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bstract

The catalytic performance of vanadium–molybdenum–tungsten mixed oxides with the basic composition V2Mo8WxOy with 0 ≤ x ≤ 5 and their
tructural changes were examined by TPR and XRD. The variation of the tungsten content in the vanadium–molybdenum oxide matrix allowed
he study of structural and catalytic performances under laboratory conditions in a downscaled version of the complex industrial catalyst.

Focussing the influence of morphology and tungsten doping on the redox properties and the oxygen dynamics, TPR experiments revealed a
trong impact of the preparation method on the catalytic activity. A higher selectivity towards acrylic acid with increasing tungsten content was
etected. Parallel to this, a shift of the selectivity maximum to higher temperatures was found. For the spray-dried samples, an increasing yield of
crylic acid was observed while the yield of the crystallized samples remained constant. The conversion of acrolein changed to the total oxidation
roducts at above 450 ◦C. Additional cyclic temperature programmed experiments were carried out to examine the start-up behavior of the calcined
atalysts under transient conditions. These experiments give also an indication of the catalysts’ stability.

The structural changes of the samples were examined by Rietveld refinements of X-ray data. For the solid-state prepared samples only ther-
odynamically stable phases like orthorhombic MoO3 or V2MoO8 were detected. Mo0.6W0.4O3 and Mo0.29W0.71O3 were observed at increasing
ungsten content. The wet chemically prepared samples showed thermodynamically metastable phase compositions like hexagonal (V,Mo)O3 and
riclinic (V,Mo)2O5. Amorphous to nanocrystalline diffraction pattern are characteristic for the spray-dried samples with a tungsten content x > 1.

complete switch of the phase system after reduction was observed for lower tungsten contents. Only binary oxides like MoO2 or VO2 were
easured. A destruction of the phase systems depending on the gas phase composition was observed from 450 ◦C on by in situ X-ray diffraction.
2006 Elsevier B.V. All rights reserved.
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. Introduction

The production of acrylic acid increased from only 400.000
ons per year in 1980 [1] to more than 2 million tons in
004 [2]. (Poly)acrylic acid is mainly used for superabsorbing
aterials, disposable diaspers and low-phosphorous detergents.

anadium–molybdenum mixed oxide catalysts are applied in

he industrial production. Different elements (e.g. Mn, Fe, Cu,
) are added as promoters in order to improve the selectivity
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f the oxidation reaction of acrolein to acrylic acid [1] and the
ong-term stability of the catalyst. Some of them, e.g. copper [3]
nd tungsten [4] modify the acid-base properties of the surface
nd consequently the heat of adsorption [5,6].

The detailed mechanism, the structure and structural mod-
fications of the catalyst have extensively been studied in the
ast. The main results obtained by EPR, IR, XPS, XRD, cat-
lytic and sorption experiments were published in two review
rticles [5,6]. Bulk oxide material as well as supported catalysts
n high-surface-area SiO2 [5] were examined for their phase

omposition, active centers and catalytic activity [5,6]. A major
nfluence of the support was experimentally excluded [7], the
ctive phases and centers should be identical for bulk oxides
nd supported catalysts. In material with a V2O4 content up to
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mol.% the compound VMo3O11+x was identified as the most
ctive phase whereas for higher V2O4 contents other phases as
Mo2O8+x, V6Mo4O25 or V2MoO8 were formed. These mate-

ials exhibit lower selectivity than VMo3O11+x for acrylic acid
n this order which decreased parallel to an increase of the V(V)
ontent and parallel to a considerable shift to total oxidation
roducts [5].

The reaction of acrolein to acrylic acid is accompanied
y a fast deactivation of the material under technical con-
itions for bulk vanadium–molybdenum mixed oxides. This
peration mode results in thermodynamically stable phases like
rthorhombic MoO3 and monoclinic V2MoO8 which are inac-
ive towards the formation of acrylic acid as shown by solid-state
repared samples [8].

In the copper-modified vanadium–molybdenum oxide cat-
lysts the active phase was reported as VMo3O11+x and
Mo2O8+x where vanadium is partially substituted by variable

mounts of copper [3]. For catalysts with tungsten as promoter,
o5O14 is suggested as active phase with variable but minor

ontents of vanadium and tungsten [4].
Both oxides, Mo4O11 and Mo5O14 with partial substitution of

anadium and tungsten for molybdenum, build layer structures
hich, by integration or removal of oxygen, may form shear

tructures.
In order to deepen the knowledge of the active sites and

xygen transfer in these catalytic systems, mixed oxides were
repared differently and examined by nitrogen adsorption (BET
odel), X-ray diffraction (XRD) and temperature programmed

eduction with acrolein (TPR).

