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Abstract

The protonated cubic mesoporous aluminosilicate (Al-MCM-48) molecular sieves have been synthesized hydrothermally and characterize
by powder X-ray diffraction (XRD), nitrogen adsorption studies, thermogravimetric analysis (TGA) and solit?Stated’’Al MAS NMR
spectroscopy. The XRD patterns and nitrogen adsorption results reveal the cubic structural order and the mesoporous nature of the catalys
27Al MAS NMR spectra demonstrate that most of the Al is incorporated in the framework in tetrahedral coordination. Acidity measurement
by pyridine-adsorbed FT-IR spectroscopy reveals that the incorporation of Al in the framework imparts substansisdBacidity, which
increases with increase in metal content. Lewis acidity is probably generated by extra-framework Al species. Vapour phase isopropylatior
of naphthalene (NAP) with isopropyl alcohol (IPA) was carried out over H-form of AI-MCM-48 catalysts with diffeggny, ratios. The
feed molar ratio of 1:2:10 (NAP:IPA:CYH) and WHSV (5.36%) were found to be the optimized conditions for good NAP conversion with
selectivity of 2,6-diisopropylnaphthalene (2,6-DIPN). The effect of 2,6/2,7-DIPN ratio was also studied for catalysts withnggnguatios
and at different temperatures. Among the catalysts used in the present study, AIMCM-48 (25) showed a high NAP conversion and selectivity
to 2,6-DIPN under the optimized reaction conditions.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction studied less intensively than MCM-41 materials probably
due to smaller synthesis regime of MCM-48. Pure silica
Mobil Oil Research and Development reported the direct materials do not possess enough intrinsic acidity or reac-
synthesis of the first broad family of mesoporous molecular tivity to be used as catalyst. Therefore, much attention has
sieves (M41S) using cationic surfactants to assemble sili- been devoted to isomorphic substitution of other elements
cate anions from solutiofl,2]. The main difference in the like Al into the wall structure of these materia]S—11]
synthesis of MCM-48 and MCM-41 is surfactant to silica Aluminium incorporation into the mesoporous silica mate-
ratio in the synthesis solutiof8]. Huo et al.[4] rational- rials can generate both &nsted and Lewis acidities required
ized MCM-48 synthesis by carefully selecting the surfactants for acid-catalyzed reactiorj§,12,13] Al-MCM-48 materi-
that favour cubic mesophase. MCM-48 materials have beenals have been exploited very little than AI-MCM-414,15]
because of the limited reproducible synthetic methods and
mpondmg author. Tel.: +81 29 851 3354x8679; sensitive synth_esis parameters. The three_dimensional Al-
fax: +81 29 860 4706. MCM-48 materials with large surface area, high pore volume
E-mail addressvinu.ajayan@nims.go.jp (A. Vinu). and very narrow pore size distributions offer limited pore
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plugging problems and the particles are more readily acces-air oven at 100C for 72h. The solid product obtained
sible because the pore openings are not restricted in onewas washed with distilled water and dried at 2@0 The
direction. This increases the number of interactions betweendried as-synthesized material was calcined at “&5@or
reactants and catalytic active sites. Thus AI-MCM-48 has 1h in nitrogen atmosphere followed by 6 h in air to remove
greater potential for adsorption or ion exchange capacity the organic template. The Na form of Al-MCM-48 was
than AI-MCM-41. In a reaction system that involves reac- converted to H form by repeated ion exchange with 1M
tants with polarities, the hydrophobic/hydrophilic nature of ammonium nitrate followed by calcination at 580D for 6 h
the catalyst is important factor, which influences the catalytic in air.
performance.

