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The ketonization of acetic acid has been studied on a chromia catalyst at 460°C 
and at a contact time of 0.7 set at various partial pressures in presence of tertiary 
butyl alcohol and benzyl alcohol. There is no inhibition of the ketonisation of 
acetic acid in presence of tertiary butyl alcohol which undergoes only dehydration 
giving isobutylene and water. &nay1 alcohol, which undergoes only dehydrogenation 
to give benzaldehyde and hydrogen, suppresses the ketonization of acetic acid. 
Comparative studies of the reaction of isopropyl alcohol in mixture with acetic 
acid and also with propionic acid, under identical conditions, confirm the conclusion 
that the ketonization is caused by the same activity of the catalyst that is re- 
sponsible for dehydration and dehydrogenation. It is suggested that the ketonization 
occurs through the interaction of two acetic acid molecules adsorbed on the surface 
of chromia, one of them utilizing the dehydrogenation activity for adsorption and 
the other utilizing the dehydration activity. 

Earlier work (1, 2) has shown that 
acetic acid decomposes on chromia at 
460°C to give acetone, water, and carbon 
dioxide and it has been suggested that 
acetic acid utilizes only the primary ac- 
tivities of chromia, viz., dehydration and 
dehydrogenation for ketonization purposes. 
Further studies have been conducted to 
determine the exact type of activity that 
promotes ketonization and to establish the 
mechanism of ketonization of acetic acid 
on chromia. The present paper deals with 
the results obtained in these studies. 

METHODS 

A flow type reaction unit as described 
in an earlier paper (1) was used in the 
present studies. The catalyst used was the 
same as the one used in the earlier studies. 
It was prepared by precipitating chromium 
hydroxide from an approximately normal 
ammonium hydroxide solution. The pre- 

*Present address: Bhaba Atomic Research 
Centre, Trombay, Bombay-74, India. 

cipitate was washed free of nitrate ions, 
dried at 110°C in an air oven, ground to a 
fine powder of less than 240-mesh size and 
then pressed into pellets using about 2% 
stearic acid as a binding material. The 
pellets were heated to 500°C at first in a 
current of carbon dioxide-free dry air for 
6 hr and then in hydrogen for 8 hr. About 
2.5 ml of the catalyst weighing 1.5 g was 
used for the runs and after every run the 
catalyst was regenerated by heating to 
5OO”C, first in carbon dioxide-free dry air 
for 4 hr and then in dry hydrogen for 6 hr. 

Analar tert-butyl alcohol (BDH) was 
dried with sodium pellets and further 
purified by fractional distiIlation. The 
sample collected in the range of 80-81°C 
was used in the present study. Benzyl 
alcohol was fractionally distilled and the 
sample distilling at 205°C was used. Cyclo- 
hexane was also purified by fractional dis- 
tillation. The acetic acid was purified by 
crystallization. All the reactants used were 
chromatographically analyzed to determine 
their purity. 

All the experiments were carried out at 
348 
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460°C keeping the contact time constant 
at 0.7 see except for energy of activation 
determinations. The liquid products c01- 
lected in the trap, kept cool by ice, were 
analyzed by the vapor phase chromato- 
graphic method using a halcomid column 
at 70°C. Calibration factors were deter- 
mined employing pure compounds, for the 
quantitative estimation. The gaseous prod- 
ucts collected in a gas burette after passing 
through the cold trap were analyzed using 
a dimethyl sulfolan column at 30°C and 
sometimes by the Orsat method. Cyclo- 
hexene had a very short retention time and 
SO it was estimated by a modification of 
the bromination method due to Kauffmann 
1.3) employing a bromine-bromide mixture. 

