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Abstract

Titanium substituted hexagonal mesoporous aluminophosphate (TiHMA) molecular sieves were synthesized and characterized.

Various physicochemical studies, viz., X-ray diffraction, transmission electron microscopy, electron diffraction, environmental

scanning electron microscopy, thermal analyses, inductively coupled plasma–atomic emission spectroscopy, diffuse reflectance

ultraviolet–visible spectroscopy, Fourier transform Raman spectroscopy, temperature programmed desorption of ammonia and

nitrogen absorption–desorption isotherms, confirm the substitution of Ti4þ ions in the tetrahedral framework of HMA. The cat-

alytic activity of TiHMA was evaluated for the oxidation reactions of cyclic saturated hydrocarbons such as cyclohexane,

cyclooctane and cyclododecane. The catalyst exhibits excellent substrate conversion and product selectivity, and that it was found to

be truly as a heterogeneous catalyst as the activity was practically unaffected upon recycling. In particular, the oxidation was highly

successful for the bulkier cycloalkane molecules. Furthermore, the activity of TiHMA is also compared with mesoporous TiMCM-

41 as well as microporous TiAPO-5 and TS-1 catalysts.

� 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Among the numerous titanium-based homogeneous

oxidation catalysts, the Sharpless-type catalyst is the

best-known example for the selective asymmetric epox-

idation reactions [1]. Catalysts such as titanyl acetyl

acetonate are also reported to be selective for the oxi-

dation of allylic alcohols as well as for epoxidation

reactions [2]. However, one of the major drawbacks of
these titanium-based homogeneous complexes is that

they are not stable in presence of water. On the other

hand, titanium-based heterogeneous catalysts show

promise for such reactions with good stability [3,4]. In

particular, the discovery of titanium substituted micro-

porous molecular sieve catalysts has enabled remarkable

progress in the oxidation reactions [5–12]. However, the

application of these catalysts is confined to smaller
substrate molecules owing to the pore size limitations.
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Nevertheless, the utilization of supramolecular arrays of
organic amphiphiles as structure directing agents re-

sulted in the synthesis of mesostructured materials, viz.,

MCM-41 and MCM-48 [13], which overcome the

restriction of pore opening for bulky substrates. Hence,

the use of metal substituted mesoporous silicates [14] in

the area of heterogeneous catalysis has triggered off

considerable interest in the synthesis of their alumino-

phosphate analogues [15–19]. It is of interest to note that
the titanium substituted hexagonal mesoporous alu-

minophosphates (designated as TiHMA) is a better

catalyst as compared to the mesoporous silicate ana-

logue, viz., TiMCM-41, for epoxidation of bulky olefins

[16] as well as for the oxidation of phenols [18].

Among the numerous reactions of interest, the liquid-

phase oxidation of cyclohexane has attracted much

attention owing to the importance of high value prod-
ucts [20]. Traditional processes involving stoichiometric

amounts of inorganic oxidants produce huge amounts

of environmentally unacceptable wastes [21,22]. Fur-

thermore, the process also leads to several other prob-

lems like difficulty in separation, recovery and recycling
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of the catalysts after reaction as well as the disposal of

liquid and solid wastes, deactivation complications, etc.,

makes it highly unattractive [22–24] and hence catalytic

oxidation in the liquid-phase is increasingly important.

In this regard, recently, we have reported a few prom-
ising heterogeneous catalysts, viz., FeHMA, (Cr)HMA

and (Cr)MCM-41, for the oxidation of cyclohexane [25–

27]. In this investigation, we present here a detailed ac-

count of the synthesis and characterization of TiHMA

molecular sieves. We also report here a systematic study

on the oxidation of cyclohexane along with bulkier cy-

cloalkanes, viz., cyclooctane and cyclododecane, over

TiHMA catalyst. For a comparison, we have employed
mesoporous titanium substituted silicate (TiMCM-41)

as well as microporous titanium substituted alumino-

phosphate (TiAPO-5) and silicate (TS-1) catalysts.
2. Experimental

2.1. Starting materials

Phosphoric acid (85%, Qualigens); aluminium iso-

propoxide (97%, Merck); tetramethyl ammonium

hydroxide (TMAOH, 25 wt.% in water, Aldrich); ce-

tyltrimethylammonium chloride (CTAC, 25 wt.% in

water, Aldrich); fumed silica (99.8%, Aldrich); cetyl-

trimethylammonium bromide (CTAB, 99%, Aldrich);

titanium isopropoxide (97%; Aldrich); triethylamine
(99.5%, Thomas Baker); pseudoboehmite (70%, Vista);

cyclohexane (99.5%, Merck); tert-butyl hydroperoxide

(TBHP, 70% aqueous solution, Lancaster); cyclooctane

(99%, Lancaster); cyclododecane (99%, Lancaster); me-

thyl ethyl ketone (MEK, 99.5%, SD fine); glacial acetic

acid (>99%, Fischer).

