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a b s t r a c t

The stability of the catalyst is a key issue in the operation of a circulating fluidized bed reactor (CFB) for
obtaining maleic anhydride. To study the catalyst degradation process, two VPO samples have been com-
pared: one before operation (“fresh”) and the other (“used”) after operation in a CFB. Since the operation
in the CFB implies the catalyst reduction in one of the reactors and its oxidation in the other, transient
experiments have been chosen as a suitable method for comparing the performance of both catalysts.
eywords:
anadium phosphorous oxide catalyst
aleic anhydride

-Butane selective oxidation
attice oxygen
atalytic partial oxidation

In order to assess the possible modifications of properties, characterization was performed by various
techniques (XPS, XRD, SEM, BET, ICP and TPR). The results show a decrease in performance of the used
catalyst, with lower activity and yield and a slower oxygen transfer rate, which probably are related with
morphological and structural changes such as the lower surface area, the larger size of the crystals, and
the appearance of a new phase. In addition, the deposition of iron during the operation could also affect
the catalyst performance.
ransient studies

. Introduction

The partial oxidation of n-butane to maleic anhydride (MA)
sing VPO-based catalysts has been intensively studied for the last
hree decades [1–6]. At industrial level, several kinds of reactors
ave been utilized for MA production. Fixed beds [7] require highly
iluted conditions (less than 2% butane in air) because of the risk
f explosion or autoignition. Higher butane concentrations can be
sed with fluidized bed reactors (up to 4% butane in air) due to a
etter heat removal and ease of reaction temperature control [8]. In
hese reactors, two reactions (catalyst reduction and catalyst oxi-
ation) occur simultaneously. The n-butane oxidation and catalyst
xidation rates must be equal at steady state, but the rate of the pro-
ess (as a whole) is frequently controlled by just one of these steps.
his fact results in large excesses of oxygen being used to main-
ain reasonable reaction rates and to maintain the catalyst near its
ptimum oxidation state [9]. This strategy, that is employed in con-
entional reactors (fixed or fluidized bed), implies a large dilution
f butane, and therefore the need to manage large volumes in the

eactor effluent.

A possible remedy to reduce the dilution of butane is to use
he catalyst lattice oxygen. Using this idea, DuPont developed a full
cale commercial plant to produce MA in a circulating fluidized bed
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(CFB) reactor. This system consists of a riser reactor in which the cat-
alyst under controlled oxygen concentration oxidizes butane to MA,
using mainly the oxygen from the catalyst lattice, and a fluidized
bed in which the catalyst is re-oxidized [10]. This process demands
a detailed knowledge of both the transient reduction and oxida-
tion kinetics for butane oxidation to MA on VPO catalysts. However,
the studies carried out under steady state reaction conditions may
not be applicable to the sequentially operated process [11]. This
is because the gas phase composition affects significantly the VPO
catalyst surface structure, thus the catalyst may behave differently
under transient conditions than under steady state operating con-
ditions [12]. Another reactor type that may operate outside the
flammability limits is the membrane reactor [13–15], but this type
of contactor has not yet been developed for large-scale operations.
Finally, a new concept of fluidized reactor has been proposed for
this reaction, the two zone fluid bed reactor (TZFBR). This consists
of separating the reaction and regeneration zones within the same
vessel, taking advantage of the fact that oxygen can be transferred
in the lattice of the catalyst by using the internal solid circulation
characteristic of fluidized beds [16].

There has been some controversy about the active phase and the
reaction mechanisms. The activity in the reaction of MA production

is commonly attributed to well crystallized (VO)2P2O7, which is a
V4+ phase, but three oxidation states (V3+, V4+ and V5+) have been
identified under reaction conditions [17]. In fact, the role of each
oxidation state has been the subject of controversy. Some authors
have suggested that a V4+ phase is catalytically active and that the

http://www.sciencedirect.com/science/journal/13858947
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Table 1
Oxygen consumption in the reoxidation step.

