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structures is investigated. A systematic study is carried out to determine the factors influencing the pref-
erential crystallization and/or co-crystallization of ZSM-48 and EU-1 from a sodium–hexamethonium–
silica–alumina hydrogel. The influence of sodium and organic content and the Si/Al ratio in the initial
hydrogel is specifically examined. An explanation is proposed for the accommodation of the hexametho-
nium ions in the different zeolitic frameworks of ZSM-48 and EU-1.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

The present study is devoted to the investigation of the role
layed by hexamethonium ions in the synthesis of ZSM-48 and EU-
zeolites that were described in patents by Casci et al. [1,2]. The

mportance of the diquaternary ammonium ions in the zeolite syn-
hesis from a hydrogel to obtain new zeolitic frameworks has been
nderlined in the literature [3,4].

The diquaternary ammonium ions address a series of one-
imensional zeolite frameworks, such as EUO, MTN, MTT, MTW,
U-4 and ZSM-48 type structure [1–7] and probably they play a
ore filling and stabilizing role of the zeolitic framework.

Indeed, with the same template, diversities of high-silica zeolite
tructures can be obtained and a specific structure can often be
rystallized in presence of a variety of templates [4,8].

In the last decade, the literature has reported a new two-
imensional zeolite structure NES, and a multi-dimensional Nu-86
ype obtained by using diquaternary ammonium ions [6,9]. The
foresaid one-dimensional zeolites show interesting properties in
dsorption processes, especially by their hydrophobic Si-rich forms,
nd also in catalytic application, such as the isopropylation of ben-
ene over EUO type zeolite catalyst [10].

The interest in the zeolite type formed in presence of hexam-

thonium ions such as ZSM-48 and EUO type is due to the different
atalytic properties shown by this kind of zeolitic framework. The
SM-48 shows very interesting properties in FCC processes. As a
atter of fact the addition of the ZSM-48 (5 or 10 wt.%) to the USY
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catalyst gives an increase in the conversion (3 points) and in the
total gas fraction (10 points) and a decrease in the residual (about
2 points) [11]. In addition, the presence of ZSM-48 increases the
formation of C3 and C4 olefins. The EUO type zeolite shows inter-
esting application in isomerization of aromatics [12–14] and in the
production of 2,6-dimethylnaphthalene [15]. The molecular shape
selectivity of EUO was discussed showing the importance of the
sitting of Al in the framework [16].

The structure of EU-1 zeolite was also investigated by neutron
diffraction [17]. A thermodynamic study of cation exchange in EU-
1 was also reported [18]. Intracrystalline diffusion of linear and
branched alkanes [19] and EU-1 as hydrocarbon traps were also
investigated [20].

Of course, it is possible to obtain some of these zeolite structures
using many different organic molecules in a large range of compo-
sition and in different media [21–27]. The literature reports also the
possibility of the partial or complete isomorphous substitution of Al
with other metals [28–32]. Very often EU-1 and ZSM-48 zeolites co-
crystallize when hexamethonium ions are used. The effect of both
the presence of alkali cations and the presence of aluminium was
examined on the formation of ZSM-48 zeolites. To better approach
the role the organic molecules play in zeolite synthesis, several
organic molecules can be used in competition. The specific for-
mation of Silicalite-1, Silicalite-2 and ZSM-48 could be favoured
from batch containing tetraalkylammonium bromide, hexametho-
nium bromide and diaminodecane, in presence of fluoride ions [33].
It was also shown that layered organic–inorganic compounds are

formed during the crystallization of ZSM-48 with hexamethonium
ions [34]. Interestingly it was also shown that these layered com-
pounds are not true intermediates in zeolite synthesis and they only
provide the synthesis medium with silicate and aluminosilicate
species necessary for the crystallization of the particular zeolite.

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:ggiorda@unical.it
dx.doi.org/10.1016/j.molcata.2008.12.024
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he structure of the latter is directed by the organic species present
n solution [34,35].

