e ¥ ,.‘E o
ELSEVIER

Available online at www.sciencedirect.com

SCIENGE@DIHEGT°

Journal of Catalysis 228 (2004) 192—-205

JOURNAL OF
CATALYSIS

www.elsevier.com/locate/jcat

Isopropylation of benzene with 2-propanol over AFI aluminophosphate
molecular sieves substitutevith alkaline earth metal

Suresh B. Waghmode Shyamal Kumar SalfaYoshihiro Kubot&, Yoshihiro Sugi

Department of Materials Science and Technology, Fgaf Engineering, Gifu University, Gifu, 501-1193, Japan
Received 14 February 2004; revised 2 June 2004; accepted 21 July 2004
Available online 11 September 2004

Abstract

Aluminophosphate (AIP@5) molecular sieves partly substituted with alkaline earth metal in the framework (MAPO-=5;Nigj, Ca,

Sr, and Ba) have been employed as catalysts for the isopropylation of benzene with 2-propanol. The incorporation of alkaline earth meta

ions gives rise to Brgnsted acidity of different acidic strengths. The influence of type of alkaline earth meta#d®ratio, reaction
parameters such as reaction temperature, molar ratio of benzene and 2-propHPpisiice velocity, and time on stream were studied. The
selectivity of cumene (IPB) and benzene conversion was in the ordesMga > Sr > BaAPO-5. This order is correlated with acidity of
the molecular sieves. The selectivity of IPB for MgAPO-5 was maximized at M¢&D3 = 0.1. It increased with reaction temperature, low

WHSYV, high B/IP ratio, whereas it decreased with time on stream. The major by-products were 1,3- and 1,4-diisopropylbenzenes (1,3- and
1,4-DIPBs): among them, 1,3-DIPB was predominant over 1,4-DIPB at higher temperatures. The dealkylation of 1,3- and 1,4-DIPBs gives

IPB as a major product. Molecular modeling studies reveal that 1,3-DIPB is the most stable and bulkier among DIPB isomers.

0 2004 Elsevier Inc. All rights reserved.
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1. Introduction

have been investigated to synthesize IPB, and acidic zeo-
lites are found as the most suitaltlatalysts. Shape-selective

Cumene (IPB) is an important commodity in petrochem- alkylation of benzene and toluene over zeolite catalysts has
icals, mainly used for the production of phenol and acetone, P€€n extensively studiefl—6]. Their use in commercial

which are again processed with other chemicals to produce
resins, plastics, and other value-added products such as hy-

droquinone and resorcingl]. In recent years, more than

processes has been sought only recently by Mobil, Dow, CD
Tech., UOP, and Enichem for the production of IPB (based
on MFI, BEA, MCM-22, MOR, FAU, etc.]3]. Synthesis of

90% of phenol is produced from IPB. It has been expected IPB by the alkylation of benzene with 2-propanol or propene

that the world’s demand of IPB will increase by3.5% per
year over the next 5 yeaf2]. Different types of solid acids
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has been reported in the literatys=-19]. Recently, Das et
al. reported a sulfated ZgSTiO, catalyst for the isopropy-
lation of benzene with 2-propanf0].

Mild acidity is required for the alkylation of benzene
with 2-propanol or propene over zeolitgdl]. A new fam-
ily of aluminophosphate molecular sieves (abbreviated as
AIPOs) has drawn considerable attentif?]. However,
there have been only few a reports on catalytic research of
aluminophosphates such as AlR®. The main disadvan-
tage is the mild acidic nature of AIPOs. Considerable effort
has been directed toward isomorphous substitution of Al and
or P by other elements in the framework to generate Brgn-
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sted acid siteR23]. The acidity of the AIPOs can be modified 2.2. Catalytic reactions
by isomorphous substitution of akne earth and transition
metals[24]. It has been shown that the incorporation of di- 2.2.1. Isopropylation of benzene
valent metal ions to AIPOs improves their Brgnsted acidity =~ The isopropylation of benzene with 2-propanol and the
and increases the potential of these materials as a solid catisomerization of 1,3- and 1,4-DIPBs were carried out un-
alyst [24,25] AlIPO4-5 molecular sieves partly substituted der vapor phase using a fixeéddown-flow reactor (Pyrex
alkaline earth metal is a promising microporous material for glass; 25 cm length and 1 cm internal diameter) equipped
acid catalysis. with preheater assembly. Fresh catalyst (1.0 g) was sieved
The present study involves the synthesis of MAPO-5 (mesh size around 30) and sandwiched between glass wool
molecular sieves, and vapor-phase isopropylation of benzeneplugs placed in the middle ohé reactor. The reactor was
with 2-propanol. Molecular fitting was examined to analyze heated to the requisite tempéure, and the temperature of
the size and shape of the molecules as well as their fitting in- the preheater assembly was kept at 1C5The catalyst was
side 12-membered rings (12-MR) of MAPO-5. Studies on activated in @ (50 ml/min) at 550°C for 6 h, and the reac-
diffusion of these molecules were also carried out inside tion was carried out at atmospheric pressure jngis flow
12-MR channels of MAPO-5. (20 ml/min). Benzene and 2-propanol were passed over the
catalyst in a ratio (BIP) of 6. The products were passed
through a water-cooled condenser, and liquid products were
collected time to time after an interval of 2 h. After taking a
series of data, the catalyst was reactivatedirf%D ml/min)
at 550°C for 6 h for further reaction studies.
The products were identified using GC-MS (Shimadzu
. QP 5000) and analyzed by a Shimadzu Model 18A chro-
The syntheses of MAPO-5 were carried out by the vapor- matograph (Ultra-1 capillary column (25 m0.3 mm)). The

phase transport (VPT) methdd6]; a typical gel compo-  yield of products was calculated on the basis of benzene and
sition was as follows: 1.0 AD3—-0.10 MO-1.0 POs—0.76 2-propanol.

EtzN-45 H0.

