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Abstract

Thermal analysis of the products resulted during crystallization of ETS-10 by using starting co gels with molar composition 5.0
Na2O–3.0 KF–TiO2–6.4 HCl–TAABr–7.45 SiO2–197.5 H2O, where tetralkylammonium (TAA) are tetramethyl (TMA), tetraethyl (TEA),
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etrapropyl (TPA) and tetrabutylammonium (TBA), was performed. The effect of TAA+ cations (ionic radius in hydrated forms, shapes
ydrophilic/hydrophobic character) on the crystallization of ETS-10 is evident from the induction time,ti (TMA+ � TEA+ < TPA+ < TBA+),

he rate of crystallization,R (TMA+ < TEA+ < TPA+ < TBA+), morphology and size of crystallites. Organic cations play a “pore filling”
ather than as a “structure-directing” agent. The relatively flexible molecules of the symmetric tetraalkylammonium cations mixed w
ations (Na+, K+) participate directly at prenucleation and nucleation steps by their interaction with the silicate and titanate in aqueous
ispersion.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Zeolites are microporous crystalline hydrated aluminosil-
cates, with a rigid three-dimensional atomic structure, con-
isting of a network of interconnected tunnels and cages
hich are built from [SiO4] and [AlO4] tetrahedra[1–2].
heir uniform molecular size pores give to zeolites the capac-

ty to separate mixtures of substances on the molecular level,
hich allows them to be termed molecular sieves. The main
pplications of zeolites in fields of commercial importance
re as sorbents, ion exchangers, shape-selective catalysts or
atalyst supports[3–7].

The structure and properties of the precise zeolite formed
re highly dependent on the physical and chemical nature of

he reactants used, their overall chemical composition, the

∗ Corresponding author. Tel.: +40 232 201384; fax: +40 232 201313.
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type of templating cation (inorganic or/and organic) and
particular synthesis conditions used (temperature, time
pH). Therefore, zeolite researchers have not only devel
novel structures and applications but also investigated
nucleation and crystal growth mechanism, ultimately ai
at their design for specific applications. Two theories h
been proposed to explain the nucleation and growth of
lite crystals[8]. In the solid–solid transformation mechani
(heterogeneous mechanism), crystallization of zeolite oc
directly by the reorganization of amorphous gel (hydroge
crystalline phase. In the solution crystallization mechan
(homogeneous mechanism) nuclei form and grow into c
tals by incorporation of soluble species[9]. The gel dissolve
continuously, and the dissolved species are transported
nuclei crystals in the solution. It was emphasized that nu
ation is closely related to the amorphous gel, wherea
crystal growth is related to solution by progressive inco
ration of soluble species[10]. In addition to zeolite formatio
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via these two transformations, there is evidence to indicate
that both transformations can sometimes occur simultane-
ously. In some cases, zeolites (A, L, MFI) can also be crys-
tallized in a single-solution system containing no secondary
solid gel phase[11]. From the single-phase solution studies,
it appears that nucleation and subsequent crystallization can
occur readily in the solution phase, leading to the possibility
that the presence of a solid gel phase acts to supply nutrients to
the solution only. The use of amines and quaternary ammo-
nium cations in zeolite synthesis, developed by Barrer and
Denny [12], has extended the number of zeolite structures
discovered. The template theory states that various cations
and amines can stabilize structural sub-units, thought to be
precursors of crystalline zeolite species[13]. The true mech-
anism of the templating effect is still unclear. However, it is
visualized that the zeolite structure grows around the cation
of amine (usually referred to as a template), thus stabilizing
certain pore structures[14].

The synthesis of ETS-10, a large pore titanosilicate molec-
ular sieve with an ideal composition (Na,K)2Si5TiO13, was
first reported by Kuznicki[15]. The highly disordered struc-
ture can be considered as an intergrowth of two end member
polymorphs (the chiral tetragonal polymorph A and the mon-
oclinic polymorph B)[16–19]. In this structure, chains of
[TiO6] octahedra are linked to two-folded chains of [SiO4]
tetrahedra. The pore structure consists of 12, 7, 5 and 3 rings
a hose
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3.0KF–TiO2–6.4HCl–TAABr–7.45SiO2–197.5H2O to inve-
stigate the role of the symmetric, partial flexible and
hydrophilic/hydrophobic tetralkylammonium cations with
different alkyl chain length on the evolution of crystallinity
and morphology of crystals. DTG/TG analyses were used to
obtain a quantitative distribution of TAA cations during the
crystallization between liquid, gel and crystalline ETS-10.

