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CHAPTER 1 

INTRODUCTION 

1.1 SHORT HlSTORY OF DEVELOPMENT 

Polymerisation reactions of fatty oils have been known for 
a long time. In the Middle Aqes viseaus products for paints were 
prepared by heating certain oils in contact with air. Thermal 
polymerisation of linseed oil in its present form was first 
carried out about 1B30. The manufacture of polymerised fatty 
acids (starting from c 18 fatty acids) is of a more recent date. 
These products have been available for about 20 years. In 
chapter 2 the various methods of preparatien will be dealt with. 
All these methods aim at the preparatien of well-defined polyme
rie fatty acids. For most applications the dimer (ca. c36 > is 
preferred7 the trimer (ca. c54 ) is formed by a generally un
wanted consecutive reaction. Heavier products than the trimer 
are hardly ever of any interest. 

For the past 20 years research on oleic acid dimerisation 
has mainly been directed to finding suitable and specific cata
lysts and optimum process conditions. The literature on this 
subject gives the impression that up to now the line of research 
hás been merely empirical. Results of a thorough investigation 
of the reactions occurring, if ever done, have not been publish
ed. From 1957 on, patents have been granted in which montmoril
lonite (a clay) has been recommended as a catalyst for the 
dimerisation of oleic acid. According to these patents the pro
ducts formed have a particularly low trimer content. The struc
ture of the dimer obtained in this wa~, however, is unknown and 
probably not so simple as the generally assumed structure men
tioned below: 

CH3 - (CH2) 7 - CH - CH - (CH ) - COOH I 2 2 1 

CH3 - (CH2) 7 - CH ~ C - (CH2) 7 - COOH 
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Such a dimer still contains a double bond, which can give rise 
to a consecutive reaction with oleic acid leading to a trimer. 

1.2 TERMINOLOGY 

Henceforth the dimer of oleic acid will be indicated as 
"dimer", unless stated otherwise, whereas the trimer of oleic 
acid will be denoted as "trimer". 

Dimerisation will be differentiated from polymerisation. 
"Polymerisation" stands for the formation of trimers and heavier 
products. The term "residue" includes both dimerisation and 
polymerisation products• The term "monomer" will be used for 
compounds, which are neither dimerised nor polymerised. 

The name "montmorillonite" will be used for "natural" mont

morillonite only, to distinguish it from bleaching earth or acid 
activated montmorillonite. This natural montmorillonite has a pH 
of about 8.5 in water. As a result of adsorption of e.q. humic 
acids this pH can be as low as 5. 

1.3 PURPOSE OF THIS INVESTIGATION 

Though for many years thousands of tons of dimer have been 
prepared with the aid of montmorillonite, the reactions occur
ring during this dimerisation process are unknown. The reaction 
mechanism has not been investigated and the great number of 
side-reactions and consecutive reactions that occur, have a 
great influence on the ultimate composition and yield. The 
nature and rate of these reactions as well as their dependenee 
on process conditions are still unknown. 

The function of montmorillonite in all these reactions is 
very interestinq. Apparently it partly prevents the formation of 
trimer. The catalysts used formerly were unable to do this 
(chapter 2). When startinq this investiqation natural montmor
illonite had - as far as is known to us - not yet been described 
as a catalyst for chemica! reactions, exceRt in those patents 
that deal with the dimerisation of oleic acid. This fact and the 
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apparently specific activity of the catalyst, called for an 
examination of montmorillonite (chapter 4). It wastried to find 

-
a conneetion between its favourable catalytic activity and its 
layered structure. This structure implies an increase of the 
interlayer distances, when molecules are adsorbed between the 

layers. 
The main object,however, was to arrive at a suitable kinet

ie model of those reactions that lead to dimers and trimers, and 
of the side-reactions (chapters 9 and 10). 

For that purpose knowledge of the influences of process 

conditions upon yield, properties and composition of products 
and side-products was indispensable (chapters 6,10 and 11). This 
required much analysis development (chapters 5 and 8). A better 
understanding of the occurring reactions and of the properties 
of the catalyst might lead to conclusions about optimum reaction 
conditions, to prevention of side-reactions, and to methods for 
continuous preparation of diroer acids. 

1.4 MONTMORILLONITE 

Montmorillonite is a natural clay and so has a stratified 
structure. Molecules which have a dipole moment or in which it 
is possible to induce à dipole moment, can be adsorbed between 
the layers of the montmorillonite, causing interlayer expansion. 
The "internal" adsorption capacity gives montmorillonite an ex-

2 tensive active surface, theoretically even 800 m per gram. The 
"external" surface is much smaller (chapter 3). 

In principle the dimerisation reaction might take place 
both on the internal and the external surface. 

Large quantities of clays with a montmorillonite structure 
are activated by an acid treatment into "bleaching earths", 
which are used for the bleaching of fatty and mineral oils (66, 

152). Formerly it was used as a cracking catalyst in the petrol
eum industry (54). 

During the present investigation some publications have 
appeared (18.,19,23,57,59,60,62) in which montmorillonite is 
described as a catalyst for polymerisation ot butene, styrene, 
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vinylpyridine and other compounds. These experiments, however, 
were often hampered as all the polymer remained adsorbed on the 
catalyst, leading to immediate loss of activity of the latter. 

Jurg and Eisma (96,97) studied the formation of hydrocarbons 
from behenic acid in which montmorillonite acted as a catalyst. 
Besidee these publications little has been publisbed about the 
catalytic activity of natural montmorillonite. A few times mont
morillonite has acted as a catalyst in adsorption experiments 
(9). These investigators,however, considered the occurring reaa
tions to be undesirable phenomena. 

Recently more and more attention has been paid to the poly
merisation of vinyl-monomars under the influence of crystals, 
mono-molecular layers, channels or surfaces, giving rise to 
a specific orientation in the polymere formed. The best-known 
catalysts of those mentioned above are the Zieqler-Natta cata
lysts. 

It is also possible, however, to create polymerisation 
reactions in channels, leading to stereo-specific polymere. This 
has, for instance, been carried out with butadiene and its 

derivatives (34,179) with the aid of urea and thio-urea channel 
complexes. In this process the molecules which are to be poly
merised are enclosed in channels, having a diameter of some 
ingstr6m units, in which polymerisation can occur in only one 
dimension. It is also possible (153) to arrange monomar mole
cules in a two-dimensional field and to polymerise them subse
quently to a film. In this way a polymer-film can be formed on a 
water surface. It is likely that the polymerisations carried out 
on the external and internal surfaces of montmorillonite by 
Friedlander (56,57,58,59,60), Frink (62), Blumstein (22,23) and 
Bittles (18) also belong to this group of two-dimensional poly
merisations. The catalytic properties of montmorillonite have 
- as far as we know - never been investigated extensively. As 
for the silicates, research was mainly confined to the better 
definable synthetic silica alumina, which is strongly acidic, 
and the nzeolitesn. Therefore, it is not known whether the 

dimerisation of oleic acid takes place on the external or on the 
internal surface of montmorillonite, or on both. 

At the beginning of the present investigation the possi-
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bility of dimerisation on the internal surface was not excluded. 

In not excluding the internal surface the low trimer content 
could be explained, as well as the function of the water which 

has to be present on the catalyst. That is why at first many 
x-ray diffraction-diagrams of montmorillonite adsorption com
plexes were made. Mainly owing to practical diffieulties, how
ever, this approach has had so little result that the influence 
of the internal surface of the catalyst is still unknown. 

After these preliminary investigations, our attention was 

mainly directed to t.he kinetica of dimerisation, and especially 
to the structure and the amounts of the compounds formed. 

1.5 PROPERTIES AND APPLICATIONS OF DIMERIC FATTY ACIDS AND 
THEIR DERIVA TIVES 

Dimeric fatty acids have a unique combination of proper
ties. At room-temperature they are viscous liquids. They have 
good low-temperature characteristics and never crystallise. 
Dimeric acids are easily soluble in hydrocarbons and are hardly 
volatile. In molecular distillation the dimeric acid only evap
aratea at a ten'iperature of about 250°C at a pressure of 0.001 
Torr. Up to 1962 more than 300 .patents and ether publications in 
the field of these dimers and their derivatives had appeared. 
These are reviewed bv Byrne (37,38), Cowan (42), Goebel (70) 
Van Veersen (171), Wexler (175).Already in 1962 J.C.Cowan wrote: 