Typical procedures are shown for the synthesis of 3 2 2 cracking of IPB and 1,3,5-TIPB
MgAPO-5: aluminum isopropoxide (2.05g, 5.0 mmol) was  The catalytic activity of cacking of IPB and 1,3,5-
slurred in water (1.85 g). To this slurry, 85% phosphoric triisopropylbenzene (1,3,5-TIPB) was carried out at 450
acid (1.15 g, 5.0 mmol) diluted in water (2.00 g) was added i, pitrogen stream by a conventional pulse-type reactor, and

dropwise over a period of 0.5 h with constant magnetic stir- products were analyzed by a Shimadzu GC-4C online gas
ring. Magnesium acetate (0.1@70.5 mmol) was added to  chromatograph.

the resulting solution, and magnetic stirring was continued

further for 1 h. The hydrogel was dried at 8D in an oil 2.3. Characterization

bath with continuous stirring to evaporate water. When the

gel became thick and viscous, it was homogenized manually  The phase purity and the crystallinity of the sample were
using a Teflon-rod until it dried. The drying period was var- determined by powder X-ray diffraction with CugKradi-

ied (ca. 0.75-1 h) with the gel composition. A white solid ation (. = 1.5418 A) using a XRD-6000 (Shimadzu Cor-
formed and was then ground to a fine powder and finally poration). Elemental analysis was performed by inductively
transferred in a small Teflon cup (20 ma20 mmi.d.). This coupled plasma emission spectroscopy (ICP) using a JICP-
cup was placed in a 23-ml Teft-lined autoclave with the  PS-1000UV (Leeman Labs Inc.). The crystal size and mor-
support of a Teflon holder. Small amounts (0.3 g per 1.0 g of phology of the sample were examined by scanning elec-
dry gel) of water and triethylamine (0.384 g, 3.8 mmol) were tron microscopy (SEM) using a XL30 microscope (Philips).
taken at the bottom of the autoclave in such a manner thatNitrogen adsorption measurements were carried out on a
no external bulk water came into the direct contact with the BELSORP 28SA (Bel Japanjcidity measurements were
dry gel. The autoclave assembled for the DGC method wasperformed by temperature-programmed desorption of am-
shown in our previous pap§26]. The crystallization was ~ monia (NH-TPD) on a BEL TPD-66 (Bel Japan). FT-IR
carried out at 175-20QC in an oven under autogenous pres- spectra in the framework region were recorded by a KBr pel-
sure for 12—24 h. The products were collected centrifugally, let technique using 0.5 mg of sample and 100 mg of KBr
washed with distilled water, and dried at 10D overnight. on a Thermo Nicolet Nexus 470. Unit cell parameters of
The as-synthesized molecular sieve was placed in a mufflethe samples were calculated by using the TREOR 90 pro-
furnace and heated in air stream (flow rate: 5¢mih). The gram of Material Studio software supplied by Accelrys Inc.
temperature was raised from room temperature to>&58t using a Dell PC (Dimension 8250 series). Pyridine adsorp-
1.3°C/min and kept at that temperature for another 7 h, and tion on acid sites of the MAPO-5 was investigated by FT-IR
finally the sample was cooled to room temperature under spectroscopy. The sample (ca. 28 mg) was pressed into self-
ambient conditions. supporting wafers and placed into the FT-IR cell, allowing

2. Experimental

2.1. Synthesis of MAPO-5 molecular sieves
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Table 1
Dimensions, total energies, and HOMO-LUMO gap dfatent organic molecules in their minimum egg configuration optimized by DFT, and diffusion
energy barrier in AFI (AIPQ@-5) molecular sieves

Molecules Dimensions Total energy HOMO-LUMO Energy barrier
(@ x b x c) (nm) (DMol) (kcal/mol) gap (kcal) (kcal/mol)
Propene1) 0.5x 0.36 x 0.24 —740125046 1721732 1944
Benzene?) 0.60 x 0.53x 0.15 —1457787317 1554999 2544
IPB (3) 0.80 x 0.53x 0.52 —2198080539 1465264 3525
1,2-DIPB @) 0.75x 0.68 x 0.52 —2938311663 1465264 9483
1,3-DIPB 6) 0.98 x 0.60 x 0.52 —2938424419 1462879 4478
1,4-DIPB ) 0.10x 0.53x 0.52 —2938375563 1442045 1946
1,3,5-TIPB {7) 0.96 x 0.88 x 0.52 —3678742284 1448070 14586

heating under vacuum. Prior to adsorption of pyridine, the optimized molecule) and thesizes and shapes were ana-
sample was evacuated to ca#0Pa at 400C for 2 h, and lyzed. The dimensions of molecules in three-dimensional
then, cooled to 150C. Nearly 13 x 107 Pa of pyridinewas  space are measured according to the procedure detailed
introduced into the FT-IR cell. After 1 h of adsorption, the elsewherd29]. The three largest dimensiong & b x c)
excess and weakly adsorbed pyridine was removed by evac-of propene 1), benzene 3), IPB (3), 1,2-DIPB @), 1,3-
uation at the same temperature for 1.5 h. FT-IR spectra of DIPB (5), 1,4-DIPB 6), and 1,3,5-TIPB 7) molecules in
chemisorbed pyridine were recorded using a JEOL JIR-7000 mutually perpendicular directions are givenTiable 1 The

spectrometer. qualitatively structural fittings of the molecules inside the
AFI (AIPO4-5) molecular sieve were studied by MG as well
2.4. Methods and models for molecular fitting as a comparison of the dimensions of the molecules with

pore diameters. AFI lattice was generated from X-ray crys-

Several zeolites have been tried experimentally for this tal reported by Bennett et al30]. Further, the chemical
reaction. Much attentionds been focused on BEA and interaction between the zeolite host and guest molecules
MCM-22 due to its high activity and predominant shape was studied using energy minimization calculations to un-
selectivity. The unique 12-member ring channel system in derstand the adsorption sites and diffusion characteristics
AFI has been used to find the cause of shape selectivity.of moleculesl—7. The simulation box contained the zeolite
However, aluminophosphate molecular sieves are not usedgenerated from its crystal structure and the actual dimension
as catalysts, due to low acidity. The catalytic behavior of of the simulation box is a % 2 x 7 unit cell (1.272 and
most of the zeolites arises from the catalytically active Brgn- 0.848 nmg andb andc, respectively). The sizes of the sim-
sted acid sites. These active sites are located inside the pore@lation boxes are chosen in such a way that the symmetry
structures. In such cases molecular modeling and graphicsalong the channel direction is taken care of and the box is
can provide a better understanding of the active sites. Thejust large enough in the other two directions to take care of
computational studies reported here were carried out usingthe nonbonded interactions, whose cutoff distance was taken
Material Studio’s (MS) supplied by Accelrys Inc., UK. The as 0.95 nm. The diffusion energy profiles symmetrically re-
force field energy minimization calculations were done with peat themselves in each unit cell, indicating the validity of
the Discover program to search most favorable and unfavor-the simulation box size, pot&al parameters, and energy
able adsorption of guest molecules inside hosts (zeolites) forminimization calculation preedures. The calculations were
shape-selective diffusion, using the consistent valence forceperformed following the well-established forced diffusion
field (CVFF) of Hagler et al[27] and the parameters were procedure. This procedure has been widely used to study the

obtained from the reports of Dauber-Osguthorpe €R8]. diffusion of methanol, toluene nitration, isomers of butane,
The detailed methodology is reported elsewH23. Mole- isomers of aromatic hydrocarbons, such as alkylnaphtha-
cular Graphics (MG) displays were obtained from the MS lene, isobutylethylbenzene,&rylene, and isomers of acyl-
system using a Dell 8250 computer. 2-methoxynaphthalene and acyl-4-hydroxyphef3dl,32]

