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Abstract

Vanadium-exchanged Ti, Zr, and Sn-pyrophosphates have been prepared as cubic phase and tested for the oxidative dehydrogenation o
ethane in the temperature range 5501 a fixed bed reactor. The catalysts have been characterised by XRD, XPS, BET surface area
and TPR experiments. Vanadium exchange does not modify the cubic structure of the materials but thermal treatment under reducing or
reaction conditions results in a significant loss of Sn-pyrophosphate structure, whereas Ti and Zr-pyrophosphates remain stable. All samples
are active for the reaction and vanadium-Ti-pyrophosphate provides the best catalytic performances. The exchanged catalysts show a very
good 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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1. Introduction Among transition metal oxides, vanadium pentoxide has
been widely investigated as bulk or supported material for
The oxidative dehydrogenation (ODH) of light alkanes the oxidative dehydrogenation o£EC, hydrocarbons, due
would be a promising alternative to industrial processes for to its high activity[2]. Furthermore, it has been reported that
the production of olefins providing that these very reactive the addition of other elements like molybdenum, phospho-
products are not further oxidised during the prodé$s rous or niobium, frequently giving rise to mixed compounds,
A large number of catalysts have been proposed for the improves catalytic performances, due to a modification of
oxidative dehydrogenation of ethaji¢. Bulk and supported  the redox properties of vanadium interacting with the other
transition metal oxides, working at 400-5@through a re- element3].
dox cycle, give high selectivity to ethylene (40—-60%) only Vanadium—phosphorous-based catalysts have been stud-
at very low ethane conversion (20—25%), whereas basic ox-ied for both ethane and propane OIMH-8]. More specif-
ides, rare earth or Li/MgO-based systems, operating at higherically, quite good selectivity but low activity have been ob-
temperatures (600-70Q), provide a selectivity higher than  tained onbulk and Ti@ supported (VO)P,O7 [5,6], whereas
60% at 40—-60% conversion activating a hetero-homogeneousbetter performances have been provided for bulk or sup-
mechanisnjl]. ported vanadylortho-phosphate[4,7,8] Other metal py-
rophosphates (Ce, Zr, Sn, and Ti) show catalytic activity in
the ODH ofn-butane, TiBO7 giving the best performances
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ODH ofiso-butang11]. Less attention has been paid to vana- For H-SnP the V&' uptake was evaluated by monitoring the
dium dispersed on metal pyrophosphate supports, notwith-vanadyl concentration change in the supernatant, before and
standing promising results have been obtained for the oxida-after contacting, via titration with a KMngsolution[18].
tive dehydrogenation of ethafit2]. In principle, dispersion  For H-ZrP, and H-TiP this method could not be used because
of vanadium in a different matrix can generate isolated ac- of the low VO** uptake. In this case, it was convenient to sus-
tive sites that are considered more selective in the partial pend a certain amount of vanadium-exchanged precursor in
oxidation reaction§l 3,14] For this reason, in this paper the a strongly acid solution (see below), in order to surely obtain
catalytic behaviour of vanadium-exchanged Ti, Zr, and Sn cu- a VO?*/H* reversible process that completely release$VO
bic pyrophosphates in the ethane ODH has been investigatedto the acid solution, and in a solid/solution ratio such that the
In fact, isolated vanadium sites are expected to be obtainedvanadyl ions could be easily determined by KMyt@ration.
by the ion-exchange method and, as a consequence, a lowerhus, 0.5 g of H-ZrP and H-TiP vanadium-exchanged mate-
oxygen lability that inhibits the total oxidation reactions. rials were contacted respectively with 15 ml of 0.5 MSOy
solution for 2 h at room temperature and the&/@oncen-
tration then determined. In all cases, 5 ml of the vanadyl so-
2. Experimental lutions were titrated with a 0.002 M KMn{standard solu-
tion, using a Methrom Herisau Potentiograph model E 536