In the presentinvestigation, catalytic activity of AI-MCM-  2.2. Characterization
48 in the isopropylation of naphthalene (NAP) has been
studied. The alkylation of NAP is animportantreactionasthe  The powder X-ray diffraction patterns were recorded on a
product 2,6-diisopropylnaphthalene (2,6-DIPN) can be used Siemens D5005 diffractometer using Ca KA =0.154 nm)
as a raw material for the production of advanced aromatic radiation. The diffractograms were recorded in the@nge
polymeric materials such as polyethylene naphthalene-2,6-0.8-10 with a 2 step size of 0.01and a step time of
dicarboxylate (PEN), films and thermotropic liquid crys- 10s. Nitrogen adsorption and desorption isotherms were
talline polymerq16]. Separation of 2,6-DIPN from the rest measured at 77 K on a Quantachrome Autosorb 1 sorption
of the isomers is difficult and hence selective production analyzer. All samples were outgassed for 3 h atZ50nder
of this isomer is highly desired. Isopropylation of NAP has vacuum P<10°hPa) in the degas port of the adsorption
been reported by other researchds-20] Katayama etal.  analyzer. The specific surface area was calculated using BET
[20] observed the formation of 2,6-DIPN selectively in the method. The pore diameter of the materials was obtained
liquid phase alkylation of NAP with propene or propan-2- from the adsorption branch of the nitrogen isotherms using
ol over H-mordenite catalyst. The process of dealumination the corrected form of the Kelvin equation by means of
showed better 2,6-DIPN selectivity than un-modified H-Y Barrett—Joyner—Halenda method.

zeolite[21] and H-mordenit¢22]. Moreover, few researchers The2’Al MAS NMR spectra were recorded on an MSL
have reported the alkylation of NAP over various metal sub- 400 spectrometer equipped with a magic angle-spinning
stituted uni-dimensional mesoporous materja-25]and (MAS) unit. The?’Al MAS NMR were recorded at a fre-

tried to obtain a higher selectivity for 2,6-DIPN. In this arti- quency of 104.22 MHz, a spinning rate of 8 KHz, a pulse
cle, we report the results of the isopropylation of NAP over length of 1.0us, a delay time of 0.2s, a spectral width
three dimensional AI-MCM-48 with differemisj/na; ratios. of 330 ppm and 150 scans. TR&AI chemical shifts were
We have found that AI-MCM-48 is a promising catalyst for reportedinrelationto the liquid solution of aluminium nitrate.
isopropylation of NAP. Further the physico-chemical charac- 2°Si MAS NMR spectra were recorded on a BRUKER MSL
teristics and acidity of the catalysts are correlated with cat- 400 spectrometer using single-pulse excitation with stan-
alytic activity and selectivity. The key challenge is to obtain dard 7 mm rotors. The resonance frequency was 79.49 MHz.
2,6-DIPN with high selectivity and high 2,6/2,7-DIPN ratio. Tetramethylsilane (TMS) was employed as the chemical shift
reference. Pyridine adsorbed FT-IR spectroscopic technique
was employed for acidity measurement. Finely ground cat-

2. Experimental alyst sample was pressed into self-supported thin wafer.
The wafer was placed on a sample holder and evacuated to
2.1. Materials and methods 10-6 Torr at 500°C for 2 h and then cooled to 10C before

recording the spectrum of the sample prior to pyridine adsorp-

Tetraethylorthosilicate (TEOS; Merck), aluminium tion. Then the sample was exposed to pyridine vapours at
hydroxide (Merck) andN-hexadecyltrimethylammonium  ambienttemperature for 1 h. The wafer was cooled and evac-
bromide (Merck) were used as the sources for silicon, uated for 1 h. The spectra of the wafer samples were recorded
aluminium and surfactant respectively. In a typical synthesis in absorbance mode on a Nicolet 800 (AVATAR) FT-IR spec-
of sodium form of AI-MCM-48, TEOS was added slowly trometer fully controlled by OMNIC software.
to a solution ofN-hexadecyltrimethylammonium bromide
dissolved in distilled water. NaOH (1 M) was added for 2.3. Catalytic run
the gel formation and the pH was maintained at 11.6.
The gel was then stirred for 30 min at room temperature  The catalytic experiments were carried out at atmospheric
(solution 1). The required amount of aluminium hydroxide pressure using a fixed-bed glass reactor in the temperature
in 31.2ml water was stirred for 2h at 8C (Solution range 250-400C using cyclohexane as solvent. All the reac-
II). The aluminium hydroxide solution was added slowly tions were carried out using about 0.5 g of the catalyst. The
under constant stirring to solution I. The resulting mixture catalysts were pressed without binder, crushed and sieved
was then stirred for 1 h at room temperature. The mixture to obtain particles with a size of 250-3pf. The catalyst
was transferred into a polypropylene bottle and kept in packed in the middle of the reactor was activated by flowing
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Fig. 2. Nitrogen adsorption isotherms (adsorption: closed symbols; des-
orption: open symbols) of AI-MCM-48 with differentgi/na ratio: (O)
Al-MCM-48 (25); (0) Al-MCM-48 (50); (A) AI-MCM-48 (75); and ()
Al-MCM-48 (100). The isotherms are shifted by 50%mupward for clar-

ity.

