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It has been found that in the presence of SnOz covered wiBh MoOa and at a temperature 
of 36O”C, propylene and D20 rapidly exchange hydrogen against deuterium. The dii- 
tribution of the deuterium over the propylene molecules proved to be approximately 
binomial. One of the hydrogen atoms in the propylene molecule participated only slightly 
in the exchange; this must have been the atom bonded to the central carbon atom. Infra- 
red absorption measurements revealed that deuterium appears preferably in the methyl- 
ene group (as was confirmed by a proton magnetic resonance measurement), and for the 
greater part in the cis position with respect to the methyl group. 

An explanation of the exchange which accounts for the availability of five hydrogen 
atoms in the propylene molecule for the exchange while being compatible with the above- 
mentioned preference, is represented by a reversible reaction between propylene and 
acid surface hydroxyl groups yielding surface-bonded isopropyl groups (or isopropoxy 
groups, if the surface oxygen atoms are considered to be included). In our view, these 
groups also constitute the intermediate species in the oxidation of propylene to acetone 
and acetic acid. 

MoOa gave a low exchange rate, while SnOa proved to hold an intermediate position 
between MoOa and SnOJMoOa. The same applies to the rate of oxidation of propylene. 

With SnOJMoOz, isopropyl alcohol was very rapidly dehydrated to propylene at 
370°C; also during oxidat,ion of propylene over this catalyst, the off-gas showed the 
low equilibrium concentration of isopropyl alcohol--even at a very high space velocity. 
In the dehydration of isopropyl alcohol, Moos showed a fairly high activity. The cat- 
alytic action of Snot on isopropyl alcohol, however, was directed almost exclusively 
towards the oxidative dehydrogenation to acetone. This is one of the arguments to be 
raised against the view that the above-mentioned isopropyl (isopropoxy) group is also 
an intermediate in the dehydration of isopropyl alcohol. All experiments were done in the 
presence of air and water vapor. 

INTRODUCTION 

In Part I (1) it was shown that SnOz-Moo8 
catalysts owe their activity for the oxidation 
of propylene by air to the fact that the 
SnOz surface is covered with what might be 
regarded as a monomolecular layer of MOOS. 
This oxidation, which can be carried out at, 
e.g., 37O”C, yields mainly acetic acid and 
acetone. A condition is that the reaction 
mixture contains water vapor. 

The fact that acetone is formed suggests 
the following reaction path: 

propylene e isopropyl alcohol -+ acetone 

especially because in the first step (from 

propylene to isopropyl alcohol and back) 
water is involved. (As will be shown later, a 
better representation is 

propylene ~2 I -+ acetone 

where I denotes a surface species related to 
isopropyl alcohol.) This course of the oxi- 
dation of propylene would involve, under 
the circumstances of the oxidation, exchange 
of hydrogen and deuterium between pro- 
pylene (at first C,H,) and water (at first 
DzO). For this reason several experiments 
were made to determine the rate of the 
exchange. Attention was given also to the 
distribution of the deuterium over the 
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propylene molecules (by mass-spectrometric 
analysis) and to the position of deuterium in 
the propylene molecules (by infrared absorp- 
tion and proton magnetic resonance). 

Experiments were also undertaken with 
introduction of isopropyl alcohol in addition 
to, or instead of propylene. We further 
determined the isopropyl alcohol concen- 
trations in various propylene oxidation 
tests. These concentrations are very small, 
because at high temperatures the equilibrium 
between propylene and isopropyl alcohol 
tends strongly towards propylene. 

For comparison, the separate oxides 
SnOz and MoOa were also included in the 
investigation. 

EXPERIMENTAL 

Normally, the experiments were per- 
formed in a reactor of the type described 
in Part I (1). 

The test (No. 9, Table 4) for establishing 
the dehydration rate of isopropyl alcohol at 
369°C in the presence of Moos-covered 
SnOs, was carried out in a special way. In 
the left-hand leg of the reactor shown in 
Fig. 1 of Part I (1) propylene was oxidized 
in the usual manner. The reaction gas 
entered the right-hand leg, where it mixed 
with a nitrogen flow containing isopropyl 
alcohol and traversed a bed of 0.1 g of cat- 
alyst diluted with 1 g of Carborundum 
particles. We came to this procedure after it 
had appeared that the use of a simple re- 
actor provided with a small amount of 
catalyst gave rise to a rather rapid drop of 
the activity with regard to both the oxi- 
dation of propylene and the dehydration of 
isopropyl alcohol. In spite of all the trouble 
taken, the cause of this activity drop could 
not be found. There was, however, ground 
for supposing that products from the oxida- 
tion of propylene prevent deterioration of 
the catalytic activity. Dehydration of iso- 
propyl alcohol by the above procedure was 
indeed not hindered by a decrease in activity. 

