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CHAPTERR 1 

Introductio n n 

Oleochemistr y y 

Oleochemicalss are chemicals made from (vegetable or animal) oils and fats. Oils and 

fatss are tri-esters of fatty acids and glycerol, so-called triglycerides. The difference between 

fatss and oils is that at ambient temperatures fats are solid and oils are liquid. 

Oleochemicalss are an environmentally attractive source of chemicals, compared with 

chemicall  derived from petroleum, as they are basically renewable feedstocks and essentially 

CO22 neutral. Examples of oleochemical products are fatty acids, glycerol, fatty alcohols, fatty 

amines,, and metallic soaps. Oleochemicals are used in a wide range of applications such as in 

lubricants,, soaps and detergents, cosmetics, pharmaceuticals, food additives, paints and 

coatings,, and printing inks [1]. 

Thee raw materials for oleochemicals can grow in many parts of the world. A large 

partt of the vegetable oils such as coconut, palm and palm kernel oil is coming from tropical 

countries.. In more temperate climates production of soybean, rape and sunflower oils is 

possible.. Wood or tall oil (by-product form the paper pulp industry) is another source of 

vegetablee oils [1]. 

Forr the year 2001, world production of oils and fats is estimated at 117 million tonnes 

withh soybean oil as number one at about 25 million tonnes and palm oil as number two at 23 

millionn tonnes [2]. Approximately 14 % is used for the production of oleochemicals [3]. 

Worldd production of oils and fats has been increasing steadily at 3.35% per annum for the 

periodd from 1990 - 2000. 
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Naturall  oils and fats are not based on a single fatty acid. Each oil type contains a 

mixturee of fatty acids in proportions that depend on the source of the oil. In most oils they 

occurr in the form of triglycerides. These are esters in which one molecule of glycerol is 

chemicallyy combined with three molecules of fatty acid. Natural fatty acids have all straight 

chainschains of carbon atoms with a terminal carboxyl group. Predominantly these acids have an 

evenn number of carbon atoms and an essential difference between any two adjacent members 

off  the series is the length of the carbon atom chain and the degree of unsaturation. The most 

abundantt fatty acids are those with 16 and 18 carbon atoms. 

Vegetablee and Animal Oils and Fats 
Triglycerides s 

Methanoll  / 

Methyll  Esters + Glycerol 

I I 
Fattyy Alcohols Fattyy Este 

sH20 0 

Fattyy Acids + Glycerol 

rss Dimers/Trimers Fatty Nitriles 
Metallicc Soaps 

FigureFigure 1.1: Basic oleochemical reactions 

Thee basic step for transforming animal and vegetable oils and fats into oleochemicals 

iss hydrolysis, the splitting of triglycerides into glycerine and fatty acids (Figure 1.1). The 

triglyceridess can also be directly transformed into methyl esters with excess methanol using 

ann alkaline catalyst. 

Distillationn is used to purify the crude fatty acids under vacuum. Separation of fatty 

acidss yields a liquid fraction (unsaturated acids, mainly oleic acids) and a solid fraction 

(saturatedd acids, mainly stearic acids). Fractional distillation is used to separate a mixture of 

fattyy acids according to chain length. 

2 2 



Introduction Introduction 

Fattyy acids can be converted into a number of oleochemical products, including 

dimerss of unsaturated fatty acids, fatty esters, fatty amides, fatty nitriles and its derivatives, 

andd metallic soaps. 

Dimerisatio nn of unsaturate d fatt y acid s 

Dimerisationn of unsaturated fatty acids is an important process in the oleochemical 

industry.. Three major products are made in this liquid phase batch process: isostearic acid, 

dimerss and trimers. The three products each consist of numerous different compounds caused by 

thee use of natural feeds, consisting of a variety of fatty acids, and the occurrence of several side 

reactions:: cis/trans isomerisation, double bond shift, branching, ring formation, aromatisation, 

hydrogenn transfer and lactone formation. [4, 5] 

Dimerss and trimers are mainly used as components in polyamides, e.g. in hot melt 

adhesives,, epoxy-coatings and flexographic printing inks. The monomer fraction of the 

productt is applied in lubricants or cosmetics [1]. 

AA simplified reaction scheme is shown in Figure 1.1. 

V V \ A ^ = V W V O O HH > V S A / V ^ Y ^ V ^ V C O O H 

oteicacidd / \ /\/\/\y\/\/\/\/\yCOOH 

dimerss Cx 

V V v \ W v V c c XOOH H 

isostearicc acid 
trimerss C&* 

FigureFigure 1.2: Dimerisation reaction scheme 

Inn 1918 the first patent on polymerisation of unsaturated fatty acids appeared [6], The 

patentt revealed the thermal polymerisation of polyunsaturated fatty acids. An important 

disadvantagee of the thermal polymerisation is the poor quality of the product: high trimer 

contentt and dark colour. In 1954 Emery Industries replaced the thermal process by the 

3 3 



ChapterChapter I 

montmorillonitee clay-catalysed dimerisation, which improved product quality significantly 

[7]--

Montmorillonitee clay is nowadays still applied as catalyst, since it is by far the most 

activee heterogeneous catalyst found in scientific and patent literature. The structure and 

propertiess of these clays are therefore discussed in the next paragraph. 

Montmorillonit ee Clay 

Clayss are layered structures and in the case of montmorillonite clays each layer 

consistss of an octahedral sheet between adjacent tetrahedral sheets. This structure of the layer 

iss typical for the 2:1 pyrophillite class of clay minerals and is depicted in Figure 1.3. The 2:1 

phyllosilicatess are divided into di- and trioctahedral phyllosilicates. In dioctahedral 2:1 

phyllosilicates,, Al  +-cations occupy two out of three octahedral positions. In trioctahedral 

phyllosilicatess all octahedral positions are occupied by divalent metal cations. 

Montmorillonitee is a dioctahedral phyllosilicate like pyrophillite, but contains isomorphous 

substitutionn sites. Mg2+ substitutes Al3+ (~1 out of 4 Al3+) in the octahedral sheet and Al3* 

substitutess Si4*  (~1 out of 25 Si4*) in the tetrahedral sheet [8, 9]. 

interlayer r 

y\y\  ^x \ A / 
tetrahedrall S i sr xs i s i =' 
layerr | | | | 

OO OH O x O OH O O 

layerr / | < x | \ / | X | \ / | \ 

OO OH  O OH O o 

tetrahedrall g, s i . ,.g, s f S i 

layerr \ / S^'O-i" \ / S ^ ' O ^ \ 
OO ^ O O % 0 

interlayer r 

FigureFigure 1.3: Structure of a dioctahedral 2:1 phyllosilicate 

Thee extent of substitution in the sheets is different for each (natural) clay, but in 

montmorillonitee substitution in the octahedral position is most abundant. Iron is another 

elementelement in the montmorillonite structure occupying a small part of the octahedral positions. 

4 4 
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Substitutionn leads to an excess negative charge of the layers, which is neutralised by 

interlayerr metal cations and protons. The interlayer metal cations are acidic by polarisation of 

theirr hydration shell. Protons and metal cations in the interlamellar space balance the negative 

chargee of the layers, originating from octahedral and tetrahedral isomorphous substitution. 

Interlayerr metal cations are easily hydrated and can, therefore, cause the clay to swell [10]. 

Swellingg may proceed up to the point where four or more layers of water are accommodated 

inn the interlayer, depending on the type of interlayer cation, relative humidity, and the charge 

off  the sheets [11, 12]. 

Esterificatio n n 

Esterss and water are formed in a condensation reaction of an alcohol and an acid. 

Alternatively,, esters can be formed in a reaction of an alkene with an acid or in a 

transesterificationn (alcoholysis, acidolysis) reaction in which the alcohol or acid part of the 

esterr is exchanged. 

Esterss are used in the production of many everyday products, as fragrances, 

lubricants,, flavors and detergents. Esterification is also a key step in the oleochemical 

industry;; the fatty acid esters are used in foods, textiles and cosmetic applications [1]. 

Industrially,, esterification reactions are mostly carried out in batch processes using 

homogeneouss catalysts. Typical catalysts are (Bransted acidic) sulfuric acid or (Lewis acidic) 

Sn-octoate.. Bransted acidic homogeneous catalysts are corrosive and need to be neutralised 

afterr reaction (forming salts) and Lewis acidic, metal containing, catalysts need to be 

removedd carefully after reaction. The use of heterogeneous catalysts in esterification is 

preferable,, since these are easily separated from reactants and products and can be re-used. 

Althoughh solid acids are already used in several industrial processes, their use in 

oleochemicalss production is still limited. Apparently, implementation of a solid acid in liquid 

5 5 
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phasee esterification is not straightforward. This can be explained by realising that most solid 

acidss are rather hydrophilic, which may lead to inhibition of the active sites by the water that 

iss formed in the esterification reaction [13]. 

Scop e e 

Thee catalysis of two important reactions in oleochemistry, esterification and 

dimerisation,, is studied. The aim of this work is to increase our knowledge on active sites of 

thee investigated heterogeneous catalysts and on the reaction mechanisms at the catalytic 

surface.. This should eventually lead to a more rational design and optimisation of 

heterogeneouss catalysts for these reactions, allow for the replacement of homogeneous acidic 

catalystss and lead to a higher selectivity in the conversion and synthesis of these 

oleochemicals,, resulting in a reduction of waste streams and by-products. 
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CHAPTERR 2 

Activ ee Sites in the Montmorillonit e 

Catalyse dd Dimerisatio n of Unsaturate d 

Fattyy  Acid s 

Abstrac t t 

Thee superior catalytic activity of montmorillonite clay in the dimerisation of 

unsaturatedd fatty acids is not well understood. In this chapter, investigations into the relative 

importancee of the various acid sites as well as structural and textural parameters of 

montmorillonitee for the dimerisation of oleic acid are described. It is shown that reaction in 

thee interlamellar space dominates the oleic acid dimerisation. The active site is the tetrahedral 

substitutionn site, and the influence of the type of interlayer cation on the activity of 

montmorillonitee is explained in terms of its effect on the interlayer distance. Model catalysts 

withh mesopores and tetrahedral substitution sites do not show any activity in oleic acid 

dimerisation.. A dual site adsorption of oleic acid, i.e. requiring the presence of both interlayer 

cationss (arising from octahedral substitution) and tetrahedral substitution sites, is proposed as 

explanationn for the superior activity of montmorillonite. 
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Introductio n n 

Dimerisationn of unsaturated fatty acids is a liquid phase batch process. 

Montmorillonitee clay is much employed as heterogeneous catalyst in thiss reaction. The major 

productt groups are dimers, trimers, and isostearic acid. Dimers and trimers have several 

applicationss [1], the most important ones being as components in polyamides, e.g. in hot melt 

adhesives,, epoxy-coatings and flexographic printing inks. The monomer fraction of the 

productt is applied in lubricants or cosmetics. 

Thee main reaction pathways in case of oleic acid dimerisation are depicted in Figure 

2.1.. However, due to the occurrence of many side-reactions the three product groups each 

consistt of numerous compounds. This is even more so when a natural (industrial) feed, 

consistingg of a variety of fatty acids, is employed. The predominant side reactions are 

hydrogenn transfer, double bond shift, cis/trans isomerisation, and chain branching [2, 3]. 

Problemss in analysis and interpretation of the complex reaction mixtures were partly avoided 

inn this study, by using high oleic acid sunflower oil as reactant. This "oleic acid" contains less 

thann 4% of poly-unsaturated fatty acids (linoleic and linolenic acid). 

W W = W S A C O O HH + \ A / V V = \ A / S / V C O O H 

oleicc acid / \ /\/\/\/\/K/\SK / \ y COOH 

dimerss C» 

V v W ^ V v WW COOH 

ZVWVUVA/VCOOHH v w v W w 0 0 0 " 
isostearicc acid 

trimerss C54 

FigureFigure 2.1: Dimerisation reaction scheme 

Homogeneouss catalysts have been used in dimerisation, but are only active with the 

methyll  esters of the fatty acids as reactants [4], Dimers of fatty acids can be made using 

10 0 
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radicall  initiation [5], but this leads to an unfavourably high amount of trimers and higher 

oligomers,, compared with the montmorillonite clay catalysed process. Montmorillonite clay 

iss by far the most active heterogeneous catalyst found in scientific and patent literature. The 

superiorr catalytic activity of montmorillonite clay in the dimerisation of fatty acids is not well 

understood.. As a first step towards the understanding of this unique activity, a study to 

elucidatee the nature of the active sites in this reaction is conducted. 

Montmorillonitee is a 2:1 phyllosilicate, which is a structural class of clays. Clays are 

layeredd structures and in case of 2:1 phyllosilicates these layers consist of an octahedral sheet 

betweenn two tetrahedral sheets. The 2:1 phyllosilicates are divided into di- and trioctahedral 

phyllosilicates.. In dioctahedral 2:1 phyllosilicates, Al3+-cations occupy two out of three 

octahedrall  positions. In trioctahedral phyllosilicates all octahedral positions are occupied by 

divalentt metal cations. The tetrahedral sheets consist of Si04
2"-tetrahedra. In Figure 2.2 the 

structuree of a perfect dioctahedral phyllosilicate (pyrophillite) is shown. 

interlayer r 

tetrahedrall s i Si Si '5| 

layerr | | 

OO OH o N O OH O O 

\\ 1X1/ \ 1X1/ \ 1/ 
octahedral^^ A l A', > Al Al "> A l ' 
layerr / ] V | N / | X | \ / | \ 

99 OH O O OH o ' O 

tetrahedrall s . s i , s , s i . s i 

layerr \ / \^Oi/ \ / N^'Oi^ N 
OO N 0 O ^ O 

interlayer r 

FigureFigure 2.2: Structure of a dioctahedral 2:1 phyllosilicate 

Montmorillonitee is a dioctahedral phyllosilicate like pyrophillite, but contains 

isomorphouss substitution sites. Mg2^ substitutes Al3+ (~1 out of 4 Al3") in the octahedral sheet 

andd Al3+ substitutes Si4+ (~1 out of 25 Si4+) in the tetrahedral sheet [6, 7], The extent of 

substitutionn in both sheets is different for each (natural) clay. As iron impurities and the 

presencee of other minerals cause even more variation in natural clays, differences in the 
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catalyticc activity of various natural clays should be interpreted cautiously and the use of 

naturall  clays avoided whenever possible. Instead, the use of synthetic clays is preferable. 

Protonss and metal cations in the interlamellar space balance the negative charge of the 

layers,, originating from octahedral and tetrahedral isomorphous substitution. Interlayer metal 

cationss are easily hydrated and can, therefore, cause the clay to swell [8]. Swelling may 

proceedd up to the point where four or more layers of water are accommodated in the 

interlayer,, depending on the type of interlayer cation, relative humidity, and the charge of the 

sheetss [9, 10]. Other polar fluids cause swelling of the clay as well, for instance ethylene 

glycoll  is often used to test the swelling of clays in XRD-experiments [9, 11]. Even benzene is 

knownn to penetrate the interlayer of montmorillonite [11]. 

Unlikee many other reactions catalysed by clays (as Friedel-Crafts alkylations [12]), no 

acidd activation procedure is used to increase the acidity of the montmorillonite. The acidity of 

non-activatedd montmorillonite clay is found to stem from various sources [13-17]: 

 Interlayer metal cations, neutralising the negative charge of the octahedral layer, give 

Brenstedd acidity due to polarisation of their hydration shell. 

 Tetrahedral substitutions lead to acid sites in the interlayer, by neutralisation of the 

resultingg excess negative charge with protons or metal cations. 

 Octahedral sites at the external surface of the clay particles, i.e. located at the edges of the 

sheets. . 

 Interlayer metal cations, acting directly as Lewis acids. 

Onlyy a few studies concerning the dimerisation of unsaturated fatty acids over clays 

weree reported in the literature, and almost none about the active sites of the clay. Den Otter 

[2,, 18-20] investigated the mechanism of the reaction and the influence of the process 

conditions.. The latter was studied by Schwarz et al. [21, 22] as well. Spiteller et al. [3, 23-28] 

12 2 
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conductedd much research into the exact structure of the products formed in the reaction. They 

proposedd a cationic mechanism, instead of a combined hydrogen transfer/Diels-Alder 

mechanism,, as proposed by den Otter. Weiss [29] emphasises the importance of the layered 

structure,, the charge of the clay layers, and the configuration of the intercalated molecules. 

Unfortunately,, no experimental methods, conditions, or references concerning dimerisation 

aree reported in this article. 

Cicell  et al. [6] studied oleic acid dimerisation using montmorillonite exchanged with 

severall  metal cations. From the observed minor differences in activities they concluded that 

thee interlayer cations, via polarisation of co-ordinated water, form the active centres. 

However,, in our opinion such a limited experimental parameter variation cannot provide 

conclusivee evidence for this hypothesis in such a complex reaction system. 

Inn this chapter we describe investigations into the relative importance of the various 

acidd sites and structural and textural parameters of montmorillonite for the dimerisation of 

oleicc acid. 

Experimenta l l 

ActivityActivity Experiments 

Experimentss are performed in a 150 ml stainless steel autoclave. The autoclave is 

flushedd several times with argon at room temperature before reaction and heating to reaction 

temperaturee is started at 2 bar argon pressure. In contrast to other studies, the catalyst is 

injectedd as slurry with a small part of the reactants only when the reaction temperature is 

reached.. This leads to a better defined starting point of the reaction. The injection of catalyst 

leadss to a small temperature drop, but within 3 minutes the reaction temperature is re-

established.. The reaction temperature is in all cases 528 K. In the presence of water (always 5 

wt.%)) the reactions are performed at autogenous steam pressure. 

13 3 



ChapterChapter 2 

Reactants Reactants 

Thee "oleic acid" used is obtained from Uniqema (ICI), prepared by hydrolytic 

splittingg of a selectively hydrogenated high oleic sunflower oil. This is a mixture of several 

fattyy acids and consists of 85 % oleic and elaidic acid (the trans isomer of oleic acid), 5 % 

palmiticc acid, 6 % stearic acid, and no more than 4 % of poly-unsaturated fatty acids. This 

mixturee is further referred to as oleic acid. 

1-Dodecenee and technical oleyl alcohol are obtained from Aldrich, palmitic acid from 

Merck.. The 9-octadecene is prepared from 1-decene (Aldrich) using metathesis. The 

metathesiss reaction is performed at room temperature using 25 wt.% of high alumina silica 

aluminaa (AKZO Nobel) and 0.5 wt.% tetrabutyltin as catalyst. Methyl oleate is prepared from 

thee oleic acid mentioned above, using the method described by Harrison [30]. The acid value 

off  the methyl oleate used is < 1 mg KOH/g methyl oleate. 

AnalysisAnalysis of reaction products 

Thee reaction products of the oleic acid dimerisation experiments are analysed with a 

Waterss HPLC. A gradient of 70/30 acetonitrile-water up to 100% acetonitrile in 16 minutes is 

used.. A subsequent 10 minutes run in acetonitrile completes the analysis. The column (C8-

reversedd phase) is kept at 323 K. The fatty acids were previously derivatised to 2-naphtacyl 

esters,, as described by Cooper et al. [31], in order to be able to use UV-detection. Sensitivity 

factorss are determined with pure reactants, except for dimers and trimers. A 'group' 

sensitivityy factor is determined for dimers and trimers, as these represent complex mixtures. 

Thee products of the reactions with alkenes, oleyl alcohol and methyl oleate are 

analysedd by gas chromatography. The Carlo-Erba GC contains a DB-1 megabore column 

(J&W)) and a FID detector. 

14 4 
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Catalysis Catalysis 

Thee same montmorillonite (non-activated clay, Grade F160, Engelhard de Meern) is 

usedd in the clay catalysed reactions and forms the basis in the preparation of ion-exchanged 

clayss and acid activated montmorillonite (Grade F160, activated clay, Engelhard de Meern). 

Thee ion-exchange procedure consists of overnight stirring in concentrated solutions of 

nitratess of several cations and drying overnight at 353 K. Repeated washing with distilled 

waterr serves to remove the excess ions. 

Severall  silica-aluminas are obtained from AKZO: SALAL, SAHA, SALAH, SALA-

10,, and SiAl-KDC. Laponite RD is obtained from Laporte Industries, Si02 S980 A from 

Shell,, y-alumina CK-300 from AKZO, and the MCM-41 (Si/Al = 16) is prepared as described 

byy Beck et al. [32] and Janicke et al. [33]. The Al3+ source for the latter is aluminium 

isopropoxide. . 

XRDXRD measurements 

XRDD experiments are performed on a Philips PW 1710 apparatus, using Co-

Kaa radiation, under controlled relative humidity of 90% RH. The clays are sedimented on 

ceramicc tile. 

