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The role of water vapor was explored for the partial oxidation of
propene over antimony–tin–vanadium oxide (SB/Sn/V oxide) cata-
lyst at 1 atm pressure and 340◦C using a microcatalytic packed bed
reactor. Steady-state, transient kinetics, TPD, and isotopic tran-
sient experiments were performed. Water suppresses the formation
of CO2 by blocking the most active sites which are responsible for
CO2 formation but water also enhances the rate of the catalytic oxi-
dation by keeping the catalyst surface at a high oxidation state and
preventing the formation of strongly bonded oxygenates. Isotopic
transient experiments with labeled O2 in the presence of water in-
dicate a strong interaction between water and the catalyst surface.
Water exchanges oxygen slowly with the surface of the catalyst.
c© 1996 Academic Press, Inc.

INTRODUCTION

The presence of water vapor in the reaction mixture
during the selective oxidation of propene is known to im-
prove the selectivity and depress the formation of carbon
oxides. Thus, water vapor is added to the feed for the indus-
trial production of acrolein and acrylic acid by the catalytic
oxidation of propene (1). In some cases, the feed mixture
may contain between 40 and 60 vol% water. One reason
for adding water is to moderate temperature variation in
the reactor by providing thermal “ballast.” Water also ap-
pears to influence the chemistry. The first studies on the
effect of water appeared in 1962. Studies made since that
time examined whether water takes part in the oxidation
reaction. Also, the involvement of water in the formation
of acrylic acid is documented in the literature (2). Even so,
relatively little has been done to study the effect of water
vapor on the kinetics of this reaction and on elucidating
its role for different catalysts. This investigation addresses
these questions.

LITERATURE REVIEW

Much is known about the mechanism of propene par-
tial oxidation. Using 13C and deuterium-labeled propene,
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many investigators (3–7) have demonstrated that the selec-
tive oxidation of propene over a variety of oxides proceeds
via the formation of a symmetrical allyl intermediate by
abstraction of a hydrogen atom from a methyl group. A
second hydrogen abstraction occurs with equal probabil-
ity at either end of this intermediate. The rate-determining
step appears to be the first hydrogen abstraction. On other
catalysts, the π -allyl intermediate formed rapidly converts
to two equivalent forms of a σ -allyl intermediate (8). These
intermediates do not necessarily equilibrate will each other.

The existence of at least the molecular species O−2 , atomic
O−, and O2− on the surface of the oxide is well established
(9). The redox mechanism of Mars and van Krevelen is
widely accepted. According to this mechanism, the cation
of the catalyst is the oxidizing agent which inserts oxygen
into the hydrocarbon molecule. The catalyst in turn is re-
oxidized by oxygen from the gas phase. The participation
of lattice oxygen (O2−) is implied, although other oxygen
surface species (O− and O−2 ) may also play a role in the
oxidation of hydrocarbons. According to Haber and Grzy-
bowska (10, 11), the nucleophilic addition of O2− brings
about selective oxidation products. However, electrophilic
attack by the oxygen species, O− and O−2 , results in the for-
mation of epoxy or peroxo-complexes respectively. These
are intermediates in the degradation of the carbon skeleton,
eventually leading to total oxidation. Haber (11) mentions
that the most selective catalysts are those exhibiting no iso-
topic oxygen exchange.

Studies using 18O2 tracer (12–14) showed that oxygen is
directly supplied by the lattice. Sancier et al. (14) concluded
that the oxidation of propene on bismuth molybdate in-
volves both lattice and sorbed oxygen at low temperatures.
At higher temperatures, lattice oxygen predominates due
to its increased mobility. Ruckenstein et al. (15) found that
the catalyst activity increases as the diffusion coefficient
in the catalyst lattice increases. Monnier and Keulks (16)
showed that the selective oxidation over bismuth molyb-
date involves numerous sublayers of the catalyst.

Regarding the effect of water on this reaction, early stud-
ies (17–19) using copper oxide catalysts reported an im-
provement in the selectivity in the presence of water va-
por. Also, Polkovnikova et al. (19) reported an increase
in propene conversion. More recent studies (20, 21) using
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complex oxide catalysts showed that acrolein formation
does not depend on water or oxygen partial pressures,
whereas acrylic acid formation does depend on water va-
por. For the partial oxidation of butane, water vapor has
been reported to accelerate the evolution of the catalyst
surface area (22).

