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ARTICLE INFO ABSTRACT

Keywords: Aluminum-free MWW structure containing vanadium was easily prepared from a mixture of suitable templates
MWW (N,N,N-trimethyl-1-adamantamonium hydroxide (TMAdaOH) and hexamethyleneimine (HMI)). Besides, the use
Vanadosilicate of VCl; as vanadium source, in which this metal is in low oxidation state (V>*) and the preparation of the
\I\;Iaife:;;n\;ljaates synthesis gel under inert atmosphere are crucial to get an efficient incorporation of vanadium into the zeolitic

framework. UV-Vis spectrum of the as-synthesized material whose oxidation was prevented by working under
inert atmosphere reveals the presence of isolated V™ sites isomorphically coordinated. Besides, the 2°Si MAS
NMR spectra and the V K-edge X-ray Absorption Spectroscopy (XAS) analysis show that the vanadium was
incorporated into the zeolite framework with formation of V—O—Si linkages. **C MAS NMR evidences that both
templates are present in the as-synthesized material, showing that the mixture of TMAdaOH and HMI is crucial
for obtaining pure crystalline vanadosilicate phase. XAS measurements of the V-containing zeolite during cal-
cination under air showed that initially the sample contains V*™ sites in a square pyramidal geometry, which
were completely oxidized to isolated V®>* in Tq4 coordination after calcination.

1. Introduction

According to the classical definition, zeolites are hydrated alumi-
nosilicates of open crystalline structure composed of tetrahedrally co-
ordinated Si and Al atoms linked together by oxygen atoms. However,
due to the breakthrough of similar structures containing other tetra-
hedrally coordinated (P, Fe, Ge, Ga, B, Sn, V, etc.) elements, the term
“zeotype” has been coined to describe these new structures [1,2]. A
landmark in the attempts for heteroatom insertion in microporous
molecular sieves was the discovery of a titanosilicate with MFI structure
(TS-1) [3] and its successful application as redox catalyst. Afterwards,
large efforts have been done to incorporate other metals (for example
Fe, Cr, Co and V) into the microporous framework and to study their
application as catalysts in liquid phase oxidations [4]. Isomorphic
substitution of framework tetrahedrally coordinated Si and Al atoms for
a variety of metal ions with sizes suitable to fit into the tetrahedral sites
of these structures is an important field of synthetic zeolite chemistry
[5].

Vanadium substitution has been achieved in several microporous
and mesoporous molecular sieves to yield materials such as V-MFI, V-

MEL, V-BEA, V-MRE, [V,Al]-MCM-22, EVS-10, V-MCM-41, and V-
MCM-48 [6-13]. Endeavors have been made to incorporate vanadium
into the zeolite framework in order to develop the Lewis acidity in the
catalytic systems [14,15] and also for oxidation of various substrates
[16-19]. Zeotypes containing vanadium can be obtained by the partial
substitution of the Si** and/or AI** T sites and also as Al-free struc-
tures. Incorporation of vanadium can be performed by two main
methods, post-synthesis modification and direct hydrothermal synth-
esis. In the latter case, the synthesis parameters should be optimized for
each type of structure [4]. Al-free vanadosilicates are difficult to crys-
tallize because, in general, the presence of Al species is important
during the nucleation and growth of zeolites. The first pure, Al-free
vanadium containing zeolites were MFI and MEL [6,7], probably be-
cause they can also be obtained in all-silica form.

The isomorphic substitution is an efficient method to incorporate
heteroatom into the framework, replacing the tetrahedral silicon. The
catalytic properties of microporous and crystalline titanium-silicalites,
for example the TS-1 (MFI framework), are rigorously associated with
the structural particularities of the silica framework [20,21]. In contrast
to bulk systems, such as mixed oxides or supported V,Os, the exchange
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of oxygen between the catalyst and the reagent is limited by diffusion of
oxygen vacancies through the oxide lattice [22,23]. Based on this
limitation, isolated catalytic sites in vanadosilicates structure can aux-
iliary the exchange of oxygen and Mars-van Krevelen redox dynamic
mechanism V°* and V**.

Layered materials may be used as precursors for the synthesis of
many other zeolite structures, for example, magadiite, kanemite, MCM-
22(P), PREFER, ITQ-2 and ITQ-6 [24-27]. Alongside, these layered
materials may be modified by various methods such as ion-exchange,
condensation between the lamellae, pillarization, and silylation, among
others. The possibility of modification of the lamellar zeolitic materials
for a wanted application makes them particularly suitable for catalysis
[28]. MWW is among the most interesting zeolite family, because it
contains two independent pore systems and during the synthesis a la-
mellar precursor is obtained, providing very interesting properties to
this material [29]. It is well known that MWW zeolite contains a two
channel system consisting of 10-membered-ring (MR) viewed to crys-
tallographic direction [001] between “layers” (0.48 X 0.35nm and
0.41 x 0.51 nm). One pore system is composed of 12 MR MWW cages
with dimensions of 1.82 X 0.71 x 0.71 nm. The MWW cages are con-
nected to one another through 10 MR windows. The second is a two-
dimensional (2D) 10 MR pore system that does not contain any cages
[30]. For MWW structure, and to the best of our knowledge, the
synthesis of pure Al-free vanadosilicate with MWW structure has not
been reported so far, and only the partial substitution of Al sites via
direct synthesis has been published ([V,Al]-MWW) [10].