Very interesting results were reported by Casci on the role
layed by hexamethonium in the EU-1 synthesis [6]. At high hexam-
thonium content in the reaction mixture EU-1 zeolite is obtained
referentially. However, when only catalytic amount of HM ions are
sed, no MFI type zeolite is obtained, although without hexametho-
ium this zeolite is the preferred product. The role of the catalytic
mount of HM ions was ascribed to a structure blocking effect of
he MFI nuclei [6].

Emphasis was also put on the accommodation of the organic
emplate in the channel and the side-pocket of the EUO structure.

olecular modelling was essentially used to propose the position of
M ions: they are situated in the 12-member ring side-pocket and
re perpendicular to the main channel formed by 10-membered
ings [35–37].

Following these literature suggestions and with the aim of a bet-
er understanding of the role played by hexamethonium ions in the
ormation of ZSM-48 and EUO type structures, we have systemati-
ally investigated the hydrogel systems

Na2O–yHMBr2–0.5Al2O3–wSiO2–3000H2O

where HMBr2 stands for hexamethonium bromide) in a large com-
osition range. The investigation has been carried out especially in
he Si/Al ratios when zeolites ZSM-48 and EU-1 co-crystallize; also
he amount of HM2+ ions in hydrogel has been varied for a better
nderstanding of the pore filling role that they play in the different
eolite frameworks.

Finally, a model for the location of HM2+ ions in the ZSM-48 and
U-1 zeolitic structure is proposed.

. Experimental

.1. Synthesis

A series of hydrogels having the following molar composition:

Na2O–yHMBr2–0.5Al2O3–wSiO2–3000H2O

as prepared (x ranging from 3 to 12, y from 2.5 to 20 and w from 5
o 75) by mixing high purity reactants in the following order: alu-

inium hydroxide (Aldrich), sodium hydroxide (Carlo Erba RPE),
istilled water, hexamethonium bromide (Aldrich) and fumed silica
fumed, Aerosil Serva). After homogenization, the hydrogels were
ransferred into 20 ml Teflon-lined Morey-type reactors and heated
t 190 ± 2 ◦C in static condition and under autogeneous pressure
or a period varying from 1 to 11 days. After thermal treatment,
he reactors were removed from the oven and the reaction was
uenched by cooling down to room temperature in cold water. The
eaction products were filtered, thoroughly washed with distilled
ater and dried overnight at 105 ◦C.

.2. Characterization

All the samples were examined by X-ray powder diffraction
XRD) (Philips PW 1730/10 X-ray generator equipped with a PW
050/70 vertical goniometer, Cu K�1 radiation) to identify the solid
hases. Before analysis, the crystalline phases of all the samples
ere enriched by ultrasonic treatment that removed the residual

morphous phases. The amount of water and organic molecules
as evaluated by thermal analysis (Netzsch STA 409 combined TG-

TG-DSC thermoanalyzer). Sodium, aluminium and silica content
ere determined by energy-dispersive X-ray analysis (EDX) (Jeol

EM T330 equipped with Tracor Northern EDX). The NMR analy-
is was carried out on a Bruker CXP 200 spectrometer at 50.3 MHz.
he CP conditions were: �/2 pulse = 5 �s, contact time = 5 ms and
Fig. 1. Ternary diagram of the solid phases obtained after 7 days of hydrothermal
treatment at 190 ◦C of the hydrogel: xNa2O–yHMBr2–0.5Al2O3–wSiO2–3000H2O;
1 = ZSM-48; 2 = ZSM-48 + EU-1 + quartz; 3 = ZSM-48 + EU-1; 4 = EU-1; 5 = Analcime,
in shadow not explored area.

repetition time = 4.0 s. The magic angle spinning was at 3.5 kHz
with a zirconia rotor. Three thousand free induction decays were
accumulated before Fourier transformation.

3. Results and discussion

Generally the Si/Al ratio influences the formation of secondary
building units (SBU). For example, a preliminary investigation of
the starting hydrogel without organic molecules has confirmed the
formation of simpler SBU in a low Si/Al range leading to ANA type
zeolite. Inaoka et al. have demonstrated that medium Si/Al ratios
lead to the formation of 5-1 SBU such as MFI type or MOR type
structures, while high Si/Al ratios favour the co-crystallization of
quartz with 5-1 SBU [38].

