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a  b  s  t  r  a  c  t

DuPont’s  vanadium  phosphorous  oxide  catalyst  (VPO)  deactivated  with  time-on-stream  in a  commercial
butane  to  maleic  anhydride  reactor.  Coincidentally,  V5+ phases  formed  on  the  surface  (based  on  XPS)
– principally  �-VOPO4 but  also  V2O5.  This  catalyst  was  reactivated  by  introducing  a  small  amount  of  a
vailable online 4 June 2012

eywords:
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VPO  (theoretical  P/V atomic  ratio  =  0.86)  phase.  The  maleic  anhydride  production  rate  of  the  reactivated
catalyst  was  higher  by about  60%  compared  to  the used  catalyst.  n-Butane  conversion  increased  by  about
50% and the  selectivity  to  maleic  anhydride  improved  by  15%.  The  analyses  of  the  modified  catalyst
by  X-ray  diffraction,  Raman  spectroscopy  and  X-ray  photoelectron  spectroscopy  showed  that  the  V2O5

and  �-VOPO4 phases  disappeared  and  suggested  that  an  amorphous  phase  formed  on  the surface.  The
treatment  resulted  in  a  lower  V5+/V4+ and  P/V  ratios  on the  used  catalyst  surface.
. Introduction

Some efforts have been made to study the deactivation and/or
he regeneration of VPO catalysts during the last 40 years. Attempts
ave been made to protect VPO catalysts against deactivation by
sing metal promoters [1].  The kinetics of reoxidation of the selec-
ive vanadyl pyrophosphate (VPP) phase have also been studied, but
o catalytic performance after such a treatment have been reported
2]. The deactivation of doped or supported VPO catalysts during
he oxidation of n-butane to maleic anhydride has been attributed
o modifications of their properties depending on the process con-
itions (pressure, temperature, molar concentrations of n-butane
nd air and type of reactor). The deactivation mechanisms may
nclude the crystallization of amorphous phase(s), the accumula-
ion of carbonaceous species on the surface, the over-reduction (V4+

nto V3+ sites) or over-oxidation (V4+ into V5+ sites) of vanadium,
he loss of phosphorus and the agglomeration or sintering of the
atalyst surface during relatively long oxidation periods [3–6]. A
roper combination of the oxidation states of the surface vanadium

pecies, or an optimal V4+/V5+ ratio, were related to high activity
nd selectivity, as well as a P/V atomic ratio slightly higher than
.0. Another determining factor in VPO catalyst activity is the P/V

∗ Corresponding author.
E-mail address: raquel.mateos@live.com (R.M. Blanco).

920-5861/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.cattod.2012.04.019
© 2012 Elsevier B.V. All rights reserved.

ratio on the catalyst surface, which is related to the mean oxidation
state of vanadium, the higher the value the lower the trend for VPP
over-oxidation [7–9]. An excessive oxidation and/or high temper-
ature (as in hot spots typical of fixed bed reactors) could also result
in catalyst deactivation by means of the gradual transformation of
surface amorphous layers into crystalline VOPO4 phases [10,11].
Typically, the P/V = 1.02 in the DuPont catalyst was  chosen to avoid
over-reduction in the recirculating solid riser reactor [12,4].

The following bases were considered for the strategy to study
the reactivation of VPO spent catalyst. (i) The dynamics of VPO cata-
lysts. The oxidation state of vanadium as well as the structure of
catalyst surface adapt to the prevailing red/ox C4/O2 conditions
[13–18]. The catalytic properties of the fresh catalyst are thus mod-
ified during the “equilibration” period [8],  which may  take weeks
in industrial reactors [16], before the actual steady state is reached.
During that period, the bulk composition and/or structure may be
modified accordingly. (ii) The multiphase composition of the cata-
lysts. It is well known from the literature, that besides crystalline
(VO)2P2O7, which is the major phase, a variety of VOPO4 (�, �, �)
phases have been observed. (iii) The VPO location. The VPO active
sites are, seemingly, displayed as a thin amorphous layer on the top
of (VO)2P2O7 [13–15].  (iv) The oxidation state of vanadium.  On the