RESULTS 

Experiments were carried out using mix- 
tures of benzyl alcohol and isopropyl alco- 
hol, as well as mixtures of isopropyl alcohol 
and nitrogen, and benzyl alcohol and 
nitrogen. The results of these runs are 
presented in Figs. 1 and 2. They show that, 
benzyl alcohol and isopropyl alcohol sup- 
press each other’s dehydrogenation. Beneyl 
alcohol does not get dehydrated and it 
affects the dehydration of isopropyl alcohol 
only slightly. The results obtained for runs 
using mixtures of tertiary butyl alcohol 
and isopropyl alcohol and tertiary butyl 
alcohol and nitrogen are presented in Figs. 
3 and 4. There is mutual suppression of 
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FIG. 1. Effect of bensyl alcohol and isopropyl 
alcohol on the dehydrogenation of each other. 
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FIG. 2. Effect of benzyl alcohol on the dehydration 
of isopropyl alcohol. 

dehydration and tertiary butyl alcohol 
which does not, undergo dehydrogenation 
affects the dehydrogenation of isopropyl 
alcohol only slightly. 

The results for the ketonization of acetic 
acid and the reactions of the alcohols for 
runs with mixtures of acetic acid and 
benzyl alcohol, acetic acid and ter- 
tiary butyl alcohol, and acetic acid and 
nitrogen in various proportions are pre- 
sented in Figs. 5, 6, and 7. It is seen that 
in the presence of beneyl alcohol, the 
ketonization of acetic acid falls sharply as 
the partial pressure of the acid is decreased 
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FIG. 3. Effect of tertiary butyl alcohol and iso- 
propyl alcohol on the dehydration of each other. 
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FIG. 4. Effect of tertiary butyl alcohol on the 
dehydrogenation of isopropyl alcohol. 

from 1 atm. The dehydrogenation of benzyl 
alcohol is greatly suppressed by acetic acid 
at all partial pressures (Fig. 6). The 
ketonization of acetic acid proceeds in an 
almost uninhibited fashion in the presence 
of tertiary butyl alcohol, the dehydration 
of which is greatly affected by the acetic 
acid (Fig. 7). 

Results obtained in the runs carried out 
with propionic acid in mixture with nitro- 
gen or isopropanol are presented in Figs. 8, 
9, and 10. The results for acetic acid are 
also given in the same figures for compari- 
son. The results obtained in the few runs 

PARTlAL PRESSURE OF ACETIC ACID 
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FIG. 5. Effect of tertiary butyl alcohol and benzyl 
alcohol on the ketonization of acetic acid. 
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FIG. 6. Effect of acetic acid on the dehydrogena- 
tion of benzyl alcohol. 

carried out with mixtures of acetic acid 
and cyclohexane and cyclohexane and ni- 
trogen are presented in Fig. 11. The chro- 
matographic analysis showed no indication 
of any ester formed in the runs using mix- 
tures of acids and alcohols. 

DISCUSSION 
In the earlier studies (1)) it was re- 

ported that acetic acid suppressed both the 
dehydration and dehydrogenation of alco- 
hol, whether it was cyclohexanol or iso- 
propyl alcohol. However, it was found that 
the ketonization of acetic acid fell sharply 

“0 i 
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PARTIAL PRESSURE OF TERTIARY BUTYL 
ALCOHOL IN ATMOSPHERES 

FIG. 7. Effect of acetic acid on the dehydration of 
tertiary butyl alcohol. 
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Vrc:. X. Effect of Cl) acetic acid alltl (2) propionic 
acid 011 the dehydration of isopropyl alcohol. 

even at high partial pressures of the acid 
as the partial pressure of the acid was 
decreased from 1 atrn. Hence, it was argued 
that t.he amount of acetic acid in the gas 
phase is not an important8 fact,or in deter- 
mining the rate of ketonization of acetic 
acid. The acetic acid ~houl~l get atlsorbed 
utilizing the dehydration autl dchydrogena- 
tion activities. Even if the acetic acid 
utilizes only one kind of activity, the two 
adsorbed species will have to 1~ in suf- 
ficiently close proximity to lead t,o a 
reaction. 
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E‘Ic:. 9. Effect of acetic acid and propiollic acid on 
the dehydrogenation of isopropyl alcohol. 
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FIG. 10. Effect, of isopropyl alcohol and nitrogen 
on the ket cmization of (1 ) avet ic- nrid and (2) propionic 
acid. 

