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Two series of MoOl.SiOz catalysts (up to 25 wt% MoOa), prepared by impregnation, but 
differing in calcination conditions at 500°C (presence or absence of steam), were subjected 
to a physicochemical investigation. In both series, the following species have been detected: 
silicomolybdie acid (SMA) and dimolybdate (DMA) up to 8 wt% MoOa coverage, poly- 
molybdates PMA (max at 13% MOOS) together with free MoOa, as whiskers, at higher compo- 
sitions. Incorporation of part of MoOe into the SiOz lattice is not excluded. Quantitative 
differences exist between the two series, with a larger fraction of SMA in the steam activated 
samples, at the expense of DMA; moreover, whiskers are larger and less numerous than in the 
absence of steam. To explain formation of whiskers, a mechanism has been proposed involving 
first reversible hydration of MoOa followed by interaction with silanol surface groups to form 
a silicomolybdic complex, which easily decomposes to give free MOO, due to its low stability. 
Morphological properties reveal discontinuities which are closely related to the onset of 
formation of different species; surface areas steadily decrease with increasing coverage, always 
exceeding variations expected from a monolayer deposition. 

INTRODUCTION 

In spite of considerable interest in the 
oxidation and ammoxidation of olefins over 
molybdate catalysts, so far little attention 
has been paid to catalytic properties of 
pure Moot and to the influence of most 
common supports such as SiOz. Some in- 
formation on the catalytic properties of 
MOOS and/or Moos. SiOs is contained in 
work on the (amm)-oxidation of propylene 
(1-Q) and oxydehydrogenation of butene 
(10-12). Generally speaking, pure MoOo 
is much less active than most molybdates. 
Reaction products are: acrolein (or acry- 
lonitrile), acetaldehyde (or acetonitrile) and 
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CO, in the case of propylene ; butadiene, 
products of isomerization and CO, in the 
case of butenes. Although catalytic per- 
formance is strongly dependent upon ex- 
perimental conditions, the general trend is 
towards an equivalent formation of CO, 
and products of intermediate oxidation at 
least in the case of pure MOOS. Work on 
the catalytic activity of MoOa*SiOz is even 
less conclusive: attention has been focused 
here mostly on the study of solid state 
properties such as the process of reduction 
(IS), reduction-reoxidation rates derived 
from EPR and electrical conductivity 
(9, 14, 15). 

In view of the great industrial interest 
in MoOa. SiOp systems we have now un- 
dertaken a systematic study aimed at iso- 
lating those properties of the solid which 
are most likely to be involved in the 
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selective and complete oxidation of olefins. 
For this purpose microspheroidal SiOZ of 
high surface area (SA) was loaded with 
up to 25 wt% MOOS: results of these 
studies are discussed in the present work. 

In a second paper (16) results of catalytic 
activity will be discussed; aspects related 
to the origin of various oxidation products 
and the underlying mechanisms will be 
dealt with in a third paper (17) where we 
also try to establish a link with active sites 
as disclosed in the present paper. 

EXPERIMENTAL METHODS 

Preparation of Samples 

Catalysts were prepared by impregnation 
of microspheroidal SiOz (Ketjen, type F-5) 
with aqueous solutions of (NHJ~Mo~O~~ 
.4H,O (Kuhlmann) of concentrations lead- 
ing to a final Moos content from 2 to 25 
wt%. After drying at 110°C overnight, 
catalysts were activated according to two 
different procedures : (a) calcination in a 
fluidized bed at 500°C for 4 hr in air satu- 
rated with 25 ~017~ water vapor (V-series) ; 
(b) calcination in an oven at 5OO’C for 8 hr 
in air (A-series). Reference to the various 
samples will be made by indicating their 
compositions as wt% Moos followed by the 
designation of the series: thus Moos-2-A 
stands for 2 wt% MoOa activated in air. 

The SiOZ support used throughout was 
characterized by a total pore volume (V,) 
of 1.1 cc/g, surface area (SA) of 633 m2/g 
and average particle size (APS) of 50 pm. 

Physicoche?nical Characterization 

X-Ray powder analysis, optical micros- 
COPY, infrared and optical reflectance 
spectroscopy, surface area, porosimetric 
pore volume (V,) and pore size distribution 
were determined as reported elsewhere (18). 
The total pore volume, Vir, was obtained 
by water titration. 