2. Experimental

The titanosilicate TAA-ETS-10 synthesis was carried
out according to the procedure described previously[35]
from starting gels with molar composition 5.0Na2O–3.0KF–
TiO2–6.4HCl–TAABr–7.45SiO2–197.5H2O. The reaction
mixtures were prepared by combining under stirring an
acidic aqueous solution obtained by dissolving KF (40 wt.%,
Panreac), TiCl4 (50 wt.%, Merck), HCl (37 wt.%, Riedel
de Häen) and distilled water with a basic aqueous solu-
tion obtained from sodium silicate solution (8 wt.% Na2O,
27 wt.% SiO2, 65 wt.% H2O, Merck), NaOH solution
(50 wt.%, Carlo Erba), an organic TAABr salt (Merck) and
distilled water. The amorphous silica–titania gels were trans-
ferred into a PTFE-lined Morey type stainless steel autoclaves
and heated at 190± 2◦C, under autogeneous pressure and
under static conditions for a given period of time. After
c the
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nd has a dimensional wide pore channel system, w
inimum diameter is defined by 12-membered rings a

ures (maximum aperture of 8̊A and micropore volume o
.145 cm3/g, respectively). ETS-10 has been synthes
nder hydrothermal conditions (temperatures from ca.

o 250◦C, synthesis time from 16 h to 30 days, pH of ini
el in the range 10–12), without any organic template, u
iCl3 [15–17,20–22], TiCl4 [23–25], TiF4 [22,26], TiO2-
natas[20,22], TiO2 nano-sized[22,27], Ti2(SO4)3 [28],
NH4)2TiF6 [22] as Ti sources and sodium silicate so
ion, fumed or colloidal silica as Si sources, in presenc
aOH, NaCl, KCl and KF. The crystallization field of ET
0 depends on the quantities of Na2O, K2O, TiO2 and SiO2

n initial gel, Ti precursors, pH of synthesis gel, etc. ETS
s easily contaminated with quartz, titanosilicate ETS-4 o
nidentified phase[22,25,29,30].

ETS-10 has also been synthesized in the presen
rganic template such as TMACl[31,32], pyrrolidine
EACl, TPABr, 1,2-diamino-ethane[32], choline chloride
nd bromide salt of hexaethyldiquat-5[33] and salts o

etralkylammonium and ethanolamine[34,35]. The effec
f temperature (170, 190 and 210◦C) on the crystalliza

ion of ETS-10 and TAA-ETS-10 from starting co g
ith molar composition 5.0Na2O–3.0KF–TiO2–6.4HCl–
AABr–7.45SiO2–197.5H2O, crystallization curves, indu
ion time (ti), crystallization rate (R), Avrami–Erofeev para
ters and apparent activation energy (Ea) were reporte
ecently[35,51].

In this study we synthesized ETS-10 sample by hydro
al method using gels of molar composition 5.0Na2O–
ertain pre-set times, autoclaves were withdrawn from
ven and quenched with cold water. The solid products
rated by centrifugation, washed with distilled water
ried at 100◦C overnight and the solid products obtain
y the evaporation of the corresponding liquid phases
ried at 100◦C overnight were characterized by X-ray po
er diffraction (Philips PW 1830 automated diffractome
u K� radiation), DTG/TG and DSC analyses (STA 429 N
sch instrument) and13C NMR spectra (Bruker MSL 40
pectrometer).

. Results and discussion

The XRD patterns of products synthesized without/w
AABr at 190± 2◦C for 72 h, shown inFig. 1are characte

stic to ETS-10[15,16,31], which belongs to two polymorp
ne being tetragonal and other monoclinic.

In order to investigate the role of TAA+ cations dur
ng ETS-10 crystallization, the crystallization kinetics w
tudied varying the synthesis time. The evolution of the c
allinity, calculated from XRD data are depicted inFig. 2.
he crystallinity of each sample was calculated by compa

he sum of intensity of three diffraction peaks at 2θ= 5.95◦,
0.12◦ and 24.68◦ with that of a final crystalline sample (wi

he strongest XRD intensity) after removing the amorph
hase by an ultrasound technique[36].

