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Abstract: The entire sequence of crystallization events, starting with formation of the initial organic-cation-
free gel, proceeding through the zeolite nucleation stage, and finishing with complete transformation into
LTA-type zeolite crystals, has been monitored by means of high-resolution transmission electron microscopy.
Formation and development of voids, containing highly hydrated material transformed later into negative
crystals, has been discovered in the solid part of the system. The evolution of these areas has been found
to be an integral and noteworthy part of the chemical transformation of the gel that preceded the nucleation
in the system. These void structures and, in particular, their solid—liquid interfaces have been identified as
the specific locations where the formation of protozeolite nuclei took place. Further development of the
system followed the classical for zeolite-yielding systems of crystallization that could be described by the
autocatalytic model.

Introduction containing only discrete gel particles has been employed to study
the nucleation of tetramethylammonium(TMA)-containing LTA-
type zeolite at room temperatutelhe investigation allowed

us to visualize by means of high-resolution electron microscopy
the “birth” of zeolite nuclei, which emerged from the gel
approximately in the center of each particle. A similar nucleation
mechanism was observed at elevated temperaturé@0n

Sthe formation of a TMA-containing FAU-type zeolite, again
From a clear solution containing discrete gel parti@éghis
particular case of zeolite nucleation could hardly, however, be
generalized for all systems yielding zeolites. For instance, the
nucleation of MFI-type materials from a clear solution is
considered to result from an aggregation of preorganized {hits.
'However, some later findin§s!? are in serious disagreement
with such a nucleation/crystallization scenario, and thus it is
not generally accepted.

In contrast to the clear solutions, the conventional gel systems
contain a large diversity of (alumino)silicate species, and the
zeolite nucleation and crystal growth involve numerous simul-
taneous metastable equilibrium and condensation steps. The

Microporous zeolite-type materials are usually synthesized
under hydrothermal conditions at relatively low temperatures
and pressures. It is clear now that zeolite crystals are not formed
via classical pathways, rather they follow much more complex
routes that are far from well understobd. The difficulties in
studying zeolite formation originate in its highly inhomogeneous
nature and the interdependence of numerous parameters who
effects are difficult to evaluate in a straightforward marther.
Therefore, any new information concerning the events in the
very early stages of zeolite formation, in particular, zeolite
nucleation, is highly desired. It is accepted that the nucleation
of microporous zeolite-type materials is heterogeneous; however
the spatial and temporal locations and topology of the nucleation
events remain some of the most elusive problems to be resolved

The complexity of the zeolite-yielding precursors often
requires utilization of a very specific system in order to study
a particular event. Lately, all new findings in the nucleation/
crystal growth mechanism of zeolites have been based on
investigations of a system yielding colloidal crystals. A char-
acteristic feature qf thes_e systems is the presence of a Ii_mited (5) Mintova, S. Olson, N. H.; Valtchev, V.: Bein, Sciencel 999 283 958
number of well defined discrete amorphous precursor particles, 960.
which simplifies the interpretation of the results and decreases (®) Jintova, S.; Olson, N. H.;Bein, Tangew. Chem., Int. Ed999 38, 3201-

the probability for ambiguous conclusions. Such a clear solution (7) Watson, J. N.; Iton, L. E.; Keir, R. I.; Thomas, J. C.; Dowling, T. L.; White,
J. W.J. Phys. Chem. B997, 101, 10094-10104.
(8) Kirschhock, C. E. A.; Ravishankar, R.; Jacobs, P. A.; Martens, I. A.
Phys. Chem. B999 103 1102}+-11027.
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crystallization in such systems has been described by theaccelerating voltage, equipped with a La#ectron gun, and EDAX
“autocatalytic nucleation” model, according to which the nuclei energy-dispersive X-ray spectrometer (EDS). Samples were prepared
are formed in the gel and are liberated during its dissolution bY diluting the suspension of the reaction products in distilled water,
that promotes zeolite crystallizatidh4 Further theoretical ultrasonicating them, and depositing a drop onto Cu grids coated with