Result ss  and Discussio n 

AA standard dimerisation experiment with 8 wt.% montmorillonite and 5 wt.% water is 

presentedd in Figure 2.3. Although the final concentrations of monomers, dimers and trimers 

aree reached within 2 hours, side-reactions continue for several hours longer: e.g. hydrogen 

transferr leads to formation of aromatic and saturated dimers. Injection of fresh catalyst after 2 

hourss of reaction does not lead to further oligomerisation. This is not attributable to the 

establishmentt of a thermodynamic equilibrium in oligomerisation: separated dimers and 
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trimerss do not react at all to monomers with fresh catalyst. Therefore, it seems that all oleic 

andd elaidic acid reacts to oligomers or monomers, unreactive towards oligomerisation, within 

thee first 2 hours of this experiment. 

100 0 

75 5 

50 0 

%/C18 8 

25 5 

0 0 

00 20 40 60 80 100 120 
timee (min.) 

FigureFigure 2.3: Standard dimerisation experiment: 8 wt.% montmorillonite, oleic acid, 5 wt.% 

H2O;H2O; a) A. monomer fraction, b)  dimers, and c)  trimers 

Sourcess of acidity of the montmorillonite clay may originate both from the 

interlamellarr space (interlayer) and from the external surface of the clay particles. To find out 

whetherr the reaction is dominated by interlayer or external surface area activity, particle size 

fractionss of the same montmorillonite clay were tested. The sieve fraction of 45-180 p.m and 

thee fraction <45 \\m have the same dimerisation activity (see Figure 2.4). In view of the 

widelyy differing external surface area and comparable internal surface area per unit of weight, 

thiss result is a first indication that the reaction mainly occurs at the interlayer. Other 

indicationss pointing to the same conclusion wil l be discussed below. The fraction of particles 

largerr than 180 |um is slightly less active, possibly due to mass transfer limitations. Reaction 

directlyy at octahedral sites can, therefore, not be mainly responsible for the activity of the 

montmorillonitee clay, as these sites are only present at the external surface, at the edges of the 

sheets.. Interlayer cations, arising from octahedral substitution, and tetrahedral substitution 

sitess are more likely active sites, because these sites exist in the interlamellar space. 
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45 5 

30 0 

%% dimers 

15 5 

o ' ' 
00 20 40 60 80 100 120 

timee (min.) 

FigureFigure 2.4: Influence of clay particle size on the montmorillonite catalysed oleic acid 

dimerisation:dimerisation: 1.75 wt.% montmorillonite, 5 wt.% HjO; sieve fractions: a)

<45<45 pm, b)  45-180 pan, and c)k > 180 pm 

Laponite,, a synthetic clay from the Laporte Company resembling hectorite, contains 

octahedrall  substitution sites (and thus interlayer cations), but no tetrahedral substitution sites. 

Surprisingly,, this catalyst was not active in oleic acid dimerisation (see Table 1). It is 

noteworthyy that these interlayer cations, present in the laponite (not active in oleic acid 

dimerisation),, are proposed as active sites in the dimerisation of oleic acid by Cicel et a I [6]. 

XRDD experiments show comparable interlayer distances for the laponite and montmorillonite 

(Tablee 1). The laponite is tested as its Mg"*-exchanged form, because the Mg2"-

montmorillonitee is quite active in oleic acid dimerisation (Figure 2.5). 

Thee above mentioned data lead us to conclude that tetrahedral substitution is 

necessaryy for any dimerisation of oleic acid to occur. The presence of interlayer cations as 

suchh in a layered structure is not sufficient for oleic acid dimerisation. However, the laponite 

iss active in 1-dodecene dimerisation, its activity being comparable with the activity of the 

montmorillonitee clay. Apparently, the carboxylic group of oleic acid inhibits the reaction of 

thee double bond (C=C) of oleic acid, probably by strong competitive adsorption of this 

carboxylicc group at the acidic sites of the laponite. 
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FigureFigure 2.5: Effect of interlayer cations on interlayer distance and dimerisation activity: 1.5 

wt.%wt.% ion-exchanged montmorillonite, 5 wt.VoH^O; D oleic acid, H 1-dodecene 

Althoughh the acidity connected with the interlayer cations clearly is not by itself 

sufficientt for oligomerisation activity, it is nevertheless of interest to study the impact of the 

typee of interlayer cation (i.e. systematic variation of the strength of one type of acid sites) on 

dimerisationn activity. The influence on the dimerisation rate of oleic acid is found to be large 

(Figuree 2.5), but it is not proportional to the acidity of the interlayer cations. According to the 

literature,, the order of acidity, due to polarisation of water, of the interlayer cations is: Al  + > 

Mg2**  » Ca2+ = Li f > Na+ > K [15]. However, Ca2+-montmorillonite is almost as active as 

thee Mg2-montmorillonite and Li"-montmorillonite even proves to be the most active form. 

Obviously,, other factors underlie the observed differences in activities of these exchanged 

clays. . 

Thee influence of the type of interlayer cation on the swelling of the clay is frequently 

mentionedd in the literature [9, 34]. The degree of swelling may have an effect on the rate of 

intercalationn of oleic acid and, therefore, on the rate of dimerisation. XRD measurements of 

alll  ion-exchanged clays were performed under controlled relative humidity (90% RH) and the 

interlayerr distances were calculated using the dioo reflection. The height of the TOT-layers is 
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9.11 A [35], and this value can be subtracted from the d-values found in Figure 2.5 to give the 

distancee between the layers. 

Thee rate of oleic acid dimerisation clearly depends on the type of interlayer cation 

throughh its influence on the interlayer distance and not directly because of its acidity. Al3+-

montmorillonitee is the only ion-exchanged clay with a different behaviour: a relatively large 

interlayerr distance and low conversion of oleic acid. This can be explained by formation of 

solidd aluminium hydroxides inside the interlayer, which is known to occur in Al3+-exchanged 

clayss under hydrothermal conditions [36]. This may block the interlayer for the intercalation 

andd diffusion of the reactants and products, resulting in a lower reaction rate. The dependence 

off  activity on the nature of the interlayer cations, again, indicates that the reaction proceeds 

predominantlyy in the interlayer and not at the external surface area. 

Thee results of the experiments with the laponite suggest that the interlayer cations, 

arisingg from octahedral substitution, are active sites in 1-dodecene dimerisation, but not in 

oleicc acid dimerisation. The activity in oleic acid dimerisation depends on the type of 

interlayerr cation only through its influence on the swelling of the clay. Since in 1-dodecene 

dimerisationn the interlayer cations are the active sites, the type of interlayer cation should 

havee an effect on the rate of 1-dodecene dimerisation via both swelling and acidity of the 

clay.. Different relationships between activity and the type of cation are, therefore, expected 

forr oleic acid and for 1-dodecene dimerisation. From Figure 2.5 it can be seen that this is 

indeedd the case: The acidic Mg2+-montmorillonite, possessing only average activity in oleic 

acidd dimerisation, is by far the most active clay in 1-dodecene dimerisation. Moreover, Li+-

montmorillonite,, which has the highest activity in oleic acid dimerisation, is not very active 

inn 1-dodecene dimerisation. The results of the 1-dodecene experiments agree very well with 

thee results obtained by Pillai et al. in 1-decene dimerisation [37], as they conclude as well that 
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inn alkene dimerisation the activity of montmorillonite depends on the acid strength of the 

interlayerr cations. 

Iff  the only function of interlayer cations, related to octahedral substitutions, in oleic 

acidd dimerisation is to provide sufficient interlayer spacing and tetrahedral substitution sites 

aree the actual active sites, mesoporous catalysts containing this latter type of sites should 

showw activity. Hence, both MCM-41 (Si/Al = 16) and several silica-aluminas were tested in 

thee dimerisation of oleic acid, but none were found to be active (Table 1). Apparently either 

thee presence of tetrahedral substitution sites is not sufficient for oleic acid dimerisation 

activity,, or the tetrahedral substitution sites of the clay are of a different nature than the 

tetrahedrall  substitution sites in the model catalysts tested. For the silica-aluminas the latter 

couldd very well be true: They all had a lower Si/Al ratio than the tetrahedral sheet of 

montmorillonite,, leading to lower acid strength of the active sites in silica-aluminas. The 

formationn of alumina-ensembles at the surface of the silica-aluminas may be another 

differencee with the active sites of the clay. Neither of these arguments holds for MCM-41 

withh a Si/Al ratio of 16. This ratio is comparable to the ratio in the tetrahedral sheet of natural 

montmorillonitee clays and the formation of alumina ensembles is not expected to occur. A 

differentt reason for the high activity of montmorillonite, with respect to MCM-41 (Si/Al = 

16),, in oleic acid dimerisation should, therefore, exist. 

Althoughh the presence of tetrahedral substitution sites is not sufficient for 

dimerisationn of oleic acid, 1-dodecene dimerisation is catalysed by MCM-41 (Si/Al = 16) and 

silica-aluminass as evidenced by Table 1. An experiment with 9-octadecene (having a similar 

carbonn chain length and position of the double bond as oleic acid) with silica-alumina 

(SAHA)) proves that the different activity of silica-aluminas in oleic acid and 1-dodecene 

dimerisationn is not explained only by the different position of the double bond and different 

chainn length of oleic acid and 1-dodecene. The decrease in acid value represents the amount 
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off  soap formed during oleic acid dimerisation (Table 2.1). As the oleic acid feed has an acid 

valuee of 194 mg KOH/ gram oleic acid, the data presented strongly suggest that the 

carboxylicc group of the oleic acid inhibits the dimerisation of oleic acid over silica-alumina 

byy competitive adsorption and soap formation with the Al3+-ions of the catalyst. 

TableTable 2.1: Oleic acid, 1-dodecene, and 9-octadecene dimerisation over various catalysts 

Catalyst t 

montmorillonite e 

Mg2+-laponite e 

Si02 2 

SA-LAL L 

SA-HA A 

SA-KDC C 

Y-AI2O3 3 

MCM-411 (Si/Al=16) 

Lii  -montmorillonite, 
immersedd in H20 

Li +-montmorillonite, , 
standardd procedure 

acidd activated 
montmorillonite e 

diooo (A) 

90% % 
RH H 

15.4 4 

15.9 9 

indeter r 
minable e 

indeter r 
minable e 

indeter r 
minable e 

wt.% % 
catalyst t 

8 8 

4 4 

8 8 

6 6 

4 4 

8 8 

8 8 

8 8 

8 8 

8 8 

6 6 

8 8 

8 8 

8 8 

8 8 

8 8 

4 4 

4 4 

1.5 5 

1.5 5 

8 8 

reactant t 

oleicc acid 

11 -dodecene 

oleicc acid 

oleicc acid 

1-dodecene e 

oleicc acid 

1-dodecene e 

oleicc acid 

1-dodecene e 

oleicc acid 

1-dodecene e 

9-octadecene e 

oleicc acid 

1-dodecene e 

oleicc acid 

1-dodecene e 

oleicc acid 

1-dodecene e 

oleicc acid 

oleicc acid 

oleicc acid 

reaction n 
time e 
(min.) ) 

240 0 

240 0 

30 0 

240 0 

240 0 

120 0 

60 0 

120 0 

60 0 

120 0 

60 0 

120 0 

30 0 

60 0 

120 0 

60 0 

120 0 

60 0 

120 0 

120 0 

30 0 

%% dimers 

50 0 

20 0 

43 3 

<1 1 

17 7 

4 4 

<1 1 

9 9 

9 9 

5 5 

47 7 

20 0 

4 4 

41 1 

<1 1 

<1 1 

<1 1 

30 0 

41 1 

41 1 

26 6 

acidd value 
(mg g 
KOH/g) ) 

183 3 

154 4 

149 9 

168 8 

158 8 
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FigureFigure 2.6: Effect of the addition of 5 wt.% palmitic acid on dimerisation of 1-dodecene;

66 wt.% SAHA,  8 wt.% SAHA + 5 wt.% palmitic acid 

Too verify this hypothesis, an 1-dodecene dimerisation experiment, using silica-

aluminaa catalyst and adding 5 wt.% saturated fatty acid (palmitic acid), was performed 

(Figuree 2.6). The conversion of the 1-dodecene is seen to decrease significantly in the 

presencee of the saturated fatty acid. Hence, carboxylic groups seem to block the active sites 

off  the silica-aluminas, but not the active sites of montmorillonite clay. 

Therefore,, the influence of this carboxylic and other functional groups in the clay 

catalysedd dimerisation were studied further. An alkene, alcohol and methyl ester analogous to 

oleicc acid have been used. Al l experiments are performed with and without the addition of 

water,, and are shown in Figures 2.7 and 2.8. 

Oleyll  alcohol reacts with a comparable rate to oleic acid, but a substantial part of the 

dimerss of oleyl alcohol results from etherification, instead of dimerisation at the double bond. 

Bothh products were found using Field Emission Mass Spectrometry. This result contradicts 

thee results reported by Weiss [29], who claimed that montmorillonite is not active in oleyl 

alcoholl  dimerisation. Polar groups (especially the carboxylic group) enhance the dimerisation 

ratee on the clay catalyst (Figures 2.7 and 2.8). As is apparent from Figure 2.7, the oleic acid 
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reactss more rapidly over the montmorillonite compared with its analogous alkene. Probably 

thee intercalation of the reactants into the initially hydrophilic clay is facilitated by the 

presencee of the polar group. This is, again, an indication of the reaction being dominated by 

thee interlayer. 

60 0 
timee (min.) 

FigureFigure 2.7: Dimerisation of various reactants as a function of time: 5 wt.% water, 8 wt.% 

montmorillonite:montmorillonite:  oleic acid, M oleyl alcohol, A methyl oleate, X 9-octadecene 

400 60 

timee (min.) 

120 0 

FigureFigure 2.8: Dimerisation of various reactants as a function of time: without addition of 

water,water, 8 wt. % montmorillonite;  oleic acid, H oleyl alcohol, A methyl oleate, 

xx 1-dodecene 

Thee importance of the polar group becomes even clearer, when 5% palmitic acid is 

addedd to a reaction of methyl oleate, as shown in Figure 2.9. Methyl oleate itself seems not to 
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bee able to penetrate into the interlayer, but in the presence of palmitic acid the clay becomes 

increasinglyy hydrophobic through intercalation of the palmitic acid. At this point the reaction 

off  methyl oleate is enhanced by easier intercalation of this species. The enhanced 

dimerisationn of methyl oleate by the presence of water (Figure 2.7) can be explained by 

partiall  hydrolysis of the methyl ester to oleic acid (the acid value of the product is 67 mg 

KOH/g),, which should have the same effect as the addition of palmitic acid. Notice that the 

effectt of the addition of the palmitic acid in the clay catalysed dimerisation of methyl oleate 

iss opposite to the effect in the silica-alumina catalysed reaction of 1-dodecene (Figure 2.6). 

200 i 

.  — 
15 5 

22 ' 
o o 

ii  io —-— 

5 5 

00 # " 

00 2 0 time (m in . ) 4 0 

FigureFigure 2.9: Effect of the addition of 5 wt.% palmitic acid on clay catalysed dimerisation of 

methylmethyl oleate: 8 wt.% montmorillonite; H methyl oleate + 5 wt.% palmitic 

acid,acid, A methyl oleate 

Thee effect of addition of water on the dimerisation rate of oleic acid is large and can 

bee explained by the increased interlayer distance upon swelling of the clay with water, 

leadingg to increased intercalation and reaction of oleic acid. This effect is in accordance with 

thee results of ion-exchanged clays, for which the swelling of the clay is found to be the 

importantt factor as well. 

Inn conclusion, model catalysts with either interlayer cations (arising from octahedral 

substitution)) or tetrahedral substitution sites as active sites, have been tested. Both types of 
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modell  catalysts are active in 1-dodecene dimerisation, but show no activity at all in the 

dimerisationn of oleic acid. Probably, the carboxylic group inhibits the activation of the double 

bondd at the active sites by strong competitive adsorption. The only exception is the 

montmorillonitee clay, which contains both types of sites in a layered structure. 

Onee possible explanation for this exception is that the layered structure of the clay 

forcess the reactants into an adsorption mode parallel to the tetrahedral sheet, in which the 

doublee bond can adsorb at the active sites (the tetrahedral substitution sites). In a non-layered 

materiall  the adsorption might be preferentially via the carboxylic group with the molecule 

perpendicularr to the surface, inhibiting the activation of the double bond. Another hypothesis 

iss that the interlayer cations, arising from octahedral substitution in the clay, bind the 

carboxylicc groups and thereby prevent the inhibition of the tetrahedral substitution sites of the 

clay.. The remainder of the discussion in this chapter is an attempt to verify either one of these 

twoo hypotheses to explain the superiority of montmorillonite clay. 

1500 0 

1000 0 

r>oo o 

AA (c) 

M ll  Aa \ 
/C^*= ** 1—_^ _ 

122 14 

FigureFigure 2.10: XRD of (a) hC-, (b) acid activated-, and (c) Mg2+-montmorillonite at 90% RH 

Li-montmorillonite,, which gives the highest conversion of the ion-exchanged clays, 

iss known to swell to complete delamination in water [9]. Already at 90% RH (Relative 

Humidity),, there is no distinct maximum of the dioo peak left, in contrast to all other ion-

exchangedd montmorillonites. XRD data of Li+- and Mg -montmorillonite are shown in 
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Figuree 2.10. The Li-montmorillonite, immersed in water before reaction, catalyses the oleic 

acidd dimerisation just as well as in a normal experiment (see Table 1), without prior mixing of 

clayy and water. An optimum in interlayer distance may be anticipated if the parallel 

adsorptionn is the reason of the superior activity of the clay. The behaviour of the Li+ -

montmorillonitee seems to contradict this. The necessity of dual site adsorption of oleic acid, 

i.e.. the presence of interlayer cations and tetrahedral substitution sites, seems therefore the 

moree likely explanation of the high activity of montmorillonite. However, the interlayer 

distancess cannot be measured under reaction conditions, and, therefore, proof of complete 

delaminationn during reaction was not obtained. 

Anotherr aspect pointing in the same direction is the fact that acid activated 

montmorillonitee gives less, but still considerable, conversion (see Table 1) of oleic acid 

comparedd with the same non-activated clay. XRD measurements (Figure 2.10) hardly show a 

diooo peak in the acid activated clay. The lower activity of the acid activated clay could thus be 

attributedd to either delamination, if the layered structure is needed, or to leaching of 

tetrahedrall  aluminium [7, 38], which destroys the active sites. Again, a proper distinction 

betweenn the two hypotheses is as yet impossible. 

Additionall  arguments can be derived from the soap formation during oleic acid 

dimerisationn (Table 1), which occurs readily in MCM-41 (Si/Al=16) and silica-aluminas, but 

occurss significantly less in case of a montmorillonite catalysed reaction, even after longer 

reactionn times and with high catalyst loading. This indicates the only weak interaction 

betweenn the carboxylic group and the tetrahedral substitution sites of the montmorillonite. If 

thee adsorption mode, due to the layered structure, is the only crucial factor next to tetrahedral 

substitution,, there seems to be no reason for a weaker interaction of the carboxylic group with 

thee active sites of the clay, as compared with for instance the MCM-41 catalyst. However, the 

presencee of interlayer cations, binding the carboxylic groups, explains the absence of soap 
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formationn in the montmorillonite catalysed reaction. Therefore, interlayer cations seem to be 

cruciall  to oleic acid dimerisation activity (next to tetrahedral substitution), preventing the 

inhibitionn of the active sites by the carboxylic group of oleic acid. 

Concludin gg Remarks 

Montmorillonitee clays are layered structures, each layer consisting of an octahedral 

sheett between two tetrahedral sheets. Isomorphous substitution in both the tetrahedral and the 

octahedrall  sheets leads to an excess negative charge of the layers, which is compensated by 

interlayerr metal cations and protons, leading to different acid sites. The relative importance of 

thee various acid sites, as well as the structural and textural parameters of montmorillonite, in 

thee dimerisation of oleic acid was investigated. 

AA variety of arguments, strongly suggesting that the activity of montmorillonite clay 

forr oleic acid dimerisation is dominated by reaction in the interlamellar space, has been 

presented.. Results of experiments with laponite, a synthetic clay with octahedral substitution, 

demonstratee that tetrahedral substitution is a prerequisite for dimerisation of oleic acid. This 

iss not true for 1-dodecene dimerisation, which is readily catalysed by Mg2+-laponite. 