air at 500°C for 5 h inside a temperature-controlled furnace

with a thermocouple placed at the centre of the catalyst bedTable 1 The d-spacings are compatible with culzi8d space

for measuring the reaction temperature. The feed (mixture of group as reported in the literatJ&j. The cubic unit cell con-
NAP, IPA and cyclohexane) was fed into the reactor using a stanta, was calculated accordingg = dn x| /(h? + k2 +12).
syringe infusion pump at predetermined flow rate. The prod- |t is interesting to note that the unit cell parameter of the cal-
uct mixture was collected after a time interval of 1h. The cined AI-MCM-41-48 samples decreases with the decrease
products were analyzed by gas chromatograph (Shimadzuof ngi/ny ratio, suggesting a decrease in wall thickness with
GC-17 A) equipped with a flame ionization detector. Product increasing metal contenTéble 1. The decrease in the unit
identification was also confirmed by GC-MS (Perkin Elmer cell constant is greater at higher Al content.

Auto System XL Gas Chromatograph with Turbo Mass Spec-  Adsorption technique is used to determine the porosity
trometer). and specific surface area of materials. All calcined samples
exhibit a typical reversible type IV adsorption isotherm as
defined by IUPAC indicating the presence of mesopores.

Fig. 1. XRD patterns of calcined Al-MCM-48 catalysts with differagifna
ratios: (a) AI-MCM-48 (25); (b) AI-MCM-48 (50); (c) AI-MCM-48 (75);
and (d) AI-MCM-48 (100).

3. Results and discussion Fig. 2 shows the amount of nitrogen adsorbed versus rel-
ative pressure at 77 K for AI-MCM-48 of differemisi/na,
3.1. Characterization of the catalysts ratios. Three different well-defined stages are observed in the

isotherms. At low relative pressung/fo), adsorption occurs

XRD provides direct information of pore architecture and only as monolayer on the pore walls depicted by the initial
phase purity of the materials. The XRD patterns of calcined increase in nitrogen uptake. As the relative pressure increases
samples with differemsi/ny ratios are shown ifrig. 1 All (p/po >0.2), a sharp inflection is observed characteristic of
calcined samples exhibit XRD patterns which is typical of capillary condensation of nitrogen in mesopores. The sharp-
a well ordered mesoporous materials and show an intenseness of the inflection reflects uniformity of the pore sizes and
diffraction peak at low angle and at least three higher order the heightindicates the pore volume. The linear part observed
peaks which can be indexed as (211), (220), (420) and at highem/p, is attributed to the multilayer adsorption on the
(332) reflections. These features are consistent with a well- external surface of the materials.
defined cubic structure, which is characteristic of AI-MCM- The BET surface area, pore volume, pore size and wall
48. The XRD patterns are found to be in good agreement thickness of the calcined materials are presenteabie 1
with previous reports for similar materid36]. The position The specific surface area calculated using BET model of all
of reflections and the values of cubic unit cell constant of cal- the samples are high demonstrating the mesoporous nature
cined Al-MCM-48 with differentnsi/na; ratios are given in of the materials. The pore wall thickness is calculated using

Table 1
Physico-chemical characteristics of AI-MCM-48 catalysts

Catalyst disspacing (nm) ag (nm)  Aget (M2/g)  nsilnal Pore volume (crg)  Pore size (nm)  Wall thickness (nm)

Gel Product

Al-MCM-48 (25) 3.06 7.50 1245 25 26 0.56 2.10 1.37
Al-MCM-48 (50) 3.13 7.67 1280 50 48 0.61 2.20 1.38
Al-MCM-48 (75) 3.19 7.81 1325 75 i 0.70 2.25 1.40

