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Selective Oxidation of Cyclohexane over Transition-Metal-Incorporated HMS in a
Solvent-Free System
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Institute of Industrial Catalysis, Research Institute of Industrial Catalysis, East China University of Science and
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Mesostructure materials A-HMS (A = Ce, Ti, Co, Al, Cr, V, Zr) were synthesized with cetylamine as the
structure director and tetraethyl orthosilicalite as the silica source. CeO,/V-HMS and CeO,/Al-HMS were
prepared by dipping-calcination method. The materials were characterized by X-ray diffraction (XRD), UV —vis,
Fourier transform infrared (FT-IR), N, adsorption—desorption, inductively coupled plasma—atomic emission
spectroscopy (ICP-AES), transmission electron microscopy (TEM), and ?’Al magic angle spinning nuclear
magnetic resonance (MAS NMR). The incorporated ions were mostly in the framework of the mesoporous
materials, which were confirmed by the XRD, FT-IR, UV—vis, and 27A1 MAS NMR analyses. The solids
obtained were employed as heterogeneous catalysts for the selective oxidation of cyclohexane with oxygen
(0O,) as oxidant in a solvent-free system. The material CeO,/V-HMS exhibited the highest activity with about
18% conversion of cyclohexane but 68% total selectivity to cyclohexanol and cyclohexanone. The performance
of Al(40)-HMS is satisfying for nearly 10% conversion of cyclohexane and 93% total selectivity to the desired
products. Also, Al(40)-HMS is efficient for its excellent recyclable property in the oxidation of cyclohexane.

1. Introduction

A great effort has been devoted to the research and develop-
ment of new catalysts used in the oxidation of organic substrates
for the most important industrial chemical reactions.' The
oxidation of cyclohexane to cyclohexanol and cyclohexanone,
which are intermediates in the production of adipic acid and
caprolactam, are of great importance in the processes to
manufacture nylon-6 and nylon-66 polymers.>* However, for
the modern industrial processes, the conversion of cyclohexane
was usually lower than 5% in order to achieve high selectivity
(about 80%) of cyclohexanone and cyclohexanol since the target
products, cyclohexanone and cyclohexanol, are more active than
the matrix. Moreover, in most cases, extreme reaction conditions
such as high pressure and high temperature are required for the
current industrial processes. So, it is necessary to find a new
efficient catalytic system for the activation of cyclohexane.
Catalytic materials often play an important role for an enhanced
catalytic system. New mixed metal oxides were reported to be
very efficient for selective oxidation of hydrocarbons;** the
conversion of cyclohexane reached 25.8% with a selectivity of
almost 90% to the main products cyclohexanol and cyclohex-
anone when the reaction mixture was magnetically stirred at
70 °C and with 1 atm of oxygen for 15 h.* Heterogeneous
catalysts for hydrocarbon oxidation were reviewed,® and many
details about this work can be found therein.

Since the discovery of silica-based mesoporous materials
M41S in 1992, the mesoporous materials have attracted
considerable attention due to their high surface area, uniform
pore size distribution, large pore size, and potential application
in the fields of catalysis and separation. Many kinds of
mesoporous materials, such as TUD-1,* Co/MTiO,,” and
HMS,'® have been synthesized by using different templating
agents. However, the pure silica mesoporous molecular sieves
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are poor in catalytic activity, so a number of transition metal
(V, Bi, and Cr, etc.) incorporated mesoporous materials were
synthesized and applied to catalytic oxidation of hydrocarbons.'""'>

