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In situ electrical conductivity measurements have been per-
formed on vanadyl pyrophosphate samples as a function of their
preparation temperature and on VV-P-O catalysts as a function of
their activation time. In agreement with X-ray diffraction results,
electrical conductivity has shown that heat treatment of vanadyl py-
rophosphates between 450 and 800°C results in a less conducting
state corresponding to avery crystalline form. Such a stabilized form
can already be reached at a temperature between 600 and 700°C.
For V-P-0 catalysts, electrical conductivity decreased as a function
of the activation time, tae, under the reaction mixture, reaching a
steady value for taet > 84 h. Both types of solids were found to be p-
type semiconductors with positive holes as the main charge carriers.
During subsequent exposures to n-butane and to oxygen at reaction
temperature (400°C), it was confirmed that vanadyl pyrophosphate
constitutes the main phase of efficient V-P-O catalysts working
with some excess of surface oxygen probably in relation with the
presence of V3 species. The recorded changes in conductivity upon
exposure to reactants provide illustrative evidence of a redox (Mars
and van Krevelen) mechanism. The long activation period neces-
sary to produce a high yield of maleic anhydride corresponds to
structural and chemical changes of the surface which accommo-
dates the reaction mixture and gives rise to active and selective sites
able to convert n-butane to maleic anhydride.  © 1997 Academic Press

INTRODUCTION

Vanadium-phosphorus—oxygen compounds (V-P-O)
constitute the principal phases able to catalyze the direct
mild oxidation of n-butane to maleic anhydride. A special
issue of Catalysis Today has recently been devoted to this
topic (1). Although the main phase of V-P-O catalysts is
constituted by vanadyl pyrophosphate ((VO),P.0y7), the
composition of real V-P—-O catalysts is actually complex
since they contain substantial amounts of V°* ions (2-4).
Numerous questions relating to the active phase on the sur-
face of the working catalyst are still unclear. As stated re-
cently by Centi in a critical review (5), the nature, amount,
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distribution, and evolution of VV° phosphate phases during
catalytic tests require further investigations.

Most efficient VPO catalysts for maleic anhydride for-
mation are generally prepared by a long-term activation
(e.g., 3000 h) of the precursor, VO(HPQO,), 0.5 H,O under
reaction conditions, i.e., under n-butane/air flow at a tem-
perature in the 380-450°C range. Recentwork by Voltaet al.
(6-8), using Raman spectroscopy and other techniques, and
by Overbeeketal. (9), using DRIFTS and XRD, has pointed
out the importance of studying the changes in the catalystin
the course of the activation process. In a more recent study
by two of us (10), V-P—-O catalysts have been characterized
as a function of the activation time at 400°C under the reac-
tion mixture by using several techniques: XRD, 3P-NMR
(magic angle spinning and spin-echo mapping), and XPS.
It was found that during activation, the V-P—O catalysts
undergo progressive reduction, the §-VOPO, phase, re-
sponsible for most of the V°* ions present, being reduced
to (VO),P,05. It was clearly observed that the selectivity
to maleic anhydride increased progressively as the ratio
V45t increased under the reaction mixture. It is usu-
ally considered that the best catalyst requires an optimal
value of this ratio.

Very few studies have been concerned with the elec-
trical properties of vanadium phosphate phases. It has
been shown that three of the VV°*-based vanadyl phosphate
(VOPOQO,) phase («, B8, and y) are extrinsic n-type semicon-
ductors, whereas §-VOPQy is a p-type semiconductor (11).
However, this phase is easily reduced, at least in the sur-
face region, into (VO),P,0O7 under butane. For the former
three phases, it could be easily explained that VOPQO, oper-
ates via a redox process, butane being oxidized to butene by
consumption of surface anions and creation of anion vacan-
cies, which were subsequently filled by dissociated oxygen
coming from the gas phase.

In the present work, V**-containing phases have been
characterized by electrical conductivity measurements
with respect to (i) the influence of the preparation temper-
ature of vanadyl pyrophosphate; (ii) the influence of the
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activation time of V-P-O catalysts; (iii) the influence of
pure gas atmospheres (oxygen or n-butane); and (iv) the
influence of the reaction mixture. A comparison between
the two types of solids has also been established, since it
is known from the above-mentioned references that real
V-P-O catalysts are mainly constituted by pyrophosphate.

EXPERIMENTAL

1. Preparation of Solids

The common precursor was prepared in an organic
medium (12) using i-butanol. V,0s5 (11.8 g) was added to
H3PO4 (85%), with a P/V = 1.1 atomic ratio. After refluxing
(16 h) under a nitrogen flow, a light blue-green suspension
was obtained and then separated by filtration. The result-
ing precipitate was washed (with i-butanol and ethanol)
and dried (16 h, 100°C). The XRD pattern of the precursor
showed that a well-crystallized VO(HPO,), 0.5 H,O phase
was obtained.

