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Alumina based catalysts containing up to 30 wt% MoO; have been studied in depletive
and heterogeneous conditions in the oxyhydration reaction of propylene to acetone. In this
process, confined to the 10-30 wt% MoQO; region, water greatly enhances catalytic activity
and promotes selectivity to acetone, whereas gaseous oxygen promotes only the catalytic
activity. Results strongly indicate that active sites should have a mixed Mo(V)/Mo(VI)
character, originating from reduction of octahedral oxomolybdenum species, either poly-
meric or incorporated in the lattice. The origin of acidity is connected with Mo(V), whereas
Mo(V]) rather than gaseous oxygen is involved in the oxidation of the reaction intermedi-
ate. It is suggested that the essential features of catalysts active in oxyhydration are proper
acidity and mobility of OH-groups together with a site for oxidation of the reaction interme-
diate. Mo,0,,(OH), or reduced heteropolyacids appear to satisfy these conditions.

INTRODUCTION

During the last decade, increasing atten-
tion has been paid to the catalytic oxida-
tion of olefins to ketones. The reaction,
first discovered by Smidt et al. (1), using
PdCl,-CuCl, catalysts in aqueous solu-
tion, has later been reported to occur also
over heterogeneous catalysts (2-4). A
reaction mechanism involving alkoxy
groups has been first proposed by Buiten
(5,6) for oxidation of propylene over
Sn0Q, - MoO,. More recently, extensive
work by Moro-oka et al. (7-11) has out-
lined some essential factors for acetone
formation over various molybdates: a
mechanism involving hydration of olefin to
an alcoholic intermediate followed by oxy-
dehydrogenation has been suggested. The
mechanism was further supported by the
evidence, using H,'®O tracer, that the ox-
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ygen atom in the ketone is incorporated
from the water molecule and not from
molecular oxygen (/2,13).

In the present work, results of catalytic
oxidation of propylene over MoOj; - Al,O,
catalysts are presented and correlated with
previous studies on solid state properties
reported in Part 1 (/4) and Part 11 (15).
Disclosure of two composition regions,
characterized by different physicochemical
properties, has been confirmed now also in
the catalytic activities. The differentiation
entails disproportionation activity in the
low MoO; region, as discussed in Part 111
(16), and oxyhydration to acetone at
higher MoQ; concentrations. The aim of
the present paper, which is devoted to the
latter reaction, is to show which active
sites are most probably involved in the
specific reaction.

EXPERIMENTAL METHODS

Experimental apparatus and procedures,
samples, conditions of experiments and
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analytical methods were the same as in
Part III (/6), except for minor modifica-
tions of the microreactor to allow for addi-
tion of water vapor and air in tail experi-
ments. Reactants were fed in the ratio C,
(propylene)/air/water vapor = 1/2.6/7.7, at
total fiow rates of 3 l/hr and contact
times of 2.2 sec. Spent catalysts were
analyzed by EPR and optical reflec-
tance techniques, as described elsewhere
(14-16).

Reference will be made to the various
samples as indicated previously (/14-16):
thus, MoQ;-20 indicates a MoO; - AlLO,
catalyst containing 20 wt% MoO;.

RESULTS

Pulse Experiments

Results of pulse experiments, exten-
sively discussed elsewhere (/6), have in-
dicated acetone formation to start at
MoO;-20, and to increase remarkably at
higher MoO; concentrations. Striking dif-
ferences were observed by use of water,
injected as a pulse simultaneously with
propylene: presence of water causes sup-
pression of disproportionation activity and
enhancement of ‘acetone formation. Spe-
cific effects of water are shown in Fig. 1A
and B in terms of conversion and selec-
tivities, as a function of the composition,
for runs at 300°C. Comparison with pre-
vious results (/6) emphasizes the dissimi-
larity in behavior of the two regions with
acetone as the main reaction product
throughout the high MoQj; region. Even
more evidence for ketone formation may
be added by noting that isobutene, a by-
product in the reaction (Fig. 1), is formed
via aldolic condensation of acetone and
consecutive cracking of the intermediate
mesityl oxide, as demonstrated from in-
dependent experiments (/7). We may thus
consider acetone to be a primary product
and the highly selective catalyst to provide
for sites active in the main and the consec-
utive reaction; details of this behavior in
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Fic. 1A. Selectivities for products in the presence
of water (Mode 2): curve (a) acetone, curve (b) isobu-
tene; curve (¢) products of disproportionation. (B)
Conversion of propylene, expressed as total sum of
yields to various products, as a function of catalyst
composition (runs in the presence of water).

the reaction of acetone will be given else-
where (/7).