Quantum chemical calculations for full geometry op- Here, we investigated the diffusion of IPB and DIPB over
timization of organic molecules were done with the use AIPO4-5. The sorbate molecule was forced to diffuse in reg-
of modern electronic structure methodology based on the ular steps of 0.02 nm along the diffusion path within the
density-functional theory (DFT) by using Gaussian03 soft- channel. At each point, a sing harmonic potential con-
ware. The total energies of the organic molecules were cal-strains the molecule to lie at a fixed distance from the initial
culated using level 6-311G (d,p) basis sets. As exchangeposition while the energetically favorable conformation and
functional, Becke's hybrid exchange B3 was used and as cor-orientation of the molecules are derived by varying the in-
relation functionals, the Lee—Yang—Parr nonlocal functional ternal degrees of freedom as well as nonbonding interaction
(LYP). The extent of the molecules in space was calculated of the molecule with the zeolite framework. The interaction
for the energetically favorable conformation (geometrically energy at each point is calculated using
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interaction energy= Ezeolite molecule complex
— (Ezeolitet+ Emolecule - (1) BaAPO-5

Thus, the diffusion energy profile is a graph showing the
variation of interaction energy between a single molecule
and the zeolite framework as the molecule diffuses within
the channel of the zeolite. The diffusion energy profiles
are useful to identify the most favorable (minimum energy)
and unfavorable (maximum ergy) adsorption sites for the
molecules inside the zeolite channels. The difference in en-
ergy between the most favorable and most unfavorable sites
in the diffusion energy profile gives the diffusion energy bar-
rier for self-diffusivity. During these calculations of the in- - - - - -
teraction energy the atoms in the zeolite lattice are held fixed 10 20 %0 40 50

. . . . 20 (degree)
at their crystallographically dermined geometries, whereas
the guest molecules are flexible. Since our interest is to studyrig. 1. XRD patterns of calcined samples of MAPO-5 and AJPmolec-
the influence of the pore architecture and the dimensions onular sieves.
the diffusion characteristics the molecules, we considered
Al /P ratio /1 constan{30]. The influence of the presence A similar tendency was confirmed for Ca and SrAPO-5.
of more molecules on the diffusivity (mutual effect) and the However, BaAPO-5 gave the reverse results that values in
influence of temperature are not considered here. In view of products were lower than in starting gels. These results sug-
these approximations, suitable care was taken to interpret thegest that B4t participates in framework by the substitution

SrAPO-5

\ A l A CaAPO-5
) A A AN A n

l n MgAPO-5

\___J A J A

Relative Intensity (a.u.)

results. of AI3+: however, there is a possibility that a part of Ba is
not in the framework because Bais too large to substitute
completely with AP+,

3. Resultsand discussion FT-IR spectra of pure AIP®5 and MAPO-5 in the
framework vibration range (800—1500 cf) were recorded

3.1. Characterization of MAPO-5 molecular sieves for calcined samples. Strong absorption by framework vibra-
tion was observed in the region of 1000—-1250¢tBroad

3.1.1. Structures of MAPO-5 molecular sieves bands in the region of 1000-1100 ctiare characteris-

All MAPO-5 in the present study was synthesized by the tic of zeolitic materials, which are assigned to asymmetric
VPT method. Typical XRD patterns of calcined samples are stretching of tetrahedral Al-O and P{24]. Wavenumbers
shown inFig. 1 The phase purity of the molecular sieves of MAPO-5 were higher than that of aluminosilicate; the
exhibited high crystallinity for all types of MAPO-5, and im-  presence of large amounts of phosphorous is responsible for
pure phases were not detectable. Their structures were stabléhis shift[34]. Pure AIPQ-5 and MAPO-5 exhibited simi-
after calcination at 550C for 7 h in dry air. Peak intensities  lar patterns of FT-IR spectra. However, the band shift toward
slightly decreased in the order Mg Ca > Sr > BaAPO-5. higher frequencies was observed on alkaline earth metals in
However, peak intensities of MgAPO-5 remained at a similar AIPO4-5 substituted with Al™ in the framework. The al-
level for different MgQ'Al O3 ratios. Nitrogen adsorption  kaline earth metals in the framework in the 12-membered
measurements of calcined forms of Mg-free AlP®and ring lead to concomitant reduction in AlI-O and P—-O bond
MgAPO-5 gave quite similar Type | isotherms, indicating strength in the framework. The greater the charge trans-
that all molecular sieves have micropores. Micropore vol- fer from G~ to substituted alkaline earth metal cations
umes are in the range of 0.111-0.122 gslwhich are typ- (M—0O bond increases from Mg to Ba), the weaker the (T-0)
ical values for 12-ring one-dimensional chann@8]. This bond, and hence, observed bands shift to the higher frequen-
means that MAPO-5 molecular sieves have high phase pu-cies[35]. Our results indicate that a strong vibration band
rities, and any occluded material does not block their chan- around 1132 to 1135 cnt was shifted toward higher wave
nels. Their surface areas are in the order of M¢Ca > number; however, this shift is not so significant due to low
Sr> BaAPO-5. concentrations of alkaline earth metal in the framewa.