Crystallization curves exhibit a typical sigmoid shape
rocess involving two stages, one is induction stage ch

erized by induction time (ti) and the other is crystal grow
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Fig. 1. XRD patterns of as-synthesized ETS-10 (no organic) and TAA-ETS-
10 samples; 72 h, 190± 2◦C.

Fig. 2. Crystallization curves for ETS-10 (no organic) and TAA-
ETS-10 sample from the synthesis system of 5.0Na2O–3.0KF–TiO2–
6.4HCl–TAABr–7.45SiO2–197.5H2O at 190± 2◦C.

(slow and fast) characterized by rate of crystallization (R).
Induction time (ti) is an arbitrary point that corresponds to
the time, in hours, for the appearance of 4% crystallinity.
Rate of crystallization (R) expressed in % h−1 is computed
from the crystallization curves as the steepest slope as a func-
tion of time. The data ofti andR are listed inTable 1. The
induction time (ti) is slightly increased when TEA+, TPA+

Table 1
Induction time (ti, h) and crystallization rate (R, % h−1) for the TAA-ETS-10
and ETS-10 crystallization at 190± ◦C

Parameters Cations

No organic TMA+ TEA+ TPA+ TBA+

ti (h) 18.0 13.4 22.2 21.5 20.3
R (% h−1) 6.3 5.1 5.8 6.4 7.2

(5Na2O–3.0KF–TiO2–6.4HCl–TAABr–7.45SiO2–197.5H2O),
(5Na2O–3.0KF–TiO2–6.4HCl–7.45SiO2–197.5H2O).

and TBA+ cations were used as the organic additives and
is well decreased in the case of TMA+ compared with no-
organic ETS-10. The rate of nucleation during the zeolite
crystallization, supposing the heat-up time eliminated and
defined by the reciprocal of the induction time[37] varies
in order: TMA-ETS-10 > no-organic ETS-10 > TBA-ETS-
10 > TPA-ETS-10 > TEA-ETS-10. The rate of crystallization
(R) increases in the following order: TMA-ETS-10 < TEA-
ETS-10 < ETS-10 < TPA-ETS-10 < TBA-ETS-10.

The addition of a limited amount of TAABr salts in the
initial co gel silica–titania composition influences the crystal-
lization kinetics probably due to a modification of solubility
of reactive species that affects nucleation and growth of crys-
tals[38]. In aqueous solution, inorganic cations are known to
play an important role on the ordering of water molecules
[39,40]. The small cations (Na+, Li+, . . .) which interact
strongly with water molecules because of their high charge
density breaking the original hydrogen bonds and organiz-
ing the water molecules around them in a water cluster are
“structure-making” cations. The large cations (K+, NH4

+,
Rb+, . . .) which interact with water molecules and break
the original hydrogen bonds but the interaction is not strong
enough to form an organized water cluster are “structure-
breaking” cations. Presence of cations in liquid phase and
in synthesis co gel affects the distribution of anionic species
ranging from monomeric to oligomeric anions[38,41–43].

in
l that
f in
s hy-
d
T

F -10
( .
The TAA monovalent cations with different alkyl cha
ength easily deformable are at large cationic radii
orm no strong hydrogen bond to water molecules
olutions. They are larger than alkali metal ions in un
rated/hydrated form (Na+−0.95/3.58Å; K+−1.33/3.31Å;
MA+−2.79/3.67Å; TEA+−3.37/4.00Å; TPA+−3.79/

ig. 3. XRD patterns of Sqm-ETS-10 (no organic) and Sqm-TAA-ETS
TAA = TMA and TBA) solids from liquid phase of the synthesis system
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Fig. 4. DTG curves of Sqm-ETS-10 (no organic) and Sqm-TAA-ETS-10 solids (in comparison with pure TAABr salts); crystallization time, 0 (initial), 12, 24,
30 and 72 h at 190± 2◦C.

4.52Å; TBA+−4.13/4.94Å) [38,44–50]having a hydrophi-
lic/hydrophobic character. The effect of TAA cations during
the nucleation and crystals growth is attributed to “structure-
breaking” effect on water or “hydrophobic interactions”;
the concentration of bonded water rises with increasing
TAA size and the cation–anion interactions are not so
extensive.

The hydrophobic effect of TAA cations on the struc-
turing of water increases with increasing cation size
(TBA > TPA > TEA > TMA). A shorter alkyl chains of TMA+

cations lead to more polar and relatively hydrophilic behav-
ior, while TEA+, TPA+ and TBA+ cations are increasing
in hydrophobicity and TPA+ and TBA+ can make self-
association in aqueous solution[47].