The starting materials for the preparation of the equipped with a combined Pt electrode.
catalysts were crystalline titanium, zirconium and tin The amount of vanadium exchanged by H-ZrP, H-TiP, and
bis(monohydrogen orthophosphate) monohydrates ion-H-SnP was 0.10, 0.15, and 0.58%, respectively. As a conse-
exchangers, compounds that have general formula M(IV) quence of the low V& loadings, all exchanged materials
(HPOy)2-H20 and possess a layered structure. Titanium and showed the same TG/DTA curves and X-ray diffraction pat-
zirconium acid phosphates were obtained by refluxing the re- terns as the un-exchanged H-ZrP, H-TiP, and H-Bi5R17]
spective amorphous metal(1V) phosphates in 104® &) for Catalysts were obtained by heating the precursors at
100 h[15,16] Specifically, amorphous titanium phosphate 1000°C for 3 h. At this temperature vanadium-containing
was obtained by slowly adding, under stirring, 430 ml of 2M cubic zirconium, titanium and tin pyrophosphate phases are
HCI containing 25 g of TiCJ to 400 ml of 1.25 M BPOy. Af- obtained[15-17] Taking into accounts the transformation
ter 24 h digestion, the precipitate was filtered, washed with undergone by the initial compounds, the vanadium loading
distilled water to pH =3-3.5 and dried oves®. The crys- in the catalysts becomes 0.11, 0.17, and 0.67% for the zirco-
talline compound was obtained by refluxing the amorphous nium, titanium and tin pyrophosphate materials, respectively.
titanium phosphate in phosphoric acid in the solid/solution The obtained catalysts will be indicated as V/ZrP, VITiP and
ratio of 1 g of solid/40 ml 10 M HPOy [15]. Amorphous zir- V/SnP.
conium phosphate was obtained by slowly adding 500ml A Philips PW 1100 diffractometer was employed for ob-
of 3M HCI containing 24.4 g of ZrOGI8H,0, 750 ml of a taining X-ray diffraction (XRD) patterns of the materials at
3M H3PO; and 3 M HCI solution. As before, after diges- room temperature. Ni-filtered CuKradiation was used and
tion, filtration, washing and drying, amorphous zirconium the 2% measurements were accurate to 0.05
phosphate was refluxed in phosphoric acid in the ratio of  BET surface areas of the catalysts were measuredsby N
1g of solid/20 ml 10 M PO, [16]. The tin-derivative was  adsorption at 77 K with a Quantachrom CHEMBET 300 in-
prepared by boiling a solution 1 M in SnCBM in H3POy strument. Nitrogen (99.999% purity) was supplied by SOL
and 4 M in HNG;, and refluxing for 100 h since the appear- spa (Milan). Because of the low surface area of the materi-
ance of the first nuclei of a solid mater[al7]. TiCls, SnCl, als, each measurement was performed employing 300 mg of
ZrOClp-8H,0, KMnQ4 0.002 M standard solution and inor-  solid. Before each measurement, the catalyst was treated for
ganic acids (HPOy, HoSO4, HNO3, and HCI) used for the 3 h at 200°C under a He flow.
synthesis were analytical grade Carlo Erba RPE-ACS prod- Temperature programmed reduction (TPR) was carried
ucts. VOSQ-5H,0 (99.99% purity) was supplied by Aldrich.  out using a Micromeritics TPD/TPR 2900 analyser equipped

The ion-exchangers will be, hereafter, denoted as H-ZrP, with a TCD and coupled with a Hiden HPR 20 mass spec-
H-TiP, and H-SnP, respectively. When H-ZrP, H-TiP, and H- trometer. The sample (100 mg) was reduced by a 2/AH
SnP were calcined at 100Q, the corresponding cubic py- mixture (25 cni min—1), heated up to 650C at 10°C min~!
rophosphate phases, M(1\)B;, were obtained. These latter in TPR experiments. Before TPR experiments, the sample
will be denoted as M(IV)P. was treated in flowing air at 55 for 2 h.

The catalysts precursors were prepared by contacting H- The surface chemical composition of the samples was
M(IV)P ion-exchangers with solutions of vanadyl sulphate. studied by XPS in an ultrahigh vacuum (UHV) chamber with
Typically, 1g of ion-exchanger was suspended in 350ml a base pressure in the range of Torr during data col-
2.5x 1073 M VOSO; solution (initial pH =3.6) for 2 days  lection. Photoemission spectra were collected by a VG Mi-
at room temperature. A HVO?* ion-exchange process oc- crotech ESCA 3000 Multilab spectrometer, equipped with
curred and, as expected, the pH of the contact solutions wasa standard Al k& excitation sourcehy =1486.6eV) and a
more or less lowered, according to the extent of the exchange nine-channeltrons detection system. The binding energy (BE)
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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+0.1eV. 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—70C. The micro-reactor consisted of a
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Relative intensity (arb.units)
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quartz tube ¢e =12.7 mm,L =400 mm) with a porous disk J A

