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Acetic acid undergoes ketonization on iron oxide. The activation energy of the reaction de-
pends on the region of temperature in which the reaction is carried out, indicating the depen-
dence of the mechanism of the reaction on temperature. The nature of the primary activities of
the catalyst effective in the ketonization, as well as the mechanistic model for ketonization,
have been deduced from the study of the reaction in the presence of alcohols using the technique
of competitive reactions. Below 400°C, the ketonization reaction is a surface phenomenon
involving the interaction of two adsorbed molecules of acetic acid, one of them forming ketene
as an intermediate. At higher temperatures, the reaction takes place through the formation

of a salt.

INTRODUCTION

The ketonization of aliphatic acids has
been considered to proceed through the
intermediacy of acid anhydrides (I) or
B-keto acids (2). Decarboxylative cy-
clization of dicarboxylic acids can be
conveniently explained by the former
mechanism and the decarboxylations of
carboxylic acids having an eo-hydrogen
atom, by the latter. However, these mech-
anisms are inadequate to explain the
formation of benzophenone from benzoic
acid (3). A concerted mechanism (4) there-
fore has been suggested for the ketonization
of benzoic acid. It has been observed that
when vapors of acetic acid are passed
over several metal oxides, metal salts are
formed which subsequently decompose to
give acetone (5~7). Yakerson ef al. (8)
concluded from their studies on the
ketonization of acetic acid on oxides that
the reaction takes place through the
intermediacy of the salt, only when the
lattice energy of the oxide is low (<2500
kecal mole~!). When the lattice energy of

the oxide is high some other surface species
is responsible for the reaction (9).

While there is much information avail-
able on the study of the reactions of
aleohols on semiconductor oxides, rela-
tively little is known about the ketonization
reaction of acids on oxides. The present
investigation has been undertaken with
a view to understand the nature of the
primary catalytic activities of iron oxide
and to elucidate the mechanism of the
ketonization reaction.

EXPERIMENTAL

Acetic acid (BDH, LR) used in this
investigation was purified by distillation
according to the method suggested by
Orton and Bradfield (70), and its purity
was checked by the freezing point. Tertiary
butanol (BDH, LR) was dried and distilled
over pure sodium metal. Methanol(BDH,
AR), isopropanol (BDH, AR), deuterated
acetic acid (E. Merck, spectroscopically
pure), and heavy water (isotopic purity:
99.49%, Bhabha Atomic Research Centre,
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Trombay) were used without further puri-
fication. All alcohols used for the study
were chromatographically pure.

a-Fe;0; was prepared starting from
FeCl;-6H,O (SM, LR; purity: 99.39%) by
the procedure described by Skarchenko
et. al. (11). The oxide was heated at 500°C
for 5 hr and was crushed into a uniform
granular form. After a preliminary study
to determine the particle size and the
volume that would eliminate the diffusion
effects, a volume of 1.25 ml of catalyst
with a grain size of 1.4 mm (mesh size 8)
was chosen for the experiments. Catalysts
containing different proportions of ferrous
and ferric iron were prepared by controlled
reduction of the ferric oxide by hydrogen
at 450°C. The difference in volume of the
same weight of the catalyst reduced to
different extents was negligible and so a
constant weight of 1 g of the catalyst was
used for the experiments. Surface areas of
the samples were determined by the BET
method. A separate sample of catalyst was
used for each run because of the difficulty
in restoring the original composition by
regeneration.

The chemical composition of the reduced
catalyst was determined by conventional
volumetric procedures (12). Weighed quan-
tities of the samples were dissolved in
concentrated hydrochloric acid in the cold.
The Fe’t was quantitatively reduced to
Fe?t by SnCl,, excess SnCl; was destroyed
by HgCl,, and the total iron which is now
in the form of Fe*t was estimated by
titration against standard 0.05 N K,Cr,0;
using N-phenylanthranilic acid as indicator.
The Fe?* was also determined in a sample
that was not subjected to reduction by
SnCl,. The difference between the total
iron and the ferrous iron permitted the
computation of the ferric iron present in
the sample. On the basis of this, the Fe,QOs,
Fe;04 and free Fe present in catalysts
reduced to various extents was caleulated.
Ferric acetate was prepared by leaching

331

ferric oxide with a sufficient amount of
glacial acetic acid. Excess acetic acid was
removed by evaporation under a de-
humidified atmosphere to obtain a rose-
colored fine powder which was analyzed
as (CH;COO),Fe.

