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Abstract: The promoting effect of titanium silicate (TS-1) molecular sieve and silanized TS-1 (TS-1-S) on the homogeneous liquid oxidation
of cyclohexane catalyzed by cobalt naphthenate (Co-nap) with oxygen as oxidant was investigated. Both TS-1 zeolites were efficient pro-
moters. The conversion of cyclohexane was 7.9% with a selectivity of 83.7% when it was catalyzed by Co-nap/TS-1-S, and the reaction time
was reduced to 130 min as compared to 300 min with Co-nap as the catalyst. The adsorption of Co-nap on TS-1-S, which transformed a
homogeneous reaction into a “quasi-heterogeneous” reaction, was the reason for the better catalytic performance.
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Fig. 1. FT-IR spectra of the TS-1 samples. (1) TS-1; (2) TS-1-S; (3)
Co-nap/TS-1; (4) Co-nap/TS-1-S.
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Table 1 Catalytic performance of the different catalysts for oxidation
of cyclohexane

Catalyst Reaction Conversion Selectivity (%)
time (min) (%) Cyclohexanol Cyclohexanone

TS-1 300 — — —
TS-1-S 300 — — —
Co-nap 300 3.6 46.6 355
Co-nap? 300 — — —
Co-nap® 300 — — —
Co-nap/TS-1 270 6.4 42.7 44.2
Co-nap/TS-1-S 130 7.9 421 41.6
Co-nap/CNTs 300 3.3 57.6 21.9
Co-nap/H-B 300 11 53.7 32.0
Co-nap/H-B-S 300 1.0 53.5 33.0

Reaction conditions: cyclohexane 5 g, Co-nap 0.001%, TS-1 50 mg,
temperature 130 °C, p(O,) = 1.0 MPa.
3Solution after filtering off TS-1. *Solution after filtering off TS-1-S.
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Liquid phase selective oxidation of hydrocarbon is im-
portant in petrochemical and fine chemical production. The
oxidation of cyclohexane is especially important due to the
wide application of its products, cyclohexanone and cyclo-
hexanol (the so-called KA-oil), which are key intermediates
for adipic acid and caprolactam in the manufacture of ny-
lon-66 and nylon-6 polymers [1]. Industrially, the produc-
tion of KA-oil from the oxidation of cyclohexane was first
carried out by homogeneous catalytic liquid phase oxidation
using a salt of carboxylic acid as catalyst. Subsequently, a
non-catalytic oxidation process became the dominant proc-
ess because a higher temperature and pressure could be used
compared to the homogeneous catalytic process [2]. In view
of the convenient separation and recyclability of heteroge-
neous catalysts and increasing environmental concerns over
the homogeneous process, extensive studies have focused
on heterogeneous catalytic liquid phase oxidation of cyclo-
hexane, and catalysts based on metal oxides [3], redox mo-
lecular sieves containing transition metals and noble metals
[4-8] have been developed. However, most heterogeneous
catalysts used in the oxidation of cyclohexane are still under
laboratory research because as compared to the homogene-
ous catalyst, the reaction rate of the oxidation of cyclohex-
ane catalyzed by a heterogeneous catalyst is not yet satis-
factory. Moreover, the leaching of the active component of
the catalysts also hinders the industrialization of the hetero-
geneous catalytic oxidation processes.

Taramasso et al. [9] reported the synthesis of titanium
silicalite (TS-1), which is known to be a selective catalyst for
a variety of important oxidation reactions, using aqueous
H,0O, or organic peroxide as oxidant under relatively mild
conditions. Schuchardt et al. [10,11] studied the oxidation of
cyclohexane catalyzed by TS-1 with H,O, as oxidant, and
proposed that there were two types of active centers on the
TS-1: one type is very selective and exists inside the pore
system, and the other type is very unselective and on the
external surface. This work is based on the homogeneous
liquid phase catalytic oxidation system that uses cobalt
naphthenate (Co-nap) as catalyst, and is an investigation of
the effect of TS-1 as a cocatalyst. In order to enhance the
hydrophobicity of TS-1, it was silanized by suspending the
samples in a 0.5% (m/m) hexamethyl disilazane solution of
toluene. The product was denoted as TS-1-S. For compari-
son, H-p was also silanized using the above method. The
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silanized H-p was denoted as H-B-S. When TS-1, especially
TS-1-S, was introduced into the cobalt naphthenate system,
significantly enhancement of the catalytic performance was
obtained. The improvement is suggested to be related with
the hydrophobic nature of TS-1.