Transition-metal-incorporated MCM-41 were used as catalysts
for the oxidation of cyclohexane, but organic solvents were
usually added and fert-butyl hydroperoxide or hydrogen peroxide
was applied as the oxidant, which may result in the contamina-
tion of the products and environmental problems.'"'*> AwMCM-
41" and Bi/MCM-41"% were found to be very efficient for the
conversion of cyclohexane in the solvent-free system, but the
leaching of gold nanoparticles from the carrier is quite serious.
It has been proved that a proper selection of preparation
conditions is essential to obtain a homogeneous metal dispersion
on the carrier, which in turn, generates highly active and
selective catalysts toward oxidation reactions.'* The mesoporous
molecular sieve with wormhole framework structure denoted
as HMS has many advantages, such as thicker framework walls,
small crystallite size of primary particles, and complementary
textural porosity. HMS can be synthesized by the sol—gel
reaction with cheaper alkylamine as the template at room
temperature,'> and transition metal cations can be incorporated
into the framework uniformly. Fe-HMS was synthesized suc-
cessfully and used to catalyze the alkylation of benzene with
benzyl chloride.'® Our group found that Fe-containing HMS
exhibited a good catalytic performance for the hydroxylation
of phenol. Also, Co-AIPO-5,"7 Ce-AIPO,'® Co-SBA,"
Fe,03—Ti0,,4 and metal-incorporated TUD-1 structure-type,
mesoporous silicas*® were found to be good candidates for the
conversion of cyclohexane to cyclohexanone and cyclohexanol
and left to be studied further. The kinetics and mechanism of
cyclohexane oxidation were studied by many researchers in
recent years,”"*> which were useful for the development of
powerful catalysts.

In many cases, the radical initiator, such as fert-butyl
hydroperoxide, could decrease the induction period and increase
the conversion of cyclohexane, but the initiator was not
necessary for the selective oxidation of cyclohexane.®'®' In
the current work, we present a series of transition-metal-

10.1021/ie100092x ~ © 2010 American Chemical Society
Published on Web 04/30/2010



incorporated HMS synthesized with an environmentally friendly
cetylamine as template. HMS is a kind of mesoporous molecular
sieve with wormhole framework structure. The metal-containing
HMS were denoted as A-HMS (A = Ce, Ti, Co, Al, Cr, V,
Zr). The CeO;-loading A-HMS were also synthesized and were
denoted as CeO,/V-HMS and CeO,/Al-HMS, respectively. The
prepared samples were characterized by many physical—chemical
methods. The catalytic performances of the synthesized catalysts
for the selective oxidation of cyclohexane were studied in detail
with molecular oxygen as an oxidant in a solvent-free system.

2. Experimental Section

2.1. Synthesis of the Catalytic Materials. The mesoporous
molecular sieves A-HMS (A = Ce, Ti, Co, Al, Cr, V, Zr) were
synthesized by a S°I° assembly pathway. Tetraethyl orthosilicate
(TEOS) and hexadecylamine (HAD) were used as a silicon
source and template, respectively; the nitrates of cerium, cobalt,
aluminum, chromium, and zirconium and ammonium meta-
vanadate were used as the metal sources. In general, A-HMS
can be synthesized according to the following procedure. The
mixture solution containing TEOS, ethanol, and isopropyl
alcohol (i-PrOH) was added dropwise to the mixture solution
of alkylamine, the metal salt, ethanol (EtOH), and deionized
water under vigorous stirring. The molar composition of this
synthesis solution was SiO,:AO,:HAD:EtOH:i-PrOH: H,0O =
1:0.0167:0.27:6.5:1.0:36. After the synthesis solution was aged
at 45 °C under stirring for 18 h, the solid formed was filtered,
washed thoroughly with deionized water, dried at 100 °C, and
calcined in air at 823 K for 10 h to obtain the A-HMS samples.

The resulting A-HMS sample (typically 0.8 g) was dispersed
in 30 mL of isopropyl alcohol; then 23.2 mL of water solution
(0.05 mol/L Ce(NO3)3) was added to achieve 20% loading. The
above solution was dried while being stirred at ambient
temperature and followed by calcination at 450 °C for 3 h at a
heating rate of 2 °C to obtain CeO»/Al-HMS and CeO,/V-HMS.

