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Abstract

The different preparation steps are characterized for the single-phase, crystalline, ternary oxide ¢&eyWhich is important
for catalytic, mild selective oxidation reactions. For the synthesis of this oxide, solutions of ammonium heptamolybdate, ammonium
metatungstate, and vanadyl oxalate were spray-dried followed by different thermal treatments. The structures of the materials formed at eact
preparation step, starting from the precursor to the final product, were studied using scanning and transmission electron microscopy, X-ray
powder diffraction, thermal analysis, and Raman spectroscopy. Raman spectroscopy was also applied to shed some light into the aqueou
chemistry of the mixed precursor solutions. Raman data indicate that a molecular structure which seems to be closely related to that of the
final crystalline MgO14-type oxide is already formed in solution. X-ray diffraction revealed that the thermal treatment steps strongly affect
the degree of crystallinity of the ternary Mi©14 oxide. Transmission electron microscopy with energy-dispersive microanalysis confirmed
the presence of V and W in the molybdenum oxide particles and gave evidence for the (010) plane as the most developed face of the crystal:
of this phase. Details of the structural transformation of this system at the different preparation and calcination steps are discussed in relation
to their performance in the selective partial oxidation of acrolein to acrylic acid.
0 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction peculiarities of the atomic arrangements in these systems de-
pending on different preparation routes and element ratios.
Previously, the MgO14-type phase was found to be
highly important for selective partial oxidation catalysis,
for example methanol oxidation [6], acrolein oxidation [7],

About one quarter of all organic products produced
worldwide are synthesized via catalytic selective partial ox-
idation reactions. The industrial and economic relevance of L .
research in this field, hence, is self evident. Generally, theseand propene o>f|qlat|on [8]. P'rocee'dmg work [6-9] showed
industrial processes are highly developed. Improvements ofthalt the' seleciivity for partial oxidation products could
such processes can be achieved only if fundamental unoler-be cgnmderably augmented when Fhe a_mm?”t 0?’@1@

as increased. The structure of this oxide is built up by

standing is reached about active catalyst structures and theit i i .
relation to catalytic performance. pentagonal bipyramids and octahedrally coordinated metal

Currently, MoVW-supported catalysts are used in in- centers [10]. Coordination sphere changes that might explain

dustry for the synthesis of acrylic acid [1-5]. Despite this 1S activity in partial oxidation catalysis can easily be
industrial importance, fundamental information is unavail- imagined in this structure. This oxide forms at a definite

able on both the structure formation during synthesis and thelransition metal ratio of Mo:V:W equal to 0.68:0.23:0.09.
At the same time binary molybdenum-based oxides doped