The different performance of the high
MoO; region is further proven by results
of propylene chemisorption or coking, as
shown in Fig. 2. The chemisorbed frac-
tion is always small below MoO,;-10,
but steeply increases to a maximum at
MoQ;-25. Comparison with acetone (Fig.
1) suggests for both reactions similar sites,
most probably of an acidic type.

As to the effect of degree of reduction
(number of puilses) on catalytic perform-
ance, results shown in Table 1 indicate
that selectivities to acetone do not vary
with the degree of reduction, if the reac-
tion is performed in the presence of water
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Fi1G. 2. Conversion of propylene to coke or chemi-
sorbed species: curve (a) for runs in absence of
water, curve (b) for runs in presence of water.

(Mode 2); on the contrary, in the absence
of water, disproportionation largely sur-
passes acetone formation, as reduction is
increased.

TABLE 1
CONVERSION OF PROPYLENE AND SELECTIVITIES
TO ProbpucTts IN CATALYTIC EXPERIMENTS AT
300°C ovER MoO, - Al,O,; SAMPLES
OuTGASSED IN HE AT 500°C FOR 2 HR®

Tail Experiments

The general behavior disclosed by pulse
experiments was further confirmed by re-
sults in tail conditions. Figure 3 shows
that, other conditions being constant (7, ¢,
ratio of reactants), conversion of propyl-
ene and yields to acetone increase with
increasing MoQO; concentration. The low-
est activity is again a property of the low
MoO; region; maximum activity is dis-
played by Mo0Qs-20, beyond which it de-
creases smoothly. The selectivity to ace-
tone is maximum at MoO;-15 (80%) and
minimum at the extremes (MoQO;-10 and
Mo00O;-30). Besides acetone and CO,,
some acetaldehyde (4-6%) was also
formed; acrolein and isopropyl alcohol
could not be detected at any MoQO; com-
position level. No marked variations were
observed as a function of time on stream

N

ABSORBANCE

Mode 1 Mode 2
Pulse

Catalyst no. Conv. §, S+ Conv. §, S, S

1 10.5 967 — 1.5 — 582 418

MoO ,-10-500 2 58 997 — 08 — 100 —
3 20 9.0 — 06 — 100 —

1 0.6 440 560 84 — 775 199

MoO ;-20-500 2 1.4 9.7 93 47 — Ti1 26.6
3 1.2 94 36 28 — 770 23.0

1 1.8 23 977 71 — 839 138

Mo0O;-25-500 2 0.8 545 316 33 — 787 149
3 LT 926 3.7 2.5 — 726 242

1 1.8 46 851 6.1 — 791 111

MoQ ,-30-500 2 1.2 8.5 135 3.0 ~— 758 205
3 1.7 100 — 2.0 — 731 240
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©§p = selectivity to products of disproportionation; § , = selectivity
to acetone; §, = selectivity to isobutene; Mode 1: injection of 1.09 cc
Cy; Mode 2: injection of 1.09 cc Cy and 2 ul H,0.

Fic. 3. Catalytic activity, Mo(V) EPR intensity
and optical reflectance data in oxyhydration of propyl-
ene to acetone at 250°C, contact time = 2.2 sec,
Cs/air/H,0 = 1/2.6/7.7.
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as conversions and selectivities read after
the first hour scattered to within =5%
only.

To disclose the nature of active sites for
acetone formation, spent catalysts were
analyzed by EPR and diffuse reflectance
spectroscopy. Spectra are shown in Fig. 4
(upper part) against those of fresh catalysts
(lower part), i.e., activated in air at 500°C
for 8 hr (I4). Absorbances at a few se-
lected positions (see below), as derived
from Fig. 4, are replotted in Fig. 3 against
catalytic activity; spin densities are also
given, for measurements at room tempera-
ture (rt). The comparison suggests that for-
mation of acetone is related to some re-
duced species of molybdenum as proven
by the differences between fresh and spent
catalysts, indicating for the latter samples:
(a) lower absorbance in the uv region, in
which Mo(V1) is known to absorb (b) par-
allel increase of the absorbance in the visi-
ble characteristic of reduced molybdenum,
(c) existence of an EPR signal (g = 1.93)

