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Abstract

Mesoporous cubic MCM-48 was synthesized at a lower concentration of the surfactant. XRIbOsdtption and electron microscopic
studies confirmed the formation of cubic phase. Spectroscopic and electron spin resonance techniques confirmed the presence of heteroator
within the framework. The catalytic activities of various acid catalysts have been examined for vapour phase alkylation of naphthalene with
alcohols and these studies revealed that aluminium substituted cubic MCM-48 was more active compared to Fe-MCM-48, AI-MCM-41 and
H-Y zeolite.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction of condensed aromatic substrate, naphthal&r8]. This is

mainly due to the fact that synthesis of MCM-41 requires

In the early nineties, Mobil researchers reported the less severe reaction conditions compared to that of MCM-

successful synthesis of mesoporous materials whose poret8. Recent reports on MCM-48, a cubic member of M41S
dimensions are in the range 2-50 nm. The M41S family con- family, suggest that the cubic structure would be suitable
sists of uni-dimensional hexagonal MCM-41, cubic MCM-48 for catalytic reactions or catalyst suppoj®s-11]. On care-
and lamellar MCM-50 as known membét$. These materi-  ful observation of the MCM-48 structure it can be seen that
als were prepared through structure-directing agents, whichthe three-dimensional interwoven structure would resist pore
have been proven necessary for the preparation of meso-blockages. In spite of specific advantages, very little attention
porous materials. Mesoporous materials possess a periodihas been paid to exploration of the potentials of MCM-48 ma-
framework of regular mesopores, whose dimensions dependerials. Till late 1990s this material was synthesized at high
mainly on the surfactant chain length. These mesoporous ma-concentrations of the surfactant where the surfactant arranges
terials possess interesting physical properties that make themin the liquid crystalline cubic phagé]. But it would be al-
potential candidates as catalysts or catalytic supports. Evenways desirable to synthesize MCM-48 at low concentrations
though M41S series consists of three members, attention ha®f the surfactant otherwise calcination for extended period
been paid extensively to the synthesis and catalytic exploita-may result in structural collapse of these materials. Keeping
tion of MCM-41 [2—-4]. In this context, many successful at- this aspect in mind, in this present communication, attempts
tempts have been made to use MCM-41 for the alkylation have been made to synthesize of MCM-48 at lower con-

centrations of the surfactant. Catalytic functionalities have

also been generated by substituting Al and Fe for silicon.

+ Corresponding author. Tel.: +91 44 2257 8250: Alkylation of naphthalene W|th alcohols.has beer_l carn.eq out
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E-mail addressbviswanathan@hotmail.com (B. Viswanathan). (AI, Fe)'MCM'48-

1381-1169/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.molcata.2004.08.051



156 Ch. Subrahmanyam et al. / Journal of Molecular Catalysis A: Chemical 226 (2005) 155-163

2. Experimental spectrometer. HR-TEM measurements were carried out on a
Philips CM300UT FEG with a 300kV field emission gun.
2.1. Synthesis of Si, Al and Fe substituted MCM-48 Thermal analyses of the samples were made with a thermal

analyzer (Perkin-Elmer model TGA 7) at a heating rate of
MCM-48 materials have been prepared under hydro- 20 K/min.