Concerning the isomorphous substitution of metals in zeolite ma-
terials by direct synthesis methodologies, little attention has been paid
to the oxidation state of the metal. On this regard, it has been reported
recently that TiCl; can be used to crystallize the large-pore Ti-con-
taining aluminophosphate with AFI structure TAPO-5, which shows
improved catalytic properties in the mild oxidation of cyclohexene as
compared with the TAPO-5 materials synthesized from conventional Ti
(IV) sources [31-34]. On these bases, we have investigated the effect of
OSDA (Organic Structure Directing Agent) to synthesize Al-free MWW
vanadosilicate by using a vanadium source in low oxidation sate,
namely VCls. The purpose of using V3™ is to facilitate the isomorphous
substitution of this metal in the zeolite framework, because it could
eventually behave as AI**from the point of view of charge balance,
avoiding at the same time the formation of unwanted V—O—V chemical
species. It will be evidenced from this detailed study that this is an
efficient route to obtain MWW vanadosilicates in the absence of alu-
minum. Herein the different V-species present in as-synthesized and
calcined samples have been identified, and the influence of the protocol
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of preparation on the effective incorporation of vanadium in the lattice
of the MWW structure has been discussed.

2. Materials and methods
2.1. Synthesis of the MWW vanadosilicates

The synthesis of V-MCM-22 zeolite was attempted according to the
procedures described by Pérez-Pariente et al. [35] for pure aluminosi-
licate using hexamethyleneimine (HMI) as the structure directing agent.
Briefly, the required amounts of sodium hydroxide (NaOH, Sigma-Al-
drich) and hexamethyleneimine (HMI, Sigma-Aldrich) were added to
water. Thereafter, the source of vanadium (VCl3 or VOSO,, Sigma-Al-
drich) was added and kept under stirring for 30 min. Then, the silica
source Aerosil” (SiO,, Evonik) was added gradually and remained under
stirring for another 30 min. The resulting gels were then introduced into
teflon-lined stainless steel autoclaves and heated at 150 °C for 7 days
under stirring at 60 rpm. After that, the autoclaves were cooled in cold
water, the samples were recovered by filtration, washed, and dried in
air at ambient temperature overnight. The samples with MCM-22 code
were prepared following this composition: 1 SiO5: 0.017 V5,03: 0.09
Na,O: 0.5 HMI: 44.9 H,O. The synthesis using VCl; was performed
under N, atmosphere inside of a glove bag to prevent oxidation of the
vanadium precursor.

The samples with ITQ-1 code were synthesized according to a pro-
cedure described previously by Camblor et al. [36] for the synthesis of
ITQ-1 (all-silica MWW structure). All syntheses were carried out hy-
drothermally under stirring at 150 °C in basic medium and in the ab-
sence of alkali cations. The vanadosilicates were prepared at ambient
temperature under N, atmosphere inside of a glove bag by employing
Aerosil® (SiO,, Evonik), vanadium chroride (VCls, Sigma-Aldrich),
hexamethyleneimine (HMI, Sigma-Aldrich) and N,N,N-trimethyl-1-
adamantamonium hydroxide solution (TMAdaOH 25% wt., SACHEM)
as OSDA. TMAdaOH and HMI were mixed in water and then vanadium
chloride (or VOSO,4) was added. The solution remained under stirring
for 1h. After this, Aerosil’ was added slowly so that the resulting
synthesis mixture reached a molar composition of 1 SiO,: x V503: 0.31
HMI: 0.25 TMAdaOH: 44 H,O, where, x = 0.025, 0.017, 0.013 or
0.008. Different synthesis gels (Si/V ratio) were obtained by varying the
amount of vanadium as indicated by the values of x. The mixture was
transferred to Teflon-lined autoclaves, sealed and heated at 150 °C
under autogenous pressure for 7 or 14 days under stirring at 60 rpm.
After cooling to room temperature (RT), the resulting solid was re-
covered by filtration on a Biichner funnel, washed with deionized

Table 1

Chemical composition, crystallinity and synthesis conditions of all samples obtained in this study.
Sample™” Si/V gel Si/V EDS V Source C/N CHN (%) TG (%) Time (days) Phase
1V-MCM-22 30 NA® VCl3 NA NA NA 7 Amorphous
2V-MCM-22 30 NA VOSO,4 NA NA NA 7 Amorphous
ITQ-1 oo NA - 10.2 19.2 22.0 7 MWW
1V-ITQ-1 20 35.4 VCls NA NA 12.2 7 MWW
2V-ITQ-1 20 27.6 VCl; NA NA 11.3 14 MWW
3V-ITQ-1 30 26.5 VCl3 10.1 11.3 14.2 7 MWW
4V-ITQ-1 30 29.1 VCls NA NA 13.7 14 MWW
5V-ITQ-1 40 NA VCl3 NA NA NA 7 MwWwW
6V-ITQ-1 40 NA VCl; NA NA NA 14 MWW
7V-ITQ-1 60 53.5 VCls 10.2 16.8 20.0 7 MWW
8V-ITQ-1 60 51.2 VCls NA NA 17.7 14 MWW
9V-ITQ-1 30 87.9 VOSO,4 NA NA NA 7 MWW
10V-ITQ-1°¢ 30 204.4 VCl3 NA NA NA 7 MWW
11V-ITQ-1¢ 30 NA VCls NA NA NA 7 Amorphous

@ Samples with MCM-22 code were prepared following this composition: 1 SiO2: x V203: 0.09 NaoO: 0.5 HMI: 44.9 H,0.
b Samples with ITQ-1 code were prepared following the composition: 1 SiO»: x V,03: 0.25 TMAdaOH: 0.31 HMI: 44 H,0.

