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Abstract

The catalytic activity of MCM-41 after impregnation with manganese species was investigated. Si-MCM-41 and AI-MCM-41 (Si/Al=99 anc
158) were synthesized by hydrothermal method. The XRD analysis shows that aluminium incorporated MCM-41 retains the hexagonal struct
The higherd-spacing values of AI-MCM-41 catalysts than that of pure MCM-41 indicate the incorporation of aluminium into the framework.
Manganese oxide impregnated MCM-41 and Al-MCM-41 catalysts were also prepared by wet method. Their structures were confirmed by XF
The presence of Mii was evident through DR UV-vis and ESR spectroscopy. The catalytic activity of the above catalysts was studied b
vapour phase oxidation @fisopropyltoluene-cymene) with CQ-free air in the temperature ranging from 200-4Q0 On comparison, the
Mn-MCM-41 catalyst significantly shows highgrcymene conversion and products selectivity. The major products were 4-methylacetophenone
4-isopropylbenzaldehyde, 1,2-epoxyisopropylbenzaldehyde and 4-methylstyrene. Among the products, selectivity to 4-methylacetophenone
found to be higher than others. Activities of the catalysts follow the order Mn-MCM-41 > Mn-AIMCM-41 (99) > Mn-AIMCM-41 (158). Reaction
conditions were optimized on better conversion and products selectivity and the results are discussed.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction manganese(lll) porphyrin complex catalysts in the presence of
hydrogen peroxide as the oxidant, using co-catalysts, like imida-
Oxidation reactions occupy a prominent place in both the scizole orammonium acetate is already repoffe@]. Aleksandrov
ence of catalysts and catalysis-based modern chemical industaypd Basaeva et a]7,8] reported the same reaction catalysed
[1,2]. Stoichiometric metal oxidants such as chromates and peby Co and Mn complexes in acetic acid medium. Cerium(IV)
manganate are widely used. An excessive quantity of toxic meammonium nitrate in acetic acid to give nitro and acetate substi-
als leads to the inevitable production of large amounts of toxi¢uted derivative§d] and oxides of Cr, Mn and Se have also been
waste which in turn necessitate disposal. The recent researchported[10]. For the production of 4-isopropylbenzaldehyde,
in the area of catalysis has concentrated on finding alternativéaudano and Tissot carried out the reaction in methanolic
methods that will increase yield and reduce w43ielt is evi-  medium by direct electrochemical oxidation methad)]. Oxi-
dent that the use of air in place of other oxidants is clearlydation ofp-methyltoluene ang-zert-butyltoluene catalysed by
desirable on economic and environmental grounds. Oxidatio€o, Mn and NaBr salts in acetic acid medium and vapour
of p-cymene is an industrially important reaction because ophase oxidation gp-methoxy toluene over vanadium pentox-
its 4-methylacetophenone product, which is used as a precuide based catalysts have also been repdit2d18] Recently,
sor for manufacture of perfumes and the other product of thifNair et al.[4] reported the aerial oxidation of substituted aro-
reaction is 4-isopropylbenzaldehyde, which is also used as a flanatic hydrocarbons catalysed by Co/Mn7/Bn water-dioxygen
voring agent for food materia[d]. Oxidation ofp-cymene with  medium in the temperature range 383-423 K, in which gthe
isopropylbenzyl alcohol (54.7%) is more predominantthan other
products in the oxidation gf-cymene. In conventional methods
* Corresponding author. Tel.: +91 44 22203158; fax: +91 44 22200660.  acetic acid and methanol have been used as a solvents. Hence, in
E-mail address: pandurangam@yahoo.com (A. Pandurangan). the present study, solvent free oxidatiopafymene with CQ-
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free air over manganese oxide supported mesoporous MCM-4ange of 200-800 nm. The co-ordination environment of Mn

molecular sieves at high temperature was carried out. MCMin MCM-41 and AI-MCM-41 samples was further confirmed