thermal synthesis conditions using cetyltrimethylammo-
nium bromide (CTAB) as structure-directing template and 2.3. Catalytic activity
tetraethyl orthosilicate as the silica source. In a typical syn-
thesis, TEOS was mixed with an aqueous solution of CTAB  The catalytic activities of AI-MCM-48 and Fe-MCM-
andto this NaOH in HO and ethanol were added. The homo- 48 were tested for the vapour phase alkylation of naphtha-
geneous gel thus obtained was found to have the compositioriene with n-propyl alcohol andh-butyl alcohol as alkylat-
2 Si0y: 0.24 CTAB: 0.5 NaOH: 1-3 EtOH: 19540. After ing agents. Vapour phase alkylation of naphthalene was per-
ageing atroomtemperature for 3 h, thishomogeneous gel wasgormed in a fixed bed Pyrex flow reactor working at atmo-
transferred to a static autoclave and hydrothermally treatedspheric pressure. The reactants were fed into the reactor by
under autogeneous pressure at 423K for 10-15 h. The autoa motor-driven syringe infusion system. The feed rate was
clave was then removed from the oven and cooled to room maintained accurately by proper calibration from time to
temperature. After that the solid was recovered by filtration, time. For vapour phase reaction, about 0.5 g of the catalyst
washed with plenty of water and oven-dried. The powder was was used for each run. Products collected for the first 20 min
then calcined in air at 823 K for 12 h to remove the template were discarded to ensure the attainment of the steady state.
[12]. During the calcination, initially, nitrogen atmosphere The products coming out of the reactor in the vapour phase
was maintained in order to preserve the structure. Zeolite Y were cooled by means of a double-walled Liebig condenser
and H-AI-MCM-41 (Si/Al = 60) were synthesized according and liquid products were collected in a cold trap maintained
to the procedure reportdd,13]. The calcined Na-MCM-48  at the temperature of freezing mixture (ice + NaCl). The cat-
samples thus obtained were stirred with 1 M ammonium ac- alysts were regenerated after each run by passing air at 723 K
etate solution at 333 K for 24 h. The solid was then recovered for 6 h. Identification of the product was done with GC-MS
by filtration and washed several times with distilled water to whereas quantitative analysis of the product was done with a
remove the ions present on the extra framework. The sameNucon gas chromatograph.
procedure was repeated for three times. The powder was then
dried in an oven and calcined in air at 773 K for 6 h to drive off
the ammonia gas. Thus, H-MCM-48 samples were obtained. 3, Results and discussion

2.2. Characterization 3.1. Powder X-ray diffraction study of H-MCM-48

The X-ray diffraction (XRD) patterns were recorded on  The low angle X-ray diffraction patterns of the MCM-
a D500 Siemens powder diffracgometer using monochroma- 48 samples (Si, Al, Fe)-MCM-48 are givenfigs. 1 and 2
tized Cu Ku radiation ¢ = 1.5406A). Surface area measure-  The diffraction pattern consists of peaks corresponding to the
ments were done by the adsorption—desorption of N2 at 77 K reflections that are characteristic of cubic MCM-48 lattice
using a Sorptomatic 1990 (Carlo Erba) instrument. Samples
before the measurements were outgassed at 423 K for 12 h to
remove the physi-sorbed gases. Acidic sites were identified
through temperature programmed desorption of ammonia.
Temperature programmed desorption of ammonia serves as
a dependable technique for the quantitative determination of
the acid strength distribution. In TPD studies, palletized cata-
lyst (100 mg) was activated at 473 K inside the reactor under
a helium flow (50 ml/min) for half an hour. After cooling to
room temperature, a current of ammonia was passed through
the catalyst and the system was allowed to attain equilibrium. a
Helium was used to flush out the excess and physisorbed
ammonia. The temperature was then raised in a stepwise \\/\—-—\"ﬁ
manner at a linear heating rate of about 20 K/min. The am- c
monia desorbed from 373 to 873K at intervals of 50 K was ' ' ' ' 1
then trapped in dilute sulphuric acid and estimated volumet-
rically by back titration with standard NaOH. UV—vis spectra
were recorded on a Perkin-Elmer (Model 1760) spectropho- rig. 1. xRD patterns of as-synthesized materials: (a) Si-MCM-48, (b) Al-
tometer whereas ESR-spectra were recorded on a Varian-11%1CM-48 and (c) Fe-MCM-48.

Intensity (counts)

26 (degree)
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Table 1

XRD data of Si, Al and Fe-MCM-48 catalysts

Catalyst d11(uncalculated)A) do 1 1(calculated) &) a=do1/(hZ+ k2 +12) (A)
Si-MCM-48 33.7 32.9 80.5

Al-MCM-48 33.69 32.75 80.22

Fe-MCM-48 34.75 33.1 81.07

similar to the one reported by Beck et §l]. This XRD
pattern is characteristic of the material with semi crystalline
nature. The XRD data along with cell parameter values are
given in Table 1from which it is clear that with the incor-
poration of heteroatom in the framework, the cell parameter
value increases slightly. Even though this cannot be taken
into account for the incorporation of subsequent atoms in the
framework, it provides first hand information regarding the
presence of heteroatom.

