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Butane-rich and oxygen-rich mixtures have been fed to a fixed
bed reactor loaded with VPO catalyst used in the production of
maleic anhydride. The experiments were designed in such a way
that the evolution of the state of the catalyst surface and of the
catalytic performance along the bed could be followed and related
to each other. The results obtained indicate that a marked pattern
of catalyst reduction exists in the reactor used under butane-rich
conditions, leading to the appearance of V3* phases. This causes
a strong decrease in the selectivity to maleic anhydride.  © 2000

Academic Press

INTRODUCTION

Notwithstanding the complex nature of VPO catalysts, it
seems clear that one of the key variables controlling their
performance in the oxidation of butane to maleic anhydride
(MA) is the oxidation state of vanadium. Spent equilibrated
catalysts typically exhibit a V valence state that is slightly
higher than 47 (1), which suggests that V is mainly present
on the catalyst surface as V**, with some V°* centers. In
fact, it has been recognized for a long time that active and
selective catalysts need a moderately high oxidation state,
involving the simultaneous presence of V4* and VV°* centers
on the catalyst surface (2). The use of both ex situ (e.g., XPS,
8P NMR spin-echo mapping, and MAS (3)) and in situ
techniques, such as laser Raman spectroscopy, (e.g., 4, 5) has
confirmed the presence of phases characteristic of V4* and
V°*+ under reaction conditions. In particular, the results of
Soejartoetal. (5), who cycled the catalyst between oxidizing
and reducing conditions, demonstrated the sensitivity of
the VPO catalyst to the reaction atmosphere and provided
evidence of the relatively fast and reversible transformation
of (VO),P,0; to various VOPO,4 polymorphs which are V°*+
phases.

Recently, Rodemerck et al. (6) investigated the behavior
of VPO catalysts with average degrees of oxidation ranging
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from 3.2 to 4.9. Catalysts with an average oxidation state of
3.7 or lower were not able to form MA, and only butene,
butadiene, furan, CO, and CO, were observed. On the other
hand, with VPO catalysts having a high degree of oxidation
(average V*°* consisting mainly of 8-VOPQ,) only CO,
was formed. However, it is interesting to note that these
samples could be reduced under reaction conditions, and
MA started to appear in the product stream when the av-
erage oxidation state of the catalyst fell below a value of
V+48_ This was suggested to be due to the formation of a
(VO),P,07 phase on top of the 8-VOPO, surface. For inter-
mediate oxidation states these authors found an increase in
the yield of MA with increasing valence state of V, (up to a
maximum of +4.6). Thus, it seems that a limited amount of
V5* is necessary to obtain a high selectivity to MA, but ex-
cessive V oxidation leads to deep oxidation of the products
to form predominantly CO and CO,. Ait-Lachgar et al. (3)
estimated that the optimal VV°>*/V** ratio would be around
0.25, i.e., one VV°* site for every four V** sites.

Most laboratory studies with VPO catalysts involve fixed
bed microreactors with very small sample sizes (often in the
tens of milligrams range) in order to maintain homogene-
ity of the reaction atmosphere in contact with the catalyst.
However, for higher values of W/F (catalyst to feed ra-
tio) the variation of the reaction atmosphere is very signif-
icant: the oxygen/hydrocarbon ratio (where hydrocarbon
includes not only butane, but also reaction products such
as butenes, butadiene, and maleic anhydride) is highest at
the reactor entrance and decreases throughout the bed as
oxygen is progressively consumed. Thus, one can expect
an increasingly reducing atmosphere from reactor inlet to
exit. On the other hand, there are also non-hydrocarbon,
oxygen-containing species (CO, CO,, H,0O) which are gen-
erated as reaction products along the reactor, whose influ-
ence on the state of the catalyst surface is unknown. The bu-
tane conversion and MA selectivity measured at the reactor
exit are the cumulative result of the reactions taking place
over the different catalyst fractions in the bed. This work at-
tempts to correlate the changes of the reaction atmosphere
along the reactor with the physicochemical characteristics
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of the catalyst (oxidation state and specific phases present)
and the observed catalytic performance.