Tracer studies using H2
18O (23, 24) showed that on a Pd

catalyst, oxygen from water was incorporated in acetone
and acrolein. They suggested that the formation of acrolein
involves interaction of an allylic intermediate with a surface
hydroxyl originating from water. On the other hand, the low
18O content of the acrolein produced using an Sn/Mo oxide
catalyst suggests that oxygen in the acrolein molecule orig-
inates from molecular oxygen. Incorporation of deuterium
in the acetaldehyde and acrolein products was not observed
during propene oxidation over Sb/Sn oxide catalyst in the
presence of D2O (25). Nováková et al. (2) studied the par-
tial oxidation of propene on Mo/W/Sn/Te oxide catalyst in
the presence of 18O-labeled water. They concluded that an
acrolein-lattice oxygen complex forms and reacts further
with oxygen from water to give acrylic acid.

It is evident from the above review that our knowledge of
the role of water in the selective oxidation of hydrocarbons
lags behind our understanding of the oxidation mechanism.
The presence of water seems necessary for the formation
of acrylic acid but is not necessary for acrolein formation.

FIG. 1. Schematic of the experimental system: mass flow controllers, MF1 to MF4; water saturator, S; water bath at 83◦C, WB; three-way solenoid
valves, V3 to V5; thermocouples, TC1 to TC4; pressure gauges, P2, P3; mercury manometer, M2; drying tubes, D1, D2.

EXPERIMENTAL

Equipment

A schematic diagram of the experimental setup is shown
in Fig. 1. All gases were of prepurified grade except propene,
which had 99% minimum purity. Nitrogen and oxygen were
passed through filters containing molecular sieves and an-
hydrous calcium sulfate to reduce traces of impurities and
moisture. Propene was used without pretreatment. Water
vapor was introduced by bubbling nitrogen through a sat-
urator. To avoid condensation of water and adsorption of
acrylic acid, all tubing was kept at 90◦C.

An AD/DA converter (Taurus One) was used for com-
municating between the field units (mass flow controller,
solenoid valves, sampling valve actuators, and electronic
integrators) and a microcomputer. The computer operated
the mass flow controllers, chromatograph, and sample in-
jection and turned on the chromatograph integrator. It also
collected flow rate, pressure, and temperature data.

To minimize wall catalytic activity, titanium was chosen
in place of stainless steel for the reactor, the preheater, and
the outlet of the reactor (26). Blank runs in the titanium
reactor and lines showed no catalytic activity. Feed was in-
troduced from the top of the reactor to avoid fluidization
of the catalyst bed. The catalyst (40/60 mesh particle size)
was diluted with glass beads of a similar size at a ratio of
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0.8 g catalyst to 1.8 g glass beads; the catalyst bed was sup-
ported between screens within the reactor. Thermocouples
measured temperatures of the inlet feed, the center of the
catalyst bed, and the fluidized sand bath. Titanium tubing
connecting the reactor to the gas chromatograph (GC) sam-
ple valve suppressed further reactions. Design details are
given by Saleh (27).

The analysis of acetaldehyde, acrolein, acetone, acetic
acid, acrylic acid and propene was accomplished using a
GC equipped with a flame ionization detector (FID) and a
1.3-m stainless-steel column packed with Porapak N. CO2

and water were analyzed in a second GC equipped with a
thermal conductivity detector (TCD) and a single column
packed with Porapak Q. In this column, CO was not sepa-
rable from the O2/N2 peak.

Catalyst

The Sb/Sn/V oxide catalyst used in this study was supplied
by Distillers Company Limited. It had a nominal atomic
composition 2/1/1, Sb/Sn/V, prepared as outlined in their
1966 British Patent 1,034,914. With this catalyst, acrolein,
acetaldehyde, CO2, acetone, acrylic acid, and acetic acid are
produced.

The atomic composition of the Sb/Sn/V oxide catalyst
was checked by plasma emission spectrometry and agreed
closely with the nominal composition given above. The BET
surface area of the vanadate catalyst was measured to be
2.1 m2/g. X-ray diffraction and X-ray photoelectron spec-
trometric measurements were also made on both fresh cat-
alysts. Diffraction patterns were obtained using a Siemens
D500 X-ray diffraction machine with a CuKα (1.54060 Å)
X-ray source. Using the ASTM powder diffraction files,
SnO2, α-Sb2O4, V2O3, and SbVO4 were identified (27). The
presence of V2O3 is surprising but it occurs in very small
amounts as indicated by weak diffraction lines in the XRD
spectra. Vanadium is present mainly as antimony vanadate.
Tin occurs as SnO2. Only the α-modification of antimony
oxide is present in the bulk of the catalyst.

X-ray photoelectron spectroscopy of used and fresh cata-
lyst samples was carried out by the Surface Science Labo-
ratory, University of Western Ontario, London, Ontario,
on a modified Surface Science Laboratory (SSL) Model
SSX-100 XPS. Spectra were collected using a 600-µm X-ray
spot size. The X-ray source was monochromatized AlKα
X-rays (27). These measurements showed that vanadium is
present as V5+ , antimony as Sb5+ , and tin as either Sn2+

or Sn4+ . Changes during catalyst use were detected and are
discussed below.

