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Abstract

The size of zeolite crystals ± a property which in¯uences the ef®ciency of catalysts and the selectivity for several reactions ±

can be controlled by a proper choice of crystallization conditions. A review of the in¯uence of chemical and physical

parameters on zeolite crystal size is given. # 1998 Elsevier Science B.V. All rights reserved.
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1. Scope of zeolite crystal-size control

The sensitivity of zeolite catalysts to crystal-size

effects derives from the same properties that

account for their selectivity. Slow con®gurational

diffusion in molecular-size micropores justi®es

the preferential adsorption of small reagents and

the selective desorption of small products, but this

property can also severely impair the effectiveness

of the catalyst. Shape-selective catalytic reactions

on zeolites [1±3] and diffusion in zeolites [4,5]

have been the object of recent reviews. In any case,

shape selectivity is higher for larger crystals. The

optimum crystal size for shape-selective catalysis is

the result of a compromise between selectivity and

effectiveness.

Several parameters in¯uence the choice of the

optimum size of zeolite crystals: (a) shape-selective

catalysis requires larger crystals; (b) catalyst

effectiveness is larger for smaller crystals; (c) in

bifunctional catalysts, crystal size can in¯uence the

average distance between acidic and metallic sites,

and modify the product distribution; (d) coke deacti-

vation can be more severe for larger crystals; (e)

diffusion of matrix components is easier in the case

of smaller crystals; (f) template extraction, cation

exchange, even distribution of metal functions are

more easily performed for smaller crystals; (g) diffu-

sion of water and extra-framework species as a func-

tion of crystal size affect the hydrothermal stability in

activation conditions; (h) regeneration of used cata-

lysts can be more dif®cult for larger crystals; (i)

®ltration and recovery of very small crystals is a

technological challenge.

Crystal size is ultimately imposed by the catalytic

reaction: TS-1 crystals larger than a fraction of mm are

considered un®tted as phenol hydroxylation catalysts,

due to the slow diffusion at the low temperature of

reaction [6,7]. In other cases, the optimum crystal size

should take into account both reactivity and zeolite

activation, as in the case of zeolite beta as cracking

catalyst [8].
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2. Parameters affecting zeolite crystal size

How to control the size of zeolite crystals? Zeolites

follow the usual laws of crystal growth, available in

recently re-edited textbooks [9,10]. In batch crystal-

lization, crystal size is a function of the ratio between

rate of nucleation and rate of growth. Both rates

increase with supersaturation, but the exponential

law of the nucleation rate rises more sharply than

the low-order power law of the growth rate. As a

consequence, smaller crystals and rapid syntheses are

observed at high supersaturation. Unfortunately,

supersaturation can hardly be considered as an inde-

pendent variable in zeolite synthesis, concentrations

being often controlled by the solubility of ill-charac-

terized amorphous precursors [11]. Several para-

meters (alkalinity, ionic strength, dilution, and

temperature) in¯uence silicate solubility and modify

the concentration levels in the synthesis system. The

presence of an amorphous `̀ gel'' also affects diffusion

processes in the mother solution, and stirring effec-

tively modi®es crystallization kinetics. Nucleation can

be affected by other procedures, like aging of the

synthesis medium, seeding, and selective crystalliza-

tion poisoning. The application of classical laws of

crystal growth to zeolite synthesis has been thoroughly

checked by modelling of zeolite crystallization with

population balance models [12±17].

The formation of unwanted competing phases is

especially easy in zeolite crystallization. The prepara-

tion of each phase has to be independently optimized,

and classical reviews are available on zeolite synthesis

[18±21]. Notwithstanding the differences among pro-

cedures for the formation of diverse phases, several

parameters affect in a similar way all zeolite crystal-

lizations. We can classify these parameters as:

� crystallization conditions: temperature, stirring,

seeding, gel aging;

� composition-dependent parameters: alkalinity,

dilution, ratio between Si and other tetrahedron-

forming elements, template concentration, ionic

strength, presence of crystallization poisons.

3. Influence of crystallization conditions

Higher growth rates and larger crystals have

been observed at higher temperature for zeolites as

different as Na±X [11] and silicalite [22,23]. This

effect implies that temperature raises growth rate more

than nucleation rate. Temperature affects not only the

size, but also the morphology of crystals: aspect ratio

(length/width) of silicalite crystals increases with

temperature [22,23]. This corresponds to different

activation energies for the growth of each crystal face,

as measured in the case of silicalite [22,23] or mazzite

[24].

A correlated phenomenon is the aging of the synth-

esis mixture at room temperature, which signi®cantly

increases the nucleation rate. The in¯uence of aging,

observed since early studies on crystallization of

zeolites A and X [11,25], has been described in the

case of zeolite A [26,27] by assuming that nucleation

rate is signi®cant at room temperature, but growth rate

is negligible, and nuclei lie dormant until the tem-

perature is raised. This phenomenon is not limited to

aluminium-rich zeolites and has been observed, for

instance, in the case of TS-1 [28].