2.2. Synthesis

TiHMA was prepared as per the following procedure:

phosphoric acid was first diluted with water, after which

aluminium isopropoxide was added under vigorous

stirring. The mixture was kept under constant stirring at

343 K for 1 h to hydrolyze aluminium isopropoxide.

Then, titanium isopropoxide was diluted to 20% in

isopropanol and was added dropwise to the above
mixture followed by TMAOH. The slurry was kept

under constant stirring for 2 h and finally the surfactant

(CTAC) was added and stirred for another 12 h. The pH

of the thin milky gel was maintained at 10. The final gel

having a (molar) composition of: Al2O3: P2O5: xTiO2

(x ¼ 0:02–0:16): CTAC: 2.5TMAOH: 65H2O was trans-

ferred into a Teflon-lined autoclave and subjected to

hydrothermal treatment at 373 K for 72 h. The product
obtained was repeatedly washed with distilled water,

filtered and dried at 343 K for 12 h. Varying ‘x’
from ‘0.02–0.16’, various ([Al +P]/Ti) molar ratio,
viz., TiHMA(200), TiHMA(100), TiHMA(50) and Ti-

HMA(25), were prepared. The as-synthesized samples

were calcined in a tubular furnace at 823 K for 1 h in a

flow of N2 followed by air for 2 h. For a comparative

evaluation of the catalytic activity, mesoporous
TiMCM-41 (Si/Ti¼ 50) as well as microporous TiAPO-

5 ([Al +P]/Ti¼ 50) and TS-1 (Si/Ti¼ 33) materials were

also synthesized and characterized as per the details

outlined elsewhere [28,29].

2.3. Characterization

All the as-synthesized and calcined samples were
systematically characterized using several analytical and

spectroscopic techniques. Powder X-ray diffraction

(XRD) patterns were recorded on a Rigaku–Miniflex

diffractometer using a nickel filtered CuKa radiation

(k ¼ 1:5418 �A) with a step size of 0.02�. Transmission

electron micrograph (TEM) and electron diffraction

(ED) were recorded on a Philips 200 microscope oper-

ated at 160 kV. The sample (in powder form) was dis-
persed in ethanol with sonication (Oscar ultrasonics)

and placed a drop of it on a carbon coated copper grid

(300 mesh; Sigma-Aldrich). Environmental scanning

electron micrographs (E-SEM) were recorded on an

ESEM-FEI Quanta 200 max instrument at 30 kV accel-

erating voltage. Thermogravimetry/differential thermal

analysis (TG/DTA) measurements were performed

using �15 mg of the sample on a Dupont 9900/2100
system under nitrogen atmosphere (40 mlmin�1) with a

heating rate of 10 Kmin�1. Surface area analysis was

performed on a Sorptomatic-1990 instrument. Before

the measurement, the (calcined) sample was evacuated

at 523 K for 12 h under vacuum (10�3 Torr). The surface

area was calculated using the BET (Brunauer–Emmett–

Teller) method and the pore size was estimated using

the Horvath–Kawazoe technique. The pore volume was
determined from the amount of nitrogen adsorbed at

P=P0 ¼ 0:5.
Diffuse reflectance ultraviolet and visible (DRUV–

VIS) spectra were recorded on UV-260 Shimazdu

spectrophotometer with Whatman-40 filter paper as

standard. The Fourier transform Raman (FT-Raman)

spectra of the various samples (in powder form) was

recorded on BRUKER RFS 100/S equipment. The
excitation source used was a continuous wave Nd:YAG

laser operates at 1064 nm with a liquid nitrogen cooled

detector attached. The spectrum was collected after the

Raleigh light was rejected by a super-notch filter. The

number of scans and laser power used were 516 and 100

mW, respectively. Elemental analysis of the various

samples was carried out using inductively coupled

plasma–atomic emission spectroscopy (ICP-AES) tech-
nique on Labtam Plasma Lab 8440 equipment. The

acidic behavior of the catalyst was studied by tempera-

ture programmed desorption of ammonia (TPDA). For



Fig. 1. XRD patterns of as-synthesized: (a) HMA, (b) TiHMA(200),

(c) TiHMA(100), (d) TiHMA(50) and (e) TiHMA(25).
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this purpose, �400 mg of the catalyst was placed in

quartz reactor and was activated at 823 K in air for 6 h

followed by 2 h in helium with a flow rate of 50

mlmin�1. The reactor was then cooled to 373 K and

maintained for another hour under the same condition.
Ammonia adsorption was performed by passing the gas

through the sample for �15–20 min at the same tem-

perature. Subsequently, the system was purged with

helium for an hour to remove the physisorbed ammonia,

if any. Consequently, the desoption of ammonia was

carried out by heating the reactor up to 873 K at a rate

of 10 Kmin�1 using a temperature programmer (Euro-

therm). The amount of ammonia desorbed was esti-
mated with the aid of thermal conducting detector

(TCD) response factor for ammonia.

