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In order to study the role of surface acidie properties on isomerization and extensive oxida-
tion reactions, the catalytic behavior of a large series of poorly selective molybdates and selec-
tive tellurium-doped molybdates in the oxidation of 1-butene was investigated at different
reaction temperatures. This study was carried out both in the presence and absence of steam
in the feed. Strong analogies within the series of the investigated catalysts were observed: (i)
The more active a catalyst is in the isomerization at low temperature (usually 330°C), the
higher the amounts of carbon oxides it produces at high temperature (usually 390°C); (ii) the
decrease with temperature of the isomers yield is related to the corresponding increase of the
carbon oxides yield within the class of both selective and poorly selective catalysts; and (iii)
the addition of steam increases the isomers yield and decreases the yield of carbon oxides.
Again the two changes are related within the class of both selective and poorly selective cata-
lysts. It is assumed that these effects come about by the transformation of the Brénsted sites
(responsible for low temperature isomerization) into Lewis sites at high temperature (responsi-
ble for the formation of carbon oxides). It is proposed that the extensive oxidation to CO and
CO: involves an interaction between an acidic center, an activated hydroearbon molecule, and
oxygen. It is advanced that the difference in the catalytic behavior between poorly selective
and selective catalysts is due to the fact that the Bronsted sites are destroyed by the addition

of tellurium.

INTRODUCTION

The extensive oxidation of olefins and
aleohols over oxide-based catalysts is usu-
ally ascribed to the presence of reactive
adsorbed species of oxygen (1-3), to lattice
oxygen (4, 4), or to the strength of the
bond between the olefin and the cation
on the catalyst surface, according to the
classical picture of = complexes (6). In a
recent paper (7) one of us pointed out
that a large class of molybdenum-based
oxidation catalysts is highly active in the
isomerization of the double bond at low

temperatures and not selective in the

oxidation at high temperatures. For these
catalysts it was proposed that the isom-
erization occurred through a carbocation
which in the presence of oxygen could
give rise to carbon oxides.

For the purpose of better understanding
the relationship between the sites respon-
sible for 1-butene isomerization and those
responsible for extensive oxidation and
also to throw light on the nature of these
centers, we studied the effect of steam
addition in the oxidation of 1-butene over
a series of pure and tellurium-doped mo-
lybdate-based catalysts. Steam can be a
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powerful tool in modifying the surface
acidie properties which could be involved
in the isomerization process.

From scientific and technical literature
it appears that the presence of steam
allows for high process capacities outside
the explosion limits (8). It also appears
that steam increases the sclectivity to
partially oxidized products (9). However,
in spite of its large use in commercial
olefin oxidation processes, its role and
mechanism of action are not yet at all
clear,

To ensure that the effect of the steam
was not due only to a stricter temperature
control, the oxidation runs were done in
a stirred tank reactor of the Carberry
type which eliminates the possibility of
external temperature gradients being
present.

METHODS

Pure Cd, Co, and Mn molybdates were
prepared according to Ref. (10) and Fe-
molybdate according to Ref. (77). They
were dried at 110°C and calcined at
500°C for 2 hr. Pure CaMoO, was pre-
pared as follows: Both solutions containing
159 g of NH,p-molybdate, “Merck zur
Analyse,” in 5 liters of deionized water
(solution A) and a solution containing
236 g of Ca(NOj).-4H,0, “Merck zur
Analyse,” in 4.5 liters of water (solution B)
were heated at 80°C. Solution B was
dropped into solution A under vigorous
stirring. The pH was brought to the final
value 8 by adding diluted ammonia, and
the precipitate was heated and boiled
inside the mother liquor for 1 hr. Drying
(12 hr at 110°C) and ecalcination (2 hr at
500°C) followed.

The doped catalysts with Te contents
of 2, 3.81, and 8% of body weight, relative
to pure molybdate, more prepared by
heating at 500°C for 2 hr an intimate
mixture of MoO;, “Merck zur Analyse,”
or pure molybdate (dried but not calcined)
and of adequate amounts of orthorhombic
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TeOs (Merck laboratory reagent; purity,
99.9999,). They will be referred to for
brevity as M-0O, M-2, M-3.81, and M-S,
where M is molybdenum in the case of
MoO; or the second metal (Ca, Cd, Mn)
in the case of molybdates. The number is
the Te content as weight percent.