with different elements such as Nb, W, and Ta have been
* Corresponding author. synthesized and their structures have been identified as those
E-mail address: gerhard.mestl@nanoscape.de (G. Mestl). of the Mo;014 type [11,12]. These phases were found to be
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stable at a wide temperature range and a broad variation ofalterations during synthesis should be related to the chang-
the element ratios. However, the ternary system has not yeting catalytic activity and selectivity in the partial oxidation
been synthesized as a single-phase material without trace®f acrolein.
of other molybdenum oxides; e.g., thermal treatment in  This approach of a knowledge-based development of
inert atmosphere results in the appearance of Mathile all synthesis steps combined with the use of complemen-
treatment in air leads to Mo tary physicochemical characterization techniques led to the
Its identification as an important phase for partial oxida- defined preparation of a single-phase (Mo\A®)4 oxide
tion catalysis makes this (MoVVWD; 4 oxide also important  catalyst for acrolein partial oxidation.
as a model substance for fundamental surface science stud-
ies, provided that single crystals could be grown. Attempts
to grow single crystals via gas-phase transport reactions or2. Experimental
sintering [8,13,14] showed that this phase forms from mix-
tures of molybdenum and tungsten and from mixtures of = The mixed-oxide catalyst with the NM@gV0.23W0.090x
molybdenum, tungsten, and vanadium, but not from binary composition was prepared by spray-drying of mixed solu-
Mo-V mixtures with high V concentrations. Both tungsten tions of ammonium heptamolybdate (AHM; Merck, p.a.),
and vanadium play important roles as structural promotersammonium metatungstate (AMT; Fluka; purum,85%
in the formation and stabilization of this oxide and hence for WO3 gravimetric), and vanadyl oxalate of the respec-
catalytic activity. tive transition metal concentrations with a pH value of 2.
It seems plausible that different thermal treatments of The aqueous solution of AHM with the concentration of
the precursor solutions affect (a) the composition of the 0.963 moJL MoO3s was prepared by dissolving AHM in
usually mixed-phase catalysts and (b) the crystal sizes ofbidistilled water at 353 K. The aqueous solution of AMT
the different constituting phases. Thus, the understandingwith the concentration of 0.271 m@lIWO3 was prepared
of the aqueous precursor chemistry is required to control by dissolving AMT in bidistilled water at 353 K. The aque-
the preparation of such mixed-oxide catalysts. Furthermore,ous solution of vanadyl oxalate with the concentration of
subsequent drying and activation procedures from the lig- 0.379 moJL was prepared by dissolving 205 (Merck;
uid precursor to the active and selective catalyst are of extra pure) in an aqueous solution of oxalic acid (EGA-
paramount importance for the development of the optimum Chemie; > 99%) with the concentration of 1.93 ml
catalytic performance. Accordingly, knowledge has to be at 353 K. The different transition metal precursor solu-
generated about the detailed processes which occur durtions were allowed to cool to room temperature and then
ing these synthesis steps. Only then might it be possible tomixed by adding the corresponding amounts with a me-
fully control not only the phase composition of the mixed- tering pipette. The mixed solutions were heated at 353 K
oxide catalyst, but also the crystal size, the crystallinity, for 1 h.
and the morphology of the active phase. A developed syn- The MgV 0.23Wo.09 Oxide solid catalyst precursor
thesis routine thus could lead to defined crystal sizes orwas prepared by spray-drying the mixtures of the aqueous
even nanocrystalline (MoVWP14 mixed-oxide catalysts.  solutions of AHM, AMT, and vanadyl oxalate with a spray-
Moreover, it offers a versatile path to control its elementary dryer of the “Anhydro”-type. Subsequently, the obtained
composition. Effects of crystallite size/morphology and el- product was calcined at 623 K for 120 min in flowing air
emental composition on the catalytic performance could be (flow rate: 3.6 L/h) and at 723 K in flowing helium (flow
studied separately. rate: 3.6 L/h) for 120 min or only at 713 K in flowing air
To this end, some steps of the developed aqueous prepafor 240 min. The heating rate to these end temperatures was
ration procedure are characterized by in situ micro Ra- 6 K/min. The calcination was done in a gas flow reactor
man spectroscopy. The important subsequent drying procesplaced in a tube furnace.
and further activation and formation procedures are in- The Mo, V, and W concentrations in the precursor so-
vestigated by in situ Raman spectroscopy, high-resolution lutions, the solid precursor, and the catalysts were deter-
electron microscopy (HREM), and X-ray diffraction (XRD). mined by atomic absorption spectroscopy (Perkin—Elmer,
Comparison with Raman spectra of well-defined, single- PE 4100).
crystalline reference oxides [13] was used to assign the Raman spectroscopy was performed on a Labram |
obtained spectra during these catalyst preparation routes tqDilor) instrument equipped with a confocal microscope
certain oxides, such as MePMo04011, M0ogO23, M0Os, (Olympus). A notch filter (Kaiser Optical) was applied to cut
or MosO14. off the laser-line and the Rayleigh scattering up to 150tm
This investigation was aimed at the preparation of a The spectrometer is equipped with a charge-coupled device
single-phase MgD14-type material and the study of its camera (1024 298 diodes), which is Peltier cooled to 243 K
molecular architecture at every step of the synthesis. Possi-to reduce the thermal noise. A He-laser (Melles Griot) was
ble changes of the particle morphologies of the ternary oxide used to excite the Raman scattering at 632 nm with a laser
and its precursors during thermal treatment were also the fo-power of 1.4 mW. The following spectrometer parameters
cus of this study. Last but not least, the detected physicalwere used: microscope objective, 100; slit width, 200 um
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(spectral resolution, 2.5 cm); integration time, 240 s per  Table 1
spectrum; and 20 averages. EDX data of the MoVW mixed oxides activated at the indicated temperature
XRD analysis was carried out using an URD-63 spec- Elements (at%) T =383K T =623K T =713K
trometer with Cu-K radiation in the 5-70 @ range by v 18.9 21.2 244
continuous scanning {2min). The integration time was set w 10.1 11.1 B
at 20 s. The POLYCRYSTAL software package [15] was Mo 70.9 67.7 68

used to refine the structure of the sample calcined in air at

623 K and He at 713 K. Additional XRD measurements 3 poq)itsand discussion
were done at room temperature on a STOE STADI-P focus-

ing monochromatic transmission diffractometer equipped 31 ggm

with a Ge(111) monochromator and a position sensitive de-

tector. Cu-Pg_radiation was uged. The phase analysis was Fig. 1a shows a characteristic SEM image of catalyst
performed with the STOE Win XPOW software package particles after spray-drying. All particles are spherically
(version 1.06; Stoe Darmstadt, Germany) and with POW- shaped and have smooth surfaces. Their sizes range from 2
derCell (V 2.3; Bundesanstalt fir Materialforschung und 45 59 um with main values lying between 5 and 10 pm.
-priifung (BAM) Berlin, Germany). The shape and the size of the spherical particles did not
The particle size distribution was measured on a Coulter change after the calcination in air of the spray-dried material
Counter TA-2 from Coultronics. The specific surface areas 5t 23 K, but the observed morphology of the sample
were determined by the BET method (Micromeritics). ~ changed after heating at 713 K in helium or in air. These
The morphology and the size of the catalyst parti- resylts are given in Figs. 1b and 1c. One can see that now the
cles after spray-drying and during calcination was deter- gpherical particles consist of numerous smaller particles of
mined by scanning electron microscopy (SEM) analysis. regular shape and size ranging from 0.2 to 0.5 pm. The EDX
SEM was conducted on a S 4000 FEG microscope (Hi- results given in Table 1 show that the concentrations of the

tachi). The acceleration voltage was set at 10 kV, the gifferent elements slightly change with thermal treatment.
objective aperture was 30 mm, and the working distance

was 10 mm.

