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Vanadium-exchanged Ti, Zr, and Sn-pyrophosphates have been prepared as cubic phase and tested for the oxidative dehyd
thane in the temperature range 550–700◦C in a fixed bed reactor. The catalysts have been characterised by XRD, XPS, BET surfa
nd TPR experiments. Vanadium exchange does not modify the cubic structure of the materials but thermal treatment under
eaction conditions results in a significant loss of Sn-pyrophosphate structure, whereas Ti and Zr-pyrophosphates remain stable.
re active for the reaction and vanadium-Ti-pyrophosphate provides the best catalytic performances. The exchanged catalysts
ood selectivity to ethylene, even at quite high ethane conversion, which has been attributed to the great vanadium site isolation.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The oxidative dehydrogenation (ODH) of light alkanes
ould be a promising alternative to industrial processes for

he production of olefins providing that these very reactive
roducts are not further oxidised during the process[1].

A large number of catalysts have been proposed for the
xidative dehydrogenation of ethane[1]. Bulk and supported

ransition metal oxides, working at 400–500◦C through a re-
ox cycle, give high selectivity to ethylene (40–60%) only
t very low ethane conversion (20–25%), whereas basic ox-

des, rare earth or Li/MgO-based systems, operating at higher
emperatures (600–700◦C), provide a selectivity higher than
0% at 40–60% conversion activating a hetero-homogeneous
echanism[1].

∗ Corresponding author. Tel.: +39 0817682261; fax: +39 0815936936.
E-mail address:lisi@irc.na.cnr.it (L. Lisi).

Among transition metal oxides, vanadium pentoxide
been widely investigated as bulk or supported materia
the oxidative dehydrogenation of C2–C4 hydrocarbons, du
to its high activity[2]. Furthermore, it has been reported t
the addition of other elements like molybdenum, phos
rous or niobium, frequently giving rise to mixed compoun
improves catalytic performances, due to a modificatio
the redox properties of vanadium interacting with the o
element[3].

Vanadium–phosphorous-based catalysts have been
ied for both ethane and propane ODH[4–8]. More specif
ically, quite good selectivity but low activity have been
tained on bulk and TiO2-supported (VO)2P2O7 [5,6], wherea
better performances have been provided for bulk or
ported vanadylortho-phosphate[4,7,8]. Other metal py
rophosphates (Ce, Zr, Sn, and Ti) show catalytic activit
the ODH ofn-butane, TiP2O7 giving the best performanc
related to its redox properties[9,10], whereas vanadium p
rophosphate is the most active but not the most selective
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ODH of iso-butane[11]. Less attention has been paid to vana-
dium dispersed on metal pyrophosphate supports, notwith-
standing promising results have been obtained for the oxida-
tive dehydrogenation of ethane[12]. In principle, dispersion
of vanadium in a different matrix can generate isolated ac-
tive sites that are considered more selective in the partial
oxidation reactions[13,14]. For this reason, in this paper the
catalytic behaviour of vanadium-exchanged Ti, Zr, and Sn cu-
bic pyrophosphates in the ethane ODH has been investigated.
In fact, isolated vanadium sites are expected to be obtained
by the ion-exchange method and, as a consequence, a lower
oxygen lability that inhibits the total oxidation reactions.

2. Experimental

The starting materials for the preparation of the
catalysts were crystalline titanium, zirconium and tin
bis(monohydrogen orthophosphate) monohydrates ion-
exchangers, compounds that have general formula M(IV)
(HPO4)2·H2O and possess a layered structure. Titanium and
zirconium acid phosphates were obtained by refluxing the re-
spective amorphous metal(IV) phosphates in 10M H3PO4 for
100 h [15,16]. Specifically, amorphous titanium phosphate
was obtained by slowly adding, under stirring, 430 ml of 2 M
H
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For H-SnP the VO2+ uptake was evaluated by monitoring the
vanadyl concentration change in the supernatant, before and
after contacting, via titration with a KMnO4 solution [18].
For H-ZrP, and H-TiP this method could not be used because
of the low VO2+ uptake. In this case, it was convenient to sus-
pend a certain amount of vanadium-exchanged precursor in
a strongly acid solution (see below), in order to surely obtain
a VO2+/H+ reversible process that completely releases VO2+