surface, the two oxidation states, V5+ and V4+, of vanadium were
associated with high catalytic performance, V5+ species being nec-
essary to oxidize the intermediates to MA,  besides V4+ species for
activation of n-butane as well as of dioxygen. (v) The exact nature

dx.doi.org/10.1016/j.cattod.2012.04.019
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:raquel.mateos@live.com
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f the active sites, considered to be made of dispersed V5+ on the
urface of (VO)2P2O7, or of VOPO4 microdomains coexisting with
VO)2P2O7. (vi) A synergetic effect due to the cooperation between
PO phases.  Coherent interfaces between VOPO4 and (VO)2P2O7
wing to their low crystallographic misfit [5,8,9] and surface oxy-
en migration [19] were proposed. Higher catalytic performance
as observed when two catalysts containing different P/V atomic

atio were brought into physical contact [19]. Finally, the surface
nd bulk reactivities of the catalyst, as well as its crystal morphol-
gy to which they are related, depend primarily on the “sample
istory” (nature of raw materials, method of preparation, heat
reatment, activation, etc.) determined by the method of prepa-
ation [3,20,21], This is even the raison why there are so many
iscrepancies in the literature.

In this work, we rejuvenated spent DuPont VPO catalyst by a
reatment resulting in the loading of two monolayers of a VPO
hase on its surface. The main properties of this catalyst modi-
ed by impregnation with a small amount of a VPO phase were
ompared to those of deactivated VPO catalyst and their catalytic
erformance was studied.

Indeed, the deactivation was assumed to be due to the transfor-
ation of V5+ containing phase(s) during the long time-on-stream

xposure (more than 2 years) in the reaction conditions of DuPont’s
irculating Fluidized Bed reactor. It was expected that the surface
ould be restructured, either by regenerating a VPO phase, or by

eaching a more appropriate V5+/V4+ ratio and P/V ratio.

. Experimental

.1. Preparation of catalysts

.1.1. The DuPont catalysts
The DuPont VPO precursor was prepared on a commercial scale

n an organic medium with isobutanol and benzyl alcohol. This step
as followed by micronization to 1–2 �m,  then spray drying with
olysilicic acid to form microspheres resulting in VPO encapsulated

n a porous silica shell [22,23].
Two samples were investigated: (i) the precursor,

OHPO4·0.5H2O, denoted as VPO-P catalyst, and (ii) the spent cat-
lyst (8 m2 g−1) used in DuPont’s commercial circulating fluidized
ed reactor. This catalyst is denoted as VPO-S. The nominal silica
ontent in VPO-S was 10%.

.1.2. Phosphorus-vanadium catalyst prepared in isobutanol
VPO-2M)

40 g of V2O5 (PANREAC, ref. 17524) was first dissolved in 500 ml
f isobutanol (ALFA AESAR, ref. 36643) under reflux and stirred
900 rpm) during 16 h; the resulting suspension was  then filtered.
n the second step, the filtrate (containing 27.2 wt.% of V) was
efluxed and stirred (900 rpm) with H3PO4 85% aqueous solution
PANREAC, ref. 18067) during 16 h. The precipitate obtained was
ltered and then dried in an oven at 150 ◦C for 20 h [19]. This cata-

yst is denoted as VPO-2M. The value of P/V atomic ratio was  0.86
s determined by chemical analysis.

.1.3. VPO-S catalyst modified by 2 monolayers of VPO
A modified spent VPO DuPont catalyst was obtained by suspend-

ng its particles in the same type of mixture as the one used to
repare VPO-2M, with an amount corresponding to two  theoretical
onolayers of VPO-2M (P/V = 0.86). The amount of VPO necessary

o form a monolayer was calculated from the specific surface area of

PO-S (8 m2 g−1) and the area covered by ‘a molecule’ of (100) layer
f (VO)2P2O7, assuming that the surface occupied by this molecule
s the same as one occupied by a molecule of V2O5 (11 Å2) [24].
he following procedure was adopted. The filtrate, obtained after
oday 203 (2013) 48– 52 49

filtering a suspension containing 40 g of V2O5 dissolved in 500 mL
isobutanol in the same conditions as previously detailed (27.2 wt.%
of V), was diluted in 1000 mL  isobutanol under stirring. VPO-S par-
ticles (20 g) were suspended in a solution containing the amount of
vanadium prepared as above to which H3PO4 necessary to achieve
a P/V ratio = 0.86 was  added. The resulting suspension was refluxed
and stirred (900 rpm) during 16 h. The solvent was then evaporated
under vacuum and the solid was dried in an open oven at 150 ◦C
for 20 h. The modified solid is denoted as VPO-S + 2M.

