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Cobalt-containing hexagonal mesoporous molecular sieves (Co-HMS):
Synthesis, characterization and catalytic activity

in the oxidation reaction of ethylbenzene
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Abstract

Cobalt-containing hexagonal mesoporous materials (Co-HMS and Co/HMS) with different cobalt content were synthesized for the first time
by direct hydrothermal and post-synthesis (grafting) method. The materials were characterized in detail by X-ray diffraction, BET surface area,
N2 sorption isotherms, SEM, TEM, UV–vis and XPS techniques. Powder X-ray diffraction pattern, N2 adsorption–desorption analysis and TEM
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nalysis show the presence of hexagonal mesoporous structure, having Type IV isotherms and reveals the typical wormhole-like morphology.
pectroscopic techniques like UV–vis and XPS reveal cobalt in +2 oxidation state and tetrahedrally coordinated. Liquid phase oxidation of
thylbenzene using TBHP (70 wt%) as an oxidant shows that the catalysts are highly active, under solvent free conditions as well as under lower
obalt concentrations. Leaching studies performed by hot filtration experiments show that the cobalt catalysts prepared by hydrothermal methods
re stable, while the grafted catalysts show the leaching of cobalt under the reaction conditions.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Discovery of silica based family of mesoporous materials,
esignated as M41S, in last decade by Mobile Oil Corpora-
ion has attracted great attention because it extends the range
f molecular sieves materials into the varied large pore regime
1,2]. The pore size of the materials can be tuned by control-
ing the chain length of the structure-directing agent or by using
uxiliary solvent co-surfactant to swell the micelles. In another
pproach, neutral templating mechanism (S◦I◦) was followed to
repare mesoporous molecular sieves that are based on hydro-
en bonding and self-assembly between neutral primary amine
urfactant (S◦) and neutral inorganic precursor (I◦) [3,4]. This
eutral S◦I◦ templating route afforded a distinguishable subset
f hexagonal molecular sieves, designated as HMS [3]. Unlike
CM-41, HMS materials lack higher order Bragg reflections in

he XRD patterns while the electron diffraction patterns showed

∗ Corresponding author. Tel.: +91 2025893761; fax: +91 2025893761.
E-mail address: ap.singh@ncl.res.in (A.P. Singh).

that they possessed hexagonal symmetry similar to MCM-41.
Tanev et al. reported the synthesis of titanium containing hexag-
onal mesoporous silica (Ti-HMS) by using neutral amine sur-
factant for the first time and shown its high catalytic activity than
the Ti-MCM-41 catalysts for bulky substrates [3]. Compared to
conventional microporous zeolite, mesoporous materials pos-
sess many advantages such as high surface area, large pore size,
narrow pore size distribution, and an ordered structure. However,
the amorphous framework and the lack of active centers in the
pure silica mesoporous material limited their direct application.
As a result, more research work concerning mesoporous material
has been focused on enhancing their reactivity through chemical
modification. Synthetic routes exploit the advantageous prop-
erties of mesoporous silica by the isomorphous substitution,
impregnation, grafting and encapsulation of metal and metal
complexes. The identification and implementations of effective
catalytic systems for liquid phase oxidation, particularly in the
manufacturing of fine chemicals is considered to be one of the
major target of chemical industries. The need for such a system
is widely accepted, specifically to replace inorganic oxidant that
are using stoichiometric amounts and possessing handling and
381-1169/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
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environmental issues. Heterogeneous catalysts had many inher-
ent advantages such as ease of recovery and recycling of the
catalyst as well as suitable for continuous processing. A num-
ber of different strategies for the heterogenisation of the redox
active elements are being explored and include framework sub-
stituted molecular sieves. Cobalt acts as a very good catalyst
for Fischer–Tropsch reaction and had been further exploited for
long chain hydrocarbon synthesis [5]. Besides this, its excel-
lent performance in side chain oxidation of aromatics urged
researchers to deal more about the redox properties. Until now,
Ti, V, Al, B, Ga and Fe were successfully incorporated in the
framework of HMS [6–8]. However, no literature was found
on cobalt-substituted mesoporous HMS by direct synthesis
method.

