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Cobalt-containing molecular sieves as catalysts for the low conversion
autoxidation of pure cyclohexane. Part II. A kinetic study
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Abstract

In our preceding paper, we showed that cobalt substituted aluminophosphate molecular sieves can be successfully employed
as active and truly heterogeneous autoxidation catalysts [D.L. Vanoppen, D.E. De Vos, M.J. Genet, P.G. Rouxhet, P.A. Jacobs,
Angew. Chem., Int. Ed. Eng. 35 (1995) 560]. These solid catalysts show a higher selectivity for cyclohexyl hydroperoxide and
an improved overall selectivity for mono-oxygenates when compared to a classic homogeneous cobalt naphthenate catalyst.

In this paper, oxygen uptake curves of the homogeneous and heterogeneous catalyzed reactions are fitted to a simplified
kinetic expression. The solid catalysts exhibit a markedly different kinetic behavior when compared to the classic
homogeneous catalyst. This difference in reaction kinetics may indicate a different reaction mechanism, but may be accounted
for equally well by effects of sorption, competitive sorption and diffusion that are inherent to heterogenization of the cobalt
ion on a microporous support.

Finally, this difference in kinetic behaviour explains the higher peroxide selectivity and overall selectivity that were

observed using these heterogeneous catalysts. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

CoAPOs are aluminophosphate molecular sieves in
which up to a few per cent of Al*" is substituted by
Co®" [2-8]. CoAPO-5 has AFI-topology with 12
membered ring channels while CoAPO-11 has
AEL-topology with only 10 membered ring channels.
In CoAPO molecular sieves, like CoAPO-5 and
CoAPO-11, it is presumed that cobalt is really sub-
stituting for aluminum and is present in tetrahedral
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coordination. Such samples, blue after synthesis, turn
yellow or yellow-green after calcination at elevated
temperatures (500°C) under oxygen. This has been
understood as the oxidation of blue cobalt(Il) to
yellow cobalt(Ill) [6-8]. Others have suggested
that these changes in color also might be due to a
change in cobalt coordination [9]. Nevertheless, for-
mation of oxidation products, radicals or radical
cations upon reaction of calcined samples with
organic substrates points to some switching between
redox states [10].

While such CoAPO molecular sieves have been
studied as solid acid catalysts [11-13], the incorpora-
tion of cobalt into aluminophosphate structures also
opens a possible route toward heterogenization of
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cobalt autoxidation catalysis. Thus, CoAPO-5 and
CoAPO-11 have been used as catalysts for the auto-
xidation of p-cresol to p-hydroxy-benzaldehyde in
methanolic sodium hydroxide [14,15]; the autoxida-
tion of alkanes, like cyclohexane and n-hexane in the
presence of acetic acid [16—19] or the epoxidation of
alkenes in the presence of sacrificial aldehydes [20].
However, as with other transition metals containing
molecular sieves [21-24], in some cases, transition
metal ions leached into solution under reaction con-
ditions, may contribute to the catalytic activity
[1,15,19].

The autoxidation of cyclohexane is an important
bulk process [25-30], which is currently carried out in
the presence of small amounts of dissolved cobalt
salts. As oxidation products are more susceptible to
oxidation than the substrate, conversion is to be kept
low to obtain reasonable selectivities for mono-
oxydates cyclohexanol and cyclohexanone. The
homogeneous catalysts deactivate by precipitation.
Besides technical advantages of catalyst hetero-
geneity, the catalyst activity, stability and selectivity
are thus important factors to be considered in develo-
ping new heterogeneous catalysts for this process.

In our previous paper, we studied the autoxidation
of cyclohexane in the presence of CoAPO-5 and
CoAPO-11 molecular sieves, monitoring activity
and selectivity by product formation and oxygen
consumption [1]. When compared to a classic homo-
genous cobalt naphthenate catalyst, the most striking
features of the solid catalysts were:

1. an improved stability;

2. a higher selectivity towards cyclohexyl hydroper-
oxide;

3. a higher overall selectivity (less side-product for-
mation).

