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Effect of an aluminum source on the direct hydrothermal synthesis of high-silica mordenite-
type zeolite in the presence of tetraethylammonium and fluoride ions was investigated. Highly
crystalline MOR-type zeolites with a Si/Al ratio of approximately 30 were successfully
prepared using Al(NO3)3 as an aluminum source. To clarify the role of fluoride ions, NaF as
a fluoride source was added in the course of crystallization process. It was found that the
crystallinity and the Si/Al ratio of MOR-type zeolite do not depend on the addition time of
NaF. However, the content of fluorine in the as-synthesized zeolite decreased markedly when
NaF was added in the course of crystallization process. The decrease in fluorine content
improved considerably the thermal stability of the as-synthesized MOR-type zeolite.

Introduction

Mordenite (MOR) type zeolite, one of the high-silica
zeolites, has outstanding properties of high thermal and
acid stabilities, and is an industrially important zeolite
used in adsorptive separation and catalysis such as
isomerization, alkylation, and hydrocracking.1-3 There-
fore, there is still an incentive to develop an effective
method for synthesis of high-silica MOR-type zeolite.
High-silica MOR-type zeolite is usually prepared through
removal of aluminum from the zeolite framework by
treatment with steam and/or acid. However, the dealu-
minated MOR-type zeolite is known to be less thermally
stable than the directly synthesized high-silica MOR-
type zeolite.4 It is recognized that various organic
structure-directing agents such as benzyltrimethylam-
monium hydroxide, tetraethylammonium hydroxide,
hexamethyleneimine, and benzene-1,2-diol are very
effective for the direct hydrothermal synthesis of high-
silica MOR-type zeolite.5-10 To our knowledge, however,

the maximum Si/Al ratio reported in the literature is
only 17.5.7

It is also well-known that addition of fluoride into the
starting synthesis gel favors crystallization of high-silica
zeolites.11-21 Although fluoride anions have been con-
sidered to act as a mineralizing agent and/or a structure-
directing agent,22-28 the locations of fluoride anions and
their influence on zeolite properties are still not clear.
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From such a viewpoint, we have now studied the
direct hydrothermal synthesis of high-silica MOR-type
zeolite in the fluoride medium. Very recently, highly
crystalline MOR-type zeolites with a bulk Si/Al ratio of
approximately 25 were successfully prepared using both
tetraethylammonium hydroxide and NaF.29 To get
further information concerning our method of direct
synthesis of high-silica MOR-type zeolite, we investi-
gated effects of the aluminum source and the addition
time of NaF, and report the results in this paper.

Experimental Section

Synthesis of High-Silica MOR-Type Zeolite using Dif-
ferent Aluminum Sources. The hydrothermal synthesis of
MOR-type zeolite was carried out in the presence of fluoride
using different aluminum sources, such as AlCl3‚6H2O (Wako
Pure Chemical, Japan, 98.0%), Al(NO3)3‚9H2O (Wako, 98.0%),
and Al2(SO4)3‚16-18H2O (Wako, 99.5%). The starting mixtures
were prepared as follows. The aluminum source was mixed
with an aqueous solution containing NaOH (Merck-Schu-
chardt, Germany, 99%) and tetraethylammonium hydroxide
(TEAOH, Aldrich, Milwaukee, WI, 35 wt %). Then the pre-
cipitated hydrated silica (Nipsil, Nippon Silica Ind., Japan,
SiO2 ) 88 wt %, H2O ) 12 wt %) was added to the mixture
and was homogenized in a mortar. Finally, NaF (Wako, 99.0%)
was added as a fluoride source, and homogenization was
continued until a uniform gel was obtained. The chemical
composition of the starting synthesis gel prepared was as
follows: Si/Al ) 15-45, H2O/SiO2 ) 7.4, NaOH/Al ) 3-9, NaF/
SiO2 ) 0.8, TEAOH/SiO2 ) 0.23. The gel thus obtained was
charged into a 30-cm3 stainless steel autoclave equipped with
a Teflon liner and kept at 170 °C for 3-5 days under static
conditions. The solid product was filtered, washed thoroughly
with 1000 cm3 of deionized hot water (60 °C), dried overnight
in an oven at 120 °C, and calcined at 500 °C for 10 h.