RESULTS AND DISCUSSION

Most experiments were performed at 340◦C and atmo-
spheric pressure. Propene (C2−

3 ) concentrations up to 20%
(by volume) at three levels of O2 (5, 10, and 20%) were em-

ployed. With the O2 concentration at 20%, the water depen-
dence was also studied at two levels of C2−

3 (5 and 10%). The
dependence of rate on propene and oxygen concentrations
was studied at 10% H2O. Results were corrected for cata-
lyst deactivation. Oxygen concentration was obtained from
carefully calibrated gas-flow measurements. Total conver-
sions did not exceed 10% and were usually much lower.

Transport Interference

Criteria for the onset of transport interference (28–31)
were satisfied. Indeed, numerical values were never greater
than one-tenth of the published threshold values (27). Fur-
thermore, varying the gas-flow rate established that above
a total flow rate of 100 ml(STP)/min, the reaction rate was
not affected by external heat or mass transfer (27). A total
flow of 200 ml(STP)/min was used for all experiments.

Catalyst Deactivation

The vanadate catalyst exhibited a slow deactivation with
time-on-stream. Deactivation was monitored by running
activity measurements between experimental runs using a
standard mixture: 20% oxygen, 5% propene (C2−

3 ), 75%
N2; 20% O2, 5% C2−

3 ; and 10% H2O, 65% N2. Deactivation
was found to be an exponential decay function of time-on-
stream with almost identical rate constants for acrolein, ac-
etaldehyde, acetone, and CO2. The constants for acetic and
acrylic acids were twice as high as those for the other pro-
ducts. This may be due to the formation of acrylic and acetic
acids in a consecutive pathway from propene via acrolein
and acetaldehyde.

The X-ray diffraction pattern was essentially the same
for fresh samples and those exposed for long periods to the
feed mixture. However, XPS measurements indicated that
changes occurred in the catalyst with use. The first of these
was the increase in carbon content. Carbon was found in the
fresh catalyst, apparently arising from the use of graphite
as a binder in pelletizing. Carbon content was significantly
higher for the used catalyst. This suggests that fouling by
carbon deposits may have been the cause of catalyst de-
activation. Used catalyst samples also exhibited consider-
able change in surface antimony content at the expense
of oxygen content. This suggests that the catalyst surface
is reduced as a result of partial oxidation. The XPS mea-
surements show the catalyst surface is enriched with anti-
mony compared to the bulk composition. Surface enrich-
ment with antimony upon calcination at high temperature
(750◦C) has been reported by Volta et al. (32).

Influence of Feed Composition

Figure 2 shows the rate of formation of products vs
propene concentration at 10% oxygen with and without
water in the feed. Substantial differences in the kinetics are
evident. Without water in the feed (Fig. 2a), reaction orders
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FIG. 2. Rate of formation of reaction products as a function of propene concentration with 10% oxygen at 340◦C (a) without water and (b) with
10% water ♦, acetaldehyde; d, acetic acid; , acetone;©, acrolein; , acrylic acid; ×, CO2.

for rates of formation of acrolein and acrylic acid become
negative above 10% C2−

3 . At concentrations below 10%
C2−

3 , the rate of acrolein formation is above half-order in
propene. Similar behavior was also observed at 20% oxy-
gen in the feed; however, the formation of acrolein became
zero-order at propene concentrations higher than 10%. As
can be seen in Fig. 2a, measurements were repeated sev-
eral times with good agreement, so the conclusions about
change in reaction order with propene concentration are
reliable. Reproducibility was also measured in our study
and found to be ± 10% for acrolein and ± 25% for acrylic
acid.

With water present (Fig. 2b), there is no change in reac-
tion order as the propene concentration increases. Experi-
ments at 20 and 5% O2 in the presence of 10% water vapor
also indicated no change in order. The rate of formation of
acrylic acid in the presence of water vapor is approximately

FIG. 3. Yield (%) of reaction products as a function of propene/oxygen ratio at 340◦C(a) without water and (b) with 10% water in feed. Symbols
as in Fig. 2.

twice as great as in its absence and its rate of formation con-
tinues to grow with an increase in propene concentration.
The formation of CO2 was strongly suppressed, again by a
factor of about two. Acetone is formed only in the presence
of water in the feed.

