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X-Ray absorption near-edge structure, extended X-ray absorption fine structure and X-ray photoelectron
spectroscopy have been used to investigate the interaction of vanadium with both NH**- and Eu®"-exchanged,
dealuminated zeolite-Y. In both cases, samples were subjected to either calcination or steam treatment at
temperatures in the range 100 to 800 °C. Following deposition of vanadium, in the form of vanadyl(iv)
acetylacetonate, there is evidence of a weak interaction between vanadium and the zeolite-Y framework. Under
the conditions used in the work, treatment at increasing temperature, either in air or steam, results in the
complete oxidation of V(1v) to V(v) at temperatures in the range 300 to 500 °C. At temperatures exceeding

500 °C, V(v) is present in tetrahedrally-distorted vanadium oxide species containing terminal V=0 bonds, which
are highly dispersed but bonded to the zeolite framework. These results show that the migration of vanadium
into the zeolite-Y framework is not dependent on the presence of steam, nor is there any detectable influence of

the exchanged Eu®* cations.

Introduction

Modified variants of zeolite-Y have been extensively used in
the petroleum industry as hydrocarbon cracking catalysts.'
Important modifications to zeolite-Y have included exchange
with rare earth cations and increasing the framework silicon-
to-aluminium ratio by chemical or thermal dealumination
processes.* These modifications, by themselves or in combina-
tion, enhance the hydrothermal stability and catalytic qualities
of the zeolite-Y. However, it is well known> for all types of
zeolite-Y that vanadium and nickel metal contaminants, which
are present in crude oil as organometallic compounds such
as porphyrins and naphthenates,'®'* adversely affect catalytic
performance. These compounds, and hence the metals, are
continuously deposited on the surface of the catalyst, where
they promote undesirable dehydrogenation reactions which
increase coke and light gas production at the expense of
gasoline yield. Vanadium, in addition, reduces catalytic activity
and selectivity by destroying the crystallinity of the zeolite.'*

The interaction of vanadium with zeolite-Y and, in parti-
cular, the mechanism by which the crystallinity of the zeolite
is destroyed, has been the subject of a number of investiga-
tions,>*1*1¢ although no overall consensus has been reached
on the details of the processes involved. In recent work, Trujillo
et al,'* in agreement with the earlier work of Pine,"” have
proposed that vanadium, in the form of vanadic acid, is
involved in the destruction of the zeolite structure by frame-
work hydrolysis.

In this work, we use X-ray absorption near-edge structure
(XANES), extended X-ray absorption fine structure (EXAFS)
and X-ray photoelectron spectroscopy (XPS) to investigate
the location, coordination geometry and oxidation state of
vanadium in both NH*"- and Eu® *_exchanged, dealuminated
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zeolite-Y treated with small amounts (ca.1.8% by mass) of
vanadium. All measurements for both types of exchanged
zeolite-Y were made at room temperature following, in each
case, calcination or steam treatment at temperatures in the
range 100 to 800 °C.

Experimental

The same commercial, dealuminated, ammonium-exchanged
zeolite-Y was used as in previous work.!” This was obtained
from Zeolyst International (sample type CBV 712) and had
minimal Na™ content (0.03% by mass) and a bulk Si/Al molar
ratio of 5.73. The framework value of the Si/Al molar ratio was
found to be 13.5 + 2.0 using standard *’Si MAS NMR
methods, although this ratio lies at the limit of reliability for the
technique.'® X-Ray powder diffraction showed the presence
of a highly crystalline zeolite-Y phase with a unit cell parameter
of 24.35 A, which is typical for a dealuminated zeolite-Y."
MAS NMR measurements were made using a JEOL EX-400
spectrometer equipped with a 5 mm DOTY MAS probe
and X-ray powder diffraction patterns were recorded with a
Siemens D5000 diffractometer in reflection mode using Cu-K,,
radiation.

