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In Situ XRD Investigations of Heteropolyacid Catalysts in the Methacrolein
to Methacrylic Acid Oxidation Reaction: Structural Changes during
the Activation/Deactivation Process
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The structural changes of CsH,PMo12040 Keggin-type het-
eropolyacid under the conditions of the methacrolein to methacrylic
acid oxidation have been studied by in situ X-ray powder diffraction
with simultaneous measurement of the activity and selectivity of the
catalysts. The results of the present studies show that under the op-
erating conditions migration of Mo atoms from the Keggin unit into
the intracrystalline pore system takes place. The working catalyst
is characterized by the presence of Mo in the intracrystalline pore
system of the crystal lattice. However, the migration of Mo atoms
has been found to be a progressive process which, with increasing
time on stream, finally results in the destruction of the Keggin units.
The observed activity decline is correlated with the decomposition
of the heteropolyacid under formation of catalytically less active
MoOs3. (© 2000 Academic Press
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INTRODUCTION

Heteropolyacid (HPA) catalysts are enjoying great in-
terest in many important industrial homogeneous and het-
erogeneous catalytic processes (1, 2). Due to their bifunc-
tional character HPA catalysts are appropriate catalysts for
both acid-catalyzed and redox reactions. The combination
of strong Bransted acidity with high redox activity renders
HPA as suitable catalysts for many oxidation reactions.
For example, HPA of the type CsyHz;y_xPVyMO012_xOug
(x=0-2; y=1, 2) are used as catalysts for the oxidation
of methacrolein (MA) and of isobutyric acid (IBA) to
methacrylic acid (MAA) on an industrial scale (3, 4). A
drawback of these catalysts is their relatively short life-
time under the operating conditions of the industrial pro-
cess (5, 6).

Therefore, numerous studies have been carried out on
the thermal stability of different HPA and HPA salts (7-10)
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and on the role of the different promoters contained in
industrial catalysts.

The role of vanadium on activity, selectivity, and stability
has been studied by several authors (11-14). By character-
izing used catalysts by a set of physicochemical techniques
Cadot et al. showed that use of HPA in IBA oxidation leads
to release of vanadium atoms from the initial Keggin struc-
ture (14). It was concluded that under the conditions of the
reaction vanadium is present as VO3 cation and stabilizes
the cubic Keggin structure.

The structure of H4PVMo011040 under the reaction con-
ditions of the IBA to MAA oxidation has been studied re-
cently by means of the in situ XRD technique by llkenhans
etal. (15). The authors concluded that under the conditions
of the reaction VO?* cations are formed. The cubic vanadyl
salt is supposed to be an active phase in IBA to MAA
oxidation.

The effect of cesium salt formation on selectivity and
thermal stability in the oxidation of MA to MAA has been
studied by Misono et al. (16) and DeuRer et al. (17) and
was also described in some patent applications (18). It was
found that Cs has a beneficial effect on selectivity as well
as on thermal stability of HPA catalysts.

Despite improvements achieved by these modifications
the lifetime of MAA catalysts remains still unsatisfactory.
The mechanism of the deactivation process and the cor-
responding structural changes of the catalyst are not well
understood yet.

Because knowledge of the structure is an important
step toward understanding the mechanism of the reaction
and the thermal stability, the determination of structures
present in working catalysts and of structural changes dur-
ing the catalyst aging process is of great interest for fur-
ther improvement of catalytic properties. The aim of this
study is to elucidate the structure of HPA catalysts under
the conditions of the MA to MAA oxidation and of the
structural changes with temperature and increasing time
on stream in order to obtain better insight into the reaction
mechanism and into the nature of the catalyst deactivation

process.
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METHODS

1. Sample Preparation

Samples of CsH,PMo01,04 (abbreviated as CsHPMo12)
were prepared according to a method previously described
(17). Starting materials for the preparation were am-
monium molybdate, phosphoric acid (76%), cesium ni-
trate, and nitric acid (65%). According to the desired
stoichiometry phosphoric acid was added with an excess
of 5%.

