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Epitaxial FAU zeolite films were achieved on micrometer-
sized EMT support crystals using a two-step synthetic pro-
cedure, in which EMT support crystals with hexagonal-plate-
let morphology, were added to a synthesis gel for the crystal-
lization of an FAU phase. Identification of the appropriate
synthesis parameters made it possible to suppress homogen-
eous nucleation and initial breeding, and to promote the sec-
ondary nucleation of the FAU crystallites on the surface of
the EMT support crystals. The presence of both an FAU and
an EMT phase was verified with powder X-ray diffraction
(XRD). Scanning electron microscopy (SEM) was used to con-
firm the formation of a layer of FAU crystallites on the EMT
support crystals. The growth of the FAU phase was found to

start at the corners and edges of the EMT support. An FAU
crystallization front progressed from the edges towards the
center of the hexagon until the EMT support crystals became
completely covered by an FAU zeolite film with a thickness
of ca. 300 nm. The compositional difference between the
EMT support and the FAU film was investigated with 2°Si
magic angle spinning (MAS) nuclear magnetic resonance
(NMR) spectroscopy, X-ray photoelectron spectroscopy (XPS)
and energy-dispersive analysis of X-rays (nano-EDAX). The
continuous nature of the film was confirmed by the absence
of intracrystalline mesopores, which was evidenced by nitro-
gen physisorption.

Introduction

The phase-pure zeolite samples used in a diversity of in-
dustrial applications are exceptions in the field of zeolite
crystallization. Indeed, the majority of zeolite crystalliza-
tion conditions used result in the formation of physical mix-
tures of zeolite phases and intergrowth materials. A pure
zeolite phase is obtained only when the synthesis para-
meters are finely tuned. An overview of the different types
of intergrowths relevant to zeolites, building on the classi-
fication proposed by Rao and Thomas,!!! is provided in Fig-
ure 1. Basically, there are two types of intergrowths. Poly-
typism can be pictured as a regular stacking, without mis-
match of bonds, of different structurally uniform domains
in each individual zeolite crystal. Epitaxy involves the ori-
ented overgrowth of a zeolite crystal with a compositionally
or structurally different zeolite phase. These epitaxial in-
tergrowths, also called overgrowths, can be isotactic. This
means that every atom of the interface belongs to both
flanking structures constituting that interface.

Polytypical intergrowths of FAU/EMT,!>3 ERI/OFF,>]
MFI/MEL,[> MAZ/MOR.®? and the ABC 6-membered
ring structures!'%!" have been described in literature. In
these layered materials, the individual domains are all ex-
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ternally accessible. Epitaxial intergrowths are the preferred
type of intergrowths for obtaining a controlled microscopic
separation, as well as the organization of catalytic, molecu-
lar sieving and/or adsorptive functions. Only a few ex-
amples of epitaxy have been given in literature so far. Wise
et al.l'>13] observed an OFF/LEV overgrowth. De Vos Bur-
chart et al.l'" reported the structural overgrowth of zeolite
X onto zeolite A crystals. This was realized by a one-step
synthesis in which the gel composition giving rise to zeolite
A gradually changed to favor the crystallization of zeolite
X. An analogous overgrowth of zeolite P on zeolite A was
discussed by Breck!!) in terms of partial conversion of zeol-
ite A into zeolite P. In the proposed molecular model for
the oriented growth of zeolite X onto zeolite A, the binding
efficiency, defined as the percentage of tetrahedrally coord-
inated T-atoms, is only 67%,'¥ thus classifying this over-
growth amongst the nonisotactic systems.

It is common practice to add seed crystals of the desired
zeolite phase to a synthesis batch to ensure product purity
and/or to increase the rate of crystallization. The presence
of seeds can result in a more rapid crystal growth on the
surface of the seed crystals or can provoke secondary nucle-
ation. Several mechanisms of secondary nucleation are
known, such as micro-attrition, fluid shear, needle breeding
and initial breeding, all resulting in the formation of a new
population of crystals which eventually remain attached to
the surface of the seed crystals.'® In this work, we investig-
ated the possibility of synthesizing epitaxial intergrowths of
FAU-on-EMT by a two-step synthetic procedure, similar to
seeding, in which a zeolite layer is grown over support crys-
tals by a conventional crystallization method. Structural
overgrowths of zeolite X onto zeolite A, and vice-versa,
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Figure 1. Zeolites and their intergrowths

were previously obtained by using this technique.'¥! Com-
positional overgrowths of ZSM-5 and silicalite were also
prepared using such a two-step synthesis.['” 1]

Two structure types with the mnemonic codes FAU and
EMT belong to the family of faujasite type zeolites. The
FAU and EMT zeolite topologies are structurally related.
These zeolite frameworks can be constructed by linking
hexagonal prisms into so-called faujasite sheets. Three dif-
ferent relative positions (a, b, and c¢) exist for these sheets,
allowing linkage in the third crystallographic direction. Cu-
bic stacking of faujasite sheets (abc) generates the FAU to-
pology, whereas the hexagonal sequence (ab) gives rise to
the EMT structure. Changes in the stacking sequence from
abc to ab in one crystal produce an FAU/EMT polytypical
material. A number of aluminosilicate zeolites have already
been identified as polytypical intergrowths of FAU and
EMT, ranging from intimately intergrown FAU and EMT
layers to segregated FAU and EMT blocks.*! In previous
work, an epitaxial FAU-on-EMT overgrowth material con-
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sisting of micrometer-sized hexagonal-platelet EMT sup-
port crystals coated with a continuous layer of FAU crystal-
lites was achieved. This was done by introducing the syn-
thesized EMT crystals into a hydrogel for the crystallization
of a FAU phase.?”l High-resolution transmission electron
microscopy (HRTEM) in combination with selected-area
electron diffraction (SAED) revealed the epitaxial relation
between the EMT support crystals and the FAU crystallites.
The epitaxial relations were: {0001} pvrsupport /7
{1 11 }FAUlayer and [] 12O]EMTsupporl I [1 1O]FAUlayeP Further-
more, HREM images of the interface suggested that the
overgrowth was isotactic.

The purpose of the present study was to explore the syn-
thesis conditions for the systematic overgrowth of EMT
support crystals with an epitaxial and continuous film of
FAU crystallites. The synthesis parameters investigated in-
cluded the molar composition of the synthesis gel, the
amount of support crystals added, the pretreatment of the
support crystals, the aging and the crystallization time. The
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products obtained were identified using X-ray diffraction
(XRD) and scanning electron microscopy (SEM). Informa-
tion about the silicon and aluminum incorporation in the
overgrowth materials was obtained from 2°Si magic angle
spinning (MAS) nuclear magnetic resonance (NMR). The
possible presence of compositional heterogeneity in the
overgrowing FAU crystallites was investigated using X-ray
photoelectron spectroscopy (XPS) and electron nanoprobe
analysis of X-rays (nano-EDAX). The crown-ether incorp-
oration was monitored with thermogravimetric-differential
thermal analysis (TG-DTA). The continuity of the micro-
pores was verified using nitrogen physisorption.

