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Abstract

Attempts to explain observations of catalytic selectivity in highly ordered materials with different pore dimensions and different degrees of
pore interconnectedness have driven the general theoretical development of shape selectivity in molecular sieves. Fresh theories have emer:
with the discovery of new molecular sieves, or as newly found catalytic importance has shifted attention back onto older materials. Highly
evolved stochastic and molecular dynamic models are able to accurately represent the primary effects of shape selectivity, yet gaps in oL
overall understanding still remain. The fundamental concepts underlying shape selectivity have been used very effectively in the developmer
of new catalysts for the petroleum and petrochemical industries. While the focus has recently moved to the more extensive application o
shape-selective catalysis to fine chemicals, significant advances in the form of new processes and applications of new materials continue
be made in petroleum refining and commodity petrochemical industries. As the concept of shape-selective catalysis in molecular sieves nea
its forty-third anniversary, several of its theoretical bases remain topics of intense study.
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1. Introduction 2. Classical theories of shape selectivity

There are presently three acknowledged and five less
Few concepts have had a greater impact on the designwidely accepted theories of shape selectivity in molecular
and development of novel catalytic processes for petroleumsieves. Four of these theories relate to mass transfer within
refining and petrochemical manufacture than that of shape-the pores of the molecular sieve, while four others con-
selective catalysis. First proposed by Paul Weisz in 1960, thecern limitations in the transition state either on the surface
concept of shape selectivity in molecular sieves was actually or within the pores. Shape-selective reactions governed by
rooted in the workings of enzymatic catalysts [1-3]. Today, mass transfer within the molecular sieve involve what Weisz
the concept is the basis for at least 17 commercial processedias entitled “Configurational Diffusion” [1]. Configurational
with annual hydrocarbon throughputs in excess of 70 million diffusion occurs when the diameter of the molecules ap-
metric tons per year. Shape selectivity in molecular sieves Proaches the structural dimensions of the intracrystalline
remains a subject of intense study. The last decade had’©'€S: . L
produced over 600 papers and more than 300 US patents on eactant shape selectivifiRSS) distinguishes between
the subject. Prominent reviews include Refs. [4—19]. Highly S°MPetng [Eactants on tt}? lzaSI% Olf Slzef ex:?lus|orf1 3: or
personalized and insightful papers by Weisz and co-workers V'Y hear the pore mou [.]' nly a fraction ot the
. ! reactants can easily reach the internal active sites due to the
[1-5] and Csicsery [6-10] are particularly relevant. The . . o
- . . size of the pore openings. Clearly, this type of selectivity
initial concepts proposed by Weisz and extended by Csicsery

h ided the foundation f h of the th depends on the geometry at the entrance to the pore and
ave provided the foundation for much ot the theory upon o, e intrapore diffusional characteristics of the reacting
which shape-selective catalysis is built.

molecules. The classic example, described by Weisz [4], is

the Linde 5A catalyzed dehydration efbutanol without

reacting isobutanol. A more useful example is the exclusion
E-mail addressthomas_f_degnan@exxonmobil.com. of multiply branched paraffins in the selective catalytic
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“dewaxing” of waxy distillates and lube fractions over within the pores of some sieves [23]. The theory is based
ZSM-5 [20]. primarily on attempts to explain experimental data with
Product shape selectivityPSS) refers to the situation computational simulations, which use energetic contribution
where the pore diameter effectively discriminates between theory for the molecules and calculated force fields within
products exiting the pores on the basis of the size of the prod-the molecular sieve. The specific situations studied relate
uct molecules [4]. Thus, products that may be formed in the to the stabilization of polymethylparaffins vs linear or
larger intersections between several pores can diffuse out ofmonomethylparaffins. The results of Santilli et al. have re-
the molecular sieve only if they are small enough in relation cently been reexamined by Smit and co-workers [24,25],
to the diameter of the pores. Examples of PSS include selec-who concluded that the preferential adsorption of bulky
tive toluene disproportionation to produpara-xylene and molecules occurs only in a narrow region of the adsorption
the methanol-to-gasoline (MTG) reaction where the largest isotherm where high loadings allow for preferential siting
alkylated aromatics formed are tetramethylbenzenes[21]. and close packed arrangement of the branched molecules at
Transition-state selectivit{TSS) pertains to reactions the intersections of the pores.
where the geometry of the pore around the active sites Molecular traffic control(MTC) is specific to molecular
imposes steric constraints on the transition state [7]. Thus,sieves where two or more pore systems with different
the effective diameter of the pores or the intersections diameters or tortuosities intersect [26,27]. In the case of
strongly inhibits the formation of unstable transition states or two intersecting pore systems, one participating molecular
reaction intermediates. Useful examples of TSS include the species can diffuse readily in both pore systems while the
inhibition of coke formation within ZSM-5 (MFI) crystals  other can only move through one of the systems. Thus,
and the cracking of paraffins within the MFI pores [22]. In reactants can enter one type of pore, be converted within
the latter case, pore size constraints prevent the formationthe sieve, and diffuse out through another type of pore.
of the transition state needed for hydrogen transfer therebyln cases where a smaller or more tortuous pore intersects
conserving the light olefins produced by cracking from being larger or straighter pores, smaller reactants are able to enter
transformed into corresponding, lower octane number, light through one pathway and react at the intersection to form

paraffins. larger molecules. The product molecules are able to exit
The three well-accepted types of shape selectivity are through another set of larger pores, effectively precluding
depicted graphically in Fig. 1. counterdiffusion and improving the overall diffusivity of

Still subject to vigorous debate are the theories of inverse both reactants and products. It is possible that molecular
shape selectivity, molecular traffic control, pore mouth—key— traffic control may be manifested in ZSM-5 catalyzed
lock shape selectivity, the “Window Effect,” and the “Nest toluene disproportionation [17], but for reasons described
Effect.” below this is difficult to confirm experimentally.