Itis well known that higher loadings of metal atoms result
in the formation of extra framework oxides. Keeping this
aspect in mind, in the present study, incorporation of the Al
and Fe was restricted only to Al/M = 150. Calcination of the
as-synthesized MCM-48-{g. 2) did not result in collapse I
of the structure and in addition, the sample maintains the | | | l I | I
same XRD pattern with almost the same intensity indicating 0 1 2 3 4 5 6 7 8
that the sample maintains the same morphology even after 26 (degree)
calcination. However, a slight decrease in thgidpacing

was observed indicating contraction of the structure during Fi9- 3. XRD patterns of Si-MCM-48 (a) in the presence of ethanol and (b)
calcination in the absence of ethanol.

Itwas observed that addition of ethanol plays animportant yegpectively. Ethanol thus facilitates the condensation process
role asitdirects the final structure. The role of ethanolis prob- 5,4 directs the cubic interwoven structure.

ably to stimulate the transformation of MCM-41 to MCM-48

by allpwing the propercondensation of silanol groups. To.em— 3.2. N\ adsorption—desorption isotherms
phasize this point, the same procedure was adopted without

adding ethanol, which resulted in the MCM-41 type mate- N> adsorption—desorptionisotherms of calcined Si-MCM-

rial only. Fig. 3a and b represents the XRD patterns of the 48, Al-MCM-48 and Fe-MCM-48 are shown Fig. 4. A typ-
materials synthesized in the presence and absence of ethanoﬂcal type IV isotherm with a hysteresis loop was observed,
which is characteristic of mesoporous solids. The observed
isotherm can be explained as follows: adsorption at lower
relative pressure®fpo) is due to the formation of monolayer

of nitrogen molecules on the walls of mesoporous MCM-48,
which is followed by a sharp inflection due to the capillary
condensation within the mesopofé$. The BET surface ar-
eas of the studied catalysts are giveTable 2

Intensity (arb. units)

3.3. Thermogravimetric analysis (TGA)

Intensity (counts)

The thermograms of the Si, Aland Fe incorporated MCM-
48 materials are shown ifrig. 5. Thermograms of the

Table 2
N2 adsorption data of Si, Al and Fe-MCM-48 catalysts
Catalyst BET surface Pore sizei\) Pore volume
2
area (n?/g) (cclg)
26 (degree) Si-MCM-48 1020 28 1.01
. . o . Al-MCM-48 975 28.5 0.95
Fig. 2. XRD patterns of calcined materials: (a) Si-MCM-48, (b) AI-MCM- Fe-MCM-48 840 28 0.91

48 and (c) Fe-MCM-48.
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MCM-48 and (c) Fe-MCM-48.

Fig. 6. TPDA profiles of (a) AI-MCM-48 and (b) Fe-MCM-48.
as-synthesized catalyst revealed different nature of interac-
tions of the surfactant molecules with the framework species. served in the case of Al- and Fe-substituted materials. Sig-
In the case of siliceous MCM-48 catalysts, weight loss is nificant difference in the behavior of thermogram was not
observed in a three-step decomposition process. In the firstobserved, as the amount of heteroatom is very small in all the
step, the observed weight loss around 373 K is mainly due cases.
to the water, which is adsorbed on the catalyst surface. The
second and main weight loss observed in the temperature3.4. Temperature programmed desorption studies (TPD)
range 423-623 K is due to the removal of the template, which
is occluded in the mesopores. The final weight loss above TPD profiles of the acid catalysts are shownFiiy. 6.
623K is due to the removal of the water due to the con- TPD pattern of AI-MCM-48 shows the presence of three
densation of silanol groups. A similar trend was also ob- different types of acid sites. The sites present in the low

Weight loss (arb. units)

| ! | | | I
100 200 300 400 500 600 700

Temperature /°C

Fig. 5. TGA patterns of (a) Si-MCM-48, (b) AI-MCM-48 and (c) Fe-MCM-48.
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temperature region are due to the desorption of ammonia
from weakly acidic sites. With increase in temperature, evo-
lution of ammonia from relatively strong physisorbed sites Fig.g. Uv-vis spectra of Fe-MCM-48: (a) as-synthesized and (b) calcined.
is observed14]. H-Fe-MCM-48 shows two types of acidic
sites. The sites present in the low temperature region are
due to ammonia desorbed from weakly acidic sites, followed
by a broad distribution of moderately acidic sites at higher
temperature.