Results and Discussion

Synthesis of Epitaxial FAU-on-EMT Overgrowth Materials

FAU-on-EMT overgrowth materials were synthesized in
two steps. For each experiment, fresh EMT support crystals
were prepared using the conventional recipe.*!! According
to XRD (Figure 2, a), the EMT support crystals were of
excellent crystallinity. The micropore volume of the calcined
EMT samples was 0.31 mL/g, confirming the high crystal-
linity.?'! SEM pictures (Figure 3, a) show the typical hexa-
gonal-platelet morphology. The diagonal dimension of the
hexagonal prisms was between 2 and 3 pum, whereas the
height varied from 0.5 to 1 pm. The different EMT samples
used as supports were not phase-pure, but contained up to
30 wt-% of the FAU structure type. The FAU impurity was
detected by XRD as explained in the FAU/EMT quantifica-
tion section (vide infra). In the SEM pictures, some isolated
octahedras were detected next to the abundant hexagonal
prisms assigned to the EMT phase. These octahedrally
shaped crystals are typical for FAU zeolites. However, their
number was too small relative to the amount of FAU estim-
ated by XRD. Most likely, part of the FAU impurity was
present as a polytypical intergrowth with EMT. The pres-
ence of ca. 10 wt-% of polytypical FAU in EMT samples is
not unusual and was also found by other workers.[*>?1
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Figure 2. Powder X-ray diffraction patterns of calcined (a) EMT
support crystals, (b) sample FauEmt-1a and (c) sample FauEmt-3a
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Figure 3. SEM pictures of (a) EMT support crystals, (b, ¢) sample
FauEmt-1a, and (d) sample FauEmt-3a

In the second step, the EMT support crystals were added
to a synthesis gel for the crystallization of a FAU phase,
which optionally contained crown-ether molecules. Differ-
ent experiments were conducted in order to explore the in-
fluence of the molar composition of the synthesis gel, the
amount of EMT support crystals added, the pretreatment
of the support crystals, the aging and the crystallization
time (Table 1). The products obtained were characterized
using powder X-ray diffraction (XRD) and scanning elec-
tron microscopy (SEM) (Table 1). The sample notation re-
fers to the crystallographic nature of both phases (Fau for
cubic and Emt for hexagonal faujasite). The Arabic number
following the hyphen refers to a specific synthesis gel com-
position, whereas the final letter points to a specific set of
synthesis parameters.

Influence of the Molar Composition of the FAU Synthesis
Gel

In the first set of experiments (No. 1—5, Table 1), an
amount of the synthesized EMT support crystals, typically
0.20 g per g of gel, was added to a freshly prepared FAU
synthesis gel which optionally contained crown-ether mole-
cules. The mixtures of gel and support crystals were imme-
diately heated to the crystallization temperature of 373 K.
Crystallization took 3 d.

In the literature, several aluminosilicate hydrogel com-
positions and inorganic bases have been proposed to pro-
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Table 1. Molar composition of the FAU synthesis gel, the crystallization conditions and nature of the product obtained

No. Sample 10 SiO»; 1 Al,Os; x Na,O; y 15-crown-5; g support/g gel Support tosk + ta373x Product(®!
z 18-crown-6; 135 H,O pretreatment [h]
X y z Na,O/Si0, OH7/SiO, wet  calcined

1 FauEmt-la  3.75 0.00 0.00 0.375 0.75 0.20 0.08 none 0+ 72 FAU-on-EMT

2 FauEmt-2a 3.75 0.00 0.97 0.375 0.75 0.21 0.08 none 0+ 72 FAU-on-EMT

3 FauEmt-3a 240 097 0.00 0.240 0.48 0.21 0.09 none 0+ 72 EMT + amorphous
4 FauEmt4a 3.75 0.97 0.00 0.375 0.75 0.20 0.09 none 0+ 72 FAU-on-EMT

5  FauEmt-5a 340 097 0.00 0.340 0.48 0.21 0.08 none 0+ 72 FAU-on-EMT

6  FauEmt-1b 3.75 0.00 0.00 0.375 0.75 0.41 0.17 none 0+ 72 FAU-on-EMT

7  FauEmt-lc 375 0.00 0.00 0.375 0.75 0.59 0.25 none 0+ 72 FAU-on-EMT

8  FauEmt-1d 3.75 0.00 0.00 0.375 0.75 0.10 0.04 none 0+ 72 FAU-on-EMT + FAU
9  FauEmt-2b 3.75 0.00 0.97 0.375 0.75 0.40 0.16 none 0+ 72 FAU-on-EMT

10  FauEmt-2¢ 3.75 0.00 0.97 0.375 0.75 0.59 0.24 none 0+ 72 FAU-on-EMT

11 FauEmt-2d 3.75 0.00 0.97 0.375 0.75 0.20 0.07 washing 0+ 72 FAU-on-EMT + FAU
12 FauEmt-2e 3.75 0.00 0.97 0.375 0.75 N.D.l 0.07  washing, drying 0+ 72 FAU-on-EMT + FAU

and calcining

13 FauEmt-2f 3.75 0.00 0.97 0.375 0.75 0.40 0.15 none 0+4 EMT + amorphous
14  FauEmt-2g 3.75 0.00 0.97 0.375 0.75 0.40 0.15 none 0+ 8 EMT + amorphous
15  FauEmt-2h 3.75 0.00 0.97 0.375 0.75 0.40 0.15 none 0+ 12 EMT + amorphous
16 FauEmt-2i 3.75 0.00 0.97 0.375 0.75 0.40 0.15 none 0+ 16 EMT + amorphous
17 FauEmt-2j 3.75 0.00 0.97 0.375 0.75 0.40 0.15 none 0+ 20 FAU-on-EMT + amorphous
18  FauEmt-2k 3.75 0.00 0.97 0.375 0.75 0.40 0.15 none 0+ 24 FAU-on-EMT

19  FauEmt-21 3.75 0.00 0.97 0.375 0.75 0.40 0.15 none 0+ 48 FAU-on-EMT

20 FauEmt-2m 3.75 0.00 0.97 0.375 0.75 0.40 0.15 none 0+ 72 FAU-on-EMT

21 FauEmt-2n 3.75 0.00 0.97 0.375 0.75 0.40 0.15 none 0+ 96 FAU-on-EMT

22 FauEmt-20 3.75 0.00 0.97 0.375 0.75 0.40 0.15 none 0+ 120 FAU-on-EMT

23 FauEmt-3b 240 097 0.00 0.240 0.48 0.21 0.09 none 0+ 144 EMT + amorphous
24 FauEmt-3¢ 240 097 0.00 0.240 0.48 0.24 0.09 none 3+72 FAU-on-EMT + FAU

[l 1,95 = aging time; t373x = crystallization time. — P According to XRD and SEM. — [l N.D. = not determined.

duce FAU phases under hydrothermal conditions.['] It is
recognized that the alkalinity of the hydrogel, expressed as
the OH7/SiO, ratio, is a crucial parameter. Low alkalinities
substantially decrease the nucleation, as well as the crystal-
lization rate, yielding poorly crystalline FAU materials. A
very alkaline inorganic gel with a Na,O/SiO, ratio of 0.375
was used in experiment No. 1 (sample FauEmt-1a, Table 1).
According to XRD (Figure 2, b), the product contained a
considerable amount of FAU, as well as EMT. Since the
diffraction lines of the cubic FAU phase coincide with the
lines of the hexagonal EMT phase, the detection of FAU
was based on the relative intensities of lines belonging to
the hexagonal phase alone and of common reflections of
the cubic and the hexagonal phase. SEM pictures (Fig-
ure 3, b) revealed that a layer consisting of small crystals,
some of which had an octahedral shape, covered all faces
of the hexagonal platelets. This morphology indicates that
the FAU zeolite has nucleated and grown on all faces of
the original hexagonal-platelet EMT support crystals, thus
yielding a polycrystalline film. As the support crystals were
no longer visible, the FAU film was considered to be con-
tinuous. The morphology of the overgrowth material fur-
ther suggests that all FAU crystallites are oriented with one
of their {111} planes parallel to the {0001} planes of the
EMT support, classifying this FAU-on-EMT overgrowth
material as an epitaxial intergrowth. Besides the EMT sup-
port crystals being coated with an oriented layer of FAU
crystallites, a small number of roughly spherical particles
with irregular surfaces were also observed (Figure 3, c).
This particular EMT support originally contained 19 wt-%
of FAU, part of it being present as isolated FAU crystals
with octahedral morphology. Octahedral particles were no
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longer present in the overgrowth sample, indicating that the
octahedral FAU crystals also became overgrown by a layer
of FAU crystallites, resulting in these roughly spherical par-
ticles. The absence of octahedral crystals also indicated that
homogeneous nucleation and initial breeding, both yielding
an undesirable population of isolated FAU crystals, were
suppressed.