Synthesis of High-Silica MOR-Type Zeolite by NaF
Addition in the Course of Crystallization Process. To
reveal the role of fluoride ions on the hydrothermal synthesis
of high-silica MOR-type zeolite, NaF as a fluoride source was
added in the course of crystallization process. Namely, the
NaF-free starting gel was hydrothermally treated at 170 °C
for a certain period, and NaF was added into the gel after
cooling. Then the autoclave containing the gel was quickly
heated up to 170 °C again and the hydrothermal synthesis
was continued until the total crystallization time reached
72 h.

Characterization. The solid products obtained were iden-
tified by X-ray diffraction (XRD, Rigaku RINT 2000). The bulk
chemical compositions were measured by X-ray fluorescence
(XRF, Philips spectrometer PW 2400) and inductively coupled
plasma optical emission spectroscopy (ICP-OES, Seiko, SPS
7700). Fluorine content was determined by an ion-selective
electrode after dissolution of the samples. The crystal mor-
phology and the surface Si/Al ratio were measured by scanning
electron microscopy (SEM, Hitachi S-4000) and energy-
dispersive X-ray analysis (EDX) on a Horiba EMAX system
attached to the microscope. 27Al MAS NMR spectra of MOR-
type zeolites calcined at 500 °C were recorded using a zirconia
rotor of 7-mm diameter on a Varian VXP-400 at 104.2 MHz
and 19F MAS NMR spectra at 376.7 MHz. Nitrogen adsorption
isotherms at -196 °C were measured using a conventional
volumetric apparatus (Bel Japan BELSORP 28SA). Prior to
adsorption measurements, the powder zeolites (ca. 0.1 g) were
evacuated at 400 °C for 6 h.

Evaluation of Thermal Stability of High-Silica MOR-
Type Zeolite. The thermal stabilities of the high-silica MOR-
type zeolites obtained were evaluated by comparing the
structural differences of samples before and after calcination
at 900 °C for 1 h by XRD and 27Al MAS NMR analyses. Prior
to calcination, the sample was moisture-equilibrated over a
saturated solution of NH4Cl.

Results and Discussion

Effect of Aluminum Source. The direct synthesis
of high-silica MOR-type zeolite was carried out by using
various aluminum sources in the presence of NaF as a
fluoride source. The results obtained with starting
synthesis gels with various chemical compositions are
summarized in Table 1. The pure MOR-type zeolite
phase could be obtained when AlCl3 and Al(NO3)3 were
employed as an aluminum source, whereas beta (BEA)

(25) Attfield, M. A.; Weigel, S. J.; Taulelle, F.; Cheetham, A. K. J.
Mater. Chem. 2000, 10, 2109.

(26) Fyfe, C. A.; Brouwer, D. H.; Lewis, A. R.; Chezeau, J. M. J.
Am. Chem. Soc. 2001, 123, 6882.

(27) Corma, A.; Diaz-Cabanas, M. J.; Martinez-Triguero, J.; Rey,
F.; Rius, J. Nature 2002, 418, 514.

(28) Sastre, G.; Vidal-Moya, J. A.; Blasco, T.; Rius, J.; Jorda, J. L.;
Navarro, M. T.; Rey, F.; Corma, A. Angew. Chem., Int. Ed. 2002, 41,
4722.

(29) Sasaki, H.; Oumi, Y.; Itabashi, K.; Teranishi, T.; Lu, B.-W.;
Sano, T. J. Mater. Chem. 2003, 13, 1173.

Table 1. Effect of Al Source on Direct Synthesis of MOR-Type Zeolitea

product (byproduct)chemical composition
of starting gel bulk Si/Al ratio

sample Al source Si/Al NaOH/Al NaF/SiO2

crystallization
time (d) phase XRF ICP

BET surface area
(m2/g)

pore volume
(cm3/g)

F content
(ppm)