The reactions were studied at a total
pressure of 1 atm using a flow reactor (13).
Liquad products were analyzed by vapor-
phase chromatography making use of a
Carbowax column maintained 10-15°C
above the boiling point of the highest
boiling liquid in the mixture to be analyzed.
Hydrogen was used as a carrier gas. With
pure acetic acid, the only reaction is the
formation of acetone:

The acetic acid reacted was computed from
the acetone formed as determined by
vapor-phase chromatography and also by
direct titration with standard sodium
hydroxide. When acetic acid is reacted in
mixture with isopropanol, in addition to
the ketonization of acetic acid, isopropanol
reacts with acetic acid to form an ester:

CH;COOH + CH,CH(OH)CH; —
CH;COOCH (CH,); + H,0.

The isopropanol itself reacts to form
propylene, water, acetone, and hydrogen.
The amount of ester is determined,

CH3CH(OH)CH3 — CHgCH = CH2 + HQO,
CH;CH(OH)CH; — CH;COCH; + H,,

by first titrating a known weight of the
liquid product with standard sodium hy-
droxide to determine the unreacted acid,
then refluxing a known weight of the
product with excess alkali to hydrolyze
the ester, and back titrating the excess
alkali. From these two titer values the
ester formed was calculated. The gaseous
products were analyzed for carbon dioxide
with potassium hydroxide solution and for
olefins with bromine in saturated potassium
bromide, using an Orsat apparatus. The
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remaining gas was identified as hydrogen.
When mixtures of acetic acid and isopro-
panol were used, the hydrogen formed
was equivalent to the acetone formed
from isopropanol. Therefore, this was
subtracted from the total acetone deter-
mined by vapor-phase chromatography to
obtain the acetic acid converted to acetone.
The polythermal decomposition of ferric
acetate was studied by thermogravimetry
using 100 mg of the salt with a constant,

2Fe(CH;CO0) ;5 — Fe 0s
+ 3CH;COCH; + 3CO,,

heating rate of 6°C/min. The ir absorption
of the used catalyst was recorded in the
region of 4000-600 c¢cm™ using KBr as a
diluent. The acetone obtained in the tracer
studies was separated using the method
of preparative vapor-phase chromatography
and was analyzed by mass spectrometry.

RESULTS

Figure 1 represents the Arrhenius plot
for the ketonization of acetic acid on ferric
oxide in the temperature range of 330-
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450°C. The initial rates are expressed in
millimoles of acetic acid reacted per hour.
The activation energy of the reaction below
400°C is 33.5 kecal mole™! of acetone,
whereas it has a value of 15.7 kcal mole!
above 400°C. Figure 2 represents the
Arrhenius plot for the thermal decomposi-
tion of ferric acetate making use of the
expressions reported by Coats and Redfern
(14). These equations are used on the
assumption that the order is constant
throughout the reaction. The thermal
decomposition of the salt was found to
follow first-order kinetics, giving rise to an
activation energy of 17.6 kcal mole™! of
acetone formed. The ir absorption spectrum
of the catalyst, used for ketonization for
about 15 min at 440°C and then removed
from the reaction system, showed absorp-
tion at 1590, 1430, 1020, and 657 cm™,
indicating the presence of small amounts of
metal-acetate (Fig. 3).