Al-MCM-48 (100)  3.22 7.89 1373 100 105 0.73 2.30 1.40
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the formula: wall thickness &,/3.0919— pore size/2 where  a weak signal around 0 ppm shows the presence of Al in
3.0919 is a constant representing the minimal surface areaoctahedral coordination, which indicates that during calci-
for MCM-48 space grouf27,28] FromTable ] it has been nation some Al species are removed from the framework
found that the specific surface area, specific pore volume, and30]. The intensity of these peaks increases as the Al con-
the pore diameter of AIMCM-48 decrease with the increase of tent increases. The spectra of calcined samples also show a
Al content. This could be mainly attributed to the presence slight peak broadening of Al signals, which can be attributed
of metal oxide species inside the mesoporous channels ofto highly distorted environmeiji15,27]
AIMCM-48 with high Al content. A similar behavior has also The 29Si MAS NMR spectra of as-synthesized and
been observed for metal substituted cubic and hexagonal typecalcined samples of AI-MCM-48 (25) are shown in
mesoporous materigl$,29]. In addition, the calculated pore  Fig. 1S (see supporting informatiorifhe spectrum of as-
wall thickness decreases with increasing Al content, which synthesized sample exhibits two main peaks—dt09.6
may be the due to the reduced condensation of aluminosili-and —100.8 ppm corresponding to [Si(Ogi)Q* units and
cate polyanions as compared to the silicate polyanions. This[Si(OSi)z(OH)] Q2 units respectively. A weak shoulder at
reduces the degree of polymerization and lowers the pore—91.0 ppm corresponding to [Si(OS{DH)2] Q2 units is
wall thickness as well as the unit cell size of the product with also observed31]. Calcination leads to decrease in peak
the highest Al content. intensity of @ signals indicating the condensation of Si-OH
The isomorphic substitution of silicon in the framework groups, which can be correlated with the unit cell contraction
of MCM-48 by trivalent aluminium ions and its coordination observed in XRD. Similar results were observed by Huo et
can be directly evidenced Al MAS NMR spectra. The al. [32] in the formation of MCM-41 using XRD ané’Si
spectra of as-synthesized and calcined Al-MCM-48 catalysts MAS NMR.
with different ngi/na ratios are shown irrig. 3A and B, The pyridine adsorbed FT-IR spectrum is a useful tool
respectively. The spectra of as-synthesized samples exhibifor unambiguous determination of the nature of acid sites.
a strong signal at53 ppm corresponding to the tetrahedral Indeed, the spectra revealed the presence of both Lewis sites
coordination of Al in the framework. The absence of a peak (bands at 1610 and 1445cd) and Bbnsted sites (band
at 0 ppm for as-synthesized samples reveals the absence adt 1550 cnm?) in all the catalystsKig. 4). The high inten-
octahedral Al coordination. In the case of calcined samples, sity peak at 1550 cm' indicates that majority of acid sites
presentin the catalyst are of@rsted type. The peak intensi-
ties of both Bbonsted and Lewis acid sites are found to be high
with increasing Al content. It is important that for acid cat-
alyzed reactions, Binsted acidity should be associated with
the presence of tetrahedral Al and Lewis acidity is associ-

