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A series of Fe-Mo catalysts with different properties was prepared by modification of the 
synthesis variables, Their catalytic behaviour in the oxidation reaction of methanol to 
formaldehyde was determined. The differences in their textural, morphological, chemical and 
structural properties were determined using nitrogen adsorption, SEM-energy dispersive X-ray 
analysis, X-ray photoelectron spectroscopy, X-ray diffraction and Fourier transform-infrared 
analyses. We have attempted to establish relationships between these properties and their 
catalytic activity in the above reaction. We have found that their catalytic behaviour principally 
correlated with the atomic ratio of Mo: Fe. This ratio was sensibly higher than that required 
stoichiometrically for iron (111) molybdate. 

1. Introduct ion 
Catalysts of iron(III) molybdate are widely used in- 
dustrially for the selective oxidation of methanol to 
formaldehyde. This reaction appears to occur through 
the adsorption of methanol on active centres of M o  6 + 

with the formation of C H 3 0 -  as an intermediate [1]. 
The active centres in the reduced state are later regen- 
erated by oxidation with air through a tittle-under- 
stood mechanism. The desorption of the products, 
especially formaldehyde and water, appear to control 
the rate of the reaction [2]. 

Some preliminary studies [3] have demonstrated 
that the catalytic behaviour of different oxides in the 
oxidation of methanol, could be correlated with the 
enthalpy of transition of one oxidation state to 
another with greater or lesser ease of interchange of 
molecular oxygen with the surface. To make it pos- 
sible appears to be the function of the iron in the 
iron(III) molybdate by comparison with molybdenum 
trioxide and other molybdates doped with different 
types and concentrations of other cations in various 
selective oxidation processes [4, 5]. 

Industrial catalysts always contain an excess of 
molybdenum in respect to that necessary stoichio- 
metrically for the desired molybdate, perhaps, because 
early studies demonstrated that the catalytic activity 
was highest when the Mo: Fe atomic ratio was 1.7 [6]. 
This accounts for the fact that the reaction being 
so exothermic (AH = - 158 kJmol-1),  an excess of 
molybdenum was necessary to compensate for its loss 
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through evaporation of MoO3 in the hot spots. This 
excess of molybdenum may well be incorporated in 
the structure of the molybdate, creating vacancies of 
Fe 3 +, or may well segregate as a second phase rich in 
molybdenum, MoO 3 for example. Only in the first 
case could the excess molybdenum have an effect on 
the catalytic activity, although some studies show that 
this excess could have a great effect on selectivity 
[7, 8]. Additionally, recent studies have demonstrated 
that the catalytic behaviour of these compounds, espe- 
cially the selectivity, does not depend only on the 
crystaltinity but also on the proportion of exposed 
crystalline faces, giving a structure-dependent oxida- 
tion reaction [9, 10]. 

When the catalyst is exposed to a methanol atmo- 
sphere, the reduction of the methanol generates struc- 
tural defects shown by in situ electron microscopy 
[11]. Presumably, during the reaction, these defects 
should be stressed and cause the large structural 
changes which lead to the deactivation of the catalyst. 
Several studies have demonstrated that the surface of 
the deactivated catalyst is characterized by the pres- 
ence of the reduced iron(II) molybdate [11-14]. How- 
ever, the possible effects of these structural defects, 
produced during the reaction, have not been studied. 

In order to contribute to the elucidation of this 
problem, taking into account that the preparation 
method determines the physical and chemical prop- 
erties of the catalyst, a series of catalysts were 
synthesized under distinct preparation conditions se- 
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lected by a statistical method. The object of the work 
consisted in determination of the preparation vari- 
ables which caused the greatest influence on the final 
properties of the catalysts, and to find the possible 
correlations of these with their different behaviours in 
the catalytic oxidation of methanol to formaldehyde. 

