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The synthesis of zeolite membranes and thin films using the secondary growth process is briefly described. In

this process colloidal zeolite particles (sols) are prepared hydrothermally and then subsequently deposited on

substrates to produce uniform layers of controlled thickness. In order to optimise this process, an

understanding of the nature of the sols and an insight into the structure of the consolidated layer so formed, is

required. Such studies are illustrated here with silicalite and zeolite A. The formation and growth of silicalite

sols has been investigated in situ by small angle neutron scattering (SANS). SANS measurements on sols at

progressively higher concentrations have provided details of the colloid interactions which lead to zeolite

gel-layer structures which are uniform and free of defects. Several techniques (XRD, small angle X-ray

scattering (SAXS), and nitrogen adsorption isotherms) have also been used to characterize colloidal species

extracted by ultracentrifugation at progressive stages from solutions during the hydrothermal synthesis of

zeolite LTA.

Introduction

Zeolites are in general crystalline alumino-silicate or silicate
materials which have a highly regular and open microporous
(v2 nm) structure1 formed by a three-dimensional network of
SiO4 and AlO4 tetrahedra. The tetrahedra are linked together
to give cages connected by pore openings of defined size;
depending on the structural type, the pore sizes range from
y0.3 to y1 nm. Almost a hundred different structural types
of zeolite are known. Each of these has a distinct pore size,
shape and interconnectivity. Because of these properties,
zeolites can interact very selectively with adsorbed molecules.
These exceptional properties have led to numerous technical
applications for zeolites in bulk powder form (heterogeneous
catalysis, gas separation, adsorption). However, more recently
there has been a surge of interest in the potential applications
of thin films or membranes of zeolites. These include highly
selective separation membranes,2,3 sensors, conductors, and
optoelectronic devices.4 In such applications thin layers of
material are required which must be highly uniform and free
of defects.
Several methods for the fabrication of zeolite thin films have

recently been reported.3 A common route used to produce
membranes for gas separation involves zeolite crystallization
onto a substrate (e.g. a porous ceramic) under in situ hydro-
thermal conditions. This method is generally satisfactory,
although it has been difficult to control the membrane thick-
ness and uniformity. In an attempt to overcome this problem,
‘‘secondary growth’’ methods are now being developed.2,5,6

These involve two-stages (see Fig. 1). Firstly, zeolite is produced
in a colloidal form by a hydrothermal reaction in the precursor
solution. The colloidal zeolite particles are then separated and

deposited on a substrate as a thin uniform layer. In a second
stage this thin layer is then subjected to a further hydrothermal
treatment. In this process the colloidal particles act as seeds for
secondary growth, thus producing a uniform membrane layer.
We have recently described6 the synthesis of silicalite mem-
branes using this method and demonstrated that their gas
permeability is considerably higher than that achievable with
membranes prepared by a one-step in situ crystallization of
silicalite directly onto an alumina substrate.
In order to optimise the secondary growth route a better

understanding of the first stage of the method is required. This
includes (a) the process of zeolite colloid formation, and (b) the
mechanism by which the colloidal particles are consolidated to
give a continuous layer structure. An insight into both of these
aspects has been achieved using small angle neutron scattering
(SANS), as described here in studies of colloidal silicalite

{Basis of a presentation given at Materials Discussion No. 5, 22–25
September 2002, Madrid, Spain.

Fig. 1 Different stages in the ‘‘Secondary Growth Process’’ as used
to synthesize zeolite membranes by the deposition of colloidal zeolite
particles onto a substrate.
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(MFI), prepared using similar procedures to those we have
used above.6 The SANS technique is particularly appropriate
because it can be used for in situ measurements even under
hydrothermal conditions, and also when the colloidal particle
concentration is very high.7,8

Work on another zeolite system, zeolite A (LTA), will also
be described. For this system the hydrothermal synthesis
conditions have again been optimised so as to favour homo-
geneous nucleation and colloid formation. This has been
achieved using precursor solutions of silicate and aluminate
oligomeric species, which contain the tetramethylammonium
organic cation (TMA); the latter acts as a structure directing
agent. The mechanisms of interaction of these oligomeric
species and TMA have recently been investigated by NMR
measurements on solutions extracted during the first stage of
the reaction using this preparative route.9 Here we describe
the application of small angle X-ray scattering (SAXS), and
other techniques to determine the properties of colloidal
species which form during subsequent stages of the reaction
before the appearance of well-crystallized zeolite A.