Wavelength (nm)

3.7. Electron spin resonance study (ESR)

Since ferric iron is paramagnetic in both low-spin
and high-spin electronic configurations, ESR spectroscopy
should be a method for characterizing the iron sites in zeolites
and related materials like aluminophosphates. However, in
the case of iron substituted materials, the interpretation of the
ESR spectra is difficult due to complications associated with
the homogeneous broadening, which arises from the zero
field splitting and overlapping signals. However, in the litera-
ure, observed signals@t 4.3, 2.0 and 2.02 were assigned to
he presence of iron in distorted tetrahedral, framework tetra-
hedral and octahedral environments, respectijdy17] In

3.5. Transmission electron microscopic study (TEM)

In the case of porous solids, transmission electron mi-
croscopic study provides information regarding the surface
morphology and pore structure. The TEM image of MCM-
48 (Fig. 7) confirms the mesoporous nature of the catalyst
synthesized and also supports the pore size data obtaine(%
from N, adsorption. In addition, transmission electron mi-

crographs provide information regarding the arrangement of . :
the pores. From the figures, itis clear that the material formed the prfesen_t study, th_e X-band ESR spectrl:'frg.(9) consists
of major signals ayj=4.3 and 2.0. These signals have been

in the present study possesses regular channels arranged in_ . .
P . yp g 9 assigned to the framework tetrahedral iron, extra framework
three dimensions.

octahedral iron oxide phases, respectively. This assignment

3.6. UV-vis (Nujol) spectral studies is also in accordance with the earlier observations.

UV-vis spectra of as-synthesized and calcined meso-3.8. Propylation of naphthalene
porous Fe-MCM-48, which are recorded in the Nujol mode,
are given inFig. 8 As-synthesized Fe-MCM-48 shows a This reaction is chosen to test the acid catalytic activ-
band around 240 nm, which is also observed in clacined ity of these catalysts in the temperature range 598-678 K.
samples. Based on the earlier reports, this band is assigned’he activities obtained are compared with that obtained on
to the ligand-to-metal charge transfer transition, indicat- H-Y and H-AI-MCM-41. This temperature range would be
ing the presence of isolated FgOtype species. Interest- ideal for testing the stability of the synthesized catalysts,
ingly, in both uncalcined and calcined samples, the bandsas it is known that these systems are not stable at higher
corresponding to d—d transitions are absent indicating thetemperatures.
absence of extraframework bulk #83; species. On calci- Data on the catalytic activity af-propylation of naphtha-
nation, the band observed around 240 nm was retained in-lene at various flow rates in the studied temperature range are
dicating the presence of iron in the framework of calcined given inTables 3 and 4At a given feed rate, it was observed
sample. In addition, absence of bands in the visible re- thatthe conversion of naphthalene decreases with increase in
gion rules out the presence of extraframework oxide speciestemperature. This decrease is predominant over H-Y zeolite
[15-17] when compared to mesoporous solids.
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Table 3
Propylation of naphthalene over acid catalysts
Catalyst Temperature (K) Conversion (%) Product selectivity (%)

B-Isopropyl naphthalene B-n-Propyl naphthalene Di-substituted naphthalene
H-Y 598 286 780 - 220
H-Al-MCM-41 598 332 820 130 50
H-Al-MCM-48 598 341 841 9.5 6.4
H-Fe-MCM-48 598 338 719 221 -
HY 623 173 880 - 120
H-Al-MCM-41 623 305 835 130 35
H-Al-MCM-48 623 305 850 100 50
H-Fe-MCM-48 623 29 725 275 -
HY 648 125 >99 - -
H-Al-MCM-41 648 305 835 130 35
H-Al-MCM-48 648 345 87.0 6.6 6.4
H-Fe-MCM-48 648 2% 847 151 Traces
HY 673 74 >99 - -
H-Al-MCM-41 673 187 960 - 40
H-Al-MCM-48 673 194 920 - 80
H-Fe-MCM-48 673 1% >99 Traces -

Reaction conditionsweight of the catalyst=500 mg and flow rate = 10 ml/h. Naphthalene:alcohol =1:100 (mole ratio).