41 catalysts have advantage of ease of recovery and recyclitny X-band (9 GHz) ESR spectra were recorded at liquid nitro-

that are readily amenable to continuous processing. There isgen temperature on Varian E112 spectrometer. The relative ESR

considerable demand for large pore size catalyst for the synntensities were calculated by double integration of the recorded

thesis of large molecules. This reaction is taken as a model tBSR signal. DPPH was used as the reference to magktatue.

identify the potential of manganese impregnated MCM-41 cat-

alyst for oxidg_tion of indust_ria_lly important comp_oun_{iE)]. 2.3. Catalytic studies on oxidation of p-cymene

Further, conditions were optimised in order to attain higher sub-

strate conversion and selectivity towards 4-methylacetophenone e catalytic activity of manganese impregnated MCM-41

and 4-isopropylbenzaldehyde, which are commercially imporgampjes were carried out in a fixed bed continuous down flow

tant products. quartz reactor under atmospheric pressure in the temperature
range of 200—400C in steps of 50C. The reactor packed

2. Experimental with 0.3g of the catalyst was placed in a tubular furnace.
The catalyst was activated in nitrogen atmosphere for 1 h fol-
2.1. Preparation of manganese impregnated catalysts lowed by air for 5 h at 550C and then cooled under a nitrogen

stream to the desired reaction temperature. g-ogmene was

The parent MCM-41 and Al-MCM-41 catalysts were syn-fed into the reactor using a syringe infusion pump at a pre-
thesized according to the previous repof0—22] using determined flow rate. The oxidation pfcymene was carried
C16H33(CH3)3sN*Br~ as the template. 0.3 M manganese acetat@®ut and the products mixture was collected for a time inter-
solution was prepared and mixed with 3g of MCM-41 or Al- val of 1 h. The products were analyzed by gas chromatography
MCM-41 under constant stirring. The solution was dried undePerkin-Elmer (Clarus 500 model) equipped with Flame lon-

reduced pressure, and calcined in air at 850or 6 h. ization Detector and elite 5ms capillary column. The identi-

fication of products was also performed on a Shimadzu GC-

MS-QP1000EX gas chromatograph—mass spectrometer. All the

catalysts were regenerated by burning away the coke deposit

. ) i . by passing air at a temperature of 5@ for 6 h. The same
The alumlnlum content n Al-MCM-41 was determined using catalysts were used continuously to study the effect of various

ICP-AES with allied analytical ICAP 9000. The manganese Cony,, a meters, viz., temperature, weight hourly space velocity and

tent in Mn-MCM-41 and Mn-AIMCM-41 was estimated using time-on-stream.

AAS (GBC932 plus). The powder low angle XRD analysis was

performed on a Scintag 2000 diffractometer equipped with lig- . .

uid nitrogen-cooled germanium solid-state detector using&€u K 3+ Results and discussion

radiation 2°Si MAS-NMR spectra and were recorded on a DRX-

500 FT-NMR spectrometer at a frequency of 59.64 MHz, at &1+ Elemental analysis

spinning speed of 8 KHz with pulse length of 258(45 pulse), .

delay time of 10's and spectral width of 335 ppm. Two thousand 1he ICP-AES values obtained for AI-MCM-41 catalysts. It

scans were acquired with reference to trimethylsilylpropanesul€an be seen that the Si/Al molar ratio of the sample is almost

phonic acid (TSP). Th&’Al MAS-NMR (MSL 400 spectrom-  Sa@me as t_hat of the g(_al composition. The manganese conte_nt of

eter) spectra were recorded at a frequency of 104.22 MHz an@e materials was estimated by AAS and their results are given

at a spinning rate of 8 KHz with pulse length of 1.8, witha 1N Table 1

delay time of 0.2's, and a spectral width of 330 ppm. The total

number of scans was 150 and the line broadening was 50 H2.2. Low angle XRD

The2’Al chemical shifts were reported in relation to the liquid

solution of aluminium nitrate. The co-ordination environment  The purity and structure of the MCM-41 materials were syn-

of Mn-containing MCM-41 samples was examined by diffusethesized by the low-angle XRD. The XRD patterns of calcined

reflectance UV-vis spectroscopy. The spectra were recorded and impregnated materials are showfrig. 1A and B. It can be