. Experimental
.1. Preparation

The preparation of catalysts with the formal composition
2Mo8WxOy (0 ≤ x ≤ 5) was performed via two different ways

d
o
t
r

able 1
bserved structure types for the samples of preparation methods I, IIa and IIb before

tructure types Preparation method I

SG Reference

O2 P 21/c [21]
O2 C 2/m [25]

V,Mo)O3 P 63 [18]
V,Mo)2O5 P 1 [19]

2MoO8 C2/m [15] X
oO2 P 21 [24]
oO3 Pnma [14] X
oO3 Pbnm [26,28]
oO3 P 21/c [27]
o5O14 P 21/a [22]
o5O14 P 4/mbm [29]
o0.6W0.4O3 Cmc21 [16] X
o0.29W0.71O3 P21/n [16] X
O3 P6/mmm [20]

a Only x = 3.
b x > 1 nanocrystalline/amorphous.
c x > 2 nanocrystalline/amorphous.
lysis A: Chemical 259 (2006) 309–318

Table 1). The first oxide series I was prepared by melting and
alcination of the binary oxides MoO3, V2O5 and WO3 in the
esired stoichiometry to obtain oxides with thermodynamically
table phases. Therefore, the oxides were homogenized in an
gate mortar and melted in a sealed vacuum quartz tube. Then
he powder was pressed into pellets and was annealed in a muffle
urnace for seven days at 600 ◦C. After the calcination proce-
ure the pellets were quenched in liquid nitrogen to stabilize the
ormed crystalline phases.

The second method of preparation is based on aqueous solu-
ions of the ammonium salts acidified with nitric acid. To prepare
he oxides, the precursor solutions were dried via crystallization
IIa) and spray-drying (IIb). The obtained powder was treated in
special furnace with an annealing program up to 400 ◦C as tem-
erature maximum. The details of preparation (I) can be found
n Adams et al. [8] and the preparation of the oxides through
queous solutions (IIa and IIb) in Kunert et al. [9].

.2. Temperature programmed reduction

The performance of the catalysts was characterized by TPR in
micro reactor with acrolein as reducing agent. The design of the
PR equipment was published by Boehling et al. [10]. The reac-

ion products were analyzed by a quadrupole mass spectrometer
Balzers, QMG 511). A continuous analysis of acrolein, acrylic
cid, carbon dioxide, carbon monoxide and water was achieved
hrough online monitoring.

Two hundred fifty milligrams of a probe was pre-treated at
00 ◦C for 60 min with 10 vol.% oxygen (Messer Griesheim)
n inert gas with a flow rate of 1.2 l/h and subsequently cooled
own to room temperature in inert gas. An inert gas mixture,
rgon with 5 vol.% helium (Messer Griesheim) as internal stan-

ard for the MS analysis was applied. The reduction was carried
ut with 5 vol.% acrolein (BASF) in the standard inert gas mix-
ure Ar/He. The temperature was raised with a constant heating
ate of 10 ◦C min−1 to a maximum of 480 ◦C and cooled down to

and after TPR

IIa IIb

Before After Before After

Xa

X X
X X
X X

X X

X Xb Xc

X
Xa Xa

Xb Xc

Xa X X
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Fig. 1. Profile of the temperature programmed reduction of V2Mo8Oy, prepared
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00 ◦C followed by a re-oxidation of the catalyst under the con-
itions of the pre-treatment. At least two reduction/re-oxidation
ycles were performed. No re-oxidation was performed after the
econd reduction cycle. The contour plots for selectivity, con-
ersion and yield were calculated from the gas phase analysis.
he values for the mixed oxides with tungsten contents x = 2.5,
.5 and 4.5 were approximated by a mathematical 2-point or
-point interpolation which does not lead to a shortening of the
lots but to a better clarity and interpretability.

.3. X-ray diffraction

The powder samples were fixed as a thin layer on an acetate
lm. X-ray diffraction data were collected on a STOE STADI-P
owder diffractometer by Mo K �1-radiation (λ = 0.70926 Å)
nd a position sensitive detector (PSD) in the range of
◦ ≤ 2θ ≤ 40◦. Additional data were measured by Cu K �1-
adiation (λ = 1.54051 Å) in the range of 5◦ ≤ 2θ ≤ 80◦. In both
ases the measurements were performed in transmission geome-
ry with a Ge (1 1 1) monochromator and a step size �2θ = 0.02◦.
tructure refinements were carried out with FullProf [11] in the
rogram package WinPLOTR according to the Rietveld method
12].

