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Abstract 

Four carboxylic acids with a number of a-hydrogen atoms ranging from three to zero were tested in the selective hydrogenation 
to aldehyde. The acids used were acetic, propanoic, isobutyric, and pivalic acid. The oxides of iron, vanadium, zirconium, and 
titanium were used as catalysts. It was found that by decreasing the number of a-hydrogen atoms the selectivity to the aldehyde 
increased, while the formation of the main by-product, ketone, was suppressed. It is suggested that this is due to the fact that the 
ketonisation proceeds via a ketene-like intermediate, the formation of which needs the presence of a-hydrogen. Furthermore, 
the reactions to aldehyde and ketone seem to be in competition with each other. 
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1. Introduction 

Aldehydes are not only widely used as fra- 
grances and flavours, but also serve as interme- 
diates in the production of agrochemicals, dyes, 
and other commonly used chemical compounds 
[ 11. So there is a considerable demand for alde- 
hydes. As most carboxylic acids are directly avail- 
able from natural resources or easy to synthesize, 
there is incentive to use these acids for the pro- 
duction of aldehydes. The most common way to 
do this is the so-called Rosenmund reduction [ 21. 
This two-step reaction, however, has the disad- 
vantage of producing large quantities of waste. A 
cheaper and cleaner method to perform this reac- 
tion would be the direct catalytic reduction of car- 
boxylic acids by hydrogen. 
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Until now there have been only a few patents 
that describe the possibility of this direct catalytic 
reduction (e.g. Refs. [3-6] ). All these patents 
indicate that, in order to make the reaction possi- 
ble, the acid must not contain more then one (Y- 
hydrogen atom. Examples are the production of 
the aldehydes from 2,2-dimethylpropionic acid 
[ 71 and from benzoic acid [ 8-101, which both 
have no a-hydrogen. The latter one is the only 
reaction already applied commercially. 

However, in contradiction to what the patents 
claim, acetic acid can be reduced to acetaldehyde 
[ 11,121. Even though this acid contains three (Y- 
hydrogen atoms. It has been established that the 
selective reduction occurs only when three con- 
ditions are fulfilled. First, hydrogen must be pres- 
ent in the gas phase. Second, the catalyst must 
consist of both a metallic and an oxidic phase. 
Third, the oxidic phase must be an oxide with a 
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moderate metal-oxygen bond strength. If all these 
conditions are not fulfilled, acetone is the main 
product. 

As it is known that acetic acid can be reduced, 
it is desirable to learn about the exact influence of 
the number of a-hydrogen atoms on the selective 
reduction. This question is especially interesting 
since the commonest side-reaction is the forma- 
tion of ketone from two molecules of carboxylic 
acid. It has been suggested that this reaction needs 
the presence of a-hydrogen. But the literature does 
not agree on the reason for this [ 131. A plausible 
explanation is that the reaction to the ketone pro- 
ceeds via a ketene-like intermediate [ 12-151. It 
is impossible to form this ketene when no cy- 
hydrogen is present. Another possibility is that the 
ketone is formed via a j?-ketoacid [ 161. The for- 
mation of a P-ketoacid also needs the abstraction 
of an o-hydrogen atom. Thus, in addition to inves- 
tigating the influence of a-hydrogen atoms on the 
aldehyde formation, we also addressed the prob- 
lem of the mechanism of ketone formation. 

Four carboxylic acids were tested, which have 
a number of a-hydrogen atoms ranging from zero 
to three (i.e. pivalic, isobutyric, propionic, and 
acetic acid). Four different oxides were used as 
catalysts: titanium and zirconium oxide, which 
have a strong metal-oxygen bond strength, vana- 
dium oxide, which has an intermediate bond 
strength, and iron oxide, which has a low metal- 
oxygen bond strength. The influence of varying 
the contact time was tested on zirconia. 

2. Experimental 

The pure oxides were used as purchased, i.e. as 
powders ( FezOJ: Fluka, Switzerland; Ti02: Tiox- 
ide, England; V,O+ BDH, England; ZrQ Merck, 
Germany). The acids were obtained from J.T. 
Baker, Holland (acetic acid, 99-100%)) Aldrich, 
Germany (propionic acid, 99 + %), and Janssen, 
Belgium (isobutyric acid, 99.5%, and pivalic acid, 
99%). The catalytic experiments were performed 
in a flow system at atmospheric pressure. A hydro- 
gen flow (20 ml/min) was saturated with the car- 
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Fig. 1. The temperature-programmed reaction of acetic acid over 
titanium oxide. (- - -) acetic acid; ( -) acetaldehyde; (- - - -) 
acetone. 

boxylic acid at a temperature where the saturation 
pressure was about 25 mbar. The gas mixture was 
led over a microreactor containing 0.2 g of cata- 
lyst. The catalysts were not pretreated or activated 
in any way before starting the reaction. During the 
temperature-programmed reaction, temperature 
was raised from room temperature to 450°C at a 
rate of O.S”C/min. Samples were taken every 30 
min. and analyzed by an on-line gas chromato- 
graph (Packard 433, packed column: Tenax GC) 
equipped with an FID detector. The recorded val- 
ues of the peak areas were converted into gas 
concentrations by using sensitivity factors deter- 
mined by calibration. 