"Any artiele or hook is necessarily out of date befere it is 
publisbed and must omit many references because of space or se
lected reasons" and since 1962 the number of applications and 
patents has strongly increased.That is why only a very condensed 
survey is given here, mainly taken from Byrne (37,38). 
-Dimeric fatty acid impraves the viscosity and flexibility of 
varnishes. It impraves the drying qualities of semi-drying fatty 
acids (like tall-oil fatty acids) and the weathering qualities 
of bitumen asphalts. It prevents crystallisation of chilled 
vegetable oils and formation of resinous sediments in gasoline, 
which are difficult to remove. Dimeric acids or their esters or 
amides may be added in small amounts to lubricating or other 
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oils to inhibit corrosion. Recently dimeric acids have been used 
as a stationary phase for qas-chromatoqraphy. 
-The alkali metal soaps are used as low-viscosity lubricants and 
as emulsifiers for emulsion polymerisation. The aluminium soaps 
are used in qreases. 
-Esters of dimeric acids with aliphatic alcohols are applied as 
low-temperature lubricants (124). Methyl-esters are used in dip
tinninq baths. Very impor·tant are the numerous applications in 
alkyd resins, leadinq to quicker dryinq, better flexibility and 
qood resistance to water and alkali. Application · of dimeric 
acids in the manufacture of epoxy resin esters increases water 
resistance, dryinq speed and viscosity. By esterification of 
dimeric acids with ethylene-qlycol, propylene-qlycol, qlycerol 
and such like, hiqh-density poly-esters are formed, which re
semble dryinq oils, have qood adhesion characteristics and can 
be converted by vulcanisation into rubber-like products. The 
poly-esters are used as pour-point depressors and they improve 
the viscosity index of lubricatinq oils. Poly-esters of dimeric 
acids are used as plasticizers for rubber and resins, as adhe
sives, coatinqs, de-emulsifiers (79,80,81) and surfactants. 
Reactions of these poly-esters with di-isocyanates qive ure
thane-foams with a very uniform pore-structure. 
-Polyamides, prepared from dimeric acids with e.q. ethylene-dia
mine, are thermoplastic. They are widely applied in the paint 
and synthetic resin industries. Many publications are devoted to 
industrial applications of these.resins, especially as coatinqs 

for metals, textile fibres, qlass fibre, cellophane, polythene 
and paper; as adhesives, putties, plastic solders, curinq-aqents 
for epoxy resins, in printinq-ink formulations and thixotropie 
paints. 

Summarisinq we quote Cowan, who in 1962 wrote: "Recently, 
actual or suqqested use of dimer acids, polyamide resins, or 
their epoxy combinations bas been reported for such widely sepa
rated items as in racinq yachts, milady's shoes, boron deriva
tives for qasoline and printed circuits." (42) 
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CHAPTER 2 

DIMERISATION PROCEDURES 

2. 1 INTRODUCTION 

Many methods are available for the dimerisation of unsatu
rated fatty acids (or esters of these) in the c18-ranqe.General
ly, poly-unsaturated (poly-ethenoid) fatty acids can readily 
be dimerised by heat treatment, whereas a catalyst is needed 
for the dimerisation of mono-unsaturated (mono-ethenoid) fatty 
acids. The structure of the dimer formed as well as type and im
portance of both side-reactions and consecutive reactions de
pends on the · startinq material and the catalyst used. As a re
sult, the following dimerisation methods can be distinguished: 
- thermal dimerisation (2.2) 
- dimerisation effected by electric discharges (2.3) 
- dimerisation by means of atomie hydragen (2.4) 
- dimerisation by peroxides (2.5) 
- dimerisation by acids (2.6) 
- dimerisation by clay catalysts (2.7) 

2.2 THERMAL DIMERISATION 

Thermal dimerisation indicates dimerisation without a cata

lyst merely by raising the temperature to about 300°C while 
oxygen is excluded. Though thermal dimerisation occurs in con
siderable amounts only with poly-unsaturated fatty acids (2.2.1), 

thermal dimers of oleic acid have been found and described 
(2.2.2). 

For thermal dimerisation methylesters and glycerides are 
mostly preferred as starting materials, since free fatty acids 
readily give decarboxylation and anhydride-formation as well as 
a lower yield and a worse colour. 
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2.2.1 THERMAL DIMERISATION OF POLY-UNSATURATED FATTY ACIDS AND 

ESTERS 

The reason of the elahorate discussion on this reaction 

which follows here will he clear in chapter 9, where we shall 

develop a reaction scheme for the dimerisation of oleic acid, 

which dimerisation proceeds via a hydrogen transfer reaction 

resulting in the formation of a - prohahly conjugated - dienoic 

acid. 

As early as 1929, Scheiher suggested (154) that the iso

merisation of non-conjugated to conjugated esters is a prere

quisite for their dimerisation. A few years later Kappelmeier 

hrought forward that polymerisation of drying oils, i.e. the 

glycerol esters of poly-unsaturated fatty acids had to he ex

plained as a so-called Diels-Alder reaction hy condensation of 

two conjugated fatty acids. In this way the rapid polymerisation 

of tung-oil, which consists mainly of elaeostearic esters, could 

he understood, while for linseed oil with non-conjugated fatty 

acids he adopted the ahove mentioned suggestion of Scheiher as 

a preliminary reaction (98). Assuming that this theory re

presents the facts correctly, Bradley and Johnston (32) as

serted in 1940 that then the non-conjugated and conjugated 

esters would yield identical dimers. For methyl linoleate this 

would lead to the formation of a monocyclic diroer as represented 

helow or to isoroers of it: 

2 CH -(CH ) -CH=CH-CH -CH=CH-(CH ) -COOCH 
3 24 ~ 2 27 3 

2 CH
3

-(CH2 ) 5-CH=CH-CH=CH-(CH 2 ) 7-COOCH3 

! 
CH -(CH ) -CH-CH-CH=CH-(CH ) -COOCH 

3 2 s; \ 2 7 3 

CH3 -(CH2 ) 5 -c~ ÏC-(CH2 ) 7-COOCH 3 I 

C=C 
H H 

methyl linoleate diroer 
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For the dimerisation of methyl linolenate containing 3 

ethylenic bonds, they postulated that the above reaction is fol
lowed by an additional intramolecular ring closure, leading to a 
bicyclic dimer of the following structure or to isoroers of it: 

bicyclic methyl 
lenolenate dimer 

Assuming that a 1,4 addition, as represented by I actually 
occurs, Paschke and Wheeler (1949t 141) were the first to empha
sise that such an addition could occur between a conjugated and 

a non-conjugated form with a double bond of the non-conjugated 
form acting as dienophile (cf. 172}. This would result in a 

structure similar to I, but with the ring one carbon further 
removed from the exo-cyclic double bond. They stated that, in 
the dimertsation of methyl linoleate, the conditions would be 

favourable for such a conjugated - non-conjugated dimerisation, 
since, in the early stages of dimerisation, the concentration of 
non-conjugated linoleate is high in proportion to that of the 
conjugated form. 

From the fact that the decrease of non-conjugated linoleate 
proceeds not exactly ac~ording to a first order reaction, they 
concluded that a dimerisation reaction between a conjugated and 
a non-conjugated linoleate molecule would really be possible, 

by which reaction the concentration of the non-conjugated lino
leate would also decrease by the bimolecular dimerisation reac
tion. They suggested the mechanism below (141,142): 

N ~c (slow, monomolecular reaction) 
N + c ~o (rapid, consecutive bimolecular reaction) 

in which N = non-conjugated linoleate 
c conjugated linoleate 

D dimer 
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•Fig. 1 The thermal polymerisation of isomerie methyl linoleates 
at 290°C after Paschke et al. (142)' 
A.C. = alkali conjugated 

50 

The low concentration of conjugated linoleate, and the high 
rat.io of non-conjugated to conjugated linoleate during the main 
reaction period should favour the second reaction as compared 
with a conjugated-conjugated dimerisation.The relativa speeds of 
dimerisation of conjugated and non-conjugated methyl linoleates 
are clearly shown in Fig. 1. Later on (1961) these results were 
confirmed hy Frankelet al. (53). Paschke and Wheeler explained 
the greater reactivity of trans-trans conjugated isoroers by ex
arnination of scale roodels of all conjugated linoleate isoroers 
(176). Fora ready Diela-Alder reaction the conjugated diene 

should be able to swing around into the planar "bent back" or 
"semi-ring" (S-eis) structure, so that the dienophila can readi
ly attack both double honds at the sarne time. The trans-trans 
conjugated isoroer is the only one readily forming the semi-ring 
structure, and this structure also shows minimum interference to 

•Figures, Tables, Schemes, etc. have successive numbers. 
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the dienophilic approach. So from their detailed studies of the 

dimerisation rates of octadecadienoate isomers, they suggested 

that the isomerisation and dimerisation reactions proceed ac
cording to the diagram represented in Fig. 2. 

Nee 

DIM ER TRIMER 

N: NON eONJUGATED UNOLEATE 

C: eONJUGATED UNOLEATE 

C: CIS 

T: flANS 

Fig. 2 The thermal polymerisation of isomerie methyl linoleates 
after Wheeler (176) 

If an isolated double bond can act as the dienophile, as 
was suggested by Paschke and Wheeler, this possibility can be 
used to explain the occurrence of trimers (37,51,94). Although 
their structure has not been conclusively established, the 
structure below is generally accepted: 

triroer of methyl linoleate 

The mechanism described above, however, is not the only 
mechanism proposed. In 1945 Sunderland (163) suggested a mecha
nism in which a double bond of one monomer unit abstracts a 
hydrogen atom from a methylene group of another monomer unit, 
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after which the two molecules join, creating a dimer linked by 

only one carbon-carbon bond. According to the mechanism speci
fically suggested by Farmer in 1949 (48) the first step is the 

abstraction of a hydrogen atom from the isolated a-methylene 

group cc 11 > between the two double bonds, followed by the addi

tion of a linoleate molecule to the radical formed. The dimeric 

radical thus obtained could be subjected to cyc~isation to give 
a cyclic dimer after recapturing a hydrogen atom. So, in view of 
this theory, the presence of rings in the linoleate dimer, which 

was demonstrated in 1953 by Boelhouwer et al. (27) by means of 

the Waterman ringanalysis Cc:::f. 8.3) does not provide decisive 
evidence in favour of the conjugated mechanism. In 1955 Rushman 

and Simpson (151) gave new data on this. subject, together with 

another interpretation of some results of Paschke and Wheeler. 