to the acid solution, and in a solid/solution ratio such that the
vanadyl ions could be easily determined by KMnO4 titration.
Thus, 0.5 g of H-ZrP and H-TiP vanadium-exchanged mate-
rials were contacted respectively with 15 ml of 0.5 M H2SO4
solution for 2 h at room temperature and the VO2+ concen-
tration then determined. In all cases, 5 ml of the vanadyl so-
lutions were titrated with a 0.002 M KMnO4 standard solu-
tion, using a Methrom Herisau Potentiograph model E 536
equipped with a combined Pt electrode.

The amount of vanadium exchanged by H-ZrP, H-TiP, and
H-SnP was 0.10, 0.15, and 0.58%, respectively. As a conse-
quence of the low VO2+ loadings, all exchanged materials
showed the same TG/DTA curves and X-ray diffraction pat-
terns as the un-exchanged H-ZrP, H-TiP, and H-SnP[15–17].

Catalysts were obtained by heating the precursors at
1000◦C for 3 h. At this temperature vanadium-containing
cubic zirconium, titanium and tin pyrophosphate phases are
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Cl containing 25 g of TiCl4 to 400 ml of 1.25 M H3PO4. Af-
er 24 h digestion, the precipitate was filtered, washed
istilled water to pH = 3–3.5 and dried over P2O5. The crys

alline compound was obtained by refluxing the amorph
itanium phosphate in phosphoric acid in the solid/solu
atio of 1 g of solid/40 ml 10 M H3PO4 [15]. Amorphous zir
onium phosphate was obtained by slowly adding 50
f 3 M HCl containing 24.4 g of ZrOCl2·8H2O, 750 ml of a
M H3PO4 and 3 M HCl solution. As before, after dige

ion, filtration, washing and drying, amorphous zircon
hosphate was refluxed in phosphoric acid in the rati
g of solid/20 ml 10 M H3PO4 [16]. The tin-derivative wa
repared by boiling a solution 1 M in SnCl4, 8 M in H3PO4
nd 4 M in HNO3, and refluxing for 100 h since the appe
nce of the first nuclei of a solid material[17]. TiCl4, SnCl4,
rOCl2·8H2O, KMnO4 0.002 M standard solution and ino
anic acids (H3PO4, H2SO4, HNO3, and HCl) used for th
ynthesis were analytical grade Carlo Erba RPE–ACS p
cts. VOSO4·5H2O (99.99% purity) was supplied by Aldric

The ion-exchangers will be, hereafter, denoted as H
-TiP, and H-SnP, respectively. When H-ZrP, H-TiP, and
nP were calcined at 1000◦C, the corresponding cubic p

ophosphate phases, M(IV)P2O7, were obtained. These lat
ill be denoted as M(IV)P.
The catalysts precursors were prepared by contactin

(IV)P ion-exchangers with solutions of vanadyl sulph
ypically, 1 g of ion-exchanger was suspended in 35
.5× 10−3 M VOSO4 solution (initial pH = 3.6) for 2 day
t room temperature. A H+/VO2+ ion-exchange process o
urred and, as expected, the pH of the contact solution
ore or less lowered, according to the extent of the exch
btained[15–17]. Taking into accounts the transformat
ndergone by the initial compounds, the vanadium loa

n the catalysts becomes 0.11, 0.17, and 0.67% for the z
ium, titanium and tin pyrophosphate materials, respecti
he obtained catalysts will be indicated as V/ZrP, V/TiP
/SnP.
A Philips PW 1100 diffractometer was employed for

aining X-ray diffraction (XRD) patterns of the materials
oom temperature. Ni-filtered CuK� radiation was used an
he 2ϑ measurements were accurate to 0.05◦.