Herein we report for the first time, the synthesis and char-
acterization of cobalt-containing hexagonal mesoporous silica
(Co-HMS) materials prepared by two different synthetic routes
and its catalytic activity evaluation in the liquid phase oxidation
reaction of ethylbenzene.

2. Experimental

The silica source used was tetraethyl orthosilicate (TEOS)
[Si(OC2H5)4, 98%] obtained from Lancaster. Hexadecyl amine
(HA) [C16H35N, 95%] was obtained from Aldrich. Ethyl alcohol
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2.1.2. Synthesis of cobalt-grafted hexagonal molecular
sieves (Co/HMS)

Cobalt acetylacteone (0.09 and 0.18 g for 1 and 2 wt%) was
dissolved in anhydrous toluene (100 g) and stirred for 1 h to make
a homogenous solution. To this solution, 2 g of calcined HMS
was added and stirred at 100 ◦C for 12 h. Thereafter the solvent
was evaporated and calcined at 525 ◦C as stated in Section 2.1.
The calcined material was designated as Co-HMS (1) and Co-
HMS (2) for 1 and 2 wt% cobalt loading.

2.2. Characterization

Powder X-ray diffraction pattern of the samples were
recorded on a Rigaku D max III VC Ni filtered Cu K� radiation,
λ = 1.5404 between 1 and 8 (2θ) with a scanning rate of 1◦ min−1.
The specific surface area, total pore volume and average pore
diameter measured by the N2 adsorption desorption method
using NOVA 1200 (Quanta Chrome) instrument. The samples
were activated at 300 ◦C for 3 h under vacuum and then adsorp-
tion desorption was conducted by passing nitrogen over samples
which was kept under liquid nitrogen. Pore size distribution was
obtained by applying BJH pore analysis method to the desorp-
tion branch of nitrogen adsorption isotherm. SEM micrograph of
the cobalt-containing samples were obtained on JEOL-JSM 520
scanning microscope while the TEM images were performed
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C2H5OH, 99.9%] was purchased from Merck. Cobalt acety-
acetone [Co(acac)2, 99%] was supplied by Across. All reagents
ere used as received without further purification.

.1. Synthesis

.1.1. Synthesis of cobalt-substituted hexagonal molecular
ieves (Co-HMS)

Co-HMS was prepared by direct hydrothermal method using
EOS as the inorganic source and HA as the structure-directing
gent. In a typical synthesis, in an ethyl alcohol–water mix-
ure (14.8 and 100 g, respectively) hexadecyl amine (3.38 g)
as added and stirred for 30 min at 30 ◦C. To this solution,
EOS (8.8 g) was added very slowly. After half an hour, an
thanolic solution of cobalt acetylacetone was poured into gel
n a dropwise manner and stirring was further continued for 3 h
pH 7.2).

Molar gel composition of the final gel mixture was as follows,

TEOS : xM : 0.33HA : 10.75EtOH : 139H2O

here ‘x’ is the calculated amount of cobalt for different Si/Co
atios. The gel was transferred into a glass bottle and kept in
n oil bath at 100 ◦C for 48 h. It was then filtered, washed
everal times with deionized water and dried at 100 ◦C for
2 h. Finally, the material was calcined at 525 ◦C for 12 h
nd designated as Co-HMS (100), Co-HMS (80) and Co-HMS
50) for Si/Co ratios of 100, 80 and 50, respectively. For
omparison, a pure siliceous HMS material was also synthe-
ized by the same method but without the addition of cobalt
cetylacteone.
n a JEOL-TEM 1200 EX instrument with 100 kV accelerating
oltage to probe the mesoporosity of the material. Cobalt content
n the samples was determined by atomic absorbance analysis
sing Perkin-Elmer 11013 spectrometer after dissolution of the
amples in HCl–HF solution. Diffuse reflectance UV–vis spectra
f the powder samples were recorded in the range 200–800 nm
n Shimadzu UV 2101 PC spectrometer equipped with a dif-
use reflectance attachment, using BaSO4 as the reference. XPS
easurements were performed on a VG Microtech ESCA 3000

nstrument using non-monochromatized Mg K� radiation at a
ass energy of 50 eV and an electron take off angle of 60◦. The
orrection of binding energy (B.E.) was performed by using the
1s peak of carbon at 285 eV as reference.