1.1. Preparation of (VO),P,O; samples. Five
(VO),P,07; samples have been prepared by calcination
under a dried nitrogen flow of the precursor VO(HPQO,),
0.5 H,O at 450, 500, 600, 750, and 880°C for at least
40 h. For each preparation the temperature was first
linearly raised (1°C/min) up to the steady temperature of
preparation (tprep). These catalysts were denoted Pyro-450,
Pyro-500, Pyro-600, Pyro-750, and Pyro-880, respectively.
Indeed, this series of catalysts is not representative of the
usual industrial catalysts. The aim was to produce single-
phase (VO),P,07 to study the effect of the temperature
of preparation and therefore mainly the crystallization
state.

The X-ray diffraction patterns of representative samples,
shown in Fig. 1, are typical of the (VO),P,07 phase. Note,
however, that the X-ray reflections become less and less
intense and broader when the temperature of preparation
decreases from 880 to 450°C. This change is most likely
to be the result of an increasing structural disorder (13),
especially in the stacking arrangement of basal (200) planes
(23°, 20) with also a decrease in the size of the crystalline
domains at lower temperatures.

1.2. Preparation of V-P-O samples. Starting with the
same precursor in a microreactor, four separate prepara-
tions have been made under the same flow of the reac-
tion mixture, (n-C4H10/O2/He = 1.6/18/80.4) at atmospheric
pressure. Note that the composition of the gas mixture was
similar to the usual n-butane/air mixture used to activate
industrial VPO catalysts. The total gas flow was 2.4 liter h~*
with a VSHV = 1500 h~. The temperature was linearly in-
creased (0.5°C min~1) from room temperature up to 400°C.
Thisinitial treatment was identical for the four experiments.
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The only difference was the time on stream at 400°C:

0.1h (VPO-0.1),
8h (VPO-8),
84h (VPO-84),

132h (VPO-132).

The catalysts were quenched after these different activa-
tion times by switching off the oven. The by-passed glass
reactor was cooled down rapidly to room temperature. The
catalysts were then rapidly put into small glass flasks which
were filled with argon and closed. Their X-ray diffraction
patterns are given in Fig. 2 mainly indicate the presence of
a poorly crystallized (VO),P,07 phase. Indeed, an equili-
brated industrial V—P-O catalyst displays stable and opti-
mal catalytic performance only after at least 2000 or 3000 h
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FIG.1. X-ray diffraction patterns of vanadium pyrophosphate
((VO),P,07) sample.
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FIG. 2. X-ray diffraction patterns of V-P-O catalysts.

on stream. On the laboratory scale it is not possible to re-
produce such a long activation time. However, after 132 h
the catalytic performances are already fairly good and not
very different from a truly stabilized solid.
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2. Electrical Conductivity Cell

The electrical conductivity of the different samples has
been investigated by using a cell specially designed to study
the electronic interactions between powdered samples and
various gaseous atmospheres (14). This cell has previously
been employed for studying pure, doped, mixed oxides, sul-
fides, and metal/semiconductor catalysts.

About 120 mg of catalyst was placed between two plat-
inum electrodes between which they were compressed un-
der a constant mechanical pressure of ca. 10° Pa which is
compatible with good interparticle electrical contacts and
with a good gas—solid interaction over the whole surface
of the solid. The temperature of each electrode was given
by a thermocouple whose wires also used as connections
for electrical measurements. The electrical resistance of the
samples was measured with various R-meters according to
the range investigated: a Kontron multimeter (model DMM
4021) for resistances lower than 2 x 108 ohm (D.C. volt-
age, 1 V) or with a digital teraohmmeter (Guildline Instru-
ments, Model 9520) for higher values (D.C. voltage from
1 to 10 V). It has been previously shown that powdered
semiconducting oxides behave as massive conductors (14)
and the electrical conductivity (o) of the powdered samples
can be formally written as

oc=1/p=1/Rxt/S [1]

where p is the resistivity, R is the electrical resistance, and
(t/S) is the geometric factor (t is thickness (generally cho-
sen between 0.4 and 0.5 cm) and S is the section area of
the electrodes (diameter 1.00 cm)). Conductivity measure-
ments carried out on powders provide intrinsic bulk values
for the material, when surface and bulk conductivities are
similar. In that case, the experiments are identical to those
carried out on single crystals, for which

o =ngu [2]

where n and u are, respectively, the concentration and the
mobility of the main charge carriers and q is the elemen-
tary charge of the electron. For a powdered sample, the
conductivity ocan be written as

o = An, [3]

where A is a coefficient of proportionality which remains
constant during the experiment and includes, besides g and
u, textural parameters, such as the number of interparticle
contact points. Since, in thiswork, all the samples have BET
surface areas of the same order of magnitude, coefficient A
can be considered as nearly constant whatever the solid.
Hence, semiquantitative comparisons between solids may
be made and electrical conductivity measurements provide
an estimate of the variations in the concentration of the
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TABLE 1