2. Experimental procedure 
The following reactants were used for the preparation 
of the studied catalysts: Fe(NOa) 3 ' 9H20 ,  NH4OH, 
H N O  a and (NH4)6M07024. The method of prepara- 
tion comprised the coprecipitation of iron and molyb- 
denum oxides, which were then washed and heat 
treated at 603 K. The preparation variables studied 
were the precipitation temperature, pH of the molyb- 
denum solution, precipitation pH, Mo :Fe  atomic 
ratio, pH of the washing solution, length of calcination 
time at 603 K, and ageing. With the purpose of 
studying the effect of each of these variables with the 
minimum number of samples possible, the statistical 
method known as the Placket Burman matrix, was 
used [15]. In this method each variable is included 
four times at its highest and four times at its lowest 
levels, giving rise to a total of eight object samples of 
study (Table I). The possible effect of each preparation 
variable over a determined property can be obtained 
by averaging the results obtained at its highest level 
and comparing with the averaged results at its lowest 
level, in such form that when the calculation is made, 
the average of all the variables, except that which is 
being considered, are twice at their highest and twice 
at their lowest levels and their effects compensate each 
other approximately. Additionally, for comparative 

purposes, apart from these eight samples a standard 
ferric molybdate (S) and a commercial one (I) em- 
ployed in the industrial process, were also studied. 

The characterization of the materials was made by a 
variety of physical techniques. The textural properties 
were determined by adsorption-desorption isotherms 
of nitrogen at 77 K in a conventional volumetric 
apparatus. The morphological study, chemical ana- 
lysis, identification of chemical species and study of 
the homogeneity of the samples were determined with 
a scanning electron microscope (SEM) ISI DS-130 
coupled to an Si/Li detector and a Kevex 8000-II 
processor for energy dispersive X-ray (EDX) analysis. 
X-ray photoelectron spectroscopy (XPS) was used for 
analysis of the chemical state of the surface using a 
Leybold-Heraeus LHS 10 provided with a magne- 
sium source (MgK~ = 1253.6 eV) operated at a poten- 
tial of 12 kV and 10 mA. The residual pressure within 
the analysis chamber was maintained below 7 x 
10 .9 torr (1 torr = 133.322 Pa) and for the determina- 
tion of the binding energies, the Cis peak at 284.6 eV 
was taken as reference. Crystallinity studies were car- 
ried out by X-ray diffraction (XRD) in a Siemens 
Kristalloflex D-500 diffractometer using a CuK~ 
source (X = 1.5418 nm) at 40kV and 25 mA and a 
nickel filter. Fourier transformed-infrared (FT-IR) 
measurements were made using a Nicolet 5ZDX spec- 
trometer with a spectral range of 4000-400 cm-1, 
with a resolution of 4 cm 1 

The catalytic activity was determined in a fixed-bed 
reactor of 0.9 cm i.d. connected to a Hewlett-Packard 
5840 A gas chromatograph with a TCD detector and a 
Chromosorb 101 column, for the analysis of reactants 
and products at the entrance and exit of the reactor, 

T A B LE I Variables used in the preparation of catalysts 

Cat. Precip. Mo solution Precipitation Atomic Ageing Washing Calc. time at 
temp. (K) pH pH ratio Mo/Fe time (h) sol. pH 603 K (h) 

A 293 2.5 1.5 2.2 0.0 2.0 4.0 
B 353 2.5 1.5 1.1 3.0 t.5 4.0 
C 293 5.0 1.5 1.1 3.0 2.0 2.0 
D 353 5.0 1.5 2.2 0.0 1.5 2.0 
E 293 2.5 2.0 2.2 3.0 1.5 2.0 
F 353 2.5 2.0 1,1 0.0 2.0 2.0 
G 293 5.0 2.0 1.1 0.0 1.5 4.0 
H 353 5.0 2.0 2.2 3.0 2.0 4.0 

T A B L E  II Textural and surface properties of different catalysts 

Cat. SBE v Density Morphology Mo/Fe XRD 
(m 2 g -  1) (g ml - 1) crystallinity 

EDX XPS 

A 2.3 2.4 Large particles 2.2 2.2 
B 4.2 4.3 Globular 1.2 1.7 
C 6.8 3.1 Globular 1.0 0.8 
D 2.8 2.9 Small particles 2.1 1.7 
E 4.0 3.3 Fair platelets 1.9 1,6 
F 2.8 2.3 Globular t.2 1.3 
G 2.1 3.6 Large platelets 1.6 1.7 
H 6.2 5.2 Small platelets 1.9 t.8 

S 6.0 2.7 Globular 1.5 1.5 
I 4.0 3.5 Small platelets 2.2 1.5 

Amorphous 

(Fe2(MoO4)3)orth. 
(Fe2(MoO4)3)onh. 
Amorphous 
Scarce 
(Fe2(MoO4)3)or~h. 
Scarce 
Scarce 

(F%(MoO.)3)or,h 
(MoO 3 + Fe2(MoO4)3)or~h. 
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respectively. For the reaction, 1 g catalyst was used; 
before the reaction, it was subjected to a current of dry 
air (50cm3min -1) for 12h at 573 K. The reaction 
took place in a flow of 50 cm 3 min-  1 of a mixture of 
methanol and dry air (1/10) at atmospheric pressure 
with the catalyst maintained between 453 and 473 K. 