GIORDANO ET AL.

characteristic of Mo(V). Closer appraisal
of spectra in this region reveals also some
shifts as a function of the composition. In
the case of M0O;-10 we observe that max-
imum absorbance occurs at 400 nm with a
shoulder at 500 nm. On the MoO;-15
sample the 500 nm band is comparable
with the 400 nm; in the MoO;-20 and
MoQ,-25 samples a broad band is ob-
served ranging from 400 to 600 nm. Re-
versal of the trend occurs for MoOs;-30
which displays a maximum at 520 nm. In
addition, in the whole range of composi-
tions a broad band above 700 nm is found,
its intensity increasing towards higher
MoQ; concentrations.

Interpretation of spectra on the basis of
the literature (/8-20) and our previous
work (/4-16) suggests: (a) prevalence, in
the MoO;-10 sample, of Mo(V) in C,,
coordination, in accordance with the as-
signment of the 400-450 nm band (/8); (b)
for compositions comprised between 10
and 30 wt% MoOQ;, the characteristic ab-
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Fic. 4. Diffuse reflectance spectra of: (A) spent catalysts (upper part), for runs as in Fig. 3; (B) fresh

catalysts (lower part), i.e., activated at 500°C for 8 hr.
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sorption at 400 nm and 700-750 nm (/9)
indicates prevalence of Mo(V) in a square-
pyramidal configuration, as well as some
Mo(1V); absorbance above 700 nm pre-
sages Mo(V), as in reduced heteropoly
acids (I5); (¢) on Mo0O;-30, mainly
Mo(IV) is present, as evident from absorp-
tion at 500 nm (20), and possibly some
Mo(V).

To establish which species is most likely
in the acetone formation, consider cata-
lytic activity vs spectral intensities (Fig.
3): if Mo(V) in C,, coordination or Mo(1V)
were the seats of catalytic activity one
would expect a maximum at MoQO;-10 or
Mo0,-30, respectively. Instead, the ob-
served broad maximum of catalytic activ-
ity spanning from MoOQO;-15 to MoQ;-25
may be looked upon as a proof in favor
of Mo(V) which, as already discussed
(14,15), can be related to compounds such
as Mo,0,,(OH), or reduced heteropoly
acids.

General features outlined above were
confirmed by results of experiments at
300°C over a MoO;-20 sample when
varying the O,/C; ratio between 0.1 and 1
at a contact time of 2.1 sec (Table 2); vari-
ations in p¢, and py,o were assumed not to
influence the course of the reaction. Com-
parison of catalytic activities with EPR
and reflectance intensities (Table 2) show
only a small influence of the O,/C; ratios
on the solid state properties. In fact, not-
withstanding the 10-fold variations in the
0,/C; ratios, EPR and reflectance inten-

TABLE 2
SPECTRAL DATA FOR Mo0O ;20 AND CATALYTIC
AcTiviTy FOR RUNS AT 300°C*

Diffuse reflectance Total Selec- Selec-

intensities at (nm): EPR" conver- tivity to tivity to
-———————  inten- sion of acetone Co,
0/C, 440 600 750 1000 sitics Cy4(%) (%) (%)
0.1 1.23 118 1.28 1.00 565 12.4 83 17
0.3 1.22 1.21 1.25 1.08 520 18.1 60 40
0.5 127 1.26 1.30 1.09 420 223 55 45
1.0 120 119 115 093 335 28.0 52.5 47.5

“ Reflectance and EPR intensities are referred to arbitrary units.
® Referred to the g, signal.

sities undergo only a moderate decrease,
also parallel to the selectivities to acetone.
On the contrary, total conversion more
than doubles, obeying a kinetic rate law
dependent upon pg,°%2.