Fig. 1 shows the crystallization field of the different solid phases
obtained from the hydrogels containing hexamethonium ions.
Analcime is the only product for a low Si/Al ratio equal to 5. This con-
firms that the presence of organic molecules does not have a strong
influence on the Al-rich hydrogel to address the reaction mixture
to a preferential structure, but the sodium content, the Si/Al ratio
and the synthesis temperature influence essentially the reaction
products.

On the other hand, it is evident that the EU-1 zeolite has a large
crystallization range (region 4) compared with the ZSM-48 zeolite
(region 1), which presents a smaller crystallization field. The field
of co-crystallization of the ZSM-48 and EU-1 zeolites (region 3),
containing also dense phases (region 2), shows a small formation
area compared with that of EU-1. In particular, EU-1 is the main
product for Si/Al ratio equal to 25 and ZSM-48 for Si/Al ratio equal
to 75.

The OH− content is responsible, first of all, for the solubility of sil-
ica and aluminium species and consequently for the crystallization
rate and yield, secondly it favours the formation of dense phases
such as quartz in Si-rich and HM2+ poor hydrogel systems.

The Si/Al ratio of 50 leads to a co-crystallization of ZSM-48 and
EU-1 zeolites. Table 1 reports the crystallinity of the so-formed

zeolitic phases ZSM-48 and EU-1. First of all, it can be observed
that for a high amount of HM2+ ions in the starting hydrogel (sam-
ples 17–20) quartz is not found in the reaction products. Traces of
quartz are detected only in Si-rich hydrogels when it co-crystallizes
with ZSM-48 and EU-1.
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Table 1
Crystallinity phases of so-formed ZSM-48 and EU-1 obtained from the system:
xNa2O–yHMBr2–0.5Al2O3–wSiO2–3000H2O, after a hydrothermal treatment of 7
days at 190 ◦C.

Sample Mole in Hydrogel Crystalline phase detected by
X-ray and SEM

x y w

1 3 2.5 25 [Amorphous] + EU-1 traces
2 6 2.5 25 EU-1
3 9 2.5 25 [EU-1] + amorphous
4 12 2.5 25 [EU-1] + amorphous

5 3 2.5 50 [Amorphous] + ZSM-48 + EU-1
traces

6 6 2.5 50 [ZSM-48] + EU-1
7 9 2.5 50 [EU-1] + ZSM-48 + quartz
8 12 2.5 50 [EU-1] + ZSM-48

9 3 2.5 75 ZSM-48
10 6 2.5 75 ZSM-48
11 9 2.5 75 [ZSM-48] + EU-1 traces
12 12 2.5 75 [ZSM-48] + EU-1 traces + quartz

13 3 10 25 [EU-1] + ZSM-48 traces
14 6 10 25 EU-1
15 9 10 25 EU-1
16 12 10 25 EU-1

17 3 10 50 [ZSM-48] + EU-1 traces
18 6 10 50 [EU-1] + ZSM-48
19 9 10 50 [EU-1] + ZSM-48
20 12 10 50 [EU-1] + ZSM-48

21 3 10 75 [ZSM-48] + amorphous
22 6 10 75 ZSM-48
23 9 10 75 [ZSM-48] + EU-1 traces
2
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4 12 10 75 [ZSM-48] + EU-1 traces + quartz

n the case of co-crystallization in brackets is reported the main phase observed.

Secondly, it is manifest that a large amount of hexamethonium
ons is unfavourable for a good crystallization of ZSM-48 zeolite, and
or high Al content the formation of EU-1 is favoured [33]. Conse-
uently the pure ZSM-48 zeolite formation is favoured in a hydrogel
ontaining only a small amount of HM2+ for OH−/SiO2 ratios vary-
ng between 0.08 and 0.16 and EU-1 in a rich HM2+ ions media for
H−/SiO2 ratios ranging from 0.48 to 0.96. In fact, a larger amount
f sodium hydroxide accelerates the growth of Al-rich phases, EU-1
or Si/Al = 25, and Analcime for Si/Al = 5 and OH−/SiO2 ratio higher
han 1.

