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Abstract

Thermally stable divalent cobalt-substituted hexagonal mesoporous aluminophosphate, CoHMA molecular sieves were hydro
synthesized and systematically characterized by several analytical and spectroscopic techniques. XRD, TEM, ED, ICP-AES, T
N2 sorption, DR-UV–vis, XANES, and NH3-TPD studies showed isomorphous substitution of divalent cobalt in a tetrahedral fram
of a mesoporous aluminophosphate matrix. Furthermore, the blue color of CoHMA, before and after thermal treatment, further c
the tetrahedral environment of divalent cobalt in the matrix. As a result, the CoHMA catalyst showed excellent activity for the o
of cycloalkanes, that is, cyclohexane, cyclooctane and cyclododecane, under mild reaction conditions. Unlike the many other co
heterogeneous catalysts reported so far, CoHMA does not show any dislodgement or segregation of cobalt with calcination or
postsynthesis treatments. In this study, the performance of CoHMA was also compared with the cobalt-containing microporous alu
phate, that is, CoAPO-5 with AFI topology, as well as with both microporous and mesoporous analogues of cobalt silicate molecu
that have MFI or MCM-41 structures.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Cobalt complexes/reagents in stoichiometric or catal
amounts are known to be efficient in many homogene
oxidation reactions. Among the cobalt-based homogen
catalysts reported so far, the cobalt complexes of acet
porphyrins, phthalocyanines, naphthenates, etc. have
extensively studied, with a special emphasis on the oxida
reaction of cyclohexane[1–7]. These catalysts are genera
used either for the direct oxidation of cyclohexane to ad
acid or to K-A oil (a mixture of cyclohexanone and cycl
hexanol), depending on the reaction conditions used.
cyclohexane oxidation process has been of particular in
est in recent years for both academic and industrial reas
* Corresponding author. Fax: +91 22 2572 3480.
E-mail address: selvam@iitb.ac.in(P. Selvam).
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because of the importance of the reaction products[8]. The
lower stability of Co(III) salts/complexes compared w
Co(II) has led to a wide range of applications of Co(II) ca
lysts in combination with weak organic acids, such as ac
acid [3,6,7,9]. However, the characteristics of these solu
homogeneous catalysts often pose a serious obstacle to
practical utility because of various problems like easy
activation and difficulty in regeneration of the catalysts, a
tedious procedures needed for the separation of the prod
Therefore, it is important that the scientific community d
velop cleaner, environmentally benign, heterogeneous c
lysts. In this regard, several cobalt-based heterogeneou
alysts have been proposed. One class of heterogeneou
alysts is composed of catalytically active metal comple

immobilized/anchored within a zeolite matrix with the so-
called ship-in-a-bottle strategy[9]. Unfortunately, in many
cases, the active metal complexes leach out under the reac-
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tion conditions. The other class of heterogeneous catal
transition-metal-ion-incorporating molecular sieves or m
ion supported on inert matrix, has been used. However
transition-metal-ion-incorporating molecular sieve appro
has been found to be more effective compared with the
ported methodology.

Consequently, the insertion of divalent cobalt has b
reported for many microporous silicate and aluminoph
phate molecular sieves[10–13], and these catalysts hav
been used for the oxidation of cyclohexane[14–21]. How-
ever, the small pore opening of these microporous molec
sieve catalysts restricts their application in processes d
ing with bulky molecules, in addition to the typical proble
of leaching of the active cobalt ions from the matrix. On
other hand, isomorphous substitution of divalent cobal
various mesoporous silicate molecular sieves with MCM-
MCM-48, and SBA-1 structures has been attempted. H
ever, the large size and charge difference between diva
cobalt and tetravalent silicon and the compact network of
silicate framework have led to the formation of cobalt o
ide clusters inside the mesopores of the framework struc
[22–24]. Maschmeyer and co-workers[25,26] have encap
sulated active homogeneous cobalt complexes inside m
pores, but the lifetime, activity, and heterogeneous natur
the catalyst remain to be addressed.

On the other hand, the successful synthesis of therm
stable metal-ion-incorporating, hexagonal mesoporous
minophosphates (HMAs) has opened up new prospects
excellent opportunities in the area of heterogeneous c
ysis [27]. In this paper, we present a detailed study of
synthesis and characterization of divalent cobalt-substit
hexagonal mesoporous aluminophosphates, CoHMA m
cular sieves. The performance of the catalyst was e
uated for the oxidation reaction of cycloalkanes, that
cyclohexane, cyclooctane, and cyclododecane, under
reaction conditions. Furthermore, the catalytic activity
CoHMA was also compared with that of cobalt-contain
mesoporous silicate (Co/MCM-41), microporous cobalt a
minophosphate (CoAPO-5), and cobalt silicalite-1 (Co/S
catalysts.

2. Experimental

2.1. Starting materials

The starting materials and their sources were phosph
acid (85%; Qualigens), aluminum isopropoxide (97
Merck), tetramethyl ammonium hydroxide (TMAOH
25 wt% in water; Aldrich), cetyltrimethylammonium chlo
ride (CTAC, 25 wt% in water; Aldrich), fumed silica (99.8%
Aldrich), cetyltrimethylammonium bromide (CTAB, 99%
Aldrich), sodium hydroxide (NaOH, 98%; Loba), coba

tous acetate (Co(CH3COO)2·4H2O, 99%; SD fine); tri-
ethylamine (99.5%; Thomas Baker), cobalt oxide (CoO,
70% Co; SD fine chemicals), pseudoboehmite (70%; Vista),
f Catalysis 233 (2005) 276–287 277
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tetrapropylammonium bromide (TPAB, 98%; Lancaste
cyclohexane (99.5%; Merck),tert-butyl hydroperoxide
(TBHP, 70% aqueous solution; Lancaster), cyclooct
(99%; Lancaster), cyclododecane (99%; Lancaster), me
ethyl ketone (MEK, 99.5%; SD fine), and glacial acetic a
(>99%; Fischer).

