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Vapour phase oxidation of cumene by molecular oxygen over MCM-41
supported cobalt oxide catalyst
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Si-MCM-41 and AI-MCM-41 supported cobalt oxide catalysts were prepared and characterized by XRD. The surface area,
pore size and wall thickness was calculated by applying BET equation and BJH method using nitrogen sorption technique. DR UV-
VIS confirm the presence of cobalt oxide as isolated particle in the framework positions of the MCM-41 mesostructure. The vapour
phase oxidation of isopropyl benzene with CO,-free air as the oxidant was studied over cobalt oxide supported unwashed and
washed Si-MCM-41 and AI-MCM-41 catalyst. Isopropyl benzene conversion increased with increase in temperature from 200 to
300 °C, but at 325°C it decreased. Formation of coke was noted at all the temperatures. Cumenehydroperoxide, 1,2-
epoxyisopropylbenzene, acetophenone and styrene were the products observed in this reaction. Of the products cumenehydrop-
eroxide was found to be more selective over all the catalysts. Both unwashed and washed catalysts were found to have nearly the
same activity. Due to more dispersion, the active sites in the latter catalysts compensates its low cobalt oxide content in producing
activity equal to the former catalysts. The study of time on stream indicated decrease in conversion due to coke formation.

KEY WORDS: MCM-41; oxidation; air; cumene; cumenehydroperoxide; cobalt oxide.

1. Introduction

The catalytic oxidation with dioxygen traditionally
holds a very prominent place in the petrochemical
industry, where it is by far the most important technol-
ogy for the upgrading of hydrocarbons [1]. The dom-
inant position of dioxygen as the oxidant for bulk
chemical oxy-functionalizations is due to the fact that it
is the only economically and environmentally feasible
oxidant for large scale processing. The most widely used
route for hydroperoxide production proceeds through
the following steps. (a) alkylation of benzene with
propylene to cumene, (b) vapour phase oxidation of
cumene to cumenehydroperoxide and (c) cumenehydr-
operoxide cleavage to acetophnone and 1,2-epoxyiso-
propylbenzene [2]. Many researchers have worked
previously for cumene oxidation reaction with Zirc-
ona-, titania-, and alumina-based complex oxides,
salane Co II) and polymer-supported catalyst [3-5]. In
spite of the excellent performance of these catalysts,
there are some drawbacks. For instance, the catalysts
undergo slow decomposition at a reaction temperature
of 363 K, and hence speeding up of the reaction rate by
employing these catalysts is impossible [5]. The main
aim of this study is to use MCM-41 supported cobalt
oxide catalysts, circumventing the above said draw-
backs. As the support has mesopores, they are capable
of holding metal oxides in nanodimentions with high
catalytic activity. The catalyst precursor [6-9], the
support [10-12], the preparation method [7-9,12-15]
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and the metal loading [6,10] are observed to influence
the oxidation behavior of cobalt catalyst.

Therefore in the present study, cobalt oxide impreg-
nated MCM-41 catalysts were synthesized and charac-
terized. Their catalytic activity for the oxidation of
cumene using air as an oxidant was examined. The
effects of reaction temperature, weight hourly space
velocity and time on stream on conversion and products
selectivity were examined and the results discussed.

2. Experimental
2.1. Liquid phase impregnation

The parent Si-MCM-41 and Al-MCM-41 were syn-
thesized according to previous reports [16—18] using
C1,H,5sN(CH;);Br as the template. Cobalt oxide
impregnated samples were prepared by overnight stir-
ring of 3 g of Si-MCM-41 or AI-MCM-41 in 50 mL;
0.3 M cobalt nitrate solutions. The material was filtered
and gently washed in deionized water in order to remove
any ions adsorbed on the external surface. The filtrate
was then dried by evaporation under reduced pressure,
and finally calcined in air at 823 K for 6 h.