The faster induction time (h) was obtained during the crys-
tallization of ETS-10 from co gel with molar ratio 5.0Na2O–
3.0KF–TiO2–6.4HCl–TAABr–7.45SiO2–197.5H2O at 190

± 2◦C for 72 h, in presence of TMA+ cations (Table 1;Fig. 2),
which is in a good agreement with reported data[29,31,34].
A source of TMA+ cations could be TMABr[34], TMACl
[22,26,31–33]or TMAOH. The presence of TEA+, TPA+ or
TBA+ instead of TMA+ has a retarding effect towards nucle-
ation time and crystallization rate compared with ETS-10
synthesis without organic molecules. Strongly hydrophobic
TBA+ ions have the lowest affinity to water. The smallest
TMA+ hydrated cations whose diameter is of∼7.34Å can
be accommodated in the channels of ETS-10 whose maxi-
mum diameter is∼8Å.

The distribution of TAABr between liquid phase and
solid phase during the crystallization process of ETS-10 was
established by TG–DTG–DSC studies. The liquid phases,
separated by centrifugation after 12, 24, 30 and 72 h of crys-
tallization at 190± 2◦C, in equilibrium with solid phase (ini-
tially non-crystalline, mixture and finally-crystalline) after
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Fig. 5. DTG curves of ETS-10 (no organic) and TAA-ETS-10 solids; crystallization time, 0 (initial), 12, 24, 30 and 72 h at 190± 2◦C.

evaporation and drying gave the solids named Sqm-ETS-10
(without organic) and Sqm-TAA-ETS-10 (TAA being TMA,
TEA, TPA and TBA). By initial time we designate the solids
obtained soon after their preparation from gel and liquid after
drying at 100◦C. The XRD data of Sqm-ETS-10 solid show
the presence of NaCl, KCl and NaF (Fig. 3). The XRD data
of Sqm-TAA-ETS-10 solids show the presence of TAA salts
and of NaCl, KCl and NaF, respectively (Fig. 3). A small
quantity of co gel silica–titania is indicated by the broadened
peak between 9–10◦ and 2θ.

DTG curves of these solids are given inFig. 4. One may
see that in all Sqm-ETS-10 samples (Fig. 4a) are present two
DTG peaks attributed to the elimination of water in two steps:
the physiadsorbed water and hydrated water of Na+ and K+.
Instead, in Sqm-TAA-ETS-10 samples, besides water peak
the most important DTG peak corresponds to the elimination

of organic TAABr salts in agreement with characteristic peaks
of pure TAABr (Fig. 4b-TMA, c-TEA, d-TPA, e-TBA).

The amount of TAABr decreases slowly with increase of
crystallization time, but after 72 h, when crystalline ETS-10
is present, the content of TAABr is increased suggesting that
TAA cations are progressively entrapped in ETS-10 struc-
ture as filling molecules. Maximum temperatures for the
elimination of TEA, TPA and TBA from Sqm-TAA-ETS-
10 (Fig. 4c–e) samples are close to that of pure TAABr salts,
except the Sqm-TMA-ETS-10 sample where the elimination
of TMA takes place at a lower temperature (337.8–346.9◦C)
than of pure TMABr (391.5◦C) probably because TMA
cation are hydrated.

TG data of Sqm-ETS-10 and Sqm-TAA-ETS-10 are listed
in Table 2. The values of losses show that all Sqm-TAA-
ETS-10 samples contain water and organic molecules and
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Table 2
TG data of the Sqm-ETS-10 and of Sqm-TAA-ETS-10 solids (100◦C, 24 h)

Sample Reaction
time at
190◦C (h)

H2O
(wt.%)

TAA+

cations
(wt.%)

Total loss
(wt.%)

Sqm-ETS-10 0 4.96 – 4.96
12 6.42 – 6.42
24 7.42 – 7.42
72 12.28 – 12.28

Sqm-TMA-ETS-10 0 2.15 16.53 18.68
12 2.38 15.50 17.88
24 3.10 13.63 16.73
72 5.55 8.53 14.08

Sqm-TEA-ETS-10 0 1.75 22.63 24.38
12 2.53 17.59 20.12
30 3.47 14.11 17.58
72 3.40 8.03 11.43