2.2. Characterization of the Catalysts. The chemical —physical
properties of the prepared materials were analyzed by powder
X-ray diffraction method (XRD), N, adsorption/desorption,
Fourier transform infrared (FT-IR) spectroscopy, UV—vis
absorption spectra, inductively coupled plasma—atomic emission
spectroscopy (ICP-AES), transmission electron microscopy
(TEM), and solid-state 2’Al magic angle spinning nuclear
magnetic resonance spectroscopy (MAS NMR).

X-ray diffraction analysis was performed on a Rigaku D/max-
2400 diffractometer using Cu Ko radiation and a graphite
monochromator. Diffuse reflectance spectrometry (DRS) UV—vis
measurements were performed on a Varian Cary-500 spectrom-
eter by using the diffuse reflectance technique in the range of
200—800 nm, and BaSO,4 was used as the reference. The
Brunauer—Emmett—Teller (BET) surface areas and pore size
distributions were calculated by using N, adsorption—desorption
isotherms obtained on a Micromeritics ASAP 2020 sorptometer
at 77K. FT-IR spectroscopy was obtained on a AVATAR 360
FT-IR spectrometer. The chemical compositions of the matrix
gels and the calcinated samples were determined by ICP-AES.
TEM images were obtained on a JEOL 2010 microscope
operated at 200 kV. Solid-state’’ Al MAS NMR measurements
were performed using Bruke AVANCE III 500 NMR spec-
trometer at 130.3 MHz and a rotation rate of 5 kHz. Ap-
proximately 10000 scans were accumulated. Solid-state *’Al
chemical shifts were reported relative to 1.0 M AI(NOs);3
aqueous solution.

2.3. Activity Test of the Catalyst. The catalytic oxidations
were carried out in a 25 mL stainless steel reactor equipped
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Figure 1. Nitrogen adsorption—desorption isotherms of the samples: (1)
HMS, (2) Zr-HMS, (3) AI-HMS, and (4) Cr-HMS.

with a magnetic stirrer. In a typical reaction, cyclohexane (2
mL) was mixed with one of the prepared catalysts (10 mg) and
then heated to the reaction temperature under a 0.5 MPa O,
atmosphere. After reaction, the mixture of the reactant and
products was cooled down and centrifuged to separate the
catalyst. The analysis of the samples for the titled reaction was
complicated and was discussed recently.”® In this paper, the
products were identified by gas chromatography—mass spec-
trometry (GC-MS; Agilent 6890N/5973N). Excess triphenylphos-
phine was added to the mixture in order to convert cyclohexyl
hydroperoxide (CHHP) to cyclohexanol.> Cyclohexanone and
cyclohexanol were analyzed quantitatively on a GC9790 (Wen-
ling Corp. Ld., Shanghai, China) gas chromatograph equipped
with a capillary column (30 m length, 0.32 mm i.d., and 0.25
um film thickness) and a flame ionization detector (FID) using
toluene as the internal standard. The conversion was calculated
on the basis of the starting cyclohexane. Due to their decom-
position in the condition of the chromatograph analysis, the
CHHP and organic acids (probably including succinic acid,
glutaric acid, valeric acid, caproic acid, and adipic acid) could
not be analyzed by GC exactly.?* In this paper, the CHHP was
determined by iodometric titration®> and the organic acids were
analyzed by GC after being converted into their respective
methyl ester as described earlier.'”

Recycling tests were carried out by repeatedly using catalyst
Al(40)-HMS in five consecutive reactions under 0.5 MPa O, at
140 °C for 4 h. After each reaction, the catalyst was separated
by filtration from the reaction solution, washed with acetone,
dried at 393 K for 10 h, and reused in the next run under the
same reaction conditions.