High-resolution transmission electron microscopy
(HRTEM) analysis was carried out on a CM 200 elec-
tron microscope (Philips) (point resolution, 0.2 nm; accel-
eration voltage, 200 kV) equipped with an EDX system

3.2. Particle size distribution and BET surface area

Analysis of particle size distribution shows that most
particles have sizes between 5 and 10 um (59.5%) and these
data are in line with the SEM analysis. About 21% of the

(EDAX). For HRTEM analysis, the samples were prepared particles are smaller than 5 um, and a few particles are larger
from suspensions of the powders in methanol. A drop than 10 pm (19%). After calcination at 623 and 713 K, the
of the methanol slurry was put on holey-carbon/copper particle size distribution did not significantly change.

grids.
Thermal analysis (TA) was performed with a STA 449C

The specific BET surface area of the dried precursor
was very low at 0.8 fyg; that of the calcined oxide

Jupiter apparatus (Netzsch). Flowing helium and air at- was 4.1 d/g. These values are close to those reported for

mosphere were applied (the flow rate was set at 15mim
in both cases). The heating rate was set at 10 and/20K

the industrial MoVW mixed-oxide catalyst [6-9].

Mass spectrometric analysis (TG-MS) of the evolved gases3.3. TG-MS
was performed with an Omnistar quadrupole mass spectrom-

eter (Pfeiffer Vacuum).

The TA data of the spray-dried M@sV 0.23Wo.090, Sam-

The sieve fraction between 0.4 and 0.6 mm of crushed ple, measured in flowing synthetic air, are shown in Fig. 2A.
pellets was used for the catalytic measurements. The cat-Four main mass losses are observed at 385, 545, 621,

alytic tests were performed in a quartz tubular flow re-
actor (i.d. 4 mm). The catalyst (0.025-0.1 g) was di-
luted with quartz (1:10-1:4 by weight) to achieve bet-
ter temperature control. Reaction mixtures of 4%HgO,
8% O, 20% HO, and the balance He with total flow
rates between 0.2 and 2 sl were used for the cat-

and 675 K. Differential scanning calorimetry (DSC) per-
formed simultaneously with TA shows endothermic events
at 385, 525, and 675 K and two exothermic effects at 563
and 621 K, which are similar to the mass losses as evident
from the DTG trace. The first endothermic effect is asso-
ciated with a mass loss of 3.5% in the TA. As seen from

alytic measurements. The reactants and products were anthe MS traces, 33.4% of the total amount of water in the
alyzed by an on-line gas chromatograph (Varian 3800) catalyst is released from the sample. Water, carbon dioxide,
equipped with TCD and FID detectors. A Porapak-QS col- ammonia, and nitrogen oxides are released at the endother-
umn (2mx 1/8IN, s.s.) and a 680 Carboxen 1000 column  mic and exothermic effects at 525 and 563 K, respectively.
(15 FTsx 1/8 IN, s.s.) were employed for the analysis of The release of carbon dioxide is due to the decomposition
permanent gases and organic substrates. The carbon mass vanadyl oxalate. Nitrogen oxides are formed from the ox-
balance was 10& 5%. idation of ammonia and the reduction of the vanadium and
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Fig. 1. Typical SEM images of the spray-dried precursor (a), the MoVW
oxide catalyst heated at 623 K in air (b) and at 713 K in He (c) at different
magnifications.
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molybdenum precursors. An exothermic effect is detected
at 621 K, which is related to only a slight mass loss of 3.5%.
Water and traces of ammonia, carbon dioxide, and nitrogen
dioxide are observed by MS. This exothermic effect is as-
sociated with a crystallization process as revealed by SEM
and XRD.

Fig. 2B displays the TA data obtained in flowing helium
of the sample which was pretreated in flowing air at 623 K
for 2 h. Two major mass losses of 4.6 and 1.4% are observed.
The DSC curve shows endothermic events at 378 and 555 K,
which correlate with the mass losses as also confirmed by
the DTG trace. The first effect is accompanied by a mass
loss of 4.6% as shown in the TG curve. The MS analysis
of the evolved gases shows that only water is released from
the sample. The second endothermic effect at 555 K is also
accompanied by loss of water. Other thermal effects or mass
losses were not observed up to 743 K. In this experiment,
the release of carbon dioxide or nitrogen oxides was not
observed. These compounds obviously were completely
released during the pretreatment of the precursor in air at
623 K for 2 h, in line with the TA data shown in Fig. 2A.