EXPERIMENTAL

A schematic drawing of the reactor used is shown in
Fig. 1. The reactor was a 10-mme-id stainless steel tube, with
one inlet (number 1) and four 5-mm-id exits, marked 2 to
5 in the diagram. Four small fixed beds each containing
400 mg of VPO catalyst were packed close to each of the
outlets as shown, separated by quartz wool plugs. The exit
from each of the beds could be directed to an on-line gas
chromatograph for analysis. In this way, the reaction atmo-
sphere around each of the four catalyst samples could be
known accurately.

The reaction took place at essentially atmospheric pres-
sure and at a temperature of 450°C. The reactor was heated
by means of a three-zone electrical furnace. A movable
thermocouple inside an axial quartz thermowell (4 mm od)
was used to monitor the temperature profile along the re-
actor. The maximum temperature deviations from the set
point measured at any axial position were +5°C. Mass flow
controllers were used to feed the different gases to the re-
actor. During operation, the reactor was allowed to reach
steady state with a specific inlet composition (exits 2 to 4
closed). Once a constant composition was achieved at exit
5, asmall purge (less than 10% of the total flow) was drawn
in sequence through each of the outlets, starting with exit
number 4. The exit gases were analyzed by means of on-
line gas chromatography, using three capillary columns in
a single gas chromatograph equipped with TCD and FID
detectors. The main products were butane, oxygen, maleic
anhydride, CO, and CO,. Carbon balance closures for the
experiments reported in this work were better than +5%.
The exit gases were also analyzed for n-butene, cis- and
trans-2-butene, butadiene, furan, and cracking products (in
the C2 range). The cumulative selectivity to all of these

To vent

D D N -

ARAE

2 3 4

To GC analysis

]

+He

VPO catalyst

Quartz wool

FIG. 1. Schematic diagram of the reactor setup.

products was always lower than 2%, and they are not in-
cluded in the results given below.

The VPO catalyst used in this work was prepared by Du
Pontwithin the framework of the European project BRPR-
CT95-0046 and supplied as a powder, already in its active
form. A BET surface area of 23 m?/g for the fresh catalyst
was determined from N, adsorption—-desorption measure-
ments (Pulse-Chemisorb 2700). The powder was pelletized,
then crushed and sieved to a size of 160-320 «m, and then
packed in the annular space between the quartz thermo-
well and the reactor wall in order to form the catalytic bed.
The catalyst is believed to be similar, but not identical, to
that used in commercial units. The reaction system used al-
lowed us to take catalyst samples from the different reactor
regions. To this end, steady-state operation was first estab-
lished and gas samples were taken from the different out-
lets, as described above. The reactor was then cooled down
to room temperature under a pure (99.999%) He flow and
transferred to a He-swept glove chamber where each of the
catalyst bed sections was discharged to a He-filled sealed
glass tube for subsequent characterization.

X-ray diffraction (XRD) analysis was performed using a
Rigaku/Max System difractometer (Ni-filtered CuKu radi-
ation, scan rate of 0.02 degrees/s). The evolution of the
catalyst surface following step changes in the feed con-
centration was followed by diffuse reflectance (DRIFT)
data, which were obtained using a Mattson Research Series
spectrometer equipped with a Spectra-Tech environmen-
tal chamber and a liquid Nj-cooled MCT detector. High-
resolution transmission electron microscopy (HRTEM)
was performed ona JEOL 2000EX high-resolution electron
microscope fitted with a LaBg source operating at 200 kV.
Catalyst powders were ground gently using an agate mor-
tar and pestle in the presence of ethanol. One or two drops
of the resulting slurry was deposited onto a 3.05-mm holey
carbon-coated copper mesh grid.