T (◦C) mmol O2/kg VPO catalyst

Fresh catalyst Used catalyst

4

both activity and selectivity in absence of gas phase oxygen can be
related with the oxidation degree. This can not be done in a typical
fixed bed with cofeeding of butane and air in steady state. We have
employed a system able to send pulses of reactive gas (butane or
Fig. 1. Scheme of the pulse experimental set-up.

resence of V5+ phases are detrimental to the catalytic performance
18]. In contrast, other authors believe that V5+ plays a beneficial
ole in the performance and that the V4+ presence is negative [19]. It
as recently been proved that the active centre for butane activation
nd maleic anhydride formation comprises a V4+/V5+ couple that is
ell dispersed on the surface of a range of VPO phases, which for
ell-equilibrated catalysts is (VO)2P2O7 [20].

Apart from this controversy, there is a strong interest in to test
f the VPO catalyst loses activity and/or selectivity after being used
n anaerobic operations for MA production. The goal of the present
tudy is to investigate the changes in oxidation capacity, morphol-
gy and structure that VPO catalyst suffers after several months
n operation with reaction–regeneration cycles by comparing this
sed catalyst with the unused (fresh) catalyst.

. Experimental

The two samples of VPO catalyst, one fresh and the other used
uring several months in an industrial CFB, were provided by the
hemical Engineering Department of the École Polytechnique of
ontreal (Canada). They were (VO)2P2O7 with a shell of amorphous

ilica (c.a. 5 wt%). The characterization was made by the different
echniques described below.

Unsteady state tests were carried out in order to calculate the
xidation and reduction capacity by means of pulses of both oxy-
en and n-butane at different temperatures. For each pulse, the
nstantaneous conversion and selectivity for the main products was
btained. The scheme of the experimental set-up used is shown in
ig. 1. The sample (generally 1 g) was located in an 8 mm i.d. reactor
ade of quartz, which was placed in an electric furnace. The carrier

He) flowrate was 200 mL(STP)/min. The reaction temperature used
as 350–450 ◦C and atmosphere pressure. Gases were injected by
eans of several mass flow controllers. A six-way valve was used

o release periodically a known quantity of reacting gas mixture
helium + n-butane or helium + oxygen) by means of a “loop” of
mL in volume, whereas in the remaining time the sample was
ept under a continuous inert carrier gas current (helium). Another
our-way valve was used to provide an exchange between the car-
ier helium and the reacting gas mixture streams when required.
fter the reactor, the outlet gases were kept hot by an electrical
esistance in order to avoid the condensation of products. A small
uantity of gas was taken for analysis in mass spectroscopy equip-
ent (Thermo Onix model VG Gas Prolab). The rest of the gas stream
as passed through an absorber containing distilled water where
he condensable products (mainly MA) were retained. The concen-
ration of MA in this water was measured with a Crison conductivity

eter model GLP 31, after calibrating the conductivity probe. HPLC
nalysis showed only negligible amounts of other adsorbed prod-
cts.
350 14.3 3.6
00 32.9 9.0

450 35.6 7.4

X-ray photoelectron analysis (XPS) was performed with an Axis
Ultra DLD (Kratos Tech.) working with a monochromatic AlK� radi-
ation (10 kV, 15 mA) and the charge compensation device provided
by the supplier. The samples were mounted on a sample rod placed
in the pretreatment chamber of the spectrometer and then evac-
uated at room temperature. The pressure in the analysis chamber
was around 10−6 Pa. The angle between the normal to the sample
surface and the lens axis was 0◦. For the individual peak regions, a
pass energy of 20 eV was used. The survey spectrum was measured
at 160 eV pass energy. Analyses of the peaks were performed with
the software provided by the manufacturer, using a weighted sum of
Lorentzian and Gaussian component curves after background sub-
traction. The binding energies (BE) were referenced to the internal
C 1s (284.5 eV) standard.

Scanning electron microscopy (SEM, Hitachi S-2300) was per-
formed to analyze the surface roughness and grain size. Moreover,
X-ray diffraction analysis (Rigaku/Max System diffractometer Cu
K� radiation � = 1.5418 Å and graphite monochromator), was car-
ried out (not shown here) to check the crystallinity and purity of the
powders as provided. The specific surface areas of the powders were
obtained by static N2 adsorption measurements with a Micromerit-
ics ASAP 2020 on samples previously evacuated at 250 ◦C for 8 h.
Atomic composition of the samples was determined by inductively
coupled plasma (ICP) analysis using PerkinElmer Elan 6000 equip-
ment.