2.1.4. Blank samples
To ensure that the step in isobutanol was not modifying the

DuPont sample properties, blank samples were prepared by sus-
pending the VPO precursor (VPO-P) or the spent VPO catalyst
(VPO-S) in 20 ml  of isobutanol under reflux and stirring (900 rpm)
during 16 h. The solvent was  evaporated under vacuum and the
solid thus obtained was  dried in an oven at 150 ◦C for 20 h. Samples
are denoted as VPO-P-b and VPO-S-b, respectively. The denotation
of all catalytically tested samples is extended by “t”.

2.2. Characterization methods

The VPO-S sample was analysed by X-ray diffraction (XRD) using
a Huber diffractometer (CuK� radiation, � = 0.15418 nm), in the
range 2� = 10–80◦ at room temperature. Lines were attributed using
the DIFFRACPlus software (Bruker). All the other samples were
characterized using a Siemens D5000 diffractometer (CuK� radi-
ation, � = 0.15418 nm).

XPS analyses were performed using a Kratos Axis Ultra
spectrometer (Kratos Analytical, UK), equipped with a monochro-
matized aluminium X-ray source (powered at 10 mA  and 15 kV).
Charge stabilization was  achieved by using the Kratos Axis device.
Analyses were performed in the hybrid lens mode with the slot
aperture and the iris drive position set at 0.5 inch; the resulting
analysed area was 700 �m × 300 �m.  The pass energy of the hemi-
spherical analyser was set at 160 eV for the wide scan and 40 eV
for narrow scans. In the latter conditions, the full width at half
maximum (FWHM) of the Ag 3d5/2 peak of clean silver reference
sample was about 0.9 eV. The sample powders were pressed into
small stainless steel troughs mounted on a multi-specimen holder.
The pressure in the analysis chamber was 10−6 Pa. The photoelec-
tron collection angle � between the normal to the sample surface
and the electrostatic lens axis was  0◦. The following sequence of
spectra were recorded: survey spectrum, C 1s, O 1s, V 2p, P 2p, Si
2p, N 1s and C 1s again to check for charge stability as a function
of time and the absence of sample degradation. The C-(C,H) com-
ponent of the C 1s peak of carbon was  fixed to 284.8 eV to set the
binding energy scale. The data was analysed with the Casa XPS soft-
ware (Casa Software Ltd., UK). The peaks were decomposed using
a linear baseline, and a component shape defined by the product of
a Gauss and Lorentz function, in a 70:30 ratio, respectively. Molar
concentration ratios were calculated using peak areas normalized
according to the acquisition parameters and the relative sensitivity
factors and transmission function provided by the manufacturer.

Laser Raman spectra (LSR) of all samples were recorded using
a Labram Infinity Laser Raman Spectrometer (JY-DILOR) equipped
with an optical microscope. The laser intensity (Ar+, 514.5 nm)  was
reduced by various filters (<1 mW),  and the data were treated by
Labspec software. The spectral resolution and the accuracy of the
Raman shifts were evaluated at 2 cm−1.

2.3. Catalytic activity
The catalytic properties were measured in a fixed bed micro-
reactor; 400 mg  of catalyst were loaded to a 7 mm  quartz tube and
a reactant mixture was fed at a rate of 40 mL/min (STP). The catalytic



50 R.M. Blanco et al. / Catalysis Today 203 (2013) 48– 52

10 20 30 40 50 60 70

VPO-2Mt

In
te

n
s
it
y
 (

a
.u

.)

2θ (ºCu  k
α
)

VPO-2M

F
(

t
a
c
5
i
t
1
f
1
C
3

3

3
s

8
(
f
e
t
D

3

b
l
1
w

(
m
l
T
S
o
o
�
a
a

Table 1
Analyses by laser Raman spectroscopy and X-ray diffraction of samples before (VPO-
S,  blank VPO-S-b, modified VPO-S + 2M)  and after catalytic testing experiments
(VPO-S-bt and VPO-S + 2Mt).