The aluminium content in the hydrogel influences the formation
f different zeolitic phases. Indeed, a higher amount of Al favours
he crystallization of Analcime, the medium content the formation
f EU-1 and a low Al content is advantageous for the crystallization
f ZSM-48 zeolite (Fig. 1).

From an X-ray diffractogram analysis (see Fig. 2) of the synthesis
topped at different crystallization times (Si/Al = 50 in the hydro-
el) it can be seen that a concomitant co-crystallization of ZSM-48
nd EU-1 occurs from the starting hydrogel. This occurs for both
ydrogels poor and rich in HM2+ ions, and hence it is the Si/Al ratio,
hich influences the formation of either the silica-rich ZSM-48 or

he EU-1 zeolite having a higher Al content.
The influence of the amount of HM2+ ions is shown in Fig. 3a

nd b, where are reported the X-ray diffractograms of two differ-
nt systems with the same Si/Al ratio equal to 50 and OH−/SiO2
qual to 0.36. The first one (Fig. 3a), with 2.5 moles of hexametho-
ium ions, the second one (Fig. 3b), with 10 moles. Fig. 3a shows,
hat after 11 days of synthesis ZSM-48 is transformed into quartz,
hereas the amount of EU-1 increases. By contrast (Fig. 3b), the
ame hydrogel with 10 moles of hexamethonium ions shows a sta-
ility of the so-formed zeolitic phases, even for a long synthesis
ime, 9 days, while for the same reaction time, in systems contain-
ng only a small amount of HM2+ ions (see Fig. 3a) quartz appears
Fig. 2. X-ray diffraction patterns of the synthesis no. 6 (see Table 1), stopped at 1
and 2 days. 1, 2 and 5 main peaks of EU-1. 3 and 4 main peaks of ZSM-48.

clearly. This can be explained by considering that the ZSM-48 is a
Si-rich zeolite. In a system involving a crystallization competition,
the Al-rich phases (EU-1 in this case) are attracting more HM2+ ions
to stabilize both the [Si–O–Al]− negative charges [33] and this par-
ticular framework (for ZSM-48: HM2+/u.c. ≈ 1, HM2+/Al + Si ≈ 0.021;
for EU-1: HM2+/u.c. ≈ 4, HM2+/Al + Si ≈ 0.036, see below).

On the other hand, it is known that, for a low amount of HM2+

ions in the hydrogel and at a synthesis temperature of 200 ◦C, the
ZSM-48 zeolite co-crystallizes with dense phases [21,25], because
in this case the ZSM-48 framework cannot be well filled by the
organic molecules. By contrast, in a HM2+ ions rich system, the
amount of organic molecules is sufficient to fill and stabilize both
zeolitic structures, and consequently the dense phases do not
appear at the temperature examined. This observation confirms the
metastability of ZSM-48 zeolite in a low HM2+ medium.

Fig. 4 shows the percentage of crystallinity of EU-1 zeolite as a
function of the OH−/HM2+ ratio for a Si/Al ratio equal to 25. One can
see that the maximum of crystallinity is obtained for a OH−/HM2+

ratio close to 1, therefore for a larger amount of HM2+ ions in the
starting hydrogel.

Finally, the optimum parameters for the ZSM-48 zeolite synthe-
sized in the alkali-hexamethonium system is a high Si/Al ratio from
75 to ∞, a OH−/SiO2 ratio between 0.08 and 0.16 and a OH−/HM2+

ratio between 2.5 and 5. For a rapid and efficient EU-1 synthesis we
suggest the following ratios: Si/Al close to 25, OH−/SiO2 between
0.48 and 0.96 and OH−/HM2+ close to 1. The synthesis of ZSM-48
zeolite is thus favoured in absence of Al [21,33,34] and in a relatively
poor OH− and HM2+ ions medium. By contrast, EU-1 formation
prefers a medium Si/Al ratio and a high content of the OH− and
HM2+ ions.

