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The influence of synthesis in acidic or alkaline media on the incor-
poration of vanadium in the MFI (ZSM-5) lattice has been studied.
An alkaline gel favors the incorporation of vanadium in the MFI
framework, while an acidic gel does not. EPR and analytical data
indicate that mostly V4+ species are present in an octahedral (Oh)
environment in the as-synthesized V-MFI prepared in acidic media,
which latter transform into polymeric V5+ species on calcination.
In the alkaline media, vanadium is incorporated mostly as V5+ in
a distorted Td environment. Thermal analysis and XRD data in-
dicate that phase transformation from orthorhombic to monoclinic
takes place during the calcination process only when the sample
is prepared from acidic medium. It is found that the sample pre-
pared from alkaline medium contains Si–OH groups from defect
centers while such groups are absent in the sample prepared in
acidic medium. It appears that V-ions are present in the defect
sites in the MFI framework in the sample prepared from alkaline
medium. c© 1996 Academic Press, Inc.

INTRODUCTION

Studies on the incorporation of transition metal ions,
particularly titanium and vanadium, in zeolite lattices are
important as these transition metal analogs are catalyti-
cally active in various shape selective oxidation reactions
useful in the synthesis of fine chemicals. Though earlier
workers (1–10) have suggested that vanadium is incorpo-
rated in the framework as V4+, recent studies have revealed
that vanadium incorporation takes place as V5+ in the lat-
tice of KVS-5 (11), BEA (12), and MEL (13) molecular
sieves. It is also expected that the incorporation of smaller
V5+ (r= 0.046 nm) should be more favorable than V4+

(r= 0.059 nm) in the Si4+ (r= 0.026 nm) lattice. The lattice
V5+ species are easily reducible to V4+ species. Whittington
et al. (14) have reported that the reduction takes place due
to the reactivity (reducibility) of the V–O–Si bonds rather
than V==O. All the above reports (11–13) deal with the
incorporation of vanadium in alkaline media but so far,
no reports are available in the literature about vanadium
incorporation in acidic media. A low pH synthesis of ze-
olite by the “fluoride method” has been reported recently
(15–17). This method leads to the production of large defect

free crystals. Centi et al. (18) and Moudrakovski et al. (19)
have reported that the location of lattice vanadium species
is near the defect sites and the incorporation is related to
the amount of defect sites. Our present studies deal with
the identification of different V-species present in acidic
and alkaline gels and the crystalline phases prepared from
them. The influence of the mode of preparation on the in-
corporation of vanadium in the lattice of silicalite-1 and the
catalytic activities of the samples are being reported.

EXPERIMENTAL

Two vanado-silicate (MFI) samples A and B were syn-
thesized from acidic and alkaline media, respectively. The
synthesis (sample A) in the acidic medium was carried out
as follows: NH4F (2.47 g) and tetrapropyl ammonium bro-
mide (TPABr; 4.44 g) were dissolved in water (40 g) and
mixed with an aqueous solution of VOSO4 (0.18 g in 44 g
water). The resultant solution was blue in color. Fumed sili-
ca (Sigma, 4 g) was added slowly to the above solution over
a period of 1 h with vigorous stirring. After complete addi-
tion of the fumed silica, the resultant gel was gray in color.
This was stirred for another hour. The pH of the gel was
6.8. The molar composition of the final gel was SiO2 : 0.0125
VO2 : 0.25 TPABr : NH4F : 70 H2O. The gel was allowed to
crystallize at 473 K for 7 days under static conditions in a
teflon-lined autoclave. The grayish white material (sample
A) was dried at 373 K and calcined at 823 K for 12 h. The
calcined material was white under dehydrated conditions.
On hydration it became deep yellow.