BET surface areas of the catalysts were measured b2
dsorption at 77 K with a Quantachrom CHEMBET 300
trument. Nitrogen (99.999% purity) was supplied by S
pa (Milan). Because of the low surface area of the ma
ls, each measurement was performed employing 300
olid. Before each measurement, the catalyst was treat
h at 200◦C under a He flow.
Temperature programmed reduction (TPR) was ca

ut using a Micromeritics TPD/TPR 2900 analyser equip
ith a TCD and coupled with a Hiden HPR 20 mass s

rometer. The sample (100 mg) was reduced by a 2% H2/Ar
ixture (25 cm3 min−1), heated up to 650◦C at 10◦C min−1

n TPR experiments. Before TPR experiments, the sa
as treated in flowing air at 550◦C for 2 h.
The surface chemical composition of the samples

tudied by XPS in an ultrahigh vacuum (UHV) chamber w
base pressure in the range of 10−8 Torr during data col

ection. Photoemission spectra were collected by a VG
rotech ESCA 3000 Multilab spectrometer, equipped
standard Al K� excitation source (hν = 1486.6 eV) and

ine-channeltrons detection system. The binding energy
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scale was calibrated by measuring C 1s peak (BE = 285.1 eV)
from the surface contamination (carbon is always detected
in our experimental conditions). The accuracy of the mea-
sure was±0.1 eV. Relative concentrations of chemical el-
ements were calculated by a standard quantification rou-
tine, including Wagner’s energy dependence of attenuation
length [19] and a standard set of VG Escalab sensitivity
factors.

Catalytic activity tests were carried out in a fixed bed re-
actor operating under atmospheric pressure in the temper-
ature range 550–700◦C. The micro-reactor consisted of a
quartz tube (φe = 12.7 mm,L= 400 mm) with a porous disk
(at 130 mm from the gas inlet) supporting the catalyst parti-
cles (300–400�m). The temperature of the catalytic bed was
measured using a Chromel–Alumel thermocouple located in
a quartz tube (φe = 6.3 mm) co-axially put inside the reactor.
In order to limit the homogeneous contribution to the ethane
conversion, the reactor diameter was reduced in the post-
catalytic zone (after the porous disk) and�-Al2O3 pellets
were loaded up the catalytic bed.

The feed composition was 4% C2H6 and 2% O2 in a bal-
ance of He obtained using 99.998% purity gases supplied
by SON (Societ̀a Ossigeno Napoli). The contact time ranged
from 0.06 to 0.4 g s N cm−3. The reaction products were anal-
ysed by Hewlett–Packard series II 5890 gas-chromatograph
e cu-
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Fig. 1. X-ray diffraction patterns of TiP and V/TiP after calcination at
1000◦C.

Fig. 2. X-ray diffraction pattern of V/SnP with evidenced presence of SnO2

after calcination at 1000◦C in the inset.

TiP and V/TiP.Fig. 2shows the presence of SnO2 in the XRD
pattern of V/SnP.

3.2. TPR measurements

The TPR profiles of the catalysts are shown inFig. 3. In
Table 1the total hydrogen uptake (mol H2/g of catalyst),

Table 1
Results of TPR analysis and rate of ethane consumption evaluated at 700◦C

Catalyst H2 uptake 104

(mol g−1)
H2/Va

(mol atom−1)
rC2H6 × 106

(mol g−1 s−1)

SnP 15.4
V/SnP 18.5 2.4 2.2
TiP 0.41
V/TiP 0.62 0.63 2.6
ZrP 0.19
V/ZrP 0.24 0.23 0.4

a The value of H2/V ratio has been obtained by subtracting the contribution
of pure SnP, TiP, and ZrP respectively.
quipped with thermal conductivity (Poraplot and Mole
ar Sieve column) and flame ionisation (Poraplot colu
etectors for the analysis of O2, CO, and CO2 and for tha
f hydrocarbons, respectively. The concentration of O2, CO,
nd CO2 was also measured by an on-line Hartmann
raun URAS 10 E continuous analyser. Water produce

he reaction was retained by a silica gel trap, in order to a
ondensation in the cold parts of the experimental appa

The contribution of homogeneous reactions was ver
y performing blank runs up to 700◦C under the same r
ction conditions of catalytic tests, filling the reactor o
ith �-Al2O3 pellets. No significant ethane conversion w
btained in the blank experiments.