Site isolation resulting from incorporation of cobalt
in the molecular sieve framework seemed to be critical
for obtaining active and truly heterogeneous autoxida-
tion catalysts. Up to a Co/(Co+Al) ratio of 0.01,
catalytic activity increased steadily with cobalt con-
tent, while at higher loading discrepancies occurred
that were attributed to cobalt leaching and/or cluster-
ing.

In the present paper, we studied the kinetics of these
heterogeneous catalyzed reactions by fitting oxygen
uptake to a simple kinetic expression.

2. Experimental
2.1. Catalyst preparation

CoAPO molecular sieves were prepared by hydro-
thermal synthesis, from gels with molar composition
2xCo(CH3C0O0),:1P,05:(1—x)Al,03:1.5Pr;N:40H,0
(CoAPO-5) or 2xCo(CH;5C0O0),:1P,05:(1—x)Al,03:
1Pr,NH:40H,O (CoAPO-11) (0<x<0.04), in an auto-
clave under autogeneous pressure at 150°C for 24 h
(CoAPO-5) or 175°C for 72 h (CoAPO-11). Gels were
cooled during preparation. Crystallinity and cobalt
incorporation were checked by X-ray diffraction
and DRS. SEM-photographs showed that the
CoAPO-5 samples consisted of large (3—6 pm) hex-
agonal prismatic crystals. CoAPO-11 samples con-
tained mainly rosette-like aggregates (2—4 um) of
small crystals (1 pm).

2.2. Autoxidation reactions

All catalysts were calcined overnight at 500°C
under oxygen flow prior to use. Autoxidation experi-
ments were carried out in a 300 ml stainless steel Parr
pressure reactor, passivated using a saturated sodium
pyrophosphate solution [31,32], using 0.5 g of cata-
lyst, 75 ml of cyclohexane and the headspace was
filled with oxygen under a total pressure of 1 MPa,
allowing a conversion of approximately 10%. After
reaction, the catalyst was filtered off and reactor
and catalysts were washed with 75 ml of acetone, to
dissolve adipic acid or other precipitated products.
The product mixture and the acetone were added
together and analyzed by GC (CP-sil5 column,
Chrompack). The following products were detected:
cyclohexanol, cyclohexanone, cHHP, caprolactone,
adipic, glutaric, succinic, caproic, valeric and butyric
acids. Deficiency in the oxygen mass balance can be
ascribed to formation of GC invisible esters. There-
fore, oxygen efficiency for mono-functionalization
(Emonot.) calculated as (mol cHHP+mol ketone—+
0.5x mol alcohol)/(mmol oxygen consumed) was
taken as a measure for overall selectivity for mono-
oxygenates. As cHHP partially decomposed upon
injection, its concentration was estimated by double
analysis, before and after reducing cHHP to cyclo-
hexanol with PhsP [33].
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2.3.  Kinetic analysis

The pressure drop as a function of time during the
reaction was taken as a measure of oxygen consump-
tion and fitted to the exponential expression
P(£)=C—A exp(Bt) using the program Origin 2.8
(Microcal) and the obtained kinetic factors A and B
were recalculated to mM (A) and s~ (B).

3. Results and discussion

3.1. Development and evaluation of the kinetic
model

In autoxidation reactions, free radical chain reac-
tions primarily produce hydroperoxides, which
through homolytic decomposition start off more free
radical chains (Scheme 1). It is therefore hardly
surprising that, unless an excess of initiator is applied,
reactions are autocatalytic, with steadily increasing
reaction rates. This is even more so because secondary
products, resulting from termination, can contribute to
an increase in reaction rate.