Partly because the experiments were 
undertaken over a long period, there have 
been variations in the modes of feeding the 
liquid reactants and of collecting or analyz- 
ing the reaction products. In the tests with 
MoOa-covered SnOn, isopropyl alcohol and 

acetone were determined in the gas which, 
after passing through a small condenser, was 
bubbled through the condensate (kept at 
80°C) and, subsequently, led through a 
reflux condenser. Determination of these 
compounds, of which only a negligible 
portion remained in the condensate, was 
done by means of a gas chromatograph 
equipped with a gas sampler, a column 
filled with Carbowax 600 on Chromosorb, 
and a flame-ionization detector. 

The percentages of undeuterated propvl- 
ene, propylene-c&, propylened2, etc., “in 
propylene that had been subjected to a 
hydrogendeuterium exchange, were deter- 
mined mass spectrometrically. The electron- 
accelerating voltage was low (- 10 V) to 
prevent fragmentation of the molecules. 

The conditions in the experiments with 
propylene were so chosen that there was 
only little conversion to oxidation products 
(see Part I). 

The mean total pressure in the catalyst 
beds was somewhat higher than 1 atm (high- 
est value 1.13 atm with Experiment 8, 
Table 4). 

RESULTS 

Exchange Rate and Deuterium Distribution 

Table 1 is a survey of the conditions and 
results of a number of experiments on the 
H-D exchange between propylene and water 
vapor. Values are given for the distribution 
of deuterium in the issuing propylene and 
for the initial exchange rate. The values 
mentioned under the experimental mole 
fractions of CsH6, CBHSD, CsH,D,, etc., in 
the propylene, denote the mole fractions 
that would have been found if the distri- 
bution of the deuterium atoms over the 
propylene molecules should be binomial. 
For the distribution to be binomial, the 
exchange sites must be equivalent; it is 
characterized by 

U! 
ri = i!(a - i)! xi(l - x)-i (1) 

where a is the number of exchangeable H or 
D atoms per propylene molecule; ri, the 
mole fraction of propylene with i D atoms 
per molecule (i = 0, 1, . . . , a) ; x, the 
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fraction of deuterium in the exchangeable 
hydrogen and deuterium of the propylene. 
The magnitude of x follows from the ex- 
perimental mole fractions ri,expt: 

0 

x = 1 
a c 

iri, cxpt (2) 
i=l 

(Thus, the calculated pi values are not inde- 
pendent of the experimental ones.) The 
binomial distributions were calculated for 
a = 5 and a = 6. (With a = 5, any C3Ds 
present is regarded as not belonging to the 
propylene.) The initial exchange rate (un) 
is defined as the number of milligram atoms 
of H (per m2 of catalyst surface and per 
hour) that at the beginning of the bed go 
from propylene (C,H,) to water (DzO), 
i.e., are exchanged against deuterium. The 
reason that this definition has been chosen, 
and the way in which un was calculated 
from the experimental data, are given in the 
Appendix. In the case of SnOz/Mo03, un 
was corrected because of the limited diffu- 
sion velocity of the propylene in the catalyst 
pellets (corrections smaller than 10%). 
No allowance was made for the fact that 
a small portion of the propylene is oxidized. 

Infrared Absorption and Proton Magnetic 
Resonance Measurements 

Some exchange experiments were carried 
out with Moos-covered SnOz (3.5 m”/g) at 
370°C in which x did not assume high values, 
viz., 0.01, 0.04, 0.06, and 0.20 (in calculating 
2, a was taken equal to 5). Infrared spectra 
were taken of the propylene in the issuing 
gas. These could be interpreted only 
semiquantitatively. 

