
Thermochimica Acta 420 (2004) 145–154

Synthesis and characterization of V-MFI obtained
in fluoride-containing medium
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Abstract

Crystallization fields for the formation of V-MFI were determined from gels of composition:xNa2O–yVO2–7NaF–ySO3–zSiO2–2TPABr–
260H2O at 190◦C with 3.6 ≤ x ≤ 14.4 and 2.1 ≤ y ≤ 7.1 for z = 12.0 and with 0.3 ≤ y ≤ 4.2 and 4.0 ≤ z ≤ 12.0 for x = 3.6;
TPA = tetrapropylammonium ions. The crystallization curves were analysed together with the various intermediate phases using XRD, pH
of mother liquors, thermal analysis and SEM. The final samples were analysed, in addition, by multinuclear NMR. It is concluded, that V can
be introduced into the MFI framework as V(IV) ions, accompanied by the presence of two SiOH defect groups per V atom introduced. The
51V-NMR signal due to V(V) can only be detected when additional vanadium-containing siliceous phases are formed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Isomorphous framework substitution in zeolites is a very
important task, because that way both their acidic and redox
properties can be modulated[1–3]. The vanadium silicate
molecules sieves have been found to be active in ammoxi-
dation of alkanes, epoxidation of alkanes and allylic alco-
hols, and oxidation of aromatic compounds[4–7]. The activ-
ity and selectivity of V-MFI are strongly dependent on the
structure and location of V species, because that way their
accessibility and coordination with absorbate molecules can
be different.

The synthesis of V-MFI is made essentially using either
trivalent or tetravalent vanadium sources[3]; for example,
vanadyl sulfate[4,8–10]or vanadyl oxalate[11] have been
successfully used to introduce vanadium in the MFI frame-
work.
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On the other hand, it was demonstrated that the fluoride-
containing medium is the very efficient one to introduce var-
ious elements in tetrahedral framework positions[12]. This
method has been successfully applied to introduce boron
[13], iron [14], gallium [15] or cobalt[16] at least partially
in the framework.

The present work is devoted to the synthesis of V-MFI ze-
olite at a high vanadium content. The final crystalline phases
were analysed by XRD, chemical analysis, thermal analysis,
SEM and multinuclear NMR.

2. Experimental

Gels of the following compositions were prepared:
xNa2O–yVO2–7NaF–ySO3–zSiO2–2TPABr–260H2O with
tetrapropylammonium (TPA) and 3.6≤ x ≤ 14.4 and
2.1 ≤ y ≤ 7.1 for z = 12 and forx = 3.6, 0.3 ≤ y ≤ 4.2
and 4.0 ≤ z ≤ 12.0. Two clear solutions were first pre-
pared, an alkaline one and an acidic one. The alkaline
solution was prepared by mixing sodium silicate solution
(8% Na2O, 27% SiO2, 65% H2O; Merck) with sodium
hydroxide (50 wt.% aqueous solution, Carlo Erba). The
acidic solution was prepared adding NaF (Carlo Erba) to
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distilled water, then after solubilizing the salt, VOSO4·5H2O
(Riedel-de Haën) and TPABr (Fluka) were dissolved. The
acidic solution was poured into the alkaline solution under
continuous stirring in order to obtain an homogeneous gel.
The pH of these gels was systematically measured. Parts of
the gel were then put in 30 cm3 Teflon-lined Morey-type
autoclaves, inserted in steel chambers, and finally put in an
oven at 190± 2 ◦C without stirring. The autoclaves were
taken off the oven at predetermined times, cooled down
in tap water. The pH of the samples was then measured,
the solid products filtered and washed several times with
distilled water until a neutral pH was obtained. The solid
products were finally dried at ca. 100◦C for 24 h. The dried
samples were crushed in an agath mortar in fine powder.
The final crystalline phases were also treated by ultrasound
in order to eliminate traces of remaining amorphous phases.

The nature of the solid and the degree of crystallinity were
determined by X-ray powder diffraction using a Philips PW
1730/10 diffractometer, between 5◦ and 45◦ 2θ at a scanning
speed of 0.02 s−1.