The partial pressure of acetic acid was
varied by mixing it with nitrogen, an
inert diluent, to study the effect of the
partial pressure of acetic acid on the
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Fia. 1. Arrhenius plot for the ketonization of acetic acid.
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Fic. 2. Arthenius plot for the decomposition of ferric acetate by thermogravimetric analysis.

reaction. Similarly, the effect of partial
pressure on the reactions of isopropanol was
also studied. Then, mixtures of acetic acid
and isopropanol of various compositions,
but at a total pressure of 1 atm, were
reacted on the catalyst to determine the
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Fic. 3. Infrared absorption spectra of (1) a~-Fe:0y;
(2) a-FeyO; treated with CH;COOH at 375°C;
(3) a-FeyO; treated with CH,;COOH at 440°C;
(4) ferric acetate,

influence of isopropanol on the reactions of
acetic acid and the influence of acetic acid
on the reactions of isopropanol. This
could be done in the case of acetic acid by
comparing the extent of conversion at the
same partial pressure of reactant when the
diluent is nitrogen which is inert, with the
extent of conversion when isopropanol is
the diluent. Similarly, the influence of
acetic acid on the reactions of isopropanol
can be determined. Figures 4 and 5 rep-
resent the mutual effect of isopropanol
and acetic acid on each others’ reaction
at 375 and 440°C, respectively. When
isopropanol and acetic acid were mixed
and reacted over iron oxide, mutual
inhibition of their reactions was observed
at 375°C, whereas the ketonization of
acetic acid was found to be enhanced at
440°C.

The mole percentages of free iron,
a-Fes03, and Fe;04 in the reduced catalyst
obtained in different batches, along with
the phases detected by XRD, are presented
in Table 1. The results of studies of the
reactions of acetic acid, isopropanol, and
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presence of N2
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presence of Ny

HZ formed from iscpropanol in
presence of CH3C(X)H
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Fi1c. 4. Mutual effect of acetic acid and isopropanol
on their respective reactions at 375°C.

tertiary butanol on reduced catalysts are
presented in Fig. 6. These results are for
1 g of catalyst. The results are obtained at
375°C and hence no further reduction of
the catalyst takes place during the reaction.
The reduction of the catalyst during the
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reaction takes place only at reaction
temperatures above 390°C, as can be seen
from the results in Table 2. The dehydro-
genation of isopropyl alcohol and the
ketonization of acetic acid show maxima
for a composition corresponding to the
Fe;04 phase, whereas, for this composition,
the dehydration of tertiary butyl alcohol
falls to about

lCH3 CH.
|
CHs—?—OH had CH:;—C + Hzo
CH; CH;

half the value on an unreduced catalyst.

A plot of the logarithm of the initial rate
against the logarithm of partial pressure
for typical runs for reactions of acetic acid
at 375 and 440°C is given in Fig. 7. The
slopes of the lines suggest that the reaction
at both temperatures, though less than
first order, is closer to first order. The
orders seem to suggest a common mecha-
nism in the two temperature regions even
though the energies of activation do not.

Millimoles /hour

Fra. 5. Mutual effect of acetic acid and isopropanol on their respective reactions at 440°C.
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TABLE 1

Chemical Compositions of the Different Phases Present in Various Batches of the Catalyste

Catalyst Time of Surface Chemical composition (mole%,) Phases detected
batch reduction area by XRD
(hr) (m?/g) Fe Fe;0, Fe 0,
A 0.0 44 — — 100 a-Fe03
B 0.5 39 —_— 27.36 72.68 a-Fezog, F6304
C 1.5 41 — 55.12 44 88 a-Fe 0,3, FeyO4
D 2.5 38 — 79.72 20.28 a-Fe;0;, Fe;O,4
E 3.5 40 1.86 96.27 1.87 —,  Fe;O,
F 4.5 42 13.65 86.35 — —,  Fe;Oq4
a-Ye

« Temperature of reduction: 430°C; 50 ml of H; per minute.

The data in Fig. 7 reveal that, at higher
partial pressures, the experimental points
deviate greatly from the straight lines.
This could be because the reaction is
tending toward zero-order conditions at
higher partial pressures. The determination
of order by this method is therefore not
quite reliable. Further, assuming the Lang-
muir expression for surface coverage, the
rate of the reaction if first order is given by

V = ko = k[bp/(1 + bp) .