The EMT-type zeolite can be synthesized from aluminos-
ilicate hydrogels doped with 18-crown-6 ether and charac-
terized by an Na,O/SiO, ratio of 0.24.231 An FAU phase
can be obtained from a similar gel provided the sodium
content is increased.?!l Inoculation of an 18-crown-6 ether
containing FAU synthesis gel characterized by a high
Na,O/SiO, ratio of 0.375 with EMT support crystals
(sample FauEmt-2a, Table 1), resulted in the formation of
an epitaxial FAU-on-EMT overgrowth material.?!

According to the original synthesis recipe of Delprato et
al.,’?31 the FAU structure type can crystallize from an alumi-
nosilicate hydrogel containing 15-crown-5-ether, with an
Na,O/Si0, ratio of 0.24. The XRD pattern of the crystal-
lization product obtained from such a gel inoculated with
the synthesized EMT support crystals (sample FauEmt-3a,
Table 1) is characterized by the presence of a broad
amorphous background with maximum intensity around a
20 value of 25° (Figure 2, c). The sharp diffraction lines
correspond to those of the EMT support crystals added.
SEM pictures (Figure 3, d) show intact support crystals em-
bedded in an amorphous gel matrix. It is concluded that
the overgrowth process did not take place in this system.
An attempt was made to favor the overgrowth formation
by increasing the Na,O/SiO, ratio of the FAU synthesis gel
from 0.24 to 0.375 (sample FauEmt-4a, Table 1). The crys-
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tallization of FAU during the second step of the synthetic
procedure was confirmed by XRD and SEM. Morpholo-
gically, sample FauEmt-4a was similar to sample FauEmt-
la and consisted of hexagonal-platelet EMT support crys-
tals coated with a continuous layer of FAU crystallites.
However, by increasing the amount of NaOH in the gel,
both the sodium content, as well as the alkalinity were in-
creased. In order to find out whether overgrowth formation
was dependent on the sodium content or on the alkalinity,
another experiment (No. 5) was performed in which the
Na* content was increased at a constant OH /SiO, ratio
(sample FauEmt-5a, Table 1). This was done by introducing
part of the sodium as sodium aluminate. The product crys-
tallized from such a gel was a FAU-on-EMT overgrowth
material, similar to sample FauEmt-4a. Therefore, it is con-
cluded that the sodium content of the gel, rather than the
alkalinity, is the crucial parameter.

From experiments No. 1 —5 (Table 1), it can be concluded
that the synthesized EMT support crystals can be over-
grown by a continuous, epitaxial layer of FAU crystallites
using sodium aluminosilicate hydrogels, which optionally
contained crown-ether molecules, provided the Na,O/SiO,
ratio of the gel is higher than or equal to 3.40. The crown-
ether seemed to have no influence on the overgrowth mor-
phology.

Influence of the Amount of Support Crystals Added

In the next set of experiments (No. 6—10, Table 1) differ-
ent amounts of EMT support crystals were added in order
to obtain samples with different degrees of overgrowth
formation. The weight ratio of gel to support crystals was
varied between 1.7:1 and 10:1, while keeping the other syn-
thesis parameters constant, i.e. no aging of the synthesis gel
and a crystallization time of 3 d.

The use of different amounts of support crystals allowed
us to observe discrete stages in the process of overgrowth
formation. Figure 4 (a—d) shows SEM pictures of samples
for which decreasing quantities of EMT support crystals
were used and illustrate the progress of the overgrowth
formation. These pictures suggest that the secondary nucle-
ation preference of the FAU phase decreases in the order,
corners = edges > faces. This preference for corners and
edges, representing the largest concentration of anchoring
points, is observed both in the presence (sample FauEmt-
2¢, Figure 4, a), as well as in the absence of 18-crown-6
ether molecules (sample FauEmt-1c). At intermediate gel/
support ratios, it can be seen that a rim of FAU crystallites
progresses towards the center of the hexagonal faces
(samples FauEmt-1b, Figure 4, b, and FauEmt-2b). When
the weight ratio of the synthesized support crystals per
gram of FAU synthesis gel is about 0.20, the EMT support
crystals become completely covered with FAU crystallites.
All of the FAU crystallites were oriented in the same way
with respect to the support (samples FauEmt-2a, Figure 4,
¢, and FauEmt-1a). Further reduction of the amount of
EMT support crystals (sample FauEmt-1d, Figure 4, d) re-
sulted in the formation of roughly spherical FAU(18) crys-
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tals with an irregular surface, in addition to completely
covering the hexagonal prisms. This indicates that, in this
instance, the surface offered by the EMT support crystals
is not large enough to suppress homogeneous nucleation
from the FAU synthesis gel.

Influence of the Pretreatment of the Support Crystals

Thompson and co-workers>#?3 reported that handling
seed crystals (washing, drying or calcining) prior to their

Figure 4. SEM pictures of samples (a) FauEmt-2c, (b) FauEmt-1b,
(c) FauEmt-2a, and (d) FauEmt-1d

addition to a synthesis gel always results in so-called initial
breeding, hence yielding a new population of isolated crys-
tals. The degree to which initial breeding occurs is depend-
ent on the manner in which the seed crystals are pretreated.
Since the two-step synthetic procedure, applied in this work,
to produce overgrowth materials is similar to seeding, pre-
treatment of the support crystals was expected to be detri-
mental for the process of overgrowth formation.

Two experiments (No. 11 and 12, Table 1) were con-
ducted in which the EMT support crystals were first washed
with deionized water until the pH value of the wash water
reached 9 (sample FauEmt-2d, Table 1) or washed, dried,
and calcined (sample FauEmt-2e, Table 1) before they were
added to an FAU gel containing sodium and 18-crown-6
ether. In both cases, there was partial overgrowth with FAU
crystallites (Figure 5, a—b). However, overgrowth forma-
tion was much less pronounced than in experiments without
pretreatment of the support but with the same gel/support
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ratio (sample FauEmt-2a, Figure4, c). An undesirable
population of isolated, roughly spherical FAU crystals with
diameters of 1 to 2 pum, exhibiting irregular surfaces was
also observed. This was most pronounced for sample
FauEmt-2¢ (Figure 5, b). The initial breeding mechanism,
favored by the drying and calcination, could have been re-
sponsible for the formation of these isolated FAU crystals.

Figure 5. SEM pictures of samples (a) FauEmt-2d and (b)
FauEmt-2e

Influence of the Aging and Crystallization Time

In all previous experiments the crystallization time was
kept constant at 3 d. This length of time was long enough
to obtain overgrowth materials from hydrogels with an
Na,O/Si0, ratio of 0.34 or 0.375. On the other hand, no
crystallization took place from hydrogels with a reduced so-
dium content. Therefore, a new set of experiments (No.
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13—24, Table 1) was conducted in order to investigate the
influence of the aging and the crystallization time on the
overgrowth process.

