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The interaction of propylene with a number of complex oxide catalysts has been investi-
gated by means of thermal desorption. The results indicate that propylene is adsorbed on only
one type of active site and that this site is energetically similar for all the selective oxidation
catalysts tested. The adsorbed propylene can react at the site to form acrolein via two different
mechanisms. One of the mechanisms involves lattice oxygen, and the other, adsorbed oxygen,
but in both cases the acrolein is derived from a common hydrocarbon intermediate. On one
catalyst, a modified cobalt molybdate, evidence is given which shows that the rate-determining
step in the selective oxidation of propylene is the desorption of acrolein and not the surface

reaction,

INTRODUCTION

During the past few decades, many in-
vestigations have been devoted to the study
of the selective oxidation of propylene to
acrolein over transition metal oxide cata-
lysts. Several recent publications (1) have
reviewed this process, and it is now gen-
erally accepted that the oxidation of
propylene proceeds via the formation of a
symmetrical allylic intermediate. This al-
lylic species reacts with oxygen from the
oxide lattice after a second hydrogen ab-
straction to form acrolein or with gas-phase
or adsorbed oxygen to form acrolein via
the decomposition of an allyl peroxide or
hydroperoxide (2).

This scheme indicates that acrolein can
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be produced by two different pathways
and, consequently, may involve more than
one type of active site. If the active centers
are energetically heterogeneous, it is diffi-
cult to obtain any information about them
or their relative contribution to the cata-
lyst activity from steady-state reaction
kinetics. This is particularly true if the
rate of reaction is influenced or controlled
by the desorption of the product. There
is some evidence for the existence of a
desorption-controlled reaction in the work
of Keizer et al. (3) and Batist ef al. (4) on
the oxidative dehydrogenation of 1-butene
to butadiene over bismuth molybdates.
They observed a break in the Arrhenius
plot and attributed the higher activation
energy at lower temperatures to inhibition
by strongly adsorbed butadiene.

A reasonable approach to the investiga-
tion of different types of active centers in
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Fig. 1. Desorption spectra of propylene as a
function of carrier gas: (——) He and (-:--) air
over CogMooBig ;Fey:0, at a heating rate of
27°C/min. Peak 1 is C3Hs, T = 167°C; peak 2 is
C:HO(form 1), T, =257°C; and peak 3 is
C;H,O (form II), T, = 365°C.

a catalyst system is the temperature-
programmed desorption (TPD) technique
developed and reviewed by Cvetanovic and
Amenomia (5). Using this method, we have
studied the interaction of propylene with
a wide wvariety of sclective oxidation
catalysts.

EXPERIMENTAL

The preparation of the catalysts used in
this study has been previously described
in the literature: CosMo12Big sFeg 150, (6),
Bi:MoOs (7), BiaMo;04, (8), 5 atom%, Sh
in Sn0, (9), USh,04, (10), Bil'eMoO, and
Bi;FeMo,0, (11), Cux0O (pure reagent
grade) and CoMoO, (prepared by copre-
cipitation of cobalt nitrate and ammonium
paramolybdate, washed, dried, and cal-
cined for 5 hr at 500°C).

All experiments were carried out in a
U-shaped quartz reactor made of small-
bore tubing to minimize diffusional broad-
lining of the desorption peaks. The ecata-
lyst samples, except Cuz0, were pretreated
in situ at 450°C for 1 hr in flowing air and
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then cooled in air to the temperature at
which the propylene adsorption would be
carried out. The Cu,0 sample was pre-
treated in He for 1 hr at 450°C to avoid
oxidation to CuO. Propylene was then
adsorbed at atmospheric pressure for 15
min and 150°C for all catalysts except for
one series of experiments with the modified
cobalt molybdate sample. In that case, the
adsorption temperature was varied be-
tween 70 and 150°C. After the adsorption
was completed, the reactor was cooled
rapidly to room temperature in flowing
propylene, and then the carrier gas, either
He or air, was passed through the reactor
at a rate of 100 em?®/min to remove the
weakly bound propylene. The carrier gas
was allowed to flow over the catalyst for
at least 30 min or until the recorder base-
line was stable,

A flame detector was used instead of the
conventional thermal conductivity cell for
several reasons : high sensitivity, selectivity
for hydrocarbons, stable baseline during
temperature programming, and the ability
to use a reactive carrier gas such as air.
After the chromatogram was recorded and
the peak locations were known, the cx-
periment was repeated without the flame
detector, and the wvarious peaks were
trapped and analyzed by conventional gas
chromatography.