¢ The samples synthesized using VCl; were prepared under air atmosphere.
4 sample synthesized without HML
NA stands for “Not analyzed”.
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Fig. 1. XRD results for samples synthesized by different synthesis protocols
using HMI and/or TMAdaOH as SDA: (a) MCM-22 method, (b), (c) and (d) ITQ-
1 method. Synthesis contidions: (a), (b) and (c) Si/V = 30, (d) all-silica; 150 °C
for 7 days under stirring.

water, and dried in air at RT. When necessary for specific character-
izations, the sample was dried under N, atmosphere in the glove bag.
Table 1 collects the specific synthesis conditions of the several materials
together with some of their chemical and physical properties.

2.2. Characterization

X-ray diffraction (XRD) patterns were recorded on a X'Pert Pro
PANalytical diffractometer with Cu Ka radiation at a scan rate of 2°/
min and a step size of 0.02°. Relative crystallinity has been estimated
for the synthesized samples considering the area of the (310) diffraction
peak. Diffuse reflectance UV-Vis spectra (DR-UV-Vis) were recorded in
the UV-Vis-NIR region on a Varian Cary 5000 spectrometer.
Thermogravimetric analysis was conducted using a Perkin-Elmer TGA7;
the sample was heated at 20 °C/min under synthetic air flow (100 mL/
min). ATR-IR spectroscopy measurements were performed using the
Platinum Diamond Micro-ATR accessory accoupled to Bruker VERTEX
70 FTIR spectrometer.

Scanning electron microscopy was performed using a Hitachi
S—3000N equipment. The samples were previously deposited on a
carbon tape placed on a sample-holder and sputtered with gold. Energy
Dispersive Spectroscopy measurements were acquired in the same mi-
croscope and the quantitative speciation results were done by average
of at least five analyses in different regions of the sample. High re-
solution transmission electron microscopy (HRTEM) images were taken
on a FEI Tecnai G* 20 transmission electron microscopy with an ac-
celeration voltage of 200 kV.

N, physisorption isotherms were measured at 77 K using an ASAP
2010 Micromeritics instrument. The samples were outgassed for 24 h at
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200 °C prior to measurement. The external specific area and micropore
volume were calculated using the t-plot method and the mesopore size
distribution was determined by the Barret-Joyner-Hallenda (BJH)
method [37].

The solid state >°Si MAS NMR and 'H—'3C CP MAS spectra were
recorded using a Bruker MSL 400 spectrometer. >°Si MAS NMR was
performed working at 59.6 MHz, with a pulse delay of 0.5 s and a rotor
spinning rate of 4.5 kHz. Additionally, *°Si CP/MAS NMR spectra were
acquired with 2ms of the contact time, and proton decoupling.
Chemical shifts were referenced to tetramethylsilane (TMS), used as
external standard.

X-ray Absorption Spectroscopy (XAS) measurements were per-
formed at the vanadium K-edge (5465 eV) at the ROCK beamline [38]
of the SOLEIL synchrotron facility. The ITQ-1 vanadosilicate sample
with ratio Si/V = 30 was prepared as pellet diluted in BN and measured
at liquid nitrogen temperature (77 K). Time-resolved Quick-XAS mea-
surements on the same sample were performed during in situ calcina-
tion using a dedicated cell [39] with flow of 20 mL/min O,/He and
heated from RT to 550°C at a rate of 10 °C/min followed by 1h of
isothermal treatment. Normalization of the XAS data was performed by
using the Python normal gui graphical interface developed at SOLEIL
for the fast handling of the Quick-XAS data. The data were energy-ca-
librated using a metallic vanadium foil recorded simultaneously with
the sample and setting the first derivative maximum at 5465 eV.

The vanadium speciation during calcination was determined by
multivariate data analysis, using the so-called Multivariate Curve
Regression with Alternating Least Square (MCR-ALS) method. Details
about the use of MCR-ALS method applied to XAS can be found in
previously published works [40,41]. EXAFS spectra were extracted
from the raw absorption signal using the Athena software graphical
interface [42]. Structural parameters were obtained through the least-
square fitting of the Fourier-transformed k>y(k) EXAFS data using the
Artemis software graphical interface [42]. To fit the EXAFS data, values
of Ey used for k-scaling and So> the amplitude reduction factor were
both obtained by fitting the EXAFS of a crystalline V,0, reference with
the number of nearest neighbor atoms (N) and their distances (R) fixed
at their expected crystallographic values [43]. The values obtained (E)
5479.1 eV and (Sy2) 1.16 were then used for modeling the EXAFS sig-
nals of the ITQ-1 (Si/V = 30) sample measured at 77 K and of its cal-
cined product measured at RT after calcination at 500 °C under air. The
number of fitted points satisfies the number of independent points
available in the data set, according to the Nynquist criterion [44]. The
fit quality was determined using the EXAFS reliability factor Rg, which
measures the relative misfit with respect to the data.