(at 130 mm from the gas inlet) supporting the catalyst parti- et L) e Lo beh s

cles (300-40@.m). The temperature of the catalytic bed was 10 20 30 40 50
measured using a Chromel-Alumel thermocouple located in 20

a quartz tubede = 6.3 mm) co-axially put inside the reactor. o . . o
In order to limit the homogeneous contribution to the ethane Fig. 1. X-ray diffraction patterns of TiP and V/TiP after calcination at
conversion, the reactor diameter was reduced in the post—1000 c

catalytic zone (after the porous disk) aadAl,O3 pellets

were loaded up the catalytic bed. —_— i | | snog

The feed composition was 4%Bs and 2% Q in a bal- . g, | |
ance of He obtained using 99.998% purity gases supplied £ £ ls"c’z | ’t % “F‘ i th
by SON (Sociei Ossigeno Napoli). The contact time ranged = EIMY -'?f”\P i

; £ 5 [y MW WN\ "M” A

from 0.06 to 04 g s N cnT 3. The reaction products were anal- & & MM L.
ysed by Hewlett—Packard series Il 5890 gas—chromatograph_-t%‘r 250  27. 320;’ ags 350
equipped with thermal conductivity (Poraplot and Molecu-  §
lar Sieve column) and flame ionisation (Poraplot column) ;‘-’;
detectors for the analysis of,OCO, and CQ and for that =
of hydrocarbons, respectively. The concentration gfCO, §
and CQ was also measured by an on-line Hartmann and
Braun URAS 10 E continuous analyser. Water produced by
the reaction was retained by a silica gel trap, in order to avoid i e S T a0 a5
condensation in the cold parts of the experimental apparatus. 28

The contribution of homogeneous reactions was verified
by performing blank runs up to 70C under the same re-  Fig. 2. X-ray diffraction pattern of V/SnP with evidenced presence of;SnO
action conditions of catalytic tests, filling the reactor only after calcination at 1000C in the inset.
with a-Al203 pellets No significant ethane conversion was

obtained in the blank experiments. TiP and V/TiPFig. 2shows the presence of Spi{d the XRD

pattern of V/SnP.
3. Results and discussion 3.2. TPR measurements

3.1. BET and XRD measurements The TPR profiles of the catalysts are showrFig. 3. In
Table 1the total hydrogen uptake (molJkiy of catalyst),

Very low values of surface area (less thanBghare found

for all the samples calcined at 1000, as expected for cubic ~ 'able 1 _ _
Results of TPR analysis and rate of ethane consumption evaluated‘a 700
pyrophosphatef®].

XRD analysis performed on the same materials do not Catalyst "i‘JIpEe‘lke 14 HZ/\I’at ) i x 10
show evidence of the presence of vanadium-containing (molg™) (molaton ) (molg~s™)
phases. Indeed, because of the low concentration of vanadiuni?sp o igg au -
in the samples, the diffraction patterns of V/ZrP and V/TiP : 041 ’ ’
are coincident with those obtained forthg unIoaQed metal(1V) v/ip 062 063 26
pyrophosphates, as also found by Santam@onalez et al. ZrP 019
[12] for V/a-TiP catalysts, while in the V/SnP samplea $SnO  V/zZrP 024 023 04

phase has been evidenced by XRD data cumulated through 2 The value of H/V ratio has been obtained by subtracting the contribution
the repetitive proceduré=ig. 1 shows the XRD patterns of  of pure SnP, TiP, and ZrP respectively.
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Fig. 4. XRD patterns of tin-based samples: SnP as calcined (a) and after
Time (min) TPR experiment (b); V/SnP sample after ODH reaction (c).

Fig. 3. TPR curves of the M(IV)P and V/M(IV)P samples.