3. Results and discussion 
3.1. Characterization of the catalysts 
The textural, morphological, chemical and structural 
properties of the catalysts are presented in Table II. In 
general terms, the materials have low surface areas, 

with a generally laminar appearance with distinct 
grades of aggregation. Through the application of the 
statistical method of Placket-Burman, one can de- 
duce that the SBEX of the final product was principally 
affected by the pH of the molybdenum solution, the 
pH of the washing solution and, overall, by the ageing 
time. The density was mostly affected by the ageing 
and calcination time. 

The morphological aspect of the catalysts (Fig. 1) 
appeared to be mainly affected by the pH of the 
solution, the initial Mo:Fe  atomic ratio in the solu- 
tion and the ageing period. Low values of the first two 
and high values of the third favour the formation of 

Figure 1 Scanning electron micrographs of several molybdate catalysts. (a d) fresh catalysts (A, C, G, S, respectively). (e-h) Used catalysts 
(A*, C*, G*, S*, respectively). 
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ordered associations of lamellae in globular form of 
relatively high surface area (catalysts C and S). Con- 
trarily, when the pH and the Mo:Fe  ratios were high 
the resulting lamellae appeared small and disordered. 
In intermediate situations, when the Mo:Fe  ratio in 
the solution was high and the pH of the solution low 
without ageing, the morphological appearance was of 
particles more or less developed (catalyst A), which 
under certain circumstances coexisted with disordered 
platelet forms (catalyst G). These various morpholo- 
gical changes are correlated with the surface area 
(Table II). The highest surface areas corresponded to 
samples formed by associated ordered lamellae, while 
small surface areas were related to disordered plates 
or particles. 

The Mo:Fe  atomic ratios of all the samples are 
presented in Table II. Apparently the Mo:Fe  atomic 
ratio used in the solution, along with the final pH, 
were the most influential factors. Low acidity levels led 
to samples with atomic ratios inferior or superior to 
the design (1.1 and 2.2, respectively) close to the 
stoichiometric value of 1.5, which corresponded to 
iron(III) molybdate, considered in many works as the 
unique active species in the methanol oxidation reac- 
tion [1, 16]. Contrarily, higher levels gave rise to 
samples very similar to the design. 

The Mo" Fe atomic ratio at the surface, obtained by 
XPS, was not very different from that obtained by 
SEM-EDX in most of the catalysts, which appeared 
to indicate the absence of segregation of phases when 
the ratio was different to the stoichiometric one. Fol- 
lowing Forzatti and Villa [5], the accommodation of 
molybdenum ions within the iron molybdate struc- 
ture, was made possible by the openness and apparent 
flexibility of the matrix. Possibly an excess of inter- 
stitial molybdenum could be compatible with atomic 
ratios higher than 1.5. Chen [17] explained this situ- 
ation stating that the Fe2(MoO4) 3 structure was re- 
lated to a distorted A3B2(SiO4) 3 garnet structure with 
the A sites unoccupied. These unoccupied sites are 
ordered and can form channels for the transport of 
molybdenum toward, or away from the catalysts sur- 
face, which could explain the different surface molyb- 
denum content detected. The prepared solids are 
homogeneous and only in the industrial sample (cata- 
lyst I), could evidence be found of two different phases, 
one of iron(III) molybdate, which appeared to exist in 
all of the samples, and the other molybdenum trioxide 
(found from XRD results). 

The oxidation states at the surface from XPS, pre- 
sented in Fig. 2, indicated that the oxidation state of 
molybdenum was identical in all of the fresh samples, 
with Mo 6+ as the only detected species. Fe 3§ was the 
only iron species in all the samples and the same 
occurs with the O1s peak which was located at the 
natural bonding energy of 530.8 eV. The XPS results 
indicated the presence in all of the samples of the 
chemical species corresponding to iron(III) molyb- 
date; however, other compounds with similar bonding 
energies cannot be discounted. 