Shimadzu UV-2101 spectrophotometer using in the wavelengtbbserved that all the above materials exhibit a strong peak in the

2.2. Physicochemical characterization

Table 1

Elemental analysis anglvalue (ESR) of MCM-41 catalysts

Samples Si/Al ICP AAS-manganese content g-Value of Mn
Theoretical (ppm) Experimental (ppm)

Mn-MCM-41 - - 4.119 3.960 2.0018

Mn-AIMCM-41 (99) 100 99 4.119 3.905 2.0005

Mn-AIMCM-41 (158) 150 158 4.119 3.628 2.0018
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Fig. 2. 2°Si MAS-NMR spectra of calcined (a) AI-MCM-41 (99) and (b) Al-
dion (A)/ &‘(A) MCM-41 (158)'
(a) 42.8/49.5 1 00 reflection shift to a higher value indicating a contraction of
(b) 36.8/42.5 the lattice caused by template removal and subsequent conden-
(c) 38.4/44.3 sation of silanol groups, which has been reported for MCM-41
_ materiald23]. The decrease in XRD signal intensity after calci-
3 nation of MCM-41 is due to the saturation of the materials with
2 air. Fig. 1B shows the XRD patterns of the manganese impreg-
g nated MCM-41 and Al-MCM-41 catalysts. Where intensity of
= the XRD patterns due to 100 plane decreased and that of 110
and 200 planes are disappeared owing to radiation diffusion
[24].
a
3.3. 2°Si and ?” Al MAS-NMR spectroscopy

05 25 45 65 The co-ordination environment of silicon in hydrothermally
(B) 2 theta (Degrees) synthesized mesoporous materials was analyséd3iyMAS-
Fig. L. XRD of (A) calcined (2) S-MCM-4L, (b) A-MCM-41 (99), (6) Al NMR spectroscopy ar?d.the spectra of calcined AI—MCM—41'(99
MCM-41 (158) and (B) after impregnation (a)'Mn—MCM—41, (b) Mn:AIMCM— and 158) are shown .Iﬁlg. 2 The spec_tra show a bro‘."‘d SIg-
41 (99) and (¢) Mn-Al MCM-41 (158), nal at —110 ppm, which could be assigned _to S_|(OS|) and a
shoulder at—103 to —108 ppm. The broadening in the lower
field region can be assigned to silicon co-ordinated to alu-
20 range of 1.9-24due to 100 plane reflection lines. Addi- minium. Considering the peak shift with Al co-ordination in
tionally broad peaks att?range of 3.6—4.5are indicating the alumino silicate zeolite, the most probable assignment of shoul-
formation of well-ordered mesoporous materials. These peakders ranging between103 and—108 ppm in the present case
are generally indexed to the hexagonal regularity of MCM-41would be Si(OAl). These spectral features coined well with those
The d-spacing values and hexagonal unit cell parametgy ( reported by previous workef@5-27] The 2’Al MAS-NMR
of MCM-41 are listed in same figure. The existence of thespectra of the as-synthesized and calcined AI-MCM-41 (99)
same peaks in the AI-MCM-41 as that of pure MCM-41 cat-and Al-MCM-41 (158) are shown iRig. 3. The spectra of the
alyst suggests that the long-range order is sustained even af@s-synthesized and calcined samples show a sharp resonance
the incorporation of aluminium. These peaks were broadenepeak for tetrahedrally co-ordinated aluminiuméat53.0 and
and shifted slightly to higher angle with increasing aluminium55.0 ppm, for AI-MCM-41 (99) and AI-MCM-41 (158), respec-
content, although the hexagonal structure still remained intactively, indicating that aluminium is tetrahedrally incorporated
These results suggest that the regularity of the mesoporous strunto the framework. The peak &t 0 ppm, which corresponds
ture decreased and the pore size become slightly narrower witb octahedral aluminium species, is not observed in the as-
the incorporation of meta[21]. Further, during calcination, the synthesized samples. But in the case of calcined samples, a
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Fig. 4. DR UV-Vis spectra of calcined (a) MN-MCM-41 and (b) Mn-AIMCM-41
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Fig. 3. 27Al MAS-NMR spectra of as-synthesized (a) AI-MCM-41 (99), (b) [29].
Al-MCM-41 (158), calcined (c) AI-MCM-41 (99) and (d) Al-MCM-41 (158).