Stirring rate signi®cantly affects crystal size. Smal-

ler crystals are obtained from stirred than from static

batches for both zeolite beta [29] and TS-1 [28,30].

The effect corresponds to the formation of large

zeolite crystals in viscous systems, where convective

motion is hindered and mass transfer is diffusion-

controlled. Zeolite A, X and gismondine (zeolite P)

crystals up to 150 m have been obtained by counter-

diffusion of silicate and aluminate solutions in Car-

bopol gel [31] or by synthesis in triethanolamine

solution [32]. It can be observed that stirring often

modi®es the selectivity of zeolite crystallization. For

instance, zeolite A is preferred to zeolite X in stirred

systems, and MFI is formed instead of TON from

several unstirred synthesis systems [33].

In the seeding method, a small amount of zeolite is

introduced in the synthesis system, usually just before

the hydrothermal treatment, in order to direct crystal-

lization towards a given zeolite and control the size of

the ®nal crystals. In slightly supersaturated systems,

primary nucleation does not take place, and seeds

provide the whole growth surface. In this case, seeding

produces a faster crystallization and smaller ®nal

crystals, as shown in the case of zeolite Y [34,35]

and silicalite [36,37]. In more supersaturated systems,

the surface of seeds can compete for supersaturation

with primary nuclei. In this case, as modelled in the

case of zeolite A [38], primary nucleation can be
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suppressed and seeding results in the formation of

larger ®nal crystals.

4. Composition effects

The concentration of OHÿ ions, usually referred to

as alkalinity of the synthesis system, strongly

increases the solubility of silicate species [39]. The

formation of smaller crystals at higher alkalinity has

been observed for zeolites as different as MFI [40±42]

and zeolite X [43]. The morphology of the zeolite

formed is affected by alkalinity, in a similar way than

by temperature. Higher aspect ratio (length/width) is

observed for MFI crystallized at lower alkalinity,

suggesting that the aspect ratio of MFI increases at

lower supersaturation. Larger crystals at higher alka-

linity have been observed in the case of TS-1, but high

alkalinity can result in enhanced Hoffmann degrada-

tion of the alkylammonium template used, and inter-

fere in the formation of the zeolite [30], as observed at

very high alkalinity in the case of the synthesis of

ZSM-5 [40].

Not surprisingly, an overall dilution of the synthesis

system cause larger crystals to form, for instance in the

case of TS-1 [30] or TON [33]. At lower supersatura-

tion growth is favoured at the expense of nucleation. In

a similar way, very large zeolite crystals are obtained

at low supersaturation when Fÿ is used as mineralizer

instead of OHÿ ions [44].

The solubility of the source of silica has been

recognized as a relevant parameter since early synth-

esis of zeolite X [25,45]. Smaller crystals are formed

from monomeric silicate solutions than by dissolution

of colloidal silica. The same effect has been con®rmed

in the case of ZSM-5 [40]. Smaller crystals of TS-1 are

formed by the hydrolysis of tetraethylorthosilicate

than by the dissolution of Ludox colloidal silica

[30]. A fair correlation has been obtained between

formation of smaller crystals of mordenite and solu-

bility of the silicic acid used as a silica source [46]. In a

similar way, when aluminate instead of silica is the

limiting nutrient, as in the case of the crystallization of

mazzite [24], larger crystals with ¯at faces are formed

from less soluble sources of aluminate [47].

The electrolyte concentration of the synthesis solu-

tion in¯uences ion activities. Typically the addition of

salts to the synthesis system decreases supersatura-

tion, and larger crystals are obtained, as in the case of

ZSM-5 [40] or TON [33] syntheses.

Speci®c cations can act as poisons for the synthesis

of given zeolites. Potassium is well known to act as a

crystallization poison for zeolite A [48] and zeolite

beta [49]. It can be observed that K hinders the

formation of zeolite A more than the formation of

faujasite, and this property is exploited in the synthesis

of low-silica zeolite X (LSX) [50]. The presence of

organics not implied in the formation of the zeolite,

but adsorbed on the growth surface, also results in

larger crystals, as in another interpretation of the effect

of triethanolamine in the formation of large crystals of

zeolite A or X [32]. More surprisingly, the effects of

the concentration of organics intervening in the crys-

tallization as templates are not straightforward. Larger

crystals of MFI have been observed at higher tetra-

propylammonium concentration [51], notwithstand-

ing a faster crystallization process [51,52]. Also in

the case of zeolite beta, tetraethylammonium (TEA)

accelerates the crystallization, but crystal size features

a maximum as a function of the amount of TEA [29].

The partial isomorphous substitution of silicon by

other tetrahedron-forming elements can in¯uence

crystal size. The presence of aluminium often implies

the formation of smaller crystals, as observed in the

case of MFI [51] and zeolite beta [29]. A similar effect

has been observed in the case of gallium incorporation

in the same structures, MFI [53] and zeolite beta [54].

On the contrary, the presence of boron brings to the

formation of larger crystals of zeolite beta [55].
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