Experimental

Silicalite-1 colloids were prepared using routes similar to that
described previously by Schoeman and co-workers.10,11 For the
SANS investigations, the composition of the precursor solution
was: 1SiO2 : 4EtOH : 0.36TPAOH : 0.01NaOH : 19H2O. The
kinetics of colloid formation at 363 K were followed by
SANS measurements on this reaction solution at intervals over
a period of approximately 22 hours. Other SANS measure-
ments were made on a series of samples having a progressively
increasing particle concentration, which eventually resulted in
a solid phase. The size of the colloidal particles in this series
corresponded to that after approximately 20 hours reaction
time. A contrasting series of SANS measurements was also
made on dilute dispersions of the same particles dispersed in
different H2O/D2O mixtures to derive the scattering length
density of the colloidal particles, as described previously.12

Zeolite A (series A) was prepared by the method described
previously,9 using a mixture of two solutions — one of an
aluminate, the other a silicate. These two solutions were
obtained by dissolution of ultrafine alumina and silica powders
in solutions of tetramethylammonium hydroxide (TMAOH)
under hydrothermal conditions. Using this mixture, having
the composition: 1SiO2 : 0.20Al2O3 : 3.2TMAOH: 0.08NaOH :
80NaOH, the reaction was carried out at 353 K. Solid samples
were extracted from the reaction mixtures, at periodic intervals
during the course of the reaction, by ultracentrifugation (3 6
104 rpm for 15 minutes, corresponding to a relative centri-
fugal field, RCFmax, of y9 6 104 g). These samples were then
washed several times (by redispersion in water and recentri-
fugation until the pH of the centrifugate reached y9). The
washed samples, after air-drying, were then characterised by
XRD and SAXS. The surface and porous properties were also
determined from nitrogen adsorption isotherms, measured at
77 K, on samples after outgassing at 523 K.
Zeolite A (series B) colloids with an approximate size of

300 nm were also produced from another prehydrolysed solu-
tion containing silicate and aluminate oligomers with a differ-
ent composition: 1SiO2 : 0.59Al2O : 2.6TMAOH : 0.25NaOH :
100H2O. This precursor solution was heated at 353 K for 72
hours. Colloidal zeolite was extracted from the milky solution
by centrifugation. The product was redispersed in water and
centrifugations repeated until the pH of the colloidal dispersion
was 10.3.
SANS measurements were made at the Institut Laue

Langevin, Grenoble, using the small angle scattering instru-
ment, D22, as described previously.13 Measurements were
made in the momentum transfer range, Q, of 2.1023 to

w2.5.1022 Å21, where Q ~ 4psinh/l, and l is the neutron
wavelength.
SAXS measurements were performed in the range 8 6

1024
v Q v 0.1 A21, using a high-resolution Bonse–Hart

camera, fitted with two pairs of channel-cut germanium
crystals, as described previously.14 A rotating anode X-ray
source with a copper target was employed.
Zeolite samples were characterized by SEM and XRD as

previously.15

Measurements of nitrogen adsorption isotherms (77 K) were
made volumetrically (Micromeritics, Digisorb).