Sqm-TPA-ETS-10 0 0.92 31.49 32.41
12 1.26 28.64 29.90
30 2.42 24.50 26.92
72 3.89 10.26 14.14

Sqm-TBA-ETS-10 0 0.35 33.70 33.34
12 1.01 32.09 33.10
30 1.68 26.66 28.34
72 1.87 20.08 21.95

Sqm-ETS-10 sample only water. In the case of Sqm-TAA-
ETS-10 solids the loss of water increases and the loss of
TAA+ cations decreases with increasing reaction time from
start to 72 h. The decreasing organic content is important
after 24–30 h of reaction at 190± 2◦C when crystallinity of
TAA-ETS-10 becomes 30–55% and 100% after 72 h. During

the crystallization stage TAA cations transit from the liquid
phase into solid amorphous phase and finally are entrapped in
the ETS-10 structure as filling molecules. The temperature of
the maximum elimination of organic cations decreases from
TMA (343.4◦C, 72 h) to TBA (217.6◦C, 72 h) following the
melting points, TMABr (>300◦C) and TBABr (103–104◦C).

The solid phases (initially non-crystalline mixture and
finally-crystalline) obtained after separation of liquid phases
at the prefixed reaction time (0, 24, 30 and 72 h) were named
ETS-10 (without organic) and TAA-ETS-10 (in presence of
TMA, TEA, TPA and TBA bromide). The DTG curves are
shown inFig. 5and TG data are presented inTable 3.

In the ETS-10 samples (Fig. 5a) only one peak is observed
corresponding to the loss of water from initial co gel
(169.0◦C) and from zeolite channels (121.0◦C). In TAA-
ETS-10 samples (Fig. 5b–e) the TAA+ cations are moving
from co gel (initial) to liquid phase (after 12 h) but once
the crystallization was complete (72 h) the TAA+ cations are
present in zeolite channels and their elimination takes place
at higher temperatures compared with temperatures for pure
TAABr. Because of the high loss peaks of pure TAABr, the
quantity of TAA-ETS-10 samples taken for TG and DTG
analysis were smallish, the peaks of water and TAA loss
are small and broadened. The TG and DTG curves only of
ETS-10 and TAA-ETS-10 with 100% crystallinity obtained
at 190± 2◦C for 72 h are presented inFig. 6(heating rate of
1

er-
m ganic
m of
s nt in

Table 3
TG data of the ETS-10 and TAA-ETS-10 samples synthesized at 190± 2◦C for va

Sample Time (h) Crystallinity (%) H2O ( )

ETS-10 0 0 6.55
12 0 8.15
24 20 11.54
72 100 13.23

TMA-ETS-10 0 0 4.63
12 0 11.22
24 35 9.53
72 100 8.42

TEA-ETS-10 0 0 3.15
12 0 10.67
30 35 8.59
72 100 6.74

TPA-ETS-10 0 0 3.18
12 0 10.89
30 30 8.88

6.87

T 2.06
8.47
9.63
8.27
72 100

BA-ETS-10 0 0
12 0
30 55
72 100
0◦C min−1 in static air).
FromTable 3it can be seen that after 12 h of hydroth

al synthesis, all samples are still amorphous and the or
olecules are null. After 72 h, when the crystallinity

amples is 100%, the organic molecules are prese

rious times

wt.%) TAA+ cations Total loss (wt.%

wt.% Mol%

– – 6.55
– – 8.15
– – 11.54
– – 13.23

7.85 0.131 12.47
0 0 11.22
4.17 0.069 13.71
5.36 0.089 13.78

11.08 0.095 14.23
0 0 10.67
2.49 0.021 11.18
6.97 0.059 13.71

13.41 0.078 16.59
0 0 10.89
4.62 0.027 13.50
6.78 0.040 13.65

19.03 0.083 21.10
0 0 8.47
2.02 0.008 11.65
5.31 0.023 13.58
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Fig. 6. TG (a) and DTG (b) curves of ETS-10 (no organic) and TAA-ETS-10; reaction time 72 h at 190± 2◦C, 100% crystallinity.

the microporous structure of ETS-10 together with water
molecules. The water content decreases from ETS-10 to
TAA-ETS-10. In TMA-ETS-10 case, the content of water
is high (8.42 wt.%) because TMA+ cations have small size

and are in hydrated form. The water content decreases when
TEA+ (6.74 wt.%) and TPA+ (6.87 wt.%) cations are incor-
porated in the structure and, finally, in TBA-ETS-10 case the
water content increases (8.27 wt.%) because of the big size
Fig. 7. DSC curves of ETS-10 (no organic) and TAA-ETS-10 solids s
eparated after 0 (initial), 12, 24, 30 and 72 h reaction time at 190± 2◦C.
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and hydrophobicity of TBA+. The presence of TAA cations
has an influence on both size (increase) and shape of crys-
tals (from aggregate quasi-cubic to a thick plate-like and a
bipyramidal with round edges)[31,33,35,51].