The raw materials were dissolved in water in the sequence
given above. Nitric acid was added in such an amount that
the pH of the resulting solution was between 1.5 and 1.8.
Precipitation took place during addition of nitric acid. The
suspension was evaporated to dryness. The resulting solid
was ground and characterized by XRD. Two crystalline
structures were present, NH4;NO3 and a structure of the
type (NH4)3PMo01,040 - 4H,0. The product was tableted to
5- x 5-mm cylinders. The tablets were calcined. The tem-
perature program for calcination consisted of a 24-h heat-
ing period up to 653 K at constant rate. The temperature
of 653 +2 K was held constant for a period of 5 h and
then the product was cooled in a stream of dry air. The
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cylinders were crushed and sieved to the mesh size of 0.2—
0.4 mm. The product was stored tightly sealed under dry
conditions.

2. Sample Characterization

The catalyst was characterized by chemical analysis, by
means of XRD analysis, BET surface area, and porosim-
etry measurements by Hg penetration. After the calcina-
tion procedure the XRD diagram showed a pure monopha-
sic compound having the cubic Keggin structure. The BET
surface area was 5.4 m?/g and the porosity value 0.24 ml/g.
The lattice constants for the fresh and used catalyst were
1.1749 nm and 1.1834 nm, respectively. The lattice constant
for the fresh catalyst is in good agreement with literature
data (19).

3. Insitu XRD Setup

The flow diagram of the experimental setup used for si-
multaneous XRD and catalytic measurements is schemati-
cally represented in Fig. 1. The apparatus consists of three
parts:

(1) the dosing unit for the gaseous and liquid reactants,

D<}—<@@m Nitrogen

1)

FIG. 1.

2) 3)

Flow diagram of the in situ XRD experimental unit: (a) reducing valves, (b) electronic gas flow controller, (c) rotameter, (d) saturator,

(e) nitrogen floating unit, (f) heated pipe, (g) X-ray diffractometer, (h) warming cupboard, (i) combustion reactor, (j) gas chromatograph, (k) pressure

relief valve, (I) reactor, and (m) multiway valves.
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(2) the XRD diffractometer equipped with the in situ
reaction chamber, and
(3) the online GC analytical part.

Dosing of MA was carried out by saturation of a
nitrogen flow in liquid MA at 275 K. Dosing of water was
performed by use of a microprecision pump. The gaseous
feed consisting of MA, air, N, and H,O was preheated to
473 K and introduced directly into the in situ chamber. The
in situ XRD chamber was a commercially available Paar
high-temperature chamber which was modified with a spe-
cial sample holder having a 5-ml catalyst bed volume and a
modified heating system. The thermocouple was embedded
in the catalyst bed. The temperature was controlled within
42 K. In order to prevent polymerization of the reaction
products the outlet gas temperature was kept to 533 K and
analyzed online using a Perkin Elmer gas chromatograph
equipped with a thermal conductivity detector and a capil-
lary column. Exhaust gases from the reactor and from the
GC were introduced onto a total combustion reactor and
converted into CO; on a platinum catalyst.

X-ray diffraction (XRD) patterns were obtained by a
Siemens D-5000 6/6 diffractometer using Cu Ko radiation.

4. Reaction Conditions

The standard feed composition was 1.17 g of MA, 1.02 g
of H,0, 3.51 of air, and 2.821 of N,/5 g of catalyst, h.

The catalytic oxidation was performed between temper-
atures from 593 K to 633 K. The catalyst was granulated
into particles from 0.2 to 0.4 mm in size. Before catalytic
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measurement the catalyst was preconditioned at 473 K for
1 h under air and then for 2 h under the flow reaction gas.
The temperature was then slowly increased to the desired
reaction temperature.

RESULTS AND DISCUSSION

Oxidation of MA over CsHPMo12

In the temperature range between 593 K and 613 K
changes in XRD were only small. In addition to this the
observed changes in intensity were of temporary nature
and reversible with time. Nevertheless, the fluctuations in
intensity were significant and in their tendency very similar
to those observed at higher temperatures.

At 625 K characteristic changes in XRD diagrams were
observed revealing major differences in both relative inte-
grated intensities | /1, and peak positions. Figure 2 shows
the examples of XRD patterns obtained under standard re-
action conditions. The relative intensities I /1, show major
differences compared with the fresh sample (Fig. 2a) and
vary slightly with time between those shown in Figs. 2b-2d.
Although changes in relative intensity affect all the ob-
served diffraction lines the alterations in intensity are espe-
cially conspicuous when inspecting the diffraction lines in
the 26 range between 18 and 26°.