2.4. Oxidation of cycloalkanes

The oxidation of cyclohexane (18 mmol) was carried

out in presence of 5 mmol initiator (methyl ethyl ketone;

MEK) at 373 K for 12 h under ambient pressure using
50 mg of the catalyst with 18 mmol of oxidant (30%

H2O2) and 10 ml of solvent (acetic acid). After the

reaction, the catalyst was separated and the products

were extracted with ether and analyzed using gas chro-

matography (GC) with Carbowax column. The reaction

was also performed using various other solvents such as

methanol, tetrahydrofuran (THF) and acetone under

the same reaction conditions. Furthermore, the influ-
ence of different initiators, e.g., cyclohexanone, acetal-

dehyde and acetone, as well as the effect of various

oxidants, viz., air, oxygen (O2) and TBHP, on the

reaction was also investigated. On the other hand, the

oxidation of cyclooctane (18 mmol) and cyclododecane

(12 mmol) were executed under similar conditions as

that of cyclohexane reaction except that mixed solvents

(5 ml acetic acid + 5 ml dichloromethane) were used so
as to make a homogeneous reaction mixture.

2.5. Recycling studies

After the first reaction run, the catalyst was filtered,

washed with distilled water for three times and dried in

an air-oven followed by activation at 773 K for 6 h. The

activated catalyst was used for the subsequent recycling
studies.

2.6. Washing studies

In order to remove non-framework titanium, if any,

present in the matrix, the calcined catalyst (100 mg) was

washed with 25 ml 1 M ammonium acetate for 12 h at

room temperature under constant stirring. As before,
the catalyst was filtered, repeatedly washed with water

and then dried and activated at 773 K for 6 h. This

catalyst is designated as washed catalyst.
2.7. Filtrate studies

In the filtrate study, the reaction was carried out with

the filtrate collected at room temperature, i.e., the

reaction mixture was cooled to RT and then filtered.
The resulting filtrate solution was used to carry out the

reaction.

2.8. Quenching studies

The reaction was also carried out with the filtrate

(quenched solution) collected under reaction (hot) con-

dition so as to establish the nature of the active species
in the matrix.
3. Results and discussion

XRD patterns (Fig. 1) of all the as-synthesized Ti-

HMA samples showed typical features characteristic of

hexagonal MCM-41-type topology [13,15,30]. The four
main reflections were resolved and indexed as 100, 110,

200 and 210. The average unit cell dimension ða0Þ of all



Table 1

XRD and ICP-AES data of TiHMA with different titanium content

Sample [Al +P]/Ti (molar ratio) Titanium content

(wt.%)

Al/P a0 (�A)a

Synthesis gel Calcined As-synthesized Calcined

HMA – – – 1.36 45.4 33.7

TiHMA(200) 200 184 0.56 1.37 45.7 33.7

TiHMA(100) 100 80 1.27 1.39 46.5 37.1

TiHMA(50) 50 45 2.23 1.41 47.2 38.4

TiHMA(25) 25 21 3.25 1.42 47.6 38.8

a a0 is the average unit cell parameters of all the identified peaks.
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the as-synthesized TiHMA samples (Table 1) were
shifted to higher values compared to corresponding Ti-

free HMA. The a0 value increases with the increase in

titanium content in the matrix indicating a possible

substitution of titanium in the framework sites [31,32].

The increase in a0 values may be due to the incorpora-

tion Ti4þ ions into the framework of HMA since Ti4þ

has higher crystal radius (0.56 �A) as compared to either

P5þ (0.31 �A) or Al3þ (0.52 �A) [33]. Fig. 2 depicts the
XRD patterns of the corresponding calcined (TiHMA)

samples. It is clear from this figure that, upon calcina-
Fig. 2. XRD patterns of calcined: (a) HMA, (b) TiHMA(200), (c)