Inverse shape selectivitfSS) attempts to explain the Pore mouth and key-lock selectivilyMKLS) pertains
preferential adsorption of bulkier vs less bulky molecules specifically to the interactions of normal and branched
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Fig. 1. Examples of classical shape selectivity from the literature.
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paraffins in unidimensional, nonintersecting medium-pore been reexamined by Schenk et al. [43], who have attempted
molecular sieves [28-36]. The theory has been proposed toto reconcile the disparate observations in terms of selec-
explain the highly selective nature of these molecular sievestive adsorption and sorbate packing in the larger intersec-
for the hydroisomerization of longer chain normal paraffins, tions.
which is important in changing the cold flow properties The “Nest Effect”(NE) has been proposed to account
of transportation fuels and lubricants. A high degree of for shape selectivity changes derived from the presence of
2-methyl branching in the product for these reactions is non-shape-selective catalytically active sites on the external
explained by the selective adsorption of #haraffin onto surface of the crystals [44,45], Fig. 2c. This theory also
the external surface and at the pore mouth. Methyl branchingpostulates that acid sites located in cavities formed by the
occurs only on that part of the chain located immediately terminus of the pore at the surface can provide for a different
outside of the pore. In key—lock adsorptions, the opposite type of shape selectivity than that found within the pore. An
ends of long paraffins adsorb into two different pores leading example of the Nest Effect is the synthesis of ethylbenzene
to branching near the central C atom. Fig. 2a shows the over MWW zeolites [46].
favorable adsorption configurations of,{Cmolecules in In contrast to the shape selectivity imposed by the physi-
ZSM-22 (TON) [36]. cal dimensions or configuration of the pores, there is also the
The “Window Effect” (WE) attempts to explain large  concept of secondary shape selectivity [47,48]. Secondary
“up and down” variations in the diffusivity of-paraffins shape selectivity involves the constraints associated with the
with increasing carbon number [37-42], Fig. 2b. The effect, presence within the pores of strongly adsorbed species other
first noted in zeolite-T and chabazite (CHA), has been the than reactants or products. For example, reactants can com-
subject of numerous computational and experimental stud- pete with each other based on their relative rates of diffusion.
ies. The effect has been rarely found except in this spe- A larger reactant can reduce the diffusivity or sterically in-
cific family of zeolites. The Window Effect has recently hibit the adsorption of a smaller co-reactant.
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Fig. 2. (a) Pore mouth and key—lock mechanisms as illustrated by the adsorptignrmab@&cules into the pores of ZSM-22, (b) the window effect, and (c) the
nest effect.
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3. Discriminating among various types of shape second development that changed this paradigm was the dis-
selectivity covery of synthesis methods that produced very small crys-
tals [52-55]. This increased the relative contribution of the
In many cases it has been difficult to determine whether external surface area while reducing the effective diffusion
more than one type of shape selectivity is operating. The im- path length.
pact of molecular traffic control (MTC) for example, is to In situations where reactants are subject to substantial in-
increase the diffusivity by a factor of two over what might tracrystalline diffusion limitations, the surface contributions
be assumed without the theory [49]. This change is small to the overall activity may be commensurate with the contri-
in comparison with the four- to six-order-of-magnitude butions of all of the internal sites. Even more dramatic are
change in diffusivity that is measured in shape-selective re- the effects on catalytic selectivity [56]. Reactant and prod-
actions [2]. It has also been difficult to discriminate between uct shape selectivity can be markedly changed as a result of
product selectivity shape (PSS) and transition-state selec-even a small number of non-shape-selective active sites on
tivity (TSS), and it is possible that both are operative in the surface.
many cases. Discriminating between the two types requires
a study of the reaction kinetics using different crystallite
sizes. While conceptually attractive, this strategy is empiri- 5 application of advanced techniques to understanding
cally very difficult since molecular sieves are frequently syn- he fundamentals of shape selectivity
thesized with a distribution of crystallite sizes. Also, it is
often difficult to maintain, as constant, the density of the ac-
tive sites while varying crystallite size. Finally, several of the
theories, such as inverse shape selectivity (ISS), have bee
forced to rely upon computational simulations to substanti-
ate their existence [23]. Different assumptions used in devel-
oping the models have led to vastly different interpretations.

Significant strides in understanding and utilizing shape
selectivity in catalyst design and development during the
rEJast 20 years have resulted from the combination of (a) com-
putational simulations [57], (b) vastly improved materials
characterization capabilities [58], and (c) meticulous use of
model compound studies [59]. Three studies, one in each
of these areas, are profiled to demonstrate the degree of un-
derstanding provided by what may eventually be considered
classical analyses of shape selectivity. The cases were se-
lected to exemplify the importance of each approach. They
were also selected to highlight gaps in our understanding of
particular aspects of shape selectivity. It will be shown that
insights drawn from these fundamental studies can be used
collectively in designing a highly selective catalyst for the
production ofpara-xylene.

4. The impact of the external surface on shape
selectivity

The development of the theories of pore mouth and
key—lock selectivity (PMKLS) and the “Nest Effect” (NE)
recognize the importance of the external surface of the
molecular sieve. In fact, the full impact of the external
surface on catalytic activity and selectivity was not truly
appreciated until the mid-1980s [50]. Because the crystals
have internal “surface areas” of several hundred square ) ) o
meters per gram and typical external surface areas of no®- Computational studies of shape selectivity—
more than 10 f per gram, the relative contribution of the ~the synthesis of cumene
external surface to activity and selectivity was historically
considered to be negligible. Moreover, it was not clear ~ Cumene is produced by the alkylation of benzene with
whether the active sites on the external surface were similarpropylene over solid acid catalysts. Recent advances have
in strength to those located in the electron rich interior of the focused on the replacement of AjCind solid phosphoric
crystal. acid catalysts with high-silica zeolites. The advantages of

Two developments changed this paradigm. The first was using zeolitic catalysts are in significantly higher cumene
the realization that the inorganic oxides used as binder sys-yields and purity as well as longer cycle lengths [6]. Pro-
tems could participate in isomorphous substitution of frame- duction ofn-propylbenzene and propylene oligomers is sig-
work species especially adjacent to the external surface. Shi-nificantly reduced over certain large-pore molecular sieves.
habi et al. showed that in high-silica zeolites such as ZSM-5, This is shown in Table 1, where the product selectivities of
aluminum derived from alumina or silica—alumina binders Beta (BEA), faujasite (FAU), mordenite (MOR), ZSM-12
substituted for silicon or displaced the hydroxyl nests that (MTW), and MCM-22-type (MWW) for the propylene alky-
characterized the framework voids near the external surfacelation of benzene [60] are compared. By comparison, solid
of the molecular sieve [51]. Intracrystalline diffusion of alu- phosphoric acid catalysts typically produce 4 to 5 wt% of
minum from outside the crystal occurred at elevated tem- highly undesirable polyisopropylbenzenes. In commercial
peratures, especially in the presence of polar compoundsoperations where propylene conversions are typically higher
such as water and methanol. Detrital aluminum generated bythan shown in this table, MWW actually has the lowest se-
steaming could be reinserted under milder conditions. The lectivity for propylene oligomerization and for producing
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Table 1 supercages within the zeolite are only accessible through
Comparison of the catalytic selectivities of zeolite Beta (BEA), mordenite  10-member ring pores. The computed energy barriers for
(MOR), ERB-1 (MWW), USY (FAU), and ZSM-12 (MTW) in cumene syn- o ymene diffusion in the 10-member ring pores of MWW
thesis (150C, 3 MPa, b | 7:1 (molar)) (from Ref. [60 : : . .