Theory

A brief outline of the theory of small angle scattering from
colloidal particle systems will be given here. In particular we will
consider SANS, as it is applied more specifically to charac-
terize silicalite sols and their interactions. Further details of
SANS and the analysis of particle systems has been reported
elsewhere.8,16,17

The intensity of neutrons scattered at small angles, I(Q),
from a dilute system of non-interacting particles is given by:

I(Q) ~ Vp
2np(rp 2 rs)

2P(Q) (1)

where Vp and np are respectively the volume and number
concentration of particles, rp and rs are the respective
scattering length densities of the particles and solvent, and
P(Q) is a particle form factor. The momentum transfer, Q, is
defined by

Q ~ 4psinh/l (2)

where h and l are the scattering angle and wavelength of
radiation employed.
The form factor has been evaluated for a variety of particle

shapes (spheres, rods, discs etc.). However, in the range of very
low Q its form can be generalized for all particle shapes by use
of the Guinier approximation:

P(Q) # exp(2Q2Rg
2/3) (3)

where Rg is the radius of gyration of the particles. For spheres,
an approximation used for the silicalite particles is Rs ~
1.29Rg, where Rs is the sphere radius.
From eqn. (1) it is seen that the scattered intensity is

determined by the particle/solvent contrast factor, given by
(rp 2 rs).

2 The solvent contrast has been varied here by
using appropriate mixtures of H2O and D2O to determine the
‘‘matching’’ condition.
In more concentrated dispersions, the intensity distribution

is modified by the effects of interference, which depend on the
spatial ordering of the particles. The scattered intensity is then

I(Q) ~ Vp
2np(rp 2 rs)

2P(Q)S(Q) (4)

where S(Q) is the static structure factor, which is determined
by the nature of the interaction potential; for non-interacting
systems S(Q) ~ 1. The spatial distribution of the particles as a
function of the mean interparticle separation, r, is given by the
particle pair-distribution function g(r) and is related to S(Q) by
the Fourier transform

g(r)~1z
1

2p2np

ð?
0

S(Q){1½ �Q2 sinQr

Qr
dQ (5)

Structural changes which occur during the progressive con-
centration of sols into gels and porous solids have been analysed
previously on this basis.8 In the present investigation such
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structuring and short-range ordering is typified by distinct
maxima in S(Q) from which the interparticle separation, r, can
be estimated.

Results and discussion

Silicalite-1

The evolution of the SANS during hydrothermal treatment
(363 K) of the silicalite-1 precursor solution is shown in Fig. 2.
This illustrates that the scattered intensity, I(Q), was hardly
significant during an induction period of nearly 18 hours.
Thereafter, I(Q) increased rapidly, corresponding to the forma-
tion and progressive growth of colloid particles. The size of the
particles corresponding to each curve (corresponding to a
counting time of y3 minutes) was derived from Guinier plots
as given in Table 1. The quality of the fits of the experimental

data to the Guinier relationship (cf. Fig. 3) were good, indicat-
ing a narrow particle size distribution in each sample.
SEM results also confirmed that the particles were approxi-

mately spherical and of uniform size, as illustrated in Fig. 4
for a sample extracted after 20 hours. Here the particles have
diameters in the range from y85 to y95 nm, which is in close
accord with the SANS results. At higher resolution it is evident
however that the particles have a ‘‘cauliflower-like’’ appearance
and seem to be formed by clusters of much smaller sub-units.
The size of these sub-units appears to be less than 4 nm, and is
at the limit of resolution of the SEM technique.
From a further analysis of the evolution of the series of

SANS curves in Fig. 2, a tentative mechanism for the nuclea-
tion and growth of colloidal particles can be proposed. Thus
from eqn. (1) it is evident that I(Q)QA 0 will be dependent both
on the particle number concentration, np, and the particle
volume, Vp, according to the following relationship:

I(Q)QA 0 3 npVp
2 3 npRs

6 (6)

This assumes that the particles remain uniform in size during
the growth process and are spherical, with a diameter Rs. Both
of these conditions are reasonably satisfied here. Furthermore,
if we assume a process of sudden nucleation and rapid growth,
with no further formation of additional nuclei, then I(Q)QA 0

3 Rs
6. The good agreement to this relationship is demon-

strated by the linearity in Fig. 5 covering the reaction from 18
to 22 hours. This suggests that colloid particles are formed after
an induction time by the rapid clustering of sub-units; these
particles subsequently grow by further accretion of sub-units
which exist in solution.
Further insight into the internal structure of the colloidal

particles was obtained from measurements of SANS under

Fig. 2 Kinetic evolution of SANS during the hydrothermal (363 K)
synthesis of colloidal silicalite-1. After, (a) 18, (b) 19, (c) 20, (d) 21, and
(e) 22 h.