The synthesis of the V-MFI sample in alkaline medium
(sample B) was carried out as per published procedures
(1–4, 18). The molar composition of the synthesis gel was
SiO2 : 0.0125 VO2 : 0.33 TPAOH : 22 H2O (TPAOH= tetra-
propyl ammonium hydroxide (Aldrich)). VOSO4, 3H2O
was used as the vanadium source and tetraethyl orthosili-
cate was used as the silica source. The pH of the light green
gel was 11.1. The crystallization was carried out in a sealed
autoclave under static conditions at 443 K for 2 days. The
crystalline material was filtered, washed, dried (383 K), and
calcined (823 K for 12 h). The calcined material was pale
yellow in hydrated and dehydrated conditions.
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TABLE 1

V4+ and V5+ Break-Up in the Gel and Crystalline Samples

V-content (×10−3)

Crystalline material

Gel As-synthesized Calcined
Extracted

Sample pH of gel V/Si+V V4+/Si+V V5+/Si+V V/Si+V V4+/Si+V V5+/Si+V V4+/Si+V V5+/Si+V V/Si+V

A 6.8 12.5 12.2 0.3 10.2 10.2 — 0.5 9.7 1.1
(11.8)a (9.5) —
(11.4)b

B 11.1 12.5 4.1 8.4 5.4 1.2 4.2 — 5.4 3.9
(11.9)a (0.9) (3.7)c (3.4)c

(3.9)b

Note. Values within brackets have been estimated from EPR.
a Initial concentration of V4+ in gel (see text).
b Final concentration of V4+ in gel (see text).
c Concentration of V4+ in reduced samples.

The calcined samples (A and B) were next treated with
1 N NH4OAc solution at 353 K for 12 h to remove the ex-
tralattice vanadium (18). Extraction with NH4OAc at room
temperature has been found by earlier authors to remove
the extralattice vanadium (18). After the NH4OAc treat-
ment, samples A and B were calcined at 723 K (6 h) in air
and the resultant materials were white even after hydration.

Analysis of the gel and the crystalline phases were car-
ried out for both V4+ and V5+ ions by established titrimet-
ric methods (20) using a standard KMnO4 solution (for
the estimation of V4+) and standard Mohr’s salt solution
with sodium diphenylamine sulfonate as an indicator (for
the estimation of V5+; Table 1). XRD patterns of the sam-
ples were obtained using CuKα radiation (Rigaku, Model
DMAX-III VC). EPR spectra of the liquids and the solids
were recorded in a Bruker ER 200D model spectrome-
ter at 9.73 GHz (X band) using a standard sample (weak
pitch; Varian, g= 2.0029). The estimation of V4+ in the
gel as well as in the solid phases was performed by inte-
grating the EPR spectra and comparing with a series of
V-impregnated silicalite-2 samples (standards) containing
known quantities of V4+ and V5+ ions. A broad background
was observed in the spectra of both the standards and un-
known samples; no corrections for the background were
made. The total area of the spectrum was calculated by
adding the areas of the hyperfine peaks; a plot of the ar-
eas of the standards was made against the concentration
of the paramagnetic V4+ species. The V4+ concentration
in the unknown material was estimated using this calibra-
tion plot. Diffuse reflectance spectra were recorded using a
UV–visible spectrometer (model UV-2101 PC, Shimadzu).
The framework infrared spectra were recorded with a PC-
based FTIR (Perkin Elmer; PC16) spectrometer using KBr
pellets. The liquid and solid state 51V NMR, 29Si MAS, 1H
MAS, and 13C CP-MAS NMR spectra were recorded in

a Bruker MSL 300 spectrometer. VOCl3 and tetramethyl
silane were used as the standards.

The oxidation of toluene using H2O2 (28% aqueous so-
lution) as the oxidant was performed in a batch reactor at
353 K. The products were analyzed by gas chromatography
(Model HP 5880; capillary column, 50 m× 0.5 mm, cross-
linked methyl silicone gum).

RESULTS AND DISCUSSION

Analytical Data

Both the samples A and B were prepared using VOSO4,
3H2O possessing V in the V4+ state. However, when the
precursor gels are analyzed the acidic gel is found to con-
tain mostly V4+ while the alkaline gel contains more V5+

than V4+ ions (Table 1). The aerial oxidation of V4+ to V5+

is known to occur rapidly in alkaline media (21). The as-
synthesized crystalline sample A contains mostly the V4+,
whereas sample B contains mostly V5+ (Table 1). When
the as-synthesized samples are calcined, only V5+ species
are present in sample B, whereas, sample A retains a small
amount of V4+. On extraction with 1 N NH4OAc solution,
most of the vanadium (89%) is extracted out from sam-
ple A, while a much smaller amount of vanadium (28%) is
extracted out from sample B.