TiHMA(100), (d) TiHMA(50), (e) TiHMA(25) and (f) TiHMA(50)

after cyclohexane oxidation.
tion, a decrease in unit cell dimension values was ob-
served for all the samples due to the contraction of the

framework as a consequence of the removal of the sur-

factant molecules. Furthermore, higher order reflec-

tions, viz., 110, 200 and 210, are disappeared and only a

broad single reflection corresponding to 100 reflections

is observed. This may be due to finite size effects of very

fine particle morphology or due to the more disordered

hexagonal framework structure of the samples [34–36].
This is ably supported by the TEM image and ED

pattern of calcined TiHMA(50) where the samples show

disordered hexagonal pattern [18]. It is also interesting

to note that the mesoporous TiHMA(50) show that the

crystallization of TiHMA samples take place in flower

like agglomerates (Fig. 3a) while the analogous micro-

porous TiAPO-5 crystallizes in tennis ball like shape

(Fig. 3b).
ICP-AES analyses of the calcined HMA and TiHMA

samples are summarized in Table 1. The increase in Al/P

molar ratios with titanium content in the matrix indi-

cates that Ti4þ replaces P5þ in TiHMA, which is in

agreement with the XRD results. The decrease in molar

ratios in calcined samples compared to the starting gel

indicates the some of aluminium and/or phosphorous

species were lost in the mother liquor during the syn-
thesis. TG results of all the (TiHMA) samples showed a

total weight loss of �60–65% in three different stages

corresponding to adsorbed water molecules, template

and organic base [15]. On the other hand, the calcined

TiHMA samples exhibit a weight loss of 20–23% due to

the adsorbed water/gaseous molecules with corre-

sponding endotherms at 383–393 K in DTA indicating

mesoporous nature of the samples. Representative
thermograms of both as-synthesized TiHMA(50) and

calcined TiHMA(50) are presented in Figs. 4 and 5,

respectively. In addition, nitrogen adsorption–desorp-

tion isotherm studies confirm the mesoporous nature of

all the samples (Table 2). A representative nitrogen

sorption plot showing type IV type isotherm, typical of

mesoporous molecular sieves [37], of calcined Ti-

HMA(50) is given in Fig. 6. As the relative pressure
increases ðP=P0 > 0:2Þ, the isotherm exhibits an inflec-

tion characteristic of capillary condensation within the

mesopores. Adsorption at low relative pressures

ðP=P0 < 0:2Þ is caused by monolayer adsorption of



Fig. 4. TG-DTA of as-synthesized TiHMA(50).

Fig. 5. TG-DTA of calcined TiHMA(50).

Fig. 3. E-SEM of: (a) calcined TiHMA(50) and (b) calcined TiAPO-5.
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nitrogen on the walls of the mesopores. At P=P0 ¼ 0:5,
the calculated pore volume was 0.52 cm3 g�1 and the

specific surface area was 953 m2 g�1. Further, a narrow

pore size distribution was noticed (see Fig. 6, inset) with

a mesopore diameter of 29 �A.
Table 2

Structural parameters of calcined TiHMA and TiMCM-41

Sample SBET (m2 g�1) Pore volume (ml g�1) H–K pore diameter (�A) FWT (�A)a

HMA 985 0.47 25 8.7

TiHMA(200) 960 0.54 25 9.2

TiHMA(100) 990 0.50 26 10.1

TiHMA(50) 953 0.52 29 9.4

TiHMA(50)b 925 0.50 29 9.3

TiHMA(25) 935 0.47 30 8.8

MCM-41 1080 0.80 30 10.5

TiMCM-41 1070 0.85 31 12.4

a Framework wall thickness (FWT)¼ a0 �H–K pore diameter.
bAfter used for cyclohexane oxidation.
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DRUV–VIS spectra (Fig. 7) of all the as-synthesized

TiHMA samples showed a strong absorption band in

the range 200–300 nm having peak maxima �230 nm

and a strong shoulder at 215 nm corresponding to

charge transfer transitions [O2� fiTi4þ] of isolated tet-

rahedral Ti4þ species in the framework [32]. It is to be

noted here that in the case of highly crystallized TS-1

[32] and Ti-BEA [38] samples the absorption maximum
Fig. 7. DRUV–VIS spectra of as-synthesized: (a) TiHMA(200), (b)

TiHMA(100), (c) TiHMA(50) and (d) TiHMA(25).
was observed �210 nm while in the case of semi-crys-

talline/amorphous TiMCM-41 [39] and TiHMS [40]

samples the same was observed in the range 220–240

nm. On the other hand, this absorption maximum was

noticed at 230–240 nm for titanium aluminophosphates
[41,42]. Thus the position of peak maxima of the tetra-

hedral titanium species depends upon the coordinating

atoms in the matrix, crystallinity, and the crystal size of

the molecular sieves [43]. In addition to these, a shoulder

�270 nm was also observed which further increases

upon increasing the titanium content in the samples.