The n-propylation of naphthalene proceeds simultane-  When the reactant molecules diffuse through the pores
ously by several mechanisms. The selectivity is determined of the molecular sieves, there is a preferential adsorption of
by all these routes as well as by the molecular sieving effects, n-propyl alcohol over naphthalene on the acid sites of the
when the catalysts employed are porous in nature. In the casecatalysts thereby resulting in the formation of primary car-
of then-propylation of naphthalene botandp positions are bocation. As primary carbocation is relatively unstable, it
likely to be alkylated18]. Kinetic factors favour alkylationat ~ isomerizes on strong acid sites to give a stable secondary
thea position where as thermodynamic factors favor aghe  carbocation. The formation @-isopropyl naphthalene is a
position. Even though, at initial stages, alkylation takes place result of the attack of stable secondary carbocation agthe
on thea site, due to the peri interactions, thgroduct will position of the ring, where as the formation @fn-propy!
be destabilized and thereby results in more stglakylated naphthalene is due to the attack of the primary carboca-
naphthalene. Under the reaction conditions employed in thetion on thep position of the ring. This alkylation of naph-
present study, mainly monosubstituted products are formedthalene by these carbocations will follow the Friedel-Crafts
over AI-MCM-48 and Fe-MCM-48. However, a little amount  mechanism, which is given i8cheme 1Among the cata-

of 2,6-disubstituted products are also observed. lysts employed, H-AI-MCM-48 shows higher activity when
Table 4
Propylation of naphthalene over acid catalysts
Catalyst Temperature (K) Conversion (%) Product selectivity (%)

B-Isopropyl naphthalene B-n-Propyl naphthalene Di-substituted naphthalene
H-Y 598 34.6 80.0 - —
H-Al-MCM-41 598 358 84.5 151 Traces
H-Al-MCM-48 598 375 83.5 128 3.7
H-Fe-MCM-48 598 340 87.1 129 -
H-Y 623 202 90.0 - 10.0
H-Al-MCM-41 623 313 88.5 114 Traces
H-Al-MCM-48 623 327 87.0 105 25
H-Fe-MCM-48 623 29 90.1 9 -
H-Y 648 150 95.0 - 4.7
H-Al-MCM-41 648 274 90.0 98 Traces
H-Al-MCM-48 648 274 87.5 115 1.0
H-Fe-MCM-48 648 2% 91.1 89 -
H-Y 648 92 98.0 - Traces
H-Al-MCM-41 673 240 89.1 102 Traces
H-Al-MCM-48 673 247 90.2 95 Traces
H-Fe-MCM-48 673 28 87.1 129 -

Reaction conditionsweight of the catalyst =500 mg and flow rate = 12.5 mil/h. Naphthalene:alcohol = 1:100(mole ratio).
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H-MCM-48 +
CH3-CH, CHyOH —— > CH3-CH,CH, ——» CH3-T3H-CH3

CH, CHy
ll ll ACHyCH,-CHg bﬂ_ CH, E\»H_ CH,
l [ ) OO

H/CH—CH3
CH3

Scheme 1. Mechanism of propylation of naphthalene.

H-MCM-48
+ +
CH3'CH2‘CH2‘CH2'OH —_— CHs-CHQ-CHz-CHQ —> CHS-CHz-CH'CHS
I I

CHo-CHj CHp-CHs

& ?
CO O™ O
T CHaCHa_

/

CHs
Scheme 2. Mechanism of butylation of naphthalene.

compared to H-AI-MCM-41. This is due to the fact that
H-AlI-MCM-48 will impose less diffusional constraints for
the diffusion of the products. Since MCM-48 has a three-
dimensional channel system, it will allow the products to
diffuse easily through its channels. Among MCM-48 cata-
lysts, the difference in the observed higher activities can be
attributed to the difference in acidic nature.

