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1. Introduction 
 
 
1.1 General introduction 
 
The growing population of the world wants to share more and more in the wealth of the rich 
western world. This means that an increasing number of people expects a higher standard of 
living. An expanding industrialization is a logical consequence of this development, which puts 
an increasingly higher stress on the environment. 
 The only way to fulfil the demands of a growing and more prosperous population without 
damaging the environment even more than already done now, is by making the industrial 
processes less polluting. This cannot be achieved by a mere end-of-pipe removal of waste, but 
only by constructively diminishing the generation of waste. Simultaneously, minimising both 
the use of energy and the consumption of resources, i.e. using renewable raw materials, can 
ensure the continuity of the modern industrialised world. Thus, a whole new kind of 
production has to replace old-fashioned production methods, which consume too many 
natural resources and often produce enormous quantities of waste. 
 Therefore, chemical research has a responsible task of developing these new kinds of 
processes. Fortunately, much effort has already been directed to study novel synthesis and 
production methods, which can replace the existing ones. Some recent examples are the 
replacement of lead and aromatics in petrol by oxygen containing octane-boosters and the use 
of continuous catalytic processes for nitrobenzene reduction to nitrosobenzene. 
 An old-fashioned technique, which has not yet been replaced by an environmentally more 
friendly process, is the aldehyde formation via inorganic and organic synthesis routes. The 
research described in this thesis is, therefore, aimed to develop a method for producing 
aldehydes via a process, which produces as little waste as possible and which uses renewable 
raw materials. 
 
Catalysis can be very useful for this purpose, because it enables chemical reactions to run at 
more moderate conditions. Sometimes catalysis even opens reaction routes that would 
otherwise be closed. By using catalysts to make the desired reaction run easier than the 
unwanted by-reactions, selectivity can be increased and waste production decreased. An 
additional effect of the use of catalysts is the lower requirement of energy than in a non-
catalysed reaction. This last advantage is only pronounced when the catalysts are used 
repeatedly or in continuous processes, as the production of the catalyst itself also requires 
energy. All these advantages together, make it very attractive to try to develop a catalytic 
process to replace the existing aldehyde production methods. 
 Before moving on to the aldehyde synthesis itself, it is convenient to look more closely at 
the general concepts of catalysis. The definition usually accepted is the following: "A catalyst is 
a substance that increases the rate at which a chemical system approaches equilibrium, 
without being consumed in the process." According to the laws of thermodynamics, the 
position of the equilibrium is the same for the catalysed as for the non-catalysed reaction, since 
the ΔG of the reaction remains unaltered. The catalyst just lowers the activation energy and 
thus increases the rate at which the equilibrium is reached. This means that the reaction 
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proceeds by a new and energetically more favourable pathway. It has to be kept in mind that a 
catalyst can only increase the rate of a reaction that is thermodynamically possible. 

 
 
Figure 1.1 Potential energy versus reaction coordinate diagrams showing the activation 

energy for a non-catalysed (A) and a catalysed (B) reaction. 
 
 
One type of catalysis is heterogeneous catalysis. "Heterogeneous" means here that the catalyst 
and reactants are in different phases, in general a solid phase catalyst and gaseous or liquid 
reactants. In large scale processes, this form of catalysis is often preferred to homogeneous 
catalysis since the separation of catalyst and reaction products is not needed. All kinds of 
elements and compounds can be used as heterogeneous catalysts, but the most frequently 
employed are transition metals, transition-metal oxides, sulfides, and zeolites. In this thesis the 
aldehyde formation is studied by the use of metals and oxides as heterogeneous catalysts. 
 
 
1.2 Aldehyde production 
 
Aldehydes are frequently used in different branches of chemical industry. For example, they 
can be used directly as flavours or fragrances. Aldehydes have a very strong odour and taste, 
which can be adopted to one's needs by changing the carbon skeleton of the molecule. 
Moreover, aldehydes are much applied intermediates in a broad range of synthesis processes. 
Examples are the production of dyes, agrochemicals, and pharmaceutics. 
 
Existing aldehyde synthesis methods 
Many different synthesis methods are available for the production of aldehydes. Reviews on 
this subject have been published by, for example, Patai [1], Brette [2], Laird [3], and Maki [4]. 
The last one concentrated on the formation of aromatic aldehydes. A few illustrations of 
synthesis methods are mentioned hereafter. This is not meant as an exhaustive list, but just to 
give an impression of the number of possibilities that are available. 
 Direct catalytic oxidation of alkanes with molecular oxygen gives very poor yields of the 
aldehydes. Oxidation of alkenes is more suitable, but a lot of by-products are formed. The 
reactions over copper oxide with molecular oxygen and propene [5] (to form acrolein) or iso-
butene [6] (to form methacrolein) are examples of this oxidation. Toluene is even more 
appropriate as a raw material; by using the oxides of molybdenum, tungsten, or zirconium as 
catalysts, benzaldehyde can be formed [7]. 
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 Alcohols can also be converted into aldehydes by direct catalytic oxidation with molecular 
oxygen. A reasonable yield is especially found when using small alcohols, such as, ethanol [8] 
and butanol [9], however, also larger aliphatic alcohols can be used for the aldehyde 
production by using copper oxide as a catalyst [10-12]. 
 Since all these procedures have a low yield for aldehyde, industrially applied synthesis 
methods are somewhat different. Acetaldehyde is still being produced by the homogeneous 
catalytic oxidation of ethene, the so-called Wacker oxidation. In this process ethene is oxidised 
in a solution containing copper(II) and palladium(II) chlorides. The catalyst is regenerated by 
oxygen in a continuous process or by air in a separate reactor. The reaction proceeds via the 
following mechanism [2]: 
 
(1)   CH2=CH2 + PdCl2 + H2O        CH3CHO + Pd + 2 HCl 
(2)   Pd + 2 CuCl2  PdCl2 + 2 CuCl 
(3)   2 CuCl + ½ O2 + 2 HCl                 2 CuCl2 + H2O 
 
Higher olefines are converted industrially to aldehydes via hydroformylation. This can, for 
example, be done under a high pressure of carbon monoxide and hydrogen at elevated 
temperatures in the presence of octacarbonyldicobalt (Co2(CO)8) [13], reaction (4). Rhodium 
coordination compounds used as a catalyst are found to require a lower CO pressure. The most 
advanced is the biphasic synthesis process according to Rhône-Poulenc/Ruhrchemie [14]. 
Recently, application of supported rhodium catalysts seems to give some promising results, too 
[15]. 
 
(4)   RCH=CH2 + CO + H2               RCH2CH2CHO 
 
 For the production of aromatic aldehydes, an even wider range of possible synthesis routes 
is available [3,4]. Formylation via the so-called Gattermann-Koch reaction is just an example of 
a method that is not applicable to olefines but is to aromatics [16], reaction (5). 
 
(5)   C6H6 + HCl + CO + AlCl3            C6H5CHO + HAlCl4 
 
 The last type of aldehyde synthesis methods to be mentioned is by using carboxylic acids as 
starting material. The ready availability of carboxylic acids makes them attractive as feed-stock 
for the preparation of aldehydes. Although it is possible to reduce the acids themselves to 
aldehydes, e.g. by di-amino aluminium hydrides [17] or by electrolysis in the presence tributyl 
phosphine [18], more commonly acid derivatives are used as the starting material for the 
reduction. These derivatives, such as amides, esters, and acids chlorides, can be converted into 
aldehydes by hydrogenolysis. 
 Amides react with metal hydrides to give aldehydes. To prevent complete reduction metal 
alkoxy hydrides, such as LiAlH2(OC2H5)2 are used [19,20]. Esters are reduced by using, for 
example, sodium aluminiumhydride (NaAlH4) [21] or lithium tri-t-butoxy aluminiumhydride 
(LiAlH(O-t-Bu)3) [20]. The latter reagent can also be used to reduce acid chlorides to give 
aldehydes [22]. 
 Acid chlorides can also be reduced indirectly via Reissert-compounds or thio-esters [23]. The 
Rosenmund reduction [24], however, is more widely used. In this process the acid chloride 
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reacts with hydrogen over a supported Pt catalyst, which has been poisoned by 
quinoline/sulphur in order to prevent over-reduction. 
 
 (6)  RCOCl + H2       RCHO + HCl 
 
 
 
Desirable aldehyde synthesis methods 
When looking at the above-mentioned methods to produce aldehydes, it can be seen that 
often not readily available, i.e. expensive, starting materials are needed. Sometimes corrosive 
compounds, such as HCl, are involved. Above all, most procedures give a poor yield of the 
desired aldehyde and produce high stoichiometric amounts of (chlorine containing) waste. 
Thus, it would be very attractive to use cheaper raw materials and apply a synthesis method 
that produces no or negligible amounts of waste. 
 As they are readily available from natural resources or easy to synthesise, carboxylic acids 
are good candidates for an economically attractive production of aldehydes. However, as 
already mentioned, the reduction of acids has to be done by using stoichiometric amounts of a 
reductant such as di-amino aluminiumhydrides. Another way is an indirect reaction, such as 
the Rosenmund reduction, which generates large amounts of chlorine containing compounds 
as waste. Furthermore, as it is a two-step reaction employing corrosive compounds, it requires 
a more expensive production plant. 
 Attention is therefore payed to the possibility of a direct reduction of carboxylic acids by 
molecular hydrogen. This would, when performed with a high selectivity, be a cheap and very 
clean method to produce aldehydes. However, the problem of such a direct reduction is to 
differentiate between two equal oxygen atoms. Although it is not obvious, the two oxygen 
atoms in a carboxylic acid molecule are essentially equivalent. This is more clearly the case 
after dissociative adsorption on a catalyst surface that results in a symmetric carboxylate (see 
chapter 2). The just-mentioned indirect synthesis methods avoid this problem by making 
asymmetric acid derivatives. This is done by replacing the OH-group by Cl, resulting in an acid 
chloride, or by esterification. Consequently, the acid chloride is converted into aldehyde via the 
Rosenmund reduction and the ester is hydrogenolysed to the corresponding alcohol, which can 
be dehydrogenated to aldehyde. 
 To achieve a direct reaction of carboxylic acids to aldehydes, it is necessary to remove 
selectively just one of the two equivalent oxygen atoms. Much effort has been made by some 
industrial research groups to find a way to perform this direct reduction. It was found indeed 
that heterogeneously catalysed systems were able to reduce carboxylic acids directly to 
aldehydes. This was done in the gas phase at atmospheric pressures and at temperatures 

between 300 and 450C. By applying the appropriate catalyst, e.g. Cr2O3/ZrO2, high yields of 
the aldehyde can be obtained (about 95% [25]). This means that a drastically reduced 
production of undesired by-products is reached, compared with other aldehyde synthesis 
methods. However, all literature on this subject mentions that selective reduction is only 
successful when the acid contains no [4,25-27], or at most one α-hydrogen atom [28]. If this 
statement is correct, it implies that this very attractive process would not be applicable to 
aliphatic acids in general. 
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1.3 General starting point for this investigation 
 
The task of the research described in this thesis is to investigate whether one can reduce 
aliphatic acids (containing α-hydrogen atoms) directly to aldehydes. This would extend the 
economically and environmentally attractive direct reduction, which is already developed for 
aromatic acids, to all kinds of carboxylic acids. Furthermore, if this synthesis method is indeed 
possible, it is desirable to elucidate the mechanisms involved and to establish the conditions 
necessary for a high selectivity. 
 The reduction of aliphatic acids to aldehydes or alcohols would also be directly applicable in 
a completely different industrial process. In the oxygenate production from synthesis gas (a 
CO/H2 mixture) the main goal is the production of aldehydes and alcohols; carboxylic acids are 
undesired by-products. End-of-pipe hydrogenation of these carboxylic acids to the desired 
singly oxygenated compounds would enhance the efficiency of the process. Although this 
application could be a nice spinoff of this research, the main purpose of this research is to look 
for the possibility of a clean and cheap production method for aldehydes, using natural starting 
materials, and with as little environmental impact as possible. 
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2. Literature review 

 
 
In this chapter an overview is presented of the scientific literature and patents concerning the 
behaviour of carboxylic acids on metals and oxides. After a short look at the coordination 
chemistry of carboxylic acids, the reactions of acids on heterogeneous catalysts and on 
surfaces used as model catalysts are discussed. The final part of this chapter summarises the 
most important ideas in the literature on the mechanisms of catalytic reactions of carboxylic 
acids. The chapter is concluded with a formulation of the aim of this thesis. 
 
 
2.1 Carboxylic acids in coordination chemistry 
 
The convenient properties, ready availability, and good coordination behaviour are the reasons 
for the frequent use of acetic acid as a ligand. Therefore, a lot of knowledge on its behaviour 
has already been acquired. Usually, carboxylic acids act as an oxygen donor. Besides the ionic 
bonding, three structural types of carboxylate oxygen atom coordination have been identified, 
viz. unidentate, chelating and bridging (see table 2.1) [1]. 
 
Table 2.1 Carboxylate oxygen atom coordinations 

 
Also acetic acid complexes are known with the methyl group σ-bonded to the metal, giving rise 
to M-CH2COOH complexes [2]. The possibility is ascribed to the methyl C-H activation by the 
COOH group [1]. There are also examples of chelate formation via both the carbon and oxygen 
atoms [3]. 
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Figure 2.1 Acetic acid chelating with Pd via the carbon and oxygen atoms. 
 
 
2.2 Carboxylic acids on metals 
 
Acetic acid 
Adsorption of acetic acid on single-crystal metal surfaces has been investigated by several 
authors. They all found that splitting of the O-H bond occurred easily, leading to an adsorbed 
acetate [4-14]. Most authors report a symmetrically bound bidentate acetate with a Cs 
symmetry as the main or even the only surface species found. On silver the presence of 
preadsorbed oxygen is needed to stabilise the acetate [15]. 
 On aluminium thermal decomposition of the acetate leads to an oxygen and carbon 
covered surface and only H2 is found in the gas phase. On Ni(110) it has been suggested that 

adsorbed acetates form acetic anhydride, which decomposes autocatalytically at about 170C 
to form H2, CO2, CO and surface carbon [16]. The authors, however, have no direct evidence for 
the existence of the anhydridic form. On the Ni(111) surface it is found that acetic anhydride 

decomposes at 27C. The remaining adsorbates decompose to the same products as acetic 

acid dimers [17]. This makes the existence of acetic anhydride as an intermediate above 27C 
less probable. A search for anhydrides on Rh(111) was without any success [18]. The anhydridic 
form of acetic acid is thus improbable and not needed to explain experimental results. The 
dimer of the acid, however, clearly exists both in the gas phase and on the surface and yields 
other products than the monomer. On Ni(100) the monomer forms an acetate, while the dimer 
reacts to an acetate plus H2O, CO, and an adsorbed methyl group [9]. 
 On rhodium, acetic acid reacts to CO2, H2, and adsorbed carbon. When preadsorbed atoms 
like oxygen, nitrogen, or sulphur, are present, the acetate is stabilised and decomposes at 
higher temperatures in an autocatalytic way, a so-called surface-explosion [19-21]. Houtman et 
al. found that preadsorbed oxygen not only stabilises the surface acetate, but also intervenes in 
the acetate decomposition prior to the complete fragmentation. It was namely observed that 
the methyl group of the acetate was oxidised to CO at temperatures below those expected for 
the reaction between atomic carbon and oxygen surface species [18]. Also on silver, an attack 
on the methyl group by the co-adsorbed oxygen has been observed, resulting in the formation 
of formate, which subsequently decomposes to CO2 [22]. On the palladium surface, acetic acid 
decomposes to give CO2 and adsorbed carbon [23,11], although some CO has also been 
reported [10]. On platinum the break down of the acetate results in CO and H2 on the (111) 
surface [12,13] and also in CO2 on a Pt wire [24,25]. 
 In a few cases incomplete decomposition of the adsorbed acetate is observed. On a 
graphitised platinum wire ketene (CH2=C=O) and water are found in a low pressure flow 
experiment [24,25]. On silver, thermal programmed desorption (TPD) yields the decomposition 
products CO2, CH4, and ketene [15]. TPD on copper gives the same products [8]. 
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Summarising, low pressure experiments show that acetic acid reacts on metal surfaces to 
acetates. An increase in temperature leads to C-C and to a lesser extend C-O bond splitting, 
giving CO, CO2, H2, and CHx fragments. On copper, silver, and carbon covered platinum, ketene 
is also formed, indicating that on these less active surfaces the C-C bond is left intact. This does 
not mean that ketene is not formed on the other metal surfaces. It could also be that ketene 
decomposes too rapidly on these metals to be detected. Predeposited oxygen stabilises the 
surface acetates, but interacts with the methyl group at higher temperatures. 
 
Reactions of acetic acid on (supported) metal catalysts at atmospheric pressure give in 
principle the same products as on single crystal surfaces at low pressures. At least, when the 
gas phase consists of an inert gas (argon). The use of cobalt as a catalyst results in complete 
decomposition and copper yields ketene together with fragmentation products [26]. However, 
when hydrogen is present in the gas phase cobalt works as a methanation catalyst and copper 
gives ethanol, acetaldehyde, and ethylacetate in comparable amounts. On an iron-based 
catalyst, acetic acid reacts in a hydrogen atmosphere to CH4 and CO2 at high temperatures, and 
to acetone at low temperatures. When potassium is added to the catalyst, ethanol and 
acetaldehyde are also formed. However, both with the copper and the iron catalyst an oxidic 
form of the metal was present, too [26], and it is therefore not known whether the reactions 
observed take place on the oxidic or on the metallic surface of the catalyst. 
 
Larger aliphatic acids 
Long chain aliphatic acids are well known to form organised monolayers on metal surfaces and 
are used to prevent (further) oxidation of the substrate or as a lubricant. After adsorption, the 
acids form carboxylates, which have the alkyl chains oriented perpendicular to the surface in a 
well-organised structure. The carboxylate can be formed as a bidentate or monodentate, 
depending on the metal and the surface coverage. High coverages can force the adsorbed 
molecule to form a tilted carboxylate species, to offer the hydrocarbon tail the opportunity to 
orient itself perpendicular to the surface [27]. Shorter chain acids and low coverages mostly 
show a disordered layer of carboxylates [27-30]. 
 On rhenium-black all kinds of acids, including acetic acid, can be reduced with hydrogen at 
pressures above 200 atmosphere to the corresponding alcohols [31]. 
 
Aromatic acids 
Benzoic acid and its derivatives form, just like other carboxylic acids, carboxylates. The phenyl 
group, however, is capable of having other interactions with the surface than aliphatic chains 
[33]. On the Cu(110) surface, benzoate is found perpendicular to the surface together with a 
species having a different orientation caused by interaction between the surface and the 
phenyl group [32]. 
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2.3 Carboxylic acids on oxides 
 
Acetic acid 
The reaction of acetic acid on metal oxides has been studied on single crystals and on 
(supported) catalysts. On oxides, the acid splits heterolytically, leading to an acetate bound to 
the cation and a proton reacting with a surface oxygen atom or surface hydroxyl group. This 
has been reported for basic oxides, such as MgO [34-37] and CaO [35], and for more acidic 
oxides, such as GeO2 [39], Al2O3 [40], TiO2 [41], NiO [42,43], MoO3 [36], and α-Fe2O3 [38]. On 
relatively acidic oxides like ZnO and MnO also a protonated form of the acid has been reported 
[35]. The modes of adsorption of the acetates can be as a monodentate (MgO [37], GeO2 [39]), 
as a bidentate, or as both (MgO [36]). A tilted bidentate species has also been reported (NiO 
[42]). 
 Decomposition products of these acetates are mostly acetone, CO2, and water. The 
formation of acetone from two molecules of acetic acid (ketonisation), goes hand in hand with 
water and carbon dioxide production, and is therefore sometimes called decarboxylation. 
 
(1)  2 RCOOH              CO2 + H2O + R2C=O 
 
 When a basic oxide is used as a catalyst, carbonates can be formed by reaction of the acidic 
carbon dioxide with the oxide. The carbonates itself are also active in the ketonisation reaction 
(1). This is the oldest method known to produce ketones [44]. The formation of acetone from 
acetic acid with oxidic catalysts is also known for a long time, and all kinds of catalysts are 
found to be suitable: Al2O3 [45,46], ThO2 [46-49], UO2 [47], CdO [46,50], MgO [51], Bi2O3 [52], 
ZnO [46,50], Fe3O4 [26,45,53-55], TiO2 [41,45,56], SnO2 [45], and Cr2O3 [46,57]. Thermal 
decomposition of metal acetates leads also to the formation of acetone. Examples are the 
acetates of Ba [44], Ca [58], Cu [46], and Mg [51]. The proposed reaction mechanisms will be 
discussed at the end of this chapter. 
 On germanium oxide, ketene is found instead of acetone [39]. Also on some other oxides, 
namely Al2O3 [45], MgO [59,60], SnO2 [45,61], ZnO [62,63], and TiO2 [41,45], ketene is formed 
abundantly. On the latter one, ketene is found when mono-unsaturated cations are exposed to 
the surface, when di-unsaturated cations are present also the bimolecular ketonisation takes 
place [41,64,65]. These measurements were all performed at pressures lower than 20 μbar. No 
ketene has ever been reported on oxidic catalysts with reactions at atmospheric pressure. On 
tin -, zinc -, and titanium oxides also other decomposition products (CO, CO2, and H2O) are 
reported. On SnO2 [61] and V2O5 [45], even complete oxidation is observed, indicating the 
existence of an interaction between the surface lattice oxygens and the methyl group of the 
acetate. 
 The production of ethanol or acetaldehyde from acetic acid has not been reported in the 
above mentioned literature. Acetaldehyde formation has, however, been seen when formic 
acid was used as a hydrogen source over a titania catalyst [66]. 
 
Larger aliphatic acids 
Acetic acid ketonises to acetone. In the same way, other aliphatic acids react to their 
symmetric ketones (by reaction 1) over a large variety of oxidic catalysts. The most studied 
acids are the unbranched acids ranging from propionic acid to fatty acids and some branched 
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acids, such as isobutyric acid and trimethyl acetic acid. Some old literature mentions catalysts 
as ThO2 [49,67,68], ZnO [69,50], Cr2O3 [46], and NiO [50] being used for the ketone production 
from carboxylic acids. The same papers also mention that when a mixture of acids is led over 
the catalyst the mixed ketones are formed together with the symmetrical ketones. 
Decomposition of mixed metal carboxylates yields mixed ketones, too [70,71]. Some recent 
publications show the continuing interest in the production of ketones from carboxylic acids 
[72-74]. 
 Reduction of acids on oxides to yield alcohols is possible when aliphatic acids are used 
having a chain length of more than six carbon atoms. Copper oxide or copper chromite can be 
applied as catalysts using hydrogen pressures of 250 atmosphere [75]. When 2-propanol is 
used, instead of molecular hydrogen as hydrogen source, carboxylic acids with more than nine 
carbon atoms can be transformed to their alcohols at atmospheric pressure using a zirconia-
titania catalyst [76]. Formic acid used as a hydrogen source reacts with carboxylic acids to give 
aldehydes [66,77], probably in the same way as ketones are formed. 
 Aldehyde production with the aid of molecular hydrogen until now has only been successful 
when the carboxylic acid has no hydrogen atoms on the α-carbon, e.g. trimethyl acetic acid 
[78-81]. Only one claim has ever been made concerning the production of aldehydes from 
carboxylic acids having more than one α-hydrogen atom, viz. the reduction of n-caprylic acid 
(CH3(CH2)6COOH) over a Cr2O3/ZrO2 catalyst [82]. Furthermore, aldehyde has been claimed as 
an intermediate in the hydrogenation of maleic anhydride over promoted copper chromite 
catalysts. The reaction is assumed to proceed via butyric acid to butanal, which reacts further 
to butanol and ethanol [83]. 
 
Aromatic acids 
The way in which aromatic acids are adsorbed depends on the acidity of the oxide. It is 
suggested that when the oxide is more acidic than the aromatic compound the interaction 
occurs via the phenyl ring. When the oxide is less acidic than the adsorbate, dissociative 
adsorption resulting in a carboxylate with the oxygen atoms directed to the surface is 
predominant [33]. Carboxylates have been found many oxides, such as TiO2 [84], CeO2 [84], 
Al2O3 [85,86], ZnO [84,87], Mn3O4 [84,86], Y2O3 [88], and ZrO2 [84,89].  
 Reaction of benzoic acids over oxidic catalysts usually does not result in ketonisation, but 
mostly in decarboxylation, giving benzene and carbon dioxide [88,90,91]. Ketonisation to 
benzophenone is only found by decomposition of the carboxylate salts of Ca en Li [91]. 
 As mentioned before, reduction of carboxylic acids to aldehydes is said to be only possible 
when no α-hydrogen is present. Since this is the case for aromatic acids, it is possible to 
produce their aldehydes by direct catalytic hydrogenation. This was first mentioned by King 
and Strojny [88,92], who reduced benzoic acid on a Y2O3 catalyst. They found that too strongly 
bound carboxylates decompose, while more loosely bound species react to benzaldehyde with 
hydrogen supplied by surface hydroxyl groups. Later, ZrO2 was found to be a good catalyst for 
this reaction, too, although additives are sometimes needed to activate it [89,93-95]. When the 
zirconia is too acidic, a strong interaction between the adsorbate and the surface leads to 
decarboxylation [93]. The mechanism proposed for the selective reduction needs the presence 
of an oxygen vacancy, which is filled by an oxygen atom of the adsorbed benzoate [93]. 
Addition of Cr2O3 improves the catalytic performance, probably by introducing more surface 
hydroxyl groups and thus more hydrogen, needed for the reduction [89]. Other compounds, of 
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which it is claimed that they are able to catalyse this reaction are the oxides of cerium and rare 
earth metals [79], iron [80], vanadium [96], and manganese [81,97]. 
 
2.4 Carboxylic acids on zeolites 
 
Acetic acid led over H-ZSM-5 zeolites gives acetone, CO2, and H2O. Also products originating 
from secondary reactions, such as acid catalysed aldol condensation, are detected [98]. On 
alkali exchanged zeolites, ketene is observed next to acetone [99]. 
 Acid catalysed ketonisation is also found on zeolite H-T. By letting two acids react 
simultaneously, a high yield of the asymmetric ketone is found [100]. 
 
2.5 Aldehydes on metals and metal oxides 
 
Since aldehydes are the desired reaction products in this study, their behaviour on metals and 
metal oxides will be discussed here briefly. 
 
Metals 
Non-dissociative adsorption of aldehydes on metals has been reported; depending on the 
metal and the surface coverage, an η2(C,O) or η1(O) adsorption mode is observed. On copper, 
these species desorb before reaction can take place [8], on other metals, such as Fe [101], Ni 
[102], Pd [102,103], and Rh [104], adsorbed acetaldehyde decomposes to CH4, CO and H2. 
When hydrogen is present on an iron surface, alkoxy intermediates are formed, which either 
decompose or react to alcohol, aldehyde, and hydrocarbons. Under continuous flow conditions 
and with supported rhodium catalysts, acetaldehyde has been found to decompose to 
methane and acetone [105]. 
 If preadsorbed oxygen is present, aldehydes react with surface oxygen to form RCHO2 ads, 
which decomposes to a carboxylate [8,15,18,102,103]. This carboxylate is identical to the 
intermediate obtained directly from carboxylic acid adsorption. 
 