2.2. Physico-chemical characterization

The aluminium content in AI-MCM-41 (Si/Al = 99
and 158) was determined using ICP-AES with allied
analytical ICAP 9000. The Co content in Co-SiIMCM-41
and Co-AIMCM-41 was estimated using AAS (GBC932
plus) by flowing acetylene and air at a rate of 1.85 and
13.1 L/min, respectively.
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The crystalline phase identification and phase purity
determination of the before and after impregnated
samples of Si-MCM-41, AI-MCM-41 (99) and Al-
MCM-41 (158) were, carried out by XRD (Siemens
D500)  wusing  nickel-filtered  CuK,  radiation
(2 =1.542 1&). Nitrogen adsorption—desorption iso-
therms were analysed using a Nova-1000 (QUAN-
TACHROME, Version 5.01) sorptometer at liquid
nitrogen temperature. Before analysis, calcined and
hydrothermally treated samples were dried at 130 °C
and evacuated overnight in flowing argon at a flow rate
of 60 mL min~'. Surface area, pore size and wall
thickness was obtained from these isotherms using the
conventional BET and BJH equations. IR spectra of the
sample were recorded on a Bruler IFS 66v FT-IR
spectrophotometer using KBr pellets. Thermogravimet-
ric-differential thermal analysis (TG-DTA) was carried
out in a Rheometric scientific (STA 15 H™) thermo
balance. Ten to fifteen milligrams of as-synthesized
sample Si-MCM-41, AI-MCM-41 (99) and AI-MCM-41
(158) were loaded, and the airflow wused was
50 mL min~'. The heating rate was 20 °C min~' and
the final temperature was 1000 °C.

2Si MAS-NMR spectra were recorded in a DRX-500
FT-NMR spectrometer at a frequency of 59.64 MHz,
spinning speed of 8 kHz, pulse length of 2.50 us
(45° pulse), delay time of 10 s and spectral width of
335 ppm. Two thousand scans were acquired with
reference to trimethylsilylpropanesulfonic acid (TSP).
Solid-state ’Al MAS-NMR spectra were recorded at a
frequency of 104.22 MHz, spinning rate of 8§ kHz, pulse
length of 1.0 us, delay time of 0.2 s and spectral width of
330 ppm. The total number of scans was 150 and the
line broadening was 50 Hz. The ?’Al chemical shifts
were reported in relation to the solution of aluminium
nitrate. Diffuse reflectance (DR) spectra were recorded
between 350 and 2000 nm on a Shimadzu UV-240
spectrometer in the UV-Vis region using BaSO4 as a
reference.

2.3. Catalytic activity studies

The reactor system was a fixed-bed, vertical type
reactor made up of a quartz tube of 40 cm length and
2 cm internal diameter. The quartz reactor was heated to
the requisite temperature with the help of a tubular

furnace controlled by a digital temperature controller
cum indicator. At the bottom of the reactor a piece of
thermowool was placed, over which a chromel-alumel
thermocouple was kept to measure the temperature at
the middle of the catalyst bed with an accuracy of 5 °C.
About 0.3 g of the catalyst was placed in the middle of
the reactor and supported on either side with a thin layer
of quartz wool and ceramic beads. The liquid reactant
was injected in to the reactor containing the catalyst bed
by a microdisplacement pump at a WHSV of
3.3 mL h™!, with air 90 mL h™'. The bottom of the
reactor was connected to a coiled condenser and a
receiver. The liquid product collected for the first 15 min
of each run, normally covering an hour, was discarded
and only the products obtained after this period was
analysed. This was done to ensure the attainment of a
steady state for the reaction over the catalyst and also to
obtain a steady temperature in the furnace. The liquid
products were analysed by a Gas Chromatography (HP
5890 series II) using a flame ionization detector and
50 m x 0.2 mm PONA column (Supelco). All the cata-
lysts were regenerated by burning away the coke deposit
formed on them from the previous reaction by passing a
stream of pure dry air at a temperature of 500 °C for 8 h.
The same catalyst was used for the study of WHSV and
time on stream.

3. Results and discussion
3.1. ICP-AES and AAS analysis

Table 1 gives the ICP values obtained for the
resulting solids. It can be seen that the Si/Al molar
ratio of the solid is almost same as that of the starting
mixtures, in agreement with what is usually observed for
such synthesis. The results of AAS analysis to determine
the cobalt content of the materials are given in the same
table.

3.2. XRD

The XRD patterns of the calcined Si-MCM-41, Al-
MCM-41 (99), AI-MCM-41 (158) samples are given in
figure 1a. The XRD patterns are almost flat in the 26
range of 20-30, indicating that no significant amount of
conventional amorphous silica is present in the products.