Particles of MAPO-5 molecular sieves are observed as  Unit cell parameters were aallated to confirm the iso-
agglomerates of very small particles less than 1 um as shownmorphous substitution of alkae earth metals into the
in Fig. 2 Crystal sizes were in the order Mg Ca > Sr > framework TTable 2 for all calcined samples. Because of
BaAPO-5. the difference in T-O bond distance among Mg (1.85),

ICP analysis of as-synthesized MgAPO-5 shows that the Ca (2.17), Sr (2.36), Ba (2.54), Al (1.73), and P (1.54), an
MgO/Al,O3 ratio was higher in products than in starting increase in cell volume is expected if Al or P is replaced
gels (Table 9. These results suggest that a part of Al by other metal§24,36] If the variation observed in XRD
was isomorphously substituted by Kfgin the framework. could be taken as evidence thila¢ metal was isomorphically
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Fig. 2. SEM images of typical MAPO-5 molecular sieves.
Table 2
Physicochemical propges of MAPO-5 and AIPQ@-5 molecular sieves
M Surface area MO/Al,03 Unit cell parameters (A)
(m?/g) Gel MAPO-82 a=b c vb

- 2704 - - 136630 84305 136296
Mg 2827 0.025 0.027 13035 84687 137724
Mg 2580 0.05 0.058 13093 84646 137775
Mg 2711 0.10 0.128 13174 84644 13785
Ca 2482 0.10 0.170 13133 84788 138086
Sr 2056 0.10 0.174 13434 84701 138431
Bat 1723 0.10 0.083 13147 84735 138123

Gel composition: 1.0 Al03:0.1 MO:1.0 BO5:0.76 EgN:45 HyO (all samples crystallized at 17& except Ba).
@ Determined by inductively coupled plasmamtic emission spectroscopy (ICP-AES).
b Unit cell volume.
¢ Crystallization temperature: 200°C.

incorporated in the framewoiB6]. Hexagonal unit cell pa-  in the framework structure of 12-membered ring AIP®
rametersq andc, and cell volume are shown ifable 2 In structure.

the case of the variation of MAPO-5, unit cell parameters

andb and unit cell volume increases as a function of types 3.1.2. Acidic properties of MAPO-5 molecular sieves

of metal, whereas unit cell parametefollows the opposite Temperature-programmed desorption of ammoniagNH
trend. AIPQ-5 shows lower unit cell parametessand ¢ TPD) gives useful information on acid strength and amount
and unit cell volume as compared to MAPO-5. These results of microporous materialsFig. 3 shows typical NH-TPD
agree well with earlier wor36]. These unit cell parameters  profiles of MgAPO-5 with different MgQ@AI,O3 ratios.
support strongly that alkaline earth metals were incorporated Pure AIPQ-5 showed a desorption peakgeak) at about
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Fig. 3. NHs-TPD profiles of MgAPO-5 molecular sieves with different  Fig. 4. NH3-TPD profiles of MAPO-5 and AIP@5 (M = Mg, Ca, Sr, and
MO/Al,Og3 ratios. Ba). MO/Al,03 = 0.1 (input ratio).

170°C, which is due to physical adsorption of ammonia. Table 3
However, MgAPO-5 had a desorption peakpeak) around — Cracking of IPB and 1,3,5-TIPB over MAPCGR@nd AIPQy-5 molecular
250-350°C. This peak is due to the acidity of MgAPO-  sieves

5 by isomorphous substitution of Mg with AI3*. Fig. 4 MAPO-5 Conversion (%)

shows NH-TPD profiles of MAPO-5 with MQAI,O3 = IPB 1,3,5-TIPB
0.10 (input ratio). A smalh-peak was observed for Ca, Sr, _ 25 20

and BaAPO-5 except MgAPO-5. These results show that Mg 98.7 8.2
MgAPO-5 has the strongest acidity with the largest amounts, Ca 202 43

and that Ca, Sr, and BaAPO-5 also have acidity in smaller S; 23 gg

amounts, although they are weaker than MgAPO-5.
FT-IR spectra of pyridine adsorbed on MAPO-5 (MO  * MO/AI203 = 0.1 (input ratio).
Al,03 = 0.1) synthesized by the VPT method were recorded.
MgAPO-5 exhibited several peaks due to pyridiniumions on the activity of external acid sites. Typical results are shown
Brensted acid sites (B: 1546 and 1641 dmand Lewis in Table 3 The catalytic activity for the cracking of IPB over
bounded pyridine (L: 1456 and 1618 ch). A peak at MAPO-5 was in the order Mg> Ca > Sr> BaAPO-5>
1492 cnt! can be assigned to pyridine associated with both AIPO4-5. The catalytic activity ofcracking of 1,3,5-TIPB
Brensted and Lewis acid sites. The intensities of these peaksvas much less over MAPO-5 and AIPO-5 as compared to
increased with the amounts of Mg: this is consistent with cracking of IPB: 1,3,5-TIPB cannot enter into the pore of
NH3-TPD spectra (results are not given). The effects of AlPO4-5. These results suggest that external surface acidity
types of alkaline metal on the IR-spectra of pyridine ad- also decreased as the atybf the MAPO-5 decreased.
sorbed show that peak intensities were weak for Ca, Sr, and
BaAPO-5: this corroborates with NHTPD spectra. There-  3.2. Catalytic isopropylation of benzene over MAPO-5
sults by NH-TPD and pyridine adsorption indicate that the molecular sieves
acidity of MAPO-5 decreases in the order MgCa > Sr >
BaAPO-5 (results not showfi38]. 3.2.1. Influence of types of alkaline earth metal
The catalytic activities of the cracking of IPB and 1,3,5- Fig. 5shows the influences of type of alkaline earth met-
TIPB over MAPO-5 and AIP@-5 are examined to elucidate als in MAPO-5 (MQ/Al,03 = 0.1 (input ratio)) for the
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isopropylation of benzene with 2-propanol. Catalytic activ-
ity was in the order Mgs>> Ca> Sr> BaAPO-5> AIPOy-5.

The decrease in the selectivity of IPB was observed with in-

crease in DIPBs from Mg to BaAPO-5. The selectivity of

S.B. Waghmode et al. / Journal of Catalysis 228 (2004) 192—-205

is faster than alkylatio of benzene (reactiof®)) [37]
because of the acceleration by the electron-donating na-
ture of the isopropyl group.

(i) Transalkylation of DIPB with benzene (reactiqd))
and cracking of DIPB (reactio(i3) reverse) requires
strong acid site§8,18]. Alkylation of benzene with
2-propanol or propene is an acid-catalyzed reaction,
which readily takes place on Brgnsted acid sites on ze-
olites[5].