Oxides 
Adsorbed aldehyde species on oxides can react either with lattice oxygen to a carboxylate 
[33,38,62,87,89,106,107] or with adsorbed hydrogen to an alkoxy species, which in its turn can 
react to alkene [62] or alcohol [108]. Most authors see no difference between carboxylates on 
oxides obtained from acids or aldehydes [62,87,109]. The only exception is the decomposition 
of carboxylates on the (0001)-Zn surface of ZnO [106], where the origin of the intermediate 
seems to determine its decomposition pathway. 
 Just as in the case of other aldehydes, trimethyl ethanal gives an adsorbed carboxylate after 
adsorption on ZrO2. This pivalate ion can subsequently react to pivalic acid [78]. It is suggested 
that pivalic acid can be transformed to trimethyl ethanal and vice versa via a pivalate-like 
intermediate. Recently, a similar reaction path via an adsorbed benzoate has been proposed 
for the reaction of benzaldehyde with water to benzoic acid and dihydrogen and vice versa 
[110]. Thus, there could be an equilibrium between the reduction of carboxylic acids to 
aldehydes and the oxidation of aldehydes to carboxylic acids. This idea is confirmed in the case 
of acetic acid and acetaldehyde [111]. The equilibrium reaction is of course of interest as the 
reduction step is the subject of this thesis. The oxidation step has already been mentioned by 
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Sachtler for benzaldehyde [112] and Vohs for acetaldehyde and propionaldehyde [106]. 
 Aldol condensation of aldehydes to give larger unsaturated aldehydes has been reported on 
TiO2 [108] and doped SiO2 [113]. 
 
 
2.6 Proposed reaction mechanisms 
 
Reaction to ketenes 
Although the dehydration of acetic acid to ketene is often observed on oxides in experiments 
at reduced pressure, there are not many suggestions about the reaction mechanism. As the 
initial formation of acetates is always mentioned, one can assume that ketene is formed from 
this acetate. This entails the removal of an oxygen and an α-hydrogen atom. As an interaction 
between the methyl group and surface oxygens is likely, α-hydrogen atoms can be abstracted 
by a lattice oxygen to form a hydroxyl group. This reaction pathway has already been 
suggested by Bowker et al. for the dehydration of ethanol to ethene, a reaction reminding of 
the dehydration of acetic acid to ketene [114]. The abstraction of one oxygen atom from 
acetate can proceed via four reaction channels. 
 On reducible oxides, acid protons can react with lattice oxygen to water and anion 
vacancies. The vacancies can be refilled by an oxygen from the acetate [41,61] via a Mars and 
Van Krevelen type of mechanism. 
 
(2)  CH3COOads +                H2C=C=Og + Hads + Olattice 
 
 For the dehydration on nonreducible oxides, e.g. MgO, Peng and Barteau suggested a 
Langmuir-Hinshelwood type of mechanism with the simultaneous formation of water and 
ketene [60]. 
 
(3)  CH3COOads + Hads      H2C=C=Og + H2O 
 
 A different way to abstract the oxygen atom is via an anhydride intermediate [61,62]. 
(4)  2 CH3COOads                 (CH3CO)2Oads + Oads 
 
(5)  (CH3CO)2Oads                CH3COOH + H2C=C=Og 

 

 In the preceding sections the improbability of anhydride as an intermediate has already 
been discussed. Furthermore, whenever acetic anhydride is found as a product, its appearance 
is explained by the reaction of ketene with acetic acid, which is the reverse reaction of reaction 
(5) and occurs under comparable conditions. 
 On acidic oxides the presence of protonated acetic acid has been reported [35]. Ketene can 
be formed from this intermediate in the same way as suggested for carboxylic acids in a strong 
acidic environment (fuming H2SO4) [115]. Protonated acid dehydrates to an acyl carbonium ion, 
which can react further to ketene. 
 
(6)  CH3COOH + H+  CH3C+(OH)2  CH3C+O + H2O  
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(7)  CH3C+O  H2C=C=O + H+ 

 
 Recently, Xu and Koel proposed a different mechanism for the formation of ketene on 
magnesium oxide [37]. They suggested a bimolecular disproportionation of two acetates to 
give acetic acid, ketene, and lattice oxygen. 
 
(8)  2 CH3COOads   CH3COOH + H2C=C=O + Olattice 
(9)  2 Hads + Olattice   H2O 
However, the involvement of lattice oxygen is highly unlikely as the metal-oxygen bond 
strength in MgO is very high. 
 Whatever the reaction mechanism, there are two remarkable facts to be mentioned. First, it 
is known that the decomposition of formic acid on metal oxides follows two pathways: 
dehydrogenation and dehydration [116]. The selectivity between these two reaction routes has 
been reported to correlate well with the acid-base properties of the oxides. For instance, under 
continuous flow conditions, dehydrogenation of formic acid is favoured on basic MgO. For 
acetic acid, however, TPD studies under UHV conditions demonstrate that dehydration to 
ketene is the major decomposition channel on MgO [59,60]. 
 Second, the reaction to ketene is found on surfaces that exhibit mono-unsaturated ions, i.e. 
single coordination vacancies [41,60,63]. On titania it is found that, when bi-unsaturated 
cations are exposed to the surface, acetone is produced instead of ketene. Ketonisation 
appears to require doubly coordinatively unsaturated cations on fully oxidised surfaces [41]. 
The mechanism is discussed in the next section. 
 
Reaction to ketones 
Ketonisation of carboxylic acids is found very often on oxidic catalysts, and the mechanism of 
the reaction has been studied extensively. These studies have not progressed to the point, 
however, where ambiguity concerning the mechanism vanishes. 
 Several adsorbed species of carboxylic acids, such as protonated acid, carboxylate ion, acyl 
carbonium ion, and ketene, have been reported on metal oxide surfaces, depending on the 
structure of the surface. Obviously this raises the question: what are the species responsible 
for ketonisation? 
 Bamberger suggested that acetic anhydride might be the reaction intermediate during the 
bimolecular ketonisation [117]. This proposal was supported by the finding that passage of 
aliphatic acids over manganese oxide gave both anhydrides and ketones, anhydride formation 
being favoured at lower temperature and higher flow rates [118]. However, Kuriacose and 
Jungers found that, when no water was present, the reaction of acetic anhydride on thoria 
resulted in other products than the reaction of acetic acid [48]. Therefore, they suggested that 
any similarities observed between acid and anhydride were caused by the presence of water, 
which decomposed the anhydride to give two molecules of acid. The water was needed in only 
catalytic quantities, because further reaction of the acid produces water. On α-Fe2O3 it was 
found that, at room temperature, acetic anhydride was very unstable in the presence of 
hydroxyl groups and formed adsorbed acetates [38]. Neunhoeffer and Paschke found that the 
production of cyclopentanone from the barium salt of adipic acid was favoured by the 
presence of water or free acid [119]. When water was excluded, other - water-producing - 
reactions had to occur first. So anhydride is probably not an intermediate in ketonisation; 
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neither in the catalytic reaction nor in the salt decomposition. 
 Since the reaction of acids over oxides only gives ketones when the acid has no α-hydrogen 
atoms, Neunhoeffer and Paschke proposed a mechanism with the intermediacy of a β-
ketoacid, the formation of which needs the elimination of an α-hydrogen atom [119]. 
  
 
 
 
(10)  
 
 
 
 
 
 
 
Note that the acid molecule that exchanges the α-hydrogen supplies the CO2. Isotopic tracer 
experiments support this mechanism. The pyrolysis of specific carbon-labelled dicarboxylic 
salts and of mixtures of carbon-labelled acetate with benzoate result in CO2 containing all the 
labelled carbon [120]. The β-ketoacid intermediate can be formed via a concerted mechanism, 
as shown in reaction 10 [120], or via a reaction between an acyl carbonium ion and a 
carboxylate [118]. 
 Lee and Spinks also describe the ketonisation mechanism as a reaction between an acyl 
carbonium ion and an acetate, a so-called "ionic" mechanism [121]. There the β-
ketocarboxylate acts as a transition state rather than a reaction intermediate (reaction 11). In 
all cases the carboxylate, which exchanges the α-hydrogen atom, loses the CO2 group. 
 
 
 
(11) 
 
 
 
 
 
 
 
A variation on the concerted mechanism is described by Miller et al. to explain the formation of 
tertiary butyl-isobutyl ketone from trimethyl-acetic acid [67]. As trimethyl-acetic acid has no α-
hydrogen atoms, the formation of a β-ketoacid is impossible and no symmetric ketone can be 
found. The formation of the asymmetric ketone can be explained via a γ-ketoacid 
intermediate, which is formed by an exchange of the β-hydrogen instead of the α-hydrogen. 
 Kwart and King suggest another mechanism to explain the ketonisation reaction of aromatic 
acids [120]. 
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(12) 
 
 
 
In a concerted reaction CO2 is lost instead of α-hydrogen. This mechanism might also be valid 
for the ketonisation of aliphatic carboxylic acids. The far greater ease of reaction of acids 
containing α-hydrogen atoms would be merely indicative of the greater stability of the primary 
alkyl carbanion over the secondary and tertiary alkyl carbanion. 
 
All the above-mentioned mechanisms are based on salt decomposition experiments. The 
possibility exists that, on the surface of oxides, the catalytic ketonisation proceeds via another 
mechanism. This has already been suggested by Neunhoeffer and Paschke [119]. Some support 
for this idea was collected by Imanaka et al. [35], Kuriacose et al. [55] and Swaminathan et al. 
[57]. The last two authors found different activation energies for salt decomposition and 
ketonisation over Cr2O3 and Fe2O3. They follow the arguments as proposed by Yakerson et al. 
[122,123] that on basis of lattice energy the following division can be made. On the one hand, 
there are oxides that can easily form bulk acetates, such as the oxides of Ba, Ca, Mg, Cd, Zn and 
Sr. On the other hand, there are oxides that can only form surface acetates because the oxidic 
phase has a too high lattice energy. Examples of the latter case are the oxides of Ti, Zr, Sn, Ce 
and Cr. On oxides with a low lattice energy, bulk acetates are formed during the catalytic 
reaction and just one activation energy is found, viz. the one for salt decomposition. On oxides 
with a high lattice energy the reaction of bulk acetates, i.e. salt decomposition, and surface 
acetates, i.e. catalytic ketonisation, have different activation energies and thus proceed via 
different reaction mechanisms. 
 A few models have been proposed to describe the reaction mechanism of ketonisation over 
catalyst surfaces. 
 Yakerson et al. proposed a mechanism for the surface reaction that proceeds without the 
formation of surface carboxylates. They suggest that two adsorbed acid molecules are involved 
[122]. Reaction (13) shows how this should proceed on hydroxylated surfaces. 
 
 
 
 
(13)  
 
 
 
 
Swaminathan and Kuriacose proposed that ketonisation of acetic acid and propionic acid on 
Cr2O3 proceeds via an interaction between a carboxylate ion and an acyl ion formed on the 
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surface [57]. A comparison of the activation energy for the formation of acetone by thermal 
decomposition of chromium acetate and that of the ketonisation of acetic acid over Cr2O3 ruled 
out the possibility of a simple salt formation. This observation is in compliance with the low 
basicity and the high lattice energy of chromia. A mechanism involving dual activity of Cr2O3 
has been suggested: dehydration for the formation of acyl carbonium ion and dehydrogenation 
for the acetate formation (reaction 14). This mechanism reminds of the so-called "ionic" 
mechanism presented in reaction (11). However, the alkyl group R is probably not reactive 
enough to let the reaction indicated with the dotted arrow proceed.  
 
 
 
(14)  
 
 
 
 
 
 
Imanaka et al. have carried out investigations on the reaction of acetic acid on ZnO, MnO, CaO, 
and MgO [35]. They suggest that the ketene produced by acetic acid dehydration reacts with 
surface acetate ions on the basic oxides of Ca and Mg, whereas on MnO and ZnO the reaction 
intermediates are acetate ion and acyl carbonium ion. Introduction of acetic acid to a reaction 
system containing ketene and CaO results in the formation of acetone at the expense of 
ketene. The formation of CH2DCOCD3 when starting from deuterated acid supports the idea of 
ketene as an intermediate in the ketonisation reaction. 
 
(15)  
 
 
 
 
 
 
 
(16) 
 
 
 
 
 
 
González et al. suggested that, even on the acidic TiO2 surface, ketene formation precedes 
ketonisation [56]. Doubly unsaturated titanium ions adsorb two acetates, one of which is 
dehydrated to ketene. Subsequently, acetate and ketene should react together to give 
acetone. 
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 Kuriacose and Jewur reported a temperature dependence of the ketonisation mechanism of 

acetic acid over Fe2O3 [55]. They suggested that acetic acid forms acetates above 400C, 

followed by simple salt decomposition. Below 400C adsorbed ketene is suggested, which 
reacts with a proton to an acyl carbonium ion and then undergoes ketonisation with an acetate 
species. 
 
(17)  
 
 
 
 
(18) 
 
 
 
 
 
 
 
 
 A similar break in catalytic behaviour of the catalyst was observed with the mixed oxide of 

Zn/Cr/Fe [124,125]. It was concluded that below 400C the mechanism is as suggested by 

Imanaka [35] via ketene (reaction 15) and above 400C via acetate decomposition. 
Furthermore, they show evidence that ketonisation follows Langmuir-Hinshelwood type of 
kinetics, i.e. that all reactants are in the adsorbed phase. This excludes the involvement of 
vapour phase acetic acid during ketonisation. Isotopic tracer studies show that molecular acid 
adsorbed on the surface is not a direct reac-tant in the ketonisation, objecting the mechanism 
proposed by Yakerson (reaction 13). 
 The mechanism via ketene, which forms an acyl carbonium ion that attacks an acetate to 
give CO2 and acetone, and the reaction via a β-ketoacid have one thing in common. Both 
require a carboxylic acid with an α-hydrogen atom, which has to be removed to form the 
intermediate, ketene and β-ketoacid respectively. The difference is, however, the origin of the 
CO2. In the reaction via β-ketoacid, the CO2 originates from the acid that also exchanges the α-
hydrogen. In the other case the carbon dioxide originates from the carboxylate that does not 
lose its α-hydrogen. The acid that exchanges the α-hydrogen provides the acyl ion, which 
supplies the carbonyl group to the ketone. 
 
(19) CH3*COOH  CH2*CO + H2O 
(20) CH2*CO + H+  CH3*C+O 

(21) CH3*C+O + CH3COO   CH3*COCH3 + CO2 
 Finally, to be complete, two entirely different mechanisms have to be put forward. The first 
reaction route is based on synthesis gas reactions, where acetone is also found as a product. 
Formation of acetone is explained here by a reaction between a surface acetyl group and a 
methyl group [126-128]. This mechanism can perhaps be applied to the ketonisation of acetic 
acid, too. One acetate should then decompose to give CO2 and adsorbed methyl, which can 
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react with an acetyl group formed by dehydroxylation of the second acetate [26]. 
 The second alternative reaction route to be mentioned begins with the abstraction of the α-
hydrogen atom. The remaining negative ion can attack the slightly positively charged carbon of 
the carboxyl group of an adsorbed acetate. Here, α-hydrogen is also needed for the formation 
of a reaction intermediate, and the molecule that loses the α-hydrogen also loses the CO2. The 
hydrogen abstraction can proceed via a similar mechanism as described for the dehydration to 
ketene. 
 

(22) CH2COOHads + CH3Cδ+OOads    CH3COCH3 + CO2 + Oads 
 
Reaction to aldehydes 
Since the reaction of carboxylic acids to aldehydes is scarcely mentioned in the literature, there 
are not many suggestions concerning the possible reaction mechanism. However, two types of 
routes are - in principle - possible. 
 The first one is a Langmuir-Hinshelwood type of mechanism. In this model adsorbed species 
react on the surface. Lattice oxygen does not participate in the reaction. The reaction can 
theoretically proceed both on metal and oxide surfaces. 
 
(23) CH3COOads + 3 Hads  CH3CHO + H2O 
 
This kind of mechanism is extensively described in the case of, for example, alkene 
hydrogenation on Cr2O3 [129] and ZrO2 [130], for which it is proposed that two adsorbed 
hydrogens react simultaneously with the unsaturated bond. Also for the water-gas shift 
reaction, in which a carbon-oxygen bond is broken, a Langmuir-Hinshelwood mechanism is 
proposed. However, a simultaneous addition of two adsorbed hydrogen atoms is improbable. 
 The second possible reaction route is a Mars and Van Krevelen mechanism, which runs 
exclusively on oxidic surfaces. In this model lattice oxygen participates directly in the reaction. 
Activated hydrogen reacts with lattice oxygen to water, which desorbs from the surface. The 
remaining vacancy can be refilled by an oxygen of the adsorbed carboxylate. Addition of one 
hydrogen atom or ion to the remaining acyl-like species releases aldehyde and restores the 
original lattice structure (reaction 24). 
 A similar mechanism is proposed, though not elaborately, by the group of T. Maki to 
describe the hydrogenation of pivalic acid [78] and benzoic acid [89,93], and the opposite 
reaction, i.e. the oxidation of benzaldehyde by water [110]. 
 
 
 
(24)  
 
 
As discussed in section 2.5, aldehydes can react with lattice oxygen to carboxylic acids via a 
Mars and Van Krevelen type of reaction. It is suggested that an equilibrium exists between acid 
and aldehyde. Moreover, the principle of microscopic reversibility has to be considered. Thus, 
the reverse reaction - from acid to aldehyde -also likely proceeds via a Mars and Van Krevelen 
mechanism. This reaction route has the advantage as compared to the Langmuir-Hinshelwood 
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mechanism that it can discriminate between the two oxygen atoms of the carboxylate. Since 
the reduction of acids to aldehydes needs the selective removal of just one oxygen, a 
mechanism that can discern between the two oxygens is, although not necessarily needed, 
certainly more likely. 
 
In both models hydrogen has to be activated before the reduction step of either the catalyst 
(Mars and Van Krevelen mechanism) or the adsorbed intermediate (Langmuir-Hinshelwood 
mechanism) can take place. On metal surfaces this activation step is without any problem. 
Homolytic dissociation of hydrogen occurs on most metals at room temperature. On oxides, 
however, hydrogen adsorption and activation is less obvious. On MgO [131] and ThO2 [132] 
just a low coverage of adsorbed hydrogen is observed. At room temperature, the adsorption 
mostly is heterolytically forming hydride on the cation and hydroxyl on the oxygen anion [132-
134]. Increase in temperature causes the formation of extra hydroxyl groups (e.g. on ThO2 
[132] and ZrO2 [133]) or complete reduction of the oxide (e.g. ZnO [134]). 
 Kondo et al. claim that the reduction of aromatic acids on ZrO2 is limited by the amount of 
activated surface-hydrogen available for the reaction [89]. Addition of Cr2O3 to the catalyst 
increases the activity to the desired aldehyde. As more surface hydroxyl groups are observed 
by infrared spectroscopy, the promoting effect of Cr2O3 is ascribed to the ease of hydrogen 
activation on Cr2O3 in comparison with ZrO2. 
 
 
2.7 Aim of this thesis 
 
As formulated in section 1.3, the general starting points of the research described in this thesis 
are to investigate whether one can reduce aliphatic acids (containing α-hydrogen atoms) 
directly to aldehydes, to elucidate the mechanisms involved, and to establish the conditions 
necessary for a high selectivity. After reviewing the relevant literature on the subject, a more 
detailed explication of the aim of this thesis can be given. 
 
As can be concluded from the literature cited above, metal surfaces decompose carboxylic 
acids and do not reduce them. Rhenium is an exception, at a pressure of 200 atmosphere of 
hydrogen carboxylic acids can be reduced to alcohols by using Re-black [31]. Copper and iron 
produced some ethanol and acetaldehyde from acetic acid under atmospheric pressure of 
hydrogen [26]. However, it is not clear whether the surfaces of these catalysts are in an oxidic 
or reduced form during the reaction. 
 Therefore, more attention is paid to oxidic catalysts in the research presented here. Not 
only because most oxides, in contrast to metals, leave the carbon-carbon bond intact, but also 
because the literature, which describes the reduction of aromatic acids to aldehydes, always 
mentions the use of oxides as catalysts. The same literature also claims that the selective 
reduction can only be performed when the acid contains no α-hydrogen atoms. It is interesting 
to investigate the basic arguments of this mechanism. 
 In relation to the latter question it should be mentioned that the most occurring reaction of 
carboxylic acids on oxides is decarboxylation leading to the formation of ketones. Most 
literature suggests that this reaction occurs only with acids that do contain α-hydrogen atoms. 
Thus, the acids that cannot be reduced to aldehydes are just the acids claimed to be 
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susceptible to ketonisation. Therefore, this research also addresses the problem of solving the 
ketonisation mechanism and the role of α-hydrogen therein. 
 Acetic acid is taken as the starting model compound, since it is the simplest acid having α-
hydrogen atoms and it is, therefore, susceptible to all kinds of reactions possible with aliphatic 
acids. Later, the study is extended to some simple aliphatic acids with a varying number of α-
hydrogen atoms. 
 
 
Summarising, the questions attempted to be solved in this investigation are: 
-Can carboxylic acids, which contain α-hydrogen, be reduced to their corresponding aldehydes, 

in contrast to what the literature predicts? 
-Which catalysts should be used for this reaction and why? 
-Which reaction conditions have to be applied? 
-What is the influence of the presence of α-hydrogen atoms on the reaction of carboxylic acids 

to aldehydes and on the reaction to ketones? 
-What is the role of the most occurring side reaction on oxides (ketonisation) in determining 

the selectivity to the desired reaction (reduction to aldehydes)? 
-What are the reaction mechanisms involved in both these reactions? 
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3. Materials and methods 
 
 
3.1 Introduction 
 
In this chapter the physical and chemical properties of the compounds used are discussed. 
Furthermore, the methods of catalyst preparation and characterisation, the experimental set-
ups, the measuring procedures, and the data evaluation methods are described. Information 
concerning details of specific procedures is given at the appropriate places in the succeeding 
chapters. 
 
 
3.2 Physical and chemical properties of carboxylic acids 
 
Electronic structure and acidity 
In figure 3.1 the bond lengths and Mulliken loadings of acetic and propionic acid are given as 
calculated by ab-initio 3-21G method (calculations performed by B.D. Huckriede, Leiden 
University). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.1 The bond lengths (left, Å) and Mulliken charges (right) of acetic acid and 
propionic acid, calculated by ab-initio 3-21G method. 

 
 Apart from the clearly positively charged hydrogen of the OH group, it is noteworthy that 
the α-hydrogen atoms are slightly acidic and that the α-carbon is negatively charged. The latter 
is more negative for acetic acid than for propionic acid, where the charge is spread over the 
carbon skeleton. 
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 The acidity of the four acids used in this study is dependent on their environment. 
Solvatation and screening effects cause a pronounced difference between acidity measured in 
water and in the gas phase. Values for the ΔG0 of the deprotonation reactions are given in 
table 3.1. 
 

Table 3.1 ΔG0 (kcal/mol) for the reaction AH + B _ A + BH, with A = acetic acid. 

B  ΔG0 in water (25C) [1]  ΔG0 gas phase (27C) [2] 

CH3COOH  0.0  0.0 

CH3CH2COOH  -0.16  1.1 

(CH3)2CHCOOH  -0.03  2.5 

(CH3)3CCOOH  -0.37  3.9 

 
 
In heterogeneous catalysis deprotonation reactions occur at the interface of solid and gas 
phase. Screening and solvatation effects of a solution are absent. Hence, the gas phase acidity 
seems to be more appropriate to describe the behaviour of acids on catalyst surfaces. 
However, it should be kept in mind that coadsorbed molecules, either physisorbed or 
chemisorbed, and the electronic structure of the oxidic lattice can influence strongly the ease 
of deprotonation and the stability of the ions formed. Thus, the relative acidities in the 
adsorbed state are hard to determine. However, the absolute values of ΔG for deprotonation 
on the catalyst surface are negative, as all carboxylic acids deprotonate spontaneously on 
oxides (see chapter 2). 
 
Dimerisation 
By association via intermolecular hydrogen bonds, carboxylic acids can form dimers, and even 
trimers and tetramers. Earlier work on the adsorption of acids on metal surfaces showed a 
clear dependence of the reactivity on the molecular state of the acid [3-5]. It is therefore 
desirable to know the exact molecular state of the carboxylic acid under catalytic reaction 
conditions. The equilibrium constant of acetic acid dimerisation, Kd, can be approximated by 
the following equation [6]: 
 
   logKd = log(Pm

2/Pd) = 11.789 - 3590/T 1 
 
where Pm and Pd are the partial pressure of the monomer and the dimer, respectively; the 
pressures are expressed in Torr and temperature in Kelvin. 
 The fraction of dimer (Pd/(Pd + Pm)) calculated by means of equation 1 is given in figure 3.2 
at various total pressures. Experimental conditions are chosen in such a way that at the acetic 

acid pressure used (appr. 20 Torr or 25 mbar) virtually no dimer is present above 150C (423 K). 
Compared with dimers, trimers and tetramers are even less likely formed, so their presence is 
not taken into account here. Comparable pictures with just slight adjustments can be drawn 
for the other acids used. 
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Figure 3.2 Extent of acetic acid dimerisation in a gaseous mixture of acetic acid monomer 
and acetic acid dimer as a function of temperature and pressure. 

 
 
 
Saturation pressures 
All experiments were performed at a constant carboxylic acid pressure. To achieve this, the 
temperature of the saturator (see figure 3.5) was kept at a temperature where each acid had a 
vapour pressure of about 25 mbar. 
 
 
 
Table 3.2 Temperatures required for a vapour pressure 
   of 25 mbar. 
 

carboxylic acid temperature (C) 

CH3COOH 22 [7] 

CH3CH2COOH 44 [8] 

(CH3)2CHCOOH 56 [8] 

(CH3)3CCOOH 67 [9] 
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Thermodynamics 
Only reactions that are thermodynamically allowed can be catalysed. Therefore, it is necessary 
to have a look at the change of total energy during the reaction. In figure 3.3, the calculated 

values of ΔG (ΔG = ΔH - TΔS) for some reactions of acetic acid are shown. For the 
computations, values of ΔH0 and S0 are used, which are considered as constant with 
temperature. 

 
Figure 3.3 ΔG0 per mole acetic acid for the reactions of acetic acid to acetone, ketene, 

acetaldehyde, and ethanol, represented as a function of temperature. 
 
As can be seen, the reaction of acetic acid to aldehyde is thermodynamically allowed above 
600K. Ketonisation to acetone, decomposition to methane and carbon dioxide, and hydrogena-
tion to ethanol are, however, also permitted. Special attention should be paid to the reactions 
to ethanol and acetaldehyde. At about 600K these two products are in equilibrium, below this 
temperature ethanol formation is favoured. Above 600K aldehyde is the energetically most 
stable compound. If the catalyst that hydrogenates acetic acid also catalyses the hydro-
/dehydrogenation of ethanol and acetaldehyde, it can only be selective to acetaldehyde above 
600K, unless the reaction is kinetically controlled. Comparable pictures and the same 
conclusions can be drawn for the other acids used. 
 
 
3.3 Reactant and catalyst specifications 
 
Reactants 
The acids used 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%). 
Other compounds, which were used for calibrations, were always p.A.-grade. Ketene was made 
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in-situ by pyrolysis of acetone in a quartz reactor at 520C. The reaction products were 
collected in a liquid nitrogen trap. After a short increase in temperature to remove 
contaminants, ketene was slowly evaporated at acetone/dry-ice temperature and expanded to 
the mass spectrometer. 
 The gases (H2 and He, both 99.99%) were purchased from Hoek-Loos Holland, and purified 
before use by BTS catalyst and molsieve for oxygen and water removal. 
 