X-Ray Diffraction

The as-synthesized forms of both the samples were highly
crystalline with an orthorhombic structure (Figs. 1a and 1b).
Upon calcination, sample A changes its symmetry to mono-
clinic (revealed by the splitting of the line at 2θ = 24.38◦

(22)), while sample B retains the orthorhombic symme-
try (Fig. 1; compare a, a′ and b, b′). Earlier workers (23)
have reported that silicalite-1 and TS-1 containing less than
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FIG. 1. XRD patterns of the samples. Sample A: as-synthesized (a)
and calcined (a′); sample B: as-synthesized (b) and calcined (b′).

1Ti/UC change symmetry on calcination, while TS-1 con-
taining more Ti did not. In the case of our sample B, no
change in symmetry is observed even though it contains
only about 0.5 V/UC. While a change in symmetry need not
be an evidence for nonincorporation (as in sample A), the
absence of a symmetry change in B does suggest that V-ions
are probably present in the framework positions in sample
B. However, the presence of extraneous matter in the zeo-
lite pores, such as adsorbates (24) and the presence of faults
(defects) (25) could prevent such a symmetry change. When
silicalite-1 was loaded (by impregnation) with 1 wt% V and
calcined, the symmetry change took place. The above obser-
vation and the observation of a symmetry change in sample
A (containing nearly double the amount of V as sample B)
suggest that the reason for the absence of symmetry change
of B is probably due to the presence of V in the framework
(and not due to the V being present as occluded oxides).
However, the simultaneous creation of defect sites along
with V-incorporation could also explain the absence of the
symmetry change. Moreover, a slight shift in the position
of the 100% peak (2θ = 23.2◦) for the calcined sample B
is noticed, when compared to pure silicalite-1 indicating a
small increase in the unit cell size of B. No such difference
is observed for the sample A. As V-ions are much larger
than Si4+ ions, an increase in the unit cell size is expected if

V-ions are present in the framework. In fact, earlier stud-
ies (13) have shown that the expansion of the unit cell
volume is related to the concentration of the framework
(nonextractable) vanadium in the samples. The XRD stud-
ies and the NH4OAc extraction results suggest that while a
little or no V-ions are present in the framework of sample
A, sample B contains significant quantities of framework
V-species.

Scanning Electron Microscopy (SEM)

The SEM picture of sample A (Fig. 2a) reveals mostly
large (6–8 µm) twinned hexagonal crystallites. Sample B
(Fig. 2b) consists of spheroidal crystallites of 0.1–0.2 µm.

EPR Spectroscopy

The EPR spectra of the precursor gels of samples A and
B exhibit eight line hyperfine spectrum without anisotropy
(g= 1.963 and A= 92.8 G) (Figs. 3a and 3b) immediately

FIG. 2. SEM photographs of the samples. Sample A (a) and sample
B (b).
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after preparation (0 h). On ageing the acidic gel at 298 K
for 2 h, the spectrum is similar to the fresh one (Fig. 3a),
while the spectrum of gel B after ageing for 4 h reveals
an eight-line hyperfine spectrum (Fig. 3b) with anisotropy
(g‖ = 1.923, g⊥ = 1.981, A‖ = 185.2 G, A⊥ = 79.8 G). The
EPR spectra suggest that free VO2+ ions are present in
the fresh and aged gels of A (Figs. 3a and 3a′; Table 1) and
that while free VO2+ ions are present in the fresh gel of B,
they are present in an axially symmetric environment in the
aged gel of B (Figs. 3b and 3b′; Table 1). The intensity of
the spectrum of the final alkaline gel is less than that of the
final acidic gel (Figs. 3a and 3b; Table 1), although the same
amount of V4+was added during the preparation of the gel,
due to transformation of the V4+ ions into V5+ ions in the
alkaline medium.

The as-synthesized sample A exhibits a eight-line hyper-
fine spectrum (Fig. 4a) with a broad background. The EPR
parameters (g‖ = 1.935, g⊥ = 1.982, A‖ = 188.5 G, A⊥ =
82 G) indicate that the V species are in a distorted Oh en-
vironment. It is possible that the broad band is associated
with agglomerated V4+ ions. However, this does not appear

FIG. 3. EPR spectra of the synthesis gels. Gel A: initial, 0 h (a), and
final, 2 h (a′); gel B: initial, 0 h (b), and final, 4 h (b′).