Product yields vs the C2−
3 /O2 ratio with and without water

are shown in Fig. 3. Yield of a particular product is defined
as moles of that product per mole of propene consumed.
Water has almost no effect on the acrolein and acrylic acid
yields, but clearly suppresses the yields of acetaldehyde and
CO2. Instead of increasing as the C2−

3 /O2 ratio increases,
CO2 decreases when water is present. Yields of acetalde-
hyde, acetic acid, and CO2 in the presence of water fall at the
same rate with respect to the C2−

3 /O2 ratio. This suggests that
these three products are formed from a common intermedi-
ate. Furthermore, from Fig. 3b, the CO2 yield is about equal
to the sum of yields of acetic acid and acetaldehyde. This
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suggests that in the presence of water, CO2 together with
acetaldehyde and acetic acid arises entirely from C–C bond
scission. In contrast, in the absence of water, the yields of ac-
etaldehyde and acetic acid sum to less than half of the CO2

yield. The opposing trends of the CO2 and acrylic acid yields
with the C2−

3 /O2 ratio indicate that CO2 arises from the fur-
ther oxidation of acrylic acid. Thus, with water absent, more
than half the CO2 arises from product degradation.

With water in the feed (Fig. 3b), the yield of acrolein in-
creases by the same percentage as the yield of acrylic acid
decreases over the range of C2−

3 /O2 ratios studied. Acrylic
acid must be formed from acrolein or from a common inter-
mediate. In the presence of water vapor, the ratio of acrylic
acid to acrolein is ca. 0.25 for the lowest C2−

3 /O2 ratio used
(0.12). Without water, this value of the ratio was measured
at C2−

3 /O2= 0.3, again the lowest C2−
3 /O2 ratio used. Increas-

ing the C2−
3 /O2 ratio decreases the acrylic acid/acrolein ra-

tio. Thus, an O2-rich surface is necessary for acrylic acid
formation. Unless water is present, this O2-rich surface con-
dition results in product degradation. The different trends
for acrolein, acetaldehyde, acetic acid, and CO2 with the
C2−

3 /O2 ratio suggest that different sites are involved for
H-abstraction, O-insertion, and C–C bond scission.

The dependence of the rate of product formation on wa-
ter concentration at 20% O2 and 10% propene is shown
in Fig. 4. A common feature for all reaction products, ex-
cept for acetone, is that their rates of formation become

FIG. 4. Rate of formation of reaction products as a function of water
concentration at 20% O2 and 10% C2−

3 at 340◦C. Symbols as in Fig. 2.

FIG. 5. Dependence of the rate of propene consumption on propene
concentration with and without water at 340◦C.

independent of or are slightly inhibited by water for con-
centrations greater than 5% water. The rate of formation
of acrylic acid passes through a maximum at ca. 3 to 4%
water. The existence of a maximum indicates that water
must be adsorbed on sites where acrylic acid is formed or
stored. The dependence of acetic acid on water concentra-
tion is similar to the dependence of acrylic acid. The rate of
formation of acrolein increases sharply with the addition of
small amounts of water and passes through a maximum at
ca. 1% water in the feed. The acetaldehyde behavior with
water content seems to be similar. The water dependence
of product formation at 5% propene and 20% O2 was qual-
itatively similar.

The strong influence of water vapor on the rates of oxy-
genate formation at low-water-vapor levels (1 to 20%) and
the rate maxima observed as the water content of the feed
increases suggests that water plays two roles on the vana-
date surface. The first is to create new sites for O-insertion
into the adsorbed allyl intermediate, while the second is
site blockage. We speculate from the immediate reduction
in the rate of CO2 formation at low water levels (Fig. 4)
that blockage of a site for total oxidation by one or more
water molecules creates a site capable of O-insertion and
thus partial oxidation.

The increasing formation of acetone with increasing wa-
ter vapor indicates the existence of a parallel reaction route
involving direct hydration of adsorbed propene or a sur-
face intermediate. This route, occurring on a separate set
of sites, should not affect the formation of the other oxy-
genates. Acetone rate dependence was less than first order
in propene.

Figure 5 illustrates the rate of propene consumption vs
propene concentration at different levels of oxygen with
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TABLE 1

Reaction Orders with Respect to Oxygen and Propene Concentrations with and without Water

Without water With 10% water

Range of Range of
propene propene

Product ma nb concentration m n concentration

Acetaldehyde 0.8 0.32 Up to 20% 0.40 0.49 Up to 20%
Acrolein 0.62 0.47 Up to 10% 0.21 0.5 Up to 20%
Acrolein 0 or negative 10 to 20% 0.32 0.45 Up to 20%
CO2 0.62 0.39 Up to 20% 0.32 0.45 Up to 20%

a Order with respect to O2 concentration.
b Order with respect to propene concentration.

and without water in the feed. A large increase in propene
consumption is observed (Fig. 5) compared to a dry feed.
Furthermore, with a dry feed, the propene consumption
is reactant inhibited at concentrations higher than 10%
propene (at 10% oxygen) whereas, below this concentra-
tion, the rate of propene consumption is close to half or-
der with respect to propene. In the presence of water, for
the three levels of oxygen investigated, propene is not self-
inhibiting and a half-order dependence is observed over
the range of propene concentrations employed. Moreover,
from the data given in Fig. 5, it is apparent that the rate of
propene consumption depends on O2 concentration; how-
ever, the order is less than one-half.

