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Abstract

Cobalt-containing mesoporous silica have been synthesized hydrothermally using different Co content (Si/Co mole ratios 5-30) in the
synthesis gel using the self-assembled molecular array of cationic surfactant cetyltrimethylammonium bromide as a supramolecular template
under very mild acidic conditions. Powder XRD; lddsorption, TEM, SEM/EDS, UV-visible and FT-IR tools have been employed to
characterize these materials. Characterization data suggested that the Co(lll) species have been anchored strongly in the 2D-hexagona
mesoporous silica framework. These Co(lll)-containing mesoporous materials showed excellent catalytic activitytesnusisglectivity in
the liquid phase dihydroxylation of cyclohexene under mild liquid phase reaction conditions using hydrogen peerdXidey| hydroperoxide
(TBHP) or molecular @, as oxidants and acetonitrile solvent.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction ever, the practical application of these catalysts is severely
limited due to the poor thermal stability of the complexes
The selective oxidation of alkanes, alkenes and aromaticunder oxidative conditions. Among these oxidation reac-
hydrocarbons is one of the most attractive processes for thetions cyclohexane/ene oxidation continues to be a challenge
conversion of petroleum products to value added fine chem-[10].
icals[1,2]. Many of these processes utilized metal complex  Although there are many reports on the incorporation of
and related catalysts to promote both the rate of reactioncobaltin microporous and mesoporous aluminumphosphates
and product selectivitj3—5]. More energy efficient reaction  [11-14]and their catalytic activity in selective oxidation re-
involving dioxygen, hydrogen peroxide or other easily ac- actions using molecular oxygen or peroxides, there are only
cessible and environmentally friendly oxidants have gained few reports on the loading of Co into the mesoporous sil-
considerable interest over the yef8% These catalytic ox-  ica[15,16]based materials and their catalytic application. In
idation reactions over transition metal incorporated zeolites general, the quality of mesoporous materials, hexagonal or
or related microporous and mesoporous materials are of cur-disordered ones, can vary largely by the addition of hetero-
rent research interest because of their easy and eco-friendlyelements in the silica containing synthesis gel. Jentys et al.
work-up [7,8]. Many Co-complexe$9] have been used in  [17]have reported the preparation of highly dispersed and sta-
the presence of dioxygen for selectivel€oxidation. How- ble Co clusters in MCM-41 using a direct synthesis method.
A route for the preparation of mesoporous metallosilicates
* Corresponding author. Tel.: +91 3324734971 fax: +91 3324732805, Via post-synthesis metal incorporation into frameworks of
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et al.[18] to overcome the deposition of metal oxide on the

surfaces of silica mesostructure during hydrothermal synthe-

sis. The coordination of cobalt ions in MeAR® molecular
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was used for structure direction under acidic synthesis con-
dition. Tetramethylammonium hydroxide (TMA-OH, 25%
aqueous, Demi Chem) was used to maintain the pH (4.5-6.5)

sieve frameworks is related to the structural features of the of the synthesis gel. In a typical synthesis TEOS was first

AIPO4-n system, the amount of metal loading and the prepa-

allowed to mix with an aqueous solution of CTAB prepared

ration procedure. Different characterization techniques haveby dissolving its required amount in deionized water. Then

been utilized to obtain information about the isomorphous
substitution of Co in the framework atoms of MeAPO-n and
their chemical environmerj9,20] It was found that only
part of the framework cobalt(ll) ions could be oxidized to
cobalt(lll) ion and consequently, can be catalytically active
[19]. In the dihydroxylation of cyclohexene usually the reac-
tion can proceed via epoxidation followed by its hydrolysis

the required amount of Co(lll) salt was dissolved in water
and added onto this aged silica sol in different mole ratios
corresponding to the desired loading of Co. TEOS was then
allowed to hydrolyze slowly in acidic pH. After 1 h aqueous
TMA-OH solution was added onto it until pH rose to 4.5-6.5
and a thick bluish homogeneous gel formed. The final mixture
was vigorously stirred for 1 h and then autoclaved at 353 K