Catalyst Raman XRD

VPO-2M (Amorphous)
VPO-S (VO)2P2O7, �1- �-, �-

VOPO4 + VOPO4·2H2O + �-V2O5

(VO)2P2O7 + �-,
�-VOPO4 + �-V2O5

VPO-S-b (VO)2P2O7 + VOPO4 (�1?) Mainly (VO)2P2O7 (�-V2O5

low)
VPO-S-bt (VO)2P2O7 + �1-

VOPO4 + (VOPO4·2H2O)
(VO)2P2O7 + �-V2O5

VPO-S + 2M (VO)2P2O7 + �-VOPO4 + coke (VO)2P2O7 + mixture of
hydrated VPO

2 monolayers of VPO (P/V = 0.86) were added to VPO-S, the amount
of V5+ dramatically decreased to the value observed in VPO-P cata-
lyst (about 10%, V5+/V4+ = 0.1). According to Dummer et al. [25] who

Table 2
XPS analysis of VPO-2M (P/V = 0.86), blank before (VPO-S-b) and after test (VPO-
S-bt), and modified before (VPO-S + 2M)  and after test (VPO-S + 2Mt). A% is the
percentage of photopeak area of V5+ and V4+. Value of A in VPO-P-b: 7%. Bind-
ing energies: BE = 518.1–518.4 eV for V5+ in VOPO4; BE = 516.9–517.1 eV for V4+ in
(VO)2P2O7.

Sample V2p3/2 V+5/V+4 P/V

BE (eV) A%

VPO-2M 518.1 40 0.7 ≤1.0a

516.9 60
VPO-S-b 518.3 54 1.2 1.2

517.0  46
VPO-S-bt 518.3 50 1.0 1.2

517.0  50
VPO-S + 2M 518.4 10 0.1 1.0

517.1  90
ig. 1. XRD analysis of sample VPO-2M (before) and VPO-2Mt (after) catalytic test
after Step 1 + Step 2 + Step 3).

ests were conducted on VPO samples without any particular size
djustment after their preparation. A particle size analysis on the
atalyst samples showed an average particle size ranging from 11 to
3 �m for all the samples while 90% of the particles in the major-

ty of samples had a maximum size of 66 �m.  Before evaluating
he reaction performance, the samples were calcined at 390 ◦C and

 atm for 10 h under 21% O2 in argon. For VPO-2M the test was  per-
ormed with 100 mg.  The operating conditions were: Step 1: 380 ◦C,
.4% C4H10, 18.1% O2, balance Ar during 120 min; Step 2: 400 ◦C, 1.4%
4H10, 18.1% O2, balance with Ar during 20 min; and finally, Step 3:
80 ◦C, 3.6% C4H10/13.4% O2, balance Ar, during 20 min.

. Results

.1. Influence of isobutanol slurring and deposition of 2M on the
urface area of catalysts

The specific surface area of VPO-S catalyst increased from
 m2 g−1 to 14 m2 g−1 when the catalyst was slurred in isobutanol
blank, VPO-S-b), which was indicative of the existence of a soluble
raction. When VPO-S was  slurred in the equivalent of 2 monolay-
rs of P/V = 0.86 (VPO-S + 2M), the surface area increased, but less
han for VPO-S-b since it was 12 m2 g−1. The surface area of the raw
uPont precursor was 14.6 m2 g−1.

.2. Characterization of fresh samples

The XRD pattern of VPO-2M is presented in Fig. 1. The fresh solid
efore catalytic testing was mainly amorphous, with a few main

ines that could be assigned to (VO)3(PO4)2·7H2O (ICDD-JCPDS 49-
257) or (VO)3(PO4)·2.9H2O (ICDD-JCPDS 48-1200), in accordance
ith P/V < 1.

