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The interaction of vanadium with sepiolite, a layered magnesium silicate used to stabilize cracking
catalysts against metal contaminants in crude oils, is investigated. To this end, field-dependent 5'V
wideline, magic-angle-spinning (MAS), and nutation NMR studies, together with X-ray diffraction
(XRD) and laser Raman spectroscopy (LRS) resuits, are reported on sepiolite samples impregnated
with a solution of vanadyl napthenate in benzene. These results are discussed in connection with
benchmark NMR data of crystallographically well-defined model compounds in the MgO-V,0;
system. When heated near 760°C in the presence of steam, sepiolite decomposes into enstatite
(MgSiO) and silica. If the hydrothermal treatment is repeated in the presence of vanadium, a
disordered microcrystalline phase of a-Mg,V,0; forms. Steam treatment at higher temperatures
results in the formation of 8-Mg,V,0,. In addition, all samples examined contain an amorphous
surface phase. Based on 'V nutation NMR spectroscopy, this amorphous constituent is inferred
to have a structural environment similar to §-Mg,V,0;. An MgV,0¢like, distorted octahedral
environment is present only in samples with very high surface coverages and can be suppressed by

choosing multiple-step over single-step impregnation.

INTRODUCTION

The difficulty of converting more abun-
dant, less expensive, nickel- and vanadium-
contaminated residuum feedstocks and
crude oils into liquid products by fluid cata-
Iytic cracking is well recognized (I). Previ-
ous research has shown that the deleterious
effects of metal contaminants such as Ni
and V on fluidized cracking catalysts’ (FCC)
performance can be drastically reduced by
the addition of materials, such as sepiolite,
that can irreversibly and selectively sorb va-
nadium (and nickel) in the form of heat sta-
ble metal compounds (2—4). The V-passivat-
ing properties of the aforementioned
materials have been attributed to the forma-
tion of microcrystalline magnesium vana-
dates (3) or to the formation of amorphous
two-dimensional vanadium(V) oxide over-
layers of the type observed on certain metal
oxides (5-8).

In a typical commercial cracking unit, the
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catalyst is continuously regenerated by re-
moving occluded hydrocarbons and coke
deposits using hydrothermal and thermal
treatments. The effects of regeneration on
catalyst properties are simulated in the labo-
ratory by exposing experimental catalysts
to steam at high temperature (760-815°C)
for a short period of time (5-10 h). Thus,
the first step toward an understanding of
vanadia—scavenger interactions has been
the spectroscopic investigation of model
systems that reflect these conditions. Such
systems have been prepared by impregna-
tion of sepiolite with solutions of vanadyl
naphthenate in benzene, followed by calci-
nation and hydrothermal treatment with
100% steam at 1 atm at 760°C for 5 h (2—4).

Due to the poor crystallinity of the sam-
ples involved, the characterization methods
required to study vanadium-surface inter-
actions are those that can provide informa-
tion on local environments rather than on
long-range structural order. As previously
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demonstrated, solid-state 'V NMR is an
element-selective, often inherently quanti-
tative technique with considerable potential
in this regard (6—15). Past applications of
this technique have focused on the struc-
tural environment of amorphous vanadi-
um(V) compounds on metal oxide supports.
Recently, 'V NMR also has been used to
monitor the destruction of FCC components
by vanadium contaminants (/6). In the pres-
ent contribution, *'V NMR is used to inves-
tigate the interaction of sepiolite with vana-
dium in samples containing different V
loadings prepared using different processing
conditions. These studies will be comple-
mented by NMR and laser Raman investiga-
tions on binary compounds in the
MgO-V,05 system.

EXPERIMENTAL

Sepiolite. The sample of Spanish Sepiolite
(from TOLSA, S.A., nominal formula Mg,
Sig0;5(OH),) used in the present study has
been found to contain a clay mineral charac-
terized by a typical fibrous structure, high
surface area (142 m?/g), and high pore vol-
ume (0.68 cc/g). The composition was veri-
fied by wet chemical analysis; calculated
composition: Si0O,, 66.8 wt%; MgO, 29.9
wt%; found: SiO,, 64.4 wt%; MgO, 27.8
wt%; AlLO;, 1.4 wt%; Fe,0;, 0.41 wt%;
Ca0, 0.14 wt%; Na,0, 0.10 wt%. This clay
was essentially free from phase impurities
and gave an X-ray patternin excellent agree-
ment with JCPDS (Joint Committee on Pow-
der Diffraction Standards) pattern No. 13-
595 for sepiolite. After steaming (760°C/5 h),
the clay retained 70% of its original BET
surface area and its pore volume remained
essentially unchanged.