An Eu’"-exchanged zeolite-Y was prepared by adding the
commercial zeolite-Y to a 0.02 mol dm > aqueous solution of
Eu(NOs;);-6H,0, followed by continuous stirring at around
60 °C and with pH ca. 3 over an extended period of time (24 h).
The product was removed by centrifugation, washed with
deionised water (60 °C, pH 3), filtered and dried in air at 60 °C
(3 h). The ?Si MAS NMR spectrum for the exchanged
material was, within error, the same as that of the starting
material.
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Vanadium was added to both the commercial zeolite-Y and
the Eu’*-exchanged zeolite-Y using a procedure based upon a
variation of the approaches used by other workers.'*!>2° Each
material was added to a solution of vanadyl(1v) acetylacetonate
[VO(acac),] in toluene, with the aim of obtaining 2% by mass
vanadium deposition. The toluene solvent was removed in
a rotary evaporator under vacuum. The europium and vana-
dium contents of the Eu®'-exchanged zeolite-Y (V,Eu-zY)
were determined by ICP analysis to be 4.17 and 1.78% (by
mass), respectively. It is reasonable to assume that all of the
europium is associated with the crystalline zeolite-Y since,
throughout this and previous work,!” no evidence was found
for association between the amorphous material present in
the zeolite and hydrated Eu®* cations. On this basis, and
assuming the MAS NMR value of the Si/Al molar ratio, the
composition of the hydrated, crystalline V,Eu-z¥ was calcu-
lated to be Buy »s(NH4 )0 .25A11381;790354'nH-0 (+ Vo), with
minimal Na® content. There is essentially complete Eu®"
exchange and an Eu to V atomic ratio of approximately 1:1.4.
The vanadium content of the NH,"-exchanged zeolite-Y
(V-z¥) was, within experimental uncertainty, equal to that
for V,Eu-z".

Calcination and steaming of individual samples of both
V,Eu-zY and V-z¥ were carried out in a quartz tube, fiited with
a sintered quartz plate, mounted in a vertical tube furnace.’!
Samples (typically 2 g) were heated at 5 °C min~! to tem-
peratures in the range 100 to 800 °C, and held for a period of
3 h. A flow of air (60 cm® min~') was sufficient to prevent
any solid pellet formation. For steaming, samples were initially
treated in the same manner as for calcination. However, once
equilibriated at the set temperature, they were subjected to a
flowing atmosphere (60 cm® min ') with a steam to air ratio of
80% for a period of 3 h. All samples were allowed to rehydrate
in air after treatment and were investigated in air.

XANES and EXAFS measurements were performed at the
Synchrotron Radiation Source (SRS) at Daresbury Labora-
tory, Warrington, UK, operating at an energy of 2.0 GeV and
an average current of 200 mA. Data were collected on Station
7.1 at 298 K using a Si(111) double-crystal, order-sorting
monochromator in transmission mode. By detuning the
crystals, 50% harmonic rejection was achieved. The energy
scale was calibrated using a 6 pm vanadium foil. The position
of the vanadium foil edge was taken as 5465.0 eV.?*> All the
vanadium XANES data were referenced to this value. All the
edges were recorded at least twice and at different times,
separated by several hours, but within the lifetime of the beam.
The edge profiles were separated from the EXAFS data and,
after subtraction of the linear pre-edge background, normal-
ised to the edge jump. The positions of the edges and the edge
maxima were obtained from the maxima and zero points,
respectively, of the first derivatives of the normalised edge
profiles.?? The reproducibility in the determination of the edge
positions was found to be better than 0.2. eV. The EXAFS
oscillations were isolated after background subtraction of the
raw data using the Daresbury Laboratory program EXBACK
and converted into k space. The data were weighted by &°,
where k is the photoelectron wavevector, to compensate for the
diminishing amplitude of the EXAFS at high k. The data were
fitted using the non-linear squares minimisation program
EXCURYV90.?® The phase shifts were calculated using ab initio
methods and tested on VO(acac), and V,0s, the results being
in good agreement with published data.?