Due to the preparation method, Te-
doped systems were originally available
as powder substances. The stirred tank
reactor of the Carberry’s type already
described (72) requires that catalyst pel-
lets of hard consistency be used, in order
to avoid weight losses during working
operations., For this reason hard granules
with 1-mm dimensions, obtained by press-
ing the catalyst at 250 kg/cm? for 5 min,
were used in the oxidation runs. This
procedure was followed for homogeneity
also in the case of MoO; and pure
molybdates.

The experimental conditions were: T,
variable; feed flow, 120 ml/min (in the
entrance) ; and catalyst weight, 1.9 g.

Feed composition in the absence of
steam was 19, 1-butene and 139, O,, the
balance being N.; in the presence of steam,
N was lowered from 86 to 539, 1-butene
and O, percentages being kept at the
same values.

Steam was added to the feed by using
a peristaltic pump (Watson—Marlow
MHRE) which allows for a wide flow
range.

The gas-chromatographic analysis of re-
agents and reaction products has already
been reported elsewhere (12).

RESULTS AND DISCUSSION

The catalytic behavior of a large series
of poorly selective molybdates and selec-
tive tellurium-doped molybdates in the
oxidation of 1-butene were investigated
within the 300-450°C temperature range
both in the presence and absence of steam
in the feed. At low temperature large
amounts of 2-butenes always formed; at
high temperature carbon oxides and, fre-
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quently, butadienc formed in considerable
quantities,

As the main interest of the discussion
is the isomerization and extensive oxida-
tion properties of the investigated catalysts
in Table 1, only the data relative to two
temperatures are reported (330 and 390°C,
respectively, for all the catalysts with the
exception of Co-0). As the lower tempera-
ture, 330°C was chosen since it is just
under the level where complete oxidation
becomes important; Fe-O and Mn-O are
the only cases where carbon oxides are
already formed in large quantities at 330°C.
The higher temperature was chosen at a
level where the conversion to carbon
oxides is already of some importance and
the maximum in the butadicne yield has
not yet been reached; beyond this maxi-
mum it is possible for other mechanisms
of bulk oxidation to operate.

The data given in the table are not
affected either by external effects or by
intraparticle transfer limitations. As it was
checked experimentally (see Methods),
the Carberry reactor eliminated external
effects, while the dependence of 1-butene
conversion on the reaction temperature
indicated that intraparticle limitations
could play a role in the most active
catalysts over 400°C. We estimated the
apparent energy of activation of 1-butene
consumption rate in the temperature range
below 400°C, assuming pseudo-first-order
kinetics. The calculated values were always
higher than 15 keal/mol, which suggests
that in this temperature range the reaction
is controlled by chemical factors. For this
reason also the high temperature was
taken at 390°C. Only in the case of Co-0
were high and low temperatures above
390°C (430 and 390°C, respectively)
chosen. This was done in order to keep
the effects of temperature and steam ad-
dition separate from the effect caused by
a phase change of CoMo0Q,. Actually, it
is known from the literature that CoMoQ,
changes from the green to the violet form
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at about 390°C (where a strong rise in
activity can be observed) and that violet
CoMoO, is the active phase (13).

2-Butenes, butadiene, and carbon oxides
were the only reaction products ohserved,
although some of the investigated systems
(Co-O and Mn-O) had been previously
found to form maleic anhydride (10, 12, 1}).
The pressing procedure adopted in this
ease should be responsible for the different
behavior since Co-O and Mn-O, when
tested simply after drying and calcina-
tion (without pressing), again formed
maleic anhydride in appreciable quantities.

The following points can be derived
from the data shown in Table 1:

(1) As a general rule, the catalysts
which are highly active in the extensive
oxidation at high temperature are also
highly active in the isomerization at low
temperature. In Fig. 1, the yield of carbon
oxides at 390°C (430°C for Co-O) is dis-
played against the yield of isomers at
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Fia. 1. Yield of ecarbon oxides divided by 4 at
high temperature vs the yield of isomers at low
temperature for the oxidation of 1-butene in the
absence of steam. Numbers as in Table 1.
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TABLE 1

Oxidation of 1-Butene over Molybdenum-Based Catalysts at Different Temperatures in the
Absence and in the Presence of Steam in the Feed