Ten overgrowth experiments (No. 13—22, Table 1), in
which the synthesized EMT support crystals were added to
an FAU synthesis gel containing sodium and 18-crown-6
ether, were performed using crystallization times from
4—120 h (samples FauEmt-2f to FauEmt-20, Table 1). In
the first 16 h of crystallization (samples FauEmt-2f to
FauEmt-2i, Table 1), no FAU phase could be observed with
XRD (Figure 6, a; sample FauEmt-2i). SEM pictures (Fig-
ure 7, a) show EMT support crystals embedded in an
amorphous gel matrix. After 20 h of crystallization (sample
FauEmt-2j, Table 1), some EMT support crystals were dec-
orated at their edges with small FAU crystallites. A residual
amorphous phase was also observed (Figure 7, b). Four
hours later (sample FauEmt-2k, Table 1), the amorphous
material was no longer present and all EMT support crys-
tals were partially coated with small FAU crystallites (Fig-
ure 6, b and Figure 7, ¢). The use of longer crystallization
times did not alter the morphology of the overgrowth prod-
uct. In this series of experiments (No. 13—22, Table 1), it
was clearly shown that the growth of the FAU phase starts
at the corners and edges of the hexagonal-platelet EMT
support crystals. An FAU crystallization front progresses
subsequently from the edges towards the center of the hexa-
gon. The same sequence was encountered in the set of ex-
periments in which the amount of support crystals added
was varied, while the crystallization time was kept constant
(No. 6—10, Figure 4, a—d).

b

1 n 1 n 1 n L 1 L 1

5 10 15 20 25 30 35 40 45 S50 55
20

Figure 6. Powder X-ray diffraction patterns of calcined samples (a)
FauEmt-2i and (b) FauEmt-2k

In order to evaluate whether a longer crystallization time
would be necessary for overgrowth formation in the systems
of the present study with a low sodium content, the crystal-
lization time of experiment FauEmt-3a (Table 1) was pro-
longed from 3 to 6 d (sample FauEmt-3b, Table 1). This did
not result in the transformation of the amorphous synthesis
gel into a crystalline product, thereby indicating that crys-
tallization of an FAU phase in the presence of support crys-
tals is not possible from freshly prepared synthesis gels
characterized by an Na,O/SiO, ratio of 0.24.

Aging the low alkaline FAU synthesis gel containing 15-
crown-5 ether for 3 d at room temperature before the EMT
support crystals were added to it (sample FauEmt-3c,

Eur. J. Inorg. Chem. 2001, 1167—1181
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Figure 7. SEM pictures of samples (a) FauEmt-2i, (b) FauEmt-2j,
(¢) FauEmt-2k, and (d) FauEmt-3¢

Table 1), resulted in the formation of an epitaxial FAU-on-
EMT overgrowth material. However, the EMT support
crystals were not completely covered by FAU crystallites,
and a new population of isolated FAU crystals with octa-
hedral morphology was also obtained (Figure 7, d). In this
case, the hydrogel was supersaturated, giving rise to homo-
geneous nucleation of an FAU phase along with secondary
nucleation of FAU crystallites on the surface of the EMT
support crystals.

FAU/EMT Quantification

The amount of FAU and EMT in the FAU-on-EMT
overgrowth materials was estimated with XRD by using a
calibration curve. For this purpose, two calcined overgrowth
samples were quantified using the Rietveld refinement tech-
nique.? These reference samples, FauEmt-2a and FauEmt-
2¢, contained 80 and 51 wt-% of the FAU phase, respect-
ively (Table 2). Most of the FAU-on-EMT overgrowth mat-
erials obtained in this study have FAU contents in this
range. The reference zeolite powders were physically mixed
in five different proportions and the XRD patterns of these
mixtures were recorded. The peak intensities of four se-
lected diffraction lines belonging to the EMT phase alone
(Table 3) and of five common reflections of the FAU and
the EMT phase (Table 3), were obtained by integration and
summation. The EMT content (in wt-%) was correlated to
the intensity ratio of these sums (/gp1/IemT+FAU)- The ex-
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perimental data points were fitted with the parabolic rela-

tion given in Equation (1).

EMT (wt-%) = 68 X (Iemt/Iemr+Fav)® +
108 X Igmr/Iemr+Fau + 1

O

The FAU and EMT contents of some selected over-
growth samples and of the EMT support crystals were de-
rived from XRD using Equation (1), and reported as abso-
lute weights in Table 2. It is clear from this table that the
weight of EMT in the overgrowth product was systematic-
ally lower than the weight of the EMT phase in the support
crystals added. This suggests that part of the EMT phase
dissolved during the overgrowth process. The dissolution
behavior of the EMT crystals was therefore studied in
more detail.

Dissolution of the Support Crystals

It is known that in strong mineral bases, siliceous frame-
works are more soluble than aluminosilicate frameworks.
The reason for this is the more facile base-catalyzed hydro-
lysis of silyloxy bridges, whereas the tetrahedral aluminum
centers in an aluminosilicate lattice are relatively inert to
hydroxide attack due to the negative framework charge as-
sociated with these centers.?” 2]

In order to obtain some information about the dissolu-
tion behavior of the EMT support crystals in basic environ-
ments, such as in the gels used for the formation of FAU-
on-EMT overgrowth materials, two experiments were con-
ducted. In the first experiment (EMT-A), a FAU synthesis
gel containing sodium and 18-crown-6 ether was aged for 3
d at room temperature. The solid phase was separated from
the liquid phase by ultra-centrifugation at 17 000 rpm for
2h. A mass of 5g of the synthesized EMT crystals was
added to 25 mL of this liquid. This particular batch of
EMT crystals did not contain any FAU, according to XRD.
In the EMT-B experiment, 5 g of the same EMT crystals
was suspended in 25 mL of a 2.5 M NaOH solution. The
resulting slurries were transferred into PTFE-lined stain-
less-steel autoclaves, which were kept at 373 K for 3 d. The
products were recovered by vacuum filtration, washed with
deionized water and dried at 333 K. Calcination was done
in a muffle furnace at 823 K for 20 h.

By comparing the weight of the product with that of the
EMT crystals added (on a calcined basis), it was found that
52 and 68 wt-% of EMT had dissolved in experiments A
and B, respectively. The XRD pattern of EMT-A (Figure 8,
a) corresponded to that of EMT. The diffraction lines be-
longing to the EMT structure type were somewhat less in-
tense than in the original EMT sample (Figure 2, a). In
sample EMT-B, XRD confirmed the formation of zeolite
P, as well as residual EMT (Figure 8, b). The formation
of zeolite P is often observed in Ostwald successive phase
transformations of faujasite type zeolites which are left in
their mother liquor for some time.[3%-31]

The EMT-A and EMT-B samples were examined using
SEM (Figure 9, a—b) and HRTEM (Figure 10, a—c). All
EMT-A crystals showed dissolution to a similar extent. The
dissolution caused the formation of pits over the entire sur-
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Table 2. FAU/EMT quantification

Sample Support Product EMT FAU Support Gel Yield FAU layer  Support dissolved
EMT FAUR EMT FAU dissolved dissolved® dissolved [g] [g/g gel] [g/g gel]
el gl (] [g] (] (] (%0)
FauEmt-la 1.93 0.45 1.47 4.20 0.46 0.11 24 28.81 0.13 0.02
FauEmt-2a 1.99 0.44 1.08[¢1  4.33[ 0.91 0.20 46 29.15 0.14 0.04
FauEmt-4ab  2.73 0.00 1.45 4.61 1.28 0.00 47 3291 0.14 0.04
FauEmt-1b 3.58 0.84 2.83 4.43 0.75 0.18 21 30.82 0.12 0.03
FauEmt-1c 4.66 1.09 4.28 3.50 0.38 0.09 8 23.23 0.11 0.02
FauEmt-2b 3.27 0.72 2.25 3.66 1.02 0.22 31 24.84 0.13 0.05
FauEmt-2c 4.41 0.97 3.11kl 3,230 1.30 0.29 29 22.41 0.11 0.07
FauEmt-2k 3.50 1.23 3.25 4.68 0.25 0.09 7 32.14 0.11 0.01
FauEmt-21 2.81 0.99 2.58 3.71 0.23 0.08 8 25.80 0.11 0.01
FauEmt-2m  2.70 0.95 2.51 3.61 0.19 0.07 7 24.82 0.11 0.01
FauEmt-2n 2.73 0.96 2.41 3.62 0.32 0.11 12 25.09 0.11 0.02
FauEmt-20 2.71 0.95 2.19 3.73 0.52 0.18 19 24.82 0.12 0.03

[al FAU impurit%f]content of the EMT support samples. — [} Assuming that the FAU impurity dissolved in the same proportion as the

EMT phase. — ') According to Rietveld refinement.