Acidimetric titrations were performed to 
determine silicomolybdic acid (SMA). The 
method is based on the fact that the tetra- 

basic acid SMA presents two inflections on 
the neutralization curve, namely at pH 3.5 
corresponding to the formation of a salt,, 
Nad (SiMo1,04,J and at pH 10 in correspon- 
dence to the decomposition of the silico- 
molybdic anion, as follows : 

(SiMo12040)4- + 20 OH- -+ 
12 MOODY- + 10 Hz0 + SiOZ 

The titrations were registered on a potentio- 
graph (Metrohm E 436) in the range of 
pH O-8 using glass-calomel electrodes. 
The region pH > 8 was not considered as 
contributing significantly to the knowledge 
of the various chemical species present, as 
in alkaline media other phenomena occur 
such as the neutralization of acidic sub- 
stances with low dissociation constants and 
the decomposition of anionic (silicomolyb- 
die and polymolybdic) complexes. In order 
to prevent solubilization of free MoOa and 
hydrolytic phenomena, anhydrous metha- 
nol was employed throughout as the solvent 
using CH30Na as a titrating agent. In this 
way, only MeOH-soluble substances are 
determined together with acidic compounds 
dispersed on the catalyst surface which are 
soluble as a sodium salt once a certain pH 
is reached. 

RESULTS 

Morphological properties of the A- and 
V-series (Table 1 and Figs. 1 and 2) indi- 
cate profound modifications of SiOZ after 
impregnation and activation, which are 
most pronounced at higher MOOS contents 
(Fig. 1) and longer calcination times (Fig. 
2). The experimental SA are lower than 
those calculated from the contribution of 
the support only, i.e., from simple dilution 
concepts. This holds both for the A- and 
the V-series even though the SA of the 
free support varies with the atmospheric 
conditioning due to the effect of steam; in 
fact, the initial SA value of the SiOz-V- 
series is higher by 100 m2/g (Fig. 1). Surface 
area as a function of the composition 



TA
BL

E 
1 

M
or

ph
olo

gic
al 

Pr
op

er
tie

s 
of

 
Mo

Oa
 

1 S
iO

z 

Co
m

po
sit

ion
 

Su
rfa

ce
 

To
ta

l 
po

re
 

Po
ro

si-
 

ar
ea

 
vo

l 
vc

 
m

et
ric

 

W
/g

) 
(d

/g)
 

vo
l 

(V
P)

 

(cm
”/g

) 

Av
 

po
re

 
ra

diu
s 

(4
) 

fro
m

: 

Vt
 

V’
p 

Si
O

z-
V 

72
9 

0.
93

 
0.

65
 

25
.5

 
17

.8
 

MO
OS

-~-
 

Ii 
67

9 
0.

60
 

17
.7

 
4-

v 
66

4 
0.

78
 

0.
47

 
23

.5
 

14
.2

 
6-

V 
52

9 
0.

39
 

14
.7

 
8-

V 
56

6 
0.

76
 

0.
42

 
26

.9
 

14
.8

 
10

-v 
53

6 
0.

38
 

14
.2

 
13

-v 
39

3 
0.

71
 

0.
53

 
36

.1
 

27
.0

 
16

-V
 

29
4 

0.
58

 
39

.5
 

20
-V

 
26

0 
0.

71
 

0.
46

 
54

.6
 

35
.4

 
23

-V
 

24
2 

0.
44

 
36

.4
 

25
-V

 
20

8 
0.

57
 

0.
52

 
54

.8
 

50
.0

 

M
ea

n 
po

re
 

Vt
 

- 
VP

 
ra

diu
s 

(;i)
 

( 
<3

7 
b)

 

-1
50

 
0.

28
 

M
ea

n 
po

re
 

ra
diu

s 
(%

) 

<3
7.

5 
H

 
37

s 
>1

07
 

A 
10

7 
H

 
P 

30
.1

 
28

.9
 

41
 

3 3 
-1

80
 

5 z 
-1

50
 

0.
31

 
39

.7
 

26
.0

 
34

.3
 

tc
 

-1
40

 
Y

 
-1

40
 

0.
34

 
44

.7
 

25
.0

 
30

.3
 

-1
50

 
b 

-1
07

 
0.