3.5. ESR spectroscopy
broad low intensity peak @t=0.3 and 0.6 ppm for A-MCM-41
(99) and AI-MCM-41 (158), respectively, indicating the pres- A typical Mn(ll) ESR spectrum is observed in manganese
ence of octahedral aluminium. The appearance of octahedrahpregnated MCM-41 and AI-MCM-41 materialsig. 5shows
aluminium in calcined samples indicates that during calcinatiof=SR spectra of calcined samples at liquid nitrogen temperature.
some aluminium species are removed from the framework. Th¥onemitsu et al[33] found a typical MRA* ESR signal from Mn-
27Al signals are found to be broader than the signals generalliyCM-41 (Si/Mn = 20) and suggested that manganese existed as
observed for zeolitic aluminium, presumably due to greater disMn?* in their TIE sample. We observed X-band ESR spectra

tortions in the tetrahedral environmggs]. of the manganese impregnated MCM-41 and AI-MCM-41 sam-
ples. Where all the manganese containing samples shows the six
3.4. DRS UV-vis spectroscopy hyperfine lines centered arougd 2.00 (Table J) corresponding

to Mn?* in octahedral environment of oxygen. Similar obser-

Fig. 4 shows the diffuse reflectance UV-vis spectra of Mnvations were noted for Mn-MCM-4[34] and MnAPO-5[35]
impregnated MCM-41 and A-MCM-41 catalysts were carriedWith the Mn species located at non-framework positions. The
out between 200 and 800 nm covering the entire ultra violeB€Xtet lines are not equally spaced in both types of manganese
and visible region. Mn-MCM-41 and Mn-AIMCM-41 produce impregnated MCM-41 and AI-MCM-41 samples. The splitting
less resolved absorption band with maxima at 270 and 500 nn@f the sextetincreases from 3010 to 3550 G. Meanwhile, the line
respectively. These absorption maxima are coincided with thwidth and line height increases and decreases respectively from
reports in the literaturg29]. As Mn is in the non-framework, Pe€ak-to-peak. The average hyperfine coupling constgptis
it is to have an octahedral environment of oxygen. As Mn is3280 G. These observations indicate that Mn(ll) species in octa-
in +2 oxidation state shown by ESR spectroscopy, it is to havé&edral coordination, which is consistent with non-framework
63 groundterm. A§S does not have crystal field components, POsition[34,36}
the electronic excitations are forbidden, but there may be spin
orbit interactions, as reported in the literat(iB@] with which  3.6. Influence of temperature on p-cymene oxidation
some transitions may have allowance. The absorption bands are
observed for the above materials, but they cannot be due to The vapour phase oxidation gf-cymene was carried
6Alg—>4ng and charge transfer transition as reported in theout over Mn-MCM-41 at 200, 250, 300, 350 and 4@
literature[31,32] No obvious difference could be seen from The flow rate ofp-cymene WHSV was 3.31. The flow
UV-vis spectra between these MCM-41 and AI-MCM-41 sam-rate of air was 50ml/min. The major products were 4-
ples, indicating that the sensitivities of the bands at 270 andhethylacetophenone (4-MAP), 4-isopropylbenzaldehyde (4-
500 nm may be different, and thus the intensities of these bandBB), 1,2-epoxyisopropylbenzaldehyde (1,2-EIPB) and 4-
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Table 2