The XRD pattern of VPO-S revealed lines belonging to
VO)2P2O7, �-V2O5, � and �-VOPO4, in accordance with Dum-

er  et al. [25] (Table 1). The intensity of the �-V2O5 lines was
ower in the VPO-S-b pattern that is after slurring it in isobutanol.
he disappearance of �-V2O5 lines in the XRD pattern of VPO-

 + 2M was confirmed by Raman spectroscopy. The Raman spectra
f VPO-S, VPO-S-b and VPO-S + 2M catalysts exhibited the bands

f (VO)2P2O7 and of oxovanadium (V) phosphate phases (Table 1).
-VOPO4 was detected by LRS technique in VPO-S + 2M.  (VO)2P2O7
nd a mixture of hydrated VOPO4·2H2O phases were also present,
s observed by XRD. Some coke that could be formed from
VPO-S + 2Mt  (VO)2P2O7 + �-
VOPO4(VO)2P2O7 + �1-VOPO4

(VO)2P2O7

isobutanol after drying was observed by LRS in the VPO-S + 2M
spectrum (bands centred at about 1600 and 1450 cm−1). An impor-
tant conclusion is that part of �-V2O5 which was formed under
reaction conditions in the spent catalyst was probably eliminated
upon slurring the catalyst with isobutanol. It could be also that the
iron species originating from abrasion of the particles on reactor
walls or excess of phosphate were washed away. These results are
in accordance with the increase in surface area.

XPS experiments were carried out on precursor and catalysts.
The values found for the binding energies of vanadium (Table 2)
were typically ascribed to V5+ in VOPO4 and to V4+ in (VO)2P2O7,
respectively. The relative amount of V5+ and V4+ and the P/V
atomic ratio depended on the samples A high amount of V5+ (about
40%, V5+/V4+ = 0.7) was present in the ca. 1 nm depth of VPO-2M
analysed, while the P/V atomic ratio was  ≤1.0 (theoretical bulk
P/V = 0.86). A high charge effect made it difficult for a more precise
analysis of this sample.

In the blank VPO-S-b spent catalyst, the V5+/V4+ ratio amounted
to 1.2 (54% of V5+), which is high, while, as expected, it was low on
blank precursor VPO-P-b (7% of V5+). The P/V ratio was  remarkably
equal to 1/1 in all examined catalysts, except in VPO-S-b (P/V = 1.2).
The high fraction of V5+ detected in VPO-S-b is in agreement with
the fact that VOPO4 phases (principally �1-VOPO4) but also V2O5
besides (VO)2P2O7 were found by XRD and LRS (Table 1). Thus, one
of the main reasons for the ageing of this catalyst was  the high
amount of V5+ formed, as well as the presence of V2O5 and �1-
VOPO4. In the VPO-S + 2M catalyst, namely when the equivalent of
VPO-S + 2Mt  518.7 13 0.1 1.0
517.4  87

a A high charge effect, make difficult a more precise analysis of this sample. Similar
results were observed after test.
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Table  3
Catalytic activity results. Conversion of n-butane, maleic anhydride yield and selec-
tivity for VPO-P-b, VPO-S-b and the modified VPO-S + 2M catalysts during Step 3
(380 ◦C, 3.6 C4/13.4 O2).

Catalyst Conversion (mol%) Selectivity (mol%) Yield in MA (mol%)

VPO-2M 11.3 0.0 0.0a

VPO-P-b 33.2 49.5 16.4
VPO-S-b 14.6 67.7 9.9
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Fig. 2. Maleic anhydride production rates for VPO-P-b, VPO-S-b and modified VPO-
VPO-S + 2M 20.7 77.7 16.1

a Only CO and CO2 were produced.

tudied the same DuPont catalysts, the amount of V5+ was  higher
n VPO-S (44 mol%) than in the just calcined catalyst (32 mol%)
r in the precursor VPO-P (22 mol%). In VPO-S + 2M catalyst, the
/V atomic ratio decreased to 1.0, confirming that a phase with a
/V atomic ratio lower than 1 had been deposited on the surface
P/V = 1.2 in VPO-S-b).

These results suggest that, after slurring the spent catalyst
ith solution containing P/V = 0.86, the catalyst surface was partly

estructured, without heating, with decreasing amount of V5+ and
estored P/V ratio close to 1.0.

.3. Characterization of catalysts after catalytic testing

The catalytic properties of VPO-S-b and VPO-S-2M were studied
vide infra) and XRD, LRS and XPS techniques were used to study
he catalysts after catalytic experiments (VPO-2Mt, VPO-S-bt and
PO-S-2Mt).