3. Results
3.1. Effect of organic structure directing agent (OSDA)

In this study, the MCM-22 synthesis protocol reported by Pérez-
Pariente et al. [35] in the presence of aluminum, but avoiding herein in
this case the addition of this element to the synthesis gels, and the ITQ-1
protocol by Camblor et al. [36] for all-silica materials were both in-
vestigated. In the MCM-22 route, only HMI was employed as SDA and
in the ITQ-1 route a mixture of templates was used (HMI and TMA-
daOH). The XRD results are presented in Fig. 1. The syntheses per-
formed from the MCM-22 protocol [35] using only HMI (Fig. 1a) or
only TMAdaOH (Fig. 1b), resulted in the formation of an amorphous
solid. Using the ITQ-1 protocol (Fig. 1c, HMI and TMAdaOH) a product
with the typical MWW diffraction pattern was obtained.

To evaluate the influence of HMI as an auxiliary OSDA in the ITQ-1
protocol, additional syntheses were performed employing only
TMAdaOH without vanadium source. Fig. 1d shows the characteristic
XRD pattern of the resulting sample. When the synthesis was performed
in all-silica system in presence of TMAdaOH only, an unknown silica
layered phase similar to that observed by Camblor et al. [36] was
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obtained (Fig. 1d). When vanadium was added in the synthesis con-
taining only TMAdaOH, an amorphous solid was obtained (Fig. 1b).
This result shows that the cooperative effect between TMAdaOH and
HMI is critical to crystallize the MWW phase, both as all-silica [36] and
also from vanadium-containing gels. An in-depth discussion of all-silica
MWW phase concerning the TMAdaOH and HMI mixture was reported
by Camblor et al. [36]. Based on this prior knowledge, we suggest that
the filling of the sinusoidal pores by HMI seems to be required for the
formation of the MWW phase containing vanadium too. In this co-
operative phenomenon, the HMI molecules stabilize part of the struc-
ture in which TMAdaOH has no access due to steric impediments
generated by the structure (typically, the sinusoidal 10 MR pores). The
TMAdaOH is preferably located between the sheets, while the HMI
molecule fills the channels within the sheets.

3.2. Effect of vanadium source and synthesis atmosphere

VOSO, was also used as vanadium source to verify the influence of
the initial oxidation state of the vanadium precursor. Additionally, the
effect of synthesis atmosphere was also investigated to evaluate the
need to prevent the oxidation of VCls. These studies were carried out
for samples prepared with a Si/V nominal ratio of 30 (Fig. 2).

In the absence of TMAdaOH (MCM-22 method) and using VOSO, as
a vanadium source, an amorphous solid was obtained. This shows that
regardless the vanadium source, the MCM-22 synthesis performed using
only HMI was not effective to promote the crystallization of the MWW-
type zeolite. On the contrary, the ITQ-1 synthesis performed by using

2000 cps |
ITQ-1-VCI,-N,

ITQ-1 - VCI, - Air

ITQ-1-VOSO, - Air

Intensity (cps)

MCM-22 - VOSO, - Air,

T T T T T T T

S 10 15 20 25 30 35 40
20 (Degree)
270 345
: : Si/lV=30 ——ITQ-1-VCI-N,
254 1 ——ITQ-1 - VCI, - Air
¥4 ——ITQ-1 - VOSO, - Air
204 1
2 N
I
= 1.9+ :
|
1.0 :
I
0.5+ 1
I
0.0 ! T | T T T T T
300 400 500 600 700 800 900
Wavelength (cm‘l)

Fig. 2. XRD results (above) and DR-UV-Vis (below) for samples synthesized
using different vanadium source under air or N, atmosphere. Synthesis condi-
tions: Si/V = 30, 150 °C for 7 days under stirring.
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both templates simultaneously led to solid with the characteristic dif-
fraction pattern of the MWW structure, with both VCl; and VOSO,,
under air or nitrogen. However, both samples synthesized under air
present a white color, very similar to the sample obtained without va-
nadium. This observation could indicate a low incorporation of vana-
dium in the structure when the synthesis was performed under air, ei-
ther using VClz or VOSO,4. Actually, the chemical analysis (Table 1)
showed that the amount of vanadium incorporated into the crystals
when the synthesis was performed under air is much lower than in the
samples synthesized under N, atmosphere. The vanadium amount in-
corporated in the crystals was about 3 and 7 times lower for VOSO,4
(9V-ITQ-1) and VCl; (10V-ITQ-1), respectively, than those found in the
sample synthesized under N, atmosphere (samples 3V and 4V). The
vanadosilicate samples obtained under N, atmosphere with Si/V = 30
are green before drying and light gray after drying. This is an additional
indicative that the vanadium was efficiently incorporated. Therefore,
the combination of VCl; and the preparation of the gel under inert at-
mosphere (N,) are required for the successful and efficient crystal-
lization of V-ITQ-1 with high vanadium content.