XPS data were recorded with a Leybold Heraeus LHS-10
spectrometer under a vacuum of better than 1 x 10~% Torr
using Mg-K,, radiation and a constant analyzer transmission
energy of 50 eV. All the spectra were recorded at a take-off
angle of 90°. All binding energy values were charge corrected to
the C 1s signal (284.6 eV). All the spectra were computer fitted
and the binding energies are accurate to +0.2 eV.

Results and discussion

X-Ray absorption spectroscopy

The XANES and EXAFS recorded from both the V-z¥ and
V,Eu-z¥ samples as functions of temperature and of steam
treatment were found to be indistinguishable within the experi-
mental uncertainties. We illustrate our results with data
recorded from the V,Eu-z¥ samples.

Fig. 1 shows the V K-edge X-ray absorption spectra recorded
from original V,Eu-z¥ and from the same material subjected
to calcination in the temperature range 100 to 800 °C. Similar
results were obtained from the V,Eu-z" samples which under-
went steam treatment in the same temperature range. Spectra
for VO(acac), and V,0s are included in Fig. 1 as reference
compounds. Pre-edge peaks are present in all of the spectra,
which is characteristic of the behaviour found for a range
of vanadium,?>** as well as other transition metal,>2® com-
pounds. Table 1 provides a summary of the V K-edge XANES
features for the spectra in Fig. 1 and, in addition, includes data
for steamed V,Eu-z¥ samples.

The data recorded from the original V,Eu-zY are reasonably
similar to those recorded from VO(acac),, and suggest that the
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Fig. 1 Normalised V K-edge XANES recorded from (a) VO(acac),, (b)
original V,Eu-zY, samples of V,Eu-zY calcined in air at (c) 100, (d) 300,
(e) 600 and (f) 800 °C, and (g) V,Os.

Table 1 Vanadium K-edge XANES features recorded at room
temperature”

Pre-edge peak Main edge

Position/ Position/  1s — 4p
Sample eV Intensity eV transition/eV
VO(acac), 4.6 0.37 15.9 18.6
V.Eu-z" 5.2 0.37 16.4 19.4
Calcined 100 °C 5.0 0.37 16.1 19.8
Steamed 100 °C 5.2 0.39 16.4 20.6
Calcined 300 °C 5.8 0.39 18.5 21.6
Steamed 300 °C 5.7 0.39 18.8 22.0
Calcined 600 °C 5.0 0.45 18.0 21.9
Steamed 600 °C 5.8 0.44 18.6 22.6
Calcined 800 °C 5.2 0.43 18.6 22.6
Steamed 800 °C 5.3 0.44 18.2 223
V,0s5 5.6 0.45 17.3 29.5

“Energy positions are relative to the position of a 6 pm vanadium
foil edge with, in most cases, estimated uncertainties of better than
+0.3 eV. Uncertainties in the positions of the 1s — 4p transition for
V,Eu-z¥ samples heated to 100, 300 and 600 °C, in air or steam,
increase to +0.4 eV.
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vanadium is initially present as V(iv) in similar coordination
to that in the compound in which it was deposited. Treatment
at increasing temperature, either in air or in steam, induces a
shift to higher energy, particularly for the 1s — 4p transition, of
the absorption features. This behaviour, taking into account
the magnitudes of the observed changes, is typical of that for
a unit change in the oxidation state of vanadium® and, as a
consequence, we associate it with the oxidation of V(iv) to V(v).
Within the heating regimes used, significant oxidation occurs
on heating to 300 °C and oxidation is complete by 600 °C. These
results are consistent with the conclusions drawn from the XPS
studies (see later).