For the in situ X-ray diffraction measurements a high-
emperature chamber HDK 2.4 (Johanna Otto GmbH) was
sed in combination with a Siemens D500 (Cu K �1 radia-
ion, pyrolytic graphite secondary monochromator, scintillation
etector). The samples were measured for 15–30 h at 300, 400
nd 500 ◦C in the range of 5◦ < 2θ < 80◦ and a step size of
2θ = 0.03◦ in Bragg–Brentano geometry with a defined oxygen

artial pressure (p(O2) = 21% and 0.03%).

.4. Adsorption studies (BET)

The specific surface area was determined by the BET method.
efore the measurements the samples were dried at 80 ◦C at
0 Pa for 20 h. For the measurement of the specific BET surface
rea (SBET), nitrogen was adsorbed at −196 ◦C on 0.3–0.6 g
owder. For the automatic data logging and evaluation, a Quan-
achrome Autosorb 3B was used. The specific surface SBET of
he samples prepared by I was about 1–2 m2 g−1 and for the
amples prepared by IIa and IIb in the range of 3–15 m2 g−1.

No influence of the tungsten content on the SBET was
bserved. The preparation method itself leads to the higher SBET
f the wet chemical prepared samples (II) but the specific surface
eems to have only a negligible effect on catalysis.

. Results and discussion

.1. In situ characterization by temperature programmed
eduction

.1.1. Influence of tungsten doping and the preparation

ethod
The influence of the preparation method as well as the grad-

al doping with tungsten on the catalytic performance of the
ixed oxides (V2Mo8WxOy with 0 ≤ x ≤ 5) was investigated.

w
p

r

ia solid phase reaction, with acrolein in inert gas as reducing agent (heating
ate: 10 ◦C min−1).

oth samples IIa (crystallized) and IIb (spray-dried) were exam-
ned in detail. The samples of method I are only used to compare
he phase compositions with that of the samples prepared by IIa
nd IIb. As reported for binary vanadium–molybdenum mixed
xides prepared by method I no reduction was indicated in the
nvestigated temperature region [8]. Samples I hardly show any
atalytic activity towards acrylic acid formation as is exemplar-
ly indicated by the concentration profile in dependence on time
or the sample V2Mo8Oy (Fig. 1). Conversion of acrolein begins
nly above 400 ◦C where basically the total oxidation products
re formed. Based on this observation and the stabilization of
anadium–molybdenum oxides by tungsten, no fundamentally
ew information can be expected from TPR in the investigated
emperature region for the samples prepared by melting process
samples I). So we decided to pass on TPR measurement of
ethod I samples.
The results of the TPR experiments in terms of activity and

electivity are presented in Figs. 2–4 for the samples IIa and
Ib as a function of temperature and tungsten content. Partic-
larly, the second reduction cycle is chosen because here the
tart-up phase is completed (q.v. 3.1.2). A strong influence of the
reparation method on the selectivity to acrylic acid is obvious
specially for tungsten contents x > 2. The samples IIb (Fig. 2b)
how consistently higher selectivities than IIa (Fig. 2a). The
electivity of IIb reaches a maximum of 91% around 350 ◦C for
tungsten content 3 ≤ x ≤ 4. With an increasing amount of tung-
ten the maximum of selectivity shifts to higher temperatures
from 270 to 350 ◦C) accompanied by higher absolute values.
he samples IIa reach a maximum in selectivity of only 70%
t 250 ◦C and a tungsten content of x = 0.5 (Fig. 2a). Selectiv-
ty decreases with rising temperature due to the total oxidation
eactions and reaches a value near zero above 470 ◦C. Thus,

ith higher tungsten content an increase in selectivity is most
ronounced for the samples IIb.