The reference samples for quantitative measurement were
obtained from the final crystalline products treated with ul-
trasounds in order to separate the well crystallized material
from the remaining amorphous gel.

Thermal analyses (DSC, TG and DTG) of the crystalline
products were made on a Netzsch STA 409 thermal analyzer
scanning from 20 to 750◦C at a rate of 10◦C/min under a
15 ml/min nitrogen flow.

The size and shape of the crystallites were measured by
SEM on a Stereo SCAN 360.

The NMR spectra were recorded on a Bruker MSL 400
spectrometer. For29Si (79.5 MHz) a 9.5�s (θ = π/6) pulse
was used with a repetition time 4.0 s. For13C (100.6 MHz)
a 5.0�s (θ = π/2) pulse, a single contact time and recycle
time of 6.0 s were used. For51V (105.2 MHz) a 1.0�s (θ =
π/12) pulse was used with a repetition time of 0.2 s.

3. Results and discussion

3.1. Crystal fields and crystallization rates

The crystallization fields obtained from gels of compo-
sition xNa2O–yVO2–7NaF–ySO3–zSiO2–2TPABr–260H2O
for z = 12 with 3.6≤ x ≤ 14.4 and 2.1 ≤ y ≤ 7.1, and for
x = 3.6, 0.3 ≤ y ≤ 4.2 and 4.0 ≤ z ≤ 12.0 are shown in
Fig. 1a and b.

It can be seen that the VO2/Na2O ratio influences the crys-
tallization of V-MFI. Indeed, the necessary amount of VO2
increases with increasing Na2O content in the gel for con-
stant SiO2 (Fig. 1a). For example, the experimental points
corresponding to VO2/Na2O = 0.5 are found in the crys-
tallization fields of V-MFI zeolite. On the other hand, the
ratio VO2/SiO2 does not influence, in a certain limit, the
formation of V-MFI (Fig. 1b). InFig. 1b, the 3.6 mol Na2O
are close to the 3.44 mol of Na2O introduced by 12.0 mol of

Fig. 1. Crystallization fields obtained from gelsxNa2O–yVO2–7NaF–
ySO3–zSiO2–2TPABr–260H2O at 190◦C: (a) z = 12.0, 3.6 ≤ x ≤ 14.4
and 2.1 ≤ y ≤ 5.6; (b) x = 3.6, 0.7 ≤ y ≤ 4.2 and 4.0 ≤ z ≤ 12.0; U:
unknown phase.

sodium silicate. For 3.6 mol of Na2O, z = 12.56 represent
the highest possible value in this system.

Fig. 2 represents the crystallization curves for the V-MFI
zeolite. The crystallinity of the various samples were
compared to the crystallinity of the most crystalline final
sample separated from the remaining amorphous phase by
sonication.Table 1shows the induction time in hours (cor-
responding to the appearance of ca. 4% crystallinity) and the

Table 1
Induction time (in hours) and crystallization rate (in percentage per
hour) for V-MFI zeolites obtained from gelsxNa2O–yVO2–7NaF–
ySO3–zSiO2–2TPABr–260H2O at 190◦C

x y z tind (h) R (% h−1)

3.6 2.1 12.0 3.1 5.0
3.6 2.8 12.0 3.2 4.0
5.4 4.2 12.0 6.9 10.0
6.3 4.2 12.0 7.5 15.7
7.2 4.2 12.0 3.0 3.8
7.2 4.9 12.0 5.8 13.4
7.2 5.6 12.0 3.8 5.3
3.6 2.1 4.0 7.5 3.5
3.6 2.8 4.0 3.8 11.4
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Fig. 2. Crystallization curves for the V-MFI zeolite at 190◦C from gels of compositionxNa2O–yVO2–7NaF–ySO3–zSiO2–2TPABr–260H2O.

crystallization rate (in percentage per hour), that is the max-
imum value of the crystallization curve’s first derivatives.