3. Results and Discussion

3.1. N; Adsorption—Desorption Isotherms. The N,
adsorption—desorption isotherms corresponding to Barett—
Joyner—Halenda (BJH) pore size distributions of the prepared
samples are shown in Figures 1 and 2, respectively; the structural
parameters are summarized in Table 1. The samples show the
type-1V isotherms according to the IUPAC convention, indicat-
ing their mesoporors character, with a narrow pore distribution.
The steep changes in volume adsorbed for P/Py = 0.25—0.4 or
0.35—0.55 indicate that the samples possess framework-confined
mesopores.'? HI hysteresis loops also appear in the isotherms;
that is to say, the samples are of mesoporous structure.'?
Compared with the pure HMS, the pore volumes of the A-HMS
increases somewhat, while the specific surface areas become
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Figure 2. Pore size distribution of the synthesized samples.

smaller with the incorporation of the metal ions. Similar to the
former report of our research group,'” the present results above
demonstrate the incorporation of the ions into the silicate
framework lead to a modification of the HMS.

3.2. X-ray Diffraction Patterns. The low-angle powder
XRD patterns of the prepared samples are shown in Figure 3.
The samples prepared exhibit a well-resolved pattern with a
sharp peak at 20 = 1.2—2.2° indexed to the (100) refractions
of the A-HMS, which matches the character of a wormhole
framework at low Bragg angle for the HMS® and in agreement
with the previous work of our group.'> With the incorporation
of the trans-metal ions, the refraction peaks of the A-HMS shift
to the low angle and the intensity of peaks decreases, as shown
in Figure 3 and Table 1, which may be indicative of the
incorporation of the ions into the framework of the silica
mesoporous materials as the size of the incorporated cations
are larger than Si**.?° The Si/A ratios in the gels are similar to
that in the products for the ratio of the Si/A = 60, while the
difference of the Si/Al ratios between the matrix gel and the
product become greater with the increase of Si/Al ratio in the
starting gel, as shown in Table 1.

3.3. UV—Vis Diffuse Reflectance Spectrum. The UV—vis
spectroscopy is known to be a very sensitive probe for an
identification and characterization of transition-metal-ion coor-
dination and its existence in the framework and/or in the extra
framework position of metal-containing zeolites. UV—vis
spectra of the A-HMS samples are presented in Figure 4. There
are two absorption peaks at about 265 and 310 nm for the sample
Ce-HMS. The absorption bands at about 265 nm are related to
the charge-transfer transitions of 0% to Ce(III) in the framework
of the molecular sieve, and the bands at about 310 nm may be
related to the charge-transfer transitions of 0%~ to Ce(IV) in
the extra framework.>’ So, the cerium species may present partly
in the framework and partly as CeO, particles dispersed highly
in the extra framework of the Ce-HMS. The absorbance peaks
of the prepared Zr-HMS and AI-HMS are at about 210 and 220
nm, as shown in Figure 4, which correspond to the charge-
transfer transitions of 0>~ — Zr(IV) and the electronic transfer
from oxygen to tetra-coordinated Al(III), respectively, while the
absorbance peaks at ~230 and 370 nm are related to the UV—vis
spectra of ZrO, and AlL,O3,2® which are not found in the present
spectra. There are two distinct peaks at ~265 and ~370 nm in
the spectroscopy of the Cr-HMS; they are ascribed to the charge
transfer of O~ —Cr®" (tetra-coordinated Cr" in the framework
of Cr-HMS).?® As for the spectrum of the V-HMS, there are
two absorbance peaks at about 263 and 382 nm, which are
associated with the electronic transfer of 0>~ — V(IV) in the

framework.’® The above results are convincing proof that
aluminum, zirconium, chromium, and vanadium were incorpo-
rated in the framework of HMS. The peak at ~218 nm in the
spectrum of Ti-HMS is an indication of O*~ — Ti(IV) in the
framework, while the peak at ~240 to ~380 nm may be related
to titania in the Ti-HMS.?' The broad absorbance band between
~360 and 580 nm for the Co-HMS suggests that a certain
amount of tetrahedrally coordinated Co>* is present in the
framework of the prepared sample.'**