esis ( a benzengropylene=7:1 (molar) (from Ref. [60]) were so high as to predict that the zeolite should have little or

BEA MOR MWW USY MTW no activity for cumene synthesis. Yet, the experimental data
ProgyleHG( Con\)/ersion B 921 954 920 951 showed MWW to be comparable to or better than the other
Products (wt% I ; ; ; i ;
rge-pore zeolit th in benzene alkylation activity and in
Oligomers 01 05 03 0.4 10 arge-pore zeo'ltes bo benzene alkylation activity and
n-Propylbenzene, ppm 190 107 277 140 406 cumene SeleCtIV_lty' . .
Cumene 98 866 907 776 943 The explanation for this unusual behavior resulted from
Diisopropylbenzene . 1 . 15 4. an analysis o € morpnhology o e crystal ana an
i Ib 6 28 88 2 6 ly f th phology of the MWW crystal and
DIPB isomers, % attempt to understand how the molecular sieve is formed.
‘g::;* 6;; sz-cl) 4%; ég.(s) 235 The crystals form as thin lamellae with a significant amount
para: 353 389 548 435 681 of external surface area. The lamellae contain the sinusoidal
Thermodynamic equilibrium for DIPB’rtho-/meta/para- = 9.9/58.1/ 1?_Cr)n7ejr_nber (;Iﬂg pngOS);item, SUt the surfac;‘(e IS cr?mp;osed
320. of 0.71-nm-deep by 0.71-nm-diameter pockets that form

as hemisupercages resulting from the truncation of the
. . supercages at the surface.
trace amounts of ethylbenzene among the zeolites shown in The computational analysis by Perego et al. showed that
Taalg ln??].t nderstand the improved selectivity pr the reaction occurs on the surface without diffusion barriers,
d de pis to uf Ie S at N ¢ ? 0 el sle ecl 3& PTO" "kt under steric control [63]. Calculations of the energetics
) ucet ;serles 0 ?eg‘;? t;qfrfnpy algma. mofecu ar dynam-,nd location of diisopropylbenzenes and cumene in the
'g.?fs u t|es c?tmpaerslgge;ge_l_;}'usmn arner];sthor :urpeng N surface pockets further support this hypothesis. Molecules

'f etredn Ze?l' estL —63]. :stwas one o teo:rsl Serleihare determined to be strongly adsorbed, leading to the
orstudies where the energy plots Were generated along With ., 1, sjon that product molecules can be accommodated
visual plots of the molecules passing through the pores. The_,_ . e

. . e sterically within the pockets.

molecular dynamics calculatlons.ofthe dlffu5|o.n energy bar- The surface contribution to the overall intrinsic activity
,[.' ef[.s (Tag le 2) vgﬁre ?r? le dt.(.) explamltbhe vastly dlﬁerentsglﬁc- of the MWW-type zeolite was confirmed experimentally by
cli\'/flfles observe bor ne ||sopro$yd f;?tﬁengllggmerBSEA'g er selectively poisoning the surface using collidine in a study

N:Ourjlon an\sltlg\)//v arriers tcodrr;puﬂe] | Ol i Itn fth' that examined the liquid phase alkylation of benzene with
. » an accounted for the low sefeclivity of these ethylene [65]. Collidine is highly basic and has a molecular
ISOMETS as measured in the catalytic test. 'The COMPUtationSyis meter of 0.71 nm, which fits exactly within the surface
also conflrme(';l.why thmeta/para—DlPB ratio was able to pockets. Its size prohibits it from being adsorbed within
?‘ppfoa"h equilibrium in the larger pore BEA and MOR zeo- the 10-member ring pores. The correspondence between
lites. the amount of collidine required to poison the 20% of

The initial computational studies were not successful in gjioq computed to remain on the surface and the ability for
explaining the unique selectivity and activity of the MWW this level of collidine to completely eliminate all alkylation

molecular sieve. MWW consists of wo mdependent pore activity confirmed that the catalytic activity was entirely

systems, both of which have 10-member ring apertures. ;. table to the surface sites.

One system consists of sinusoidal pores parallel to the 010 \yhije the surface pockets lack any diffusion barriers, they

plane and the other by large supercages that are 1.76 nmy, oy pinit 4 pronounced and very unique shape selectivity

long and 0.71 nm in diameter, interconnected by slightly ¢, 54, gialkylbenzene at low conversions. This is likely

elliptical apertures as shown in Fig. 3 [64]. The large q,q {5 steric constraints associated with the preferred lo-
cation of the alkylbenzene and the ability for the olefin to

Table 2 access the active site. Tloetho-selectivity of MWW-type
Computed diffusion energy barriers in six different zeolites/ (idl) (from molecular sieves in aromatic alkylation reactions has not
Ref. [60]) been explained via computational modeling. Nor has model-
Cumene  o-DIPB m-DIPB  p-DIPB ing been able to explain MWW'’s unique low selectivity for
Medium pore zeolites olefin oligomerization.
MWW 2332 Nodiffusion 620 336 The study by Perego et al. also attempted to use binding
La’;’é’;‘ sore zeolies 779 Nodiffusion 439 63 energy computations to explain the selectivity differences
BEA 209 2935 573 142 in d||sopr_opylbenze.ne prod_ucuor_l [63]. _Slnce DIPB’s are
MOR 138 950 519 117 formed via sequential reactions, it is logical to expect that
FAU 26.4 712 167 101 molecular sieves that adsorb cumene more strongly would
MTW 213 2763 64 193 have the highest selectivity for DIPB. Computations showed

Pore system containing the supercages. The energy barrier for diffusion of very good agreement between cumene binding energies and
cumene in the sinusoidal pores is 377mbl. DIPB yield.