In Table 2 are reported the chemical analyses of different ZSM-
48 and EU-1 zeolites. The results relative to the ZSM-48 are in good
agreement with previous observations [21,33], that in all cases only
a small amount of sodium per unit cell is incorporated into the
framework. So the neutralizing role of HM2+ ions of the [Si–O–Al]−

negative charges is clearly confirmed. Generally, the amount of Al
per unit cell is close to or less than 1 [35]. The low value of the water
per unit cell incorporated into the zeolitic framework confirms the
hydrophobicity of the ZSM-48 and of the high-silica zeolites. The

organic content per unit cell close to 1 is sufficient to assure a good
pore filling of the intracrystalline ZSM-48 volume. Indeed, the esti-
mated length of hexamethonium is 14.5 Å and it is close to the
channel length of one unit cell of ZSM-48 equal to 16.8 Å.
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ig. 3. (a) X-ray patterns of the synthesis no. 7 (see Table 1) stopped at 7, 9 and 11 d
peaks of quartz. (b) X-ray patterns of the synthesis no. 19 (see Table 1) stopped at
On the other hand, the EU-1 zeolite, compared with ZSM-48
hows a larger incorporation of sodium, aluminium and hexam-
thonium per unit cell. In all samples the Al content per unit cell is
igher than 4, confirming that the EUO structure is able to accom-

able 2
hemical composition of various ZSM-48 and EU-1 zeolites.

ample Zeolitic phases H2O/u.c.a HM2+/u.c.a

10 ZSM-48 1.6 0.9
1 ZSM-48 1.2 0.8

7 [EU-1] + ZSM-48 2.2

19 [EU-1] + ZSM-48 2.4

7d EU-1 3.0 4.1
8d EU-1 3.2 4.0
1e EU-1 3.0 4.3
2e EU-1 3.2 4.3

n brackets main product detected.
a Water and organic content was determined by TG-DTG-DSC analysis.
b Sodium and aluminium content was evaluated by EDX analysis as an average of 5 ana
c Pore filling percentage was calculated by considering the total channel length of o

ength of HM2+ ions has been estimated by considering the following bond distances: C
ydrogen = 1.200 Å and tetrahedral angle = 109◦ .
d Synthesis 27 and 28 are from system: xNa2O–15HMBr2–0.5Al2O3–25SiO2–3000H2O w
e Synthesis 31 and 32 are from system: xNa2O–20HMBr2–0.5Al2O3–25SiO2–3000H2O w
b, g, h, i, j and l peaks of EU-1. d and f peaks of ZSM-48. e peak of cristobalite. c and
9 days. a, b, d, f, g and h peaks of EU-1. c and e peaks of ZSM-48.
modate a larger amount of Al compared with other Si-rich zeolites.
The sodium content per unit cell is less than that required to com-
pletely neutralize the framework [Si–O–Al]− negative charges. This
means that the HM2+ ions also act as counterions to framework

Na/u.c.b Al/u.c.b Pore fillingc

0.3 0.9 78
0.2 0.7 61
0.2 (ZSM-48) 0.8 (ZSM-48)

1.1 (EU-1) 4.1 (EU-1)
0.3 (ZSM-48) 0.3 (ZSM-48)

1.5 (EU-1) 1.5 (EU-1)
1.2 4.7
1.4 4.8
1.2 4.5
1.6 4.5

lyses of single crystals.
ne ZSM-48 unit cell equal to 16.8 Å and the length of HM2+ equal to 14.5 Å. The
–C = 1.541 Å; C–N = 1.479 Å; C–H = 1.101 Å; N–H = 1.000 Å; van der Waals radius of

ith 9 and 12 Na2O, respectively.
ith 9 and 12 Na2O, respectively.
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ig. 4. Crystallinity % of EU-1 synthesized from the system: xNa2O–yHMBr2–
.5Al2O3–25SiO2–3000H2O as a function of OH−/HM2+ ratio.