During this work, we observed that the evolution of
the pressure in our batch reactor during autoxidation
reactions can be fitted to an exponential expression:

P = C — Aexp(Bt). (1)
The decrease in pressure can be taken as a measure

of the consumption of oxygen during the reaction.
Tables 1 and 2 show results obtained by fitting pres-

Initiation:

In, ——>2In" @

In® + RH——InH + R’ (b)
ROOH ——RO"+'OH ©

RO*
‘OH

ROH

HOH +R (CY)

+RH——>‘

Propagation:
R’ +0, —> ROO" (e)

ROO® + RH ——>ROOH + R’ ®

Termination

2RO0O" ——> NRP + 0, ®

Scheme 1. General pathways in free radical chain oxidation.
NRP=non-radical products.

sure curves in reactions at 130°C and 147°C, and
recalculating the values to S.I. units.

The general trend in the kinetic data is that addition
of initiator results in an increase in the pre-exponential
factor A, while addition of cobalt naphthenate results
in an increase in B, accompanied by a decrease in A.

We started looking for a simplified non-steady-state
solution for the general rate equations for autoxidation
reactions, that would have the general form (1) and
would reflect the trends observed. In Scheme 1 the
rate determining steps are indicated by their rate
constants k.

Table 1

Autoxidation of cyclohexane at 145°C at constant conversion (3.5%)

Reaction mixture t3.5 (min)* Sermp (%)° Eponof. (%)° A (mM)* B(1073s !
75 ml cyclohexane 310 65+3 87+£5 8.9 0.19

+100 ppb Co 140 42 59 4.05_ 0.62e

+1 ppm Co 70 30 51 1.5° 2.5"

+5 ml oxidate 190 61 84 22 0.20

+10 ml oxidate 175 60 79 34 0.21

Cobalt naphthenate was added as a homogeneous catalyst. Oxidate (obtained in a blank reaction) was added as an initiator.

“Time needed to reach a conversion of +3.5%.
PSelectivity for cyclohexyl hydroperoxide.
“Oxygen efficiency for monofunctionalization.
“Kinetic parameters A and B.

°Only the first 90 min of reaction were considered.
fOnly the first 45 min of reaction were considered.
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Table 2

Autoxidation of cyclohexane at 130°C in the presence of homogeneous cobalt naphthenate catalyst

[Co] 50 ppb 100 ppb 250 ppb 500 ppb 33 ppm 33 ppm
X(%)* <0.005 0.34 2.45 4.6 4.9
Seunp (%)° - 90 28 21 10
Emonof. (%)L - 88 64 48 46

A (mM)* - - 35 - -

B (1077sH? - - 0.28 - -

“Conversion after 5 h of reaction.

bSelectivity for cyclohexyl hydroperoxide.
“Oxygen efficiency for monofunctionalization.
“Kinetic parameters A and B.

The resulting rate equations are

§[ROO] /6t = 2k; 1 [In] + 2k;,[ROOH] — k;[ROO"]?

(2)
§[ROOH]/ét = k,[RH][ROO"] — k; ,[ROOH] 3)
8[02]/6t = —k,[ROO’] + k[ROO"* (4)

When assuming (i) termination to be negligible in
Egs. (2) and (3); (ii) peroxide consumption to be neg-
ligibleinEq. (3);and (iii)exp(\ /2k; 2k [RH]t) > 1,an
analytical solution of this set of different equations
can be obtained:'

—% ([ OOH], + k]i—[m]) exp((zk,-,2 : kp[RH})l/zt).

i2

In this expression, the values of the A and B factor
are theoretically equal:

ki,l [IH]
2](,"2

B = \/2ky[RH]k; > @)

It should be noted that the model can be expanded
with any other initiating reactions, that is of order zero
in peroxide produced (and hence contributing to A) or
of first-order in peroxide produced (and hence increas-
ing B and decreasing A).

A=

+ % [ROOH], (6)

'A detailed mathematical description is available from the
authors.

ROOH + M™ — RO" + [M("“)* -‘OH]

ROOH + [M("*”* -‘OH] — ROO" + M™ + H,0

2ROOH — 55— ROO" + RO" + H,0

Scheme 2. The Haber—Weiss catalytic pathway for the decom-
position of hydroperoxides by transition metal ions.