. . . thin (5 nm thickness) holey carbon support film. To complement
e e . scaming seon iy (SE4, s 130 )

y. 1516 . . . . 9 X-ray diffraction (XRD, STOE Stadi-P), infrared (EQUINOX IFS 55

particlest>1®The theoretical basis of zeolite nucleation would

; ) ) ) BRUCKER), anc?®Si nuclear magnetic resonance (MSL 300 Bruker)
not be complete without the study of Nikolakis et €lwhich spectroscopy were used. The specific surface area of the samples was

specifically addressed the nucleation in gel systems. In this analyzed by Nadsorption measurements (Micromeritics ASAP 2010)
contribution, the nucleation is treated as an interfacial phenom- performed after outgassing the samples at 30Gor 24 h.
enon taking place at the boundary of the amorphous solid gel  The elemental analyses of the solids were performed on an X-ray
and the surrounding solution. This investigation has shown that fluorescence spectrometer MagiX (Philips). Prior to the analysis, the
the gel pore structure plays an important role in zeolite powdery sample was melted with,Bi,O; at 1300°C. The resultant
nucleation by controlling the interfacial area between the gel glass bead was analyzed under vacuum with a rhodium anticathode
and the solution. In the present study, we provide HRTEM (2.4 kW). The mother liquor separated by filtration was further subjected
evidence for the effect of the gel structure on nucleation and © high-speed centrifugatiog ¢ 100000) fo 4 h (BECKMAN, Avanti
localization of the initial zeolite A nuclei in a classical gel 2301 decanted, and analyzed by atomic absorption spectroscopy
. . . (Varian Techtron AAG).

system free of an organic structure directing agent.

A number of studies addressing the mechanism of zeolite Results and Discussion
formation have been based on zeolite A yielding syst&hi&.
Such systems are particularly convenient for studying zeolite ~TEM Investigation. The aliquots taken from the initial
formation because of the relatively simple composition and rapid system at different time intervals were analyzed by mutually
kinetics. In the present investigation, a very reactive gel system complementing techniques, such as XRD, NMR, and IR
able to produce zeolite A at room temperature (RT) in less than SPectroscopy, nitrogen adsorption, SEM, and TEM. Among
3 days was employed. This approach allowed us to study thethem, HRTEM was used as the primary tool for direct
zeolite formation with minimum invasive postsynthesis treat- Observation of the events at nanometer scale. The TEM study

ments and to track down the entire sequence of crystallization Showed that the mixing of the initial reactants resulted in the

events. Although artifacts due to the sample preparation cannotformation of an open network of large (568000 nm)
be excluded, this approach provides reasonable protection ofnonuniform gel particles built up of globules with a diameter

labile species during sample preparation.

Experimental Section

The composition of the gel-yielding zeolite A at room temperature
was as follows: 12.0N®:0.55Ab05:1.0SiQ:150H,0. The reactants
used for the preparation of the gel were sodium hydroxide pellets (97%,
Aldrich), sodium aluminate (54.3% ADs, 44.5% NaO, Riedel-de
Haé&), sodium silicate solution (14% NaOH, 27% $Si®luka), and
distilled water. The initial mixture was stirred for 1.5 h and transferred
in a polypropylene bottle. The sealed bottle was stored in an oil bath
(T =25+ 1°C). Small aliquots of the mixture were taken at different
periods of time. Prior to taking aliquots, the sample was shaken in
order to disperse settled particles. The solid and liquid parts of the
samples were separated by using agdrifilter (Bioblock). The solid
was washed with distilled water and dried at room temperature.

ranging between 20 and 50 nm (Figure 1A). The sample taken
after tre 6 h RTsynthesis possessed a similar gel structure.
However, the individual globules were larger in size and more
densely packed, which probably is due to coalescence of several
adjoining gel-like globules. Some of the globules developed
inclusions of lower density which appear as bright spots in the
interior of the gel-like globules (Figure 1B). Such inclusions
have already been observed in a gel-yielding zeolite X (FAU-
type) under ambient conditiod&On the basis of EDS analysis,
electron diffraction, and contrast differences, these areas in the
gel phase were interpreted as voids trapped in the amorphous
gel mass and filled with highly hydrated or most likely liquid
phase. The voids initiate the development of negative crystals,
which is a term employed to describe faceted cavities inside

A reference sample was synthesized from the same gel compositionsolid materials or crystals filled with mother medium, which

at 95°C for 6 h. The solid was washed with distilled water and dried
overnight at 8C0°C.