The experimental observation of an appar-
ent relationship,

V = kbp,

requires that bp << 1. This cannot be true
because, as the partial pressure of acetic
acid approaches 1 atm, the rate tends to
become constant, indicating that bp > 1
at 1 atm of acetic acid. Since the reactions
are not carried out at very low pressures,
bp cannot be negligible compared to 1.
During the study of the ketonization of

120

Millimoles{hour

40

O CHyCOOH reacted during ketonisation

® H, formed from (CHy),CHOH

A CH4CH=CH, formed from (CHy)LHCH

A (CHghC=CH, formed from (CH3)3COH

200
Catalyst:15g

Temp.: 375°C

Contact time:016sec

Millimotes/hour

Fia. 6. Activity of the reduced catalyst for various reactions.
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TABLE 2

Temperature Dependence of the Reduction
of a—Fe203 to F6304"

Temperature Percentage Phases detected

of keton-  conversion by XRD
ization of a-Fey0;

(OC) to F8304

360 0.000 a-Fe 0y

375 0.000 a-Fe 03

390 0.825 a-Fezos

400 3.185 a-Fe:03

420 6925 LY-F8203, F8304
440 17.270 a-Fezos, F8304

« Feed rate, 0.525 mole/hr, Duration of reaction:
15 min.

acetic acid on thoria, it was pointed out
that, unless one works with extremely low
partial pressures of reactant, the determina-
tion of order in this manner can lead to
ambiguous results (6, 15). Hence the
method of competitive reactions (76) was
used to get a more certain idea of the order
of the surface reaction.

Mixtures of acetic acid and alcohols were
reacted on iron oxide, whereby the ketoniza-
tion and esterification formed the compet-
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ing reactions. In Fig. 8, the relative
velocities of the ketonization and esterifica-
tion are plotted as a function of the
composition of acetic acid and methanol
in the feed. The relative adsorption
coeflicients,

CH;COOH + CH;COOH —
CH;COCH; + H,0 + CO,,

CH;COOH + CH,0H —
CH;COOCH; + H:0,

of acid and aleohol (b,./b.1) are calculated
from the partial pressures at which the
rate of esterification is at a maximum
(16, 17). It was established earlier that,
when the sum of the partial pressures of
acid and alcohol is 1 atm, the catalyst
surface could be considered to be completely
covered. H the Langmuir-Hinshelwood
(L-H) mechanism is operative for the
esterification, the rate of esterification is
given by

bucpacbalpal
’ (bacpﬂ.c + balpal)2 )

Differentiating this expression to obtain

7 s

®»
T

-~
—

Log (Rate in miltimoles of acetic acid reacted /hour}

O  Ketonisation at 375C tan =07

® Ketonisation at 440C tan 6084 ¢

222

Log (Rate in millimoles of acetic acid reacted/hour}
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1‘20- 2 0‘- 4 0~I6

1
08 10 12

Log (Partial pressure of acetic acid in atm x10)

Fi6. 7. Evaluation of the order for the ketonization of acetic acid on ferric oxide at 375 and 440°C.
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Fic. 8. Relative rates of formation of methyl acetate and ketone at 375°C for reaction mixtures
containing different proportions of methanol and acetic acid.

the condition for maximum rate of esteri-
fication, one finds that, at Vg (maximum),

bac/bnl = pal/pac = Z.

Similarly, if the Rideal-Eley (R-E) mech-
anism is operative,

bacpacpal
-VE = Re

bacpac + balpnl

and, at Vg (maximum),
bac/bal = l:pal/pac:F =Y.