They examined the initial rates of the conjugation and dimerisa

tion reactions to trace the precise origin of the products 
formed. Their results suggest that the formations of both the 

conjugated linoleate and the dimer are second order reactions 
with respect to methyl linoleate. They concluded that the in

itial rate of dimer formation is not zero. In our opinion this 
could be due to overrating the accuracy of their experimental 

and analytica! techniques, and to their choice of t=O, which has 

not been defined. So, in our opinion, they are at this point un

able to refute the conjugation hypothesis on account of their 
results. 

Apart from this, especially their conclusion that the for

mation of conjugated linoleate is second order with respect to 
methyl linoleate, is inconsistent with the conjugation hypothe
sis. They suggest a bimolecular hydragen transfer free radical 

mechanism, in which the methyl linoleate acts both as hydragen 

donor and as hydragen acceptor: 

(N) 

(N) 

-CH=CH-CH2-CH=CHJ -cH=CH-ëH-CH=CH-

+ - + 

-CH=CH-CH2-CH=CH- -ëH-CH2-cH2-CH=CH-

or 
-cH2-éH-CH2-CH=CH-
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Radical R: 1 is a resonance hybrid, viz., 

I 

13 

II 

-èH-CH=CH-CH=CH- - -CH=CH-~H-CH=CH-

l 
-CH=CH-CH=CH-éH-

III 

and, if the radical formation is reversible, I and III would 
lead to the formation of conjugated linoleate, which could also 

be formed by: 

According tothemdimer formation could be represented by: 

R" 
-1 + R:1- D 

R~1 + R~1- D 

R• 
-1 + R~1- D 

Their experimental results can be explained by this mecha-

nism. However, they do not give an explanation for the consid-
erable differences between the dimerisation rates of the various 
linoleate isomers as observed by Paschke and Wheeler. They state 

that the steady increase of the amount of conjugation in the 
first few hours cannot be explained by the conjugation hypothe-
sis. From their measurements, however, it appears 
early samples nainly contain the cis-trans conjugated 
is not as readily dimerisable as the trans-trans 
form, formed later in the reaction. 

that these 
form which 

conjugated 

They conclude that in the later stages of the reaction some 
dimer arises via the conjugated monomer. As a result of the 
above dimerisation reactions, 3 different types of dimer can be 
expected, but they do not make any suggestion for their struc
tures. A simple coupling of R: 1 radicale as proposed, would re-
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sult in a non-cyclic dehydro-dimer type of structure (of. 2.5), 
though the authors admit that thermal linoleate dimers are cy
clic and have essentially no conjugated double bonds. If after 
formation of such a dehydro-dimer cyclisation occurred, this 
would give bicyclic dimers, similar to dimers formed by ring 
closure of a dehydro-dimer obtained with peroxides {82, 42). 
In 1954 Harrison and Wheeler {82), however, wrote that the 
structure of dehydro-dimers-after-ring-closure differs from that 
of thermal dimers. This difference, however, might be due to 
the fact that, in dehydrodimerisation with peroxides radioals 
of the R: 1-type are formed exclusively, since the abstracted hy
drogen atoms react with the peroxide to an alcohol instead of 

with a second linoleate molecule to an R~ 1 -type radical.For this 
reason the "average" structure of the dimers will be different. 
Recently {1967) Wheeler and White {178) reported the presence 

of bicyclic dimers after thermal dimerisation of methyl lino
leate. 

In 1964 Paschke, Petersen and Wheeler {144) demonstrated, 
by means of chemical analyses, ozonolysis, NMR and in particular 
by mass speetrometrio data, that the thermal diroer of methyl 10-
trans,12-trans linoleate contains a cyclohexene ring, which is 
considered proof of a Diels-Alder addition. In the 1967 pu
blication of Wheeler and White {178), dealing with the struc
ture of the thermal diroer of methyl linoleate {methyl 9-cis, 
12-cis octadecadienoate) the presence of mono-, bi- and tricy
clic dimers is suggested based upon mass speetrometrio data of 
dimers and hydrogenated dimers. They use the bimolecular hydra
gen transfer free radical mechanism of Rushman and Simpson to 
explain the sugqested presence of the bi- and tricyclic dimers, 
but, in their opinion, the conjuqation-Diels-Alder mechanism is 
still the best for explaininq the mono-cyclic diroer structure. 
One of the arquments is the presence of a stronq ~ -peak in the 
mass spectrum, which would be due to a reverse or retro Diels
Alder reaction. The absence of this peak after hydragenation can 
be explained by the conjuqation-Diels-Alder mechanism, since the 
compound is then no longer a Diels-Alder adduct as such. 

Therefore, they suqgest that the M=588 peak corresponds ex
clusively with the Diels-Alder mechanism. The absence of an 
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R• + R• -o-2 M 586 (bimolecular hydrogen trans-
-I -I fer free-radical mechanism) 

R• 
-I + R:l -n M 588 (free-radical mechanism) 

N + c -n M 588 (conjugation-Diels-Alder 
mechanism) 

R:l + R:l -n+2 M 590 (free-radical mechanism) 

M=590 peak should indicate that there is no coupling of R: 1 +R~l 

as originally suggested by Rushman. This is explicable, since 
the dimers of the stablest radicals will be formed,which implies 

that the relatively unstable R: 1-radicals prefentially abstract 
a hydrogen atom from a normal linoleate molecule and thus become 
an oleate isomer, the presence of which has actually been ob
served. 

All in all we may conclude that neither the bimolecular hy
drogen transfer free radical mechanism not the conjugation

Diels-Alder mechanism can provide a satisfactory explanation of 
all experimental results. Furthermore, some reactions have not 
been taken into consideration, though they are necessary to com
plete the mechanism. Therefore,we suggest the "hybrid mechanism" 
below, consisting of a combination of the two mechanisms above 
together with some other possible reactions. 

(The indices refer fo the difference in number of hydrogen 
atoms between the molecule (or radical) and c 17a31 cooca3 (or 
(c 17H31 coocH3) 2 in case of dimers).) 

initiation reactions 

N 

N 

c 
+~ + c 
+ c 

R• + R• 
-1 +I 
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propaqation reactions 

R" 
-I +N 

R" -I + N(or 

R:t + N 

R" +I + N(or 

o· 
+I + N(or 

o· 
-I + N(or 

termination reactions 

R• + R" 
-1 -1 

R" + R" +I -1 

ch.2 

-c+ R" 
-I 

C) -o:l 

-N_2 (or c_2) + R;l (trienoate) 

--c + R" +I 

C) -o:t 

-N+2(= c+2) + R" 
-I (mono-enoate) 

c) -o+2 + R" 
-I 

-o+ R+t 

c) -o_2 + R:l 

-D+ R_l 

D_2 

N + N_2 

c + N_2 (trienoate) 

N + c . 
-2 

c + c_2 

c + c 

c + N 

N + N 

D (improbablef 
· Wheeler) 

------~mono-enoate + trienoate 

N + N+ 2 (=_ c+ 2J 
(m6no-enoa te) 

-----c + N+ 2 (- c+ 2> 

(not present: 
Wheeler) 
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Diels-Alder reactions 

c 
c 

+ N 

+ c 

____ ___,,.. D 

-----... o 
C(or N) + trienoate---o_ 2 
2 trienoate o_4 
etc. 
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The Diels-Alder ring-closure leading to diroer o_2 can be 
followed by an additional intra-molecular ring-closure, thus 
giving a bicyclic dimer of the condensed type with M=5B6 (178). 
An additional intra-molecular ring-closure is also possible in 
the diroer 0_4 , which would lead to a bicyclic or perhaps even 
tricyclic diroer with M=584. However, conditions are unfavourable 
for the formation of o_4 , since the octadecatrienoate molecules 
easily undergo internal ring-closure to give a cyclic monomer. 

According to this mechanism the data of Rushman and Simp
sen, especially the second order kinetics for conjugation and 
dimerisation, can be explained, as well as the data of Paschke 
and Wheeler, the great differences in dimerisation rates of the 
linoleate isoroers and even the presence of oleate isoroers and of 
cyclic monomers. The presence of cyclic monoroers is suggested by 
Paschke and Wheeler (141,142). These compounds could be formed 
according to the mechanism above by cyclisation of the methyloc
tadecatrienoate. This type of cyclisation has been described by 
Friedrich (61) and others. 