Table 1
Elemental analysis of Co and Al containing MCM-41 catalysts

Samples Si/Al ICP AAS-cobalt content
Unwashed Washed
Theoretical (ppm)  Experimental (ppm) Theoretical (ppm) Experimental (ppm)
Si-MCM-41 - - 11.644 11.413 11.644 9.100
Al-MCM-41 (99) 100 99 11.644 10.304 11.644 8.831
Al-MCM-41 (158) 150 158 11.644 9.658 11.644 7.924
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Figure la. XRD of (a) calcined Si-MCM-41, (b) AI-MCM-41 (99)
and (c) AI-MCM-41 (158). Figure 1b. XRD of (a) calcined Co-MCM-
41-U, (b) Co-AIMCM-41 (99)-U and (c) Co-AIMCM-41 (158)-U.

The pore-to-pore distance of Si-MCM-41, AI-MCM-41
(99) and AI-MCM-41 (158) with characteristic peaks of
hexagonal symmetry at djoo was 43.68, 40.90 and
44.18 A are given in table 2. Figure 1b presents the
XRD patterns due to MCM-41 supported cobalt oxide
catalysts. The intensity of the patterns due to 100 plane is

decreased and that of 110 and 200 planes disappeared
owing to radiation diffusion. It is due to the nanosize of
impregnated particles present in the pores. The hexag-
onal unit cell parameter (¢g) was calculated using the
following formula from d;¢o, which was obtained from
the peak in the XRD pattern by Bragg’s equation
(2dsin 0 = 4, where 1 = 1.542 A for the CuK, line). The
value of ay was equal to the internal pore diameter plus
one pore wall thickness.

3.3. Adsorption isotherm of nitrogen

Nitrogen adsorption isotherms of calcined Si-MCM-
41, AI-MCM-41 (99) and AI-MCM-41 (158) measured
at liquid nitrogen temperature (77 K). The results are
presented in the Figure 2. Three well-defined stages may
be identified: (1) a slow increase in nitrogen uptake at
low relative pressure, corresponding to monolayer-
multilayer adsorption on the pore walls; (2) a sharp
step at intermediate relative pressures indicative of
capillary condensation within mesopores; (3) a plateau
with a slight inclination at high relative pressures
associated with multilayer adsorption on the external
surface of the crystals [19]. The isotherms suggest that
Al incorporation results in a shift to lower pore size
(pore-filling step at lower p/py) and that the decrease in
pore size is greater at higher Al content. It is interesting
to note from the isotherms that the presence of Al
results in significant adsorption at high partial pressures
(p/po). Tt is likely that the AI-MCM-41 samples are made
up of inhomogeneous particles which give rise to
interparticle voids. The data presented in table 2 indi-
cate that the calcined Al-containing samples have
thicker pore walls, larger distances between pore centers
and larger BET areas than the siliccous MCM-41: The
pore walls reported in this work are larger than those
observed by Corma et al. [20].

3.4. FT-IR spectroscopy

Figure 3 shows the FT-IR spectra of as-synthesized
and calcined Si-MCM-41, AI-MCM-41 (99) and Al-
MCM-41 (158) materials. The as-synthesized samples
exhibit adsorption bands around 2921 and 2851 cm™!
corresponding to C-H vibrations of the surfactant
molecules. The broad bands around 3500 cm™' may be
attributed to surface silanols and adsorbed water

Table 2
Physicochemical characterization of calcined Si-MCM-41, AI-MCM-41 (99) and AI-MCM-41 (158)

Samples Before impregnation After impregnation BET surface Pore size (A) Wall tl})ickness
- - - - area (m> g™') (A)
dyoo (A) Unit cell-ay (A) digo (A) Unit cell-a, (A)
Si-MCM-41 43.68 50.44 42.89 49.53 998 27.6 332
Al-MCM-41 40.90 47.23 36.82 42.52 1036 31.5 13.6
(99)
Al-MCM-41 44.18 51.02 38.42 44.36 1102 30.8 16.0

(158)
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Figure 2. N, adsorption isotherm of (a) calcined Si-MCM-41, (b) AI-MCM-41 (99) and (c) AI-MCM-41 (158).

molecules, while deformational vibrations of adsorbed
molecules cause the adsorption bands at 1623—
1640 cm™' [20]. The adsorption bands at 1057 and
1223 cm™! are due to asymmetric stretching vibrations
of Si—O-Si bridges. Based on less intense peaks at 2851
and 2921 cm™' for the calcined samples, one could
conclude that calcination completely eliminates the
locked-in template. An adsorption band of 967 cm™
assigned to a stretching vibration of Si—~O-Al linkage
was observed. As the aluminium content increased, an
additional broad band around 3500 cm™' was found.