In several preliminary experiments; the
flow rate of the carrier gas and the quantity
of adsorbed propylene were varied, and
neither had any cffcet on the position of
the peaks. Therefore, readsorption is negli-
gible, and the desorption of propylene and
acrolein follow first-order kinetics. The
energy of activation for the desorption
process was then calculated by applying
the following equation at various heating
rates:
2log T\, — log B = E,/2.303RT,,

+ log (E4/RA), (1)

where T, = temperature at peak maxi-
mum, 3 = the heating rate in degrees
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Centigrade per second and A = the tem-
perature-independent constant in the Ar-
rhenius equation.

RESULTS AND DISCUSSION
CosMo13Bio.;Feo.750,

The majority of the desorption experi-
ments were carried out on the modified
cobalt molybdate catalyst. Initial tests
were run to determine the effect of carrier
gas composition and adsorption tempera-
ture on the TPD chromatogram. Figure 1
shows the difference between the desorp-
tion chromatograms of propylene when the
carrier gas is changed from helium to air.
These chromatograms have several signifi-
cant features. First, propylene desorbs as
a single symmetrical peak. This indicates
that propylene interacts with only one
type of active site and that these sites are
energetically homogeneous. Second, a por-
tion of the adsorbed propylene can react at
this site during either the adsorption cycle
or the TPD cycle to form acrolein. The
third and perhaps most interesting feature
is that the weakly bound form of acrolein
is absent when helium is used as the carrier
gas. This indicates that the weakly bound
form of acrolein is produced via the inter-
action of adsorbed propylene and gas-
phase or adsorbed oxygen during the TPD
cycle. On the other hand, the formation
of the strongly bound acrolein is indepen-
dent of the presence of gas-phase oxygen
and must therefore be produced via the

TABLE 1

Kinetic Parameters for the Desorption of Propylene
and Acrolein from CogMo14Big.sFey, 7502

Heating rate Tm (°C)
(°C/min)
CaHs C:HO(I) C3H.OII)
28 169 257 363
12.5 156 217 346
5 135 188 325
A (sec™) 3.5 X 108 1.2 X 103 3.7 X 108
Eq(kcal/mole) 17 12 30
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TABLE 2

Energy of Activation for the Desorption of
Propylene and Acrolein

Catalyst/carrier gas

Ed(keal/mole)

C:Hs C:HO(I)  C:H4O(II)
CosMoy2Bio.sFeo. 750
Air 17 (169°C)e 13 (257°C) 30 (363°C)
He 17 (169°C) — 31 (387°C)
CoMoQ4
Air 16 (154°C) — 28 (325°C)
He 16 (154°C) -— 29 (348°C)
BiyMoOs
Air 17 (176°C) 11 (200°C) 31 (390°C)
He 17 (176°C) 11 (200°C) 32 (400°C)
Bi:Mo3O12
Air 18 (186°C) 13 (268°C 31 (390°C)
He 18 (186°C) 13 (268°C) 32 (400°C)
5% Sb in SnO:
Air 18 (200°C) 12 (250°C) 32 (400°C)
He 18 (200°C) 12 (250°C) -
UbeOw
Air 18 (200°C) 13 (266°C) —
He 18 (200°C) — —
BisFe:Mo02012
Air 17 (170°C) 11 (212°C) 31 (383°C)
He 17 (170°C) 11 (212°C) 32 (400°C)
BisFeMo0:012
Air 18 (187°C) 11 (220°C) 31 (385°C)
He 18 (187°C) 11 (220°C) 32 (413°C)
Cu:00
Air — — —
He 13 (81°C)
14 (104°C) 9 (146°C) 23 (225°C)

@ Value within parentheses is the 7m at B = 27°C/min.

interaction of adsorbed propylene with
lattice oxygen during the adsorption and/or
the TPD cycle.