3.4. XRD

Fig. 3 displays the results of the XRD analysis of the
Mog.68V0.23Wo.09 mixed-oxide samples after the different
treatment steps. The XRD patterns shown in Fig. 3 of the
initial and calcined samples differ considerably. The XRD
patterns reveal that the mixed MlggV0.23Wo.09 OXide pre-
cursor was poorly crystallized after spray-drying (Fig. 3a)
and after calcination in air at 623 K (Fig. 3b). The broad halo
lying between 8 and 14 20 is characteristic for the XRD
pattern of the spray-dried sample as evident from Fig. 3a.
It should be noted that a set of reflections of thesKg
structure, such as (210) and (310), appear in thisegion
(Figs. 3c and 3d). After thermal treatment of the spray-dried
sample at 623 K in air, the halo disappeared and a broad
XRD peak is observed at 226 in the XRD pattern of this
sample (see Fig. 3b). In this case, the peak location is very
close to that of the (001) reflection of MO14. The spray-
dried material shows a second broad signal at 2266 The
broad reflection, observed in this range (Fig. 3a) transforms
into a set of sharp peaks, including the (550) reflection of
Mos014, after calcination in air at 723 K (Fig. 3c) and in
air at 623 K plus in helium at 713 K (Fig. 3d). These obser-
vations indicate that a M@®14-type structure is preformed
in the spray-dried precursor but of course with a very low
degree of structural ordering within the basal plane. This
observation is in agreement with published results of the
structural studies of the nanocrystalline, industrial catalyst
[6,16].

The XRD pattern of the MoVW sample calcined in air
at the higher temperature of 723 K is shown in Fig. 3c.
This temperature results in the crystallization of the complex
Mo-V-W oxide of the M@O14 type from the nanocrys-
talline, spray-dried material as confirmed by the appearance
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Fig. 2. (A) TA in flowing synthetic air of the spray-dried M@gV g 23Wg.0gOx catalyst. (Top) (a) TG data; (b) DTG data; (c) DSC data. (Bottom) MS traces
of evolved HO, NHgz, CO,, NOy, and NO. (B) TA in helium of the spray-dried NM@gVo.23Wo.090x catalyst pretreated in air at 623 K for 2 h. (Top) (a)
TG data; (b) DTG data; (c) DSC data. (Bottom) MS trace of evolved water.
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Fig. 3. X-ray pattern of the MoVW oxide precurgoatalysts. (a) Spray-dried precursor; (b) catalyst calcined in air at 623 K for 2 h; (c) catalyst calcined in air
at 723 K for 2 h; (d) catalyst calcined in air at 623 K and in helium at 713 K; (e) catalyst calcined in air at 623 K for 2 h after operation in acroleim oxidatio
for 80 h. The inset shows the 2egion of diffractogram c which shows reflections due to MoO
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Fig. 4. HREM images and SAED patterns of @, 4 structure viewed along the [001] (a) and [010] (b) directions.

of the sharp and characteristic peaks of this phase in the

XRD diffractogram (Fig. 3c). However, traces of a MpO  Table2

phase are also detected for this sample. The inset of Fig. 3

X-ray data of the MoVW catalyst heated in air at 723 K

shows the 2 range of the diffraction pattern c, in which 20

the reflections of Mo@ occur as marked by their respec- 777
tive indices. The result of the assignment of the reflections g9
are given in Table 2. These XRD data are corroborated by 1230
Raman spectroscopy (vide infra). Hence, the single-phaseiss
Mo0g.68V0.23W0.090 compound of the MgD14-type struc- 2229
ture could not be identified when the sample was heated in2313
air at 723 K. MoQ@, known for its total oxidation activity, is 2344
definitely present in the catalyst. 24.82

The single-phase MgV 0.23W0.0900 compound of the 27.28
MosO14-type structure is formed only after subsequently 3166
heating the catalyst, precalcined in air at the lower temper- 3374
ature of 623 K, in helium at 713 K, as evident from the 3s98

D Int. (%) Phase
114 32 (MoVW)5014
1017 299 (MoVW)5014

719 105 MoOg (r)

568 84 (MoVW)5014
40 100 (MoVW)E014
384 582 (MoVW)5014
379 390 (MoVW)5014
358 394 (MoVW)5014
3266 36 MoG (r)

2824 171 (MoVW)5014
266 328 MoOg (r)

231 122 (MoVW)5014

XRD pattern of Fig. 3d, which additionally shows the in-
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dices of the reflections of MssV0.23W0.090. It has to be Hence, the treatment of the spray-dried precursor under
noted that the XRD pattern recorded for the catalyst, which well-chosen tempering or reaction conditions is a critical
was thermally treated in air at 623 K and then operated in requirement for the synthesis of well-crystalline, single-
the acrolein oxidation for 80 h (Fig. 3e), is similar to the pat- phase Mo-V-W oxide (Figs. 3c—3e).

tern of Fig. 3d. This observation confirms recent results on

the enhanced formation of the M©14-type structure during  3.5. HRTEM

acrolein oxidation [7].