Transmittance (%)

3400

2400
Wave number (cm™!)

400

Figure 3. FT-IR spectra of (a) as-synthesized Si-MCM-41, (b) Al-
MCM-41 (99) and (c) AI-MCM-41 (158) (d) calcined Si-MCM-41,
(e) AI-MCM-41 (99) and (f) AIMCM-41 (158).

This was assigned to hydroxyl groups on octahedrally
coordinated aluminium species [21].

3.5. TG-DTA

Thermogravimetric analyses of the samples show
distinct weight losses that depend on framework com-
position (table 3). Three distinct steps can be distin-
guished: at 50-150, 150-350 and above 350 °C. The
weight loss due to the desorption of water was observed
between 50 and 150 °C. The weight loss at the stage of
150-350 °C can be ascribed to the decomposition of the
organic species. The weight loss above 350 °C can be
assigned to coke calcination and the loss of silanol
groups. The total weight loss at 1000 °C for Si-MCM-
41, AI-MCM-41 (99) and AI-MCM-41 (158) samples are
in the 51.36%, 51.05% and 52.57%, respectively,
without any clear dependence on the Si/Al ratio or
aluminium source of the sample.(see figure 4) However,
the distribution of successive weight losses depends on
the framework Si/Al ratio [22,23]. Thus, weight loss was

Table 3
Thermogravimetric results (in air) for the MCM-41 type materials

Samples Weight loss (wt%)
Total 50-150 °C 150-350 °C ~ 350-550 °C
Si-MCM-41 52.36 11.43 32.49 8.44
Al-MCM-41 51.05 11.52 27.60 11.93
99)
Al-MCM-41 52.57 11.61 9.47 11.47
(158)
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Figure 4. TGA curve of (a) as-synthesized Si-MCM-41, (b) AI-MCM-
41 (99) and (c) AI-MCM-41 (158).
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higher in the AI-MCM-41 (158) than that in the other
two, where the Al content was less than in the others.

3.6. ¥Si and ¥’ Al MAS-NMR

The *°Si MAS-NMR spectra of purely siliceous
MCM-41 show (figure 5) a signal centered at
—110.9 ppm attributed to Q® environments and a
shoulder at —104 ppm for Q°, Si(OSi); OH sites. These
spectral features coincide well with those reported by the
previous workers [24,25]. In 2’Al MAS-NMR spectra of
the samples, the peak around 53.7 ppm for AI-MCM-41
(99) and 52.1 ppm for AI-MCM-41 (158) are attributed
to the presence of aluminium in tetrahedral coordina-
tion [24-26]. 2’ Al MAS-NMR of the calcined AI-MCM-
41 (99 and 158) shows a less intense peak at —0.37 ppm.
This peak is due to extra framework aluminium species
in octahedral coordination and it is expected to arise out
of the framework dealuminium during calcination [26].