In Fig. 3 some representative X-ray diffractograms 
of the samples are presented, which are summarized in 
Table II. There were three well-defined series: series 1 
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Figure 2 XPS spectra of fresh catalysts: B, F, I, S. 

Mo 3d~/2 

(catalysts B, C and F) which corresponded to mater- 
ials of high crystallinity, series 2 (catalysts A and D) 
constituted by amorphous particles and series 3 (cata- 
lysts E, G and H) which has an intermediate crystallin- 
ity with a laminar morphology and a short-range 
ordenation. In general terms, the highest crystallinity 
was given by low initial Mo : Fe atomic ratios, whereas 
final ratios higher than 2 gave rise to totally amor- 
phous particles. The assignment of peaks on the dif- 
fractograms confirmed the results detected by 
SEM-EDX, showing the orthorhombic ferric molyb- 
date as the only detectable crystalline phase in all of 
the samples, except for the industrial one (sample I), in 
which additionally MoO 3 appeared. The weight of 
this evidence does not totally reject the existence of 
MoO 3 in the other samples because recent studies 
[18] have demonstrated that the MoO3 is only detect- 
able by XRD when found in quantities greater than 
7%; below these proportions the material is amorph- 
ous or microcrystalline. Equally it could be present in 
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Figure 3 X-ray diffraction patterns of fresh (C, F, G) and used 
(C*, F*, G*) catalysts (&) Fe2(MoO4)3; ( I )  MOO3; (O) 
Fe2Mo~Ox; (V) Fe203 3-4 MOO3. 

not well defined species of molybdenum generally 
designated as oxo-Mo, "pseudo-molybdates" and 
polymolybdates (samples A, D, E, G, H). 

In short, in all the studied samples, two phases 
could co-exist, one of iron(III) molybdate, generally 
crystalline if the Mo:Fe ratio is not high, and perfectly 
detectable by SEM-EDX and XRD, and another 
generally amorphous (not detectable except in the 
industrial catalyst), in a highly dispersed state whose 
abundance and composition are dependent on the 
Mo: Fe ratio, rich in iron if it was inferior to 1.5, and in 
molybdenum if it was superior to 1.5. 

Detailed studies of the naturally amorphous prod- 
ucts were made using FT-IR. As can be seen in Fig. 4 
all of the prepared catalysts presented characteristic 
bands for iron(III) molybdate, which consisted in an 
intense broad band at 835cm -1, associated with 
stretching of Mo=O bonds, another much weaker 
and narrower band which appeared as a shoulder at 
958 cm- 1, related to an elevated degree of condensa- 
tion of the Mo-O species, and a third band located at 
566 cm -~, associated with bridging of M o - O - M o  
bonds [19]. The observed differences between the 
fresh samples appeared to be principally related to the 
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Figure 4 Infrared spectra of ( ), fresh and (- - -) used catalysts, 
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Mo:Fe  atomic ratio, the pH and the ageing period. 
The samples from series 1, in which the Mo:Fe  ratio 
was less than the stoichiometric one, also exhibited the 
band at 566 cm-1 which progressively weakened as 
the atomic ratio decreased and vanished in catalyst F. 
In addition, the existence of MoO 3 in the industrial 
catalyst was confirmed by the appearance of a narrow 
band at 991 cm - 1 and a broad one at 624 cm-  1 which 
overlap in part with the band of molybdate at 
566 cm-  1, causing its widening. In the corresponding 
spectra of the other series (catalysts A, D, E, G and H) 
in which the Mo:Fe  atomic ratio was higher than the 
stoichiometric requirement, the widening and shifting 
towards shorter frequencies of the band at 835 cm-  1, 
together with an increase in the intensity of the bands 
between 900 and 1000 cm-1 appeared with pH and 
the Mo: Fe ratio, all of which could be associated with 
the progressive formation of amorphous polymeric 
molybdenum compounds with varing stoichiometry 
[12, 18]. The presence of a weak band at 624 cm-1 
and another at 991 cm-  1 typical of MOO3, stood out. 
Apparently, an excess of molybdenum provoked 
the rupture of the order in the existing crystalline 
network of molybdate and the segregation of 
polymeric amorphous material in a state of high 
dispersion. 