With x = 0.04 and x = 0.06, methyl- 
ene groups with a single deuterium atom 
(HDC=; D and methyl in the cis posi- 
tion) were roughly twice as frequent as 
both HDC= (trans) and methyl groups con- 
taining deuterium. With x = 0.01, the 
spectrum did not even show more than 
a signal of HDC= (cis) ; the irrecognizability 
of the signals of HDC= (trans) and of 
H2DC- may have been partly due to the 
fact that the extinction coefficients of these 
groups are considerably smaller than the 
extinction coefficient of HDC= (cis). On 

the other hand, in the relatively strongly 
deuterated propylene with x = 0.20, the 
amount of deuterated methyl groups was 
comparable with the amount of HDC= 
(cis), but, as in the other tests, the amount 
of HDC= (trams) was smaller than that 
of HDC= (cis). The group D&= occurred 
in the propylenes with x = 0.06 and x = 
0.20, the amount of the latter being twice as 
large as that in the former. Propylene with 
D attached to the second carbon atom was 
absent. 

In an exchange experiment carried out at 
330°C with a catalyst composed of SnOs, 
MOOS, and SiOZ (Aerosil), the propylene in 
the dried issuing gas was condensed at 
approx. - 13O”C*. After the tube containing 
the condensate had been sealed, the proton 
magnetic resonance was determined at 
-55°C. The ratio between the numbers of 
vinyl and methyl H atoms was found to be 
0.945. The ratio between the numbers of the 
methylene H atoms and the H atoms bonded 
to the second carbon atom could not be 
determined accurately; the value found was 
1.85 f 0.15. Assuming that there are no 
D atoms bonded to the second carbon atom 
(see Discussion section) and using the former 
ratio of 0.945, one can easily calculate that 
values above 1.835 for the latter ratio lead to 
negative numbers of methyl D atoms. 

At values from 1.7 ( = 1.85 - 0.15) to 
1.835, the ratio between the numbers of 
methylene and methyl D atoms increases 
from 2.1 to infinity and x varies from 0.089 
to 0.033. This range of x values is reasonable 
(a mass-spectrometric analysis was not 
done). We may conclude therefore, that this 
ratio was at least 2. This result is in agree- 
ment with the information from infrared 
absorption. 

Dehydration of Isopropyl Alcohol 

The conditions and results of some experi- 
ments with isopropyl alcohol are given in 
Table 4. For comparison, values concerning 
the oxidation of propylene and the exchange 
are given in Tables 2 and 3. The rates of 
the dehydration of isopropyl alcohol to pro- 
pylene, of the oxidation of propylene towards 

* The attending condensation of 02 and Nz must 
be kept below certain limits. 
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acetone and acetic acid, and of the exchange 
reaction, are expressed as rate constants of 
reactions that are assumed to be first order 
in the partial pressure of propylene. This 
assumption seems to be permissible because 
Tables 24 serve only to give a qualitative 
comparison. (We point out that data at our 
disposal concerning the dehydration of 
isopropyl alcohol and the oxidation of 
propylene, support this assumption.) 

As can be seen from the last column in 
Table 4, the principal reaction in the case of 
SnOz is not the dehydration to propylene, 
but the oxidative dehydrogenation to ace- 
tone. In Experiment 7 in this table 14$& of 
the isopropyl alcohol was converted with 
a high selectivity into acetone. 

TABLE 2 
REACTION RATE CONSTANTS FOR 

OXIDATION OF PROPYLENE’ 

Catalyst 

TYPE 

MoOab 6 
SnOf 9 
SnO*d 9 
SnOz/MoOad 14.5 
SnOJMoOJ 14.5 

First order 
reaction rate 

Tempera- constant 
ture (mmole/m2 
(“C) hr atm) 

372” 0.25 
354O 0.5 
372” 0.55 
348” 6.5 
372” 7.5 

0 Partial pressures of propylene, water vapor, 
and oxygen: 0.06, 0.3, and 0.13 atm. Gas flow rate 
2.2 moles/hr. 

b Test 5, Part I, Table 1. 
c Test 7, Part I, Table 1. 
d Test 8, Part I, Table 1. 
~Test 21, Part I, Table 1. 
f Test 22, Part I, Table 1. 