It is obvious that thermal dimerisation of methyl linoleate 
can be accelerated by adding conjugation catalysts, since conju
gation is the rate determining step of the dimerisation. For 
this purpose nickel, sulphur dioxide, anthraquinones, alkali, 
furfural and palladium on carbon have been suggested. The addi
tion of clays to accelerate thermal dimerisation of methyl lino
leate will bedescribed in 2.7. 
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2.2.2 THERMAL DIMERISATION OF OLEIC ACID 

The occurrence of thermal dimerisation of methyl oleate 
has first been reported by Paschke and Wheeler (141 ,142). They 
isolated very small amounts of methyl oleate diroer and found 
that the diroer contained approx. one double bond. Therefore, a 
substitutive addition of two molecules of methyl oleate with 

loss of only one double bond was suggested. The carbon atoms 
next to the double bond possess activated hydrogen atoms, which 
could give rise to the reaction below (159): 

+ 

In his elaborate investigation, however, Sen Gupta (158, 
159) showed that both unsaturated and saturated dimers are 
present after thermal dimerisation of methyl oleate at 280°C for 
65 hours, yielding 5.6% of dimer. After isolating the saturated 
diroer and investigating the structure, mainly by means of mass 
spectrometry,he suggested a tetra-substituted cyclobutane struc
ture: 

Many side products were found, which, for the greater part, 
were identified as methylesters of dicarboxylic ac~ds, methyl
esters of the c4 - c10 monocarboxylic acid and hydrocarbons. 

2.3 DIMERISATION EFFECTED BY ELECTRIC DISCHARGES 

When fatty oils or the corresponding free fatty acids are 
exposed to silent electric discharges in a gas a~osphere under 
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low pressure, they are converted into very viscous oils. During 
WOrld War I this Elektrion-process of De Hemptinne, the later 

Voltol-process, was widely applied for the preparation of lu~
cants of high quality. The process was carried out under 0.1 at 
hydrogen, carbon dioxide or air at 40~ao0c in cylindrical reac
tors, containing a great number of rotating electrades (26) 
with a 500 cps, 5.000-10.000 volt tension. In 1922 Eichwald re
ported that starting with "pure" oleic acid solid acids are 
formed (46), and up to 11% stearic acid was found (1922). We 
must, however, keep in mind that we know now that in the twen
ties the so-called pure oleic acid was certainly not pure, and 
his statement of having found stearic acid is doubtful. Eichwald 
expected a d:imer containing a cyclo-butane-ring, which however, 
was not found. The communication is only of historie interest, 
and the conclusions must be handled cautiously. 

2.4 DIMERISATION BY MEANS OF ATOMIC HYDROGEN 

The presence of atomie 

as well as hydrogenation. 
hydrogen also causes polymerisation 

Atomie hydragen can be obtained by 
thermal dissociation, photochemical fission of H2 molecules or 
by gas discharges in a hydrogen atmosphere of low pressure 
(170). 

These reactions with atomie hydrogen, proceeding on the 
liquid surface via free radicals, have extensively been investi
gated by Waterman and Van Steenis (170). The radicals once 
formed, can be hydrogenated by capturing a hydrogen atom or they 
can join into dimers. By means of atomie hydroqen also saturated 
compounds can be dimerised, though much more slowly. The dimers 
thus obtained were not cyclic. 

2.5 DIMERISATION BY PEROXIDES 

Only dimerisation by addition of peroxides will be discuss
ed. What is known as autoxidative dimerisation, proceeding via 
the formation of hydroperoxides of the oil by oxygen (air), will 
not be dealt with, since in this way oxygenous polymers are 
formed (51). 
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Clingman and Sutton (1953, 41) d:i.merised methyl linoleate 

by heating it for 10 hours with di-tertiary-butyl peroxide at 
134°C in vacuo. They observed that the di-t-butyl peroxide had 
been converted into tert-butyl alcohol, that t-butoxy radicals 
had not been incorporated to any appreciable extent in the lino
leate system and that the dimers had the same degree of unsatu
ration per monoroer unit as the original monomer. This dimerisa
tion may be carried out with methyl linoleate, methyl oleate and 
even with methyl stearate (41) in the presence of a suitable 
organic peroxide. 

The peroxide is not a catalyst, since for each dimer mole

cule one molecule peroxide is converted into the corresponding 
alcohol by abstraction of hydrogen from the molecule to be 
dimerised (82). For this reason this type of diroer is generally 
referred to as "dehydro-dimer". The dehydrodimer of methyl lin
oleate would have the following or an isomerie structure (42) : 

CH3 - (CH2) 4 - CH- CH = CH- CH = CH- (CH2) 7 - COOCH3 

When heated to 250°C this dehydrodimer gave intramolecular 
ringclosure to a bicyclic dimer: 

The dehydrodimer of oleic acid (23 wt%), obtained after 48 

hours at 135°C contained 2 ethylenic honds, corre~ponding with 
the structure below or an isomerie structure (83, 42): 
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This structure has been confirmed by quantitative hydro

genation, UV absorption, determination of double bond positions 

by ozonisation, and mass spectrometric data (143). When very 

large quantities of peroxide (> 30 mol%) are employed the ten

dency to form trimers and higher polymers increases. Normally 

the ratio of dimer to higher polymers is about 3. 
Di-t-butyl peroxide is also capable of abstracting a hy

drogen atom from the ~-carbon atom next to the carboxylic group 
and thus the formation of dehydrodimers of methyl stearate is 

also possible as has been reported both by Clingman et al. (41) 

and by Harrison et al. (84). 

2.6 DIMERISATION BY ACIDS 

Apart from the remark made by Friedellhagen in 1933 (SS) 

that oleic acid can be polymerised by HF, the first investiga

tion dealing with the acid catalysed dimerisation of oleic acid 
was made in 193S by Chowdhury et al. (40), who used stannic 
chloride (Sncl4) as a catalyst. After 10 hours at 100°c highly 

viscous products were obtained. The evolution of HCl gas during 
the experiments was considerable and they concluded, therefore, 

that the action of the snc14 was not strictly catalytic. The 
residue obtained after distillation was a highly viscous, tarry 

product, whereas the distillate was found to be a mixture of 
stearic and oleic acid. The formation of an intermediate com

pound of oleic acid with stannic chloride is suggested, which 
compound is said to decompose with the evolution of co2 and H2 , 

the latter reducing both oleic acid and stannic chloride to 

stearic acid and stannous chloride respectively. Chlorides of 
various metals have been used as a catalyst: znc1 2 , snc1 4 , 

Alcl3 , SbC13 , BiC13 , but only the action of sncl4 has been in

vestigated in detail. 
About 19SO "molecular compounds" of BF3 with phosphoric 

acid have been used by Topchiev and coworkers (166,167,168) for 

the dimerisation of oleic acid and its esters. 
Their experiments were carried out at 20-100°c with1-28 wt% 

of catalyst. Their assumption that no trimers and higher poly-
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roers were present in the reaction mixture was based upon bramine 
nwnber and average molecular weight of the rea:ction mixture. 
Bramine nwnbers, however, are inaccurate for this type of work 
since besides addition of bramine substitution may take place. 
Average molecular weight determinations of the entire reaction 
mixture are unable to give any information about the monomer, 
diroer and polymer contents. An average molecular weight of 566 
for such a mixture does not mean that only dimers are present. 

Moreover, molecular weight measurements of oleic acid dimers are 
very difficult, as is illustrated by their results in camphor 
and in benzene, which differ 40 units, equal to 14% inaccuracy 
in the dimerisation yield. They concluded that, besides dimeri
sation, other reactions would take place, resulting in the 
formation of stearic acid, which had been observed. After ozoni
satien of the oleic acid dimer and identification of the decom

position products, they suggested the diroer structure below: 

In this conneetion Cowan (42) reported tn 1962 .that, though 
Russian reports support this structure, 
had (rather surprisingly) indicated that 
be cyclic. 

private communications 
even this diroer could 

Soyabean fatty acids and methylesters of these have been 
dimerised by Croston et al. (43), with BF3 and HF as catalysts. 
Some of their results with BF3 are represented in Fig. 3.The 
yield of diroer was arbitrarily determined as the amount of resi
due after ordinary distillation at a pot temperature of 250°C 
and 1 mm Hq. The amount of diroer did not exceed 60 wt%. No in-
vestigations of the distilled monoroers were published. The resi
dues were a very dark brown and had a low diroer to polymer ra
tio. Dimerisation of soyabean fatty acids by boron trifluoride 
at 30°C occurred to a much greater extent than with the eerre
sponding methylesters, but relatively low acid values were 
found, indicating considerable reaction of the acid groups 
(Table 4). 
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0 

....,._.-TIME, MINUTES 

Fig. 3 Polymerisation of methyl esters of soyabean aoids at var-
ious temperatures and BF3 oonoentrations af ter Croston 
et al. (43) 
A: 95°c 7 2.3 wt% D: 195°Cr 2.0 wt% 
B: 95°C; 4.6 wt% E: 150°C; 2.2 wt% 

C: 95°C; 9.5 wt% 

Table 4 Dimerisation of soyabean fatty aoids (acid value • 190) 
after Croston et al. (43) 

Residue 

Catalyst Temperature oe Time hrs Yield wt% Acid value 

4% BF3 30 5 39 96 
4% BF3 155-165 2 71 149 

35% HF 80- 90 1 72 169 

23 
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Hydragen fluoride can also dimerise soyabean fatty acids 

and their methylesters (43). Temperatures below 100°c are ap

plied, but for good yields very large amounts of HF are necessa

ry, the mole ratio of HF toester being about 3 to 1. Yields up 
to 70 wtt are attainable, with colours between 13 and 18 on the 

Gardner scale, so the colours are very dark (cf. 2.7). 
According to Barrett and Goebel (13) Friedel eraft's cata

lysts, e.g. boron trifluoride and its various complexes, phos

pho-tungstic acid, silico-tungstic acid, fluorboric acid, zinc 

fluorborate and the chlorides of aluminium, tin, iron and zinc, 

can dimerise unsaturated fatty acids, but the products have high 
trimer contents and their acid values are considerably lower 
than those of the acid starting material. Therefore, they cannot 
be used effectively for most applications. 