The DR-UV-Vis results shown in Fig. 2 illustrate the structural
changes obtained using different preparation protocols. All spectra
were collected under air before calcination (as-synthesized samples).
The spectra for all samples exhibited absorption bands centered at 270
and 345 nm, which are attributed to m(ty) — d(e) and n(t;) — d(e)
oxygen-to-tetrahedral V charge transfer transitions (CT). Several pub-
lications in literature showed [7,45-48] two types of tetrahedral sites
on MEL, BEA and MFI frameworks: a more distorted site and a less
distorted site with bands located at 270 and 345 nm, respectively. The
sample synthesized using VCl; under N, atmosphere exhibits a dis-
tinctly high absorption level compared to the other samples. This agrees
with the chemical analysis (Table 1), showing that the atmosphere used
for the synthesis and the vanadium precursor have an important in-
fluence on the amount of heteroatom incorporation. Besides, the EDS
analysis provided a very useful information about the chemical
homogeneity. While for ITQ-1 - VCl; - N, sample, vanadium was found
homogeneously distributed, for the other samples vanadium could not
be detected in some regions (Fig. S1, Supplementary Data), which
strongly suggests that they are most probably composed of a mixture of
all-silica ITQ-1 and the vanadosilicate.

3.3. Effect of Si/V ratio

The effect of the Si/V ratio of the synthesis gel on the crystallization
of the MWW phase using a combination of both OSDA (ITQ-1 route),
and VCl; as vanadium source under N, atmosphere has been in-
vestigated. The XRD profiles of the as-synthesized samples with dif-
ferent Si/V ratio (Fig. 3) are consistent with the formation of well-or-
dered and pure MWW structure. Note that as the amount of vanadium
increases in the synthesis mixture the intensity of the diffraction lines
decrease. However, no evidence of the presence of amorphous material
was found by SEM for Si/V = 30 or higher (Fig. 4). No significant
differences between the synthesis times of 7 and 14 days were observed,
and for 7 days the structure appears already well crystallized.

The SEM images (Fig. 4) for all-silica sample and those with Si/V
ratio of 60 and 30 revealed a very similar morphology of spherical
particles formed of MWW crystals. The size of particles is very het-
erogeneous, the images show larger particles of 20-40 um, others of
10 um and smaller particles showing sizes between 1 and 3 um. The
image with higher magnification shows the smaller particles in the
sample synthesized with Si/V ratio of 30. The morphology is very si-
milar to the well-known desert rose, which is made up by clusters of
thin plates. Observing in more detail the images of the sample with the
highest V content (Si/V ratio of 20) (Fig. 4d and e), it can be noticed
that the large amount of vanadium begins to affect crystallization. The
morphology observed is a mixture of heterogeneous material, perhaps
amorphous phases, with MWW platelet crystals. The HRTEM images
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Fig. 3. XRD patterns of samples obtained after 7 (above) and 14 days (below) of
ITQ-1 synthesis with different Si/V ratio in the synthesis gel.

(Fig. S2, Supplementary Data) of as-synthesized samples precursor (Si/
V = 30 and 60) revealed the layered structure of the platelets observed
in Fig. 4b and c. The thickness of the MWW sheets in the range of
40-50 nm, results from the stacking of the MWW layers in the [002].
The presence of this well crystallized layered structure shows that the

Si/V =60

All-Silica

Si/V=30 Si/V=20

Fig. 4. SEM images for samples all-silica (a) and those with Si/V
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Fig. 5. The DR-UV-Vis spectra of the ITQ-1 sample synthesized with Si/V ratio
30 after 7 days of synthesis.

vanadium insertion does not affect the formation of the MWW frame-
work.

The ITQ-1 sample with Si/V ratio of 30 was dried under N, atmo-
sphere and transferred to the UV-Vis sample holder inside of a glove
bag. It has been characterized in detail using DR-UV-Vis, and the results
are shown in Fig. 5. Until this measurement condition, the sample
showed green coloration similar to the initial gel. After that, the sample
holder was opened, exposed to air, and submitted again for character-
ization. The black curve is superimposed on the doted red curve,
showing that no changes are observed when the sample holder was kept
closed, at least for one day. When air exposure was avoided, two ad-
ditional absorption bands between 400-500 nm and 600-700 nm that
are characteristic of vanadium with low oxidation state (V™) [49-51]
are observed. These two bands are related to isolated V3* in tetrahedral
coordination isomorphically substituted in the zeolite framework. This
result clearly evidences that low oxidation state vanadium species are
initially incorporated. After exposure of the sample to ambient atmo-
sphere, the bands at 433 and 654 nm decreased in intensity indicating
the partial oxidation of the vanadium sites. A progressive change from
green to gray color was observed after exposure of the sample to the
ambient atmosphere and bands in the region of 270 and 344 nm be-
come more evident for the sample dried at ambient temperature. These

Si/V=30

= 60 (b), 30 (c and d) and 20 (e and f).
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Fig. 6. DR-UV-Vis spectra of samples with different Si/V ratio obtained after 7
or 14 days of ITQ-1 synthesis.

two absorption bands, at 270 and 345 nm, are characteristic of tetra-
hedrally coordinated V species in the framework [7,52] and this is
further evidence of the oxidation process from V3* to V**.

The coordination environment of samples obtained with Si/V ratio
30, 40 and 60 were investigated by DR-UV-Vis spectroscopy (Fig. 6).
The spectra of all samples present also two main absorption bands at
270 and 345 nm, which are characteristic of tetrahedrally coordinated
V species in the framework. The intensity for all absorption bands in-
creases with the vanadium amount. In addition, absorption bands of
small intensity at 450 and 650 nm attributed to V>* are detected, in-
dicating that not all the V3* initially present in the samples has been
oxidized to V** species [50,51] upon exposure to air. The as-synthe-
sized samples did not exhibit any band in the region around to 400 nm,
suggesting the absence of detectable amounts of vanadium in octahe-
dral environments [48] and showing that V—O—V bonds are not pre-
sent.