The evolution of the degree of catalyst reduction along
the bed was calculated from the oxygen uptake measured
with equilibrated catalyst in reoxidation experiments. To
this end, after reaching steady state under a given set of
operating conditions, catalyst samples were discharged as
described above and transferred to a 6-mm-id quartz mi-
croreactor. Then, pulses of known volume containing O,/N;
mixtures were sent over the sample at the reoxidation tem-
perature (450°C). Between pulses, the sample was kept un-
derinert (99.999% He) atmosphere. An on-line quadrupole
mass spectrometer (HIDEN HAL 2/201) was used to fol-
low the evolution of the signals corresponding to mass 32
(oxygen) and 44 (CO,). The latter was necessary because
catalyst samples often contained adsorbed hydrocarbons
and/or carbonaceous deposits, which under the conditions
used in the experiments would be burnt to CO,, contribut-
ing to the oxygen consumption observed. The total oxy-
gen consumption was obtained from the difference between
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the areas of the oxygen signals before and after the cata-
lyst bed; the fraction of oxygen consumption contributed
by catalyst reoxidation was then calculated after deduction
of the amount corresponding to CO, formation (since CO
formation was found to be negligible in the reoxidation ex-
periments performed). Catalyst reoxidation was considered
complete when oxygen consumption in the pulses sent over
the catalyst could no longer be detected.

RESULTS AND DISCUSSION

Two different sets of experimental conditions were used,
namely oxidizing (i.e., oxygen-rich) conditions under which
afeed containing 2% butane, 20% oxygen, and 78% He was
fed at the reactor inlet, and reducing (i.e., butane-rich) con-
ditions with the time on stream where the feed contained
10% butane, 15% oxygen, and 75% He. The evolution along
the reactor of the butane and oxygen conversions and of the
selectivity to MA and COx (CO + CO3) under both sets of
conditions is given in Fig. 2. As could be expected, under
reducing conditions the butane conversion rapidly reaches
a nearly stable level of 22% as the oxygen conversion ap-
proaches 100%, whereas under oxidizing conditions there
is an almost linear increase of butane conversion with reac-
tor position. At any axial position along the reactor, butane
conversions were between 2.9 and 3.7 times higher under
oxidizing conditions, compared to reducing conditions. It
must be noted, however, that despite the lower conversion,
the catalyst used under reducing conditions is not less ac-
tive; in fact the local reaction rate (measured as moles of
butane converted per unit time and unit weight of catalyst)
is higher under reducing conditions at the reactor entrance.
The reaction rate quickly decreased in the remainder of the
reactor due to oxygen depletion.

More remarkable is the selectivity trend displayed in
Fig. 2: under oxidizing conditions the selectivity to MA was
significantly higher throughout the bed. The oxidation of
butane to MA is a typical example of a series-parallel ox-
idation network with a valuable intermediate product. In
such cases, as the conversion increases the concentration of
the intermediate product increases too, and deep oxidation
of the intermediate species becomes more likely. Therefore,
under otherwise comparable conditions, a tradeoff is usu-
ally found between conversion and selectivity, whereby in-
creasing conversion implies sacrificing selectivity. The fact
that oxidizing conditions lead to an increase in both the con-
version and the selectivity compared to those under reduc-
ing conditions suggests that important changes have taken
place on the catalyst surface.

Visual inspection of the catalyst discharged from differ-
ent reactor positions revealed significant color differences:
from light gray (entrance) to a somewhat darker gray (exit)
under oxidizing conditions, and from light gray to an al-
most black color under reducing conditions. This suggests
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FIG. 2. Butane and oxygen conversions and selectivity to carbon ox-
ides (COy) and MA as a function of reactor position, for oxidizing and
reducing conditions.

that, while the state of the catalytic surface may be similar
in both cases at the reactor entrance, reducing conditions
would give a much more pronounced pattern of catalyst re-
duction along the bed. This was confirmed by the pulse re-
oxidation experiments carried out on the different catalyst
samples (Fig. 3). The amount of oxygen consumed for reox-
idation (after discounting CO, formation) increased along
the bed in both cases, but the increase was much steeper for
the catalyst used under reducing conditions. The figure also
indicates that the catalyst in the first three positions of the
reactor used under oxidizing conditions and the catalyst at
the reactor entrance when used under reducing conditions
had a similar and relatively high degree of oxidation, with
very little oxygen uptake in the reoxidation experiments.



4 MALLADA ET AL.

QA
1.25 )
. 1.004 A
[oo]
o - ."
S 0.75 Reducing -
\N
O )
5 050
&
£ 0.25-
Oxidizing
000 M
1 2 3 4
Position

FIG. 3. Oxygen consumed during catalyst reoxidation as a function of
reactor position for material exposed to oxidizing and reducing reaction
conditions.