2.2. Synthesis

2.2.1. CoHMA
Phosphoric acid (1.4 ml) was first diluted with 11.7

water, and then 4.08 g aluminum isopropoxide was ad
with vigorous stirring, followed by the addition of coba
acetate solution (0.378 g in 5 ml water). The mixtu
was kept under constant stirring at 343 K for 1 h, a
then TMAOH (7.3 ml) was added dropwise. The slu
was kept under stirring for few hours. To this mixtu
CTAC (13.2 ml) was added dropwise and stirred for
other 12 h. The pH was maintained at 10 with a fi
(molar) gel composition of (1− x) Al2O3:P2O5:2x CoO:
0.5 (CTA)2O:1.25 (TMA)2O:70 H2O. By varying the value
of x, we prepared several CoHMA compositions with d
ferent Co/[Al + P] (molar) ratios, that is, CoHMA(0.005
CoHMA(0.01), CoHMA(0.02), and CoHMA(0.04). Th
mixture was then transferred to a Teflon-lined autoclave
heated for crystallization at 373 K for 72 h. The result
solid product was washed repeatedly with distilled wa
filtered, and dried at 343 K for 12 h. The as-synthesi
samples were then calcined at 823 K for 1 h under flow
N2, followed by 2 h in O2.

2.2.2. Co/MCM-41
The procedure adopted for the synthesis of Co/MCM

was as follows[22]. A solution of cobalt acetate (0.249
was made with 20 ml H2O. Water glass was prepared wi
1.2 g NaOH, 3 g SiO2, and 13.2 ml H2O. To water glass
a cobalt solution was added dropwise with vigorous stirri
and, subsequently, 0.3 ml H2SO4 and 4 ml H2O were also
added to the same. This solution is referred to as A. CT
(7.2892 g) was added slowly to 22 ml H2O and stirred for
30 min (solution B). Then solution B was slowly added
solution A and was stirred for 1 h to get a homogeneous
with pH 11.3. The final gel (with a molar gel compositio
of 1 SiO2:0.020 CoO:0.3 Na2O:0.08 H2SO4:0.2 (CTA)2O:
78 H2O (Co/Si = 0.02)) was kept in a Teflon-lined auto
clave in an air oven at 393 K for 216 h. The pink so
products were washed, filtered, and dried for 12 h at 35
All of these as-synthesized products were calcined in a tu
lar furnace at 823 K for 2 h in a flow of N2 and in air for 8 h.

2.2.3. CoAPO-5
In a typical procedure used to synthesize CoAPO-5[10],

6.66 ml phosphoric acid was diluted with 20 ml water, a

to this a cobalt acetate (1.582 g) solution in water (10 ml)
was added. After a few minutes 7.14 g pseudoboehmite was
added slowly, and the mixture was stirred for 2 h until a
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homogeneous slurry was obtained. The organic temp
triethylamine (10.45 ml), was finally added dropwise a
was stirred vigorously for 2 h. The final gel (with a com
position of 0.96 Al2O3:P2O5:0.75 TEA:0.08 CoO:17 H2O
(Co/[Al + P] = 0.02); pH 5.4) was subjected to a hydroth
mal treatment at 463 K for 144 h in a Teflon-lined autocla
The as-synthesized sample was calcined at 873 K unde
for 10 h.

2.2.4. Co/S-1
Co/S-1 was synthesized hydrothermally with a proced

reported in the literature for Cr/S-1[28] with a typical mo-
lar gel composition of 1 SiO2:0.5 Na2O:0.5 (TPA)2O:0.020
CoO:100 H2O (Co/Si = 0.02). First 4.0 g of fumed silica
was dissolved in an aqueous NaOH solution (2.7 g in 30
water). To this, TPAB (17.7 g) was added slowly; then
aqueous solution of cobalt acetate (0.332 g in 10 ml wa
was added, and the resulting gel was stirred for 3 h. The
gel was transferred into a Teflon-lined stainless-steel a
clave and was kept in an air oven for crystallization at 45
for 86 h. The solid product obtained was washed, filte
and dried at 373 K for 12 h. The as-synthesized sam
were calcined at 823 K for 12 h under air.

2.3. Characterization

The as-synthesized and calcined samples were ch
terized by several analytical and spectroscopic techniq
Powder X-ray diffraction (XRD) patterns were recorded
a Rigaku-miniflex diffractometer with nickel-filtered Cu-Kα

radiation (λ = 1.5418 Å) and a step size of 0.02◦. Transmis-
sion electron micrograph (TEM) images and electron
fraction (ED) were recorded on a Philips 200 microsco
operated at 160 kV. The sample (in fine powdered form)
dispersed in ethanol with sonication (Oscar ultrasonics);
a drop of the sample was placed on a carbon-coated
per grid (300 mesh; Sigma-Aldrich). The elemental ana
sis of the various samples was carried out by inductiv
coupled plasma–atomic emission spectroscopy (ICP-A
with Labtam Plasma Lab 8440 equipment. Thermogravi
try/differential thermal analysis (TG-DTA) measureme
were performed with∼ 15 mg of the sample on a Dupo
9900/2100 TG/DTA system under a nitrogen atmosph
(40 ml min−1) with a heating rate of 10◦C min−1.