18
 

25
.4

 
37

.6
 

37
.0

 
-6

0 
-5

3 
0.

25
 

35
.2

 
44

.4
 

20
.8

 
-5

1 
-5

5 
0.

05
 

8.
8 

66
.4

 
24

.8
 



FIG. 1. Surface areas (mz/g) of MoOa.SiOz cata- 
lysts as a function of the composition ( l ) v-series; 
(A) A-series. (- - -) theoretical value calculated 
from the weight fraction of the pure support. 

(Table 1, Fig. 1) clearly reveal some dis- 
continuities at Moos-6-V and Mo03-10-A, 
leading ultimately to higher values for the 
A-series in the Moos-richest region (Fig. 1). 1, 700 
Discontinuities are also evident: (a) in 
the average pore radii which almost double 
at Mo03-13-V (Table 1); (b) in the pore 
size distribution drifting in the manner 
illustrated in Table 1 for the V-series (last 
three columns). We thus observe: (i) in- 
(‘rease of pore volumes with radii <37 i 
up to a maximum at hIoO&i-V with de- 
crease afterwards ; (ii) pore volumes in the 
range 37-107 B constant up to MOO&V 
followed by a sharp increase at higher 
compositions ; (iii) a steady decrease of 
pore volumes in the range > 107 8. Al- 
together, these results indicate that below 
a certain composition (MOO&V) more 
micropores are formed than are originally L 

0.5 

-ii 

IO 

present in the support,. Subsequently en- 
largement of existing pores occurs as is also 
proven by the similarity in the hysteresis 
profiles of the adsorption-desorption iso- 
therms of Nz on SiOZ and Moos-25-A BET-type apparatus (Sorptomatic C. Erba). 

FIG. 3. Hysteresis profiles of adsorption-desorp- 
tion isotherms of Ne on SiOa and MoOa-25-A. 
Adsorption (0); desorption (*), measured in a 
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FIG. 2. Variations in surface area (SA) of Moos- 
23-A with calcination time at 500°C. 

taken as a reference (Fig. 3) ; the shape of 
these isotherms indicates that pores are 
of the ink bottle type (19). 



166 CASTELLAN ET AL. 

The discontinuities found in the morpho- 
logical properties are further substantiated 
by results of other techniques. Thus in 
X-ray patterns onset of “free” MoOa is 
detected at MoOrl&V as against MOOS- 
17-A. No diffraction bands other than 
those of MOOS were observed. These re- 
sults agree with observations in the optical 
microscope : MOOS has the form of prismatic 
lamellar crystals (Fiji = 2.5) external to 
the SiOZ granules ; because of their origin 
and shape these crystals are indicated as 
whiskers. 

In the A series, whiskers are smaller in 
size but more numerous than in the 
V-series (see Plates 1 and 2). Besides, ob- 
servations under bright-field revealed the 
presence of yellow MoOa-like structures 
enveloping the SiOz granules : leaching with 
water or CHSOH removes this yellow phase. 
Microanalysis of the aqueous or alcoholic 
extract indicated the presence of both Si4+ 
and Mos+ in the low Moos region (MOOS- 

S-A) and of almost exclusively Moo+ at 
higher compositions (Moos-23-A). Attack 
of these leached granules by NH40H (to 
remove MoOa) and subsequently by HzOz 
caused renewal of the yellow coloration 
(due to peroxocomplexes) most pronounced 
in the MOOS-23-A sample : it points to Mos+ 
strongly bound to SiOZ, thus differing from 
whiskers and the extractable yellow phase. 
Differences also arise as a function of the 
time of activation. Thus with increasing 
calcination time, a MOOS-8-A sample at 
500°C showed incipient submicroscopic 
crystallizations followed by onset of whisker 
formation at longer times (25 hr). A 
similar treatment applied to MOOS-23-A 
indicated formation of whiskers already 
after 15 min ; the latter slowly segregate 
from the bulk of the granules (2-4 hr) 
until they become well separated at longer 
times. The evolution of SA with time 
(Fig. 2) reflects this behavior as it indicates 
two processes: (a) an initial drop due t.o 

PLATE 1. MoOr25-A at 105X magnification in dark field. 
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PLATE 2. MOOS-25-V at 105 X magnification in dark field, 

sintering and (b) uncovering of pores and 
surface area beneath, due to segregation 
of whiskers leading ultimately to a plateau 
at 4-S hr. Details of this behavior are dis- 
cussed elsewhere (20). 