(@) ated with octahedral AB3]. Bronsted acidity is higher than
PVTY G Lewis acidity due to large number of tetrahedrally coordi-
o) nated Al on the silica surfadd?] in accordance witif’Al
MAS NMR.
(©)
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Fig. 3. 2’Al MAS NMR spectra of (A) as-synthesized and (B) calcined Al-
MCM-48 catalysts with variousisi/na ratios: (a) AI-MCM-48 (25); (b) Fig. 4. Pyridine adsorbed FT-IR spectra of: (a) AI-MCM-48 (25); (b) Al-
Al-MCM-48 (50); (c) AI-MCM-48 (75); and (d) Al-MCM-48 (100). MCM-48 (50); (c) AI-MCM-48 (75); and (d) AI-MCM-48 (100) catalysts.
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3.2. Catalytic studies eters such as reaction temperature, WHSYV, feed molar ratio
and time on stream on NAP conversion and product selectiv-
Isopropylation of NAP with IPA was carried out over ity particularly 2,6-DIPN in the isopropylation of NAP over
Al-MCM-48 catalysts in the temperature range 250-400  Al-MCM-48 with different nsj/na ratios using IPA as alky-
in steps of 50C using cyclohexane as the solvent. The lating agent were carried out.
optimized molar ratio of 1:2:10 (NAP:IPA:CYH) was main- Isopropylation of NAP was carried out over the Al-MCM-
tained and WHSV of 5.361 was used for all the cat- 48 catalysts with differentsi/na ratios in the temperature
alytic runs. In the alkylation reaction, formation of dialky- range 250-400C in steps of 50C. The optimized molar
lated product always accompanied mono-alkylated prod- ratio 1:2:10 (NAP:IPA:CYH) and WHSV (5.361) were
uct. It is known that this reaction is a consecutive reac- used for all catalytic runs. The NAP conversion over all
tion [34]. The product analysis revealed the formation the above catalytic systems at various reaction temperatures
of mono-alkylated products like 1-isopropylnaphthalene is given in Fig. 5 and products selectivity are presented
(1-1PN), 2-isopropylnaphthalene (2-IPN) and dialkylated in Table 2 NAP conversion is found to increase steadily
products like 2,6-diisopropylnaphthalene (2,6-DIPN) and with increasing reaction temperature up to 360over all
2,7-diisopropylnaphthalene (2,7-DIPN). As illustrated in the catalytic systems. The Further increase in temperature
Scheme Jlan isopropyl cation formed on the channel surface resulted a significant decrease in conversion over all the
remained as charge-compensating cation which reacted withcatalytic systems. This could be mainly due to deactivation
NAP in the vapour phase to yield the mono-alkylated prod- of the catalyst due to coking. A slight increase in selectivity
ucts. The 2-IPN in turn reacts with one more isopropyl cation of IPN is observed with a decrease in NAP conversion and
during its diffusion through the channel to yield 2,6-DIPN selectivity of 2,6-DIPN and PIPN at 40€. This may be
and 2,7-DIPN. The other diisopropylnaphthalene isomers due to the secondary reactions likens-alkylation and
and polyisopropylnaphthalene are included as PIPN in the de-alkylation of DIPN. Based on the conversion of NAP
tables. Analysis of the products also indicates that alkyla- and selectivity of 2,6-DIPN, 350C is considered to be the
tion occurs preferentially at 2 and 6 positions of NAP. The optimum reaction temperature.
slightly smaller critical diameter and more linear structure of ~ Alkylation reactions are acid catalyzed requiring the pres-
2,6-DIPN make it easier to diffuse in the pore channel. The ence of Bbnsted acid sites generated by the framework
detailed studies on the influence of various reaction param-trivalent Al atoms. The catalytic activity of the mesoporous

4 O
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H,C HiC
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\Si/ \’;'/ e \S]/ \;I/ . 1-1PN
VNN IPA NN NAP .
2-IPN
OO H,C +/CH3 Second
OO CH, alkylation
2, 7-DIPN 0

. . N
/

O Q 2-IPN

2, 6-DIPN

Scheme 1. Proposed reaction scheme for alkylation of naphthalene with isopropyl alcohol over AI-MCM-48 catalyst.
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60 . . v . r r ; catalyst show similar intensity of planes as that of fresh cat-
alyst (not shown).

i 1 Among the dialkylated NAP, the selectivity for 2,6-DIPN
L /.\. i was always higher than 2,7-DIPN. This is also reflected in
the ratio of 2,6-/2,7-DIPN shown ifable 2 Song et al[35]

put forward the restricted electronic transition-state selec-
tivity based on frontier electron density, which reveals that
the carbon at position 6 of 2-IPN has higher frontier elec-
tron density than that of position 7. According to the frontier
molecular orbital theory, the most reactive position has the
300 30 200 highest frontier electron density. Thus the formation of 2,6-
Reaction Temperature (°C) DIPN is more electronically favored than that of 2,7-DIPN.
In the present study the formation of 2,6-DIPN is higher
Fig. 5. Effect of_temperature on naphthalene co.nversion over A-MCM- than 2,7-DIPN for all the catalysts with different;/na
B e o S aeR:conohen e 1alos. The higher Selectvly lowards 2,6-DIPN s due o low
lyst=0.5g; time on strea=1h: @) A-MCM-48 (25); (W) A-MCM-48 energy barrier for the diffusion of 2,6-DIPN (4 kcal/mol) that
(50); (A)A-MCM-48 (75); and (¥) AI-MCM-48 (100). is significantly less than 2,7-DIPN (18 kcal/mol) based on
the computer simulation calculation studies by Horsley et
materials reflects changes in the location of the Al sites and al. [36]. The decrease of 2,6/2,7-DIPN ratio with increase
acidic strength (or acid site density) depending on the Al in nsi/n ratio is due to decrease in acidity, which reduces
content. FronFig. 5, it is observed that increase in Al con- the isomerisation. Strong acidity is capable of isomerising
tent as well as total acidity increase the NAP conversion at all the alkylaromatics and hence the more strained 2,7-DIPN
the temperatures studied. AI-MCM-48 (25) shows maximum is isomerised to less strained 2,6-DIPN. This can be fur-
conversion of 52.7 wt.% at 35@. The observed increase in ther confirmed by trend in the change of temperature where
NAP conversion with increasing incorporation of Al content the selectivity towards 2,6-DIPN increases with increase in
may be due to the additional increase iBsted acidity lead- ~ temperature. The energy barrier for 2,7-DIPN is higher than
ing to high density of acid sites generated by Alincorporation 2,6-DIPN. Thus, higher energy is required for the isomerisa-