Catalytic Performances of Vanadium Pyrophosphate Catalysts

Vs Vi

A C Swa Sco, (mol-s7t.g7! (mol.st.m=2
Catalyst (m?-g7Y) (%) (%) (%) x 10%) x 108)
Pyro-450 145 19 80 19 18.9 1.3
Pyro-600 12.8 18 61 38 17.7 1.9
Pyro-750 4.5 17 59 40 21.2 4.7
Pyro-880 4.0 15 42 39 11.7 2.9

main charge carriers as a function of physical parameters
such as temperature, oxygen pressure, nature, and pressure
of other gases, under conditions as close as possible to those
of the catalytic reaction. Upon exposure to a gas atmo-
sphere, it is likely that conduction effects at the surface
dominates as seems to be the case for the present results and
was considered to be true for other oxide catalysts (15-17).
Itis important to stress that values of oare relative and not
absolute.

3. Catalytic Tests

Catalytic tests have been performed in a flow microreac-
tor in the temperature range 380-440°C. The composition
of the gas mixture was n-C4H;o/O,/He 1.6/18/80.4 at atmo-
spheric pressure. The total gas flow was in the range 1.8—
2.4 1 h~t with a VSHYV equal to 1500 h~1. On-line analysis
of reactants and products was achieved by gas chromatog-
raphy using three different columns to separate hydrocar-
bons, oxygenates, and COx. Sampling valves and tubing
were located in a hot box (140°C). The carbon mass bal-
ance was better than 97-98%.

RESULTS AND DISCUSSION

1. Catalytic Performances of Pyrophosphate
and V—-P-0O Samples

The present work is mainly devoted to the electrical con-
ductivity properties of these solids. However, it is indeed
first important to give a general survey of their catalytic
performances in the n-butane reaction at 400°C.
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1.1. Pyrophosphate catalysts. Table 1 summarizes the
results for (VO),P,0O; samples prepared at different tem-
peratures. Besides the BET surface area (A), Table 1
compares the n-butane conversion (C), the selectivity for
MA(Sua) and for COy (&0, ), the specific activity (Vs) and
the intrinsic activity (V;) for the conversion of butane. The
activity of the four studied catalysts is not much different;
the most active appears to be the sample prepared at 750°C.
The main difference concerns the selectivity for MA: the
lower the temperature of preparation, the higher Sya.

1.2. V-P-0 catalysts. Table 2 shows the evolution of
the catalytic properties of a V—P-O catalyst with the time
of activation under the reaction mixture at 400°C. The re-
sults have been obtained on the basis of four seperate ex-
periments. More details can be found in a previous paper
(10). It is clear that catalytic performances are improving
with time on stream in relation with the development of
the (VO),P,07 active phase as previously described (10).
The catalytic properties are first improving at a high rate at
the beginning of the activation but the changes become
slower with time on stream and after about 84 h we ob-
served a definite trend for a stabilization. However, as al-
ready stated in subsection 1.2 truly stable catalytic per-
formance would require a much longer time, 2000 or
3000 h.

2. Electrical Conductivity Study of the Influence
of the Temperature of the Preparation
of the Vanadyl Pyrophosphate

As mentioned in the Introduction, the industrial cata-
lysts which are active and selective in the mild oxidation of
n-butane to maleic anhydride are obtained by a long acti-
vation period under the reaction mixture at 400°C. They
are mostly constituted of vanadyl pyrophosphate. Their
catalytic properties strongly depend on their structural
and textural properties which originate from their initial
temperature of preparation for a given hemihydrate pre-
cursor. This is the reason why several solids have been
synthesized at different temperatures between 450 and
800°C.

Since the pyrophosphate samples are constituted of
a V* phase, electrical conductivity measurements were

TABLE 2

Physical Characteristics and Catalytic Performances of V-P-O Catalysts

A VHNVST C Sua oy Vs Vi
Catalyst (m?.g7%) (XPS)® (%) (%) (%) (mol-s7t.g71x10%% (mol-s7t-m2x10+%)
VPO-0.1 10.5 1.1 22 34 64 13.3 1.3
VPO-8 7.6 13 26 48 51 15.7 2.0
VPO-84 14.8 15 55 66 32 33.2 2.2
VPO-132 194 17 65 69 30 39.1 2.1

#Value taken from Ref. (10).
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FIG.3. Logo =f(t) during temperature-programmed heating of
vanadium pyrophosphate samples under dynamic vacuum from room tem-
perature to 450°C (heating rate: 5°C/min). o in ohm=*cm~%.

performed in vacuum which was chosen as an inert refer-
ence atmosphere able to conserve the valence +4 for vana-
diumions. The solids were promptly outgassed at room tem-
perature under dynamic primary vacuum and then heated
to 450°C, at a heating rate of 5°C/min.

The kinetic variations logo =f (t) during temperature-
programmed heating are given in Fig. 3. The different
curves are regularly ascending with, however, a small peak
at ca 100°C. This has been attributed to surface dehydra-
tion with the suppression of surface conduction by protons
which can hop from one adsorbed water molecule to an-
other one (18). The presentation of the curves of Fig. 3
within the frame of a log o vs. 1/T plot is given in Fig. 4. A
linear variation of log o = f (1/T) is only observed at higher
temperatures. This means that in this temperature region all
the solids behave as semiconductors whose electrical con-
ductivities vary exponentially with temperature according
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FIG. 4. Plots of logo =f (1/T) of curves of Fig. 3.