3.7. DR UV—Vis spectroscopy

The coordination environment of cobalt in unwashed
Co-MCM-41 and Co-Al-MCM-41 (99) was analysed by
DRS, and DR spectra of calcined samples are shown in
figure 6. An intense band centered at ca.520 nm is
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Figure 5. °Si MAS NMR and *’Al MAS NMR spectra of (a) Si-MCM-41, (b) AI-MCM-41 (99) and (c) AI-MCM-41 (158).
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100 observed, implying the presence of a ligand-to-metal
charge transfer involving isolated transition metal sites
80 1 [27]. From the DR UV spectrum one can learn that, for
8 " the lilac Co (NO3)-SiO», ca.520 nm, the cobalt oxide is
2 incorporated into the silicate with an octahedral co-
2 40 4 ordination sphere is observed.
< a
20 4 3.8. Influence of temperature
o The vapour phase oxidation of isopropylbenzene
' ' ' ' over cobalt oxide impregnated unwashed (U) catalysts
0 200 400 600 800 1000 preg ( ) YSis,
Co-MCM-41, Co-AIMCM-41 (99) and Co-AIMCM-41
Wavelength/nm (158), at 200, 225, 250, 275, 300 and 325 °C was studied
Figure 6. DR UV-Vis spectra of (a) calcined Co-MCM-41-U, Wlth COy-free air as the oxidant. The results of
(b) Co-AIMCM-41 (99)-U and (c) Co-AIMCM-41 (158)-U. isopropylbenzene conversion and selectivity to cum-
enchydroperoxide (CHP), 1,2-epoxyisopropyl benzene
Table 4
Oxidation of cumene: variation with temperature
Catalysts Temperature Conversion Product selectivity (%)
O (Wt%)
CHP 1,2-EIPB AP Styrene Others
Co-MCM-41-U 200 32.8 45.7 30.5 19.1 4.7 0
225 38.1 47.2 21.6 17.7 7.0 6.5
250 43.2 56.4 16.8 14.9 8.5 34
275 46.9 63.8 9.3 9.4 9.2 8.3
300 50.1 81.3 3.7 5.1 9.9 0
325 48.4 65.9 3.1 4.1 15.6 11.3
Co-AIMCM-41 (99)-U 200 31.0 39.8 29.0 21.8 5.9 3.5
225 34.1 41.6 22.1 19.5 8.1 8.7
250 36.7 47.4 18.7 15.2 12.4 6.3
275 39.5 53.5 9.3 9.4 16.7 11.1
300 45.5 64.7 4.1 5.8 17.1 8.3
325 41.9 58.1 3.2 5.0 20.6 13.1
Co-AIMCM-41 (158)-U 200 29.9 33.1 28.5 24.8 6.1 7.5
225 34.1 38.7 22.2 21.2 12.8 5.1
250 36.8 40.3 16.9 19.5 14.4 8.9
275 38.6 47.6 8.4 14.9 19.0 10.1
300 43.8 57.0 5.5 8.1 20.1 9.3
325 40.3 50.6 4.2 7.7 23.9 13.6
Co-MCM-41-W 200 30.1 44.4 31.2 19.3 4.3 0.8
225 34.7 46.7 23.1 18.1 6.5 5.6
250 37.0 53.1 17.0 14.9 9.0 6.0
275 40.5 67.1 9.6 8.9 10.5 3.9
300 46.5 71.4 5.1 4.2 12.0 7.3
325 42.2 68.9 4.2 3.6 15.6 10.7
Co-AIMCM-41 (99)-W 200 28.0 33.3 27.0 22.3 5.5 11.9
225 32.8 39.6 22.1 19.8 8.1 10.4
250 35.0 47.5 19.3 17.0 12.0 4.2
275 38.0 56.0 11.8 9.6 16.3 6.3
300 43.4 63.3 8.0 5.8 18.0 4.9
325 40.7 58.1 5.2 4.7 21.7 10.3
Co-AIMCM-41 (58)-W 200 28.1 33.1 29.0 26.0 7.0 49
225 32.0 37.7 24.3 22.5 11.8 3.7
250 34.1 40.3 16.7 19.8 15.5 7.7
275 38.6 48.5 10.5 14.9 19.1 7.0
300 42.0 55.1 7.1 10.4 22.2 5.2
325 39.0 52.4 4.3 8.4 25.0 9.9

Reaction condition: 0.3 g of catalyst; flow rates: 1 mL/h for reactants and 90 mL/h for air.
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Figure 7. Effect of temperature on the conversion of cumene over Co-MCM-41-U, Co-AIMCM-41 (99)-U, Co-AIMCM-41 (158)-U, Co-MCM-
41-W, Co-AIMCM-41(99)-W and Co-AIMCM-41 (158)-W.

(1,2-EIPB), acetophenone (AP) and styrene are pre-
sented in table 4. Co®" catalyses oxidation of cumene
by abstracting the tertiary hydrogen as shown in the
following reaction scheme. This mechanism was also
reported in the literature [28]. The cumene radical reacts
with molecular oxygen to produce alkyl peroxide. The
peroxide in turn abstracts hydrogen from cumene to
form isopropylhydroperoxide. The arolkylhydroperox-
ide is decomposed catalytically to yield acetophenone
and 1,2-EIPB.

