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Abstract

This chapter deals with the isomorphous substitution in the zeolitic framework. Some specific cases among the research
works of the authors have been selected. B-MFI, Fe-MFI, Fe-BEA and Fe-MOR zeolites have been examined optimizing the
synthesis parameters. B-MFI zeolite has been synthesized in fluoride media, while the other zeolites have been prepared in
alkaline media. In all cases isomorphous substitution in the zeolitic structure, even if not complete, is obtained. It should be
pointed out that in fluoride media and in presence of K* and Cs™ ions more than four boron atoms per unit cell can be incorpo-
rated in the MFI structure. To cite this article: R. Aiello et al., C. R. Chimie 8 (2005).
© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Cet article traite de la substitution isomorphe dans la charpente zéolitique. Des cas spécifiques ont été choisis parmi les
travaux de recherche des auteurs. Ainsi, les B-MFI, Fe-MFI, Fe-BEA, et Fe-MOR sont examinés du point de vue de leurs
parametres de synthese. B-MFI a été synthétisé en utilisant la voie fluorure, tandis que les trois autres zéolithes ont été syn-
thétisées en milieu alcalin. Dans tous les cas, la substitution isomorphe a eu lieu, méme si elle n’est pas compléte, dans la
structure zéolitique. II faut souligner qu’en milieu fluorure et en présence d’ions K* ou Cs™, plus de 4 atomes de bore peuvent
étre introduits par maille dans la structure de MFI. Pour citer cet article : R. Aiello et al., C. R. Chimie 8 (2005).
© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction

The isomorphous substitution of Si by other tetrahe-
drally coordinated heteroatoms such as B™ [1,2] AI'"!
(ZSM-5) [3] Ti'"V (TS-1) [4-9], Ga™ [10-14] and Fe™
[15-18] in small amounts (up to 2-3 wt.%) provides
new materials showing specific catalytic properties in
oxidation and hydroxylation reactions related to the
coordination state of the heteroatom [19]. Moreover,
MFI-type materials with trivalent metal present in tet-
rahedral (T) sites have had a tremendous impact as new
shape-selective industrial catalysts having tunable
acidic strength. In fact, the acidic strength of the pro-
tons in the bridged Si(OH)M™ (M = B, Al, Fe, Ga)
groups depends on the nature of the trivalent hetero-
atom. Indeed, the choice of M™ critically affects
this acidic property according to the sequence
Al > Fe = Ga >> B [20-23]. In this paper, we shall
emphasize the preparation of B-MFI, Fe-MFI, Fe-BEA
and Fe-MOR. All the reported results stem from our
research work.

The B-MFI is synthesized in fluoride medium,
because, as we shall see, even in presence of tetrapro-
pylammonium bromide (TPABr) more than four B can
be introduced per unit cell into the MFI framework. In
alkaline media, this can only be achieved if ethylene-
diamine is used instead of TPABr [24]. On the other
hand, we also show, that the alkaline media is also con-
venient for the isomorphous substitution, provided that
appropriate complexing agents are chosen to stabilize
the metal ions to be introduced into the zeolitic struc-
ture.

2. Results and discussion
2.1. Synthesis of B-MFI using the fluoride route [25]

Borosilicalites of MFI structure were obtained with
all the different cations used and over the whole range
of concentrations. Table 1 shows the physicochemical
characterization data and Table 2 the '"B-NMR data
for the different borosilicalite samples obtained with
different amounts of H;BO; and different alkali cat-
ions. Fig. 1 shows typical '"B-NMR spectra of a pre-
cursor and the corresponding calcined samples. The
framework tetrahedral boron (T) is characterized by a
chemical shift of ca. —3.9 ppm with respect to BF;—

Table 1

Physicochemical characterization of precursor samples of borosili-
calites synthesized from 9 MF-x H;BO;-10 SiO,-1.25 TPABr—
330 H,0 at 170 °C

X M B/u.c.? M/u.c.® TPA/u.c. ©
0.1 NH, 0.8 - 3.8

Na 1.2 0.5 3.7

K 1.0 0.7 34

Cs 1.2 0.1 3.8
10 NH, 44 - 3.5

Na 6.3 2.0 3.7

K 8.4 3.2 2.8

Cs 9.4 3.7 2.4

#NMR values.