Table 1 Radii of gyration, Rg, and equivalent sphere radii, Rs, of
silicalite colloids as determined from SANS at different times during
the hydrothermal synthesis reaction

Synthesis time/h RG/nm RS/nm

18 29.2 37.5
19 33.0 42.6
20 35.0 45.5
21 42.3 54.5
22 45.1 58.5

Fig. 3 Guinier plots of SANS for colloidal silicalite-1 after different
synthesis times at 363 K. (a) 18, (b) 19, (c) 20, and (d) 21 h.

Fig. 4 SEM of colloidal silicalite-1 particles.

Fig. 5 Dependence of R6
s vs. I(Q)QA 0 for colloidal silicalite-1 after

different synthesis times at 363 K. Points corresponding to increasing
Rs are for synthesis times of 18, 19, 20, 21, and 22 hours respectively.
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different particle/solvent contrast conditions. Such contrast varia-
tion measurements were made with a dilute particle dispersion
of the same concentration in a series of different H2O/D2O
mixtures, as previously described.12,18 The samples were
prepared from a colloidal dispersion in pure D2O which had
formed after approximately 20 hours under the same synthesis
conditions as above. This reference dispersion in D2O was
concentrated by ultracentrifugation. Using this stock solution,
a series of appropriate mixtures containing D2O and H2O was
prepared by dilution with H2O, and further exchange proce-
dures. The effect of solvent contrast on the SANS for some
of these mixtures is illustrated in Fig. 6. It will be noted that
these all have the same form but vary considerably in relative
intensity. The contrast matching condition was obtained from
a plot of [I(Q)QA0]

1/2 vs. D2O volume fraction as shown in
Fig. 7. This plot is linear, in accord with the relationship in eqn.
(1) above. The scattering length density of the particles, rp,
can therefore be derived from the zero intensity intercept where
rp and rs are identical. The value of rs for an aqueous solvent
for this composition (viz. containing 42.5% v/v D2O) is 2.38 6
1010 cm22. This compares with that of 3.47 6 1010 cm22 for
amorphous silica, having a mass density of 2.20 g cm23. The
corresponding ‘‘effective’’ density of the silicalite particles as
derived from their scattering length density in solution is
therefore 1.51 g cm23. This value is considerably smaller

and may reflect a more open structure of the particles which are
formed by packing of the sub-units. A more quantitative
analysis should take account of the unit cell dimensions of the
silicalite sub-units and the possible effects of any tetrapropyl-
amine occluded in the structure. If it is assumed that the unit
cell structure and composition of these sub-units is the same
as in well crystallized silicalite, which has an orthorhombic
structure containing four TPA molecules per unit cell,19 then
one obtains a density of 1.86 g cm23. This calculation is based
on a structure which contains TPA but not water. The effective
density of the hydrated sub-units could therefore be greater
than this. Such an analysis therefore remains tentative, but it
can be concluded that the low density for the colloidal particles
as determined by the contrast matching experiment, cannot
be fully accounted for unless the particles have a somewhat
‘‘open’’ structure formed by the packed sub-units.
SANS measurements were also made on a series of samples

of increasing colloid concentrations to obtain an insight into
the mechanism by which the particles give rise to a consolidated
layer structure. Results in Fig. 8 are for particles formed after
approximately 19 hours reaction. (The salt concentration of the
colloidal particle dispersions was reduced by repeated cen-
trifugation and exchange of the supernatant solution with de-
ionised water; dispersions of increasing concentration were
prepared from the deionised reference sample by controlled
centrifugation procedures). At the lowest volume fraction, w, of
2%, the form of the scattering is similar to that in Fig. 2,
corresponding to non-interacting particles with a diameter of
y83 nm. However, as the concentration is increased there is
evidence of interference in the SANS. This is evident in the
pronounced maximum which occurs at Q y 8 6 1023 Å21 for
the dispersion with w~ 15%. This feature can be ascribed to an
ordering of the particles due to inter-particle repulsion forces
as discussed earlier above. Such effects have already been
described in detail for sol–gel particle systems, such as silica,
ceria8 and clay particle dispersions20 for example. The position
of this maximum corresponds to an approximate inter-particle
spacing of 80 nm. This distance is similar to the particle
diameter and thus implies that the particles are in contact.
For the solid phase (as formed as a thin layer by slow drying