Vanadium loading. A solution of vanadyl
naphthenate (Pfaltz and Bauer) in benzene
was used to metal load the fresh catalysts
according to an established procedure (/7).
Decomposition of the naphthenate was per-
formed by heating for 10 h at 540°C in air.
The V-loaded clay samples were then
steam-aged for 5 h with ~100% steam at
760°C in a fluidized bed. In a separate set of

experiments, the steaming temperature was
varied between 760 and 815°C for a sample
impregnated with 5 wt% V using multiple
steps. Analyses carried out on representa-
tive samples confirmed that batch composi-
tions are generally close (within 0.1 wt%) to
the actual vanadium content. All samples
were characterized by BET surface area
measurements as well as by X-ray powder
diffraction (Siemens D-500 diffractometer)
at a scan rate of 1%min using monochromatic
CuKa radiation.

Model compounds. Reference vanadates
were prepared by first pressing MgO/V,0;
mixtures at 10,000 1b/in? and then heating
the resulting wafers in air in the 600-1200°C
temperature range (3). By varying MgO/
V,05 ratios and calcination temperatures
it was possible to obtain MgV,0,, o-
Mg,V,0;, 8-Mg,V,0,, and Mg,V,04 crys-
tals essentially free from major phase impu-
rities. Further details of the preparation of
these compounds have been given else-
where (3).

Raman spectroscopy. Raman spectra
were recorded on a Spex Ramalog 1403
spectrometer equipped with a cooled RCA
GaAs photomultiplier tube (CA 31034-02).
The 4880-A line of an argon-ion laser (Spec-
tra Physics model 165) was used to generate
Raman scattered light. The laser power im-
pinging on the sample was limited to 50 mW.
All spectra were recorded with a spectral
resolution of 5 cm~!. Signal pulses from the
photomultiplier were passed through an am-
plifier/discriminator (Princeton Applied Re-
search model 1182) and counted by a Nicolet
data system. Typically, 50 scans were aver-
aged in order to obtain spectra with good
signal-to-noise ratios. Samples were pre-
pared for Raman measurements by pressing
the V-loaded sepiolite into 1-cm diameter
wafers with a pressure of approximately
1000 psi. The sample holder rotated at ap-
proximately 500 rpm in order to avoid tem-
perature-induced chemical modifications of
the sample by the incident laser beam (3).

Nuclear magnetic resonance. Solid-state
51V NMR studies were undertaken at 79.0
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and 131.48 MHz, using General Electric
GN-300 and GN-500 spectrometers with
probes from Doty Scientific. Wideline NMR
spectra were typically obtained at 79.0 MHz
with a simple one-pulse sequence (Bloch de-
cay), using 10° pulses of 1 us length, a preac-
quisition delay of 10 us, dwell time of 1-2
us, and relaxation delays of 1 s. Although
the use of Bloch decays bears the potential
danger of resulting in somewhat distorted
lineshapes, it is the preferred method here
since it avoids complications arising from
varying degrees of excitation selectivity that
become important with the longer pulse
lengths needed to generate 90° and 180°
pulses for spin echoes (9). Magic-angle-
spinning (MAS) NMR spectra were ob-
tained both at 79.0 and 131.48 MHz, using
variable spinning speeds ranging from 5 to
9 kHz and chemical shifts are referenced
relative to VOCI,. 'V nutation NMR stud-
ies were undertaken at a rotary frequency
of 27.8 kHz, corresponding to a liquid 90°
pulse of 9 us. In addition, most of the sam-
ples were characterized by Si MAS-NMR,
which was carried out at 59.7 MHz, with a
90° pulse of 8 us length, and with relaxation
delays of 2-4 min.

RESULTS, DATA ANALYSIS, AND
INTERPRETATION

The experiments described in this section
address three topics related to the action of
sepiolite as a cracking catalyst stabilizer: (1)
the decomposition of sepiolite upon thermal
treatment and steam-aging as studied by X-
ray and ®Si MAS-NMR; (2) the interaction
of sepiolite and its decomposition products
with vanadia, as studied by surface area and
31V NMR measurements; and (3) the struc-
tural characterization of the vanadium envi-
ronments in the resulting products, interpre-
ted in conjunction with solid-state NMR and
Raman spectroscopic studies of vanadate
model compounds.

Thermal decomposition of sepiolite. Fig-
ure 1 shows X-ray powder diffraction pat-
terns of representative samples investi-
gated. Even in the presence of V impurities,

sepiolite exhibits excellent thermal stability
and after calcination at 540°C/10 h in air
retains most of its initial crystallinity, pore
volume, and surface area.