It is notable that there is a trend for the intensity of the
pre-edge peak for V,Eu-z" to increase on heating, in either air
or steam, at temperatures up to 600 °C. This pre-edge peak
is due to transitions of the V 1s electron to final states that
are essentially 3d states and the intensity is sensitive to the
coordination geometry around vanadium.’>?* In the specific
case of perfect octahedral coordination, with a centre of
inversion, the 1s — 3d transitions are Laporte forbidden and
the pre-edge features are correspondingly very weak. In other
geometries, such as square-pyramidal and tetrahedral, in which
there is no inversion symmetry, pre-edge peaks are expected.
These are due to dipole-allowed transitions to final states in
which there is considerable mixing of V 3d and 4p orbitals
as well as overlap with the orbitals of coordinating atoms; 2p
in the case of oxygen.>* In general, pre-edge peak intensities are
greater for tetrahedral, as compared to square-pyramidal,
coordination, although these intensities also vary according
to the extent of distortions in these geometries. The observed
changes in pre-edge peak intensity for V,Eu-z¥ on increasing
thermal treatment, in air or in steam, indicate, at a qualitative
level, that a change occurs in the coordination geometry
around the vanadium atom as a function of treatment.

Vanadium K-edge EXAFS recorded at room temperature
and their corresponding Fourier transforms are shown in Fig. 2
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Fig. 2 k*-Weighted V K-edge EXAFS (i) and the corresponding
Fourier transforms (ii) recorded at room temperature from (a)
VO(acac),, (b) original V,Eu-z¥ and V,Eu-z¥ samples calcined in air
at (c) 100, (d) 300, (e) 600 and (f) 800 °C.
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Table 2 Final fitted parameters obtained from V K-edge EXAFS data
recorded at room temperature

Oxygen coordination /A

Sample number (£0.02)  26%A%(4+0.004)
VO(acac), 1 1.60 0.001
4 1.97 0.012
V,Eu-z¥ 1 1.62 0.001
4 1.95 0.023
Calcined 600 °C 1 1.61 0.001
3 1.75 0.014
Steamed 600 °C 1 1.61 0.001
3 1.75 0.016
Calcined 800 °C 1 1.62 0.004
3 1.77 0.015
Steamed 800 °C 1 1.60 0.003
3 1.74 0.010

for V,Eu-z¥ samples following calcination treatment. The
results obtained from the V,Eu-z¥ samples treated in steam
were directly comparable.

The EXAFS recorded from the original V,Eu-z¥ were very
similar to those recorded from VO(acac),, indicating that the
distorted square-pyramidal geometry for vanadium did not
change significantly following deposition onto the zeolite. This
result is consistent with there being no change in the oxidation
state of vanadium and is in agreement with the XANES data.
The final fitted parameters to the data for VO(acac), and
original V,Eu-z¥ are given in Table2. The Debye-Waller
factor for the four equatorial oxygen atoms in the first coor-
dination shell for vanadium in the original V.,Eu-z¥ material
is greater than that for the corresponding oxygen atoms in
VO(acac),. This is reflected in the lower intensity of the EXAFS
recorded from the original material and suggests some disorder
within the first coordination shell, compatible with a loosely-
bound, vanadium-containing species weakly interacting with
the zeolite framework.

The EXAFS recorded from a sample following treatment in
air or steam at 100 °C showed differences from that recorded
from the original V,Eu-zY. These differences became even more
evident for data recorded from samples treated at 300 °C.
Overall, the EXAFS recorded at these latter temperatures
may be considered as a combination of the results recorded
from the original material and those heated at 800 °C in which
only V(v) is present. This suggests that materials treated, in
air or steam, in the region of 100 to 300 °C contain both V(1v)
and V(v). This result is in agreement with the XANES data. It
is also evident from Fig. 2 that the main peak in the Fourier
transform of data recorded from materials heated at 600 and
800 °C shifts to shorter distances than that observed in data
recorded from the original V,Eu-z¥. Qualitatively, this is
consistent with both a change in oxidation state of V(iv) to V(v)
and with a change in coordination geometry of vanadium.