Electronic spectra also depict the varia- 
tions with composition and activation 
conditions. Samples of the V-series (Fig. 4) 
display maxima at 265 nm (Al) and 305 nm 
(A,) with the latter shifting up to 325-330 
nm as the MoOi content increases; the 
ratio of absorbances At/Al increases with 
the composition. The A-series (Fig. 5) is 
mainly characterized by a single band, Az, 
which shifts gradually from 280 to 330 nm, 
the absorption at 265 nm (Al) not being 
clearly distinguishable. In both series, the 
absolute intensity of the absorbance in- 
creases with the MoOa content up to 
Mo03-13-V and 16-iz, respectively; the d+ 
c+reasc at higher 11200~ contents is due to 
lower surface areas and/or changes in the 
naturn of the surfara structures. 

The 265 nm band can be assigned to 
tetrahedral Mo(VI), as in NagMoO (21, 
22). As to the absorption at higher wave- 
lengths (X) more than one possibility arises : 
octahedral MO (VI) as in polymolybdates 
or Moos which absorb at 305 nm (22) or 
327 nm (2S-25) and molybdenyl species 
absorbing at 325-340 nm (2S-25). Clearly 
in the v-series tetrahedral Mo(V1) is im- 
portant at the lowest MoOJ compositions 
(2-4y0) as Al/A2 z 1; at higher composi- 
tions, the decreasing Al/AZ ratio and the 
shift of the maximum toward higher X 
suggests more octahedral MO (VI) either 
as in polymolybdates or in MOOS or as 
molybdenyl species. The A-series behaves 
similarly: distinctive fcaturcs are fewer 
tetrahedral Mo(VI) species and a more 
gradual shift towards species of the octa- 
hedral type. 

The interpretation of the ir spectra id 
made difficult by superposition of character- 
istic absorption bands of Mo03 and SiOz. 



168 CASTELLAN ET AL. 

FIQ. 4. Optical reflectance spectra of MoOaSiOz 
samples (V-series). Numerals refer to wt’% MOOS; 
absorbance on absolute scale. 

Nevertheless, the intensity of the 360 cm-l 
band, attributable to bending of the 
OrMo-O2 bonds in MoOa (26) varies 
with composition in the way already de- 
scribed in the results from X-ray diffraction 

0 a 

f  

z- 

PH 
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6. 

8. 

0 I 2 3 4 

0.1 N CH,ONa ml 

Wf “A MOO, 

FIQ. 6. (a) Acidiietric titration of a methanol 
solution of MoO&3iOz catalysts with 0.1 N CH,ONa. 
(b) Meqs of SMA (X) and (0) and PMA (B) 
from acidimetric titration of MoOl.SiOz catalysts 
(V-series). 

FIQ. 5. Optical reflectance spectra of MoOa.SiOz 
samples (A-series). Numerals refer to wt% MOO,; 
absorbance on absolute scale. 

and optical microscopy. Differences be- 
tween the V- and the A-series were also 
confirmed. 

Results of acidimetric titration gave 
useful information as to the nature of 
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FIQ. 7. Product distribution in MoOs.SiOz 
catalysts in fractional units as a function of the 
composition, as determined from acidimetric titra- 
tions: silicomolybdic acid (SMA) (0); (di)molyb- 
dates (DMA) (0); polymolybdates (PMA) (A). 
The estimate of the MoOI fraction (@), in arbitrary 
units, is derived from the intensity ratio of the ir 
reflectance bands at 360 and 440 cm-‘. 

various molybdenum species. The titration 
with CHsONa in the presence of the solid 
suspended in anhydrous CHIOH is of the 
type illustrated in Fig. 6a with two inflec- 
tions at pH = 2.5 and 6. Excluding MoOe 
and SiOz, both insoluble in CHSOH, various 
other species were considered among which 
was SMA. This attribution proved to be 
correct as the analysis of the methanolic 
solution, following rapid extraction in a 
Soxhlet apparatus, have a single inflection 
at pH 2.5 and a MO :Si ratio as in SMA. 
As to the second inflection, this was at- 
tributed to polymolybdic acids (PMA) 
obeying the equilibrium : 

zMo0J2- + nH+ i$ [MooOJ”- + n/2H20. 