Activity is discussed taking into account only the temperature
ange below 450 ◦C in which selective oxidation is dominant.
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ig. 2. Selectivity to acrylic acid, 2nd TPR cycle with 5 vol.% acrolein, heating
a (left): method IIa, 2b (right): method IIb catalysts.

bove 450 ◦C the total oxidation becomes dominant as demon-
trated by the selectivity plot (Fig. 2). The catalytic activity of
amples IIb (Fig. 3b) shifts with increasing tungsten content to
igher temperatures and conversion also increases. The samples
f IIa show only very little sensitivity to the tungsten content
Fig. 3a). The samples of IIa activate acrolein from 190 ◦C on
hile the catalysts of IIb only become active above 200–240 ◦C
epending on the tungsten content. Even the absolute values are
lightly higher for the catalysts of method IIa. Thus, the positive
nfluence of spray-drying on the selectivity is accompanied with

slight drawback in activity. In general, the addition of tungsten

ncreases the activity of both preparation routes. According to
he same trends in activity and selectivity, the maximum yield
f acrylic acid shifts from 320 ◦C (10%) to 360 ◦C (13%) for

r
a
t
p

ig. 3. Conversion of acrolein, 2nd TPR cycle with 5 vol.% acrolein, heating rate 10
left): method IIa, 3b (right): method IIb catalysts.
10 C min , plotted are all mixed oxides of the W-variation x (V2Mo8WxOy).

he series IIb (Fig. 4b). Catalysts of IIa reach a maximum yield
f only 8% at 330 ◦C (Fig. 4a). The origin of the calculated
ields from TPR should be emphasized. Hence, oxidation takes
lace only with solid-state oxygen. In the presence of gas phase
xygen, the selectivity and therewith the yield of acrylic acid
t temperatures higher than 380 ◦C would decrease significantly
ue to gas phase oxidation.

.1.2. The start-up phase
As described in chapter 2.2, cyclic temperature programmed
eductions and re-oxidations were run. Hence, the samples IIa
nd IIb in the above described second reduction cycle exhibit a
hermal and catalytic history leading to changes in structure and
erformance compared to the calcined samples. These changes

◦C min−1, plotted are all mixed oxides of the W-variation x (V2Mo8WxOy). 3a



L. Giebeler et al. / Journal of Molecular Catalysis A: Chemical 259 (2006) 309–318 313

F 10 ◦ −1

(

u
a
a
t
l

r
c
c
h
s
o
h
t

a
h
v
d
r

o
(
t

F
W

ig. 4. Yield of acrylic acid, 2nd TPR cycle with 5 vol.% acrolein, heating rate
left): method IIa, 4b (right): method IIb catalysts.

nder different reaction gas conditions are commonly described
s start-up phase. Usually the start-up phase is completed only
fter several days. In order to accelerate this process, the applied
emperature program up to 480 ◦C reaches the thermal stability
imit of the mixed oxides.

In Fig. 5a and b, the absolute conversion values of the first
eduction cycle are subtracted from the values of the second
ycle (Fig. 3) which leads to a difference plot showing the
hanges throughout the start-up phase. Negative areas indicate
igher conversion in the first cycle while positive areas would

tate that the activity in the first cycle did not reach the activity
f the second one. In the latter case, the start-up process would
ave activated the catalyst. The change of the colors from blue
o red comes up to the change from negative to positive values.

(
s
a
o

ig. 5. Difference plot of conversion of acrolein, 2nd TPR cycle – 1st TPR cycle, 5
-variation x (V2Mo8WxOy). 5a (left): method IIa, 5b (right): method IIb catalysts.
C min , plotted are all mixed oxides of the W-variation x (V2Mo8WxOy). 4a

The minor tungsten doped samples IIa show an increasing
ctivity while the samples with a tungsten content x ≥ 3 show
ardly any changes in activity. The only exception is the deacti-
ation of the sample with a tungsten content x = 5 (Fig. 5a). As
emonstrated by the X-ray pattern this catalyst has undergone a
e-crystallization process (Figs. 8 and 9).

The samples IIb can be divided into three groups. Mixed
xides with a tungsten content x < 1 are slightly activating
Fig. 5b). Samples with 1 ≤ x ≤ 2 are shown by XRD to re-crys-
allize during the start-up phase accompanied by a deactivation

Figs. 10 and 11). Samples with x > 2 remain more or less con-
tant in activity. The XRD pattern demonstrated a high degree of
morphous material for this composition. This is again a proof
f the positive influence of amorphous catalysts on the activity.

vol.% acrolein, heating rate 10 ◦C min−1, plotted are all mixed oxides of the
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ig. 6. Crystalline phases in V2Mo8WxOy mixed oxides prepared by method I
0 ≤ x ≤ 5). (�) MoO3, ( ) V2MoO8, (�) Mo0.6W0.4O3, ( ) Mo0.29W0.71O3.

Within the start-up phase the activity behavior of samples IIa
nd IIb converges. The comparison of the X-ray pattern shows
he same behavior for the whole phase composition. Based on
he evidence of TPR and XRD it is concluded that only high
ungsten contents (x > 2) prevent the mixed oxides from this
e-crystallization process. From the second TPR cycle on, the
eduction behavior of the mixed oxides is reproducible and con-
tant.