For all samples the presence of vanadium gives rise to
an increase of plconsumption, shown ifiable 1, thus sug-
resulting from the integration of the signals, and thg\H gesting that the additional uptake can be attributed to the
ratio (mol Hy/atom V in the catalyst) are reported. For all reduction of vanadium itself. On the base of this considera-
the samples the reduction starts at quite low temperature andion the H/V ratios reported irfable 1have been evaluated
continues up to 65%0C. The beginning of the isothermal step by subtracting the contribution related to the corresponding
inhibits further reduction of the samples. unloaded metal(lV) pyrophosphates. By supposing that vana-
The TPR profiles of M(IV)P are quite similar to those of dium is completely reduced to +3 oxidation state after the
the corresponding vanadium-charged materials, except forTPR experiment, a theorethical value of 0.5 for thg\H
SnP which is reduced at temperatures higher than V/SnP. Aratio is expected if the starting sample contained orfy.V
limited reduction of SpP,O7 up to 550°C was also reported  The sligthly higher value found for V/TiP could suggest that
by Takita etal[20] and itis in agreementwith our results. The  V#* ions, originally introduced in the phosphate, have been
H, uptake of the M(IV)P materials can be associated to the partially oxidised to \?*, likely during the calcination treat-
partial reduction of the tetravalent metals or of phosphorous, ment. On the other hand, the very small value found for V/ZrP
which should lead (even if in very low extent for TiP and could be an experimental error due to the lowergtake of
ZrP) to a loss of the cubic structure. The large lptake Zr-based samples or could indicate that not all the vanadium
found for SnP corresponds to a 0.4/Bn ratio, which could in the catalyst has been reduced during the TPR. Finally,
be associated to the reduction of about half the amount ofthe very high value obtained for V/SnP, even much higher
Srf** to St or to the reduction of a smaller fraction of8n than the stoichiometric value corresponding to the reduction
to metallic SR. The latter hypothesis, qualitatively suggested V> — V3*, is probably an overestimated value because of
by the appearance of a grey metallic deposition on the walls the bad overlapping of TPR profiles of SnP and V/SnP. The
of the quarz cell used for TPR together with a red layer, most introduction of vanadium promotes the instability of the SnP
likely phosphorous, is validated by the XPS surface analysis towards reduction and the loss of crystalline structure, which
of the SnP sample after the TPR experiment (see below). Theoccurs at significantly lower temperatures.
XRD pattern of tin-based samples is showrFig. 4a. The The XRD analyses carried out on V/TiP and V/ZrP sam-
XRD pattern of the SnP sample after TPR(. 4b) shows ples do not show significant differences before and after TPR
the complete loss of crystallinity, thus suggesting that the experiments, thus suggesting that the possible contribution
reduction undergone is too pronounced to preserve the cubico the reduction due to other elements (Ti, Zr or P) is not suf-
structure. ficient to determine the complete loss of the cubic structure
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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 expneissed as at
percentage (at.%)

Sample Cils P 2p Ols Vzp? Ti 2paP P/Ti  Zr3d, P/Zr  Sn3d,° P/Sn
BE (eV) 2851 1348 5320 517.6 5164 460.2 458.7 184.3 488.4 4862 484.4
TiP 52.1 66 38.2 2.8 0.4 2.1

VITiP 57.7 53 33.6 0.4 0.3 2.8 1.9

VITiP after ODH  44.3 ® 431 0.6 0.7 3.7 2.0

ZrP 395 94 458 4.9 1.9

VizrP 39.5 91  46.8 0.3 4.4 2.1

V/ZrP after ODH  46.0 ® 416 0.2 3.9 2.1

SnP 38.9 16 441 5.9 0.6 1.6
SnP after TPR 21.1 13 575 7.4 0.8 0.3 1.6
VISnP 45.8 & 406 n.d. 4.6 0.5 1.7

a \/ 2ps» components at BE=517.6 and 516.4 eV refer & ®nd \** oxide species, respectively.
b Ti 2p3/», components at BE = 460.2 and 458.7 eV are assigned to Ti phosphate and oxide species, respectively.
¢ Sn 3d2, 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 tharcan be assigned to phosphate and oxide species, respectively

the tin-derivatives under reducing atmosphere. [21]. This result is in agreement with the presence of a small
fraction of SnQ detected by XRD analysis and shown in
3.3. XPS surface analysis Fig. 2 The relative distribution of the different Sn species