Catalysts 
 
Table 3.3 Oxides used as catalysts. 

oxide supplier structure M-O bond strength1 

γ-Al2O3 Degussa, Germany corundum   134.7 

Bi2O3 Merck, Germany monoclinic-Bi2O3    46.3 

Co3O4 BDH, England spinel    56.9 

Cr2O3 BDH, England corundum    91.6 

CuO Merck, Germany PtS-like structure    37.7 

α-Fe2O3 Fluka, Switzerland corundum    66.7 

GeO2 ex GeCl4, Janssen, 

The Netherlands 

rutile/quartz-like    63.9 

MgO Merck, Germany NaCl-structure    144.1 

MnO2 Aldrich, USA rutile    63.2 

NiO ex Ni(NO3)2.6H2O, 

Baker, USA 

NaCl-structure    57.6 

PbO2 Merck, Germany rutile    33.1 

SnO2 Fluka, Switzerland rutile    71.0 

TiO2 Tioxide, England anatase    114.2 

V2O5 BDH, England V2O5 layer structure    76.4 

WO3 Fluka, Switzerland ReO3-structure    100.6 

ZnO BDH, England Wurtzite    84.7 

ZrO2 Merck, Germany ZrO2-structure    131.5 

 

1 cal/mol, calculated per oxygen atom from the heat of formation -ΔH0. 
 
The catalysts used can be divided into two groups: pure oxides and oxide supported 
platinum. The pure oxides were used as purchased, i.e. as powders. Table 3.3 gives an 
overview of the oxides used. 
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Platinum containing catalysts were prepared by dissolving H2Pt(OH)6 (Johnson Matthey, 
England) in water with as little as possible nitric acid added. The oxide was suspended in this 

solution, followed by evaporation, drying (90C, overnight), calcination (oxygen flow, 400C, 

5 hours) and reduction (hydrogen flow, 300C, 3 hours). The metal content was 5 at%. 
Exceptions to the procedure described here are discussed at the appropriate places.  
 
 
 
3.4 Catalyst characterisation 
 
 
Mössbauer spectroscopy 
 
Hydrogenation experiments of acetic acid over iron catalysts were followed with Mössbauer 
spectroscopy (in cooperation with E. Boellaard at the "Interfacultary Reactor Institute" in 
Delft, The Netherlands). The reactions were performed in-situ in a 10%H2 in He flow or ex-
situ a 100%H2 flow. The gas stream (20 ml/min) was saturated with acetic acid (25 mbar) 
and subsequently led over a catalysts at constant temperature. The Mössbauer 
spectroscopy experiments were carried out with a constant-accelerator spectrometer 
adapted with a 57Co/Rh source. The isomer shift was determined relative to sodium nitro 
prusside, while the magnetic hyperfine field was calibrated with the 515 kOe field of α-Fe2O3 
and the 330 kOe field of α-Fe at room temperature. The calculated parameters were isomer 
shift (I.S.), quadrupole splitting (Q.S.), line width (Γ), magnetic hyperfine field (H.F.), spectral 
contribution (S.C.), and resonant absorption area (R.A.A.). 
 
 
X-ray diffraction (XRD) 
 
X-ray powder diffraction was used to establish the bulk structure of the catalysts. The 
measurements were performed ex-situ with a Philips type PW 1050 diffractometer using 
monochromatic Cu-Kα radiation (λ = 0.154178 nm). Identification of the diffraction patterns 
was conducted by comparison with known patterns from the database. 
 
 
Surface area measurements 
 
The total surface area of catalysts was determined by adsorption of nitrogen. The 
measurements were performed on a Quantachrom Quantasorb Jr. QSJR2 using a 20% N2 in 
He gas flow. The total surface area was calculated using the BET formula. 
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3.5 Experimental set-up and measurement procedures 
 
Mass spectrometry 
 
The catalytic experiments with acetic acid followed by mass spectrometry were performed 
in a flow system (figure 3.4), working at slightly elevated pressure (total pressure: 1.2 bar). A 
hydrogen (90 ml/min) or helium (118 ml/min) flow was saturated with acetic acid at room 
temperature (saturation pressure of 25 mbar) and led over a microreactor containing 0.2 
grams of catalyst. During the reaction, temperature was raised from room temperature to 

450C at a rate of 7C/min, and consequently lowered to 200C at a rate of 10C/min. 
Analysis was done quasi-continuously by a mass spectrometer (Balzers QMG 064). The 
recorded values were corrected for sensitivities and overlapping fragmentation peaks. 
Details of data evaluation are described in the next paragraph. The following products were 
monitored: methane, carbon monoxide, carbon dioxide, water, ketene, acetone, 
acetaldehyde, ethanol, ethene, ethane, and propene. 
 Selectivity (S) and yield (Y) were calculated in terms of numbers of carbon atoms, 
according to the following equations, where pi is the partial pressure and ci is the number of 
carbon atoms of product i.   
 

        
    

∑    
              

     

                   
      

 

 
 
Figure 3.4 Schematic representation of the flow system used with the mass 

spectrometer. 
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Data analysis 
The partial pressures of all compounds were recorded by a quadrupole mass spectrometer 
(Balzers QMG 064). 
 
 
 
 

Figure 3.5 Mass spectrum of acetic acid, acquired with a Balzers QMG 064 mass 
spectrometer. 

 
After some technical adaptations of the apparatus, it became possible to monitor 
simultaneously more than the eight m/q ratios for which the mass spectrometer was 
originally built. During cycles shorter than 30 seconds, all partial pressures of interest were 
recorded, resulting in a quasi-continuous gas analysis. As an example of a fragmentation 
pattern, the spectrum of acetic acid is given in figure 3.5. 
 For each product the appropriate m/q value was selected, which allowed individual 
products to be identified with the greatest convenience. These characteristic values are 
given in table 3.4. The product signals were corrected for the fragmentation peaks of all 
other products. This meant that for each product i the characteristic value for m/q (m/qi) 
was corrected for fragmentation peaks by using equation 2: 
 

   m/qi = ai,1P1 + ai,2P2 + ..... + ai,12P12 2 
 
where m/qi is the recorded signal, which consists of contributions of all products. Pj is the 
partial pressure of any of the recorded products. The factor ai,j represents the ratio of the 
signal at m/qi caused by fragmentation of product j and the signal at the characteristic m/q 
value of product j. These ratios are obtained from calibration and an example of a set of 
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values ai,j is given in table 3.4. The calibration factors were susceptible to variations in time, 
and were, therefore, redetermined regularly. Solving the twelve equations with twelve 
unknown parameters Pj results in the desired corrected partial pressures. 
 
Table 3.4 Factors ai,j for the characteristic values m/qi as determined by calibration. 

Fragmentation peaks at other values of m/q are not shown. 

product j 16 18 27 28 29 30 31 39 42 44 58 60 

CH4 100 - - - - - - - - - - - 

H2O 2.1 100 - - - - - - - - - - 

C2H4 - - 100 140 - - - - - - - - 

CO - - - 100 - - - - - - - - 

CH3CHO 6.7 - 4.8 14.8 100 - - - 12.8 48 - - 

C2H6 - - 125 409 94 100 - - - - - - 

C2H5OH - - 25.1 14.0 34.8 9.2 100 - - 8.0 - - 

C3H6 - - 58.0 - - - - 100 45 - - - 

CH2CO - - - 9.7 - - - - 100 - - - 

CO2 9.9 - - 10.3 - - - - - 100 - - 

(CH3)2CO 3.3 - 38.0 20.1 22.4 - - 19.0 86.1 10.2 100 - 

CH3COOH 23.0 22.2 2.5 47.9 40.2 2.1 9.3 - 51.2 27.4 - 100 

 
Partial pressures obtained in the above-mentioned procedures are corrected for the mass 
spectrometer sensitivities. The ionisation and detection processes of a mass spectrometer 
are complex and inhibit a theoretical approach to data deconvolution. In order to obtain 
quantitative information, an empirical approach is used as described by Ko et al. [10], which 
accounts for ionisation efficiency, mass fraction transmission, and the cracking pattern of 
the parent molecule. 
 Ionisation efficiency is primarily dependent on the number of electrons per molecule. A 
reasonable correlation for the total ionisation efficiency of the molecule relative to CO is 
given by 
 

   Ix = 0.6(number of electrons/14) + 0.4 3 
 

 Transmission of an ion through the quadrupole filter is also a function of ion mass such 
that the transmission is approximately 
 
   Tm = 10(30-M)/155 for M>30 and 1 for M<30 4 
 
 The correction factor (C) relative to CO for a product is then 
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where the summation is over all fragments of the product species. Corrected relative partial 
pressures are obtained by multiplying the Pj obtained from equation (2) by the factor C. 
 
 
Gas chromatography 
 
Mass spectrometric analysis was only suitable for small compounds such as acetic acid, 
hydrogenation reactions of the other acids were followed with gas chromatography. The 
catalytic experiments were performed in a flow system at atmospheric pressure. A 
hydrogen flow (20 ml/min) was saturated with the carboxylic acid at a temperature where 
the saturation pressure was about 25 mbar (see table 3.2). The gas mixture was led over a 
microreactor containing 0.2 grams of catalyst. The whole flow system was heated by a 

heating wire to a temperature of at least 100C, in order to avoid condensation of both 
reactants and products. During the temperature-programmed reaction, the reactor 

temperature was raised from room temperature to 450C at a rate of 0.5C/min. Samples 
were taken every 30 min. and analysed by an on-line gas chromatograph (Packard 433, 
packed column: Tenax G.C.) equipped with an F.I.D. detector. The recorded values of the 
peak areas were converted into gas concentrations by using sensitivity factors determined 
by calibration. 
 The selectivities were calculated as the molecular percentage of all organic products. 
Since both pivalic acid and its products partly decomposed, only the undecomposed 
products were taken into account, when this acid was studied. 
 All experiments were performed with ovens made of pyrex. Changes in the aspect of the 
catalysts could be followed visually. 
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4. Reactions of acetic acid on oxides 
 
 
 
4.1 Introduction 
 
As already explained, the subject of this thesis is the hydrogenation of aliphatic carboxylic acids 
containing α-hydrogen atoms to their corresponding aldehydes. To start with, acetic acid is 
taken as a model compound, since it is the simplest acid having α-hydrogen atoms. In this 
chapter, its reactions on oxides will be discussed. 
 Oxides were chosen as catalysts, because metals are most likely not appropriate for the 
selective hydrogenation of carboxylic acids (see chapter 2). Moreover, all the literature known 
about selective hydrogenation of carboxylic acids without α-hydrogen atoms describes the use 
of oxides as catalysts. Examples are the hydrogenation of aromatic acids over the oxides of 
yttrium [1,2], zirconium - with or without chromia - [3-6], iron [7], vanadium [8], and 
manganese [9,10]. Trimethyl acetic acid is also known to yield aldehyde when led over oxidic 
catalysts [7,9,11,12]. It is noteworthy that the same literature mentions that selective 
hydrogenation of acids with α-hydrogen is impossible. 
 The oxides, which are selective in the deoxygenation of acids without α-hydrogen, display a 
large variety of properties. Some of them have distinct redox properties. Iron oxide, for 
example, can easily change its oxidation state; zirconia, however, is very hard to reduce. Some 
other oxides have acid-base characteristics. Nevertheless, most oxides active in the 
deoxygenation reaction are not especially known for their acid-base properties. For zirconia, it 
is even mentioned that strongly acidic or basic sites ruin the selectivity and activity for benzoic 
acid hydrogenation [4]. Acid sites of the zirconia are said to catalyse decarboxylation to 
benzene and carbon dioxide. However, it should be remembered that the phenyl group has 
different interactions with the surface and with coadsorbed species than alkyl groups have 
[13]. Furthermore, its electronic structure can stabilise intermediate species or transition states 
and, therefore, facilitate certain reactions, e.g. decarboxylation. Hence, conclusions concerning 
the hydrogenation of benzoic acid and its derivatives are not automatically relevant to acetic 
acid. 
 Thus, the catalytic behaviour of a wide variety of oxides was probed. Thereupon, an attempt 
has been made to detect a correlation between the selectivity and two physical-chemical 
properties, viz. the redox behaviour and the acidity of the oxides. The average metal-oxygen 
bond strength of the oxide (calculated per oxygen atom) has been taken as a measure for its 
redox properties. It is harder to find an appropriate scale for the acidity of oxide surfaces. The 
acidity can be influenced by the preparation method, pretreatment, traces of impurities or 
adsorbates, and crystal defects. Experimental determinations of the acidity show a broad 
scattering of results [14]. Therefore, a theoretical assessment of the catalyst acidity has been 
applied here. Corrected Pauling electronegativities, Χi, have been taken as a measure of acidity 
[15]. The Χi is defined as the generalized electronegativity of a metal ion, by equation 1: 
 

 Χi = (1 + 2Z)Χ0 1 
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where Z is the charge of the metal ion, and Χ0 is the electronegativity of the neutral atom given 
by Pauling [16]. The zero point of charge of oxides in a water solution has been found to be 
proportional to Χi [15]. Χi is, therefore, a reasonable measure for the combined acidic and basic 
activities of hydrated surfaces, even though its principle is based on only Lewis acidity. In some 
cases it has been confirmed that the catalytic behaviour is indeed dependent on the acidity of 
the catalyst, expressed by means of Χi. For example, CO and CO2 hydrogenation on Rh exhibit a 
linear relationship between the activity and the Χi of the promoter cation [17]. Also for 
sulphates and phosphates correlations have been found between Χi and the hydration or 
polymerisation activity of the catalysts [15]. Obviously, the theoretical scale of acidity based on 
Χi can be useful to characterise catalysts for some processes. It is, therefore, interesting to look 
whether there is also a relationship between the selectivity in carboxylic acid hydrogenation 
and the parameter Χi of the oxides used as catalysts. 
 
 
4.2 Experimental 
 
All reactions were performed in a flow system equipped with a mass spectrometer. Details of 
the setup and the data evaluation are given in chapter 3. The oxides were used as powders 
without any ex-situ pretreatment. In-situ, the oxides were heated for one hour in a hydrogen 

flow at 100C to remove physically adsorbed water. All experiments were done in a 

temperature-programmed mode between 50 and 450C, as described in chapter 3. 
 The sensitivity of the mass spectrometer was not completely stable in time. Therefore, the 
values of the ionic currents of experiments performed on different dates - and thus also the 
absolute values of the partial pressures, which are calculated from them - are not mutually 
comparable. Nevertheless, within one experiment, it is possible to compare the partial 
pressures of the products. However, one has to take into account the experimental errors and 
approximations made in the semi-empirical calculations of the relative sensitivities according 
to the method described in section 3.5. 
 The parameters used to evaluate the selectivity and yield are introduced in section 3.5, too. 
When the term selectivity is used below without any further specification, selectivity to 
acetaldehyde is meant. This chapter and chapters 5 and 6 deal with acetic acid only, when the 
terms acid, aldehyde, or alcohol are used, these can be read as acetic acid, acetaldehyde or 
ethanol respectively. 
 
 
4.3 Results 
 
The results of the catalytic tests of the oxides are presented in alphabetical order. At the end of 
this section these results are recapitulated and an attempt will be made to relate them to the 
relevant physical-chemical properties. 
 In the following graphs, the partial pressures of acetic acid and the products are plotted as a 
function of temperature. The temperature-program used consisted of an increasing and, 
subsequent, decreasing temperature range. Arrowheads are added to the graphs in order to 
discern between those two temperature ranges. Only the most important products are shown, 
together with acetic acid. 
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Figure 4.1 Partial pressures in the reaction over γ-Al2O3. 
 
 
It can be concluded from figure 4.1 that γ-alumina is a good catalyst for the ketonisation 
reaction (1), in which two molecules of acetic acid form one molecule of acetone, carbon 

dioxide, and water. The reaction runs above 300C, and no other products were detected. 
 
(1)   2 CH3COOH               CH3COCH3 + CO2 + H2O 
 
Bismuth oxide also catalysed only the ketonisation reaction. However, it behaved in a clearly 

different way than alumina. At about 150C, a sudden drop in the acetic acid signal was seen, 

accompanied by a small increase in the water signal. Just above 300C, sharp peaks in the 
formation of acetone and carbon dioxide appeared. Probably, acetic acid was first consumed in 
a reaction with the oxide to give an intermediate, a sudden reaction of which gave rise to the 
formation of acetone and CO2. When the reaction mixture was led over bismuth oxide at a 

constant temperature of 200C (i.e. below the temperature of acetone formation), the yellow 
oxide turned into a white compound within four hours. The XRD pattern of this white 
compound was very similar to that of bismuth(III) acetate. 
 At decreasing temperatures, a high signal of acetic acid was observed and no reaction 
products were detected. As bismuth oxide is easily reducible, the catalyst contained metallic 
bismuth during the decreasing temperature range. 
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Figure 4.2 Partial pressures in the reaction over Bi2O3. 
 
During the reaction of acetic acid over cobalt oxide, acetone, water, and carbon dioxide were 

produced in small quantities. At 350C a purple compound, probably cobalt acetate, was 
formed, which subsequently condensed in the capillary of the flow system. Pressure rise, 
caused by plugging of the capillary, forced us to terminate the reaction. The results of cobalt 
oxide are neither shown nor taken into consideration any further. 
 
The reaction over chromia resulted in the same product distribution as over alumina. However, 
two differences should be mentioned. First, chromia was less active, the reaction started at a 

higher temperature (400C). Second, acetaldehyde and ketene, the latter not being shown in 
the figure, were formed in small quantities. 

 
 
Figure 4.3 Partial pressures in the reaction over Cr2O3. 
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Figure 4.4 Partial pressures in the reaction over CuO. 
 
Black-green copper(II) oxide was reduced by the reaction mixture to red copper(I) oxide or 

metallic copper at about 300C. The small increase in the water signal was a consequence of 
this. Immediately after this (partial) reduction of the catalyst, acetaldehyde and water were 
formed. Small quantities of ethanol and methane were also formed, but these are not shown 
in the graph. Almost no acetone and CO2 were produced. At decreasing temperatures, the 
catalyst was slightly less active. XRD analysis of the used catalyst showed only the presence of 
copper metal. However, metallic copper, obtained from in-situ prereduced copper oxide, 
showed no catalytic activity in a standard temperature-programmed experiment. 
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Figure 4.5 Partial pressures in the reaction over α-Fe2O3. 
 
At increasing temperatures, the reaction over iron oxide produced mainly acetone with CO2 
and water and small quantities of aldehyde (figure 4.5). At decreasing temperatures, thus after 

the temperature of 450C had been reached, acetaldehyde was the main product. 
Furthermore, the total catalytic activity was much higher. Ex-situ XRD analysis showed that at 
decreasing temperatures the catalyst consisted of a mixture of Fe3O4 and α-Fe. More details of 
this catalytic system are given in chapter 6. 
 Germanium oxide was a very inactive catalyst (figure 4.6), but produced some 
acetaldehyde. 

 
 

Figure 4.6 Partial pressures in the reaction over GeO2. 
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Figure 4.7 Partial pressures in the reaction over MgO. 
The behaviour of magnesium oxide was similar to that of bismuth oxide. Again, at low 
temperatures a decrease in the acid signal was seen, accompanied by a small increase in the 

water signal. Just above 300C decomposition caused a sharp peak in the CO2 and acetone 
formation. In contrast to bismuth, this catalyst is also active at decreasing temperatures. 
According to XRD analysis, the used catalyst still consisted of MgO. 

 
 
Figure 4.8 Partial pressures in the reaction over MnO2. 
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Figure 4.9 Partial pressures in the reaction over Mn3O4. 
 

Manganese(IV) oxide was a good ketonisation catalyst (figure 4.8). The peak at 300C in the 
CO2 production was, surprisingly, not accompanied by acetone formation. Mn3O4 (obtained by 
prereduction of MnO2) showed the same CO2 peak, but, in contrast to MnO2, it was 
accompanied by an acetone peak (figure 4.9). Both catalysts were still active at decreasing 
temperatures. Water is omitted from the figures as it reached its saturation pressure at 

ambient temperature as soon as the reaction started, i.e. at 300C. It subsequently condensed 
in the flow system and a constant water signal, corresponding to its saturation pressure, was 
recorded by the mass spectrometer. As acetic acid dissolved in this condensed water, no acetic 
acid signal was observed at decreasing temperatures. XRD analysis showed that the used 
catalyst consisted mainly of MnO. 
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Figure 4.10 Partial pressures in the reaction over NiO. 
 

Nickel oxide was, most likely, reduced by the reaction mixture to its metallic form. At 300C 

acetic acid was decomposed to CO2 and CH4. At temperatures higher than 350C, methane was 

the only carbon containing product. Water was already formed at 150C, probably by 
reduction of the oxidic catalyst. The water signal is not shown as it reached its saturation 
pressure already before the reaction of acetic acid had started. Some acetaldehyde was 
formed with a maximum production at the point where the reaction to methane just started. 

 
 
Figure 4.11 Partial pressures in the reaction over PbO2. 
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Figure 4.12 Partial pressures in the reaction over Pb(CH3COO)2. 
 
Reaction of acetic acid on lead oxide as a catalyst yielded a complicated product pattern (figure 
4.11). Like bismuth oxide, lead oxide consumed acetic acid before the reaction started. When 

the reaction mixture was led over the lead oxide at a constant temperature of 175C, lead(II) 
acetate was formed, as evidenced by XRD analysis. 

 At temperatures higher than 400C, the catalyst was completely inactive, and it remained so 
at decreasing temperatures. XRD analysis revealed only the presence of metallic lead at the 
end of the reaction. When metallic lead was used as a catalyst, no catalytic activity was 
observed. Comparison of figure 4.11 (lead oxide) with 4.12 (lead acetate) shows many common 
features. 

 
Figure 4.13 Partial pressures in the reaction over SnO2. 
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Tin oxide proved to be a good catalyst for acetaldehyde production (figure 4.13). The low 
activity was probably caused by the low surface area, since silica-supported tin oxide had about 
the same product selectivity but a much higher activity. 
 

 
 
Figure 4.14 Partial pressures in the reaction over TiO2. 
 
When titania was used as a catalyst, a reaction pattern very similar to that of alumina was 
obtained. The reaction started, however, at a slightly lower temperature (figure 4.14). 
 

 
 
Figure 4.15 Partial pressures in the reaction over V2O5. 
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Figure 4.15 shows that, when using vanadia in the hydrogenation reaction of acetic acid, 
aldehyde was formed next to acetone. As for the manganese oxide catalyst, a peak in the CO2 
production was seen at increasing temperatures while no acetone was detected. This CO2 peak 
was accompanied by a CO peak (not shown). The used catalyst did not give any worthwhile 
XRD spectrum: the catalyst had become amorphous. 

 
Figure 4.16 Partial pressures in the reaction over WO3. 
 

 
 
Figure 4.17 Partial pressures in the reaction over WO3-x. 
 
The tungsten oxide catalyst had poor activity and selectivity. The main product was ketene 
originating from dehydration of acetic acid. Prereduction of the yellow WO3 to a blue WO3-x, 
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resulted in a far more active and selective catalyst. Aldehyde was formed over WO3-x, already 

at temperatures as low as 200C. However, at higher temperatures, C2-hydrocarbon 
production became the predominant reaction. 

 
Figure 4.18 Partial pressures in the reaction over ZnO. 
 
Figure 4.18 shows the results of the reaction over a zinc oxide catalyst. The product pattern 

had some peculiarities. At 200C there was a drop in the acetic acid signal accompanied by a 
rise in the signals of the oxidation products CO2 and water. After the temperature had 

exceeded 300C, peaks in the production of CO2 and acetone were seen, similar to those seen 
with the bismuth - and magnesium oxides. At decreasing temperatures, the complete absence 
of any signal was striking. After being exposed to air, the catalyst gave a clear XRD pattern 
belonging to ZnO. 

 
Figure 4.19 Partial pressures in the reaction over ZrO2. 

 
Reaction of acetic acid on zirconia yielded the ketonisation products in the same way as 
alumina and titania did. However, zirconia was a less active catalyst, and small amounts of 
ketene were detected. 
 
Table 4.1 is presented in order to make a comparison between all the different oxides. At the 
left side of this table, the maximum aldehyde yields are shown, with corresponding 
temperature and selectivity. At the right side, the maximum aldehyde selectivities are given, 
with corresponding yield and temperature. When those values did not differ from the left part 
of the table, they were omitted. 
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Table 4.1 Maximum yields (Y) and selectivities (S) of all oxides tested. 
 

catalyst data at maximum yield data at maximum selectivity 

  Y(%)  S(%)   T(C)  Y(%)  S(%)  T(C) 

γ-Al2O3  4.8  4.1   450  -  -  - 

Bi2O3  5.9  3.6   317  -  -  - 

Cr2O3  7.0  8.0   450  -  -  - 

CuO  41.4  63.7   450  26.3  65.1 437 

α-Fe2O3
1  28.9  46.2   372  27.8  51.9 363 

α-Fe2O3
2  32.4  57.6   321  23.8  78.2 286 

GeO1  0.8  1.5   450  -  -  - 

GeO2  1.5  28.3   425  -  -  - 

MgO  0.9  0.8   377  -  -  - 

MnO2  6.2  7.9   309  -  -  - 

NiO  5.8 10.5   318  -  -  - 

PbO2  8.5  3.8   376  -  -  - 

SnO2  10.5  38.0   449  -  -  - 

TiO2  3.7  3.6   345  3.2  5.0 450 

V2O5  10.2  20.1   408  6.0  35.2 355 

WO3  6.4  16.5   450  -  -  - 

ZnO  16.5  8.0   338  11.3  20.6 364 

ZrO2  4.2  4.4   450  -  -  - 
1 At increasing temperatures 
2 At decreasing temperatures 

 
Since the surface areas of the oxides differ largely, the yields of the different catalysts cannot 
be compared. Therefore, in the following graphs, the selectivities of are used. They are plotted 
as a function of the metal-oxygen bond strength (figure 4.20) and as a function of the 
generalised electronegativity, Xi (figure 4.21). 
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Figure 4.20 Plot of the maximum selectivity as a function of increasing metal-oxygen bond 

strength. 
 

 
 
Figure 4.21 Plot of the maximum selectivity as a function of the generalised electro-

negativity (see equation 1). The bars symbolise the range of Xi for the different 
oxidation states that can reasonably be expected during the catalytic reaction. 
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4.4 Discussion 
 
Acetaldehyde formation 
When selecting the proper catalyst, hydrogenation of acetic acid to acetaldehyde appeared to 
be possible, even though this acid contains three α-hydrogen atoms. This is at variance with the 
claims in the patent literature [5-10] that selective hydrogenation is only possible with 
carboxylic acids having less than two α-hydrogen atoms. The same sources of information 
predict that acids with more α-hydrogen atoms are not hydrogenated but ketonised. 
 It is indeed true that most oxides catalyse the ketonisation reaction to acetone, carbon 
dioxide, and water. However, some oxides give a reasonable yield of acetaldehyde, especially 
the oxides of copper, iron, tin, and vanadium. The property these oxides have in common is the 
ability to change their oxidation state easily. The importance of this feature is stressed by the 
observation that these oxides are active in the hydrogenation of acetic acid to aldehyde in a 
temperature regime, where partial reduction of the catalyst has taken place. This is most 
obvious for copper(II) oxide, which, just before the reaction of acetic acid started, transformed 
into copper(I) oxide. This transformation was indicated by the change of colour accompanied 

by a peak in the water signal around 300C (figure 4.4). Also the oxides of tin, vanadium, and 
iron are active at temperatures, where - in a hydrogen atmosphere - less oxidised forms are 
stable such as SnO, VO2, and Fe3O4. This will be clearly proven for iron oxide by ex-situ XRD 
analysis and in-situ Mössbauer experiments in chapter 6. 
 The finding that redox properties could be important is supported further by the plot of the 
selectivity as a function of increasing metal-oxygen bond strength of the catalysts (figure 4.20). 
Here it can be seen that oxides with a too high metal-oxygen bond strength are not selective. 
Oxides, which bind the oxygen too loosely (except copper), give a poor selectivity to aldehyde, 
as well. A so-called volcano-shaped curve is the result. The top of the volcano is at iron oxide 
and the slopes are in the direction of germania at the left and tin oxide and vanadia at the 
right. This curve can be explained by the theory proposed by Mars and Van Krevelen [18]. 
 In this theory lattice oxygen plays an active role in two steps of the catalytic reaction. In the 
first step, lattice oxygen reacts with a reducing adsorbate. The reaction product desorbs and an 
oxygen vacancy is created. In the second step, this vacancy is refilled by an oxidant. If the 
metal-oxygen bond is too high, the first step will be very slow, as the oxygen is too strongly 
bound to the lattice and vacancies are not easily created. If the metal-oxygen bond strength is 
too low, the second step will limit the reaction, since the affinity of the lattice for oxygen is too 
low to extract oxygen from an oxygen containing molecule. Thus, the best catalyst for a 
reaction that runs by this mechanism is an oxide with an intermediate metal-oxygen bond 
strength. Such an oxide is active enough for both the reduction and the oxidation step and is 
therefore capable of closing the catalytic cycle. A volcano-shaped plot with a maximum at 
intermediate metal-oxygen bond strength, as the curve in figure 4.20, is the consequence. 
 In the case of the selective hydrogenation of acetic acid to acetaldehyde, the reductant is 
hydrogen, which can react with a lattice oxygen to water and a vacancy (reaction 2a). This 
vacancy can be filled by an oxygen of the acetic acid. The surface species that results can easily 
react to aldehyde (reaction 2b). This mechanism is discussed further in chapter 8. 
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(2a)  
 
 
 
 
(2b) 
 
 
 
 
The Mars and Van Krevelen mechanism does not only explain the volcano-shaped dependence 
of the selectivity on the metal-oxygen bond strength. It also differentiates between the two 
oxygen atoms of the adsorbed acetate. This differentiation is a necessary prerequisite when 
only one oxygen atom has to be removed selectively to form acetaldehyde. The surface 
intermediate depicted in the reaction scheme 2b is asymmetric, and thus a difference is 
created between the two oxygen atoms. 
 In the case of copper -, tin -, and iron oxide, the aldehyde formation is clearly related to a 
prereduction of the catalyst, i.e. a potential vacancy creation (see also chapters 5 and 6). Also 
prereduction of tungsten oxide increases the selectivity to acetaldehyde remarkably (figure 
4.17). Again, this is likely due to the formation of extra vacancies. 
 