The structural evolution of the gel species was tracked down with
high-resolution transmission electron microscopy (HRTEM), in a FEI-
Philips CM300 microscope in low-dose mode operating at 300 kV

(13) Subotic, B.Zeolite SynthesjsACS Symposium Series 398: American
Chemical Society: Washington, DC, 1989; pp +123.

(14) Subotic, B.; Graovac, AStud. Surf. Sci. Catall985 24, 199-206.

(15) Thompson, R. WZeolites1992 12, 837—840.

(16) Gontier, S.; Gora, L.; Gay, |.; Thompson, R. WZeolites1993 13, 414~
418.

(17) Nikolakis, V.; Vlachos, D. G.; Tsapatsis, NMicroporous Mesoporous
Mater. 1998 21, 337—346.

(18) Bosnar, S.; Subotic, Bdicroporous Mesoporous Mate2004 28, 483~
493

(19) Bosnar, S.; Antonic, T.; Bronic, J.; Subotic, Bicroporous Mesoporous
Mater. 2004 76, 157-165.

(20) Grizzetti, R.; Artioli, G.; Bosnar, S.; Subotic, Blicroporous Mesoporous
Mater. 2002 54, 105-112.

(21) Gora, L.; Streltzky, K.; Thompson, R. W.; Phillies, G. DZ&olites1997,
18, 119-131.

(22) Thompson, R. W.; Dyer, AZeolites1985 5, 302-308.
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may be in the form of solution or g&42°In the case of zeolite

X, such inclusions were observed immediately after mixing of
the reactants, whereas in the present investigation, several hours
aging at RT were needed to observe these structures. The
difference in the kinetics of formation of the voids in both gels
could most likely be attributed to the difference in the
compositions of the two systems. The gel-yielding zeolite A
was more concentrated and richer in alkali, which, without a
doubt, plays an important role in the polymerization of alumi-
nosilicate precursors. Despite the differences in the kinetics of
formation, the fact that both gels contained analogous structures
suggests similarities in the processes of the two systems. The
possible role of these structures in the course of gel reorganiza-

(23) Valtchev, V. P.; Bozhilov, K. NJ. Phys. Chem. R004 108 15587
15598.

(24) Mokievskii, V. A. Crystal Morphology Nedra, Leningrad 1983.

(25) Wagner, R. SJ. Cryst. Growth1968 3—4, 159-161.
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. : 2 SRR
Figure 1. TEM micrographs showing the evolution of the structure of the solid precursor during the initial stages of gel transformation: after mixing of the
reactants fo0 h (A), 6 h (B), and 21 h (C, D). As an inset in (D), a SAED pattern obtained from the same solid is shown. The reflections pointed by arrows
correspond to th¢80Q planes of the LTA-type structure witthspacing of 3.0 A. The row of reflections not marked are from{t@@2 family of planes
of metastablax-Al(OH)3 particles withd spacing of 4.4 A, present in the first 21 h of synthesis.

tion was discussed in the study devoted to zeolite X formation suggests a periodicity and order typical of crystalline-type
without, however, convincing proofs to be provided. The aim materials. This suggestion is supported by the detection of LTA-
of the present study was to elucidate the role of the negative type material in the solid. Indeed, the selected area electron
crystals in the evolution of zeolite-yielding gels. diffraction (SAED) pattern from the 21 h aged sample contained
As can be seen in Figure 1, the number of voids has material withd spacings of 3.0 A that corresponds to {{890

progressively increased with synthesis timeeT®hh aged gel reflection from nuclei with the LTA-type structure (Figure 1D,
contained mostly roundly shaped-3 nm voids (Figure 1B) inset). HRTEM imaging did not bring information about the
and only a few bigger ones. After 21 h synthesis, the size of exact location of the zeolite nuclei, which most probably was
the bright-spot areas reached up to—20 nm (Figure 1C). due to the fact that they are extremely unstable and collapse
Besides the number, a significant evolution in the size and under the high intensity electron beam necessary for HRTEM
morphology of negative crystals was observed. The curved imaging or they did not produce detectable contrast in TEM
outlines and the diffuse interface between the dense gel andbecause they were fully embedded in the amorphous gel. Also
the liquid inclusions were substituted by straight faceted present in all experiments from the first 21 h of synthesis are
boundaries. Closer views of negative crystals observed after therelatively large (106-400 nm) crystalline particles of metastable