® Atomic absorption values.
¢ Thermal analysis values.

OEt, [26]. In the presence of Cs and 10 mols of H;BO4
in the initial gel, up to 9.4 tetrahedral B/u.c. can be
incorporated in the structure.

However, during the calcination a large amount of
boron is eliminated from the structure (Table 2) and
the relative amount of boron in the tetrahedral configu-
ration decreases. The extra-framework boron is in a tet-
rahedral configuration in most of the cases, character-
ized by chemical shift of —2.0 ppm. Sometimes, some
of the extra-framework boron can also take a trigonal
configuration, as in the various borates. In this case,
the broad NMR line is situated between 5.5 and 27 ppm.
The quantitative determination of the trigonal boron was
made by considering an average value of the quadru-
pole coupling constant of ca. 2.5 MHz [27] and using
the corrections for the line intensities depending on
the value of vo*/v v, with vy =1.25MHz,
vy, = 128.3 MHz and v, =9 kHz [28,29]. The mea-
sured intensities were corrected by a factor of 1/
0.33 = 3. No correction was made for the intensities of
the lines of the tetrahedral boron (Q.. = 0.2 MHz [27]).
The total amount of TPA/u.c. is equal to 3.4-3.8 for
samples synthesized with 0.1 mols of H;BOj5. For the
K- and Cs-borosilicalite samples, the amount of
TPA/u.c. decreases to 3.2 and 2.7 for samples synthe-
sizes with 4 mols of H;BO; and to 2.8 and 2.4 for
samples obtained with 10 mols of H;BO;. The decrease
in TPA/u.c. is also indicative of boron incorporation
into the MFI structure. Indeed, it was previously
observed that the increase in Al in the zeolitic frame-
work was accompanied by a decrease in TPA/u.c. [30].
The M/u.c. remains quite low for low B-containing
samples (Table 1). It varies from 0.1 to 0.7. As more
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Table 2

323

""B-NMR data of borosilicalites synthesized from 9MF-xH;B0;-10Si0,—1.25TPABr—330H,0 at 170 °C

X M Sample * 0 (ppm) 1 (%)

B /uc.®

1 (%) B trigonal

1(%)

J (ppm)

J (ppm)

0.1 100
27
100
20
100
63
100
12

80

NH, pr 4.2
c -4.0
pr —4.1
[¢ -3.7
K pr 42
c -3.7
pr -33
c -4.0
pr —4.1
¢ _

pr -4.0
c -3.6
K pr -39
c -39
pr -39
c -3.8

NH,
Na 73
53
70
17
32
54

Cs

0.8
0.2
1.2
0.4
1.0
0.5
1.2

0.24

35

4.6
33
59
1.0
29
5.1

5.6-17 55

-2.9 22 5.2-17 45

-2.9 37

2.9
-29

47 5.2-17 34

-2.9 22
-2.9 6

-2.9 30
-2.9 34
-2.9 68
-2.8 26

5.5-17 5
5.5-17 41

1-17 49
5.5-17 11
5.5-17 20

 pr: precursor; c: calcined.

® Corresponding to the amount of boron at ca. —4 ppm.
boron is incorporated into the structure, this amount
increases to 3.7 for the Cs-borosilicalite. If boron is
incorporated into the zeolitic framework, its presence
leads to a contraction of the unit cell because the atomic
radius of the B atom (0.98 A) is smaller than that of
silicon atom (1.17 A). The cell parameters and the unit
cell volume decrease monotonously as a function of
B/u.c. [31]. The decrease is largest for the K- and
Cs-borosilicalites. From a correlation between the unit
cell volume and B/u.c. reported in Ref. [32], it can be
predicted that some five to six boron atoms can be incor-
porated into the MFI structure using K* ions. As was
already mentioned above, Cs™ at high H;BO, concen-
trations behaves quite peculiarly. For example, the
B/u.c. in the framework increases during calcination
with x = 10 mols (Table 2 and Fig. 2).