3.4. FT-IR Spectra. The FT-IR absorption spectra of pure
silica HMS and the synthesized A-HMS catalysts are presented
in Figure 5a,b. In the range of the wavenumber, the samples
all show three absorption peaks at ~469, ~804, and ~1090
cm ', which are corresponding to the rocking, symmetric
stretching, and asymmetric stretching of the intertetrahedral
oxygen atoms in SiO, of the samples, respectively.®® The
vibration absorption band at about 1090 cm™' is assigned to
V,5(Si—O—Si), while the wavenumbers of the absorption peaks
at ~1090 cm ™' for the A-HMS are 4—5 cm ™' lower than that
of the pure HMS. The shift of the absorption peaks toward the
lower wavenumber may be thought of as an indication of metal
incorporating into the framework of silica tetrahedra.® The
absorption peaks at ~970 cm ' may be assigned to the
stretching vibrations of Si—OH in the framework of the samples
and can be observed in the pure silica HMS. No new distinct
peak is found in the metal-containing samples compared with
the pure HMS except the differences in absorption intensity, as
shown in Figure 5a. The peaks near 970 cm™' may be related
to Si—O—A bonds. The intensity of the peaks near 970 cm ™'
decreases with an increase of the aluminum content in the
framework of HMS, as demonstrated in Figure 5b. This indicates
that Si—OH groups were changed or consumed and transformed
to the Si—O—Al bonds.****

3.5. Surface Microstructure. The transmission electron
microscopy image of the Al(40)-HMS sample reveals a typical
wormhole mesopore structure, which is characteristic of HMS.
The similar pattern of mesoporous silica materials were reported
by Williams et al.*® and Xu and co-workers.*” As shown in
Figure 6, a network of channels is regular in diameter, although
a long-range packing order is absent. This is consistent with
the above results of the XRD and N, adsorption—desorption
measurements.

3.6. Solid-State ’A1 MAS NMR Measurements. The
samples Al(60)-HMS, Al(40)-HM, and Al(20)-HMS were
further characterized by 2’ A1 MAS NMR spectroscopy to probe
the coordination of Al atoms in the structures. The results were
shown in Figure 7. The three samples all produced spectra with
intense resonances at ~53 ppm and weak resonances at ~—0.5
ppm. The signals at ~53 ppm were assigned to four-coordinated
structural aluminum species joined to four Si(O)4 units in highly
symmetrical tetrahedral coordination. The low-intensity signals
centered around 0.5 ppm were characteristics of octahedrally
coordinated aluminum species. The results presented here
indicated that part of the aluminum introduced in the gel did
not enter the silica framework during synthesis. The shape and
position of the lines in the spectra are similar to those already
reported.*® The signal at ~53 ppm became stronger with the
increase of Al content, suggesting more four-coordinated species
existed in the final materials. The presence of octahedrally
coordinated Al species in this sample probably results from the
low solubility of the precursor in the synthesis mixture.

3.7. Catalytic Behavior. It is desired to understand the
influence of the incorporated ion types, content, and valence
on the catalytic property, so the reactivity of the prepared



Table 1. Parameters of the Prepared Samples
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Si/A

samples gel after calcination 20 (deg) dipo (nm) SBET (mz/g) Vineso (cm3/g) pore size (nm)
HMS ) oo 2.12 4.17 950 1.08 33
Cr-HMS 60 62.4 1.48 5.97 685 0.89 4.5
Zr-HMS 60 62.0 1.70 5.20 705 0.83 4.2
Ce-HMS 60 62.1 1.29 6.85 692 0.80 5.3
Ti-HMS 60 62.2 1.89 4.67 789 0.91 3.8
Co-HMS 60 62.3 1.420 6.22 782 1.1 34
V-HMS 60 62.3 1.76 5.01 789 1.01 3.5
Al-HMS 60 62.2 1.420 6.22 759 0.89 4.6
Al(40)-HMS 40 43.0 1.33 6.65 653 0.89 5.3
Al(20)-HMS 20 22.7 1.22 7.24 538 0.74 6.00

materials has been tested comprehensively for the selective
oxidation of cyclohexane under the condition of 0.5 MPa O,
and 413 K without any solvent. The experiment results are
presented in Table 2. It is shown that all samples exhibited
catalytic activity with cyclohexanone and cyclohexanol as the
major products. A certain amount of oxidative products was
detected in the blank reaction with pure HMS as a catalyst,
although the conversion of cyclohexane was much lower than
that on other catalysts. The result may be thought of as the proof
that the excellent performance of the metal-containing catalysts
may arise from the presence of active matal sites in the catalysts
A-HMS. The content of the CHHP is very high in the blank
reaction system as compared with the results in the other systems

Intensity / a. u.