Surface area measurements were performed on a So
matic-1990 instrument. Before measurement, the calc
sample was evacuated at 423 K for 12 h under vacu
(10−3 Torr; 1 Torr= 133.33 Pa). The specific surface ar
was calculated with the Brunauer–Emmett–Teller (SS
BET) method, and the pore size was calculated with
Horvath–Kawazoe method. The pore volume was de
mined from the amount of N2 adsorbed atP/P0 = 0.5.
Diffuse-reflectance ultraviolet and visible (DR-UV–vi

spectra were recorded on a UV-260 Shimadzu spectropho
tometer (190–900-nm range) with Whatman-40 filter paper
as a standard under ambient conditions. The XANES mea-
f Catalysis 233 (2005) 276–287
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surements were made with a focusing spectrograph o
Cauchois type with different radii of curvature and a lab
ratory source of X-rays. All of the experiments were p
formed at room temperature on finely powdered samp
which were mounted on cellophane adhesive tape. The s
tra were background subtracted and normalized to 1.0
respect to the point well above the edge. The first and se
derivatives were also taken to bring out clearly the ene
position and relative intensity of the spectral features of s
ples under investigation. It is important to note here that b
DR-UV–vis and XANES studies were performed under
(dry condition; maintained with active silica in a closed sa
ple vessel). Before measurements all of the samples
dried at 383 K for 2 h to remove adsorbed gas/water m
cules.

The acidic behavior of the protonated catalyst was s
ied by temperature-programmed desorption of ammo
(TPDA). About 400 mg of sample was placed in quartz
actor and was activated at 823 K in air for 6 h followed
2 h in helium (with a flow rate of 50 ml min−1). Then the re-
actor was cooled to 373 K and maintained for another h
under the same conditions. Ammonia adsorption was
ried out with a gas flow through the sample for 15–20 m
at this temperature. Subsequently, it was purged with
lium for an hour to remove the physisorbed ammonia.
carried out the desorption of ammonia heating the re
tor to 873 K at a rate of 10 K min−1 with a temperature
programmer (Eurotherm). The amount of ammonia d
orbed was estimated with the aid of a thermal conduc
detector (TCD) response factor for ammonia. The dec
volution was carried out with an MS-DOS program w
Gaussian function. Unless otherwise stated, the catalyst
in the present study was Co/[Al + P], and Co/Si ratio was
0.02.

2.4. Oxidation of cycloalkanes

2.4.1. Reaction procedure
The oxidation of cyclohexane (18 mmol) was carried

in the presence of 5 mmol initiator (MEK) at 373 K fo
12 h under atmospheric pressure, with 50 mg of the c
lyst, 18 mmol of oxidant (30% H2O2), and 10 ml of solven
(acetic acid). After the reaction, the catalyst was separ
and the products were extracted with ether and analyze
GC with a Carbowax column. The cyclohexane oxidat
reaction was also carried out with various other solve
such as methanol, tetrahydrofuran (THF), and acetone
der the same reaction conditions. Furthermore, the influe
of different oxidants, such as air, oxygen, andtert-butyl
hydroperoxide, on the reaction was investigated. Oxida
of cyclooctane (18 mmol) and cyclododecane (12 mm
was carried out under conditions similar to those mentio
above for the cyclohexane reaction, but the only cha

-made for cyclooctane and cyclododecane was that mixed
solvents (5 ml acetic acid+ 5 ml CH2Cl2) were applied to
make a homogeneous reaction mixture.
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2.4.2. Recycling studies
After the first run, the catalyst was filtered, washed w

distilled water three times, dried in an air oven, activate
773 K for 6 h, and used for the subsequent recycling stud

2.4.3. Washing studies
The calcined catalyst (100 mg) was washed with 25

1 M ammonium acetate for 12 h at room temperature w
constant stirring. Then the catalyst was filtered, wash
dried, and activated at 773 K for 6 h. This catalyst is refer
to as washed catalyst.

2.4.4. Filtrate and quenching studies
In the filtrate study, the reaction was carried out with

filtrate collected at room temperature, that is, the reac
mixture was cooled to room temperature and then filte
On the other hand, in the quenching studies, the reaction
carried out with the filtrate collected while it was hot.

3. Results and discussion

XRD patterns of all of the as-synthesized CoHM
(Fig. 1) samples showed typical features characteristic
mesoporous hexagonal system[29,30]. The reflections were
well defined (see inset), indicating that the samples prep
here were of good quality. The average unit cell dimens
(a0) of the CoHMA samples was larger than the correspo
ing Co-free HMA. Thea0 values, however, increase with a
increase in cobalt content in the structure (Table 1). This ob-
servation plausibly suggests the substitution/incorpora
of Co(II) in the HMA matrix. It is clear from the figure tha
upon calcination (removal of the surfactants), the unit
shrinks for of all the samples because of framework cont
tion. Furthermore, higher order reflections disappeared,
only a single broad corresponding reflection was obser

Similar observations were also reported by most of the re-

b Average unit cell parameter (a0) calculated using 1/d2 = 4/3(h2 + hk + k2/a
c After used for cyclohexane oxidation.
d Cobalt-free sample.
f Catalysis 233 (2005) 276–287 279

Fig. 1. XRD patterns (a) HMA; (b) CoHMA(0.005); (c) CoHMA(0.01
(d) CoHMA(0.02); (e) CoHMA(0.04); (f) calcined CoHMA(0.02) afte
reused. The inset shows the expanded diffraction pattern in the 2θ region
2◦–8◦.