When heated at 760°C/5 h in the presence
of steamat 1 atm, this clay collapses, forming
a poorly crystallized orthorhombic MgSiO,
(enstatite) phase; see Fig. Ib. Furthermore,
some silica is probably present; the diffrac-
tion lines at § = 20°-22° in Figs. 1¢c-1d are
consistent with the presence of poorly crys-
tallized tridymite. (These peaks are not ob-
served in all of the samples, however.) If the
steam-aging temperature is increased to 788
or815°C, enstatite crystallinity improves sig-
nificantly; see Figs. lc and 1d. When heated
near 800°C in air, sepiolite decomposes into
enstatite and quartz (3). However, for sam-
ples heated between 760 and 815°C in the
presence of steam, our X-ray patterns give
no evidence for quartz formation. (see Figs.
Ib and 1d).

Figure 2 shows #¥Si MAS-NMR spectra of
representative samples. The parent sepiolite
shows three sharp *Si resonances at —92,
~95, and —98 ppm corresponding to the
three crystallographically distinct sites in the
structure (18, 19). As found in previous stud-
ies (19), however, substantial broadening of
the ?Si NMR resonances occurs upon calci-
nation to 540°C. This finding can be attributed
to the presence of variable, slightly distorted
local environments. There is also some signal
intensity in the O region, suggesting that
also a small amount of condensation (under
loss of hydroxyl units) has occurred.

In excellent agreement with X-ray diffrac-
tion data, the ®Si MAS-NMR results reveal
that the steam-treatment at 760°C results in
the decomposition of sepiolite into enstatite
and silica. 2Si MAS-NMR is particularly
useful to monitor this decomposition, since
»Si chemical shifts show unique ranges for
the various types of SiO, tetrahedra that
existin minerals. These tetrahedral units are
labeled O™, where n refers to the number of
bridging (as opposed to nonbridging) oxygen
atoms per silicon (20). The sepiolite decom-
position,
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F16. 1. X-ray powder diffraction patterns of sepiolite after loading with 5 wt% V and (A) calcination
in air for 10 h at 540°C, followed by steam-aging for 5 h at (B) 760°C, (C) 788°C, and (D) 815°C.

Mg,Si,0,(OH), —

4 MgSiO; + 2 Si0, + H,0, (1)

corresponds to a disproportionation of Q™
species according to the scheme

2 Q(3) — Q(Z) + Q(4)- (2)

Accordingly, Fig. 2 shows that separate
¥Si MAS-NMR peaks are resolvable for en-
statite (Q®, — 83 ppm), sepiolite (0, peak
center at —97 ppm for the heated samples),
and silica (O, — 110 ppm). As are the X-ray
diffraction patterns, the MAS-NMR spectra
are broadened substantially, indicating
strong disordering effects in these product
phases. Investigation of a large number of
samples with different V loadings reveals
that the extent of the decomposition at
760°C is somewhat variable, but generally
greater in samples with higher V loadings.
The use of steam-aging temperatures higher
than 760°C results in complete sepiolite de-
composition according to Eq. (1); see Figs.
1, 2a).

In contrast to X-ray data, the ¥Si MAS-
NMR spectra clearly reveal the presence of
the silica phase. The peak position is cer-
tainly compatible with the tridymite reso-
nance. However, in contrast to the pub-

lished NMR spectrum of tridymite (21), no
separate peaks for crystallographically in-
equivalent silicon sites are resolvable.
Vanadia—sepiolite interaction. Figure 3
shows the effect of the vanadia-sepiolite
interaction upon the surface areas for one
set of samples, prior to and after steam-
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F1G. 2. ®Si MAS-NMR spectra of representative
spectra. The phases, enstatite and sepiolite, are abbre-
viated by their injtials. The Q™ resonance due to disor-

dered silica is also indicated.
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Fi1G. 3. The effect of vanadia on the surface area of
sepiolite: After V impregnation and thermal, or hydro-
thermal, treatment.

aging, as a function of vanadium loading.
Evidently, conversion of vanadyl naphthe-
nate to a vanadium (V) surface oxide phase
by calcination at 540°C has only a modest
effect on the sepiolite surface area, whereas
steam-aging at 760°C can result in a collapse
of the surface. The surface collapse at V
loadings above 3%, particularly after steam-
aging, suggests the formation of bulk
phases.