The XRD pattern of Fig. 3d was used for the struc- According to TEM, the particles of the spray-dried
tural refinement of the ternary oxide sample. According to and the calcined sample (air, 623 K; helium, 713 K)
the results obtained, the structure is well described by theare of platelet-like shape with sizes of about 200 nm in
space group Phmm with the following lattice parameters: length and 10 nm in width. With the help of selected area
a = 4.54063,b = 4.54063, andc = 0.39979 nm. A slight electron diffraction (SAED) patterns, the structure of the
decrease of the unit cell parameters of the thermoactivatedsample was identified as a M014 type. The SAED pattern
ternary oxide is observed as compared to the referenceoriented along [001] zone axis and given in the inset of
MosO14 reported by Kihlborg [10] (PAnbm space group,  Fig. 4a reflects the closely packed character of the@®™a
a =4.5990,b = 4.5990, and- = 0.3936 nm). The incorpo-  structure in the basal plane. The SAED pattern shown in
ration of V and W ions into the structure of this molybdenum the inset of Fig. 4b displays a set of strips similar to
oxide could be the reason for this. It was shown above thatthose characteristic of lamellar materials. Thus, this ternary
crystalline particles of this sample have W and V contents as oxide can be considered pseudolamellar. These layers are
high as 9 and 23 at%, respectively. alternating along the [010] direction. It is evident from the

Data given in Fig. 3 may indicate that the structure of TEM observations that the (010) plane is the most developed
the spray-dried catalyst precursor exhibits only close-rangeplane of the crystalline particle.
order rather than nanocrystalline three-dimensional (3D) pe- At higher magnification, the structure of the sample is
riodicity, because there is only one single halo in the XRD rather complicated. A cubic motif of the dark spots is
pattern, which disappears upon calcination with the simulta- clearly visible in the HRTEM micrograph of the sample,
neous growth of the broad (001) reflection of nanocrystalline indicating the M@O14-type structure viewed along the
Mos014 (Fig. 3b). In the case of nanocrystallinity, there [001] orientation (see Fig. 4a). The distance between two
should be several very broad peaks, instead of one singleneighboring spots is equal to 2.25 nm, which fits well with
halo, whose intensities grow with raising calcination tem- half of the unit cell parameter of M®14. This value also
perature due to the increasing degree of sample crystallinity.coincides with the distance between two channels formed by
Hence, it seems likely that the structure of the spray-dried the pentagonal bipyramides in the structure of this complex
sample is characterized by some structural ordering in theternary oxide [17,18]. Therefore, it can be suggested that the
layer plane but does not possess any periodicity in the per-micrograph in Fig. 4a shows the channels in the basal plane.

pendicular direction, e.g., along [001]. On the other hand, the pseudolamellar nature of the crystal
Moreover, the gradual increase of the intensity of the structure is evident from the HRTEM image of the crystal
(001) reflection during the crystallization of the M®4- viewed down the [010] projection (Fig. 4b) from which an

type structure from an amorphous, spray-dried precursorinterlayer parameter as long as 1 nm can be measured.
indicates a lamellar or pseudolamellar character of this EDX measurements indicate similar elemental compo-
mixed oxide (Figs. 3b—3d). When the layers begin to pack sitions for all investigated particles of the ternary oxide
into slabs, the 3D periodicity of the MoVW oxide becomes sample. As evident from EDX, the concentrations of Mo,
evident. That is also demonstrated by the increasing intensi-V, and W are equal to 68.13, 22, and 9.88 at%, respectively.
ties of the basal reflections. The proposed structural modelThese values are in a good agreement with the EDX data
fits well with Raman spectroscopic data, which also indicate obtained by SEM analysis.
the presence of nuclei of the MO14 phase in the spray- The XRD and TEM data presented in this work are in a
dried material, and with TEM observations, which confirm good agreement with earlier observations on the structural
the pseudolamellar character of the §Ma4 structure (vide arrangement of the MoVW oxide with an admixture of
infra). MoOs [6,9]. The structural evolution of the main ternary
Attention should also be focused on the fact that the phase during thermal treatment seems to be similar to the
crystallization process of the Mo—V-W oxide from the structural transformation of the catalyst in the present study.
amorphous precursor is governed by a proper maintenancelfhe XRD pattern of the precursor described in [6,9,16]
of the cation oxidation states during the thermal treatment shows the same diffuse peaks, which became sharp and
steps to the final catalyst. According to the XRD analysis, strong due to crystallization of the initial structure upon
calcination of the spray-dried precursor in an oxidizing thermal treatment. Note that the (210) and (200) reflections,
medium, i.e., air, leads to the partial disintegration of the although very broad, already exist in the XRD pattern of the
complex oxide phase of the M014 type as proven by  precursor, whereas the (001) reflection is almost absent in
the reflections of Mo®@in the XRD pattern (Fig. 3, inset). the XRD diffractogram. After the first calcination step of the
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precursor, the reverse situation was observed. The former
reflections disappear, and the latter start to grow until the
sharp and intense peaks appear after further heating. Fron
the structural point of view, this implies that there is a kind of
short-order and structural periodicity in the [210] direction,
but it is very poor along the [001] direction. This finding is