2 0 /Degree

Figure 3. Low-angle powder XRD patterns of the synthesized samples:
(1) HMS, (2) AI-HMS, (3) Co-HMS, and (4) Ce-HMS.
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Figure 4. Diffusion reflectance UV—vis spectra of the synthesized
samples.

with catalyst A-HMS, which is in line with earlier reports,>*

indicating that the doped metals in HMS were the key for the
decomposition of CHHP. In many earlier reports about the
selective oxidation of cyclohexane with solid catalysts, TBHP
was added into the reaction system as free-radical initiator in
order to accelerate the initiation step of the autooxidation process
using molecular oxygen as oxidant.>>*!'" The present results
displayed in Table 2 show that the catalyst A-HMS is effective
for the selective oxidation of cyclohexane using molecular
oxygen as oxidant without extra free-radical initiator or cocata-
lyst. Similar observations were also found in refs 2, 12, and
18.

The catalyst Ce-HMS gives the highest total selectivity of
cyclohexanone, cyclohexanol, and CHHP, while the synthesized
Co-HMS shows the best activity of all the A-HMS samples for
the reaction. The behavior of the catalyst Zr-HMS was

1. HMS
2. Ce-HMS
3. Zr-HMS

5. Cr-HMS
6. Co-HMS
7. Ti-HMS
8. AI-HMS
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Figure 5. (a, b) FT-IR spectrum of the synthesized samples HMS, Al-
HMS, Al(40)-HMS, and Al(20)-HMS.
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Figure 6. TEM image of the sample Al(40)-HMS.
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Figure 7. *?Al MAS NMR spectra of the samples AI-HMS, Al(40)-HMS,
and Al(20)-HMS.

unsatisfactory; the conversion of cyclohexane and the selectivity
to the target products all are low over the catalyst Zr-HMS.
The different activity and selectivity for the synthesized catalysts
A-HMS may be plausibly attributed to the nature of the metal
A used. The poor selectivity over Co-HMS may arise from the
pore structure of the catalyst."'

Significant results were also obtained over the catalysts Cr-
HMS, V-HMS, and Ti-HMS, as shown in the table. The result
with Cr-HMS being used was comparable with that over
chromium-containing hybrid mesoporous silica material using
oxygen as oxidant in the solvent-free system,2 and better than

Table 2. Catalytic Properties of the Prepared Catalysts®

the one over molecular sieve Cr-ZSM-5 3 under similar
conditions. The total selectivities catalyzed by V-HMS or Ti-
HMS all surpass 90%, while silica-supported oxide nanoparticles
Ti0,/Si0; and V,05/S10, could give a selectivity of 100% to
cyclohexanone and cyclohexanol with TBHP as oxidation agent
at 80 °C.1 The difference of the catalytic characteristics between
the present catalysts and the silica-supported oxide nanoparticles
may arise mainly from the oxidants used, but we believe that
the catalysts V-HMS and Ti-HMS are worthy of further study
for the selective oxidation of cyclohexane with oxygen as
oxidant in the solvent-free system.