in the presence of metal hydroperoxides under liquid phasefor 2—3 days. The molar ratio of various constituents of the
condition. OsQ, KMnOy, peracids, etc. are conventionally hydrothermal gels were SiQ Co(lll) : CTAB : TMA-OH :
used for the dihydroxylation reaction, which are toxic, ex- H,O=1:(0.2—-0.05):025: (01— 0.15) : 120.
pensive and involving difficult work-up process, or presence  After the hydrothermal treatment, the bluish gray solid
of co-oxidant[21] and the products are often contaminated products were filtered, washed repeatedly with deionized wa-
with undesired over oxidized products. Qsi® particularly ter and dried in air. As-synthesized samples were calcined
useful for the synthesis ais-1,2-cyclohexanedidR2] from slowly in the flow of air at 773 K for 8 h to remove the tem-
cyclohexene. plate molecules. Calcined samples were gray in color. All
In recent times more environment friendly process for the samples were identified by powder XRD using a Seifert
the transformation of organics have gained considerable mo-XRD 3000P diffractometer on which the small and wide-
mentum[23]. The main area of concern is the large volume angle goniometers are mounted. The X-ray source was Cu
of effluents produced by variety of chemical processes. Im- Ka radiation ¢« = 0.15406 nm) with a voltage and current of
provement can be made in several ways, such as using al40kV and 20 mA, respectively. Mesophases of different sam-
ternative reagents and catalysts, increasing efficiency of theples were analyzed using a JEOL, JEM 2010 transmission
process, easier separation of products from reactants anctlectron microscope (TEM). The accelerating voltage was
recycling of reagents or catalysts. These eliminate the re-200kV. Prior to the TEM measurements, a small amount of
quirement for laborious and inefficient extraction processes. sample was sonicated in methanol/ethanol for 10 min, and
One of the major contributors to waste in a chemical pro- then a drop of the dispersed liquid was dropped onto the ho-
cess is the separation of product or catalyst from the re- ley carbon coated copper grid, followed by drying at room
action mixture. This stage often generates large volumestemperature. Bl adsorption measurements were carried out
of waste effluent. At the same time during the solvent ex- using an Autosorb-1 (Quantachrome) at 77 K. Pre-treatment
traction, the catalyst often gets destroyed. Thus, elimina- of the sample was done at 473K for 3h under high vac-
tion of these steps is highly desirable and this is one of the uum. A Bruker AM-300 NMR was used for MAS NMR
major goals of green chemistf24]. Here, we report the = measurement with a 7 mm zirconia rotor and 2.5-3.5kHz
selective, one pot and eco-friendly catalytic oxidation of cy- speed for more than 5h, scanning around 5000 scans. The
clohexene over Co-containing mesoporous silica using dif- 2°Si NMR was referenced with respect to external TMS.
ferent oxidants like aqueous,B», tert-butylhydroperoxide Morphology and particle size of different samples were an-
(TBHP, 70% aqueous) and moleculgrtocis-andtrans-1,2- alyzed using a Philips XI-30/FEG, XL-serial Scanning Elec-
cyclohexanediol without any other undesired over oxidized tron Microscope with an EDS (New XL-30) attachment.
products. UV-visible diffuse reflectance spectra were recorded on a
Shimadzu UV 2401PC with an integrating sphere attach-
ment. BaSQ@ was used as background standard. For the
Fourier transform infrared (FT-IR) measurement a Nicolet
Magna IR 750 was used. A Perkin Elmer 2380 AAS (atomic
Usually mesoporous silica based materials are synthesizedabsorption spectrophotometer) was used for wet chemical
in either acidic or basic conditiq25-27] Cobalt-containing analysis. EPR spectra were acquired using a Varian EPR
mesoporous silica samples were synthesized under modifiedspectrophotometer equipped with manual data acquisition.
mild acidic condition employing acid hydrolysis of organosil-  Prior to the chemical analysis solid samples were dissolved
ica source followed by the addition of base for precipitation in minimum amount of concentrated HF and HCI solutions
and condensation. Cog2bH,0 (Loba Chemie), was used as followed by evaporation for three times before making up
a Co(lll) source in this study. Tetraethyl orthosilicate (TEOS, the desired volume by distilled water. Liquid phase oxida-
E-Merck) was used as a silica source and cationic surfactanttion reactions were carried out in a two-necked round bot-
cetyltrimethylammonium bromide (CTAB, Loba Chemie) tom flask fitted with a water condenser and placed in an