DISCUSSION

The formation of acetone in the high
MoQO; region proves undoubtedly that
unique characteristics of the solid are in-
volved, differing from those causing dis-
proportionation in the low MoQ; region
(16). As to their identification, consider
first the role of each reactant. With regard
to H,O, pulse experiments prove that it
constitutes a necessary partner in the reac-
tion, as it greatly enhances catalytic activ-
ity and yields to acetone [cf. Fig. 1 and
Figs. 1, 2 of Part 11l (J/6)]. Moreover,
selectivity to acetone is unaffected by sur-
face reduction, in contrast to runs in the
absence of water (Table 1). In the latter
case, activity is probably related to the fact
that MoQ; impregnated alumina presents
Brgnsted sites after activation, with a site
concentration increasing with the MoO,
content (21); water then serves mainly to
regenerate those sites, maintaining the se-
lectivity to acetone almost constant in suc-
cessive pulses. With regard to oxygen, we
notice the strong dependence of catalytic
activity, in tail experiments, on the
O,/olefin ratio and its compliance to a
Po,>? rate law (Table 2). From the above, it
appears that formation of ketone requires
both H,O and O.. A survey of results of
previous investigations proves undoubt-
edly the correctness of the assumption.
Thus besides the already cited results using
H,O' tracer (/2,13), we recall kinetic
experiments over various molybdates (22)
which show a rate proportional to py,,’5,
and the observation of a rapid H,-D,
exchange between propylene and water on
SnO, - MoO; catalysts (5,6). Accordingly,
acidic OH-groups were assumed to effect
the exchange and to constitute the inter-
mediate species in the oxidation to acetone
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and acetic acid; similar conclusions have
been drawn (23) for the role of OH-groups
in governing selectivities to various by-
products (acetone, acetaldehyde, etc.) in
the allylic oxidation of propylene to acro-
lein.

The present results concerning oxygen
(rate of acetone proportional to py,°2 at
300°C on a 20 wt% MoO; sample) agree
well with those reported by Moro-oka et
al. (8) for SnO,; - MoO; (py°? on a
10MoO; - 90SnO, catalyst) or those deriv-
able from results of Ogasawara et al. (24)
for coprecipitated MoQOj; - Al,O; (po,*? for
a 30% MoO; sample). In view of this

common feature, i.e., reaction rates over.

various molybdates somehow dependent
upon p,,, we thus envisage a primary role
of gaseous oxygen (in whatever form it
may react) in sustaining and promoting
catalytic activity. Moreover, it is important
to note that increasing p,,, while causing a
great enhancement of catalytic activity,
leads to a decrease in the selectivity to
acetone, although to a lesser extent. We
are thus confronted with the remarkable
phenomenon of a different role of each
reactant, namely, H,O promoting both the
selectivity and the conversion (Table 1),
O, promoting catalytic activity (Table 2);
this suggests a polyfunctional catalyst or a
consecutive reaction.

To clear up these aspects, it is impera-
tive to consider the nature of active sites
for the reaction: according to Buiten (5,6),
they can be identified with MoOy(OH),
formed as a monolayer from MoQ; sorbed
over the SnO, surface. Recent results of
Takita et al. (11) point to the primary role
of acidic sites as proven by the close rela-
tionship between catalytic activity and bu-
tylamine titration: acidic sites are said to
be formed by combination of MoQO; and
SnO, or any other specific oxide. The
present results, while still confirming the
role of acidity, suggest their association
with some reduced Mo-species: this stems
from the close correlation between EPR
and reflectance spectra and the formation

of acetone, and it holds for pulse [cf. Fig.
3 in Part II (/5) and Fig. 1 in Part III
(16)] and tail experiments (Fig. 3). The es-
sential features of these relationships can
be rationalized starting from the already
established structure of oxidized samples
(14). Active sites are then to be identified
primarily with octahedral oxomolybdenum
species, either polymeric or incorporated
in the lattice. In the course of the reaction,
some reduction of the catalyst is assumed
to occur, involving bridged oxygens, as in
the case of H,reduction or outgassing
(15): structures containing Mo(V)/Mo(VI)
are thus formed, such as Mo,O,,(OH), or
reduced heteropolyacids. Even though
under steady state conditions of the reac-
tion the equilibrium between Mo(VI) and
Mo(V) is greatly dependent upon the
experimental conditions, it is plausible that
Mo(V) is favored on account of large dif-
ferences in the electronegativities of Mo
and Al

The origin of the acidity appears now to
be connected with an acid-base equilib-
rium of the type

Mo" + H,0* = [Mo¥-OH]- + H-,

thus creating hydroxylated reduced sites
similar to those in Mo0,04(OH),. In the
reaction with olefin, the proton generated
is transferred from the surface to the gas-
eous molecule. Oxyhydration occurs
through participation of oxygen from H,O
or from an OH-group of the solid
(MoY-OH") and it is followed by oxidation
of the intermediate thus formed, with ox-
ygen being derived from air or vicinal
Mo(VI).