During calcinations, carried out at 500 °C in a flow
air, the NMR line at —3.9 ppm increases, while the
one at —2.0 ppm decreases. There is also some increase
in the 5.5-17 ppm line. It seems as if the —2.0 ppm
line which was attributed to extraframework tetrahe-
dral boron is transformed predominantly to the
—3.9 ppm line, i.e. the boron in the structure in tetra-
hedral configuration, and partially to non-framework
trigonal boron at 5.5-17 ppm. Hence we have to
modify the attribution of the —2.0 ppm line. It is pos-
sible that the “extraframework” tetrahedral boron in
the precursor is really not an extraframework boron,

PpPmM

Fig. 1. MAS "'"B-NMR spectra of (a) K-borosilicalite precursor and
(b) calcined samples obtained with 10 mol of H;BO;.
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Fig. 2. MAS ""B-NMR spectra of precursor (a) and calcined (b)
Cs-borosilicates synthesized with 10 mol of H;BO;.

but characterizes a tetrahedral boron which is still par-
tially linked to the structure. If this is the case, a rather
high amount of SiOH defect groups should be present
in these samples. This is confirmed by the ??Si-NMR
spectra, where indeed a high concentration of SiOX
group at —103 ppm is detected (Fig. 3). Interestingly,

b

90  -100 -110  -120
ppm

Fig. 3. MAS *°Si-NMR spectra of (a) precursor and (b) calcined
Cs-borosilicalites synthesized with 10 mol of H;BO;.

the K-borosilicate samples do not show any anomaly
(Table 2 and Fig. 1). No SiOX defect groups were
detected in the precursor samples at high boron con-
centration.

The attribution of the —2.0 ppm line in the ''B-
NMR spectra to partially deformed framework tetrahe-
dral boron such as [(SiO);BOH]™ (i.e. having non-
bridging oxygen in the structure) was also suggested
for reedmergnerite [27]. From this study it can be con-
cluded that greater than four B/u.c. can be introduced
into silicalite-1 using a fluoride-containing medium in
the presence of either K* or Cs* ions. We can see now
that the maximum of four B/u.c. observed in previous
studies carried out in both alkaline [33] and fluoride
[34] media is essentially linked to Na*, which was the
inorganic cation used. Indeed it was shown [33] that
Na* preferentially accompanied Al in the structure,
while TPA" is the preferential cation to [SIOB]™ nega-
tive charges. It was also demonstrated that the boron
species incorporated into the zeolite structure were in a
trigonal form, i.e. B(OH); in the alkaline medium. As
only a maximum of 4/u.c. of TPA™ can be included in
the channel, the maximum B/u.c. also equals four. The
preferential interaction between [SiOAl]” and Na* on
the one hand between [SiOB]™ and TPA™ on the other
can be understood on the basis of the hard and soft acid—
base interaction. It is well known that hard acids accom-
pany better hard bases and soft acids link preferentially
to soft bases: as Na* is a harder acid than TPA™,
[SiOAI] is also a harder base than [SiOB]". The pref-
erential interactions lead then to the TPA*—[SiOB]~
pairs, as was demonstrated previously [33]. If, how-
ever, the Na* ions are replaced by either K* or Cs™,
which are softer acids than Na*, the presence of these
ions could also favor the introduction of boron into the
zeolite structure, as preferential [SIOB]” K™ or [SiOB]~
Cs™ pairs can be formed. The presence of either K* or
Cs™ in the channels lowers the possibility of introduc-
ing four TPA/u.c. Indeed, it is found for samples hav-
ing more, than four B/u.c. that TPA/u.c. decreases. The
thus-created available free space can then be occupied
by the other “soft” counteractions (K" or Cs™) and no
defect groups have to be created in the structure. Hence
K* or Cs™ show preferential interaction with [SIOB]~
charges as Na™ does with [SiOAI]™. In the latter case, it
is possible to introduce up to 8-10 Al/u.c. [30,33].
Hence, in the presence of K* or Cs* greater than four
B/u.c. can be obtained.
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2.2. Fe-MFI synthesized by the alkaline route [35]

Fe-MFI products were obtained in alkaline media
using either oxalic or phosphoric acid as complexing
agents. In addition, the initial gels were prepared either
without ethylene glycol (system A) or in the presence
of ethylene glycol (system B) (Table 3).