6 and 21 h RT syntheses are shown in Figure 2. The change ofbayerite {-Al(OH)3) (Figure 1D and Figure 3 in the Supporting
the shape from curved to faceted is a direct proof that some Information), which disappear completely during the later stages
reorganization has taken place at the denselgglid inclusion of growth. The fact that the aluminum hydroxides have been
interface. In other words, the straight outline of the interface identified only by TEM and electron diffraction strongly

J. AM. CHEM. SOC. = VOL. 127, NO. 46, 2005 16173
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Figure 3. TEM micrographs of the product synthesized for 44 h showing a gel particle with faceted appearance (A). Zeolite A crystal formed at the
interface of a cavity (B). As insets in (B), magnified view of the crystals and the lattice spacings resolved by HRTEM (left) and the corresponding FFT
pattern revealing the 12 A periodicity (right) are shown.

suggests that their total volume is relatively small, probably less corresponding tal = 12.1 A was detected, which suggested
than 3% since they have not been detected by XRD or NMR. that the amount of crystalline phase was close to the detection
Further, the HRTEM showed that after 44 h RT crystallization limit (3—4 wt %) of the XRD technique. However, this amount
the structure of the aggregates has changed in respect to thseems to be insufficient to record the structure-sensitive band
shorter durations. Large globular aggregates with open structure(550 cnt?) of LTA-type material in the IR spectrum of the
were replaced by smaller gel particles with more angular and sample. This band can be clearly seen in the spectrum of the
faceted appearance (Figure 3A). It should be noted that during52 h sample, which can be considered the beginning of the
this stage the number of negative crystals decreased drasticallycrystallization period when the mass transformation of the
The disappearance of the larger aggregates and other changesmorphous precursor into crystalline LTA-type material took
in the gel structure are related, without doubt, to the dissolution place. Similar results were obtained43gi MAS NMR analysis,
and recrystallization of amorphous precursors. These processesvhere little changes in the spectra of the samples aged less than
have led to the formation of larger voids in the gel structure. In 52 h were observed, namely, a slow decrease of the full width
such a cavity, a 1815 nm crystallite has been visualized (inset at half-maximum (FWHM) of the peak at abotu89 ppm with
of Figure 3B). The lattice spacings resolved by HRTEM and the increase of the synthesis duration. Obviously, the NMR
the digital FFT of the lattice images correspond to spacing spectroscopy was not sensitive enough to describe the early
of 12 A, characteristic of the zeolite A structure. stages of gel chemistry, which has already been reported by
Complementary Studies.The first traces of crystalline LTA- Shi et al?® The data obtained from all utilized methods of
type material in the powder X-ray diffraction pattern were
observed in the 44 h experiment. Only the most intense peak(26) Shi, J.; Anderson, M. W.; Carr, S. \Chem. Mater1996 8, 369-375.
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Table 1. BET Specific Surface Area (Sget) of the Solids Obtained
under Ambient Conditions

time, h 0 21 29 44 52 73 240 26
Sger, Mgt 6.5 9.1 127 26.0 503 856 298 31

W
o

N
o

N
o

aReference sample was synthesized af@5or 6 h.

analysis, however, are in agreement that the major part of the
amorphous precursors was transformed into zeolite A between
52 and 73 h RT crystallization.