There seems to be no relationship between the selectivity of the oxidic catalysts and their 
generalised electronegativity. On the one hand, the best selectivity is observed with oxides 
having intermediate values of Χi, such as the oxides of copper and iron. On the other hand, very 
low selectivity is observed with oxides having a similar value for Χi, such as the oxides of zinc, 
manganese, and titanium. If any conclusion can be drawn from figure 4.21, it is that too high or 
too low electronegativity spoils the selectivity, but that an intermediate value of Χi is no 
guarantee for a good selectivity. 
 It is also not possible to find a correlation between the selectivity and other, empirical, 
scales of acid-base strength of oxides. Thus, although the use of Χi as a scale for acidity is 
disputable, plot 4.21 is representative for any attempt to find a relationship between the 
acidity and the catalytic behaviour of the catalysts. 
 
Finally, it should be noted that some oxides are completely reduced to zero-valent metals 
during the temperature-programmed reaction. The metals formed in this way seem either to 
be inactive, e.g. bismuth (figure 4.2), lead (figure 4.11), and copper, or very unselective, e.g. 
nickel, which is a good methanising catalyst (figure 4.10). 
 One observation deserves more attention. Copper clearly deviates in its behaviour from the 
other catalysts (figure 4.20). The very selective formation of acetaldehyde started rapidly after 

the moment, at which the copper was reduced, i.e. at 300C (figure 4.4). In a hydrogen 
atmosphere, both CuO and Cu2O are unstable at these temperatures. However, metallic 
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copper appeared to be completely inactive. So, the catalyst must be, at least partly, in an oxidic 

state to explain its reactivity above 300C. Obviously, the reaction mixture is less strongly 
reducing than pure hydrogen. This enables the catalyst to remain partly oxidised and, 
therefore, active and selective. 
 A related observation was that XRD analysis of the used iron oxide catalyst, which was also 
highly selective, revealed the simultaneous existence of Fe3+, Fe2+, and Fe0. Thus, although pure 
metals seem to be unselective, a mixture of the oxide and the metal does seem to be very 
selective. This would explain why iron and copper have a high selectivity, which deviates from 
the volcano-shaped plot of figure 4.20. The next chapters will concentrate more on this 
phenomenon. 
 
Acetone formation 
The most frequently observed product in the reaction of acetic acid over oxides is acetone, 
together with carbon dioxide and water (reaction 1). These are the products predicted by the 
literature for the reaction of carboxylic acids with α-hydrogen atoms, and they are, therefore, 
not unexpected. As is expounded in chapter two, there is no agreement in the literature on the 
way acetone is formed. The above-described results seem to demonstrate that the reaction 
proceeds via two different pathways: via a bulk reaction or via a surface reaction. 
 
The use of the oxides of lead, bismuth, magnesium, and zinc resulted in a sharp peak in the 
acetone formation, accompanied by a peak in the carbon dioxide production. This explosive 
type of reaction can be explained by the decomposition of bulk acetate, which was formed at 
the beginning of the experiment. Such formation of bulk acetates is possible since the oxides in 
question are basic and have a low lattice energy. The salt formation is particularly distinct in 
the experiments performed with the oxides of bismuth and magnesium (figures 4.2 and 4.7). At 

150 and 200C for bismuth and magnesium oxide respectively, the acetic acid signal suddenly 
decreased, while the water signal increased. This can be explained by the following reaction: 
 
(3)  2 CH3COOH + MO            M(CH3COO)2 + H2O 
 
The salt subsequently decomposes at higher temperatures, resulting in sharp peaks of acetone 
and carbon dioxide. This well-documented decomposition reaction can proceed either via 
reaction (4) or via reaction (5) [19-21]. 
 
(4)  M(CH3COO)2           CH3COCH3 + CO2 + MO 
(5)  M(CH3COO)         CH3COCH3 + MCO3 
 
Two facts confirm these ideas. The similarities between the reaction of acetic acid over lead 
oxide and lead acetate, and the fact that bismuth - and lead oxide react to acetates at 
temperatures lower than the temperature at which the reaction to acetone starts. 
 During this decomposition reaction, there is also a parallel continuous reaction of acetic acid 
to acetone. This can be deduced from the low signal of acetic acid at the temperatures where 
acetone and CO2 are formed. So the acetone is formed not only from acetic acid, which reacted 
previously with the oxide, but also from acid led over the catalyst during the decomposition 
reaction. Probably, surface acetates are continuously regenerated. However, this regeneration 
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(via reaction 3) always gives a minor contribution to the total reaction, since the signal of 
water, expected form reaction (3), is always lower than the acetone and CO2 signals. 
 It should be stressed that, when using oxides with a low lattice energy, not the oxide but the 
acetate forms the actual catalyst. 
 Reactions of acetic acid on oxides having a high lattice energy, e.g. alumina, chromia, titania, 
and zirconia, do not show a sharp decomposition peak. In addition to this, these catalysts 
remain macroscopically unaltered during the reaction. This is confirmed by the unchanged XRD 
pattern after reaction and by the fact that the product patterns at increasing and decreasing 
temperatures are very similar (figures 4.1, 4.3, 4.14, and 4.19). Probably, the reaction runs on 
the surface without any formation of bulk acetates. Further details of the mechanism of this 
surface reaction will be given in chapters 7 and 8. 
 
The existence of two different reaction routes to acetone has already been suggested by 
Yakerson et al. [22,23]. These authors propose a reaction via bulk acetates for oxides with a 
low lattice energy, and a surface reaction for oxides with a high lattice energy. This theory can 
now also be formulated in a slightly different way. On oxides with a low metal-oxygen bond 
strength, the ketonisation reaction proceeds via bulk acetates. On oxides with a high metal-
oxygen bond strength a surface reaction is responsible for the acetone formation. 
 The just-mentioned findings can be rationalised as follows. Schuit et al. [24] proposed a 
correlation between the heats of formation of metal oxide MO and metal formate M(HCOO)2 
(equation 2). 
 

    Qf
0(M(HCOO)2) = 1.25 Qf

0(MO) 2 
 
According to the same authors, it is possible to extrapolate this correlation to acetates. This 
leads to the conclusion that the formation of the salt is always preferred to oxide formation. 
However, the catalysts are originally in the oxidic form. In order to form acetates, the metal 
ions must be extracted from the oxidic lattice. If the heat of formation, and thus the metal-
oxygen bond strength, is too high, the extraction is too slow and no salt formation is observed. 
Even though the salt would thermodynamically be more stable. 
 Magnesium oxide, which has a high metal-oxygen bond strength, seems to form bulk 
acetates, as well. Probably not only a low metal-oxygen bond strength, but also a high basicity 
can cause the formation of bulk acetates. 
 
The peaks in the CO2 production in the absence of acetone, which are seen on the oxides of 
vanadium (figure 4.15) and manganese (figure 4.8), are probably caused by a complete 
stoichiometric oxidation of the acetic acid by surface oxygen. This reaction can reasonably be 
expected, since both oxides are well-known oxidation catalysts. 
 
(6)  CH3COOH + 4 Olattice             2 CO2 + 2 H2O 
 
The same reaction probably causes the dip in the acetic acid signal seen with zinc oxide at 

200C (figure 4.18). 
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4.5 Conclusions 
 
In contradiction to claims in the literature, acetic acid can be reduced to acetaldehyde, even 
though this acid contains three α-hydrogen atoms. Copper oxide and oxides with an 
intermediate metal-oxygen bond strength, like iron - and tin oxide, seem to be the best 
catalysts for this selective hydrogenation. The volcano-shaped dependence of the selectivity on 
the metal-oxygen bond strength and the fact that the best catalysts can easily change their 
oxidation state, suggest a possible role for the Mars and Van Krevelen mechanism. Metals 
formed during the reaction are not active in the selective hydrogenation. However, in the case 
of copper and iron, a combination of metal and oxide seems to favour the acetaldehyde 
formation strongly. 
 No correlation is found between the acid-base characteristics of the catalysts and their 
behaviour in the selective hydrogenation. However, the best catalysts are neither strongly 
basic nor strongly acidic. 
 Acetone is the main product with most catalysts. Its formation can proceed via two different 
routes. On oxides with a low lattice energy, bulk acetates are formed, decomposition of which 
leads to acetone. On oxides with a high lattice energy, the reaction to acetone takes place on 
the surface and leaves the bulk structure of the catalyst unaltered. 
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5.  Reactions of acetic acid 

  on platinum-containing oxides 
 
 
5.1 Introduction 
 
During the research described in this thesis, various oxides were tested as catalysts for the 
selective hydrogenation of carboxylic acids to the corresponding aldehydes. The underlying 
reason for not testing the metallic catalysts first was the expectation that they would either be 
too active in the undesired carbon-carbon bond scission or not active at all. The results 
presented in chapter 4 support this assumption. Catalytic experiments described there show 
that the metals tested were inactive in the selective hydrogenation, while some oxides were 
both active and selective. 
 Although oxides, e.g. zirconia and zinc oxide, are sometimes used to catalyse hydrogenation 
reactions, their performance is usually poor. Oxides, namely, mostly do not exhibit a high 
activity in the dissociation, and thus activation, of molecular hydrogen. This is due to a high 
activation energy for adsorption and a low density of active sites, which in general are only 
created by a high temperature pretreatment [1-5]. The application of oxidic catalysts in 
hydrogenation reactions is therefore limited. However, the activity can be ameliorated by 
making the catalyst more suitable for hydrogen activation. Not only the activity but also the 
selectivity can be improved in this way, since the desired reaction (1) consumes hydrogen, 
while the undesired reaction (2), the ketonisation, does not need activated hydrogen. 
 
(1)   CH3COOH + H2            CH3CHO + H2O 
(2)   2 CH3COOH          CH3COCH3 + CO2 + H2O 
 
Moreover, the presence of a larger number of adsorbed hydrogen atoms can increase the 
steady-state concentration of vacancies. If reaction (1) proceeds indeed via a Mars and Van 
Krevelen mechanism, as suggested in the previous chapter, the presence of extra vacancies 
would also increase the selectivity. 
 
In chapter 4 it is described that especially copper - and iron oxide have a high activity and 
selectivity for acetaldehyde. For both these catalysts the possibility exists that a metallic phase 
is formed by partial reduction of the catalyst during the reaction. Maybe this metallic part 
helps in the hydrogen activation, and is therefore the key to a better catalytic performance. 
 Experiments aimed to investigate more closely the effect of a metallic component are 
described in this chapter. In these experiments, a precious metal - platinum - has been added 
to the oxidic catalysts. The advantage of platinum is that it certainly remains in the metallic 
form under reaction conditions. This is not the case for less noble metals, which can easily be 
oxidised by oxygen-containing molecules present in the reaction mixture. Thus, the addition of 
platinum ensures the presence of a metallic catalyst component during the reaction. 
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5.2 Experimental 
 
The oxide-supported platinum catalysts were prepared by wet impregnation. The precursor 
used (H2Pt(OH)6, Johnson Matthey, England) needed to be dissolved in diluted nitric acid prior 
to the impregnation. The standard atomic ratio between the platinum and the cations in the 
oxide was 0.05. Before use, the catalysts were pretreated ex-situ in an oxygen flow (5 hours, 

400C) and subsequently in a hydrogen flow (4 hours, 400C). A series of Pt/TiO2 catalysts with 
different metal loadings was prepared by gently mixing - without applying any pressure - a 
standard Pt/TiO2 catalyst (Pt/Ti ratio = 1/10) with the appropriate amount of pure titania. This 
standard catalyst was obtained by wet impregnation of the platinum precursor from a boiling 
non-acidified water solution. Both the Pt/TiO2 and pure titania were subjected to the same 

treatment, i.e. calcination (oxygen flow, 5 hours, 450C) and reduction (hydrogen flow, 4 hours, 

300C), before mixing. 
 The catalytic tests were performed in a flow system at a slightly elevated pressure (1.2 bar). 
Analysis was done by a mass spectrometer. As mentioned in section 4.2, comparison between 
different experiments has to be done with caution, as it can only be done qualitatively. Details 
of both the system and the measurement procedures are given in chapter 3. The temperature-
program used consisted of an increasing and, subsequent, decreasing temperature range. 
Arrowheads are added to the graphs in order to discern between those two temperature 
ranges. Only the most important products are shown below, together with acetic acid. 
 
When the term selectivity is used below without any further specification, selectivity to 
acetaldehyde is meant. This chapter deals with acetic acid only, when the words acid, 
aldehyde, or alcohol are used, they can be read as acetic acid, acetaldehyde or ethanol, 
respectively. 
 
An improvement of the procedure for data acquisition rendered it possible to discern between 
ethene and ethane. However, most results shown in this chapter were obtained earlier. 
Therefore, whenever C2Hx or C2-hydrocarbons are mentioned, they can be read as the 
combination of ethene and ethane. 
 
 
5.3 Results 
 
Various platinum-enriched oxides 
Before testing the catalytic behaviour of some Pt/oxide systems, the activity of a pure platinum 
catalyst was tested. This was done by depositing the metal on silica that was found to be inert 
(Aerosil 300, Degussa, Germany). The results obtained with this catalyst are given in figure 5.1. 

At 350C the acetic acid signal decreased and the detected reaction products were mainly 
methane, water, CO, and CO2, obtained from the total decomposition of acetic acid. 
Acetaldehyde was also detected in very small quantities. 
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Figure 5.1 Partial pressures in the reaction over Pt/silica. 
 
When platinum was added to oxides other than the inert silica, a drastic change in behaviour, 
compared with both Pt/SiO2 and the pure oxides, was seen. As an example, the results of a 
catalytic test over chromia are shown in figure 5.2. When a comparison is made between 
Pt/Cr2O3 and Pt/SiO2, two differences are remarkable. First, the temperature, at which the 
reaction started, was lower with the former catalyst. Second, hydrogenation products, such as 
aldehyde, ethanol, and C2-hydrocarbons, were formed on Pt/Cr2O3. However, the differences 
with the pure chromia are even more striking. While ketonisation was the only reaction seen 
on pure chromia (figure 4.3), on Pt/Cr2O3 no acetone was formed at all. Instead, hydrogenation 

products were formed at temperatures as low as 300C, and decomposition products were 
formed at higher temperatures. 
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Figure 5.2 Partial pressures in the reaction over Pt/chromia. 
 
Results comparable with chromia were obtained with other oxides, which also produced 
acetone in their pure form but did not do this at all when platinum was added to them. 
Zirconia with platinum behaved very similarly to the Pt/chromia system. Vanadia and titania 
(figure 5.3) did so too, although they were more active. On both these catalysts, the reaction to 
aldehyde, ethanol, and ethane was more predominant and started at a lower temperature. On 

Pt/titania ethanol was even formed at 100C, i.e. below the temperature of aldehyde 

formation. At 450C, water reached its saturation pressure at ambient temperature and 
subsequently condensed in the flow system. A constant water signal, corresponding to the 
saturation pressure, was recorded at decreasing temperatures. As acetic acid dissolved in this 
condensed water, no acetic acid signal was observed at decreasing temperatures. 
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Figure 5.3 Partial pressures in the reaction over Pt/titania. 
 
Platinum-containing germania (figure 5.4) appeared to be a far more selective catalyst for the 
aldehyde formation than pure germania. Although some decomposition products were 
formed, ethanol and aldehyde - together with water - were unquestionably the main products. 
Tin oxide with platinum (figure 5.5) was, though hardly active, extremely selective in the 

hydrogenation to aldehyde at 300C. At higher temperatures, ketene, acetone, and carbon 
dioxide were also detected in small quantities (not shown in the graph). 
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Figure 5.4 Partial pressures in the reaction over Pt/germania. 
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Figure 5.5 Partial pressures in the reaction over Pt/tin oxide. 
 
 
 
Figure 5.6 shows the results obtained with a Pt/iron oxide catalyst. Just as with chromia, 
decomposition products were formed at high temperatures. However, at lower temperatures 
aldehyde and ethanol were produced. Especially at decreasing temperatures, aldehyde is 
formed in large quantities and with a high selectivity. 
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Figure 5.6 Partial pressures in the reaction over Pt/iron oxide. 
 
The Pt/manganese oxide system behaves differently from the oxides presented up to now 
(figure 5.7). The reaction of acetic acid over this catalyst and over pure manganese oxide 
proceeded in a very similar way. This means that acetone is the main product, with a product 
pattern comparable to the decomposition of salts. 
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Figure 5.7 Partial pressures in the reaction over Pt/manganese oxide. 
 
In table 5.1 the results of the catalytic tests of several Pt/oxide systems are summarised. On 
the left side of this table, the maximum aldehyde yields are shown, with corresponding 
temperature and selectivity. On the right side, the maximum selectivities are given, with 
corresponding yield and temperature. When those values were equal to the left part of the 
table, they were omitted. 
 
In figure 5.8 the maximum selectivities are plotted as a function of increasing metal-oxygen 
bond strength. For comparison, the results obtained with the pure oxides are also presented in 
the same graph. 
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Table 5.1 Maximum yields and selectivities of all platinum-enriched oxides tested. 

platinum-
enriched 
oxides 

data at maximum yield data at maximum selectivity 

  Y(%)  S(%)   T(C)  Y(%)  S(%)  T(C) 

Chromium  9.3    16.7      336   -     -       - 

Iron1  43.8    48.7     353   -     -       - 

Iron2  45.1    82.9      331   -     -       - 

Germanium  50.8    54.7      437 44.4  56.0   449 

Manganese1  17.6    4.6    348  13.4    7.6   360 

Manganese2  19.0    12.1      370   -     -       - 

Tin 9.8  16.7      450           7.8 76.5     294 

Titanium  12.3    18.9      253   -     -       - 

Vanadium  27.9    25.1      330   -     -       - 

Zirconium  14.0  
   

 15.5  
   

   324   -     -       - 

 

1 At increasing temperatures 
2 At decreasing temperatures 
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Figure 5.8 Plot of the maximum obtainable selectivity as a function of increasing metal-

oxygen bond strength for pure oxides and oxides with platinum. 
 
The effect of various pretreatments 
To test the necessity of the presence of an oxide for a good catalytic performance the Pt/tin 
oxide catalyst was subjected to different reduction pretreatments. The results are given in  
 
Table 5.2 Selectivity towards acetaldehyde as a function of the reduction temperature of a 

Pt/tin oxide catalyst. (Reaction temperature: 300C) 
 

pretreatment  selectivity (%)  yield (%) 

reduction 200C  87  6.0 

reduction 400C  97  1.8 

reduction 475C  49  1.2 

reduction 475C and 

oxidation 200C 

 
 96 

 
 3.5 

 
 

Reduction pretreatment at 475C suppressed both the activity and selectivity for the 
hydrogenation reaction to acetaldehyde. Reoxidation of the catalysts at moderate 
temperatures re-established both. 
 
The effect of various metal loadings 
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When a system containing both a metal and an oxide is used as a catalyst, it is interesting to 
find out what the specific function of each component of the catalyst is. To elucidate this, the 
Pt/titanium oxide system was studied more closely. This catalyst was chosen because even 
small quantities of added platinum drastically changed the behaviour of titania. Furthermore, 
titania cannot be reduced to its metallic state under the conditions used, not even in the 
presence of platinum. This ensures the presence of a metallic as well as an oxidic component 
during the reaction. 
 A series of titania catalysts with varying platinum loadings was tested for its activity and 
selectivity. In figure 5.9, the amount of catalyst used was varied in such a way that the amount 
of platinum in the reactor remained constant. The results shown in this graph are, therefore, all 
obtained with a constant metal content but with a varying amount of titanium oxide. As can be 
seen, the overall activity increased with increasing oxide content. 
 In figure 5.10, the presented results are obtained with a constant amount of oxide and, 
thus, with a varying metal content. No correlation was found between the metal content and 
the conversion. All catalysts were found to have a comparable catalytic activity. 
 In figure 5.11, the Arrhenius plot is given for the same series of catalysts as presented in 
figure 5.9. Although interpretation of the plot must be done carefully, one trend is clearly 
registered. When the amount of TiO2 increased, the corresponding line in the Arrhenius plot 
shifted upwards. 
 

 
 
Figure 5.9 Total conversion of Pt/TiO2 catalysts with varying metal loading (given as molar 

ratios). Series with a constant platinum and varying TiO2 content. (The amount 
of TiO2 increases when going from the "1/10" to the "1/160" catalyst.) 
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Figure 5.10 Total conversion of Pt/TiO2 catalysts with varying metal loading (given as molar 

ratios). Series with a constant TiO2 and varying platinum content. (The amount 
of Pt decreases when going from the "1/10" to the "1/160" catalyst.) 

 
 

 
 
Figure 5.11 Arrhenius plot for the same catalyst series as presented in figure 5.9. (Constant 

platinum and varying TiO2 content. The amount of TiO2 increases when going 
from the "1/10" to the "1/160" catalyst.) 

 
In figures 5.12 and 5.13, the specific aldehyde yield is presented for the same series of 
measurements as described above. Changing the amount of oxide had a less pronounced 
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influence on the aldehyde yield (figure 5.12) than on the total conversion (figure 5.9). 
Nevertheless, a positive effect on the aldehyde production was seen when more titania was 

used. The graph can be divided into two regions. Below 350C, a positive, but very small, effect 

was seen. Above 350C, a very strong positive effect was seen when more titania was used. 
 In figure 5.13, the amount of TiO2 was kept constant with a varying platinum loading. Again, 

the same two temperature ranges could be identified. Below 350C, no clear correlation was 
seen between the metal loading and the activity for aldehyde formation. However, above 

350C, an increasing platinum content had a negative influence on the aldehyde yield. This is in 
contrast to the effect of an increasing TiO2 content. Whereas an increase in the amount of 
titania had a positive influence, an increase in platinum loading had a negative effect. The 
catalyst with the lowest platinum loading deviated from this trend. This catalyst produced also 
some acetone, the formation of which is characteristic for pure titania. The addition of 
platinum usually suppresses the acetone production completely. However, at very low metal 
loadings acetone is still formed, obviously on sites far from the metal particles. The decrease in 
aldehyde yield of the 0.625 at% platinum catalyst (Pt/Ti ratio = 1/160) as compared with the 
1.25 at% catalyst (Pt/Ti ratio = 1/80) can be ascribed completely to the increase in this acetone 
formation. 
 
 

 
 
Figure 5.12 Aldehyde yield of Pt/TiO2 catalysts with varying metal loading (given as molar 

ratios). Series with a constant platinum and varying TiO2 content. (The amount 
of TiO2 increases when going from the "1/10" to the "1/160" catalyst.) 
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Figure 5.13 Aldehyde yield of Pt/TiO2 catalysts with varying metal loading (given as molar 

ratios). Series with a constant TiO2 and varying platinum content. (The amount 
of Pt decreases when going from the "1/10" to the "1/160" catalyst.) 

 
Figures 5.9 to 5.13 represent the results obtained during the temperature-programmed 
reaction at increasing temperatures. The yield at decreasing temperatures revealed one 
peculiarity. In figures 5.14 and 5.15, the yields at decreasing temperatures are shown. In both 

series a maximum in aldehyde formation was seen between 300 and 350C. 
This maximum was absent at increasing temperatures
 
 
 

 

 
 
 

 
 

Figure 5.14 
Aldehyde yield of Pt/TiO2 catalysts with 
varying metal loading (given as molar ratios) 
at decreasing temperatures. Series with a 
constant platinum and varying TiO2 content. 

Figure 5.15 
Aldehyde yield of Pt/TiO2 catalysts with 
varying metal loading (given as molar 
ratios) at decreasing temperatures. Series 
with a constant TiO2 and varying platinum 
content 
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In this context, one other result is worth mentioning. In order to test the importance of direct 
contact between the platinum and titania, the Pt/silica catalyst, used for the experiment 
presented in figure 5.1, was mixed gently with titania. The catalytic behaviour of this mixed 
catalyst was very similar to the just-described Pt/titania catalysts. All products formed on the 
Pt/titania catalyst, except C2-hydrocarbons, were also formed on the catalyst, which consisted 
of Pt/silica mixed with titania. On both catalyst systems, no acetone was produced. 
 
 
 
5.4 Discussion 
 
The results presented in chapter 4 indicated that metals are not active in the formation of 
acetaldehyde. However, a combination of a metal and an oxide seemed to be promising. The 
results presented in this chapter confirm these two suggestions. They not only reveal that 
platinum is not selective to acetaldehyde, but also that platinum combined with an oxide 
exhibits a higher aldehyde yield than the platinum or the oxide separately. 
 Platinum supported on inert silica was taken as a model system for pure platinum. This 
system appeared to be very active, but only in the total decomposition of acetic acid (figure 
5.1). The molar ratios of the products found suggest the existence of two decomposition 
routes: 
 
(3)   CH3COOH             CH4 + CO2 

 

 (4)  CH3COOH + H2    CH4 + CO + H2O 
             
A possibly parallel running water-gas shift reaction could modify the ratio of CO and CO2. Thus, 
this ratio does not need to be directly connected to the relative occurrence of reactions (3) and 
(4). However, if the water-gas shift reaction were predominant, the CO/CO2 ratio found would 
equal the equilibrium value. As this is - by far - not the case, not the water-gas shift reaction 
but the relative occurrence of reactions (3) and (4) is the decisive factor in determining the 
CO/CO2 ratio. This ratio is, therefore, a liable indication for the relative occurrence of these 
reactions. 
 