This could be attributed to reversible water coordinated

pentavalent/hexavalent titanium species or due to the
presence of small amount of titanium oxide clusters,

which is generally observed in most of the high titanium

loaded molecular sieves [39,40,44]. It is interesting to

note that after calcination, no significant change was

noted indicating the stability of the tetrahedral titanium

species in the matrix (Fig. 8). For a comparison, the

spectrum of TiO2 is also shown (Fig. 8, curve e), which

shows an absorption in the range of 300–500 nm with
maxima at 330 nm. This feature is absent in all these

TiHMA samples confirming the absence of any bulk

TiO2 impurity phase [32]. The absence of TiO2 in both

TiHMA(50) and TiHMA(25) samples was confirmed by
Fig. 8. DRUV–VIS spectra of calcined: (a) TiHMA(200), (b) Ti-

HMA(100), (c) TiHMA(50), (d) TiHMA(25) and (e) TiO2.
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FT-Raman spectroscopy (Fig. 9a and b) wherein the

absence of the absorption feature at �140 cm�1 is no-

ticed [32] while it is clearly noticed in the case of 1%
TiO2 mixed TiHMA(50) sample (Fig. 9c).

Fig. 10a and b displays TPDA profiles of calcined

HMA and TiHMA(50), respectively. The desorption

pattern of titanium free HMA consists of two distinct

peaks concentrated at 440 and 840 K. Deconvolution of
Fig. 10. TPDA of: (a) calcined HMA and (b) calcined TiHMA(50).
the TPDA profiles of both HMA and TiHMA(50) using

Gaussian function with temperature as variant showed

five peaks. The first two peaks (type-I and II) are

attributed to the weak Br€onsted acid sites. Type-III and

IV peaks correspond to the structural acid sites whose
percentages are increased significantly from HMA (10%)

to TiHMA(50) (55%) indicating the incorporation of

Ti4þ for P5þ. The type-V curve is attributed to the Lewis

acidic centers. The desorption peak at lower tempera-

ture range may consist of P–OH and/or Al–OH

defect sites in the matrix corresponding to weak

Br€onsted acid sites. Similar weak Br€onsted acid sites

were also reported in literature [45–47]. The peak at
higher temperature is corresponding to the Lewis acid

characteristics of the sample. On the other hand, Ti-

HMA showed a strong shoulder around 550–600 K,

which may correspond to the structural Br€onsted acid

sites generated by the incorporation of Ti4þ for P5þ. A
similar observation was also reported for TiAPOn

molecular sieves [48]. It is likely that in the case of al-

uminophosphate molecular sieves, partial hydrolysis of
Al–O–P bonds according to the reaction: –Al–O–P–+

H2O$ –Al–OH+HO–P–, results in weak Br€onsted
acid sites [49]. On the other hand, the peak at higher

temperature range may arise possibly due to the pres-

ence of tricoordinated aluminium and/or octahedral

aluminium oxide or oxyhydroxide species present in the

matrix due to incomplete condensation of the network

[45,46,50]. It is also demonstrated in literature that
framework titanium can also act as a Lewis acid center

in titanium containing molecular sieves [51].

Table 3 summarizes the oxidation results of cyclo-

hexane over different amount of titanium containing

HMA catalysts. It can be seen from this table that with

the increase of titanium content in the catalyst, the

substrate conversion increases, however, the selectivity

towards cyclohexanol selectivity decreases. That is, Ti-
HMA(200) and TiHMA(100) showed nearly 100%

selectivity, however, with a lower conversion as com-

pared to both TiHMA(50) and TiHMA(25). On the

other hand, in the case of TiHMA(25), no significant

improvement in the conversion was noticed but the

selectivity towards cyclohexanol decreased and hence

for all further studies was carried out over TiHMA(50)

catalyst. Fig. 11 shows the effect of catalyst wt.% (w.r.t.
cyclohexane) on the oxidation of cyclohexane. It can be

seen from this figure that the conversion increases upto

3.3 wt.%, after which it almost saturates. Hence, for

further studies, 3.3 wt.% of the catalyst was used. Fig. 12

depicts the effect of reaction time on the cyclohexane

oxidation over TiHMA(50). It can be seen from this

figure that cyclohexane conversion increases with time

and saturates at 12 h. Further, increase of time does not
affect the conversion significantly as 95% (iodometric

titration) H2O2 was consumed during the 12 h period.

On the other hand, after 12 h period of the reaction, the



Table 3

Effect of titanium concentration on the oxidation of cyclohexanea

Catalyst Conversion (wt.%) Selectivity (wt.%)

Cyclohexanol Cyclohexanone Others

TiHMA(200) 54.2 100 – –

TiHMA(100) 76.6 100 – –

TiHMA(50) 86.2 98.4 1.2 0.4

TiHMA(25) 90.3 94.8 2.3 2.9

aReaction conditions: substrate: oxidant (H2O2)¼ 1:1; catalyst¼ 50 mg (3.3 wt.% of substrate); solvent (acetic acid)¼ 10 ml; MEK¼ 5 mmol;

temperature¼ 373 K; time¼ 12 h.
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cyclohexanol selectivity decreases considerably owing to

the secondary oxidation of cyclohexanol to cyclohexa-

none and cyclohexyl acetate. The reaction was also

carried out in the temperature range 353–383 K, and the

results are presented in Fig. 13. It can be seen from this
figure that by increasing temperature, the activity in-

creases upto 373 K where high conversion and excellent
cyclohexanol selectivity was observed. At higher tem-

perature (>373 K), the possibility of H2O2 decomposi-

tion increases and therefore a decrease in the conversion.