Table 3. Diffraction angles of the XRD lines used to estimate the
amount of FAU and EMT in the FAU-on-EMT overgrowth
samples

20 [°] Phase 20 [°] Phase 20 [°] Phase
10.1 FAU+EMT 156 FAU+EMT 257 FAU+EMT
11.0 EMT 17.2 EMT 28.7 EMT
11.9 FAU+EMT 222 EMT 29.5 FAU+EMT

a
b
1 n 1 n 1 n 1 n 1 i 1 L 1

5 10 15 20 25 30 35 40 45 50 55
20

Figure 8. Powder X-ray diffraction patterns of calcined samples (a)
EMT-A and (b) EMT-B

face of the crystals (Figure 9, a, and Figure 10, a). The
higher degree of dissolution of sample EMT-B relative to
that of EMT-A was seen in the SEM and HRTEM pictures
(Figure 9, b, and Figure 10, b—c). Many EMT-B crystals
had decomposed into smaller fragments. Some particles re-
tained their initial hexagonal-platelet morphology and were
more strongly dissolved at the center than at the outer rim.
The larger particles with smooth surfaces, which could be
observed in sample EMT-B with the SEM (Figure 10, b),
are most likely zeolite P crystals. It is known from the liter-
ature that the Si and Al positioning in the EMT crystals
synthesized with 18-crown-6 ether is not uniform.[*?l The
12-MRs circumscribing the hyperchannels running in the
direction perpendicular to the hexagonal faces are more sili-
ceous (Si/Al ratio of 5.7) than the 12-MRs delineating the
channels running parallel to the hexagonal faces and con-
necting the hypocages with the hyperchannels. This could
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explain why the dissolution was more pronounced in the
direction of the hyperchannels and why the outer rim, ex-
posing more Al-rich 12-MRs, is more resistant to dissolu-
tion by the base.

The Si/Al ratios of the partially dissolved EMT crystals
of samples EMT-A and EMT-B, as determined with nano-
EDAX, varied between 2.2 and 1.3, depending on the de-
gree of dissolution. These low values indicate that EMT
samples recovered after base-treatment are significantly en-
riched with aluminum, confirming the selective removal of
SiO, in the alkaline solutions. Phase-pure EMT crystals
with such low Si/Al ratios have not been reported previ-
ously. The low Si/Al ratios imply that silicon has been sub-
stituted by aluminum in the residual EMT framework. Re-
insertion of aluminum into faujasite type zeolites is possible
provided a concentrated solution of a strong base is pre-
sent,3!

The parent EMT sample, and the EMT-A and EMT-B
samples were characterized with nitrogen physisorption.
The external surface area, the micropore volume and the
micropore diameter calculated from the adsorption branch
of the isotherms are given in Table 4. All isotherms are of
type I revealing the presence of a microporous solid. The
micropore volumes of EMT-A and EMT-B were 0.26 and
0.14 mL/g (Table 4), respectively. In both samples, there was
very little nitrogen uptake in the P/Py range of 0.1 to 0.8,
indicating the absence of capillary condensation in small
mesopores. The nitrogen uptake at P/P, values exceeding
0.8 is indicative of the presence of large mesopores, typically
present in the interstitial voids between particles. The gen-
eration of 28 and 37 m?/g of external surface area in EMT-
A and EMT-B, respectively, compared with 4 m?/g in the
original EMT sample, can be explained by an increase of
the surface roughness (sample EMT-A) and a decrease in
the particle size (sample EMT-B). It is concluded that the
dissolution process did not generate mesopores in the crys-
tals, suggesting that the dissolution occurred through the
removal of framework fragments in a block-wise manner.
The micropore diameter determined using the
Horvath—Kawazoe approach increased from 0.64 to
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Figure 9. SEM pictures of samples (a) EMT-A and (b) EMT-B

0.65 nm for sample EMT-A. Such an increase is in agree-
ment with the enrichment of the framework with alumi-
num.

Characterization of Both the FAU and the EMT Phase

In the previous section, it was shown how EMT crystals
partially dissolve in the alkaline conditions of synthesis gels.
In the two-step synthetic procedure for overgrowth forma-
tion, the material balance suggested that a significant part
of the EMT crystals dissolved (Table 2). In this section, the
FAU-on-EMT overgrowth materials were characterized in
more detail in order to find out the extent to which the
EMT support crystals were altered during the overgrowth
process.

FAU-on-EMT overgrowth samples synthesized with
three types of FAU gels and with different degrees of over-

Eur. J. Inorg. Chem. 2001, 1167—1181

Figure 10. HRTEM pictures of samples (a) EMT-A and (b, ¢)
EMT-B

growth formation were characterized using nitrogen physi-
sorption (Table 5). The adsorption isotherms of the FAU-
on-EMT overgrowth materials were similar to those of the
EMT support crystals. The absence of nitrogen uptake in
the P/P, range of 0.1 to 0.8 was indicative of the absence of
mesopores inside the particles, and thus for the continuous
nature of the FAU film. The micropore volume of all
samples was between 0.29 and 0.32 mL/g (Table 5), as is
expected for FAU and EMT phases of high quality.*!! The
high micropore volume also indicated that the micropores
of both the FAU layer, as well as the EMT support were
accessible to nitrogen. For all overgrowth samples investig-
ated, the specific external surface area was below 10 m?*/g
(Table 5), this value being only a little higher than the spe-
cific external surface area of the support crystals (4 m?/g).
The external surface area increased proportionally with the
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Table 4. External surface area, micropore volume and micropore diameter of calcined EMT samples, before and after base-treatment, as

determined from their N, adsorption isotherms

Sample External surface area Micropore volume Micropore diameter
[m?/g] [mL/g] [nm]
EMT 4 0.31 0.64
EMT-A 28 0.26 0.65
EMT-B 37 0.14 —fa]

[a] Determination not reliable.

Table 5. External surface area, micropore volume and micropore diameter of selected overgrowth samples (calcined), as determined from

their N, adsorption isotherms

Sample FAU External surface area Micropore volume Micropore diameter

(Wt-%) [m?/g] [mL/g] [nm]
FauEmt-1la 74 9 0.29 0.67
FauEmt-2a 80 8 0.30 0.68
FauEmt-4a 76 9 0.29 0.65
FauEmt-1b 61 7 0.29 0.66
FauEmt-1c 45 5 0.30 0.65
FauEmt-2b 51 4 0.32 0.65
FauEmt-2¢ 62 7 0.31 0.67

FAU content of the overgrowth samples (Table 5). There-
fore, the specific external surface area could be attributed
to the FAU crystallites exposing more external surface area
than the EMT support crystals, owing to their smaller size.
The micropore diameters derived from the nitrogen adsorp-
tion isotherms using the Horvath—Kawazoe approach were
in the range of 0.65 to 0.68 nm, and in agreement with the
presence of 12-MRs. The micropore diameters showed a
systematic increase with increasing FAU content (Table 5).
Nitrogen physisorption showed that the EMT core of the
FAU-on-EMT overgrowth materials was rather intact. Fur-
thermore, it showed that the significant alterations, ob-
served in the base-treated EMT-A and EMT-B samples, did
not take place in the EMT crystals, which were overgrown
by a layer of FAU crystallites. It seems that of all the EMT
support crystals added, a fraction became overgrown,
whereas the rest dissolved completely. The absence of par-
ticles resembling the partially dissolved EMT-A and EMT-
B samples in the SEM images of all FAU-on-EMT over-
growth materials supports this hypothesis.