Thus, two values are obtained for b,./ba,
depending on the reaction model for
esterification. Using these values of x and
y for ba./ba, one can calculate theoretical
curves for the ketonization using the L-H

r . .
0 Baipaip model where the rate expression is
a a ac
e 3
bacpm; + ba]pal VK = kk[(bacpac>/(bacpac + ba]pul)]z,
TABLE 3
Isotopic Distribution of Acetone during Tracer Studies at 375°C
m/e Isotopic 50%, CD;COOD 109 D:0O 10% D20 25% D20 25% D20
acetones +50% CHsCOOH +90% CH,COOH +90% CH3;COCH: +75% CHsCOOH +75% CH:COCH;
58 CHCOCH; 4.6 74.0 78.7 46.5 52.5
59 CH:DCOCH: 13.9 17.3 14.3 34.6 30.8
60 CHD:COCH; 24,3 7.2 5.6 14.7 12.9
CH:DCOCH:D
61 CD;COCH; 27.4 1.5 1.7 3.7 3.4
CHD:COCH:D
62 CD;COCH:D 19.2 — — 0.5 0.4
CD.;HCOCHD:
63 CD3;COCHD: 8.8 — —_— — —
64 CD3;COCD3 1.8 — _— — —




338

or the R-E model where the rate expression
is

VK = kk[bacpac2/ (bacpac + balpal) ]

In each of these expressions, z or y can
be substituted for b../b.. Therefore, four
theoretical curves can be constructed
(18-20). One can now find to which of
these theoretical curves the experimental
points correspond and determine which
model is applicable to the ketonization
reaction.

The experimental results are found to
fall on the theoretical curve drawn on the
assumption that esterification and ketoniza-
tion both follow an L-H mechanism. This
suggests that the ketonization is a second-
order reaction on the surface.

The technique of competitive reactions
could not be used at 440°C because the
relative adsorption coefficients of alcohols
and acids were not of a suitable magnitude
to permit a clear distinction between the
two mechanisms. The method can be used
only if the ratio of adsorption coefficients
of the reactants is 3 or more (76). This
condition appeared to be satisfied by
isopropanol. But isopropyl acetate decom-
poses at 440°C, making it impossible to
study the competitive reaction.

Tracer studies were carried out by
passing mixtures of CD;COOD and CH,-
COOH, CH;COCH; and D,O, and CHs,-
COOH and D,O separately over ferric
oxide. The results of the analysis of the
products are tabulated in Table 3.

DISCUSSION

The discontinuity in the Arrhenius
plot around 400°C indicates that the
mechanism of the ketonization is not the
same below and above this temperature
(21, 22). The discontinuity in the Arrhenius
plot may be attributed to surface unsatura-
tion of the catalyst at higher temperatures.
In such cases, when one extends the two
straight lines obtained by joining the
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points at the higher temperatures, with
those at the lower temperatures, one
observes that the two lines intersect and
that all experimental points lie to the
left-hand side of the area formed by these
two lines (/7). In the present case, it is
found that there are at least two points
to the right-hand side of this area. Hence,
surface unsaturation is unlikely to be the
reason for the discontinuity in the Ar-
rhenius plot. The comparable values of
the activation energies obtained for the
ketonization of acetic acid (15.7 keal
mole!) above 400°C and the thermal
decomposition of ferric acetate (17.6 keal
mole™!) lead one to believe that the
ketonization above 400°C takes place
through formation of a salt (8). The ir
spectrum which shows the presence of
acetate groups on the catalyst used at
440°C supports this view. The ir spectrum
of a catalyst used below 400°C does not
indicate the formation of acetate on the
catalyst surface. The mutual inhibition of
the ketonization of acetic acid and dehydro-
genation, as well as of the dehydration of
isopropanol, when the two compounds are
mixed and reacted below 400°C, brings
out the importance of both dehydration
and dehydrogenation sites of the catalyst
for the ketonization. In contrast to this,
above 400°C the presence of isopropanol
enhances the ketonization, although its
own decomposition is suppressed by acetic
acid. This further points to the difference
in the behavior of the catalyst in the two
temperature regions.