Surface and Chemical Analysis of Zeolite Intermediates.
The events observed by HRTEM cannot be understood com-
pletely without a detailed analysis of the chemical evolution of .
the system and changes in the gel structure. Nitrogen adsorption o 0 20 3 4 s e 70 8
measurements were used to study the latter since zeolite A in Run duration (h)
its sodium form does not adsorb the Molecule, and thus the Figure 4. Average concentrations of sodium, aluminum, and silicon in
measured specific surface ar&€agf) corresponds to the external  the solid as a function of the synthesis time obtained by EDS analysis.
surface of the particles. The results are summarized in Table 1,Error bars repre;ent one standard deviation of the analyses from the average.
where it can be seen that tBget increases progressively with For each experiment between 14 and 16, analyses were performed.
synthesis time. During the first stage of the induction period inhomogeneous and local concentrations differed substantially
(up to 29 h), substantial changes in the size and macromorpho-from the global analysis (Figure 4). After some fluctuations
logical features of the gel aggregates were not observed.during the induction period, the silicon and aluminum tended
Therefore, the increase of the specific surface area was mainlyto reach a ratio typical of zeolite A (ca. Si/AF 1). More
contributed to the short-range gel organization. This processsurprising was the behavior of the structure-directing cation
was obviously a function of the chemical reaction taking place (Na*), whose content in the solid was extremely low at the
in the gel and the exchange between the solid and liquid partsbeginning of the induction period and slowly increased with
of the system. Mesopore volume also showed an increase fromthe evolution of the system (Figure 4). Although the sodium
0.18 to 0.53 crigtin the time interval 6-29 h, which was amount cannot be evaluated precisely by the EDS technique
obviously due to the formation of gel cavities. After this period, due to electron beam induced cation diffusion, the numerous
the mesopore volume decreased, which was attributed to theanalyses performed on each sample confirmed the trend. The
gel dissolution and formation of cavities too large to be studied examination of the results of the global and local analyses of
by N, adsorption. During the second stage of the induction the gel revealed the following: (i) during the polymerization
period (29-52 h), the increase in the specific surface area is of the aluminosilicate species, sodium was driven out of the
related to the decrease of the size of gel aggregates andgel; and (ii) at the beginning of the induction period, sodium
formation of nanocrystallites. The mass transformation of the was concentrated at the interface or in the close environment
gel into crystalline nanosized material (523 h) decreased of the gel particles. The results of the EDS analysis coupled

Concentration (at. %)
S o

(&)

further the gel particle size and resulted BT = 85.6 n? with the TEM observations suggest that sodium penetrates
gL The prolongation of the synthesis time to 240 h had an progressively in the solid matrix, breaking the gel structure and
opposite effect, that is, a substantial decreasesgf was reorganizing the aluminosilicate species. Indication that forma-

recorded. During this period, the system entered the period oftion of the negative crystals is directly related to sodium
Ostwald ripening, when the crystals continued to grow at the concentration is the fact that such structures were not observed
expense of smaller and less stable crystals. After 3 days RTin gel particles transformed into zeolite under the structure-
crystallization, the main population was 16800 nm particles direction effect of TMA catior®. It is difficult to imagine the
built of smaller crystals, whereas after 10 days, larger particles reorganization induced by sodium without dissolution of the
with size up to 700 nm were observed. It is worth mentioning solid and transport via the solution. Hence, the increase of the
also that the aggregated crystals dominated the 3 days productsodium content in the solid part of the system is directly related
while the solid obtained after 10 days contained, namely, to the structural transformation of the gel network observed by
individual crystals. The specific surface area of the 240 h sample TEM. This complex process leads to local supersaturations, that
was much smaller, suggesting a larger crystal size (Table 1),is, to the conditions necessary for zeolite nucleation. It is worth
which was confirmed by the SEM observation (Figure 4A in recalling that the open highly hydrated structure of the gel allows
the Supporting Information). The crystals, however, are still in sodium to penetrate in the volume of the amorphous patrticles,
the nanometer range (36000 nm) and are much smaller than and its structure-directing effect is not limited only to the surface
those of the reference sample-{8um) synthesized from the in contact with the liquid part of the system. Consequently, the
same initial system at 9% for 6 h (Figure 4B in the Supporting  chemical and structural evolution of the amorphous precursors
Information). spreads over the entire volume of the gel particles. Visual proofs
Solid and liquid parts of the aliquots taken at different time for this evolution are the negative crystals observed in the gel,
intervals were subjected to chemical analysis. The trends werewhich increase in number and size with the increase of
in good agreement, showing that the content of framework crystallization time. The formation of negative crystals is an
cations (Si and Al) increased in the solid and decreased in theimportant stage in the reaction process of the system, during
solution with crystallization time. An opposite trend was which the reorganization of the gel structure leads to densifi-
observed in the behavior of sodium. The EDS analysis in the cation and, as a consequence, formation of liquid inclusions.
TEM at nanometer scale made obvious that the gel was highly As was pointed out above, the boundaries of a major part of

J. AM. CHEM. SOC. = VOL. 127, NO. 46, 2005 16175
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A

10 nm

Figure 5. HRTEM images of an individual crystal (A) and an aggregate of intimately intergrown zeolite A crystals (B) observed in the 67 h product. The
white lines show the orientation of equivalent lattice fringes for two different crystals in a region where the two crystals partially overlagk ®ha la
pronounced contact plane and rational orientation between adjacent crystals exclude the possibility for the presence of contact or penstration twi

the liquid inclusions became straight and faceted with the Conclusion
increase of synthesis duration. We consider these areas of a

specific structural order as the protozeolite nuclei, which under
favorable conditions develop into crystals. Two main factors,
namely, chemistry and topology, determine whether any specific
nucleus will become viable or disappear in the course of the
crystallization. In other words, the supply of precursor material
and the geometrical environment control this process.