HERRMANN ET AL.

TABLE 3

Physical and Electrical Characteristics of
Vanadium Pyrophosphate Samples

Threshold
BET surface area E. temperatures
Samples (m?g) (kJ/mol) (tn)(°C)
Pyro-450 145 73.2 121
Pyro-500 22 84.5 202
Pyro-600 9.3 80.6 345
Pyro-750 4.5 134.8 348
Pyro-880 4 138.1 324
to the familiar law
o = ogexp(—E¢/RT), [4]

where o is the preexponential factor and E. is presently
the “dynamic” activation energy of conduction (dynamic,
because o is measured during the temperature program
and not at steady state at constant T). The linear parts of
the plots commence at temperatures denoted “threshold
temperatures” (), which are indicated by vertical arrows
inFig. 4and are also given in Table 3. Thistable also contains
the calculated activation energies of conduction (E) and
the BET surface areas.

At the end of the temperature ramp, the electrical con-
ductivities were measured as a function of time until the es-
tablishment of the steady state. These final values obtained
at the equilibrium o ¢4 are plotted as a function of the prepa-
ration temperature (tprep) under nitrogen flow (Fig. 5A).
These values were obtained after aduration which increases
with tprep. Figure 5 also shows for comparison the changes
with tyrep OF the threshold temperature () and the activa-
tion energy of conduction E.

2.1. Interpretation of the conductivity variations. It can
be observed that all the different parameters of the electri-
cal conductivity of the different “Pyro”’samples change with
the preparation temperature (tyrep) used for their prepara-
tion under a nitrogen flow.

The higher tyrep, the lower the electrical conductivity ei-
ther during the heating process under vacuum (Figs. 3 and
4) or at steady state at 450°C (Fig. 5). The higher tyrep, the
higher the activation energy of conduction and the higher
the threshold temperature (ty,) above which appears a regu-
lar semiconductivity (Fig. 5). All these variations indicate a
stabilization in the variations of the different electrical pa-
rameters for preparations temperatures (tprep) cOmMprised
between 600 and 700°C.

In agreement with the XRD patterns (Fig. 1), it can be
inferred that when tprp is increased, the (VO),P,07 sam-
ples gradually acquire a better state of crystallization with
an increase of the particle size as evidenced by the decrease
of the BET surface area (Table 1). In addition, structural
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defects which can act as sources of charge carriers in the
case of extrinsic semiconductors are gradually erased. It
can actually be seen that steady-state conductivities follow
the same variations as a function of t,e, as the specific sur-
face areas (Table 1). The samples treated at high ty.ep tend
to become intrinsic semiconductors with low conductivi-
ties and large activation energies of conduction and with
a decreasing part of surface conductivity linked to surface
defects and to interaction with the gas phase.

2.2. Consequences for catalysis. The Pyro samples have
been tested in the n-butane oxidation reaction (see Table 1).
The optimum intrinsic rate for butane conversion (in mol
s~ m~2) was found for Pyro-750. However, the highest se-
lectivity to maleic anhydride has been measured for Pyro-
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450, i.e., for the solid which has the highest electrical con-
ductivity and presumably the highest structural disorder.

The formation of maleic anhydride requires oxidizing
sites for oxygen insertion in the steps following the initial
oxidative dehydrogenation leading to the butadiene inter-
mediate. It is usually believed that such oxidizing sites are
associated with the presence of a suitable amount of V°*+
species, maybe V°+=0 vanadyls.

Reversible surface oxidation of some V** surface ions
probably occurs more easily on a surface not too perfectly
crystallized insofar as surface defect and structural disorder
must improve the reactivity and facilitate a suitable oxida-
tion rate.

3. Electrical Conductivity Study of the Influence
of the Activation Time of V-P-O Catalysts
under Reaction Mixture

We have previously shown (10) that the changes of the
catalytic performances with the time of activation on stream
can be correlated with a progressive reduction of V°*
phases into (VO),P,07. We have observed an increase with
time of the V#*/V°* ratio both in the bulk (*!P-NMR) and
on the surface (XPS). The (V**/V°") ratio determined by
XPS is reported in Table 2.

As for Pyro catalysts V-P—O catalysts were studied un-
der dynamic primary vacuum to conserve the main V**
ionic state of vanadium. Electrical conductivity was mea-
sured on VPO samples previously activated at different ac-
tivation times (tac¢) as a function of time and temperature,
from room temperature to 300°C (heating rate, 5°C/min.).
The Kinetic curves of logo =f(t) are presented in Fig. 6
and the corresponding reciprocal temperature transforms
(logo =f(1/T) are presented in Fig. 7.