The changes in reaction order for reaction products dis-
cussed above are summarized in Table 1. To interpret these
measurements, we assume a redox mechanism. For such a
mechanism, if the reaction is controlled by catalyst reduc-
tion, an nth-order dependence on propene and a zero-order
dependence on oxygen should be expected; if the reaction is
controlled by catalyst oxidation, a zero-order dependence
on propene and mth-order dependence on oxygen should
occur.

Partial oxidation seems to be controlled by reoxidation
of the catalyst in the absence of water when the C2−

3 /O2 ra-
tio is greater than unity. Under this condition, the reaction
order with respect to propene changes from half to zero
or less. Also at this condition, Fig. 4 indicates that water
addition produces the largest increase in catalyst activity.
With water present in the feed, no change is observed in
the reaction order as propene increases to C2−

3 /O2> 1. Fur-
thermore, with the addition of water, the reaction order for
the formation of acrolein with respect to oxygen drops from
0.62 to 0.21. A similar change is observed for other prod-
ucts. Therefore, we can conclude that water increases the
catalyst activity by enhancing the rate of catalyst reoxida-
tion. However, the mechanism for this enhancement is not
indicated by our experiments. The TPD experiments dis-
cussed later suggest that there are two types of active sites
(I and II) on the vanadate catalyst. Both take part in the

production of acrolein, whereas total oxidation and acrylic
acid formation is associated with the type II sites. Because
water affects acrylic acid as well as CO2 production, it must
be through the type II sites that water affects activity and
selectivity.

Step-Change Experiments

These experiments were performed by following the rate
of formation of reaction products with time after an abrupt
change in the concentration of one component of the reac-
tion mixture. Total flow rate was held constant by varying
the flow rate of the nitrogen diluent. Typical transient re-
sponse curves for a step-up and a step-down in water con-
centration are shown in Fig. 6 as previously described (33)
in a more comprehensive discussion of out transient exper-
iments. To compress the data onto a single plot, the exper-
imental data points have been normalized by dividing the
transient concentrations by the product concentrations at
steady state. The responses for acrylic acid, acetic acid, and
acetaldehyde for a step-up (Fig. 6a) are characterized by a
sharp overshoot at the switching point. This overshoot lasts
for ca. 2 min. Carbon dioxide formation, however, drops
rapidly within the same time interval. Evidently, some of
the CO2 formed at steady state must arise from the to-
tal combustion of a strongly surface-bonded acrylic acid,
an intermediate for this acid, and possibly carbon scission
products (i.e., acetaldehyde and acetic acid) that are present
on the catalyst surface in absence of water in the system.
Probably the organic acids compete with water for the same
adsorption sites. Acetaldehyde on the step-up shows almost
no drop when water is switched on and there is complete
recovery within 20 min. The different responses of acetalde-
hyde and CO2 may mean that water adsorption interferes
with the oxidation of the C1 species formed from the C–C
bond scission. CO or H2CO may form in place of CO2 dur-
ing an interval of several tens of seconds. Acrolein responds
to the water step-up by a monotonic increase in concentra-
tion until a steady state is reached after about 40 min. No
overshoot is observed.



        

436 SALEH-ALHAMED, HUDGINS, AND SILVESTON

FIG. 6. Transient rate of formation of reaction products at 20% O2 and 5.5% propene for a step change in water concentration from: (a) 0 to 9%,
(b) 8 to 0% at 340◦C. (33). Symbols as in Fig. 2.

A rapid rise in product concentration within seconds sig-
nals, we believe, adsorption/desorption phenomena. Fur-
thermore, in Fig. 6a the instantaneous exit concentrations
for acetaldehyde are below the initial values after the over-
shoot disappears; for other products, there is a local mini-
mum and concentrations then slowly increase. These obser-
vations point to water displacement of oxygenates on the
surface (except acrolein) and inhibition of product forma-
tion by water adsorption, at least initially. The slow increase
in concentration that follows, requiring 40 min, can be ex-
plained by surface reorganization or changes in cation va-
lence or coordination extending deeply below the catalyst
surface. We hypothesize that the concentration increases
can be attributed to the slow generation of new active sites
as a result of water adsorbed on the catalyst surface. Perhaps
these are nascent sites, unable to function in the absence of
water because they are blocked by strongly bonded acids
and acetaldehyde species. These blocking species must des-
orb before these sites can be activated. Desorption is ob-
served after the admission of water vapor, as manifested by
the sharp peaks observed in Fig. 6a.