In addition, a significant amount of cyclohexanone was

obtained due to the secondary oxidation.

From the above studies, it may be deduced that the

optimized conditions for the oxidation of cyclohexane

over TiHMA(50) catalyst with good conversion and
selectivity are the following: catalyst amount¼ 3.3 wt.%

(w.r.t. cyclohexane); time¼ 12 h, temperature¼ 373 K;

oxidant (H2O2) to substrate (molar) ratio¼ 1, substrate/

MEK (molar) ratio¼ 3.6; solvent¼ acetic acid. Under

these specified conditions, a maximum cyclohexane

conversion (86.2%) and cyclohexanol selectivity (98.4%)

was obtained for TiHMA(50) with a trace amount of

cyclohexanone and others products mostly cyclohexyl
acetate (Table 4). As can be seen from this table that Ti-

free HMA, blank (no catalyst) and TiO2 showed only

�10% conversion under the identical experimental

conditions. This clearly suggests that the high catalytic

activity of TiHMA is mainly due to the presence of

isolated tetrahedral Ti4þ ions as well as the mild reaction

conditions. In order to check the stability of the Ti4þ

ions in the TiHMA matrix, several recycling and
washing experiments were performed, and it was found

that the catalyst showed good recyclability without



Table 4

Oxidation of cyclohexane over various Ti-molecular sievesa

Catalyst Conversion

(wt.%)

Titanium contentb

(wt.%)

Selectivity (wt.%)

Cyclohexanol Cyclohexanone Others

TiHMA(50)

Calcined 86.2 2.23 98.4 1.2 0.4

Filtrate 9.8 – 95.2 2.3 2.5

Quenched solution 10.2 – 86.1 1.9 12.0

Recycledc 85.6 2.20 89.7 9.4 0.9

Washed 85.1 2.21 96.2 3.3 0.5

HMA 9.8 – 82.8 1.3 15.9

TiMCM-41

Calcined 88.3 1.92 96.6 3.3 0.4

Filtrate 11.2 – 90.2 0.8 9.0

Quenched solution 10.8 – 89.0 1.2 9.8

Recycledc 86.0 1.89 88.7 9.4 1.9

Washed 88.7 1.88 92.7 6.3 1.0

MCM-41 11.6 – 96.4 – 3.6

Blank 9.0 – 78.1 – 21.9

TiO2 15.5 – 47.8 36.4 15.8

aReaction conditions: substrate: oxidant (H2O2)¼ 1:1; catalyst¼ 50 mg (3.3 wt.% of substrate); solvent (acetic acid)¼ 10 ml; MEK¼ 5 mmol;

temperature¼ 373 K; time¼ 12 h.
b From ICP-AES analysis.
c 3rd recycle or 4th run.
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much loss inactivity. This is well supported by the XRD
and nitrogen sorption isotherm measurements wherein

the structure (see Fig. 2f) and porosity (see Table 2)

remained unaltered even after various treatments. On

the other hand, the non-leaching the active titanium

species from the framework structure of TiHMA was

further confirmed from the reaction carried over filtrate

and quenching studies (see Table 4) as only a very low

activity was observed in both the cases. Furthermore,
this observation is well supported by ICP-AES analysis

wherein no titanium was detected either in the filtrate

solution or in the quenched solution. Thus, these studies

confirm that the total conversion showed by TiHMA

was due to the active Ti4þ species in the tetrahedral

framework and hence it behaves truly as heterogeneous

catalyst. In addition, TiHMA showed much higher

activity than the analogous TiMCM-41. That is, after 6
h reaction period, TiHMA gave 65% conversion while

TiMCM-41 showed only 42% conversion. This strongly

suggests that the initial rate of reaction is faster in Ti-

HMA than in TiMCM-41. This may be attributed to

easy accessibility of active titanium sites in TiHMA than

TiMCM-41 as due to a lower pore wall thickness (see

Table 2) of the former than the latter, which allows more

titanium sites to be exposed to the substrates and oxi-
dants.

As far as the reactivity of the TiHMA is concerned, in

general, it is known that the titanium species either ti-

tanyl or tripodal titanium or tetrapodal titanium reacts

with peroxide to give titanium peroxo species, which is

generally the active species for the oxidation reaction

with titanium and in presence of peroxides [52–54].