.3. Catalytic reaction

Oxidation reactions of ethylbenzene were performed in a
ound bottom flask fitted with a water condenser using tert-
utyl hydrogen peroxide (TBHP, 70 wt%) as an oxidant. The
eaction mixture of the ethylbenzene (1 g, 9.4 mmol) and TBHP
70 wt%, 1.22 g, 9.4 mmol) was added to catalyst (5 wt% with
espect to ethylbenzene) and heated at constant temperature
f 80 ◦C under magnetic stirring (Scheme 1). After reaction,

Scheme 1. Oxidation of ethylbenzene.
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Fig. 1. Powder X-ray diffraction of calcined [A] (a) Co-HMS (100), (b) Co-HMS (50); [B] (a) HMS, (b) Co/HMS (1), (c) Co/HMS (2).

the reaction mixture was cooled to room temperature and the
catalyst was separated by centrifugation. The products were
analyzed by gas chromatograph (6890) equipped with a flame
ionization detector (FID) and a capillary column (5 �m cross
linked methyl silicone gun 0.2 mm × 50 m) and was further
confirmed by GC–MS (Shimadzu 200A). Leaching of the metal
during the course of reaction was verified by resubmission of
the filtrate to the same reaction conditions.

3. Results and discussion

3.1. Powder X-ray diffraction

Fig. 1 shows the X- ray diffraction (XRD) pattern of cal-
cined cobalt-substituted and grafted HMS samples with different
amounts of cobalt. The XRD patterns are similar to the reports
of Tanev et al. [3]. Unlike MCM-41 material, HMS shows only
d1 0 0 reflection peak and the higher order Bragg’s reflections
are absent which suggests that the structure of the material is
poorly ordered [9,10]. In Co-HMS samples, increasing cobalt
amount results in a decrease in the intensity of d1 0 0 reflection

peak and the peak gets broadened with a slight shift in 2θ angle
towards lower value (Fig. 1A). Moreover, compared to pure
HMS sample, the cobalt-containing samples show an increase in
the d-spacing values (Table 1) and thereby increases the unit cell
values. In cobalt-containing HMS, we observed that the d val-
ues are greater than reported value [3,8–10]. This phenomenon
may be due to the high temperature hydrothermal synthesis
performed in the present case, than the earlier reported room
temperature synthesis. Indeed, Pauly and Pinnavaia claimed
that with increase in synthesis temperature, pore–pore corre-
lation distance systematically increased [9]. Contrary, in case of
Co/HMS sample, with an increase in amount of cobalt loading
the d1 0 0 reflection peak decreases with a corresponding shift to
higher 2θ values due to accumulation of cobalt on the surface of
the wall (Fig. 1B).

3.2. Nitrogen adsorption–desorption measurements

N2 adsorption–desorption isotherms and pore size distri-
bution curves, determined from the BJH method, of cobalt-
containing HMS materials are shown in Figs. 2 and 3 and the

Table 1
Physical properties of cobalt-containing HMS catalyst

Entry Catalysta Cobalt contentb (wt%) d1 0 0 (Å) SBET (m2/g) Pore volume Vp (cc/g)

