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Abstract: A series of Ru-doped mesoporous molecular sieves have been synthesized and characterized by
XRD, N, adsorption/desorption, ICP, FT-IR, FE-SEM, and HRTEM. The characterization results re-

veal the structure of catalyst and the nature of Ru species. The catalytic performance of the synthesized

catalysts has been evaluated for the oxidation of cyclohexane under a mild condition using air as oxidant

without any solvent. Catalytic result shows that these catalysts are efficient, and that the behavior of Ru

species is different.
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The selective oxidation of alkanes under mild con-
dition is still a challenge for chemists, and the activa-
tion of C-H bond is the key process. The partial oxida-
tion of cyclohexane is one of the most important reac-
tions because its oxidation products ( cyclohexanone,
cyclohexanol, so-called K-A oil) are the initial materi-
als to synthesize adipic acid and caprolactam, that are
intermediates in the manufacture of nylon-6 and nylon-
66 polymers. Previously, the process of cyclohexane
oxidation was complex and un-green, and had short-
comings such as serious pollution, low conversion and
expensive production cost. At present, an industrial
method for the cyclohexane oxidation is carried out with
homogeneous catalyst or without catalyst at around 150
°C and under a 1 ~2 MPa pressure, which affords a ~
4% cyclohexane conversion and a 70% ~80% selec-
tivity to cyclohexanone and cyclohexanol. Obviously,
this process has the drawback of the difficulty of sepa-
rating the catalyst from the homogeneous reaction sys-
tem. For the laboratory-scale reaction, benign oxida-

tion of cyclohexane, including heterogeneous catalyst,
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solvent-free reaction and clear oxidant such as molecu-
lar oxygen, hydrogen peroxide and air, has been repor-
ted extensively """

As a member of M4ls mesoporous molecular
sieves family, which was discovered in 1992 by the
Mobil group'>™' | MCM-48 has attracted considerable
attention owing to its high surface area, ordered pore
channels, and narrow pore size distribution. Although
MCM-48 with 3D pore system has some advantages
over MCM-41 with 2D hexagonal channel in terms of
catalytic and adsorption reactions, more studies have
focused on MCM-41 as compared to MCM-48 , because
the formation of MCM-48 is sensitive to pH value, re-
action temperature, reaction time and reagent amount.
Even so, a few studies about easy synthesis of MCM-48
have been reported. For example, Schumacher et al.
141 reported a novel and fast method, which is a modi-
fied Stober synthesis, to synthesize metal-incorporating

MCM-48 spheres. INRREE
MCM-48 by a rapid and facile way without employing

Boote et a prepared cubic

hydrothermal process in 30 min at room temperature.
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Moreover, more efforts have been attempted to enhance
the hydrothermal stability and catalytic activity of
MCM-48 by doping various
it v, e ') cu P AL Boron

In an earlystudy '*', a series of Ru-MCM-48 me-

elements, including

, ete.
soporous molecular sieves have been synthesized by a
facile and rapid way, and their catalytic activity in oxi-
dation of cyclohexane under O, was also discussed.
With further research, a high conversion of cyclohex-
ane and low selectivity to K-A oil was observed when
these samples were used as the catalysts for oxidation of
cyclohexane under 1 MPa oxygen at 150 °C. A broad
range of complicated oxygenates, including hexanal,
butyrolactone, 2-cyclohexene-1-one, cyclohexyl ester,
adipic acid, etc, were detected as the main products
under the above conditions. In this work, cyclohexane
oxidation catalyzed by Ru-doped MCM-48 was carried
out in air, instead of pure oxygen, under a mild condi-
tion to avoid the deep oxidation. Moreover, the struc-
ture of Ru-doped MCM-48 and the nature of Ru species
in the catalysts were further characterized by various

methods.

1 Experimental

1.1 Catalyst preparation
All reagents used in this work were of AR grade.
Details of the synthesis procedure based on the work of

Schumacher'”’ and Boote "'’

, were as follows: appro-
priate amount of cetyltrimethylammonium bromide and
ruthenium trichloride was dissolved in a mixture of dei-
onized water and ethanol, followed by the addition of
aqueous ammonia. After being stirred vigorously at 30
~35 °C for a period of time, TEOS was slowly added
to the above mixture under mild stirring . The molar
composition of the gel was 0.41 CTAB/ 52 EtOH/ 12
aq. NH,/ 1.0 TEOS/ 343 H,0/0. 003-0. 02 RuCl,.
The resultant products were filtered, washed with dis-
tilled water, dried at 85 “C overnight and calcined in
air at 550 °C for 6 h. According to the different ratios
of Si/Ru in the gel, the catalysts were labeled as A
(Si/Ru =300) ,B(Si/Ru =200),C(Si/Ru =100),
and D (Si/Ru =50), respectively. Pure siliceous