&~
=]

Conversion (wt %)
n
o

L L L

1
250

as evidenced by acidity measurements. tion of 2,7-DIPN to 2,6-DIPN which enhances with increase
The influence ohsj/ny ratio of the samples on the prod- in temperature. Therefore, it can be concluded that 2,6-DIPN
uct selectivity in the isopropylation of NAP at 35Q is selectivity not only depends on the acid site density but also

also given inTable 2 It is observed that 2,6-DIPN selec- on the diffusional properties and experimental conditions.
tivity increases with increase in Al content and in contrast  Isopropylation of NAP with IPA was carried out at 350

the mono-alkylated products decrease. The catalyst has lowover AI-MCM-48 (25) with varying NAP to IPA molar ratios

Al content in highernsij/na ratio, which is not sufficient  (1:1, 1:2, 1:3 and 1:4) by keeping the molar ratio of solvent to
for di-alkylation. Thus decrease in formation of di-alkylated NAP as 10. Naphthalene conversion and products selectivity
products at highamsj/na, ratio catalysts is due to the inacces- at various molar feed ratios are presentedable 3 It is
sibility of the active sites for the reactant molecules as many found that both activity and selectivity are influenced drasti-
Al sites are found inside the pores. The mono-alkylated prod- cally by change of reactant ratio. The conversion of NAP and
ucts are found to be higher at highi/na ratio as number of ~ PIPN selectivity rapidly increase with the increase of IPA in
acid sites is less and less possibility of IPN to undergo fur- the reactant mixture. It can be accounted that polar molecule
ther alkylation. The reusability of the catalyst was tested and such as IPA competes with NAP for adsorption sites and with
it was found that the catalytic activity was retained. This was increasing molar excess of alkylating agent, the NAP conver-
further confirmed by XRD. The XRD patterns of the reused sion increases which is in line with other repd@3]. The

Table 2

Products distribution of isopropylation of naphthalene over different catalysts at different reaction temperatures

Catalysts TemperaturéQ) Conversion (%) Product selectivity (%) 2,6/2,7-DIPN

1-IPN 2-IPN 2,6-DIPN 2,7-DIPN PIPN

Al-MCM-48 (25) 250 376 112 321 427 6.1 79 7.0
300 442 103 296 451 6.3 87 71
350 527 92 241 487 6.5 115 75
400 474 83 225 498 6.8 126 73

Al-MCM-48 (50) 350 471 126 312 398 59 105 6.7

Al-MCM-48 (75) 350 423 142 367 338 58 95 5.8

Al-MCM-48 (100) 350 3% 162 413 281 56 88 5.0

Reaction conditions: feed molar ratio = 1:2:10 (NAP:IPA:CYH); WHSV = 5.35;tweight of catalyst=0.5 g; time on stmea= 1 h.
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Table 3
Effect of feed molar ratio on the products selectivity over AI-MCM-48 (25)

Feed ratio (NAP:IPA)

Conversion (wt.%) Product selectivity (wt.%)

1-IPN 2-IPN 2,6-DIPN 2,7-DIPN PIPN

11 45.2 126 278 457 6.7 7.2
1:2 52.7 R 241 487 6.5 115
1:3 55.4 e 222 476 5.8 167
1:4 56.5 65 197 437 50 253
Reaction conditions: weight of catalyst=0.5 g; time on stream=1h; WHSV = 5.8@émperature = 350C.
Table 4
Effect of WHSV on product selectivity over AI-MCM-48 (25)
WHSV (h™1) Conversion (wt.%) Product selectivity (wt.%)