1
2
3
4
5

hesize
C post-
HMS –
Co-HMS (100) 0.98
Co-HMS (50) 1.90
Co/HMS (1) 1.05
Co/HMS (2) 1.97

a Co-HMS (100) and Co-HMS (50) stands for cobalt-containing HMS synt
o/HMS (1) and Co/HMS (2) stand for cobalt-containing HMS synthesized by
b The Co content calculated by AAS.
62.11 503 1.32
62.39 538 1.29
62.47 618 1.20
61.74 485 1.25
61.52 462 1.17

d by direct hydrothermal method with Si/Co ratios 100 and 50, respectively.
synthesis method with 1 and 2 wt% cobalt loading, respectively.
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Fig. 2. N2 adsorption desorption isotherms of: (a) HMS, (b) Co/HMS (1), (c)
Co/HMS (2), (d) Co-HMS (100) and (e) Co-HMS (50).

corresponding textual parameters are given in Table 1 [11,12].
Isotherms of all samples show Type IV isotherm, according to
IUPAC classification, at higher relative pressures (p/po), which
is typical of mesoporous materials with one-dimensional cylin-
drical channels having bigger pore size [13]. Unlike MCM-41,
the capillary condensation for the HMS samples was observed
at higher relative pressure, indicating a pore enlargement and
are consistent with the XRD results. Moreover, unlike the pore
size distribution (PSD) curves obtained for M41S samples,
the present HMS samples produce broad PSD curves. These
structural differences show a different pore array for the HMS
materials, prepared by the amine templated inorganic materi-
als. In addition we observed that the pore size of Co-HMS
samples are higher than pure HMS samples. Such kinds of
results are noted for V-MCM-41 samples and are attributed to
the substitution of vanadium in the frame wall positions [14].
Such a consideration in the present Co-HMS samples suggest
that cobalt gets incorporated inside the framework and thereby
enlarges its pore size. The surface area of pure HMS sam-
ple shows a high surface area of 503 m2 g−1 and after cobalt
substitution surface area gets increased to 538 m2 g−1 for Co-
HMS (100) and 618 m2 g−1 for Co-HMS (50). However, as
expected, the surface area of the grafted catalysts gets decreased
and amounts to 96.4 and 92% for Co/HMS (1) and Co/HMS
(2), respectively. This decrease in surface area may be due to
the partial blockage of pores by forming cobalt oxide particles
i

Fig. 3. BJH pore diameter of cobalt-containing mesoporous material: (a) HMS,
(b) Co/HMS (1), (c) Co/HMS (2), (d) Co-HMS (100) and (e) Co-HMS (50).

ever, these modifications had not changed the overall structural
features of the material, as observed from the XRD and sorption
isotherms.

3.3. Electron microscopy

Morphology as well as structural ordering of cobalt-
containing HMS samples were analyzed by electron microscopy
studies and are shown in Fig. 4. SEM picture of Co-HMS sam-
ples shows discrete spherical particles of diameter ∼0.5–2 �m.
Contrary, cobalt-grafted HMS samples show disordered spher-
ical structures with the presence of agglomerated particles.
Moreover, TEM images show the characteristic wormhole-like
morphology for both the cobalt-containing samples [9]. Simi-
lar to SEM results, TEM images of cobalt-grafted samples also
show the presence of agglomerated particles. Thus, the elec-
tronic microscopic studies show that the morphology of the HMS
sample differs with the way of introduction of metal species
inside the HMS matrix viz. direct synthesis and post-synthesis
method.

3.4. Diffuse reflectance UV–vis spectra

Diffuse reflectance UV–vis spectroscopy is a powerful tech-
nique for gaining information about the coordination environ-
ment and oxidation states of metal species in various molecular
s
nside the pore channels by the post-synthesis method. How-
 ieves. Hence, to determine the coordination environment of
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Fig. 4. SEM images of calcined cobalt-containing mesoporous: (A) Co-HMS (100), (B) Co/HMS (1); and TEM images of calcined cobalt-containing mesoporous
(C) Co-HMS (100), (D) Co/HMS (1).