The EXAFS recorded following treatment of V,Eu-zY in air
and steam at 600 and 800 °C were very similar. They were best
fitted by a model (Fig.3 and Table 2) in which V(v) has a
distorted tetrahedral coordination to four oxygen atoms,”
such that one of these oxygen atoms has a short vanadium—
oxygen distance typical of that for a terminal V=0 bond. In
fact, the coordination geometry obtained is very close to that
reported for vanadium species of the type (Si-O);V=0 in
vanadium oxide catalysts supported on SiO»,?° and vanadium
incorporated in zeolites with the ZSM-5° or silicalite (VS-2)*!
structures.

The increase in intensity observed in the 1s — 3d pre-edge
feature of the XANES recorded from the V,Eu-z¥ samples
following treatment, in air or steam, at increasing temperature
may, therefore, be related to the changing site symmetry of the
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Fig. 3 k>-Weighted V K-edge EXAFS (i) and the corresponding Fourier
transform (ii) recorded at room temperature from V,Eu-z" treated in
steam at 800 °C. The experimental data are indicated by solid lines and
dotted lines indicate the best fit to the data.

vanadium atom from square-pyramidal in the original material
to distorted tetrahedral in the samples treated at 600 and
800 °C. The absence of further peaks beyond 2 A in the Fourier
transform of the EXAFS data recorded from the samples
treated at 600 and 800 °C suggests that the V(v) species are
highly dispersed in the zeolite structure.>' Overall, these results
suggest, at least for the conditions of the present work, that the
presence of steam is not essential for the migration and
dispersal of vanadium into the zeolite structure. Furthermore,
there is no detectable influence of the Eu®*-exchanged cation
on this process.

X-Ray photoelectron spectroscopy

The results recorded from the V-z¥ and V,Eu-z¥ samples as
both a function of temperature and steam treatment were again
very similar and are illustrated here by the data recorded from
V-z¥ samples.

The binding energies of the main signals observed in the
X-ray photoelectron spectra recorded from the commercial,
dealuminated, NHH-exchanged zeolite-Y (CBV 712), original
V-z¥ and V-z¥ heated in both air and steam at 500 °C are
collected in Table 3. The observed values for the Si 2p, O 1s
and Al 2p peaks vary little from sample to sample and are
within the range expected for a dealuminated zeolite-Y.*>>* In
general, these binding energies are expected to increase with
increasing Si/Al molar ratio.>* Overall, the results suggest that

Table 3 Binding energies obtained from XPS recorded at room
temperature

V 2pspleV,
Sample Si2p/eV O ls/eV Al 2p/eV  FWHM/eV
CBV 712 103.4 531.9 75.1 —, —
V-z¥ 103.3 531.7 75.1 515.5,2.9
Calcined 500 °C~ 103.3 531.8 75.1 516.2, 2.9
Steamed 500 °C ~ 103.4 531.9 75.1 516.2, 3.3

(C)]

O 1s X-ray
satellites

Intensity

556 Sé4 5&2 550 5‘;8 5';6 51!4 5';2
Binding energy / eV
Fig.4 O 1s K,34 X-ray satellites and V 2p X-ray photoelectron
spectra recorded at room temperature from (a) original V-z¥, (b) V-z¥

calcined at 500 °C, and (c) V-zY treated in steam at 500 °C. The posi-
tions of the O 1s satellites and the V 2p,,, and 2ps,, peaks are indicated.

the binding energies of the core levels are not affected by either
calcination or steam treatment. However, the V 2p;/, spectra
recorded from the samples treated in air and steam at 500 °C
show a clear shift to higher binding energy as compared to the
V 2ps» spectrum recorded from original V-z¥. In order to
obtain the binding energies of the V2p peaks, it was first
necessary to fit the peaks corresponding to the O 1s K3 4 X-ray
satellites in the spectrum recorded from the vanadium-free,
commercial zeolite-Y (two contributions located at 8.44 and
10.2 eV below the main O 1s signal). The positions, widths and
area ratio obtained for these two peaks were then fixed during
the fitting of the spectra recorded from the V-z¥ samples. The
parameters used to define the spectral background were
subsequently optimised and the final fits are shown in Fig. 4
and summarised in Table 3.