1 AlCl3 15 3 0 3 MOR 15.3 14.6 419 0.18
2 AlCl3 15 3 0.8 3 MOR 15.5 14.5 292 0.14 4,800
3 AlCl3 20 3 0.8 3 MOR 17.8 17.2
4 AlCl3 20 4 0.8 3 MOR 17.9
5 AlCl3 25 5 0.8 3 MOR 21.0 356 0.18 3,100
6 AlCl3 30 5 0.8 3 MOR 26.5 23.1 358 0.15 2,600
7 AlCl3 35 6 0.8 3 MOR 25.1 24.2 1,800
8 AlCl3 40 7 0.8 3 BEA(MFI)
9 Al(NO3)3 15 3 0 3 MOR 16.2 420 0.20

10 Al(NO3)3 15 3 0.8 3 MOR 15.6 283 0.17 4,500
11 Al(NO3)3 20 4 0.8 3 MOR 19.1
12 Al(NO3)3 25 5 0.8 3 MOR 20.1 6,000
13 Al(NO3)3 30 6 0.8 3 MOR 26.1
14 Al(NO3)3 35 5 0.8 5 MOR 31.0 28.8 298 0.13 2,700
15 Al(NO3)3 40 7 0.8 3 MOR(BEA)
16 Al(NO3)3 40 9 0.8 3 MOR 30.1 28.3 302 0.14 2,000
17 Al(NO3)3 45 9 0.8 3 BEA(MFI)
18 Al2(SO4)3 15 3 0.8 3 BEA(MOR)
19 Al2(SO4)3 20 4 0.8 3 MOR(BEA)
20 Al2(SO4)3 25 5 0.8 3 MOR(BEA)
a Synthesis conditions: TEAOH/SiO2 ) 0.23; H2O/SiO2 ) 7.4; Crystallization temp. ) 170 °C.
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type zeolite was prepared as a main product or a
byproduct with Al2(SO4)3. When the Si/Al ratio in the
starting gel was increased, the pure MOR-type zeolite
could be prepared with increasing the NaOH/Al ratio.
For gels with a Si/Al ratio of more than 40 prepared
using AlCl3, MOR-type zeolite could not be synthesized
even at the high NaOH/Al ratio, and BEA- and MFI-
type zeolites were obtained. On the other hand, in the
case of gels prepared using Al(NO3)3, highly crystalline
MOR-type zeolites with a bulk Si/Al ratio of approxi-
mately 30 were successfully prepared (samples 14 and
16). The Si/Al ratios were confirmed again by the wet
chemical analysis (ICP-OES). From our knowledge of
direct synthesis of MOR-type zeolites, the Si/Al ratio of
30 is the highest value among those described in the
literature. At the present time we could not explain the
difference in the effect of aluminum source on the
crystallization behavior because of limited data. The
contents of fluorine in the as-synthesized zeolites mea-
sured by the ion-selective electrode are also listed in

Table 1. The fluorine content tends to decrease with an
increase in the Si/Al ratio of the starting synthesis gel.

To obtain a qualitative assessment of microporosity
of the obtained MOR-type zeolites, nitrogen adsorption
isotherms were measured. As listed in Table 1, the BET
surface area and the micropore volume determined by
the Dubinin-Radushkevich equation of the MOR-type
zeolite synthesized with NaF were slightly smaller than
that of samples without NaF. As already reported in
the previous paper, the smaller values are attributable
to NaF present in the zeolite crystals.29

The typical SEM images of the high-silica MOR-type
zeolites prepared are shown in Figure 1. Rectangular
parallelepiped and rice-grain-like crystals were ob-
served. 27Al MAS NMR spectra of various zeolites
calcined at 500 °C for 10 h are shown in Figure 2. The
peak intensity was normalized based on 1 g of zeolite.
Only a sharp signal at ca. 54 ppm was observed in the
27Al MAS NMR spectra, which is a characteristic
resonance of tetrahedrally coordinated framework alu-
minum species. No signal assigned to nonframework
aluminum species (extraframework aluminum species)
was observed around 0 ppm. Therefore, it was clearly
revealed that all aluminums present in the high-silica
MOR-type zeolites synthesized with NaF are present
in the zeolite framework.