2. Experimental
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Fig. 1. XRD pattern of as-synthesized (sample 1, a) and calcined Co(lll)-
containing mesoporous silica samples 2 (b), 3 (c) and 1 (d).

oil bath at 333-353 K with vigorous stirring. All samples
used as catalyst were dried for 4 h at 373 K before ug&:H
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3. Results and discussion
3.1. Synthesis

Three Co-containing mesoporous silica samples and a Co-
free pure silica MCM-41 sample have been synthesized with
different Si/Co mole ratios 8, 15, 30 angb, respectively,
in the synthesis gel. These samples have been designated as
samples 1, 2, 3 and 4, respectively. The Si/Co mole ratios
in the final products after the removal of template were 6.5,
13.7 and 27.2 (as measured by AAS) for samples 1, 2 and 3,
respectively.

3.2. Characterizations

Fig. 1 shows the XRD patterns of the as-synthesized (a,
sample 1) and calcined cobalt-containing mesoporous sam-
ples 3 (b), 2 (c) and 1 (d). These materials showed low angle
reflections only, with no noticeable high angle reflections.
Co-rich samples showed a little broader diffraction pattern.
Thed; oo for the low angle reflections of the as-synthesized
and calcined sample 3 were 3.62 and 3.43 nm, respectively.
Crystalline cobalt oxide usually has several reflectif2@j
between 10 and 5®f 26. The absence of any noticeable high
angle reflections indicated that the material is amorphous and
free from cobalt oxide impurity phasdsig. 2shows a TEM

or TBHP oxidants were added immediately before the start image of a representative mesoporous cobalt silicate (sam-
of the reactions. Air bubbles were constantly passed at aple 3). Hexagonal arrangement of the pores was quite clear.

very slow rate through the reaction mixture when molecu-
lar oxygen was used as oxidant. At different time intervals

The Fourier-transformed pattern with sixfold rotation axis
(Fig. 2b) suggests the hexagonal structure with a lattice con-

products were removed and were analyzed by capillary GC stant of (00 1) of 3.4 nm, which is in very close agreement

(Agilent4890D, FID). By comparing the retention times with

with the powder XRD data. The electron diffraction pattern

the known standards identification of the product was per- of a portion (insetFig. 2a) also supports this 2D-hexagonal

formed.

mesostructure.

7._ qk_h‘: “"

et R

E

Fig. 2. TEM image of the Co(lll)-containing mesoporous silica sample 3.
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Fig. 4. Solid state MAS NMR of sample 1.