ogy or to the disordered structure[30–33]. Shown inFig. 2
are the TEM image and ED pattern of calcined CoHM
The former clearly indicates a disordered hexagonal arra
mesopores, and the latter, the good quality of the sam
Fig. 3depicts the XRD patterns of Co/MCM-41. The distin
profiles are typical of MCM-41 structure[30,34]. In general,
the incorporation of a larger cation such as Co(II), with
crystal radius of 0.72 Å, in a silicate matrix, that is, Si(I

in tetrahedral geometry with a crystal radius of 0.40 Å,

ntly.
searchers working on HMA, who concluded that this may
be due to finite size effects of very fine particle morphol-

is expected to increase the lattice parameter significa
However, it can be seen fromTable 1that there was little

Table 1
XRD and N2 sorption data of various cobalt-containing HMA and MCM-41 samples

Samplea XRD N2 sorption data

As-synthesized,
a0

b (Å)
Calcined,
a0

b (Å)
Surface area
(m2 g−1)

Pore volume
(ml g−1)

Pore diameter
(Å)

HMAc 45.4 33.7 985 0.47 25
CoHMA(0.005) 46.3 36.6 950 0.45 25
CoHMA(0.01) 46.7 37.5 975 0.50 26
CoHMA(0.02) 47.2 38.8 931 0.44 26
CoHMA(0.02)d 47.2 38.7 925 0.42 27
CoHMA(0.04) 47.6 41.9 900 0.42 28
MCM-41c 46.6 40.5 1080 0.80 30
Co/MCM-41(0.02) 46.8 43.3 850 0.65 31

a Numbers in parentheses indicate the nominal Co/[Al + P] or Co/Si ratios.

2).
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Fig. 2. TEM image (a); ED pattern (b) of calcined CoHMA(0.02).

or no increase in the lattice constant, even with a consi
able increase in cobalt content. This indicates that the co
ions are not substituted in the tetrahedral framework of
silicate matrix. XRD patterns of CoAPO-5 (a = 13.77 Å,
c = 8.43 Å) and Co/S-1 (a = 20.10 Å, b = 19.99 Å, and
c = 13.43 Å) have shown that the samples are well crys
lized, with AFI and MFI topologies[35,36].

TG of all of the as-synthesized CoHMA samples (not
produced here) showed a total weight loss of 60–65%
three different stages, which is typical of mesoporous
terials, corresponding to adsorbed water, occluded su
tant, and charge-compensating organic base[37]. On the

other hand, the calcined CoHMA samples (not reproduced
here) showed a weight loss in the 20–25% range due to
the adsorbed water/gaseous molecules, with a correspond
f Catalysis 233 (2005) 276–287

Fig. 3. XRD patterns of: (a) as-synthesized MCM-41; (b) calcin
MCM-41; (c) as-synthesized Co/MCM-41; (d) calcined Co/MCM-4
(e) recycled Co/MCM-41.

ing endothermic transition at 383–393 K in DTA, indicati
the mesoporous nature of the samples. The calcined Co
HMA sample showed 18% weight loss. The hydrophilic n
ture of the CoHMA samples is due to the formation of a
sites generated by the incorporation of Co(II) for Al(I
ions.

The TG results are well supported by TPDA stud
(Fig. 4). It can be seen from this figure that the desorpt
pattern of cobalt-free HMA consists of two distinct pea
concentrated at 443 and 873 K. The desorption peak a
lower temperature range mostly consists of P–OH or Al–
defect sites in the matrix, corresponding to weak Brøns
acid sites. The peak at the higher temperature correspon
the Lewis acid sites of the sample. Similarly weak Brøns
acid sites were also observed for the CoHMA profile[38–
40]. In addition to the peaks observed for HMA, CoHM
shows a strong shoulder around 573–673 K, which co
sponds to the structural Brønsted acid sites generated b
incorporation of Co2+ for Al3+. This structural Brønste
acid sites are generated because of the charge differenc
tween the Al3+ ion and the Co2+ ion, which replaced it in the
process of substitution, because of which the lattice acqu
a one-electron charge that must be compensated for by a
traframework cation for the stabilization of the matrix. In t
as-synthesized sample the CTA+ or TMA+ acts as the ex
traframework cation, and after calcination, they give rise
-

a proton at the charge balancing cation. A similar type of ob-
servation is also reported for CoAPOn molecular sieves[41,
42]. In microporous aluminophosphates it has been shown
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Fig. 4. Temperature-programmed desorption of ammonia of calcined
ples: (a) HMA; (b) CoHMA(0.02).

that by the partial hydrolysis of Al–O–P bonds, according
the reaction

–Al–O–P–+ H2O ↔ –Al–OH + HO–P–,

weak Brønsted acid sites arise[43]. We expect that the sam
phenomenon is also occurring for mesoporous aluminop
phates. On the other hand, the peak at the higher temper
range may form because of the presence of tricoordin
aluminum or octahedral aluminum oxide or oxyhydrox
species present in the matrix due to incomplete condens
of the network[44]. It is also demonstrated in the literatu
that framework cobalt can also act as a Lewis acid cente
cobalt-containing molecular sieves[45,46]. Deconvolution
of the profiles of both HMA and CoHMA with the use of th
Gaussian function with temperature as variant showed
peaks. The first two peaks (types I and II) are attributed
the weak Brønsted acid sites. Types III and IV corresp
to the structural acid sites whose percentages are incre
significantly from HMA (10%) to CoHMA (46.5%), indicat
ing the incorporation of Co2+ in place of Al3+. The type V
curve is attributed to the Lewis acidic centers in the samp
In contrast, in the case of calcined Co/MCM-41, a decre
in weight loss observed for calcined Co/MCM-41 is ab
10%, as compared with 18% MCM-41, thus suggesting
formation of extraframework species; that is, some of
silanol groups are consumed for the stabilization of co
ions in the matrix in a manner similar to that reported

(Cr)MCM-41 [47,48].