With increasing time on stream the changes in inten-
sity become more and more pronounced and, moreover,
increasing formation of MoOj; can be observed (Fig. 3).

In order to identify the structural alterations responsi-
ble for the observed changes in XRD patterns, intensity
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FIG. 2.

In situ diffraction patterns at 625 K with increasing time on stream, 0-120 h, (a) without MA supply, and (b)-(d) MA supply on.
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calculations have been carried out using several structure
models by varying fractional coordinates of Mo and O
atoms in the Keggin unit by varying Cs fractional coor-
dinates in the intracrystalline pore system and by moving
Mo atoms from the Keggin unit into the pores. The model-
ing of XRD patterns showed that the measured changes in
relative intensities can only be simulated in a satisfactory
way by moving Mo atoms from the Keggin unit into the
intracrystalline pore system.

Following the model calculation Rietveld refinements of
the atomic coordinates derived from the best-fitting struc-
ture model have been performed. The result of Rietveld
profile fitting is given in Fig. 4. It shows good agree-

In situ diffraction diagrams at 625 K with increasing time on stream, 120—360 h. Peaks corresponding to MoOj3 are marked.

ment between the measured and calculated intensities (S =
Rwp/Rexp =1.29; Rpragy=8.06%). Most of the resulting
differences between measured and calculated intensities
are due to a nonsystematic broadening of some of the
diffraction lines. A similar effect of peak broadening has
been observed for (VO),P,07 catalysts in the butane oxida-
tionreaction (23). The results of the analysis of the observed
peak broadening and the structural details of the situation
of the Mo(2) atoms in the pores of the active HPA salt will
be published in a separate paper.

The resulting atomic coordinates are presented in
Table 1. The lowering of the occupancy factors of the
Mo(1l)—and O(1-3)—atoms from 12 to the calculated
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FIG. 4. Rietveld refinement plot of a used catalyst, observed (continuous line) and calculated (dotted line) XRD pattern. Goodness of fit S=

RWF‘/REXP = 129, RBragg =0.08.
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TABLE 1

Fractional Atomic Coordinates

X y z k
Mo(1) 0.4663 0.4663 0.2561 11.4249
Mo(2) 0.7487 0.7266 0.3362 1.3249
Mo(2) 0.2500 0.7500 0.7500 0.3600
o) 0.6582 0.6582 0.0112 11.4547
0(2) 0.0639 0.0639 0.7736 11.4203
o®3) 0.1301 0.1301 0.5424 11.8658
(0]C)] 0.3283 0.3283 0.3283 4.0
P 0.75 0.75 0.75 1.0
Cs 0.25 0.75 0.75 1.0

Note. Mo(2) and Mo(2)' represent Mo atoms in the intracrystalline
pore system of the HPA; k = stoichiometric occupancy factor.

values between 11 and 12 is in conformity with recent results
of IR—and Raman—spectroscopy. It has been shown (24)
that under the conditions of the reaction lacunary PMo12_x
Keggin units are formed which in the presence of moisture
undergo a reversible restructuring process. The working
state of the catalyst is characterized by the presence of de-
fects in the anionic structure. The Mo(2) atoms are located
in the interstices between the polyanions but their atomic
fractional coordinates differ significantly from the ideal po-
sitions for alkali metal ions in cubic HPA salts. The Mo(2)
atoms are closer to the heteropolyanions as cations occu-
pying the exact crystallographic positions and are probably
bound to oxygen atoms of the polyanion.

In view of these results it is interesting to consider the
changes of lattice constant as a function of run time: a, in-
creased continuously as the changes in intensity became
more and more pronounced. This phenomenon may be re-
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lated to the ionic radii of the Mo oxospecies formed by the
catalytic interaction. In Nay(VO)(SiW1,040 - 13H,O (14)
the vanadium atoms are hexacoordinated as VO(HZO)é+
cations and are located in the interstices between polyan-
ions. Depending on the experimental conditions VO?* ions
can be dehydrated (bound to the heteropolyanion) or in
the hydrated form. As the ionic radii of such oxospecies
are expected to be larger than the ionic radii of Cs atoms,
the large increase of the lattice constant from 1.1749 nm to
1.1843 nmisaplausible result of the molybdenum migration
process.