At higher temperatures, conversion of naphthalene is
lower because the oligomerisation reaction is preferred on
stronger acid sties of H-Y zeolites compared to other meso- _
porous solids. Thus, the conversion with respect to naphtha»*g
lene is low over these zeolite catalysts. However, the observec;
activity is due to the presence of stronger acid sites on the sur-s
face of H-Y zeolite[7,8]. Another interesting feature is the
formation ofn-propyl naphthalene on mesoporous catalysts.
This observation can be explained based on the less strone=
acidity of mesoporous solids, which facilitates the stabiliza-
tion of n-propyl carbocation. Since the isomerizationnef
propyl to secondary propy! carbocation demands strong acid
sties, its complete conversion might not be possible on the
surface of mesoporous solid. When the flow rate of the reac-
tants is increased, the conversion of naphthalene is found tc

ntensity

(b)

increase on all the catalysts studied. Thisis duetothe facttha ¢ zéoo 5000
when the flow rate is lower, the reactants will be in contact Magnetic field (Gauss)

with the acid sites for a longer time, resulting in the oligomer-
ization reaction. After the reaction, catalyst was regenerated Fig. 9. ESR spectra of Fe-MCM-48 (a) as-synthesized (b) calcined.
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Table 5
Butylation of naphthalene over acid catalysts
Catalyst Temperature (K) Conversion (%) Product selectivity (%)

B-Isobutyl naphthalene Di-substituted

naphthalene

H-Y 598 0.0 - -
H-Al-MCM-41 598 5.4 >99 Traces
H-Al-MCM-48 598 5.4 95 5.0
H-Fe-MCM-48 598 4.9 >99 -
H-Al-MCM-41 623 5.5 >99 -
H-Al-MCM-48 623 5.7 912 8.8
H-Fe-MCM-48 623 5.2 >99 -
H-Al-MCM-41 648 55 >99 -
H-Al-MCM-48 648 6.4 920 8.0
H-Fe-MCM-48 648 5.1 >99 -
H-Al-MCM-41 673 5.0 >99 -
H-Al-MCM-48 673 5.8 928 7.2
H-Fe-MCM-48 673 4.3 >99 -
Reaction conditions: weight of the catalyst=500 mg and flow rate =10 ml/h. Naphthalene:alcohol =1:100 (mole ratio).
Table 6
Butylation of naphthalene over acid catalysts
Catalyst Temperature (K) Conversion (%) Product selectivity (%)

B-Isobutyl naphthalene Di-substituted

naphthalene

H-Al-MCM-41 598 5.0 >99 -
H-Al-MCM-48 598 5.4 95 5.0
H-Fe-MCM-48 598 4.5 >99 -
H-Al-MCM-41 623 5.6 >99 -
H-Al-MCM-48 623 6.0 97 3.0
H-Fe-MCM-48 623 5.2 >99 -
H-Al-MCM-41 648 5.0 >99 -
H-Al-MCM-48 648 5.0 99 Traces
H-Fe-MCM-48 648 4.8 >99 -
H-Al-MCM-41 673 4.8 >99 -
H-AlI-MCM-48 673 5.0 >99 -
H-Fe-MCM-48 673 45 >99 -

Reaction conditionsiveight of the catalyst =500 mg and flow rate = 12.5 mi/h. Naphthalene:alcohol = 1:100 (mole ratio).

and reused for subsequent cycles. The loss of activity was4. Conclusions
negligible.

Mesoporous cubic MCM-48 has been synthesized at a
lower concentration of the surfactant. Various characteriza-
tion techniques confirm the formation of cubic phase and also
the presence of the heteroatom within the framework. Acidic
functionalities have been generated with incorporation of
trivalent aluminium and iron. Alkylation of naphthalene with
alcohols over these systems indicates that MCM-48 exhibits

to n-propylation. It is also interesting to note thatbutyl ?lghertc&rglt\a/lrsignxvhen czrlnpadreFd 10 one—dlrntegsl\|/(|) gi/ll (;fosun—
derivative of naphthalene is not observed over H-Al-MCM- erpart, ~+1. Among Aland e Incorporate e

48 and H-Fe-MCM-48. This is becausebutyl carbocation the former is more active.

is unstable and it readily isomerizes to stable secondary car-

bocation, although this isomerization step depends on theAcknowledgements

strength of the acid sties. Among the mesoporous catalysts,

H-Al-MCM-48 is more active when compared to its iron sub- We would like to thank Dr. M.R.K. Prasad, Dr.Suja, Dr.
stituted cubic analogue. The possible reaction mechanism isBenoit Louis and Dr. Ch. Patra for their help in characterizing
given inScheme 2 catalysts.

3.9. Butylation of naphthalene

The results on ther-butylation of naphthalene in the
temperature range 598-673K at different flow rates are
given in Tables 5 and 6The conversion observed for
butylation of naphthalene reaction is lower when compared
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