Reaction site 
The addition of platinum to an oxide drastically changes the behaviour of both the metal and 
the oxide. The combination produces aldehyde to a larger extent and at lower temperatures 
than the individual components do. The complete disappearance of the acetone formation, 
when more than 2 at% platinum is added, is also remarkable. The only exception is the 
Pt/manganese oxide system. Pure manganese probably produces acetone via a salt 
decomposition reaction (see chapter 4). Apparently, this reaction route to acetone is not 
affected by the addition of platinum, while the surface reaction to acetone, which occurs on 
the other oxides tested here, can be completely suppressed. Instead of the surface 
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ketonisation, hydrogenation and decomposition products are formed on these oxides. 
 
At first glance, five reasonable explanations can be put forward to describe the above-
mentioned changes in catalytic behaviour. 

1) The presence of platinum causes complete reduction of the oxide. The resulting 
bimetallic system could have special catalytic properties. 

2) A bifunctional mechanism is involved. First, acetone is formed on the oxide, just as it is 
on the pure oxide. Subsequently, all the acetone formed could react on the platinum to 
give the hydrogenation and decomposition products. 

3) The reaction proceeds on the platinum surface, which properties are drastically 
changed by promotion effects of the oxide. It could be possible that the oxide is 
deposited on the metal surface during the preparation or is migrated to the surface 
during the pretreatment (the so-called strong metal-support interaction, SMSI). 

4) The reaction proceeds on the oxide surface, which properties are changed by the 
presence of activated hydrogen originating from the platinum via so-called spill-over. 

5) The reaction proceeds on the interface between the metal and the oxide. At this 
interface special catalytic properties could arise, e.g. by the stabilisation of ionic 
platinum. 

The idea of a bimetallic catalyst can be rejected. Oxides like zirconia or titania cannot be 
reduced at the temperatures used, not even in the presence of platinum [6]. Zinc -or tin oxide 
can very well form alloys with platinum [7,8]. However, the results shown in table 5.2 indicate 
the necessity of the presence of an oxidised phase to achieve a high selectivity. 
 Although acetone can give some aldehyde when led over a Pt/titania catalyst, the second 
possibility is implausible for two reasons. First, CO2 production always attends the formation of 
acetone over oxidic catalysts (see chapter 4). However, CO2 is almost never observed amongst 
the products of the reaction over Pt/oxide catalysts. The consecutive reaction of acetone can, 
therefore, not explain the product distribution found. Second, this mechanism should also be 
applicable to acetone formed by bulk acetate decomposition. However, the acetone formed on 
manganese oxide does not react with the added platinum. 
 The third and fifth possibilities, the oxide-promoted metal or the metal-oxide interface as 
the reaction site, are in principle acceptable. Nevertheless, many arguments support the fourth 
possibility, viz. the oxide as the locus of reaction. Let us now discuss them. 
 First, by the addition of platinum, the formation of acetone is completely suppressed at 
temperatures, at which the pure oxides are active in the ketonisation reaction (compare, e.g. 
titania, figure 4.14, with Pt/titania, figure 5.3). This indicates that either the behaviour of the 
oxide is completely changed or that no acetic acid ever gets the chance to react on the oxide, 
because it is consumed immediately by a reaction on the metal or metal-oxide interface. Since 
the acetone formation is also suppressed at conversions lower than 100%, when not all the 
acid is consumed, the latter explanation is improbable. Therefore, the reaction most likely 
proceeds on the oxide surface, which properties are completely changed by the presence of 
the neighbouring platinum. 
 In connection to this, the following should be mentioned. Although it is claimed above that 
an extensive consecutive reaction of acetone is unlikely, it could still play a - modest - part in 
causing the complete disappearance of acetone from the reaction products. 
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 Second, the plot of selectivity as a function of metal-oxygen bond strength has a volcano-
shaped form, with or without platinum (see figure 5.8). This indicates that, in both cases, the 
reaction proceeds via the same kind of - Mars and Van Krevelen -mechanism and, thus, on the 
oxidic surface. 
 Third, the Pt/silica catalyst mixed with titania behaved comparably to Pt/titania. In the 
mixed catalyst there is probably no direct contact between the titania and the platinum. 
Therefore, the reaction likely does not proceed on the platinum/titania interface or on the 
titania-promoted metal, as both these sites are not present in the mixed catalyst. 
 The last, but certainly not the least, argument supporting the idea that the reaction 
proceeds on the oxide can be deduced from figures 5.9 and 5.10. It can be seen there that the 
total conversion is directly related to the amount of oxide, but is completely independent of 
the amount of platinum. As the interface area is directly proportional to the amount of 
platinum, it can be concluded that the total conversion is also independent of the interface 
area. Although one must be very careful in drawing conclusions from figure 5.11 too easily, this 
graph also gives an indication that the reaction proceeds on the oxide surface. The upward 
shift of the Arrhenius plot for higher titania contents can be attributed to the presence of more 
reaction sites. Figures 5.9 to 5.11 concern the total conversion, and, therefore, show that - the 
rate determining steps of - all reactions probably proceed on the oxide. 
 Figures 5.12 and 5.13 specifically show the aldehyde yield. The first figure shows that an 
increasing amount of oxide has a positive influence on the aldehyde yield, just as found for the 
overall reaction. The latter one shows that the use of increasing amounts of platinum has even 
a negative effect on the aldehyde yield. In the latter case, an optimum yield is found with a 
1.25 at% platinum catalyst (Pt/Ti ratio = 1/80). Higher loadings induce the formation of more 
decomposition products, probably because acetic acid or its hydrogenation products 
decompose on the platinum (see figure 5.1). A lower loading does not eliminate the acetone 
formation completely, probably because there is not enough platinum to spread out its 
influence over the whole catalyst. 
 To conclude, not only the overall reaction, but also the selective hydrogenation to 
acetaldehyde proceeds most probably on the oxidic surface. Addition of platinum suppresses 
acetone formation. Too much platinum enhances side- or consecutive reactions, which lead to 
decomposition products. Too little metal does not suppress the acetone formation sufficiently. 
With catalysts prepared as described above, the optimum is found at a loading of 1.25 at% 
platinum. 
 
Although the above-mentioned phenomena are seen in the whole temperature range covered 

by figures 5.12 and 5.13, there are clearly two different temperature regions. Below 350C, the 
dependence of the yield on both the titania and the platinum content is small. Above this 
temperature, the effect is far more pronounced. A possible explanation of this difference could 
be that the range in which the effect of platinum is felt is temperature dependent. Maybe at 
lower temperatures, the effect is restricted only to the interface area between the oxide and 
the metal (compare the above-mentioned fifth possibility). However, if this were the case, the 
results presented in figure 5.13 could not be explained since the activity would then, in the low 
temperature region, decrease with a decreasing amount of platinum, i.e. with a decreasing 
interface area. The opposite is the case. A more likely explanation is, therefore, that the activity 
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of the platinum in hydrogen activation is temperature dependent. It is known that metals, 
which are completely covered with oxygenates, can still activate hydrogen [9]. However, clean 

metal surfaces are probably far more active. At 350C, the platinum starts to be active in the 
decomposition of acetic acid (see figure 5.1). Above this temperature, the metal is not covered 
with acetates any more and can thus adsorb and activate hydrogen more easily. So, the effects 
seen at higher temperatures are the same as those seen at lower temperatures, but are more 
drastic as more activated hydrogen is available. This explanation remains, however, largely 
speculative. 
 
Reaction mechanism 
The findings that the reaction proceeds on the oxide, and that addition of platinum decreases 
the reaction temperature, suppresses ketonisation, and enhances hydrogenation reactions, 
can be interpreted as follows. As mentioned in the introduction of this chapter, oxides are not 
very active in hydrogen activation. Deposited platinum can activate hydrogen, which 
subsequently migrates to the oxide surface by a spill-over mechanism. In this way reactions 
that occur on the oxide surface and need hydrogen can proceed at lower temperatures and are 
favoured above reactions that do not consume hydrogen, like ketonisation. So, activity and 
selectivity of oxides for hydrogenation reactions can be enhanced by the addition of platinum. 
 
The existence of spill-over effects in catalysis was first somewhat doubtful. However, a vast 
amount of evidence of this phenomenon has accumulated over the last years [10-17]. 
Nevertheless, there is still some dispute about the influence spill-over exactly has. Although 
spilt-over hydrogen diffuses fast and can be found on a distance of one centimetre from its 
origin [12], Delmon argues that the supply of spiltover hydrogen can never account for a 
stoichiometric consumption in a catalytic reaction [13]. He suggests that hydrogen spill-over 
alters the steady-state structure of the oxide surface and, thus, influences the catalytic activity 
only indirectly. However, other authors mention the possibility that spilt-over species are not 
only responsible for creating specific catalytic sites but are also reactants themselves [15,16]. 
The research described in this thesis was not aimed at solving this dispute. Whatever the origin 
of the effect is, the idea of hydrogen spill-over nicely explains the data collected here, and can 
therefore be advanced as a basis for a satisfactory explanation. 
 
The mechanism of the hydrogenation of the acid has already been partly discussed in the 
previous chapter, where it is suggested that it proceeds via a Mars and Van Krevelen 
mechanism. In figures 5.14 and 5.15, a typical maximum in aldehyde yield can be observed at 
decreasing temperatures, which was absent at increasing temperatures. Probably, the catalyst 
is partly reduced by the reaction mixture at the highest temperatures reached during the 
temperature-programmed reaction. This reduction can create additional oxygen vacancies, 
which are needed for a hydrogenation via the Mars and Van Krevelen mechanism.  
 Summarising the mechanisms proposed in the chapters 4 and 5, a schematic representation 
can be composed for the selective hydrogenation of acetic acid to acetaldehyde (figure 5.16). 
Platinum activates the hydrogen, which migrates to the oxide, where the actual reaction takes 
place. The spilt-over hydrogen can either be used as a reactant in the hydrogenation reaction 
or to keep the steady-state concentration of oxygen vacancies at a constant level. 
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Figure 5.16 Schematic representation of the proposed reaction steps in the selective 

hydrogenation of acetic acid to acetaldehyde. 
 
 
5.5 Conclusions 
 
Platinum itself shows no selectivity to acetaldehyde formation from acetic acid. However, 
when added to oxides, platinum induces a higher activity and selectivity for this hydrogenation 
reaction. When the formation of acetone proceeds via a surface reaction and not via 
decomposition of bulk acetates, it is suppressed considerably by the presence of platinum. 
 The reaction site seems to be the oxide and not the metal. It is, therefore, suggested that 
the metal serves mainly for the activation of hydrogen, which subsequently migrates to the 
oxide. This spilt-over hydrogen enhances the activity and selectivity for all reactions on the 
oxide that need hydrogen, including the acetaldehyde formation. The hydrogenation reaction 
probably proceeds, as on the pure oxides, via a Mars and Van Krevelen mechanism. 
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6. Reactions of acetic acid on iron oxide 

 

 
6.1 Introduction 
 
The results obtained with different oxidic catalysts show a clear dependence of the selectivity 
to acetaldehyde on the metal-oxygen bond strength (see chapter 4). Oxides with a low metal-
oxygen bond strength have a low selectivity for the reaction of acetic acid to acetaldehyde. The 
same is true for oxides with a high bond strength. Intermediate cases, such as the oxides of tin 
and iron and to a lesser extent the oxides of vanadium and germanium, have a high aldehyde 
selectivity. Hence, a plot of selectivity versus metal-oxygen bond strength results in a volcano-
shaped curve. This dependence can be explained by assuming that the selective hydrogenation 
to aldehyde takes place via a Mars and Van Krevelen type of mechanism, where lattice oxygen 
participates in the reaction. 
 When platinum is added to the oxidic catalysts, the above described picture changes with 
respect to certain points (see chapter 5). The volcano-shaped plot of the selectivity versus the 
metal-oxygen bond strength remains unaltered, but the overall selectivity for acetaldehyde is 
higher. A higher yield is seen for all hydrogenation and hydrogenolysis reaction products - thus 
not only for acetaldehyde, but also for ethane, methane, and water. All these hydrogen 
consuming reactions run at lower temperatures than the reactions occurring on pure oxides. 
Since the volcano-shaped curve persists after addition of platinum to the catalysts, the reaction 
probably still proceeds via the same mechanism. In addition to that, the activity of the 
Pt/titania catalyst is dependent on the amount of oxide used and not on the amount of 
platinum (see chapter 5). Thus, the reaction likely takes place on the oxide and not on the 
metal. The main role of platinum is presumably to activate molecular hydrogen, which can 
migrate via spill-over to the oxide. This explains why both the selectivity increases and the 
reaction temperature decreases when platinum is added. 
 It is noteworthy that acetone formation, which is the most important side reaction on pure 
oxides, is suppressed completely by the addition of platinum. The production of acetone needs 
no hydrogen and, therefore, occurs readily on pure oxides. The presence of platinum-activated 
hydrogen probably favours hydrogenation reactions at the cost of the ketonisation reaction. 
 
Iron oxide has the highest selectivity of all oxides. Therefore, it is interesting to investigate iron 
oxide more closely. Moreover, many questions arise when looking at the behaviour of this 
oxide. For instance, the exact composition of the catalyst under reaction conditions is not clear, 
addition of platinum does not influence selecti-vity much, and the selectivity is to be strongly 
dependent on pretreatment conditions. 
A closer look at the literature also suggests that there is a dependence of the selectivity on the 
pretreatment, reaction conditions, and the acids used. Two patents claim that the selective 
hydrogenation to aldehydes over iron oxide is only possible when the carboxylic acid contains 
at most one α-hydrogen atom [1,2]. Indeed, it is reported that acetic acid, which has three α-
hydrogen atoms, undergoes ketonisation -instead of hydrogenation - on iron oxide, even in the 
presence of hydrogen [3,4]. All these sources of information - patents and open literature - 
mention the use of a hydrogen/acid ratio of not more than 4, and do not mention any 
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influence of prereduction. The most abundant phase of the catalyst during these reactions is 
presumably Fe3O4. Hindermann et al. reported that, when a hydrogen/acid ratio of 10,000 was 
used and the catalyst was prereduced, iron yielded 28% acetaldehyde. The selectivity could be 
increased further by the addition of potassium as a promoter to the catalyst. After reaction the 
pure iron catalyst contained 94.6% metallic iron and the promoted catalyst 85.4% [5,6]. 
 In this chapter a closer look is taken at the behaviour of iron oxide as a catalyst for the 
selective hydrogenation of acetic acid to acetaldehyde and at the influence of pretreatment 
and reaction conditions. 
 
6.2 Experimental 
 
The catalytic experiments with acetic acid were performed in a flow system at slightly elevated 
pressure (total pressure: 1.2 bar). A hydrogen (90 ml/min) or helium (118 ml/min) flow was 
saturated with acetic acid at room temperature (saturation pressure of about 25 mbar). Any 
prereduction of catalysts was done in-situ for four hours directly before the actual experiment. 
Details of the set-up, measurement procedures, and analysis methods are given in chapter 3. 
 The iron oxide used was untreated α-Fe2O3 obtained from Fluka (Switzerland). For 
comparison, a homemade α-Fe2O3 was prepared by dissolving Fe(NO3)3 in water and 
subsequent precipitation with NH4OH. The precipitated Fe(OH)2 was washed with water, 

ethanol, and ether and subsequently calcined at 625C for 24 hours. 
 The parameter selectivity used in this chapter is defined in section 3.5. 
 
6.3 Results 
 
The influence of pretreatment 
Pure α-Fe2O3, used as a catalyst in a temperature-programmed reaction, behaved clearly 
differently at increasing temperatures than at decreasing temperatures. At increasing 

temperatures, the reaction started at about 350C and acetone, acetaldehyde, water, CO2, and 
CO were the main products. During the second half of the temperature-program, i.e. at 
decreasing temperatures, the same reaction products were observed. However, acetaldehyde 

was formed in larger quantities and at lower temperatures. At around 300C, acetaldehyde 
was, together with water, nearly the only product formed. 

 
Figure 6.1 Acetic acid and reaction products over an α-Fe2O3 catalyst at increasing 

temperatures. 
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Figure 6.2 Acetic acid and reaction products over an α-Fe2O3 catalyst at decreasing 

temperatures. 
 
 
The following tests were performed to examine what caused the difference in catalytic 
behaviour between the increasing and decreasing temperature ranges. First, the influence of 
carbon deposition was tested. Deposition of carbon from acetylene or ethylene did, however, 
not increase the selectivity. Addition of carbonates to the surface showed the same lack of 
positive influence. However, prereduction of the iron oxide was beneficial for the steady-state 
selectivity of the catalyst (figure 6.3). 
 

 
 

Figure 6.3 Acetic acid and reaction products over an α-Fe2O3 catalyst prereduced at 450C. 
(Only the increasing temperature range is shown.) 

 
 
 
In figure 6.4 the maximum obtainable selectivity to acetaldehyde is plotted as a function of the 

prereduction temperature. X-ray diffraction patterns showed that below 400C only oxidic 

forms of iron were present (Fe2O3 and Fe3O4). The catalysts reduced at 450 and 500C 
consisted of both α-Fe (b.c.c.) and Fe3O4; above these prereduction temperatures only α-Fe 
was detected by XRD. 
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Figure 6.4 Selectivity of iron catalysts plotted as a function of prereduction temperature, 

presented together with the oxidation state of iron as determined by XRD. 
 
 
 
Oxidation state during the reaction. 
As shown in figure 6.4, prereduction of the iron oxide catalyst increased the selectivity towards 
acetaldehyde. However, the reactants are able both to reduce (H2) and oxidise (acetic acid) the 
catalyst. It is, therefore, interesting to know what the exact oxidation state of the iron is during 

the reaction. To clarify this, a completely reduced iron catalyst (reduced in an H2 flow at 700C 

for 18 hours) was used in a reaction of acetic acid at 350C during 5 hours. This catalyst was 
then subjected to a thermal-programmed desorption (TPD) in He to remove adsorbed species 
from the surface (figure 6.5a) and subsequently subjected to a thermal-programmed reduction 
(TPR) with H2 (figure 6.5b). The results are compared with a similarly prereduced catalyst, 

which was not used in a reaction but to which 2 ml of oxygen was admitted at 200C before 
the TPR experiment was performed. Water evolution occurred at very similar temperatures in 
both cases. 
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Figure 6.5a TPD (25C-350C) of a completely reduced iron catalyst after reaction. 

Figure 6.5b TPR (25C-700C) of a completely reduced iron catalyst after reaction and after 
TPD. 

 

 
 

Figure 6.5c TPR (25C-700C) of a clean iron-metal catalyst after reaction with 2 ml of 
oxygen. 

 
 
Mössbauer spectroscopy 
In addition to the TPR measurements, also in-situ Mössbauer spectroscopy was used to 
determine the oxidation state of the iron catalyst during the reaction. Experiments in two flow 
systems were compared. One system had a mass spectrometer to analyse the gas-phase (set-
up as described in chapter 3). The other system was equipped with a Mössbauer spectrometer. 
Figure 6.6 shows the gas-phase analysis during an experiment in a flow of 10% hydrogen in 

helium. The catalyst was prereduced in this gas flow for four hours at 450C. After cooling 
down to room temperature, the flow was saturated with acetic acid and the reactor was 

heated to 350C at a rate of 10C/min. Figure 6.6 shows the product analysis from when the 
heating started. At the start, a sharp peak in the acetone production was seen, which most 

likely originated form salt decomposition (see chapter 4). When the temperature of 350C was 
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reached, the catalyst produced mainly acetone. Gradual deactivation occurred, and finally all 
the activity was lost. 
 
Figure 6.7 shows the Mössbauer spectra of a catalyst subjected to exactly the same reduction 
pretreatment and catalytic reaction. After reduction, a mixture of α-Fe and Fe3O4 was 
detected. During the reaction, α-Fe disappeared and only Fe3O4 remained, accompanied by a 
broad background signal, which can be associated with an un-definable disordered dynamic 
phase, which constituted approximately 50% of the catalyst. About 14% of the signal 
disappeared during the reaction (see R.A.A. in table 6.1). After oxidation by air, the lost signal 
reappeared in the middle of the spectrum in the form of, probably, two doublets, which can be 
ascribed to a Fe3+-ion phase. As it was undetectable during the reaction and as it formed 
instantaneously Fe3+ ions when in contact with air, it can be established that this undetectable 
phase was located at the surface and that it consisted probably of dispersed Fe2+ ions. The 
spectrum obtained at the end of the experiment was similar to those obtained after 24 hours 
of reaction with catalysts that were pretreated differently. Unreduced Fe2O3 and completely 
reduced α-Fe transformed also both to Fe3O4 during the reaction in acetic acid with 10% 
hydrogen in helium. 
 
 

 
 
 
Figure 6.6a Acetic acid and the organic reaction products in a reaction over a prereduced α-

Fe2O3 catalyst in a flow of 10% hydrogen in helium at 350C. 
Figure 6.6b Idem, detail of the first two hours. 
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Figure 6.7 Mössbauer spectra, reaction of acetic acid in 10% H2 in He over α-Fe2O3. Letters 

correspond to table 6.1, below. 
 
 
Table 6.1 Mössbauer parameters, reaction of acetic acid in 10% H2 in He over α-Fe2O3. 

Temperature at which the spectrum is recorded (Tm), isomer shift (I.S.), 
quadrupole splitting (Q.S.), magnetic hyperfine field (H), line width (Γ), spectral 
contribution (S.C.) in %, and resonant absorption area (R.A.A.). 

 
 

  Tm I.S. Q.S. H.  Γ S.C. R.A.A phase 

A α-Fe2O3 R.T. 0.64  0.11 517 0.30 100 n.d. α-Fe2O3 

B after prereduction 

(4 hours, 450C) 

R.T. 0.54 
0.92 
0.27 

 0.01 
-0.02 
 0.00 

490 
459 
331 

0.30 
0.47 
0.42 

15 
35 
50 

n.d. Fe3O4 
Fe3O4 
α-Fe 

C between 2.3 and 6.1 
hours reaction 

350C 0.33 
0.70 
0.05 

-0.02 
 0.00 
 0.01 

408 
365 
302 

0.40 
0.40 
0.32 

16 
27 
17 

n.d. Fe3O4 
Fe3O4 
α-Fe 

D between 22 and 29 
hours reaction 

350C 0.35 
0.70 

 0.00 
-0.01 

411 
366 

0.33 
0.37 

21 
41 

n.d. Fe3O4 
Fe3O4 

E after 29 hours 
reaction 

R.T. 0.55 
0.93 
0.79 
0.83 

 0.00 
 0.00 
 0.62 
 0.28 

491 
460 
 - 
 - 

0.28 
0.36 
0.30 
0.30 

32 
64 
 2 
 2 

7.30 Fe3O4 
Fe3O4 
Fe3+ (?) 
Fe3+ (?) 

F after oxidation by air 
at R.T. 

R.T. 0.54 
0.93 
0.80 
0.85 

 0.00 
 0.00 
 0.59 
 0.22 

491 
460 
 - 
 - 

0.28 
0.36 
0.30 
0.30 

32 
59 
 5 
 4 

8.47 Fe3O4 
Fe3O4 
Fe3+ (?) 
Fe3+ (?) 
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Figure 6.8 shows the gas-phase analysis of an experiment identical to that presented in figure 
6.6, but now in a flow of 100% hydrogen. Again a sharp, but now smaller, acetone peak was 

seen during the temperature rise. When the temperature of 350C was reached, aldehyde, 
ethanol, and water were the only products found. Figure 6.9 shows the results of ex-situ 
Mössbauer analysis of a catalyst subjected to the same pretreatment and reaction. Although 
the catalyst consisted of pure α-Fe before the reaction started, just a small amount of α-Fe was 
detected after one hour of reaction. Fe3O4 and Fe5C2 were the principle phases observed. 
During the reaction, Fe3O4 and α-Fe were gradually converted to Fe5C2. 
 

 
 
Figure 6.8a Acetic acid and the organic reaction products over a prereduced α-Fe2O3 

catalyst in a flow of 100% hydrogen at 350C. 
Figure 6.8b Idem, detail of the first two hours. 

 
Figure 6.9 Mössbauer spectra, reaction of acetic acid in 100% H2 over α-Fe2O3. 
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Table 6.2 Mössbauer parameters, reaction of acetic acid in 100% H2 over α-Fe2O3. The 

parameters are the same as those given in table 6.1.  

  Tm I.S. Q.S. H.  Γ S.C. phase 

A after 1 hour of 
reaction 

R.T. 0.57 
0.93 
0.25 
0.46 
0.75 
0.61 

 0.04 
 0.00 
 0.00 
 0.00 
 0.24 
 0.70 

493 
461 
332 
201 
120 
 - 

0.28 
0.37 
0.31 
0.52 
0.43 
0.46 

19.7 
37.2 
 8.9 
19.3 
 7.2 
 4.3 

Fe3O4 
Fe3O4 
α-Fe 
Fe5C2 

Fe5C2 

Fe3+ (?) 

B after 17 hours of 
reaction 

R.T. 0.54 
0.93 
0.49 
0.47 
0.42 

 0.00 
 0.00 
-0.04 
 0.00 
 0.00 

490 
460 
212 
189 
106 

0.30 
0.35 
0.35 
0.41 
0.49 

 0.4 
 1.8 
44.6 
35.3 
18.0 

Fe3O4 
Fe3O4 
Fe5C2 

Fe5C2 
Fe5C2 

 
The function of the reductant 
To clarify the role of hydrogen, two tests have been performed. First, hydrogen was replaced 
by the inert helium. Second, hydrogen was replaced by another reductant, viz. CO. The former 
experiment was done by switching the carrier gas from hydrogen to helium during a reaction 

over iron oxide at a constant temperature of 350C (figure 6.10). In the presence of hydrogen, 
the reaction yielded mainly acetaldehyde, after the switch to helium no products were seen 
initially and, later, acetone was the main product. 
 

 
Figure 6.10 Yield versus time at 350C. The carrier gas was changed from hydrogen to 

helium halfway through the experiment. 
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When the normal temperature-programmed experiment was performed with a CO flow 
instead of a hydrogen flow, no acetaldehyde but acetone was formed (figure 6.11). The 

reaction to acetone started at 350C over the non-pretreated iron oxide (figure 6.11a). Over a 

catalyst prereduced with CO, the reaction started already at 250C (figure 6.11b). When 
hydrogen was used to prereduce the iron oxide and the reaction itself was performed in a CO 
flow, acetone was also the main product (figure 6.11c). The plot of the yield of acetone during 
the reaction resembles the decomposition pattern of Fe(CH3COO)2OH (figure 6.11d). Probably, 
acetates are formed when acetic acid is led over a reduced catalyst in the absence of hydrogen. 

The decrease in the acetic acid signal at 200C (figure 6.11c) resembles the pattern of, e.g., 
bismuth -and magnesium oxide, which also formed metal acetates (see chapter 4). However, 
the acetate formation of iron is only seen when the oxide is prereduced in hydrogen. This 
process could not be repeated on a used catalyst (figure 6.11e). For comparison, figure 6.11f 
shows the products of the reaction over a reduced catalyst in the presence of a hydrogen flow. 

The small decrease in the acetic acid signal at 200C in figure 6.11f is probably caused by the 
same acetate formation. 

 
 
Figure 6.11a Reaction in a CO flow over unreduced iron oxide. 
Figure 6.11b Reaction in a CO flow over iron oxide prereduced with CO. 
 

 
 
Figure 6.11c Reaction in a CO flow over iron oxide prereduced with H2. 
Figure 6.11d Temperature-programmed decomposition of Fe(CH3COO)2OH in He. 
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Figure 6.11e Reaction in a CO flow over iron oxide used in the experiment of figure 6.11c. 
Figure 6.11f Reaction in an H2 flow over iron oxide prereduced with H2. 
 
 
In each figure 6.11, all oxygenates formed during the increasing temperature part of the 
experiments are plotted. 
 