13C CP-MAS NMR results are shown in Fig. 7 for all-silica samples
and those obtained with Si/V = 30 and 60. The spectra show that both
OSDA are present in the as-synthesized material, and no evidences of
eventual decomposition products are found. The signals at 50.2, 30.7
and 27.4 ppm are associated to the chemical shifts of carbon 1, 2 and 3
in HMI, respectively, while those at 35.4, 36.1, 72.5 and 47.6 are re-
lated to carbon 5, 6, 7 and 8 in TMAdaOH, respectively. The samples
synthesized with vanadium present a spectrum similar to the all-silica
sample, only a variation in the intensities of the resonances 1 and 8 was
observed. These results show again that the mixture of templates
(TMAdaOH and HMI) is crucial for obtaining the MWW phase both
without and with vanadium [36,53].

The TGA and DTG curves of the as-synthesized all-silica sample and
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Fig. 7. '>C CP-MAS NMR spectra for as-synthesized all-silica samples, Si/V =
60 and 30.

80 0

of those with Si/V ratio of 30 and 60 are shown in Fig. 8. All the
samples present three main events, with a first weight loss below 100 °C
associated to adsorbed water molecules and successive events above
200 °C ascribed to OSDA decomposition with different interactions with
the inorganic framework located in the interlayer space. It is observed
that the amount of OSDA decreases with the addition of vanadium. The
total weight loss above 200 °C decreased from 22% in the all-silica
sample to ~14% in the sample with Si/V ratio of 30 sample (Table 1).
The mass loss in the 200-350 °C temperature range is probably due to
the removal of HMI and/or TMAdaOH located on the external surface
or interacting weakly with the structure. The weight loss around 400 °C
is related to removal of OSDA located on interlayer arrangement
whereas the last event occurs at around 600 °C and it is probably related
to OSDA filing the microporous channel having a strong interaction
with the framework [35,54,55]. In fact, the CNH analysis (Table 1)
shows that the C/N ratio is equal to ~ 10.2, which suggests that the
incorporation of TMAdaOH and HMI on MWW occurs in equal amounts
(typically C/N = 9.7). This result is quite similar to that reported by
Camblor et al. [36]. The addition of vanadium does not modify sig-
nificantly the proportion between the two templates and the C/N ratio
values remain around 10.2. The results obtained by CHN analysis show
that insofar as vanadium is incorporated, the total amount of organic
compounds decreases; similar tendency was also observed in TG results.
On the other hand, the weight loss at T > 200 °C is higher than the
amount of organic material determined by chemical analysis, due to the
desorption of water coming from the condensation of Si—OH groups. It
will be shown below that the observed decrease in the amount of
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Fig. 8. TG (a) and DTG (b) analysis for sample synthesized without vanadium
and with Si/V ratio 60 and 30.

organic material as the V content increases could be due to the me-
chanism of V incorporation in the crystals.

Adsorption/desorption isotherms of the calcined all-silica materials
and those with Si/V ratios 60 and 30 shown in Fig. S3 (Supplementary
Data) yielded type-I curves, characteristic of microporous structures.
The adsorption profile of the sample with Si/V ratio of 30 exhibited a
gradual increase of nitrogen adsorption with pressure that is typical of
adsorption on the external surface of sheets. The external specific area
(Table S1) for MWW samples were 48, 140 and 28 mz/g for all-silica,
Si/V = 30 and 60, respectively. The important improvement of the
external surface area of the sample with Si/V of 30 are within a range of
values reported for the MWW structure [53].

The effect of vanadium incorporation on the chemical environment
of the silicon species was analyzed from the °Si MAS NMR spectra of
selected samples, shown in Fig. 9. Four resonance signals can be dis-
tinguished at —119, —116, —114 and —110 ppm, which have been
also observed in all-silica ITQ-1 materials and assigned to Q* sites,
corresponding to Si atoms in different crystallographic sites [36]. The
intense band observed at ca. —94 ppm has been attributed to Q* con-
figurations corresponding to Si(3Si,10H) or Si(3Si,0 ) siloxy defect
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Fig. 9. 2°Si NMR MAS and CP-MAS spectra for as-synthesized samples all-silica,
Si/V = 60 and 30.

[36,56]. Comparing the spectra with (Fig. 9, black curve) and without
cross-polarization (CP) of the all-silica samples, we can observe that the
chemical shift at ca. —94 ppm is more intense when the cross polar-
ization analysis is performed. This result indicates that a neighbor near
the silicon atom is a proton. The chemical shift at —103 ppm is sup-
pressed indicating the presence of siloxy groups. For the vanadosili-
cates, a new band around —103 ppm is detected, (indicated by an
arrow) whose intensity increases with the V content, that can be at-
tributed to Q* environments where one Si atom would be bonded to V
in Si—O—V configuration (Si(3Si,1V) [57,58]. Beside this, the signal at
ca. —94 ppm decreases in intensity, showing that the amount of defects
of Q3 type decreases with the vanadium incorporation in the structure
and that, probably, the vanadium incorporation occurs preferentially in
this kind of site. This is an additional evidence that the vanadium is
incorporated efficiently into the zeolite framework. Thus, with the
isomorphic substitution of vanadium, a smaller amount of Q? sites was
observed and, consequently, a smaller amount of OSDA is required to
compensate the defects in the structure, in agreement with TG results.