The transient response for a step-down in the water vapor
volume percentage from 8 to 0% is shown in Fig. 6b. Each
group of products, aldehydes (acrolein and acetaldehyde),
acids (acrylic acid and acetic acid), and CO2, responds dif-
ferently. The aldehydes exhibit a sharp overshoot at the
switching point (t= 0) lasting for ca. 2 min. The maximum is
about twice as high as the initial steady-state concentration.

In the same time interval, the acids exhibit a sharp minimum
at the switching point. This undershoot disappears in about
2 min.

The sharp overshoot of the acrolein observed in Fig. 6b
may be explained by a rapid desorption of water from
the catalyst surface, following the sudden reduction of wa-
ter concentration in the gas phase. This exposes sites for
propene adsorption; propene adsorbed on these sites is
rapidly transformed into acrolein. Possibly, these sites are
particularly active for the formation of acrolein. Whatever
the case may be, the sites are reduced as acrolein forms;
their regeneration through reoxidation by gaseous oxygen
proceeds at a rate much slower than the rate at which
acrolein is formed. This leads to the fast decline in acrolein
formation within the first 2 min after the step change.

Carbon dioxide responds to the step-down by an over-
shoot that is weaker than that observed for the partially
oxygenated products in Fig. 6b. After this fast transient, a
slow relaxation, lasting for about 40 min, is observed. This
slow decrease in concentration leaving the reactor is ob-
served for all products.

Except for CO2, the steady-state concentrations are be-
low their initial values. There has been, it seems, a loss of
active sites. Possible mechanisms include reorganization of
the surface, reduction extending below the catalyst surface,
or a slow poisoning by a build-up of the product acids. The
local maximum in the normalized acrylic acid concentration
following the sharp undershoot indicates that a condition
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is created on the surface favorable to the formation of the
acid. This may signal the availability of acrolein, a precur-
sor for the acid. Evidence for this is that the acrylic acid
maximum follows the acrolein maximum by less than a
minute.

Transient experiments with C2−
3 and O2 step changes were

also performed. These are discussed in a companion paper
(33) but provide no further insight into the role of water.

Temperature-Programmed Desorption (TPD)

All measurements were made on catalyst samples pre-
treated in air for at least 1 h at 460◦C. After adsorption of
a test species on the catalyst at a chosen temperature, the
catalyst was flushed with helium. Desorption was observed
using a FID at a heating rate of 10◦C/min. Identification of
the desorbed materials was made by trapping and injecting
samples into a chromatograph. Details and a discussion of
the experimental results are to be found elsewhere (33).

The response obtained for two separate experiments with
adsorption of propene or acrolein on the catalyst are pre-
sented in Fig. 7a. The product analysis for desorption of
the propene pulse is given in Fig. 7c. This figure shows that
peak I with a maximum at ca. 210◦C is composed mainly of
acrolein. Small amounts of propene and acetaldehyde are
also present. Peak II in Fig. 7a has a maximum at ca. 320◦C
and is composed of a mixture of acetaldehyde, propene,
acrylic and acetic acids, and acrolein. As may be seen from

FIG. 7. Signal and peak composition vs temperature in TPD (33). (a) Thermal conductivity signal after adsorption of propene from a He carrier at
150◦C (curve 1, - - and after adsorption of acrolein from a He carrier at 150◦C (curve 2, —), (b) thermal conductivity signal after adsorption of propene
from a He carrier at 200◦C with no preadsorption of water (curve 3, —) and after adsorption of propene with preadsorption of water (curve 4, - -), (c)
chromatograph analysis (FID) of the composition of the TCD signal in (a) for propene adsorption at 150◦C. Symbols as in Fig. 2.

the figure, acids desorb only above 300◦C, indicating either
they are strongly adsorbed on the catalyst surface or that the
activation energy is high for their formation from a surface
precursor. Much of the catalyst surface ought to be cov-
ered with adsorbates based on the observed peak II near
340◦C, the temperature at which our steady-state and step-
change experiments were conducted. Apparently there are
two sets of active sites. One corresponds to peak I in Fig. 7a
and is referred to as type I sites. Propene abstracts oxygen
to form acrolein on these sites. Once the surface is reduced,
we hypothesize that these sites are no longer capable of
chemisorbing propene. A second type (II) strongly adsorbs
propene. Most of the acrolein originates from type I sites
which can be characterized as weakly adsorbing at the reac-
tion temperature, whereas acrylic acid forms on the type II
sites. There may be diffusion of acrolein from type I to type
II sites. Total oxidation probably occurs only on type II sites.
We surmise that the degree of oxidation or rather cation co-
ordination of the vanadate surface controls the distribution
of adsorbates: at a high degree of oxidation, acrylic acid
or acrolein predominates, whereas on a reduced surface,
propene predominates.