The distribution of Si(rnAl) environments in the EMT
support crystals and in some selected FAU-on-EMT over-
growth samples was determined with 2°Si MAS NMR. The
2981 MAS NMR spectrum of the EMT support crystals is
shown in Figure 11, a. This spectrum can be simulated by
five Gaussian peaks with the maxima positioned at chem-
ical shift values of & = —105.80, assigned to Si(0Al); at 6 =
—101.21 and —99.69, both assigned to Si(1Al); at & =
—94.06, assigned to Si(2Al); and at & = —89.13, assigned
to Si(3Al). A signal for Si(4Al) environments expected at
d = —84 could not be distinguished from the background.
From this simulation, the framework Si/Al ratio of the sup-
port crystals was calculated to be 3.4. The 2°Si MAS NMR
spectra of FAU-on-EMT overgrowth samples with FAU
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content between 74 and 80 wt-%, and prepared using three
types of FAU synthesis gels (samples FauEmt-1a, FauEmt-
2a, and FauEmt-4a) are shown in Figure 11 (b—d). The
spectra were simulated with Gaussian curves, as explained
for the support crystals. An additional small line at § =
—84, representing Si(4Al) environments, was present. The
Si(nAl) distributions and the framework Si/Al ratios of the
support crystals and the overgrowth samples are presented
in Table 6. The Si(nAl) distributions are similar amongst
the selected overgrowth materials, but significantly different
from that of the support crystals. The population of silicon
in the Si(0Al) and Si(1Al) sites is lower, and that in the
Si(2Al) and Si(3Al) sites is higher than in the support
(Table 6). The framework Si/Al ratio of the overgrowth
sample prepared from an inorganic aluminosilicate hydrogel
was 2.7 (sample FauEmt-la, Table 6). In the presence of
crown-ether molecules, a slightly higher Si/Al ratio of 2.9
was obtained (samples FauEmt-2a and FauEmt-4a,
Table 6).

In another series of samples, the degree of overgrowth
formation was varied between 51 and 80 wt-% by decreas-
ing the amount of support crystals added to an FAU syn-
thesis gel containing sodium and 18-crown-6 ether (samples
FauEmt-2c to FauEmt-2a). The Si(nAl) distributions of
these overgrowth samples are also given in Table 6. It was
observed that when the FAU content increased, the concen-
tration of Si(4Al), Si(3Al), and Si(2Al) environments in-
creased, whereas the population of silicon in the Si(1Al)
and the Si(0Al) sites decreased. This resulted in a decreas-
ing framework Si/Al ratio with increasing FAU content
from 3.1 for an FAU content of 51 wt-% to 2.9 for an FAU
content of 80 wt-% (Table 6). The increase in the micropore
diameter with increasing FAU content of the FAU-on-EMT
overgrowth materials (Table 5) can be explained by the en-
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Figure 11. 2Si MAS NMR spectra of: (a) calcined EMT support

crystals, and calcined overgrowth samples (b) FauEmt-la, (c)
FauEmt-2a, and (d) FauEmt-4a
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represent the weight fractions of support and FAU layer in
the FAU-on-EMT overgrowth products, respectively.

Si/AlFAUIayer = [Si/Alovergrowth - Si/Alsupporl X
fractiongyppori/fractionpauiayer

@

The Si/Alpauiayer ratios of samples prepared using differ-
ent FAU gel compositions (samples FauEmt-1a, FauEmt-
2a and FauEmt-4a) are listed in Table 6. The FAU layer
grown in the presence of crown-ether molecules was charac-
terized by a Si/Al ratio of 2.7 (samples FauEmt-2a and
FauEmt-4a). This value is in good agreement with the Si/
Al ratio of FAU crystallized homogeneously from such gels
in the absence of support crystals.?!! In the absence of
crown-ether molecules, a value of 2.3 was obtained (sample
FauEmt-1a). This Si/Al ratio is in the expected range for
NaY zeolites synthesized from such inorganic gels. The
series of samples with different degree of overgrowth forma-
tion (samples FauEmt-2¢ to FauEmt-2a, Table 6) displayed
Si/AlgauUiayer ratios from 2.5 for FAU crystallites growing
only at the corners and edges of the support crystals
(sample FauEmt-2c), to 2.7 for a continuous film of FAU
crystallites (sample FauEmt-2a).

In the sample FauEmt-2a, the EMT support crystals
were completely covered by FAU crystallites. Therefore, the
Si/Al ratio of the FAU layer could also be determined by
X-ray photoelectron spectroscopy. The Si/Al ratio accord-

Table 6. Framework Si/Al ratios and percentage distribution of the different Si(nAl) environments as determined by 2°Si MAS NMR spec-

troscopy

Sample FAU Si(4Al) Si(3Al) Si(2Al) Si(1Al) Si(0Al) Si/Al

(Wt-%) overgrowth FAU layer

Support 0—-19 0 5 25 52 18 3.4 -
FauEmt-la 74 2 9 34 43 12 2.7 2.4
FauEmt-2a 80 1 9 32 44 14 2.9 2.7
FauEmt-4a 76 1 8 31 47 13 2.9 2.7
FauEmt-2b 62 1 7 31 46 15 3.0 2.6
FauEmt-2¢ 51 0 7 28 49 16 3.1 2.5

richment of the sample with aluminum through the FAU
phase. Indeed, aluminum enrichment is known to give rise
to an expansion of the unit cell.

For the calculation of the Si/Al ratio of the FAU layer
based on the 2°Si MAS NMR spectroscopic data, the fol-
lowing assumptions were made. It was assumed that a num-
ber of EMT support crystals added did not become covered
with FAU crystallites, but dissolved completely. Further-
more, it was assumed that there was neither dissolution, nor
alteration of the Si/Al ratio of the EMT support crystals,
which became overgrown by FAU crystallites. An additional
complication in the calculation was the presence of FAU in
the EMT support. Part of the FAU impurity was present as
a polytypical intergrowth with EMT, the rest as isolated
crystals with octahedral shapes. It was assumed that the
FAU impurity had the same Si/Al ratio as the EMT phase,
and that it dissolved or became overgrown in the same pro-
portion as the EMT support crystals. These assumptions
led to the expression of Equation (2) for the Si/Al ratio of
the FAU layer, in which fractiongppore and fractionpauiayer
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ing to XPS, and representative of the external surface of the
FAU crystallites was 2.8. The agreement with the NMR
spectroscopic data which showed a Si/Al ratio of 2.7 was
excellent. This provides a strong argument for the validity
of the assumptions made in the exploitation of the NMR
spectroscopic data with Equation (2), in general, and of the
assumed intactness of the EMT support crystals, in particu-
lar. According to XPS, the Na/Al stoichiometry was close
to unity (Na/Al = 0.97), confirming that the charges origin-
ating from the incorporation of Al atoms in the framework
were balanced by Na cations.

It was possible to determine the Si/Al ratio of individual
FAU crystallites of sample FauEmt-2a by using electron
nanoprobe analysis (nano-EDAX). It was found that the
FAU crystallites grown at the corners and edges of the
EMT support crystals had a Si/Al ratio of 2.5, whereas the
FAU crystallites grown in the center of the basal {0001} gyt
planes had an Si/Al ratio of 2.8. There were many more
crystallites at faces than at corners and edges, thus ex-
plaining why the overall Si/Al ratio of the FAU layer, deter-
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mined by NMR spectroscopy and XPS, corresponded to
that on the {0001}g\t planes. The FAU crystallites start
growing at the corners and edges of the EMT support crys-
tals and hence the first FAU crystallites formed are richer
in aluminum than the crystallites formed at a later stage. In
a sample in which overgrowth formation was limited to the
corners and edges of the support by increasing the amount
of support crystals added, the Si/Al ratio was indeed 2.5
(sample FauEmt-2c, Table 6). The increase in the Si/Al ratio
of the FAU crystallites during the overgrowth process may
be explained by the decrease in the pH during the crystal-
lization of the faujasite type zeolite in the presence of crown
ethers.”* Depletion of aluminum in the synthesis gel might
be another reason for this behavior.