Effect of NaF Addition in the Course of Crystal-
lization Process. To get a better understanding of the
role of NaF, the high-silica MOR-type zeolite was
synthesized by adding NaF to the synthesis gel in the
course of crystallization process. The total crystallization
time was fixed at 72 h. The results obtained are
summarized in Table 2. In the case of the starting gels
prepared with AlCl3, the highly crystalline MOR-type
zeolite was prepared even when NaF was added to the
gel at 36 h of the crystallization time (sample 22). When
the addition time of NaF was over 48 h, however, the
synthesis gel was not crystallized completely. On the
other hand, in the case of the starting gels prepared
with Al(NO3)3, the synthesis gel was crystallized com-
pletely and the pure MOR-type zeolite was obtained
even at 48 h of the NaF addition time (sample 27).
Taking into account the fact that the synthesis gel
without NaF was not crystallized completely at 72 h of

Figure 1. SEM images of MOR-type zeolites prepared using
AlCl3 and Al(NO3)3: (a) sample 2, (b) sample 10, and (c) sample
14.

Figure 2. 27Al MAS NMR spectra of MOR-type zeolites
prepared using AlCl3 and Al(NO3)3: (a) sample 2, (b) sample
10, and (c) sample 14.
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the crystallization time (samples 24 and 28), the addi-
tion of NaF into the synthesis gel was found to enhance
the crystallization rate.

Figure 3 shows the typical XRD patterns of the as-
synthesized MOR-type zeolites obtained at different
addition times of NaF in the range 0-48 h. All samples
gave no peaks other than those corresponding to a MOR-
type zeolite. The very weak diffraction peak at 2θ ca.
38.9° assigned to NaF, as well as those from MOR-type
zeolite, could be observed in the XRD patterns of the
zeolites synthesized from the starting gels with NaF
(samples 5 and 12). However, the diffraction peak of
NaF was hardly observed in the XRD patterns of the
zeolites obtained by adding NaF in the course of
crystallization process (samples 22 and 27). The con-
tents of fluorine in the as-synthesized zeolites measured
by the ion-selective electrode are listed in Table 2. As
expected, the fluorine content in the MOR-type zeolite
obtained by adding NaF during crystallization was
considerably smaller than that from the starting gel
with NaF (Tables 1 and 2) and tended to decrease with
the NaF addition time. This indicates that the content
of the fluorine in the as-synthesized MOR-type zeolite
is strongly dependent on the addition time of fluoride.

Figure 4 shows the SEM images of various MOR-type
zeolites obtained at different addition times of NaF. The
MOR-type zeolites synthesized from the starting gel
with NaF had rectangular parallelepiped crystals and
their crystals are ca. 15 µm long. On the other hand, in
the SEM images of the MOR-type zeolites obtained by
adding NaF in the course of crystallization process
(Figure 4(b) and (d)), many small crystals other than a
few large crystals were observed (samples 22 and 26).
As we could not see any amorphous phase in the SEM
images, this seems to suggest an enhancement of
nucleation relative to small MOR-type zeolite crystals
by NaF addition. However, there is another possibility
that the new nucleation comes rather from the proce-
dure of NaF addition. The temperature decrease, which
is necessary to allow the introduction of NaF, favors the
supersaturation of the MOR-type zeolite crystallization
system. To clarify this, therefore, an influence of the
temperature decrease was studied by using the synthe-
sis 26 without addition of NaF. As shown in Figure 4(e),
both small and large zeolite crystals were observed and
the crystal sizes were smaller than those of the crystals
obtained by addition of NaF. It was found that the new

Table 2. Influence of NaF Addition in the Course of Crystallization Process of MOR-Type Zeolitea

product (byproduct)chemical composition
of starting gel

sample Al source NaF/SiO2

addition time
of NaF (h) phase

bulk Si/Al ratio
(XRF)

BET surface area
(m2/g)

pore volume
(cm3/g)

F content
(ppm)

21 AlCl3 0.8 18 MOR 22.8 379 0.19 800
22 AlCl3 0.8 36 MOR 22.9 445 0.21 540
23 AlCl3 0.8 48 MOR(am)
24 AlCl3 0 MOR(am)
25 Al(NO3)3 0.8 18 MOR 20.8 361 0.18 1,400
26 Al(NO3)3 0.8 36 MOR 21.7 403 0.19 320
27 Al(NO3)3 0.8 48 MOR 21.1 420 0.21 260
28 Al(NO3)3 0 MOR(am)

a Synthesis conditions: Si/Al ) 25; NaOH/Al ) 5; H2O/SiO2 ) 7.4; TEAOH/SiO2 ) 0.23; crystallization temp. ) 170 °C; crystallization
time ) 72 h.