T.F. Degnan, Jr. / Journal of Catalysis 216 (2003) 32—-46 37

Surface pockets
are locus of
Catalytic Activity in
MWW

O -~

o 9 O 9 »
‘\ ™ . A A s A

D

Fig. 3. Schematic of MWW (MCM-22). MCM-22 has unique structural features: (i) 12-ring cavity (A) accessible through a 10-ring aperture (Bjngi) 10-r
channel system (C), and (iii) 12-R surface pockets (D).

This example demonstrated two major points in under- produced by specific frameworks and crystal sizes have suf-
standing shape selectivity. The first is the power of computa- fered from imprecise measurements of diffusion coefficients
tional modeling coupled with experimental confirmation of and a realization that the hard body models are not accurate.
the hypotheses drawn from the model in explaining shape This is particularly true at elevated temperatures, character-
selectivity. Specifically, this study showed the importance of istic of most catalytic reaction conditions, where consider-
both product shape selectivity (PSS) and transition shape segple amount of molecular sieve framework “flexing” occurs
lectivity (TSS) in governing the isomer distribution of di-  and where translational and vibrational energetics are suffi-

alkylbenzenes in large pore molecular sieves. It also showedgjent to modify the assumed effective diameter of the diffus-
the significance of surface activity and surface morphology jng molecule [68].

(i.e., “The Nest Effect”) on shape selectivity in small crystal

, In an elegant study, Haag et al. [69] attempted to dis-
or lamellar molecular sieves such as MWW.

Similar computational studies have been carried out b criminate between transport induced shape selectivity (i.e.,
Horsley in thepidentification of mordenite (MOR) as they RSS .and PS-S) and transition-state -sele.ctlwty (TSS). by
applying classic transport models of diffusion and reaction

most selective molecular sieve for the synthesis of 2,6- . - . .
diisopropylnaphthalene [66] and by Moorwier et al. in their to a series of MFI crystals of distinctly different sizes and
propyinap y X activities. The crystals used in this study were carefully

tt ts t lain th i lectivity of ferrierite (FER - . .
attempts to explain the unique selectivity of ferrierite ( ) prepared to target specific SifAl,O3 ratios and crystal

in the skeletal isomerization of butene [67]. . . S

sizes. While Al zoning is a concern among large-crystal,

high-silica zeolites such as MFI, XPS analysis confirmed
7. Model compound studies of shape selectivity— uniform Al distribution even in the larger crystals. The study
cracking of C6-C9 paraffins involved an analysis of the individual cracking rate constants

of a set of pure normal and branchegltGrough ¢ paraffins

Aside from complete steric exclusion of either the tran- and olefins at atmospheric pressure and %38The partial

sition state or the reactant itself, shape selectivity is dom- pressure of the hydrocarbons was varied to establish the first-
inated by the competitive diffusion rates of reactants and order cracking rate constant for each model hydrocarbon.
products. Attempts to directly define the shape selectivity By comparing the observed rate constants for different sized
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Fig. 4. Triangulation method used in establishing relative effectiveness ghserved diffusivities for 1-hexene [69].

factors [69].

) . fins, e.g., 3-methylpentane, but that the diffusivities of 2,2-
crystals of equivalent activities, Haag et al. were able 10 gimethylbutane and 2,2-dimethylheptane were strongly in-
determine both the intrinsic rate constamtgy, and the  fyenced by crystallite size. The cracking of dimethyl paraf-
effectiveness factor;, of each hydrocarbon for each crystal  ing was invariably diffusion limited irrespective of the MFI
size,R. Assuming a flat plate geometry for the MFI crystals, ¢ystaliite size. Olefins had cracking rate constants approx-
whereR = 1/2, the thickness of the plate, the authors were jmately 20 times greater than those of the corresponding
able to use the classical effectiveness factor function, paraffins. This increased the value of the modulus and moved
n = (tanhy) /o, the reaction into the diffusion-limited regime for all but the

normal olefins.

where the modulug is defined asp = R(kint/D)%°, to A comparative analysis of the relative rates of diffu-
establish the intracrystalline diffusion coefficienf3, for sion and cracking of singly branched and normal paraffins
each hydrocarbon under the reaction conditions. The flat showed that transport effects could not explain the measured
plate geometry was assumed because the crystal habit ofate constants. Instead, the authors demonstrated that steric
larger MFI crystals is typically a platelet in which the constraints (TSS) limited the rate of formation of a larger
dominant diffusion path is through the shorter straight methyl paraffin/carbeniumion reaction complex.
channels perpendicular to and into the (010) surface of  Surprisingly, the actual diffusivities of the hydrocarbons
the platelet-like crystals (Fig. 4). For smaller MFI crystals, measured at 538 markedly exceeded the Knudsen diffu-
the crystal habit is more spherical, and the assumption of sivities, Fig. 5 [70]. The Knudsen model, which applies to
flat plate geometry introduces some error, although this is dilute gas phase diffusivities in narrow pores, assumes that
likely small since the relationship between the effectiveness interactions between molecules and the pore walls are in-
factor and the modulus is less a function of geometry as the elastic and that molecules have no memory of the angle of
modulus gets smaller. incidence. Haag et al. speculated that the reasons behind the

Haag et al. used a clever triangulation technique and significantly higher than expected diffusivity lie in the inap-
the effectiveness factor curve to locate precisely where theypropriate assumptions associated with using Knudsen dif-
were on the curve for each crystal. By determining the value fusion as a model. The assumption of Knudsen diffusion
of R for two crystals from scanning electron microscopy may break down for linear molecules within the confines of
(SEM) and transmission electron microscopy (TEM) mea- the molecular sieve pores where the tendency of the zeolite
surements and measuring the observed rate constant for théo concentrate molecules increases the probability of colli-
first-order paraffin or olefin cracking reaction over the same sions with other molecules versus collisions with the zeolite
two crystals under identical reaction conditions, they were walls. Nor does Fickian diffusion explain the higher than ex-
able to determine two ratiog; /n2 and R1/R>. The values pected diffusivities. The diffusion coefficients fogECy lin-
of these two ratios correspond uniquely to the length of the ear paraffins and olefins measured in this study exceed those
vertices of a triangle that intersects the effectiveness factordetermined from room temperature uptake and NMR stud-
plot at the point where the vertices connect to the hypotenuseies of the same paraffins in MFI molecular sieves [71,72].
(Fig. 4). Knowing the value of the modulug, the radius, Whether the enhanced diffusivities are related to the signifi-
R, and the intrinsic cracking rate constaht:, permits the cantly higher temperatures used in the study or to some other
direct calculation oD, the intracrystalline diffusion coeffi-  effect has not been clearly established. In the case of molec-
cient. ular sieves, a strong temperature dependence of the diffusion