of the dispersion on a substrate), the position of the inter-
ference peak is shifted to a higher Q of 0.010 Å21, indicating
a closer particle separation of approximately 63 nm. This
separation is smaller than the apparent particle diameter, which
tentatively suggests that some inter-penetration or coalescence
of the colloid particles occurs. It is also evident that the zeolite
particles in the solid layer have a high packing density and
short-range order. Such an ordered arrangement of particles is
apparent both from the marked interference peak and also the
secondary maximum in the SANS curve at Q y 0.018 A21

Fig. 6 SANS of colloidal silicalite-1 showing the effect of contrast
variation by dispersion in different H2O/D2O mixtures. D2O concen-
trations (% v/v) are: (a) 17, (b) 30, (c) 40, (d) 50, and (e) 66.

Fig. 7 Contrast matching plot for colloidal silicalite-1.

Fig. 8 SANS of colloidal silicalite particle dispersions showing effects
of increasing volume fraction (particle diameters are approximately
80 nm). Particle volume fractions,W, are: (a) 0.02, (b) 0.05, (c) 0.15, and
(d) dried solid.
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as shown in Fig. 9. The initial formation of such a compact
structure may indeed be important in the subsequent secondary
growth process employed to produce defect-free zeolite
membranes.

Zeolite LTA

The development of zeolite LTA was investigated during
the course of hydrothermal reactions at 353 K in solutions
with composition A. At this temperature the mixtures of
the solutions of aluminate and silicate precursors remained
transparent for approximately 10 hours. Thereafter the reac-
tion mixture became opalescent and then increasingly opaque
indicating the existence of colloidal particles with a size
considerably larger than 10 nm. (In dispersions containing
colloids with a size v30 nm Rayleigh light scattering occurs.
This is of very low intensity and consequently dispersions
may appear visually transparent). At progressive times during
the reaction, the solid colloid phase was extracted from the
reaction solutions by ultracentrifugation, using the procedure
described above. These solid samples (after washing, recen-
trifugation and air drying) were characterised by XRD, SAXS
and nitrogen adsorption measurements, as described below.
From the XRD time series in Fig. 10 it is evident that there

is a long induction period. During this period, a very broad
diffraction feature at 2h y 30u is evident (Fig. 11a) this can be
ascribed to an amorphous silicate phase. The first significant
evidence of a crystalline phase occurs after 54 hours, when
broad diffraction lines appear. After 60 hours the diffraction
pattern has developed further — the lines become narrower
and more intense, and correspond to a crystalline LTA
structure. This crystallization process continues and, at 72

hours, from the lines as indexed, it is evident that only zeolite
LTA is present.
The SAXS of a series of samples extracted during the

induction period and at the first stages of the crystallization
process is shown in Fig. 11. For the transparent ‘‘glassy’’
material formed after 2 hours (Fig. 11a), the SAXS intensity is
relatively weak. Two power law regions can be defined. At low
Q (v3 6 1023 Å21), Porod scattering occurs, where I(Q) 3
1024. This corresponds to scattering from large objects, with
dimensions considerably greater than the inverse Q space (viz.
& 103 Å ). This can be ascribed to the granular structure of the
powder samples. In the higher Q region the power law decay
of Q21.8, which extends to w 2 6 10 Å21, can be tentatively
ascribed to mass fractal scattering from aggregates of much
smaller particles (v100 Å). After 10 hours (Fig. 11b) the SAXS
intensity has increased. The Porod scattering at low Q is still
evident. This is again followed by a region of lower slope, and
then an inflexion is evident, at y3 6 1022 Å21, followed by a
decay of approximately I(Q) 3 Q23.2 These features are in
accord with the growth of the small particles, which now also
exhibit surface fractal scattering in the highQ range. This trend
continues up to 20 hours (Fig. 11c) however the inflexion has
now shifted to a lower Q of approximately 2 6 1022 Å21 ,
indicating further growth in the particles. Furthermore, the
decay in the high Q region is now close to Porod in character
(Q24), indicating a more ‘‘smooth’’ or less fractal particle
surface.
After 48 hours (Fig. 11d) it appears that a shift in the