Thermal programmed reduction (TPR) was carried out in a spe-
cific facility composed of a quartz reactor placed in an electric
furnace, a temperature control unit (RCK Instrument Inc., Model
REX-P9), mass flow controllers to inject both argon and hydrogen,
and a thermal conductivity detector (GOW MAC Instrument Co.,
Model 10-454-2). The data were acquired every second by specific
software made in Lab-Windows.

3. Results and discussion

A comparison of catalysts employed in a CFB, where the solid is
subjected to oxidation–reduction cycles, must be done in a system
where the catalyst varies its oxidation degree with time, where the
consumption of lattice oxygen can be calculated and the changes in
Fig. 2. Evolution of the oxygen consumption in reoxidation step at 400 ◦C.



332 L. Pérez-Moreno et al. / Chemical Engineering Journal 147 (2009) 330–335

ion in

o
s
p
o
w
o
t
t
fi
t
i
p
s
a
s
c
t
w
c
a

T
M

T

3
4
4

Fig. 3. Evolution of the MA yield and convers

xygen) in order to calculate the oxygen consumption of both VPO
amples, as received, the instantaneous n-butane conversion and
roduct selectivity at various degrees of catalyst reduction and the
xygen consumption in reoxidation. Experiments were designed
ith three steps: (1) oxidation step of the sample with 20 pulses of

xygen (5% in helium) in order to calculate the oxygen capture at
hree temperatures: 350 ◦C, 400 ◦C and 450 ◦C followed by a con-
inuous oxygen flow (5%) to achieve complete VPO oxidation and,
nally, 5 pulses of oxygen (5%) in order to calculate the response fac-
or of the mass spectrometer and thus quantify the oxygen capture
n the previous 20 pulses; (2) reaction step, injecting 30 n-butane
ulses (5% in helium) at the same temperatures as in the previous
tep, to study the instantaneous conversion and the yield to MA in
naerobic atmosphere; (3) reoxidation step, the same as in the first
tep, but measuring also the mass 44 corresponding to the CO2 that
ould be formed by the coke combustion. For every experiment,
he area of the pulses was calculated by integration and compared

ith the pulses without consumption. The total amount formed or

onsumed of each compound results from the sum of the values for
ll the pulses.

able 2
A yield (%) in the reaction step.

(◦C) Fresh catalyst Used catalyst

50 19.1 5.6
00 37.6 4.3
50 36.3 5.0
reaction step (lines are only for visual help).

The results obtained for the first oxidation step showed a negli-
gible oxygen consumption for both catalysts, which indicates that
both were in a high oxidation state. However, after the reaction
step with n-butane in anaerobic conditions, their oxidation state
was lower, as can be seen by the oxygen consumption data pre-
sented in Table 1. It can be observed that, for both catalysts tested,
the oxygen consumption was significantly smaller below 400 ◦C.
This is in accordance with a slower oxidation rate at these temper-
atures described in previous works [11]. The comparison between
both catalysts shows a sharp loss of oxygen consumption for the
used catalyst, which can have a significant influence on the redox
performance of the catalyst during the reactor operation. The evo-
lution of the oxygen consumption at 400 ◦C is shown in Fig. 2. A total
consumption of oxygen can be observed with fresh catalyst in the
first 10 pulses, whereas the consumption is gradually reduced for
the following ones. In contrast, the fraction of oxygen consumed
in each pulse with the used catalyst is initially markedly smaller,
which indicates a slower oxidation rate, and approaches a very
small value much sooner. This means that the diffusion of oxygen
to the surface is faster in the fresh catalyst than in the used one.
In all cases, the amount of oxygen is quite small compared with
the stoichiometric amount needed to change the oxidation state
of all the vanadium. The maximum amount of oxygen transferred
(35.6 mmol/kg) is roughly 1% of the oxygen needed to change the

oxidation state of vanadium from V4+ to V5+, which implies that
only a few atomic layers close to the surface are involved in the
reaction.