The o values obtained at steady state (300°C) are given
in Fig. 8. It appears that steady-state values of o become
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FIG.6. Logo =f(t) during temperature-programmed heating of

V-P-O samples under dynamic vacuum from room temperature to 300°C
(heating rate, 5°C/min).
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progressively independent of the activation time (ta) for
tact > 84 h. For the Pyro samples we observed a correlation
(Fig. 5) between the steady-state electrical conductivity un-
der vacuum and the crystallization state: the lower the tem-
perature of preparation (tprep), the higher the conductivity.
For the V—P-O catalyst activated at 400°C, the electrical
conductivity is comparable to the value recorded for Pyro-
450, at least for short activation times (VPO-0.1and VPO-8)
asshown in Fig. 8. With time of activation the crystallization
somewhat improves as evidenced by XRD (Fig. 2) and as
for the Pyro samples, the conductivity decreases (Fig. 8) and
becomes close to the value measured for Pyro-500 (Fig. 5A).
The steady-state o values could also depend on other factors

-6.2 70
60
-6.67
| - 50
© -
g ,\, - - e - - Conversion
- _ 0N ——— Selectivity | [ 40
/,/ \
-7.4 e
e N\ a 30
— IG \] [ — -
-7.8 T T T

T T T 20
0 20 40 60 80 100 120 140
Activation time / h

FIG.8. V-P-O catalysts: variations as a function of the activation
time under reaction mixture of the electrical conductivity at steady state
(inohm~tcm~1) of the conversion of n-butane (in %) and of the selectivity
to maleic anhydride (in %).
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such as the surface area (Tables 1 and 2) and especially for
the VPO series the changes in the relative amount of V°*+
and V** phases (10) indicated by the V**/V°* ratio given
in Table 2.

Maleic anhydride is the main reaction product. Itis there-
fore not surprising that the catalytic performance (conver-
sion and selectivity) increases with the activation time in a
similar way (Fig. 8). After ca. 84 h, the steady state is not
achieved but the major part of the catalytic changes have
already been obtained. The electrical conductivity roughly
varies conversely with the catalytic performance and is al-
ready stabilized for tae > 84 h.

A better knowledge of the surface reactivity of both Pyro
and V-P-O catalysts can be obtained from electrical con-
ductivity measurements performed under each of the two
reactants as well as under the reaction mixture. This is the
object of the next Section.

4. Influence of n-Butane and of Oxygen on the Electrical
Conductivity of (VO),P,07 and V-P-O Catalysts

To obtain information on the solids under conditions as
close as possible to those of catalysis, the electrical conduc-
tivity measurements were performed at reaction tempera-
ture (400°C) during sequential periods under butane and
under oxygen at partial pressures identical to those of the
reaction mixture (butane pressure, 11 Torr; oxygen pres-
sure, 125 Torr) (1 Torr=133.3 Pa).

4.1. (VO),P,07 pyrophosphate catalysts. After heating
the solids under vacuum from room temperature to 400°C
at a heating rate of 5°C/min, n-butane was introduced in
contact with the solid. Immediately, the electrical conduc-
tivity decreased abruptly from 1 to 3 orders of magnitude
(Figs. 9A and 10). Despite the poor reactivity of alkanes, bu-
tane must be considered as a reductant and, consequently,
the behavior of pyrophosphate samples is typically that of a
p-type semiconductor. For Pyro-450 as well as for the VPO-
400 sample (activated for 132 h), the electrical conductivity
decreases regularly and tends to a plateau within half an
hour (Fig. 9A). By contrast, for Pyro-600 and Pyro-750, the
electrical conductivity first strongly decreases initially and
then increases slowly to reach the plateau corresponding to
steady state under 11 Torr of n-butane. This phenomenon
is reproducible and can be repeated in a second sequence
under butane. It is more pronounced when the temperature
of preparation increases (compare Figs. 10A and 10B). The
kinetic curves o = f(t) in butane correspond to the combina-
tion of two opposite phenomena, a strong initial reduction
by butane followed by a kind of progressive reoxidation of
the surface region.

After reaching the steady state under butane, the gas
phase was promptly evacuated and replaced by pure oxy-
gen under 125 Torr. For all samples, the electrical conduc-
tivity increased immediately and tended to a plateau (Figs. 9
and 10). This behavior confirms the p-type character of
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FIG. 9. Variations of the electrical conductivity at 400°C under se-
quential exposures to butane (11 Torr) and to oxygen (125 Torr) and under
reaction mixture for Pyro-450 and VPO-400 samples.

(VO),P,0y, since for oxide semiconductors, the p-type cri-
terion is do/dP o, > 0.

The p-type character is a fundamental feature for py-
rophosphate or VPO samples, since it is observed both
under reducing or under oxidizing conditions (Figs. 9 and
10). In addition, it is reproducible and typical of a redox
mechanism since the repetition of the same n-C4H1,/O; se-
quences provides identical variations of o (Figs. 9 and 10).
It can be recalled that all bulk VOPO, phases, except §-
VOPO,, are, by contrast, of the n-type (11).