FIG. 4. EPR spectra of the V-MFI synthesized in acidic medium (sam-
ple A): as-synthesized (a), calcined (b), and reduced (c).

likely as even the calcined sample (in which all the V4+ ions
are expected to be transformed into V5+) exhibits that band
with about the same intensity (Fig. 4b). More investigation
into the origin of the broad band is necessary. The intensity
of the sharp hyperfine lines attributed to better dispersed
V4+ becomes very small on calcination suggesting the near
total oxidation of the V4+ ions into V5+. Upon reduction in
H2 at 573 K (6 h), the V4+ hyperfine lines do not reappear
(Fig. 4c), suggesting that the V4+ species which exhibited
the lines in the as-synthesized sample (A) has become irre-
versibly oxidized.

The results of the quantitative analysis of the EPR spec-
tra of the crystalline samples reveal that the V4+ contents
of the samples estimated by EPR and chemical methods
are of similar magnitude. The sample B exhibits an eight
line EPR signal (Fig. 5a), with a weak broad background.
The EPR parameters (g‖ = 1.932, g⊥ = 1.982, A‖ = 185.1 G,
A⊥ = 73.2 G) indicate that V4+ is present in a distorted
Oh environment (26, 27). Upon calcination, no EPR sig-
nal attributable to V4+ ions is observed (Fig. 5b) due to
the complete conversion of V4+ to V5+. On reduction in
H2 (at 573 K for 6 h), an intense eight line hyperfine spec-
trum (Fig. 5c) is obtained, indicating that the vanadium in
sample B is easily reduced. The EPR parameters of the
reduced sample of B (g‖ = 1.931, g⊥ = 1.991, A‖ = 180.5 G,



            

358 SEN ET AL.

FIG. 5. EPR spectra of the V-MFI synthesized in alkaline medium
(sample B): as-synthesized (a), calcined (b), and reduced (c).

A⊥ = 69.5 G) correspond to V4+ in a squarepyramidal en-
vironment (28). The reduced forms of both the calcined
and extracted forms of sample B contain about the same
amount of V4+ ions (Table 1) as the V5+ ions present be-
fore reduction, showing the easy reducibility of these ions.

UV–Visible Diffuse Reflectance (DR) Spectra

Assignments for absorptions in the UV–Vis range by
solid vanadium compounds and V-silicates are shown in
Table 2. Recently, Kornatowski et al. (11) have reported
the presence of 340- and 295-nm DR bands in the as-

TABLE 2

Assignment of UV–Vis Absorption Bands by V-Ions

Metal oxidation state Transition energy (nm) Type of transition Ionic environment References

V5+ (pure compounds) 333–500 Charge transfer O→V Oh (29–32)
V5+ (pure compounds) 285–333 Charge transfer O→V Td (33, 34)
V4+ (pure compounds) 769 d–d — (18)
V4+ (VO2+) 250–285 Charge transfer O→V — (18)
V-MFI 384 Charge transfer O→V Td (18)
V-MEL 333 Charge transfer O→V Td (13)
KVS-5 340 — Td (11)

FIG. 6. UV–visible DR spectra of the different samples. Sample A: as-
synthesized (a) and calcined (a′); sample B: as-synthesized (b) and calcined
(b′); V-impregnated Cab-o-sil (c).

synthesized forms of the V-silicalite, KVS-5 and have at-
tributed them to Td–V5+ species. The UV–visible DR spec-
tra (Figs. 6a and 6b) of the as-synthesized forms of both the
samples can be analyzed based on the above assignment.
The as-synthesized form of sample A does not exhibit any
band in the region 250–340 nm (Fig. 6a), suggesting the ab-
sence of detectable amounts of V5+ in Td environments
(33, 34), but sample B exhibits a band at 312 nm (Fig. 6b),
indicating the presence of V5+ in Td environments. The cal-
cined form of the sample A exhibits an intense band at 286
and 402 nm (Fig. 6a′) corresponding to Td– and Oh–V5+

species. Cab-o-sil impregnated with NH4VO3 exhibits in-
tense DR bands (Fig. 6c) at 286 and 402 nm. The positions
of those bands are similar to those of the calcined sample
A. This indicates that the V-species present in sample A
(after calcination) are similar to the impregnated samples.
The calcined form of the sample B exhibits a band at 334
nm (Fig. 6b′), corresponding to Td–V5+ species.