The formation of these species is confirmed, under the
reaction conditions, by the color change of the catalyst
from white to yellow [55–59]. A similar peroxo-type

species of Mo6þ and W6þ were also demonstrated earlier

for the epoxidation reactions [60]. On this basis, we

propose here a possible reaction pathway for the oxi-

dation of cyclohexane over TiHMA (Scheme 1). As can

be seen from this scheme that in absence of initiator, the

reaction follows through the active species 1b0, which
abstracts hydrogen from cyclohexane [61] while in



Table 5

Effect of different oxidants on the oxidation of cyclohexane over TiHMA(50)a

Oxidant Conversion (wt.%) Selectivity (wt.%)

Cyclohexanol Cyclohexanone Others

H2O2 86.2 98.4 1.2 0.4

TBHP 65.1 24.6 70.0 5.4

O2 47.2 92.3 5.6 2.3

Air 34.8 90.8 1.3 7.9

aReaction conditions: substrate: oxidant (H2O2 or TBHP)¼ 1:1; air and O2 flow¼ 20 mlmin�1; catalyst¼ 50 mg (3.3 wt.% of substrate); solvent

(acetic acid)¼ 10 ml; MEK¼ 5 mmol; temperature¼ 373 K; time¼ 12 h.
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Fig. 14. Effect of H2O2 concentration on the oxidation of cyclohexane

over TiHMA(50).
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presence of an initiator (aldehyde or ketone), the reac-
tion goes through active species 1c and 1d. Finally, hy-

droxyl transformation from (1e) to the resulting radical

gives cyclohexanol. In this process, the initiator and the

catalytic active site (1b) are regenerated. Since the elec-

tron density over the active oxygen on (1b0) is much

lower than (1d), only 22% conversion was obtained

without initiator whereas in presence of initiator it was

86%.
The reaction was also carried out over TiHMA

employing different oxidants, viz., 70% TBHP, molecu-

lar O2 and air. Table 5 summarizes the salient results

along with the results obtained with H2O2. It is, how-

ever, clear from this table that the reaction with H2O2

exhibits much higher activity than that with the other

oxidants. Furthermore, the increase of the amount of

H2O2 results in nearly a complete oxidation with 99.2%
cyclohexane conversion at 82% cyclohexanol and 14%

cyclohexanone selectivity (Fig. 14). This observation is

in good agreement with that noted for TS-2 catalyst [62].

On the other hand, TBHP gave cyclohexanone as the

major product, owing to the much stronger oxidizing

capability of TPHP than H2O2 [63], but with a lower

conversion, which may be due the deactivation of the

catalyst by the formation of tert-butanol upon decom-
position of TBHP. When the reaction was carried out

using molecular O2 and air, a low substrate conversion

but with good cyclohexanol selectivity. The low con-

version may be due to a direct attack of O2 on cyclo-

hexane, an endothermic reaction, and as a consequence

the activation process is highly difficult. Hence, various

other oxidants, viz., idosobenzene [64,65], H2O2 [9,66–

69] and alkylhydroperoxide [70–72] were in literature
Table 6

Effect of different solvents on the oxidation of cyclohexane over TiHMA(50

Solvent Conversion (wt.%) Selectivity (wt.%

Cyclohexanol

THF 18.0 70.0

Acetone 25.5 68.6

Methanol 28.4 74.6

Acetic acid 86.2 98.4

aReaction conditions: substrate: oxidant (H2O2)¼ 1:1; catalyst¼ 50 mg

ture¼ 373 K; time¼ 12 h.
instead of energy consuming dioxygen activation.

Amongst other oxidants, H2O2 is preferable because of

simplicity in handling, environmentally friendly nature

of coproduct (water), high oxygen atom efficiency and

versatility [73–75].

Table 6 gives the influence of various solvents on the

reaction over TiHMA. It can be seen from this table that
a relatively lower conversion was obtained in the case of

methanol, acetone, and tetrahydrofuran due to a pos-

sible partial decomposition of H2O2 under the reaction

conditions. However, the observed higher catalytic

activity in acetic acid can be attributed to the stabiliza-

tion of H2O2 as peroxy acetic acid species. The influence

of different initiator, e.g., MEK, acetone, cyclohexa-
)a

)

Cyclohexanone Others

30.0 0.0

31.4 0.0

17.0 8.4

1.2 0.4

(3.3 wt.% of substrate); solvent¼ 10 ml; MEK¼ 5 mmol; tempera-



Table 7

Effect of different initiators on the oxidation of cyclohexane over TiHMA(50)a

Initiator Conversion (wt.%) Selectivity (wt.%)