TABLE 3 
REACTION RATE CONSTANTS FOR H-D 

EXCHANGE WITH PROPYLENE~ 

Teat 
no. in 

‘“%a l 
i art) 

Catalyst First order 
Gas reaction r&e 

Surface flOW constant 
itma rate (mmole/m~ 

Type W) fmole/hr) hr atm) 

1 MoOa 9 0.67 5 
2 sno, 21 0.67 55 
5 SnOz/MoOa 4.6 1.00 2500 

n Partial pressures of propylene (initially C&j), In Experiment 9 (already mentioned 
water vapor (initially DzO), and oxygen: 0.06,0.65, above) in which a diluted bed of 0.1 g of 
and 0.06 atm. Temperature 360°C. Moos-covered SnOz was used, the dehydra- 

The rate constant of the dehydration of 
isopropyl alcohol was calculated by means of 
the equations 

--Mp = Mp = k~p~ds - bpz as 
& 0 

with the solution 

Pl,exit - pl,eguil = exp - 
[ 

(h + kz)P,S 
&&let - Pl,epuiI M 1 

(3) 

where k is a rate constant (mmoles/m2 hr 
atm) ; M, the gas flow through the reactor 
(millimoles/hr); p, the partial pressure 
(atm); P,, the pressure of the reaction gas 
(atm); s, the surface area of the catalyst 
in m2 (varying from s = 0 on the inlet 
side to s = S on the exit side) ; S, the total 
surface area of the catalyst bed (m”); and 
index 1 indicates isopropyl alcohol, and 
index 2, propylene). 

In Eq. (3) k2 can be neglected in relation to 
kl and, since K, is large [see Eq. (4)], pl,equii 
need be taken into account only at high 
degrees of conversion. 

The value of the rate constant calculated 
for Experiment 9 (Sn02/Mo03; 369°C) must 
be considered much too low. A five times 
larger value, 1.5 X lo5 mmoles/m2hr atm, 
would be much nearer the mark (for argu- 
mentation see Table 4, footnote c). 

The rate constant of the oxidation of 
propylene was calculated as the number of 
millimoles of propylene converted towards 
acetone and acetic acid in the catalyst bed 
(including half-a somewhat arbitrary 
choice-of the propylene completely broken 
down to CO and COZ), divided by the 
catalyst surface area (m2) and the partial 
pressure of propylene (atm) derived from the 
feed rate. The corresponding quantity for 
the exchange is un divided by the partial 
pressure of propylene. 

Blank runs with reactors containing 
Carborundum alone showed that in the 
absence of catalyst the dehydration of iso- 
propyl alcohol was negligible and no hydro- 
gen-deuterium exchange took place between 
propylene and water. 
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tion of isopropyl alcohol proceeded nearly 
to equilibrium. Application of a much larger 
quantity of catalyst must consequently 
disclose the equilibrium partial pressure of 
isopropyl alcohol. In a test with 1.4 g of 
Moos-covered Sn02, the amount of isopropyl 
alcohol, which was determined in the issuing 
gas with a measuring error of -lo%, indeed 
agreed with the equilibrium partial pressure 
of isopropyl alcohol found from 

logl,, K, = 7.52 - (2614/T) (4) 

where K,(atm) is the equilibrium con- 
stant of the reaction CHpCH20HCH3 G 
C&H6 + HzO, and I’ is the absolute tem- 
perature in “K. The constants in this equa- 
tion were calculated from thermodynamic 
data for isopropyl alcohol (a) and for propyl- 
ene and water (3). 

Hydration of Propylene 

In experiments with 2 g of catalyst at 
various space velocities and partial pressures 
of propylene and water vapor, the equi- 
librium predicted by Eq. (4) established 
also from the propylene side. Equilibrium 
was also reached in a run with a small cat- 
alyst charge (0.1 g) possessing a low ac- 
tivity for the oxidation of propylene. A run 
without a catalyst yielded only a small 
fraction of the equilibrium amount of iso- 
propyl alcohol. 

DISCUSSION 

In Table 1 it can be seen that in the 
presence of an SnOz-MoOa catalyst a re- 
markably fast exchange of hydrogen and 
deuterium takes place between propylene 
and water; comparison of Tables 2 and 3 
shows that the ratio between the exchange 
and oxidation rates is roughly 350. 

In considering how the deuterium is 
distributed over the propylene molecules in 
the experiments with SnOz-MoOa catalysts 
(Table l), we shall at first not take account 
of the mole fraction of CZDG. There appears 
to exist a moderate agreement between the 
purely experimental and the calculated 
(binomial) deuterium distributions. It does 
not make any considerable difference 
whether the number of exchangeable hy- 
drogen atoms per C&H6 molecule is assumed 

to be 5 or 6, although it must be remarked 
that a = 6 satisfies better than a = 5. 