For x = 3.6 andz = 12.0, the increase in V leads to a
decrease of the crystallization rate, while the induction time
remains constant. This suggests that the nucleation occur-
ring also during the induction time is not modified, while
the crystallization, i.e. the incorporation of V into the frame-
work, is more difficult at higher V content. If the V and Si
content of the gels remain constant (y= 4.2 andz = 12.0),
the effect of alkalinity (increasingx values) is to increase
first the induction time and the crystallization rate, but then
both induction time and crystallization rate decrease again.
This suggests that the alkalinity has an opposite effect on
the nucleation rate and on the crystallization rate. It is thus
not possible to arrive at present at clear-cut conclusions con-
cerning the effect of alkalinity. At high alkalinity (x= 7.2)
the effect of increasing V content has first an increasing ef-
fect on both induction time and crystallization rate, but at
higher V content (y= 5.6) both the induction time and
crystallization rate are decreasing again. Once again, it can
be noticed that subtle effects are intervening in both the nu-

cleation and reaction rates and our present results are not
able to explain adequately all the phenomena that are occur-
ring. Finally, only at low initial SiO2 content (z= 4.0) are
both the induction and crystallization rates increasing with
increasing initial V content.

Table 2shows the initial (pHi) and final (pHf ) pH values
for the synthesis of pure V-MFI phases. It can be seen that

Table 2
Initial (pHi ) and final (pHf ) pH values of the mother liquors dur-
ing the synthesis of V-MFI zeolites from gelsxNa2O–yVO2–7NaF–
ySO3–zSiO2–2TPABr–260H2O at 190◦C

z = 12.0 x = 3.6

x y pHi pHf y z pHi pHf

3.6 2.1 9.5 10.0 2.1 4.0 10.0 11.0
3.6 2.8 8.7 9.5 2.1 8.0 9.5 12.0
5.4 2.8 10.0 10.0 2.1 12.0 9.5 10.0
5.4 4.2 8.7 9.9 2.8 4.0 8.5 8.5
7.2 4.2 10.5 10.5 2.8 8.0 8.0 9.0
7.2 5.6 8.5 10.0 2.8 12.0 8.7 9.5
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Fig. 3. Variation of pH as a function of time for the system 3.6Na2O–
2.8VO2–7NaF–2.8SO3–12.0SiO2–2TPABr–260H2O.

in most of the cases the pHf values are higher than the pHi
values, or they remain constant. It is particularly interesting
to determine the variation of the pH during the crystallization
[17,18]. Fig. 3 shows the variation of the pH values as a
function of time for the system 3.6Na2O–2.8VO2–12SiO2.
During the induction period (0–3 h), pH decreases due to the
dissolution-depolymerization of the gel:

(RO)3Si–O–Si(OR)3 + OH−

→ (RO)3Si–O− + HOSi(OR)3

with RO = OH, OSi or O−. In the beginning of the crys-
tallization, pH increases due to the condensation of silicate
groups to form the zeolitic crystal:

(RO)3Si–O− + HOSi(OR)3

→ (RO)3Si–O–Si(OR)3 + OH−

When the dissolution of the solid phase of the gel and the
formation of the crystals are reaching a steady state, pH is
remaining quasi-constant.

The crystallization of V-MFI can also be followed by TG,
DTG and DSC determination of the various intermediate and
final phases[19]. Fig. 4 shows the DTG and DCS curves,
while Table 3gives the weight losses and the temperature
of the maxima of the DSC curves. The total weight loss

Table 3
TG and DSC analysis of the intermediate and final V-MFI sam-
ples obtained from 3.6Na2O–2.8VO2–7NaF–2.8SO3–12.0SiO2–2TPABr–
260H2O

t (h) H2Oa TPAb

Tmax(DSC)
(◦C)

Weight
loss (%)

Tmax(DSC)
(◦C)

Weight
loss (%)

6 145.4 8.2 440 3.8
12 93.8 5.6 457 9.6
24 88.9 2.9 445 10.9
72 214.7 0.1 436 11.4

a The weight loss is determined between 20 and 300◦C.
b The weight loss is determined between 300 and 700◦C.