FTIR Spectroscopy

The framework ir spectra of the titanium silicalites TS-1
(35), and TS-2 (36), and vanadium containing zeolites
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FIG. 7. Framework IR spectra of the calcined samples. Sample A (a)
and sample B (b).

V-ZSM-48 (9), V-Al-Beta (12), and VS-2 (5) have already
been reported. In all the cases, an IR band at around
967 cm−1, not present in the Ti (or V) free analog, is no-
ticed. The band has been attributed to Si–O− vibrations
(37) and is believed to be a proof for the presence of the
metal (M) ions in the framework (38). The spectra of the
calcined samples A and B are shown in Fig. 7. The 969-cm−1

band is observed only in the spectrum of sample B.

Thermal Analysis

The TG and DTA curves of the as-synthesized samples A
and B are shown in Fig. 8. A single exotherm is observed for
the combustion of the template in the temperature range
723–823 K for sample A, while a more complex (multiple)
exotherm is observed for sample B. Besides, the onset of
the exotherm and the occurrence of the peak maximum (of
the major exotherm) are earlier in sample B. These differ-
ences suggest that the template interacts significantly with
V-ions in sample B and not in sample A. The interaction
between the template and V-ions in sample B suggests that
the V-ions are present in the framework in this sample. An-
other interesting difference is the presence of a broad and
weak exotherm (without weight loss) in the temperature
range 513–557 K in the DTA curve of sample A, and which
is not readily apparent in that of sample B. It is likely that
this exotherm is due to the phase transformation of the sam-
ple (A) from orthorhombic to monoclinic (see XRD Sec-
tion). Earlier workers (22) have reported (based on XRD
studies) that the symmetry change (orthorhombic to mon-
oclinic) occurs in the temperature range 513–557 K for MFI
zeolites.

NMR Spectroscopy

The liquid-state 51V NMR spectrum of the gels A and
B are shown in Fig. 9. The gel of sample A does not ex-
hibit any NMR signal indicating the absence of detectable
amounts of V5+ ions (Fig. 9a). The gel of sample B pro-
duces an intense signal at δ=−533 ppm along with weak
signals at δ=−558 and −565 ppm (Fig. 9b). The signal at
δ=−533 ppm corresponds to HVO2−

4 species (39, 40). This

FIG. 8. TG-DTA curve of the as-synthesized samples. Sample A (a)
and sample B (b).

is the major V5+ species suggested to be present at pH> 10
(21). The signals at δ=−558 and −565 ppm are probably
due to V2O4−

7 and its protonated form, HV2O3−
7 , respec-

tively. The exact assignment of the signals, however, is dif-
ficult as the chemical shift of many V-species are close to
each other and the values are dependent on the pH of the
solution.

Solid state NMR spectra of 51V (I= 7/2) has recently
been reviewed by Lapina et al. (41). 51V possesses a nuclear

FIG. 9. Liquid state 51V NMR spectra of the synthesis gels after aging.
Gel A (a) and gel B (b).
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FIG. 10. 51V static NMR spectra of the calcined samples. Sam-
ple A (a), sample B (b), and V-impregnated Cab-o-sil (c).

quadrupole moment along with chemical shift anisotropy
due to an asymmetric electric environment. The line shape
of the 51V static NMR spectrum and the isotropic chemical
shift (from 51V MAS NMR) could give useful information
about the local environment of vanadium. 51V static NMR
spectra and NMR parameters have been reported by many
authors (42, 43). The solid state 51V static NMR of calcined
samples A and B are shown in Fig. 10. Sample A exhibited a
strong signal (Fig. 10a) at−502 ppm (δ2) along with weaker
signals at −284 ppm (δ1) and −975 ppm (δ3). Earlier work-
ers (41) have attributed the signals at −284 and −975 ppm
to octahedral V-species similar to V2O5, and the signal at
−502 ppm to vanadium in a Td environment as in polymeric
NH4VO3. The static 51V NMR spectrum of a sample of
Cab-o-sil impregnated with NH4VO3 is presented in
Fig. 10c. The spectrum is distinctly different from those
of both A and B suggesting that a major amount of the
V-species present in sample A and B are different from
those in the impregnated sample. After NH4OAc treat-
ment, the calcined sample A does not show any NMR signal
due to the extraction of most of the vanadium (see Table 1).
Sample B gives a nearly anisotropic spectrum (Fig. 10b)
with a peak maximum at−555 ppm. A nearly identical static
spectrum has been reported for the framework V-species
in VS-12 (19). The spectrum has been attributed to a dis-
torted Td environment. Based on 51V MAS NMR studies of