Figure 2 illustrates the effect of the
propylene adsorption temperature on the
TPD chromatograms using air as the
carrier gas. The fact that propylene does
not chemisorb below 70°C indicates that
the adsorption process is activated. The
total quantity of hydrocarbon adsorbed
was determined by integrating the area
under the desorption peaks and using the
appropriate response factors. This quan-
tity was almost constant for the adsorption
temperatures of 90, 110, 130, and 150°C
and corresponded to a surface coverage by
propylene of ~129%,. The value is, however,
somewhat lower than the actual coverage
because carbon dioxide formation could
not be taken into account. As the adsorp-
tion temperature is increased, the amount
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 Fia. 2. Desorption spectra as a function of
propylene adsorption temperature: (- —--— ) 70°C,
(—) 90°C, (v« ) 110°C, (- ---) 130°C, and
- ) 150°C over CogMo:Bip.;Feo.750; at a heat-
ing rate of 27°C/min with air as the carrier gas.
Peak 1 is C;Hs Tm = 168°C; peak 2 is C;H.O-
(form I), T = 260°C; and peak 3 is C;H,O (form
II), Tw = 360°C.

of propylene converted to both forms of
acrolein is increased. It has already been
noted that the weakly bound form of
acrolein is produced only during the TPD
cycle when gas-phase oxygen is present,
whereas the strongly bound form can be
produced during adsorption and/or TPD.
This indicates that both forms are derived
from a common hydrocarbon intermediate
which is formed during the adsorption
cycle and that the quantity of this inter-
mediate is dependent on the temperature
of propylene adsorption. This observation
is in good agreement with the mechanistic
information cited earlier (2).

The TPD technique can be used to study
the energetics of a surface reaction if the
appearance of the produet peak is con-
trolled by the surface reaction and not by
the product desorption. Therefore, the de-
sorption chromatogram of preadsorbed acro-
lein was obtained for comparison with the
propylene desorption chromatograms run
at the same conditions. The results showed
two forms of acrolein which desorb at the
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same temperatures as the acrolein pro-
duced from adsorbed propylene. This sug-
gests that the appearance of aerolein in the
gas phase is controlled by the rate of
desorption and not by the surface reaction.
This also indicates that the two acrolein
peaks correspond to two different chemi-
sorbed species attached to a single type of
site, Counsequently, the positions of the
acrolein peaks cannot yield any informa-
tion about the kineties of the surface re-
action. The quantity of each type of acro-
lein is, however, directly related to the rate
of formation. A comparison of the relative
amounts of C;H,0 (1) to C;H,O (II) at
different adsorption temperatures indicates
that the ratio CsH,O (I)/C;H,O (II) de-
creases with increasing adsorption tem-
perature. This means that the energy of
activation for the formation of C;H,0 (I)
using adsorbed oxygen is lower than the
activation energy for the formation of
C;H,O (11) with lattice oxygen.

The TPD data have indicated that the
rate of appearance of acrolein in the gas
phase is controlled by the rate of desorp-
tion. If this is indced true, then the kineties
of acrolein desorption should be closely
related to the kineties of acrolein formation
during a steady-state reaction. Table 1
gives the results of desorption experiments
carried out at different heating rates in air
with the modified cobalt molybdate cata-
lyst and the kinetic parameters calculated
from this data by use of Eq. (1). Compar-
ing the rate constants calculated from the
data in Table 1, it can be easily seen that
the rate of desorption of the weakly bound
form of acrolein in the temperature range
of 450 to 350°C is from 50 to 1000 times
greater than the rate of desorption of
strongly bound acrolein. Therefore, the
observed rate of formation of acrolein
should approximate the kinetics for the
desorption of the weakly bound acrolein.
The kinetic data for the steady-state oxida-
tion of propylene to acrolein have been
previvusly determined (72). The apparent
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Fia. 3. Desorption spectra of propylene from Pt/Al;O; in the presence of adsorbed oxygen.

energy of activation for the formation of
acrolein was found to be 10 keal/mole,
and the preexponential factor, 1 X 10
sec™’. This is in excellent agreement with
the desorption data for C;H,O(I) which
has an E4 of 12 keal/mole and a value of
1.2 X 10% sec™* for A. It was also reported
(12) that even small quantities of acrolein
in the feed gas would suppress the con-
version of propylene. This behavior is
consistent with the idca that the rate of
reaction is controlled by the desorption of
the product.

Only two desorption experiments were
carried out on each of the other catalysts,
one in a helium carrier and the other in
air. The results are listed in Table 2. The
energies of activation for desorption were
calculated from data obtained at only one
heating rate by using the preexponential
factors determined for the modified cobalt
molybdate catalyst.