The selectivities were calculated as the molec- 
ular percentage of all organic products. Since both 
pivalic acid and its products decomposed partly, 
only the undecomposed products were taken into 
account, when this acid was studied. 

The experiments on zirconia were done in a 
similar flow system, but analysis was done with a 
mass spectrometer. Apparatus and data evaluation 
have been described earlier [ 111. 

3. Results 

At low temperatures, acetone is the only prod- 
uct formed on titanium oxide. At high tempera- 
tures acetaldehyde is formed, too (Fig. 1). 
Isobutyric acid leads to the same type of products, 
but with a relatively high amount of the aldehyde 
(isobutyraldehyde) and almost no ketone (2,4- 
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Fig. 2. The temperature-programmed reaction of isobutytic acid over 
titanium oxide. (- - -) isobutyric acid; ( -) isobutyraldehyde; 
(- -) 2,4-dimethyi-3-pentanone. 

dimethyl-3-pentanone) (Fig. 2). The steep rise in 
isobutyric acid around 240°C is caused by desorp- 
tion of the acid from relatively cold spots near the 
reactor. 

Other acids with a different number of o-hydro- 
gen atoms were also tested. The selectivities to 
aldehyde and ketone are plotted in Fig. 3. 

Aldehyde selectivity increases and ketone pro- 
duction is suppressed by diminishing the number 
of a-hydrogen atoms in the acid (propionic acid 
on titania is the only exception). In the literature 
it is suggested that ketene could be an intermediate 
in the production of ketones [ 12-151, and for the 
formation of ketene a-hydrogen is needed. There- 
fore, the possibility of ketene being an interme- 
diate was more closely investigated here. This was 
done by changing the contact time of the reactants, 
during the acetic acid hydrogenation. Since it has 
a low activity and produces both ketene and 
ketone, zirconia was used as a catalyst. The partial 
pressures of the products are given in Table 1. 

By increasing the contact time, two things hap- 
pen. Ketone is produced more at longer contact 
times, while ketene is formed less. 

In Fig. 4 the results are given for the hydrogen- 
ation of a reaction mixture containing both acetic 
and isobutyric acid. The formation of the alde- 
hydes and symmetric ketones from the separate 
acids can be seen, as well as the production of the 
mixed ketone (3-methyl-2-butanone). It is note- 
worthy that, when acetic acid is present, the pro- 
duction of the aldehyde from isobutyric acid is 
low. This can be seen by comparing the reaction 

in the presence of acetic acid (Fig. 4) with the 
reaction in the absence of acetic acid (Fig. 2). 

The appearance of three compounds in the low 
temperature regime is most likely caused by 
dimerisation of the acid on the GC column. Notice 
that two acids can form three different dimers, and 
thus cause three distinct FID signals, An increase 
of column temperature indeed decreased the con- 
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Fig. 3. The selectivities to the various aldehydes and ketones in the 
reaction of four acids, which have a number of a-hydrogen atoms 
ranging from three to zero. The catalysts used are the oxides of (A) 
iron, (B) vanadium, and (C) titanium. The selectivities are deter- 
mined during a temperature-programmed reaction at 350°C for iron 
oxide, at 440°C for vanadia, and at 430°C for titania. These temper- 
atures are in the range where the optimum aldehyde yield was found. 
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Table 1 
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The reaction of acetic acid over zirconia ’ 

Amount of catalyst (mg) Acetone, partial pressure (am ) Ketene, partial pressure (au.) Conversion (%) 

104.5 0.15 0.08 40 
203.4 0.20 0.05 47 
401.2 0.40 0.01 93 

’ At 45O”C, during temperature programmed reaction. The product partial pressures and conversion using different amounts of catalyst (i.e., 
with varying contact times. 

tribution of the (mixed) dimers, resulting in only 
two detectable compounds, but also giving poorer 
resolution for the products. 