The study conclusively showed that there was no diffu- coefficient has been interpreted in terms of “activated diffu-
sion inhibition in MFI for normal and monomethyl paraf- sion” [5].
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Similar studies, directed toward extracting fundamental force microscopy (AFM) has also afforded some unique
transport properties by measurement of reaction rate con-perspectives, but is not as widely used for characterizing
stants over a well-defined set of materials comprising dif- molecular sieves as the other forms of microscopy because
ferent size crystals with narrow crystal size distributions it is specifically tailored to flat surfaces rather than particles.
and well-controlled active site concentrations, are rare. Two X-ray diffraction can be used to determine the presence
other examples are the well-constructed studies examiningof polymorphs as in the case of zeolite Beta (BEA),
xylene isomerization [73,74] and toluene disproportionation while high-resolution electron microscopy can distinguish
in MFI molecular sieves [75,76]. In each of these studies between crystallite size and particle size, and also identify
the effect of the external surface on alteraya-selectivity the presence of intergrowths or crystal imperfections where
has been ignored. Recent studies by Jones and Davis [77K-ray diffraction is not helpful. MAS-NMR is useful in
and Niwa et al. [78] have attempted to address the impact of determining the ordering of framework atoms such as Si and
non-shape-selective reactions occurring on the crystal sur-Al. When used with a probe such as*&the technique can
face and their impact on xylene isomerization and toluene accurately identify and quantify the concentration of large
disproportionation. ions and coke within the pores. An attempt to summarize

We will consider toluene disporportionation over sur- recent advances in these characterization techniques and
face modified zeolites in more detail below. Catalytic stud- their application to molecular sieves is outside of the scope
ies involving specially prepared zeolite crystals with pre- of this paper. However, it is important to highlight some of
cisely controlled zeolitic composition and crystal size are the more significant studies that illustrate the critical need for
extremely important in establishing the relative significance these techniques in understanding reaction shape selectivity.
of mass transport and steric constraints in catalytic shape One of the earliest studies of the combined application
selectivity under realistic reaction conditions. They are im- of HREM and MAS-NMR to characterize shape selective
mensely important in establishing fundamental parametersmolecular sieves by Thomas et al. [86] remains one of the
for designing catalysts for commercially important shape se- best in demonstrating the value of these techniques. The
lective reactions. study examined, in detail, samples of ZSM-5 (MFI) and

Additional insight into the shape-selective properties can ZSM-11 (MEL). Comparative studies of MFI and MEL
be derived from model compound tests that are directed to-structures previously demonstrated differences in transition-
ward eliciting characteristics of the pore structure of mole- state selectivity (TSS) derived from the differences in the
cular sieves. This is especially important for those materi- effective diameter of the intersection between the dual
als whose structure has not been resolved. These tests typstraight channels of the MEL framework and the sinusoidal
ically involve the comparison of the rates of reaction of and straight pore intersection in the MFI framework.
two model compounds or an analysis of the product selec- For example, Derouane et al. examined methanol-to-
tivities from the conversion of a single model compound. gasoline and alkylation of para-xylene with methanol reac-
Examples include paraffin cracking, e.g., the Constraint In- tions using a series of specially prepared MFI and MEL ze-
dex (CI) [79] and Spaciousness Index tests [80], hydroiso- olites consisting of different crystal sizes within a limited
merization of longer chain paraffins [81], aromatic trans- range of Al contents and with identical crystal sizes [87].
formations [82], conversion of alkylnaphthenes and poly- They found that the MEL structure produced morgdto-
cyclic naphthenes [83], and isomerization of alkylnaph- matics in the MTG reaction and that it had a greater alkyla-
thalenes [84]. The use of the Constraint Index to determine tion activity in thepara-xylene—methanol reaction at equiv-
the pore size and structure has recently been challenged [85]alent acid site concentrations. Both results suggest the pres-
This study by Zones and Harris suggests that some zeoliteence of a larger effective diameter within the MEL crystal.
structures can produce anomalous Constraint Index values. If~or this reason it was important to determine whether in-
has become clear that catalytic characterization with modeltergrowths of orthorhombic MFI and tetragonal MEL exist.
compounds must be supplemented by structural characteri-The analysis of MFI samples did show the coexistence of
zation of the molecular sieve to get an adequate understandMEL. However, Thomas et al. were unable to identify su-
ing of how shape selectivity influences the targeted reaction. perlattice repeats proposed by other researchers. They did

not attempt to correlate diffusive properties with the pres-
ence of the intergrowths.

8. Structural characterization of shape selectivity— The influence of crystal defects and intergrowths on
X-ray diffraction, high-resolution electron microscopy, shape selectivity has received very little attention. Recent
and magic angle spinning NMR advances in both HREM and MAS-NMR have incorporated

capabilities for examining catalysts in contact with reactants

The three most important methods for characterizing the under actual reaction conditions as well as for examining the
structure and composition of molecular sieves are arguablyexact location of metals and metal oxide clusters within ze-
diffractometry (X-ray and electron), high-resolution electron olites [88]. These innovations should significantly improve
microscopy (TEM, SEM, and HREM), and magic angle our ability to examine the molecular dynamics within the

spinning nuclear magnetic resonance (MAS-NMR). Atomic pores of molecular sieve catalysts and further our under-
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standing of the roles of mass transfer and steric constraintslogical extension of this technique is the use of MAS-NMR
within the pores. under reaction conditions to provide insight into the pre-

Significant advances in the use of HREM to elucidate ferred host-guest structure. Already MAS-NMR can be used
the structures of micro- and mesoporous materials haveto study slow molecular motions and exchange processes
been described in reviews by Terasaki et al. [89] and within zeolites [100]. The technique has been invaluable in
in publications by Terasaki's collaborators, Wagner [90], quantitation and location specification of catalytically active
Inagaki [91], and Carlsson [92]. Their work has produced framework Al in zeolites, where it has been able to identify
several new approaches to solving the structures of porousas many as four separate aluminum environments [101].
materials using both electron diffraction (ED) and HREM. Advances in X-ray diffraction of molecular sieves have
They used these methods in the structural analysis of SSZ-mainly concentrated on structure resolution. The combina-
48 and in the 3-D structural analysis of mesoporous MCM- tion of powder diffraction analysis and crystal chemical in-
48 [89]. formation with powerful new computational algorithms has

HREM has also been instrumental in direct imaging of greatly accelerated the solution of complex structures [102].
pores and cages of microporous and mesoporous materialsThis has been particularly true in the application of the FO-
HREM produces two-dimensional projections that can be CUS method to solve new structures, which range in com-
then transformed into three-dimensional images by inverseplexity. The FOCUS method combines Fourier recycling
Fourier transformations of the images. Sakamoto et al. [93] with specialized topology searches to solve the structures of
have used this technique to resolve the cage and porethree-dimensional four-connected frameworks [103,104].
structures of three mesoporous materials (SBA-1, SBA-6, Alone orin combination with each other, these techniques
and SBA-16) and show that these structures consist of highlyprovide powerful insights needed to design working cata-
ordered dual micro- and mesopores. lysts.