3.4. Vanadium local order for ITQ-1 with Si/V = 30

The in-depth NMR characterization of samples prepared according
to the ITQ-1 method converges towards the incorporation of vanadium
inside the zeolitic network. In order to confirm this assumption, the
ITQ-1 sample prepared from VCl; and under inert atmosphere at Si/V
ratio = 30 has been characterized at 77K by X-ray absorption spectro-
scopy. The sample was not preserved from ambient air after prepara-
tion.

Information about the vanadium oxidation state and geometry of its
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Fig. 10. V K edge XAS measurement performed on the ITQ-1 sample (Si/V =
30). (a) Zoom on the rising edge of the XANES spectrum recorded for the ITQ-1
sample and comparison with those of V,03, V,0,4 and V,0s. Extended energy-
range for the spectra is shown in Fig. S2 in Supplementary Information, results
of least square fittings: Comparison of (b) the magnitude and imaginary func-
tions of Fourier Transform and (c) the real part of the EXAFS k3c(k) spectrum.
Black lines: experimental data, red dots = fit.

first coordination sphere can be extracted from the position of the rising
edge corresponding to 50% level of the normalized XANES absorbance
E1 /5 and from the intensity and position of the pre-edge peak [59-61].
Fig. 10a compares the XANES spectrum of the ITQ-1 sample (Si/
V = 30) with those of oxide references at different oxidation states,
V503, V504, V50s. The position of the rising edge for the sample (E;,
5 = 5479.4 eV) is consistent with the formation of tetravalent vanadium
species (E;,5 = 5479.2 eV for V,0,4), as observed by UV-Vis spectro-
scopy for samples not preserved from oxidation after synthesis. It is also
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Table 2

Refined structural parameters for the sample ITQ1 (Si/V = 30) from least
square fitting of the EXAFS spectra recorded at the V K edge. So> was de-
termined to be 1.16 on V,0, and was kept at this value for the fitting of
samples, AE, was also fixed at 5479.1 eV. Fit were performed on R-space for
Fourier Transforms of the k® x (k) EXAFS spectra carried out in the
4.0-10.0 A™! k-range. The coordination numbers for the 2nd nearest neigh-
bours were fixed.

Backscatterer N R (A) o (A% x 10° R-factor
(0] 1.5 += 0.3 1.64 = 0.01 52 + 1.7
(o} 3.8 £ 0.8 1.99 = 0.01 143 = 2.5
(0] 2.0 = 0.4 3.03 = 0.02 7.6 = 2.6 0.0050
Si 1.0 = 0.2 3.26 + 0.02 7.7 + 3.1

noted that the pre-edge intensity is higher for the ITQ-1 sample than the
one of V5,04, suggesting a less centrosymmetrical coordination for va-
nadium than the octahedral one characterizing Vo04 [59].

Structural parameters obtained for fitting in R-space the Fourier
Transform of the ITQ-1 sample (Si/V = 30) are gathered in Table 2,
whereas the results of the k3x(k) EXAFS fitting in R space is presented
in Fig. 10b and c, in R-space and k-space, respectively. In agreement
with the intensity of the pre-edge structure, the first coordination shell
of ITQ-1 sample could be described as a square-pyramidal geometry
with a short V=0 distance at 1.64 A and equatorial longer V—O bonds
at 1.99A. The second contribution in the Fourier Transform is sa-
tisfactorily described by additional V—O contribution at 3.03A and
V—Si contribution at 3.26 A. It is noteworthy that for keeping the
number of fitted parameters at a value satisfying the Nynquist criterion
[44] (herein Njng = 10 = Nfitted par.), the coordination numbers for
those contributions were fixed at 2 and 1, respectively. Several co-
ordination number values for those contributions were used for the
simulations and those reported in Table 2 are the best ones regarding
the statistical parameters related to each fit. The medium range order
around Vanadium in the ITQ-1 sample is then described by a V—0—Si
linkage with average distance between V and Si at 3.26 A. It is note-
worthy that the distances reported for the ITQ-1 sample are in agree-
ment with distances found in the cavansite (Ca(VO)Siz0,¢94H50) [62]
structure containing square pyramidal V** environment with a short
V—O0 bond at 1.60 A and 4 equatorial V—O bonds at 1.975 A and con-
tributions of 2 Si at 3.22 A, and 2 Si atoms at 3.33 A. The longer V-0
contribution at 3.03 A is ascribed to water molecules, as it can be also
found in cavansite structure. XAS results are then fully consistent with
the afore discussed NMR results and allows us to conclude that the ITQ-
1 synthesis protocol leads to the incorporation of isolated vanadium in
the lattice of the MWW structure with formation of linkage between V
and Si atoms through O bridges.

3.5. Thermal stability of the ITQ-1

The thermal stability of the sample with Si/V ratio of 30 was
evaluated by monitoring in situ the calcination process under air by X-
ray diffraction (Fig. 11). The precursor MWW presents several peaks in
the 4-12° 26 range related to planes (002), (100), (101) and (102). The
plane (002) is characteristic of the distance between the sheets of the
MWW structure [29,63]. After 200 °C the peak (002) begins to move to
larger angles showing that at this temperature the lamellar precursor
starts the process of condensation of the MWW sheets. TG results also
show mass loss in this temperature range related to the removal of
interlamellar organic material. Above 300 °C there is a decrease in the
intensity of the (002) reflection that is no longer observed at 450 °C. Its
disappearance is related to the condensation of the MWW sheets and
the formation of the three-dimensional MWW structure. Up to 500 °C
the MWW crystalline phase is maintained without changes in the in-
tensities of the diffraction peaks.