The amount of hydrocarbon material (carbonaceous de-
posits and/or adsorbed hydrocarbons) on the catalyst fol-
lows closely the pattern of catalyst reduction, as shown in
Fig. 4 by the CO; produced during reoxidation. While the
carbonaceous deposits reach concentrations above 2% by
weight toward the exit of the reactor used under reducing
conditions, there is little, if any, carbonaceous deposit on
the first three positions of the reactor used under oxidiz-
ing conditions or at the reactor entrance under reducing
conditions.

HRTEM characterization of all the samples used un-
der oxidizing conditions showed that their appearance was
very similar to that of the fresh catalyst. A typical exam-
ple is shown in Fig. 5a, where it can be seen that the mate-
rial is composed of crystalline micrometer scale (VO),P,07
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FIG. 4. Amount of CO, produced during the combustion of carbona-
ceous deposits on the catalyst surface during reoxidation experiments; the
variation with reactor position is shown for oxygen-rich and butane-rich
feed conditions.

10nm

FIG.5. Typical plan (a) and edge-on (b) views electron micrographs
of a (VO),P,07 platelet exposed to oxidizing reaction conditions.
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platelets with a [100] surface normal. A very broad 200”™
reflection, in XRD and electron diffraction, is indicative of
occasional intercalated amorphous layers running parallel
to the platelet surface (therefore effectively reducing the
thickness of crystalline platelets). When viewed edge-on,
these intercalated disordered layers can be seen as indicated
in Fig. 5b. The platelets also always show a disordered sur-
face layer; this could be as a result of rapid amorphization
of surface VOPO, phases which are very prone to electron
beam damage.

Specimens corresponding to positions 1 and 2 of the re-
actor used under reducing conditions look essentially iden-
tical to those shown in Fig. 5. However, the progressive in-
troduction of planar shear type defects along two sets of
{012}PY® planes that intersect the (100) pyro surface is ev-
ident as we move to positions 3 and 4 near to the reactor
exit (as shown in Fig. 6). The effect is particularly marked
at position 4. These are believed to be generated by the
loss of lattice oxygen, which is the first step in the epitaxial
transformation of (VO),P,07 to VPO, (a VV** phase). This
topotactic transformation has recently been fully character-
ized (7) and maintains the following orientation relation-
ship between the two crystal structures:

[100]pyro//[110] VPO, and [001]pyro//[001] VPO,.

FIG. 6.
reducing conditions, position 4 of the reactor. Note the two sets of shear
defects evident along {012} pyro planes due to the loss of lattice oxygen.
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FIG.7. XRD patterns of catalyst used under oxidizing conditions
(curve a) and from positions 1, 2, and 4 of the reactor when a butane-
rich feed was employed (curves b, ¢, and d, respectively).

A theoretical transformation mechanism has also been
deduced based on structural modeling studies [8]. The
transformation process involves glide/shear defect prop-
agation along the (012)™™ planes, followed by crystallo-
graphic shearing in the (010) directions. Similar defects
have been noted previously from in situ TEM studies of
(VO),P,07 treated under highly reducing atmospheres by
Gai and Kourtakis (9).

While XRD measurementswere notable to directly iden-
tify the formation of either VOPO, or VPO, they were
useful for showing the evolution of the pyrophosphate
phases along the reactor. Figure 7 displays the XRD pat-
terns for catalyst samples taken from different positions in
the reactor used under reducing conditions. Although the
(VO),P,0y reflections are present in all of the samples, it
can be seen that the crystallinity decreases slightly along
the reactor (see curve d corresponding to position 4 of the
reactor), indicating a progressive disorganization of the py-
rophosphate phase. On the other hand, the crystallinity of
the samples used under oxidizing conditions was high at any
position within the reactor: only one set of results (curve a)
is shown as a reference in Fig. 7, and it can be seen that the
pattern is comparable to that of curve b, which corresponds
to material from the reactor entrance under reducing condi-
tions. The decrease of crystallinity with catalyst reduction
was confirmed by the evolution of crystal size, calculated
from the 200" reflection in the XRD pattern as 100, 90,
and 79 A for the samples corresponding to curves b, ¢, and
d of Fig. 7.