SE 3ol
SLoINLRGHE
oo |

H3
OH \/(]) =0
Co 2+
e +

Conversion increases from 200 to 300 °C, but at
325 °C it shows a slight decrease (figure 7). As coke
formation is observed at all temperatures, and it is to be
more favoured with increase in temperature, the increase
in conversion between 200 and 300 °C is not high.
Nearly similar values of conversion at each temperature
over all the catalysts suggest similar level of dispersion
of cobalt oxide on the catalyst surface. It is once again
supported by nearly similar level of impregnation of

cobalt oxide as evidenced from AAS analysis (table 1).
In order to test whether the carbon deposits or sintering
of metal oxide is important for catalyst deactivation, the
spent catalyst, Co-MCM-41-U was again tested for
activity under identical conditions after activation.
Before activation conversion of cumene was 50.1%
and the same used catalyst after activation gave 49.2%
conversions, proving thus only carbon deposit as the
cause for catalyst deactivation.

Among the products CHP was found to be formed
with more selectivity than the others at all the temper-
atures studied. Its selectivity increases from 200 to
300 °C, but at 325°C it decreases (figure 8). The
decomposition of CHP may not be entirely free, but to
be assisted by the catalyst, since the selectivity is not
increased at 325 °C. Similar to conversion, CHP selec-
tivity shows similar trend of increase with increase in
temperature over all the catalysts up to 300 °C.

The selectivity to 1,2-EIPB and acetophenone
decreases with increase in temperature. The selectivity
of 1,2-EIPB is more than acetophenone at lower
temperatures, but at higher temperature the trend is
reversed. But the increase in selectivity of acetophenone
is not very much compared to 1,2-EIPB. This change is
clearly evident for all the catalysts from the data in the
table 4.

The increase in the selectivity of CHP with increase in
temperature, and the decrease in the selectivity of 1,2-
EIPB and acetophenone with increase in temperature
suggest the latter product might be obtained from the
decomposition of CHP. The formation of these two
products also reveals the decomposition of CHP is to be
assisted by the catalyst. At higher temperature the
decomposition of CHP is not favoured due to less
adsorption of it on the catalyst surface. The less
selectivity of CHP at 325 °C contradicts this view, as
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Figure 8. Effect of temperature on the product selectivity of CHP over Co-MCM-41-U,Co-AIMCM-41 (99)-U, Co-AIMCM-41 (158)-U,
Co-MCM-41-W, Co-AIMCM-41 (99)-W and Co-AIMCM-41 (158)-W.

the expected value is to be high. The less value may be
due to formation of styrene with more selectivity directly
from cumene via radical mechanism as shown in the
following reaction scheme:

é + ot ——= é +Co2tyHY

: 7
— + CH,
+ CH, —»é + CH,

Co>* at high temperature is expected to abstract
electron from the methyl group of cumene. The arolkyl
radical decomposes to produce styrene. The Co’”"
formed in this reaction will catalyse arolkylhydroperox-
ide as given in the previous mechanism. Formation of
styrene directly from cumene was also established by
passing the latter over the catalyst in the absence of air.
Styrene was obtained with 7.8% yield at 300 °C. The
same trends of selectivity for all the products over all the
catalysts suggest occurring of similar mechanism for
different reaction in this oxidation process. As the
conversion over all the catalysts nearly remains the
same, the protonic sites of the catalyst of Co-AIMCM-
41 (99) and Co-AIMCM-41 (158) may not have any
influence in this reaction.

The reaction results obtained over surface washed (W)
cobalt oxide impregnated catalysts are shown in the
table 4. Cumene conversion exhibits a similar trend of
increase with increase in temperature from 200 to 300 °C,

and decrease at 325 °C for all the catalysts. The results of
conversion are illustrated in figure 7. But comparison of
conversion over these catalysts with the unwashed
catalysts shows nearly similar values (there is a decrease
in conversion but the decrease is not much). Hence,
during washing, the metal nitrates may not be much
expelled, which would be possible only if cobalt nitrate is
largely present inside the channel. Hence the reaction
might be expected to occur largely within the pores.

The selectivity to CHP also exhibits similar trend of
increase with increase in temperature up to 300 °C and
decrease at 325 °C as that of the previous set of the
catalysts (figure 8). Similarly, the selectivity patterns of
1,2-EIPB, acetophenone and styrene are also retained in
this catalysts as the previous ones in the temperature
range studied. It might be stated that very high-level
dispersion of metal oxides in this catalyst after washing
might be the cause of maintaining of nearly similar
conversion and product selectivity as that of the
previous catalysts. It could be expected more particle
size for previous catalysts due to more loading than the
present set of catalysts. Different amount of cobalt
oxide content for both group of catalysts (unwashed and
washed) is also evidence from the AAS studies.