. Results and discussion

.1. BET and XRD measurements

Very low values of surface area (less than 5 m2/g) are found
or all the samples calcined at 1000◦C, as expected for cub
yrophosphates[9].

XRD analysis performed on the same materials do
how evidence of the presence of vanadium-conta
hases. Indeed, because of the low concentration of vana

n the samples, the diffraction patterns of V/ZrP and V/
re coincident with those obtained for the unloaded meta
yrophosphates, as also found by Santamarı̀a-Gonźalez et al
12] for V/�-TiP catalysts, while in the V/SnP sample a Sn2
hase has been evidenced by XRD data cumulated th

he repetitive procedure.Fig. 1 shows the XRD patterns
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Fig. 3. TPR curves of the M(IV)P and V/M(IV)P samples.

resulting from the integration of the signals, and the H2/V
ratio (mol H2/atom V in the catalyst) are reported. For all
the samples the reduction starts at quite low temperature and
continues up to 650◦C. The beginning of the isothermal step
inhibits further reduction of the samples.

The TPR profiles of M(IV)P are quite similar to those of
the corresponding vanadium-charged materials, except for
SnP which is reduced at temperatures higher than V/SnP. A
limited reduction of Sn2P2O7 up to 550◦C was also reported
by Takita et al.[20] and it is in agreement with our results. The
H2 uptake of the M(IV)P materials can be associated to the
partial reduction of the tetravalent metals or of phosphorous,
which should lead (even if in very low extent for TiP and
ZrP) to a loss of the cubic structure. The large H2 uptake
found for SnP corresponds to a 0.4 H2/Sn ratio, which could
be associated to the reduction of about half the amount of
Sn4+ to Sn2+ or to the reduction of a smaller fraction of Sn4+

to metallic Sn0. The latter hypothesis, qualitatively suggested
by the appearance of a grey metallic deposition on the walls
of the quarz cell used for TPR together with a red layer, most
likely phosphorous, is validated by the XPS surface analysis
of the SnP sample after the TPR experiment (see below). The
XRD pattern of tin-based samples is shown inFig. 4a. The
XRD pattern of the SnP sample after TPR (Fig. 4b) shows
the complete loss of crystallinity, thus suggesting that the
r cubic
s

Fig. 4. XRD patterns of tin-based samples: SnP as calcined (a) and after
TPR experiment (b); V/SnP sample after ODH reaction (c).

For all samples the presence of vanadium gives rise to
an increase of H2 consumption, shown inTable 1, thus sug-
gesting that the additional uptake can be attributed to the
reduction of vanadium itself. On the base of this considera-
tion the H2/V ratios reported inTable 1have been evaluated
by subtracting the contribution related to the corresponding
unloaded metal(IV) pyrophosphates. By supposing that vana-
dium is completely reduced to +3 oxidation state after the
TPR experiment, a theorethical value of 0.5 for the H2/V
ratio is expected if the starting sample contained only V4+.
The sligthly higher value found for V/TiP could suggest that
V4+ ions, originally introduced in the phosphate, have been
partially oxidised to V5+, likely during the calcination treat-
ment. On the other hand, the very small value found for V/ZrP
could be an experimental error due to the lower H2 uptake of
Zr-based samples or could indicate that not all the vanadium
in the catalyst has been reduced during the TPR. Finally,
the very high value obtained for V/SnP, even much higher
than the stoichiometric value corresponding to the reduction
V5+ → V3+, is probably an overestimated value because of
the bad overlapping of TPR profiles of SnP and V/SnP. The
introduction of vanadium promotes the instability of the SnP
towards reduction and the loss of crystalline structure, which
occurs at significantly lower temperatures.