Corresponding to the observed structural changes, the
activity and selectivity of the catalyst follow those of Mo
migration and MoO3 formation:

Within the first 120 h on stream conversion and selectivity
increased from 63.6% to 68.4% and from 56% to 58.5%,
respectively (Fig. 5). Apparently, the formation of cationic
Mo species exerts a beneficial effect on both activity and
selectivity of the catalyst.

Between 120 and 320 h time on stream activity falls to
63% whereas selectivity diminishes from 58.5% to 54%.
Figure 3 shows that the observed decrease in activity and
selectivity is correlated with growing formation of MoO:s.

These results clearly show that the formation of cation-
ic species as previously reported in the literature for
HPVMoll1 is not restricted to VO?** cations. During the
catalytic reaction a similar migration of molybdenum atoms
from the Keggin unit into the pores of the crystal lattice
takes place and these atoms are probably present as cationic
Mo oxospecies.

Moreover, the migration of Mo oxospecies has been
found to be a progressive process which, depending on re-
action temperature and time on stream, necessarily leads to
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FIG.5. Activity and selectivity vs time at 625 K.
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the destruction of the crystal structure under formation of
catalytically less active MoQj3 and this process seems to be
responsible for the long-term deactivation of the catalyst.

Effects of Oxygen and Steam in the Gas Phase

Variation of H,O. The presence of steam had a remark-
able effect both on activity and on selectivity. The activity
and selectivity of the catalyst drop dramatically with de-
creasing water content in the feed but without any changes
in crystal structure. When water was turned off completely
(steam was replaced by nitrogen during the measurement
period) the activity decreased from 65% to 37% conversion
whereas selectivity diminished from 57% to 39%. When
the water was reintroduced into the reaction the catalyst’s
activity and selectivity increased again and reached their
original values after about 6 h on stream. Water conse-
quently has no effect on the catalyst bulk structure. The
role of water is probably restricted to a surface effect or to
adsorption/desorption phenomena (20-22).

Variation of air. The variation of air from an air to MA
ratioof 6: 1to 2: 1 had no effect on the activity or selectivity
values. A further decrease in air to air to MA < 1:1 leads
to decreasing activity values. When the supply of air was
stopped completely the reaction continued for a prolonged
period of time. The selectivity to MAA remained rather
constant although the rate decreased significantly.

A similar effect has been reported in the literature by
Konishi et al. for the same reaction (22). After the standard
reaction conditions were restored the activity and selectiv-
ity reached their original values again. The crystal structure
of the catalyst remained unchanged during these operations
even in a pure MA atmosphere.

CONCLUSIONS

We have shown that under the reaction conditions mi-
gration of Mo oxospecies from the Keggin unit into the in-
tracrystalline pore system of the crystal lattice takes place
and this process has two kinds of roles affecting the activity,
the selectivity, and the lifetime of the catalyst.

On one hand the presence of cationic Mo oxospecies in
the intracrystalline pore system represents the active state
of the working catalyst and exerts a beneficial effect on both
activity and selectivity.

On the other hand the progressive migration of Mo atoms
leads with increasing time on stream to the destruction of
the HPA structure under formation of catalytically less ac-
tive MoQg. This process appears to be responsible for the
long-term catalyst deactivation.

The former role predominates at low reaction tempera-
tures; the latter gains an increasing role at higher reaction
temperatures and with increasing time on stream.

However, our investigations show that the second effect
is not exclusively due to a purely thermal stress. The de-
composition of the catalyst seems to be essentially bound
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up with the nature of the redox catalytic process. Without
catalytic interaction with MA the Keggin structure is ther-
mally stable up to temperatures of 693 K (8). Longer cat-
alyst lifetime can therefore be achieved either by a proper
stabilization of the Keggin structure or by the development
of more active catalysts, working at lower reaction temper-
atures. At temperatures lower than 593 K the migration of
Mo atoms has been found to be a very slow process and the
formation of MoOs is nearly negligible.

Attempts to develop more active catalysts by structural
promoters may be a promising way toward the development
of more efficient catalysts for the MA to MAA oxidation
reaction.
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