2.7 DIMERISATION OF OLEIC ACID WITH CLAY CATALYSTS 

All important data and knowledge dealing with thè dimerisa

tion of oleic acid with clay catalysts are to be found in a num

ber of patents which have been granted mainly to Emery Indus
tries Inc. and General Mills Inc., both u.s.A. companies. In 

1944, Johnston (94) was the first to describe the dimerisation 
of poly-unsaturated fatty acid esters at temperatures of 280-
3000c in an inert atmosphere in the presence of activated bento
nite, a clay mixture usually containing more than 75 wt% of 

montmorillonite. In the next few years several patents on this 
subject were granted (79,80,81), but none of the assignors 
reported the possibility of dimerising mono-unsaturated fatty 
acids or esters by the same process. Goebel discovered in 1947 
(67,68,69) that inthermal dimerisation processes small amounts 

of water in the reaction mixture prevent both dehydration and 
decarboxylation reactions. In 1957 patents of the Emery group 

with Barrett, Goebel and Peters asinventors (11,12), claimed 

a method for manufacturing dimerised fatty acid~ from both 
poly- and mono-unsaturated fatty acids, such as oleic acid, 
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in the presence of clay and a small amount of water (1-5 wt%). 
The latter is retained in the 

means of pressure (5-11 ato). 

reaction mixture, preferably by 
All common commercial crystalline 

clay minerals can be used, such as kaolinite, hectorite, halloy

site, but montmorillonite is preferred, in amounts of 1-20% 
(preferably 2-6.%), with a pH between 2 and 7. Dimerisation 
starts at a temperature as low as 180°c, but temperatures of 
200-260°C for a period of 2-4 hours are recommended. During the 
reaction the mixture is agitated to keep the catalyst in suspen
sion. At the end of the heating period, the water is permitted 
to flash off in order to facilitate the following filtering op
eration, which is carried out after reducing the temperature to 
about 100-140°c. Then the monomeric remalnder is eliminated by 

distillation of the reaction mixture. Some of their results are 
represented in Table 5. 

Table 5 Some dimerisation results after: 
(1957) 

U.S.Pat. 2.793.219 

fatty acid reaction time Catalyst wt% water temp. 
hrs wt% oe 

undecylenic acid 2 Filtrol 2 2 260 
erucic acid 4 Filtrol 4 2 230 
elaidic acid 4 Filtrol 4 4 230 
oleic acid (comml 4 Pikes Peak 4 2 240 
oleic acid (comm) 2 Filtrol 2 4 260 
oleic acid (comml 4.5 Filtrol 8 1.5 215 
oleic acid (comml 5 Filtrol 20 1 180 

•pikes Peak Clay" is a natural montmorillonite from 
Georqia 

•Filtrol" is an acid activated montmorillonite, sold by 

Filtrol Corporation 

yield colour 
wt% Gardner 

66 6 
45 9 

50 8 

45 8 

45 9 

48 7 

53 11 

The products obtained in this way contain relatively small 
amounts of trimer, have a light colour and a high acid value. 
These properties are favourable for most,applications. 

From 1957 on this process has been improved in order to at
tain higher yields, better colours and higher dimer/trimer ra
tios in the residue. In a patent of 1960 it was suggested (125), 
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to add 0.5-8 wt% of alkali based on the weight of the clay, or 
to use a natural alkaline clay, instead of the acid clays of the 
bleaching earth type recommended previously. In this case, after 
completing the reaction,the mixture is acidified with phosphoric 
acid to convert fatty acid soaps into free fatty acids and 
phosphates, which are insoluble in the fatty acid mixture and 
can be filtered off tagether with the montmorillonite. The as
sumption that, as a result of alkali addition, a two-stage pro

cess would be obtained, whereas the processas of aarlier patents 
would be one-stage processes, is rather doubtful. Both this 
patent and the Belgian patent of Baldwin and Fischer (4),dealing 
with more or less the same improvement, indicate an increase 
both in dimerisation yield and in dimer/trimer ratio, but it 

should be noted that the clays in their comparative experiments 
are either from different deposits, or from unspecified origin, 
or again the results are incomplete. So the differences in yield 
and properties could also be caused by differences in structure, 
composition or previous history of the clay. Therefore, it was 
certainly not permitted to conclude from these data that the 
alkalinity of the clay was the cause of the improvement. This 
was confirmed by Fischer in 1964 (52) 1 who then described that 
some acidic clays give equal, and in some instances even better, 
results than alkaline clays. 

These acid clays gave pH values between 5 and 6, measured 
in 10% slurries in distilled water. In our op~n~on, however, 
- as far as the dimerisation of oleic acid .is concerned - there 
is no essential difference between a clay of pH = 5 and one of 
pH = 8, since this difference reveals only that 

+ tains more H -ions, which by no means implies 
would not contain acidic places. 

the farmer con
that the latter 

Another proposed impravement of the process consists in the 
addition of a small amount of the soap of a fatty acid and a 
nitrogenous compound such as ammonia or amine (126). The pre
senee of these soaps in the dimer or monomer product is not dis
advantageous in many applications, in contrast with the alkali 
or earth-alkali soaps. 

Dimerisation of oleic acid with a clay catalyst was also 
described at atmospheric pressure, without obvious precautions 



ch.2 27 

to maintain water in the reaction mixture (119}. In this case 

large amounts of montmorillonite were used Cabout 25 wt%} while 
a lithium compound was added, which according to the author 
stabilises the clay in such a way that no substantial quantity 
of water is necessary to prevent disactivation. The dimeri
sation experiments are carried out at 185-205°C, which is lower 
than the temperatures recommended in the other patents. But we 
must realise that most of these experiments have been car
ried out with tall oil fatty acids which, in addition to oleic 
acid, contain 42% dienoic acid. Therefore, when interpreting the 
results in terros of oleic acid dimerisation, we should be care
ful since in these experiments the dimerisation of the dienoic 
acid interferes with the oleic acid dime:risation. 

Two dimerisation experiments, however, have been carried 
out with oleic acid (94% purity} at 200-205°C for 4 hours using 
25 wt% of catalyst.Addition of 1 wt% of LiCl increased the yield 
from 39.8 to 58.5 wt%, which is convincing. 

When the same process is carried out under pressures up to 
about 15 ato, produced by volatile components in the feedstock 
or by water (120}, satisfactory results can also be obtained 
with smaller amounts of clay. Some of the results with tall oil 
fatty acids are represented in Fig. 6. The results with oleic 
acid and 25 wt% of montmorillonite are represented in Table 7; 
no dimer/trimer ratios have been reported. 
From Fig. 6 it can be observed that, with tall oil fatty acids, 
the addition of Li-acetate improves both the rate of dimerisa
tion and the dimer/triroer ratio, but it hardly .improves to opti
mum attainable yield of about 65 wt%. There appears to be an 
upper limit to which any given mixture of unsaturated fatty 
acids can be dimerised in a practical operation. This was al
ready observed in 1960 by Myers et al. (125), but never has an 
explanation been given for this phenomenon. It has been noted, 
however, that the dimerisation treatment diminishes the tendency 
or the capacity of the monomeric fatty acids to dimerise, per
haps because of isomerisation. Therefore, experiments resulting 
in dimerisation yields near this upper limit, as represented in 
Table 7, are not apt to illustrate the effect of some addition 
or of any other variation in reaction conditions. 
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Fig. 6 Dimerisation of tall oil 
fatty acids with montmorillonite 
(pH 8.3) after (120) 

a) 4 wU of montmorillonite 
b) 25 wtt of montmorillonite 

Table 7 Dimerisation of oleic acid with 25 wtt of montmoril
lonite after (120) 

dimerisation yield 

temperature reaction time no addition 1.0 meq Li-acetate 
oe hrs per g clay 

230 4 56.0 50.6 

230 5 61.4 63.8 

260 4 - 63.9 
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Some patents deal with combined processas to obtain pro
ducts, especially fitted for specific applications. These pro
cesses involve thermal dimerisation (71) or treatment with a 
Lewis acid (13), followed by a treatment with montmorillonite, 
to obtain special p:roducts. 