The XRD analyses carried out on V/TiP and V/ZrP sam-
p TPR
e ution
t suf-
fi ture
eduction undergone is too pronounced to preserve the
tructure.
les do not show significant differences before and after
xperiments, thus suggesting that the possible contrib
o the reduction due to other elements (Ti, Zr or P) is not
cient to determine the complete loss of the cubic struc
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Table 2
Binding energies values (BE) of the main XPS peaks and P/M(IV) atomic ratios of the samples obtained from the elemental concentrations expressed as atomic
percentage (at.%)

Sample C 1s P 2p O 1s V 2p3/2
a Ti 2p3/2

b P/Ti Zr 3d5/2 P/Zr Sn 3d5/2
c P/Sn

BE (eV) 285.1 134.8 532.0 517.6 516.4 460.2 458.7 184.3 488.4 486.2 484.4

TiP 52.1 6.6 38.2 2.8 0.4 2.1
V/TiP 57.7 5.3 33.6 0.4 0.3 2.8 1.9
V/TiP after ODH 44.3 7.6 43.1 0.6 0.7 3.7 2.0

ZrP 39.5 9.4 45.8 4.9 1.9
V/ZrP 39.5 9.1 46.8 0.3 4.4 2.1
V/ZrP after ODH 46.0 8.2 41.6 0.2 3.9 2.1

SnP 38.9 10.5 44.1 5.9 0.6 1.6
SnP after TPR 21.1 13.3 57.5 7.4 0.8 0.3 1.6
V/SnP 45.8 8.5 40.6 n.d. 4.6 0.5 1.7

a V 2p3/2 components at BE = 517.6 and 516.4 eV refer to V5+ and V4+ oxide species, respectively.
b Ti 2p3/2 components at BE = 460.2 and 458.7 eV are assigned to Ti phosphate and oxide species, respectively.
c Sn 3d5/2 components at BE = 488.4, 486.2, and 484.4 eV refer to Sn phosphate, oxide and metallic species, respectively.

and that, therefore, these two materials are more stable than
the tin-derivatives under reducing atmosphere.

3.3. XPS surface analysis

XPS results of the surface characterization of the different
samples are listed inTable 2. The relative chemical composi-
tion of the samples is expressed as atomic percentage (at.%).

A non-linear least-squares curve-fitting routine was used
in order to separate elemental species in different oxida-
tion states, after a Shirley background subtraction from all
the XPS spectra. In all the samples, the binding energies
(BE) of the main photoelectronic peaks (P 2p, Ti 2p, Zr
3d, and Sn 3d) are characteristic of elements in their nor-
mal oxidation states and detected as phosphates, in good
agreement with literature data[21,22]. In all the investi-
gated samples, O 1s spectra consist of three components,
located at BE = 531.1, 532.0 and 533.1 eV, which can be as-
signed to (PO ) groups; phosphates (PO4

3−) and hydroxide
(OH−) species; (PO P) bridges groups and adsorbed water
(H2O), respectively[12,15,16]. The P 2p peak is located at
BE = 134.8 eV and attributed to phosphate (PO4

3−) groups.
A single Zr 3d5/2 peak (FWHM = 1.8 eV) at BE = 184.3 eV is
detected for all the zirconium pyrophosphate samples[20].

Evidence of metal(IV) oxide species, besides the more
a on the
s , the
c ti-
t ), to-
g ies at
B ly a
s ore
a os-
p nd
o

e
fi hich

can be assigned to phosphate and oxide species, respectively
[21]. This result is in agreement with the presence of a small
fraction of SnO2 detected by XRD analysis and shown in
Fig. 2. The relative distribution of the different Sn species
(90% phosphate and 10% oxide peak area) on the surface
of the samples does not change upon vanadium loading. In
the SnP sample after TPR, the Sn 3d5/2 peak fitting reveals
the presence of a third component located at BE = 484.4 eV,
which can be assigned to metallic Sn[21]. The surface dis-
tribution of Sn as phosphate (87% peak area), oxide (10%
peak area) and metallic (3% peak area) species indicate that
the reduction Sn4+ → Sn0 occurs at the expense of tin phos-
phate species, thus confirming the large H2 uptake found for
SnP (seeTable 1) and the presence a red layer deposition of
phosphorous on the walls of the quarz cell used for TPR.