These values are in good agreement with the
obtained results: adding initiator [ROOH], or [In]
leads to an increase in A, while adding a cobalt salt,
that catalyzes homolytic peroxide decomposition
(Scheme 2) and hence an increase in k;,», leads to
an increase in B and a decrease in A.

However, in view of the simplifications made,
extreme caution should be taken when applying this
rate expression.

Firstly, the pressure curves do not only reflect
oxygen uptake, but may be influenced by changing
vapor pressures of reactants and products during
reaction. At the low conversions used in this study,
this should not result in major deviations. Further-
more, it can be checked by using numerical values that
the condition exp(+/2k;2k,[RH] - ) > 1 in our reac-
tions is fulfilled before any measurable pressure drop
occurs in the reactor.

Neglecting termination presents a more serious
problem. In principle this should lead to an over-
estimation of the reaction rate and hence to a serious
deviation of the exponential behavior. Surprisingly,
this was not observed: except in the case of high
concentration of homogeneous catalyst (where a
steady state was reached), an almost perfect fit was
obtained in all reactions. On the other hand, the



D.L. Vanoppen, PA. Jacobs/Catalysis Today 49 (1999) 177-183 181

promoting effect of oxidation products, especially
cyclohexanone [28], was not included in the model
either. This should lead to a serious underestimation of
the reaction rate. Apparently, these two effects more or
less compensate one another, resulting at least in a
qualitative agreement between the data and the model.

The strong points of the model are that it fits
accurately to the experimental pressure curves and
correctly predicts the general trends observed.
Furthermore, a virtually unlimited number of data
points can be recorded during reaction and used for
kinetic analysis. (All the kinetic fits presented were
based on over 200 data points.)

Therefore we believe that such a kinetic analysis
can provide new qualitative insights in autoxidation
pathways and in the effects of heterogenization on the
kinetics of transition metal catalyzed autoxidations.

3.2.  Relation between kinetics and selectivity

A general trend in Tables 1 and 2 is that the per-
oxide selectivity is lower when the reaction proceeds
faster. This is not unexpected, as oxygen uptake is
first-order in [ROO’] and termination second-order in
[ROO’]. The faster the reaction, the higher the [ROO’]
and hence more termination. More termination pro-
ducts (cyclohexanol and cyclohexanone) result in a
lower selectivity for the hydroperoxide.

More surprisingly, this apparently depends on the
actual kinetics as well, the decrease in peroxide

0.25

02 +

0.15 +

0.1 +

[[ROOP.dt

0.05 +

0 200 400
Time

@

selectivity being more pronounced in experiments
with a high value for B and a low value for A, i.e.,
the cobalt naphthenate catalyzed reactions. A simple
computer simulation (Fig. 1(a)) can illustrate this
relationship between kinetics and selectivity by
assuming exponential kinetics and numerically inte-
grating [ROO']%.

The reason for this relationship is obvious from
Fig. 1(b). In the first case, high A and moderate B,
the reaction takes off smoothly and during the
whole of the reaction moderate rates are observed.
Hence [ROO'] is moderate during the whole of the
reaction, and not too much termination occurs. In the
second case, with a high value for B and low A, the
reaction rate is very low at the beginning and the
rate (and hence ROO™ concentration) at the end of
the reaction is very high and hence more termination
takes place. It should be noted that this effect results
directly from the fact that propagation is first-order
in [ROO’] and termination second-order. The validity
of this reasoning depends only on the kinetics of
oxygen uptake being exponential and is independent
of the accuracy of our kinetic model. The results in
Fig. 2 are in good agreement with the predictions in
Fig. 1(a).