Fig. 4. DTG (a) and DSC (b) curves of intermediate and final
V-MFI phases of system 3.6Na2O–2.8VO2–7NaF–2.8SO3–12.0SiO2–
2TPABr–260H2O.

of H2O is decreasing with increasing crystallization time,
showing that the gel phase is more hydrophilic than the final
crystalline V-MFI phase. On the other hand, the weight loss
due to TPA present in the zeolitic channels increases with
increasing crystallization time.

The observation of the crystals in the intermediate and fi-
nal phases by SEM is most revealing. Indeed, it can lead to
a precise picture on the relationship between the solid phase
of the gel and the crystallites formed.Fig. 5shows the SEM
micrographs of the various intermediate and final samples
obtained from 3.6Na2O–2.8VO2–7NaF–2.8SO3–12SiO2–
2TPABr–260H2O at 190◦C. At 3 h, the system is still in the
amorphous phase. At 6 h, the first crystals start to appear
and, which is an important observation, they are in contact
with the solid phase of the gel. This suggests that both the
nucleation and the crystallization steps take place at the
interface of the solid phase of the gel and the liquid phase,
as it was previously shown for the formation of MFI crys-
tals in alkaline media[20]. The nutrients are transported
through the liquid phase. At 12 h, some amorphous phase
still remains in the sample, while at 18 h, pure twinned
crystals also appear. After that time, the crystal sizes do
not change much. The Si/V ratios determined by EDS and
the size of the crystals together with the aspect ratios de-
termined by SEM are reported inTable 4. The Si/V ratios
are regularly increasing with increasing time, showing the
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Fig. 5. SEM micrographs of the intermediate and final samples obtained from gel 3.6Na2O–2.8VO2–7NaF–2.8SO3–12.0SiO2–2TPABr–260H2O.

Table 4
Si/V ratios determined by EDS, dimensions (�m) and aspect ratios of
the V-MFI crystals obtained from gels 3.6Na2O–2.8VO2–7NaF–2.8SO3–
12.0SiO2–2TPABr–260H2O

t (h) Si/V L (�m) W (�m) T (�m) L/W L/T

3 4.8 Amorphous – –
6 12.1 11.5 6.7 5.5 1.7 2.1
12 30.8 12.5 9.0 9.0 1.4 1.4
18 40.3 28.8 18.6 13.7 1.6 2.1
24 46.5 35.7 30.9 14.9 1.2 2.4
72 51.6 32.5 23.8 18.9 1.4 1.7
96 69.8 35.4 25.5 15.0 1.4 2.4

L: length; W: width; T: thickness.

impoverishment in vanadium of the outer 1�m layer of the
crystals. Indeed, EDS essentially explores the external layer
of ca. 1�m layer of the material[21]. The impoverishment
in V could stem from the progressive incorporation of V in
the crystals, depleting at the same time the solid phase of
the gel in V.

The length (L) of the crystals increases with increasing
crystallization time (Fig. 6andTable 4). It is also true for the
width (W) and the thickness (T) (Table 4). Interestingly, the
aspect ratios, i.e.L/W andL/T, do not change much,L/W is
close to 1.4 andL/T to 2.1 showing a proportional increase
of the crystals in all directions.
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Fig. 6. Variation of length of the V-MFI crystals as a function of
time for the samples obtained from gel 3.6Na2O–2.8VO2–7NaF–2.8SO3–
12.0SiO2–2TPABr–260H2O.

3.2. Characterization of the final V-MFI crystals

The chemical analysis of the various final V-MFI phases
was carried out using atomic absorption. The data are re-
ported inTable 5. It is interesting to note that Na+ is ac-
companying V in the V-MFI zeolite. In most of the cases,
for constant Na2O and SiO2 values, the V/u.c. values are
decreasing with increasing V in the gel.

It is interesting to compare the Si/Na, V/Na and Si/V ra-
tios in the gel and in the final V-MFI samples (Table 6). Gen-
erally a higher amount of V is introduced into the sample
with respect to Na+ ions. The introduction of V is very in-
efficient with respect to Si; this is due to the highly siliceous
nature of all silicon MFI zeolite. Note that the initial pH

Table 5
Chemical analysis of final V-MFI samples obtained fromxNa2O–yVO2–
7NaF–ySO3–zSiO2–2TPABr–260H2O at 190◦C

x y z V/u.c. Na/u.c.