As concerns vanadium, the highest amount of this element
is detected on the surface of the V/TiP samples, as shown
in Table 2. This finding allows to perform a reliable curve-
fitting of the V 2p3/2 photoelectronic peak only for the V/TiP
samples, both before and after the catalytic tests.

The broad V 2p3/2 peak on the V/TiP surface (FWHM
∼ 4 eV) can be decomposed by two different components
located at BE = 516.4 and 517.6 eV, which can be assigned to
V4+ and V5+ oxide species, respectively[21,22]. In the case
of V/TiP, a great amount of V5+ oxide species is found on
t 5+ 4+ s
d
r V
t
o

aly-
s t
i of
v
i
V ive
r al-
bundant phosphate ones, has been proved by XPS
urface of the TiP and SnP materials. In the case of TiP
urve-fitting of the Ti 2p3/2 peak reveals the presence of
anium oxide species at BE = 458.7 eV (13% peak area
ether with the most abundant titanium phosphate spec
E = 460.2 eV (87% peak area). In the V/TiP sample, on
ingle Ti 2p3/2 peak is found at BE = 460.2 eV, both bef
nd after catalysis, which is attributable to titanium ph
hate species[16]. No evidence of titanium oxide was fou
n the surface of the vanadium-loaded TiP samples.

In the SnP and V/SnP samples, the Sn 3d5/2 peak can b
tted by two components at BE = 488.4 and 486.2 eV, w
he sample surface (51% V and 49% V peak area), a
ue to the oxidising condition of calcination at 1000◦C. This
esult is in good agreement with the partial oxidation of4+

o V5+ ions, already indicated by the value of the H2/V ratio
btained in the TPR experiment and reported inTable 1.

XPS analysis of the V/TiP sample performed after cat
is still reveals the presence of both V4+ and V5+ species, bu

n a slightly different ratio. The relative surface distribution
anadium species shows that the surface content of V4+ ions
ncreases upon catalysis to the detriment of V5+ ions (47%

5+ and 53% V4+ peak area), thus confirming a progress
eduction of vanadium after the ODH catalytic runs, as



132 L. Lisi et al. / Journal of Molecular Catalysis A: Chemical 232 (2005) 127–134

ready observed for vanadyl phosphates catalysts[8,22]. The
simultaneous presence of V4+ and V5+ ions in these catalysts
is believed to promote the selective oxidation to the olefin or
to the desired oxygenated compound by the occurence of a
redox mechanism[3].

As to a possible interaction of vanadium with phospho-
rous, it is worth noticing that vanadium oxides are the only
species detected by XPS, both in the fresh and in the used
catalysts. No vanadium phosphate species are found in the
samples. Furthermore, a major fraction of V4+ oxide species
is detected after the ODH test. As a consequence, the phase
related to the catalytic process should be vanadium oxide
interacting with the support. This finding confirms our previ-
ous results on VOPO4 catalysts supported on different oxides
[8,22], showing that the formation of both vanadium phos-
phate and vanadium oxide occurred on the surface, but that
only the latter was modified after the catalytic test. The pres-
ence of a higher fraction of surface V4+ oxide species in the
TiO2-supported VOPO4 samples resulted to be related to the
good catalytic performances of the catalysts in ethane ODH,
both as C2H6 conversion and C2H4 selectivity[4].

Table 2reports the quantitative XPS results concerning
the surface chemical composition of the different compounds
under investigation and the surface P/M(IV) atomic ratios of
all materials. For TiP and ZrP these values are very close to
t ava-
l the
s rtial
h a-
t s oc-
c shed
w very
l nP.
T , as
f D
a

iP
a sig-
n tion.
T ame
u the
V con-
t hich
r XPS
i was
n lline
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3

lytic
t
a . In
o (IV)
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C s as

the catalysts. A negligible activity was observed. Marcu et
al. [9,10] reported a significant activity of different metal
pyrophosphates in the ODH ofn-butane, TiP2O7 providing
the best performances. They showed that a redox cycle was
activated by this catalyst, Ti4+ being reduced to Ti3+ by n-
butane. Nevertheless, our results show that the redox ability
of ethane, having more stable CH bonds compared to the C4
alkane, should be not sufficient to reduce metal as Ti, Zr or
Sn and demonstrates that the vanadium species present on the
surface of TiP, ZrP, and SnP are responsible of the significant
catalytic properties acquired by the materials, thus confirm-
ing the key role of vanadium in the ethane ODH reaction.