in line with recent TEM data [7,9], which indicated diffusion
reflections in the SAED pattern. Irregular packing of thin
layers within the ternary oxide particles in the direction
perpendicular to the (001) basal plane leads to the so-called
bundle structure. The TEM results obtained in this study also
show this pseudolamellar character of the ternary MoVW
phase.
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3.6. Raman spectroscopy Raman Shift [cm-1]
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Fig. 5A shows the Raman spectrum of an aqueous mixed
solution of the three transition metal compounds and the
spectra of individual AHM, AMT, and vanadyl oxalate
solutions for comparison. The spectrum (a of Fig. 5A) of
the pure, colorless AHM = 0.96 mol/l Mo) solution
displays bands at 940, 894, 818, and 700 &nn agreement
with literature [19]. The Raman spectrum of the pure, blue
vanadyl oxalate solutiorc(= 0.76 mol/l V) displays bands
at 974, 908, and 678 cnt (b of Fig. 5A), while a band
is detected at 971 cnt for the pure, colorless AMT(=
0.27 mol/I W) (c of Fig. 5A). The spectrum d of Fig. 5A
was recorded for the freshly mixed solution of the precursor
solutions. Raman bands of the fresh mixed solutions are

690

Intensity [a.u.]

observed at 964, 944, 910, 821, 790, 711, and 682'¢m a ) . )

which are in the typical regime for Raman bands of polyoxo 1000 800 600
metallates. These bands tentatively could be assigned tc Raman shift

terminal M=O vibrations in the regime between 1 000 and (B)

890 cnT ! and to M—O—-M bridges in the regime between 890
and 600 cml. The calculation of the theoretical spectrum Fig. 5. (A) Raman spectrum normalized to the intensity of the band at
of a hypothetical mixed solution, which was fitted to the 944 cni1 of (a_) the ammonium heptamolybdate solution,_ (b) the vana_dyl

. . oxalalate solution, (c) the ammonium meta tungstate solution, (d) the mixed
experimental data (spectrum e of Fig. 5A), shows bands _ ... (0.53 molL. Mo; 0.18 moyL V: 0.07 mol/L W), (€) the sum
at973, 940,894,817, 701, and 678 ThNote thatthe band s calculated from the respective weighted spectra of the pure starting
positions and observed relative intensities of the different compounds and fitted to the experimental spectrum, and (f) the mixed
signals vary from those of the freshly mixed solution. This solution (of d) after heat treatment at 353 K for 1 h. (B) Raman spectra
hypothetical sum spectrum is clearly different from that ©°f the MoVWO oxide precursgcatalysts: (a) spray-dried, (b) dried in air

. . . at 383 K overnight, (c) calcined in air at 623 K for 2 h, (d) calcined in air at

of the fre_Sth ml),(e,d solution. Hencg, It can _be alssumed 623 K for 2 h and in helium at 713 K for 2 h, and (e) heated in air at 723 K
that previously mixing the three starting solutions induces for 2 1.
a chemical reaction toward a polyoxo compound on a Mo
basis with incorporated V and W.