After the catalytic test, the state of VPO-2M became even more
morphous (Fig. 1). Only the phase attributed to (VO)3(PO4)2·6H2O
ICDD-JCPDS 49-1256) could be identified. XPS results were sim-
lar to those before the test. The presence of �1-VOPO4 besides
VO)2P2O7 was observed by LRS in VPO-S-bt. �- and �-VOPO4
esides (VO)2P2O7 were detected in VPO-S + 2Mt. In addition
OPO4·2H2O was observed in VPO-S-bt spectrum (Table 1). The
RD pattern of VPO-S-bt showed that (VO)2P2O7 and V2O5 were
till present, while only (VO)2P2O7 was detected in VPO-S + 2Mt
Table 1). The results of the XPS analysis of the catalysts after test-
ng showed that there was little to no change of the P/V ratio and
f the amount of V5+ (13 vs. 10% in VPO-S + 2Mt  and 54 vs. 50% in
PO-bt, Table 2).

.4. Catalytic properties

Typical values of n-butane (XC4) conversion and selectivity to
aleic anhydride (SMA) for catalysts submitted to the operating

onditions after Step 3 are presented in Table 3. These operating
onditions are significantly more reusing than that practices in
xed bed reactors (∼1.8% butane in air) and are closer to fluid bed
ommercial conditions C4/O2 = 3.6/13.4. The highest conversion of
-butane was exhibited by the precursor slurred in isobutanol
VPO-P-b) and activated in situ (XC4 = 33.2 mol%). The low conver-
ion (XC4 = 14.6 mol%) observed for VPO-S-b increased slightly up
o XC4 = 20.7 mol% upon slurring with 2 monolayers of VPO. This
s remarkable because the catalytic activity of VPO-2M alone was
ow (XC4 = 11.3 mol%) and that no maleic anhydride was produced
only CO and CO2). The selectivity to MA  increased in the follow-
ng order: VPO-P-b (49.5 mol%) < VPO-S-b (67.7 mol%) < VPO-S + 2M
77.7 mol%). Though the selectivity to MA  was  null when using
PO-2M, the slurring of VPO-S under conditions similar to those
sed to prepare VPO-2M led to higher selectivity and yield. The lat-
er increased from YMA = 9.9 (VPO-S-b) to 16.1 mol% (VPO-S + 2M),

hich equals the yield obtained with the in situ activated precursor

16.4 mol%). The production rates for VPO-P, VPO-S and VPO-S + 2M
atalysts are shown in Fig. 2. The rate of n-butane conversion was
igher at about 40% and the maleic anhydride production was
S  + 2M catalysts.

higher at about 60% for VPO-S + 2M compared to spent VPO-S-b.
Therefore, the deposition of the two monolayers on the surface
of VPO-S catalyst resulted in a significant recovery of activity and
maleic anhydride productivity.

3.5. Possible reasons for VPO catalyst reactivation

Several mechanisms could account for the ageing of DuPont cat-
alyst including upsets in the operating conditions and localized
thermal excursions at the oxygen spargers, which could favour the
gradual transformation of the already present VOPO4 phases to �-
VOPO4. Though VOPO4 forms could be active in the formation of MA
from butenes, butadiene, furan [6,8,9],  if these intermediates were
formed, the formation of �-VOPO4 is irreversible [5].  �-VOPO4 is
the ultimate form of VOPO4 to which any allotropic VOPO4 tends.
Moreover its formation is indicative of the thickening of (VO)2P2O7
platelets, which is one way of ageing of VPO catalysts. Indeed it was
shown that by reoxidation of (VO)2P2O7, thin platy crystals yielded
� or �-VOPO4 while prismatic crystals yielded �-VOPO4 [20,21,26].
The loss of phosphorus, leading to the more facile reoxidation of
(VO)2P2O7, the presence of V2O5, which appears because of hydrol-
ysis of VOPO4, as well as of iron oxide, coming from abrasion of VPO
particles onto the reactor wall [22,25],  could also play detrimen-
tal roles. We  cannot exclude that during the isobutanol procedure,
some iron oxide and excess of phosphate could be washed away.
Further experimental work is required to better discriminate the
magnitude of each of these mechanisms.