(iii) It is also possible that cracking of IPB (reactidg)
reverse and reactio(v)) [12,13,25]to benzene and
propene may also contribute to decrease the selectiv-
ity of IPB. Corma et al[21] have already reported that
very small amounts of acid sites are needed for IPB
cracking.

The conversion of benzene (theoretical maximum conver-
sion based on BP ratio) relates directly to the acid strength
of the catalyst as discussed above. However, the over-
all conversion of 2-propanol to propene remains constant
~ 99+ 1% for all MAPO-5. These results suggest that the
isopropylation of benzene and the dehydration of 2-propanol
have different characters of active sites on MAPO-5. The
similar types of observation were reported by Sasidharan et
al. over large-pore NCL-1 zeolitd$8], Das et al. over sul-
fated ZrQ-TiO, for the isopropylation of benzerf20], and

IPB decreased with acidity of the catalyst in the order Mg Reddy et al. for the isopropylation of toluene over H-BEA

> Ca> Sr> BaAPO-5, and an increase in the selectivity zeolites [L6b].

of DIPBs was observed simultaneously in that order. This ~ Among the DIPB isomers, the decrease of the selectiv-
is the expected order from acidic character. However, no ity of 1,3-DIPB accompanied an increase in the selectivity
higher aromatics were detected in the product. Selectivity of of 1,4-DIPB: this is also due to the decreasing of acid-
TIPB was observed less than 0.5%. Sasidharan et al. reportegty of MAPO-5 (Fig. 5). 1,3-DIPB was predominant over

similar changes of the selectivity of IPB and DIPB in the 1 4-DIPB in the case of MgAP®, whereas a reverse trend

isopropylation of benzene over NCL-1 zeolite: a decrease of was observed over Ca, Sr and BaAPO-5 and pure AIBO

the selectivity of IPB and an increase in the selectivity of
DIPB were accompanied by an increase of i@l ,03 ra-
tio [18].

The isopropylation of benzene with 2-propanol is multi-

catalysts.

TIPB may be formed by the alkylation of 1,3-DIPB with
propene (reactios)). It can further disproportionate with
benzene and form DIPB (reacti@6)). The ratio of 1,4/

step and sequential reaction. The main reaction can be rep4,3-DIPB increased from Mg to@\PO-5. These results in-

resented as follows:

IP — propenet water, Q)
B + propene— IPB, (2)
IPB + propene— DIPB 3)
(the isomerization of 1,2- or 1,4-DIPBs to 1,3-DIPB),

DIPB + B — 2IPB, (4)
DIPB + propene— TIPB, (5)
TIPB + B — 2DIPB, (6)
2IPB — DIPB + B. @)

The low selectivity of IPB over less acidic catalysts is
considered for the following reasons:

(i) Propene is obtained in reaction products in trace
amounts (reactio(il)). Alkylation of IPB (reaction(3))

dicate that the isomerization of 1,3-DIPB was less favorable
over weak acid catalysts such as Sr and BaAPO-5.

The selectivity of IPB decreased from Mg to BaAPO-5 by
accompanying the increase of DIPB4(. 5). The total se-
lectivity of IPB and DIPBs for MAPO-5 catalysts remained
almost constant at about 97 + 2%, and the selectivity of
TIPBis~ 1+ 0.5%.

The alkylation of benzene over acidic catalyst is an elec-
trophilic reaction. Hence, among DIPBs, 1,2- and 1,4-DIPBs
can be formed as a primary product preferentially via the iso-
propylation of IPB. However, in the present study, 1,2-DIPB
was formed only in trace amounts (less than 0.2%), and 1,3-
and 1,4-DIPBs was more gteminant in accordance with
earlier studies of the zeolite and metal oxidés17]. It is
clear that the formation of 1,24BB is less favorable due the
steric hindrance of the isopropyl group on IPB. Experiments
also confirmed that the sterhindrance is more predomi-
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nant for the formation of 1,2-DIPB because no traces of  The selectivity for 1,3-DIPB was always higher than
1,2-DIPB isomer were observed even in beta zeolite, MCM- 1,4-DIPB for all MgO/Al,03 ratios. However, this trend
41, and metal oxid§,5,7,19,20] This conclusion is further  was reversed in the case of pure AIR& Even though the
supported by a molecular modeling study; the total energy total selectivity for IPB and DIPBs was noted as-88%.
observed for full geometricallgptimized molecules of 1,2-,  Itis also observed that the 1/4-,3-DIPB ratio is less (0.38)
1,3-, and 1,4-DIPBs are given ifable 1 From these re-  for MgO/Al O3 = 0.05 and was higher for 0.025 and 0.1.
sults, it is clear that 1,3-DIPB is more thermodynamically
stable than other isomers. The band gap of the highest 0c-3.2.2.2. Influence of reaction temperaturélemperature
cupied molecular orbital (HOMO) and the lowest occupied has a paramount effect in the product distribution for the
molecular orbital (LUMO) de@ases from 1,2-to 1,4-DIPB  isopropylation of benzene as shownFRig. 6. Conversion
isomer. The formation oértho- andpara-substituted prod-  of benzene and the selectivity of IPB increased with reac-
ucts should be more plausible than theetasubstituted tion temperature; however, the selectivities of DIPBs and
because the alkylation is areetrophilic reaction. How-  TIPB were decreased. These results could be due to the
ever, 1,3-DIPB was more predominant than 1,4-DIPB over transalkylation of DIPBs and TIPBs to IPR8]. The for-
MgAPO-5 catalysts. This is due to either via the isomeriza- mation of TIPB & 0.5%) was observed in the product at
tion of 1,4-DIPB to 1,3-DIPB (reactio(B)) or via the dis- lower temperatures (below 228). TIPB may also be fa-
proportionation of IPB to benzene and DIPB (react{@)). vorable at higher temperatures (above 225 however, it
In the case of Ca, Sr, and BaAPO-5, the isomerization may was observed only in a small amount: much of them may
not be possible, and 1,4-DIPB was more predominant thantransalkylate wittbenzene (reactiof®)) to DIPB. 1, 4-DIPB
1,3-DIPB over these catalysts. This may be due to lower was predominantthan 1,3-DIPB at lower temperatures; how-
acidity of Ca, Sr, and BaAPO-5 catalysts. ever 1,3-DIPB was predominant over 1,4-DIPB at higher
temperatures. These changes may be due to the fact that

3.2.2. Isopropylation of benzene over MgAPO-5 molecular the alkylation of IPB (reactio()) competes favorably with
sieves transalkylation of DIPB with benzene to IPB (reacti@)).