Although X-ray diffraction and ?Si MAS-
NMR are useful to follow the decomposition
of the sepiolite upon steam-aging, they can-
not provide information on the nature of the
reaction products resulting from vana-
dium—sepiolite interaction. In contrast,
techniques such as 'V NMR and laser Ra-
man spectroscopy can identify the forma-
tion of V compounds even when poorly
crystalline and when present in low concen-
trations. Laser Raman spectroscopy results
for steam-aged, V-loaded sepiolite samples
have indicated that above 3 wt% V, new
broad and weak peaks begin to appear. In
addition, samples containing S wt% V, when
steam-aged at 760°C, generate a spectrum
containing broad and weak bands centered
at 846, 903, and 950 cm ™!, consistent with
the presence of a-Mg,V,0-; see Figs. 4a and
5b. At higher steaming temperatures, new
bands develop near 1012, 883, and 523 cm ™',
generating a spectrum similar to that of -
Mg,V,0, (3); see Figs. 4 and 5. The rela-
tively broad bands in Fig. 4 are attributed to
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F16. 4. Raman spectra of sepiolite after loading with
5 wt% V and calcination in air for 10 h at 540°C, fol-
lowed by steam-aging for 5 h at (A) 760°C, (B) 788°C,
and (C) 815°C.

a highly dispersed vanadate phase, in agree-
ment with the NMR results.

Figures 6a~d show wideline 'V NMR re-
sults as a function of vanadium loading and
thermal treatment, respectively. Figures
7a—e summarize high-speed 79.0 MHz
MAS-NMR data, their dependence on load-
ing level, the effect of steam treatment, and
the influence of the treatment temperature.
Table 1 gives an overview of the samples
studied and the assignments and conclu-
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L
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Fi1G. 5. Raman spectra of model binary magnesium
vanadates: (A) MgV,0q; (B) o-Mg,V,04; (C) 8-
Mg, V,07; (D) Mg;V,05.
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TABLE 1

Preparation History, Vanadium Contents, and Surface Areas () of the Samples under Study and the Phases
Identified by *'V NMR

Code and sample information

wt%V

6(m%g) Phases present

Sepiolite samples, calcined at 540°C, 10 h

105 V@4 + a,B-Mg,V,0;,
110 not detd.

123 V{4)

144 not detd.

147 not detd.

143 not detd.

142 not detd.

150

V) + «,8-Mg,V,0;,

Sepiolite samples, calcined at 540° (10 h) and steamed at 760°C (5 h)

C-540A single impregnation 5
C-540B single impregnation 4
C-540C single impregnation 3
C-540D single impregnation 2
C-540E single impregnation 1.5
C-540F single impregnation 1
C-540G single impregnation 0.5
C-540H single impregnation 0
C-540 multiple impregnation S
S-760A single impregnation 5
S-760AA 2-step impregnation 5
S-760B single impregnation 4
S-760BB 2-step impregnation 4
S-760C single impregnation 3
S-760CC 2-stp impregnation 3
S-760D single impregnation 2
S-760DD single impregnation 2
S-760E single impregnation 1.5
S-760EE single impregnation 1.5
S-760F single impregnation 1
S-760FF single impregnation 1
S-760G single impregnation 0.5
S-760GG single impregnation 0.5
S-760H no impregnation 0
S-760HH no impregnation 0
S-760 multiple impregnation 5
S-788 multiple impregnation 5
S-815 multiple impregnation 5

9 V(4) + V(6)
17 V{4) + a-Mg,V,0,
20 V(4) + V(6)
27 V(@) + tr. V(6)
60 V({4) + tr. V(6)
40 V4) + tr. V(6)
69 V(4)
44 V4)
not detd. V(4)
43 V4)
76 V4)
56 V(4)
95 not detd.
57 V(4)
97
64
34 V) + a-Mg,V,0;,

V() + a,B-Mg,V,0,
V{4) + 5-Mg,V,0,

Note. Sample codes refer to the figures.

sions based on the model compound work
discussed below.

Model compound studies. As mentioned
in the Introduction, the formation of bulk
crystalline or amorphous compounds in the
MgO-V,0s system is believed to play a role
in the stabilizing activity of sepiolite. The
MgO-V,0;s phase diagram has been the sub-
jectof considerably detailed study (22). Four
crystalline binary phases are known whose
stoichiometries are Mg;(VO,),, Mg,V,0,
(two polymorphs, a (ILT)- and 8 (HT)-phase,
with a reported transition temperature range
of 710-760°C depending on heating condi-