The EMT support crystals were prepared in the presence
of 18-crown-6 ether, whereas the synthesis gel for the FAU
layer optionally contained crown-ether molecules. The in-
corporation of crown-ether molecules in the support crys-
tals and some selected overgrowth materials was studied
with thermogravimetric-differential thermal analysis (TG-
DTA). Typical TGA/DTA profiles of the EMT support
crystals and a representative FAU-on-EMT overgrowth
material, recorded under He/O, are given in Figure 12. The
weight-losses observed during heating can be attributed to
the endothermic desorption of water, followed by a mul-
tiple-step exothermic decomposition of crown-ether molec-
ules.** On the basis of this last weight-loss, the crown-ether
content of the support crystals, as well as of some selected
overgrowth materials were calculated and expressed as the
number of crown-ether molecules per 192 T-atoms, repres-
enting 8 large cages in both the FAU and the EMT struc-
ture (Table 7). The number of crown-ether molecules in the
EMT support crystals corresponded to approximately 9.5
molecules per 8 cages (Table 7). The presence of an excess
of crown-ether molecules relative to the number of cages is
in agreement with previous data.?!! Assuming that the
crown-ether content of the support crystals did not change
during the overgrowth process, the amount of crown-ether
molecules per 192 T-atoms in the FAU layer (CEpauiayer)
could be related to the crown-ether content of the over-
growth (CEgvergrowtn) according to Equation (3).

[CEovergrowth - CEsupport X
fractiongyppord/fractionpayiayer

CEFAUlayer =

(©)

These numbers are given in Table 7. The FAU crystallites
synthesized in the presence of crown-ether molecules
(samples FauEmt-2a to FauEmt-5a) contain approximately
one crown-ether molecule per cage, or eight per 192 T-
atoms. Even without intentional addition of crown-ether
molecules to the FAU synthesis gel, the FAU layer occluded
some crown-ether molecules (samples FauEmt-la to
FauEmt-1c, Table 7). Comparison of the amount of crown-
ether molecules in the inorganic FAU layer with the amount
liberated by partial dissolution of the EMT support crystals
showed that the dissolution process alone could not ac-
count for all crown-ether molecules incorporated in the
FAU layer. Additional crown-ether molecules could be pro-
vided by the mother liquor surrounding the support crys-
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Figure 12. TGA/DTA profiles recorded under He/O, of (a) EMT
support crystals and (b) sample FauEmt-2a; the oblique nature of
the largest heat flow peak and the concomitant bump in the TG
curve are due to the higher temperatures caused by the exothermic
crown-ether decomposition4

Table 7. Crown-ether content of the support crystals, some FAU-
on-EMT overgrowth materials and the FAU layer, as determined
with TG-DTA

Sample CE/192 T-atoms
support overgrowth FAU layer
FauEmt-2a 10.0 8.6 8.2
FauEmt-2b 10.0 8.9 7.9
FauEmt-2¢ 10.0 9.1 7.9
FauEmt-4a 9.1 8.3121—9 9Pl 8.0121—10.2["1
FauEmt-5a 9.5 9.1[l—10.9(b! 8.9lal—11 4[b]
FauEmt-1la 9.8 4.9 2.6
FauEmt-1b 9.8 6.5 34
FauEmt-1c 9.8 7.9 3.8

[l Assuming 18-crown-6 is exclusively present. — [®! Assuming 15-
crown-5 is exclusively present.

tals, or as molecules that are physisorbed on the external
surface of the support crystals. These phenomena were
more pronounced when more support crystals were used,
thus resulting in an enhanced incorporation of crown-ether
molecules in the FAU layer (Table 7).

Overgrowth Synthesis Efficiency

In this section, two aspects of synthesis efficiency are dis-
cussed, namely the FAU yield with respect to the gel and
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the EMT losses due to partial dissolution of the support
crystals. Comparison of the weight of EMT in the over-
growth product with the weight of EMT support crystals
added, showed that part of the EMT phase dissolved
(Table 2). In the calculations in the previous section, it was
assumed that the FAU impurity phase of the EMT support
crystals dissolved in the same proportion as the EMT
phase. This assumption led to reasonable interpretations of
the FAU and EMT contents of the FAU-on-EMT over-
growth materials and of the framework Si/Al ratios of the
respective phases.

The assumed weights of FAU impurities dissolved during
the overgrowth process are given in Table 2. The FAU yield
with respect to the gel was obtained by subtracting the
weight of the FAU impurity phase which did not dissolve
from the weight of FAU in the final product, and dividing
this value by the weight of synthesis gel (Table 2). In the
experiments with three different FAU gel compositions
(samples FauEmt-la, FauEmt-2a and FauEmt-4a), the
amount of FAU crystallites formed per gram of gel was
about the same. Approximately 0.14 g (calcined amount) of
the FAU structure type crystallized per gram of synthesis
gel (Table 2). This value corresponds to a yield of ca. 55 wt-
%, in terms of silicon, whereas the yield in terms of alumi-
num is approximately 100 wt-%, thus suggesting that the
maximal possible conversion of the FAU gel was achieved.
However, comparison of the EMT yield in the overgrowth
product with the weight of EMT support crystals added
(Table 2), showed that 24—47% of the support crystals did
dissolve. The dissolution was most pronounced in hydrogels
containing crown-ether with an OH7/SiO, ratio of 0.75
(samples FauEmt-2a and FauEmt-4a, Table 2). Dissolution
of a number of the support crystals enriched the synthesis
gel with silicon and aluminum. Assuming that the alumino-
silicate species generated through dissolution were con-
sumed during the growth of the FAU phase, the yields of
the FAU layer in terms of silicon and aluminum could be
recalculated as ca. 45 and 80 wt-%, respectively. Aluminum
remains the limiting factor with respect to the yields, as
generally encountered with Y type zeolites.

Variation of the crystallization time between 1 and 5 d
(samples FauEmt-2k to FauEmt-20) only had a small effect
on the amount of FAU formed per gram of FAU synthesis
gel. On the other hand, the amount of support crystals dis-
solved during the overgrowth process remained constant
until a crystallization time of 3 d, after which it increased
substantially (Table 2). This observation provides additional
evidence for the assumed intactness of the EMT core of the
FAU-on-EMT overgrowth materials obtained in the three-
day synthetic experiments. As long as there is gel and the
overgrowth process is taking place, the EMT support crys-
tals which are covered with FAU crystallites do not dissolve.
When the overgrowth process is terminated, the mother li-
quor becomes depleted and the most siliceous part of the
overgrowth, i.e. the EMT core, starts to dissolve. Synthesis
time is, therefore, a critical synthesis parameter. Prolonga-
tion of the crystallization time might be used for the pre-
paration of hollow particles with a shell composed of Al-
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rich FAU crystallites, by dissolving the Si-rich EMT core.
Hollow crystals are expected to have favorable mass- and
heat-transfer properties, and may be advantageous, for ex-
ample, in rapid-pressure-swing adsorptive separations.
Quantification of the FAU-on-EMT overgrowth mat-
erials obtained using different amounts of support crystals
(samples FauEmt-la to FauEmt-lc and FauEmt-2a to
FauEmt-2c) showed that the yield of FAU formed per gram
of FAU synthesis gel decreased with an increasing amount
of EMT crystals added, especially in presence of 18-crown-
6 ether molecules (Table 2). A possible explanation for this
decrease is that, although the percentage of dissolved sup-
port crystals diminishes when more support crystals are
used, the absolute amount of support crystals dissolved per
gram of FAU synthesis gel increases, thus perturbing the
original optimized FAU gel composition to a larger extent.