4.2. V-P—-O catalysts. The same behavior was observed
for V-P-O catalysts as exemplified by the V-P-O sample
activated at 400°C for 132 h (Fig. 9B). Repeated sequences
in n-C4Hy and in O, yielded reproducible variations. As
Pyro samples, V—P—Q catalysts are p-type semiconductors,
whatever the conditions chosen. These similar electrical re-
sults confirm that VV-P—O catalysts are mainly constituted of
vanadyl pyrophosphate ((VO),P,0) as previously stated
from XRD patterns. The solids behave as redox relays ac-
cording to the nature of the gas phase with which they have
been placed in contact.

No direct and obvious quantitative relationships between
A log o (for example when switching from butane to oxy-
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gen) and catalytic behavior could be established. This may
be due to the complex influence of various parameters
linked either to the solids (crystallite size and shape, mean
oxidation state of vanadium, etc.) or to the difference in
the type of apparatus (electrical conductivity measured in
a static cell and catalytic data obtained in a flow reactor).
Results in Figs. 9 and 10 must be considered as the qualita-
tive responses of conductivity during exposures to each of
the reactants, confirming that all the solids behave as p-type
semiconductors.

5. In Situ Electrical Conductivity Measurements
on Pyrophosphate and V—P-O Catalysts
during Reaction

After the last sequence in oxygen at 400°C, O, was
promptly evacuated and a reaction mixture containing
11 Torr n-C4Hyp and 125 Torr O, was introduced at the
same temperature. This gas phase composition corresponds
to that used in catalysis. Instantaneously, the electrical con-
ductivity decreased and tended to a plateau located in be-
tween the high level under pure oxygen and the low level
under pure n-butane (Figs. 9 and 10). When the reaction
mixture was introduced after a last sequence in n-butane
instead of oxygen (Fig. 10A), the electrical conductivity im-
mediately increased. In all cases, the electrical behavior of

A [0 CTHy 0 CH, GH G,
(400 Torr) ¢ (1zs¢Torr) ¢
- 6,

o
(@)]
o - 84
- 9_
-104 T = 400°C PYRO 600
T T T T T T
0 50 100 150 200 250 300 350
sequence duration / min
B
o
()]
°

0 50 100 150 200
sequence duration / min

FIG. 10. As for Fig. 9 but for Pyro-600 and Pyro-750 samples.
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Pyro samples confirmed the p-type character for the solids
under catalytic reaction.

For V-P-O catalysts, the variations of o were qual-
itatively the same, confirming vanadyl pyrophosphate
((VO),P,07) as its main constituent. By comparing Figs. 9A
and 9B relative to Pyro-450 and VPO-400, it appears that
electrical conductivity values are very similar in all the se-
guences performed. It can be assumed from the preced-
ing sections that they have fairly similar structural and
textural properties, in agreement with XRD patterns and
BET specific area measurements. Pyro samples and V-P-O
catalysts display similar redox cycles. They play the role
of redox relays able to be reduced by butane and reoxi-
dized by oxygen in agreement with a Mars and van Krev-
elen mechanism. Indeed, both reactions occur simultane-
ously under the reaction mixture but actually they occur
sequentially at the level of each active site according to the
scheme

oxidized cat. + n-C4H3p — reduced cat. + products
reduced cat. + O, — oxidized cat.

These redox cycles allow them to be selective in the very
complex mild oxidation of n-butane to maleic anhydride,
which involves 14 electrons, 4 oxydehydrogenation steps,
one heterocyclization, and two insertions of O atoms into
carbonyl groups per butane molecule transformed. The pro-
gressive adaptation of the catalyst to the reaction mixture
to produce specific sites able to transform selectively C4Hjg
to MA is illustrated by the long activation period under re-
action mixture required by industrial V—P-O catalysts to
become active and selective. The best illustration for these
redox considerations, deduced from Figs. 9 and 10, is of-
fered by the new design of the latest industrial reactors in
which the circulating catalyst is considered as an oxidizing
reactant which is reduced in situ under a butane stream and
then reoxidized in an outer regenerator (19-21).

We have recently confirmed the redox mechanism of this
reaction using ‘20, in a recirculation reactor with on-line
gas analysis by mass spectrometry (22). This study clearly
showed that only lattice oxygen anions, belonging to a few
surface layers, are involved in the formation of maleic an-
hydride and of COy.

6. Correlation between p-Type Semiconductivity
and Catalysis

P-type conductivity is generally less often observed than
n-type on oxide semiconductors (14). P-type conductivity
can be encountered either on simple oxides such as NiO
(23) or on binary oxides such as U-Sb—O oxides (24-26).
Such a type of conductivity corresponds to an excess of
oxygen in the solid.