Products distribution gf-cymene oxidation over different catalysts at different reaction temperature

Catalysts TemperaturéeQ@) Conversion (wt%) Selectivity (%)

4-MAP 4-1PB 1,2-EIPB 4-MS Others

Mn-MCM-41 200 43.8 37.6 5.8 6.8 42.3 75
250 46.2 44.6 7.1 8.5 32.1 7.7
300 55.2 52.8 10.0 115 15.4 10.3
350 62.7 61.2 15.3 13.8 8.1 1.6
400 515 55.3 26.4 15.3 21 0.9

Mn-AIMCM-41 (99) 200 39.0 39.0 6.1 7.7 42.0 5.2
250 44.3 43.6 8.8 9.7 322 5.7
300 48.8 51.2 10.9 12.6 17.7 7.6
350 55.6 58.7 17.0 145 8.9 0.9
400 41.5 53.0 28.4 17.0 1.6 -

Mn-AIMCM-41 (158) 200 37.6 36.4 8.0 8.1 40.3 7.2
250 41.9 43.4 10.3 10.0 30.0 6.3
300 47.9 49.0 14.4 14.0 15.1 7.5
350 51.7 55.3 19.8 15.2 7.6 21
400 43.1 48.0 31.3 17.6 3.1 -

Reaction condition: 0.3 g of catalyst; WHSV-3.3'hand air 50 ml/min.

methylstyrene (4-MS). The small amount of 4-isopropylbenzylThe p-cymene conversion and the products selectivity are pre-
alcohol and 4-isopropylbenzoic acid were obtained as bysented in th@able 2 Thep-cymene conversion increased with
products. These by-products were so small that the selectivity dhcrease in temperature up to 35D, but at 400C it decreased.
major products was greater than 95% at the temperature00 The decrease at the latter temperature is due to more amount of
coke formation. Based on the products formed in this reaction,
it is supposed that most of the manganese oxide particles may
be in non-framework. The major product was observed to be 4-
MAP whose selectivity increased with increase in temperature
up to 350°C, but at 400C it decreased. Formation of 4-MAP
can be understood based on the following reacBoheme 1
Initially, Mn(Il) species in the non-framework may be oxi-
¢ dized to Mn(IV) by oxygerj37]. There must be a simultaneous
electron transfer to manganese and proton release from the ter-
tiary hydrogen op-cymene. The resulting free radical combines
with oxygen to form superoxide. This superoxide abstracts a ter-
tiary hydrogen atom from othexcymene to yield hydroperox-
ide. This hydroperoxide decomposes thermally to yield 4-MAP
b and methanol. On other possibility is the superoxide may be con-
verted to hydroperoxide by picking up an electron from3¥in

g
2

Intensity

1 ) ] ) ) 1 ) 1 ) ) e +CH,OH
2200 2700 3200 3700 4200

Magnetic field (gauss)

/C‘ =0
H,
Fig. 5. ESR spectra of calcined (a) Mn-MCM-41, (b) Mn-AIMCM-41 (99) and
(c) Mn-AIMCM-41 (158). Scheme 1.
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Scheme 2.
Scheme 3.