3.6 2.8 4.0 1.5 1.2
3.6 3.5 4.0 2.4 1.2
3.6 2.8 8.0 3.5 3.6
3.6 1.4 12.0 4.1 4.5
3.6 2.8 12.0 1.8 1.4
5.4 4.2 12.0 1.3 0.3
7.2 5.6 12.0 1.1 0.6

Reaction time: 3 days.

Table 6
Si/V, Si/Na and V/Na ratios in the gel and in the final crys-
talline V-MFI samples obtained fromxNa2O–yVO2–7NaF–ySO3–zSiO2

–2TPABr–260H2O at 190◦C

x y z Si/V|gel Si/Na|gel V/Na|gel V/Na|u.c. pHi

3.6 2.8 4.0 1.43 0.56 0.39 1.25 8.5
3.6 2.8 8.0 2.86 1.11 0.39 0.99 8.0
3.6 2.8 12.0 4.29 1.67 0.39 1.31 8.7
5.4 4.2 12.0 2.86 1.11 0.39 4.40 8.7
7.2 5.6 12.0 2.14 0.83 0.39 1.83 8.5

Reaction time: 3 days.

Fig. 7. XRD spectra of the samples obtained from: (a) 7.2Na2O–
5.6VO2–12.0SiO2, V/u.c. = 1.1, pHi = 8.5; (b) 3.6Na2O–2.8VO2–
4.0SiO2, V/u.c. = 1.5; pHi = 8.5; (c) 3.6Na2O–2.5VO2–4.0SiO2,
V/u.c. = 2.4, pHi = 8.5; (d) 3.6Na2O–2.1VO2–8.0SiO2, V/u.c. = 8.0,
pHi = 9.5; (e) 7.2Na2O–4.2VO2–12.0SiO2, V/u.c. = 10.6, pHi = 10.5.

values are close to 8.5 for all the well crystalline MFI sam-
ples. For higher initial pH values, less crystalline materials
are obtained. This is also shown by the corresponding XRD
spectra (Fig. 7). When the initial pH values are higher, much

Fig. 8. DTG (a) and DSC (b) curves of samples obtained from (a)
3.6Na2O–1.4VO2–12.0SiO2, V/u.c. = 4.1, pHi = 8.0; (b) 3.6Na2O–
2.8VO2–8.0SiO2, V/u.c. = 3.5, pHi = 8.0; (c) 3.6Na2O–3.5VO2–
4.0SiO2, V/u.c. = 2.4, pHi = 8.5; (d) 3.6Na2O–2.8VO2–12.0SiO2,
V/u.c. = 1.8, pHi = 8.7; (e) 3.6Na2O–2.8VO2–4.0SiO2, V/u.c. = 1.5,
pHi = 8.5; (f) 5.4Na2O–4.2VO2–12.0SiO2, V/u.c. = 1.3, pHi = 8.7; (g)
7.2Na2O–5.6VO2–12.0SiO2, V/u.c. = 1.1, pHi = 8.5.
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Table 7
TG and DSC analysis of final crystalline V-MFI samples obtained fromxNa2O–yVO2–7NaF–ySO3–zSiO2–2TPABr–260H2O at 190◦C

x y z V/u.c. H2O TPA TPA/u.c.
total loss

Tmax(DSC)
(◦C)

H2O/u.c.
loss

Peak I Peak II Peak III

Tmax(DSC)
(◦C)

TPA/u.c.
loss

Tmax(DSC)
(◦C)

TPA/u.c.
loss

Tmax(DSC)
(◦C)