.2. Phase composition

The various materials were examined in detail by X-ray pow-
er diffraction after preparation and after the TPR experiments.
he phases are determined by Rietveld refinement and are com-
iled in Table 1.

.2.1. Samples prepared by method I
The material prepared by method I with the general sto-

chiometry V2Mo8WxOy (0 ≤ x ≤ 5) (Fig. 6) exhibits similar
hases as described in the phase diagram of Volkov et al. [13]
or the system V2O5–MoO3. Especially the phases V2MoO8 and

oO3 are present. The existence of V2MoO8 and MoO3 may be
lassified as a criterion for a thermodynamic equilibrium and the
xistence of thermodynamically stable phases [6]. At increasing
ungsten content (x > 0) two additional molybdenum–tungsten
xide phases are found.

The Rietveld refinement was based on the structure models of
oO3, SG Pnma [14] and V2MoO8 with SG C2/m [15]. MoO3

hows a layer structure which is built of chains of staggered
dge-sharing MoO6 octahedra. The V2MoO8 structure can be
escribed as a shear structure of octahedra forming ReO3 layers.
nly in a direction a short range order of three layers of octa-

edra is arranged by common edges. At a tungsten content x = 0
hese two models are sufficient to interpret the X-ray pattern. In
he range of 0.5 ≤ x ≤ 1.5 a phase refined with the structure of

o0.6W0.4O3, SG Cmc21 [16], is detected. Between 2 ≤ x ≤ 5,

s
m
t

lysis A: Chemical 259 (2006) 309–318

fourth phase refined with Mo0.29W0.71O3, SG P 21/n [16] as
tructure model, is observed (Fig. 6). Both structures consist of
three-dimensional network of corner-linked octahedra. Differ-
nces are a distortion of the octahedra in Mo0.6W0.4O3 and the
ilted octahedra in Mo0.29W0.71O3.

As mentioned above MoO3 and V2MoO8 are the ther-
odynamically stable oxides for the V2O5–MoO3 system at

00 ◦C [13] and the Mo0.6W0.4O3 is a thermodynamically sta-
le oxide in the MoO3–WO3 phase diagram at 600 ◦C [16].
he Mo0.29W0.71O3, stable between 150 and 340 ◦C, is a result
f a fast phase transformation of an orthorhombic WO3, SG
nmb, stable at 600 ◦C [16] during cooling before quenching
nd a subsequent fixing of the phase composition. In conclusion
wo oxidic systems are found. The described compounds seem
o be mixed oxides even with solid-state preparation. Admit-
edly an embedding of vanadium cations into the molybdenum
ungsten oxides has to be assumed because of the tolerance of
ungsten and of course molybdenum oxide structures for extrin-
ic cations. This circumstance has also to be viewed for crystal
tructures determined by the phase diagrams of Volkov et al. for
2O5–MoO3 and for V2O5–WO3 by Freundlich [17] in the spe-

ial cases of vanadium-substitution in the system V2O5–MoO3
nd V2O5–WO3.

.2.2. Catalysts before and after reduction prepared by
ethod IIa
The samples before activation and reaction are composed of

hases with the structure types of hexagonal (V,Mo)O3, SG P 63
18], and triclinic (V,Mo)2O5, SG P 1 [19] as shown in Fig. 7a.

ith increasing tungsten content a structure with a hexagonal
O3 type, SG P 6/mmm [20], is observed (Fig. 8). The increase

f the tungsten dominated phase results in the decrease of the
anadium–molybdenum oxide phases. An exception is the sam-
le with a tungsten content x = 3. It is characterized by a different
hase composition because of the non-perfect decomposition of
he ammonium molybdate educt during calcination. The irrel-
vance of this circumstance is shown by TPR and XRD after
eduction. The X-ray pattern is refined by a hexagonal WO3
tructure type, SG P6/mmm [20], and monoclinic VO2, SG P21/c
21], monoclinic Mo5O14, SG P21/a [22] as well as a triclinic
NH4)2Mo4O13, SG P -1 [23]. The phase contents of x = 5 are
pproximated because of the amorphous characteristic of the
-ray pattern and therefore the quality loss at refinement.
After reduction with acrolein a complete conversion of the

hase system can be observed. As shown in Fig. 7b, monoclinic
oO2, SG P21 [24], monoclinic VO2, SG C2/m [25], and in

ome cases hexagonal WO3, SG P6/mmm [20], and orthorhom-
ic MoO3, SG Pbnm [26], or monoclinic MoO3, SG P21/c [27]
re the main components. Additionally at the tungsten content
= 3 monoclinic Mo5O14, SG P21/a [22], is found (Fig. 9).