Finally, HREM has been used in detailed analysis of
surface structure. For example, Ohsuna et al. [94] used
HREM to examine the termination structure of the surface of 9. Selective toluene disproportionation—an example
zeolite L. They compared the HREM images with simulated of catalyst design using shape-selective concepts
images derived from ideal models and determined that the
zeolite is terminated with double six-member rings on the  Selective toluene disproportionation (STDP) catalyzed
(001) surface and with cancrinite cages on the (100) andby MFI-type molecular sieves is an excellent example
(110) surfaces. The application of HREM in combination of catalyst design that exploits product shape selectivity
with specific catalytic studies to evaluate the impact of (PSS) and transition-state selectivity (TSS) and attempts to
surface pockets and active site location on shape selectivityminimize the effects of surface activity to maximipara-
remains to be exploited. xylene production. More than 30 years after their discovery,

Atomic force microscopy (AFM), combined with HREM  MFI-type zeolites remain the preferred basis for STDP
and modeling has provided important insights into the for- catalysts because of their low selectivity for forming tri-
mation of intergrowths and the role of defects in crystalliza- and tetramethylbenzene and their relatively high activity for
tion. Atomic resolution of zeolite surfaces in the absence disproportionation. The development of a commercial STDP
and presence of hydrocarbon adsorbates has revealed suecatalyst drew upon much of the knowledge derived from
face structure [95]. These studies have also provided insightsthe aforementioned studies of shape selectivity. To produce
into the mode of interaction of structure directing agents an optimal catalyst required a thorough application of
leading to an improved understanding of molecular “tem- HREM, X-ray diffraction and MAS-NMR characterization
plating” [96]. Knowledge gained from such AFM studies techniques and extensive evaluation of many methods for
has been used in the preparation of shape-selective memmodifying both the diffusion characteristics and the number
branes [97]. of active sites on the surface of an MFI crystal.

Advances in magic angle spinning nuclear magnetic res- The fundamental strategies for designing the STDP
onance (MAS-NMR) have been equally impressive. MAS- catalyst are outlined in the reviews by Weisz and by Olson
NMR is used in the two-dimensional resolution of frame- and Haag [4,75]. The toluene disproportionation reaction is
work structures [98]. NMR resonances can be assigned toshown in Fig. 6.
specific T-sites in proposed framework structures through  In conventional toluene disproportionation, an equilib-
correlations obtained from quadrupolar coupling constants rium mixture of xylenes is expecteg@ara-Xylene should
and isotropic chemical shifts. MAS-NMR has been extended rapidly equilibrate with the other two isomers since the in-
to assess the specific location of hydrocarbon adsorbentdrinsic isomerization rate constark, is normally at least
within the pores. For example, Morell et al. [99] have used an order of magnitude larger tha&p, the intrinsic dispro-
the technique to examine the location iothexane in the  portionation rate constant. In fact, Olson and Haag found
pores of MFI at 180 K and to confirm force field calculations that (k| /kp)intrinsic was greater than 7000 for MFI molecu-
showing that the molecules are located in the straight and si-lar sieves. The objective of STDP is to use shape selectivity
nusoidal channels, leaving the intersections unoccupied. Theto direct the primary product to be highpara-selective and
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Equilibrium Distribution 24% 50% 26%

Fig. 6. Toluene disproportionation reaction.

to inhibit the subsequent isomerization of the primpaya-
xylene product.

Here,n is the effectiveness factor of the xylene isomeriza-
tion reaction, andp is the effectiveness factor of the toluene
disproportionation reaction. According to Haag and Olson,
Dy./D,. > 103 and Dt ~ D,. (D,. ~ Dy,..). Thus, for larger
values of the modulug (i.e., largerR), n/np < 10~2 and

(ki / kp)observegCan approach unity. Under these conditions
the catalyst can produgeara-xylene far in excess of equi-
librium.

In addition to confirming the predominance of product
shape selectivity by varying the crystal size and humber of
active sites, the Haag et al. study also examined the effects
of selectively modifying the diffusion properties through
selective incorporation of phosphorus, magnesium, boron,
silicon, antimony, and coke. Ultimately, it was determined
that the deposition of coke on the exterior of the MFI
molecular sieve was preferred since itincreased the diffusion
path length and covered all of the nonselective external sites

Olson and Haag established the following basic design Without affecting the number of sites internal to the crystal,

criteria for highpara-xylene as the primary product,

Dp— >> Dm—,()-v
k1> Do/ R?,
kp < Dt/R?,

where D, is the diffusivity of para-xylene, D,. ,- is the
diffusivity of meta andortho-xylene, Dt is the diffusivity
of toluene, R is the radius of the crystal. To minimize
secondary isomerization, they postulated thatkp)observed
must be significantly less than unity, where

(ki / kp)observed= (11 / hp) (ki / kp)intrinsicx (11 /1D).