activity ~esponsil~le for kctonization of 
acetic acid, it was thought desirable to 
carry out reactions with mixtures of acetic 
acid and an alcohol which utilized only 
one kind of activit’y for its adsorption, 
cithci dehydration or dehydrogenation. 
Such an alcohol would compete for only 
the t.ype of activity it’ needs for its re- 
action, leaving the other free for acetic 
acid adsorption. If this “other” act#ivity is 
the one that promotes kctonization, acetic 
acid could undergo uninhibited kct,oniza- 
tion in p~~c~cacc of such an alcohol. In this 
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l C6HI0 IN CH3COOH 
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FIG. 11. Efiect of cyclohexane and acetic acid 011 
the react,ion of each other. 
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manner one can make available to the acid, 
any one type of activity. For this purpose, 
tertiary butyl alcohol and beneyl alcohol 
were chosen for this study. It was found 
that the former underwent only dehydra- 
tion giving isobutylene and water, and the 
latter only dehydrogenation giving benz- 
aldehyde and hydrogen. Preliminary stud- 
ies were made using mixtures of benzyl 
alcohol and isopropyl alcohol and also mix- 
tures of tertiary butyl alcohol and iso- 
propyl alcohol. These studies were con- 
ducted in order to make sure that benzyl 
alcohol affected only the dehydrogenation 
of isopropyl alcohol and so utilized only 
the dehydrogenation activity and not the 
,dehydration activity; similarly, tertiary 
butyl alcohol affected only the dehydration 
activity and not the dehydrogenation ac- 
tivity. The results presented in Figs. l-4 
confirm that tertiary butyl alcohol com- 
petes only for the dehydration activity and 
benzyl alcohol only for t,he dehydrogena- 
tion activity. 

The results for runs with mixtures of 
acetic acid and benzyl alcohol show that 
the type of activity needed for ketoniza- 
tion is competed for by benzyl alcohol. 
Since the suppression of dehydrogenation 
by acetic acid is a common feature in all 
the cases of alcohols which undergo de- 
hydrogenation, it is quite likely that the 
dehydrogenation activity may be partially 
or wholly responsible for the ketonization. 
The results of the studies with tertiary 
butyl alcohol and acetic acid lend further 
support to the suggestion that the dehydro- 
genation function of chromia may be im- 
portant for the ketonization of acetic acid. 
The dehydrogenation activity which is 
relativeIy free in the presence of tertiary 
butyl alcohol may be responsible for the 
uninhibited ketonization of acetic acid in 
its presence. This, however, does not mean 
that the dehydration activity is not. neces- 
sary for the ket,onization, as it is found 
that acetic acid at all partial pressures 
affects the dehydration of tertiary butyl 
alcohol or any alcohol that undergoes 
dehydration. 

In order to obtain a more definite knowl- 
edge about the importance of dehydration 

activity, it was thought useful to carry out 
studies with mixtures of isopropyl alcohol 
and propionic acid and compare the results 
with those obtained from studies on mix- 
t,ures of isopropyl alcohol and acetic acid 
under similar conditions. These studies 
were made in order to discover to what 
extent propionic acid, a less acidic com- 
pound than acetic acid, affects the dehydra- 
tion and dehydrogenation of isopropyl al- 
cohol and also to find out whether it is 
possible to relate the velocities of ketoniza- 
tion of t.he two acids with the extents of 
suppression of dehydration and dehydro- 
gcnation of isopropyl aIcoho1. To determine 
the extent of suppression in each case, it 
was essential to know the activity of the 
catalyst for the two reactions in the pres- 
ence of an inert diluent. For this reason 
partial pressure studies were carried out 
for the reaction of isopropy1 alcohol in 
presence of nitrogen. Only the results ob- 
tained at intermediate partial pressures, 
i.e., between 0.2 and 0.8 atms where no 
saturation of the surface by any one com- 
pound alone took place, are compared. 