The general compositions of the gels were: x Na,O-
y TPABr—z Al,05-Si0,—q Fe,05/p HA-20 H,O where
x=0.1-0.32; y = 0.02-0.08; z = 0-0.05; g = 0.005-
0.025; the ratio p/g = 3 and HA stands for H,C,0, or
H,;PO,. The second system was prepared from the fol-
lowing initial reaction mixture: 0.16 Na,O—x TPABr—
y EG—z Al,05-Si0,—q Fe,05/p HA-10 H,O where
x=0.08;y =0-6.0; z =0-0.05; g =0.005-0.1; the ratio
plg =3 and HA stands for H,C,0, or H;PO, and EG
for ethylene glycol.

First of all it can be observed that if only TPABr is
present in the initial gel (system A), Fe-MFI zeolite can
be obtained in a large Si/Fe range and a reaction time
of 1-4 days (samples 1(A)-7(A) in Table 3). The so
obtained Fe-MFI products are thermodynamically
stable. Indeed, if the reaction time is increased, the
transformation of the MFI structure into more stable
phases is not observed. Even after a thermal treatment

up to 850 °C, the MFI is the sole phase detected. The
crystallization time increases with increasing iron
and/or aluminum content of the starting hydrogel (com-
pare samples 1(A) and 2(A), and samples 4(A) and
6(A), respectively).

In system B, the formation of AI-MFI is very easy in
the presence of ethylene glycol (EG) only (sample
21(B). This result confirms the data reported in Ref.
[36]. In the presence of EG, only Al rich hydrogels were
studied, because no pure MFI zeolite could be synthe-
sized in silica rich system [34]. The presence of EG is
also able to direct the formation of MFI structure in the
presence of both Al and Fe (samples 22(B) and 23(B)).
If TPABr is also present in the initial gel, the reaction
time decreases (see samples 11(B) and 18(B), and 12(B)
and 19(B)). In addition, the stability of the final MFI
products also increases with increasing TPABr content
of the gel. Indeed, pure Fe-MFI sample is obtained with
0.08 TPABT (sample 8(B)) even after 6 days of crystal-
lization, while sample 14(B) synthesized in the pres-
ence of 0.02 TPABr shows the co-crystallization of MFI
with quartz and cristobalite after 4 days of crystalliza-
tion. The increasing TPABr content in the initial hydro-
gel results in decreasing reaction time (see samples
14(B) and 8(B)). On the other hand, the increase in the

Table 3
The MFI synthesized products varying the composition of the starting hydrogel in the type A and B systems

Sample Si/Fe,., Si/Al,, TPABr EG Time (days)  Product S1/AL e Si/Fepys
1(A) 100 00 0.08 0.0 1 MFI - 85.5
2(A) 10 00 0.08 0.0 3 MFI - 15.4
3(A) 100 100 0.08 0.0 1 MFI 97.7 73.8
4(A) 10 00 0.02 0.0 3 MFI - -
6(A) 10 10 0.02 0.0 4 MFI 25.0 307
T(A) 00 25 0.02 0.0 2 MFI 16.5 -
8(B) 20 00 0.08 3 1 MFI - 258
9(B) 6.67 00 0.04 3 2 MFI - 252
10(B) 6.67 00 0.04 3 5 MFI - -
11(B) 20 10 0.04 3 2 MFI 23.5 418
12(B) 10 10 0.04 3 2 MFI 23.0 459
13(B) 6.67 10 0.04 3 6 MFI 24.1 442
14(B) 20 00 0.02 3 2 MFI - 504
17(B) 20 20 0.02 3 2 MFI - -
18(B) 20 10 0.02 3 5 MFI - -
19(B) 10 10 0.02 3 5 MFI 29.1 403
21(B) 00 20 0.0 3 3 MFI 13.7 -
22(B) 20 20 0.0 3 2 MFI 35.0 423
23(B) 20 10 0.0 3 5 MFI 18.1 369

EG: ethylene glycol; A: without EG; B: with EG.
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initial Al or Fe-content in the hydrogels leads to the
increase in reaction time: compare samples 9(B) and
13(B) for the Al-content and samples 11(B) and 13(B)
for the influence of Fe-content.