cobalt inside the HMS samples, DR UV–vis analyses was car-
ried out in the range 12,000–35,000 cm−1 and are given in Fig. 5.
Irrespective of the synthesis method, UV–vis analysis display
an intense, three absorption maxima in the visible region. This
triplet is assigned to the 4A2(F) → 4T1(P) transitions of high
spin (d7) Co2+ in tetrahedral position. This clearly indicates that
cobalt is in the tetrahedral coordination with the support surface
and the blue colour of the samples further supports this assign-

ment [15–18]. For Co-HMS (50), a broad peak was observed
around 27,000 cm−1 corresponding to the charge transfer bands
of Co3+ in distorted tetrahedral position [19,23]. Moreover, it
is apparent from Fig. 5 that the intensities of the triplet bands
gets increased and broadened with an increase in the cobalt con-
tent. Bands above the 35,000 cm−1 are assigned to either charge
transfer from O2− to Co2+ or own absorption of molecular sieves
[20–22].

F terial
(

ig. 5. Diffuse reflectance UV–vis spectra of cobalt-containing mesoporous ma
2).
s: [A] (a) Co-HMS (100), (b) Co-HMS (50); [B] (a) Co/HMS (1), (b) Co/HMS
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Fig. 6. XPS spectra of: [A] (a) Co-HMS (100), (b) Co-HMS (50); [B] (a) Co/HMS (1), (b) Co/HMS (2).

3.5. X-ray photoelectron spectra

XPS helps in the identification of oxidation state by exact
measurement of peak positions and separation as well as from
certain spectral features. X-ray photoelectron spectra of cobalt
incorporated and grafted samples are shown in Fig. 6. For the
grafted samples, the Co 2p3/2 transition peak occurs at 781.7 eV
while 2p1/2 at 797.9 eV. With increase in the metal content, inten-
sity of the 2p3/2 and 2p1/2 peaks was increased with some broad-
ening. The energy difference between 2p1/2 and 2p3/2 peaks is
15.6 eV. It is close to that of Co2+ (16 eV) rather than Co3+

compounds (15.0 eV) [24,25]. This clearly indicates the pres-
ence of cobalt in +2 oxidation state which is in good agreement
with the result from UV–vis spectra. Interestingly, the Co-HMS
samples were devoid from the characteristic 2p peak (2p1/2 and
2p3/2), which may be due to the fewer amounts of surface cobalt
species in case of hydrothermally synthesized Co-HMS samples.
However, for the grafted Co/HMS the percentage of the cobalt
species detected is very high because of the post-synthesis graft-
ing method. Since XPS is a surface technique, the present results
suggest that more cobalt species resides on the support surface in
Co/HMS samples, while since the cobalt gets substituted inside
the framework for Co-HMS samples, they are not detectable by
the XPS. Hence the Co 2p1/2 and 2p3/2 peaks are very prominent
for the Co/HMS than Co-HMS samples, even though both the
catalysts contain similar cobalt content.

3

c
w
f

acteophenone (AP) and benzoic acid (BA). The choice of the oxi-
dant was tert-butyl hydroperoxide (TBHP) since aqu. hydrogen
peroxide (H2O2) had not shown any conversion of the ethylben-
zene.

In order to probe the role of solvents, series of solvent like
CH3CN, CH2Cl2, (CH3)2CO and C2H5OH were used in the
present reaction. When solvents were used for the oxidation of
ethyl benzene, the conversions are less and follows the order
CH3CN (32.4) > CH2Cl2 (29.4) > (CH3)2CO (12.8) > C2H5OH
(0.8) and the selectivity towards the desired product ace-
tophenone follows the order (CH3)2CO (39.0) > CH3CN
(36.8) > CH2Cl2 (31.2) for Co-HMS(100), after 24 h of the reac-
tion (Fig. 7B). Interestingly, the conversion was maximum under
solvent free conditions for both the cobalt-containing samples
Co-HMS (100) and Co/HMS (1) showed a maximum conversion
of 49.5 and 39.0 wt%, respectively, after 24 h (Fig. 7B, Table 2).
The selectivity towards acetophenone was found greater than
59% in absence of solvent over cobalt-containing HMS cata-
lysts. The formation of other products viz. benzaldehyde may
arise from the cleavage in the C–C bonds while the presence