VPO-P-b, which was  more active under the same reaction con-
ditions, contained only 7% of V5+, and VPO-S-2M, which was the
most active catalyst, contained 13% of V5+. The high fraction of V5+

detected in VPO-S-b catalyst was in agreement with the VPO phases
found by XRD and LRS (V2O5 and �1-VOPO4) (Tables 1 and 2). The
principal consequence of this phase transformation, which led to
the deactivation of VPO DuPont catalyst, was probably due to the
high amount of V5+ formed on its surface with time-on-stream.

The improvement of catalytic performance of the deactivated
catalyst can result from (i) a more appropriate distribution of
V5+/V4+ ratio and P/V close to 1.0 and (ii) the disappearance of detri-
mental phases. XPS showed that a low amount of V5+ (V5+/V4+ = 0.1
instead of 1.2 for VPO-S-b), which did not change much after cat-
alytic experiments, as the one found in the precursor VPO-P, was
recovered, as well as the initial P/V = 1.0 (1.0 in fresh VPO). When
VPO-S was  refluxed in isobutanol, part of the detrimental V2O5
(and probably �-VOPO4), and may  be some excess phosphate, were

washed out after filtration. Consequently the surface area increased
(12 vs 8 m2 g−1 for VPO-S). The activity was  lower than that of the
calcined precursor VPO-P-b (XC4 = 14.6 vs. 33.2%) but the selectivity
to MA  was  quite high (67.7 vs. 49.5%).
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In the case of VPO-S + 2M,  it is important to emphasize that the
mount of vanadium (2 theoretical monolayers in the suspension)
nto which the VPO-S catalyst was added is very small as com-
ared with the total amount of (VO)2P2O7 in the catalyst. If all the
anadium deposited was converted to a (hypothetical) active VPO
hase, the weight of this phase would represent at most 3.6% of
he total weight of the VPO-S + 2M catalyst. However, since the
atalytic performance of VPO-S + 2M is slightly higher than that
f the in situ activated precursor, the surface of VPO-S could have
een reloaded with VPO species close to those of VOHPO4·0.5H2O.
ndeed it is striking that the surface area is the same than that of
PO-P. Finally, finely tuning the P/V atomic ratio and the amount
f the VPO phase deposited on deactivated DuPont catalysts could
llow to optimize the recovery in activity and to improve further
electivity.

. Conclusions

Firstly, the precursor and spent DuPont catalyst were submit-
ed to a treatment consisting of slurring the particles in isobutanol.
his treatment resulted in washing out potentially detrimental
pecies, like vanadium oxide, which is formed by hydrolysis of
OPO4 phases due to the high amount of water formed into the
eaction (4 H2O per one MA). It is not excluded that during this pro-
ess iron oxide, excess phosphorous, and may  be also certain forms
f VOPO4 like �-VOPO4 were also eliminated. In accordance with
hese observations, and though the activity was lower than that
xhibited by the in situ activated precursor VPO-P-b, the selectivity
o MA  was high (68 mol%).

In the next step, the particles of the spent catalyst were sus-
ended in a vanadium containing isobutanol solution to which
5 wt.% phosphoric acid was added to achieve 2 theoretical mono-

ayers of VPO (P/V = 0.86). Compared to the spent VPO-S-b catalysts,
he maleic anhydride production increased by ca. 60% and the rate
f butane transformation increased by ca. 40%. The selectivity to
A increased to 78%.
Analyses showed that most detrimental oxide species were no

ore present (XRD and LRS) and that V5+/V4+ (about 10% of V5+)
nd the P/V ratio (1.0) were lower (XPS). Therefore the treatment,
hich does not require a heating step, would result in the restruc-

uring of the surface by the formation of an amorphous phase close
o vanadyl phosphate hemihydrate. These species would enter the
orous silica structure so as to make a thin layer coating the spent

atalyst, and thus rejuvenating the VPO catalyst. Further experi-
ents are in progress to confirm these findings, to improve the

atalytic performance, and to determine the possible interactions
ith the active and selective phase.

[

[

[
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The modified samples demonstrated a higher catalytic activity
especially at higher n-butane concentrations in the feed, which cor-
responds to industrial reaction conditions in fluidized bed reactor
and circulating fluidized bed reactors. The proposed methodology
may  be applicable to reactivate other catalytic formulations for
other reactions.
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