Althoughh the type of interlayer cation has a large effect on the rate of oleic acid 

dimerisation,, the dependence of the activity of montmorillonite on the type of interlayer 

cationn in this case is different from that in 1-dodecene dimerisation. If interlayer cations were 

thee active sites in oleic acid dimerisation (as they are in 1-dodecene dimerisation) the activity 

off  montmorillonite in oleic acid and 1-dodecene dimerisation would be expected to depend in 

aa similar way on the type of interlayer cation, in proportion to the acidity of their hydration 

sphere.. Therefore, in oleic acid dimerisation the tetrahedral substitution site must be the 

activee site and the influence of the type of interlayer cation on the activity of montmorillonite 
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iss explained by its effect on the interlayer distance. The addition of water enhances the 

dimerisationn rate, and this can also be explained by increased swelling of the clay. 

Variouss silica-alumina type catalysts, i.e. with tetrahedral substitution sites as active 

sites,, have been tested. These catalysts are active in 1-dodecene dimerisation, but not active at 

alll  in oleic acid dimerisation. The carboxylic group of oleic acid inhibits the activation of the 

doublee bond at the active sites of all catalysts tested by strong competitive adsorption, except 

forr the active sites of the montmorillonite clay. Moreover, when oleic acid dimerisation in 

montmorillonitee is compared for instance with its analogous methyl ester and alkene, the 

carboxylicc group even increases the dimerisation rate at the double bond, probably by 

enhancingg the intercalation of the reactants in the hydrophilic clay. 

AA possible explanation for this exception is that the layered structure of the clay forces 

thee reactants into an adsorption mode parallel to the tetrahedral sheet, in which the double 

bondd is able to adsorb at the active sites. Another hypothesis is the presence of interlayer 

cations,, arising from octahedral substitution, binding the carboxylic groups and thus 

preventingg the inhibition of the tetrahedral sites of the clay. The second hypothesis is 

preferredd by the authors, as the absence of soap formation during montmorillonite catalysed 

reactionn can be understood only with this explanation of the superiority of the 

montmorillonite. . 
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CHAPTERR 3 

Clayy Catalyse d Dimerisatio n of Oleic Aci d 

Abstract t 

Montmorillonitee clay has a unique activity in the dimerisation of unsaturated fatty 

acids.. In Chapter 2, dual site adsorption was proposed to explain this superior catalytic 

activity.. The carboxylic group is thought to co-ordinate to the interlayer metal cations and the 

activationn of the double bond occurs at the tetrahedral substitution site. 

Inn the present work, the hypothesis that reaction takes place in the interlayer of the 

clayy catalyst will further be validated. To this end, experiments with addition of water and 

ethylenee glycol are conducted. Further a range of synthetic clays was synthesised in order to 

varyy systematically the extent of tetrahedral substitution, which was proposed previously to 

generatee the active sites for the reaction of the carbon-carbon double bond. 
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Introductio n n 

Dimerisationn of unsaturated fatty acids is an important process in the oleochemical 

industry.. In this liquid phase batch process not only dimers of fatty acids are formed, but also 

trimerss and isomers of the monomers. All product groups have a number of applications, 

with,, for dimer acids, the most important one being as components in polyamides [1]. A 

simplifiedd reaction scheme is shown in Figure 3.1. Cis/trans isomerisation, double bond shift, 

branching,, ring formation, aromatisation, hydrogen transfer and lactone formation are side 

reactions,, leading to a variety of compounds during the reaction [2-13]. The resulting ratio 

betweenn monomers, dimers, and trimers varies within a narrow range and therefore the 

selectivityy of the batch process cannot be manipulated. 

W W C W V \ C O O HH  V V V V = Y V V V C O O H 

oleicacidd / \ . / V X A / V V S / V V 0 0 ^ 

dimerss C36 

vvv^A/vvvC00H H 

isostearicc acid 
trimerss Cs4 

FigureFigure 3.1: Simplified reaction scheme for the dimerisation of oleic acid, showing the 

predominantpredominant (side-) reactions. 

Montmorillonitee clay has a unique activity in the dimerisation of unsaturated fatty 

acids.. Clays are layered structures and in montmorillonite each layer consists of an octahedral 

sheett between adjacent tetrahedral sheets. Al3+ is the cation in the octahedral layer, with Mg2+ 

ass substituent In the tetrahedral sheet, Si4+ is the predominant cation and Al3+ the 

predominantt substituent, in the same way as in zeolites. This structure of the layer is typical 

forr the 2:1 pyrophillite class of clay minerals and is depicted in Figure 3.2. 
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Thee extent of substitution in the sheets is different for each (natural) clay, but in 

montmorillonitee substitution in the octahedral position is most abundant. Iron is another 

elementt in the montmorillonite structure occupying a small part of the octahedral positions. 

Substitutionn leads to an excess negative charge of the layers, which is neutralised by 

interlayerr metal cations and protons. The interlayer metal cations are acidic by polarisation of 

theirr hydration shell. 
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FigureFigure 3.2: Layered structure of montmorillonite; no substitutions are shown in this 

drawing. drawing. 

Dimerisationn is usually performed under 5 to 10 bar steam pressure. The degree of 

swellingg of clays depends on the type of interlayer cations, relative humidity, the charge of 

thee sheets, the origin of the charge and the nature of the molecules adsorbed in the interlayer. 

Ethylenee glycol is often used to test the swelling of clays in XRD-experiments [14, 15]. 

Onlyy a few studies concerning the dimerisation of unsaturated fatty acids over clays 

aree reported in the literature. Spiteller et al. [2-13] conducted much research on the molecular 

structuress of the products formed in the reaction. Den Otter [16-19] investigated the 

mechanismm of the reaction and the influence of process conditions. He proposed a combined 
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hydrogenn transfer and Diels-Alder mechanism to explain the maximum of around 65 wt.% 

dimerss that can be found in the clay-catalysed dimerisation of oleic acid. However, this model 

neglectss the occurrence of hydrogen transfer in dimer and trimer acids, making the model 

unrealistic.. The presence of saturated dimer acids, as found by Spiteller [8, 9, 12], proves that 

dimerr acids participate in hydrogen transfer reactions. Moreover, these authors showed that 

typicall  Diels-Alder substitution patterns were absent in the cyclic dimer acids and, therefore, 

theyy proposed a cationic mechanism. The maximum dimer yield is due to hydrogen transfer 

leadingg to saturated unreactive monomers, but hydrogen transfer is not necessarily part of the 

dimerisationn mechanism itself. 

Weisss [20] emphasised the importance of the layered structure, the charge of the clay 

layers,, and the configuration of the intercalated molecules in the clay catalysed dimerisation 

off  oleic acid. Unfortunately, no experimental methods, conditions, or references concerning 

dimerisationn were reported. The only other article providing an explanation for the activity of 

montmorillonitee clay in oleic acid dimerisation is from Cicel et al.[21]. These authors 

proposedd that the charge neutralizing interlayer cations, arising from octahedral substitution, 

aree the active sites in the dimerisation of oleic acid. This is also die case in alkene 

dimerisationn as reported by Pillai and Ravindranathan in 1994 [22]. Cicel et al. [21] arrived at 

thiss conclusion from the absence of any correlation between structural aspects of the clays, 

likee octahedral and tetrahedral substitution, and activity. This can be explained, considering 

thee work in Chapter 2, by the influence of the interlayer distance, which is not taken into 

accountt by Cicel et al. [21]. Moreover, the natural clays used are different not only in the 

extentt of tetrahedral and octahedral substitution, but also with regard to the presence of 

minerall  and elemental impurities. This precludes the simple variation of isolated parameters 

off  the clays. 
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Inn Chapter 2, we focused on the nature of the active sites of montmorillonite in the 

dimerisationn of oleic acid. A dual site adsorption was proposed to explain the unique catalytic 

activityy of montmorillonite. The presence of two different acidic sites is the reason that the 

carboxylicc group of oleic acid does not inhibit the dimerisation reaction of oleic acid. The 

carboxylicc group is thought to co-ordinate to the interlayer metal cations, arising from the 

octahedrall  substitution, and the activation of the double bond occurs at the tetrahedral 

substitutionn site. It is assumed that the reaction takes place in the interlayer of the clay 

catalyst.. In this chapter, this hypothesis, which is previously based on nearly equal activities 

off  different particle size fractions of montmorillonite, is further verified. The absence of 

markedd particle size effects is indeed an indication for predominant reaction in the interlayer, 

butt no proof, since particle size but not crystallite size was varied. Therefore, it still needs to 

bee asserted whether the reaction proceeds in the interlayer. The role of water and other 

swellingg agents in clay catalysed dimerisation is further studied. This role could encompass, 

apartt from swelling of the clay, also hydration of the catalyst surface leading to stronger 

Brgnstedd acidity, or hydration of the reactants, when the reaction proceeds over a hydrated 

intermediate. . 

Syntheticc clays are used to vary systematically the extent of tetrahedral substitution, 

thuss leading to a systematic variation of the active sites as proposed in Chapter 2. Saponite 

clays,, synthesised as described by Vogels et al. [23], are tested as catalysts for oleic acid 

dimerisation.. These clays do not contain Al3+ in the octahedral sheet, but divalent metal 

cationss like Zn2+ and Mg2+. For this reason, the extent of substitution by Al3+ in the 

tetrahedrall  sheets can be controlled. The variation of the Si/Al ratio may provide further 

evidencee for the role of the tetrahedral substitution sites as the active sites in the dual site 

adsorptionn mechanism. 
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Experimenta l l 

ActivityActivity Experiments 

Experimentss are performed in a 150-ml stainless steel autoclave. The autoclave is 

filledd with oleic acid and flushed several times with argon at room temperature, after which 

heatingg to reaction temperature is started at 2 bar argon pressure. In contrast to the 

dimerisationn procedure used by others, the catalyst is injected as a slurry with a small part of 

thee reactants only when the reaction temperature is reached. The reaction temperature equals 

inn all cases 528 K. In the presence of water (always 5 wt.% of the initial oleic acid) the 

reactionss are performed under autogenous steam pressure (ca. 8 bar). 

Reactants Reactants 

Thee 'oleic acid' used (provided by Uniqema) is prepared by hydrolytic splitting of a 

selectivelyy hydrogenated high oleic sunflower oil. The latter is a mixture of several fatty acids 

consistingg of 85 wt.% oleic and elaidic acid (the trans isomer of oleic acid), 5 wt.% palmitic 

acid,, 6 wt.% stearic acid, and no more than 4 wt.% of poly-unsaturated fatty acids. This 

mixturee is further referred to as oleic acid. 

AnalysisAnalysis of reaction products 

Thee reaction products of the oleic acid dimerisation experiments are analysed with a 

Waterss HPLC. An elution gradient of 70/30 acetonitrile-water up to 100% acetonitrile in 16 

minutesminutes is used. A subsequent 10 minute run in acetonitrile completes the analysis. The 

columnn (C8-reversed phase) is kept at 323 K. The fatty acids are derivatised to 2-naphtacyl 

esterss prior to the HPLC analysis, as described by Cooper et al. [24], to allow UV-detection. 

Sensitivityy factors are determined with pure reactants, except for the dimers and trimers. A 
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groupp sensitivity factor is determined for the dimers and trimers, as these represent complex 

mixtures. . 

Dimerr formation is represented as the molar fraction of the total amount of fatty acids 

(fractionn of FA) that reacts to dimers. No correction for the presence of saturated non-reactive 

fattyy acids is made. The amount of water and ethylene glycol added during reaction is given 

inn weight percentages, where the amount of reactant is taken as 100 %. 

Catalysts Catalysts 

Montmorillonitee (non-activated clay, Grade F160, Engelhard de Meern) is used in the 

dimerisationn and this clay also forms the basis for the preparation of ion-exchanged variants. 

Thee ion-exchange procedure consists of overnight stirring in concentrated solutions of 

nitratess of the relevant cations. Repeated washing with distilled water serves to remove the 

excesss ions and is followed by drying overnight at 353 K. 

Saponitee clays with several Si/Al rations are prepared by the method described by 

Vogelss et al. [23] from sodium silicate (p.a.: 27 wt.% Si02, Merck), urea (99 %) and 

A1(N03)3.99 H20 (98+% from Aldrich). The synthesis is conducted at 363 K during 24 hours. 

Sixx washing steps and subsequent centrifuging and decanting, followed by drying at 373 K 

overnightt are performed before use of the catalyst. 

XRDXRD measurements 

XRDD experiments are performed on a Philips PW 1710 apparatus, using Co-

Kaa radiation, under controlled relative humidity (RH) of 10 % and 90 %, or with glycerol as 

swellingg agent. The clays are sedimented on a ceramic tile. 
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ElementalElemental analysis 

ICP-AESS was used to determine the actual ratio of the elements in the synthetic 

catalystss on a multichannel Thermo Jarrel Ash ICAP 957 spectrometer, upgraded to ICAP 61. 

Resultss and Discussion 

DimerisationDimerisation reaction 

Thee product analysis results vs. reaction time for a typical dimerisation reaction are 

shownn in Figures 3.3-3.5. Spiteller et al. [2-13] conducted an extensive analysis of the 

differentt specific compounds formed during the reaction. In this study, we only followed the 

formationn of the different product groups with time. A heating period with concomitant 

formationn of specific products is avoided by injecting the catalyst at the reaction temperature. 

Althoughh this procedure results in an initial drop of temperature from 528 to 503 K, the 

originall  temperature is quickly restored. The HPLC analysis allows us to follow the 

formationn of monomers, dimers, and trimers. 
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FigureFigure 3.3: Typical dimerisation reaction of oleic acid, formation of dimers and trimers in 

time;time; 4 wt. % montmorillonite, T = 528 K, 5 wt. % water, O monomer fraction, a 

dimerdimer fraction, A trimer fraction. 
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Withinn the monomer fraction, palmitic acid (in the feed), stearic acid (both present in 

thee feed and formed by hydrogen transfer), isostearic acid, oleic, and elaidic acid can be 

distinguished.. GC-MS analysis confirmed the presence of all products expected. Both 

Spitellerr [7,9,12] and den Otter [17] assumed that elaidic acid is the only active form of 9-10 

octadecenoicc acid. However, based both on the work of these authors and our work, there is 

noo reason to assume that only elaidic acid is reactive. From these data, one can only conclude 

thatt oleic and elaidic acid (and probably regio isomers due to double bond shift) are in 

relativelyy fast equilibrium and, therefore, they are plotted together in Figure 3.4. 
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FigureFigure 3.4: Typical dimerisation reaction, monomer fraction in time; 4 wt.% 

montmorillonite,montmorillonite, T = 528 K, 5 wt.% water, O oleic and elaidic acid, o isostearic 

acid,acid, A stearic acid. 

Thee dimer acids are separated into three fractions: aromatic, saturated, and 

cyclic/unsaturatedd non-cyclic. Figure 3.5 shows that the latter fraction of dimers is formed 

initially,, but diminishes towards the end of the experiment giving both saturated as well as 

aromaticc dimers. 

Injectionn of fresh catalyst after 2 hours of reaction does not lead to further 

oligomerisation.. This is not attributable to the establishment of a thermodynamic equilibrium 
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inn oligomerisation, since it was verified experimentally that pure dimer and trimer feeds do 

nott react at all to monomers over a fresh catalyst. 
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FigureFigure 3.5: Typical dimerisation reaction, dimer fraction in time; 4 wt. % montmorillonite 

catalyst,catalyst, T = 528 K, 5 wt. % water, O aromatic dimers,  cyclic and unsaturated 

dimers,dimers, A saturated dimers. 

ZZ 60 
< < 
Z.Z. 45 

22 30 +r 

tt  15 + 
E E ki ki 

m m 

-+--+- + + -+--
755 150 225 

time/min. . 
300 0 

FigureFigure 3.6: Typical dimerisation reaction, dimer fraction in time; 4 wt. % catalyst, T = 528 

K,K, 5 wt.% water,  used catalyst, o fresh catalyst. 

Althoughh the final concentrations of monomers, dimers, and trimers are reached 

withinn 2 hours, side-reactions continue for several hours longer: e.g., hydrogen transfer leads 

too the formation of aromatic and saturated dimers. Apparently, the catalyst is still active, but 

alll  the 'reactive' monomers, i.e. the unsaturated fatty acids, have either oligomerised or 
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reactedd towards saturated monomers. Re-use of the catalyst after filtration, indeed, shows no 

losss in activity at all, as it can be seen in Figure 3.6. It is therefore proposed that the 

industriallyy found deactivation of the catalyst can be explained by the formation of poly-

aromaticc compounds, due to the poly-unsaturated compounds in the feed or, perhaps, to 

specificc industrial post-treatment of the product mixture. 

TheThe influence of swelling agents 

Commerciallyy the dimerisation of oleic acid is performed between 513 and 538 K, 

withh the addition of approximately 5 wt.% water. This leads to a steam pressure in the batch 

reactorr of around 8 bar. The influence of the water addition is depicted in Figure 3.7. Clearly, 

thee addition of water leads to a much higher activity of the clay catalyst. As the clay contains 

waterr at room temperature and atmospheric pressure, a drying procedure has also been 

performedd before reaction. Drying at 413 K overnight leads to an even lower activity of the 

montmorillonitee clay catalyst, which cannot be ascribed to an irreversible collapse of the clay 

structuree [25]. 

600 T 

2:: 45 
t5 5 

II  30 
o o 
ra ra 

E E 

A A 

A A 

D D D D 

OO O 
ii  1 1 — 

755 150 225 300 
time/min. . 

FigureFigure 3.7: Influence of the presence of water on the dimer formation of oleic acid over 

montmorillonite:montmorillonite: 4 wt. % catalyst, T = 528 K, A 5 wt. % water added, u no water 

added,added, O no water added, catalyst dried at 413 K. 
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Thiss is in agreement with earlier findings by den Otter [16, 18] and Schwarz et al. 

[26],, who both found an optimum in water content at comparable steam pressures. The effect 

iss not only an initial effect, as can be seen in Figure 3.8. When extra reactant is injected after 

88 hours of reaction, this, in the presence of steam, results in a similar concentration of dimers 

afterr another 4 hours of reaction. Again, this shows that the catalyst is still active after 

reactingg for 8 hours. However, if the steam is vented when extra oleic is added again, no more 

dimerisationn activity is detected. 
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FigureFigure 3.8: Dimer formation of oleic acid over monimorillonite, after addition of extra oleic 

acidacid during reaction; 4 wt. % catalyst, T = 528 K, first in the presence of 5 wt. % 

waterwater (t = 480 min), then without added water (t= 720 min). 

Inn order to verify the various hypotheses as to the role of water, experiments without 

water,, but with addition of ethylene glycol were performed. Ethylene glycol is often used in 

XRDD experiments to swell the clay. If the function of water is to swell the clay, thereby 

renderingg the clay accessible to the reactants, ethylene glycol could also have a positive effect 

onn the activity of montmorillonite. On the other hand, if the role of water is to hydrate the 

catalystt surface or the reactants, addition of ethylene glycol is not likely to promote the 

activity.. Ethylene glycol, added to the reaction mixture together with the dried 

montmorillonitee to exclude any influence of water, has a positive effect on the formation of 
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dimerr (Figure 3.9). However, it is found that the drying procedure does not have a large 

influencee on the catalyst activity when ethylene glycol is added, i.e., the effect of swelling by 

ethylenee glycol is dominant (Figure 3.10). Clearly, the experiments with addition of ethylene 

glycoll  and water strongly suggest that the reaction takes place in the interlayer. 
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FigureFigure 3.9: Influence of the addition of ethylene glycol and water on the dimer formation of 

oleicoleic acid over montmorillonite: 4 wt. % catalyst, T = 528 K, A 5 wt. % water 

added,added, O 5 wt. % ethylene glycol added, catalyst dried at 413 K,  no water 

added,added, catalyst dried at 413 K. 
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FigureFigure 3.10: Influence of the pre-treatment of montmorillonite on the dimer formation of 

oleicoleic acid with the addition of 5 wt. % ethylene glycol; 4 wt. % catalyst, T - 528 

K,K,  untreated, O dried overnight at 413 K, A dried overnight at 623 K. 
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SubstitutionSubstitution effects in synthetic clays 

Itt has been proposed in Chapter 2 that the tetrahedral substitution site is the active site 

forr dimerisation of unsaturated fatty acids, with the interlayer metal cations, arising from 

octahedrall  substitution, serving as co-ordination sites for the carboxylic group of oleic acid, 

thuss preventing the inhibition of the active sites. 