A quantitative expression which relates 
the velocity of ketonization to both de- 
hydration and dehydrogenation activities 
that are used by the acid can be worked 
out as follows. 

The velocity of ketonization may be 
represented as : 

V = k&t?,, 

where k is the rate constant and 8Z and 0, 
are. the fractions of the dehydration and 
dehydrogenation activities that are used by 
the acid. As already stated, 0, and 8, are 
directly related to the extent of suppression 
of the corresponding reactions of isopropyl 
alcohol by the acid. If the subscripts A and 
P represent acetic acid and propionic acid, 
respectively, the ratio of the velocity of 
ketonization of acetic acid to that of 
propionic acid on the same catalyst can be 
represented as: 

VA -= kA(eA’deA)z = R 
VP kp(ep)yh4z 
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where K = k,/k,, = a constant at a par- 
ticular temperature. But O,, and OF for the 
two reactions are proportional to the ex- 
tents of suppression of the corresponding 
reactions of isopropyl alcohol by the two 
acids, SA and SP. Hence, 

R =z@&>,= KS. 

The data given in Table 1 have been 
computed from the results presented in 
Figs. 8 and 9. They show that the ratio of 
the velocities of ketonization of the two 
acids, R, is linear with S. Thus, the results 
of the comparative studies with isopropyl 
alcohol mixed with acetic acid or propionic 
acid support the idea that for ketonization 
to occur, acid molecules have to make use 
of both the dehydration and dehydrogena- 
tion activities, although the relative im- 
portance of the latter may be greater as 
revealed by the fact that the ketonization 
of the acid is greatly inhibited in the 
presence of alcohols that undergo dehydro- 
genation. 

Studies with mixtures of cyclohexane and 
acetic acid were taken up in order to seek 
further confirmation regarding the utiliza- 
tion of the dehydrogenation activity for 
acid ketonization. In the initial runs, cyclo- 
hexane when passed over the catalyst used 
in our studies did not show any sign of 
reaction, but after two or three check runs 
alternately with acetic acid and cyclo- 
hexane, the latt.er showed a tendency to 
react even though only slightly. The prod- 
ucts were cyclohexene and hydrogen. This 
indicated that, it underwent only dehydro- 
genation. 

The results in Fig. 11 show that the 
ketonization of acetic acid is considerably 
suppressed by the presence of cyclohexane. 
If it is assumed that a part of the dehydro- 
genation activity is scmipermanently used 
by the acid, this can account for the sup- 
pression of the dehydrogenation of cyclo- 
hexanc observed even at higher partial 
pressures of cyclohexane. The remaining 
dehvdrogenation activity can be competi- 
tively utilized by both cyclohexane and 
acetic acid. Increased coverage of this re- 

maining dehydrogenation activity by acetic 
acid as it.s partial pressure is increased can 
lead to increased ketonization which, how- 
ever, still remains lower than the normal 
value obtained with nitrogen as the dilucnt 
due to the competition from cyclohexane. 
These results therefore support the sugges- 
tion regarding the importance of dehydro- 
genation activity for ketonization. The 
ketonization involves the interaction of 
two adsorbed acetic acid molecules, one 
utilizing the dehydrogenation activity and 
the other utilizing dehydration activity. 
The formation of the adsorbed species 
utilizing the dehydrogenation activity ap- 
pears to control the reaction. 

The results obtained in the present stud- 
ies furnish further confirmation regarding 
the suggestion made in the earlier paper 
(1) that acet.ic acid utilizes only t,he pri- 
mary activities of chromia, viz., dehydra- 
tion and dehydrogenation, and no other 
kind of activity, for ketonization. The two 
molecules of acetic acid needed for the 
ketonization must be adsorbed on the sur- 
face of the cat,alyst. The two molecules 
that give rise to the ketone are adsorbed 
in different manners, one utilizing the de- 
hydrogenation activity and the ot,her, de- 
hydration activit’y. The species adsorbed 
on the dehydropenation centers appear to 
control the reaction. 
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