Long run test (12 h) showed that both V/TiP and V/ZrP cat-
alysts gave stable conversions under the experimental condi-
tions investigated, whereas for V/SnP a slow and continuous
decrease of activity was observed. No formation of VOPO4,
as reported by Santamarı́a-Gonźalez et al. for a V/TiP catalyst
[12], was observed for the three samples after the catalytic
test, likely due to the very low vanadium content inhibiting
the segregation of vanadium phosphate phases. Nevertheless,
XRD analysis of V/SnP after the catalytic test (Fig. 4c) shows
a significant loss of crystallinity, even if not so extreme as
that observed after the TPR experiment (Fig. 4b), due to the
weaker reducing power of ethane with respect to hydrogen
and to the simultaneous presence of O2 in the gas mixture.
A ture
c truc-
t and,
t from
m tmo-
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y to-
w ratio
( tan-
d e
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y in-
c ty to
C t-
t
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( at
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he stoichiometric bulk ratio of the pyrophosphate of tetr
ent metals. The low P/Sn value (less than 2) is due to
urface tin hydroxide, which derives from a sensible pa
ydrolysis of the surface PO3-OH groups during the prepar

ion of the tin-based ion-exchanger. This process alway
urs when the refluxed metal(IV) acid phosphates are wa
ith distilled water (see experimental section) and in a

ow extent for H-ZrP and H-TiP in comparison with H-S
in hydroxide transforms into tin oxide upon calcination

ound by the Sn 3d5/2 peak fitting results and by the XR
nalysis (Fig. 2).

As shown inTable 2, the XPS analysis performed on V/T
nd V/ZrP samples after ODH catalytic runs reveals no
ificant differences in the surface quantitative composi
he surface (P/Ti) and (P/Zr) ratios remain almost the s
pon catalysis. The higher vanadium content found on
/TiP sample after catalysis is due to a lower carbon

amination of the surface in our experimental setup, w
esults in a higher relative content of the element. The
nvestigation of the V/SnP sample after catalytic runs
ot performed, since the sample partially loses its crysta
tructure, as shown inFig. 4c.

.4. Catalytic tests

The only products detected in the ethane ODH cata
ests performed on the V/M(IV)P materials were C2H4, CO
nd CO2. Oxygen conversion was always far from 100%
rder to verify the possible contribution of the pure metal
yrophosphates, the M(IV)P compounds were tested
2H6 conversion under the same experimental condition
lthough a catalytic role of cubic pyrophosphate struc
annot be demonstrated, it is clear that the loss of this s
ure results in the deactivation of vanadium active sites
hus, that a stable structure preserves vanadium sites
odifications induced by temperature and/or reaction a

phere.
Fig. 5reports the ethane conversion and the selectivit

ards the reaction products as a function of the W/F
W: catalyst weight; F: total volumetric gas flow rate at s
ard conditions) at 700◦C (Fig. 5a) and as a function of th
eaction temperature at a given W/F (Fig. 5b) for the V/TiP
atalyst, chosen as representative.

Fig. 5a shows that the ethane conversion increases b
reasing the contact time. Simultaneously, the selectivi
2H4 decreases while that to CO and CO2 increases, the la