The reaction was also studied over freshly silica [29]
supported cobalt oxide (0.3 M loading). When cumene
was passed over this catalyst, to our surprise, at 250,
275 300 and 325 °C, the conversions were found to be
4.8%, 9.2%, 16.4% and 11.3% which are very low
compared to MCM-41 supported cobalt oxide catalyst.
We feel, it might be due to large size of the metallic oxide.

3.9. Influence of cumene content in the feed

The effect of cumene content in the feed on conver-
sion and products selectivity over the unwashed cata-
lysts was studied at 300 °C. The reaction results are
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Table 5
Oxidation of cumene: variation with WHSV

Catalysts WHSV (h™) Conversion Product selectivity (%)
(Wt%)
CHP 1,2-EIPB AP Styrene Others
Co-MCM-41-U 33 50.1 81.3 3.7 5.7 8.7 1.2
6.7 46.5 67.3 9.8 7.9 5.6 9.4
10.0 41.2 60.1 16.7 8.1 3.5 11.6
13.3 37.8 57.1 28.9 10.3 2.9 0.8
Co-AIMCM-41 (99)-U 33 45.5 64.7 4.1 5.8 17.1 8.3
6.7 40.3 54.2 11.6 8.8 13.5 11.9
10.0 37.7 47.5 19.1 10.6 11.3 11.5
13.3 349 44.3 26.6 13.1 8.6 7.4
Co-AIMCM-41 (158)-U 33 43.8 57.0 5.5 8.1 20.1 9.0
6.7 41.5 53.1 10.0 11.1 15.2 10.6
10.0 35.8 453 18.6 13.3 12.8 10.0
13.3 34.7 44.0 27.7 16.0 9.0 33
Co-MCM-41-W 33 45.5 71.4 5.1 4.2 12.0 7.3
6.7 42.2 64.8 12.5 9.0 10.5 3.2
10.0 39.8 61.4 19.4 10.1 8.8 0.3
13.3 36.8 56.1 25.0 11.8 5.7 1.4
Co-AIMCM-41 (99)-W 33 434 63.6 8.0 5.8 18.0 49
6.7 399 57.1 12.0 9.0 15.1 6.8
10.0 37.5 52.0 17.6 9.5 11.3 9.6
13.3 35.0 40.3 24.4 15.0 9.1 11.2
Co-AIMCM-41 (58)-W 33 42.0 55.1 7.1 10.4 22.2 5.2
6.7 40.3 511 11.2 12.5 17.5 7.7
10.0 38.4 47.0 16.9 13.0 14.9 8.2
13.3 35.8 443 23.8 15.8 11.8 43

Reaction condition: 0.3 g of catalyst, temperature 300 °C, and flow rate of air 90 mL/h.

presented in the table 5. Conversion decreased with
increase in the cumene content over all the catalysts.
Since the flow rate of air was kept at 90 mL/h, nearly the
same contact time for cumene over the active sites of the
catalyst irrespective of its content in the feed is expected.
The conversion decreased; hence this decrease in con-
version might be due to increase in the formation of
molecular clusters of cumene with increase in its content
in the feed. These molecular clusters prevent chemisorp-
tion and subsequent decomposition of cumene over the
active sites.

The selectivity of CHP decreased with increase in the
cumene content in the feed over all the catalysts. The
high selectivity at lower content of cumene is attributed
to decrease in the amount of Co(I1]) sites to chemisorp-
tion and subsequent decomposion of CHP. The less
amount of Co(IIl) is due more conversion of it to Co(II)
due to more formation of isopropylphenyl free radical.
The decrease in the selectivity with increase in the
content of cumene in the feed very well substantiates
more and more formation of molecular clusters with
increase in the cumene content. As there is less adsorp-
tion of cumene there would be more availability of
Co(IIT) states inorder to chemisorb, decompose and
reduce the selectivity of CHP. The increase in the
selectivity of 1,2-EIPB and acetophenone also conforms

the above suggestion for formation of molecular clusters
at high cumene content. Formation of styrene with more
selectivity at lower cumene content in the feed and less
selectivity at higher content in the feed also provides
support for the increased formation of molecular
clusters with increase in the cumene content.