 
Comparison of two different α-Fe2O3 catalysts 
To test whether the high selectivity of the iron catalyst was characteristic of specifically the α-
Fe2O3 used here or whether it was a common property of any α-Fe2O3, comparison was made 
between two catalysts. The α-Fe2O3 prepared by precipitation from a Fe(NO3)3 solution 
appeared to behave in the same way as the α-Fe2O3 obtained from Fluka. However, the 
prereduced forms of those catalysts did, however, not behave in exactly the same way. The 

homemade oxide was a little less resistant to reaction temperatures above 400C: it was 
slightly less active at the declining temperature trajectory. Nevertheless, during reactions at 

the constant temperature of 350C, the catalyst kept its high activity and selectivity, just as the 
iron oxide obtained from Fluka. 
 
 
6.4 Discussion 
 
Influence of the pretreatment and oxidation state during the reaction 
Iron oxide catalysts show a higher acetaldehyde production at the decreasing part of the 
temperature-programmed reaction than at increasing temperatures (figures 6.1 and 6.2). This 
made us look for the right pretreatment needed to achieve a high selectivity already at an 
increasing temperature. Of all pretreatments tested, only reduction had a positive influence on 
the selectivity. Prereduction at temperatures high enough to form metallic iron detectable by 

XRD resulted in a higher acetaldehyde production (figure 6.4). The catalyst pretreated at 600C 
had the highest selectivity and its XRD-pattern showed that only α-Fe was present. This could 
mean that a selective catalyst consists of only metallic iron and that the oxide is completely 
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inactive in the selective hydrogenation to acetaldehyde. However, these findings are in 
contradiction with the results obtained with Pt/titania catalysts as described in chapter 5. Also, 
in a Pt/Sn system the oxide seemed to be important for the hydrogenation to acetaldehyde. 
This discrepancy is possibly caused by the fact that X-ray analysis is a technique, which is only 
sensitive to ordered bulk structures, and by which the composition of the surface cannot be 
established. As the catalytic reaction takes place on the surface, it is impossible to prove by 
XRD analysis alone what the active site looks like under reaction conditions. 
 During the reaction both reducing and oxidising compounds react with the surface. 
Hydrogen and CO, which is occasionally formed during the reaction, are, of course, good 
reductants. Organic compounds, such as aldehydes, can also behave as reducing agents. 
Simultaneously, oxidising compounds, such as CO2, H2O, and acetic acid are present in the gas-
phase. Thus, it is conceivable that an equilibrium is established between reduction and 
oxidation during the steady-state of the reaction. This can possibly result in a partly oxidised 
catalyst surface, even if the catalyst originally contained only metallic iron. Two earlier-
reported facts support this idea: the relative ease of - partial - oxidation of iron at high 
temperatures by, e.g., water in the presence of hydrogen [7] and the difficulty to reduce 
completely iron oxide, either as a supported catalyst [8] or as a single crystal [9]. 
 To test the possibility of the existence of an oxidised phase on the surface during the 
reaction, even though the catalyst had been completely prereduced, TPR and Mössbauer 
analyses have been performed. 
 The TPR of a used Fe0 catalyst showed a reduction peak (figure 6.5b), indicating that a 
partial oxidation of the catalyst by the reaction mixture had taken place. The position of the 
peak in the TPR spectrum is comparable with that of the reduction peak of a metallic iron 
catalyst, which had been oxidised by molecular oxygen (figure 6.5c). Thus, under reaction 
conditions an oxidic phase could be present, on which the selective hydrogenation to 
acetaldehyde takes place. The prereduction of the catalyst to α-Fe is then not needed to form 
the reaction site, but to provide a metallic phase, which is able to activate hydrogen [10,11]. 
This picture is then in perfect compliance with the results obtained with other oxides and with 
the platinum-enriched oxides, as described in chapter 5. 
 The Mössbauer spectroscopy experiments demonstrate that a steady-state is reached 
between oxidation and reduction of the catalyst. When 10% hydrogen in helium was used 
(hydrogen/acid ratio of about 4, as in various patents), the equilibrium reached during the 
steady-state shifted towards oxidation. Fe3O4 was found after 24 hours of reaction, 
independently of the oxidation state of the catalyst at the start of the experiment (figure 6.7). 
This catalytic system appeared to be inactive (figure 6.6). When 100% hydrogen was used 
(hydrogen/acid ratio of about 40), the equilibrium reached during the steady-state shifted 
towards a lower average oxidation state (figure 6.9). Furthermore, the catalyst appeared to be 
active in the desired aldehyde formation (figure 6.8). At first instance, α-Fe is converted to 
Fe3O4 and Fe5C2 when brought into contact with acetic acid. This in agreement with the TPR 
results (figure 6.5b), which showed the presence of an oxidised phase, which caused the H2O 
peak, and of a carbide, which caused the CH4 peak. Later on, α-Fe becomes undetectable for 
Mössbauer spectroscopy and the spectral contribution of the carbide increases while the 
contribution of Fe3O4 decreases. As a consequence, the average oxidation state decreases 
during the reaction and is distinctly lower than the average oxidation state found during the 
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reaction under 10% H2. Nevertheless, Fe3O4 is still detected after 17 hours. When an oxidic 
phase is present in a catalysts, which is being reduced, oxygen must be present at the surface. 
However, this oxidic phase cannot be the only one exposed to the surface, as we have seen 
that the pure iron oxide is inactive (figures 6.8 and 6.9). So probably not only an oxidised phase 
but also a zero-valent phase is present at the surface.  
 The picture developed for Pt/oxide systems seems now to be in perfect compliance with the 
results found for iron oxide. In the latter case zero-valent iron supplies activated hydrogen (as 
platinum does in the former case), and the actual selective deoxygenation reaction to 
acetaldehyde proceeds on the oxidic part of the catalyst. 
 
Addition of platinum to iron oxide had only a modest influence on the maximum obtainable 
selectivity (see figure 5.8), as the selective iron catalyst already contained a metallic phase. 
Comparison of figure 5.6 (Pt/iron oxide) with figures 6.1 to 6.3 (iron oxide) shows that the 
presence of platinum induces an active and selective catalyst already at increasing tempera-
tures. This could be due to two facts. Platinum either provides activated hydrogen needed to 
let the selective hydrogenation of the acid proceed or it enhances the reduction of iron oxide, 
causing the presence of metallic iron at increasing temperatures. 
 
The differences mentioned in the introduction of this chapter between the results described in 
the references [1-4] and those described by Hindermann et al. [5,6] can now be ascribed to the 
hydrogen/acid ratio used. The first authors used a ratio of 4 or less. Under these reaction 
conditions, the iron catalysts were oxidised to Fe3O4, and therefore only ketonisation products 
were found. However, Hindermann used a very high hydrogen/acetic acid ratio and, ergo, 
managed to keep the catalyst partly reduced so it could form acetaldehyde. 
 
The function of the reductant 
Figure 6.10 shows indisputably that hydrogen is needed for the selective hydrogenation of 
acetic acid to aldehyde. Its function is at least twofold. First, hydrogen is required for keeping 
the catalyst reduced during the steady-state of the reaction. Second, it is consumed 
stoichiometrically in the reaction with acetic acid, since one molecule of acid reacts with one 
molecule of hydrogen to aldehyde and water. 
 
Prereduction of the iron oxide catalyst enhances the activity. Comparison of figures 6.1 and 6.3 
illustrates that the prereduced catalyst is more active: while in the first graph the reaction only 

just starts at 350C, in the latter graph, the reaction is already at its maximum activity at this 
temperature. Also when the prereduction is done in a carbon monoxide atmosphere, it leads 
to a lower reaction temperature, as can be seen by comparing figure 6.11a with 6.11b. The 
reductant, however, is needed not only to activate the catalyst by prereduction, but also for 
the reaction of acetic acid to acetaldehyde. This could - in principle - proceed either via 
reaction (1) or (2). 
 
(1)   CH3COOH + CO                RCHO + CO2 
(2)   CH3COOH + H2       RCHO + H2O 
Since reaction (1) is never observed and reaction (2) regularly is, it is evident that specifically 
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hydrogen is needed in the reduction of acetic acid to aldehyde. So, although both carbon 
monoxide and hydrogen can be used to activate the catalyst, only hydrogen is able to make the 
reaction proceed selectively. The function of the hydrogen is thus at least twofold: it activates 
the catalyst by - partial - reduction, and it is a reactant in the selective hydrogenation of acetic 
acid. However, hydrogen likely still has another function. Figure 6.11c shows that a 
well-reduced catalyst is very susceptible to the formation of acetates, which decompose to 
acetone, carbon dioxide, and iron oxide via reaction (3) (see also figure 6.11d). 
 
(3)   Fe(CH3COO)2                 CH3COCH3 + CO2 + FeO 
 
The dip in the acetic acid signal seen in figure 6.11c, which is attributed to acetate formation, is 
also seen in figure 6.11f. There it is remarkably smaller. Maybe the presence of hydrogen 
suppresses the salt formation by shifting the equilibrium of reaction (4) to the right. 
 
(4)   Fe(CH3COO)2 + H2            Fe0 + CH3COOH 
 
Hydrogen is, obviously, also needed to avoid a too deep oxidation of the iron. This explains why 
in figure 6.10, after switching off the hydrogen flow, no reactants are initially observed. The 
acid is probably first used to oxidise the iron. Once the catalyst is oxidised - either to iron 
acetate or oxide - the acid reacts to acetone. 
 
 
6.5 Conclusions 
 
An iron-based catalyst can be very selective in the hydrogenation of acetic acid to 
acetaldehyde. Two conditions have to be fulfilled to reach this high selectivity: the catalyst has 
to be prereduced in order to create a metallic phase, and the hydrogen/acid ratio has to be 
high enough (viz. higher than four) to maintain a metallic phase during the reaction. 
 During the reaction, probably both a metallic and an oxidised phase are present. This is in 
accordance with the theory developed in the previous chapter: the oxidised phase is the place 
of reaction and the metallic phase is the source of activated hydrogen. In this situation, the 
addition of platinum to an iron catalyst has indeed no effect (see chapter 5), as there is already 
a metallic component (Fe0) present to activate hydrogen. 
 The function of the reductant is twofold. It has to keep the catalysts in its active reduced 
form and it has to react with acetic acid to give acetaldehyde. The last function cannot be 
fulfilled by carbon monoxide. Thus, hydrogen is essential. 
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7. Reactions of aliphatic acids on oxides 

 
 
7.1 Introduction 
 
Until now there have only been a few patents that describe the possibility of a direct catalytic 
reduction of carboxylic acids to aldehydes (e.g. references [1-4]). All these patents indicate 
that, in order to make the reaction possible, the acid must not contain more than one α-
hydrogen atom. Examples are the production of the aldehydes from 2,2-dimethylpropionic 
acid [5] and from benzoic acid and its derivates [6-8], which both have no α-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 (see references [9,10] and chapters 4 to 6). Even though this acid contains three 
α-hydrogen atoms. It has been established that the selective reduction occurs only when three 
conditions are fulfilled. First, hydrogen must be present 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 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 the number of α-hydrogen atoms has on the selective reduction. This question is 
especially interesting since the most occurring side-reaction is the formation of ketone from 
two molecules of carboxylic acid. It has been suggested that this reaction needs the presence 
of α-hydrogen. However, the literature does not agree on the reason for this (see chapter 2). A 
plausible explanation is that the reaction to the ketone proceeds via a ketene-like intermediate 
[10-13]. It is impossible to form this ketene when no α-hydrogen is present. Another possibility 
is that the ketone is formed via a β-ketoacid [14]. The formation of a β-ketoacid also needs the 
abstraction of an α-hydrogen atom. Thus, next to investigating the influence of α-hydrogen 
atoms on the aldehyde formation, we also addressed the problem of the mechanism of ketone 
formation. 
 
Four carboxylic acids were tested, which have a number of α-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, vanadium oxide, which has an inter-mediate bond strength, and iron oxide, which has 
a rather low metal-oxygen bond strength. The influence of varying the contact time was tested 
with the reaction of acetic acid on a zirconia catalyst. 
 
 
7.2 Experimental 
 
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 



 Chapter 7  Reactions of aliphatic acids on oxides 93 

 

catalytic experiments were performed in a flow system at atmospheric pressure. A hydrogen 
flow (20 ml/min) was saturated with the carboxylic acid at a temperature where the saturation 
pressure was about 25 mbar. The gas mixture was led over a microreactor containing 0.2 
grams of catalyst. During the temperature-programmed reaction, temperature was raised from 

room temperature to 450C at a rate of 0.5C/min. Samples were taken every 30 min. and 
analysed by an on-line gas chromatograph (Packard 433, packed column: Tenax G.C.) equipped 
with an F.I.D. detector. The recorded values of the peak areas were converted into gas 
concentrations by using sensitivity factors determined by calibration. Further information 
about the apparatus and experimental procedures is given in chapter 3. 
 The selectivities were calculated as the molecular 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 of this system are described in chapter 3. 
 
 
7.3 Results 
 
 

 
 
 
Figure 7.1 The temperature-programmed reaction of acetic acid over titanium oxide. 
Figure 7.2 The temperature-programmed reaction of isobutyric acid over titanium oxide. 
 
On titanium oxide acetic acid reacts to acetone. At low temperatures acetone is the only 
product; at high temperatures acetaldehyde is also formed (figure 7.1). Isobutyric acid leads to 
the same kind of products, but with a relatively high amount of the aldehyde 
(isobutyraldehyde) and almost no ketone (2,4-dimethyl-3-pentanone) (figure 7.2). 
 Other acids with a different number of α-hydrogen atoms were also tested. The selectivities 
to aldehyde and ketone are plotted in figure 7.3. 
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Figure 7.3 The selectivities to the various aldehydes and ketones in the reaction of four 

acids, which have a number of α-hydrogen atoms varying from three to zero. 
The catalysts used are the oxides of (A) iron, (B) vanadium, and (C) titanium. The 
selectivities are determined during a temperature-programmed reaction at 

350C for iron oxide, at 440C for vanadia, and at 430C for titania. These 
temperatures are in the range where the optimum aldehyde yield was found. 

 
 
On the one hand, the selectivity to aldehyde increases with a decreasing number of α-
hydrogen atoms (Propionic acid on titania is the only exception, which is probably related to an 
extensive polymerisation reaction causing the formation of a yellowish oil). On the other hand, 
the ketone production is suppressed by diminishing the number of α-hydrogen atoms in the 
acid. 
 In the literature it is suggested that ketene could be an intermediate in the production of 
ketones [10-13], and for the formation of ketene α-hydrogen is needed. Therefore, the 
possibility of ketene being an intermediate in the ketonisation reaction was more closely 
investigated here. This was done by changing the contact time of the reactants, during the 
reaction of acetic acid. 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 7.1. By 
increasing the contact time, two things happen. Ketone is produced more at longer contact 
times, while ketene is formed less. 
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Table 7.1 The reaction of acetic acid over zirconia (at 450C, during a temperature-
programmed reaction). The partial pressures of the products and the conversion 
using different amounts of catalyst (i.e., with varying contact times). 

 

 Amount of catalyst 
 (mg) 

 Acetone, partial 
 pressure (a.u.) 

 Ketene, partial 
 pressure (a.u.) 

 Conversion 
 (%) 

 104.5  0.15  0.08  40 

 203.4  0.20  0.05  47 

 401.2  0.40  0.01  93 

 
In figure 7.4 the results are given for the hydrogenation of a reaction mixture containing both 
acetic - and isobutyric acid. The formation of the aldehydes 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 noteworthy that, when acetic acid is present, the production of aldehyde from 
isobutyric acid is low. This can be seen by comparing the reaction in the presence of acetic acid 
(figure 7.4) with the reaction in the absence of acetic acid (figure 7.2). 
 
The appearance of three compounds in the low temperature regime is most likely caused by 
dimerisation of the acid on the G.C. column. Notice that two acids can form three different 
dimers, and thus cause three distinct F.I.D.-signals. An increase in column temperature indeed 
decreased the contribution of the mixed dimer. This resulted in only two detectable 
compounds, but gave also rise to a much worse resolution for the products. 
 

 
 
Figure 7.4 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-pentanone). 

 
Finally, an experiment has been done to test the stability of the iron oxide catalyst, by following 

the reaction of acetic acid at 380C as a function of time. Although the total conversion 
decreases, the yield of acetaldehyde remains practically constant. Only the decrease in acetone 
formation is responsible for the drop in activity. 
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Figure 7.5 The reaction of acetic acid over iron oxide at constant temperature (380C). 
 
 
7.4 Discussion 
 
As figures 7.2 and 7.3 show, it is possible to produce aliphatic aldehydes from acids other than 
acetic acid. So the selective reduction of acetic acid found earlier [9] is not an exception. By 
diminishing the number of α-hydrogen atoms, the selectivity to aldehydes is even increased, 
while the production of ketones is suppressed. This explains why the patent literature, in which 
aldehydes are the desired product [1-4], recommends the use of acids with at most one α-
hydrogen. 
 The ketone formation completely disappears when no α-hydrogen is present in the acid. 
Two explanations for this phenomenon can be put forward. First, the methyl groups can hinder 
sterically 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 
α-hydrogen atom can be important in the formation of an intermediate in the reaction to 
ketone. 
 Benzoic acid, just as pivalic acid, contains no α-hydrogen. However, a smaller steric 
hindrance is expected from the phenyl group compared with the three methyl groups of pivalic 
acid. Benzoic acid sometimes forms its ketone, i.e. benzophenone, under the condition that 
basic catalysts are used [15,16]. However, when oxides with a high lattice energy are used as 
catalyst, and the reaction proceeds on the surface (see chapter 4) only negligible amounts of 
benzophenone are found [16-18]. Thus, the steric hindrance alone seems not to be decisive for 
the formation of ketone from two intermediate species in the catalytic surface reaction. The 
remaining possibility is that the presence of α-hydrogen is a prerequisite for the formation of 
the intermediate. 
 Table 7.1 shows that, by increasing the contact time, the production of ketene is 
suppressed, while the production of acetone is favoured. This indicates that ketene is a 
potential intermediate in the reaction to acetone. This has already been suggested earlier for 
acetone formation under low pressure conditions [10,11], but had not yet been found for 
reactions under higher (atmospheric) pressure. Ketene formation needs the abstraction of an 
α-hydrogen atom from the acid by the surface. Pivalic acid, of course, cannot form ketene; in 
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isobutyric acid the α-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 [19]. The same effect is expected with the catalysts 
described here. In this way the methyl groups hinder the abstraction of the α-hydrogen atom 
by the surface. Summarising, the formation of ketene is suppressed by replacing α-hydrogen 
atoms with 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. 
 Probably the reaction to ketone is competing with the aldehyde production. As can be seen 
in figure 7.3, suppression of the ketone formation goes hand in hand with an increase in 
aldehyde production. Figure 7.4 shows that the production of the mixed ketone is 
accompanied by a lower formation of the isobutyraldehyde as compared with the reaction 
without acetic acid (figure 7.2). A possibility is that a ketene-like intermediate attacks the 
carboxylate of isobutyric acid before the latter can react to aldehyde. 
 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 (figure 7.5). The site for the 
production of aldehyde does hardly deactivate in time. We suggested that this site could be an 
oxygen vacancy [9, chapters 4 and 8], with, for example, an intermediate as proposed by Ding 
et al. [5]. Although these authors do not mention it explicitly, their suggested intermediate 
exchanges oxygen with the surface and it, therefore, reacts via a Mars and Van Krevelen 
mechanism. The site for the production of ketone, however, deactivates in time. According to 
the authors in ref. [20,21] this site could be a doubly unsaturated cation. 
 The appearance of acetaldehyde at high temperatures over a titania catalyst (figure 7.1) is 
probably related to the formation of vacancies at the elevated temperatures used. As the 
catalyst is subjected to these high temperatures for a much longer period than during the 
experiments presented in chapter 4 (one night instead of one hour), the number of vacancies 
and thus the aldehyde selectivity is higher. More details concerning this phenomenon are 
presented in the following chapter. 
 As we have seen in chapter 4, it is very likely that there are two pathways to the same single 
ketone product, viz. via salt formation and via a surface reaction. The results discussed above 
are gathered by using oxides with a high lattice energy and, thus, regard only the surface 
reaction to ketone. 
 
 
7.5 Conclusions 
 
It is possible to produce catalytically aldehydes from a range of simple aliphatic carboxylic 
acids. The main by-product is ketone. Its formation is suppressed by decreasing the contact 
time or diminishing the number of α-hydrogen atoms. Probably, the reaction to ketone 
proceeds via a ketene-like intermediate. 
 The reactions to aldehydes and ketones are competitive, so the suppression of one reaction 
leads to an increase in selectivity for the other reaction. 
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8. Detailed analysis of the reaction mechanisms 
 
 
 
 
8.1 Introduction 
 
In the previous chapters, the reactions of some carboxylic acids to their corresponding 
aldehydes and ketones have been discussed. A few suggestions were made about the 
mechanisms involved. In this chapter, an attempt will be made to elucidate these mechanisms 
in more detail. Before starting, let us first summarise the results concerning the reaction 
mechanisms described in the preceding chapters. 
 
The selective hydrogenation to aldehydes can theoretically proceed both via a Langmuir-
Hinshelwood or via a Mars and Van Krevelen type of mechanism. In the literature no proposals 
are explicitly done about which of the two mechanisms occurs. However, in chapter 4, 
indications were gathered supporting the Mars and Van Krevelen mechanism. These were the 
volcano-shaped dependence of the aldehyde selectivity on the metal-oxygen bond strength of 
the catalysts and the positive influence on the selectivity of oxygen-vacancies created by 
prereduction of, e.g., tungsten oxide. Also, in the other chapters some indications pointing into 
the same direction can be found. It was, for example, proven that the deoxygenation reaction 
proceeds on the oxidic surface and not on the metal (Pt/TiO2, chapter 5) and that most 
catalysts had a better performance during the decreasing part of the temperature-program, i.e. 
after being submitted to high temperatures in a hydrogen-rich atmosphere (Pt/TiO2, chapter 5; 
iron oxide, chapter 6). So a fast reaction needs the presence of an oxide and a prereduction of 
it, the latter presumably creating extra oxygen vacancies and thus enhancing the selectivity to 
the aldehyde. This effect is apart from the creation of a metallic phase supplying additional 
atomic hydrogen (see chapter 5). In this chapter the importance of oxygen vacancies and the 
involvement of lattice oxygen will be studied in more detail. 
 The ketonisation of carboxylic acids has been a subject of numerous studies and 
approximately an equal number of theories about the mechanism has been advanced (see 
chapter 2). The need of α-hydrogen atoms in the carboxylic acid, in order to form ketones by a 
surface reaction, was demonstrated in the previous chapter. The reason for this is probably 
that the ketonisation reaction proceeds via a ketene-like intermediate. It is interesting to 
establish what the exact role of this intermediate is in the ketonisation reaction. 
 In this chapter some additional experimental results will be presented and discussed 
concerning the mechanisms of the reactions to aldehydes and to ketones. Furthermore, a 
closer look will be taken to the origin of some other products, such as the frequently found 
hydrocarbons and alcohols. 
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8.2 Experimental 
 
The reactions with oxygen-labelled oxides and with acetic acid as the only reacting carboxylic 
acid were performed in a flow system equipped with a mass spectrometer. Details of the setup 
and the data evaluation are given in chapter 3. The reaction temperature and the amount of 
catalyst used are given where needed in the Results section. 
 The experiments with pivalic acid and with labelled acetic acid were performed in a flow 
system equipped with a gas chromatograph. Details of the setup and data evaluation of this 
system are given in chapters 3 and 7. The products of the 13C-labelling experiments were 
collected in a cold trap, which was cooled with acetone/dry ice. Analysis of these products was 
done by GC-MS. When a mixture of carboxylic acids was used, each acid was introduced 
separately in a hydrogen flow (20 ml/min) at a temperature where its saturation pressure was 
about 25 mbar. Subsequently, the two gas streams were mixed before being led over the 
reactor. 
 The acids were obtained from J.T. Baker, Holland (acetic acid, 99-100%), Isotec Matheson, 
U.S.A. (acetic acid-1-13C, 99.3%), and Janssen, Belgium (pivalic acid, 99%). The oxygen-labelled 

tin oxide was homemade by partly reducing tin oxide (450C, 30 min. in a hydrogen flow) and 

subsequent reoxidation at 200C with labelled oxygen (Isotec Matheson, U.S.A., 98%). The 
oxygen-labelled iron oxide was supplied by Techsnabexport (former USSR), its isotopic 
enrichment was approximately 40%. 
 
Selectivities are calculated per carbon atom. Water formation is, therefore, not considered in 
the calculation of the selectivities. 
 
 
 
8.3 Results 
 
 
Aldehyde formation over oxygen-labelled catalysts 
A classical way to approach the problem of the involvement of lattice-oxygen in a catalytic 
reaction is by oxygen-labelling of the catalyst. If an oxidation reaction proceeds via a Mars and 
Van Krevelen mechanism, labelled atoms should be found in the product. In the case of 
reduction reactions, the water should contain labelled oxygen. Figure 8.1 shows the partial 
pressures of water (H2O) and labelled water (H2

18O) in a reaction of acetic acid in hydrogen 
over oxygen-labelled iron oxide. 
 Immediately after admitting the acid, the partial pressures of both labelled and unlabelled 
water increased. After one minute, the signal of the labelled water started to decrease, while 
the signal of unlabelled water continued to increase. 
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Figure 8.1 The partial pressures of water (H2O, m/q=18) and labelled water (H2

18O, 
m/q=20) in a reaction of unlabelled acetic acid in hydrogen over labelled iron 

oxide at 350C. 
 
Figure 8.2 shows the results of another method used to investigate whether lattice oxygen is 
involved in the reaction. Here, partly labelled tin oxide, which was used in a reaction of acetic 

acid with hydrogen for 17 hours at 350C, is subjected to a thermally programmed reduction 
(TPR). The reaction temperature used was the lowest at which a reaction of acetic acid to 
acetaldehyde was found to occur. For comparison, a TPR of a fresh catalyst was also made. 

Before both TPR experiments, the catalyst had been outgassed for one hour at 350C in 
helium. 
 

 
 
Figure 8.2 TPR of a partly oxygen-labelled tin oxide catalyst, not used (left) and used (right) 

in a reaction with acetic acid in hydrogen at 350C. The mass spectrometer 
signals of water (H2O, m/q=18) and labelled water (H2

18O, m/q=20) are shown 
as a function of the reduction temperature. 
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The TPR of the fresh catalyst showed that the formation of both labelled and unlabelled water 

started below 400C. The signal of the first one had a maximum at 430C, the signal of the 

latter just below 500C. After reaction with the acetic acid/hydrogen mixture, all the labelled 
oxygen had disappeared, and the reduction peak of unlabelled water appeared at a slightly 
higher temperature. 
 
 
Aldehyde formation over prereduced titania 
The influence of the presence of oxygen vacancies on the selectivity has been tested by 
prereduction of a titania catalyst at different temperatures. Two things occurred when the 
reduction temperature increased. First, the surface area of the catalyst decreased, causing a 
decline in the total activity. Second, aldehyde was formed when the catalyst was pretreated at 

reduction temperatures exceeding 600C. Below this temperature acetone was the only 
product formed. In figure 8.3 the ratio of the two main products, acetone and aldehyde, is 
given as a function of the prereduction temperature. 
 According to XRD analysis, the titania used as starting material consisted mainly of anatase. 
Prereduction caused a transformation into a rutile structure. This transformation was already 
complete at temperatures where the ratio between acetaldehyde and acetone could still be 
increased by reduction pretreatment. 
 

 
 
Figure 8.3 The molecular ratio between aldehyde and acetone in the reaction of acetic acid 

in hydrogen over titania as a function of prereduction temperature (reduction in 

a hydrogen flow for two hours). The reaction temperature was 375C, the ratio 
was determined after 1000 sec. reaction time. 