Some acetaldehyde appears to originate with the first
set of sites, but the acetaldehyde peak in Fig. 7c probably
means that most C–C bond scission occurs on the strong
adsorption sites. Acrolein adsorption occurs rapidly on the
type I sites as may be seen in Fig. 7a; adsorption on the



        

438 SALEH-ALHAMED, HUDGINS, AND SILVESTON

oxidized type II sites appears to be limited. The small peak
between 350 and 400◦C in Fig. 7a is probably acrylic acid so
that any acrolein adsorbed is further oxidized to this acid.
The TPD results suggest the rate of acrylic acid formation
may be desorption limited.

Because type II sites seem to be associated with acrylic
acid formation, C–C scission, and probably total oxidation,
the role of water in adsorption was explored by adsorb-
ing C2−

3 at 200◦C in the presence and absence of water va-
por. Figure 7b shows the results. Peak II is substantially
reduced by preadsorption of water. Apparently, water com-
petes with propene for the strong adsorption sites.

Isotopic Transients

The experimental measurements using 18O2 with the
Sb/Sn/V oxide catalyst were carried out at the University
of Pittsburgh. When water vapor was added to the feed, a
level of 0.4% was used. This level showed the largest effect
on product distribution at 340◦C. Experimental details and
the results obtained are dealt with in a companion article
(33). Only results pertinent to the role of water in propene
partial oxidation are discussed in what follows.

Transient responses for acrolein, acetaldehyde, and CO2

isotopes were observed following a switch from 16O2 to 18O2

under reaction conditions. Acrylic acid was not detected
at the low conversions used. Results for the CO2 isotopes
are displayed in Fig. 8. Replication of the experiment with-
out water shows good reproducibility. The C16O2 signal de-
cays slowly with respect to He tracer and reaches zero after
about 4 min. This indicates either strongly adsorbed CO2

or formation from a hydrocarbon/lattice oxygen reaction.
The response of C16O18O passes through a maximum at ca.
0.3 min, and then decays slowly. In the first 12 s, the signal
for C18O2 increases at about half the rate for C16O18O. A
very slow or restricted exchange of gas-phase oxygen with
lattice oxygen would imply a direct oxidation of adsorbate
to CO2 with gas-phase or adsorbed O2. However, this direct
route to CO2 must be less important than further oxidation
of partially oxygenated species, judging from the smaller
slope of the C18O2 response relative to that of C16O18O in
the first 12 s.

FIG. 8. Isotopic transient response of CO2 under reaction conditions at 20% O2 and 5% propene following an isotopic switch in oxygen from mass
32 to 36 at 340◦C. (a) No water in the feed, (b) 0.4% water in the feed.

The C16O2 response (Fig. 8b) reaches zero much faster
with water vapor in the feed than in its absence (Fig. 8a).
Lower coverage of the surface by CO2 and/or other
adsorbates explains this observation. The concentration
(C16O18O) was twice as high as that observed in the ab-
sence of water vapor and did not show a noticeable decay
during the time of the experiment. This suggests the exis-
tence of a constant source of 16O, presumably from water
vapor present in the feed of the reactor. In the absence
of water, a slow decay in the formation of C16O18O is ob-
served (see Fig. 8a), and is attributed to the slow depletion
of the 16O from the catalyst. This observation suggests that
oxygen from water exchanges with the surface or can be in-
corporated into a surface intermediate that can be further
oxidized to CO2.

The responses of acrolein and acetaldehyde for these ex-
periments are discussed elsewhere (33). They suggest that
acrolein must be partially formed from lattice oxygen or
oxygen adsorbed on the vanadate surface. If it is lattice oxy-
gen, the results are consistent with the TPD measurements
which suggest that it forms on type I sites. Acetaldehyde
behaved like acrolein, which suggests that the carbon bond
scission may occur to a larger extent on the type II sites
than the TPD measurements implied.