Catalyst Number Temperature Presence Yield of Yield of Yield of Selectivity
°C) of steam butadiene isomers (CO + CO.)/4 to butadiene
(X 100) (X 100) (X 100) (X 100)
MoO; 1 330 No — Traces 1.51 —
Yes — 2.2 0.40 —
390 No 1.10 — 2.30 32.4
Yes 0.71 1.93 0.87 44.9
Ca-O 2 330 No 0.42 23.0 1.23 25.5
Yes 0.95 30.1 0.83 53.0
390 No 4.84 18.2 16.7 225
Yes 5.54 27.0 8.97 38.2
Cd-O 3 330 No 2.30 30.0 4.53 33.6
Yes 0.79 35.2 6.07 11.5
390 No 3.86 15.5 34.3 10.1
Yes 3.24 21.1 27.1 10.7
Co-0 4 390 No 4.05 14.5 3.63 52.7
Yes 3.38 17.6 2.48 57.6
430 No 6.58 9.1 14.6 31.0
Yes 6.25 14.9 10.2 38.0
Fe-O 5 330 No — 13.2 41.0 —_
Yes 1.49 15.5 40.5 3.54
390 No —_ 4.1 55.6 —
Yes 0.805 6.82 50.98 1.55
Mn-O 6 330 No 4.74 20.31 14.8 24.25
Yes 3.05 32.52 12.57 24 .25
390 No 1.72 5.45 49.92 3.3
Yes 2.5 21 33.2 7
Mo-3.81 7 330 No 6.02 — 0.377 91.3
Yes 2.17 0.2 0.20 91.5
390 No 47 — 0.4 92.1
Yes 3 — 0.26 92
Ca-3.81 8 330 No 5.5 1.56 0.52 91.3
Yes 4.3 4.2 0.47 96
390 No 16.2 2.93 1.67 90.1
Yes 12.85 4.17 0.79 94.2
Cd-8 9 330 No 5.5 4.7 0.745 88.0
Yes 2.69 8.5 0.27 90.8
390 No 13.5 3.27 4 77.1
Yes 7.4 7.05 1.45 83.6
Mn-2 10 330 No 15.6 717 144 91.5
Yes 17 14 1.04 94.2
390 No 21.68 5.67 17.66 55.1
Yes 25 9 14 64.1
Mn-3.81 11 330 No 13.1 3.8 1.3 90.9
Yes 17 13.85 1.01 94.3
390 No 20.18 3.5 7.11 73.9

Yes 22.3 10.57 3.7 85.7
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330°C (390°C for Co-0), for oxidation
runs performed in the absence of steam.
From the figure it appears that a gross
but still significant correlation exists be-
tween the low temperature isomerization
and the high temperature oxidation prop-
erties. The exceptions of Mn-O and Fe-O
could be due to the fact that these sys-
tems produce significant quantities of
carbon oxides at 330°C, and consequently
the catalytic behavior at this temperature
can no longer be described in terms of
isomerization properties only.

(2) The addition of steam always af-
fects both isomerization and extensive
oxidation properties in opposite directions:
It increases the yield of 2-butenes and
decreases the yield of carbon oxides. These
facts further show that the above proper-
ties are mutually related within the series
of the investigated catalysts.

(3) Steam always increases the selec-
tivity to butadiene. This is essentially due
to the fact that fewer carbon oxides form
while there is either a decrease in the
yield of butadiene (in the case of a few
very selective catalysts such as Mo-3.81,
Co-3.81, and Cd-8 the decrease can be
significant) or an increase which is not
very significant anyway. In the case of
a decrease, steam acts as a poisoning agent.

Based on significant differences in the
catalytic behavior, the investigated cata-
lysts can be classified in two groups:
poorly selective molybdates (MoQ;, Ca-0,
Cd-0O, Co-O, Fe-O, and Mn-O) and selec-
tive Te-doped molybdates (Mo-3.81, Ca-
3.81, Cd-3.81, Mn-2, and Mn-3.81). These
will be dealt with separately.

In the case of poorly selective systems,
a rise of the reaction temperature in the
absence of steam always produces a strong
decrease in the yield of isomers together
with a strong increase in the yield of
carbon oxides.