In oxides such as NiO, p-type conductivity is due to the
presence of cationic vacancies to which correspond electri-
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cal conductivity variations according to: o ng/”, n being
a positive integer depending on the valency of the miss-
ing cation (14). Presently, o was found to be independent
of the oxygen pressure. Therefore, no vanadium V** nor
(VO)?* cationic vacancies can be expected. P-type conduc-
tivity could be also accounted for by the existence of O;
interstitial species, as in U-Sb—0O catalysts (23, 24). In that
case, o should depend on the oxygen partial pressure.

An alternative interpretation of the conductivity results
could have been the effect of oxygen chimisorption on un-
saturated V** surface ions. Since all the solids are p-type
semiconductors, oxygen chimisorption would have pro-
duced an increase of o with increasing Po,. Since o is inde-
pendent of Po, as mentioned above, the possible influence
of the existence of oxygen ionosorbates such as O; and
O~ can be ruled out. However, we cannot discard the re-
versible oxidation of coordinatively unsaturated (CUS) V*4*
ions which are known to exist at the surface of (VO),P,07
as evidenced by its Lewis acidity (37-40). It has also been
frequently claimed that the presence of a suitable amount of
5+ (either isolated ions or VOPO, patches) is essential for
good catalytic performance (1, 3, 7). As recently discussed
by Busca (41), the best formulation of the catalyst could be
V,P,0q ., 5, With some excess of surface oxygen due to the
presence of pentavalent vanadium. Such an excess of oxy-
gen with respect to the stoichiometry of (VO),P,0; (V**
phase) could explain the changes in electrical conductiv-
ity (induced by the reactants) which are typical of a p-type
semiconductor.

Indeed, pentavalent vanadium would be present on the
surface as isolated or nearly isolated \VV°* species or patches
of precursor of the §-VOPO, phase. A thick surface layer
of VOPQ, can be discarded, especially «y, y, or 8-VOPO,
phases which behave as n-type semiconductors.

In the present case, p-type conductivity, with positive
holes p* as the main charge carriers, must be correlated
with the redox couple V*/V°*. The simultaneous existence
of both oxidation states for vanadium ions is a well known
phenomenon, which has been detected by *!P-NMR and
by XPS (10). Using EXAFS and other techniques, Lopez
Granados et al. (27) concluded to the presence of a signifi-
cant amount of mixed-valence V'V-V/V pairs within the py-
rophosphate lattice. Therefore, a permanent electrochemi-
cal equilibrium can be assumed:

VS o VM 4 pt [5]

Since vanadium ions are involved in vanadyl ions, Eq. [2]
can also be written as

(VVO)3+ < (V|VO)2+ + er. [6]

From the electrochemical point of view, a positive hole p*
(or positon) corresponds to an electron vacancy in the va-
lence band of O?~ anions. Such an electron vacancy (or
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hole) can be filled by an electron hopping from a neighbor
anion
0> +pt - O. [7]1

Holes are virtual positive charges (g = e*) whose migration
or transfer corresponds to that of electrons in the opposite
direction. In Eqg. [7], O~ anions correspond to the “chemical
site” of a hole.

Butane activation requires the cleavage of a C—-H bond
from a methylene group as demonstrated by Pepera et al.
(30). This initial cleavage is usually recognized as the rate
determining step [1 and 3]. As discussed by Chaar et al.
(31), such a dissociation is likely to be homolytic because
it requires much less energy: about 400 kJ - mol~! instead
of about 1600 kJ-mol~! for a heterolytic cleavage giving
R~ + HT in the gas phase. As second hydrogen abstraction
rapidly occurs leading to butene as the first reaction inter-
mediate (1, 3, 30, 32, 33). In the present work, we indeed
observed the formation of butenes as minor products in the
catalytic test.

Since p-type conductivity is observed after the catalysts
have been contacted with n-butane, it can be proposed that
the initial activation step of the alkane is a C—H bond cleav-
age via the attack by a hole:

C4H10+p+ <> C4Hé+H+ [8]

If one considers the equilibrium given in Eq. [7], Eq. [8] is
equivalent to
CsHio+ O™ — C4Hg + O* + H'. [81]
It is interesting to notice that the addition of Egs. [5] and
[7] gives
VL0 o VH 4O [9]

Equation [9] represents a charge transfer reaction which
could occur especially at defect sites, as already proposed
by Chaar et al. (31), Matsuura (34), and Szakacs et al. (35).
Such areaction provides a very reactive oxygen species, O™,
which could be responsible for butane activation according
to Eq. [8]. Since the works of Aika and Lunsford (36), it has
been known that alkane oxydehydrogenation may occur
with the intermediate of O~ species on oxide catalysts.

The next step leading to the transient formation of the
olefin could also involve p* holes, equivalent to O~:

C4H9 + pJr — C4Hg + H*
CsHy +0O~ — C4Hg 4+ O?™ + H*.