Thiss hypothesis was verified using synthetic saponite clays, allowing the systematic 

variationn of the Si/Al ratio in the tetrahedral sheet. Although in saponites octahedral 

substitutionn is absent, vacancies exist in the octahedral sheet, leading also to the presence of 

interlayerr cations. Mg"+ is used as octahedral cation and as interlayer cation after ion-

exchangingg the saponite. The saponite with, for instance Si/Al ratio 19 will further be referred 

too as Mg-Mg-19, with the first symbol representing the interlayer cation and the second the 

octahedrall  cation. The results of dimerisation experiments over six Mg-Mg saponites with 

differentt Si/Al ratios are compared in Figure 3.11. As expected, the formation of dimers 

increasess with the number of tetrahedral substitution sites, suggesting that these sites are 

indeedd the active sites. 
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FigureFigure 3.11: Dimerformation over Mg-Mg-saponites with various Si/Al ratios; 3 wt.% 

catalyst,catalyst, T =528 K, 5 wt.% water, 240 minutes reaction time. 
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Thee saponite with the highest A1J+ content is the least active. This can have two 

reasons.. The acidity of the tetrahedral sheet can have an optimum as a function of the Si/Al 

ratio,, in accordance with the next nearest neighbour theory developed for zeolites [27]. The 

amountt of acid sites still increases as a function of the degree of substitution in the tetrahedral 

sheet,, but at a certain moment the acid strength of the sites decreases as they on average 

containn more A1J+ in their second co-ordination shell. An alternative explanation for the lower 

activityy of the saponite with the highest Al content is that at increasing Al content the relative 

amountt of octahedral Al increases and, therefore, the amount of tetrahedral substitution sites 

decreases.. In fact, it may even prove impossible to synthesise the saponite with a high Al 

contentt in the tetrahedral sheet, due to the formation of amorphous aluminas and silica-

aluminass or incorporation of Al ,+ into the octahedral sheet. 

X-Rayy diffraction patterns of two presumed saponite catalysts are shown in Figure 

3.12.. The saponite with Zn2+ as octahedral cation clearly shows the (001) reflection, in 

contrastt to the saponite with Mg2+. This is in good agreement with the results of Vogels et al. 

[23]. . 
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FigureFigure 3.12: XRD of saponites Mg-Mg-5.7 (grey line, right y-axis) and Mg-Zn-5.7 (black 

line,line, lefty-axis), peaks caused by sample holder omitted. 
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Thesee authors, based on TEM pictures, ascribe this to the low stacking of the layers 

usingg Mg2+ as octahedral cation in the synthesis. Saponites with Zn2+ as octahedral cation are 

composedd of platelets consisting of about 10 layers after 12 hours of synthesis. 

Itt is now interesting to compare the results of these saponites with different octahedral 

cations,, providing an indication for the importance of the extent of stacking of the clay for the 

dimerisationn reaction. 

InfluenceInfluence of stacking 

Itt may be observed from Figure 3.13 that the activity of Mg-Zn-5.7 is higher than that 

off  Mg-Mg-5.7. The difference in activity could be ascribed to a high degree of stacking of the 

Mg-Zn-saponite.. This leads to the conclusion mat the layered structure has a positive effect 

onn the reaction of oleic acid, as already proposed by Weiss [20] and discussed in Chapter 2. 

Weisss claims that oleic acid is oriented perpendicular to the layers, in contrast to oleyl 

alcohol,, which supposedly aligns parallel to the layers and does not react. However, in 

Chapterr 2 is shown that oleyl alcohol does react to the dimer alcohol over montmorillonite, as 

welll  as to the corresponding ether. It seems more logical, taking into account the small 

distancess between the layers, that the layered structure forces oleic acid in a parallel 

orientationn towards the sheets. The carboxylic group can adsorb on any site, but the carbon-

carbonn double bond is still free to be activated at the active site and react with another oleic 

acidd parallel to the chain. According to this structure sensitivity model, adsorption of many 

oleicc acid molecules via the carboxylic group on a non-confined surface could make it 

impossiblee for the double bond to adsorb and be activated. 
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FigureFigure 3.13: Formation ofdimers over several saponite clays and montmorillonite; 3 wt. % 

catalyst,catalyst, T= 528 K, 5 wt. % water, 240 minutes reaction time; a Montmorillonite, 

bb Ca-Mg-19, c Mg-Mg-19, d Mg-Mg-5.7, e Li-Mg-5.7, fMg-Zn-5.7. 

Thee difference in activity of Mg-Mg and Mg-Zn saponite could also be attributed to 

differencess in the amount of aluminium in the tetrahedral sheet due to imperfect and 

incompletee synthesis. Results of Vogels et al. [23, 28] proved that with increasing Al-content 

thee clay structure deviates more and more from a perfect saponite: Si(8_X)Al (X)Mg(6). Elemental 

analysiss of the saponites is shown in Table 3.1, confirming the results of Vogels et al. [23]. 

TableTable 3.1: ICP results of saponite clays; Si/Al ratio of clay compared with synthesis ratio, 

Mg''Mg'' compared with perfect saponite structure Si(8-x) Alx Mg6 

Sample e 
Saponite e 
Mg-Mg g 

Mg-Mg g 
Mg-Mg g 
Mg-Mg g 
Li-Mg g 

Mg-Mg g 

Li-Mg g 

Si/Al l 
Synthesis s 

19.0 0 

19.0 0 
7.0 0 
5.7 7 
5.7 7 

4.7 7 

4.7 7 

Si i 
(wt.%) ) 
24.6 6 

23.6 6 
23.2 2 
22.2 2 
23.4 4 

23.6 6 

23.8 8 

Al l 
(wt.%) ) 

1.3 3 

1.2 2 
2.9 9 
3.5 5 
3.5 5 

4.9 9 

5.0 0 

Mg g 
(wt.%) ) 
15.4 4 

14.7 7 
14.8 8 
14.5 5 
12.5 5 

11.3 3 

10.6 6 

Li i 
(wt.%) ) 

0.3 3 

0.7 7 

Si/Al l 
(mol/mol) ) 

18.2 2 

18.3 3 
7.8 8 
6.0 0 
6.4 4 

4.7 7 

4.6 6 

Mg g 
Sii + Al = 8 

5.5 5 

5.5 5 
5.2 2 
5.2 2 

4.3 3 

3.7 7 

3.4 4 

Thee Si/Al ratio aimed for in the catalyst synthesis is confirmed reasonably accurately 

byy the elemental analysis for the synthesised saponites. Al l Si4+ and A1J+ cations are 
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apparentlyy used in thee synthesis. Whether every Al  + is located in the tetrahedral sheet cannot 

bee concluded from these results, but should be investigated using solid state NMR, as 

performedd by Vogels et al. [23]. 

Thee amount of octahedral Mg2+ is much lower than expected for perfect saponite 

clays.. Vacancies in the octahedral sheet could explain this, but in the case of Mg-Mg 

saponitess these should be compensated with, again, Mg2+ ions. The Li+-exchanged saponites 

clarifyy this effect, but clearly the interlayer cations compensate only partially for the shortage 

off  Mg + in the structure. Octahedral Al3+, either in the octahedral layer or in amorphous 

phases,, is therefore assumed to be present. Octahedral Al3+ is found, indeed, in saponites 

preparedd in the same way, more or less in proportion with the amount of Al3+ incorporated 

[23,, 29]. 

Withh Al3+ in octahedral and tetrahedral positions as found for low Si/Al ratios, the 

saponitee clay becomes quite similar in structure to montmorillonite. The lower activity of 

saponitess in comparison with the natural montmorillonite clay can have several reasons, such 

ass relatively small interlayer distances, less stacking of the layers or lower number of 

interlayerr cations. 

Al ll  saponites show similar interlayer distances; about 14.5 A at 10 % RH, 16 A at 

90%% RH, and 18 A with glycerol. The interlayer distances of the saponite are comparable 

withh active montmorillonite catalysts [1]. Therefore, a small interlayer distance is probably 

nott the cause for the lower activity of saponite compared with montmorillonite in the 

dimerisationn of oleic acid. Both a lower degree of stacking and a lower number of interlayer 

cationss of the saponite are more probable explanations. Variation of interlayer cations in the 

saponitee is conducted in two ways (Figure 13). The Ca-Mg-19 and Mg-Mg-19 saponite are 

equallyy active. There is a significant difference in activity between the Li-Mg-5.7 and the 
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Mg-Mg-5.7.. Li+ is able to occupy the octahedral vacancies of the clay at elevated 

temperaturess [30, 31], which could be the cause of the lower activity of the saponite Li-Mg-

5.7. . 

Thee effect of water on the dimer formation over saponite (Figure 3.14) proved to be 

similarr to the influence of water when montmorillonite is used. Addition of water to the 

reactionn mixture for saponite catalysts leads to an increased dimerisation activity, in a similar 

wayy as observed for montmorillonite. 

60 0 

45 5 

oo 30 

55 15 
E E 

water r noo water 

FigureFigure 3.14: Effect of water addition on the dimerisation activity ofm saponite Mg-Mg-7 (3 

wt.%)wt.%) and a montmorillonite (4 wt.%), 5 wt.% water or no water added, T = 

528528 K. 
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Concludin gg Remarks 

Montmorillonitee clay used as the catalyst for dimerisation of oleic acid is not 

deactivatedd during this reaction and may be re-used. 

Bothh ethylene glycol and water have a positive effect on the dimerisation activity of 

montmorillonitee clay. Hydration of the surface or hydration of the reactants cannot explain 

thiss similarity and therefore the impact of water on the activity can only be attributed to 

swellingg of the clay. This is in agreement with fmdings in Chapter 2, where it was shown that 

thee dimerisation activity of several ion-exchanged montmorillonites strongly depends on the 

interlayerr distance. From these results, it may be concluded that dimerisation of unsaturated 

fattyy acids over montmorillonite takes place predominantly in the interlayer. 

Variationn of the degree of tetrahedral substitution shows that up to 20 % Al the 

activityy of the saponite increases with the number of tetrahedral substitution sites. This is in 

agreementt with the earlier proposal that these sites are the active sites in the dimerisation of 

oleicc acid. Still, the interlayer cations are proposed to play a vital role by preventing the 

inhibitionn of the active sites by the carboxylic group of oleic acid. The lower amount of 

interlayerr cations and the lower degree of stacking, i.e. a house of cards structure, are 

possiblee explanations for the lower activity of saponite clay catalysts, compared with 

montmorillonite. . 
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CHAPTERR 4 

Activit yy  and Selectivit y of Silica-Alumin a 

Catalyst ss  in Gas Phase Esterificatio n of 

Aceti cc  Aci d and Ethano l 

Abstrac t t 

Esterss form an important product category, for instance for the synthesis of 

intermediatess for fragrances, flavors and detergents. Mostly esterification reactions are 

carriedd out in batch processes using homogeneous catalysts. In the search for potentially 

betterr solid acid catalysts, we have studied the influence of acidic properties of a variety of 

silica-aluminaa based solid acid catalysts on the activity and selectivity. To this end the gas 

phasee esterification of ethanol and acetic acid is used as a model system and is investigated 

byy means of a combination of NH3-TPD and kinetic studies. The catalysts studied include 

microporouss zeolite Beta and H-ZSM-5, mesoporous silica-aluminate MCM-41, and 

amorphouss silica-alumina catalysts, all with a varying Si/Al ratio. The major side reactions, 

i.e.. ethanol dehydration towards diethyl ether and ethene, are independently studied as well. 

Itt is demonstrated that the esterification reaction predominantly proceeds over strongly acidic 

sites.. The selectivity of reaction is found to depend both on the conversion and on the acetic 

acidd to ethanol molar ratio, but not on the acidity of the active sites. Ethanol dehydration is 

shownn to proceed over both weakly and strongly acidic sites and is promoted by a high Al 

contentt in silica-aluminas. 
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Introductio n n 

Esterificationn is an important process in the oleochemical industry and in the 

productionn of flavors and fragrances. Most commercial esterification processes are currently 

conductedd as homogeneously catalyzed batch processes, using for instance homogeneous 

acidss or Sn-octoate as a (Lewis acidic) homogeneous catalyst [1]. 

Thee catalyst is conventionally removed after reaction by adsorption on bleaching 

earth,, giving rise to waste problems. This can be circumvented by the use of Bronsted acidic 

catalysts,, but this in turn leads to potential corrosion problems and to formation of salts. 

Heterogeneouss catalysts would facilitate separation, reduce waste, minimize product quality 

problemss and allow for the development of continuous processes. Therefore, a variety of 

solidd acid catalysts have been investigated for their activity and selectivity in esterification. 

EsterificationEsterification catalysts 

Manyy catalysts have been tested in esterification, like ion exchange resin [2], H-ZSM-

55 [3], zeolite Y [4, 5], niobic acid [6], sulfated oxides [7-9], hydrous zirconium oxide [10] 

andd supported heteropolyacids [11]. Several of these studies focused on the acid strength of 

thee active sites in esterification. 

Cormaa et al. [4] conclude for the liquid phase esterification of phenyl acetic acid and 

ethanoll  over HY (partially exchanged by Na+) that strongly acidic sites are needed. These are 

assumedd present when the Si/Al molar ratio of the HY zeolite exceeds a value of fifteen. 

Thesee authors show that the initial esterification rate over three Na-HY zeolites correlates 

welll  with the pyridine infrared adsorption at 1545 cm"1 after evacuation at 623 K, but not 

withh the same peak after evacuation at 453 K. Therefore, only the strongest sites, having none 

orr only one Al as next nearest neighbor, seem to be active. The increasing hydrophobicity at a 
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higherr Si/Al ratio of the catalyst is proposed by Corma as an additional parameter to explain 

thee increased activity of zeolite H-Y after dealumination. 

Luu et al. [9] conducted experiments with Ti-Al-0/S04
2" as catalyst for liquid phase 

esterificationn of 2-ethylhexanol and phthalic anhydride. These authors identify weakly, 

mediumm and super acidic sites using pyridine-TPD, showing that the number of intermediate 

acidicc sites correlates well with the rate of esterification. These sites in case of super acidic 

sulfatedd oxides may well be identical in acidic strength as the strongly acidic sites of zeolite 

YY as studied by Corma. 

Inn contrast to Corma, Santacesaria et al. [5], using the same zeolite HY catalysts in the 

gass phase esterification of acetic acid and ethanol, found a non-linear relation between the 

numberr of strongly acidic sites and the activity of ion-exchanged Y zeolites. The latter 

authorss propose esterification to proceed by two simultaneous reaction paths, the rate of one 

off  them correlating with catalyst acidity. This would also explain why they fail to observe a 

completee deactivation with very high amounts of pyridine in poisoning experiments. 

Chuu et al. [11] studied the gas phase esterification of acetic acid and ethanol over 

carbon-supportedd heteropolyacids (PW12 and S1W12). These authors conclude from NH3-TPD 

experimentss of four different HPA/C catalysts that weakly acidic sites are responsible for 

ethyll  acetate formation. However, while the number of weakly acidic sites varies 

significantlyy among the catalysts, the conversion varies only marginally. Chu et al. did not 

findd a similar result for the esterification of acetic acid with butanol, but attribute this to an 

assumedd different reaction mechanism. 

EthanolEthanol dehydration 

Thee most important side reactions in esterification are ethanol dehydration in a 

bimolecularr reaction towards diethyl ether, and in a monomolecular reaction towards ethene 

(Figuree 4.1). Alcohol dehydration is extensively reported in literature [12-15], in particular 
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forr ethanol dehydration [16-20]. Corma et al. [4] claim that ethanol dehydration does not 

correlatee to the strength of the acid sites. Many authors suggest that a dual site mechanism 

(acid-basee pair) is operative, involving a surface ethoxide, in the dehydration of ethanol to 

ethenee over Y-alumina [16, 17, 19]. Surface alkoxy species are also proposed as intermediates 

forr the dehydration of butanol to butene over H-ZSM-5 [13]. According to Arai et al. [16], 

etherr formation over y-alumina proceeds via such species. Olah et al. [12] propose a 

mechanismm for the ether formation over Nafion-H, involving a nucleophilic attack of alcohol 

onn an oxonium ion formed on a Bremsted acidic site. 

Y Y 
CH3COOHH + CH3CH2OH « » CH3COCH2CH3 + H20 

b b 
CH3CH2OHH + CH3CH2OH « > CH3CH2OCH2CH3 + H20 

c c 
CH3CH2OHH « » H2C=CH2 + H20 

FigureFigure 4.1: Schematic representation of the studied reaction and side-reactions; a. 

esterificationesterification of ethanol and acetic acid, b. formation of diethyl ether, and c. 

dehydrationdehydration of ethanol to ethene. 

Scope Scope 

Presently,, we set out to assess the influence of acidic properties of silica-alumina 

catalystss on the activity and selectivity in esterification. The gas phase reaction of acetic acid 

andd ethanol is chosen as the model reaction, as these are conveniently carried out in steady 

statee continuous experiments, and where transport limitations are easily avoided. As the 

reactionn of acetic acid and ethanol is much studied, a comparison of our data with those from 

literaturee is possible. 
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Inn this study, amorphous catalysts (silica-aluminas), crystalline materials (H-ZSM-5, 

H-Beta),, as well as mesoporous hexagonally structured materials (MCM-41) were tested. 

Ethanoll  dehydration experiments, in the absence of acetic acid, are conducted to study the 

activitiess of the catalysts in side-reactions. NH3 - TPD is used to determine the acid strength 

distribution. . 

Experimenta l l 

Gas-phaseGas-phase reactions 

Steady-statee gas phase esterification reactions of acetic acid with ethanol were carried 

outt using a standard flow set-up. Several series of catalysts were tested in the temperature range 

off  398-473 K. Lower temperatures were not used as these are not relevant from an industrial 

pointt of view and secondly because at low temperature the equilibrium of the gas-phase 

dimerizationn of acetic acid is favorable to the formation of dimers of acetic acid. The influence 

off  gas phase dimers of acetic acid on the activity of the catalyst is not known and therefore the 

experimentall  conditions are chosen as to restrict the presence of dimers to 2 vol. % at most. For 

thiss reason a low reactant concentration is used, i.e. 0.5 vol. %. The equilibrium between 

monomerss and dimers of acetic acid, as determined by Hawes [21], is shown in Figure 4.2. 

Reactantss were added to a nitrogen flow using a thermostatted saturator. Vapor pressures 

weree calculated according to Reid [22]. Acetic acid p.a., ethanol p.a., 1-butanol p.a. and 

pyridinee p.a. were obtained from Aldrich. 

Sixx parallel reactors are used in one experiment. The flow through each reactor was set 

att 50 ml/min. Each reactor contains typically 50 mg of catalyst (dp = 150-200 um), VHS V = 

300000 hr"1, F/W = 13.4 (mol ethanol /(hrkg)). One of the reactors is used as a blank to monitor 

thee reactant concentrations and to verify the absence of gas phase reaction. In this study, no 

reactionn was ever observed in the absence of a catalyst in the reactor. In this respect, gas phase 
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esterificationn reactions behave distinctly different from liquid phase esterifications, which are 

auto-catalyzedd by the carboxylic acid. 

oo  4 - r 

3988 423 448 473 
TT / K 

FigureFigure 4.2: Fraction ofdimers (%) of acetic acid in the gas phase versus the temperature, 

calculatedcalculated according to Hawes [21];  D 10 mbar, O 50 mbar, and A 100 mbar 

totaltotal acetic acid partial pressure. 

Experimentss with ethanol as the sole reactant are conducted for all catalysts to 

investigatee the activity of the catalysts in the side-reactions. Dehydration experiments were 

performedd under the same conditions as employed in esterification. 

Thee analysis of the reactants and products proceeds by GC (Carlo Erba 6000 Vega series 

2).. Both a FDD and a HWD detector were used for detection of both the organic compounds and 

thee produced water. 

NHj-TPD NHj-TPD 

Thee acid strength distribution of the solid acids is determined by NH3-TPD. The 

temperaturee at which NH3 desorbs from the acid site of the catalyst indicates its acid strength 

[23,, 24]. NH3 is adsorbed at 323 K from 50 ml/min 5% NH3 in He, following a pre-treatment 

att either 523 K or 773 K in an inert flow overnight. Desorption is conducted in a He flow of 50 

ml/min,, while increasing the temperature from 323 K to 773 K at a rate of 10 K/min. 
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CHAPTERR 3 

Clayy Catalyse d Dimerisatio n of Oleic Aci d 

Abstract t 

Montmorillonitee clay has a unique activity in the dimerisation of unsaturated fatty 

acids.acids. In Chapter 2, dual site adsorption was proposed to explain this superior catalytic 

activity.. The carboxylic group is thought to co-ordinate to the interlayer metal cations and the 

activationn of the double bond occurs at the tetrahedral substitution site. 