(90% phosphate and 10% oxide peak area) on the surface

XPS results of the surface characterization of the different of the samples does not change upon vanadium loading. In
samples are listed ifable 2 The relative chemical composi- the SnP sample after TPR, the Srsg@eak fitting reveals
tion of the samples is expressed as atomic percentage (at.%)he presence of a third component located at BE =484.4 eV,

A non-linear least-squares curve-fitting routine was used Which can be assigned to metallic §&1]. The surface dis-
in order to separate elemental species in different oxida- tribution of Sn as phosphate (87% peak area), oxide (10%
tion states, after a Shirley background subtraction from all peak area) and metallic (3% peak area) species indicate that
the XPS spectra. In all the samples, the binding energiesthe reduction St — SrP occurs at the expense of tin phos-
(BE) of the main photoelectronic peaks (P 2p, Ti 2p, Zr Pphate species, thus confirming the largeutake found for
3d, and Sn 3d) are characteristic of elements in their nor- SNP (sedable ) and the presence a red layer deposition of
mal oxidation states and detected as phosphates, in good®hosphorous on the walls of the quarz cell used for TPR.
agreement with literature daf21,22] In all the investi- As concerns vanadium, the highest amount of this element
gated samples, O 1s spectra consist of three componentss detected on the surface of the V/TiP samples, as shown
located at BE =531.1, 532.0 and 533.1 eV, which can be as-in Table 2 This finding allows to perform a reliable curve-
signed to (RO-) groups; phosphates (ab) and hydroxide fitting of the V 22 photoelectronic peak only for the V/TiP
(OH") species; (PO-P) bridges groups and adsorbed water samples, both before and after the catalytic tests.
(H20), respectively12,15,16] The P 2p peak is located at ~ The broad V 2gy, peak on the V/TiP surface (FWHM
BE =134.8eV and attributed to phosphate ¢#Q groups. ~ ~4¢€V) can be decomposed by two different components
Asingle Zr 3¢, peak (FWHM =1.8eV) atBE=184.3eVis located at BE=516.4 and 517.6 eV, which can be assigned to
detected for all the zirconium pyrophosphate samfgé} V4 and \P* oxide species, respectivelgl,22] In the case

Evidence of metal(IV) oxide species, besides the more of V/TiP, a great amount of % oxide species is found on
abundant phosphate ones, has been proved by XPS on théhe sample surface (51%°V and 49% \#* peak area), as
surface of the TiP and SnP materials. In the case of TiP, thedue to the oxidising condition of calcination at 10@ This
curve-fitting of the Ti 2p/> peak reveals the presence of ti- resultis in good agreement with the partial oxidation 8tV
tanium oxide species at BE =458.7 eV (13% peak area), to- to V°* ions, already indicated by the value of thg/¥ ratio
gether with the most abundant titanium phosphate species apbtained in the TPR experiment and reportedable 1
BE =460.2 eV (87% peak area). In the V/TiP sample, onlya  XPS analysis of the V/TiP sample performed after cataly-
single Ti 2p2 peak is found at BE =460.2 eV, both before sis still reveals the presence of botf"\and \P* species, but
and after catalysis, which is attributable to titanium phos- inaslightly differentratio. The relative surface distribution of
phate specieki6]. No evidence of titanium oxide was found ~ vanadium species shows that the surface contentdfons
on the surface of the vanadium-loaded TiP samples. increases upon catalysis to the detriment 8t \bns (47%

In the SnP and V/SnP samples, the Sg/8deak can be V" and 53% \#* peak area), thus confirming a progressive
fitted by two components at BE = 488.4 and 486.2 eV, which reduction of vanadium after the ODH catalytic runs, as al-
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ready observed for vanadyl phosphates cata[gs2]. The the catalysts. A negligible activity was observed. Marcu et
simultaneous presence ofVand \P* ions in these catalysts  al. [9,10] reported a significant activity of different metal

is believed to promote the selective oxidation to the olefin or pyrophosphates in the ODH ofbutane, TiBO; providing

to the desired oxygenated compound by the occurence of athe best performances. They showed that a redox cycle was
redox mechanisIf8]. activated by this catalyst, 4% being reduced to ¥ by n-