[10]
[107]

Water elimination then probably proceeds via the interme-
diate formation of hydroxyl groups:

20% +2H" - 20H"
20H" — H,0 + 0%

[11]
[12]
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Equations [8] and [10] correspond to the consumption of
the main charge carriers (p*) as illustrated by the decrease
of conductivity upon butane exposure (Figs. 9 and 10). The
initial oxydehydrogenation of butane to butenes consumes
a surface anion of the solid. This oxygen vacancy must be
healed by gaseous oxygen in order to reoxidize the solid:

1/20,(g) — 0>~ +2p*. [13]

As the reoxidation creates p* charges, Eq. [13] accounts
for the steep increase of the electrical conductivity as soon
as the reduced catalyst is exposed to gaseous oxygen (Figs. 9
and 10).

Indeed, the mass balance of Egs. [8-13] corresponds to

C4H1p0+1/20, — C4Hg + H,0. [14]

The prevalent role of positive holes (p*) in the proposed
mechanism stems from the fact that they are known as
strong oxidizing agents. In heterogeneous photocatalysis,
such holes oxidize alkanes into corresponding aldehydes
and ketones around room temperature (28, 29).

In a previous work (37), we have shown that V-P-O
catalysts and especially (VO),P,0O- display acidic proper-
ties with a significant number of Lewis sites of medium
strength. Such Lewis sites can be associated with coordi-
natively unsaturated (CUS) V** ions (38-40). Recently,
Gai and Kourtakis (42) confirmed the presence of anion
vacancies associated with Lewis acidic centers on butane-
reduced (VO),P,07 catalysts, using high-resolution elec-
tron microscopy. The catalytic partial oxidation of butane
into maleic anhydride has been correlated with surface
Lewis acidity on (VO),P,0; (37, 40, 43, 44). In order to
account for the role of surface acidity on pyrophosphate
catalysts, it may be proposed that the site responsible for
the initial butane activation would be anion pair constituted
of a CUS V* and a O~ species. Such a couple is expected
to polarize the butane molecule and would then facilitate
the C—H bond cleavage. The role of the reactive O~ species
consists in the abstraction of a hydrogen atom as proposed
in Eq. [8]. A second hydrogen atom could be simultane-
ously abstracted by a V** ion, according to a concerted
mechanism already discussed by Busca et al. (39). Alterna-
tively, the secondary butyl radical (CH3;—CH-CH,—CHj5)
formed according to Eq. [87] could also coordinate with
V4 (leading to V3*—C4Hg). Such a bonding would be
promoted by the negative polarization of the butyl radi-
cal.

It is well known that in a long-term activated catalyst
(3000 h) the mean oxidation state of vanadium is only very
slightly higher than 4 (3) with therefore only a few surface
V°* species, probably in mixed valence pairs V'V-VVV as
suggested by Lépez-Granados et al. (27). Although the ac-
curate value of the optimal V4*/V>* surface ratio is still not
definitively established, we feel that it could be comprised
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between 5 and 8 (45). The steady-state surface concentra-
tion of V4*—O~ coming from the charge transfer reaction
(Eqg. [9]) would therefore be fairly low. This statement
appears to be consistent with the low apparent energy of
activation for a reaction performed at about 400°C: we
measured about 70 kJ - mol~? for the pyrophosphate sam-
ples studied in the present work. This fairly low activation
energy suggests that the sites responsible for butane
activation are scarce but quite active. If O~ species were
too numerous on the surface, they might well promote
butane combustion instead of partial oxidation.

CONCLUSIONS

The present electrical conductivity measurements have
established the p-type character of (VO),P,07which is con-
sidered as the active phase in the selective partial oxidation
of butane. In situ changes of the electrical conductivity in
the presence of reactants or under reaction mixture provide
aclear and direct evidence for aredox mechanism with con-
sumption of surface lattice oxygen. Such a redox mechanism
requires the presence of VV°* ions in equilibrium with the
much more numerous V** ions. These VV°* ions are possibly
associated with V** in mixed valence pairs. Moreover, the
present study has explained why the distinct phases of the
reduction by butane and the reoxidation by gaseous oxygen
can be performed separately, as is currently done in the new
circulating bed process (19-21).

Such a two-step process, typically referred to as a Mars
and van Krevelen mechanism, is indeed in agreement with
the participation of lattice oxygen as confirmed recently
using 0, (22).

Because of the p-type semiconductive character, we pro-
pose that charge carriers are p™ holes known as strong oxi-
dizing agents. Actually, p* holes which are virtual positive
charges correspond to O~ species in the solid, which would
result from a charge transfer equilibrium creating V**-0O~
ion pairs. Such a reactive pair associating a CUS V** and
O~ species could explain the initial butane activation with
hydrogen abstraction by O~ species. The subsequent oxy-
dehydrogenation steps could also occur on V4*—O~ pairs.
It is possible that oxygen insertion in the butadiene inter-
mediate could also involve surface lattice O~ species by a
mechanism of [4 4 2] cycloaddition.

In addition, electrical conductivity measurements have
confirmed that the pyrophosphate phase is the main active
phase in activated V-P-O catalysts. In agreement with a
previous work using 3'P-NMR and XPS (10), V-P-O cata-
lysts activated at 400°C under a butane—air mixture acquire
most of their catalytic performance only after at least 84 h.
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