.2.3. Catalysts before and after reduction prepared by
ethod IIb

Before reaction the samples have a similar composition as

hown for the ones prepared by method IIa. The Rietveld refine-
ents (Fig. 10) were performed with phases of the structure

ypes of hexagonal (V,Mo)O3, SG P 63 [18], triclinic (V,Mo)2O5
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Fig. 7. (a) X-ray pattern and Rietveld refinement of V2Mo8W0.5Oy prepared by IIa before reduction. The phases from top to bottom are hexagonal (V,Mo)O3,
t ent of
a
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M
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riclinic (V,Mo)2O5 and hexagonal WO3. (b) X-ray pattern and Rietveld refinem
re monoclinic MoO2, monoclinic VO2 and monoclinic MoO3.

tructure, SG P 1 [19], and hexagonal WO3 phase, SG P 6/mmm
20]. At a tungsten content x > 1 the system changes com-
letely. While the samples with tungsten contents x ≤ 1 are
ell crystallized, those with x > 1 are amorphous with nanocrys-

alline particles. The sample composition consists of phases with
rthorhombic MoO3, SG Pbnm [28], and tetragonal Mo5O14
tructure types, SG P4/mbm [29], which is supported by elec-
ron diffraction.

After reduction the samples consist of phases with mono-
linic MoO2 and monoclinic VO2 structure types. As minor

hases orthorhombic MoO3 and hexagonal WO3 occur (Fig. 11).
t tungsten contents 0 ≤ x ≤ 2 these phases are detectable.
bove x > 2, the system becomes amorphous to nanocrystalline.
he phases determined are of monoclinic VO2, orthorhombic

ig. 8. Phase content of the catalyst samples V2Mo8WxOy (0 ≤ x ≤ 5) prepared
y IIa before reduction with acrolein. ( ) hexagonal (V,Mo)O3, (�) triclinic
V,Mo)2O5, (�) hexagonal WO3, ( ) monoclinic Mo5O14, ( ) monoclinic
O2, ( ) triclinic (NH4)2Mo4O13, ( ) amorphous/nanocrystalline triclinic

V,Mo)2O5, ( ) amorphous/nanocrystalline hexagonal WO3.

m
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b
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V2Mo8W0.5Oy prepared by IIa after reduction. The phases from top to bottom

oO3 and tetragonal Mo5O14 structure types. Because of the
morphous character and nanocrystallinity of the X-ray pattern
he composition can only be approximated.

The results of both wet chemically prepared catalysts series
how a tendency to decompose to binary oxides after reduction
ith occupation by a single metal only instead of mixed occu-
ation before, e.g. the (V,Mo)2O5 structure type.

A significant trend in the structural data, e.g. lattice con-
tants or similar, cannot be expediently established for expla-
ation of catalytic effects. But for the ternary vanadium–
olybdenum–tungsten mixed oxides the thermodynamically
table phases, in this case the phase with an orthorhombic
oO3 structure type, seem to be more active than for the

inary.

ig. 9. Phase content of the catalyst samples V2Mo8WxOy (0 ≤ x ≤ 5) prepared
y IIa after reduction with acrolein. (�) monoclinic MoO2, ( ) monoclinic
O2, ( ) orthorhombic MoO3, ( ) monoclinic MoO3, (�) hexagonal WO3,
) monoclinic Mo5O14.
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Fig. 10. Phase content of the catalyst samples V2Mo8WxOy (0 ≤ x ≤ 5) prepared
b
(
M

3

(
I
2
o
s
h
I
t
[
a
i

F
b
(
t
p

m
T
w
a
p
t
t
r
p
t
e

s
n
c
p
t
s
s
l

4

p
t
I
t
a
t
e

y IIb before reduction with acrolein. ( ) hexagonal (VMo)O3, (�) triclinic
V,Mo)2O5, (�) hexagonal WO3, ( ) amorphous/nanocrystalline orthorhombic

oO3, ( ) amorphous/nanocrystalline tetragonal Mo5O14.