DSC curves of ETS-10 and TAA-ETS-10 solids, resulted
after a prefixed time of crystallization, are given inFig. 7.

F
f

The DSC curves of ETS-10 (Fig. 7a) present one sin-
gle endothermal peak corresponding to water elimina-
tion, with a maximum at∼173◦C for initial co gel and
∼132◦C for ETS-10 with 100% crystallinity. The amor-
phous solids—initial and after 12 h present another endother-
mic peak at∼622◦C, which corresponds to melting and
recrystallization of titanosilicate phase. The DSC patterns
of TAA-ETS-10 solids (Fig. 7b–e) shows an endothermic
peak corresponding to water removal and another exother-
mic one as a result of overlapped melting, decomposition and
combustion heat effects. The TAA salts are present in initial
amorphous co gel, than TEA, TPA and TBA are absent after
12 h of heating at 190± 2◦C and, once the crystallization
takes place, the organic molecules are present in the struc-
ture of ETS-10 titanosilicate. The maximum of DSC peaks
is ∼373◦C for TMA+, ∼409◦C for TEA+ and TPA+ and
∼393◦C for TBA+. The width of the peak decreases from
TMA-ETS-10 to TBA-ETS-10 suggesting some difference
in removal of the organic species based on the difference
between the size of TAA molecule and of ETS-10 channel.
Especially, the TPA+ and TBA+ cations are too large to dif-
fuse out of the channels and must be decomposed into smaller
molecules at elevated temperatures. It seems that only TMA+

cations influence the nucleation stage and TEA+, TPA+ and
TBA+ cations have a retarding action.

The presence of the organic TAA cations into ETS-10
c
s

-
t s of
t
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ig. 8. 13C NMR spectra of TAA-ETS-10 crystalls obtained at 190± 2◦C
or 72 h.
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hannels before calcinations were performed by13C NMR
pectra and are present inFig. 8.

The values of the chemical shifts from the13C NMR spec
ra of TAA-ETS-10 samples are quite close with the value
he corresponding TAA+ ions in their hydrated form[52–54].
he 13C NMR spectra of TAA-ETS-10 samples show o
ignals which originate from the A (alkyl) groups of the TA+

ons and the chemical shifts appear during their incorpor
nto the structure[35].

. Conclusions

The results above reported show that the TAA+ cations in
he alkaline silica–titania co gel modify the nucleation ti
he crystal growth rate and the morphology of ETS-10 c
als. The shorter alkyl chains of TMA+ cations lead to mor
olar and relatively hydrophilic behavior, while the TEA+,
PA+ and TBA+ cations are increasing in hydrophobicity

A fast nucleation rate was observed for TMA+ cation
ecause of the agreement between the size of hydrated T+

nd the size of ETS-10 channels. This suggests that the
nce of TMA+ cations affects more the time necessar
each the supersaturation threshold for ETS-10 nucleat

TAA+ cations present in the initial co gel influence
rystallization kinetic probably due to a modification of
olubility of reactive species and to the “structure-break
ffect of TAA+ cations on water; with increasing of TAA+

ize the cation–anion interactions are not so extensive
he cations have a retarding influence.
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During the crystallization process the TAA+ cations transit
from the liquid phase into solid amorphous phase and finally
are entrapped intact into the channels in their hydrated forms.
The presence of TAA+ in the crystalline voids of ETS-10 was
confirmed by TG–TGD–DSC and13C NMR analysis.

The role of the TAA+ cations in the synthesis process is as
a “pore filling” rather than as a specific “structure-directing”;
the synthesis of ETS-10 does not necessarily require the pres-
ence of TAA+ cations. Nevertheless, the use of TAA salts as
organic additives can be particularly useful when it is desired
to modify crystallinity, the size and morphology of the crys-
tals.
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