may be ascribed to
removal of water impurities from the reaction mixture by
adsorption in the calcined samples. However, we failed to
observe a similar inhibition when using calcined zeolite A
samples and we could not establish a distinct catalytic effect
of water in the reference experiments.

Therefore, we prefer to rationalize these results in terms
of strong absorption of small amounts of hydroperoxide in
the molecular sieve in an early stage of the reaction. In a typ-
ical liquid phase autooxidation, the decomposition of the
initially formed hydroperoxide initiates free radical chain
reactions. However, when the hydroperoxides are adsorbed

into the zeolite pore system and subsequently decomposed,
confinement of the radicals to the zeolite pores may result
OS, AND JACOBS

in rapid radical recombination, preventing radical chains
of sufficient length to be started. This may result in a net
consumption of hydroperoxide, which leads to inhibition.

Still, it is most intriguing that in our liquid phase system
inhibition is observed, while in related IR experiments with
zeolite adsorbed cyclohexane the formation of oxidation
products readily occurs, even at much lower temperatures
(1–3). We believe this may be related to the high loading of
cyclohexane in the zeolite (in direct contact with the liquid
phase) when compared to the IR experiments. This should
result in a lower mobility (18) of cyclohexane and interme-
diates in the zeolite pores, which may lead to shorter chain
lengths (eventually lower than 1), thus causing inhibition.
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8. Csányi, L. J., and Jáky, K., J. Mol. Catal. A 120, 125 (1997).
9. Franz, G., and Sheldon, R. A., in “Ullmann’s Encyclopedia of Indus-

trial Chemistry,” p. 261. VCH, Weinheim, 1986.
10. Tolman, C. A., Druliner, J. D., Nappa, M. J., and Herron, N., in “Ac-

tivation and Functionalization of Alkanes” (C. L. Hill, Ed.), p. 303.
Wiley, New York, 1989.

11. Mill, T., and Hendry, D. G., in “Comprehensive Chemical Kinetics,
Vol. 16: Liquid-Phase Oxidation” (C. H. Bamford and C. F. H. Tipper,
Eds.), p. 1. Elsevier, Amsterdam, 1980.

12. Rabo, J. A., Angell, C. L., Kasai, P. H., and Schomaker, V., Discuss.
Faraday Soc. 41, 328 (1966).

13. Ward, J. W., J. Phys. Chem. 72, 4211 (1968).
14. Vanoppen, D. L., and Jacobs, P. A., Catal. Today., in press.
15. Floor, M., Kieboom, A. P. G., and van Bekkum, H., Recl. Trav. Chim.

Pays-Bas 107, 362 (1988).
16. Pritzkow, W., and Muller, K. A., Chem. Ber. 89, 2321 (1956).
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