.2.4. In situ X-ray diffraction measurements
In situ X-ray diffraction measurements at a p(O2) = 21%

air) show a difference in stability of the samples prepared by
Ia and IIb. The material prepared by IIa totally converts in
40 min at 500 ◦C into the thermodynamically stable phases with
rthorhombic MoO3, SG Pbnm [28], and monoclinic V2MoO8
tructure types, SG C2 [30]. Monoclinic MoO3, SG P21/c [27]
as been detected after reduction. For the samples prepared by
Ib, especially for the amorphous samples with tungsten con-
ents x > 1, a longer period of conversion can be recognized

31]. Tungsten seems to stabilize especially the amorphous parts
gainst conversion into thermodynamically stable phases. An
nteresting feature is the observation of the thermodynamically

ig. 11. Phase content of the catalyst samples V2Mo8WxOy (0 ≤ x ≤ 5) prepared
y IIb after reduction with acrolein. (�) monoclinic MoO2, ( ) monoclinic VO2,

) orthorhombic MoO3, (�) hexagonal WO3, ( ) amorphous/nanocrystalline
etragonal Mo5O14, ( ) amorphous/nanocrystalline monoclinic VO2, ( ) amor-
hous/nanocrystalline orthorhombic MoO3.
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etastable phase with the structure type of monoclinic MoO3.
his phase is neither identified in the solid-state nor in the
et chemically prepared samples before reduction. Significant

mounts are found after reduction in some of the samples pre-
ared by IIa. The existence of phases with both MoO3 structure
ypes, which tolerates high concentrations of W(VI) in the lat-
ice, and the hexagonal WO3 structure type may play a role as
eservoirs for the storage of tungsten which could not be incor-
orated into the MoO2 or VO2 structures after reduction. Under
hese conditions tungsten may be available for other purposes,
.g. the (re)construction of phases at re-oxidation.

At a p(O2) = 0.03% (nitrogen) the conversion temperature
hifts about 100 ◦C from 500 to 600 ◦C. At lower temperatures,
o conversion can be detected on a time scale of 30 h. For the
onversion of the thermodynamically metastable to the stable
hases an uptake of oxygen seems to be necessary. It leads to
he assumption of an existence of cations in lower oxidation
tates. According to investigations in the thermodynamically
table V–Mo–O system, vanadium may partially be present in
ower oxidation states [19,31,32].

. Conclusions

The examination of conversion and selectivity against tem-
erature and tungsten content suggests that tungsten is more
han a pure structure promoter especially for the samples series
Ib. In contrast, no significant influence of the tungsten con-
ent is detected for the catalysts of IIa. The change in catalytic
ctivity and selectivity can clearly be ascribed to the prepara-
ion method, the phase composition and the tungsten content
specially for the samples of IIb. While tungsten has only small
ffects on the selectivity to acrylic acid for the crystalline sam-
les of IIa, higher tungsten contents with x ≥ 2 show a significant
ncrease in selectivity for the X-ray amorphous/nanocrystalline
amples of IIb. It can be related to a change in the crystal sys-
ems from a crystalline hexagonal MoO3 and triclinic V2O5
ystem into an amorphous/nanocrystalline orthorhombic MoO3
nd tetragonal Mo5O14 system. The lower selectivity for acrylic
cid production and the high conversion rates of the crystalline
ystem marks the high activity towards the total oxidation reac-
ions. Higher selectivity as a positive influence of spray-drying
IIb) is subtended by a higher temperature for the oxidation of
crolein to acrylic acid compared to the crystallized samples
IIa). Commonly tungsten supports the increase in selectivity
or both preparation methods which is close to the literature
4,33]. The activity of samples IIa and IIb converge during the
tart-up phase. However, this is only true for the minor doped
atalysts. A higher tungsten content prevents the samples from
his convergency.

The wet chemical preparation methods lead to thermody-
amically metastable mixed oxides which do not exist in the
hase diagrams. A total conversion to reduced phases was shown
xcept for the samples (IIb) with tungsten contents x > 2. Their

tructures seem to be stable against reduction according to TPR
nd XRD. Acrolein accelerates the reduction significantly and
owers the conversion temperature as compared to the in situ
-ray measurements in nitrogen with low oxygen content or
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ir. The thermodynamically stable phases exist in the catalyti-
ally inactive material prepared by I and the thermodynamically
etastable phases in the active catalysts prepared by the wet

hemical methods IIa and IIb (q.v. 3.2).
Monoclinic MoO3 in the samples is, however, observed by

reatments with acrolein and under nitrogen/oxygen mixture or
ir. This is explained by the stabilization of some structures by
ungsten which is demonstrated by ex situ and in situ investiga-
ions. In the reduced state only small amounts of thermodynami-
ally stable, orthorhombic MoO3 are found. The existence of the
2MoO8 structure type, however, or other thermodynamically

table phases was not confirmed. So inactivity and/or deacti-
ation of the catalysts by thermodynamically stable phases is
ifferent as compared to the ternary vanadium–molybdenum
xides [6]. A downscale from mixed-occupied metal sites and
omplicated structures to simple and single occupied metal sites
fter reduction is also started.