Nitrogen adsorption–desorption (sorption) studies con-
firmed the mesoporous nature of all of the samples (Ta-
f Catalysis 233 (2005) 276–287 281

e

d

Fig. 5. N2 sorption isotherms of calcined CoHMA(0.02). Inset: pore s
distribution.

ble 1); a representative isotherm of CoHMA is presen
in Fig. 5. It follows the type IV isotherm pattern typica
of mesoporous materials[49]. As the relative pressure in
creases (P/P0 > 0.2), the isotherm exhibits an inflectio
characteristic of capillary condensation within the me
pores. Adsorption at low relative pressures (P/P0 < 0.2) is
caused by monolayer adsorption of nitrogen on the wall
the mesopores. AtP/P0 = 0.5 the pore volume was calcu
lated to be 0.44 cm3 g−1 with SSA-BET, 931 m2 g−1. A nar-
row pore size distribution was observed (Fig. 5, inset) with a
mesopore diameter of 26 Å. These values are close to t
of Co-free HMA samples (SSA-BET= 985 m2 g−1; pore
volume= 0.47 cm3 g−1; pore size= 25 Å). On the other
hand, calcined Co/MCM-41 showed a huge loss in sur
area (SSA-BET= 850 m2 g−1) compared with MCM-41
(SSA-BET= 1080 m2 g−1), which supports the formatio
of extraframework cobalt species inside the pore and i
accordance with TG-DTA studies.Table 2summarizes the
ICP-AES results for calcined HMA and CoHMA. The in
creased Co/[Al + P] (molar) ratios in calcined samples
compared with the starting gel indicate that some of
aluminum and/or phosphorus may be lost in the mo
liquor during the synthesis. The amount of cobalt var
in the following order: CoHMA> CoAPO-5> Co/MCM-
41> Co/S-1.

Fig. 6 presents27Al-MAS-NMR spectra for as-synthe
sized and calcined CoHMA. It is interesting to note th
the spectra for the as-synthesized and calcined sam
exhibit two main resonances, ca. 53 and 13 ppm, wh
may correspond to tetrahedral Al(OP)4 and octahedra
Al(OP)4(H2O)2, respectively[50,51]. Octahedral species i

the as-synthesized form of mesoporous aluminophosphates
is a common feature[29,52]. These findings suggest that the
inorganic network of HMA consists not only of tetrahedral
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Table 2
ICP-AES analysis of various cobalt-containing molecular sieves

Catalysta Al/P
ratio

Co/[Al + P]
ratio

Co/Si
ratio

Co
(wt%)

CoHMA(0.005) 1.30 0.006 – 0.90
CoHMA(0.01) 1.29 0.011 – 1.50
CoHMA(0.02) 1.27 0.022 – 3.80
CoHMA(0.04) 1.26 0.031 – 5.30
CoAPO-5(0.02) 0.98 0.021 – 3.20
Co/MCM-41(0.02) – – 0.016 2.30
Co/S-1(0.02) – – 0.0136 1.90

a Numbers in parentheses indicate the nominal Co/[Al + P] or Co/Si
ratios.

Fig. 6.27Al MAS-NMR of: (a) as-synthesized CoHMA(0.02); (b) calcine
CoHMA(0.02).

aluminum, but also of tricoordinated aluminum and/or a
minum oxide/oxyhydroxide species in octahedral geom
[40,41,51]. It is also clear from the spectrum of the calcin
sample that no further or very little dislodgement of a
minum occurs, but a slightly higher relative intensity of t
octahedral resonance is noticed, which may be accou
for by the water coordination in lieu of nitrogen-containi
surfactants.

All of the as-synthesized CoHMA samples were blue,
an increase in cobalt content in CoHMA results in a d
blue color, suggesting that the incorporated cobalt ions
in the divalent state with tetrahedral coordination geom
try. It is quite interesting to note, however, that the color
CoHMA remains unchanged upon calcinations, indicat
that the tetrahedrally inserted divalent cobalt ion is un
fected by the thermal treatment. These observations are
ther substantiated by DR-UV–vis studies, wherein both
as-synthesized and calcined CoHMA spectra exhibit tri

absorption bands (540, 580, and 626 nm) in the visible re-
gion (Fig. 7). They are assigned to the4A2(F) → 4T1(P)
transition of Co(II) in the tetrahedral environment of oxide
f Catalysis 233 (2005) 276–287

-

Fig. 7. DR-UV–vis spectra of: (a) CoHMA(0.005); (b) CoHMA(0.01
(c) CoHMA(0.02); (d) CoHMA(0.04); (e) recycled CoHMA(0.02).