To summarize, it can be said that the variables used 
in the preparation process notably influenced the 
physical chemical and structural properties of the 
materials, but not the oxidation states of iron and 
molybdenum. With a strict control of these variables it 
should be possible to obtain catalysts with different 
chemical compositions, morphologies and, as a conse- 
quence, surface areas. If the Mo:Fe  atomic ratio was 
less than or slightly higher than that required stoi- 
chiometrically, the final products appeared as ordered 
lamellae aggregated in globular form with relatively 
high surface areas. The most important phase present 
was crystalline and corresponded to orthorhombic 
iron(III) molybdate. The slight excess of iron, in some 

cases, or of molybdenum, in others, contributed to 
variations in the final crystallinity of the samples 
and gave rise to the formation of a second amorph- 
ous phase in which the elements retained their 
same oxidation states and high degree of disper- 
sion. 

3.2. Activity measurements 
The specific activities of all the catalysts studied, 
expressed as g molm --2 s-1, are presented in Table 
III. The reaction products under the reaction condi- 
tions were formaldehyde (in the form of methylal), 
dimethylether, methylformate, water, methane and 
carbon dioxide. The presence of carbon monoxide was 
not detected. The specific activity of the industrial 
catalyst (I), with an excess of molybdenum in the form 
of crystalline MoO 3 at a low degree of dispersion, was 
low and had a similar behaviour to the standard 
sample of iron molybdate (S). The reaction products 
were also similar in both samples and thus, the activity 
could not be attributed to the excess of molybdenum 
in the form of crystalline MoO 3. The rest of the 
samples of series 1, all of them with very crystalline 
structures, presented different activities which ap- 
peared to be related to the presence in the surface of 
terminal M o - O - M o  bonds, detected by F T- IR  at 
570 cm -1 (Fig. 4), and to the surface Mo:Fe  ratio 
((Mo/Fe)xPs). Thus, we could observe that catalyst F, 
with Mo:Fe  atomic ratio less than stoichiometric and 
no band at 570 cm-  1, was practically inactive, where- 
as catalyst C, with a less than stoichiometric ratio but 
with a band at 570 cm-  1 was as active as the standard 
sample (S) and the industrial one (I). Finally, the 
catalyst B, with a ratio (Mo:Fe)xps > 1.5 and with the 
band at 570 cm-1 was much more active. The same 
may be applied to the catalysts of series 2 and 3 in 
which catalysts B and G, both synthesized with an 
initial Mo:Fe  ratio of 1.1, demonstrated better activ- 
ity. The necessity of the terminal M o - O  bond was 

T A B  L E I I I Activity and selectivity of the catalysts at different reaction temperatures" 

Catalyst Reaction A ( l amolm-2s  1) SDME (%) SFM (%) SbF . . . .  ldehyde 
temp. (K) (%) 

A 453 0.23 5.59 0.99 45.42 
463 0.54 7.63 2.28 44.58 
473 0.63 11.13 5.13 38.19 

B 453 0.35 3.19 2.29 49.65 
C 453 0.14 3.55 3.05 46.10 
E 453 0.34 7.47 5.58 33.81 
F 453 0.04 15.7 0.0 16.12 

473 0.09 26.94 0.07 18.63 
493 0.18 37.72 0.03 15.01 

G 453 0.51 12.03 4.44 45.66 
473 1.17 11.49 7.11 20.67 

H 453 0.18 8.91 8.51 42.35 

S 453 0.14 7.79 0.46 47.51 
473 0.30 8.01 3.35 29.05 

I 453 0.15 7.04 1.23 61.48 
473 0.32 7.75 3.59 23.62 

a Prior to reaction the samples were treated in air at 573 K for 12 h. 
b Account was made as methylal (2 C H 2 0  + CH3OH ). 
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related to the existence of two terminal oxygens in the 
octahedral coordination sphere of molybdenum [20, 
211 which could coordinate the methanol molecule 
following 

/2o  . . . . .  o k / ,o  . . . .  .---o\ 
M o  + CH 2 - - - ~ ' -  MO CH2 %% ## . /  . . . . . . . . .  . '  

and facilitate the labilation of the methylene group by 
activation of the hydrogen in the hydroxy group and 
formation of-CH;-  species. The importance of the 
Mo: Fe atomic ratio in the activity, earlier found in the 
bibliography [16], was obvious from Fig. 5 in which 
the appearance of a maximum around 1.7 can be 
appreciated. On the basis of the previous points and 
the behaviour of catalyst H which, although it posses- 
sed the polymeric molybdenum species (FT-IR), had a 
much lower activity than the similar catalyst E and G, 
the major activity was associated with the presence of 
a coprecipitated Mo-Fe-O deficient in iron and with 
molybdenum in a polymeric state and/or dispersion 
degree which favoured the electron transfer pro- 
cesses [1]. 