MgAPO-5 molecular sieves have the highest catalytic
performance for the isopropylation of benzene among 100 * ¢
MAPO-5 as discussed above.et¢after, the parameters, ‘/(

such as MgQAI,O3 ratio, reaction temperature, WHSV, 80 | 1%°

B/IP ratio of feed, and TOS are discussed to elucidate the

solid acid catalysis over MgAPO-5 molecular sieves.

60 [ 17

3.2.2.1. Influence of Mgf\l,0s3 ratio. The influence of

MgO/Al,03 ratio for MgAPO-5 was studied at 27€,

TOS= 6 h, and BIP = 6 (molar ratio). The typical results

are shown inrable 4 Conversion of benzene increased with

the ratio and reached a maximum at 0.01. However, the con-

version of benzene for AIP£5 was 10-fold less compared \T °

to MgAPO-5. Catalytic activity is correlated with the acid- 0 & ﬁ; 30

ity of the molecular sieves. Conversion of 2-propanol was 160 200 250 300 340

~ 100% for all samples (MgAl,O3 = 0.025, 0.05, and Reaction temperature (°C)

0.1) except AIPQ-5 as shown inable 4 Fig. 6. Influence of temperature on conversion and product selectivity in
The sglectlvny of IPB for the Mgml203 ratio de- thg isopropylation of benZene overgPO-5 catalyst. Rgaction conditionsy:

creased in the order 0.2 0.05> 0.025> 0.0, whereas  1o5_ ¢ h; feed: BIP = 6; MgO/Al,03 = 0.1 (input ratio); WHSV=

DIPBs followed in the reverse order. The selectivity of TIPB 3.5 1. Legends: conversior¥, benzene®, 2-propanol; selectivityl,

40

Selectivity (%)
Conversion (%)

150

,\,7'

observed is less than 0.5% for MQAPO-5 and AlP® IPB; [, 1,4-DIPB;®, 1,3-DIPB;A, 1,3,5-TIPB.

Table 4

Influence of MgQ'Al,03 ratio on conversion of benzene and selectivity afdurcts in the isopropylation of benzene to 2-propanol

MgO/ Conversion Selectivity (%)

Al203 (%) IPB 1,2-DIPB 1,3-DIPB 1,4-DIPB 1,35-TIPB Othérs
0.0 84 520 0.0 159 319 0.0 02
0.025 801 805 02 131 56 05 01

0.05 866 821 02 101 6.9 05 0.2

0.10 857 828 02 115 5.0 02 03

a Others includes g-Cg aromatics, propylbenzene, tolerReaction conditions: temperatute275°C; TOS= 6 h; WHSV= 3.5 h 1 feed, B/IP = 6.
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Fig. 7. Influence of the temperature on product selectivity in the isomeriza- Fig. 8. Influence of the temperature on product selectivity in the isomeriza-
tion of 1,4-DIPB over MgAPO-5. Reaction conditions: T@GS2 h; feed: tion of 1,3-DIPB over MgAPO-5. Reaction conditions: T@S2 h; feed:
1,4-DIPB/IP = 6; MgO/Al,03 = 0.1 (input ratio); WHSV= 3.5 h™ 1. 1,3-DIPB/IP = 6; MgO/Al»,03 = 0.1 (input ratio); WHSV= 3.5 h~ 1.
Legends®, conversion of 1,4-DIPB; selectivityh, IPB; ¥, 1,4-DIPB; A, LegendsH, conversion of 1,3-DIPB; selectivityl, IPB; 4, 1,4-DIPB; A,
1,3-DIPB; [, others;l, benzene. 1,3-DIPB;V, others;®, benzene.

However, transalkylation (reactiof@)) may be more pre-  creased with temperature,caaccompanied the decrease in
dominant, and eventually an increase in the selectivity of the selectivity of benzene forétisomerization of 1,4-DIPB.

IPB was observed. The total selectivity for IPB and DIPBs
is ~ 97+ 2% above 228C. Thermodynamically stable 1,3-
DIPB is more favorable than 1,2- and 1,4-DIPB isomers

Although a similar trend was observed in the isomerization
of 1,3-DIPB, the selectivity of IPB was less compared to the
isomerization of 1,4-DIPB irFig. 7. These results indicate

at temperatures above 225. It is also observed that 1,4-
DIPB isomerizes to 1,3-DIPB isomer above 2Z5(shown

that dealkylation of IPB occurs at low temperature to form
benzene (below 178C). However, dealkylation of DIPB as
in Fig. 7). These results are irgeeement with DFT calcu-  well as alkylation of IPB was observed at higher tempera-
lations. Fully optimized organic molecules by DFT at the tures. The dealkylation rats iess for 1,3-DIPB compared
B3LYP level of theory using the 6-311G (d,p) basis set revels to 1,4-DIPB. The probable reason for the selectivity of IPB
that 1,3-DIPB is more stable than 1,2- and 1,4-DIPB isomers in the DIPB isomerization are (i) Dealkylation of DIPB takes
(Table ). Similar types of observations are reported in ear- place even at lower temperatures to form benzene (reac-
lier literature over NCL-1 and Zr&-TiO; by Sasidharan et tion (2) reverse); this reaction retards at higher temperatures.
al.[18] and Das et al., respectivd®0]. In fact, Siffert et al. (ii) DIPB is dealkylated to form IPB as a major product at
[12] considered the catalyst characteristics, i.e., the interac-higher temperatures (reacti@) reverse). (iii) It is also pos-
tion of silanols present on H-BEA zeolite surface with the sible that 1,4-DIPB is isomerized to thermodynamically sta-
reactant and product molecules, which increases the diffu-ble product 1,3-DIPB (reactiof8)). In the isomerization of
sion barriers for DIPBs. Taking this into consideration, they 1,4- and 1,3-DIPBs, TIPB was observed in a small amount.
could explain this by the lower apparent activation energy It indicates that DIPB was dealkylated to form propene and
for the isopropylation of benzene reported in the literature 1PB, and that propene again alkylated DIPB to form TIPB as
[12]. Interestingly, the selectivity of 1,3-DIPB above (5 by-product (reactiofs)).
in our case slightly decreased with subsequent increase in
1,4-DIPB selectivity, probably due to the thermodynamic 3.2.2.3. Influence of benzene: 2-propanol molar ratidhe
effect observed by Valtierra et §6]. Based on these obser- influence of BIP molar ratio of feed on conversion and
vations we can conclude that the stability of 1,3-DIPB is de- product distribution is shown ifiable 5 For all the ratios of
termined by the catalyst characteristics up to 2Z5and the feed studied, conversion of IP remainec~a®8+ 1 mol%,
catalysis is a thermodynamically controlled process above but conversion of benzene decreased with increase/iR B
275°C [20]. IPB was increased initially, but then became ratio. As expected, the selectivity of IPB increased with the
steady, whereas DIPB decreaseith temperature. The se- increase in BIP molar ratio, and accompanied the decrease
lectivity of TIPB is less than 0.5%. in the selectivity of DIPB. At the same time, the total selec-
The isomerization of 1,4- and 1,3-DIPBs was carried out tivity of IPB and DIPBs remained constant. I[P and propene
over MgAPO-5 at WHSV 3.5t and TOS 2 h, and the re-  were also detected at low/B°> molar ratios. The selectivity
sults are shown iifrigs. 7 and 8The conversion increased for higher alkylated and cracking/disproportionation prod-
with the temperature, and the conversion of 1,4-DIPB was ucts decreased with the increase in the ratio. The decreases
higher than that of 1,3-DIPB. The selectivity of IPB also in- in the selectivity for DIPB and TIPB are due to the fact that
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Table 5