egative charges. The hexamethonium per unit cell observed is
lose to 4. The values of sodium and aluminium detected in the
ase of co-crystallization of ZSM-48 with EU-1 (samples 7 and 19,
able 2) do confirm the different sodium, aluminium and HM2+

ontent in these zeolites.
Finally, in the case of ZSM-48 type structure it is clear that the

examethonium ions are incorporated in the linear channel of the
eolite. The chemical analyses evidence this proposition. Indeed the
ength of one HM2+ ion is close to the total length of one ZSM-48

nit cell, and in all the analyses we observe about 1 HM2+ per unit
ell (see also Refs. [31,33]). On the other hand, the amount of HM2+

ons detected in the EU-1 zeolite (4 per unit cell) shows that it is not
ossible to accommodate them only in the linear channel, because

Fig. 5. Schematic representation of HM2+ ions in the EU-1 zeolitic channels.
Fig. 6. CP MAS 13C NMR spectrum of hexamethonium ions occluded in EU-1 zeolitic
channels (b) and ZSM-48 zeolitic channels (a).

the channel length of one EU-1 unit cell is 27.4 Å [36] and with
this assumption the pore filling value would be higher than 100%.
The dimensions of EU-1 channel system, that contains a unidimen-
sional 10-membered ring channel (5.8 Å × 4.1 Å), and side pockets
(6.8 Å × 5.8 Å in cross-position and 8.1 Å deep) [36] suggest that the
hexamethonium can be accommodated in a perpendicular position
to the a-axis between the channel and a side-pocket. Following this
assumption, it is possible to accommodate 4 HM2+ ions into the EUO
framework (see Fig. 5) and this hypothesis is in agreement with the
value detected for the HM2+ ions per unit cell.

X-ray diffraction method and molecular modelling were very
successful in positioning the HM2+ in the EU-1 channels [37]. The
authors showed that the HM2+ ions reside in the pockets along the
[0 0 1] direction in the EU-1. In order to match the side-pocket, the
length of which is equal to 13.9 Å (Fig. 5), the HM2+ ions with an
estimated length of 14.5 Å in the all-trans confirmation (Table 2)

have to adopt gauche confirmation [37].

The MAS 13C NMR spectrum of hexamethonium ions occluded in
the EU-1 channels is compared with that of occluded ions in ZSM-
48 channels in Fig. 6a and b. Several types of methylene groups can
be detected at ca. 25 ppm, in both samples. They are the methylene
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roups in the middle of the alkylene chain. The N+–CH2 methylene
roup has its NMR line at 68.2 ppm in EU-1 and 67.9 ppm in ZSM-
8. The NMR lines of the CH3 groups are more informative. Indeed,
hile the methyl groups of the hexamethonium ions occluded in

SM-48 are in a quite symmetrical environment (ı = 55.2 ppm) (see
ig. 6a), two different types of methyl groups are identified at 53.8
nd 54.7 ppm, respectively for hexamethonium ions occluded in
he EU-1 channels (see Fig. 6b). This shows clearly the different
hemical environment for the methyl groups. The 13C NMR spec-
rum is thus in agreement with the model where the HM2+ ions
re perpendicular to the channel and hence the different carbons
xperience different chemical environments. Moreover, the hex-
methylene chain cannot be in an all-trans conformation because
he available space (13.9 Å) is less than the length of the extended

olecule (14.5 Å) (Fig. 5). This introduces further variations of the
hemical shifts between the various methylene groups of the chain.
he study is in progress to identify the various methylene and
ethyl groups in their correct environment. The 13C NMR values of

he HM2+ ions incorporated in the EU-1 channels confirm this way
he previous results obtained by XRD and molecular modelling [37].

. Conclusion

The presence of hexamethonium ions in a sodium-
luminosilicate hydrogel, addresses the formation of 5-1 SBU’s,
avouring the formation of ZSM-48 and EU-1 zeolite. High Si/Al
atios, medium or low OH−/SiO2 ratios and OH−/HM2+ ratios
etween 2.5 and 5 favour the crystallization of ZSM-48 zeolite.
y contrast, medium Si/Al ratio close to 25 and a rich sodium and
examethonium medium, preferentially address the hydrogel to
he formation of EU-1 zeolite.

Finally, the hexamethonium ions can accommodate along the
SM-48 channels (about 1 per unit cell) but they benefit of the side
ockets of EU-1 channels for a larger and better accommodation (4
er unit cell).
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