and combining with the already released ks shown in the ) ) o )
reactionScheme 1This route appears more appropriate thanParticles can have varying degree of activity, as the size and sur-
the previous one, as the role of Kis retained. The selec- face free energy of them are different. The free radical reacts
tivity of 4-MAP, which is increased from 200 to 35C may be with molecular oxygen to p_roduce supgroxide, which then gets
explained as follows. Since the decomposition of hydroperoxid€onverted to peroxide, similar to reacti§cheme 1The ther-
is suggested to occur thermally, its formation alone is importantal decomposition of this peroxide is suggested to yield 4-1PB.
Therefore, the decrease at 4@might be attributed to partial Increase in selectivity with increase in temperature might be
blocking of active sites by coke. attributed to requirement of thermal energy for the decomposi-
The selectivity to 4-MS decreased with increase in tempertion Of peroxide. . o _
ature. The formation of 4-MS can be explained by the reaction The selectivity to 1,2-EIPBincreased with increase intemper-
Scheme s shown below. ature. The formation of this product is illustrated in the reaction
The hydroperoxide which thermally decomposes to give 45cheme 4 _ _
MAP, can also be decomposed to yield 4-MS through complex- Since, 1,2-EIPB is the precursor of the_ aldehyde the Iz_itter is
ation with the Lewis acid sites of the metal oxide particles, TheSuggested to reactwith Mhof the metal oxide particles to yield
hydroperoxide coordinates to the Lewis acid sites through oxyt-he free radical. The free radical in turn reacts with molecular
gen adjacent to the alkyl group. This coordination activates th@xygen to produce superoxide. The latter species are converted
adjacent oxygen. This activated oxygen is added to one of thi hydroperoxide similar to the previous reaction schemes. The
methyl groups in order to yield formaldehyde. The reorganizathermal decomposition of hydroperoxide gives the 1,2-EIPB. A
tion of atoms and bonds is illustrated clearly in heheme 2 POINt t0 note is, though 1,2-EIPB is observed in this stydy,
Once formaldehyde is released, the resulting alcohol derivativéethyl-1,2-epoxyisopropyl benzene is not observed. Either this
undergoes dehydration over the same metal oxide particle eroduct would not have been formed in this study or would have

yield 4-MS. As the alcohol derivative is not observed in this reac-

tion, either it must form freely and decompose instantaneously HO HO
to give 4-MS or it may not be freely formed, so that the whole .
process of formation of formaldehyde and dehydration of 4-MS +Mn +Mn  +H
may be a single step process. The decrease in the selectivity of
CH o CHO
H

4-MS with increase in temperature can be due to decrease the

coordinated interaction of hydroperoxide with Lewis acid sites c

+0,
group of p-cymene to form free radical. Here, abstraction of

of the metal oxide particles. 0 i

0

electron from methyl group gi-cymene rather than isopropyl 0 "HO
group is considered. The radical is stable, as there is a possibility

Shad®

3+ +
Mn® +H +

The selectivity to 4-IPB increased with increase in tem-

4
+ Mn
perature. The formation of 4-IPB is explained in the reaction
H

Scheme 3There is MA* that abstract electron from methyl o O

+ HZO

of resonance. In the previous two reactioSslfemes 1 and)2
the abstraction of electron from the tertiary-i& bond is con-
sidered, but here the same from methyl hydrogen is considered.