When the AI-HMS and Al(40)-HMS were used for the
selective oxidation of cyclohexane, both higher conversion and
better selectivity were obtained though the results were not
perfect. These results may be ascribed to the higher acidity of
the catalysts and the state of Al in the catalysts.****® The four-
coordinated Al bears noticeable ability for the activation of
molecular oxygen.*° The catalysts CeO/V-HMS and CeO,/Al-
HMS behave much better than the others in activity but poor
in selectivity. The performance of the above two materials is
obviously different from the report by Zhao'® who used CeO,
as catalyst for the similar reaction system and obtained much
lower activity but higher total selectivity. The said difference
may be ascribed to the interaction between cerium and the
incorporated element vanadium or aluminum in the present
catalysts, which makes a high dispersion of CeO, on V-HMS
or AI-HMS. In contrast, the CeO, used by Zhao was bulk
particle. The lower activity of the Al(20)-HMS may be related
to its smaller specific area and disorder compared with others,
as shown in Table 1. The above results indicate the presence of
the incorporated ions in HMS plays an important role in the
reactions.

The kinetic results over the catalyst Al(40)-HMS in the
oxidation of cyclohexane are shown in Figure 8a—c, which were
obtained under the condition of 0.5 MPa molecular oxygen and
different temperatures for 4—10 h. It shows that the conversion
of cyclohexane and the selectivity to cyclohexanol changed
slightly, while cyclohexanol steadily transferred to cyclohex-
anone or other chemicals with increasing reaction time. In
contrast, the selectivity to cyclohexanone fluctuated obviously
with a maximum at 6 h under 150 and 170 °C and decreased
distinctly after 8 h, indicating more cyclohexanone being
oxidated deeply. The befitting reaction time was about 6 h, as
shown in Figure 8a—c. The kinetic trends presented in the above
figure panels are similar for the given three temperatures in the
main. This result demonstrates the kinetic rules are almost the
same for the three temperatures. The results depicted here are

selectivity (%)

catalyst conversion (%) -ol -one CHHP others (-ol) + (-one) + CHHP -one/-ol
HMS 2.77 20.6 26.0 48.5 4.9 95.1 1.3
Cr-HMS 7.69 29.0 60.9 3.8 6.3 93.7 2.1
Co-HMS 11.37 31.8 47.9 1.2 19.1 80.9 1.5
Zr-HMS 8.40 29.8 46.1 9.7 14.4 85.6 1.5
Ce-HMS 8.30 31.7 61.4 39 3.0 97.0 1.9
Ti-HMS 9.04 27.8 48.3 14.1 9.8 90.2 1.7
V-HMS 9.34 32.1 60.3 0.7 6.9 93.1 1.9
Al-HMS 10.70 333 58.4 0.2 8.1 91.9 1.8
Ce0,/V-HMS 17.80 29.4 38.65 13.6 18.3 81.7 1.3
CeO,/Al-HMS 15.40 29.8 41.1 12.9 17.2 82.8 14
Al(40)-HMS 9.95 349 57.9 35 3.7 96.3 1.7
Al(20)-HMS 6.86 30.8 48.1 9.8 11.3 88.7 1.6

“ Reaction conditions: 2 mL of cyclohexane, 10 mg of catalyst, 0.5 MPa O,, 413 K, and 4 h. Column headings: CHHP, cyclohexyl hydroperoxide;
-ol, cyclohexanol; -one, cyclohexanone; others, including valeraldehyde, adipic acid, succinic acid, glutaric acid, valeric acid, caproic acid, and trace of

methyl cyclohexane and amyl alcohol.
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Figure 8. Catalytic activity of the catalyst Al(40)-HMS as a function of
time under the condition of 0.5 MPa molecular oxygen: (a) 150, (b) 160,
and (c) 170 °C for 4 h reaction.

comparable to that reported in literature,” where organic
functionalized chromium-containing mesoporous silica materials
were used as catalysts under solvent-free condition at different
temperatures (100—160 °C) and air pressures (1.3—5.5 MPa)
in the presence of small amounts (2 wt % cyclohexane) of free-
radical initiator, TBHP. The content of CHHP in the mixture
decreased gradually with the extension of reaction time and an
increase of temperature, indicating that CHHP decomposed to
the primary products such as cyclohexanol and cyclohexanone.