The reduction of MoO3 to MoO2 was observed during
reatments with hydrogen [34,35] and propene [36] as probe

olecules. The first appearance of MoO2 was observed at 400 ◦C
or crystalline MoO3 in hydrogen and at 350 ◦C in propene con-
aining atmosphere without any stabilization by foreign cations
35,36].

After thermal activation of V–Mo–W mixed oxides in helium
4,37] or nitrogen [38], MoO2 was detected by Raman spec-
roscopy and XRD and VO2 as a trace could not be excluded
4]. During thermal activation in the temperature range between
00 and 556 ◦C, the catalyst material changes the structure from
anocrystalline Mo5O14 structure type to crystalline and the
y-products MoO3 and MoO2. At temperatures ≥ 550 ◦C, the
o5O14 type oxide disproportionates into MoO3 and MoO2

38]. In the case of V–Mo–W mixed oxides the temperature
here MoO2 appears first is 530 ◦C [38]. During acrolein oxi-
ation in presence of oxygen neither MoO2 nor VO2 were
etected [33]. The reaction conditions in the present work favor
he formation of MoO2 or VO2 type oxides. In the case of
he crystalline samples, no crystalline Mo5O14 type oxide is
bserved (except IIa, x = 3) because the reduction temperature
s much lower than the temperature of the disproportionation
f the vanadium- and tungsten-doped Mo5O14 to MoO2 and
oO3 type oxides [38]. A low background for the crystalline

amples in the XRD pattern indicates only minor amorphous
arts as represented by Fig. 8 and 10 with low MoO3 and high
oO2 contents. Thus, a direct reduction from the hexagonal
oO3 type oxide to the MoO2 type oxide and small amounts

f MoO3 stabilized by tungsten as by-products takes place. The
ame result was observed for the reduction of undoped MoO3
35]. This does not apply for samples of series IIb with tung-
ten contents x > 2 where only amorphous and/or nanocrystalline
hases are observed. The X-ray pattern is similar compared to
he one before reduction and shows the stability against reduc-
ion and therefore the disproportionation of the Mo5O14 type
xide which is due to the low reaction temperature of maximum

80 ◦C according to literature data [38]. The trace of VO2 may be
xplained by the destruction of the (V,Mo)2O5 type oxide which
as not been incorporated into a molybdenum or tungsten oxide
atrix.

[

[

lysis A: Chemical 259 (2006) 309–318 317

As an alternative a reservoir function of phases with mon-
clinic/orthorhombic MoO3 and hexagonal WO3 structure
ypes towards the storage of metal cations should be dis-
ussed, e.g. for the re-building of post-reduction phases after
e-oxidation.

It can be summarized that all investigated catalysts prepared
y the two different wet chemical preparation methods are more
r less catalytically active and selective for acrylic acid forma-
ion at temperatures around 380 ◦C in TPR experiments. The
ncrease in selectivity is directly connected to the formation of
he nanocrystalline MoO3–Mo5O14 type oxide system. The high
onversion rates and yields are due to the acrylic acid formation
ut also due to total oxidation. This circumstance is pointed
ut for crystalline samples at temperatures > 400 ◦C where the
riclinic V2O5 type oxide may mainly be responsible for the
otal oxidation. The post-reduction state for all wet chemically
repared samples consists of MoO2 and VO2 with hexagonal
O3 and orthorhombic/monoclinic MoO3 as by-products to

tore redundant W(VI) ions not incorporated in MoO2 or VO2
atrices. The samples of method IIb with tungsten contents
> 2 show the specific characteristic of a reduction stability in

he sense of a steady-state of the structure. According to the
PR experiments tungsten increases the catalytic activity for

he mixed oxides of both wet chemical preparation methods.
owever, the higher stability of tungsten doped mixed oxides of

Ib is accompanied with a shift of activity to higher temperatures
ompared to the crystallized samples (IIa) with the same tung-
ten content. Spray-drying and the change in the crystal system
ead to a higher selectivity. It hardens the assumption that tung-
ten is more than only a structure promoter and participates in
xidation catalysis.
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