The values of the two variations com-
pared against one another are shown in
Fig. 2 (open symbols). It is interesting
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to note that for all the poorly selective
catalysts, including Mn-O and Fe-O, the
decrease in the yield of isomers is twice
as low as the corresponding increase in
the yield of carbon oxides. The addition
of steam restores the isomerization power
to the detriment of the formation of
carbon oxides. In Fig. 3 the variation of
the isomer yield is given as a function
of the variation of the carbon oxide yield
at the same temperature, in this case high
temperature (open symbols). From the
figures it appears that again a strict cor-
relation exists between the increase in the
isomer yield and the decrease in the
carbon oxide yield, which are both due to
the addition of steam (the two variations
are equal one to the other). It is also
interesting to observe that the effect on
the yield of 2-butenes is less relevant at
low temperature (see Table 1).

The strong analogies in the effects of
temperature rise and steam addition on
the isomerization and complete oxidation
reactions within the series of the investi-
gated poorly selective catalysts likely
imply strong analogies in the mechanisms
involved and in the chemical reasons for
such effects.

Concerning the mechanism of extensive

o poorly setective catalysts
51 e selective catalysts
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Fia. 2. Decrease in the yield of isomer (—AY)
vs increase in the yield of carbon oxides divided
by 4 [AY(CO 4 CO)/4] for the oxidation of
1-butene at both high and low temperatures, in
the absence of steam. Numbers as in Table 1.
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oxidation, it is useful to recall that in the
case of Cd-O, Co-0O, Fe-O, and Mn-0
a variation in the partial pressure of
oxygen was previously found to affect the
distribution of products during the oxida-
tion of 1-butene (10, 12, 14). By lowering
the oxygen level in the gaseous phase a
strong decrease in the formation of carbon
oxides together with an increase in both
2-butenes and butadiene were observed.
The distribution of products at low oxygen
level depends on the different catalysts.
Gaseous oxygen was proposed as being
responsible for extensive oxidation and
lattice oxygen for selective oxidation to
butadiene.

The actions of temperature, steam ad-
dition, and oxygen partial pressure on the
isomerization and extensive oxidation re-
actions of 1-butene within the class of
investigated poorly selective catalysts are
summarized in Table 2.

The oxidation of 1-butene involves a
complex reaction network. Isomerization,
oxidative dehydrogenation to butadiene,
and direct and consecutive extensive oxi-
dations do occur. In the present work we

increasing T

Bronsted site ¢
inereasing H.0

+1—butene

2-butenes

The experimental data and considerations
which agree with what we have just
proposed are:

(i) The effect of steam addition strongly
suggests that Bronsted acidic centers are
involved in the isomerization. In this case
a carbocation should occur as an inter-
mediate in the reaction process; such a
situation is also consistent with the ob-
served cis/trans ratio close to unity (7, 16)
and with the 1/trans ratio in the isomer-
ization of cts-2-butene (lower than 1), as

Lewis site
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are not concerned with the mechanism of
the formation of butadiene, which has
already been discussed and related to the
presence of Mo=0 groups at the catalyst
surface (10, 12, 14, 15). Furthermore the
observed effects, due both to steam ad-
dition and temperature increase, primarily
concern isomerization and 1-butene exten-
sive oxidation, in so far as (i) the tem-
perature range (below 390°C) is such that
the maximum in the butadiene yield has
not yet been reached. Beyond this maxi-
mum the extensive oxidation of butadiene
assumes greater relevance; (i) the main
effects of steam and temperature concern
the carbon oxide yield and the isomer
yield, while the butadiene yield is only
slightly influenced. These points suggest
that most of the carbon oxides are formed
directly from 1-butene and not through
butadienes as an intermediate. This is also
consistent with the excess of 1-butene
among the reaction products.

Therefore, we propose that the observed
effects can be explained in the following
way :

+1—butene+0O: .
~———— 5 carbon oxides

reported in Ref. (7) for some of the investi-
gated catalysts.

(ii) The decrease in the isomers yield
brought about by increasing the tempera-
ture could be explained by assuming that
centers which are active in the isomeriza-
tion at low temperature are destroyed by
the temperature rise.

(iii) The strict relation between the de-
crease in isomer yield and the Increase in
carbon oxide yield (see Fig. 2) likely indi-
cates that centers which are active in the
isomerization at low temperature are trans-



ACIDIC PROPERTIES IN ONIDATION

o poorly selective catalysts

o selective catalysts

A YIELD OF {SOMERS (x100)

L 1
0 5 10 15
-AYIELD OF CARBON 0XIDES /L (x100)

Fic. 3. Increase in the yield of isomers (AY)
vs decrease in the yield of carbon oxides divided
by 4 [AY(CO 4 CO.)/4] for the oxidation of
1-butene, both in the presence and in the absence
of steam, at high temperature. Numbers as in
Table 1.

formed into centers which are active in the
extensive oxidation at high temperature.