The deviations between the experimental 
and calculated distributions are, for a large 
part, of a systematic nature: the experi- 
mental distributions are levelled off com- 
pared with the calculated ones. This level- 
ling off is probably due to insufficiently 
rapid diffusion of the propylene molecules 
in the catalyst pellets. 

The occurrence of deuterium distributions 
which may be considered to be binomial 
proves that during a visit of a propylene 
molecule to the surface only one hydrogen, 
or deuterium, atom can be exchanged. (A 
very rapid exchange between the propylene 
molecules would also give rise to a binomial 
distribution. The possibility cannot be 
excluded but seems improbable.) 

A good criterion of the number of ex- 
changeable hydrogen atoms per propylene 
molecule is the mole fraction of C&De. 
As appears in Table 1, the purely experi- 
mentally determined mole fraction of C&DE 
obtained with SnOz-Moor catalysts is much 
smaller than the mole fraction derived from 
the binomial distribution, notwithstanding 
the levelling tendency referred to above. 
This can be seen the most clearly in the last 
test, which yielded a calculated mole fraction 
of 0.05 whereas the experimental value was 
no more than 0.001. It must be concluded, 
therefore, that one of the hydrogen atoms in 
the propylene molecule participates only 
slightly in the exchange, in other words, 
that t,here are five readily exchangeable 
hydrogen atoms per propylene molecule. 
The single hydrogen atom bonded to the 
second (middle) carbon atom must be the 
hydrogen atom that is difficult to exchange. 

What explanation can be advanced for 
the exchange taking place on SnOn/MoOs? 
Before answering this question we shall first 
consider the possibility that the exchange 
reaction coincides with the reaction isopropyl 
alcohol g propylene + water proceeding 
under equilibrium conditions. The rate (in 
either direction) of this reaction equals 
klpl,epuil, it being supposed that the de- 
hydration is first order in the partial pres- 
sure of isopropyl alcohol. For the exchange 
experiments lc, can be put equal to lo5 
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mmoles/m2hr atm (see Table 4, footnote c), 
while pl,equii is equal to 1.5 X 1e6 atm (if 
there is no isotope effect) ; this gives 
klplyequil = 1.5 mmoles/m2hr. This rate is 
very much smaller than the exchange rates 
found. The possibility mentioned above 
consequently is not real. 

To account for the exchange we propose 
a reversible reaction in which propylene 
and an acid surface hydroxyl group change 
into an isopropyl group bonded to a surface 
oxygen atom : 

H H 
H&=C-CHs is HaC-G-CHa (5) 

1111&11111111 IIIIIIII~IIIIIIIII 

In an alternative reaction the isopropyl 
group is not bonded by the oxygen atom of 
the hydroxyl group, but by another oxygen 
atom. 

It is reasonable to assume that in the 
presence of DzO the hydrogen in the surface 
hydroxyl groups is rapidly substituted for 
deuterium. The reversible reaction (5) 
consequently explains the exchange of hy- 
drogen and deuterium between C&H6 and 
DzO. It also satisfies the requirement that 
the hydrogen atom bonded to the second 
carbon atom must be left intact. 

The hydrogen atoms of the isopropyl 
group forming in reaction (5) have equal 
chances of being released. If one of the 
methyl groups contains a deuterium atom, 
the chances that cis-propene-l-c&, trans- 
propene-1-$1 and propene-3-dr will form 
are in the ratio 1: 1:3; a minor secondary 
kinetic isotope effect might slightly change 
this ratio. However, the information derived 
from infrared absorption and proton mag- 
netic resonance shows that at low degrees of 
deuteration there is a preference for for- 
mation of cis-propene-1-dl. The incon- 
sistency can be removed by assuming 
that the exchange proceeds as follows. 
The deuterium atom of a reacting sur- 
face OD group enters stereospecifically 
into a bond with the methylene carbon atom 
of a propylene molecule. (This is quite 
possible because the orientation of the 
propylene molecule in relation to the surface 
and that of the reacting double bond in 
relation to the atoms to be bonded cannot 

be arbitrary. Presenting a concrete pic- 
ture of the configuration of the reacting 
system is, we think, very much a matter of 
conjecture.) The further course of the ex- 
change reaction may now go in two direc- 
tions with approximately equal chances of 
probability: 

(1) One of the two hydrogen atoms 
bonded to the same carbon atom as the 
deuterium atom is given off in such a way 
that cis-propene-ldl is formed. 