Table 2
Catalytic activity of Co-HMS and Co/HMS for the oxidation of ethylbenzene

Entry Catalyst EB Conversion
(wt%)

Selectivity (wt%)

1
2
3
4
5

R
t

.6. Catalytic performance

In order to evaluate the catalytic activity of the cobalt-
ontaining HMS samples, oxidation reaction of ethyl, benzene
as carried out as a model reaction. Catalytic results show the

ormation of three oxidized products viz. benzaldehyde (BZ),
BZ AP BA

HMS 0 – – –
Co-HMS (100) 49.5 25.0 60.0 15.0
Co-HMS (50) 36.9 21.7 59.2 18.5
Co/HMS (1) 39.0 37.2 65.4 14.0
Co/HMS (2) 35.0 34.8 63.3 15.0

eaction conditions: ethylbenzene 1 g; TBHP 1.22 g; catalyst 0.05 g, tempera-
ure 80 ◦C; reaction time 24 h (absence of solvent).
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Fig. 7. [A] Conversion of ethylbenzene vs. time in solvent free media; [B] Influence of different solvent on catalytic activity for the catalyst Co-HMS (100).

of benzoic acid may results from the oxidation of benzaldehyde
formed. Hence we suggest that solvent had negative impact over
the performance of the cobalt-containing catalyst, which may
possibly arise from the blocking of the active catalytic sites by
the solvent molecules. Moreover, cobalt incorporated HMS sam-
ples (Co-HMS) shows a decrease in conversion with an increase
in the cobalt content in the HMS matrix. The decreased con-
version obtained for Co-HMS having lower Si/Co ratio may
be due to the presence of nanosized cobalt particles that are

unable to detect by the UV–vis and XPS techniques. Thus, the
higher catalytic activity of Co-HMS (100) sample shows the
well dispersion of cobalt in the framework and the presence of
isolated cobalt sites are easily accessible for the substrate. In
grafted cobalt samples also the conversion gets decreased with
increasing the percentage of cobalt loading (1–2 wt%). Thus, the
decreased conversions obtained at higher cobalt loadings can be
ascribed to the formation of Co3O4 species, irrespective of the
synthesis method.

F f solv
m aceto
a d filtr
ig. 8. Leaching study: [A] Conversion of ethylbenzene vs. time in absence o
onitored for further reactions; [B] Conversion of ethylbenzene vs. time using

nd filtrate used after 6h, (c) Co/HMS (1) and (d) Co/HMS (1) was removed an
ent for (a) Co-HMS (100) and (b) catalyst removed after 6h and filtrate was
nitrile as solvent for: (a) Co-HMS (100) and (b) Co-HMS (100) was removed
ate used after 6h.
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The heterogeneity of the catalyst was verified by perform-
ing the typical hot filtration experiments, under solvent free as
well as in presence of solvents. The catalyst applied under the
reaction condition was removed after 6 h catalytic run and the
filtrate was monitored for further reactions. Interestingly, in the
absence of solvent, conversion was not significantly enhanced
after catalysts removal and shows a conversion of 23.6% after
24 h (Fig. 8A). However, in presence of acetonitrile solvent, the
Co-HMS (100) and Co/HMS (1) catalysts show the leaching
of active sites and among them the grafted catalyst shows an
almost similar conversion like the fresh cycle (Fig. 8B). This
result indicate that cobalt-containing catalyst are more stable
under solvent free conditions and the catalyst prepared by direct
hydrothermal methods shows limited leaching than the grafted
catalysts. This finding is in contradiction to the earlier report,
that leached cobalt species are not active in oxidation reactions
[26].

4. Conclusion

Cobalt-containing hexagonal mesoporous molecular sieves
were synthesized by direct hydrothermal and post-synthesis
methods. The materials show the characteristic d1 0 0 reflection
peak in the low angle and retain its structure and morphology
after the introduction of cobalt in the support matrix. SEM
and TEM images indicate agglomeration of particles after
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