Finally, an experiment has been done to test the 
stability of the iron oxide catalyst, by following 
the reaction of acetic acid at 380°C as a function 
of time. Although the total conversion decreases, 
the yield of acetaldehyde remains practically con- 
stant. Only the decrease in acetone formation is 
responsible for the drop in activity. 
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Fig. 4. The temperature-programmed reaction of acetic acid together 
with isobutyric acid over titanium oxide (mixed ketone: 3-methyl- 
2-butanone, large ketone: 2,4-dimethyl-3-pentone). (A) (- - -) 
acetic acid; (. - . - . ) isobutyric acid; ( . . - . . - . . ) dimer; 
(- - - -) acetone; (. . . .) mixedketone; (- ) large ketone. (B) 
(- - -) acetic acid; ( . - - . ) isobutyric acid; (- ) acetalde- 
hyde; ( . . - . . - . . ) isobutyraldehyde: ( . . . . . ) mixed ketone. 

4. Discussion 

As Fig. 2 and Fig. 3 show, it is possible to pro- 
duce aliphatic aldehydes from acids other than 
acetic acid. So the selective reduction of acetic 
acid found earlier [ 111 is not an exception. By 
diminishing the number of a-hydrogen atoms, the 
selectivity to aldehydes is even increased, while 
the production of ketones is suppressed. This 
explains why the patent literature, in which alde- 
hyde is the desired product [ 3-61, recommends 
the use of acids with no more than one a-hydro- 
gen. 

The ketone formation completely disappears 
when no a-hydrogen is present in the acid. Two 
.explanations for this phenomenon can be put for- 
ward. First, the methyl groups can hinder steri- 
tally the reaction of two acids to ketone. When 
two intermediates are brought together to form the 
ketone, the reaction can in principle be hindered 
by bulky methyl groups. Second, the o-hydrogen 
atom can be important in the formation of an inter- 
mediate in the reaction to ketone. 

Benzoic acid, just as pivalic acid, has no (Y- 
hydrogen. However, a smaller steric hindrance is 
expected from the phenyl group compared with 
the three methyl groups of pivalic acid. Surpris- 
ingly, also benzoic acid hardly ever forms its 
ketone, i.e. benzophenone, under comparable cat- 
alytic conditions [ 171. Thus, the steric hindrance 
alone does not seem to be decisive for the for- 
mation of ketone from two intermediate species. 
The remaining possibility is that the presence of 
o-hydrogen is a prerequisite for the formation of 
the intermediate. 
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Table 1 shows that, by increasing the contact 
time, the production of ketene is suppressed, while 
the production of acetone is favoured. This indi- 
cates that ketene is a potential intermediate in the 
reaction to acetone. This has already been sug- 
gested earlier for acetone formation under low 
pressure conditions [ 12,13 1, but had not yet been 
found for reactions under higher (atmospheric) 
pressure. Ketene formation needs the abstraction 
of an a-hydrogen atom from the acid by the sur- 
face. Pivalic acid, of course, cannot form ketene, 
and in isobutyric acid the a-hydrogen is protected 
by two methyl groups. Furthermore, it is known 
for Pt( 111) that there is a repulsive interaction 
between methyl groups and the catalyst surface. 
The methyl groups, therefore, force the adsorbed 
molecule into an orientation with the molecular 
axis perpendicular to the surface [ 181. The same 
effect is expected with the catalysts described 
here. In this way the methyl groups hinder the 
abstraction of the o-hydrogen atom by the surface. 
Summarising, the formation of ketene is sup- 
pressed by replacing a-hydrogen atoms by methyl 
groups. As ketene is an intermediate, the ketone 
formation decreases as well. This explains the 
increase in selectivity to aldehyde when going 
from acetic acid, via propionic acid and isobutyric 
acid to pivalic acid. 
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Fig. 5. The reaction of acetic acid over iron oxide at constant tem- 
perature (380°C). (- - -) acetic acid; (---) acetaldehyde; 
(. . ) ethanol; (- - - -) acetone; ( - - ) methane. 

easily be split off, either from I, or I*. In order to 
form acetone, this Ci unit has to be coupled to a 
neighbouring carboxylate. 

Probably the reaction to ketone is competing 
with the aldehyde production. As can be seen in 
Fig. 3, suppression of the ketone formation goes 
hand in hand with an increase in aldehyde pro- 
duction. Fig. 4 shows that the production of the 
mixed ketone is accompanied by a lower forma- 
tion of the isobutyraldehyde compared with the 
reaction without acetic acid (Fig. 2). A possibility 
is that a ketene-like intermediate attacks the car- 
boxylate of isobutyric acid before the latter can 
react to give aldehyde. 