inflexion to even lower Q occurs. The inflexion is thus
obscured, as it overlaps with the strong Porod scattering due
to the granular texture of the sample. The subsequent evolution
of the SAXS indicate that changes in this texture occur during
the initial stages of zeolite crystallization. This is illustrated
after 60 hours (Fig. 11e) and 72 hours (Fig. 11f) by the
suppression of the Porod scattering in the very low Q range.
The SAXS can now be ascribed to a single particle component,
which corresponds to the discrete zeolite crystals. The infle-
xions in the SAXS at much lower Q (y2–3 6 1023 Å21)
indicates that the size of these crystals is considerably larger
than the particles which are present during the induction
period. An approximate size of 0.2 mm can be tententatively
estimated from the position of these inflexions.
An indication of the size of the primary particles which are

present during the induction period can also be obtained from
the positions of the inflexions observed in the SAXS after 10
and 20 hours (viz. at approximately 3 and 2 6 1022 Å21

respectively). These correspond to sizes of 20 and 30 nm respec-
tively. These sizes can be compared with the corresponding

Fig. 9 SANS of colloidal particles of silicalite, (a) in a concentrated
dispersion (volume fraction 0.15) and (b) when formed as a dried
deposited layer.

Fig. 10 X-Ray diffraction profiles of samples produced after different
times in a zeolite LTA synthesis mixture at 353 K. After 72 hours, all
the peaks can be indexed to the LTA structure as shown.

Fig. 11 SAXS of samples produced after different times in a zeolite
LTA synthesis mixture at 353 K. Reaction time: (a) 2, (b) 10, (c) 20, (d)
48, (e) 60, and (f) 72 h. N.B. The origin for the Q axis is 1023 Å21 and
data for each sample after (a) are displaced successively by two decades
for clarity.

J. Mater. Chem., 2002, 12, 3343–3350 3347



radii of gyration, Rg, of 13 and 15 nm, as obtained from the
respective Guinier plots. The accord is not unreasonable
considering the limitations in the application of the Guinier
method here (viz. restricted Q range due to overlapping Porod
scattering at Q v 1022 Å21, and possible interference effects
due to multiple particle scattering). Because of the overlapping
low-angle Porod scattering, this procedure can not be extended
to an analysis of the SAXS after 48 hours.
From measurements of nitrogen adsorption isotherms it is

also possible to obtain an indication of the size of the primary
particles, and furthermore the porous structure which results
when they are consolidated during the process of ultra-
centrifugation. First we will consider the evolution and general
characteristics of the isotherms at different stages of the
reaction as illustrated in Fig. 12. Thus after 2 hours (Fig. 12a)
the isotherm is of type IV in the IUPAC shape classifica-
tion,21 the narrow hysteresis loop indicating the presence of a
relatively small volume of mesopores with a size, rp, covering a
wide range (2 to 5 nm). Further analysis of this isotherm using
the aS method22 indicates that the sample is also microporous
(see Table 2). After 8 hours (Fig. 12b) the isotherm changes
markedly. It still has a type IV form, but it is evident that the
mesopore volume has increased markedly and the size is now
more uniform (cf. Table 2). Such an isotherm is consistent with
an open porous structure formed by the packing of ‘‘globular’’
shaped particles, as has been discussed previously.22–24 The
surface area is related inversely to the size of the particles, and
the pore diameter, the dimensions of the throats connecting the
interstices in the packed structure. Such a model is in accord
with the evolution of the isotherms after 10, 20 and 54 hours
respectively (Fig. 12c–e). From these it is evident that a
progressive decrease in the surface area occurs in parallel with a
corresponding increase in the pore diameter (Table 2). Such

changes indicate a growth of the globular particles, as already
evidenced from the SAXS. Furthermore, the decrease in pore
volume noted after 20 hours may indicate a closer packing or
some coalescence between the particles.
A striking change in the isotherms is noted between 54 and