tions), and MgV, 0. The local environments
of the V atoms in these phases, well known
from X-ray crystallography, are summarized
in Fig. 8 (22-26). Preliminary 'V NMR re-
sults on magnesium vanadates have been
published by Mastikhin and co-workers (13).
However, these authors did not carry out the
field-dependent NMR experiments neces-
sary to separate the effects of second-order
quadrupolar couplings and chemical shift ef-
fects on the MAS-NMR spectra. As pre-
viously discussed for other quadrupolar
nuclei (7), the experimentally measured res-
onance positions comprise the isotropic
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FIG. 6. (a) 79.0 MHz ’'V wideline NMR spectra of vanadium(V) oxides on sepiolite, as a function of
concentration (wt% V). These samples were prepared in a single loading step with vanadium naphthen-
ate. (b) 79.0 MHz 'V wideline NMR spectra of vanadium(V) oxides on sepiolite, as a function of
concentration (Wt% V). Samples containing more than 3 wt% V were prepared in multiple loading steps
with vanadium naphthenate. (c) 79.0 MHz *'V wideline NMR spectrum of sepiolite—5% V, prior to and
after steam-aging. (d) 79.0 MHz °'V wideline NMR spectra of sepiolite—5% V, steam-aged at different
temperatures.
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FiG. 7. (a) Comparison of the 79.0 MHz 'V MAS-NMR spectra for sample S-760 and a-Mg,V,0;,
substantiating peak assignments. (b) Comparison of the 79.0 MHz 5'V MAS-NMR spectra for sample S-
815 and B-Mg,V,0;, substantiating peak assignments. Spinning sidebands are indicated by asterisks. (c)
Comparison of the 131.48 MHz *'V MAS-NMR spectra for sample S-815 and 5-Mg,V,0,, substantiating
peak assignments. (d) Comparison of the 79.0 MHz 'V MAS-NMR spectra for samples S-760DD and S-
760AA, illustrating the effect of vanadium loading. (e) 79.0 MHz 'V MAS-NMR spectra of calcined and

steam-aged 5% V-sepiolite samples, illustrating the influence of thermal treatment conditions.

chemical shift §,,, and the second-order

quadrupolar shift §@;
Bory = Biyg + 2. (3a)

For a spin-7/2 nucleus such as 'V, the

magnitude of 6 is given by
8@ [ppm] = —2551v, 2 (e2qQ/RX(1 + 3/3),
(3b)

exp

where v, is the nuclear Larmor precession
frequency in Hz and ¢’qQ/h and 7 are the
nuclear electric quadrupole coupling con-
stant (in Hz) and the asymmetry parameter,
respectively.

Representative static (‘‘wideline”’) and
MAS-NMR spectra for these model com-
pounds are shown in Figs. 9 and 10. The
wideline NMR lineshapes are dominated by
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FiG. 8. Structural environments present in crystalline magnesium vanadates.
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F1G. 9. 79.0 MHz wideline (static) 'V NMR spectra
of binary magnesium vanadates.

the chemical shift anisotropy. Upon MAS,
these lineshapes yield spinning sideband
patterns from which d,, as well as approxi-
mate values for the principal tensor compo-
nents §; can be extracted. Table 2 summa-
rizes this information, including the §,,
values determined by Egs. (3) from the
79.0- and 131.5-MHz measurements. To
determine approximate values for §;, the
spinning sideband intensities measured at
131.48 MHz were analyzed by the graphi-
cal procedure of Herzfeld and Berger (27),
followed by refinement using an interactive
graphic simulation routine. Furthermore,
Table 2 lists values of e’qQ/h and 7 as
determined from computer-simulations of
the 79.0 MHz MAS-NMR central line-
shapes (28). Since this analysis is possible
only for those compounds that have peak
shapes with resolvable second-order struc-
ture, data for several compounds are not
shown. The quadrupolar coupling parame-
ters extracted in this fashion are compared
with some low-field single-crystal NMR
data (in parentheses) where available (29,
30). For all of the compounds studied, the
second-order quadrupolar shifts at 11.7 T
calculated with Eq. (3b) from field-depen-
dent MAS experiments were consistent
with the quadrupolar parameters deter-

mined by fitting the shape of MAS-NMR
centerbands.

Figure 11 shows °'V nutation NMR stud-
ies of vanadia—sepiolite samples and binary
magnesium vanadate model compounds.
These experiments probe the strength of the
nuclear electric quadrupole interaction by
measuring the length of the effective 90°
pulse. In principle, the NMR spectrum for
SV in solids consists of seven allowed m —
m — 1 Zeeman transitions. For very weak
quadrupolar interactions, all of these transi-
tions are effectively excited. In this case one
measures a 90° pulse length close to that
seen in liquid solutions. If, on the other
hand, the quadrupole interaction is strong
compared to the strength of the applied 1f
field, only the central 1/2 — — 1/2 transition
is excited. Due to first-order quadrupolar
perturbation, all of the other transitions are
spread out over a wide frequency range that
lies mostly outside of the excitation window
of the rf pulse. It was previously shown that
in such a situation the effective 90° pulse
length is shortened significantly, the limit
being 71§94 for a spin-7/2 nucleus (3/-33).
Thus, measurements of the effective 90°
pulse length are useful to estimate the
strength of the nuclear electric quadrupolar
interaction, at least on a relative basis. Dis-
played in Fig. 11 are stacked plots of normal-
ized Fourier transforms at 0.5-us pulse in-
crements. The effective 90° pulse lengths
(required to reach the maximum signal) are
listed as a separate entry in Table 2.