The effect of cumene content in the feed on conver-
sion and product selectivity was examined over washed
catalysts. The results are presented in the table 5. The
conversion decreased with increase in the cumene
content over all the catalysts. This trend is similar to
the previous set of catalysts as discussed in the previous
sections. The conversion is nearly same as that of the
unwashed catalyst. The selectivity to CHP decreases
with increase in the cumene content in the feed over all
the catalyst similar to the previous set of catalyst.

The increase in the selectivity of 1,2-EIPB and
acetophenone, and decrease in the selectivity of
styrene over all the catalyst would also be accounted
based on the formation of molecular clusters as
discussed before.

3.10. Influence of time on stream

The effect of time on stream was studied at 300 °C
over Co-MCM-41-U and Co-AIMCM-41 (99)-U. The
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Table 6
Oxidation of cumene: variation with time on stream over unwashed Co-MCM-41 and Co-AIMCM-41 (99)

Catalysts TOS (h) Conversion Product selectivity (%)
(Wt%)
CHP 1,2-EIPB AP Styrene Others
Co-MCM-41 1 50.1 81.3 3.7 5.1 9.9 0
2 48.0 83.1 4.3 3.8 7.8 1.0
3 45.6 85.6 5.4 2.5 6.0 0.5
4 42.1 87.9 6.0 2.0 4.1 0
5 39.5 88.3 7.4 1.8 2.1 0.4
Co-AIMCM-41 (99) 1 45.5 64.7 4.1 5.8 17.1 8.3
2 424 66.4 5.6 4.7 14.6 8.7
3 40.1 71.6 7.0 3.0 13.0 5.4
4 38.9 74.6 8.2 2.8 10.8 3.6
5 37.2 77.0 9.0 1.7 10.0 2.3

Reaction condition: 0.3 g of catalyst, flow rates: | mL/h for reactants, temperature 300 °C, and flow rate of air 90 mL/h.
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Figure 9. Effect of time on stream on the conversion of cumene over
unwashed Co-MCM-41 and Co-AIMCM-41 (99).

flow rate of cumene was 1 mL/h and air was 90 mL/h.
The study was carried out for 5 h of stream, and the
results are presented in the table 6. Conversion de-
creased with increase in stream over both the catalysts
due to coke formation. The results of conversion are
illustrated in figure 9. The selectivity to CHP increased
with increase in stream (figure 10) due to blocking of
active sites that assists its decomposition to 1,2-EIPB
and acetophenone. Though the selectivity of 1,2-EIPB
and acetophenone follows same trend in the earlier
study, here the selectivity to 1,2-EIPB increases with
increase in stream and to acetophenone decreases with
increase in stream. This observation suggests existence
of acid sites of different strengths.

Though both the products are formed by the decom-
position of CHP, formation of acetophenone might be
requiring acid sites of more strength than 1,2-EIPB, as
the more active sites would be rapidly blocked by coke.
The selectivity to acetophenone decreased with increase
in stream. Since the formation 1,2-EIPB requires weak
acid sites, its selectivity increased with increase in
stream, as these sites are not blocked by coke. As the
strong acid sites are more and more blocked with

BCo-MCM-41-U
O Co-AIMCM-41 (99) U

801

60 -

LLLE

100*

Selectivity (%)

40
20

Time (h!)

Figure 10. Effect of time on stream the product selectivity of CHP
over unwashed Co-MCM-41 and Co-AIMCM-41 (99).

increase in stream, there would be more transport of
CHP to weak acid sites to yield 1,2-EIPB with more
selectivity. The selectivity to styrene decreased with
increase in stream over both the catalysts due to coke
formation. This decrease of selectivity also suggests
requiring of more active sites for its formation.

4. Conclusion

Cobalt oxide impregnated Si-MCM-41 and AI-MCM-
41 catalyst are found to be active for vapour phase
oxidation of cumene to yield CHD 1,2-epoxyispropyl-
benzene, acetophenone and styrene. Significant conver-
sion is obtained from 200 to 300 °C. Coke formation is
noted at all the temperatures. One important observation
in the study is the formation and the high selectivity of
CHP. High conversion, and selectivity to CHP was
retained even for 5 h stream. Both surface unwashed
and washed catalysts give similar conversion and prod-
ucts selectivity. Presences of protonic sites in the Al-
MCM-41 do not seem to be harmful in the study.
Harmless air is used as an oxidant as a substitute for H,O,.
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