Inn the present work, the hypothesis that reaction takes place in the interlayer of the 

clayy catalyst will further be validated. To this end, experiments with addition of water and 

ethylenee glycol are conducted. Further a range of synthetic clays was synthesised in order to 

varyy systematically the extent of tetrahedral substitution, which was proposed previously to 

generatee the active sites for the reaction of the carbon-carbon double bond. 



ChapterChapter 3 

Introductio n n 

Dimerisationn of unsaturated fatty acids is an important process in the oleochemical 

industry.. In this liquid phase batch process not only dimers of fatty acids are formed, but also 

trimerss and isomers of the monomers. All product groups have a number of applications, 

with,, for dimer acids, the most important one being as components in polyamides [1]. A 

simplifiedd reaction scheme is shown in Figure 3.1. Cis/trans isomerisation, double bond shift, 

branching,, ring formation, aromatisation, hydrogen transfer and lactone formation are side 

reactions,, leading to a variety of compounds during the reaction [2-13]. The resulting ratio 

betweenn monomers, dimers, and trimers varies within a narrow range and therefore the 

selectivityy of the batch process cannot be manipulated. 

V W V = W W O O HH ^  V V V V = = Y ^ A / V C O O H 

dimerss G» 

VWWA V V 
trimerss C54 

-COOH H 

isostearicc acid 

FigureFigure 3.1: Simplified reaction scheme for the dimerisation of oleic acid, showing the 

predominantpredominant (side-) reactions. 

Montmorillonitee clay has a unique activity in the dimerisation of unsaturated fatty 

acids.. Clays are layered structures and in montmorillonite each layer consists of an octahedral 

sheett between adjacent tetrahedral sheets. Al3+ is the cation in the octahedral layer, with Mg2+ 

ass substituent. In the tetrahedral sheet, Si4+ is the predominant cation and Al3+ the 

predominantt substituent, in the same way as in zeolites. This structure of the layer is typical 

forr the 2:1 pyrophillite class of clay minerals and is depicted in Figure 3.2. 
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Thee extent of substitution in the sheets is different for each (natural) clay, but in 

montmorillonitee substitution in the octahedral position is most abundant. Iron is another 

elementt in the montmorillonite structure occupying a small part of the octahedral positions. 

Substitutionn leads to an excess negative charge of the layers, which is neutralised by 

interlayerr metal cations and protons. The interlayer metal cations are acidic by polarisation of 

theirr hydration shell. 

)) x .%, f\/f\/  \/\' 

O O 

(M>^^ interlayer (M^ 

OO I O b 

\\ / ° \ .>o\. 

FigureFigure 3.2: Layered structure of montmorillonite; no substitutions are shown in this 

drawing. drawing. 

Dimerisationn is usually performed under 5 to 10 bar steam pressure. The degree of 

swellingg of clays depends on the type of interlayer cations, relative humidity, the charge of 

thee sheets, the origin of the charge and the nature of the molecules adsorbed in the interlayer. 

Ethylenee glycol is often used to test the swelling of clays in XRD-experiments [14, 15]. 

Onlyy a few studies concerning the dimerisation of unsaturated fatty acids over clays 

aree reported in the literature. Spiteller et al. [2-13] conducted much research on the molecular 

structuress of the products formed in the reaction. Den Otter [16-19] investigated the 

mechanismm of the reaction and the influence of process conditions. He proposed a combined 
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hydrogenn transfer and Diels-Alder mechanism to explain the maximum of around 65 wt.% 

dimerss that can be found in the clay-catalysed dimerisation of oleic acid. However, this model 

neglectss the occurrence of hydrogen transfer in dimer and trimer acids, making the model 

unrealistic.. The presence of saturated dimer acids, as found by Spiteller [8, 9, 12], proves that 

dimerr acids participate in hydrogen transfer reactions. Moreover, these authors showed that 

typicall  Diels-Alder substitution patterns were absent in the cyclic dimer acids and, therefore, 

theyy proposed a cationic mechanism. The maximum dimer yield is due to hydrogen transfer 

leadingg to saturated unreactive monomers, but hydrogen transfer is not necessarily part of the 

dimerisationn mechanism itself. 

Weisss [20] emphasised the importance of the layered structure, the charge of the clay 

layers,, and the configuration of the intercalated molecules in the clay catalysed dimerisation 

off  oleic acid. Unfortunately, no experimental methods, conditions, or references concerning 

dimerisationn were reported. The only other article providing an explanation for the activity of 

montmorillonitee clay in oleic acid dimerisation is from Cicel et al.[21]. These authors 

proposedd that the charge neutralizing interlayer cations, arising from octahedral substitution, 

aree the active sites in the dimerisation of oleic acid. This is also the case in alkene 

dimerisationn as reported by Pillai and Ravindranathan in 1994 [22]. Cicel et al. [21] arrived at 

thiss conclusion from the absence of any correlation between structural aspects of the clays, 

likee octahedral and tetrahedral substitution, and activity. This can be explained, considering 

thee work in Chapter 2, by the influence of the interlayer distance, which is not taken into 

accountt by Cicel et al. [21]. Moreover, the natural clays used are different not only in the 

extentt of tetrahedral and octahedral substitution, but also with regard to the presence of 

minerall  and elemental impurities. This precludes the simple variation of isolated parameters 

off  the clays. 
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Inn Chapter 2, we focused on the nature of the active sites of montmorillonite in the 

dimerisationn of oleic acid. A dual site adsorption was proposed to explain the unique catalytic 

activityy of montmorillonite. The presence of two different acidic sites is the reason that the 

carboxylicc group of oleic acid does not inhibit the dimerisation reaction of oleic acid. The 

carboxylicc group is thought to co-ordinate to the interlayer metal cations, arising from the 

octahedrall  substitution, and the activation of the double bond occurs at the tetrahedral 

substitutionn site. It is assumed that the reaction takes place in the interlayer of the clay 

catalyst.. In this chapter, this hypothesis, which is previously based on nearly equal activities 

off  different particle size fractions of montmorillonite, is further verified. The absence of 

markedd particle size effects is indeed an indication for predominant reaction in the interlayer, 

butt no proof, since particle size but not crystallite size was varied. Therefore, it still needs to 

bee asserted whether the reaction proceeds in the interlayer. The role of water and other 

swellingg agents in clay catalysed dimerisation is further studied. This role could encompass, 

apartt from swelling of the clay, also hydration of the catalyst surface leading to stronger 

Bronstedd acidity, or hydration of the reactants, when the reaction proceeds over a hydrated 

intermediate. . 

Syntheticc clays are used to vary systematically the extent of tetrahedral substitution, 

thuss leading to a systematic variation of the active sites as proposed in Chapter 2. Saponite 

clays,, synthesised as described by Vogels et al. [23], are tested as catalysts for oleic acid 

dimerisation.. These clays do not contain Al3+ in the octahedral sheet, but divalent metal 

cationss like Zn2+ and Mg2+. For this reason, the extent of substitution by Al3+ in the 

tetrahedrall  sheets can be controlled. The variation of the Si/Al ratio may provide further 

evidencee for the role of the tetrahedral substitution sites as the active sites in the dual site 

adsorptionn mechanism. 
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Experimenta l l 

ActivityActivity Experiments 

Experimentss are performed in a 150-ml stainless steel autoclave. The autoclave is 

filledd with oleic acid and flushed several times with argon at room temperature, after which 

heatingg to reaction temperature is started at 2 bar argon pressure. In contrast to the 

dimerisationn procedure used by others, the catalyst is injected as a slurry with a small part of 

thee reactants only when the reaction temperature is reached. The reaction temperature equals 

inn all cases 528 K. In the presence of water (always 5 wt.% of the initial oleic acid) the 

reactionss are performed under autogenous steam pressure (ca. 8 bar). 

Reactants Reactants 

Thee 'oleic acid' used (provided by Uniqema) is prepared by hydrolytic splitting of a 

selectivelyy hydrogenated high oleic sunflower oil. The latter is a mixture of several fatty acids 

consistingg of 85 wt.% oleic and elaidic acid (the trans isomer of oleic acid), 5 wt.% palmitic 

acid,, 6 wt.% stearic acid, and no more than 4 wt.% of poly-unsaturated fatty acids. This 

mixturee is further referred to as oleic acid. 

AnalysisAnalysis of reaction products 

Thee reaction products of the oleic acid dimerisation experiments are analysed with a 

Waterss HPLC. An elution gradient of 70/30 acetonitrile-water up to 100% acetonitrile in 16 

minutess is used. A subsequent 10 minute run in acetonitrile completes the analysis. The 

columnn (C8-reversed phase) is kept at 323 K. The fatty acids are derivatised to 2-naphtacyl 

esterss prior to the HPLC analysis, as described by Cooper et al. [24], to allow UV-detection. 

Sensitivityy factors are determined with pure reactants, except for the dimers and trimers. A 
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groupp sensitivity factor is determined for the dimers and trimers, as these represent complex 

mixtures. . 

Dimerr formation is represented as the molar fraction of the total amount of fatty acids 

(fractionn of FA) that reacts to dimers. No correction for the presence of saturated non-reactive 

fattyy acids is made. The amount of water and ethylene glycol added during reaction is given 

inn weight percentages, where the amount of reactant is taken as 100 %. 

Catalysts Catalysts 

Montmorillonitee (non-activated clay, Grade F160, Engelhard de Meern) is used in the 

dimerisationn and this clay also forms the basis for the preparation of ion-exchanged variants. 

Thee ion-exchange procedure consists of overnight stirring in concentrated solutions of 

nitratess of the relevant cations. Repeated washing with distilled water serves to remove the 

excesss ions and is followed by drying overnight at 353 K. 

Saponitee clays with several Si/Al rations are prepared by the method described by 

Vogelss et al. [23] from sodium silicate (p.a.: 27 wt.% Si02, Merck), urea (99 %) and 

A1(N03)3.99 H20 (98+% from Aldrich). The synthesis is conducted at 363 K during 24 hours. 

Sixx washing steps and subsequent centrifuging and decanting, followed by drying at 373 K 

overnightt are performed before use of the catalyst. 

XRDXRD measurements 

XRDD experiments are performed on a Philips PW 1710 apparatus, using Co-

Kaa radiation, under controlled relative humidity (RH) of 10 % and 90 %, or with glycerol as 

swellingg agent. The clays are sedimented on a ceramic tile. 
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ElementalElemental analysis 

ICP-AESS was used to determine the actual ratio of the elements in the synthetic 

catalystss on a multichannel Thermo Jarrel Ash ICAP 957 spectrometer, upgraded to ICAP 61. 

Resultss and Discussion 

DimerisationDimerisation reaction 

Thee product analysis results vs. reaction time for a typical dimerisation reaction are 

shownn in Figures 3.3-3.5. Spiteller et al. [2-13] conducted an extensive analysis of the 

differentt specific compounds formed during the reaction. In this study, we only followed the 

formationn of the different product groups with time. A heating period with concomitant 

formationn of specific products is avoided by injecting the catalyst at the reaction temperature. 

Althoughh this procedure results in an initial drop of temperature from 528 to 503 K, the 

originall  temperature is quickly restored. The HPLC analysis allows us to follow the 

formationn of monomers, dimers, andtrimers. 
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FigureFigure 3.3: Typical dimerisation reaction of oleic acid, formation of dimers and trimers in 

time;time; 4 wt. % montmorillonite, T = 528 K, 5 wt. % water, O monomer fraction, o 

dimerdimer fraction, A trimer fraction. 
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Withinn the monomer fraction, palmitic acid (in the feed), stearic acid (both present in 

thee feed and formed by hydrogen transfer), isostearic acid, oleic, and elaidic acid can be 

distinguished.. GC-MS analysis confirmed the presence of all products expected. Both 

Spitellerr [7,9,12] and den Otter [17] assumed that elaidic acid is the only active form of 9-10 

octadecenoicc acid. However, based both on the work of these authors and our work, there is 

noo reason to assume that only elaidic acid is reactive. From these data, one can only conclude 

thatt oleic and elaidic acid (and probably regio isomers due to double bond shift) are in 

relativelyy fast equilibrium and, therefore, they are plotted together in Figure 3.4. 
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FigureFigure 3.4: Typical dimerisation reaction, monomer fraction in time; 4 wt.% 

montmorillonite,montmorillonite, T = 528 K, 5 wt. % water, O oleic and elaidic acid, o isostearic 

acid,acid, A stearic acid. 

Thee dimer acids are separated into three fractions: aromatic, saturated, and 

cyclic/unsaturatedd non-cyclic. Figure 3.5 shows that the latter fraction of dimers is formed 

initially,, but diminishes towards the end of the experiment giving both saturated as well as 

aromaticc dimers. 

Injectionn of fresh catalyst after 2 hours of reaction does not lead to further 

oligomerisation.. This is not attributable to the establishment of a thermodynamic equilibrium 
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inn oligomerisation, since it was verified experimentally that pure dimer and trimer feeds do 

nott react at all to monomers over a fresh catalyst. 
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FigureFigure 3.5: Typical dimerisation reaction, dimer fraction in time; 4 wt. % montmorillonite 

catalyst,catalyst, T = 528 K, 5 wt.% water, O aromatic dimers, a cyclic and unsaturated 

dimers,dimers, A saturated dimers. 
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FigureFigure 3.6: Typical dimerisation reaction, dimer fraction in time; 4 wt. % catalyst, T = 528 

K,K, 5 wt.% water,  used catalyst, afresh catalyst. 

Althoughh the final concentrations of monomers, dimers, and trimers are reached 

withinn 2 hours, side-reactions continue for several hours longer: e.g., hydrogen transfer leads 

too the formation of aromatic and saturated dimers. Apparently, the catalyst is still active, but 

alll  the 'reactive' monomers, i.e. the unsaturated fatty acids, have either oligomerised or 
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reactedd towards saturated monomers. Re-use of the catalyst after filtration, indeed, shows no 

losss in activity at all, as it can be seen in Figure 3.6. It is therefore proposed that the 

industriallyy found deactivation of the catalyst can be explained by the formation of poly-

aromaticc compounds, due to the poly-unsaturated compounds in the feed or, perhaps, to 

specificc industrial post-treatment of the product mixture. 

TheThe influence of swelling agents 

Commerciallyy the dimerisation of oleic acid is performed between 513 and 538 K, 

withh the addition of approximately 5 wt.% water. This leads to a steam pressure in the batch 

reactorr of around 8 bar. The influence of the water addition is depicted in Figure 3.7. Clearly, 

thee addition of water leads to a much higher activity of the clay catalyst. As the clay contains 

waterr at room temperature and atmospheric pressure, a drying procedure has also been 

performedd before reaction. Drying at 413 K overnight leads to an even lower activity of the 

montmorillonitee clay catalyst, which cannot be ascribed to an irreversible collapse of the clay 

structuree [25]. 
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FigureFigure 3.7: Influence of the presence of water on the dimer formation of oleic acid over 

montmorillonite:montmorillonite: 4 wt. % catalyst, T = 528 K, A 5 wt. % water added, n no water 

added,added, O no water added, catalyst dried at 413 K. 
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Thiss is in agreement with earlier findings by den Otter [16, 18] and Schwarz et al. 

[26],, who both found an optimum in water content at comparable steam pressures. The effect 

iss not only an initial effect, as can be seen in Figure 3.8. When extra reactant is injected after 

88 hours of reaction, this, in the presence of steam, results in a similar concentration of dimers 

afterr another 4 hours of reaction. Again, this shows that the catalyst is still active after 

reactingg for 8 hours. However, if the steam is vented when extra oleic is added again, no more 

dimerisationn activity is detected. 
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FigureFigure 3.8: Dimer formation of oleic acid over montmorillonite, after addition of extra oleic 

acidacid during reaction; 4 wt. % catalyst, T = 528 K, first in the presence of 5 wt. % 

waterwater (t = 480 min), then without added water (t= 720 min). 

Inn order to verify the various hypotheses as to the role of water, experiments without 

water,, but with addition of ethylene glycol were performed. Ethylene glycol is often used in 

XRDD experiments to swell the clay. If the function of water is to swell the clay, thereby 

renderingg the clay accessible to the reactants, ethylene glycol could also have a positive effect 

onn the activity of montmorillonite. On the other hand, if the role of water is to hydrate the 

catalystt surface or the reactants, addition of ethylene glycol is not likely to promote the 

activity.. Ethylene glycol, added to the reaction mixture together with the dried 

montmorillonitee to exclude any influence of water, has a positive effect on the formation of 
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dimerr (Figure 3.9). However, it is found that the drying procedure does not have a large 

influencee on the catalyst activity when ethylene glycol is added, i.e., the effect of swelling by 

ethylenee glycol is dominant (Figure 3.10). Clearly, the experiments with addition of ethylene 

glycoll  and water strongly suggest that the reaction takes place in the interlayer. 
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FigureFigure 3.9: Influence of the addition of ethylene glycol and water on the dimer formation of 

oleicoleic acid over montmorillonite: 4 wt. % catalyst, T = 528 K, A 5 wt. % water 

added,added, O 5 wt. % ethylene glycol added, catalyst dried at 413 K,  no water 

added,added, catalyst dried at 413 K. 
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FigureFigure 3.10: Influence of the pre-treatment of montmorillonite on the dimer formation of 

oleicoleic acid with the addition of 5 wt. % ethylene glycol; 4 wt. % catalyst, T = 528 

K.K.  untreated, O dried overnight at 413 K, A dried overnight at 623 K. 
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SubstitutionSubstitution effects in synthetic clays 

Itt  has been proposed in Chapter 2 that the tetrahedral substitution site is the active site 

forr dimerisation of unsaturated fatty acids, with the interlayer metal cations, arising from 

octahedrall  substitution, serving as co-ordination sites for the carboxylic group of oleic acid, 

thusthus preventing the inhibition of the active sites. 

Thiss hypothesis was verified using synthetic saponite clays, allowing the systematic 

variationn of the Si/Al ratio in the tetrahedral sheet. Although in saponites octahedral 

substitutionn is absent, vacancies exist in the octahedral sheet, leading also to the presence of 

interlayerr cations. Mg2+ is used as octahedral cation and as interlayer cation after ion-

exchangingg the saponite. The saponite with, for instance Si/Al ratio 19 will further be referred 

too as Mg-Mg-19, with the first symbol representing the interlayer cation and the second the 

octahedrall  cation. The results of dimerisation experiments over six Mg-Mg saponites with 

differentt Si/Al ratios are compared in Figure 3.11. As expected, the formation of dimers 

increasess with the number of tetrahedral substitution sites, suggesting that these sites are 

indeedd the active sites. 
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FigureFigure 3.11: Dimer formation over Mg-Mg-saponites with various Si/Al ratios; 3 wt.% 

catalyst,catalyst, T =528 K, 5 wt. % water, 240 minutes reaction time. 
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Thee saponite with the highest A1J+ content is the least active. This can have two 

reasons.. The acidity of the tetrahedral sheet can have an optimum as a function of the Si/Al 

ratio,, in accordance with the next nearest neighbour theory developed for zeolites [27]. The 

amountt of acid sites still increases as a function of the degree of substitution in the tetrahedral 

sheet,, but at a certain moment the acid strength of the sites decreases as they on average 

containn more AP+ in their second co-ordination shell. An alternative explanation for the lower 

activityy of the saponite with the highest Al content is that at increasing Al content the relative 

amountt of octahedral Al increases and, therefore, the amount of tetrahedral substitution sites 

decreases.. In fact, it may even prove impossible to synthesise the saponite with a high Al 

contentt in the tetrahedral sheet, due to the formation of amorphous aluminas and silica-

aluminass or incorporation of AF+ into the octahedral sheet. 

X-Rayy diffraction patterns of two presumed saponite catalysts are shown in Figure 

3.12.. The saponite with Zn~+ as octahedral cation clearly shows the (001) reflection, in 

contrastt to the saponite with Mg"+. This is in good agreement with the results of Vogels et al. 

[23]. . 
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FigureFigure 3.12: XRD of saponites Mg-Mg-5.7 (grey line, right y-axis) and Mg-Zn-5.7 (black 

line,line, lefty-axis), peaks caused by sample holder omitted. 
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Thesee authors, based on TEM pictures, ascribe this to the low stacking of the layers 

usingg Mg2+ as octahedral cation in the synthesis. Saponites with Zn2+ as octahedral cation are 

composedd of platelets consisting of about 10 layers after 12 hours of synthesis. 

Itt is now interesting to compare the results of these saponites with different octahedral 

cations,, providing an indication for the importance of the extent of stacking of the clay for the 

dimerisationn reaction. 

InfluenceInfluence of stacking 

Itt may be observed from Figure 3.13 that the activity of Mg-Zn-5.7 is higher than that 

off  Mg-Mg-5.7. The difference in activity could be ascribed to a high degree of stacking of the 

Mg-Zn-saponite.. This leads to the conclusion that the layered structure has a positive effect 

onn the reaction of oleic acid, as already proposed by Weiss [20] and discussed in Chapter 2. 