DISCUSSION

In the following, we first discuss the NMR
results of the model compounds, shown in
Figs. 9-11, in the context of the known
structural features of the MgO-V,0s sys-
tem. This information then serves to ad-
vance the interpretation of the NMR data
on the vanadia-sepiolite samples, shown in
Figs. 6 and 7.

MgO-V,05 model compounds. Mg;V,0q
crystallizes in the space group Cmca; the
asymmetric unit contains one isolated
VO;™ unit (23). Applying the Q® nomencla-
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TABLE 2

SV NMR Parameters for the V(V) Sites Present in Crystalline Magnesium Vanadates and for the Disordered
V(V) Sites in the Sepiolite Samples

Sample Sz.0" 131.48" 8y 8y’ 83 Biso e*qQ/h 7 o
(ppm) {(ppm) (ppm) (ppm) (ppm) (ppm) (MHz) (us)

Mg;V,04 — 554 —554 csa too small to determine —554  =1(0.49) (0.63) 535
a-Mg,V,0,

site 2 —554 -~ 552 - 599 —-561 —495 551

site 1 —614 —608 —704 -591 -—-532 —605 4.6 0.55
B-Mg,V,0;

site 2¢ —535 —511 — 669 =602 —262 —497 9.5(10.2) 0.70(0.42)

site 1 —648 - 644 —724 —-670 —539 —642 4.7 (0.26) 3.2
MgV,0¢ —562 —553 ~890 —444  —353 —548 ¢ ¢ 2.6
V4) —590 £2 —580 =2 not determined —574 3.5
V(6) not measured —-280 £ 20 -300 not determined

Note. 844 and 83, 45 (typical errors = 1 ppm) correspond to the resonance locations at 79.0 and 131.48 MHz,
respectively. §;;, 8,5, and 833 (estimated error * 5 ppm) are the principal tensor components determined graphically
from the MAS-sideband patterns observed at 131.48 MHz. §,,, the isotropic chemical shift (=2 ppm) has been
calculated from 8 4 and &3, 4. For suitable cases, values for e2g(Q/h and n were obtained from simulations of the
MAS centerbands recorded at 79.0 MHz.

¢ +1 ppm.

b =5 ppm unless specified.

¢ Error in §; values =10 ppm.

4 Errors in e2qQ/h and % are 0.1 MHz and 0.02, respectively. Where no data are reported, the quadrupole
coupling is too weak to affect the central MAS lineshape.

¢ MAS lineshape analysis not possible due to signal overlap from impurity of «-Mg,V,0;.

ture (n specifying the number of bridging
oxygen atoms) to the vandium sites, thisis a
0 site, the four nonbridging oxygen atoms
forming a weakly distorted tetrahedral envi-
ronment. The V-0 bond lengths range from
1.695 to 1.809 A, and all the angles are close
to tetrahedral. This comparatively high de-
. ., @Ma2Va0r gree of symmetry results in a chemical shift
anisotropy that is so small that it is notice-
able neither in the wideline spectra (see Fig.
9a) nor in any spinning sideband patterns
generated by MAS (spectrum not shown).
Furthermore, the nuclear electric quadru-
pole interaction is so weak that under the
experimental conditions employed in this
study the second-order quadrupolar shift is

B-Mg2V207

IRAnmaant

00 b seo sbn seo 190 ses -sbo ppm  Z€ro within experimental error (1 ppm). Fig-
ure 11 reveals that the effective 90° pulse
Fic. 10. 79.0 MHz °'V MAS-NMR spectra of binary length iS Shortened only moderately in com-

IR

magnesium vanadates. Spinning sidebands are indi- . . P
i . arison to that measured in the liquid, re-
cated by asterisks. In the spectrum of MgV,0, minor p quid,

. . 51
impurity peaks due to a-Mg,V;0; are marked by vealing that the rf excitation of the *'V reso-
Arrows. nance is partially nonselective.
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Fi1G. 11. °'V nutation NMR behavior of vanadium(V) oxide on sepiolite samples containing 5 wt% V
(samples C-540 and S-815) and comparison with crystalline model compounds.

The crystal structure of low-temperature
a-Mg,V,0; has not yet been solved by sin-
gle-crystal X-ray diffraction. Since powder
X-ray data indicate that this compound is
isomorphous with Co,V,0, (space group
P2,/c), the vanadium environments in these
two compounds are taken to be identical
(24). This structure is characterized by
[0O,V-0-VO,}*~ dimers, with both crystal-
lographically inequivalent vanadium atoms
in distorted tetrahedral Q¥ environments.
The MAS-NMR spectrum shows two dis-
tinct resonances, with marked differences
in second-order quadrupole shifts. Based on
the information given in Fig. 8, we assign
the resonance at 8, = —551 ppm to the
less distorted vanadium (2) site, because this
peak has the smaller second-order quadru-
polar shift.