MFI Crystal Exterior Surface

Fig. 7. Coke can be uniformly deposited by decomposition
of monocyclic aromatic compounds at elevated temperatures
over MFI catalysts. The deposition of coke and its influence
on the acidity and shape selectivity of a broad range
of zeolites, including MFI-type zeolites, are the subject
of a large number of studies by Guisnet and co-workers
[105-108]. The studies of Guisnet and co-workers also
include analyses of coke distribution and coke compositional
variation in zeolite systems that include a binder [109].
Besides eliminating any trace of surface acidity, which
would rapidly isomeriz@ara-xylene back to an equilibrium
mixture of xylenes, coke covers the vast majority of the
pores, thereby increasing both the length of the crystal diffu-

Selectivation Favors P-Xylene
* Increases Diffusion
Path (Longer Time in Crystal)
* Reduces Surface Xylene
Isomerization

Pores

I
H
CH»
p-X Rich Coke Applied Cf \©\

Product to Crystal Surface + CHa

Smaller p-X Isomer Diffuses
x103 Faster Than m-X or 0-X

3-D MFI Structure
* Allows Formation of
diphenylmethanes that are
intermediates - 1-D
zeolites do not

Fig. 7. Selectivation of the MFI crystal in the selective toluene disproportionation (STDP) process.
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sion path and its tortuosity. The effect is to greatly increase and Song [113]. Venuto [11] has comprehensively reviewed
the modulus and to reduce the effectiveness factoorfitio- organic chemistry involving zeolites. He discusses many
andmetaxylene production. Because, as shown above, the mechanistic aspects not covered here. Obviously, there are
diffusivity of para-xylene in MFI is significantly largerthan  many examples of shape-selective reactions that have been
that ofortho- or metaxylene, the modulus fopara-xylene investigated at the laboratory and pilot plant scale, but most
production remains smaller and the effectiveness factor for of these reactions lack the economic incentives needed for
toluene disproportionation is higher than that of xylene iso- commercialization. Interestingly, the cost of catalyst devel-
merization. opment, even in the case of new framework structures, is
STDP is an excellent example of the application of shape rarely the key factor in whether the process reaches the com-
selectivity to vastly exceed equilibrium yields of preferred mercial stage. Catalytic materials that appear to be expen-
products by playing off rates of diffusion vs rates of reaction. sjve at the outset of a development program normally drop
in cost as a result of economies of scale inherent in the raw

materials and the materials synthesis.
10. Commercial processes that involve shape selective

catalysis

STDP is one of more than 17 shape-selective processesll' Future oppprtupltles for reseqrch and application

that have been successfully commercialized. Tables 3 and 40f shape selectivity in molecular sieves

attempt to summarize commercial refining and petrochemi-

cal catalytic processes that are known to use shape-selective Along with the unresolved questions identified in the
molecular sieves. The tables also attempt to identify which aforementioned studies, major opportunities exist for de-
types of shape selectivity are operative. Missing is the MFI- veloping chiral-selective molecular sieves. The synthesis of
catalyzed methanol-to-gasoline (MTG) process which was pure enantiomers could be envisioned as the ultimate chal-
in commercial operation from 1985 until 1994. Additional lenge in shape-selective catalysis. Beta (BEA) is one of the
examples of shape-selective reactions can be found in re-few molecular sieves thus far identified that exhibits chi-
views by Venuto [11,12], Hoelderich et al. [110], Corma rality [132]. However, attempts to produce enantioselective
and Garcia [111], van der Waal and van Bekkum [112], products over BEA with high purity have been unsuccess-

Table 3
Catalytic shape selectivity in commercial refining processes
Refining process Reaction Zeolite or Type of shape How it is manifested Ref.
molecular sieve selectivity
FCC Production of higher octane MFI RSS Low-octane-number linear and [114]
gasoline monobranched olefins are isomerized;

higher MW linear olefins with low
octane numbers exit the gasoline
pool via cracking
FCC Production of low-MW olefins MFI TSS Prevents the formation of the transition [115]
(especially propylene) state required for hydrogen transfer
and prevents the formation of coke
within the zeolite pores

Hydrocracking paraffins Removal of higher melting point MFI RSS Linear or near-linear paraffins with the [116a]
in distillate paraffins from diesel and heavy highest melting points are removed
fuel oil fractions by selective cracking in the pores
of the zeolite
Hydrocracking paraffins Removal of higher melting point MFI RSS Linear or near-linear paraffins with the [116b]
in lubricant raffinates paraffins from lubricant highest melting points are removed
fractions by selective cracking in the pores
of the zeolite

Hydroisomerization Low octane C5 and C6 linear MOR and MAZ PSS and PMKLS Bulky isomers diffuse more easily out of [117]
paraffins undergo skeletal +(strong the pores of larger 1-dimensional
isomerization to higher octane hydrogenation pore systems
isoparaffins function)

Hydroisomerization Higher melting point long-chain  SAPO-11 and TSS, PMKLS, Preferential formation of 2- and 3-methyl [118]
paraffins undergo skeletal other shape and PSS paraffins near the pore mouth (TSS and
isomerization to produce selective molecular perhaps key—lock selectivity); absence of
slightly branched paraffins sieves 6trong isoalkanes containing adjacent methyl
with improved low-temperature hydrogenation groups (TSS); preferred formation of
viscosity function) 2- and 3-methyl alkanes through

differences in rates of diffusion (PSS)
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Table 4
Catalytic shape selectivity in commercial petrochemical processes
Petrochemical process Reaction Zeolite or Type of shape How it is manifested Ref.
molecular sieve selectivity
Xylene isomerization Isomerizartho- andmeta MFI, MOR, and TSS In MFI, transalkylation to undesirable [119]
enriched xylene feeds and other proprietary polymethyated YBenzenes is
convert ethylbenzene to molecular sieves precluded by steric constraints exerted
ethane and benzene or to by the pore walls. In MOR, the xylenes
additional xylenes rapidly reach equilibrium because of
the large number of acid sites. Higher
activity of MOR allows lower
temperature operation which reduces the
selectivity for transalkylation in the less
constrained pores of MOR.
Toluene disproportionation Disproportionate toluene into  MFI, MOR, and PSS (primary) and  Prevents formation of higher molecular [120]
benzene and either mixed other proprietary ~ TSS (secondary)  weighpGlymethylbenzenes
xylenes (unselectivated molecular sieves MTC? and facilitates the formation of
zeolite) orp-xylene diphenylmethyl intermediate.
(selectivated zeolite)
Transalkylation of GT Transalkylate toluene with MOR and other TSS, RSS and PSS Zeolite adgratsddC o [121]
aromatics methyl groups present in proprietary large polymethylbenzenes, excludes higher
Co™ polymethylbenzenes pore zeolites molecular weight polymethylbenzenes,
which could act as coke precursors,
and precludes formation of polyphenyl
compounds. garomatics rapidly
diffuse out of the pore system.
Ethylbenzene synthesis Benzene is alkylated MFI and MWW TSS (primary) and Polyethylation is precluded by steric [46,122]
with ethylene PSS (secondary) inhibitionef and p-ethylbenzene.
in MFI; NE and Ethylbenzene diffuses out of the pores
TSS in MWW at a much higher rate than any
diethylbenzene that is formed.
para-Diethylbenzene Benzene is alkylated MTW TSS (primary) and Prevents formation of higher molecular [123]
synthesis with ethylene PSS (secondary)  weight'Cpolyethylbenzenes
and facilitates the formation of
diphenylethyl intermediate.
Cumene synthesis Benzene is alkylated MWW and BEA  NE and TSS Formation of di- and tripropylbenzenes [46,124]
with propylene is precluded by the steric costraints
of the 12-MR surface pocket. Propylene
oligomerization does not occur within
the confines of the 12-MR pore.
Synthesis of linear Long-chain linear olefins BEA, MWW, TSS Polyalkylated benzenes are precluded [125,126]
alkylbenzenes are reacted with benzene and other from forming by the steric constraints
to form linear alkyl 12-MR zeolites provided by the 12-MR pores.
benzenes which are
precursors for linear
alkylbenzene sulfonate
detergents
Olefin oligomerization Propylene amdbutene MFI and other TSS Polymethyl isoolefins and especially [127]
are oligimerized to produce  10-MR zeolites gem dimethyl olefins are precluded
Cgt linear or near-linear from forming by the steric constraints
olefins provided by the 10-MR pores.
Olefin skeletal n-Butene andi-pentene are  FER, TON, and TSS 4 @imer does not have sufficient room [128]
isomerization converted to iso-olefins SAPO-11 to form inside micropores and
as intermediates in the isomerization occurs through
production of methyl rearrangement of primary carbenium
tert-butyl ether (MTBE) ion that is stabilized within the pores.
andtert-amyl methyl ether Alternatively;-butene is alkylated on
(TAME) benzylic ion formed near pore mouth
followed by methy migration and
B scission.
Pyridine synthesis Ammonia, formaldehyde, and MFI TSS and PSS Mechanism still not well understood. [129]