Review of the literature (27) reveals that 
at pH 6, species in equilibrium may range 
from Mo30114- (pH 6.5) to Mo~O24~- 
(pH 4.8). Product distribution as a func- 
tion of the composition is illustrated in 
Figs. 6b and 7, respectively, in terms of 
meq% and fraction of MO bound as SMA 
or PMA. 

To gain furt.her information on the sys- 
tem, samples of MOOS-25-A were treated 
as follows: (a) in an apparatus for the 

determination of the attrition resistance 
(Roller-Aminco) to free the granules from 
whiskers (the residual sample containing 
20% MoOI is designated as B); (b) with 
NH40H solution (3y0) to dissolve free mo- 
lybdenum species only (28) (the residual 
sample containing 8% MoOa is designated 
as C). Differences with respect to the 
reference sample (MOOS-25-A) were ex- 
plored by different techniques. Thus uv 
spectra (Fig. 8) showed increase of the 
absorbance intensity both for the B and 
the C series and a shift of A,,, toward 
lower X, i.e., from 328 (A) to 310 (B) and 
290 mm (C). These features are in line 
with previous observations indicating pres- 
ence of whiskers on the surface which are 
easily removable by simple mechanical or 
chemical treatment; the position of X,,, 
indicates that products of profound interac- 
tion with the Si02 support exhibit essen- 
tially a tetrahedral MO coordination. The 
near ir region (omitted in Fig. 8) shows 

Fm. 8. Optical reflectance spectra of MoOa-25-A 
before (A) and after (B) the determination of attri- 
tion resistance; (C) refers to MOOS-25-A after 
treatment with NHdOH (3%). 
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bands at 1400 and 1900 nm due to OH or 
Hz0 (d9), a 1000 nm band due to Mo(V1) 
and a weak one at 700 nm [MO(V) being 
most pronounced in the C-series]. Surface 
areas were, respectively : 254 m2/g (A), 
253 m”/g (B), and 284 m2/g (C). 

DISCUSSION 

Generally speaking, impregnation of a 
support by active elements can give rise to 
products of physical and/or chemical inter- 
actions. Thus in the present case we may 
envisage MoOa to be uniformly deposited 
over the surface as a monolayer (mono- 
phase model) or in t.he form of clusters 
(biphase model). Moreover, one can expect 
more or less well-defined compounds as a 
result of chemical interaction of MoOa with 
SiO2. 

A discrimination among various possi- 
bilities is offered partly by the morpho- 
logical properties, i.e., surface areas and 
pore volumes, which are significantly lower 
than expected from the contribution of the 
unloaded support (Fig. 1 and Tab. 1) : con- 
sequently, it is suggest.ed that profound 
modifications have occurred through chemi- 
cal interaction. This simple picture will be 
illustrated in detail in the following dis- 
cussion, by considering separately the two 
compositional regions into which the system 
can formally be divided. 

In the V-series, the main feature of the 
low Moos region (up to the Mo03-10) is 
the presence of SMA with a maximum at 
Moos-8 (Fig. 6b); Fig. 7 further indicates 
that SMA accounts for about half of the 
total molybdenum content. The presence 
of SMA explains well the modifications in 
morphological properties, such as t.he pres- 
ence of more micropores t.han in the original 
Si02: Table 1 indicates in fact that the 
maximum content of the pores of r <37 i 
occurs at MoOa-S. Nevertheless, on t’he 
basis of the results of Fig. 7, S3’IA is not 
the only species present’: from spectro- 
scopic evidence it is suggested that the 
balance with respect to SMA is attribu- 

table to Mo(V1) in tetrahedral coordina- 
tion. Clearly, the latter species may arise 
from interaction between molybdic acid and 
hydroxyl surface groups of SiOZ accord- 
ing to : 

, ,OH 0 
,S’\ 

HO, 0 
+ -------L’s,’ \MoGO 

OH 
“0: 

HO’ 0 ’ ‘0’ -Qo 

in much the same manner as already de- 
scribed for the MoOa~Al~0~ system (18,30). 
There is, however, a quantitative differ- 
ence since on Si02 tetrahedral Mo(VI) is 
confined to the lowest compositions whereas 
it is much more abundant (up to MoOa-10) 
in the A120Z-based systems. 