Figure 3. XRD patterns of MOR-type zeolites obtained by
changing NaF addition time: (a) sample 5, (b) sample 22,
(c) sample 12, and (d) sample 27. Figure 4. SEM images of MOR-type zeolites obtained by

changing NaF addition time: (a) sample 5, (b) sample 22,
(c) sample 12, (d) sample 26, and (e) MOR obtained at the
crystallization condition of sample 26 without addition of NaF.
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nucleation is caused by the temperature decrease. The
large crystals are probably due to the MOR-type zeolite
crystals, which already existed in the gel before NaF
addition. The surface Si/Al ratios measured by EDX
were roughly 11-15, indicating an enrichment of Al on
the crystal surface. However, there was no difference
in the surface Si/Al ratio between large and small
crystals.

Figure 5 shows the 27Al MAS NMR spectra of various
MOR-type zeolites obtained at different addition times
of NaF. For all samples, only the peak of ca. 54 ppm
assigned to tetrahedrally coordinated framework alu-
minums was observed, indicating that all aluminums
in the as-synthesized MOR-type zeolites exist within the
zeolite framework.

Recently, several research groups, using solid-state
NMR and X-ray diffraction, have found a pentacoordi-
nated silicon unit (SiO4/2F-) in various as-synthesized
zeolites such as MFI- and MTW-type zeolites.22,23 In
addition, it has also been found that fluoride anions are
occluded in a double four-membered ring of as-synthe-
sized zeolites such as AST, ISV, ITH, and ITW.30-33 To
get information concerning the chemical state of fluoride
in the MOR-type zeolites obtained at different addition
times of NaF, therefore, the 19F MAS NMR spectra of
the as-synthesized zeolites were measured. As shown
in Figure 6 (a), only one peak was observed at ca. -72
ppm in the spectrum of MOR-type zeolite synthesized
from the starting gel with NaF. This peak could be
assigned to NaF (Figure 6(d)). In the 19F MAS NMR
spectra of the MOR-type zeolites synthesized by adding
NaF in the course of crystallization process, no peak
assigned to NaF was observed due to the low content of
NaF (Figure 6(b) and (c)). Therefore, it became clear that
the chemical state of fluoride ions in the high-silica
MOR-type zeolites obtained is different from that in
various zeolites synthesized in fluoride medium so far.

Namely, the fluoride present in the as-synthesized
MOR-type zeolites exists as NaF, and the amount of
NaF is strongly affected by the addition time of NaF.
As the pore size of mordenite is too small for the
formation of crystalline NaF, the crystalline NaF is
probably present as inclusions between the domains,
which form big mordenite crystals and where its extrac-
tion is difficult by a simple washing. This is not the case
for mordenite crystals obtained by NaF addition in the
course of crystallization process. Due to very small size,
there are less inclusions and they are more easily
extracted by washing.

Thermal Stability. The XRD and 27Al MAS NMR
analyses were used to study the thermal stability of the
MOR-type zeolites synthesized by adding NaF in the
course of crystallization process. The XRD spectra of the
MOR-type zeolites before and after calcination at
900 °C are shown in Figure 7. In the case of the MOR-
type zeolite synthesized from the starting gel with NaF,
the XRD peak intensities corresponding to MOR-type
zeolite decreased dramatically after calcination, and
only diffraction peaks from cristobalite were observed.
On the other hand, in the case of MOR-type zeolite
obtained at 36 h of the NaF addition time, the XRD peak
intensities after calcination are almost the same as
those before calcination. Figure 8 shows the 27Al MAS
NMR spectra of the MOR-type zeolites before and after
calcination. The marked decrease in the peak intensity
at ca. 54 ppm was observed for the zeolite prepared from
the starting gel with NaF, whereas no decrease occurred
in the peak intensity for the zeolite prepared by adding
NaF during crystallization. These results suggest that
the thermal stability of the as-synthesized high-silica
MOR-type zeolite is strongly dependent on the addition
time of NaF. In our previous paper, the low thermal
stability of MOR-type zeolite prepared in the presence
of NaF was found to be attributable to NaOH (or Na2O)
formed by the reaction between NaF and silanol groups
in the zeolite during calcination at 900 °C, which led to
the structural degradation of MOR-type zeolite by alkali
fusion.29 Therefore, it may be concluded that the higher
thermal stability of MOR-type zeolites obtained by
adding NaF in the course of crystallization process is
due to the lower content of NaF in their crystals.