CHy—CH=CH,

H+
+

CH;—CH—CH,

. Ton
{CHy—CHOH—CH ) g

/ lo \O

*
CH3CHOH—CHy —= CH,—CO"—CH, + H,0
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Although our present knowledge does
not permit definite deductions to be made
on the nature of the intermediate and the
way oxygen enters into the reaction
scheme, some tentative suggestions may
be made. Thus, we notice failure to detect
isopropyl alcohol in our experiments. Ap-
parently, this observation points to inter-
mediate isopropoxy groups, in accordance
with Buiten (5,6) and in contrast to Moro-
oka et al. (7-11). However, isopropyl al-
cohol as an intermediate cannot be ex-
cluded either, as this product might not
have been detected in the reaction mixture
because of very fast oxidation to acetone
(isopropyl alcohol is more easily oxidized
than propylene) or the extremely unfavor-
able equilibrium conditions at the experi-
mental temperature (300°C). With regard
to oxygen, the opposite variations of
Mo(V) and of the catalytic activity (Table
2) tend to exclude oxygen interacting
directly from the gas phase: on the other
hand, Mo(VI) seems to be involved, acting
by a redox mechanism as the true ox-
idizing agent of the intermediate.

It is useful now to compare the observed
catalytic behavior with the properties of
the proposed active sites: the main fea-
tures of M0,0,,(OH), are its relationship
with MoO; (25-26), the presence of
Mo(V) and Mo(VI) and of OH-groups
stable at temperatures as high as 400°C.
Considering that changes in the O*/OH~
ratio accompanying the reduction from
Mo(VI) to Mo(V) are likely to cause only
a slight decrease of acid strength (27) ac-
cording to general arguments on acid
strength of oxyacids MO,,(OH),,, it appears
that in Mo,0,,(OH), sufficient acidity is
still left on Mo(V) to sustain the rate deter-
mining step (formation of a carbonium
ion). As to the OH-groups, which supply
oxygen, general considerations on the heat
of hydration of metal cations suggest an
increasing rate of dissociation with de-
creasing charge of the cation. Mo(V)
should therefore dissociate its water ligand
faster, than Mo(VI), thus determining a

higher mobility of OH-groups. In this con-
nection, it is of interest to note the analogy
with the hydration of olefins to alcohols
over MoO; or WO;, a reaction which is
known to be highly favored by a reduced
state of the catalysts (tungsten blue). On
the basis of the arguments above, we
suggest that the unique features of cata-
lysts active in oxyhydration are a combina-
tion of a proper acidity [Mo(V) less acidic
than Mo(V1)] together with mobility of
OH-groups [Mo(V)-OH looser than
Mo(VI)-OH]; Mo(V]) is also essential as
it serves to oxidize the intermediate.

A final remark on the role of the second
oxide appears necessary: using as a refer-
ence the work of Moro-oka (7-11) which
indicates preference of SnQO,-, TiO,-,
Fe,0,-, Cr,O;~ and Co0,0,-MoQ; in the
formation of acetone, we suggest as a
guideline the combination of Mo(V) con-
cepts and coordination state as suggested
above for the MoOQO; - Al,O; system. In
fact, as neither the chemical properties of
the second oxide nor its intrinsic reactiv-
ity have so far indicated a criterion for an
effective catalyst (/0), we may consider
reactivity of mixed oxide systems as de-
pending upon the degree of stabilization of
Mo(V) and as a consequence of the degree
of acidity and mobility of OH-groups.

CONCLUSIONS

Correlation of results of catalytic oxi-
dation of propylene over MoO; - Al,O;
catalysts with studies in solid state proper-
ties have permitted us to confirm the role
of acidity in the oxyhydration reaction and
to associate active sites with some reduced
Mo-species. Apart from the requirements
imposed upon the solid, the role of the two
reactants, H,O and O, is assessed. While
water greatly enhances catalytic activity
and promotes selectivity to acetone, gas-
eous oxygen promotes the catalytic activ-
ity, but negatively influences the yields to
the ketone. Acidity appears to be con-
nected with Mo(V), while Mo(VI) rather
than gaseous oxygen seems to be involved
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in the oxidation of the reaction intermedi-
ates, either isopropoxy species or iso-
propyl alcohol. The mechanistic require-
ments of the oxyhydration reaction are

best reflected

in compounds such as

Mo,0,,(OH), or reduced heteropolyacids,
which therefore are indicated as the most
likely active species.
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