It is of note that the major selectivity towards 
formaldehyde in the industrial catalyst (I), appeared to 
be due to the presence of orthorhombic MoO 3 in the 
system, detected by XRD, in accordance with earlier 
work [10], which emphasized the low activity and 
high selectivity of the compound for oxidation prod- 
ucts, formaldehyde and methylal. 

3.3. State of the catalyst after reaction 
During the course of the reaction the catalysts suffered 
evident changes in their morphology (Fig. 1), espe- 
cially noticeable in some samples (A*, C* and G* for 
example), which could be related in a certain manner 
to the degree of activity. These changes in some cases 
consisted in the rupture of the predominant morpho- 
logical groups in each sample (globular, laminar or 
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Figure 5 Intrinsic activity (at 453 K) versus surface (XPS) Mo/Fe 
atomic ratio. 
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particular) giving rise to new structures in some of 
them (catalyst G*). 

In many cases, these morphological changes were 
accompanied by important structural changes. In 
Fig. 3 the diffractograms of some samples after reac- 
tion are presented which can be compared with the 
corresponding fresh samples. Without being a general 
phenomenon, there was a tendency for the amorphiza- 
tion of the crystalline catalysts (catalyst C*), or the 
crystallization of the amorphous ones (catalyst G*) 
which, however, was hardly detectable in some cases. 

There were also notable variations in the infrared 
spectra of the catalysts after reaction (Fig. 4). In 
general terms, a reduction in the band at 566 cm-l,  
associated with bridging of Mo-O-Mo bonds, which 
in catalyst G* was accompanied by narrowing of the 
most intense band at 833 cm-1, attributed to vibra- 
tion of the Mo=O bond. Both effects were associated 
with the presence of polymolybdates in the fresh 
samples. This confirmed the progressive loss of the 
disperse amorphous phase during the reaction, in 
quantities related, although not quantitatively, to the 
activity of the corresponding catalyst. 

In spite of the above, SEM-EDX studies demon- 
strated that the Mo:Fe ratio was identical before and 
after the reaction, in all samples. Then, no active phase 
was lost and the changes were exclusively structural. 
These results appeared to indicate that during the 
chemical reaction important structural readjustments 
in the catalysts took place as a consequence of the 
diffusion process operating across the molybdate net- 
work which can be understood with Mo:Fe ratios 
different from the stoichiometric one, and which, pre- 
sumably, reaches a maximum at 1.7, thus justifying the 
obtained activity results. The catalysts underwent 
changes during the reaction which affected the crystal- 
linity of the molybdate phase in one sense or another 
depending on the original state. 

The existence of a second molybdenum-rich phase, 
although being a necessary condition, is not sufficient 
in itself, but, additionally, needs to be found in a high 
degree of dispersion. This explains why the excess of 
molybdenum in the form of crystalline MoO3 in the 
industrial catalyst I is not operative and, also, the 
observed differences in the activity between catalysts I 
and A (0.15 and 0.23 ~tmol m -2 s- 1, respectively), both 
with a similar, 2.2, Mo:Fe atomic ratio. 

4. Conclusions 
From this study, it could be seen that through control 
of the preparation variables the production of Fe-Mo 
catalysts with very different physical, chemical and 
structural properties was possible. The activity of the 
catalysts in the oxidation of methanol to formalde- 
hyde was dependent on the presence of non-stoichio- 
metric iron(III) molybdate. The most active catalysts 
initially had an Mo: Fe atomic ratio in excess of the 
stoichiometric one, thus presenting an amorphous or 
scarcely crystalline structure. During the reaction, the 
catalysts, especially the most active ones, underwent 
important structural changes which resulted in varia- 
tions in crystallinity with respect to their original 



state, In the changes of the molybdate phase, an 
amorphous polymolybdate with a high degree of dis- 
persion seems to be involved. This could explain the 
maximum catalytic activity which corresponded to 
catalysts with an excess of molybdenum. 
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