TPA/u.c.
loss

3.6 2.8 12.0 1.8 171 0.3 372 0.7 435 2.0 476 0.9 3.6
5.4 4.2 12.0 1.3 183 0.9 378 0.4 447 2.4 478 1.0 3.8
7.2 5.6 12.0 1.1 159 0.8 374 0.4 441 2.3 472 1.1 3.8
3.6 1.4 12.0 4.1 188 3.3 383 0.1 429 0.4 475 1.1 1.6
3.6 2.8 4.0 1.5 147 0.6 379 0.5 437 2.6 474 0.9 4.0
3.6 2.8 8.0 3.5 160 0.4 383 0.3 445 1.9 472 0.9 3.1
3.6 3.5 4.0 2.4 124 2.8 368 0.3 425 1.8 484 1.3 3.4

Reaction time: 3 days.

less crystalline samples are obtained with a high V content
where V is not incorporated in the structure.

The DTG curves and DCS curves of the final crystalline
V-MFI samples are illustrated inFig. 8a and b, respectively.
Table 7reports the weight losses and the temperature of the
maxima of the DSC curves.

The small peak at ca. 375◦C was interpreted as due to
TPA+ ions extending at the external surface of the crystal-
lites [27]. The second DSC peak at ca. 430◦C is due to the
decomposition of the TPA+ ions to form tripropylamine,
dipropylamine, propylamine and propylene[28]. Finally, the
third DSC peak at ca. 475◦C is due to the decomposition of
the decomposition products stemming from the second peak
[28].

Fig. 9 shows the high-power decoupled13C-NMR spec-
trum of TPA+ ions occluded in the V-MFI channels. The
chemical shifts are characteristic of silicalite-1 synthesized
in fluoride-containing media[22,23] or in alkaline media
[24]. This means that the small amounts of V in the sam-
ples do not influence significantly the13C-NMR spectra of
occluded TPA+ ions. It can be said that the interaction be-

Fig. 9. Typical 13C NMR spectrum of TPA occluded in final crys-
talline V-MFI sample obtained from 3.6Na2O–3.5VO2–7NaF–3.5SO3–
4.0SiO2–2TPABr–260H2O.

Fig. 10. Typical29Si NMR spectrum of final crystalline V-MFI sample ob-
tained from 3.6Na2O–2.8VO2–7NaF–2.8SO3–4.0SiO2–2TPABr–260H2O.

tween the carbon atoms and the zeolitic wall is similar in
both cases. Note the two different lines for the CH3 groups
stemming from the fact that two groups are in the linear
channels and the other two groups are in the zig-zag chan-
nels.

The 29Si-NMR spectra of the V-MFI samples are char-
acteristic of as-made silicalite-1. The spectrum is character-
istic of an orthorhombic symmetry[24], it is composed of
a shoulder at ca.−118 ppm, a maximum at−112.6 ppm,
these lines stemming from Si(OSi)4 configurations and of a
line at−103 ppm stemming from≡SiOH defect groups[24]
(Fig. 10). Although the defect groups in silicalite-1 can ac-
count for up to 32/u.c., in these samples these values go only
up to 48/u.c. and are on the average equal to 10% (Table 8).
If one is supposing that the vanadium (IV) is incorporated
into the framework as[2]
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then two≡SiOH groups are linked per 1 V/u.c. It can be
seen that the amount of ca. 10/u.c. are more than enough
to explain the introduction of V into the framework. Hence,
some≡SiOH defect groups stem also from the normal all
siliceous MFI structure.

Fig. 11. SEM micrographs of final crystalline V-MFI phases obtained fromxNa2O–yVO2–7NaF–ySO3–zSiO2–2TPABr–260H2O at 190◦C with: (a) x
= 3.6; y = 2.8; z = 4.0; (b) x = 3.6; y = 3.5; z = 4.0; (c) x = 3.6; y = 2.8; z = 8.0; (d) x = 5.4; y = 4.2; z = 12.0 (micrographs on the left and on
the right have different scale).