 
 
Intermediates in the ketone formation 
To look at the mechanism of ketonisation more closely, 13C-acetic acid and trimethyl acetic acid 
(pivalic acid) were led simultaneously over a titania catalyst in the temperature range of 370 to 

450C. Apart from small amounts of hydrocarbons originating from the decomposition of 
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pivalic acid, only ketonisation products were observed. Those were acetone and 2,2-dimethyl-
3-butanone (pinacoline), which are products of the reaction between two acetic acid molecules 
and between acetic acid and pivalic acid, respectively. Pivalic acid did not react to its 
corresponding ketone. The results are summarised in table 8.1. No label was found in the 
pinacoline, showing that its carbonyl group originated from the pivalic acid, which cannot form 
ketene, and not from the acetic acid. 
 
 
Table 8.1 Occurrence of the labelled and unlabelled forms of some reaction products. 

 
The results of the exchange reaction between acetic acid and surface-bound deuterium are 
also shown in table 8.1. This experiment was done by pretreating the catalyst surface with 

deuterium at 350C, followed by a reaction with acetic acid in helium at the same temperature. 
The only product found was acetone, of which initially mainly undeuterated and 
monodeuterated species were found in equal quantities. The product itself (acetone) did not 
exchange deuterium with the surface. 
 Pivalic acid led over oxides with a high lattice energy reacted to its corresponding aldehyde 
(see chapter 7). In the experiments described below, pivalic acid was led over basic oxides, 
which have a low lattice energy. When the reaction mixture of pivalic acid and hydrogen was 

led over bismuth oxide at a constant temperature of 200C, the yellow oxide changed 
overnight into a white compound. When the same reaction mixture was led over lead oxide at 
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a constant temperature of 175C, the colour of lead oxide changed also into white. The XRD 
patterns of both these white compounds were not very well developed, but had one clear peak 
between 2Θ = 7 and 9. No reference spectra were available matching these spectra. However, 
a peak at this value of 2Θ is typical for metal carboxylates, such as lead propionate. So, 
presumably lead - and bismuth pivalates were formed. Decomposition of these salts resulted 
neither in aldehyde nor in ketone formation. Only C4-hydrocarbons were detected by the gas 
chromatograph. 
 
 
Consecutive reactions 
Some products found during the catalytic reactions of carboxylic acids are probably formed by 
consecutive reactions. To distinguish between primary and secondary reaction products, 
products found in the hydrogenation and ketonisation of acetic acid were tested as reactants. 
In table 8.2, the most important results are shown. Acetaldehyde reacted to ethanol, which in 
his turn could react back to acetaldehyde or react further to ethene or ethane. Acetone was 
deoxygenated to propene. The data shown in table 8.2 have been collected with iron oxide as a 
catalyst. Results obtained with other catalysts confirm these data. 
 
 
Table 8.2 Compounds, which are commonly found as products in reactions with acetic 

acid, used as reactants over iron oxide in a hydrogen atmosphere. The yields of 
the most important products are given. 

 

reactant products  yield   temperature 

acetaldehyde ethanol  50 %  350C 

ethanol acetaldehyde 
ethene and ethane 

 50 % 
 10 % 

 375C 

 375C 

acetone propene  15 %  380C 

 
 
As stated in chapter 7, ketene, or a precursor of ketene, is likely an intermediate in the reaction 
to acetone. The possibility exists that ketene not only reacts to acetone but also is 
hydrogenated to acetaldehyde. In table 8.3, the selectivities to acetaldehyde, ketene, and 
acetone are given for the reaction of acetic acid over tin oxide with different amounts of 
catalyst, i.e. with different contact times. As can be seen, an increase in contact time favours 
the formation of aldehyde and, to a far lesser extent, acetone. Ketene formation is suppressed 
by increasing the contact time. The sum of the selectivities to acetaldehyde, ethanol, ethane, 
and ethene with ketene is almost constant at increasing contact time. The same holds for the 
sum of the selectivities to acetone, CO2, and propene, without ketene. 
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Table 8.3 Reaction of acetic acid over tin oxide at 450C. Different amounts of catalyst are 
used to obtain different contact times. The product selectivities towards 
acetaldehyde, ketene, and acetone and the combined selectivities to all 
deoxygenation products with ketene (i.e., acetaldehyde, ethanol, ethene, 
ethane, and ketene) and to ketonisation products (i.e., acetone, CO2, and 
propene). 

 

amount of 
catalyst (mg) 

 product selectivity (%)  reaction selectivity (%) 

  aldehyde  ketene   acetone hydrogenation1 ketonisation2 

200  21  37  31  60  36 

400  31  24  32  59  38 

800  38  14  33  56  40 

 
1 Total selectivity of the reactions to aldehyde, ethanol, ethene, ethane, and ketene 
2 Total selectivity of the reactions to acetone, CO2, and propene 
 
 
Since acid anhydrides are sometimes advanced as possible intermediates in reactions of 
carboxylic acids, acetic anhydride was tested in a reaction over a selective catalyst (iron oxide) 
and over an unselective catalyst (titania). In both cases decomposition of the anhydride into 
ketene and acid preceded the eventual formation of aldehyde and  
ketone, see figure 8.4. 
 
 
 

 
 
 
Figure 8.4 The reaction of acetic anhydride over iron oxide (left) and titania (right). 
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8.4 Discussion 
 
Aldehyde formation 
Figure 8.1 shows the results of the reaction of acetic acid over oxygen-labelled iron oxide at 

350C. Before acetic acid was added, iron oxide was being reduced by hydrogen, as can be 
concluded from the presence of both water signals. After admission of acetic acid to the gas 
stream, the partial pressures of both unlabelled and labelled water initially increased. One 
minute thereafter, the signal of labelled water decreased to a level of almost zero, far below 
the value it had originally before acetic acid was admitted. This can be explained by assuming a 
Mars and Van Krevelen type of mechanism: partly-labelled surface oxygen is removed by a 
reaction with hydrogen, giving both labelled and unlabelled water. The so-formed vacancies 
are refilled by unlabelled oxygen from the acid. Thus finally, all the surface oxygen is unlabelled 
and no labelled water is detected in the gas phase anymore. 
 However, the phenomena shown in figure 8.1 could also be described differently: the initial 
increase in both water signals could be caused by the displacement of surface hydroxyls by 
acetates. Labelled and unlabelled hydroxyl groups can react easily with acid protons from 
acetic acid and form water, which consequently desorbs. The subsequent decrease in the 
labelled water signal could then be caused by surface acetate formation, preventing further 
reduction of the oxide underneath it, and thus preventing further H2

18O formation. The 
unlabelled water is in this case formed by direct hydrogenation of acetic acid via a Langmuir-
Hinshelwood mechanism. 
 Thus, on the basis of these data it is difficult to decide whether a Mars and Van Krevelen or 
a Langmuir-Hinshelwood mechanism is involved. 
 The TPR of the fresh 18O-enriched tin oxide catalyst (figure 8.2) showed reduction peaks for 
both unlabelled and labelled water. Two facts can be deduced from the positions of the 
maxima and the relative heights of these peaks. First, only a small percentage of the lattice 
oxygen had been exchanged for labelled oxygen, and, second, the labelled oxygen was 
localised on easily reducible sites, which are probably located at the surface. After reaction 
with acetic acid, the reduction peak of the labelled water had completely disappeared and the 
peak of unlabelled water was shifted towards higher temperatures. This means that, during the 
reaction, the easily removable oxygen atoms - most likely surface atoms - are extracted from 
the lattice. Although this would fit in a picture based on a Mars and Van Krevelen type of 
mechanism, the results presented in figure 8.2 are neither confirming nor rejecting this 
mechanism. Namely, together with the catalytic reaction, a simultaneous reduction of the 
oxide always took place. It appeared to be impossible to let the reaction run at a lower 
temperature. The reaction of acetic acid to aldehyde starts just at the same temperature as the 
reduction of the oxide. On the one hand, this indicates that the Mars and Van Krevelen 
mechanism is operational, since the first step in this mechanism is a partial reduction of the 
catalyst in order to create oxygen vacancies. On the other hand, it complicates oxygen-labelling 
experiments as the removal of labelled oxygen from the lattice can be caused by the 
hydrogenation reaction (via Mars and Van Krevelen) or by simple reduction of the oxide. Still, 
the fact that the hydrogenation reaction is always accompanied by the reduction of the 
catalyst surface, suggests the necessity of vacancies to let the reaction proceed. 
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 This suggestion is confirmed by the results obtained with the reaction of acetic acid over 
prereduced titania (figure 8.3). This catalyst had been taken as a model, since it forms well-
documented oxygen vacancies by reduction [1]. An increase in reduction temperature can, 
therefore, be correlated directly to an increase in the number of oxygen vacancies, which 
apparently favours aldehyde formation. This strongly indicates that oxygen vacancies are 
needed for the deoxygenation step of the selective hydrogenation of acetic acid to 
acetaldehyde. 
 So, although oxygen-labelling experiments are, for the reaction studied here, not 
completely appropriate to prove or disprove the existence of a Mars and Van Krevelen 
mechanism, they nevertheless seem to supply some support for it. Furthermore, the presence 
of oxygen vacancies is proven to be necessary. The importance of these vacancies for reaching 
a high aldehyde selectivity is a good indication for the involvement of a Mars and Van Krevelen 
type of mechanism. 
 
Ketone formation 
In chapter 7, it was demonstrated that carboxylic acids need to have α-hydrogen atoms in 
order to form ketones. It was also shown that ketene, the formation of which needs the 
abstraction of an α-hydrogen, is likely an intermediate in the ketonisation reaction. Ketene can, 
in principle, react to ketones in two different ways. The first way is by attacking an adsorbed 
carboxylate species and by subsequent abstraction of the alkyl group to form a ketone 
(reaction (1) represents this mechanism for acetic acid). 
 
 
 
 
 
 
(1)  
 
 
 
 
 
This mechanism and variations on it are described by several authors [2-5]. They all have in 
common that the carboxyl group in the ketone originates from the ketene and not from the 
carboxylate. As can be seen in table 8.1, this is not what happens. In the experiment shown in 
this table, acetic acid is the only molecule able to form a ketene, pivalic acid has no α-hydrogen 
and is, therefore, not able to form a ketene. However, no labelled pinacoline is found in the 
case of a combined labelled acetic acid and unlabelled pivalic acid feed, meaning that the 
carbonyl group originated from the carboxylate (i.e. pivalic acid) and not from the ketene (i.e. 
acetic acid). Reaction (1) can therefore be disregarded. 
 As mentioned in chapter 2, a reaction route via a β-ketoacid as an intermediate or transition 
state [6-9] would explain the results found in the labelling experiment. However, it cannot 
explain the intermediacy of ketene described in chapter 7 and in the literature [2-5]. 
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 Therefore, we must focus on the second way, in which ketene, or a ketene-like 
intermediate, can react to acetone. The possibility exists that it does not donate the carbonyl 
group but only the methyl group, which reacts with a carboxylate to a ketone. The question 
then arises what this methyl-donating intermediate exactly looks like. To answer this, it is 
simply enough to list all the data collected. First, as shown in chapter 7, α-hydrogen is needed. 
Second, acetic acid, or an intermediate leading to acetone, is able to exchange α-hydrogen 
with the surface. This can be deduced from the fact that α-deuterium is found in acetone when 
the reaction proceeds on a deuterated surface (table 8.1). This is remarkable as, in principle, no 
exchange of hydrogen seems to be needed to form acetone from two acetic acid molecules. By 
the way, it should be noticed that acetone itself does not exchange its hydrogen atoms. Thus, 
the intermediate to acetone has an interaction with the catalyst surface via the methyl group, 
which leads to α-hydrogen abstraction and exchange. Reactions between the α-hydrogen and 
the surface, which can even result in complete oxidation of the α-carbon, have been described 
earlier [10-13]. This interaction is reasonable as the bond dissociation energy of the C-H in 
acetic acid is much lower (94 kcal/mol) then the ΔH for the gas phase acidity (349 kcal/mol), i.e. 
the bond dissociation energy for the acid proton [14]. 
 If the methyl-donating intermediate is indeed ketene, CO would be the fragment remaining 
after the C-C bond scission. However, CO2 is always found instead of CO, even under static 
reaction condition on catalysts with a high metal-oxygen bond strength. This rules out the 
possibility of CO oxidation to CO2 by the lattice. Therefore, the intermediate involved probably 
still has both its oxygen atoms. 
 Finally we know that ketene formation is suppressed in favour of acetone formation by 
increasing the contact time, suggesting ketene to be the intermediate in the formation of 
acetone (chapter 7). At first glance, this cannot be reconciled with the reasoning in the 
previous paragraph. However, all results can be explained by assuming that the intermediate 
to acetone is not ketene, but something in equilibrium with ketene. Summarising we can 
suggest the following picture (reaction 2). 
 
 
 
 
 
 
 
(2)  

 
 
 
 
 
 
 
By this mechanism, not only the results presented in this thesis can be explained but also those 
presented in the literature by, for example, Imanaka, Swaminathan, Kuriacose, and González 
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(see chapter 2). Even the ease of the C-C bond scission, which is needed for the ketonisation 
reaction, can be envisaged now. The intermediate, which is oriented parallel to the surface, is 
bound to the surface with both ends and can thus likely split into CO2 and a reactive methylene 
group. 
 As methane is never found as a by-product of the ketonisation reaction, the formation of 
methylene is probably directly accompanied by a reaction with a neighbouring carboxylate. 
Otherwise, methylene would have the chance to react with hydrogen to give methane. 
 
The reaction mechanism presented by reaction (2) is only based on results obtained with oxidic 
catalysts with a high lattice energy, and it is thus only applicable to surface reactions. As 
already mentioned in chapter 4, the ketonisation of acetic acid over basic oxides with a low 
lattice energy proceeds via salt formation and not via a surface reaction. The results presented 
in this chapter suggest that pivalic acid also forms salts with basic oxides. However, 
decomposition of these salts did not lead to ketones. 
 
Consecutive reactions 
From table 8.2 it can be deduced that ethanol is almost in equilibrium with acetaldehyde. This 
is in compliance with the thermodynamic data presented in chapter 3. Furthermore, the 
hydrocarbons formed are very likely secondary reaction products. The C2-hydrocarbons are 
probably formed by deoxygenation of ethanol and propene by deoxygenation of acetone or 
dehydration of iso-propanol. 
 As mentioned above, ketene is probably in equilibrium with an intermediate of the acetone 
formation. To test whether ketene could also be hydrogenated to aldehyde, as suggested by 
Grootendorst et al. [15], the experiment presented in table 8.3 has been set up. By increasing 
the contact time, the selectivity to ketene decreased while the selectivities to both 
acetaldehyde and acetone increased. To see whether ketene is in this case an intermediate in 
the reaction to acetaldehyde or in the reaction to acetone, the group-selectivities of some 
products have been evaluated. An increase in contact time changes the ratio between primary 
and secondary products, but it does not alter the total selectivity to primary plus secondary 
reaction products. As can be seen in table 8.3, the total selectivity to acetaldehyde, ethanol, 
ethene, ethane, and ketene remains almost constant. If the selectivity to ketene is added to 
the total selectivity to ketonisation products, the total of both the deoxygenation and 
ketonisation reactions would be far from being constant. Therefore, in this particular case, 
ketene seems to be the principle intermediate in an alternative pathway of the deoxygenation 
reaction. 
 Figure 8.4 shows that acid anhydride can likely be ruled out as intermediates in the reaction 
to both aldehyde and ketone. However, the possibility that acetic anhydride reacts to acetic 

acid and ketene at temperatures below 300C, and to acetone or acetaldehyde above this 
temperature exists but is rather unlikely. 
 
All pathways suggested for the reactions of acetic acid are summarised in figure 8.5. Reaction 
route 1, which leads to acetone via salt decomposition, proceeds over basic oxides with a low 
lattice energy. Reaction route 2 runs on oxides with a high lattice energy and leads to acetone 
via a surface reaction. Reaction 3, which leads to acetaldehyde, proceeds on surfaces with 
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oxygen vacancies. 
 When trimethyl acetic acid is used as a reactant, reaction route 2 is impossible and reaction 
route 1 leads to the decomposition of the acid, instead of ketonisation. 
 
 
 

 
 
8.5 Conclusions 
 
Oxygen-labelling experiments appeared to be not completely appropriate for establishing the 
mechanism of the selective hydrogenation of acetic acid to acetaldehyde. Nevertheless, some 
support is collected in these experiments for a possible role of a Mars and Van Krevelen 
mechanism. The presence of vacancies seems to be clearly a prerequisite for aldehyde 
formation. 
 The surface reaction of acids to ketones proceeds probably via an intermediate, which is 
oriented parallel to the surface and has chemical interactions with the catalyst via both the 
carboxyl group and the α-carbon of the alkyl group. The alkyl group of this intermediate can 
react with a neighbouring carboxylate to give the ketone. The remaining carboxyl group forms 
CO2. Ketene is very likely in equilibrium with this intermediate. 
Propene is probably formed by deoxygenation of acetone. Ethene and ethane are formed by 
deoxygenation of ethanol, which is in its turn produced by hydrogenation of acetaldehyde. In 
some cases, ketene can be hydrogenated to acetaldehyde. 
 All proposed reaction pathways are summarised in figure 8.5. 
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9. General discussion 
 
 
9.1 Introduction 
 
As they are readily available or easy to synthesise, carboxylic acids are attractive starting 
material for the production of aldehydes. However, a clean direct synthesis route to aldehydes 
is only available for aromatic acids [1-7]. All the patents and open literature concerning this 
subject suggest that aldehyde formation from aliphatic acids is - in general - impossible. Instead 
of hydrogenation, ketonisation of aliphatic acids is very often observed. Only one publication, 
which appeared during the course of the research described in this thesis, mentions the 
possibility of aldehyde formation from long-chain aliphatic acids with a reasonable yield [8]. 
 In this chapter, the results obtained concerning the hydrogenation of aliphatic acids to 
aldehydes will be discussed in relation to the known literature. The most occurring side-
reaction, viz. ketonisation, will be discussed first. Subsequently, the results concerning the 
desired aldehyde formation will be reviewed. The questions constituting the aim of this thesis 
(see section 2.7) will be answered during the course of this chapter, too. 
 
 
9.2 The ketonisation reaction 
 
The product patterns of the temperature-programmed reaction of acetic acid over various 
oxides are presented in chapter 4. The oxides, which catalyse acetone formation, can be 
divided into two categories. 
 The first category consists of oxides with a low lattice energy. As proven by XRD analysis and 
water formation, these oxides are converted to bulk acetates at relatively low temperatures. At 
higher temperatures, the acetates decompose yielding acetone. No aldehyde was ever 
observed when these catalysts were used. Addition of platinum to these oxides had hardly any 
influence. 
 The second category consists of oxides with a high lattice energy. The macroscopic structure 
of these catalysts remains unaltered during the reaction. On these oxides, the production of 
acetone proceeds clearly by a different mechanism. Furthermore, it can be suppressed by for 
example platinum addition, specific pretreatments of the catalyst, or by changing the reaction 
conditions. By suppressing the ketonisation reaction, aldehyde formation is favoured. Thus, 
specifically for this category of oxides, a detailed knowledge of the mechanism of the 
ketonisation reaction is desirable. This information can possibly help us in suppressing the 
ketonisation reaction and, therefore, in achieving a high aldehyde selectivity. 
 Before dealing with the mechanism of ketonisation in more detail, it should be mentioned 
that the above-mentioned division of oxides into two categories is in compliance with the ideas 
presented by Yakerson et al. [9,10]. They also suggest a division on the basis of differences in 
lattice energy. However, these publications had, probably because written in Russian, very little 
response. 



 Chapter 9  General discussion 113 

 

 A remarkable borderline case amongst the various oxides is iron oxide. At low temperatures 
ketonisation of acetic acid proceeds on the surface of this oxide. At high temperatures, the acid 
dissolves the oxide lattice structure and a bulk iron-acetate is formed, decomposition of which 
leads to acetone formation [11]. 
 
 
Ketonisation mechanism 
In chapter 7 it is proven that, to form a ketone, the acid has to contain α-hydrogen atoms. 
When going from acetic acid, via propionic - and isobutyric acid, to pivalic acid, i.e. when 
lowering the number of α-hydrogen atoms from three to zero, ketone formation gradually 
disappears. This could either be caused by steric hindrance impeding two intermediates to 
react together to give the ketone, or by the fact that the presence of α-hydrogen is needed in 
some way during the reaction to ketone. In the same chapter two facts are advanced 
supporting the latter possibility. First, benzoic acid hardly forms its ketone, benzophenone, via 
a catalytic surface reaction [12]. The carboxyl group of this molecule is not hindered sterically, 
but the molecule has no α-hydrogen atoms. Second, by lowering the contact time, acetone 
formation decreases while ketene formation increases. This suggests the intermediacy of the 
latter in the reaction to the former, and in order to form ketene or a ketene-like intermediate, 
the abstraction of an α-hydrogen atom is required. 
 In addition to these two indications that the presence of α-hydrogen is a necessary 
prerequisite, deuterium-exchange experiments (presented in chapter 8) show the involvement 
of α-hydrogen during the reaction to ketones. Namely, during the reaction of acetic acid over a 
deuterated surface, acetone was formed with deuterium on the α-carbon. Acetone itself did 
not exchange hydrogen with the surface. Thus, also by exchange reactions, evidence of the 
need of α-hydrogen atoms in the surface reaction to ketones is gained. Ketene or a ketene-like 
intermediate seems to be involved indeed. 
 However, the ketene molecule as such cannot be the intermediate we are looking for. If 
ketene were the intermediate reacting with a neighbouring carboxylate to a ketone, the 
carbonyl group of the ketone should originate from the ketene while CO2 would be released 
from the carboxylate (reaction 1). The alternative, i.e. carbon-carbon bond splitting in the 
ketene, is unlikely since in that case ketene would release CO instead of the observed CO2. And 
an immediate complete conversion of CO to CO2 is unlikely at the applied conditions. 
 
 
 
(1)  

Carbon-labelling experiments revealed that, when acetic acid, which is able to form ketene, 
reacts with pivalic acid, which cannot form ketene, the carbonyl group of the ketone originates 
from pivalic acid (see table 8.1). The CO2 must, therefore, have been supplied by the ketene-
like intermediate formed by acetic acid and reaction (1) has to be disregarded. 
 Summarising, it is known that the intermediate involved in the ketonisation reaction (a) 
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exchanges α-hydrogen, (b) contains both oxygen atoms (otherwise no CO2 can be released 
from it) and (c) is in equilibrium with ketene (if not, the correlation between ketene and 
acetone at different contact times cannot be explained). 
 The following mechanism, here shown for acetic acid, can therefore be proposed: 
 
 
 
 
 
 
(2)  
 
 
 
 
 
 
 
 
The readsorption-step '2' causes the dependence of acetone formation on the apparent 
contact time. 
 Let us now, as we have suggested our own mechanism, look at the mechanisms proposed in 
the literature. The earliest ketonisation mechanism suggested makes use of acid anhydride as 
an intermediate [13]. In chapter 2 already, it was reasoned that the existence of this 
intermediate under reaction conditions is improbable. Figure 8.4 confirms that acetic acid is an 
intermediate in the formation of ketones from acetic anhydride rather than the other way 
round. 
 Two other proposed reaction routes have in common that they do not require the 
participation of α-hydrogen. Kwart and King suggested a concerted mechanism [14]. Lee and 
Spinks proposed an ionic mechanism via a β-carboxylate-like transition state, for the formation 
of which no α-hydrogen atoms have to be removed [15]. For we have seen that α-hydrogen 
atoms are needed for the ketonisation of aliphatic acids, both mechanisms are improbable. 
However, one of these reaction routes could be responsible for the formation of 
benzophenone from benzoate salts and for the very small quantities of this ketone found in the 
catalytic surface reactions of benzoic acid. 
 Two types of reaction mechanisms depart from the fact that α-hydrogen is needed for 
ketone formation. The first one speculates on the intermediacy of a β-ketoacid, either formed 
via a concerted mechanism [16] or via a reaction between an acyl carbonium ion and a 
carboxylate [17]. The mechanism proposed by Swaminathan and Kuriacose [18] is also based 
on a reaction between an acyl ion and a carboxylate, but here the involvement of a β-ketoacid 
is only limited to a sort of transition state. However, β-ketoacid has never been observed 
during ketonisation reactions while ketene has. Therefore, the second type of proposed 
mechanism that departs from the need of α-hydrogen atoms proceeds by the intermediacy of 
ketene. Imanaka et al. were the first who proposed that the ketonisation reaction proceeds via 



 Chapter 9  General discussion 115 

 

ketene [19]. This reaction route not only requires the presence of α-hydrogen atoms, but also 
explains the product distributions found (also in this thesis) by deuterium-labelling 
experiments. Furthermore, ketene and acetic acid appeared to react together to acetone [19]. 
González et al. [20] and Kuriacose and Jewur [21] also found support for ketene as an 
intermediate by using deuterium tracer studies. Grootendorst et al. suggest ketene to be an 
intermediate in the ketonisation of acetic acid [22,23], too. 
 A lot of evidence of a reaction route via ketene seems to be gathered. However, the direct 
proof is based on essentially two facts: deuterium exchange during the ketonisation reaction 
and the reaction of ketene with acetic acid to give acetone. These two findings can also be 
explained by the mechanism proposed in this thesis (see reaction 2). Furthermore, a 
mechanism via ketene, as proposed in the literature, would not explain the carbon-labelling 
results presented in chapter 8, while reaction (2) does. Therefore, the mechanism represented 
by reaction (2) is the most satisfactory so far, as it covers the results presented in the literature 
and in this thesis as well. 
 
Ketonisation reaction site 
Barteau et al. proposed a reaction site for the ketonisation on titania [24-26]. They found that 
for the production of ketene the presence of exposed mono-unsaturated cations was 
sufficient, while for the ketonisation doubly-unsaturated titanium ions had to be present at the 
surface. González et al. [20] suggested that, in order to achieve ketonisation, ketene and acetic 
acid must be brought together on one cation. It seems reasonable that the ketene-like 
intermediate shown in reaction (2) reacts with a carboxylate on one doubly-unsaturated 
cation. 
 Ketene is sometimes found at low-pressure conditions, while on similar catalysts at high 
pressures acetone is observed. This is probably related to the chance of a ketene-like 
intermediate to meet a neighbouring acetate to react with before desorption. 
 
Suppressing ketonisation 
The undesired ketonisation reaction appears to run under almost any condition on any oxidic 
catalyst. Only two possibilities seem to exist to suppress this reaction in favour of the desired 
aldehyde formation. 
 The first possibility is directly deducible from the proposed reaction scheme (2): use 
carboxylic acids without α-hydrogen atoms. The patent literature mentions only this possibility, 
and according to it selective reduction would only be applicable to benzoic acid and its 
derivatives. Only one patent mentions the use of long-chain aliphatic acid with α-hydrogen [8]. 
Probably, an orientation of the aliphatic chain perpendicular to the surface can impede the 
abstraction of α-hydrogen. Such orientation is well known to be enforced by high coverages of 
long-chain carboxylic acids [27-30]. 
 The second possible way to suppress ketonisation is to change the catalyst surface in such a 
way that the catalytic sites needed for ketonisation are transformed to the sites needed for 
aldehyde synthesis. Figure 7.5 shows that the site for the reaction of acetic acid to acetone 
deactivated quickly (this is understandable, as doubly-unsaturated cations are very susceptible 
to, for example, coke poisoning), while the activity in the reaction to aldehyde did not 
decrease. This means that both reactions do not compete for the same site. It also 
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demonstrates that the distribution of reaction sites on the catalyst surface determines the 
selectivity. 
 The specific requirements for the creation of reaction sites for the selective hydrogenation 
of acids to aldehydes will be discussed in the next section. 
 