A mechanism for the dimerisation or a definite structure 
for the oleic dimer, obtained with montmorillonite, has never 
been suggested, but generally the structure for the dimerisation 
with BF3 .H3Po4 , proposed by Topchiev, has been taken for granted 
{2. 6) • 

If the process is stopped too soon the non-volatile residue 
is said to contain intermediate reaction products (11,12,52), 
which is indicated by comparison of the acid and saponification 
values of the residue. After about one hour reaction time the 
acid value of the residue may have decreased to as low as 140, 
indicating that an appreciable percentage of the carboxyl groups 
is no longer free, though the saponification value has not 
altered appreciably. This is probably the result of interester 
(= esterdimer; 7.3) formation, which is suggested as a necessary 
preliminary step to dimer acid formation. The presence of water 

is said to be necessary to convert these esterdimers into dimer
ie acids,since after continuous heating in the absence of water, 
no dimer acids were formed.In our opinion this interpretation is 
loubtful, since the esterdimer concentratien in the total reac
tion mixture should be taken into account and not the concentra-
tion in the residue. Therefore, 
not be an intermediate product, 
reaction. 

these esterdimers may perhaps 
but only the result of a side 

The composition of the mixture of monomeric fatty acids ob
tained as distillate after the dimerisation reaction, has not 
been elucidated. In 1957, Peters (148) wrote: nPartial evidence, 
however, indicates that during the process of polymerization, 
•••• , other reactions take place. These side reactions appear to 
involve isomerization of the unsaturated fatty acid chains in
cluding shifting of the double bonds, probably towards the car
boxyl end of the chain, formation of ringstructures and/or the 
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introduetion of side chains". He stated that "a secondary reac

tion occurs concurrently which results in a modification of the 

structure of a portion of the unsaturated acids to a degree 

which does notpermit further polymerization". He also found 

that "the unsaturation remaining in the structurally modified 

acids, which apparently is not sufficiently active to further 

polymerize, can, however, be hydrogenated to yield saturated 

acids", which have been found to be liquid at room-temperature. 

2.8 CONCLUSIONS 

Many methods of dimerising unsaturated fatty acids are 

available. With dienoic fatty acids or esters dimerisation can 

be provoked by heat treatment at about 300°C preferably in the 

absence of oxygen and under steam pressure, in order to prevent 

anhydride formation and decarboxylation. The dimers obtained in 

this way have a tetra-substituted cyclohexene structure. 

Dimerisation of mono-unsaturated fatty acids or esters, on 

the other hand, only proceeds to a considerable extent by per

oxides, electric discharges or atomie hydrogen, or under the in

fluence of a catalyst. The structure of these dimers seems to 

depend on the dimerisation method. Since peroxides, when used in 

effecting dimerisation - leading to a dehydrodimer - are con

verted into alcohols, they cannot be considered real catalysts. 

The dimerisation of mono-unsaturated fatty a:cids with a 

clay catalyst, preferably of the montmorillonite type, has been 

the subject of a number of patents in the past twelve years. The 

products obtained by this process have high dimer/triroer ratios, 

a very good colour and a high acid value. These properties are 

desirable for most applications. The dimerisation yield, how

ever, never exceeds about 60 wt%, when oleic acid is used. An 

explanation of this phenomenon has not be.en suggested as yet. 

The monomeric fatty acids, obtained after distillation of the 

reaction mixture, are not sufficiently active for dimerisation. 

According to patent literature this would be due to concurrent 

reactions, such as isomerisation including shifts of the double 

bonds, formation of ring structures and/or introduetion of side 

chains. Generally, a non-cyclic dimer structure has been accept.

ed, but no detailed studies have been published on this subject. 
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CHAPTER 3 

MONTMORILLONITE 

3.1 THE STRUCTURE 

Montmorillonite is a clay mineral and belengs to the group 

of montmorillonoids or smectites, which can be described as ex

panding three-layer clays. Their sheets consist of two layers of 

Si4+-centered oxygen-tetrahedra, the oxygen atoms of the two 

layers form part of octahedra in which Al 3+-ions are located. 

In this way three layers of cations are formed as is shown in 

Fig. 8, giving the structure proposed by Hofmann, Endell and 

Wilm (88; see also 135,157, 115). 

This structure has generally been accepted, though the 

Edelman-Favejee (45) concept (Fig. 9) has not been fully dis

proved and can even provide a better explanation for several 

phenomena, such as the formation of clay-organic reaction prod

ucts as prepared by Gentili (65) and others. These compounds are 

supposed to be organic derivatives of the clay ~inerals, formed 

by a reaction of SiOH-groups with several types of organic mole

cules. 

The three-layer clays can be divided into two groups: 

- trioctahedral minerals: all octahedral positions (3 per unit 

cell) are occupied; 

- dioctahedral minerals only 2 octahedral positions are oe-

cupied. 

Moreover, the Si4+-ions in the tetrabedral and the Al 3+

ions in the octahedral positions may be partially replaced by 

other cations, usually being of lower valences. This is called 

isomorphous substitution. In montmorillonite this phenomenon is 

mainly restricted to the replacement of about 1/6 of the Al 3+

ions in the octahedra by Mg 2+-ions, thus creating a lack of 

positive charge of about 1/3 unit (Table 10). 

This excess of negative lattice charge is compensated by 

the "exchangeable cations" between the clay layers, which keep 
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Table 10 The 1110ntmorillonoids (taken from (135) 

(To each formula the group o
10

(0H) 2 should be added as 

well as the exchangeable cations) 

principal trioctahedral dioctahedral 
substitutions minerals minerals 

prototype talc pyrophillite 
(no substitutions) Mg3Si4 Al2Si4 

practica-lly all hectorite montmorillonite 
octahedral (Mg3-xLix) (Si4) (Al2_:x:Mgx) (Si4) 

predominantly saponite volchonskoite 
octahedral (Mg3_xAlx) (Si4~YA1Y) (Al,Cr) 2 (Si4_YAly) 

predominantly vermiculite nontronite 
tetrabedral (Mg3_xFex)(Si3Al) (Al,Fe) 2 (Si4 Al ) -y y 

the negative sheets together by electrostatic forces. The total 
amount of these cations may be determined analytically and is 
called the cation exchange capacity of the clay (CEC), which is 
expressed in milliequivalents per 100 g dry clay. 

It will be clear that in this way numerous combinations are 
possible and that even the term montmorillonite, as represented 
in Table 10, stands for a great variety of minerals, the prop
erties of which depend strongly on the amount and the place of 

isomorphous substitution, the type of the nsubstituten, the 
types and charges of the exchangeable cations, etc. 

The electrostatle attraction between the exchangeableca~ 
ions and the negative sheets is strong, but the sum of the ad
sorption energy of water at the interlayer surface and the hy
dration energy of the exchangeable cations is high enough to ex
ceed this electrostatic attraction and to cause an expansion of 
the interlayer distance (•67 see Fig. 8). This "inte~layer ex
pa-nsionn depends on the surface charge and the valenee and the 
hydration energy of the exchangeable cations present. 
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The interlayer space (ll) of montmorillonite can be deter
mined by measuring d001 by means of X-ray diffraction followed 
by substraation of thè thickness of the silicate sheet (=9.4 X>~ 
see chapter 4. 

Mering, MacEwan and Barshad investigated the swelling prop
erties of several layer lattice minerals with water as a func
tion of the charge on the layer. Their results are represented 
in Fig. 11, which has been taken from (113) (The unit cells con
sidered in Fig. 11 are twice the unit cells in Table 10). This 
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Fig. 11 swelling as a function of lattice charge (113) 
•: ca2+-water-saturated minerals 
o: Na+-glycerol-saturated minerals 
0 = pyrophyllite j = montmorillonite 4 = mica 

figure clearly demonstratea that there is an optimum charge for 
intralamellar expansion, which optimum is located near to the 
charges present at the montmorillonite layers (The question why 
pyrophillite and talc have no swelling capacity will not be con
sidered here~ Van Olphen (135, page 68) suggests two alternative 
explanations). 

As a result of this swellability the total adsorption sur-
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face of montmorillonite is 700-800 m2/g, wherea.s the external 
2 surface is only about 20-80 m /g. 

3.2 THE INTERCALATION OF LIQUIDS 

3.2.1 INTERLAYER EXPANSION BY WATER ADSORPTION 

The surface of the montmorillonite layers consists of re
gular hexagons of oxygen, in which in the complete dehydrated 
state the exchangeable cations are locateä, provided that they 
are small enough, As the clay adsÓrbs water, these ions migrate 
to the interlayer space and are surrounded by water molecules, 
while at the same time the surface itself is occupied by water 
molecules (16,157). It is usually assumed that the adsorbed 
water molecules can move over the surface, but several arrange

ments of water molecules have also been proposed (113 page 84~ 
14,16) to explain the observed A-values. 

The d 001 -value (the length of the crystallographic c-axis) 
of completely dehydrated montmorillonite is about 9.7 g, which 
value varies slightly with the type of the exchangeable cations; 

the thickness of the sheet itself is 9.4 R. When in equilibrium 
with normal ambient air giving "air-dry" montmorillonite, this 
d001 -value is approx. 15 i for H+, Mg 2+ or ca2+ montmorillonite, 
while other (mono-valent) cations give values of about 12-13 i. 

After immersing Mq 2+, ca2+, Ba2+ or Al 3+ montmorillonite in 

water, d001 -values of about 19-20 i are found. According to some 
authors d001 -values > 100 i have been obt~ined by swelling Na+, 
H+ and Li+ montmorillonites in diluted electrolytes (127,128), 

though such high values can hardly be considered interlayer ex
pansions. Other types of montmorillonite (K+, NH~ and Cs+) give 
only d001 -values up to about 15 i. 

The adsorption phenomena are reversible processas at room 
temperature, but above a definite temperature the dehydration 
becomes irreversible, the montmorillonite loses its adsorption 
capacity and the clay "collapses". Several investigators have 
studied this process but the temperatures reported for irrever
sible collapse range from about 200°c to 600°c. The literature 
data are contradictory (72,73,63,103), but probably Li+-mont-
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morillonite is irreversibly dehydrated at the lowest tempera
tures (200°C), whereas the presence of free water in other mont
morillonites at temperatures of 400°C has been reported as well 
(63). 