For the reaction step, the evolution of the MA yield and n-butane
conversion are shown in Fig. 3. Due to experimental difficulties
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Table 3
XPS analysis of the tested catalysts.

Catalyst Binding energy, FWHM (eV)a Vox
b Surface ratio

O 1s P 2p V 2p3/2 O/V P/V Si/V

Fresh 531.2 (2.6) 134.0 (1.8) 516.8 (1.4) 518.0 (1.3) 4.36 8.47 1.37 0.85
Used 531.3 (2.8) 134.0 (1.9) 516.8 (1.5) 517.9 (1.6) 4.54 8.71 1.40 0.84
Fresh (after reaction step) 531.4 (2.7) 133.9 (1.9) 516.7 (1.6) 517.8 (1.5) 4.30 7.76 1.46 0.45
U .7 (1.6
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sed (after reaction step) 531.1 (1.9) 133.8 (1.8) 516

a Referenced to BE of C 1s 284.5 eV, numbers between brackets are the full width
b Effective oxidation state of vanadium calculated from the percentage of the tota

he conversion values have some uncertainty, but the trends are
ery clear. The fresh catalyst is more efficient than the used one at
ll the temperatures, providing much higher conversion and yield.
his result indicates the loss of activity of VPO during operation in
n industrial reactor. The total MA yield in 30 pulses of n-butane
5%) is shown in Table 2. It can be noticed that the quantity of MA
btained with the fresh catalyst is considerably higher than with
he used one. With the used catalyst, the MA yield, always low,
carcely varies with temperature, which suggests that the oxygen
iffusion (a physical process) is the controlling factor.
XPS analysis was carried out in order to identify possible changes
ccurring on the surface of the catalysts after being in contact with
he reactant stream. The main elements detected in the fresh and
sed catalysts were O, P, V, Si, N and C, while Fe appeared only in

ig. 4. SEM micrographs of both catalysts characterised: (a) fresh and (b) used.
) 517.9 (1.4) 4.26 7.96 1.53 0.48

lf maximum.
of V 2p3/2 peak (taken as 100%).

the used catalyst. The XPS results are shown in Table 3. The P 2p
and O 1s BEs of all the catalysts were essentially the same in all the
samples studied.

All the V 2p3/2 peaks (not shown) have an asymmetric shape
that points to the presence of different single components. The
main problem that appears in this analysis results from the mul-
tiplet splitting that leads to different line shapes of the V5+, V4+

and V3+ components and makes it very difficult to develop a set
of fitting parameters for each valence state [21]. To overcome this
problem, Coulson et al. [22] elaborated a correlation between the
first moment of the O 1s and V 2p3/2 peaks. Unfortunately, in our
case the position of the O 1s peak may be strongly influenced by
the oxygen in the SiO2 support. Therefore, in this work the analysis
of the XPS spectra has been performed by a curve-fitting proce-
dure in order to distinguish vanadium species in different oxidation
states. All the spectra can be deconvoluted into two components at
516.7–516.8 and 517.9–518.0 eV which can be assigned to V4+ and
V5+ species, respectively [21,23,24].

These deconvolutions show different contents of V4+ and V5+

in fresh and used catalysts both before and after the reaction step,
which lead to changes in the effective oxidation state (Table 3). The
fresh catalysts present a mean oxidation state of vanadium (Vox)
of 4.36, a slightly higher value than those previously reported for
non-supported VPO catalysts [25]. However, Casaletto et al. [26]
found a value of 4.4 in alumina supported catalysts prepared in an
aqueous medium. In addition, Suchorski et al. [21] reported values
of Vox as high as 4.76 in a VPO catalyst layer (organic preparation)
on a tubular membrane. The oxidation state of vanadium on the

surface decreases after the reaction step for both catalysts, but the
change was smaller in the fresh catalyst, in spite of the fact that
it had released more oxygen. The explanation for this surprising
result could be the higher oxygen diffusivity in the fresh catalysts,

Fig. 5. XRD patterns.
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Fig. 6. TPR study.

hich in turn could be due to the smaller size of the crystallites, as
ill be shown below.