As to a possible interaction of vanadium with phospho- butane. Nevertheless, our results show that the redox ability
rous, it is worth noticing that vanadium oxides are the only of ethane, having more stable-8 bonds compared to the,C
species detected by XPS, both in the fresh and in the usedalkane, should be not sufficient to reduce metal as Ti, Zr or
catalysts. No vanadium phosphate species are found in theSn and demonstrates that the vanadium species present on the
samples. Furthermore, a major fraction df\oxide species  surface of TiP, ZrP, and SnP are responsible of the significant
is detected after the ODH test. As a consequence, the phaseatalytic properties acquired by the materials, thus confirm-
related to the catalytic process should be vanadium oxideing the key role of vanadium in the ethane ODH reaction.
interacting with the support. This finding confirms our previ- Longruntest (12 h) showed that both V/TiP and V/ZrP cat-
ous results on VOPgXxatalysts supported on different oxides alysts gave stable conversions under the experimental condi-
[8,22], showing that the formation of both vanadium phos- tions investigated, whereas for V/SnP a slow and continuous
phate and vanadium oxide occurred on the surface, but thatdecrease of activity was observed. No formation of VQPO
only the latter was modified after the catalytic test. The pres- asreported by SantamarGonalez et al. for a V/TiP catalyst
ence of a higher fraction of surfacéVoxide species inthe  [12], was observed for the three samples after the catalytic
TiO,-supported VOP@samples resulted to be related to the test, likely due to the very low vanadium content inhibiting
good catalytic performances of the catalysts in ethane ODH, the segregation of vanadium phosphate phases. Nevertheless,
both as GHg conversion and gH,4 selectivity[4]. XRD analysis of V/SnP after the catalytic telid. 4c) shows

Table 2reports the quantitative XPS results concerning a significant loss of crystallinity, even if not so extreme as
the surface chemical composition of the different compounds that observed after the TPR experimérig( 4b), due to the
under investigation and the surface P/M(IV) atomic ratios of weaker reducing power of ethane with respect to hydrogen
all materials. For TiP and ZrP these values are very close toand to the simultaneous presence ofi®the gas mixture.
the stoichiometric bulk ratio of the pyrophosphate of tetrava- Although a catalytic role of cubic pyrophosphate structure
lent metals. The low P/Sn value (less than 2) is due to the cannot be demonstrated, it is clear that the loss of this struc-
surface tin hydroxide, which derives from a sensible partial ture results in the deactivation of vanadium active sites and,
hydrolysis of the surface PEOH groups during the prepara-  thus, that a stable structure preserves vanadium sites from
tion of the tin-based ion-exchanger. This process always oc-maodifications induced by temperature and/or reaction atmo-
curs when the refluxed metal(IV) acid phosphates are washedsphere.
with distilled water (see experimental section) and in avery  Fig. 5reports the ethane conversion and the selectivity to-
low extent for H-ZrP and H-TiP in comparison with H-SnP. wards the reaction products as a function of the W/F ratio
Tin hydroxide transforms into tin oxide upon calcination, as (W: catalyst weight; F: total volumetric gas flow rate at stan-
found by the Sn 3¢, peak fitting results and by the XRD dard conditions) at 700C (Fig. 5a) and as a function of the
analysis Fig. 2). reaction temperature at a given WHHd. %) for the V/TiP

As showninTable 2 the XPS analysis performed on V/TiP  catalyst, chosen as representative.
and V/ZrP samples after ODH catalytic runs reveals no sig-  Fig. 5a shows that the ethane conversion increases by in-
nificant differences in the surface quantitative composition. creasing the contact time. Simultaneously, the selectivity to
The surface (P/Ti) and (P/Zr) ratios remain almost the same CyH,4 decreases while that to CO and gicreases, the lat-
upon catalysis. The higher vanadium content found on the ter produced in lower amount. This suggests thgt£pro-
VITiP sample after catalysis is due to a lower carbon con-
tamination of the surface in our experimental setup, which

results in a higher relative content of the element. The XPS & (a) (b) L 2
investigation of the V/SnP sample after catalytic runs was g 80 - 80 g
not performed, since the sample partially loses its crystalline 5 - ELD\EI\D leo B
structure, as shown iRig. 4c. 2 3
& 40 - AA)/A 8 |- 40 -