Cyclohexanol Cyclohexanone Others

MEK 86.2 98.4 1.2 0.4

Acetone 72.8 86.2 8.2 5.6

Cyclohexanone 58.5 83.5 9.3 7.2

Acetaldehyde 42.6 89.3 2.2 8.5

aReaction conditions: substrate: oxidant (H2O2)¼ 1:1; catalyst¼ 50 mg (3.3 wt.% of substrate); solvent (acetic acid)¼ 10 ml; initiator¼ 5 mmol;

temperature¼ 373 K; time¼ 12 h.
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none, and acetaldehyde, on the reaction was also studied
and the results are listed in Table 7. It can be seen from

this table that the use of acetaldehyde gives low activity

due to the oxidation of acetaldehyde to acetic acid under

the reaction conditions while the use of ketones results

in good activity. MEK shows much better activity than

acetone due to the electron releasing ability of ethyl

group being more than methyl group. However, a fur-

ther increase of MEK amount results in the secondary
oxidation product cyclohexanone (Fig. 15). On the other

hand, the lower activity of cyclohexanone is not clear,

however, it may be due to the steric hindrance caused by

the bulkier cyclohexane ring and/or symmetrical nature

of cyclohexanone, which may hinder the formation of

(1d) from (1c).

Fig. 15. Effect of MEK concentration on the oxidation of cyclohexane

over TiHMA(50).

Table 8

Oxidation of cyclooctane over various Ti-molecular sievesa

Catalysts Conversion (wt.%) Selectivity (wt.%)

Cyclohexanol Cyclohexanone Others

TiHMA(50)

Calcined 85.0 81.5 15.2 3.3

Recycledb 83.5 78.0 18.0 1.5

TiMCM-41 82.0 80.5 10.0 9.5

TiAPO-5 23.5 68.5 17.0 11.8

TS-1 22.0 73.5 13.5 13.0

aReaction conditions: substrate: oxidant (H2O2)¼ 1:1; catalyst¼ 50 mg (2.48 wt.% of substrate); solvent¼CH3COOH (5 ml) +CH2Cl2 (5 ml);

MEK¼ 5 mmol; temperature¼ 373 K; time¼ 12 h.
b 3rd recycle or 4th run.

Table 9

Oxidation of cyclododecane over various Ti-molecular sievesa

Catalysts Conversion (wt.%) Selectivity (wt.%)

Cyclohexanol Cyclohexanone Others

TiHMA(50)

Calcined 87.0 75.5 20.0 4.5

Recycledb 85.5 68.8 25.0 6.2

TiMCM-41 81.0 64.8 27.0 8.2

TiAPO-5 26.0 66.2 18.1 15.7

TS-1 27.0 70.2 15.8 14.0

aReaction conditions: substrate: oxidant (H2O2)¼ 1:1; catalyst¼ 50 mg (2.48 wt.% of substrate); solvent¼ acetic acid (5 ml) +CH2Cl2 (5 ml);

MEK¼ 5 mmol; temperature¼ 373 K; time¼ 12 h.
b 3rd recycle or 4th run.
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At this juncture, it is also interesting to note that both

TiHMA and TiMCM-41 showed excellent activity for

these bulkier cycloalkanes such as cyclooctane (Table 8)

and cyclododecane (Table 9). Furthermore, TiHMA

showed good recyclability for these substrates as well. On
the other hand, the microporous analogues, viz., TiAPO-

5 and TS-1, showed only meager activity towards these

bulky substrates owing to their pore size restriction.

Comparing the results of cyclohexane oxidation to these

substrates, it was observed that more unidentified prod-

ucts were formed in bulkier substrates, resulting a de-

crease in selectivity of the required products, viz.,

alcohols (cyclooctanol and cyclododecanol) and ketones
(cyclooctanone and cyclododecanone). The decrease in

alcohol selectivity, however, could be due to the lower

diffusion rate of the bulky cyclooctanol/cyclododecanol

compared to cyclohexanol inside the mesopores.
4. Conclusion

TiHMA was hydrothermally synthesized with vary-

ing titanium content and characterized systematically

using several analytical and spectroscopic techniques. A

maximum of 3.25 wt.% of titanium could be incorpo-

rated in the tetrahedral framework mesoporous alu-

minophosphate matrix without forming any TiO2

impurity phase. The catalyst exhibits excellent substrate

conversion and product selectivity for the oxidation
reactions of cycloalkenes, viz., cyclohexane, cyclooctane

and cyclododecane, under mild reaction conditions as

compared to many other catalysts reported so far. The

presence of initiator (MEK) and solvent (acetic acid)

was found to be essential and that the oxidant H2O2 was

found to give highest catalytic activity. Further, cyclo-

hexane reaction also gives good results when molecular

oxygen and air used as oxidants. Finally, recycling
studies as well as various other treatments such as

washing, filtration and quenching clearly demonstrate

that no leaching of the active species was observed under

the reactions conditions thus suggesting TiHMA as a

truly heterogeneous catalyst.
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