60 hours (Fig. 12f) at the onset of zeolite crystallization. This
results from a marked increase in adsorption at low relative
pressure (p/p0 v 1023), corresponding to a volume filling
process in the micropores of the zeolitic structure. With further
development of crystallinity after 72 hours (Fig. 12g) this
micropore volume increases further. However, the isotherm
in Fig. 12g shows that adsorption continues beyond a p/p0
of 0.1 until almost 1.0 with little evidence of hysteresis. This
continued uptake can be ascribed to adsorption on the external
surface of the small zeolite crystals which have formed. In effect
Fig. 12g can be considered as a composite isotherm of type I
and type II. (N.B. type I and type II isotherms are associated
with a microporous solid and a non-porous powder respec-
tively21). Composite isotherms with these features have been
discussed in detail by Gregg and Sing22 and have been reported
previously for microporous oxides and carbons by others.25,26

The usual isotherms reported for zeolites are of type I, as
shown in Fig. 12h. This corresponds to another sample of
zeolite LTA, consisting of much larger crystals in the micron
size range, prepared using the same recipe, but after consi-
derably longer hydrothermal treatment. It will be noted that
the micropore volume of this sample is fully developed and in
accord with that expected for zeolite LTA (see Table 2). The
development of the intracrystalline microporosity is illustrated
by the inset in Fig. 12, which shows the adsorption of nitrogen
at very low p/p0 for the samples just before and after the onset
of crystallisation.
The structure of thin layers formed by the deposition of

zeolite A particles from solutions of low ionic strength was also
investigated by SEM. These studies were made with samples
prepared using the composition of series B. After 72 hours
hydrothermal reaction at 353 K, SEM showed approximately
spherical particles with a diameter of y320 nm had formed.
When a colloidal dispersion in water was dried on a substrate

a uniform layer of particles was formed as illustrated in
Fig. 13. Here the substrate is an anodic alumina membrane
disc (Anopore2, Whatman, UK) with a nominal pore size of
200 nm. It will be noted that the zeolite layer has a uniform
thickness of y10 mm and that the packing of the colloidal
particles is efficient and regular. The latter features have
already been shown to occur in the dried layers formed from
silicalite particles, where SANS has provided an indirect
although more quantitative indication of the structure of the
consolidated particle structure.

Conclusions

In this paper we have described an investigation of the synthesis
of two zeolite systems, silicalite-1 and zeolite LTA, in which
colloidal particles are formed in solution under hydrothermal

Fig. 12 Adsorption isotherms of nitrogen at 77 K for samples produced
after different times in a zeolite LTA synthesis mixture at 353 K.
Synthesis times are: (a) 2, (b) 8, (c) 10, (d) 20, (e) 54, (f) 60, (g) 72 h,
and (h) w1 week. N.B. Open symbols adsorption; closed symbols
desorption. Some points have been omitted for clarity. Inset shows the
low-pressure region of the isotherms.