ions [10,53]. A similar observation was reported earlier f
microporous cobalt aluminophosphate molecular sieves
LTL topology [54]. However, these findings are in contra
with the familiar trend of microporous cobalt aluminopho
phate molecular sieve systems such as CoAPO-5, wh
the blue color of the as-synthesized samples (triplet abs
tion bands in the visible region; seeFig. 8) turns to greenish
yellow upon calcination. This observation could possibly
attributed to a local distortion in the tetrahedral environm
or dislodgement of cobalt ions. More importantly, upon c
cination, no change in the spectral pattern was observe
CoHMA (Fig. 7), whereas CoAPO-5 shows a significant
duction in overall intensity of the visible triplet band, wi
the appearance of an additional new band in the UV
gion (Fig. 8). The band at 370 nm is, in general, assign
either to a transformation of symmetrical divalent tetra
dral cobalt to highly distorted tetrahedral coordination[55–
57] or to a possible oxidation of divalent cobalt to trivale
cobalt [58–60]. On the other hand, the DR-UV–vis spec
of as-synthesized Co/MCM-41 and Co/S-1 (Fig. 8) showed
characteristic transitions corresponding to divalent coba
octahedral coordination, which is in accordance with the
served pink color of the samples. However, upon calcinat
the color of both Co/MCM-41 and Co/S-1 was changed
pinkish blue, which may be a consequence of the for
tion of cobalt oxide clusters[22]. This was indicated by
the increase in the absorption band at the 580 and 620
transitions in the calcined samples compared with the
synthesized samples (Fig. 8). It should to be noted here
however, that the cobalt-free samples are colorless, reg
less of the structure types.
Fig. 9 presents XANES spectra for various cobalt-
containing samples. For all of the samples, a large white
line is observed, indicating a Co–oxygen interaction at a
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Fig. 8. DR-UV–vis spectra of: (a) CoHMA(0.02); (b) CoAPO-5; (c) Co/
MCM-41; (d) (Co)/S-1.

Fig. 10. First derivative Co K-edge XANES of: (a) as-synthesiz
Co/MCM-41; (b) calcined Co/MCM-41; (c) as-synthesized CoAPO
(d) calcined CoAPO-5; (e) as-synthesized CoHMA(0.02); (f) calci
CoHMA(0.02).

short distance. The spectra of as-synthesized CoHMA
CoAPO-5 show pre-edge peaks (7710 eV) associated
the dipole forbidden 1s → 3d transition from the tetrahedra
divalent cobalt, which becomes partially allowed becaus
p–d mixing in tetrahedral symmetry[61–63]. As expected
no significant change in pre-edge position was observed
the calcined samples, indicating that Co(II) ions remain
tetrahedral coordination in both CoHMA and CoAPO-5.
the other hand, as-synthesized Co/MCM-41 did not sh
any pre-edge peak, indicating that most of the cobalt spe
were in octahedral coordination. However, the calcin
Co/MCM-41 showed a weak pre-edge, which was proba
due to the formation of cobalt oxide clusters with tetra
dral Co–O linkages[22]. Fig. 10 shows the first derivative
spectra of all of the cobalt-containing samples. The pea
7722 eV for all of the cobalt-containing aluminophosph
samples indicates the presence of trivalent cobalt in o
hedral coordination. This might have arisen because of
formation of amorphous CoAl2O4-type species[63]. This
was not observed for silicate matrixes.

Table 3shows the catalytic oxidation results for cycl
hexane over various cobalt-containing HMA catalysts. I
well known that the use of initiators shortens the ind
tion period and enhances the catalytic activity significa
ly [47], as a result of the formation of chelate compl
Fig. 9. Co K-edge XANES of: (a) as-synthesized Co/MCM-41; (b) cal-
cined Co/MCM-41; (c) as-synthesized CoAPO-5; (d) calcined CoAPO-5;
(e) as-synthesized CoHMA(0.02); (f) calcined CoHMA(0.02).
which may easily be cleaved into free radicals capable of
initiating chain transfer by hydrogen abstraction with cy-
clohexane. Hence in the present investigation we have used
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Table 3
Effect of cobalt concentration in CoHMA catalyst on the oxidation of
clohexanea

Catalyst Conversion
(wt%)

Selectivity (wt%)

-ol -one others

CoHMA(0.005) 78.6 97.0 2.0 1.0
CoHMA(0.01) 81.2 94.6 2.9 2.5
CoHMA(0.02) 90.7 93.4 4.8 1.8
CoHMA(0.04) 99.1 80.3 17.7 2.0

a Reaction conditions: substrate:oxidant (H2O2) = 1:1; catalyst= 50 mg
(3.3 wt%); solvent= acetic acid (10 ml); MEK= 5 mmol; temperature=
373 K; time= 12 h.

Table 4
Oxidation of cyclohexane over various cobalt containing catalystsa

Catalysts Conversion
(wt%)

Co contentb

(wt%)
Selectivity (wt%)

-ol -one others

CoHMA(0.02)
Calcined 90.7 3.80 93.4 4.8 1.8
Filtrate 12.5 0.19 89.5 4.5 6.0
Quenched solution 10.8 – 87.0 6.8 6.2
Recycledc 86.8 3.61 88.9 9.4 1.7
Washed 87.1 3.65 88.6 9.5 1.9

HMA 9.8 – 82.8 1.3 15.9
Co/MCM-41

Calcined 68.7 2.30 87.1 8.7 4.2
Filtrate 32.8 1.10 82.4 12.0 5.6
Quenched solution 30.0 – 84.0 9.8 6.2
Recycledc 40.7 1.20 86.7 10.8 2.5
Washed 45.2 1.30 88.0 8.7 3.3

CoAPO-5
Calcined 78.9 3.20 81.6 17.3 6.1
Recycled 50.8 2.62 80.2 15.1 4.7

Co/S-1 41.2 1.90 85.7 6.7 7.6
MCM-41 11.6 – 96.4 – 3.6
Blank 9.0 – 78.1 – 21.9
CoO 28.3 78.60 79.4 10.0 10.6
Co(CH3COO)2·4H2O 95.0 23.65 44.0 38.0 18.0

a Reaction conditions: substrate:oxidant (H2O2) = 1:1; catalyst= 50 mg
(3.3 wt%); solvent= acetic acid (10 ml); MEK= 5 mmol; temperature=
373 K; time= 12 h.

b From ICP-AES analysis.
c 3rd recycle or 4th run.