The high-temperature modification, g-

Mg,V,0,, crystallizes in the triclinic space
group PI. Its structure is also based on
V,0%" dimers (Q units), however, with
fiftth oxygen neighbors in close proximity
(2.44 and 2.87 A, at V(2) and V(1), respec-
tively). The MAS-NMR spectrum shows
two resonances, one of which (8, ~ —497
ppm) is characterized by an unusually
strong nuclear electric quadrupolar interac-
tion (25). Based on the observation of very
strong %Al quadrupole couplings for five-
coordinated aluminum environments (34),
we assign this resonance to the V(2)-site.
The 'V principal shielding tensor compo-
nents of this site are markedly different from
those seen for either four- or six-coordi-
nated vanadium sites, hence confirming that
the description of this compound as being
five-coordinate is realistic. Since due to
strong second-order broadening, the 7.05 T
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wideline spectrum of the V(2) site is not
observed, the nutation behavior shown in
Fig. 11 reflects the behavior of the V(1) site
only.

MgV,04 crystallizes in the monoclinic
space group C2/m. The vanadium atoms are
in an irregular six-coordinate environment,
with V-0 bond distances between 1.666 and
2.671 A (26). The structure resembles those
of a variety of other metavanadates of diva-
lent metal cations. All of these compounds
have a unique and diagnostic NMR signa-
ture, characterized by a large, close to axi-
ally symmetric chemical shift anisotropy
and strong nuclear electric quadrupole cou-
pling (7). The latter manifests itself in a large
second-order quadrupolar shift, a struc-
tured 'V MAS center band, and rf excita-
tion behavior that is essentially restricted to
the central transition. Overall, the different
structural environments depicted in Fig. 8
give rise to distinct and unique behavior in
the various NMR experiments discussed
here. Thus, the model compounds provide
useful benchmark data for discussion of the
details of the vanadia—sepiolite interactions.

Vanadia—sepiolite interaction. Figures
6a-d show representative 'V wideline
NMR spectra of calcined and steam-aged
sepiolite samples loaded with vanadia. In
general, fairly broad and unstructured line-
shapes are observed, bearing little resem-
blance to the spectra observed for bulk bi-
nary magnesium vanadates. However, this
should not be taken as evidence against the
formation of microcrystalline magnesium
vanadates. In fact, these lineshapes could
have been altered by distribution effects in
chemical shifts or quadrupole coupling pa-
rameters and by the presence of paramag-
netic electron spins. The spectra of samples
with lower loadings (%V = 3) and, concomi-
tantly, lower surface coverages, are charac-
terized by a signal centered near — 600 ppm.
In conjunction with previous model com-
pound studies (7), this resonance is assigned
to four-coordinate vanadium(V), most likely
of type Q. At higher loadings (%V = 4)
a new resonance gradually emerges on the

downfield side of the spectrum. Earlier stud-
ies have shown that this second signal can
be attributed to a near-to axial chemical shift
powder pattern centered around — 500 ppm
(7). The nearly degenerate perpendicular
components of this shift tensor are located
near - 300 ppm and the parallel component
between —800 and —900 ppm (7). These
parameters are in proximity to those ob-
served in MgV,0,, where vanadium pos-
sesses a distorted six-coordinated envir-
onment. Previous NMR studies on vanadi-
um(V) oxide surface phases and model com-
pounds have shown that such a spectro-
scopic signature is unique and characteristic
for a vanadium(V) species in a distorted oc-
tahedral environment (6, 7).

Figure 6¢ illustrates that the six-coordi-
nated environment appears only after
steam-aging, presumably following the col-
lapse of the sepiolite surface. Apparently, it
takes very high surface coverages (several
monolayers) to establish this environment
on the sepiolite surface, and its formation
can be minimized at 5 wt% V altogether by
multiple deposition (i.e., by depositing the
precursor in several separate steps, see Fig.
6b). The behavior of vanadia on sepiolite
contrasts sharply with the results obtained
with vanadia on alumina, titania, and silica
surfaces, where the octahedral site can be
found already at submonolayer coverages
6, 7. 9). Figure 6d shows subtle wideline
NMR lineshape changes in the 5 wt% V
sample prepared by multiple impregnation
and steam-aged at temperatures above
760°C. This behavior is related to the forma-
tion of different bulk magnesium vanadates,
which becomes more fully evident in the
MAS-NMR data discussed below.