To test the hypothesis that water participates in acrylic
acid formation, the H2

18O response was measured for an
isotope switch in the presence of 0.4% water and is shown
in Fig. 9. This concentration of water vapor was chosen
because, as Fig. 4 shows, acrolein formation reaches a max-
imum at this concentration. The increase of H2

18O was very
slow compared to the CO2 isotopes shown in Fig. 8. Over
480 s was needed to reach steady state. Water exchange with
adsorbed oxygen on the catalyst surface or with lattice oxy-
gen of the fully oxidized vanadate is indicated; however, it
is also possible that the slow build-up was caused by water
adsorption in the mass spectrometer. If the slow build-up re-
sults solely from exchange, it is small compared to the rates
of other steps; thus, the transfer of 16O to acrylic acid from
the catalyst to acetic acid and eventually to the C16O18O
observed must be unimportant. Evidently, adsorbed wa-
ter participates directly in the formation of acrylic acid.
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FIG. 9. Isotopic transient response of water H2
18O without reaction

after switching from 18O2 in the presence of water (H2
16O) at 340◦C.

Another contribution could be an exchange reaction be-
tween adsorbed water and adsorbed CO2, since both com-
pounds spend a relatively long time on the catalyst surface.
However, the slow exchange between water and surface
means that this mechanism can make only a small contri-
bution.

The average residence time of a species on the catalyst
surface can be estimated from the response (33). The res-
idence time of water for the response shown in Fig. 9 was
ca. 116 s, which is three greater than the residence time ob-
served under reaction conditions. This indicates an abun-
dance of 18O on the surface in the absence of propene.
Dissociative adsorption of water on the catalyst surface
is probably necessary for exchange. The rate of this step,
i.e., the strength of the adsorption bond, may depend on
the condition of the surface. Differences between the ox-
idized surface for the experiment shown in Fig. 9 and the
presumably partially reduced surface under reaction con-
ditions may also explain the residence times observation. It
may also explain the discrepancy between the report of a
rapid exchange reaction between water and oxide catalyst
by Nováková et al. (34) and our own observation.

DISCUSSION

We speculate on the role of water vapor using a mecha-
nism developed by Grabowski et al. (35) from their IR study
of acrolein adsorption on cobalt molybdate. According to
these researchers, acrolein exists on the mixed oxide surface
as π -bonded complex or as a species bonded via the car-
boxylic oxygen to a metal in the surface. These two surface
species may be in equilibrium or at least the transforma-
tion from one to the other proceeds rapidly. The π -bonded
species reacts with surface oxygen through the carboxylic
carbon to yield the surface precursor of acrylic acid. On the
other hand, the oxygen-bonded species undergoes a nucle-
ophilic attack by adjacent surface oxygen to form a bridge-
bonded complex. Grabowski et al. (35) provide spectro-

scopic evidence for these intermediates. The bridge-bonded
complex presumably reacts further with nearby adsorbed
or lattice oxygen to yield total oxidation products. We pro-
pose that water vapor competes for sites at which carboxylic
oxygen bonds to the cation, greatly lowering the probabil-
ity of oxygen on the surface adjacent to the bridge-bonded
complex. The lower probability of nearby oxygen reduces
further oxidation of the complex or possibly even its for-
mation. This could account for the behavior seen in Fig. 4.

Competition between adsorbed water and precursors of
acrylic acid for the same sites leads to displacement of
acrylic acid from the surface as water vapor enters the feed.
Water adsorption does not occur at 340◦C on the sites for the
π -bonded complex (these were the type I sites in our TPD
results), so acrolein production is only slightly affected. This
conforms to the experimental observations in Fig. 6a. The
rise in the rate of formation of all products after the ini-
tial transients is assumed to be a separate process, as dis-
cussed earlier in this paper. It is conceivable that strongly
adsorbed bridge-bonded complex reduces the number of
sites for acrylic acid formation (these were identified as
type II sites in our TPD study). The slow displacement of
the bridge-bonded complex by water may make these sites
available for acrolein and acrylic acid formation and/or
C–C splitting to yield acetaldehyde, thus accounting for the
gradual rise in catalyst activity that is shown after 2 to 3 min
in Fig. 6a.

When water vapor is removed from the feed, the surface
steady state is disturbed. Water desorption opens up sites
for propene and acrylic acid adsorption. This results in an
immediate drop in acrylic acid desorption from the surface.
Adjacent oxygen sites on the surface increase, leading to a
rise in CO2 production. Because acrolein appears to be an
intermediate in propene oxidation to acrylic acid, acrolein
production would be expected to show a sharp rise, fol-
lowed by a decline as acrolein is converted to acrylic acid or
is further oxidized to CO2 and water. The acrolein peak fol-
lowed closely by an acrylic acid peak can be seen in Fig. 6b.
The slow decrease in the concentration of all products after
peaks may be attributed, perhaps, to a slow build-up of the
strongly adsorbed bridge-bonded complex.
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