The reduction treatment not only diminished slightly the vana-
ium oxidation state and the O/V ratio, but also increased the
uperficial phosphorous concentration and strongly reduced the
i/V external ratio. It is known that the excess P not only prevents
he oxidation of the bulk but also limits the total oxidation of the
urface under severe conditions [27]. On the other hand, the migra-
ion of vanadium phases to the surface of the catalyst (lower Si/V
atio) would increase the activity of catalysts.

The Fe detected on the used catalysts, most likely as iron oxide
BE = 711.7 eV), is in low superficial atomic concentration, less than
.2%. The presence of iron was also detected by the ICP technique
0.08% Fe in fresh catalyst, 0.7 wt%). Iron can be used as dopant to
ncrease the maleic anhydride yield [28], but in this case the much
arger concentration of iron in the used sample suggests that it has
een deposited during the operation (perhaps from the CFB reactor
alls). Since iron oxides have catalytic activity in the deep oxidation
f alkanes [29], it could be one of the causes of the decrease in the
A yield in the used catalysts.
The different performance of both catalysts studied could also

e explained by morphological changes. In this context, two SEM
hotographs are presented in Fig. 4. It can be clearly seen that the
article surface of the used sample shows less roughness. This could
e due to two possible effects: recrystallization of the catalyst dur-

ng the oxidation/reduction cycles, and/or the friction of particles
n the CBF (as commented above), however it may only be a change
ocated in the surface of the spherical particles, and not related

ith the characteristics of the internal surface. A more significant
hange is the decrease in specific surface. The BET area changes very
ignificantly, giving values of 24.8 and 4.3 m2/g for fresh and used
atalysts, respectively. This fact can explain the strong decrease in
atalyst activity, and suggests that the repeated cycles of reduction
nd oxidation resulted in an increased size of the crystallites.

As an additional measurement, the crystallinity of both samples
as determined by XRD (Fig. 5). Using the Scherrer equation for the
ore intense peak (2� = 28◦), it was estimated that the mean diam-

ter grew from 325 to 495 Å after operation in the CFB. This increase
n the size of the crystals has, as a consequence, the removal of cata-
yst active sites which causes the drop in activity. The slower rate of
xygen transfer can also be related with the smaller surface/volume

atio, since oxygen diffusion should occur from deeper layers. A sec-
nd change that can be observed in the XRD is the appearance of
eaks corresponding to a new phase, VOPO4. Since it is generally
ccepted that the most active phase is (VO)2P2O7, such structural
hange should also affect the performance.

[

[
[

ering Journal 147 (2009) 330–335

The reduction of the catalyst in a temperature programmed
experiment (TPR) has also been used to compare the reducibil-
ity of both catalysts. As can be seen by the TPR analysis (Fig. 6),
the H2 consumption occurs at higher temperatures in the used
catalyst, in accordance with the other experiments previously
presented.

4. Conclusion

Transient experiments for the two VPO catalyst samples, “fresh”
and “used”, have shown a dramatic decrease in maleic anhydride
yield and oxygen transfer capacity for the used sample at all the
temperatures studied. In order to determine the causes of this fact,
several characterization studies have been carried out by differ-
ent techniques. XPS and ICP verify the presence of iron in the used
catalyst (Fe/V = 0.2 in surface and 0.7 wt% for the bulk). The pres-
ence of iron oxide, known to be catalyst for the total oxidation of
organic compounds, can be one of the reasons for the decrease
in MA selectivity. A strong decrease in BET area (24.8–4.3 m2/g)
after the CFB operation and the growth of crystallites, calculated
from XRD patterns, explain the decrease in the reaction rate and
the slower transport of oxygen to replenish the surface. XRD also
show the presence of a new VOPO4 phase in the used catalyst. The
worsening of the redox performance is also corroborated by slower
hydrogen consumption in a TPR study. All the above changes con-
firm that the VPO catalyst has been affected by the operation in the
CFB reactor and suffered morphological and structural changes that
provoke a decrease in the number of active sites and a worse redox
performance.
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