For both systems the pH value plays an important
role in the crystallization process. As a matter of fact,
pure MFI zeolite is formed when the pH value of the
initial hydrogel is between 9 and 12.5.

The chemical analyses data are also reported in
Table 3 for both systems A and B. It can be noticed that
for type A synthesis system the amount of iron incor-
porated into the zeolitic structure is related to its con-
tent in the TPABr rich hydrogels (see samples 1(A) and
2(A)). For these TPABTr rich hydrogels, when both iron
and aluminum are present (sample 3(A)), iron is incor-
porated preferentially with respect to aluminum. How-
ever, if the TPABr content decreases to 0.02, iron can-
not be incorporated as efficiently (sample 6(A)) and
aluminum is preferentially incorporated.

This behavior can be explained by the different inter-
action between soft and hard acids with iron and alu-
minum atoms. It is known that hard acids accompany
better hard bases and soft acids prefer the soft bases.
As Na* is a harder acid than the TPA™ they interact
well, respectively, with [Si—-O-Al]™ and [Si—O-Fe]”
groups, since [Si—O—Al]™ is a harder base than the
[Si—O-Fe]". This kind of interactions has been demon-
strated by different authors in the case of B-MFI-type
zeolite (see above). In the case of system-type B (with
EG) we detect always a low amount of iron in the MFI
samples, even in the presence of a high TPABr content
(see sample 8(B), Table 3). Oppositely, the amount of
aluminum in the zeolitic framework is related to its con-
tent in the starting hydrogel and it is almost always a
high amount. This confirms that the hydrogel systems
that contain both sodium and alcohol, such as EG, show
a high amount of sodium in the crystals [37,38] and
consequently they prefer the interaction with the [Si—O—
Al]™ groups and favor the Al incorporation. Probably
the EG molecules compete with the TPA™ cations and
they fill the zeolitic channels as detected by thermal
analysis, in fact we found the EG molecules intact in
the MFI channels.

The size of the crystals obtained from system A
decreases when the amount of iron incorporated in the
zeolite increases, and it changes from 10 um (samples
1(A), Table 3) to 2.3 um (sample 2(A), Table 3). Also
the morphology for the samples changes from brick-
like to spheres (see Figs. 4 and 5).

11838 15.0KV %2230 6jim ———

Fig. 4. Scanning electron micrograph of Fe-MFI sample 1(A).

These observations give an indirect confirmation of
the iron incorporation into the MFI framework. The
presence of aluminum in the zeolite allows a reduction
in crystal size compared to that of the Al-free samples.
In fact, sample 3(A) shows a spherical habitus with a
diameter of 5 um, whereas sample 2(A) evidences the
same morphology with a smaller size (2.7 pm) due to
the high amount of aluminum and iron incorporated
into the zeolitic framework. The morphology of the
samples obtained from the system B shows a brick-like
shape for both iron and iron—aluminum systems. Also
in this case the crystal size decreases when the amount
of Al incorporated into the zeolite increases and changes
from 12 to 1 um.

)
1388C 16.0kV x1626 10um ———1

Fig. 5. Scanning electron micrograph of Fe-MFI sample 2(A).
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2.3. Synthesis of Fe-BEA using the alkaline route [39]