Based on this observation, it is suggested that tiny metal oxide Scheme 4.
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remained along with unidentified products. So the selectivity obecomes time dependent, thus, supporting our proposed reac-
1,2-EIPB increased with increase in temperature. The increag®mn Scheme 2nvolving coordination of hydroperoxide on the
might be due to high activation energy requirement for abstracmetal oxide particles to yield 4-MS. The selectivity to 4-IPB
tion of hydrogen atom from the tertiary carbon. The presencéncreased while the same to 1,2-EIPB increased with increase in
of formyl group in the para position can also contribute to theWHSV. This observation clearly support that the formation of
increase in activation energy, as it is an electron-withdrawinghe latter product depends on the former.
group. The results obtained with manganese oxide impregnated Al-
The results obtained with manganese oxide impregnated AMCM-41 (99) catalyst shows the similar trend in conversion
MCM-41 (99) is presented in the same table. The data illustratand products selectivity is observed as Mn-MCM-41. But the
the same major products observed with Mn-MCM-41. Hencegonversion is slightly less than Mn-MCM-41. In the case of
there may not be any change in the major class of the reacnanganese oxide impregnated AI-MCM-41 (158), conversion
tions that occur over this catalyst. Comparison of conversiotis still less than Mn-AIMCM-41 (99). The selectivity to 4-MAP
illustrates slightly less value for these catalysts than the formeincreased with increase in WHSV and the values are almost
The selectivity to 4-MAP increased from 200 to 3%0 but at  close to Mn-AIMCM-41 (99). As observed with the previous
400°C it decreased. This trend is similar to that observed ovecatalyst, the selectivity to 1,2-EIPB increased and 4-IPB and 4-
Mn-MCM-41. The selectivity to 4-IPB, 1,2-EIPB and 4-MS also MS decreased with increase in WHSV. The results of WHSV
exhibits the same trend as Mn-MCM-41. Under the same condistudies are presented Table 3
tion, the reaction was also studied over manganese oxide impreg-
nated AI-MCM-41 (158). The conversion and product selectivity3.8. Influence of time-on-stream
exhibits a similar trend to that observed with manganese oxide
impregnated AIMCM-41 (99) but compared to Mn-AIMCM-41  The effect of time-on-stream on conversion and products
(99) catalysts, the Mn-AIMCM-41 (158) exhibits slightly low selectivity was examined over Mn-MCM-41 at 380. The
conversion and product selectivity. It might be due to more disstudy was carried out for 5h and the results are illustrated in
persion of manganese oxide particles because of high aluminiufig. 6. The conversion decreased with increase in stream due
contentin AI-MCM-41 (99), which leads to increase the densityto coke formation, but the decrease is gradual. The coke was
of acid sites. Further, it also evidenced from the AAS analysis.estimated after the end of time-on-stream study. It was found
to be 18.9%. The selectivity to 4-MAP decreased while 4-MS
3.7. Influence of weight hourly space velocity increased with increase in stream. This observation illustrates
the coordination op-cymene hydroperoxide with manganese,
The effect of WHSV over Mn-MCM-41 was studied at 3.3, Which facilitates decomposition to 4-MS. Although formation of
6.6, 10.3 and 13.31 at 350°C. Conversion decreased as the 4-MAP occurs via thermal degradation@tymene hydroper-
WHSYV increased. The selectivity to 4-MAP increased withoxide, the probability for this hydroperoxide to coordinate with
increase in WHSV. Since-cymene hydroperoxide is the com- manganese is suggested to be high based on the high selectivity
mon intermediate to form 4-MAP and 4-MS, based on theto 4-MS at the latter stage of stream. The selectivity to 4-IPB
high selectivity of 4-MAP, it can be said that the decomposi-and 1,2-EIPB increased with increase in stream but the increase
tion route to 4-MAP would require less activation energy thanto latter is not much. The increase for latter is observed to be
the other route. In addition, the selectivity to 4-MS decrease®.9% at the end of 5 h of stream. This observation illustrates the
with increase in the WHSV. The formation of this product formation of 1,2-EIPB on the more active sites.

Table 3
Products distribution gf-cymene oxidation over different catalysts at different WHSV
Catalysts WHSV (h1) Conversion (wt%) Selectivity (%)
4-MAP 4-1PB 1,2-EIPB 4-MS Others
Mn-MCM-41 3.3 62.7 61.2 15.3 5.0 15.9 2.6
6.7 55.2 64.4 16.0 4.4 13.1 2.1
10.0 48.4 69.1 17.5 2.1 11.3 —
13.3 39.0 71.8 19.0 1.1 8.1 -
Mn-AIMCM-41 (99) 3.3 55.6 58.7 17.0 6.0 16.7 1.6
6.7 48.8 61.0 18.8 4.8 115 3.9
10.0 44.1 63.6 20.0 2.9 9.4 4.1
13.3 36.7 66.9 22.2 2.0 7.5 1.4
Mn-AIMCM-41 (158) 3.3 51.7 55.3 19.8 8.0 13.6 33
6.7 454 60.1 21.1 5.5 10.0 3.3
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