(2) The configuration needed for a stereo- 
specific completion of the exchange reaction 
is interfered with; this causes formation of 
the isopropyl group indicated in reaction (5). 

If the exchange should be purely stereo- 
specific, it would have to cease upon take-up 
of either one or two deuterium atoms (the 
former possibility would arise if introduction 
of a new deuterium atom would require 
elimination of the deuterium atom already 
present). However, this has not been con- 
firmed experimentally. The exchange rates 
found by us (also in experiments not de- 
scribed in the present paper) are of the same 
order of magnitude, whatever the degree of 
deuteration, and the deuterium distribu- 
tions do not show any sign of discontinuity. 
The methyl group of propylene has, evi- 
dently, sufficient opportunity of reacting. 
It should be pointed out here that if an 
H atom is split off from the CH, group 
in CHs---CH=CHD, two D atoms appear in 
the methyl group of the propylene produced 
(CHI-CH=CHD changes, via the group 
CHI--CH-CHD2, into CH,=CH-CHD,). 
This explains why at not too low degrees of 
deuteration the amount of deuterium in 
methyl groups is comparable with that in 
methylene groups. 

Considering that at low degrees of deu- 
teration, the deuterium finds its way mainly 
into the methylene group, we may reject all 
exchange mechanisms according to which 
the deuterium would first appear in the 
methyl group. Such mechanisms are the 
hydrogen switch mechanism of Turkevich 
and Smith (4), and the ally1 mechanism 
which, as proposed by Lake and Kemball 
(5), would take place in the presence of 
TiOz. The latter mechanism involves that 
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first a hydrogen atom is abstracted from 
the methyl group in propylene, so that an 
ally1 group is formed, after which a deu- 
terium atom is restored to this ally1 group. 

In the oxidation of propylene to acrolein 
over bismuth molybdate abstraction of 
hydrogen leading up to an ally1 group is the 
rate-determining step (8). This renders it 
unlikely that a rapid exchange of the hy- 
drogen in propylene against the deuterium 
in DzO over any catalyst (and over bismuth 
molybdate in particular) will go via an 
ally1 mechanism. This conclusion is con- 
firmed by the result of an exchange experi- 
ment using a P-containing bismuth molyb- 
date catalyst with 50% by weight of SiOn. 
At 370°C the exchange went about 20 times 
faster than the formation of acrolein (the 
main product), and in the propylene (5 = 
0.017) only cis-propene-l-d1 could be ob- 
served by infrared spectroscopy, as also in 
the propylene with z = 0.01 obtained in one 
of the experiments with SnO1/MoOs. As we 
see it, the H-D exchange between propylene 
and water over SnOJMoO,, Bi203/Mo03, and 
TiOz, must be ascribed to an isopropyl 
mechanism (which, it should be stated here, 
was not excluded by Lake and Kemball). 

Considering that (a) an SnOz-MoOa cat- 
alyst gives a high exchange rate and is 
characterized by a high activity and selec- 
tivity for the oxidation of propylene to 
acetone and acetic acid, (b) the isopropoxy 
group in reaction (5) is an appropriate 
precursor of acetone, (c) hydroxyl groups 
are involved in reaction (5) and water vapor 
is needed to ensure proper oxidation of 
propylene over Sn02/Mo03, it may be taken 
that the isopropoxy group mentioned above 
is the intermediate in the oxidation of 
propylene to acetone and acetic acid over 
Sn02/Mo03 : 

the rate is much lower than that over SnOJ 
Moos, although still considerable. In the 
experiment with SnOz (Test 2, Table 1) a 
binomial deuterium distribution calculated 
with a = 5 agrees very well with the ex- 
perimental one. The assumption that there 
are six exchange sites per propylene mole- 
cule leads to a less satisfactory agreement; 
the mole fraction of C,HD, calculated with 
a = 6 is twice as large as that determined 
experimentally and the small, though detec- 
table, amount of C&He which should have 
been present if a = 6, could not be observed. 
Hence, it looks as if the exchange over SnOz 
proceeds along similar lines as over 
SnOz/MoOl. 

As to Moos, the rate of the exchange is 
much slower than that observed over SnOs, 
and the deuterium distribution may be re- 
garded as binomial. A statement as to the 
number of exchangeable hydrogen atoms 
per propylene molecule cannot be given 
here, in view of the low degree of deuteration 
reached. 