Using the reagents proposed for the synthesis of
Fe-BEA in Ref. [40] no Fe-BEA zeolite could be
reproduced. Indeed, starting from a gel of composition
of 40 Si0,-1.02 Fe(NO;);-9 H,0-19.04 TEAOH-
4 NaOH-676 H,O and using a 24-h ageing time only
amorphous phase was obtained at 120 °C after 12 days.
Similar unsuccessful tentative was made if the ageing
was done at 298 °C for 3 h. The reaction temperature
of 150 °C did not lead to any Fe-BEA zeolite. Finally,
even if TEAOH 25% in methanol solution was used no
Fe-BEA zeolite could be obtained following the method
proposed in Ref. [41]. In order to find a well reproduc-
ible method using our reagents, we have systemati-
cally varied the amount of iron source, the amount of
TEAOH, the ageing time of the gel, the reaction time
and the temperature of the reaction. The general com-
position of the gel was the following: 40 SiO,—
x Fe(NO3);-9 H,0—y TEAOH-4 NaOH-676 H,O with
x=0.38,0.49,0.51, y = 19.04, ageing time = 2, 18, or
24 h, reaction time = 7, 9, 10, 20, 21, 22, 26, 28, or
30 days. Only one synthesis led to Fe-Beta, with
x=0.49,y =19.04, 24-h ageing and 20 days of synthe-
sis time at 120 °C. Even this synthesis was not repro-
ducible. Note that using fumed silica instead of TEOS
as silica source, some unidentified layered compounds
were obtained. For x = 0.45, 0.49 and 0.60 and y
=10.88, 13.6 and 16.3, ageing time = 2 or 24 h, reac-
tion time = 16, 18, 20, 21, 22, 25, 29 or 40 days,
T =120 °C, Fe-BEA co-crystallize in most of the cases
with an unknown phase having a diffraction peak at 5.6
20. Note that a similar peak was obtained during the
synthesis of a low Al content Beta zeolite [42]. This
peak disappears during calcinations at 450 °C. As the
reaction temperature of 120 °C was not adequate to
obtain pure Fe-BEA in a reproducible way, the reac-
tion temperature was raised to 150 °C. At this tempera-
ture the amounts of Fe(NO;);-9 H,O and TEAOH are
also varied in order to optimize the synthesis condi-
tions. The data are reported in Table 4.

Itis clearly seen from Table 4 that, in particular con-
ditions, pure Fe-BEA can be obtained in a reproduc-
ible manner at 150 °C. The conditions are 0.45 or
0.60 Fe(NO5);9 H,0, 13.6 or 16.3 TEAOH, 24 h age-
ing time and reaction time 4-8 days. The narrow crys-
tallization fields are reported in Fig. 6, where the crys-
tallization field of Fe-BEA is surrounded at higher

Table 4
Synthesis conditions for the Fe-BEA obtained from gels of compo-
sition 40 SiO,—x Fe(NO;)5-9 H,O0—y TEAOH-4 NaOH-676 H,O at
150 °C*

Sample X y Reaction time Product
(days)
BEA-1 0.60 16.3 4-8 Fe-BEA
BEA-2 0.45 16.3 8 Fe-BEA
BEA-3 0.45 13.6 8 Fe-BEA
* Ageing time: 24 h.
0.8
] ] n

0,74 AMORPHOUS AMORPHOUS

0,64
3
£05
4 - .

0.4

AMORPHOUS
0,34 L] = ] ]
T \ \ T
10 12 14 16 18 200
TEAOH (moles)

Fig. 6. Crystallization fields of Fe-BEA zeolite from gels of compo-
sition 40 SiO,~x Fe(NO3);-9 H,0—y TEAOH-4 NaOH-676 H,0 at
150 °C.

Fe-content by a phase where Fe-BEA coexists with an
unknown phase U. Note that at low ageing time of the
gels (2 h), only an amorphous phase was obtained in
all cases. The white color of all the final crystalline
Fe-BEA zeolite samples suggests that Fe(III) occupies
framework tetrahedral sites in the structure. In the zone
of crystallization of Fe-BEA —1i.e. 0.60 Fe(NO5)5-9 H,O
and 16.3 TEAOH-(Fe, Al)-BEA and AlI-BEA were also
synthesized maintaining the same moles of iron and
aluminum source equal to 6. The data are reported in
Table 5. It is seen that only the crystalline phases (Fe,
Al)-BEA or AI-BEA were obtained in all synthetic runs
Table 5