The effect of temperature on the product distribution is
illustrated in Figure 9. With increasing reaction temperature in
the range of 140—170 °C, the conversion of cyclohexane
increased slightly, while the selectivity to cyclohexanol de-
creased stepwise due to their oxidation to cyclohexanone. There
was a higher platform from 150 to 160 °C on the cure of the
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Figure 9. Influence of temperature on the performance of the catalyst Al(40)-
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Figure 10. Recycling studies performed over the catalyst A1(40)-HMS under
the condition of 0.5 MPa molecular oxygen and 150 °C for 4 h reaction.

selectivity to cyclohexanone. The cure went down significantly
with the temperature above 160 °C due to the deep oxidation
of cyclohexanone. Similar phenomenon was observed by
Shylesh et al., who carried out the selective oxidation of
cyclohexane with organic functionalized Cr-MCM-41 as cata-
lyst.?

It was reported that cyclohexane was first converted to
cyclohexyl hydroperoxide (ROOH).*'*>* ROOH rapidly decom-
posed to cyclohexanone and cyclohexanol, and cyclohexanol
could be converted to cyclohexanone easily. In addition,
cyclohexanone could be oxidated deeply. With the increase of
reaction time and temperature, more ROOH and cyclohexanol
transformed to cyclohexanone. Further oxidation of cyclohex-
anone was related to its concentration and reaction temperature;
excessive time and temperature may result in lower selectivity
to cyclohexanone, as displayed in Figure 8 and Figure 9.

The stability of the sample Al(40)-HMS was further explored.
Five reaction runs were performed under the same condition.
The results on the catalyst are shown in Figure 10. It can be
seen that within the first three reaction cycles, the conversion
of cyclohexane remains almost identical; after that, the activity
of the catalyst falls a little, but no obvious change in Al content
for the fresh and the recycled catalysts was detected by ICP-
AES. The selectivity to both cyclohexanone and cyclohexanol
remained almost the same for the recycling studies except the
first run.

The above test confirms the recyclable property of the Al(40)-
HMS for the selective oxidation of cyclohexane by O, in a
solvent-free system. The results presented here are in accordance
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with that displayed in the ref 3, where Co/ZSM-5 was used as
the catalyst for the oxidation of cyclohexane by molecular
oxygen.

Hot-filtration experiments were carried out with the catalyst
Al(40)-HMS at 410 K under 0.5 MPa O,. The reaction mixtures
were filtered hot after reaction for 2 and 5 h in two separate
experiments; the filtrates were then monitored for further
reaction under stirring, but no increases in conversion were
noted. The filtrates were also analyzed by ICP-AES; no
aluminum was detected. These results suggest that Al(40)-HMS
behaved as a heterogeneous catalyst, and the catalyzed reactions
were truly heterogeneous.

4. Conclusions

A series of mesoporous materials A-HMS (A = Ce, Ti, Co,
Al, Cr, V, Zr) were prepared successfully. Structural charac-
terizations by various techniques revealed that the metals were
incorporated into the framework of the HMS, but excessive
incorporation of metal ions would make the mesoporous
materials disordered with a significant decrease of specific area.
All the prepared catalysts A-HMS were active for the oxidation
of cyclohexane by oxygen in a solvent-free system. The prepared
catalysts CeO»/V-HMS and CeO,/Al-HMS were very active
with 17.8 and 15.4% conversion of cyclohexane, respectively,
but the selectivity to the target products needs to be improved
further. Of the metal-containing catalysts, Co-HMS gave the
highest conversion, about 11% conversion of cyclohexane, while
the total selectivity to cyclohexanone and cyclohexanol was only
79%. The behavior of the aluminum-containing Al(40)-HMS
was appreciable; a conversion of about 10% was achieved with
92.8% total selectivity to cyclohexanonone and cyclohexanol.
Moreover, the catalyst was stable in the reaction system. The
befitting reaction temperature and time were about 150—160
°C and 6 h, respectively. The selective oxidation of cyclohexane
over Al(40)-HMS with molecular oxygen as oxidant is envi-
ronmentally friendly.
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