MEK as the initiator. All of the catalysts showed two m
jor products, cyclohexanol (-ol) and cyclohexanone (-on
Of the other by-products, cyclohexyl acetate was detec
which forms because of the chain termination process
tween the cyclohexyl and acetate free radical.Table 3shows
that with increasing cobalt amount in the catalyst, the
clohexane conversion increases and the cyclohexano
lectivity decreases, because of the overoxidation of cy
hexanol to cyclohexanone. In the case of high-cobalt-con
(5.3 wt%) catalyst, CoHMA(0.04), the highest amount of
clohexanone formation was observed. It should also be n
here that HMA, without catalyst (blank), and CoO catal

show meager activity (10–20% conversion) (Table 4). Thus,
the observed high activity and selectivity of CoHMA cata-
lysts could be attributed to the presence of isolated tetrahe-
f Catalysis 233 (2005) 276–287
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Table 5
Effect of different oxidants on the oxidation of cyclohexane o
CoHMA(0.02) catalysta

Oxidant Conversion
(wt%)

Selectivity (wt%)

-ol -one others

H2O2 (30%) 90.7 93.4 4.8 1.8
TBHP (70%) 78.8 28.0 68.0 4.0
O2 52.2 94.0 3.2 2.8
Air 42.5 96.5 1.0 2.5

a Reaction conditions: substrate:oxidant (H2O2 or TBHP)= 1:1; air and
O2 flow = 40 ml min−1 catalyst= 50 mg (3.3 wt%); solvent= acetic acid
(10 ml); MEK = 5 mmol; temperature= 373 K; time= 12 h.

Fig. 11. Effect of H2O2 concentration on the oxidation of cyclohexane o
CoHMA(0.02).

dral Co2+ in the HMA matrix, under optimized mild reactio
conditions: acetic acid as solvent, MEK as initiator, H2O2 as
oxidant at 373 K for 12 h[37]. All of the studies were carrie
out for the catalyst CoHMA. The use of solvents like TH
methanol, and acetone did not show any activity. Thus
use of acetic acid as the solvent is essential, as it helps i
oxidation of the active species Co2+ to Co3+ in the presence
of the oxidant and initiator[5,64]. The reaction was also ca
ried out with different oxidants: 70% TBHP, molecular O2,
and air; the results are listed inTable 5. The reaction with
H2O2 exhibits high conversion at high cyclohexanol sel
tivity. With an increased amount of H2O2, almost complete
oxidation (99.6%) of cyclohexane can be possible at 78%
clohexanol and 17% cyclohexanone (Fig. 11). Reddy et al.
[65] also observed the increase in cyclohexanone select
with an increase in the H2O2 amount for the TS-2 catalys
On the other hand, TBHP gave cyclohexanone as the m
product, since this oxidant is more reactive than H2O2 [66].
However, the conversion was lower than with H2O2, which
may be due to the deactivation of the catalyst by the for

tion of tert-butanol from the decomposition of TBHP. When
the reaction was carried out by molecular O2 and air, it led
to low substrate conversion with cyclohexanol as the major
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Fig. 12. Recycling results of various cobalt-containing catalysts for the
idation reaction of cyclohexane.

product. This may be due to the fact that the direct att
of O2 on cyclohexane is an endothermic process, thus
ating difficulties in the activation of a process. To overco
this problem, various other oxidants, such as idosoben
[67,68], hydrogen peroxide[69–72], and alkylhydroperox-
ide [73,74], have been used instead of energy-consum
dioxygen activation. H2O2 is a preferable oxidant becau
of its simplicity of handling, the environmentally friend
nature of the coproduct (water), the high oxygen atom e
ciency, and its versatility[75–77].

To check the reusability of the catalyst, recycling a
washing experiments were carried out. It is interesting
note here that a meager loss in activity was observed
the fourth run. This clearly indicates that most of the cob
ions are intact in the framework, which was confirmed
ICP-AES analysis of the filtrate, where a very small amo
of cobalt (0.19 wt%) was noticed as compared with the h
cobalt level (3.8 wt%) present in the catalyst. Some lea
ing might have occurred because of the presence of a s
amount of loosely bound extraframework cobalt specie
the matrix. Moreover, the reaction was also performed
the filtrate and the quenched solution, which showed o
a meager activity, thus suggesting CoHMA to be a tr
heterogeneous catalyst, and the activity is not significa
contributed to, because of the small loss of cobalt in reac
conditions. This is well supported by the DR-UV–vis spe
tra of treated catalysts (Fig. 7e), where no major change
intensity of the triplet band/color change was noticed.
further confirmed this by performing the reaction over a
monium acetate-washed CoHMA catalyst, where the ac
ity observed was comparable to that of the calcined cata
Furthermore, the structure (Fig. 1) and porosity (Table 1)
remained unaltered, even after various treatments. Thi
dicates the stability of the catalysts under the mild reac
conditions used.