Weisss claims that oleic acid is oriented perpendicular to the layers, in contrast to oleyl 

alcohol,, which supposedly aligns parallel to the layers and does not react. However, in 

Chapterr 2 is shown that oleyl alcohol does react to the dimer alcohol over montmorillonite, as 

welll  as to the corresponding ether. It seems more logical, taking into account the small 

distancess between the layers, that the layered structure forces oleic acid in a parallel 

orientationn towards the sheets. The carboxylic group can adsorb on any site, but the carbon-

carbonn double bond is still free to be activated at the active site and react with another oleic 

acidd parallel to the chain. According to this structure sensitivity model, adsorption of many 

oleicc acid molecules via the carboxylic group on a non-confined surface could make it 

impossiblee for the double bond to adsorb and be activated. 
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400 T 

FigureFigure 3.13: Formation ofdimers over several saponite clays and montmorillonite; 3 wt. % 

catalyst,catalyst, T= 528 K, 5 wt. % water, 240 minutes reaction time; a Montmorillonite, 

bb Ca-Mg-19, c Mg-Mg-19, d Mg-Mg-5.7, e Li-Mg-5.7, fMg-Zn-5.7. 

Thee difference in activity of Mg-Mg and Mg-Zn saponite could also be attributed to 

differencess in the amount of aluminium in the tetrahedral sheet due to imperfect and 

incompletee synthesis. Results of Vogels et al. [23, 28] proved that with increasing Al-content 

thee clay structure deviates more and more from a perfect saponite: Si(8-X)Al (X)Mg(6). Elemental 

analysiss of the saponites is shown in Table 3.1, confirming the results of Vogels et al. [23]. 

TableTable 3.1: ICP results of saponite clays; Si/Al ratio of clay compared with synthesis ratio, 

MgMg + compared with perfect saponite structure Si(8-x) Alx Mg6 

Sample e 
Saponite e 
Mg-Mg g 

Mg-Mg g 
Mg-Mg g 
Mg-Mg g 
Li-Mg g 

Mg-Mg g 

Li-Mg g 

Si/Al l 
Synthesis s 

19.0 0 

19.0 0 
7.0 0 
5.7 7 
5.7 7 

4.7 7 

4.7 7 

Si i 
(wt.%) ) 
24.6 6 

23.6 6 
23.2 2 
22.2 2 
23.4 4 

23.6 6 

23.8 8 

Al l 
(wt.%) ) 

1.3 3 

1.2 2 
2.9 9 
3.5 5 
3.5 5 

4.9 9 

5.0 0 

Mg g 
(wt.%) ) 
15.4 4 

14.7 7 
14.8 8 
14.5 5 
12.5 5 

11.3 3 

10.6 6 

Li i 
(wt.%) ) 

0.3 3 

0.7 7 

Si/Al l 
(mol/mol) ) 

18.2 2 

18.3 3 
7.8 8 
6.0 0 
6.4 4 

4.7 7 

4.6 6 

Mg g 
Sii + Al = 8 

5.5 5 

5.5 5 
5.2 2 
5.2 2 

4.3 3 

3.7 7 

3.4 4 

Thee Si/Al ratio aimed for in the catalyst synthesis is confirmed reasonably accurately 

byy the elemental analysis for the synthesised saponites. Al l Si4+ and Al 3+ cations are 
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apparentlyy used in the synthesis. Whether every Al  + is located in the tetrahedral sheet cannot 

bee concluded from these results, but should be investigated using solid state NMR, as 

performedd by Vogels et al. [23]. 

Thee amount of octahedral Mg2+ is much lower than expected for perfect saponite 

clays.. Vacancies in the octahedral sheet could explain this, but in the case of Mg-Mg 

saponitess these should be compensated with, again, Mg2+ ions. The Unexchanged saponites 

clarifyy this effect, but clearly the interlayer cations compensate only partially for the shortage 

off  Mg2+ in the structure. Octahedral Al3+, either in the octahedral layer or in amorphous 

phases,, is therefore assumed to be present. Octahedral Al3+ is found, indeed, in saponites 

preparedd in the same way, more or less in proportion with the amount of Al  + incorporated 

[23,, 29]. 

Withh Al3+ in octahedral and tetrahedral positions as found for low Si/Al ratios, the 

saponitee clay becomes quite similar in structure to montmorillonite. The lower activity of 

saponitess in comparison with the natural montmorillonite clay can have several reasons, such 

ass relatively small interlayer distances, less stacking of the layers or lower number of 

interlayerr cations. 

Alll  saponites show similar interlayer distances; about 14.5 A at 10 % RH, 16 A at 

90%% RH, and 18 A with glycerol. The interlayer distances of the saponite are comparable 

withh active montmorillonite catalysts [1]. Therefore, a small interlayer distance is probably 

nott the cause for the lower activity of saponite compared with montmorillonite in the 

dimerisationn of oleic acid. Both a lower degree of stacking and a lower number of interlayer 

cationss of the saponite are more probable explanations. Variation of interlayer cations in the 

saponitee is conducted in two ways (Figure 13). The Ca-Mg-19 and Mg-Mg-19 saponite are 

equallyy active. There is a significant difference in activity between the Li-Mg-5.7 and the 

50 0 



ClayClay Catalysed Dimerisat ion of Oleic Acid 

Mg-Mg-5.7.. Li+ is able to occupy the octahedral vacancies of the clay at elevated 

temperaturess [30, 31], which could be the cause of the lower activity of the saponite Li-Mg-

5.7. . 

Thee effect of water on the dimer formation over saponite (Figure 3.14) proved to be 

similarr to the influence of water when montmorillonite is used. Addition of water to the 

reactionn mixture for saponite catalysts leads to an increased dimerisation activity, in a similar 

wayy as observed for montmorillonite. 
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FigureFigure 3.14: Effect of water addition on the dimerisation activity ofm saponite Mg-Mg-7 (3 

wt.wt. %) and  montmorillonite (4 wt. %), 5 wt. % water or no water added, T = 

528528 K. 
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Concludin gg Remarks 

Montmorillonitee clay used as the catalyst for dimerisation of oleic acid is not 

deactivatedd during this reaction and may be re-used. 

Bothh ethylene glycol and water have a positive effect on the dimerisation activity of 

montmorillonitee clay. Hydration of the surface or hydration of the reactants cannot explain 

thiss similarity and therefore the impact of water on the activity can only be attributed to 

swellingg of the clay. This is in agreement with findings in Chapter 2, where it was shown that 

thee dimerisation activity of several ion-exchanged montmorillonites strongly depends on the 

interlayerr distance. From these results, it may be concluded that dimerisation of unsaturated 

fattyy acids over montmorillonite takes place predominantly in the interlayer. 

Variationn of the degree of tetrahedral substitution shows that up to 20 % Al the 

activityy of the saponite increases with the number of tetrahedral substitution sites. This is in 

agreementt with the earlier proposal that these sites are the active sites in the dimerisation of 

oleicc acid. Still, the interlayer cations are proposed to play a vital role by preventing the 

inhibitionn of the active sites by the carboxylic group of oleic acid. The lower amount of 

interlayerr cations and the lower degree of stacking, i.e. a house of cards structure, are 

possiblee explanations for the lower activity of saponite clay catalysts, compared with 

montmorillonite. . 
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CHAPTERR 4 

Activit yy  and Selectivit y of Silica-Alumin a 

Catalyst ss  in Gas Phase Esterificatio n of 

Aceti cc  Aci d and Ethano l 

Abstrac t t 

Esterss form an important product category, for instance for the synthesis of 

intermediatess for fragrances, flavors and detergents. Mostly esterification reactions are 

carriedd out in batch processes using homogeneous catalysts. In the search for potentially 

betterr solid acid catalysts, we have studied the influence of acidic properties of a variety of 

silica-aluminaa based solid acid catalysts on the activity and selectivity. To this end the gas 

phasee esterification of ethanol and acetic acid is used as a model system and is investigated 

byy means of a combination of NH3-TPD and kinetic studies. The catalysts studied include 

microporouss zeolite Beta and H-ZSM-5, mesoporous silica-aluminate MCM-41, and 

amorphouss silica-alumina catalysts, all with a varying Si/Al ratio. The major side reactions, 

i.e.. ethanol dehydration towards diethyl ether and ethene, are independently studied as well. 

Itt is demonstrated that the esterification reaction predominantly proceeds over strongly acidic 

sites.. The selectivity of reaction is found to depend both on the conversion and on the acetic 

acidd to ethanol molar ratio, but not on the acidity of the active sites. Ethanol dehydration is 

shownn to proceed over both weakly and strongly acidic sites and is promoted by a high Al 

contentt in silica-aluminas. 
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Introductio n n 

Esterificationn is an important process in the oleochemical industry and in the 

productionn of flavors and fragrances. Most commercial esterification processes are currently 

conductedd as homogeneously catalyzed batch processes, using for instance homogeneous 

acidss or Sn-octoate as a (Lewis acidic) homogeneous catalyst [1]. 

Thee catalyst is conventionally removed after reaction by adsorption on bleaching 

earth,, giving rise to waste problems. This can be circumvented by the use of Bransted acidic 

catalysts,, but this in turn leads to potential corrosion problems and to formation of salts. 

Heterogeneouss catalysts would facilitate separation, reduce waste, minimize product quality 

problemss and allow for the development of continuous processes. Therefore, a variety of 

solidd acid catalysts have been investigated for their activity and selectivity in esterification. 

EsterificationEsterification catalysts 

Manyy catalysts have been tested in esterification, like ion exchange resin [2], H-ZSM-

55 [3], zeolite Y [4, 5], niobic acid [6], sulfated oxides [7-9], hydrous zirconium oxide [10] 

andd supported heteropolyacids [11]. Several of these studies focused on the acid strength of 

thee active sites in esterification. 

Cormaa et al. [4] conclude for the liquid phase esterification of phenyl acetic acid and 

ethanoll  over HY (partially exchanged by Na+) that strongly acidic sites are needed. These are 

assumedd present when the Si/Al molar ratio of the HY zeolite exceeds a value of fifteen. 

Thesee authors show that the initial esterification rate over three Na-HY zeolites correlates 

welll  with the pyridine infrared adsorption at 1545 cm"1 after evacuation at 623 K, but not 

withh the same peak after evacuation at 453 K. Therefore, only the strongest sites, having none 

orr only one Al as next nearest neighbor, seem to be active. The increasing hydrophobicity at a 
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higherr Si/Al ratio of the catalyst is proposed by Corma as an additional parameter to explain 

thee increased activity of zeolite H-Y after dealumination. 

Luu et al. [9] conducted experiments with Ti-Al-0/SC»42" as catalyst for liquid phase 

esterificationn of 2-ethylhexanol and phthalic anhydride. These authors identify weakly, 

mediumm and super acidic sites using pyridine-TPD, showing that the number of intermediate 

acidicc sites correlates well with the rate of esterification. These sites in case of super acidic 

sulfatedd oxides may well be identical in acidic strength as the strongly acidic sites of zeolite 

YY as studied by Corma. 

Inn contrast to Corma, Santacesaria et al. [5], using the same zeolite HY catalysts in the 

gass phase esterification of acetic acid and ethanol, found a non-linear relation between the 

numberr of strongly acidic sites and the activity of ion-exchanged Y zeolites. The latter 

authorss propose esterification to proceed by two simultaneous reaction paths, the rate of one 

off  them correlating with catalyst acidity. This would also explain why they fail to observe a 

completee deactivation with very high amounts of pyridine in poisoning experiments. 

Chuu et al. [11] studied the gas phase esterification of acetic acid and ethanol over 

carbon-supportedd heteropolyacids (PW12 and SiWi2). These authors conclude from NH3-TPD 

experimentss of four different HPA/C catalysts that weakly acidic sites are responsible for 

ethyll  acetate formation. However, while the number of weakly acidic sites varies 

significantlyy among the catalysts, the conversion varies only marginally. Chu et al. did not 

findd a similar result for the esterification of acetic acid with butanol, but attribute this to an 

assumedd different reaction mechanism. 

EthanolEthanol dehydration 

Thee most important side reactions in esterification are ethanol dehydration in a 

bimolecularr reaction towards diethyl ether, and in a monomolecular reaction towards ethene 

(Figuree 4.1). Alcohol dehydration is extensively reported in literature [12-15], in particular 
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forfor ethanol dehydration [16-20]. Corma et al. [4] claim that ethanol dehydration does not 

correlatee to the strength of the acid sites. Many authors suggest that a dual site mechanism 

(acid-basee pair) is operative, involving a surface ethoxide, in the dehydration of ethanol to 

ethenee over y-alumina [16, 17, 19]. Surface alkoxy species are also proposed as intermediates 

forr the dehydration of butanol to butene over H-ZSM-5 [13]. According to Arai et al. [16], 

etherr formation over Y-alumina proceeds via such species. Olah et al. [12] propose a 

mechanismm for the ether formation over Nafion-H, involving a nucleophilic attack of alcohol 

onn an oxonium ion formed on a Bronsted acidic site. 

? ? 
CH3COOHH + CH3CH2OH « » CH3COCH2CH3 + H20 

b b 
CH3CH2OHH + CH3CH2OH « » CH3CH2OCH2CH3 + H20 

c c 
CH3CH2OHH m  H2C=CH2 + H20 

FigureFigure 4.1: Schematic representation of the studied reaction and side-reactions; a. 

esterificationesterification of ethanol and acetic acid, b. formation of diethyl ether, and c. 

dehydrationdehydration of ethanol to ethene. 

Scope Scope 

Presently,, we set out to assess the influence of acidic properties of silica-alumina 

catalystss on the activity and selectivity in esterification. The gas phase reaction of acetic acid 

andd ethanol is chosen as the model reaction, as these are conveniently carried out in steady 

statee continuous experiments, and where transport limitations are easily avoided. As the 

reactionn of acetic acid and ethanol is much studied, a comparison of our data with those from 

literatureliterature is possible. 
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Inn this study, amorphous catalysts (silica-aluminas), crystalline materials (H-ZSM-5, 

H-Beta),, as well as mesoporous hexagonally structured materials (MCM-41) were tested. 

Ethanoll  dehydration experiments, in the absence of acetic acid, are conducted to study the 

activitiess of the catalysts in side-reactions. NH3 - TPD is used to determine the acid strength 

distribution. . 

Experimenta l l 

Gas-phaseGas-phase reactions 

Steady-statee gas phase esterification reactions of acetic acid with ethanol were carried 

outt using a standard flow set-up. Several series of catalysts were tested in the temperature range 

off  398-473 K. Lower temperatures were not used as these are not relevant from an industrial 

pointt of view and secondly because at low temperature the equilibrium of the gas-phase 

dimerizationn of acetic acid is favorable to the formation of dimers of acetic acid. The influence 

off  gas phase dimers of acetic acid on the activity of the catalyst is not known and therefore the 

experimentall  conditions are chosen as to restrict the presence of dimers to 2 vol. % at most. For 

thiss reason a low reactant concentration is used, i.e. 0.5 vol. %. The equilibrium between 

monomerss and dimers of acetic acid, as determined by Hawes [21], is shown in Figure 4.2. 

Reactantss were added to a nitrogen flow using a thermostatted saturator. Vapor pressures 

weree calculated according to Reid [22]. Acetic acid p.a., ethanol p.a., 1-butanol p.a. and 

pyridinee p.a. were obtained from Aldrich. 

Sixx parallel reactors are used in one experiment. The flow through each reactor was set 

att 50 ml/min. Each reactor contains typically 50 mg of catalyst (dp = 150-200 \xm), VHSV = 

300000 hr~', F/W =13.4 (mol ethanol /(hrkg)). One of the reactors is used as a blank to monitor 

thee reactant concentrations and to verify the absence of gas phase reaction. In this study, no 

reactionn was ever observed in the absence of a catalyst in the reactor. In this respect, gas phase 
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esterificationn reactions behave distinctly different from liquid phase esterifications, which are 

auto-catalyzedd by the carboxylic acid. 

oo 0) 
roro E 

398 8 4233 448 
T / K K 

473 3 

FigureFigure 4.2: Fraction of dimers (%) of acetic acid in the gas phase versus the temperature, 

calculatedcalculated according to Hawes [21 J; D 10 mbar, O 50 mbar, and A 100 mbar 

totaltotal acetic acid partial pressure. 

Experimentss with ethanol as the sole reactant are conducted for all catalysts to 

investigatee the activity of the catalysts in the side-reactions. Dehydration experiments were 

performedd under the same conditions as employed in esterification. 

Thee analysis of the reactants and products proceeds by GC (Carlo Erba 6000 Vega series 

2).. Both a FID and a HWD detector were used for detection of both the organic compounds and 

thee produced water. 

NHNH rrTPD TPD 

Thee acid strength distribution of the solid acids is determined by NH3-TPD. The 

temperaturee at which NH3 desorbs from the acid site of the catalyst indicates its acid strength 

[23,, 24]. NH3 is adsorbed at 323 K from 50 ml/min 5% NH3 in He, following a pre-treatment 

att either 523 K or 773 K in an inert flow overnight. Desorption is conducted in a He flow of 50 

ml/min,, while increasing the temperature from 323 K to 773 K at a rate of 10 K/min. 
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CHAPTERR 6 

Thee Impac t of Catalys t Acidit y and 

Hydrophobicit yy  on the Activit y of Zeolit e 

Betaa in Esterificatio n 

Abstract t 

AA number of zeolitic materials with a varying Si-to-Al ratio were tested in both liquid 

phasee and gas phase esterification reactions. Thereby the impact of the acid site distribution 

andd the hydrophilic nature of these catalysts were systematically assessed. It is shown that in 

liquidd phase esterification both the surface hydrophobicity, the polar nature of the reactants 

andd the acid strength of the solid acids are key factors in esterification. Hydrophilic materials 

aree shown to be inactive in the liquid phase esterification of apolar substrates1. This may be 

ascribedd to strong adsorption of water formed during the reaction, leading to inhibition by 

counteractingg the adsorption of reactants onto the active sites. More polar substrates compete 

moree effectively with water for the adsorption sites and thus for these substrates the influence 

off  the hydrophobicity of the catalyst on its activity becomes less pronounced. 

Inn contrast to what is observed in liquid phase esterification, in gas phase 

esterificationn the influence of the catalyst hydrophobicity is small or even absent. In these 

reactionss the activity depends largely on the number of acidic sites and acid strength 

distributionn of the catalyst. 

11 The liquid phase experiments and the hydrophobicity measurements were performed by dr. M. J. 

Verhoeff  (group of Prof. H. van Bekkum, Delft University of Technology) 
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Introductio n n 

AA growing awareness regarding the environmental impact of chemical processes and 

thee need for reduction of waste streams has inspired the development of catalysts that pair a 

highh activity and selectivity with good separation and regeneration properties, and that avoid 

thee production of waste materials. In fine chemical and organic intermediate synthesis mainly 

homogeneouss acid and base catalysts are applied. These catalysts, however, can not be 

regenerated,, cause corrosion of reactors and lead to salt formation due to the necessary 

neutralisationn of the reaction mixture in the isolation of the product. Moreover, a complete 

removall  of these catalysts from the product is not always possible, which may limit the 

productt application and sometimes leads degradation of the product over time. 

Heterogeneouss acids/bases offer great advantages over homogeneous ones and are 

thereforee an important subject of research [1]. As solids, these catalysts have the advantage 

off  easier separation and may be suitable for re-use. Although solid acids and to a lesser extent 

solidd bases are already used in several industrial processes [2], their use in fine chemicals 

productionn is still limited. In esterification reactions still mainly homogeneous acids are used 

[3].. Despite the advantages of solid acids, a simple implementation in existing liquid phase 

processess is often impossible. In esterification reactions one of the problems is that solid 

acidss at the same time tend to be hydrophilic. This may lead to inhibition by the water formed 

inn the reaction or by reaction substrates. Competitive adsorption of one of the substrates or 

productss can completely inactivate a catalyst, or lead to extensive formation of by-products 

[4],, This may require the adaptation of reaction conditions, such as the substrate ratio, 

temperature,, or the solvent (if used). This has restricted the use of solids acids. 

Esterificationn is an example of an equilibrium-limited reaction with water as one of 

thee products. Indeed, Namba et al. proposed that hydrophobicity is the important parameter in 
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thee liquid phase esterification in explaining their results with zeolite Y and HZSM-5 with 

differentt Si/Al ratios [5]. Similar results lead El-Nabarawy to the same hypothesis [6]. 