1-IPN 2-IPN 2,6-DIPN 2,7-DIPN PIPN
4.50 53.6 5] 23.6 47.5 6.3 13
5.36 52.7 X 24.1 48.7 6.5 1%
6.54 49.5 17 26.7 45.3 7.4 9
8.75 40.3 14 28.8 42.2 8.5 8

Reaction conditions: weight of catalyst=0.5 g; time on stream=1 h; feed molar ratio =1:2:10 (NAP:IPA:CYH); temperatur€= 350

B,p’-selectivity is found to increase withincrease in IPAinthe faujusite during isopropylation of benzene is due to blocking
feed upto 1:2 (NAP:IPA) and a decrease in trend is observed(poisoning) of active sites while deactivation of mordenite
with further increase in IPA. This can be explained by the con- is due to blocking of the channels by bulkier molecules like
secutive alkylation of IPN by IPA into DIPN and then into DIPB [39]. Coke formation and diffusion problems can be
PIPN. This is facilitated by the high concentration of IPA in prevented by using three dimensional mesoporous catalysts.
the reaction mixture which can provide higher availability The NAP conversion over different catalysts during the time
of isopropyl cations. Based on the NAP conversion and 2,6- on stream study is presentedfig. 2S (see supplementary
DIPN selectivity, the optimum molar ratio of 1:2 (NAP:IPA) information) The decrease in the conversion of NAP is
is taken for further studies. marginal after several hours of time which indicates that Al-
The influence of WHSV on alkylation of NAP with MCM-48 does not deactivate quickly. This may be due to
IPA over AI-MCM-48 (25) at 350C is shown inTable 4 its three-dimensional pore structure which limits pore block-
The molar ratio of the feed was maintained at 1:2:10 ing and allows faster diffusion of reactant molecules than
(NAP:IPA:CYH). A slight decrease in NAP conversion one-dimensional pore system such as AI-MCMFA,B0,40]
was observed when the WHSV was increased from 4.5 to Moreover alcohols reduce deactivation as the formation of
5.36 L. Further increase in WHSV drastically decreased olefins from cracking is difficult which block the active sites
the NAP conversion. The reduction in conversion may be and makes it inaccessible for the reactant molecules. Alco-
simply due to high diffusion of the reactant molecules owing hols are less prone to cracking than the acetpt&} and
to shorter contact time at higher space velocity. The catalytic diethyl carbonatept2] which are used as alkylating agents.
activity decreased very slowly at low WHSV whereas the
decreasing rate quickened at high WHSV. Since the alkyla-
tion reaction is consecutive, when WHSV is high only a small
part of IPN has enough reaction time to be further alkylated L
into DIPN and PIPN subsequently indicating the high selec-
tivity for IPN at high WHSV. Hence it is reasonable to choose
low WHSYV for good conversion and selectivity of DIPN. The
selectivity of 2,6-DIPN and PIPN has been found to decrease
with increasing WHSV above 5.36h, which may be due
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to trans-alkylation of DIPN and PIPN to IPN and NAP. Seim 14PN
The sustainability of the catalysts in the isopropylation of r %mw

NAP was studied by carrying out the time on stream studies N N : :

for a duration of 6 h at 350C. An optimized feed ratio of % =2 4 &

1:2:10 (NAP:IPA:CYH) and WHSV (5.361) were main- Reaction Time (h)

tained during the time on stream studies. The products were _ .

collected at a time interval of every 1 h. Coke deposition over Fig. 6. Effect of time on stream on the product selectivity over AI-MCM-
. . . 48 (25) catalyst at 350C. Reaction conditions: weight of catalyst=0.5g;

the catalyst surface during the reaction is a crucial factor lead-

. it e WHSV =5.36 r'1; feed molar ratio = 1:2:10 (NAP:IPA:CYH) ®) Si.pn;
ing to the deactivation of a cataly|@8]. The deactivation of () s, px; (a) S26.0en; (¥) S2.7-01pN; and @) Seipn.
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The product selectivity over AI-MCM-48 (25) during time
on stream is presented Kg. 6. It is found that there is no
appreciable change in selectivity of the products.

4. Conclusion
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