3.2.2 INTERLAYER EXPANSION BY ORGANIC LIQUIDS 

Water molecules are not the only molecules capable of ex
panding the interlayer distances.Organic molecules with a dipole 
moment or in which a dipole moment can be induced (e.g. ben
zene), are adsorbed between the clay platelets. 

The adsorbed molecules are not distributed at random, but 
form well-marked layers, with fairly definite orientations of 
the molecules (113). Tensmeyer et al. (165) considered the ad
sorbed molecules equally restricted and oriented as in their own 
crystal lattice. According to these investigators the interac
tion between the molecules and the clay surface is only of 
interest as an inducing effect, but the interaction between the 
organic molecules would govern the formation of the interlayer 
complex, which formation would be comparable with a crystallisa
tion process. 

The interlayer distances (à-values) found for the adsorp
tion complexes can (in genera!) be related to the number of 
molecular layers and the orientation of the molecules at the 
interlayer surface (92,9). 

From the great number of adsorption and packing studies 
published, we shall only mention a few results related to our 
problems. The homologous series of primary alkanols has been in
vestigated by Barshad and MacEwan (113): the results are re
presented in Fig. 12 and show a two-layer complex for methanol 
and ethanol, while the other alkanols give one-layer complexes, 
with the exception of nonanol and decanol, which show extremely 
high interlayer distances, corresponding with about twice the 
molecular length. In spite of the attemps of Barshad (15) and 
MacEwan ( 111 ) to explain this phenomenon, no satisfactory ex
planation has been suggested up to now. 

According to Barshad (16) the value of p/P can generally 
give a good indication of the number of molecular layers to be 
expected: 
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with P = ~:J ?i P = Sugden's Parachor 
~ = dipole moment 
M = molecular weight 
y = surface tension 
D = density of the liquid phase 
d = density of the saturated vapour 
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A sudden increase in à-value as observed for nonanol and deca
nol, however, cannot be explained in this way. In (15) Barshad 
tried to explain this peculiar behaviour from the steady de
crease in dieletric constant (e) with increasing molecular 
length, supposing that for molecules with the same dipole moment 
some "critical values" of E exist, at which the adsorption be
haviour suddenly changes. 

The interlayer adsorptions of amines (95,113,5,6,7,8,9,10), 
amino-acids (164), enzyms (117), herbicides (64), proteins (164, 
117), etc. have also been studied, but these adsorptions are 
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completely different from the alcohol adsorptions and extremely 
oomplicated, because of the property of the nitrogen-atoms to 
form positive ions, capable of giving ion-exchange with the ex
changeable cations of the clay. It is surprising that not only 
small molecules are intercalated between the montmorillonite 
platelets but also very large proteins with molecular weights of 
about 300.000 (164). 

The interlayer adsorption of fatty acids has, as far as we 
can trace, not yet been published. 

3. 3 THE EDGE SURFACES OF THE CLAY PLATELETS 1 THE ELECTRICAL 
DOUBLE LAYER 

Up to now we have only considered the adsorption by inter
calation between the silicate sheets, i.e. between the negative
ly charged surfaces of the platelets. At the edges of the mont
morillonite sheets the picture is completely different,since in 
these places the connections between Si-tetrahedra and Al-octa
hedra are ruptured, giving rise to Al-OH and Si-OB groups. 
Especially the character of the Al-OB groups is strongly depen
aent on the pH, since the nature of these groups is either al
kaline or acidic (64,115). The pH at which this "inversion" 
takes place is unknown,because of the presence of the Si4+-ions, 

but in an alumina-sol the surface charge is negative for pH> 9 
(in a silica-sol for pB>3). Though Frisse! (64) supposes that 
the positive charges at the montmorillonite edges disappear at 
a pH between about 5 and 7, we must consider the possibility of 
positive charges to be present at a higher pH. 

The presence of these positive edge charges is of decisive 
interest for the occurrence of flocculation (both of the edge
to-edge and edge-to-face type1 135), and may be important to the 
catalytic activity of the montmorillonite. In this conneetion it 
is interesting that the addition of small amounts of indifferent 
electrolytes has a considerable flocculating effect (135). It 
should be kept in mind. that according to some patents the dimer
iaation of oleic acid, when carried out at atmospheric pressure, 
is considerably improved by the addition of indifferent salts 
(2.7). 
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The addition of indifferent salts has also a considerable 
effect on the electrical double layer around the clay-particle. 

The effect is comparable with a "compression" of the electrical 
double layer, and for hiqh aalt concentrations this layer may 
even seem to be completely absent. Sa the aalt concentratien 
affects the ~-potential and can, therefore, have a qreat in
fluence on the accessibility of the surface. Frissel (64) found 
that in aqueous salution the adsorption of acidic compounds 

(herbicides, as for instanee picric acid) increased with in
creasinq NaCl-concentration, whereas their adsorption decreased 
with increasinq pH. We must realise, however, that these data 
may nat be extrapolated to the conditions of oleic acid dimeri

sation. 
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CHAPTER 4 

SOME INVESTIGATIONS OF THE MONTMORILLONITE 
CATALYST 

4.1 INTRODUCTION 

It has been described in 3.1 that the name montmorillonite 
stands for a number of dioctahedral clays in which the isomorph
ous substitution is mainly restricted to the octahedral places. 
It has been noted that as a result of the amount of substitution 
and the character of the exchangeable cations, relatively great 
differences may occur between the properties of montmorillonites 
originating from different places. This makes comparison of the 
results of the several investigators difficult, but it is also 
the reason why all experiments described in this thesis have 
been carried out with the same sample of montmorillonite, thus 

avoiding incomparable experimental results. A good characterisa
tion of the catalyst is therefore necessary (4.2). 

Initially the swelling capacity of montmorillonite was 
thought to be the main reason for its high selectivity and 
catalytic activity for dimerisation. A number of experiments 
carried out to find a relation between interlayer expansion and 
catalytic activity, indicated that the latter always disappeared 
simultaneously with the capability for interlayer adsorption. 
Moreover, experiments carried out with "non-expanding" clays 
such as illite (API number 36) gave only inferior results. 

During our investigations a few publications appeared 
(briefly described in 1.4) dealing with the possibility of poly
merising unsaturated compounds after intercalation between the 
montmorillonite layers, which confirmed our idea that the oleic 
acid dimerisation could also be such a constrained type of reac
tion. 

These developments were the reason for a detailed study of 
the interlayer adsorption properties of our catalyst.As a result 
of new discoveries about the reactions occurring during the 
dimerisation, however, the adsorption measurements were stopped. 
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In view of our knowledge at this moment, the results of the mea
surements are probably of minor importance to the dimerisation 
reactions as such. Nevertheless, some of the results are inter
esting as a logical continuatien of the work by Barshad and 
MacEwan described in 3.2.2, and are briefly reported here. 

4.2 SOME MONTMORILLONITE CHARACTERISTICS 

the ahemiaal formula 

The montmorillonite used in our experiments was the Panther 
Creek Southern Aberdeen (Mississippi) type with a pH = 8.4. This 
value does not imply the absence of acidic places at the sur
face. A suspension of the montmorillonite in benzene gave a red 

colour on the solid when a small amount of p-dimethyl-aminoazo 
benzene (butter yellow) was added, which proves the presence of 
acidic places (93a). 

The composition of this clay and the calculation of the 
chemical formula are given in Appendix I, leading to: 

2+ + + 
(Ca 0.235 Na 0.058 K 0.054) (H20lx 

According to literature the number of occupied octahedral 
places in dioctahedral clays varies from 2.0 to 2.3, in the 
above formula this value is 2.28. The formula shows that some 
isomorphous substitution has also occurred in the 
and that this type of montmorillonite contains a 
great amount of Fe3+-ions. 

tetrahedra, 
relatively 

The cation exchange capacity (C.E.C.) is 1.15 meq/g dry 
2+ clay, while Ca -ions constitute 80.5% of the exchangeable 

+ + cations and Na and K -ions 10.1% and 9.4% respectively. 

Differential Thermal Analysie 

DTA-measurements of air-dry samples showed a very strong 
endothermic peak, ranging from room temperature up to about 
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250°C due to loss of interealated water. At 425-450°C a rela

tively small exothermie peak was found, whieh eould not be iden
tified by means of literature data (e.g. (77)), but which might 

be the result of reactions of adsorbed organie material.A second 
endethermie peak appeared between 600 and 700°C, whieh is attri
buted to the loss of hydroxyl water. 

So temperature treatments of the eatalyst below 400°C seem 
harmless as far as the strueture is coneerned. 

The partiele size distribution was measured by means of a 
Cóulter Counter after suspending a elay sample in a 1% NaCl
solution, whieh was thoroughly filtered through a Mili-Pore fil
ter unit. The measuring range was 6-92 p and 0.05% teepol was 
added as dispersant. The results obtained with our montmoril
lonite eatalyst (washed with aeetone and ether), both before and 
after a dimerisation experiment are summarised in Fig. 13, whieh 
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shows that the eatalyst has a narrow partiele size distribution 

around 55 ~. This partiele size is hardly affeeted by the dimer

iaation experiments. 