Synthesis conditions for (Fe, Al) and AI-BEA obtained from gels of
composition 40 SiO,—x Fe(NO;);-9 H,0—y Al(OH);-16.3 TEAOH-
4 NaOH-676 H,O at 150 °C*

Sample X y Reaction time ~ Product
(days)

BEA-4 030 030 4 (Fe, A)-BEA

BEA-5 0.18 042 4-6 (Fe, Al)-BEA

BEA-6 0.06 054 3-5 (Fe, A)-BEA

BEA-7 0 0.60 4-6 Al-BEA

# Ageing time: 24 h.
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Table 6

Products obtained starting from the hydrogel of composition x Na,0-0.2 TEABr—y Al,O5—z Fe,O5;-w C,H,0,-Si0,-20 H,O at 170 °C
Sample Na,O Al,O4 Fe,04 Time (days) Products Si/Al,, Si/Fe,,
MOR-1 0.15 0.02 - 2.5 MOR 24.1 -
MOR-2 0.27 0.02 - 2.5 MOR - -
MOR-3 0.15 0.025 - 4 MOR - -
MOR-4 0.15 0.02 0.005 5 MOR 24.7 59.1
MOR-5 0.15 0.02 0.010 8 MOR 24.9 37.5
MOR-6 0.17 0.02 0.015 11 MOR 23.9 26.6

already at 3 or 4 days crystallization time. These results
reinforce the existence of the zone where pure Fe-BEA
zeolite samples could be obtained.

2.4. Synthesis of Fe,AI-MOR [43]

The synthesis of both Fe-BEA and Fe-MOR was also
tempted using the alkaline medium. The initial gel
compositions were x Na,0-0.2 TEABr—z Fe,O5—
w C,H,0,-S10,-20 H,0O, where w/z was equal to 3.

First of all it is important to underline that the attempt
to obtain a pure iron form of BEA and MOR type zeo-
lite was unsuccessful because the absence of alumi-
num in the initial hydrogel does not allow the forma-
tion of either Fe-BEA or Fe-MOR at the temperatures
of 140 and 170 °C, respectively.

In Table 6 the results on the synthesis of the AI-MOR
and Al-Fe-MOR zeolites are shown starting from ini-
tial gels of composition x Na,0-0.2 TEABr—y Al,05—
z Fe,05—w C,H,0,-S10,-20 H,O at the temperature
of 170 °C. As expected, the amount of Al in the starting
hydrogel is the crucial parameter during the crystalli-
zation process. Indeed, the MOR structure was obtained
from the mixtures with a Si/Al ratio lower than 33.3.
Alkali content influences the nature of the products. A
dense phase (quartz) co-crystallizes together with a
zeolitic phase which changes into zeolite BEA when
the amount of sodium hydroxide in the starting hydro-
gel is decreased, and a layered phase appeared in the
case when the lowest alkali content was tested. This
confirms that a great amount of sodium hydroxide is
necessary for the synthesis of MOR type zeolite. In any
case for the formation of Al or Fe-Al-MOR zeolite the
pH value of the starting hydrogel must be higher than
13. In the presence of only iron, this reaction system
leads to the formation of quartz and in presence of alu-
minum content ranging from 0.005 to 0.015 no crystal-
line phases were detected even for long reaction times.
Since with this hydrogel system it was impossible to

obtain mordenite in the absence of aluminum, we tested
the iron incorporation in the system that contains the
lowest amount of Al (equal to 0.02). The maximum
amount of iron that could be introduced into the zeolite
was equal to 0.015 (Si/Fe = 33.3); in the case of higher
iron contents in the hydrogel, the system did not evolve
towards mordenite formation. The crystallization time
was prolonged when iron content in the starting hydro-
gel was increased. In the system without iron (sample
MOR-1) crystallizes in 2.5 days, on the contrary for a
higher Si/Fe ratio (equal to 33.3, sample MOR-6)
11 days are required. Only for the highest iron loading
it was necessary to increase the amount of sodium
hydroxide in order to maintain the pH of the hydrogel
higher than 13, the value which was previously found
to be essential to obtain pure MOR type zeolite.
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