Above 400°C, the catalyst is found to
undergo transformation from a-Fe.Os to
Fe;0, during the course of the reaction.
The studies with catalysts reduced to
different extents show that the Fe;O,
phase has the highest activity for ketoniza-
tion. The reducing atmosphere of hydrogen
that is made available by the dehydrogena-
tion of isopropanol may be facilitating the
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conversion of Fe,O; to Fe;O, However,
since the enhancement in activity in the
presence of isopropanol is with respect to
the steady-state activity of the catalyst
when it 18 in the form of Fe;04, the beneficial
effect of isopropanol cannot be due to the
facilitation of the reduction of the oxide.
There must be a beneficial surface modifica-
tion brought about by the isopropanol and
hydrogen. The analysis of the results
obtained employing the technique of com-
petitive reactions suggests a second-order
surface reaction corresponding to the I-H
model for the ketonization.

The experiments with the mixtures of
CD;COOD and CH;COOH which were
carried out below 400°C have given all
possible ratios of hydrogen to deuterium in
the acetone molecule. When CH;COCH;
exchanges with D0, the ratio of monodeu-
terated acetone to undeuterated acetone
is always smaller than that obtained when
the acetone is formed from a reaction
carried out with CH;COOH to which D,0O
i1s added. The monodeuterated acetone in
the latter case, therefore, could not have
arisen only by an exchange after the ketone
is formed. CH3;COOH exchanges with D0
to a much smaller extent than is necessary
to account for the deuterated acetone
formed when acetic acid and D,0 are
passed through the reactor at the reaction
temperature without a catalyst. Therefore,
it is likely that ketene might have been
formed as an intermediate prior to ketone
formation, enabling the formation of multi-
deuterated acetone.

A few experiments were carried out with
mixtures of 259, D,0 and 759, CH;COOH
and 259 DO and 759, CH,;COCH; at
375 and 440°C. The ratio of monodeu-
terated acetone to undeuterated acetone
is given in Table 4. It i1s observed that,
when D;0 and acetic acid are used, the
ratio of CH;COCH,D/CH;COCH; is al-
most the same at both temperatures,
while, with D»O and CH,COCH;, the
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TABLE 4

Extent of Monodeuteration in Acetone When
Acetic Acid or Acetone Is Passed with D,0 over
the Catalyst

Reaction mixture

Moles of CH3COCH D/

moles of CH:COCH 3

375°C 440°C
25% D20 + 75%, CH;COOH 0.75 0.72
25% D20 + 75% CHiCOCH3 0.58 1.36
10% D0 + 909, CH;COOH 0.23 —
10% D20 + 909% CH3COCH; 0.18 —

ratio is greater at 440°C. If the exchange
is taking place after the formation of the
ketone, then one would expect the ratio to
be higher at 440 compared to 375°C,
when D0 and CH;COOH are reacted.
Further, the higher ratio at 375°C for
DO + CH;COOH compared to DO -
CH;COCH; shows that exchange after
ketone formation cannot account for the
CH;COCH,D, supporting the possible in-
termediacy of ketene. At 440°C the ratio
for D:0 4+ CH;COOH is even less than
that for D,O 4 CH;COCH,;, suggesting
that the exchange is less facile than with
the ketone. From the suggested explanation
for the result at 375°C a ketene inter-
mediate cannot be responsible for this
result at 440°C. It is therefore not in
contradiction with the suggestion that at
440°C the mechanism is different and the
reaction is taking place through the
formation of a salt.

The spectral studies on catalysts on
which reactions have been carried out show
evidence of acetate formation when the
reaction temperature is above 400°C and
no evidence at all for it when the tempera-
ture is below 400°C. It is unlikely that a
common mechanism, with the formation
of acetate being rate determining at lower
temperatures and its decomposition being
rate determining at higher temperatures, is
operative. This result further justified the
consideration of two different mechanisms
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in the two temperature ranges. Since the L-H model is applicable to the reaction,
dehydration and dehydrogenation sites are  one can envisage the following mechanisms
important for the ketonization and sinee for the reaction below 400°C.

CH;COOH -» CH;CO* (ad)

OH~ (ad) | | -—» CH;COCH; + CO, 4+ H,0
H+ (ad)
CH;COO0~ (ad)

CH,CO0H -5 CH, = C = 0 (ad)-—>CH;CO*
| H+ (ad) ’ — CH,COCH; + CO,
LCH,CO0- (ad)
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