Volume adsorbed [cc/g] STP

200

curves b—d). This could be attributed to the d—d transition.
f Corresponding pure silica SI-MCM-4Fig. 5¢) showed al-
100 - most no absorption in the region 200-800 nm. Usually, a
high-energy absorption edge due to tetrahedral coordination
T T T T T T T T T of other 3d transition elements has been observed for other
0.0 02 0.4 0.6 0.8 1.0 metallosilicate molecular siev§$9,32] On the other hand,
Relative pressure P/PO crystalline CeOs showed distinct sharp peakBig. 5a) at
357, 324 and 307 nm. Absence of any band at ca. 357 nm or
below ruled out any possibility of isolated or extra-framework
cobalt species in these mesoporous cobalt silicate samples.
For the calcined samples 1-3, EPR spectra (not shown) cor-
Fig. 3illustrates the Madsorption/desorptionisothermsof  responding to the high spin patterns forGavere observed,
calcined sample 1 (taken as arepresentative). These isothermsuggesting the presence of Co(lll) in these mesoporous ma-
resembled the type IV isotherm, typical for mesoporous terials. EPR spectra remained unchanged after the catalytic
materials[25,29] BET surface areas measured from these reactions, indicating that the oxidation state and chemical
isotherms were 556, 638 and 1028g72, for samples 1,2 environment remain unchanged after reaction and that the
and 4, respectively. Surface areas of these cobalt-containing
mesoporous silica samples were moderately large. Pore size
distribution employing the BJH model is shown in the inset
of Fig. 3. Quite broad distribution of pores with maximum
at ca. 172 was observed. The pore size estimated from the
TEMimage analysis agrees well with that frorp &isorption
isotherm. 1.0
The?9Si MAS NMR spectral pattern for calcined sample 2
is shown inFig. 4. This pattern is quite broad like amorphous
mesoporous silica. Three major peaks in this sampl®at5,
—103.8 and-111.0 ppm were observed. These peaks have
been assigned to tetrahedrdl, @° and ¢ silica species, re-
spectively. High @ percentage indicated highly condensed
network. Such a high fconcentration is of paramount im-
portance for the catalytic activity of silica based catalyst in
liquid phase partial oxidation reactions in the presence of
agueous KO, as oxidant, since reduction of surface silanols 0.0
introduces high hydrophobicity (and thus more affinity to- T T L T T
wards organic substrate$0,31] 200 400 600 800
The UV-visible spectra of mesoporous silica with differ- Wave length{nm]
ent CObal_t I_oadlngs as well as §0; are shown irFig. 5. Fig. 5. UV-visible diffuse reflectance spectra of 2C0g (a), calcined
Co-containing mesoporous silicas showed a very-broad ab-co(ii)-containing mesoporous silica samples 1 (b), 2 (c), 3 (d) and Si-
sorption band in the 360—625 nm wavelength regieig.(5 MCM-41 (e).

Fig. 3. N; adsorption/desorption isotherms of sample 1. Adsorption points
are marked by filled circles, and that for desorption ones are by open circles.
Pore size distribution has been shown in the inset.
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Intensity [a.u]

ff




S. Samanta et al. / Journal of Molecular Catalysis A: Chemical 222 (2004) 235-241 239

is shown. Spherical to plate-like morphology of the uniform
tiny particles with particle sizes in the range 50—-80 nm were
observed.

3.3. Catalysis

Cobalt-containing molecular sieves have been reported in
various catalytic reactiorf83—35]under gas or liquid phase
condition. Table 1gives conversion and product selectivity
for the oxidation of cyclohexene in the presence of dilute
H>02, TBHP and molecular @as oxidant over mesoporous
cobalt silicate samples using acetonitrile solvent. It is perti-
Fig. 6. FT-IR spectra of calcined pure silica MCM-41 (a) and Co(lll)- nentto r_nennon tha_‘t i,—TDZ conversionin all the cases is above
containing mesoporous silica sample 2 (b). Peaks fos €@htamination 90% using acetonitrile as solvent. In solvents methanol and
have been marked by an asterisk. chloroform, the reaction rates were slow and it took 18-20 h
to reach only 15-26% conversion with almost equal mo-

cobalt species are anchored strongly in the mesoporous silicdar concentrations afis- andtrans-1,2-cyclohexanediols as
framework. the main products. Neither pure silica MCM-41 nor,Ca