The51V-NMR spectra are more revealing. These spectra,
although characterized by a chemical shift of−575 ppm ver-
sus VOCl3 only stem from not well crystalline samples (see,
e.g., spectra (d) and (e) inFig. 7). In addition, all these spec-
tra contain an additional29Si-NMR line at ca.−85 ppm. It is
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Table 8
29Si-NMR data of final crystalline V-MFI samples obtained from
xNa2O–yVO2–7NaF–ySO3–zSiO2–2TPABr–260H2O at 190◦C

x y z V/u.c. δ (ppm)

≡SiOH/u.c.
(−103)

Si(OSi)4/u.c.
(−112.6)

3.6 2.8 12.0 1.8 10 86
5.4 4.2 12.0 1.3 9 87
7.2 5.6 12.0 1.1 10 86
3.6 1.4 12.0 4.1 (5)a 11 80
3.6 2.8 4.0 1.5 12 84
3.6 2.8 8.0 3.5 18 78
3.6 2.5 4.0 2.4 11 85

Reaction time: 3 days.
a Another line at−93 ppm is also detected due probably to a different

phase or to more defects in the structure.

thus suggested that this V(V) species stem from an open not
crystalline phase of silico-vanadium structure, where the V
atoms have been oxidized already in the as-made samples.
Indeed, for samples well characterized by all the physico-
chemical techniques – XRD, thermal analysis,29Si-NMR
(Table 8) – no51V-NMR spectra could be taken due to
paramagnetic V(IV) species. These V(IV) species are only
transformed into V(V) species during calcination[2]. It has
to be emphasized that the presence of the51V-NMR line at
−575 ppm in the as-made sample is not a definite proof that
the V atoms occupy framework positions in the structure.

The SEM micrographs are illustrated inFig. 11. The typ-
ical prismatic form can be recognized in all pictures. How-
ever, the size of crystals, their twinning, round corners, etc.
are different from one sample to the other in these crystalline
V-MFI materials. These crystals are rather big and can be
compared to those obtained by Sand and coworkers[25,26].
Table 9shows the crystal sizes and shapes together with the
Si/V ratio determined by EDS for some samples. Although
the length of the crystals varies between 15 and 41�m, the
aspect ratios, i.e. length/width, are close to 1.5 in most of
the samples. This means that the rate of the crystal growth is

Table 9
Morphology, size and Si/V ratios for final crystalline samples obtained
from xNa2O–yVO2–7NaF–ySO3–zSiO2–2TPABr–260H2O at 190◦C

x y z Si/Va L
(�m)

W
(�m)

L/W Morphology

3.6 2.8 4.0 15.3 11.0 1.4 Rounded hexagonal
prisms

3.6 3.5 4.0 33.0 11.1 3.0 Elongated
hexagonal prism

3.6 2.8 8.0 34.0 23.1 1.5 Irregular shape
3.6 2.8 12.0 92.7 32.5 23.8 1.4 Rounded hexagonal

prisms
5.4 4.2 12.0 78.0 41.0 31.8 1.3 Rounded hexagonal

prisms
7.2 5.6 12.0 34.1 23.7 1.5 Rounded hexagonal

prisms

Reaction time: 3 days.
a EDS values: V/u.c. = 1.0 and 1.2, respectively.

similar in all conditions studied and it is not dependent on ei-
ther the Na, or the V and Si contents. The Si/V values or the
V/u.c. values can be compared with those obtained by atomic
absorption (Table 5). As the penetration depth of the X-rays
is ca. 1�m [21], it can be concluded that the crystals ob-
tained with 5.4Na2O–4.2VO2–12.0SiO2 are quite homoge-
neous as the global composition (V/u.c. = 1.3) is quite close
to that determined by EDS (V/u.c. = 1.2). On the other
hand, the crystals obtained with 3.6Na2O–2.8VO2–12.0SiO2
are less rich in V in the external 1�m layer (V/u.c. = 1.0)
than in the interior of the crystals (V/u.c. = 1.8).

4. Conclusions

Up to about 4 V/u.c. can be easily introduced in the MFI
structure using fluoride medium. The initial pH of the gels
does not have to be higher than 9.0. The V atoms are incor-
porated as V(IV) in the structure, introducing two≡SiOH
defect groups at the same time:

The TPA+ ions are incorporated intact into the highly
siliceous MFI structure.
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