MCM-48 was synthesized with the same procedure ex-
cept that no ruthenium trichloride was added.
1.2 Catalyst characterization

The properties of the Ru-doped MCM-48 and
MCM-48 samples were characterized by XRD ( Shi-
madzu XD-3A ), N, adsorption/desorption ( ASAP
2010), ICP (IRIS Advantage ER/S), FT-IR ( Bru-
ker, IFSI20HRFTIR ), FE-SEM ( JEOL, JSM-
6701F) and HRTEM (JEOL, JEM-2010).
1.3 Catalytic oxidation of cyclohexane

The liquid-phase oxidation of cyclohexane was
carried out under vigorous stirring in a 35 mL stainless
steel reactor which was heated with an oil bath. In a
typical reaction procedure, catalyst (20 mg) was
added into the mixture of cyclohexane (2 mlL) and
tert-butyl hydroperoxide (TBHP, 0.1 mL, as the initi-
ator) in the stainless steel reactor, and the mixture was
heated to 403 K under stirring in a 1 MPa air atmos-
phere. After reaction, the steel reactor was cooled in
water and the products were directly analyzed by gas
chromatography ( Techcomp 7890 II using a FID) and
GC-MS ( Agilent 6890N/5973).

2 Result and discussion

2.1 Characterization of catalysts

In order to obtain information about the principal
components of the catalysts, the XRD was used to
identify their crystallite phase composition. Obviously,
the peaks of ruthenium oxide (Ref. Code 00-040-1)
can be found in the XRD patterns of all the catalysts as
shown in Figure 1, and the intensities of these peaks
increase with increasing Ru content. Combined with
the evidence of low-angle XRD and UV-vis in previous
report' 2>/ which proves the incorporation of rutheni-
um atoms in the framework of MCM-48, this observa-
tion confirms that ruthenium species simultaneously
present in the framework and on the surface of
MCM-48.

Figure 2 shows the N, adsorption/desorption re-
sults obtained for Ru-doped MCM-48 and MCM-48.
For all the samples studied, the isotherms display a
typical type IV isotherm of mesoporous materials with

steep rises in the relative pressure range of 0.2 ~0.3
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Fig. 1 XRD patterns of Ru-MCM-48 catalysts

due to capillary condensation of nitrogen in the

24)
pores[ :

This suggests that all the samples possess
well mesoporous ordering with narrow pore size distri-
bution. BET surface area, pore volume and average

pore diameter for all the samples are given in Table 1,

which also includes the Ru content in the samples de-
termined by ICP. The results show the characteristics
of mesoporous material, such as high surface area (>
1300 m*/g) and uniform pore size ( =2.7 nm) for
both Ru- doped MCM-48 and MCM-48.
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Fig. 2 N, adsorption/desorption isotherms of MCM-48
and Ru-MCM-48 catalysts

Table 1 Textual properties of MCM-48 and Ru-MCM-48 catalyst

Ru Si/Ru Si/Ru dy," a,” Sper” Pore volume Average pore
Catalyst i . . .
/% (in product) (in gel) /nm /om /(m? e g (em’ - g™") diameter/nm
A 0.49 341.32 300 3.32 8.13 1 400 1.17 2.93
B 0.71 234.87 200 3.29 8.06 1334 1.14 2.97
C 1.38 119.76 100 3.34 8.18 1385 1.19 2.99
D 2.33 70.03 50 3.37 8.25 1320 1.08 2.74
MCM-48 - - - 3.22 7.89 1 481 1.15 2.53
+[231 "4 value of peaks (211) in low-angle XRD patterns.
" the cell parameter a, is calculated from the formula a, =d,,,6"”.
¢, BET surface area.
The FT-IR spectra of all samples are shown in
MCM-48 860 e

Figure 3. The band at 400 ~1 300 cm™ is attributed to
framework stretching vibration area of mesoporous mo-
lecular sieves. Generally, the band at 960 em™ is as-
signed to Si-OH stretching vibrations in calcined meso-
porous molecular sieves. However, it can also be as-
signed to Si-O-Metal group when metal atoms are
doped. Obviously, the intensity of the band at 960
em™' for Ru-doped MCM-48 catalysts, which increases
with the increment of Ru content, is higher than that
for MCM-48. In addition, a red shift of this absorbtion
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Fig. 3 FT-IR spectra of MCM-48 and Ru-MCM-48 catalyst
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band with increasing Ru content was also observed.
These suggest the incorporation of Ru atom into the
framework of MCM-48 material, consistent with XRD
and UV-vis results | **/.

HRTEM and FE-SEM images of pure siliceous
MCM-48 and catalyst B are shown in Figure 4. It can

be observed clearly from the FE-SEM images that the

MCM-48 and catalyst B are composed of nearly-spheri-

MCM-48

cal particles with size ranging from 100 to 700 nm. The
similarity in morphology between the two samples sug-
gests the little influence of the doped Ru on the crystal-
lization process. HRTEM photos, which provide the
direct observation of morphology, show the highly or-
dered arrangement of the channels in both MCM-48
and catalyst B. These results are consistent with the

observation of low-angle XRD "**! and N, sorption.