Tables 1 and 2 show a second general trend: the
lower the peroxide selectivity, the lower the overall
selectivity for mono-oxygenates. This well-known
behavior results directly from the fact that cyclohex-
anone, formed during termination, is much more

35
3 4
25 1
2 4
1.5
1 £
05 1
0 f
0 100 200

[ROOH]

Time

(b)

Fig. 1. Computational simulations obtained by numerical integration: (a) value obtained for numerical integration of [ROO"|*-dt as a function
of time needed to reach a value of 3.4 for [ROOH]. The upper curve () results from systematically increasing k; », while the lower curve (@)
results from increasing k; ;-[In]. (b) Evolution of [ROOH] formation. The upper curve results from using a high value for k; ;-[In], the lower

from using a high value for k; .
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Fig. 2. Autoxidation of cyclohexane at 145°C in the presence of increasing amounts of initiator (Ill) or cobalt naphthenate (4 ). Peroxide
selectivity as a function of time required for reaching a conversion of 3.5%.

susceptible to further oxidation than cyclohexane or
cyclohexyl hydroperoxide [28].

3.3.  Kinetics of autoxidation catalyzed by CoAPO-5
and CoAPO-11

Up to a Co/(Co+Al) ratio of 0.01, in the case of
CoAPO-5, factors A and B increase simultaneously
with cobalt content (Fig. 3). Using CoAPO-11, the
factor A increases with cobalt content, the B factor
remains constant.

The increase in A is quite unexpected and may point
to a shift in mechanism with respect to the homo-
geneous case. The direct electron transfer between
Co™ and organic substrates in strongly acidic solution
[34-36]; and even alkanes (in the presence of acetic
acid) [19] or alkenes [10] in CoAPOs has been

reported. However, we were unable to find convincing
evidence for such a reaction with cyclohexane, with-
out an additional acid present. Moreover, it should be
clear that the peroxides present during reaction are far
better electron donors (acceptors) than cyclohexane
(oxygen).

On the other hand, the kinetic behavior can be
rationalized equally well by factors that are inherent
to the heterogenization of cobalt ions on a micropor-
ous support. As stated earlier, the increase in A may
result from any initiation process that is not propor-
tional to the peroxide concentration during reaction.
Effects of sorption, competitive sorption and diffusion
may lead to a situation where the actual rate of
homolytic peroxide decomposition is no longer
first-order in peroxide concentration, even if the
mechanism is unchanged. Such effects may be

150 0.0002
— - 0.00015 —~
S 100 | g |OA@M)
3 (00001 = | B(1/5ec)
< 07 L 0,00005
0- Lo
QO = N - N T O = M = N
S S O O O S oS O O
33333 3333
(=N -] oS O
Co/(Cor+Al)

Fig. 3. Autoxidation of cyclohexane in the presence of CoAPO-5 or CoAPO-11 with varying Co/(Co+Al). 130°C, 5h, 1 MPa O, initial
pressure. Kinetic parameters A and B obtained by fitting the experimental pressure curves to P(1)=C—A exp(B(t—ty)).
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expected when converting a non-polar substrate into
hydrophylic products over a hydrophylic, micropor-
ous catalyst.

We observe that whatever the case, it is clear that
this change in kinetic behavior with respect to homo-
geneous catalysis readily explains the higher peroxide
selectivity and overall selectivity for mono-oxyge-
nates.

At high cobalt loadings the kinetic parameters
confirm the differences between AFI and AEL type
catalysts reported earlier [1]. At a Co/(Co+-Al) ratio of
0.03, A suddenly decreases and B increases in the case
of CoAPO-11, while using CoAPO-5, A and B start to
decrease simultaneously. These sudden changes are
accompanied by substantial leaching of cobalt into
solution. The changes observed for CoAPO-11 are
therefore consistent with a significant homogeneous
contribution to the catalysis, while in the case of
CoAPO-5 free cobalt seems to lead to inhibition of
the reaction. We observed a similar difference
between the behavior of cobalt-exchanged Y and
ZSM-5 type zeolites, the former resulting in inhibi-
tion, the latter showing typical kinetic features of
homogeneous cobalt catalysis.
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