The rate of oxidation of propylene and the 
exchange rate both increase in the following 
sequence: Moos, SnOz, SnOz/MoOs. It may 
be taken that scheme (6) is also valid with 
SnOz and MoOp. 

We shall now compare MoOa, SnOn, and 
Moos-covered SnOz as regards their be- 
havior with respect to isopropyl alcohol. 
Table 4 shows that the dehydration of iso- 
propyl alcohol proceeds smoothly on Moos 
and very rapidly on SnOz/MoOs. The ratio 
of the rates of the oxidative dehydrogenation 
to acetone and the dehydration is small, 
both for MOOS and for SnOz/MoOs. With 
SnOz the situation is entirely different. On 
this oxide, at 295”C, the oxidative dehydro- 
genation to acetone is the main reaction; 
dehydration plays only a very subordinate 

H H 
HzC==C-CHa ti HaC-C-CH, s” H,C-C-CH, 

Il1ll~llI5Il!III ll!llllllh 8 
(6) 

(CH&OZH upon further oxidation) 

There are objections to supposing that the role here. This shows that coverage with 
isopropoxy group is also the intermediate MoOa completely changes the behavior of 
in the dehydration of isopropyl alcohol; SnOz with regard to isopropyl alcohol. 
these will be put forward later. It is tempting to regard the isopropoxy 

Exchange also takes place over Snot; group in reaction scheme (6) as also an 
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intermediate in the dehydration and oxida- 
tion of isopropyl alcohol. One must expect 
then that the amounts of acetone and propyl- 
ene formed from isopropyl alcohol (the 
formation of acetic acid may be neglected) 
will be in approximately the same proportion 
as the rates of the oxidation of propylene 
towards acetone and acetic acid and the 
exchange reaction. This condition is not at 
all satisfied by SnOn, because of its different 
behavior referred to above. Also over SnOJ 
MOOS isopropyl alcohol yields more acetone 
than might be expected (acetone/propyl- 
ene = 0.012, Test 10; oxidation rate/ex- 
change rate = 7/2500 = 0.003). Only with 
Moo3 is there a fair agreement [acetone/ 
propylene = 0.03, Test 6; oxidation rate/ 
exchange rate = 0.25/S = 0.05 (the differ- 
ences in the test conditions should be taken 
into account)]. From the foregoing, and also 
from the fact that the formation of acetone 
is, in all cases, attended with much less 
breakdown to CO and CO2 than the oxida- 
tion of propylene, it follows that isopropyl 
alcohol cannot be included in reaction 
scheme (6). 

There are, however, good grounds for 
supposing that the acid OH groups which 
are assumed to effect the exchange over 
SnOJMoOl will also be effective in the 
dehydration of isopropyl alcohol [for a dis- 
cussion of possible mechanisms for the 
dehydration of alcohols over ALO,, see 
ref. (r)]. We are inclined to think that the 
presence of these groups also has something 
to do with the circumstance that in the 
oxidation of propylene over SnOJMoOa 
only a relatively small proportion is com- 
pletely broken down to CO and COZ. 
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APPENDIX 

Calculation of the Exchange Rate 

It is assumed that the exchange behavior 
of the hydrogen and deuterium atoms in the 
propylene molecule is independent of the 

position and number of these atoms in the 
molecule. In this connection it is pointed out 
that a perfectly binomial deuterium distri- 
bution is possible (Table 1, test with Sn0.J. 

As regards water, the degree to which the 
equilibrium constant K (= pzHDO/p&O~O) 
deviates from the ideal value of 4 is still 
a matter of discussion (8). From the 
(G” - E’,J/RT values calculated by Friedman 
and Haar (9) for HzO, HDO, and D,O, and 
from the AE’o values given by Narten (IO), 
it follows that at 360°C K = 3.8. This value 
for the equilibrium constant does not differ 
appreciably from 4. We consider it a rea- 
sonable approximation to suppose that H 
and D will behave independently also in the 
water molecule. 