Fig. 5A f shows the spectrum of a freshly mixed solution, ~ The Raman bands, detected at 938 and 872'cim the
after additional heat treatment at 353 K for 1 h. The Raman solution Raman spectrum (Fig. 5A f) are also observed in
spectrum of this solution (Fig. 5A b) also differs decisively the Raman spectrum of the spray-dried solid (Fig. 5B a)
from that of the freshly mixed solution (Fig. 6A e). A new together with a broad wing extending to lower wavenum-
intense band appears at 878 chtogether with bands at 697  bers and a very weak band at 682 ¢ Simultaneously,
and 683 crml. These bands appear in the typical regime all other bands that were recorded for the solution disap-
of frequencies of Me—O—-Me bridge stretching modes. The pear. Spectral alterations are evident as compared to the
observation of these bands, thus, points to the formationsolution Raman spectra (Figs. 5A and 5B). By comparison
of polymeric aggregates after this additional heating pre- with Raman spectra reported for MesVo.23Wo.00 Mixed-
sumably containing W and V due to the absence of their metal oxide catalysts [6,9], the band observed at 872%cm
respective Raman bands in the spectrum. after this treatment step is tentatively attributed to a mixed
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cursor, however, has increased somewhat compared to the
band at the same wavenumber of the spectrum recorded in
solution. A comparison with the XRD results (Fig. 3) clari-
fies that the X-ray amorphous spray-dried precursor consists
of these polyoxo clusters. Calcination of the sample in air
at 623 K for 2 h resulted in a Raman spectrum (Fig. 5B c)
which has considerably altered as compared to the spectrum
of the dried materials (Fig. 5B a). The formerly promi-
l nent bands between 800 and 1000 ¢nhave changed in
5+ AdAAsdddad 8 shape and have lost their structure. The band at 662'cm
] ] assigned to Me—O—Me bridges shows a higher relative in-
: : : : , : , Y tensity compared to the bands between 800 and 1006 cm
0 S 10 15 60 70 80 This increased intensity might indicate an increased degree
Time on Stream, hours of cross-linking in the solid. However, the Raman spectrum
(A) is still poorly resolved and is additionally characterized by
a high background extending to lower frequencies, which
points to an ill-defined, poorly crystallized material, in line
g—V—V—V—V—V—V—V—V ST with the XRD results (see Fig. 3). The Raman spectrum of
] Fig. 5B d was recorded of the catalyst additionally tempered
in He at 713 K for 2 h. The spectrum is more resolved com-
1 T pared to the spectrum of the preceding step and shows bands
60 b and shoulders at 985, 949, 866, 818, 682, and 584'cm
: 1 The Raman bands are more resolved and the background is
40 - . reduced compared to the mixed oxide after thermal treat-
] ] ment at 623 K in air. The observed band positions are in
204 i agreement with those reported by Dieterle et al. [9] and
| iy oy 0-u—n N ] Blume [13] for the catalyst prepared by other methods and
0 B ~0—0—0—0—0—0—0—0 IR with a different transition metal ratio. These spectral alter-
— 17—/ T ations indicate an increase in crystallinity of the mixed oxide
0 1 2 3 4 70 75 80 85 90 after this treatment step that fits well with the XRD resullts,
Time on Stream, hours which demonstrated the crystallization of the M 4-type
(B) mixed oxide.
When the spray-dried sample was additionally calcined
Fig. 6. (A) Acrolein conversion over the MY 3W1 5014 catalyst at 563 K at 723 K for 2 h, Raman shows bands or shoulders at
and.as _a furlctic_)n of operation time on_ stream. Spray-'dried sample after 995, 875, 845, 818, and 667 ch (Fig. 5B f)_ The
calcination in air at 623 K for 2 h (circles); spray-dried sample after . .
calcination in air at 623 K for 2 h and subsequent treatment in He at 713 K Raman band at 891 cm can be attributed to monoclinic
for 2 h (triangles). Reaction mixture composition: 4%HGO, 8% O, Mo4O11 [22], whereas the band at 845 chmay be
20% HO, balance—He. (B) Selectivities to acrylic acid (triangles) and assigned to orthorhombic M®14, which is characterized
fC02+hC02 (sctqgarels): sprsy-dried sample a(l;tgrdcalcinaltionﬂin airla_t 6?_3 K by Raman bands at 983, 909, 845, 790, and 72810[1]3].
or open triangles ana squares); spray-dried sampie aiter calcination in H H
air at 6(23pK forzr?and subs?equent)’trepatn{ent in He a$713 K for 2 h (filled But XRD did not reveal th.e prese_nce of ¥y, in the
triangles and squares). sample (see Table 2) which is likely to be caused by
its XRD amorphous state. Obviously, calcination in air at
temperatures below 673 K (data not shown) leads to the
oligomeric species with a molecular structure which might formation of (MoVW)014 in phase mixtures with traces
already contain the structural motif of MO14, i.€., the cen- of MoOs. Temperatures higher than 673 K result in the
tral pentagonal bipyramid surrounded by five octahedra [14]. decomposition of the majority of the (MoV\414 phase
In this context, it has to be mentioned that similar Ra- into a broad phase mixture.
man spectral bands were reported for the Keplerates also
containing the pentagonal bipyramids as a structural mo- 3.7. Catalytic properties
tif [20,21] Thus, the combined information from XRD and
Raman spectroscopy indicate the presence of a molecular The catalytic performances of the different, above-de-
MoVW precursor species and the absence of long-range or-scribed materials were studied in the acrolein oxidation
der in the spray-dried solid precursor. After further drying under identical reaction conditions. Fig. 6A shows the
at 383 K overnight, the Raman spectrum (Fig. 5B b) of the acrolein conversions at 563 K and at= 0.12 ggml as
sample has not changed. The relative intensity of the banda function of time on stream. The selectivities to acrylic
at 866 cnt! attributed to the polyoxo (MoV\WD14 pre- acid and CQ + CO with time on stream are displayed in

Acrolein Conversion, %

10 - .

/L
- T 1T T 1T v 7A/7T T T T T TT1T

100

god Y Y VYV VvV UV Vy i

Selectivities, %




186 S Knobl et al. / Journal of Catalysis 215 (2003) 177-187

Fig. 6B. Itis evident from Figs. 6A and 6B that the precursor sample is caused by crystallization of the #Ma4 phase
pretreatment in air or in air plus He considerably affected during the reaction. Note that the catalyst heated in air and
the final catalytic properties. The catalyst, calcined only in in helium and composed of single crystalline §@ 4-type

air at 623 K for 2 h, shows an activation period similar structure shows low activity and less selectivity for acrolein
to that observed for an industrial MoVWO catalyst [7]. It despite identical XRD patterns of the activated material.