SCHEME 1. Plausible structures for the V-species in V-MEL: as-synthesized (a), calcined (b), and reduced (c).

FIG. 11. 29Si MAS NMR spectra of the calcined form of the samples.
Sample A (a) and sample B (b).

the V-MEL system, we have already reported the plausible
structures for the V-species in V-MEL (13) (see Scheme 1).

It is likely that the structure of the V-species in VS-1
(MFI) are also similar to those shown above.

29Si MAS NMR spectrum of the calcined sample A shows
seven lines (Fig. 11a) in the chemical shift range from δ=
−111 to −118 ppm, corresponding to Q4–Si sites (44). The
absence of signals in the range δ=−98 to −102 ppm indi-
cate the absence of defect sites (SiOH) (16). Besides, Axon
et al. (17) reported a broad spectrum for Fe–silicalite-1 pre-
pared in fluoride medium, the broadness being attributed to
the iron–silicon connectivity in the framework. The sharp,
resolved spectrum of sample A (Fig. 11) indicates that the
vanadium present in it does not have any effect on the sili-
con environment, presumably due to lack of V–O–Si link-
ages in the framework. The 29Si MAS NMR spectrum of the
calcined sample B shows two broad lines (Fig. 11b). The sig-
nal at−102 and−114 ppm correspond to the defect silanol
and Q4–Si sites. The broadness of the lines in this spectrum
is interesting. According to Moudrakovski et al. (19) the
broadening of the lines in the spectrum can be an indirect
indication of the statistical distribution of the vanadium in
the lattice.

1H MAS NMR spectra of the calcined sample A and B
are presented in Fig. 12. The signal at δ= 4.8 ppm corre-
sponds to adsorbed water. This has been confirmed by the
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FIG. 12. 1H MAS NMR spectra of the calcined form of the samples.
Sample A (a), sample B (b), and NH4OAc extracted sample A (c).

enhancement of signal intensity on stepwise hydration. The
peak at 2.5 ppm of sample B (Fig. 12b) is in the chemical
shift range of Si–OH (44). The signal position at 7.1 ppm
(sample A) may be attributed to V–OH based on a simi-
lar assignment for Ti–OH (45). The absence of this signal
in sample B also tallies with the structure of the V-species
proposed by us for the calcined sample; no V–OH link-
ages are present. The signals at 1.6 and 1.2 ppm are prob-
ably due to two distinct 1H environment and are present
in both the samples, the intensities being more in sample
A. The two peaks cannot be assigned to silanol groups as
these would have been reflected on the 29Si MAS NMR
spectrum of sample A (signals would have appeared in the
δ=−98 to −102 ppm range). It is therefore possible that
these are associated with the extralattice V-ions which are
mostly present in sample A. More evidence for these peaks
being due to V–OH groups is obtained from 1H NMR spec-
trum of sample A after extraction with NH4OAc (Fig. 12c).
All the signals attributed to V–OH have decreased signif-
icantly. Besides, the 1H NMR spectrum of silicalite-1 did
not reveal these bands. However, interestingly, the bands
were also not seen in V-impregnated silicalite-1. The slightly
broader spectrum of sample A compared to sample B is due
to the presence of small amounts of paramagnetic V4+ ions
in the former (see section on EPR).

13C-CP MAS NMR spectrum of the as-synthesized sam-
ple of A and B are shown in Fig. 13. Such spectra have
already been reported for the as-synthesized silicalite-1 pre-
pared in fluoride and alkaline medium (16). The similar type
of splitting for Cα, Cβ, and Cγ -indicate that the orientation
of template in silicalite-1 is nearly the same as in vanadium-
containing silicalite-1.