Compositions above MOOS-10 are char- 
acterized by ‘lfree” Moo, and some sur- 
face-bound species, among which are poly- 
molybdic acids (PMA) as is evident from 
the inflections at pH 6 in the acidimetric 
titrations : quantitatively PMA presents 
a broad maximum between 12 and 20% 
MoOa (Fig. 6b) whereas, on a fractional 
basis it displays a sharp maximum at 
Moos-12 (Fig. 7). At this composition, 
PMA constitutes the only species present 
besides minor amounts of SMA (Fig. 7). 
Presence of PMA is also suggested by the 
305 nm band in the electronic spectra 
(Fig. 4). Further rise in Moo3 content 
( >Mo03-13) leads to an increasing inci- 
dence of “free” MOOS, as is evident from 
X-ray diffraction, optical microscopy and 
ir spectra, all indicating a rather steep in- 
crease of MOO, as a function of t’he compo- 
sition. Neither PMA nor MOOS, however, 
satisfactorily explain the observed strong 
decrease of SA, exceeding that in the low 
nIoOg region. Most likely, products of more 
profound interaction (i.e., Mo6+ in the Si4+ 
lattice) appear to coexist, as suggested for 
the C-sample by the abundance of Mo(V1) 
in tetrahedral coordinat’ion, larger t.han in 
its formally equivalent sample (cf. Figs. 4 
and 3) ; similar suggestions are derivable 
from SA (284 m”/g) which is much lower 
than in the reference sample (566 m”/g for 
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the MOO& I/ sample). Further evidence 
may be added from the massive presence 
of cristobalite in samples based on SiOz-gel 
(Ludox) and activated at 600°C (20). 

The role of steam as a variable in the 
activation process becomes clear if we con- 
sider that the main difference between the 
two series of catalysts is the size and amount 
of whiskers. To explain this observation, we 
assume, first, reversible hydration of l\!IoOs : 

(MoOJsurface + zH20 = 

(MoOB. dX%urfaee, (1) 

similar to the well-known promoting effect 
of water on the formation of various molyb- 
dates (31, 32). The second step would in- 
volve reaction of molybdic acid with the 
silanol surface groups of the SiOZ support 
to form a silicomolybdic complex : 

(Mo03.~HZO),,,racc + -Si-OH __j 

I 
110~400°C 

(MOOS. SiOz . HBOL,~~I~~. (10 

Formation of whiskers may derive from 
decomposition of this complex, also in 
accordance with its low stability (33). 
This sequence of events agrees with op- 
tical observations indicating formation of 
whiskers at the expense of the yellow phase 
(SMA) enveloping the granules. According 
to this scheme, steam acts through: (i) 
the number of points of attack, regulating 
the equilibrium of Eq. (I) and the OH 
concentration of the SiOz surface; (ii) 
the rate of decomposition of the complex 
in Eq. (II) ; (iii) the rate of whisker growth. 
Three aspects explain well the observation 
of larger and less numerous whiskers in the 
V-series as opposed to the B-series. The 
above considerations also explain the onset 
of AloOa only at the higher compositions: 
thus, once S&IA reaches a high concentra- 
tion, it starts to decompose more quickly, 
or, stated differently, its st.ability ap- 
proaches that of free SMA. 

CONCLUSIONS 

The results described above clearly dem- 
onstrate the active role of so-called ‘(inert” 
supports on the formation of well-defined 
chemical species which may eventually be 
sites of catalytic activity. This paper shows 
how interaction of MOOS with a commercial 
silica support leads to MOODY- and to 
silicomolybdic acid at low concentrations 
of the active element (max 8 wt%), as well 
as to polymolybdates (max 13 wt%) and 
to Xl003 whiskers (>13 wt%). Finally, 
also incorporation of molybdenum into the 
lattice of the support is not excluded 
a priori. 
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