Next, to evaluate the thermal stability of the high-
silica MOR-type zeolite accurately, the as-synthesized
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Figure 5. 27Al MAS NMR spectra of MOR-type zeolites
obtained by changing NaF addition time: (a) sample 5,
(b) sample 21, and (c) sample 22.

Figure 6. 19F MAS NMR spectra of MOR-type zeolites and
NaF: (a) sample 5, (b) sample 21, (c) sample 22, and (d) NaF.
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zeolite was hydrothermally treated at 170 °C for 2 days
to remove NaF. This procedure was repeated 3× until
the peak corresponding to NaF at 2θ ca. 38.9° was not
observed in the XRD pattern. The fluorine contents in
the MOR-type zeolite after the hydrothermal treatment
were below 100 ppm. As shown in Figures 7(c) and 8(c),
the thermal stability was dramatically improved by the
hydrothermal treatment. Figure 9 illustrates the rela-
tionship between the bulk Si/Al ratio and the relative
crystallinity for various MOR-type zeolites after calcina-
tion at 900 °C for 1 h. The relative crystallinity was
defined as follows.

In the case of the MOR-type zeolite synthesized
without NaF, a good relationship was observed between
the bulk Si/Al ratio and the relative crystallinity.
Namely, the thermal stability of the MOR-type zeolite
was increased with an increase in bulk Si/Al ratio. On
the other hand, the thermal stability of MOR-type
zeolites synthesized in the presence of NaF depended
strongly on the addition time of NaF. The data for the
hydrothermally treated MOR-type zeolite were fitted to
a common curve of those without NaF, indicating a
marked enhancement in thermal stability.

Conclusions

Under well-optimized conditions, highly crystalline
MOR-type zeolites with a Si/Al ratio of approximately
30 were successfully prepared when Al(NO3)3 was
employed as an aluminum source. The Si/Al ratio was
the highest value among MOR-type zeolites reported so
far. It was also found that the addition of NaF to the
synthesis gel in the course of crystallization process
enhances the growth rate of MOR-type zeolite and that
the fluoride ions are present in the as-synthesized MOR-
type zeolite as NaF. The amount of NaF remaining in
the MOR-type zeolites decreased with the NaF addition
time, resulting in the enhancement of their thermal
stability.
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Figure 7. XRD patterns of various MOR-type zeolites: (A)
sample 5 and (B) sample 22. (a) MOR calcined at 500 °C for
10 h. (b) Sample (a) was calcined at 900 °C for 1 h.
(c) As-synthesized MOR was treated hydrothermally at
170 °C for 2 days (3×), calcined at 500 °C for 10 h, and then
calcined at 900 °C for 1 h.

Figure 8. 27Al MAS NMR spectra of various MOR-type
zeolites: (A) sample 5, and (B) sample 22. (a) MOR calcined
at 500 °C for 10 h. (b) Sample (a) was calcined at 900 °C for
1 h. (c) As-synthesized MOR was treated hydrothermally at
170 °C for 2 days (3×), calcined at 500 °C for 10 h, and then
calcined at 900 °C for 1 h.

Figure 9. Relationship between bulk Si/Al ratio and relative
crystallinity of MOR-type zeolite after calcination at 900 °C
for 1 h. (9) MOR synthesized from starting gel with NaF; (0)
MOR after hydrothermal treatment at 170 °C; (O) MOR
synthesized without NaF; (2) MOR synthesized at 18 h of NaF
addition time (sample 21); (1) MOR synthesized at 36 h of NaF
addition time (sample 22); and ([) MOR synthesized at 48 h
of NaF addition time (sample 27).

Relative crystallinity (%) )
(Sum of area under the peaks between 2 theta )

5 - 40 after calcination at 900 °C for 1 h)/
(Sum of area under the peaks between 2 theta )

5 - 40 after calcination at 500 °C for 10 h) × 100
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