Unfortunately,, the quantitative assessment of the hydrophobicity of a catalyst is not 

straightforward,, in contrast to the characterisation of the acidic properties of a catalyst, for 

whichh a wide variety of methods is available [7-12]. 

Hydrophobicityy of a series of related catalytic substances can be determined in a 

quantitativee way using the Hydrophobicity Index (HI) of Berke et al. [13]. This method is 

basedd on competitive adsorption of water and toluene from the vapour phase. Hydrophobicity 

Indicess (HI) were determined for all H-Beta samples in this study. Therefore, it is now 

possiblee to measure activities of a series of catalysts in the esterification reaction and to relate 

thesee to both their hydrophobicity and acidity. 

Manyy catalysts have previously been tested in esterification, such as ion-exchange 

resinss [14], H-ZSM-5 [15], zeolite Y [16], sulphated oxides [17] and supported 

heteropolyacidss [18]. In the current study, zeolite Beta with various Si/Al ratios is used. 

Zeolitee Beta is becoming a major catalyst in organic chemical conversion, contributing to low 

wastee technology [19]. Currently, we have tested the influence of the hydrophobicity on the 

activityy of the catalyst, using substrates that differ in polarity. 

Thee acid strength distribution and the assessment of the number of acidic sites of the 

catalystss studied was determined by ammonia TPD. A disadvantage of this method is that no 

distinctionn can be made between Lewis and Bransted acidic sites. Still the method is usable to 

comparee series of related catalysts and it remains one of the most frequently used techniques 

too determine the acidic properties of a catalyst. 

Forr the liquid phase reactions we focus on the influence of the catalyst hydrophobicity 

onn water sorption and the impact of this on the activity of the catalyst. The impact of the 

catalystt hydrophobicity is reported less frequently in gas phase esterification studies. This 
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probablyy results from the fact that usually small chain carboxylic acids and alcohols are used 

inn gas phase studies, while esterification of fatty acids and C6-C8 alcohols are typically liquid 

phasee reactions. The chain length of the reactant has obviously an major impact on the extent 

inn which catalyst hydrophobicity influences the catalyst activity and, for this reason only, one 

cann expect less influence of the hydrophobicity on the activity of the catalyst in gas phase 

studies. . 

Inn this study, the activity of zeolite Beta was assessed in gas and in liquid phase 

esterification.. To this end the catalyst hydrophobicity and acidity was varied by using a range 

off  Si-Al ratios. Moreover, the hydrophobicity of the substrate molecules was used as a 

variable. . 

Experimenta l l 

Catalysts Catalysts 

Zeolitee H-Beta with Si/Al = 10, Si/Al =5 and all-Si Beta (further referred to as zeolite 

H-Beta-10,, H-Beta-5 and H-Beta-all-Si respectively) were synthesised following a literature 

proceduree [20, 21]. Dealumination was performed by stirring the solid H-Beta-10 (10 g) in a 

0.255 M HC1 solution (50 ml), or for more severe dealumination in a 1.0 M HC1 solution (50 

ml),, for 4 hours at 80 °C. The zeolite was then recovered by filtration, washed with water and 

driedd at 70°C (0.4 mbar) in a vacuum oven. Zeolite Beta-10 (3 g) was silylated by suspending 

itit  in 25 ml of dry toluene, adding 0.25 g (2.3 mmol) of trimethylchlorosilane, and refluxing 

thee suspension for 5 h. After recovery by filtration the modified zeolite was washed with dry 

toluene. . 

ICPP measurements were conducted on a Perkin-Elmer plasma 2000, to determine the 

Si/All  ratio. The zeolites were characterised by XRD using a Philips PW 1840 diffractometer 

withh Cu-Kcc radiation. 
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Reagents Reagents 

Reactantss (p.a.) were obtained from Acros and Aldrich (esterification substrates), 

Riedell  deHaen (sodium aluminate), Fluka (tetratethylammonium hydroxide) and DuPont 

(Ludoxx LS-30) and were used without further purification. 

HydrophobicityHydrophobicity index, HI 

Forr determination of the HI, a mixture of water and toluene vapours (P,0|ucne=2.92 kPa 

Pwater=2.344 kPa) was passed through a fixed bed adsorber at 35 °C (see Figure 6.1) [13]. 

Nitrogenn was used as carrier gas with flow rates of 25 ml/min. Every three minutes a sample 

wass taken from the exhaust by means of an automated sampling valve which was 

subsequentlyy analysed by GC (HP-17 column, 10 m x 0.53 mm). The final adsorbate loadings 

weree calculated from the breakthrough curves. The hydrophobicity index HI is defined as the 

ratioo Xtoiuen</Xwater, where Xtoiuene and Xwat01- represent the equilibrium amounts adsorbed, 

expressedd as the weight percentages of that component adsorbed on the sample, at the 

indicatedd conditions. All tubes and valves behind the saturator were heated at 75 °C in order 

too avoid condensation of water and toluene in the system. 

N, , 

FigureFigure 6.1: Set-up used for the determination of Hydrophobicity Indices. 1) saturator, 2) 

valvevalve box, 3) tubular oven, 4) automated sampling valve, 5) GC, 6) flow meter. 
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DeterminationDetermination of catalyst acidity 

Thee catalyst (100 mg) was heated in a 50 ml/min Argon flow from room temperature to 

5000 °C at 10 °C/min and was kept at that temperature for one hour. Following cooling down, 

NH33 was adsorbed at 50 °C on the catalyst in a 0.1 vol. % NH3 in Argon flow of 50 ml/min, 

duringg which the breakthrough of NH3 was tracked using mass spectrometry. The catalyst was 

heldd at this temperature overnight in an argon flow to remove physisorbed NH3. Desorption is 

conductedd in a 50 ml/min Ar flow, while increasing the temperature from 50 to 500°C at a rate 

off  10 °C/min. Gas analysis was performed using on-line mass spectrometry. 

Inn a different experimental set-up, pretreatment and sorption experiments at higher 

temperaturess were performed. These NH3-TPD measurements were run on a Micromeritics 

TPD/TPRR 2900 equipped with a TCD. The sample (-60 mg) was activated at 600 °C (ramp 

100 °C/min) for 30 min in a flow of helium, and subsequently NH3 was adsorbed at 120 °C. 

Desorptionn of NH3 was monitored at a temperature ramp of 10 °C/min from 120 °C to 600 

°C. . 

LiquidLiquid phase reactions 

Liquidd phase esterification reactions were performed solvent free at 140°C in a 25-ml 

glasss reaction vessel equipped with a Liebig condenser, which was maintained at 80°C with 

thee use of a thermostat to enable an easy removal of reaction water. In each reaction 5 wt % 

catalystt and a 1:1 molar ratio of substrates (each 30 mmol) was used. Substrates used are 

butyricc acid/1-hexanol and dodecanoic acid/ 1-octanol. Eicosane (0.5g, 1.8 mmol) was used 

ass an internal standard. The reactions were followed by GC analysis (CP Sil 5 CB, 50m x 

0.53mmm column). 

100 0 



TheThe impact of catalyst acidity and hydrophobicity on the activity of zeolite Beta in esterification 

Gas-phaseGas-phase reactions 

Steady-statee gas-phase esterification of acetic acid with ethanol or 1-butanol was carried 

outt in a standard flow set-up. Catalysts were tested in the temperature range of 125-200 °C. 

Lowerr temperatures were not used, since the dimerisation equilibrium of gas-phase acetic acid at 

loww temperatures favours the formation of dimers. The influence of gas phase dimers of acetic 

acidd on the activity of the catalyst is not known and, thus it was preferred to use experimental 

conditionss where the dimer concentration in the gas phase does not exceed one percent. 

Moreover,, for the same reason a low concentrations of the reactants was used, i.e. 0.5 vol.% for 

bothh the acid and the alcohol. Reactants were fed to the flow using a thermostatted saturator. 

Vapourr pressures were calculated using data of Reid [22]. Six parallel reactors are used in each 

experiment,, the flow through each reactor being 50 ml/min. In the reactors 10 mg of zeolite Beta 

(dpp = 150-200 urn), physically mixed with 40 mg of Si02 (dp = 150-200 urn, tested to be inactive 

inn the reaction) was used, VHSV = 30000 hr"\ F/W = 13.4 mol ethanol/hr'kg"1. One of the 

reactorss used was empty and was used to monitor the reactant concentrations and to verify the 

absencee of gas phase reaction. For the conditions used, it was verified that in gas phase 

experimentss ester formation is absent when no catalyst is present. It should be noticed that this 

situationn is clearly different from that observed for the liquid phase reaction, where reaction is 

auto-catalysedd by the carboxylic acid. 

Experimentss with ethanol as the sole reactant were conducted for all catalysts as well to 

investigatee the activity of the catalysts for the side-reactions independently. The two side 

reactionss are ether formation and dehydration to ethene. 

Analysiss of the reactants and products is conducted by GC (Carlo Erba 6000 Vega series 

2)) using both a FID and a HWD detector for detection of respectively the organic compounds 

andd the produced water. 
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Result ss  and Discussio n 

CatalystCatalyst Characterisation 

Zeolitee Beta samples with two different Si/Al ratios (5 and 10) were synthesised using 

aa literature procedure [20, 21]. XRD showed both materials to have a good crystallinity, 

althoughh H-Beta-5 was of slightly less quality compared to the others. In order to obtain 

materialss with higher Si/Al ratios, H-Beta-10 was subjected to a dealumination procedure as 

describedd in the experimental section. Upon dealumination the crystallinity slightly 

decreased,, but the structural integrity was maintained. Dealumination in 0.25 M HC1 resulted 

inn a change in the Si/Al ratio from 10 to 45. Application of 1.0 M HC1 at 80°C yielded a 

materiall  with Si/Al ratio of 100 (further referred to as H-Beta-100). 

Inn NH3-TPD, the temperature for ammonia desorption from an acidic sites of the catalyst 

iss a measure for the acid strength of that site. In literature, the acidic sites determined by NH3-

TPDD are often divided into two or three classes, as for instance Arena et al. [23]. Desorption of 

NH33 between 150 and 300 °C reflects weakly acidic sites, whereas desorption beyond 300 °C 

reflectss strongly acidic sites. In the same paper, Arena et al. mathematically analyse the TPD-

spectraa and the acid strength distributions based on three desorption peaks, representing weakly, 

mediumm and strongly acidic sites. The temperature ranges of these peaks are 180-250, 280-330, 

andd 380-500 °C respectively. 

Thee TPD-spectra of zeolite H-Beta-5, H-Beta-45 and H-Beta-100 (Figure 6.2) show 

twoo peaks. The first desorption maximum is around 180 °C and the second around 340 °C. 

Thiss forms the rational for distinguishing weakly and strongly acidic sites. NH3-TPD spectra 

off  zeolite H-Beta, measured by Camiloti et al. [24], only show the high temperature peak, 

sincee NH3 adsorption was carried out at 150 °C. These authors claim that this temperature is 

requiredd to avoid physisorption of NH3. The low temperature peak in Figure 6.2 can, 

102 2 



TheThe impact of catalyst acidity and hydrophobicity on the activity of zeolite Beta in esteiification 

however,, not be explained by desorption of physisorbed NH3, as in that case one would not 

expectt the low temperature peak of H-Beta-5 to be more pronounced than the low 

temperaturee peak of H-Beta-45. Another indication for the absence of physisorption is the 

completee absence of NH3 desorption using all silica catalysts as silica and MCM-41-all-Si 

andd the absence of a low temperature desorption peak for H-ZSM-5 (Si/Al = 1000), although 

forr this last catalyst the desorption peak at higher temperature was found. The low 

temperaturee peak in Figure 6.2 is therefore attributable to chemisorbed NH3, possibly on 

weaklyy Lewis acidic sites. The high temperature peak originates from the adsorption of NHi 

onn the strongly Bronsted acidic sites of zeolite H-Beta. 
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FigureFigure 6.2: TPD-NH3 of 100 mg zeolite H-Beta; a) H-Beta-5, b) H-Beta-45, c) H-Beta-100. 

Pre-treatmentPre-treatment of the catalyst at 500 "C for one hour in 50 ml/min Argon, 

followedfollowed by adsorption at 50 °C and an inert treatment at 50 °C overnight in 50 

ml/minml/min He. 

Inn Figure 6.3 the NH3-TPD of H-Beta-10 and H-Beta-45, after adsorption at 120 °C, is 

shown.. The profile of NH3 desorption as a function of temperature is for H-Beta-45 similar to 

thee profile in Figure 6.2. 
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FigureFigure 6.3: Ammonia TPD of a) H-Beta- 10 and b) H-Beta (Si/Al = 45). Pretreatment at 

600600 °C, NH3 adsorption at 120 °C and desorption up to 600 °C. 

Itt is expected that the average acid strength per site decreases, for a higher Al 3+ content 

off  the zeolite Beta. This proves indeed to be the case for zeolite H-Beta-5, H-Beta-10, H-Beta-45 

andd H-Beta-100 (Figure 6.2 and 6.3). H-Beta-5 and H-Beta-10 contain a larger amount of 

weaklyy acidic sites compared to H-Beta-45 and especially H-Beta-100. However, H-Beta-5 and 

H-Betaa 10 do contain strongly acidic sites. The amount of strongly acid sites is almost the 

samee for H-Beta 10 and 45 (Figure 6.3). 

o o 
a. . 

1500 Time/min 300 450 0 

FigureFigure 6.4: Toluene (a) and water (b) adsorption/breakthrough curves as a function of time. 

H-Beta-10,H-Beta-10, T = 35 °C, Mads = 1.18, VN2 = 23,4 ml/min, adsorption, water 5.7 

wt.%,wt.%, toluene 13.3 wt.%, HI = 2.3. 

Usingg competitive adsorption of water and toluene from the vapour phase, the 

Hydrophobicityy Index (HI) was determined for all H-Beta samples used in this study. Figures 
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6.44 and 6.5 give two typical examples of the breakthrough curves obtained by these 

competitivee adsorption experiments. In Figure 6.4, reflecting zeolite H-Beta-10, toluene 

breakthroughh is observed already after 50 minutes, whereas water remains fully adsorbed for 

anotherr 60 minutes. In Figure 6.5, reflecting zeolite H-Beta-100, breakthrough of both 

componentss is observed after ~ 45 minutes, indicating that this material is distinctly less 

hydrophilicc than H-Beta-10. In general, the Hydrophobicity Index (HI) of zeolite Beta tends 

too increase (indicating a more hydrophobic nature) with an increasing Si/Al ratio (Figure 6.6). 

Thee absolute numbers, however, differ from the hydrophobicity data on zeolite Beta 

presentedd by Stelzer et al. [25]. Most likely this difference is caused by a difference in 

crystallinityy between the zeolite Beta samples. 

0 0 1500 300 
timee / min 

450 0 

FigureFigure 6.5: Toluene (a) and water (b) adsorption/breakthrough curves as a function of time. 

H-Beta-100,H-Beta-100, T=35 °C, Mads = 1.09, VN2 = 25.0ml/min, adsorption wt.% 

waterwater = 3.4, wt.% toluene = 18.3, HI = 6.4 
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FigureFigure 6.6: HI as a function of the Si/AI ratio in zeolite H-Beta catalyst samples. 

LiquidLiquid phase esterification experiments 

Thee influence of the hydrophobicity of the materials on their catalytic activity is 

determinedd using a set of substrates with different polarities. The esterification of dodecanoic 

acidd and 1-octanol (Figure 6.8) shows a remarkable difference in activity between H-Beta-10 

andd H-Beta-100. The more hydrophobic H-Beta-100 shows a high catalytic activity, whereas 

activityy of the H-Beta-10 hardly exceeds the blank (no catalyst added) reaction. H-Beta-5 

appearss to be completely inactive, as it follows exactly the conversion curve of the blank 

reaction.. On the basis of the amount of acidic sites for each catalyst, the opposite would have 

beenn expected. From Figure 6.2 it can be seen that both H-Beta-5 and H-Beta-100 contain 

stronglyy and weakly acidic sites, where H-Beta-5 has a higher concentration of weakly acidic 

sites.. This would lead us to expect that the activity for these catalysts in esterification is either 

higherr for H-Beta-5, in case all acidic sites are active, or more or less similar, in case only the 

stronglyy acidic sites are active. As H-Beta-100 is an active catalyst, whereas H-Beta-5 is not, 

thee activity does not appear to be correlated strongly to the acidity of the catalyst. A more 

likelyy explanation for the lack of activity of H-Beta-5 and H-Beta-10 is that early in the 

reactionn the H-Beta-5 and H-Beta-10 catalysts are completely inhibited by sorption of water, 

formedd during esterification. 
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Thiss hypothesis is supported by 'H-NMR of a used H-Beta-10 catalyst, which shows 

thatt a considerable amount of water is present in the catalyst after reaction. Therefore, in 

orderr for H-Beta to be an active catalyst in the esterification of apolar substrates a high Si/Al 

ratioo is required. This at the same time means that the amount of active sites will be limited. 

Inn order to overcome the hydrophilic nature of H-Beta-10 without decreasing the amount of 

acidicc sites, the catalyst was silylated using trimethylchlorosilane. In this way, a highly active 

catalystt was obtained, though with a very poor stability. The trimethylsilyl group appears to 

bee readily hydrolysed, thereby giving rise to a hydrophilic surface once more. This loss of the 

trimethylsilyll  groups can be well observed in the HI determination of this material (Figure 

6.7).. Although initially water breakthrough set of immediately, at some point in time 

desorptionn slows down, indicating loss of the trimethylsilyl groups and concurrent loss of 

hydrophobicity. . 

1500 300 
time/min n 

450 0 

FigureFigure 6.7: Toluene (a) and water (b) adsorption/breakthrough curves as a function of time. 

HydrophobicityHydrophobicity determination of silylated H-Beta-10, T = 35 °C, Mads = 1.05, 

VmVm = 25 ml/min, adsorption: wt.% water (a) = 2.6, wt.%, Toluene (b) = 8.0, HI 

==  3.0 
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Forr increasingly polar substrates, the impact of the catalyst hydrophobicity on the 

reactionn becomes less (compare Figures 6.8 and 6.9), since in the esterification of butyric 

acidd and 1-hexanol both H-Beta-10 and 100 are active catalysts. Due to their higher polarity, 

thesee substrates are able to displace water from the surface. Thus, water inhibition is reduced. 
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FigureFigure 6.8: Esterification of dodecanoic acid and 1-octanol as a function of time at 140°C; 

AA H-Beta-100, • H-Beta-10, D no catalyst added 
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FigureFigure 6.9: Esterification of butyric acid and 1-hexanol vs. time; A H-Beta-100, • H-Beta-

10,10, D no catalyst added 
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GasGas phase esterification experiments 

Thee ester formation rates in the reaction of acetic acid and ethanol using either zeolite H-

Beta-5,, H-Beta-10, or H-Beta-45 are rather similar (Figure 6.10), which is remarkable 

consideringg the difference in degree of substitution of these zeolites. The number of strongly 

acidicc sites of the catalysts, as evidenced by NH3-TPD, is also quite similar (see Figures 6.2 and 

6.3)) and these are proposed to be the active sites in the esterification reaction. This is in 

agreementt with the work on sulfated M-Ti-oxides (M = Al, Fe, Sn) by Lu [26], who found using 

NH3-TPDD that the acidic sites with an intermediate acid strength are active in esterification, not 

thee super acidic sites. The acid strength of these active sites is in the same range as the strongest 

sitess in the zeolite H-Beta catalysts. 
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FigureFigure 6.10: Ester yield in the esterification of acetic acid and ethanol (both 0.5 vol.% in N2 

flowflow 50 ml/min) over zeolite Beta as a function of reaction temperature; Si/Al 

ratio:ratio:  • 5, O 10, A 45, • 50, * 100. 

Inn these esterification experiments, ethanol is almost exclusively converted to esters: 

formationn of ethene is apparent only at high conversion levels, which are reached at 

temperaturess of 175 °C and 200 °C. Apart from the esterification of acetic acid with ethanol, 

depictedd in Figure 6.10, also ethanol dehydration experiments were conducted in order to study 
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thesee side reactions independently (Figure 6.11). In the ethanol dehydration experiments, the 

conversionn of ethanol over the zeolite H-Beta catalysts was not similar at all. The catalyst with 

thee highest Al-content, H-Beta-5, shows the highest activity towards the formation of di-ethyl 

ether,, which is the predominant reaction in the absence of acetic acid. Again, small amounts of 

ethenee were formed only at the highest conversion levels used. 