The reaction was also carried out over Co/MCM-4
CoAPO-5, and Co/S-1; the results are shown inTable 4and
Fig. 12. It can be seen from the table that the order of activ
is CoHMA > CoAPO-5> Co/MCM-41> Co/S-1. Co/S-1
showed the least activity, because of its small pore open
which hinders the diffusion of the substrate molecules

side the pore aperture, compared with other catalysts. It is
well known that bulk metal oxides generally decompose hy-
drogen peroxides, which thus decreases the efficiency of the
f Catalysis 233 (2005) 276–287 285
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Table 6
Oxidation of cyclooctane over various cobalt containing catalystsa

Catalysts Conversion
(wt%)

Selectivity (wt%)

-ol -one others

CoHMA(0.02)
Calcined 92.4 85.0 11.5 3.5
Recycledb 90.8 81.5 14.8 3.7

Co/MCM-41 58.2 77.0 10.0 13.0
CoAPO-5 33.5 68.0 15.7 16.3
Co/S-1 28.0 74.0 11.3 14.7

a Reaction conditions: substrate:oxidant (H2O2) = 1:1; catalyst= 50 mg
(2.48 wt%); solvent= acetic acid (5 ml)+CH2Cl2 (5 ml); MEK = 5 mmol;
temperature= 373 K; time= 12 h.

b 3rd recycled or 4th run.

oxidant in an oxidation process, and this may be the ca
for the lower activity of Co/MCM-41 (68.7% conversion
compared with CoHMA(0.02)[78]. The activity also de-
creased with recycling, with a considerable amount of co
leached (1.1%) to the reaction mixture.

On the other hand, CoAPO-5 showed 78.9% convers
The low activity may be attributed to low cobalt conte
(3.2 wt%). In addition, the catalyst also lost its activ
(50.8% conversion after the fourth run) because of lea
ing of active cobalt ions (0.58 wt%) under reaction co
ditions, which is very well supported by the filtrate e
periments, where the leached cobalt ions showed cons
able activity (35.8% conversion). Furthermore, these res
are in good agreement with the DR-UV–vis studies (
reproduced here) on the recycled catalyst, where the
additional bands, which normally appear for the calcin
CoAPO-5 because of the highly distorted tetrahedral e
ronment of Co2+/Co3+, disappear.Fig. 12indicates the yield
of cyclohexanol and cyclohexanone, which remains alm
same for CoHMA, but a significant decrease is observed
Co/MCM-41, CoAPO-5, and Co/S-1 catalysts.

At this juncture, it is also important to note that t
reaction was also carried out with traditional cobalt(
acetate (homogeneous) catalyst under our reaction (m
conditions. Although it gives very high substrate conv
sion (∼ 95%), the selectivity for cyclohexanol is very lo
(∼ 44%). Furthermore, it also produces several unidenti
products. In contrast, the mesoporous CoHMA (hetero
neous) catalyst gives high cyclohexane conversion (9
and excellent cyclohexanol selectivity (93%). Hence,
opens up new avenues in cyclohexane oxidation over
ventional catalysts. Furthermore, the results also indi
that secondary oxidation of cyclohexanol and CoHMA c
control cyclohexanone to waste products very well, whic
normally observed under homogeneous conditions.

To exploit the mesoporosity of the CoHMA cataly
the oxidation of bulkier cycloalkanes, that is, cycloocta
(Table 6) and cyclododecane (Table 7), was also carried

out. It is interesting to note that CoHMA showed excel-
lent activity for these bulkier substrates compared with
Co/MCM-41, CoAPO-5, and Co/S-1. CoAPO-5 and Co/S-1
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Table 7
Oxidation of cyclododecane over various cobalt containing catalystsa

Catalysts Conversion
(wt%)

Selectivity (wt%)

-ol -one others

CoHMA(0.02)
Calcined 89.8 77.0 17.1 5.9
Recycledb 86.0 75.5 20.0 4.5

Co/MCM-41 48.8 65.0 18.0 17.0
CoAPO-5 28.0 68.3 15.2 16.5
Co/S-1 23.0 72.5 12.0 15.5

a Reaction conditions: substrate:oxidant (H2O2) = 1:1; catalyst= 50 mg
(2.48 wt%); solvent= (5 ml acetic acid+ 5 ml CH2Cl2); MEK = 5 mmol;
temperature= 373 K; time= 12 h.

b 3rd recycled or 4th run.

showed only meager activity because of their pore size
striction for these bulky substrates. The lower activity
Co/MCM-41 was accounted for by the clustering of cob
species inside the pores, which was not favorable for
oxidation reactions. CoHMA showed good recyclability f
these substrates as well. The XRD pattern remained
altered after reuse. In a comparison of the results for
clohexane oxidation with those for these substrates, it
observed that more ketone (cyclooctanone and cyclod
canone) was formed in bulkier substrates, resulting in a
crease in selectivity of the alcohols (cyclooctanol and
clododecanol). The decrease in alcohol selectivity may
accounted for by the lower diffusion rate of the bulky c
clooctanol/cyclododecanol compared with cyclohexanol
side the mesopores, which leads to the overoxidation o
alcohols to ketones.

4. Conclusion

In conclusion, the successful synthesis and chara
ization of Co2+-substituted hexagonal mesoporous a
minophosphate molecular sieves were achieved. Un
many other cobalt-based heterogeneous systems, the c
ions did not change their color/environment during ca
nation. The CoHMA catalysts showed excellent activ
for selective oxidation of cyclohexane under mild react
conditions. The activity of CoHMA(0.02) was found to b
higher than those of the Co/MCM-41, CoAPO-5, and Co/
catalysts. It was also demonstrated that CoHMA can be
for the oxidation of bulky cycloalkanes, such as cyclo
tane and cyclododecane. These catalysts can be consi
viable alternatives because of their easy recovery and r
cling; thus they open up a new possibility for heterogene
oxidation reactions.
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