 
9.3 The selective hydrogenation to aldehydes 
 
In this investigation, acetic acid had been taken as a starting model-compound. Since this acid 
has three α-hydrogen atoms, it was generally assumed in the literature that no aldehyde could 
be produced from it by direct catalytic hydrogenation. Nevertheless, the research described in 
this thesis made it clear that acetaldehyde could be produced catalytically. However, the 
reaction appeared to be only possible under specific conditions, needed to avoid ketonisation 
and favour aldehyde formation. 
 The most obvious requirement for the formation of aldehyde is the presence of molecular 
hydrogen. Figure 6.2 is a good example of what happens when hydrogen is removed from the 
gas phase: aldehyde formation disappears completely. No autoreduction by intermolecular 
hydrogen exchange, as known for nitrobenzene reduction [22], takes place here. 
 In addition to the presence of hydrogen, still another condition has to be fulfilled: a catalyst 
with an intermediate metal-oxygen bond strength is needed. A plot of the selectivity to 
acetaldehyde as a function of the metal-oxygen bond strength of the catalysts results in a 
volcano-shaped curve (figure 4.20). The top of the volcano is formed by the oxides of iron and 
tin. 
 Two catalysts exhibit an extraordinary high selectivity and jut out from the trend in figure 
4.20, viz. the oxides of copper and iron. These two catalysts have in common that they, most 
likely, consist of a mixture of metal and oxide. Addition of platinum to an iron catalyst does not 
improve the selectivity. However, when platinum is added to the other oxides, in order to 
create mixed metal-oxide catalysts, an increase in selectivity and a decrease in reaction 
temperature are observed (compare tables 4.1 and 5.1). Thus, the combination of a metal and 
an oxide seems to be the best catalytic system. Two findings show that the 
deoxygenation/hydrogenation reaction proceeds on the oxidic surface and not on the metal: 
the volcano-shaped correlation is also found with catalysts to which platinum is added and the 
activity of the (Pt/TiO2) catalyst has been found to be independent of the metal content and 
dependent on the oxide content of the catalyst (see chapter 5). The presence of oxygen-
vacancies on the oxidic surface seems to enhance the aldehyde selectivity. Figure 8.3 shows 
the positive effect of prereduction, i.e. extra vacancy creation, on the aldehyde formation. 
 The volcano-shaped correlation of the aldehyde selectivity with the metal-oxygen bond 
strength and the positive effect of additional oxygen-vacancies can be well understood by 
assuming that the Mars and Van Krevelen mechanism operates in the selective hydrogenation 
of carboxylic acids. The positive effect of metal addition can then be ascribed to better 
hydrogen activation on the metal than on the oxide. Activated hydrogen can subsequently 
spill-over to the oxide. Other kinds of effects, which the addition of platinum can theoretically 
have on the catalytic behaviour, are discussed and rejected in section 5.4. 
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Reaction scheme (3) summarises the proposed reaction mechanism for the selective 
hydrogenation of carboxylic acids to their corresponding aldehydes. Notice that neither a bi-
functional nor a promotion-effect based mechanism is presented in scheme (3). It would be 
more appropriate to call it a "dual-site" mechanism or "metal-oxide co-catalysis". On the metal 
site, hydrogen is activated and on the oxidic site the deoxygenation of the acid takes place. 
Reactive species (hydrogen atoms) are transported from the metal to the oxide by the, in the 
catalytic literature well-documented [31,32], spill-over. 
 It should be noticed that the proposed intermediate in reaction scheme (3) is asymmetric. If 
a Mars and Van Krevelen mechanism is indeed operational, the problem of differentiation 
between the two equivalent oxygen atoms of the carboxylate is solved. Instead of making the 
acid asymmetric in a classical way, e.g. by chlorination to an acid chloride or by esterification 
(see chapter 1), the distinction between the two oxygen atoms is achieved by using a proper 
catalyst. 
 Spilt-over hydrogen could have a double function. It could be a reactant as well as 
responsible for site creation. In the literature a preference exists for only the latter function of 
spilt-over hydrogen [31,32]. Prereduction of TiO2, i.e. the creation of extra sites before the 
actual reaction takes place, has a durable, i.e. catalytic not stoichiometric, effect on the 
selectivity (figure 8.3). This indicates that mere site creation by spilt-over hydrogen could be 
enough to explain an increase in selectivity during the steady-state of the reaction. 
 Experiments with oxygen-labelling of the catalyst, which were performed in this thesis to 
test the validity of the proposed Mars and Van Krevelen mechanism, did not lead to 
unambiguous conclusions. The hydrogenation of the acid appeared to be always accompanied 
by a partial reduction of the catalyst. Therefore, the existence of a Mars and Van Krevelen 
mechanism could neither be falsified nor proven. However, the fact that no selective 
hydrogenation was found without the simultaneous partial reduction of the surface, again 
shows the likelihood of the proposed role of oxygen-vacancies. 
 Iron oxide occupies a special position amongst the oxidic catalysts. An iron catalyst can form 
a bi-phasic system on its own, without the addition of platinum or any other metal. In chapter 
6 it is argued that a selective iron catalyst consists both of a metallic and an oxidic phase. By 
using this system, very high aldehyde yields can be reached while the catalyst remains 
satisfactorily stable, provided that the hydrogen/acid ratio is high enough (e.g. 40) to keep the 
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catalyst in a partly reduced state. The use of hydrogen/acid ratios of 6 or less by some authors 
[2,33] explains why they did not observe any aldehyde formation with iron oxide as a catalyst. 
 
Summarising the results presented in this thesis, ketonisation can be suppressed in favour of 
aldehyde formation when the right sites, i.e. oxygen-vacancies, are created and when 
hydrogen is present. The reaction proceeds probably by a Mars and Van Krevelen type of 
mechanism, as represented by reaction scheme (3). 
 Since there is no general mechanism for the selective hydrogenation of aliphatic acids 
offered in the literature, a comparison with the mechanism proposed by this thesis can 
obviously not be made. However, some elements of scheme (3) can be found in the literature. 
The group of Maki proposed an intermediate in the hydrogenation of pivalic - [34] and benzoic 
[35,36] acid, which reminds us of that shown in reaction scheme (3). Both intermediates allow 
oxygen exchange with the lattice. Parallel to the study described by this thesis, Koutstaal 
investigated the hydrogenation of aromatic acids [12] and she also found some indications for 
the role of a Mars and van Krevelen mechanism. 
 However, some results reported by Koutstaal [12] differ from those presented in this thesis. 
In the case of benzoic acid, the use of oxides with a high lattice energy, such as zirconia, 
resulted in a high selectivity for benzaldehyde formation. Oxides with a lower metal-oxygen 
bond strength, such as tin - and iron oxide, which proved to be good catalysts for aliphatic acid 
reduction, were not selective in benzoic acid reduction. On these oxides, the oxidation product 
phenol and the reduction product toluene were formed in large quantities, instead of the 
desired benzaldehyde. The formation of toluene is ascribed to the abundant presence of 
oxygen-vacancies on oxides with a low metal-oxygen bond strength, giving rise to simultaneous 
abstraction of both oxygen atoms [12]. The addition of metal (platinum or copper) appeared to 
cause a decrease in selectivity, as complete hydrogenation of the phenyl group occurred. 
 The differences between the conclusions made by Koutstaal and those presented in this 
thesis can directly be assigned to the presence of the phenyl group and the absence of α-
hydrogen atoms in aromatic acids. 
 The negative influence of the addition of metal to the oxidic catalysts in the case of benzoic 
acid is clearly directly related to the presence of the aromatic system. This system interacts 
more easily with metal surfaces [37,38] than alkyl groups do [39], and can then of course be 
hydrogenated. The interaction between the aromatic group and the catalyst surface can also 
facilitate decarboxylation yielding benzene. In the case of aliphatic acids, metal can be added 
to the catalyst in order to provide more activated hydrogen without much harm being done. 
However, when aromatic acids are used, other sources of activated hydrogen have to be 
applied. J. Kondo et al., for example, mention the addition of Cr2O3 to a zirconia catalysts to 
improve the activation of hydrogen [35]. 
 The fact that catalysts with a higher metal-oxygen bond strength have to be employed for 
benzoic acid deoxygenation [1-5,12] than for aliphatic acids, is somewhat more puzzling. 
However, the following remarks can be made. 
 In the case of aliphatic acids, oxides with a high metal-oxygen bond strength have not 
sufficient oxygen-vacancies at the steady-state to sustain aldehyde formation and suppress 
ketonisation. Since aromatic acids lack α-hydrogen atoms, the danger of ketonisation is absent. 
As shown in chapter 7, pivalic acid, which also has no α-hydrogen atoms, does indeed not 
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ketonise but is hydrogenated to its aldehyde on titania, which otherwise is an unselective 
catalyst in the hydrogenation of acetic acid. This explains why oxides with a higher metal-
oxygen bond strength can be used for the hydrogenation of aromatic acids but not for aliphatic 
acid reduction. 
 However, this does not clarify why oxides with a lower metal-oxygen bond strength are not 
suitable for the hydrogenation of aromatic acids, while they are suitable for aliphatic acids. 
Koutstaal suggests that the presence of too many oxygen-vacancies on the surface of these 
oxides causes the simultaneous removal of both oxygen atoms from the acid, resulting in 
toluene formation [12]. However, the analogue of toluene for acetic acid - ethane - is never 
found during the hydrogenation of acetic acid over oxides, not even on oxides with a very low 
metal-oxygen bond strength. Maybe the low benzaldehyde selectivity of oxides with a low 
metal-oxygen bond strength is not due to the presence of too many vacancies, since this would 
imply ethane production in the case of acetic acid. An alternative and more likely explanation 
should be based on the different influence the phenyl and the alkyl groups have on the 
activation of the carboxyl group and on the different way in which they can interact with the 
surface. 
 Koutstaal reports not only the formation of toluene on Mn3O4, but also that of the oxidation 
product phenol on MoO3, MgO, and Fe2O3. Also acetophenone and even acetone are formed 
from benzoic acid. This indicates that the phenyl-carboxyl bond and even the phenyl ring can 
easily be broken. Possibly, on oxides with a low metal-oxygen bond strength, benzoic acid 
reacts with loosely bound oxygen to oxidation products such as phenol. Simultaneously many 
oxygen-vacancies, i.e. Lewis acid centres, are present on these oxides. The phenyl group can 
interact with these sites [37], resulting in a longer residence time and, therefore, in a deeper 
deoxygenation/hydrogenation to toluene. This explanation remains, however, speculative. 
 Whatever mechanism is involved, it is clear that the differences between aromatic -and 
aliphatic acids are mainly caused by the differences in side-reactions. Aliphatic acids with α-
hydrogen atoms can easily ketonise and the use of oxides with a too high metal-oxygen bond 
strength should, therefore, be avoided. Aromatic acids cannot ketonise on catalyst surfaces but 
are easily deoxygenated completely to toluene. To avoid this reaction, one should not use 
oxides with a too low metal-oxygen bond strength. 
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Summary 
 
Aldehydes are frequently used either as flavours and fragrances or as intermediates 
in numerous chemical syntheses, such as the production of dies, pharmaceutics, and 
agrochemicals. The existing aldehyde synthesis methods all have specific drawbacks. 
Moreover, they all have in common the production of stoichiometric amounts of 
waste. Therefore, large interest exists in an economically and environmentally 
acceptable alternative for the production of aldehydes. As they are either easily 
available or easy to synthesise, carboxylic acids would be suitable as raw material for 
this alternative synthesis. A welcome synthesis route would, therefore, be the direct 
catalytic reduction of carboxylic acids to aldehydes. However, until now direct 
reduction has only been successful with aromatic acids. The aim of the investigation 
described in this thesis is to extend this attractive catalytic aldehyde production 
route to all kinds of carboxylic acid. 
   The literature presents only a very limited insight into the behaviour of carboxylic 
acids on catalysts. On metallic surfaces, acids are mostly decomposed completely. 
On oxidic surfaces, aromatic acids are known to form aldehydes, but aliphatic acids 
usually yield ketones. So far, no proposals have been advanced concerning the 
mechanism of aldehyde formation from aromatic acids. However, numerous 
mechanisms have been suggested describing the ketone formation, albeit no 
agreement has been reached yet on this subject. By this thesis, an attempt is made 
to obtain aldehydes from aliphatic acids and to reveal the mechanism involved as 
well as the catalysts and reaction conditions needed. Simultaneously, a part of the 
study has been devoted to solving the mechanism of the ketonisation reaction, as a 
better understanding of this undesired side-reaction should help in suppressing it. 
   As model compounds, acetic -, propionic -, isobutyric -, and pivalic acid have been 
used, which have a number of α-hydrogen atoms ranging from three to zero, 
respectively. Their reactions on catalysts have been tested under flow conditions, at 
atmospheric pressure, and in the temperature range from 50 to 450°C. Analysis of 
the effluent gas has been done by gas chromatography and mass spectrometry. 
   First, acetic acid was tested over a broad range of oxidic catalysts. Contrary to what 
the existing literature claims, it appears that, when using oxides with a moderate 
metal-oxygen bond strength, acetic acid can be hydrogenated to aldehyde. A plot of 
the aldehyde selectivity as a function of the metal-oxygen bond strength of the 
catalyst yields a volcano-shaped curve, suggesting the involvement of a Mars and 
Van Krevelen mechanism. The most common side-product was acetone, the 
formation of which occurred clearly via two different reaction path-ways. Oxides 
with a low lattice energy formed bulk acetates, decomposition of which yielded 
acetone. On oxides with a high lattice energy, a surface reaction to acetone 
occurred. 
Two catalysts exhibited a very high selectivity: copper - and iron oxide. During the 
reaction, both these catalysts probably consisted of a mixture of metal and oxide. 
   To investigate further the precise roles of the metal and the oxide, platinum was 
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added to various oxides. Although platinum itself was not active in aldehyde 
formation, addition of it to oxides remarkably increased the aldehyde selectivity and 
decreased the reaction temperature. However, the above-mentioned volcano-
shaped correlation was not affected by platinum addition and the hydrogenation 
reaction still proceeded on the oxide and not on the metal. All reasonable 
explanations for these phenomena can be rejected, except the possibility that 
platinum is responsible for the activation of hydrogen, which subsequently spills over 
to the oxide, where the actual hydrogenation reaction takes place. 
  Since iron oxide was the most selective catalyst, it was subjected to a more detailed 
study. As already mentioned, it appeared that a selective iron catalyst consisted of 
both a metallic and an oxidic phase. The metallic iron probably fulfils the same role 
as platinum does in the above-described catalysts. The importance of the reductant 
was studied further. Carbon monoxide could not substitute hydrogen, and the 
hydrogen/acid ratio had to be high enough to keep the catalyst in its, partly reduced, 
selective state. In the literature, no aldehyde formation from aliphatic acids was ever 
reported on iron oxide, as always a too low hydrogen/acid ratio was used. 
By using acids with a different number of α-hydrogen atoms, it has been revealed 
that the presence of α-hydrogen is needed for the surface reaction to ketones. An 
acid without α-hydrogen atoms cannot ketonise and is, therefore, more easily 
hydrogenated to its corresponding aldehyde. This explains why all patents dealing 
with carboxylic acid hydrogenation report only on aromatic acids, which have no α-
hydrogen atoms. Shortening the contact time during the ketonisation reaction 
favoured ketene formation, indicating that ketene or a ketene-like species functions 
as an intermediate in the ketonisation. As the formation of this intermediate 
demands the abstraction of an α-hydrogen atom, it is clear why α-hydrogen is 
needed. 
  Carbon-13 and deuterium-labelling experiments elucidated the mechanism of the 
ketonisation reaction in more detail. The intermediate involved is, most likely, 
oriented parallel to the surface and interacts with the surface on two sides: on one 
side via the carboxyl group and on the other side via the α-carbon. For the latter 
interaction α-hydrogen must be split off first. The carbon-carbon bond of this 
intermediate can easily be broken, yielding CO2 and a reactive alkylene species, 
which reacts with a neighbouring carboxylate to a ketone. 
 The involvement of a Mars and Van Krevelen mechanism in the selective 
hydrogenation to aldehydes was confirmed convincingly by prereduction 
experiments: the creation of extra oxygen-vacancies enhanced the selectivity. 
Oxygen-labelling experiments gave less unambiguous results, but they seem to 
sustain the same mechanism. 
  The in the literature advanced mechanisms concerning the ketonisation reaction 
are not compatible with the results presented in this thesis. However, the 
mechanism proposed in chapter 9 and represented by reaction scheme 2 (p. 114) 
explains not only the results presented in this thesis, but also those presented in the 
literature. It is, therefore, the most plausible mechanism for the ketonisation 
reaction presented so far. 
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By proper modifications of the catalyst, ketonisation can be suppressed in favour of 
the desired aldehyde formation. Two requirements have to be met: metal has to be 
present in order to activate hydrogen, and an oxide with an intermediate metal-
oxygen bond strength must be used, which is able to extract oxygen from the 
carboxylic acid and makes the Mars and van Krevelen mechanism possible. The 
proposed mechanism is represented by reaction scheme 3 in chapter 9 (p. 117). 
  The discrepancies observed between the results of aromatic acid hydrogenation 
described in the literature and the results of aliphatic acid hydrogenation presented 
in this thesis can be attributed to the differences in side-reactions. The differences in 
side-reactions are caused by the fact that the phenyl and alkyl groups show different 
interactions with the surface and activate the carboxyl group differently. 
  To conclude, all possible pathways for catalysed reactions of aliphatic acids are 
depicted in figure 8.5 (p. 110), where acetic acid is used as example. 
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Samenvatting 
 
Aldehyden worden veelvuldig gebruikt, niet alleen als geur- en smaak-stoffen maar 
ook als intermediairen in verscheidene chemische syntheses, zoals de productie van 
verven, geneesmiddelen en landbouwchemicaliën. Naast hun specifieke nadelen 
hebben de huidige methoden voor aldehyde synthese alle gemeen dat ze 
stoichiometrische hoeveelheden afval produceren. Er bestaat daarom grote interesse 
voor een alternatieve milieuvriendelijke bereidingsmethode. Het gebruik van 
carbonzuren als grondstof hiervoor zou zeer aantrekkelijk zijn, aangezien deze 
makkelijk verkrijgbaar of eenvoudig te maken zijn. Een schone katalytische methode 
om direct uit carbonzuren aldehyden te synthetiseren zou dus zeer wenselijk zijn. Tot 
nu toe is een dergelijke directe katalytische synthese echter alleen gelukt uitgaande 
van aromatische carbonzuren. Het doel van het in dit proefschrift beschreven 
onderzoek is om deze methode voor aldehyde productie uit te breiden tot alle 
mogelijke soorten carbonzuren. 
    De literatuur biedt weinig inzicht in het gedrag van carbonzuren op katalysator 
oppervlakken. Op metalen vallen zuren meestal compleet uiteen. Van oxiden is 
bekend dat ze aromatische zuren kunnen omzetten in aldehyden, alifatische zuren 
worden echter omgezet in ketonen. Tot op heden zijn geen voorstellen gedaan 
aangaande het mechanisme van de reactie van aromatische zuren naar aldehyden. 
Daarentegen zijn talrijke mechanismen voorgesteld voor de reactie naar ketonen, 
desondanks is hier nog geen eenduidigheid over bereikt. De hier beschreven studie 
heeft als doel te onderzoeken of het mogelijk is aldehyden te maken uit alifatische 
zuren. Tegelijkertijd is geprobeerd de betrokken reactiemechanismen te ontrafelenen 
en te bepalen wat de beste katalysatoren en reactieomstandigheden zijn. Tevens is 
een deel van dit onderzoek gewijd aan het oplossen van het mechanisme van de keton 
vorming, aangezien een beter begrip van deze ongewenste nevenreactie kan helpen 
bij het onderdrukken ervan. 
   Azijnzuur, propaanzuur, isobutylzuur en pivalinezuur, waarvan het aantal α-
waterstof atomen varieert van drie tot nul, zijn gebruikt als modelstoffen. Hun gedrag 
op katalysatoren is getest in een flow-systeem onder atmosferische druk bij 

temperaturen tussen de 50 en 450C. Analyse van de producten is gedaan met 
gaschromatografie en massaspectrometrie. 
   Allereerst is azijnzuur getest op een breed scala aan oxidische katalysatoren. In 
tegenstelling tot wat de literatuur beweerde, is het toch mogelijk gebleken azijnzuur te 
hydrogeneren naar aldehyde mits oxiden werden gebruikt met een gemiddelde 
metaal-zuurstof bandsterkte. Uitzetten van de aldehyde selectiviteit als functie van de 
metaal-zuurstof bandsterkte van de katalysatoren levert een vulkaanvormige curve 
op, wat duidt op een mogelijke rol voor het Mars en Van Krevelen mechanisme. Het 
meest voorkomende nevenproduct is aceton, dat op twee duidelijk verschillende 
manieren gevormd kan worden. Oxiden met een lage roosterenergie blijken bulk 
acetaten te vormen, ontleding waarvan aceton oplevert. Op oxiden met een hoge 
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roosterenergie vindt een oppervlakte reactie naar aceton plaats. 
 Twee katalysatoren (koper- en ijzeroxide) vertonen een zeer hoge selectiviteit. 
Deze katalysatoren bestaan tijdens de reactie waarschijnlijk uit een mengsel van 
metaal en oxide. 
   Om de rol van het metaal en het oxide verder te onderzoeken is aan een aantal 
oxiden platina toegevoegd. Dit metaal is zelf niet actief in de vorming van aldehyde. 
Toch veroorzaakt de toevoeging van platina aan de oxiden een sterke verhoging van 
de aldehyde selectiviteit en een verlaging van de benodigde reactietemperatuur. De 
bovengenoemde vulkaancurve is ook na toevoeging van platina gevonden en de 
hydrogeneringsreactie blijkt op het oxide en niet op het metaal te verlopen. Alle 
mogelijke verklaringen voor deze bevindingen kunnen worden uitgesloten, behalve de 
mogelijkheid van een spill-over van, door platina geactiveerd, waterstof naar het 
oxide, waar de uiteindelijke hydrogeneringsreactie plaatsvindt. 
 Omdat ijzeroxide de meest selectieve katalysator blijkt te zijn, is het aan nader 
onderzoek onderworpen. De selectieve ijzer katalysator blijkt zowel een metallische 
als een oxidische fase te bevatten. Het metaal vervult waarschijnlijk dezelfde functie 
als platina in de bovengenoemde katalysatoren. Het belang van de reductor is 
eveneens verder uitgediept. Waterstof kan niet worden vervangen door 
koolstofmonoxide. Tevens moet de waterstof/zuur verhouding hoog genoeg zijn om 
de katalysator in zijn, gedeeltelijk gereduceerde, selectieve vorm te houden. In de 
literatuur is de hydrogenering van alifatische zuren naar aldehyden nooit gelukt omdat 
er met een te lage waterstof/zuur verhouding werd gewerkt. 
   Door het aantal α-waterstof atomen in het carbonzuur te variëren is gebleken dat de 
aanwezigheid van α-waterstof noodzakelijk is voor de oppervlakte reactie naar 
ketonen. Een zuur zonder α-waterstof kan niet ketoniseren en kan dus gemakkelijker 
gehydrogeneerd worden naar aldehyde. Dit verklaart waarom alle octrooien op het 
gebied van carbonzuur hydrogenering alleen gebruik maken van aromatische zuren, 
die geen α-waterstof atomen hebben. Verkorten van de contacttijd gedurende de 
keto-nisatie reactie verhoogt de keteen opbrengst, wat erop duidt dat keteen of een 
keteenachtige species optreedt als intermediair in de reactie naar keton. Aangezien 
de vorming van een dergelijke intermediair de abstractie van één α-waterstof vereist, 
is de noodzaak van de aanwezigheid van α-waterstof duidelijk. 
   Experimenten met koolstof-13 en deuterium-labeling hebben het mechanisme van 
de ketonisatie reactie verder opgehelderd. Het betrokken intermediair ligt 
hoogstwaarschijnlijk parallel aan het oppervlak en heeft interacties met het oppervlak 
via zowel de carboxylgroep als de α-koolstof. Om deze laatstgenoemde interactie aan 
te gaan moet eerst een α-waterstof afgesplitst worden. De koolstof-koolstof band van 
dit intermediair kan gemakkelijk verbroken worden. Dit levert CO2 op en een reactieve 
alkyleen species, die met een naburig carboxylaat doorreageert naar keton. 
De betrokkenheid van een Mars en Van Krevelen mechanisme in de selectieve 
hydrogenering naar aldehyden is bevestigd met behulp van voorreductie 
experimenten: het creëren van extra zuurstof-vacatures verhoogt de selectiviteit. 
Zuurstof-labeling experimenten lijken hetzelfde mechanisme te ondersteunen. 
 De in de literatuur voorgestelde mechanismen aangaande de ketonisatie reactie 
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zijn niet in overeenstemming te brengen met de in dit proefschrift gepresenteerde 
gegevens. Het in hoofdstuk 9 voorgestelde reactieschema (schema 2, blz. 114) 
verklaart echter niet alleen de in dit proefschrift vermelde resultaten, maar ook die uit 
de literatuur. Het is dus, voorlopig, het meest aannemelijke mechanisme voor de 
ketonisatie. 
Door de katalysator op de juiste manier te modificeren kan de ketonisatie worden 
onderdrukt ten gunste van de gewenste aldehyde vorming. Aan twee voorwaarden 
moet dan worden voldaan: metaal moet aanwezig zijn om waterstof te activeren en er 
moet gebruik gemaakt worden van een oxide met een gemiddelde metaal-zuurstof 
bandsterkte, dat in staat is zuurstof te onttrekken aan het carbonzuur en het Mars en 
Van Krevelen mechanisme te laten verlopen. Het voorgestelde mechanisme is 
weergegeven in reactieschema 3 van hoofdstuk 9 (blz. 117). 
Discrepanties tussen de in de literatuur vermelde resultaten van de hydrogenering van 
aromatische zuren enerzijds en de in dit proefschrift gepresenteerde gegevens over 
alifatische zuren anderzijds kunnen worden toegeschreven aan de verschillen in 
nevenreacties. Deze verschillen kunnen op hun beurt verklaart worden doordat 
fenylgroepen andere interacties aangaan met het oppervlak dan alkylgroepen en 
doordat ze de carboxylgroep anders activeren. 
Tot slot zijn alle mogelijke katalytische reactiepaden voor alifatische zuren 
weergegeven in figuur 8.5 (blz. 110), waarin azijnzuur als voorbeeld is gebruikt. 
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Nawoord 
 
 
 
Velen hebben direct of indirect bijgedragen aan het tot stand komen van dit proefschrift door 
mijn leven op het lab of daarbuiten te vergemakkelijken en veraangenamen. Sommigen deden 
dit wellicht buiten hun eigen medeweten om, anderen daarentegen zullen deze bladzijde als 
eerste opslaan om te kijken of ze genoemd staan. Toch wil ik een aantal mensen noemen. 
 Allereerst mijn collega's en kamergenoten, onder wie Edwin Grootendorst, Jindra 
Houzvicka, Thomas Marinelli, Sylvia Meijers, Yvonne Mergler en in het bijzonder de 
smaakmaker Léon Gielgens. Natuurlijk wil ik niet onvermeld laten mijn studenten Remko 
Koster, Sandra van Duijne en Jean-Pierre Pieterse, die allen een niet onaanzienlijke bijdrage aan 
dit proefschrift hebben geleverd. 
 Tevens hebben Leo Boellaard, Dirk Huckriede, Mark Broekhans, Johan Bakker, amanuensis 
Peter Plug, de glasblazers John Eradus en Gerard van Amsterdam en de heren van de foto- en 
tekenafdeling mij bijgestaan waar nodig. 
 En tot slot mijn ouders voor de grondvesten waar ik op kon staan en Marieke waar ik bij kon 
steunen. 
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