Thee esterification activity of zeolite Beta shows a weak optimum as a function of 

Si/All  ratio around Si/Al = 10, as expected for zeolites according to the Next Nearest 

Neighbourr (NNN-)theory [27], while the ethanol dehydration activity of zeolite H-Beta 

seemss to increase with the Al content (Figure 6.11). 
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FigureFigure 6.11: Conversion of ethanol (0.5 vol.% in Nj,flow 50 ml/min) in the ethanol 

dehydrationdehydration over zeolite Beta as a function of reaction temperature, Si/Al ratio: 

•• 5, O 10, A 45, U 50, * 100. 

Inn experiments with 1-butanol, instead of ethanol, and acetic acid was observed that 

alkenee formation is much stronger. Only the ester yields at lower temperature are shown 

(Figuree 6.12), since in this range the alcohol dehydration reaction does not influence the ester 

yield.. The activity of zeolite H-Beta catalysts, in the esterification of 1 -butanol with acetic 

acid,, depends on the Si/Al ratio in much the same way as in the esterification of ethanol with 

aceticc acid. Again, zeolite H-Beta-10 is the most active catalyst. 
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Inn gas phase esterification, the activity of zeolite H-Beta depends predominantly on 

thee acidity of the catalyst, more specifically on the amount of strongly acidic sites (i.e. 

intermediatee Si/Al ratio is beneficial). In contrast, in the liquid phase reaction of dodecanoic 

acidd and 1-octanol, H-Beta-100 has a much higher activity than H-Beta-10, which was 

ascribedd to the higher hydrophobicity of H-Beta-100. Using more polar substrates in the 

liquidd phase, butyric acid and 1-hexanol, H-Beta-10 and H-Beta-100 were equally active, 

indicatingg that for these reactants the hydrophobicity of the catalyst is not the only catalyst 

parameterr determining the esterification activity. In the gas-phase, using even more polar 

substrates,, H-Beta-10 is more active than the H-Beta-100. The influence of hydrophobicity 

seemss to be very small and the activity of these catalysts merely depends on the amount of 

stronglyy acidic sites. 
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FigureFigure 6.12: Ester yield in the esterification of acetic acid and 1-butanol over zeolite Beta, T 

==  150, 175 °C, Si/Al ratio: O 10, • 12.5, A 45, U 50, * 100. 
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Conclusions s 

Solidd acids may be useful replacements for hazardous and environmentally unfriendly 

homogeneouss acid catalysts. In acid catalysed reactions a potential problem is that acidic sites 

aree normally also hydrophilic. For esterification these sites may easily give rise to product 

(water)) inhibition or inhibition by polar substrates. In the present work we have 

systematicallyy investigated acidity vs. activity, and on the other hand hydrophobicity vs. 

activity,, using modified zeolite Beta catalysts. 

Forr small reactant molecules in gas phase esterification, the rate seems to depend 

solelyy on the amount of strongly acidic sites on the catalyst surface. In contrast, in liquid 

phasee reactions (using long chain compounds) the hydrophobic nature of the catalytic surface 

iss crucial to the activity of the catalyst. Further, the influence of this hydrophobicity on the 

catalystt activity is stronger for more a-polar reactants. For short-chain reactants in the liquid 

phasee the influence of the hydrophobicity on the catalyst activity diminishes. 

Inn the liquid phase esterification no by-products were detected. However, in both gas 

phasee esterification using ethanol and in ethanol dehydration, ethene and ethers form, in 

particularr for zeolite H-Beta with a high Al-content. With 1-butanol these side reactions are 

moree dominant, suggesting a higher surface coverage for higher alcohols or a more stable 

transitionn state (secondary carbenium ion) compared with ethanol. 

AA high Si/Al ratio is found to be favourable for the activity of H-Beta in the 

esterificationn of long-chain compounds in the liquid phase, because of the higher 

hydrophobicityy of this catalyst. H-Beta-100 is therefore the best choice of catalyst in this 

case.. For smaller substrates, the influence of the catalyst hydrophobicity on the activity of the 

catalystt is less pronounced and the activity of the zeolite is largely determined by its acidity. 

Thereforee the superior H-Beta esterification catalyst for small reactants is H-Beta-10. 
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SUMMARY Y 

Inn this thesis two heterogeneously catalysed reactions that are important in the 

oleochemicall  industry are treated. In chapter 2 and 3, an investigation into the 

heterogeneouslyy catalysed dimerisation of unsaturated fatty acids is described. Esterification, 

aa key reaction in oleochemistry, is the subject of chapters 4 to 6. 

Chapterr 2 is entitled 'Active sites in the montmorillonite catalysed dimerisation of 

unsaturatedunsaturated fatty acids'. The superior catalytic activity of montmorillonite clay in the 

dimerisationn of unsaturated fatty acids is not well understood. In this chapter, investigations 

intoo the relative importance of the various acid sites as well as structural and texrural 

parameterss of montmorillonite for the dimerisation of oleic acid are described. It is shown 

thatt reaction in the interlamellar space dominates the oleic acid dimerisation. The active site 

iss the tetrahedral substitution site, and the influence of the type of interlayer cation on the 

activityy of montmorillonite is explained in terms of its effect on the interlayer distance. Model 

catalystss with mesopores and tetrahedral substitution sites do not show any activity in oleic 

acidd dimerisation. A dual site adsorption of oleic acid, i.e. requiring the presence of both 

interlayerr cations (arising from octahedral substitution) and tetrahedral substitution sites, is 

proposedd as explanation for the superior activity of montmorillonite. 

Chapterr 3 continues on the investigations into the clay catalysed dimerisation of oleic 

acid.. Montmorillonite clay has a unique activity in the dimerisation of unsaturated fatty acids. 

Inn Chapter 2, dual site adsorption was proposed to explain this superior catalytic activity. The 

carboxylicc group is thought to co-ordinate to the interlayer metal cations and the activation of 

thee double bond occurs at the tetrahedral substitution site. 

Inn this chapter, the hypothesis that reaction takes place in the interlayer of the clay 

catalystt is further validated. To this end, experiments with addition of water and ethylene 
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glycoll  are conducted. Further a range of synthetic clays was synthesised in order to vary 

systematicallyy the extent of tetrahedral substitution, which was proposed previously to 

generatee the active sites for the reaction of the carbon-carbon double bond. 

Inn Chapter 4 the reaction studied is the esterification reaction, focussing on activity 

andd selectivity of silica-alumina catalysts in gas phase esterification of acetic acid and 

ethanol.. Esters form an important product category, for instance for the synthesis of 

intermediatess for fragrances, flavors and detergents. Mostly esterification reactions are 

carriedd out in batch processes using homogeneous catalysts. In the search for potentially 

betterr solid acid catalysts, the influence of acidic properties of a variety of silica-alumina 

basedd solid acid catalysts on the activity and selectivity is studied. To this end the gas phase 

esterificationn of ethanol and acetic acid is used as a model system and is investigated by 

meanss of a combination of NH3-TPD and kinetic studies. The catalysts studied include 

microporouss zeolite Beta and H-ZSM-5, mesoporous silica-alumina MCM-41, and 

amorphouss silica-alumina catalysts, all with a varying Si/Al ratio. The major side reactions, 

i.e.. ethanol dehydration towards diethyl ether and ethene, are independently studied as well. 

Itt is demonstrated that the esterification reaction predominantly proceeds over strongly acidic 

sites.. The selectivity of reaction is found to depend both on the conversion and on the acetic 

acidd to ethanol molar ratio, but not on the acidity of the active sites. Ethanol dehydration is 

shownn to proceed over both weakly and strongly acidic sites and is promoted by a high Al 

contentt in silica-aluminas. 

Inn Chapter 5 the mechanism of the gas-phase esterification of acetic acid and ethanol 

overr MCM-41 is investigated in more detail. Whereas the mechanism for the homogeneously 

catalysedd esterification is long known, this does not hold for the esterification over 

heterogeneouss catalysts. Using transient and steady state experiments, temperature 

programmedd desorption (TPD), and using isotopic labelling experiments, the esterification 
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mechanismm over MCM-41 (Si/Al = 16) is studied. Gas phase esterification of acetic acid with 

ethanoll  over MCM-41 (Si/Al = 16) is shown to proceed via a Langmuir-Hinshelwood type 

mechanism,, involving a protonated acetic acid intermediate. 

Inn Chapter 6, the impact of catalyst acidity and hydrophobicity on the activity of 

zeolitee Beta in esterification reactions is investigated. A number of zeolitic materials with a 

varyingg Si-to-Al ratio were tested in both liquid phase and gas phase esterification reactions. 

Therebyy the impact of the acid site distribution and the hydrophilic nature of these catalysts 

weree systematically assessed. It is shown that in liquid phase esterification both the surface 

hydrophobicity,, the polar nature of the reactants and the acid strength of the solid acids are 

keyy factors in esterification. Hydrophilic materials are shown to be inactive in the liquid 

phasee esterification of apolar substrates. This may be ascribed to strong adsorption of water 

formedd during the reaction, leading to inhibition by counteracting the adsorption of reactants 

ontoo the active sites. More polar substrates compete more effectively with water for the 

adsorptionn sites and thus for these substrates the influence of the hydrophobicity of the 

catalystt on its activity becomes less pronounced. 

Inn contrast to what is observed in liquid phase esterification, in gas phase 

esterificationn the influence of the catalyst hydrophobicity is small or even absent. In these 

reactionss the activity depends largely on the number of acidic sites and acid strength 

distributionn of the catalyst. 
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Dee katalyse van twee voor de oleochemische industrie belangrijke reacties is 

onderzochtt in het onderzoek, dat in dit proefschrift beschreven is. In hoofdstukken 2 en 3 

wordtt een onderzoek naar de heterogeen gekatalyseerde dimerisatie van onverzadigde 

vetzurenn beschreven. Verestering, een reactie die een centrale rol spelt in de oleochemische 

industrie,, is het onderwerp van hoofdstukken 4 tot 6. 

Hoofdstukk 2 is getiteld 'Actieve plaatsen in de montmorilloniet gekatalyseerde 

dimerisatiedimerisatie van onverzadigde vetzuren'. De superioriteit van de montmorilloniet klei wat 

betreftt de katalytische activiteit in de dimerisatie van onverzadigde vetzuren is nooit naar 

tevredenheidd verklaard. Het doel van dit onderzoek was om de relatieve importantie van de 

verschillendee zure plaatsen op de montmorilloniet klei voor de reactie te bepalen als ook de 

invloedd van structurele en texturele parameters van montmorilloniet op de katalysator 

activiteitt te duiden. Er wordt aangetoond dat de reactie van oliezuur voornamelijk plaats vindt 

inn de interlamellaire ruimte van de klei. De actieve plaats van de reactie is de tetraëdrische 

substitutiee plaats en de invloed van het type van uitgewisselde kation op de activiteit van 

montmorilloniett is verklaard via het effect van het kation op de tussenlaagafstand. Model 

katalysatorenn met mesoporièn en tetraëdrische substituties plaatsen hebben geen significante 

activiteitt in de dimerisatie van oliezuur. Een tweevoudige adsorptie plaats van oliezuur wordt 

voorgesteldd om de superieure activiteit van montmorilloniet in de dimerisatie van oliezuur te 

verklaren.. Deze tweevoudige adsorptie vindt plaats door de aanwezigheid van tussenlaag 

kationenn (nodig vanwege octaêdrische substituties) en tetraëdrische substitutie plaatsen. 
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Hoofdstukk 3 gaat verder in op het onderzoek naar de klei gekatalyseerde dimerisatie 

vann oliezuur. In dit hoofdstuk wordt de hypothese dat de reactie plaats vindt in de 

tussenlagenn van de klei verder gevalideerd. Hiervoor zijn experimenten met toevoeging van 

waterr en ethyleen glycol verricht. Ook is een systematische reeks van synthetische klei-

achtigee materialen getest om de mate van tetraëdrische substitutie plaatsen te variëren. In dit 

hoofdstukk wordt gesteld dat deze plaatsen de actieve sites van de klei zijn, waar de dubbele 

bandd van oliezuur geactiveerd wordt. 

Inn hoofdstuk 4 wordt de veresteringsreactie van een alcohol en carboxylzuur 

bestudeerd,bestudeerd, waarbij met name gekeken is naar de activiteit en selectiviteit van silica-alumina 

typee materialen in de gasfase verestering van ethanol met azijnzuur. Esters zijn een 

belangrijkk product segment, bijvoorbeeld voor de synthese van intermediairen voor smaak-

enn geurstoffen en wasmiddelen. Meestal worden veresteringsreacties ladingsgewijs 

uitgevoerdd met homogene katalysatoren, wat veel onnodig afvalproduct oplevert. In een 

zoektochtt naar mogelijkerwijs betere vaste zure katalysatoren, zijn is in dit onderzoek de 

invloedd onderzocht van de zure eigenschappen van een groot aantal op silicium en aluminium 

oxidee gebaseerde zure katalysatoren op de activiteit en selectiviteit in de verestering. Gasfase 

veresteringg van azijnzuur met ethanol is gekozen als model systeem en is onderzocht met een 

combinatiee van NH3-TPD en activiteitsmetingen. De katalysatoren waren onder meer de 

microporeuzee zeolieten Beta en H-ZSM-5, mesoporeus MCM-41, and amorf silica-alumina, 

allenn met een verschillende Si/Al ratio. De belangrijkste nevenreacties, namelijk ethanol 

dehydratatiee naar di-ethylether en etheen zijn ook apart onderzocht. Er wordt aangetoond dat 

dee veresteringsreactie voornamelijk verloopt op sterk zure plaatsen. De selectiviteit van de 

reactiee is zowel afhankelijk van de conversie als van de azijnzuur-ethanol verhouding, maar 

niett van de zuursterkte van de actieve plaatsen. Ethanol dehydratatie verloopt zowel over 

zwakkee als sterk zure sites en wordt versterkt door een hoog aluminium gehalte van de silica-

aluminaten. . 
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Inn Hoofdstuk 5 wordt het mechanisme van de gasfase verestering van azijnzuur en 

ethanoll  over MCM-41 in meer detail onderzocht. Alhoewel het mechanisme van de 

homogeenn gekatalyseerde verestering reeds lang bekend is, is het mechanisme van de 

heterogeenn gekatalyseerde verestering nog aan discussie onderhevig. Met behulp van 

transièntee en steady-state experimenten, temperatuur geprogrammeerde desorptie (TPD) en 

isotopischee labelling experimenten is et mechanisme van de reactie onderzocht. Er is hiermee 

aangetoondd dat de gasfase verestering van azijnzuur met ethanol over MCM-41 verloopt via 

eenn Langmuir-Hinshelwood type mechanisme, waarbij een geprotoneerd azijnzuur het 

intermediairr is. 

Inn Hoofdstuk 6 wordt de invloed van zowel de zure eigenschappen als van de 

hydrofobiciteitt van zeoliet Beta op de verestering onderzocht. Een aantal zeoliet beta's met 

verschillendee Si-Al ratio zijn zowel in vloeistoffase als in gasfase experimenten getest. 

Daarnaastt zijn de zuursterkte verdelingen en de hydrofobiciteit van de katalysatoren op een 

systematischee wijze bepaald. Er wordt hiermee aangetoond dat in de vloeistoffase verestering 

zowell  de hydrofobiciteit van het katalysatoroppervlak, als de polariteit van de reactanten, als 

ookk de zuursterkte van de katalysatoren belangrijke factoren zijn die de katalysator activiteit 

bepalen.. Hydrofiele materialen blijken volledig inactief te zijn in veresteringsreacties van 

apolairee substraten. Dit kan worden toegeschreven aan de sterke adsorptie van het bij de 

veresteringg gevormde water, wat leidt tot inhibitie door het tegenwerken van de adsorptie van 

reactantenn op de actieve plaatsen. Meer polaire substraten concurreren beter met water voor 

adsorptiee aan de actieve plaatsen, waardoor de invloed van katalysator hydrofobiciteit op de 

activiteitt minder sterk wordt. In tegenstelling tot wat is waargenomen bij de vloeistoffase 

verestering,, wordt er bij gasfase verestering geen invloed van de katalysator hydrofobiciteit 

gevonden.. De katalysator activiteit hangt met name af van aantal en sterkte van zure plaatsen. 
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gelezenn wordt vind ik helemaal niet erg, want ik hecht er veel waarde aan om iedereen die 

mijj  heeft geholpen op deze wijze te kunnen bedanken. Promoveren is helemaal geen eenzame 

solistischee bezigheid! 

Alfredd Bliek, mijn promotor, wil ik bedanken voor de begeleiding en de zorgvuldige 

correctiess van mijn proefschrift. De geestelijke vader van het onderzoek is Eduard Poels, 

mijnn directe begeleider tijdens het onderzoek. Eduard, in het werk heb ik veel aan je te 

danken,, maar ook buiten het werk heb ik je leren kennen als een zeer sociaal en prettig 

persoon. . 

Dee volgende drie personen die ik wil bedanken waren in mijn promotietijd cruciaal 

voorr mijn werk en eigenlijk voor al het laboratoriumwerk op de afdeling. Bart van der Linden 

iss een zeer grote steun geweest in het onderzoek aan de verestering, zowel technisch als ook 

inhoudelijk.. Guido U-A Sai heeft me op prettige wijze op weg geholpen in het dimerisatie 

onderzoek.. Marjo Mittelmeijer heeft niet alleen de oppervlaktebepalingen gedaan, maar dacht 

enn werkte altijd mee wanneer dat nodig was. 

Tweee stagiairs hebben een belangrijk aandeel gehad in mijn werk aan de dimerisatie: 

Marnixx Bogert en Virgili o Floris. Met beiden heb ik met veel plezier gewerkt, met Virgili o 

hebb ik ook met veel plezier het nachtleven van Amsterdam onderzocht. 

Renatee Hippert, secretaresse van ITS, wil ik speciaal bedanken voor de vele hulp die 

ikk van haar gekregen heb in de periode dat ik al bij DSM werkte. Ik ben je zeer erkentelijk 

voorr de ondersteuning om de soms moeizame communicatie op gang te houden! Amedeo 



Dankwoord Dankwoord 

Andreinii  en Lars van der Zande hebben mij in deze periode ook geweldig geholpen om 

vragenn van referees te kunnen beantwoorden. 

Coo Zoutberg, Wietze Buster, Daan de Zwarte en Theo Nass van de werkplaats hebben 

opp voortreffelijke wijze mijn autoclaaf gemaakt en daarnaast (ook heel belangrijk) Lab Yum 

opengesteldd voor onze feesten! 

Nicolee Bacchini is misschien wel de belangrijkste persoon voor een AIO met 

ochtendhumeur:: zij zorgt voor zeer sterke koffie met een even scherpe opmerking erbij! 

Veell  collega's hebben voor een aangename tijd op de UvA gezorgd, allen hiervoor 

veell  dank. Met name de AIO-weekends zullen mij altijd bij blijven. Een aantal collega's wil 

ikk toch met name noemen. Alberto, spreek je nog een beetje Nederlands? Dat ji j uit 

Argentiniëë bent gekomen om getuige te zijn op ons huwelijk zegt genoeg over de band die 

wijj  hebben opgebouwd in onze gezamenlijke verhuistocht door Amsterdam. Monique, Bron 

enn Sjoerd waren mijn eerste kamergenoten, daarna heb ik het ook heel gezellig gehad op de 

kamerr met (van) Frank en Danny en later met Maurits. Met Sander en Huub (kom op 

Huubü!)) heb ik menige battle op de squashbaan uitgevochten. Samen met Arnoud heb ik op 

eenn vrije dag het simplistische begin van de ITS-AIO website gemaakt, die later vele 

duizendenn malen beter is gemaakt door Jochem. Met Bart(ita) ben ik zeer veel buiten het 

werkk opgetrokken, zoals in onze vakantie in Italië. Ook Adriaan Tates, Adriaan Kodde, 

Claudiaa Schmaltz, David Vidal, Eric Fourcade, Koen Pontzen, Marijke Pieters, Menno 

Dreischor,, Richard Baur, Roland van Vliet, Samuel de Lint, Simona Popovici, Sorin Bildea, 

Thijss Vlugt en Titus van Erp wil ik niet ongenoemd laten, allen heel erg bedankt voor een 

leukee tijd! 

Naastt de collega's en vrienden op werk wil ik ook deze kans gebruiken om een aantal 

mensenn buiten het werk te bedanken die belangrijk voor me zijn geweest in deze periode: 
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Mij nn broer Martijn, Merle, Gabriela, Maria, Chiquita, Colak, Johan, Bastiaan en mijn 

teamgenotenn van Hurley Heren 1. 

Mij nn ouders wil ik bedanken voor de voortdurende steun in de afgelopen drukke jaren. 

Ioana,, te iubesc. Marrus e cel mai scumpulet! 
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