acetaldehyde are reacted
to produce pyridine and
«- andg-picoline

(continued on next paye
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Table 4 Continued

Petrochemical process Reaction Zeolite or Type of shape How it is manifested Ref.

molecular sieve selectivity

Benzene synthesis n-Hexane is converted to LTL TSS, NE? n-Hexane adsorbs onto the walls of the [130]
from n-hexane benzene via LTL zeolite and is selectively adsorbed

dehydrocyclization onto small Pt crystals within the LTL
pores, where it undergoes
dehydrocyclization.

Phenol hydroxylation Selective oxidation of TS-1 TSS and PSS Hydrophobicity and isolation of titanium [131]
and cyclohexanone organic substrate using sites in molecular sieve are believed
ammoxidation hydrogen peroxide as to play a part in shape-selective oxidation

the oxidzing agent reactions.

ful. The potential commercial applications are vast. Chi- rate small molecules under elevated temperatures or highly
ral soluble acids and bases have been successfully used aaggressive conditions where conventional polymeric mem-
catalysts, as have heterogeneous metallic catalysts modifiedranes fail, a significant incentive exists for developing ma-
with chiral “auxiliaries” such as tartrate-modified nickel and terials that combine reaction with separation. Shape selec-
cinchona-modified platinum. However, chiral immobilized tivity and reaction can therefore be physically separated in
complexes have been more difficult to apply. The major chal- a membrane, as in the selective hydrogenation of the per-
lenge lies in the modification of existing molecular sieves meate, by incorporation of a metal function only on the
with ligands that produce racemically pure fine chemicals. hydrogen-enriched side of the membrane [141].
Zukal et al. [133], Darlt and Davis [132], and Davis [134] Finally, the grand challenge in shape-selective catalysis is
have studied this area of chiral zeolites. to utilize computational modeling to design the ideal mole-
Another opportunity area lies in the modification of cular sieve for a specific targeted reaction using reaction
mesoporous molecular sieves for shape-selective reactiondgransition state, intermediate size, and active site location
involving larger molecules. Researchers have already func-as design parameters, and then to subsequently synthesize
tionalized the pores of mesoporous materials such as MCM-the molecular sieve in the laboratory. Designing molecular
41 to selectively adsorb low concentrations of metals such assieve “microreactors” that are tailor-made for a target re-
Hg and Ag while excluding other metals [135]. Metallocene action has been an elusive goal pursued by many synthetic
catalysts have been successfully incorporated into the tubu-chemists. Because the discovery of new frameworks is still
lar pores of MCM-41 to produce crystalline nanofibers of to a large extent serendipitous, we will have to be satisfied
polyethylene with diameters of 30 to 50 nm and molecu- with attempting to adopt the current, but ever-expanding set
lar weights exceeding 6 million [136]. It remains to be seen of molecular sieve crystal structures to particular reactions.
whether the same approach could be used, for example, toThe choice of a suitable framework and subsequent catalyst
produce isotactic or syndiotactic polypropylene. development effort will inevitably draw heavily on shape-
There is also a substantial incentive to identify and de- selective theory, coupled with model compound tests and
velop shape-selective base catalysts for the synthesis of fineadvanced materials characterization technigues, to produce
and intermediate chemicals [137]. There are only a few ex- the ideal catalyst for each targeted reaction.
amples where modified molecular sieves have progressed
past the laboratory stage for base-catalyzed reactions. One of
these is the selective synthesis of 4-methylthiazome (4-MT) 12. Conclusions
over Cs-exchanged ZSM-5 via the cyclization reaction in-
volving isopropylidene methylidine and $SQL38]. Another Shape-selective catalysis is well accepted within the pe-
is the transesterification of ethylene carbonate with methanoltroleum refining and petrochemical industries. While the
over potassium-exchanged zeolite A [139]. In the case of field is over four decades old, it still remains an important
base catalysis the active site is located in the pores rathersource for new process concepts and improvements in cur-
than in the framework and the framework acts to concentraterent catalytic processes. Advances in computational mod-
the reactants. Presumably the same types of shape selectiveling and major strides in materials characterization have
ity apply, but the distribution of the active sites throughout helped to advance our understanding of how molecules in-
the crystal may be more easily controlled. In these systems,teract with inorganic molecular sieves. Still, some gaps re-
the size of the cation and the location of the cations would main in our understanding. Despite these gaps, an appreci-
likely have a significant effect on reactant and product diffu- ation of the basic underlying principles of shape selectivity
sivity. combined with an intimate knowledge of the mechanism of
Recently, the area of inorganic molecular sieve mem- the target catalytic reaction provides a high degree of confi-
branes has received a significant level of attention [140]. dence that one will be able to develop the optimum catalyst
While the initial objective is developing materials that sepa- for the targeted application.
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