The stability of the calcined ITQ-1 samples with Si/V ratio of 30 and
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Fig. 11. X-Ray diffraction patterns evolution during calcination under air at-
mosphere for the sample obtained with Si/V = 30.

60 ratio was confirmed by the DR-UV-Vis spectra (Fig. S4, Supple-
mentary Data), showing the two main bands centered at 270 and
378 nm characteristic of the isolated VO, in tetrahedral sites and to V>
in octahedral coordination, respectively. Additionally, for the sample
Si/V ratio of 60 a shoulder was observed at around 230 nm, which may
be related to more distorted tetrahedral sites [64]. Moreover, the ab-
sence of a band at 500 nm in the DR-UV-Vis spectra is an indicative of
the absence of V505 crystallites after calcination [65].

Fig. 12 displays the time-resolved V K edge Quick-XANES spectra
evolution versus temperature during calcination of the sample ITQ-1
(Si/V = 30) under air atmosphere. The Quick-XAS in situ measurement
showed that the pre-edge peak intensity increases continuously upon
heating and the shape of the different XANES features changes gradu-
ally. The phase speciation of vanadium during calcination was de-
termined by MCR-ALS analysis. The oxidation of the initial V** species
starts at 245°C and is completely oxidized to V°* after 20 minat
550 °C. At the end of the plateau at 550 °C (Fig. S5, Supplementary
Data), the E;,5 position is 5481 eV and the pre-edge maximum at
5470.1 eV. These values are consistent with V°* species in Td-sym-
metry [66] similar to the one encountered in aqueous solution of (NH,)
VO3, as displayed in Fig. S6. The simulation of the EXAFS signal of this
V5* species after cooling down at RT agrees also with this 4-fold tet-
rahedral coordination with 1.5 0 at 1.61 * 0.03A and 2.5 + 0.4 O at
1.81 + 0.04A (Table S2, Supplementary Data). As for the NH,VO,
aqueous solution, the Fourier transformed EXAFS spectra of the V°*
calcined species does not present medium range order beyond the first
coordination shell (Fig. S7, Supplementary Data). This finding is in-
dicative of the presence of completely isolated vanadium sites [59,671]
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Fig. 12. Evolution of the V K edge XANES Quick-XAS spectra collected during
calcination: (above) RT to 550 °C and (below) concentration profiles of vana-
dium species involved during calcination by MCR-ALS analysis.

after calcination. The results obtained by XAS corroborate the DR-UV-
Vis results discussed previously, confirming the V local structural fea-
tures expected for the isomorphic substitution of vanadium in the
zeolite framework.

Finally, a side contribution of this in depth characterization of the
local structure of vanadium and silicon atoms in ITQ-1 samples concern
the origin of the vibrational (IR and Raman) band around 960 cm L
Generally, this band was used as a characteristic fingerprint of iso-
morphic substitution of silicon in zeolite framework, but it can be also
due to silanol groups or siloxy defect sites (Si—0") [68-71]. It is shown
in Figs. S8a and S8b an experimental infrared spectra acquired in ATR
mode where the band at 965 cm ™! is present in both as-synthesized and
calcined all-silica and vanadosilicate MWW samples. These results de-
monstrate that this band is also related to silanol and/or siloxy defect.

4. Conclusions

This paper reports the preparation route of new vanadosilicates with
MWW structure and highlights the important parameters for achieving
the effective incorporation of vanadium into the zeolite framework. V-
MWW was synthesized by using a cooperative assembly between the
organic templates TMAdaOH and HMI in the presence of VCls.
According to 3C CP-MAS NMR, both templates are present in the as-
synthesized sample. Besides, low oxidation state vanadium source
(VCl3) and the preparation under inert atmosphere are necessary to
ensure vanadium incorporation. In the as-made unoxidized sample,
isolated vanadium with low oxidation state (V3") is present in
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tetrahedral coordination. When exposed to ambient atmosphere, V™
species are mainly oxidized to V**. The 2°Si MAS NMR results indicate
high structural similarity between all-silica ITQ-1 and the vanadosili-
cate samples. The dependence of the intensity of the resonance around
—103 ppm attributed to (Si(3Si,1V) environments with the vanadium
loading was a first indirect evidence of the isomorphic substitution of
silicon by vanadium atoms into the MWW framework. Such in-
corporation is fully confirmed by EXAFS analysis, showing that the
second coordination shell of vanadium atoms of an ITQ-1 sample (with
Si/V = 30) is properly reproduced using a V—Si contribution at 3.26 A,
evidencing the presence of isolated V sites and the presence of V—O—Si
linkages. Moreover, XAS results showed that as-synthetized V-MWW
samples exposed to ambient atmosphere are made of isolated V**
square pyramidal sites. Upon calcination under air up to 550 °C, X-ray
diffraction measurements highlights the thermal stability of the MWW
framework, whereas time-resolved XAS measurements evidences the
oxidation of the network former V** species into isolated V°* ones in
Td symmetry. Vanadium-containing catalysts are widely used in several
oxidation reactions, and we believe that the Al-free MWW vanadosili-
cates obtained by the first time in this work may have potential to be
applied on this kind of reactions.
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