er produced in lower amount. This suggests that C2H4 pro-

ig. 5. C2H6 (�) conversion and selectivity to C2H4 (�), CO (	), and CO2

�) as a function of W/F at 700◦C (a) and of the reaction temperature
/F = 0.2 g s N cm−3 (b) for V/TiP catalyst.
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duced by the C2H6 ODH reaction is further oxidized to COx
at high space time, in agreement with the results previously
obtained on vanadium grafted on�-titanium phosphate[12]
and on bulk and supported vanadyl phosphate[3,6,7]. Fig. 5b
shows that the products distribution is also very strongly af-
fected by the temperature, since ethylene oxidation to COx is
promoted at higher temperatures, as observed for supported
vanadium oxide[23]. V/TiP shows the best catalytic activity
with respect to V/ZrP and V/SnP. This could be explained
as a consequence of the larger surface exposure of vanadium
on V/TiP compared to V/SnP and V/ZrP, as evidenced by
the XPS results (seeTable 2). The reaction rate of V/TiP
catalyst, evaluated under differential conditions, is slightly
higher than that of V/SnP (before deactivation takes place)
and much greater than that of V/ZrP, as reported inTable 1.
Fig. 6 reports the ethylene selectivity obtained at different
temperatures for the three different catalysts as a function
of ethane conversion. As shown, the dependence of C2H4
selectivity on the C2H6 conversion is not significantly influ-
enced by the nature of the metal(IV) pyrophosphate. From
Fig. 6 it can also be inferred that, since the data connecting
conversions and selectivity are all practically lying on a line
having the same slope, the vanadium species on the surface
of the different catalysts have probably the same nature. As a
consequence, the role of pyrophosphate precursors is likely to
p ntres
i ctive
i best
m er of
e ong
t meets
t iffer-
e d
m ed
w ctiv-
i less,
i n of

F /SnP
(

metal phosphates could be involved to some extent in the re-
action mechanism, since these materials (with the exception
of V/SnP samples) can be easily reduced without affecting
the pyrophosphate structure.

Finally, it should be noticed that the isolated vanadium
oxide species, deposed on the different phosphates by means
of ion-exchange, show a selectivity towards ethylene signifi-
cantly higher than that provided by sub mono-layer TiO2-
supported V2O5 [22] and sligthly higher than vanadium
grafted�-TiP catalyst[12], at the same ethane conversion.
Therefore, the improvement of the selectivity to C2H4 can be
attributed to the extreme dilution of vanadium oxide species
(V4+ and V5+), which, according to the principle of site isola-
tion[13,14], have a not easily removable oxygen, thus inhibit-
ing the further oxidation of the ethyl intermediate to COx.

4. Conclusions

Vanadium-containing cubic Ti, Sn or Zr pyrophosphates
are active in the oxidative dehydrogenation of ethane. XPS
results indicate that vanadium is present only as oxide species
and not as phosphate, both before and after the catalytic tests
and that a sligth reduction of V5+ to V4+ oxide species occurs
upon ODH reaction. The catalytic activity is roughly propor-
t ding
t
c ons.
V d to
a uc-
t nge
c

the
e ctive
s cies,
s gen
a on
o
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ne,
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02)

[ 03)
rovide exchange positions to obtain vanadium oxide ce
n the final catalyst structure, which are active and sele
n the ethane ODH. According to this hypothesis, the

etal phosphate is the one that has the highest numb
xchange positions and the greatest thermal stability. Am
he phosphates investigated, TiP is the one that better
hese requirements. We can then, conclude that the d
nces evidenced by Marcu et al.[9] among not-exchange
etal phosphates in the ODH ofn-butane cannot be detect
hen vanadium is present. In this latter case, a higher a

ty compared to less reducible metal is found. Neverthe
t cannot be completely excluded that the lattice oxyge

ig. 6. Ethylene selectivity as a function of ethane conversion for V
	), V/TiP (©), and V/ZrP (�).
ional to surface vanadium species, V/TiP catalyst provi
he best performances due both to the good VO2+ exchange
apacity and to the high stability under reaction conditi
/SnP and V/ZrP catalysts show a poorer activity, relate
low stability, leading to a partial loss of the cubic str

ure under reaction conditions, and to a very low excha
apacity, respectively.

The extremely high vanadium dispersion obtained with
xchange method gives rise to the formation of very sele
ites, consisting in isolated surface vanadium oxide spe
howing a lower reducibility and, therefore, a poorer oxy
vailability inhibiting the overoxidation of ethylene to carb
xides.
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