Figure 1 shows the FT-IR spectra of TS-1, TS-1-S and
TS-1, TS-1-S after these were separated from the solution of
cobalt naphthenate. Apart from the characteristic peak of
TS-1, the characteristic peaks of adsorbed water (3500 and
1700 cm™ ) were also observed, which indicated that TS-1
had some hydrophilic character. In the spectrum for TS-1-S,
which is shown in Fig. 1(2), both the weakening of the
characteristic peaks of adsorbed water and the appearance of
the stretching vibration of —-CH; at 2930 cmtindicated that
the TS-1 was successfully silanized. The increase of the
water contact angle of TS-1 from 0° to 127° confirmed this.
The characteristic frequency of carbonyl groups at 1713
cm*and the frequency of —CH, at 2854 and 2928 cm™* were
observed for Co-nap/TS-1 and Co-nap/TS-1-S, which indi-
cated that adsorption of Co-nap onto the surface of TS-1
and TS-1-S had taken place. At the same time, the further
weakening of the characteristic peaks of adsorbed water also
suggested that the adsorption of Co-nap on TS-1 and TS-1-S
enhanced the hydrophobicity of TS-1 and TS-1-S.

The data of Table 1 showed that TS-1 and TS-1-S had no
catalytic activity for the oxidation of cyclohexane. How-
ever, when TS-1 or TS-1-S was added into the Co-nap cata-
lyst system, a remarkable increase in conversion with fairly
good selectivity to KA-oil was obtained. As compared with
the use of only Co-nap, the conversion of cyclohexane
catalyzed by Co-nap/TS-1 was increased from 3.6% to 6.4%
with a selectivity of 86.9%, which was slightly higher than
with only Co-nap as catalyst. In the case of Co-nap/TS-1-S
as catalyst, a better promoting effect was achieved, with the
conversion increasing to 7.9%, and with almost the same
selectivity. Furthermore, the reaction time was reduced from
300 min to 130 min by the addition of TS-1-S. In contrast,
some commonly used carriers that have been tested were
not productive. For example, with Co-nap/CNTs, besides a
change in the proportion of alcohol and ketone in the prod-
uct, there were no obvious changes in conversion and selec-
tivity. However, H-B had a negative effect on the catalytic
performance.

ICP-AES characterization was carried out to determine
the concentration of Co-nap before and after the adding of
TS-1 and TS-1-S. The concentration of Co-nap decreased
from 7.7 pg/g to 0.036 ng/g with TS-1 and to 0.035 pg/g
with TS-1-S, which indicated that the Co-nap in the solution
was totally adsorbed on the surface of TS-1. As can be seen
from Table 1, after filtrating out TS-1 or TS-1-S, the filtrate
gave no conversion to KA-oil, which confirmed that the

filtrate contained no Co-nap. Due to the adsorption of
Co-nap on TS-1-S, the catalytic characteristic of the reac-
tion was changed, and a homogeneous catalytic process was
changed into a heterogeneous-like process. We call this het-
erogeneous-like catalyst, caused by the adsorption of the
active component onto the carrier, a “quasi-heterogeneous”
catalyst to differentiate it from genuine heterogeneous cata-
lysts.

The change in the microenvironment of the catalytic ac-
tive centers was possibly the reason for the better catalytic
performance. In a homogenous process, the polarity of
KA-oil caused it to diffuse slowly away from the active
center in the solution, and it was thereby liable to
over-oxidation, which gave poor selectivity. For the
quasi-heterogeneous process, the diffusion of products also
depended on the hydrophilic-hydrophobic property of the
support. For a heterogeneous process, the diffusion of
product is related to the hydrophobicity of the surface of the
catalyst. The product can easily diffuse from a more hydro-
phobic surface, which was shown in our previous work [12].
The benefit from the super hydrophobicity of TS-1-S was
that the reaction rate was increased significantly. This indi-
cated that the hydrophobic property of the support was a
key factor in the improvement of catalytic performance.

Drago et al. [13] reported that the absence of strong acid
sites resulted in the outstanding performance of TS-1 in
epoxidation. There are only weak acid sites on TS-1. In Sun
et al.’s work [14], they suggested the medium strength
Bronsted acid sites of H-P as the main active centers for the
decomposition of cyclohexyl hydroperoxide. The oxidation
of cyclohexane catalyzed by Co-nap is considered to follow
a free radical chain mechanism [15]. The facile decomposi-
tion of cyclohexyl hydroperoxide by H-B hindered the chain
propagation of the free radical reaction of cyclohexane by
sharply decreasing the concentration of cyclohexyl hydrop-
eroxide. Moreover, the silanized H-p (H-B-S) also hindered
the reaction. It was probable that silylation had little influ-
ence on the acidity of H-B, and H-B-S maintained a high
activity for the decomposition of cyclohexyl hydroperoxide.

In summary, in the homogeneous liquid phase catalytic
oxidation of cyclohexane with cobalt-naphthenate as cata-
lyst, when titanium silicate TS-1 or especially silanized
TS-1 was introduced, there was a significantly better cata-
lytic performance. The improvement was due to the adsorp-
tion of Co-nap on the surface of TS-1, the hydrophobicity of
the surface and the absence of strong acid sites on TS-1.
This quasi-heterogeneous catalyst is promising for use in
the industrial liquid oxidation of cyclohexane.

Full-text paper available online at Elsevier ScienceDirect
http://www.sciencedirect.com/science/journal/18722067