FT-IR spectra of the calcined samples 1 and 4 are showed any catalytic activity using these oxidants under iden-
shown in Fig. 6. Sharp peaks in the FT-IR spectra of ticalreaction conditions. As seen frofable 1 with increase
these as-synthesized mesoporous samples at 3334, 2918 reaction temperature TON for different set of reaction in-
and 2845 cm?! were observed. These could be attributed creases. Low Co loaded samples (2 and 3) showed better cat-
to SiO-H and G-H stretching vibrations for the template alytic efficiency Table 1 entries 4, 5 and 7). Mainlgis- and
CTAB. Disappearance of the-®l peaks in the calcined prod-  trans-1,2-diol products along with minor amount of epoxide
ucts indicated complete removal of the template CTAB. Ma- Were found in the reaction mixture. Highans selectivity
jor peaks at 3450, 1220-1070 and 972¢mwere observed ~ between the diastereomers of cyclohexanediol was observed
for the calcined samples. A broad peak at 3450tmould ~ When TBHP or Q was used as oxidaritgble ] entries 6-9).
be attributed to OH stretching of the defect SOH groups ~ This may be due to the higher stability of transition state in-
and residual water. A broad band observed at 1220-1070volving thetransadduct. The reaction was repeated for each
corresponds to SO-Si vibration for all the samples. Arela-  Of the oxidants and in all the cases almost equal (vis-a-vis
tively strong band observed at ca. 972¢nfor samples 1-3  first run) conversion was observed. Interestingly, no cobalt
could be attributed to the framework ©0—Si vibrationsas ~ was found to leach from the solid catalysts after the reac-
observed for other metallosilicat{g2]. Pure silicalites also  tions.
often show a very moderate band in this region as was ob- Almost no or negligible amount of intermediate epoxide
served inFig. 6a. Presence of such a relatively strong band Was detected even at the early stages of different reaction
is an indication of incorporation of isolated tetrahedrafCo ~ Mixtures, indicating that Co-containing mesoporous silica
species in the mesoporous silica.Aiy. 7the SEM image  catalyzed the present dihydroxylation reaction at a very fast

of the as-synthesized mesoporous cobalt silicate (sample 1yate and the €OH bond formation occurred possibly inside
the mesopore. If the reaction could proceed through epoxida-

tion, the oxirane ring opening would have occurred via attack
of external O molecules of the medium resulting in dihy-
droxylation. This suggested that unlike other dihydroxylation
reactiong36], where the reaction proceeds via epoxidation
followed by its hydrolysis, the present dihydroxylation re-
action possibly proceeds via=C bond breaking and simul-
taneous €0OH bond formation through a radical pathway.
Since the diols were formed as the predominant product for
all the oxidants, HO,, TBHP and Q, at 353K in acetoni-
trile, the intermediate oxygenated species is more hydrophilic
than cyclohexene. In our earlier resy®$], we had shown
that more hydrophobic epoxide undergoes rapid hydrolysis
over the TS-1/aqueous; B,/organic triphase system. This
is because of the fact that compared to the intermediate the
hydroxylated products are highly water soluble. Thus, the
presence of water facilitates the removal of the product from
Fig. 7. SEM image of sample 2. the catalyst surface. Water coming from dilute®3/TBHP

Transmitence % [a.u.]

4000 3000 2000 1000

Wave number [cm'l]
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Table 1

Oxidation of cyclohexene catalysed by Co-containing mesoporousssilica

Oxidant Temperature (K) % Conversion Product selectivity (%) ¥@Nol/mol-Co)
Epoxide Cis-diol Transdiol

H20, 333 47.2 3.2 48 51.7 134

H20, 343 60.0 - 31 68.3 17.1

H20, 353 80.6 - 3% 64.4 23.0

H20,°¢ 353 78.0 1.2 38 64.5 425

Ho0,¢ 353 70.2 1.8 e 57.8 69.4

TBHP 353 85.6 1.7 B 91.0 24.6

TBHP® 353 83.6 1.3 10 88.7 45.8

(07} 333 67.5 3.7 15 80.8 19.3

0O, 353 80.2 24 12 78.4 22.9

2 Solvent 5 g acetonitrile for 0.82 g cyclohexene, catalyst = 20 wt.% with respect to the substrate, sample 1 used as catalyst unless otherwise mentione
Reaction time = 12 h for all the reactions.

® Turn over number = moles of substrate converted per mole of Co.

¢ Sample 2 was used as catalyst.

d Sample 3 was used as catalyst.

and their decomposition products helped in the formation 01(1800)/02/EMR-II), New Delhi. Authors wish to thank Dr.
of considerable dihydroxylated product. When molecular O A. Manna for his help in SEM/EDS analysis.

was used as oxidant, the reaction mixture was devoid of any

residual water. However, in this case also predominantly diol

products (hightrans-1,2-cyclohexanediol selectivity) were
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