is important to note that a significant change in catalytic ~ This phenomenon might be associated with different
performance was not observed during the first minutes of “real structures” of the compound under reaction conditions,
operation, which could be related to surface processes,e.g., size of the MgD14 particles, degree of nanocrys-
such as desorption of water or surface reduction. Suchtallinity, and different oxidation states of molybdenum,
processes can be excluded as responsible for the improvingranadium, and tungsten. Further, the character of the struc-
catalyst activities. Moreover, the BET surface areas of all tural disordering during the reaction might also be signifi-
materials were very low with about 4%fg and did not cant. This result shows the full complexity of the system by
change upon the different calcination treatments or catalysis.demonstrating that the long-range structure of a catalyst is
Textural changes, thus, can be excluded as responsiblenecessary but by no means sufficient information to obtain
for the changing catalytic activity. As suggested in the a structure—function relationship. New ways in catalysis re-
previous work [7], such an activation period is related search are therefore recommended that investigate in detail
to the formation of an active crystalline phase. In full the real structure of the material in situ under reactive con-
agreement and confirming previous results, XRD of the ditions.

catalyst after operation in the acrolein oxidation for 80 h

revealed the exclusive presence of crystalline (MoY®{}

in this sample (Fig. 3e). The selectivity to acrylic acid over 4. Conclusion

the catalyst calcined in air also slightly increased with time

on stream and reached 97% at an acrolein conversion of A synthesis procedure which allowed the preparation of
25-26%, while that to CG- CO, decreased (Fig. 6B). the single-phase, well-crystallized M014-type oxide has
This slight change in the selectivities over the first 1.5 h been developed in this work. The whole process of structure
might be related to redox processes within the catalyst formation starting from the precursor solutions up to the final
material [6]. However, it has to be stated that the time scale product has been closely monitored. A strong interaction
of the selectivity changes does not correlate with that of of AHM, AMT, and vanadyl ions involving the formation
the increasing catalyst activity. Hence, this result once more of Me—O-Me bridges and a mixed Mo, V, W compound
proves that this increasing catalyst activity is not directly was observed with a structure closely related to that of the
related to redox processes in the material, which should beMosO14 type. This structural motif was maintained during
reflected by selectivity alterations. the spray-drying process but the material showed a low

The steady state selectivity to acrylic acid of 97% crystallinity. Further thermal treatment removed ammonia,
finally reached is close to that of the industrial catalyst [7]. water, and oxalate and increased the state of crystallinity.
The catalyst, which was additionally treated in He at While calcinations in air led to overoxidation with a phase
713 K for 2 h, reached only a six to seven times lower mixture among a well-crystallized M@®;4-type structure,
acrolein conversion rate under identical reaction conditions. the pure single phase was obtained only after additional
Its selectivity to acrylic acid was also lower at 86%. treatment in helium.

It is important to emphasize that treatments which lead  Particles of this MgO14-type compound are oriented
to the decomposition of the M@14-type structure were not  along the [001] and the [010] zone axes. Microdiffraction
applied in the present catalytic tests. Previous investigationspatterns show the closely packed character of the®fg-
have demonstrated [9] that the MDis-type structure is  type structure in the basal plane. This ternary oxide is
stable up to 818 K in He. Thermal treatments at temperaturespseudolamellar with alternating layers along the [010] di-
above 829 K led to the decomposition of the metastable rection and a strongly developed (010) face. Structure re-
Mos014 phase to stable Mofand MoQ [9]. Additionally, finement showed decreasadndb lattice parameters with
strong oxidative or strong reductive conditions were not used respect to Kihlborg et al. [10], but an increasegarame-
in the present study, which also result in the formation of ter. This effect is probably due to incorporation of V and
phases with higher or lower degrees of reduction, such asW into the lattice. This statement is also supported by Ra-
MoO3 or M020s5_ [6,9,23]. man spectral features and shows the importance of V and W

XRD analysis on the sample with the high catalytic ac- as structural promoters to maintain the §@a4-type phase,
tivity (sample heated in air at 623 K for 2 h) revealed that presumably by stabilizing the pentagonal bipyramides.

a crystalline M@O14 structure appears after operation in While the catalyst that formed the 014 Structure after
the acrolein oxidation reaction (Fig. 3e). As was shown an induction period of about 2.5 h achieved the highest
previously the structure of the sample before reaction repre-catalytic activity for acrolein oxidation, the synthesized
sents poorly crystalline (almost X-ray amorphous) material. single-phase material showed less activity but its selectivity
It seems likely that the induction period observed for this was almost as high as that of the industrial material. Some
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A cooperation or spill over phenomena are functionally es-
; sential. Additionally, this work has highlighted the full
complexity of these systems, because X-ray powder diffrac-
tometry indicates the same crystallographic phase for two
differently active materials. This difference can be explained
) only by different “real” structures of the two materials. It
Spray |drying must be strongly emphasized that precise analytical meth-
ods that reveal the details of a real structure of a given phase
& need to be developed to determine structure—function rela-
b g 9 tionships. The synthesis procedure reported in this paper is
* an example of this approach.
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