When H and D atoms have equal ex- 
change chances-this is not a consequence of 
the above-mentioned independence--one 
can easily derive an expression for the ex- 
change rate (u), which, in this case, can be 
defined as the number of milligram atoms of 
hydrogen and deuterium per hour and per 
m2 of catalyst surface going from propylene 
to water (or from water to propylene); the 
nonobservable exchanges (H against H and 
D against D) also contribute to this rate. 
If x and y are understood to be the fractions 
of deuterium in the exchangeable hydrogen 
and deuterium belonging to propylene and 
water, respectively, xu denotes the number 
of milligram atoms of deuterium per hour 
and per m2 leaving the propylene and yu the 
number of milligram atoms of deuterium per 
hour and per m2 leaving the water. The 
difference yu - xu is the rate at which 
propylene is enriched with deuterium. The 
exchange under stationary conditions in 
a fixed bed can consequently be expressed by 

-P~=Wdy=xu-?lu. 
ds ds 

where s is the catalyst surface area (m2) 
reckoned from the gas inlet side; P, the flow 
rate of the exchangeable propylene hydrogen 
and deuterium (milligram atoms/hr) ; 
and W, the flow rate of the water hydro- 
gen and deuterium (milligram atoms/hr). 
I?pon introduction of 5 = xP and q = yW 
this equation can be rewritten as follows: 
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4 4 24 
- -c-z-  

ds ds pE-XT 

Solution gives 

(Al) 
(index 0, beginning of the bed; index e, 
exchange equilibrium). The equilibrium 
value of z is given by 

xe = c/p + W), with C = xoP + yOW 

In this paper x0 equals 0, and y. equals 1, so 
that C = W. 

In reality, the a priori chance of a “for- 
ward” exchange, in which an H atom moves 
from propylene to water, and a D atom from 
water to propylene is smaller than the chance 
of a “backward” exchange. Let us denote 
the respective exchange rates as uf and ‘& 
(milligram atoms/m2 hr). A reasonable 
assumption is 

ZLf = un(1 - x)y and ‘&, = unx(l - y) 

where UH and t&D are constants, i.e. are 
independent of x and y. The above-men- 
tioned inequality of chances involves 
UH < UD. 

At equilibrium we have 
u&-x&h = uDx&-& 01 

Xe 
/ 

Ye 
l-x, -= 1 - ye 

uf = ub or 

UH - 
UD 

WI 

Since the deuterium is binomially distributed 
in propylene (five exchangeable hydrogen 
atoms per molecule, as was established 
experimentally) and in water, it follows 
[see Eq. (l)] that 

X.% 
/ 

Ye 
1 - xe 1 - yo 

equals the equilibrium constant E of the 
reaction 

&&HP, + +DzO ti ;CDz==CH-CDs + +HxO 

i.e., 

3% 

/ 
Ye 

1 - X8 zey, 

[$& /$%leq., = E (A3) 

Combination of Eqs. (A2) and (A3) yields 

u&D = E (A4) 

The value of E can be found by a sta- 
tistical thermodynamic calculation. If use is 
made of the Teller-Redlich product rule (11) 
no other molecular data but vibration 
frequencies are needed for this calculation. 
As we did not have at out disposal the vi- 
bration frequencies of C3HD6, whereas those 
of C&De were known, we assumed that E is 
also the equilibrium constant of the reaction 

KJh + ?D,O = &Da + f&O 

This assumption implies that, as far as the 
equilibrium is concerned, the hydrogen site 
at the central carbon atom is equivalent to 
the other hydrogen sites. Using the product 
rule referred to above and vibration fre- 
quency data for CaHs and CaDG (12), and for 
Hz0 and DzO (9), we calculated E for two 
temperatures. This gave 

E = 0.695 at 227% (500’K) 
E = 0.633 at 360°C (633’K) 

When xu - yu is replaced by 

u,,x(l - y) - uH(l - x)y 

the following equation ta.kes the place of 
Eq. (AlI 

x - xe 1 + f(x0 - 2,) = 
x0 - 5. 1 + .f(x - 2,) 

exp[~(~+~)(l+P)u~s] (A5) 

with 

{=1-E P 1 
E -1+q 

and 

1-E P W-C 
9= E 2P+wx”+ p+w > 

By combining Eq. (A3) with 

P 
P + W xe + p$Y.=&w 

xe can be calculated. 
Eq. (A5) can be reduced to one given by 

Bolder et al. [IS, Eq. (40)] in a form suiting 
a homogeneous reaction performed in a 
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closed volume [& is erroneous; it should 7. KN~ZINGER, H., 2. Ph&k. Chem. (Frunk- 

read it/N (symbols of Bolder et al.)]. furt) 48, 151 (1966); Z. Angew. Chemie 80, 
778 (1968). 
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