Table 2 Surface and porous properties of zeolite LTA precursor samples extracted from synthesis solutions after different times of reaction.
N.B. The particle diameters are derived from specific surface areas assuming globular particles having a density of 2.2 g cm23

Sample 1 2 3 4 5 6 7 8

Reaction time/hours 2 8 10 20 54 60 72 w1 week
Specific surface area, As/m

2 g21 152 196 130 74 30
Total pore volumea, Vp/cm

3 g21 0.16 0.77 0.89 0.45 0.16 0.11 0.15 0.18
Pore diameter, dp/nm 3–10 14 26 w60 w60 v2 v2 v2
Particle diameterb, Dp/nm 8 13 16 21 41
Micropore volume, Vm/cm

3 g21 0.08 0.08 0.08 0.04 0.03 0.06 0.11 0.18
Porosity, e 0.26 0.63 0.66 0.5 0.26
aVp is the total pore volume derived from adsorption at p/p0 # 0.98. bDp is the equivalent particle diameter derived from As, assuming globu-
lar particles of density 2.2 g cm23.
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conditions. Colloidal particles of these two types of zeolite are
important as precursors in the fabrication of membranes using
the secondary growth process as earlier described. It is shown
that for both of these zeolite systems, colloidal particles of sub-
micron size can be formed after prolonged hydrothermal
treatment at relatively modest temperatures. These particles
can be further consolidated as thin layers by deposition from
solution onto a substrate. The regularity in the particle packing
is an important feature in the subsequent secondary stage of
zeolite growth to give a defect-free layer, although this aspect
has not be studied here.
An insight into the mechanisms of nucleation and growth of

the zeolite particles can be tentatively inferred from these
investigations. Such an aspect is of long-standing interest and
has been considered previously by many workers.27–29 It should
however be noted that for the two systems which have been
investigated here, the synthesis procedures both employ large
concentrations of organic structure directing cations (tetra-
propylamine and tetramethylamine) in solution. The role of
these organic cations may indeed be important, as discussed
by Schoeman and others27,28 and therefore the mechanisms
proposed may not be general for other systems using different
precursors.
Firstly we consider silicalite-1 formation. Evidence from the

SANS shows that after a long induction period of almost
18 hours, there is a rapid increase in scattered intensity. This
increase can be ascribed to the rapid formation and growth of
colloidal particles by a process of accretion of much smaller
sub-units from solution. Both the SEM results and contrast
matching measurements support such a particle structure
formed from smaller units. The size of these sub-units appears
to be close to 4 nm but is difficult to determine from SEM
because it is at the limit of resolution of the technique. For
such a small size, at the particle volume fraction used here, the
SANS would be almost insignificant compared to the scattered
intensity observed for the colloidal clusters which have a size
approaching 100 nm. We note that the existence of very small
units in precursor solutions of silicalite-1 has been proposed by
Martens and co-workers.30 These workers indeed propose that
such units exist as ‘‘nano-blocks’’ with a defined size of 4 6
4 6 1.3 nm. From our investigations there is no evidence for
such a precise size, although the range is similar to that inferred
from SEM.
For the zeolite-A system we only have indirect evidence

on the nature of the colloidal particles in solution, from the
characteristics of the samples extracted by ultracentrifuga-
tion at progressive stages of the reaction. However, there is
a general accord from SAXS, nitrogen isotherms and XRD for
the existence of amorphous colloidal particles in solution
during the induction or pre-cystallization stage (viz. between 8
and 54 hours). These particles appear to be ‘‘globular’’ in shape
and grow in size as the reaction proceeds. The growth pro-
cess may arise from the uptake of silica-aluminate oligomeric

species from solution. Although there is no evidence available
here to support this, the existence of such species has been
shown from NMR measurements9 made on solutions at the
earliest stages of reaction, prior to particle formation. After 54
hours, the nucleation of a zeolite phase may occur within these
globular particles. Such a process takes place in parallel with
the continued growth of the particles, as indicated by SAXS.
After 72 hours the particles have a size of approximately
300 nm, and appear from XRD to be crystalline. However,
when compared with a sample prepared after much more
prolonged hydrothermal treatment (w1 week), composed of
well-defined cubic crystals, it is noted that the zeolitic
microporosity is still not fully developed and that there is
significant XRD line-broadening. Thus the mechanism of
zeolite LTA formation is different from that proposed for
silicalite. Nevertheless, in both cases such small partially
crystallized zeolite particles can be packed in as ordered layers,
as shown here. Furthermore, such consolidated particle
structures may be labile in a secondary growth step to give
inter-grown continuous zeolite layers.
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