3.4. Catalytic tests % 20 - .,/l/- L 20 %
> =

. . = SV -
The only products detected in the ethane ODH catalytic 3 ° T ° 3

tests performed on the V/IM(IV)P materials wergHz, CO G \?\}?s 0’12 O’f 09 SSOT i 64{0 68% R
and CQ. Oxygen conversion was always far from 100%. In i@=lams) AmpErRkE )
order to verify the possible contribution of the pure metal(1V) Fig. 5. GyHe (W) conversion and selectivity o/ (C), CO (A), and CQ

pyrophosphates, the M(IV)P compounds were tested for (v) as a function of W/F at 700C (a) and of the reaction temperature at
C>Hg conversion under the same experimental conditions asw/F=0.2gsNcm? (b) for V/TiP catalyst.
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duced by the gHg ODH reaction is further oxidized to GO  metal phosphates could be involved to some extent in the re-
at high space time, in agreement with the results previously action mechanism, since these materials (with the exception
obtained on vanadium grafted artitanium phosphatfl 2] of V/SnP samples) can be easily reduced without affecting
and on bulk and supported vanadyl phospfia#, 7]. Fig. 5o the pyrophosphate structure.

shows that the products distribution is also very strongly af-  Finally, it should be noticed that the isolated vanadium
fected by the temperature, since ethylene oxidation ti€O  oxide species, deposed on the different phosphates by means
promoted at higher temperatures, as observed for supportedf ion-exchange, show a selectivity towards ethylene signifi-
vanadium oxidg23]. V/TiP shows the best catalytic activity cantly higher than that provided by sub mono-layer JFiO
with respect to V/ZrP and V/SnP. This could be explained supported ¥Os [22] and sligthly higher than vanadium

as a consequence of the larger surface exposure of vanadiungrafteda-TiP catalyst[12], at the same ethane conversion.
on V/TiP compared to V/SnP and V/ZrP, as evidenced by Therefore, the improvement of the selectivity teHZ can be

the XPS results (se€able ). The reaction rate of V/TiP  attributed to the extreme dilution of vanadium oxide species
catalyst, evaluated under differential conditions, is slightly (V4*and \P*), which, according to the principle of site isola-
higher than that of V/SnP (before deactivation takes place) tion[13,14], have a not easily removable oxygen, thus inhibit-
and much greater than that of V/ZrP, as reportediahle 1 ing the further oxidation of the ethyl intermediate to £O

Fig. 6 reports the ethylene selectivity obtained at different

temperatures for the three different catalysts as a function

of ethane conversion. As shown, the dependence2bf,C 4. Conclusions

selectivity on the @Hg conversion is not significantly influ-

enced by the nature of the metal(lV) pyrophosphate. From /34 dium-containing cubic Ti, Sn or Zr pyrophosphates
Fig. 6it can also be inferred that, since the data connecting 56 active in the oxidative dehydrogenation of ethane. XPS
conversions and selectivity are all practically lying on aline yegtsindicate that vanadium is present only as oxide species
having the same slope, the vanadium species on the surfacgnq not as phosphate, both before and after the catalytic tests
of the different catalysts have probably the same nature. As a5 4 that a sligth reduction of% to V4* oxide species occurs

consequence, the role of pyrophosphate precursorsis likely to,,0n ODH reaction. The catalytic activity is roughly propor-
provide exchange positions to obtain vanadium oxide centres;ion4 to surface vanadium species, V/TiP catalyst providing
in the final catalyst structure, which are active and selective o pest performances due both to the good¥exchange

in the ethane ODH. According to this hypothesis, the best ¢5546ity and to the high stability under reaction conditions.

metal phosphate is the one that has the highest number o};5np and v/zrP catalysts show a poorer activity, related to
exchange positions and the greatest thermal stability. Among g | stability, leading to a partial loss of the cubic struc-

the phosphates investigated, TiP is the one that better meet$, .o under reaction conditions, and to a very low exchange
these requirements. We can then, conclude that the diﬁer'capacity respectively.
ences evidenced by Marcu et f] among not-exchanged The extremely high vanadium dispersion obtained with the
metal phosphates in the ODHw@ibutane cannot be detected gy hange method gives rise to the formation of very selective
when vanadium is present. In this latter case, a higher activ-gjies consisting in isolated surface vanadium oxide species,
ity compared to less reducible metal is found..NevertheIess, showing a lower reducibility and, therefore, a poorer oxygen
it cannot be completely excluded that the lattice oxygen of 4y 4ijability inhibiting the overoxidation of ethylene to carbon
oxides.
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