(iv) A transformation of Bronsted sites
due to a thermal dehydration appears
quite reasonable, also considering that the
reversibility of such a process could ex-
plain the effect of steam addition. This
also accounts for the greater importance
of this effect at high temperature where
the isomerization power has been strongly
lowered by the temperature rise.

(v) Accordingly, therefore, Lewis sites
should be responsible for extensive oxida-
tion. However, the effect of oxygen partial
pressure reveals that an essential role is
played by gaseous oxygen in this process
and suggests that the overoxidation in-
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volves an interaction among acidic cen-
ters, the olefin, and oxygen (either ad-
sorbed or not on the catalyst surface).

Selective catalysts show the following
important differences with respect to the
effeet of temperature and steam addition:

(i) By increasing the temperature and
in the absence of steam a strong increase
in the formation of carbon oxides can be
again observed, but no appreciable change
takes place in the yield of isomers for
these catalysts (filled symbols in Fig. 2).

(ii) The addition of steam restores the
Isomerization power again to the detri-
ment of the formation of carbon oxides.
In Fig. 3 the variation of the isomer yield
is shown against the variation of carbon
oxide yield at high temperature (filled
symbols). From the figure it appears that
a strict correlation exists also for the
selective catalysts which oceurs between
the decrease in the carbon oxide yield
and the incresse in the isomer yield.
However, the effect of steam addition on
the isomerization power is greater than
for poorly selective catalysts; this effect
is more remarkable at low temperature.

It is likely that the above observations
also imply strong analogies within the
series of selective catulysts. It is probable
that the Bronsted sites present in poorly
selective molybdates, which, we suggest,
were transformed by increasing tempera-
ture into Lewis sites, are no longer present.
This hypothesis accounts for the fact that
no significant change due to temperature
rise occurs in the isomer yield.

The addition of steam could quite rea-
sonably bring about the transformation of

TABLL 2

LEffect of Temperature, Steam Addition, and Oxygen Pariial Pressure on the Isomerization and
Complete Oxidation of 1-Butene for Poorly Selective Molybdates

Decreasing 7

Increasing H.0

Decreasing O:
2-Butenes

» 1-Butene —

Increasing 7
Decreasing H:0O
Increasing O»

—— CO + CO:
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Lewis sites mto Bronsted sites, thus ac-
acounting for the increase in the Isomer
yield and the decrease in the carbon
oxide yield which we observed when steam
was added to the feed. This could also
account for the greater effect on the
isomer yield at low temperature. Keeping
in mind that all selective catalysts are
made up of a poorly selective molybdate
matrix together with small amounts of
tellurium, it follows that tellurium modi-
fies the acidic properties of the pure
molybdates by destroying the Brénsted
sites, which in molybdates are mainly
responsible for the extensive oxidation at
high temperature.

CONCLUSIONS

A large series of molybdates poorly
selective in the oxidation of 1-butenes and
of selective tellurium-promoted molybdates
has been investigated at different reaction
temperatures both in the presence and in
the absence of steam in the feed. The dis-
cussion of the results gives additional
insight into the roles of surface acidity,
the presence of steam, and the addition
of tellurium. The following points have
been stressed :

(I) Role of surface acidity. The most
active catalysts in isomerization are the
least selective ones in oxidation. Lewis sites,
formed from Bronsted sites at high tem-
peratures, are proposed as being respon-
sible for the extensive oxidation of 1-butene.
Thus surface acidity is a factor which de-
creases the selectivity to partial oxidized
products.

(II) Role of the presence of steam tn the
feed. Steam decreases the yield of carbon
oxides and increases the yield of isomers.
It has a small effect on the butadiene
yield, for which it sometimes acts as a
poisoning agent. The increase in the se-
lectivity to butadiene is essentially due
to a decrease in the formation of CO

and CO,.
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(LII) Role of the addition of Te to the
catalysts. Te destroys surface Brénsted
sites present in pure molybdates. The in-
crease in the selectivity to butadiene in
Te-promoted molybdates is, at least par-
tially, due to the decrease in surface
acidity. It is expected that the formation
of new active and selective oxidative de-
hydrogenation sites also operates in this
direction (15).
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