Conclusions

In this paper, the potential of the two-step synthetic pro-
cedure for synthesizing systematic FAU-on-EMT over-
growth materials has been investigated. Inoculation of a
FAU synthesis gel with a high sodium content (Na,O/
SiO, = 0.34 or 0.375) and which optionally contained
crown-ether molecules, with EMT support crystals, resulted
in the formation of a continuous film of FAU crystallites
on the original micrometer-sized hexagonal-platelet EMT
support crystals. The overgrowth was achieved at 373 K
within 1 d. On the other hand, no crystallization took place
from an FAU synthesis gel containing 15-crown-5 ether and
with a low sodium content (Na,O/SiO, = 0.24), unless this
gel was aged for 3 d at room temperature prior to the addi-
tion of EMT support crystals. However, in this case the
support crystals were not completely covered with FAU
crystallites and a new population of isolated FAU crystals
with octahedral morphology was obtained. Washing or
washing, drying and calcining the support crystals before
they were added to the FAU synthesis gel was detrimental
and resulted in the formation of an undesirable population
of isolated FAU crystals. Variation of the amount of sup-
port crystals added or the synthesis time showed that the
FAU crystallites preferentially nucleate and grow on the
corners and edges of the EMT support crystals. Only when
the amount of the synthesized EMT support crystals per
gram of synthesis gel is approximately 0.20 g, do the sup-
port crystals become completely coated with FAU crystal-
lites.

The FAU-on-EMT overgrowth materials obtained were
characterized in detail using a variety of physico-chemical
characterization techniques. Quantification of the over-
growth materials with XRD revealed that the yield of FAU
with respect to the gel was similar for the three types of gel
compositions used. After 3 d at 373 K, the overgrowth pro-
cess was complete and the supply of nutrients from the gel
exhausted. The yield of FAU layer in terms of the gel de-
creased with an increasing amount of support crystals ad-
ded. Of the EMT support crystals added, a fraction dis-
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solved completely, whereas the rest became overgrown. The
overgrown support crystals were not damaged and main-
tained their Si/Al ratio and their original micropore volume.

The dissolution behavior of the synthesized EMT crystals
in basic solutions was investigated. The dissolution was
found to cause the formation of pits over the entire surface.
Extensive dissolution resulted in the formation of particles,
which were more strongly dissolved at the center than at
the outer rim. The EMT crystals dissolved in a block-wise
manner and finally were decomposed into smaller frag-
ments with Si/Al ratios as low as 1.3. Such debris from
EMT dissolution were not observed in the overgrowth
formation experiments.

The Si/Al ratio of the FAU crystallites was found to be
dependent on the gel composition and on the position of
the crystallites with respect to the surface of the EMT sup-
port. The first crystallites formed, which were positioned at
the corners and edges of the EMT support crystals, were
richer in aluminum than the crystallites formed at a later
stage and present in the center of the basal {0001}gnT
planes. FAU-on-EMT overgrowth materials synthesized in
the presence of crown-ether molecules contain approxim-
ately one crown-ether per cage. Even in the absence of
crown-ether molecules during the second synthetic step, the
FAU phase occluded some crown-ether molecules, which
were introduced with the synthesized EMT support crys-
tals. This amount was more pronounced when more EMT
support crystals were added to the inorganic FAU synthesis
gel. Nitrogen physisorption measurements indicated that all
pores were accessible to nitrogen. The low external surface
areas of the FAU-on-EMT overgrowth materials were in
agreement with the absence of mesopores and a tight fitting
of the support and the overgrowing layer.

Experimental Section

Two-Step Synthesis: Hydrogels for the synthesis of FAU type zeol-
ites were obtained following the procedure described by Feijen et
al.,”!l and using Ludox HS-40 (DuPont), NaOH pellets (Merck),
gibbsite (Fluka), 15-crown-5 ether (1,4,7,10,13-pentaoxacyclopen-
tadecane, Acros) or 18-crown-6 ether (1,4,7,10,13,16-hexaoxacy-
clooctadecane, Acros) and distilled water. A given amount of the
synthesized EMT support crystals was added to these gels, which
were optionally aged for 3 d at room temperature. The resulting
mixtures were stirred for 15 min and subsequently transferred into
PTFE-lined stainless-steel autoclaves. These autoclaves were heated
to the crystallization temperature of 373 K under quiescent condi-
tions without aging. After the crystallization time had elapsed, the
solid products were recovered by vacuum filtration, washed with
deionised water until the pH value of the wash water was below 10
and dried at 333 K. Calcination was done in a muffle furnace at
823 K for 20 h. — EMT support crystals were prepared in a similar
way to the hydrogels with the following molar oxide ratios: 10 SiO,/
1 AlLO3/2.4 Na,0/0.97 18-crown-6/135 H,O. — These gels were
aged in PTFE-lined stainless-steel autoclaves for 3 d at room tem-
perature and subsequently heated to the crystallization temperature
of 373 K at autogenous pressure without stirring. After 11 d, the
autoclaves were cooled in water and a wet cake of the EMT support
crystals was recovered by vacuum filtration.
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Powder X-ray Diffraction (XRD): XRD patterns were collected
with an automated Siemens D-5000matic diffractometer using Cu-
K, radiation. XRD profiles were recorded in the range of 26 values
between 4 and 55°, with steps of 0.02° and counting times of 1.2 s.

Scanning Electron Microscopy (SEM): SEM pictures were taken
with a Jeol superprobe 733 and of a Philips XL30 FEG apparatus.
A gold film was sputtered onto the samples supported on alumina
disks prior to their observation.

High-Resolution Transmission Electron Microscopy (HRTEM):
HRTEM investigations were carried out with a 200-kV Philips
CM200 Ultra Twin apparatus with a point-to-point resolution of
0.19 nm. The zeolite powder was deposited onto a carbon support
and remained stable under the electron beam irradiation for at least
several minutes. Nano-EDAX (energy-dispersive analysis of X-
rays) was performed with the same apparatus equipped with a No-
ran EDX-detector having an ultra-thin window. The TEM was op-
erated in the nanoprobe-mode, which implies that the electron
beam diameter was reduced to 5 nm or even smaller.

NMR Spectroscopy: 2°Si magic angle spinning (MAS) NMR spec-
troscopy was performed with a Bruker MSL400 (9.4 T) spectro-
meter at 79.5 MHz, with a pulse length of 4 ps, a repetition time
of 5's, a spinning rate of 4 kHz and 11 000 scans. The 2°Si chemical
shifts were reported relative to Me,Si.

X-ray Photoelectron Spectroscopy (XPS): XPS was carried out with
a Perkin—Elmer PHI 5500 ESCA system using monochromatic Al-
K, radiation. The binding energies were referred to C(ls) =
286.4 eV. The evaluation of the surface composition was performed
using the intensities of the Na(ls), O(1s), Si(2p), and Al(2p) lines.

Nitrogen Physisorption: Nitrogen physisorption isotherms at 77 K
were recorded with an Omnisorp-100 analyzer from Coulter, oper-
ating in the continuous flow mode. Before recording the isotherms,
calcined samples were outgassed at 673 K under high vacuum (10~¢
kPa) for at least 12 h. Micropore volumes and specific external sur-
face areas were derived from the isotherms using the t-plot method
of Lippens and de Boer.?> The Horvath—Kawazoe method was
applied to determine the micropore diameter.

Thermogravimetric and Differential Thermal Analysis (TG-DTA):
TG-DT analyses were performed simultaneously with a Setaram
TGA92 thermobalance under oxygen/helium (25:75 vol-%) using
typically 30 mg of sample and a flow of 35 mL/min. The temper-
ature was increased at a rate of 5 K/min from room temperature
to 823 K.
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