Catalytic Activities

The catalytic activities of samples A and B (after var-
ious treatments) in the oxidation of toluene with H2O2

are presented in Table 3. The reaction rates over the dif-
ferent samples have been reported as Turn Over Number
(TON=No. of moles of toluene converted during the re-
action period/mol of V present in the amount of catalyst
used). Both the samples A and B lost V to different extents
after the first reaction cycle due to dissolution of vanadium
in the reaction medium due to the formation of soluble pe-
roxy vanadium complexes. However, after the second cycle,
negligible V-loss was detected from both samples A and B.
After the first cycle, the V lost by sample A was 92%, while
it was about 23% for sample B. Similar loss by the two sam-
ples was also established by NH4OAc treatment (Table 1).
The TON over sample A was 14 in the first cycle and 2 in
the second cycle based on V-content in the fresh calcined
sample. However, if the TON were calculated based on the
V actually present in the sample after NH4OAc extraction
or after the first cycle, the values are 17 and 22. On the other
hand, the TON values of the fresh sample B and after one
cycle (respectively) are 120 and 111 based on the original
V-content and 153 and 162 based on the actual V-content
after one cycle and after extraction with NH4OAc. The
V-impregnated sample (C) and NH4VO3 (D) also behaved
similar to sample A (Table 3). In the case of sample A, max-
imum conversion was reached within 2 h, whereas, in the
case of sample B, the conversion increased upto about 12
h, further conversion not being possible due to depletion
of H2O2 due to decomposition (Fig. 14). It appears that the
vanadium species in sample A are rapidly extracted into

FIG. 13. 13C CP-MAS NMR spectra of the as-synthesized form of the
samples. Sample A (a) and sample B (b).
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TABLE 3

Oxidation of Toluene over V-MFI Samples

Product distribution (mol%)
Turnover H2O2

Sample no. (TON)a selectivityb Benzaldehyde Benzyl alcohol o-Cresol p-Cresol o/pc

A 14 11.6 52.8 8.2 21.4 17.6 1.21
B 120 52.1 41.5 11.9 23.0 23.6 0.97
Ad 22 2.6 87.8 12.2 — — —

(2)e

Bd 153 47.5 40.8 10.9 23.2 25.1 0.92
(111)e

Af 17 1.9 88.2 11.8 — — —
Bf 162 50.3 41.2 11.4 23.5 23.9 0.98
Cg 12 11.8 74.3 6.3 10.9 8.4 1.24
Dh 12 13.7 68.9 4.2 14.4 12.5 1.15

Note. Reaction conditions: Cat: 0.1 g; toluene/H2O2 (mole)= 2; temp.= 353 K; toluene/cat (wt)= 10; solvent
(acetonitrile)= 10 ml.

a Number of moles of toluene converted in 12h/moles of V in catalyst sample used.
b %H2O2 selectivity=Number of moles of H2O2 utilized in product formation/total number of moles of H2O2

added during the reaction.
c Ratio of o-cresol to p-cresol in the product.
d Used catalyst (second cycle).
e TON calculated based on vanadium present in fresh sample.
f NH4OAC extracted samples.
g C=V-impregnated Cab-o-sil (V/Si+V= 1× 10−2).
h D= pure NH4VO3 (V equivalent to that in 0.1g of C).

solution by H2O2 (V-peroxo complexes) leading to maxi-
mum toluene conversion within 2 h, while in the case of B,
the reaction proceeds slowly due to presence of the frame-
work V-ions inside the pores of the sample and consequent
diffusion limitations. The extracted V-ions (from sample A)
apparently are much less active than the V-ions present in

FIG. 14. Toluene oxidation over V-MFI: Influence of duration of run
on conversion and product distribution. (A) Sample A, (B) sample B, (d)
side chain oxidation products, and (m) cresols.

the molecular sieve. This is further confirmed by the poor
activity of NH4VO3. The mechanism for the oxidation of
hydrocarbons over VS-2, suggested by Ramaswamy et al.
(6) implies that V-ions with redox characteristics are cata-
lytically active, and we have already noted (EPR section)
that the V5+ -ions in sample B undergo reduction easily.