Besides providing a rough distinction be-
tweenfour- and six-coordinate vanadium en-
vironments, °'V wideline NMR spectra are
not capable of resolving further details. Fig-
ures 7a—e show 'V MAS-NMR spectra at
spinning speeds between 8 and 9 kHz for a
variety of samples. Several of these spectra
show distinct sharp MAS-NMR center bands
and sideband patterns, from which the pres-
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ence of both a- and 8-Mg,V,0; is evident.
Note that the *'V peaks assignable to these
phases are somewhat broadened, reflecting
residual disorder or small crystallite sizes of
these magnesium vanadates. (This may well
be the reason for the inability to observe
these compounds by X-ray powder diffrac-
tion.) Figures 7a,b show that the relative ra-
tio of the a- and B-phases depends on the tem-
perature of the steam treatment and the
observed behavior is found to be consistent
with the stability regions of both polymorphs
(22). Thus, in the sample steam-aged at
760°C, «a-Mg,V,0, is more abundant,
whereas the 8-phase dominates at the higher
steaming temperatures (788 and 815°C). Fig-
ure 7c illustrates the improvement in resolu-
tion that can be achieved at a higher field
strength (11.7 vs 7.0 T). The identification of
B-Mg,V,0; in these vanadia—sepiolite sam-
plesislargely based on the observation of the
V(1) site and the dependence of its spectrum
on field strength. The spectra show no clear
evidence for the highly distorted V(2) site.
We believe this to be a consequence of the
residual disorder of the Mg,V,0, formed.
The spectrum of the V(2) site, which is al-
ready difficult to detectin the bulk crystalline
state (resonance near — 510 ppm in Fig. 7¢,
bottom), is particularly sensitive to this dis-
order, and probably broadened beyond de-
tectability due to a distribution of 5@ values.
In addition to the resonances due the bulk
magnesium vanadates, Figures 7a—c also
show a broad resonance around — 590 ppm
(—580 ppm at 131.48 MHz, plus associated
spinning sidebands), whichis attributed toan
amorphous surface phase.

Figure 7d shows that bulk magnesium
vanadates are not detectable in steam-aged
samples with lower vanadium loadings (2
wt% V). Only. a broad signal, with a distinct
feature around — 590 ppm (at 7.05T) is seen,
suggesting that all of the vanadium is con-
tained in amorphous surface phases.

Finally, Fig. 7e compares the spectra of
the steam-aged samples with those of their
calcined precursors. In the calcined sam-
ples, only traces of defined binary phases

can be discerned and their 79.0 MHz
MAS-NMR spectra are dominated by the
broad resonance centered near — 590 ppm.
As mentioned above, this resonance also
persists in the steam-aged samples, par-
ticularly at low loadings (Figs. 7a—-d),
suggesting that in addition to the micro-
crystalline pyrovanadate phases there is a
different, somewhat less well ordered, type
of vanadium environment. An estimate of
i, for this site is given in Table 1. The
assignment of this line is less straightfor-
ward. Both the wideline spectra and the
nutation behavior clearly rule out a six-
coordinated environment. At the same
time, the wideline spectra are found to be
significantly broader than those obtained
for vanadium(V) surface oxide on MgO
samples (I3, 35), which have been gener-
ally assigned to VOi~ Q9 groups. Alto-
gether, the spectroscopic parameters and
the nutation behavior are most consistent
with an assignment to a dimeric V,0%"
group. If this assignment is accepted, the
NMR data suggest that the basic molecular
V,04" architecture on the sepiolite surface
is already in place prior to steam-aging,
presumably in the form of a disordered
surface phase. The role of the steaming
process then mainly appears to be to con-
vert the disordered arrangement of these
units  into  microcrystalline Mg, V,0,
phases. Overall, the 'V MAS-NMR results
are well in agreement with LRS data that
have suggested the formation of Mg,V,0,
phases when V-loaded sepiolite granules
are exposed to steam at temperatures in
the 700-800°C range (3) (see Fig. 4).

CONCLUSIONS

In summary, the results shown here con-
firm the suitability of 'V wideline, MAS,
and nutation NMR to provide information
about local vanadium environments and
bulk phases formed during the course of the
interaction of vanadia with sepiolite. In the
present system, such information is not ac-
cessible by X-ray powder diffraction. The
IV MAS-NMR data, together with LRS
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data, confirm that the interaction of vanadia
with sepiolite produces both amorphous
phases, as well as bulk «~ and 8-Mg,V,0,,
depending on temperature. The formation
of these bulk phases is favored by sample
steaming and high vanadia loadings, which
also favor the decomposition of the parent
sepiolite into silica and enstatite. In fact, the
suitability of sepiolite for vanadium passiv-
ation may be intimately linked to its decom-
position, as the structural breakdown facili-
tates the reaction of Mg with vanadia
species on a molecular scale.
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