The results given in Table 2 show a
remarkable consistency in the values for
the energy of activation for desorption of
propylene and the two forms of acrolein.
This means that propylene is adsorbed on
these various catalysts in the same form
and that the active site for acrolein forma-
tion is energetically similar. This result is
supported by the work of Mikhalchenko

and co-workers (13). They ran thermal
desorption experiments with supported
w-allyl nickel and =-ally molybdenum and
observed almost identical desorption chro-
matograms. The positions of the propylene
and product peaks were also in excellent
agreement with those observed in this
work., This seems to indicate that the
mechanism or mechanisms for the oxida-
tion of propylene to acrolein are the same
for these catalysts.

It does seem surprising, however, that
for all of the oxides we studied, the thermal
desorption spectra are almost identical. In
order to be sure that our data truly reflect
the properties of partial oxidation cata-
lysts, we carried out a similar experiment
with a known complete oxidation catalyst,
Pt/AlOs. The catalyst was reduced and
then reoxidized so that the surface was
covered by oxygen. After propylene ad-
sorption a TPD spectrum was obtained
using a mass spectrometer on the detector.
The TPD spectrum, Fig. 3, is completely
different from the spectra observed for
partial oxidation catalysts, showing only
deep oxidation products. Therefore the
data in Table 2 really do reflect the prop-
erties of catalysts for partial oxidation.

Another trend which can be noticed from
the data in Table 2 is that the energy of
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TABLE 3
Comparison of the Energies of Activation for the Desorption and Formation
of Acrolein over Oxide Catalysts
Catalyst E4(keal/mole) E 4 for the formation leference
of C;H,0
CH,O) C;H, 01D (keal/mole)
COGI\IOmBio,{.Feo.']aOI 12 30 10 (12)
Cuy0 9 23 20 an
BisMoQyg 11 32 13-31 (16)
Blzl\[OaOlz 13 32
5% Sb in Sn0» 12 32 12 @)

activation for the desorption of strongly
bound acrolein is dependent upon the
carrier gas, whereas that for the weakly
bound acrolein is not. This difference is due
to the effect of catalyst reduction. The
catalyst 1s reduced during propylene ad-
sorption but can be completely reoxidized
at temperatures over 300°C in the presence
of air. At the temperature at which weakly
bound acrolein desorbs, most catalysts are
not yet completely reoxidized, so the acro-
lein is desorbing from a reduced surface
with cither the helium or air carrier gas.
However, at temperatures over 300°C, the
catalysts in the air stream are reoxidized,
and the strongly bound acrolein observed
is desorbing from a completely oxidized
surface. This apparently leads to a de-
crease in the energy of activation for de-
sorption. This effect has also been proposed
by Haber and co-workers (14). On the
basis of ESCA measurements, they pre-
dicted that acrolein would be more strongly
adsorbed on a reduced surface.

With Bizl\It)O(;, Bigl\[()s()lz, BiZF(‘p\I()zOlg,
BisFeMo,04, and Sb in Sn0O, catalysts,
the appearance of the weakly bound form
of acrolein is independent of carrier gas
used. This indicates that, with these cata-
lysts, the strongly bound form of acrolein
which is associated with the lattice oxygen
pathway is able to equilibrate with the
weakly bound form during the adsorption
or TPD eycle. Ou the other hand, the

CoMoO, catalyst yields acrolein in only
the high-temperature form and the ap-
pearance of product is again independent
of the carrier gas composition. Pure cobalt
molybdate is known to have a poor sclee-
tivity to acrolein (15). Consequently it
scems that the strongly adsorbed form of
acrolein is susceptible to further oxidation
unless it can easily rearrange to the weakly
bound form. With USb;0,, acrolein is
produced only in the weakly bound form
and only when gas-phase oxygen is present.
It, therefore, appears that only the hydro-
peroxide pathway is active with this
catalyst.

Considering the similarities in the de-
sorption data of the catalysts used in this
study, it is possible that the reaction
kinetics of the other catalysts may be in-
fluecnced by the desorption of acrolein
particularly at lower temperatures. Table
3 compares the energies of activation for
desorption with the apparent energies of
activation for the formation of acrolein
reported in the literature. There appear to
be some similarities; however, more ex-
tensive data would have to be obtained
before any definite conclusions could be
drawn,
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