The nucleation events observed during the formation of Na-A
and TMA-A were somewhat different, which suggests differ-

In summary, the room temperature synthesis approach al-
lowed us to study the transformation of the amorphous zeolite
A precursors with minimum invasive postsynthesis treatments.
Although artifacts cannot be excluded completely, the gentle
conditions and precautions taken during sample preparations
make the TEM data as well as the complementary investigations
reliable. Thus, the structure of the gel phase and its reorganiza-
tion in the course of zeolite formation were followed with
) e . minimum alterations. Direct evidence obtained by high-resolu-
ences in the structure-directing action of Na and TMA. AS yjo electron microscopy revealed the events preceding the

known, the size of hydrated Na ,Ca_t'on gnd TMA'is ;lmllar; zeolite A crystallization from an organic-template-free system.
however, the electronic characteristics differ substantially and | 4 process of nuclei formation includes the following main

thus their specific interactions with the aluminosilicate species. g ents: (i) formation of dense sodium-poor gel particles; (i)
The amorphous precursor was progressively changed upon theyq, penetration of sodium in the gel coupled with formation
effect of TMA and reached crystalline organization without ¢ jiquid inclusions (negative crystals) with oval shape and
visible long-range changes in the geThis process certainly  gitfuse and irregular borders; (iii) evolution of the liquid
includes changing of the SO—AI bond angles, local dissolu-  jncjysions, that is, the boundaries became straight and faceted

tion, and short-range transport. In contrast, the effect of Na on it the increase of synthesis duration; (iv) fusion of negative
the gel network was much more pronounced, led to the above-¢ytals and formation of larger cavities where the solid/liquid

described visible changes in the gel structure and eventually tOjnterface was situated the first zeolite A crystallite; (v) mass
the formation of zeolite protonuclei at the solid géfuid transformation of the precursor gel into zeolite crystals, provid-
inclusion interface. ing individual crystals and complex aggregates. Thus, a direct
The studied crystallization process can be described by therelationship between the chemical evolution of the gel, its
autocatalytic nucleation model, according to which the nuclei structure, and the appearance of the first zeolite A nuclei has
are liberated from the gel and continue their growth in the liquid been discerned. It should be underlined that the formation of
part of the system. Such a model suggests that each nucleusiegative crystals is an important stage of the gel reorganization,
should produce one crystal. Indeed, the 67 h product, when somewhich led to formation of protozeolite nuclei at the setithuid
amorphous material was still present, contained well shapedinterface of these structures. These findings, in particular, the
zeolite A crystals (Figure 5A). On the other hand, a substantial nucleation events, are an experimental confirmation of the
part of zeolite forms aggregates of randomly intergrown theoretical study by Nikolakis et aé,which predicted that the
crystallites (Figure 5B). Such type of intergrowth reveals a gel microstructure plays an important role in zeolite nucleation.
crystallization starting from different crystallization centers,
which is typical of the transformation of a gel particle containing ~ Acknowledgment. V.P.V. acknowledges the financial support
several viable nuclei. On the basis of this observation, a by the Procope and DFG-CNRS bilateral programs.
cohabitation of two crystallization mechanisms, growth from
solution and progressive transformation of the gel phase, might Supporting Information Available: XRD patterns of the
be anticipated. samples synthesized for 44 h (A), 73 h (B), and 240 h {&;
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MAS NMR spectra of the samples synthesized for 21 h (A), days (A) and at 95C for 6 h (B). This material is available
44 h (B), and 73 h (C); TEM micrograph (B) and indexed SAED free of charge via the Internet at http://pubs.acs.org.
pattern taken along the [101] axis (A) of bayerite crystals; SEM

micrographs of the zeolite A crystals synthesized at RT for 10 JA0546267
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