The binding energy of the V 2ps), core level obtained from
the fit of the spectrum recorded from the original V-z¥ was
515.5 eV. We associate this value with the presence of V(iv) in
VO?", as indicated by both XANES and EXAFS. This binding
energy value is much lower than that recently associated with
V(1v) in VO*7 in zeolite-Y (518.3-518.6 eV),>? but it is close to
the value reported for V(iv) in VO(acac), (515.4 eV).*® It
is known that the dispersion of ions in a zeolite matrix leads
to a considerable increase in the binding energies as compared
to those observed in bulk materials.>**® Although this has
usually been associated with metal cations in the corresponding
oxide,*? it should also be valid for oxo-cations such as VO™,
Indeed, a similar effect has been found for vanadium-containing
compounds on the surface of silica gel.>* It appears that the
support (either zeolite or silica gel) shows a strong electron-
withdrawing effect and, correspondingly, the ionic character
of surface-bound vanadium atoms are significantly increased.
The results recorded here suggest that the vanadium species in
the original V-z¥ must only be interacting very weakly with the
zeolite framework; hence the relatively low binding energy. The
XPS results agree well with those from EXAFS and XANES.

The V 2p X-ray photoelectron spectra recorded from V-z¥
treated in both air and steam at 500 °C are very similar. The
binding energies of the V 2ps,, core levels determined from the
fit of the spectra are, in both cases, 516.2 eV (Table 3). Thus,
thermal treatment in either air or steam at 500 °C brings about
an increase in the binding energy of the vanadium-containing
species of ca. 0.7 eV. A similar binding energy has been
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reported for intra-zeolite V(v) oxide clusters, (VO, s),, in which
V(v) appears to be in distorted octahedral coordination.*? In
the present study, however, this cannot be the case, since both
the EXAFS and XANES results indicate that the vanadium-
containing species present in the samples treated at tem-
peratures exceeding 300 °C corresponds to a V(v) species in a
distorted tetrahedral coordination. It is interesting to note that
the binding energy characteristic of isomorphously substituted
V(v) in a distorted tetrahedral coordination is much higher (ca.
519.0 eV).*? Therefore, the results presented here suggest that
treatment in both air and steam at 500 °C does not induce the
isomorphous substitution of aluminium or silicon by vanadium
in the zeolite-Y framework. The binding energy of 516.2 eV
is closer to that reported for V(v) surface compounds of the
type (Si—0);V=0, (Si-0);V or (Si-0);V(0,) (516.7, 516.0 and
516.4 eV, respectively).>® If we take into account the XANES
and EXAFS results, then the observed binding energy could
well be associated with a framework surface species of the form
(Si-0)3V=0.

Conclusions

In this study, we have used a combination of XANES, EXAFS
and XPS to monitor the changes in the local coordination
and oxidation state of vanadium deposited in the form of
VO(acac), on a dealuminated zeolite-Y as a function of both
heating in air and steam. Under all conditions, the interaction
of the vanadium with the zeolite-Y framework was indepen-
dent of whether the zeolite-Y was NH,"- or Eu*"-exchanged.
Our results are consistent with there being only a weak
interaction between vanadium and the zeolite-Y framework
following deposition. Heating in air, or steam, results in the
oxidation of V(iv) to V(v), and this process, particularly
in steam under the conditions used in the present work, may
even occur at temperatures as low as 100 °C. Under the
conditions used, only V(v) in a distorted tetrahedral coordina-
tion is present at temperatures above 500 °C. At these higher
temperatures, the V(v) species is highly dispersed and is
probably in the form of a framework surface species such as
(Si—0);V=0. The presence of steam during heating, although
probably beneficial, is not essential for promoting the migra-
tion and dispersal of vanadium throughout the zeolite-Y
structure.
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