Effect of feed molar ratios in the isopropylati@f benzene to 2-propanol over MgAPO-5 catalysts

B/IP Conversion Selectivity (%)

ratio (%) IPB 1,2-DIPB 1,3-DIPB 1,4-DIPB 1,3,5-TIPB Othérs
3 818 598 0.6 280 113 03 0
6 857 828 02 115 5 02 03
9 767 835 01 107 51 03 0.3

12 647 832 01 106 5.6 0.3 02

Reaction conditions: MgAl,O3 = 0.1 (input ratio); temperature 275°C; WHSV = 3.5 h™1; TOS=6 h.
& Others includes §-Cg aromatics, propylbenzene, toluene.

Table 6

Influence of weight hourly space velocity (WHSV) on conversion of benzadeselectivity of products in the isopropylation of benzene with 2-prolpawer
MgAPO-5 catalysts

WHSV Conversion Selectivity (%)
(=1 (%) IPB 1,2-DIPB 1,3-DIPB 1,4-DIPB 1,3,5-TIPB Othérs
2.0 869 851 02 107 40 00 00
35 857 828 02 115 50 02 03
5.0 684 690 01 186 118 03 02
7.0 348 681 01 185 128 03 02

Reaction conditions: M@AI,03 = 0.1 (input ratio); temperature 275°C; TOS= 6 h; feed, BIP = 6.
& Others includes g-Cg aromatics, propylbenzene, toluene.

transalkylation of these products was more favored with the studied at 278C over MgAPO-5 for 12 h. The conversion
increase of BIP ratio. Less than 0.2% of TIPB was obtained of benzene decreased with time, initially a little faster and
at the ratio of 6, and the decrease of DIPB was observed withthen became steady. However, conversion of IP remained
the increase of the selectivity of IPB by the increase of mo- ~ 100%, which is mainly accounted for by the activity of
lar ratio to 12. For all cases, the total selectivity of IPB and the dehydration. Small amount of acid sites is enough for
DIPBs was varied between 98 and 99%. From these resultsthe dehydrogenation of 2-propanol to propene. After 12 h,
the B/IP ratio was required to be at least 6 to achieve se- the alkylation sites were sligly deactivated/poisoned (in-
lectivity of 100% toward isopropyl derivatives of benzene dicated by decrease in benzene conversion), but the dehy-
under these reaction conditions. In an earlier work, Siffert et dration of 2-propanol to propene is not affected as shown in
al.[12] reported that propene is more strongly adsorbed thanFig. 9. These results show that active sites for the dehydra-
benzene on a beta zeolite surface. Therefore, the benzene tdon of 2-propanol are active after long TOS. The increase
propene ratio increases the possibility of interaction of ben-
zene with the catalyst surface resulting higher selectivity of

100 —e * * Y ® ®— 100

alkylated product. —
3.2.2.4. Influence of WHSVThe effect of WHSV on the 80 | .\'\'\1\.\.
product distribution is shown iflable 6 The conversion of “—

benzene and the selectivity t#B decreased with increas-
ing WHSV. However, the selectivity of DIPBs increased
with the increase of WHSYV, and the total selectivity of IPB
and DIPBs remained almost constant at about-92%.
The transalkylation (reactiof)) enhances IPB as principal
product at higher contact times (lower WHSV). 1,3-DIPB is
predominant among the DIPBs at lower WHSYV, but contin- 20 |

\D\D 480

Selectivity (%)
&
/
Conversion (%)

‘—
uously decreased with the increase of 1,4-DIPB. The/1,3- ‘_____A———A———“‘__"—_—A
1,4-DIPB ratio decreased with the increase of WHSV: this N D G S —y 7 -
may be due to less contact time. The selectivity of IPB de- 1 4 M 8 T 12
creased with the increase in DIPBs, whereas TIPB was ob- Time on stream (h)
served less that 0.5%. However, conversion of 2-propanol , _ o
was almost unchangeel 98+ 1% under all conditions. Fig. 9. Effect of time on stream on conversion and selectivities of products