% 20 om

Fig.4 SEM and HRTEM images of MCM-48 and catalyst B

2.2 Catalytic Results

Figure 5 summarizes the catalytic activities of Ru-
doped MCM-48 catalysts in the oxidation of cyclohe-
xane using air as the oxidant and TBHP as initiator
without any solvent. For comparison, the data for oxi-
dation of cyclohexane using O, as oxidant on catalyst C
is also listed in Figure 5. GC-MS indicates that the
main products are cyclohexanol and cyclohexanone,
and the by-products include adipic acid and some es-
ters. It is found that all the catalysts show a considera-
ble catalytic performance for cyclohexane oxidation by
air, and the catalytic activity of the catalysts increase
with increasing Ru content. However, the catalysts
with high Ru content give a higher ratio of cyclohe-

xanone/ cyclohexanol and a higher selectivity to by-pro-

ducts than the catalysts with low Ru content. This
could be ascribed to the high content of RuO, on the
MCM-48 surface which enhances the deep oxidation of
the product. It is also be found that catalyst C using air
shows almost the same catalytic activity as that using
0, as oxidant, indicating that Ru-doped MCM-48 is an
efficient catalyst for cyclohexane oxidation under a mild
condition. Moreover, pure siliceous MCM-48 shows no
activity for this reaction, indicating that Ru is the ac-
tive species for cyclohexane oxidation using air as oxi-
dant. For comparison, Ru0,/Si0, and RuO,/MCM-48
prepared by precipitation method with the equal Ru
content of catalyst B were also tested for catalytic oxi-
dation of cyclohexane and the results are also listed in

Figure 5. Compared with catalyst B, both precipitation
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Fig. 5 Catalytic oxidation of cyclohexane over various
catalysts by air
*, reaction conditions: 2 mL cyclohexane, 1MPa air, 0.1 mL
TBHP, 20 mg catalyst, 130 °C, 24 h.

b 18] reaction condition: 2 mlL cyclohexane,

1 MPa 0O,, 10 mg catalyst, 150 C, 4 h
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samples give a low conversion of cyclohexane and a
high selectivity to cyclohexanone. The poor perfor-
mance of both catalysts can be attributed to RuO, that
enhanced the deep oxidation of cyclohexanol. In con-
trast, the Ru-doped MCM-48 show good performance
in oxidation of cyclohexane because of the presence of
the highly dispersed Ru species in the framework.
Figure 6 illustrates the effect of reaction time and
temperature under the conditions described in the
chart. With the increase of reaction time and tempera-
ture, obviously, the conversion of cyclohexane and
the selectivity to cyclohexanone increase, while the
selectivity to cyclohexanol decrease. It should be noted
that, with the conversion of cyclohexane increasing,

the total selectivities to cyclohexanol and cyclohexanone
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Fig. 6 Effect of reaction time and temperature on the conversion and selectivity

decrease when the reaction was carried out for much
longer time or at higher temperature.

In order to evaluate the recyclable potentials of
Ru-doped MCM-48 catalysts, catalyst D was separated
from the reaction mixture and reused for the cyclohe-
xane oxidation in air. The results for recycling tests are
shown in Figure 7. It can be seen that both cyclohe-
xane conversion and total selectivity to cyclohexanol
and cyclohexanone decrease slightly with increasing re-
action cycles. This could be attributed to the leaching
of active Ru species and the shrinkage of the framework
during the reaction. The recycling tests revealed that
Ru-doped MCM-48 catalysts are very stable and behave

truly as heterogeneous catalysts.

N N Y N
=40t §
20 §

Fig. 7 Leaching and recycling tests over the
Ru-MCM-48 catalysts
a: cyclohexane conversion. b the selectivity of cyclohexanol and

cyclohexanone. c: the yield of cyclohexanol and cyclohexanone.
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3 Conclusions

In summary,the characterization results prove that
the Ru-doped MCM-48 mesoporous molecular sieves
synthesized by a rapid and facile way without emplo-
ying hydrothermal synthesis have good ecrystallinity,
well-ordered mesoporous structure and high surface
area. In addition, the ruthenium species simultaneous-
ly present in the framework and on the surface of
MCM-48. These synthesized mesoporous materials are
efficient catalysts for oxidation of cyclohexane using air
as the oxidant in a solvent-free system, indicating that
Ru-doped MCM-48 is an environment-friendly hetero-
geneous catalyst. Furthermore, catalytic oxidation re-
sults reveal that the highly disperse Ru species in the
framework of MCM-48 is more active than the RuO,
species on the MCM-48 surface and that RuO, can lead
to the deep oxidation of cyclohexane to produce other

oxygenates.
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