Interestingly, the shift in the product pattern with dura-
tion of run is different for the two catalysts (Fig. 14). In
the case of B, the yield of the side chain oxidation pro-
ducts decreases and the yield of the cresols increases with
time, whereas, in the case of A, the relative yield of the two
types of products remains nearly constant (Fig. 14). These
observations further confirm that the catalytically active
V-species are different in the two cases. The slow build-up
of the ring-hydroxylation products probably suggests that
these are mainly produced over the framework V-species
located inside the pores. Further confirmation of the pres-
ence of the V-species inside the pore system in sample B
comes from an examination of the o/p ratio of the cresols
in the product. Besides kinetic, mechanistic and structural
factors (46), the o/p ratio of the product is also determined
by the location of the active species in molecular sieve cata-
lysts, with active centers inside the pore system producing
more p-isomer than those outside (47). The smaller o/p ra-
tio over sample B adds evidence to our earlier suggestion
that the V-species is sample B are mostly located inside the
pore system attached to the framework in defect sites. The
V-species in sample A are probably located on the surface in
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an easily extractable form; as a catalyst, sample A is similar
to V-impregnated silicalite and pure NH4VO3.

A summary of the results of the various studies is pre-
sented below:

1. Analytical data indicate that the pick up of V4+ and
V5+ by the crystalline phase is related to the concentration
of the respective V-ions in the gel phase. However, while
84% of the V4+ ions in the acidic gel is picked up by the
crystalline material, only 50% of the V5+ ions are picked
up from the alkaline gel. More V-ions are extracted out by
NH4OAC solution (after calcination) from the sample from
the acidic gel than from the alkaline gel.

2. XRD data indicate that the samples are highly crys-
talline. There is a phase transformation during the calcina-
tion of the sample A. The expansion of the unit cell volume
is due to framework V-species present in the sample B.

3. Scanning electron micrographs reveal the formation
of apparently defect-free large crystals when synthesized
from the acidic medium. Alkaline synthesis leads to submi-
crometer particles.

4. TG-DTA studies reveal that the V-ions are in intimate
contact with the template molecules only in the sample syn-
thesized in an alkaline medium.

5. EPR experiments indicate that in the gel phase, V4+

species are present as freely mobile VO2+ ions (sample A)
and in a distorted Oh environment (sample B). In the as-
synthesized sample A, V4+ ions are in an agglomerated
(polymeric) state, whereas, in sample B, they are well dis-
persed in an Oh environment. The polymeric V4+ species
present in sample A are more difficult to oxidize or reduce
than the framework V5+ species present in the sample B.

6. UV–visible spectra suggest that distorted Td–V5+

species are present in the as-synthesized and calcined forms
of the sample B, while both the Td and Oh V-species are
present in the calcined form of the sample A.

7. The IR band at 969 cm−1 attributed to Si–O− linkages
is related to the presence of nonextractable V5+ species.

8. NMR experiments indicate that monomeric HVO2−
4 ,

polymeric V2O4−
7 , and the protonated species (HV2O3−

7 )
are present in the alkaline gel. Distorted Td–V5+ species
are present in sample B whereas polymeric V-species with
Td (like NH4VO3) and Oh (like V2O5) environment are
present in the sample A. 29Si MAS NMR indicate the ab-
sence of defect sites in sample A whereas defect sites are
present in the sample B. The broadening of the 29Si spec-
trum of sample B indicates the distribution of V with Si
in the lattice. The 1H MAS NMR experiment indicates the
presence of V–OH linkages from nonframework vanadium
in calcined sample A.

9. The sample synthesized from the alkaline medium is
much more active than the one synthesized from acidic
medium. During the reaction, the vanadium ions are more
easily leached out from the latter sample than from the
former.

CONCLUSIONS

The synthesis of V-MFI in an acidic medium using flu-
oride ions gives defect free orthorhombic crystals which
transform into a monoclinic symmetry on calcination. Syn-
thesis in an acidic medium is unfavorable for the incorpora-
tion of vanadium in the framework. The V-species present
in the sample prepared in acidic medium are mostly non-
framework polymeric species with Td and Oh environ-
ments. Synthesis in alkaline media favours the incorpora-
tion of vanadium in the framework of MFI molecular sieves.
These framework V-species are in a distorted Td environ-
ment located at the defect sites. These V-species undergo
redox cycles easily and are catalytically active. Besides, the
V-ions are not leached into the reaction medium from the
above sample in contrast to the sample prepared from an
acid medium.
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