If ketene or a ketene-like species is indeed an 
intermediate in the ketonisation, the reaction 
scheme as proposed earlier by us [ 121 is also 
applicable here. Scheme 1 illustrates the proposed 
mechanism for ketonisation in the case of acetic 
acid. Carboxylic acid adsorbs heterolytically on 
the catalyst surface to form a carboxylate. An (Y- 
hydrogen atom can subsequently be abstracted 
from the carboxylate. This is only possible when 
the intermediate is adsorbed horizontally (e.g. like 
intermediate I, ) . In this orientation, a C, unit can 

It is likely that the two competing reactions - 
i.e., aldehyde versus ketone formation-take place 
on different sites, with a different sensitivity to 
deactivation (Fig. 5). The site for the production 
of aldehyde hardly deactivates in time. We sug- 
gested that this site could be an oxygen vacancy 
[ 111, with, for example, an intermediate as pro- 
posed by Ding et al. [ 71. Although these authors 
do not mention it explicitly, their suggested inter- 
mediate exchanges oxygen with the surface and 
it, therefore, reacts via a Mars and Van Krevelen 
mechanism. The site for the production of ketone, 
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Scheme 1. 
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however, deactivates in time. According to the 
authors in Ref. [ 19,201 this site could be a doubly 
unsaturated cation. This would nicely fit in the 
picture as presented in Scheme 1, where a ketene- 
like intermediate has to react with a neighbouring 
carboxylate to form the ketone. For this reaction, 
the requirement of a doubly unsaturated reaction 
site would be very plausible. 

5. Conclusions 

It is possible catalytically to produce aldehydes 
from a range of simple aliphatic carboxylic acids. 
The main by-product is ketone. Its formation is 
suppressed by diminishing the number of (Y- 
hydrogen atoms. The reason for this is that prob- 
ably ketene is an intermediate in the reaction to 
ketone. 

The reactions to aldehydes and ketones are 
competitive, so the suppression of one reaction 
leads to an increase in selectivity for the other 
reaction. 

Acknowledgements 

The authors wish to thank the Dutch Organi- 
sation for Scientific Research (NWO/SON) for 
the financial support of this research. 

References 

111 T. Maki and T. Yokoyama, Org. Synth. Chem., 49 ( 1991) 195. 
[21 K.W. Rosenmund, Berichte, 51 (1918) 585. 
131 F. Wattimenaand H.J. Heijman, Eur. Pat. 0.101.111 (1984). 
141 D.C. Hargis, US Pat. 4.950.799 (1990). 
151 P.C. Van Geem and L.H.W. Janssen, Eur. Pat. 0.290.096 

(1988). 
161 T. Maki, Eur. Pat. 0.150.961 (1985). 
171 N. Ding, J. Kondo, K. Maruya, K. Domen, T. Yokoyama, N. 

Fujita, T. Maki, Catal. Lett., 17 (1993) 309. 
[81 J. Kondo, N. Ding, K. Maruya, K. Domen, T. Yokoyama, N. 

Fujita and T. Maki, Bull. Chem. Sot. Jpn. 66 (1993) 3085. 
191 T. Yokoyama, T. Setoyama, N. Fuji@ M. Nakajima and T. 

Maki, Appl. Catal. A 88 ( 1992) 149. 
[ 101 T. Maki, T. Yokoyama, K. Fuji, Catal. Sot. Jpn. 35 ( 1993) 2. 
[ 11 I R. Pestman, R.M. Koster and V. Ponec, Reel. Trav. Chim. Pays- 

Bas 113 (1994) 426. 
[ 121 E.J. Grootendorst, R. Pestman, R.M. Koster and V. Ponec, J. 

Catal., 148 (1994) 261. 
1131 S. Rajadurai, Catal. Rev.-Sci. Eng., 36 (1994) 385 and 

references therein. 
[ 141 J.C. Kuriacose and S.S. Jewur, J. Catal., 50 (1977) 330. 
[ 151 T. Imanaka, T. Tanemoto and S. Teranishi, in J.W. Hightower 

(Ed.), Proc. 5th Int. Congr. Catal., Miami Beach, FL, 1972, 
North-Holland, Amsterdam, 1973, p. 163. 

[ 161 0. Neunhocffer and 0. Paschke, Chem. Ber., 72 ( 1939) 919. 
[ 171 CA. Koutstaal, Thesis, Leiden, The Netherlands ( 1995). 
[ 181 F. Delbecq and P. Sautet, Surf. Sci., 295 (1993) 353. 
[ 191 H. Idriss, K.S. Kim and M.A. Barteau, Stud. Surf. Sci. Catal., 

67 (1991) 327. 
1201 K.S. Kim and M.A. Barteau, J. Catal., 125 (1990) 353. 