in the isopropylation of benzene with 2-propanol over MgAPO-5. Reac-

tion conditions: 275C; feed: B/IP = 6; MgO/Al,03 = 0.1 (input ratio);
3.2.2.5. Time on stream (TOS)Fig. 9shows the effects of =~ WHSV = 3.5 1. Legends: conversiofil, benzene®, 2-propanol; selec-
time on stream on catalytic activity and product distribution tivity: B, IPB; V¥, 1,4-DIPB; A, 1,3-DIPB; 4, TIPB.
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of the selectivity of IPB accompanied the decrease of the isomers formed in the isopropylation of benzene, viz. IPB,
selectivity of DIPBs with time on stream. Initially, the se- 1,2-, 1,3-, and 1,4-DIPBs and 1,3,5-TIPB. AllRS has 12-
lectivity of IPB decreased faster up to 8 h and thecdme membered straight channels having a diameter of 0.73 nm.
more or less steady. It is interesting to note that 1,3-DIPB The shape selectivity achieved by zeolites in catalytic con-
is always predominant over 1,4-DIPB. The selectivity for version is governed by several factors, including pore di-
1,3-DIPB decreased with TO&companying the increase ameters of the zeolites as well as the size and the shape of
of 1,4-DIPB; this may be due to the deactivation of active the molecules; the relative ratefdiffusion of the reactants,
sites. Total coke deposition 1.2% was detected after the du-products, and intermediate play dominant roles. Information
ration of 12 h reaction over MgAPO-5 (reaction carried out about the interactions at the molecular level is difficult to de-
at 275°C). MgAPO-5 has straight 12-membered channels rive experimentally. However, the diffusion energy profiles
with mild acidity and without any side pockets. Most of the calculated from the interaction energies can predict the in-
reports earlier have proposed that catalyst deactivation dur-teractions, which are useful for deriving the diffusion barrier,
ing the alkylation is due to coke deposition on the active and which provide a good indication of the relative rates of
sites[6,9]. Some reports have also been published corre- diffusion through the pores of molecular sieves. With recent
lating coke deposition and catalyst deactivation with acidic, advances in molecular graphics techniques, it is possible to
textural, structural, and other parametf¥8-15} Pradhan  derive accurately the shape and the size of the molecules.
and Rao reported that coke deposition for the isopropyla- When we compare the dimensions of the molecules with the
tion of benzene using propene over faujasite and mordenitepore diameters of the molecular sieves, the largest dimen-
zeolite were 14 and 7.5%, respectivgl]. In the present  sjon (longest dimensior(:) of the molecules will not play
case, TOS studies at 226 indicate that more amounts of  any significant role in shape selectivity. The molecules are
DIPB and TIPB were formed at the beginning of the reaction known to take the orientation in which the largest dimen-
and decreased with TOS. This could be due to the more fa-sjon of the molecule lies along the length of the channel. In
voredtransalkylation of these derivatives initially, and then the Speciﬁc case of isomers of DIPB, the smallest dimen-
decreased with TOS. The selectivity of IPB decreased with sjon of the molecule (the size of the isopropyl group) is the
TOS with a simultaneous increase of DIPB, whereas TIPB same for all the isomers. ThUS, the second |argest dimen-
was not affected significantly. sion of these isomers plays a crucial role. Based on these

results, it is expected that zeolites with a pore diameter of
3.3. Molecular modeling of the isopropylation of benzene  0.55 to 0.60 nm should be able to sieSeand 6 from 4
over MAPO-5 molecular sieves and5. The MG picture showsHig. 10 the fitting of 4—7

(IPB has the same dimensiofigble lin theb andc direc-

In order to clarify the influence of bulkiness of molecules tion) (CPK model) inside AIP@5 pores (cross section of

on AIPOy-5 pore diameter, we have selected all possible 12-MR). The diffusion of3-6 is possible, but diffusion of

1,2-DIPB o 1,3-DIPB

o

¥
-~ 8
' " Lo

-
.
.

1,3,5-TIPB

Fig. 10. MG picture shows the fitting of 4—7 (CPK model) inside AlP®molecular sieves pores (cross section of the 12-MR). Hydrogen atoms are whitish
gray, carbon atoms are green, phosphorous atoms are darkXxjygen atoms are red, and aluminum atoms are pink. Mole8uteare very free fits, whereas
7 very tight fits in the pores of AFI (12-MR).
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Fig. 11. (A) Variation of the interaction energy 8fin the AIPQ4-5 framework as the molecule diffuses through the 12-M channel. The cross section of the

12-MR windows in the perpendicular direction is shown. (B) The 12-MR chaainag the diffusion path. A typical minimum energy configuration of the
molecule during the diffusion is shown.

7 is not possible. The diffusion of the moleculks? along 4. Conclusions

the ¢ direction in the 12-MR straight channel was carried

out. The molecules pass seakminima and maxima, while AFI aluminophosphate molecular sieves partly substi-
diffusing through a unit cell. It is observed that molecules tuted with alkaline earth metals in the framework (MAPO-5)
3-6 have diffusion barriers in the same level. The diffusion exhibit high activity and selectivity in the isopropylation of
barriers are in the ordet > 5 > 3 > 6 (Table ). The benzene with 2-propanol to form IPB. The selectivity of IPB
typical diffusion energy profiles for IPB and 1,4-DIPB are ranges between 85 to 95% over MAPO-5, and the total selec-
shown inFigs. 11 and 12respectively. The diffusion bar- tivity of IPB and DIPB is always over 95%. The highest con-
rier of IPB shows two minima, one at the center of the unit version (96.6%) was achieved for MgAPO-5, and the lowest
cell and another at the end of the unit cell. However, IPB conversion (14.1%) was for BaAPO-5. These results sug-
shows two maxima, one at the4 and another at /3 of gest that MAPO-5 molecular sieves are catalytically active,
the unit cell. The diffusion energy pattern @fshows that and that catalytic activitdecreases from Mg to Ba. Mild

it cannot diffuse through the 12-MR of AFI. Similar results acidity is observed for Ca, Sr, and BaAPO-5 judging from
are observed experimentally in the cracking of 1,3,5-TIPB. NH3-TPD, and cracking of 1,3,5-TIPB. They have enough
Molecular modeling studies show that there is no shape se-acid strength for the alkylation of aromatic hydrocarbons,
lectivity for IPB formation. AIPQ-5 molecular sieves can  although catalytic activity depends on isomorphous substi-
sieve on 1,3,5-TIPB. tution of alkalineearth metal. Selectivity of IPB deceases
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Fig. 12. (A) Variation of the interaction energy 6in the AIPQy-5 framework as the molecule diffuses through the 12-MR channel. The cross section of the
12-MR windows in the perpendicular direction for the AFI framework is shaqBhThe 12-MR channel along the difion path. A typical minimum energy
configuration of the molecule during the diffusion is shown.

with acidity of MAPO-5 and follows the above order. Con- selectively formed in AIP@5 pores. However, diffusion
version of 2-propanol is above 9B 1% for all the cases.  of 1,3,5-TIPB is difficult through 12-MR pores of AIRb
With TOS, the alkylation sites were deactivated faster than molecular sieves.
the dehydration sites. Thermodynamically stable 1,3-DIPB
is more favorable than 1,2- and 1,4-DIPB isomers at temper-
atures above 22%C. In all cases, IPB was found as the major Acknowledgments
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