The characterization results obtained by different tech-
niques clearly indicate a progressive reduction of the cata-
lyst surface in the reactor used under reducing conditions.
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FIG. 8. Variation of the local selectivity with reactor position for cata-
lyst material exposed to oxidizing and reducing conditions.

As shown in Fig. 2, the performance of the catalyst under
oxidizing conditions is superior, but this does not show the
full difference between butane-rich and oxygen-rich feeds,
since most of the reaction in the former case takes place in
the first reactor section, where the concentration of oxygen
is still relatively high. More illustrative is the plot of the
local selectivity to MA, which is defined as the number of
moles of MA formed divided by the number of moles of
butane reacted at each of the four reactor sections. This is
shown in Fig. 8 where it can be seen that a dramatic dif-
ference exists between the behavior of the catalysts un-
der both sets of conditions. There is a moderate decrease
of selectivity along the reactor for the catalyst used under
oxygen-rich (oxidizing) conditions as a result of the already-
mentioned conversion-selectivity tradeoff in series-parallel
reaction networks. With the catalyst used under butane-rich
conditions from position 2 onward the local selectivity has
negative values, i.e., there is a net destruction of MA. For
position 4 the local selectivity reaches values of —1800%
which means that there is almost no butane conversion and
the scarce oxygen available is being used for MA combus-
tion. It should be noted, however, that the selectivity at the
reactor entrance is comparable to that obtained under an
oxygen-rich atmosphere. This indicates that the oxygen/bu-
tane feed ratio (which has a value of 1.5) in the feed to this
reactor section is still sufficient to keep an active and selec-
tive catalyst surface.

The above oxygen/butane ratio is probably close to the
limit for acceptable performance, as suggested by the re-
sults of transient experiments followed by DRIFT. In these
experiments the catalyst was first stabilized under a feed
containing 2% butane in air (oxygen/butane ratio equal to
10.3), and then the feed composition was shifted to 15%
butane in air (oxygen/butane ratio equal to 1.1), while fol-
lowing the changes of the infrared spectra of the catalyst

surface. The evolution of the catalyst under reduced condi-
tions (not shown) indicated a strong increase of the main
MA bands at 1780 and 1850 cm™1, together with a signif-
icant shift of the former toward lower wavenumbers until
a new stable state was reached after about 40 min. These
results show that, as the catalyst becomes reduced, the con-
centration of MA on the catalyst surface increases, and its
adsorption becomes stronger. Thus, in the reduced catalyst,
the strongly adsorbed MA is more likely to react further
with any available oxygen, giving deep oxidation products
and lowering the MA selectivity.

Operating with a high proportion of butane in the re-
actor feed may be desirable because of process economics
and safety considerations. With the 1-2% butane concen-
trations currently used in industry, recovery is not econom-
ically feasible and unconverted butane is flared. The use
of higher concentrations of butane would allow the re-
cycle of unconverted feedstock and reduce the operating
costs of the process. It would also allow a safe operation,
provided that butane concentrations higher than the up-
per flammability limit or oxygen concentrations below the
minimum oxygen for explosion limit are maintained (10).
However, the results presented above indicate that oper-
ation in a fixed bed reactor under these conditions would
induce detrimental changes on the catalyst surface, leading
to the destruction of MA selectivity. Operation with high
butane concentrations and good selectivity is still possible,
but this requires the use of unconventional contactors, such
ascirculating fluidized bed reactor systemswhich have a suf-
ficiently high rate of catalyst transfer between the reactor
and the regenerator (11, 12) or membrane reactors where
supplementary oxygen is introduced along the bed (13).

CONCLUSIONS

While it is possible to maintain relatively homogeneous
catalyst properties in a fixed bed reactor operating with a
large excess of oxygen in the feed, when the same reactor
was operated under butane-rich conditions very important
differences in the state of the catalyst surface became ap-
parent for different reactor positions. The catalyst was pro-
gressively reduced along the bed, with the appearance of
surface V3* phases for furthermost reactor positions. These
changes were found to be detrimental to selectivity: the re-
duced catalyst became highly unselective, and the available
oxygen was used mainly to burn the MA formed near the
reactor entrance (where the oxygen/hydrocarbon ratio is
more favorable). At the same time, substantial amounts of
carbonaceous deposits were formed on the catalyst located
toward the exit end of the reactor.
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