4.3 INTERLAYER ADSORP1~0N MEASUREMENT 

4.3,1 CONDITIONS 

The interlayer eornplexes can be studied by deterrnining the 

d001 -values (chapter 3) with the aid of X-ray diffraction rnea

surements, which were carried out with a Philips diffraetometer 

( 136) • 

The rneasurernents are rather cornplieated, since the d 001 -

values to be deterrnined are very high (up toabout 40 Î), so 

that 20 was often as low as 2°. For this reason very narrow 

slits had to be used. These allow only slight intensities to 

pass so that very high sensitivities were neeessary. Beeause of 

the more or less "undefined" structure of montrnorillonite and 

the srnall partiele Size vague diffraction peaks were forrned, 

Moreover, these were very irregular, since, any disturbance in 

the x-ray intensity was recorded as a result of the high sensi

tivity. These disturbances might have been caused by the statis

tical nature of the radiation, and could partially be avoided by 

choosing a time constant as high as possible, which was only 

perrnissible for the lowest scanning speed, since otherwise peak

displacement would occur. 

Furtherrnore, the volatility of a nurnber of the adsorbed 

cornpounds interfered with the measurements since the à-values 

diminished by evaporation of the adsorbed compound. This diffi

culty was overcome by covering the samples with Mylar film 

(0. 006 rnrn; ICI). 

Conditions for X-ray diffraction measurernents: 

Assernbly: Philips Diffractometer with G,M.-counter and recorder 

Radiation: Copper Ka (À=1.5405 Î); 36 kV, 20 mA. 

Scanning speed: 1/B 0 /min time constant: 16 

Sensitivity: 1, 2 (or 4) G.M. voltage 1625 Volt 

Receiving slit: 0.2 
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diver!lence slit widths: 1/30° for 20<1.5° 

1/12° for 1.5°<20<3° 
1/6° for 3°<20<4.5° 
1/4° for 20>4.5° 

preparation of the sampZes 

The montmorillonite was dried in vacuo at 110°C for ca. 20 
hours. The interlayer water is not completely removed under 

these conditions, but the remainder is necessary to prevent 
irreversible dehydration and, according to literature, does not 
disturb the adsorption of other molecules. (The A-values before 
and after drying are 5.8 and 1.9 R respectively). The montmoril
lonite was immereed in the liquid to be adsorbed, and stored 
overnight. 

4.3.2 RESULTS 

The results obtained with primary alkanols and saturated 
fatty acids are summarised in Table 14. The literature data from 
Barshad (15) have been obtained with Ca-Goldfield montmoril
lonite, dehydrated at 250°C prior to immersion in the liquid. 

The thicknesses of the molecules were measured from scaled mole
cular modelsJ the two values are the result of different direc
tions of the hydrogen atoms: in the higher value the molecules 
are "lying on edge", which means that all hydrogen atoms are 
pointing in vertical directions. 

4.3.3 CONCLUSIONS 

- The data from Barshad are in satisfactory 
results (with the exception of propanol), 
types of montmorillonite were used. 

agreement with our 
though different 

- The interlayer complex with water probably contains about 4 
layers of water molecules. 

- The very great interlayer spacings as observed with nonanol 
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Table 14 Results of X-ray diffraction studies on homologous 
series of primary alkanols and saturated fatty acids 

ll-value 1nll 

compound observed lit. l) d ll-value 
i thickness 

mol dh moleculedil 

HOH 10.9 ca. 10 ca.2.8 HCOOH 6.5 a2.8 4. 72) 

CH30H 7.2 7.7 3.5 CH
3

COOH 6.8 3.3 4.7 

C2H50H 7.6 7.6 3,6 c 2H5COOH 8.2 3.6 4,7 

C3H70H 7.0 5.0 3.6 c 3H7COOH 5,4 3.6 4.7 

C4H90H 5.2 5.0 3.6 4.52) c 4H9COOH 5,4 3,6 4,7 

c 5H11 0H 5,0 5,0 3.6 4.5 C5H11 COOH 4.9 3.6 4.7 

C6HI30H- 4,8 3,6 4.5 C6H13COOH 4.9 3.6 4.7 

c 7H15oH 4.8 4.8 3.6 4.5 C7Hi 5COOH 4.8 3.6 4.7 

C8H 17oH 5.0 5.0 3.6 4.5 c 8H17COOH 4,6 3.6 4.7 

C9H1gOH 24,0 25.0 3,6 4,5 c 9H19COOH 4.6 3.6 4.7 

CIOH210H 27.5 27.4 3.6 4 •. 5 c 1 0H
21 

COOH 4.4 3.6 4.7 

CliH230H 4,7 3.6 4.5 c 11 H23 COOH 4.4 3,6 4,7 

CI2H250H 5.4 3.6 4.5 

c 14H290H 4.8 .3.6 4.5 oleic acid 4.7 3.6 4.7 

1) data from Barshad (15) 
2) molecules lying on edge 

and decanol are absent in the homologous series of fatty acids 
(There are strong indications that the occurrence of great 
interlayer spacings depends on the type of exchangeable cat
ions in the clay). 
Oleic acid is capable of giving an interlayer adsorption com
plex consisting of a mono-molecular layer. Since these exper

iments were carried out at room temperature, however, the 
interlayer expansion under reaction conditions can be com
pletely different. Up to now we have been unable to carry out 
the X-ray diffraction measurements required for such an in
vestigation since they must be made under pressure at temper
atures of 200-245°c and in the absence of oxygen. 
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CHAPTER 5 

APPARATUS AND ANALYSES 

5.1 INTRODUCTION 

The dimerisation experiments were carried out batch-wise in 

two different types of reactor viz. a standard 500 ml Hofer 

autoclave with a magnetically operated stirrer and a small 

specially constructed 30 m1 reactor in which mixing was obtained 

by vibrating the reactor. 
The first series of experiments were carried out in the 

autoclave to investigate the variables, affecting yields and 

properties of the products and, on the other hand, to find out 

what chemical reactions occurred during the process. In the 
present chapter a general description of the experimental and 

analytical methods used will be given, while results and con

clusions of the experiments can be found in chapter 6. 
Chapters 10 and 11 will deal with the experiments in the 

vibrating reactor, immersed in a thermostat, which allowed more 
accurate work than the 500 ml autoclave. 

Nevertheless, the autoclave experiments are also described, 
since their results have given a first insight into the occur

ring reactions, and so they repreaent an important link in the 
present investigation. 

5. 2 AUTOCLAVE EXPERIMENTS: APPARATUS AND PROCEDURE 

According to patent-literature (e.g. 12) the presence of 

water in the reactor is indispensable for high dimerisation 
yields. Since 200-250°c was mentioned as a normal reaption tem
perature, · the vapour pressure of the water might rise up to 

50 at. Therefore, in first instance,an autoclave was ohosen for 
the experiments. The autoclave (Hofer: volume 500 ml) was fit

ted with a magnetically operated stirrer (without a stuffing 
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No 

box) of the pulsating type, to keep the catalyst in suspension 

(Fig. 15). 
After filling the reactor with weighed amounts of oleic 

acid, catalyst and water, air was removed by nitrogen. The sus

pension was agitated (60 pulsations per minute) and heated up 

to the desired reaction temperature (mostly 245°C) in approx. 

45 minutes. As dimerisation starts at approx. 180°C, the time 

for raising the temperature from 180°C to 245°C had to be the 

same in all experiments. The temperature in the reactor was 

measured with a thermocouple, controlled within a 2°c deviation 

from the desired temperature and recorded. 

The reaction was stopped by releasing the pressure, with 

subsequent evaporation of the water resulting in desactivation 
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of the catalyst (6.4). Moreover, a granular and easily filter
able catalyst-mass is obtained in this way. The suspension was 
pres.sed into the evacuated filtration vessel by means of 10 ato 

nitrogen and the catalyst was filtered off at a temperature of 
100-150°C. Contact with air was avoided as long as the reaction 

mixture was warm. 

In some experiments LiOH was added. In these cases when 
reaction-time was over, the autoclave was cooled as quickly as 
possible to approx. 150°C by means of a flow of air. By means of 
a pressure sluice or a hypodermie syringe so much phosphoric 
acid (85%) was added as was necessary for neutralisation of the 
soaps formed. The mixture was stirred for 30 minutes at 150°C 
and finally the catalyst and the insoluble phosphates formed 
were filtered off. 

The mixture obtained in this way, and consisting of mono

mer, dimer and polymer, was analysed as described in 5.3. 

5.3 ANALYSIS OF PRODUCTS 

The mixture qf reaction products, after remaval of the 

catalyst, was separated by means of molecular distillation 
(5.3.1) into a monomer and a dimer + polymer fraction (residue). 
In the early experiments "ordinary" vacuum distillation at 
1mm Hg was applied until the bottorn temperature reached 260°C. 
The residue obtained in this way, however, still contained some 
monomer. The determinations of this monomer and of the trimer 
content in the residue are described in 5.3.2 and 5.3.3 respec
tively. 

The amounts of cis and trans double bands in the monomer 
(5.3.5 and 5.3.4) as well as its lactone-content (5.3.6) could 
be determined by means of infrared spectroscopy. 

5.3.1 MOLECULAR DISTILLATION 

The molecular distillation techniques are characterised by 

a very high vacuum (< 0.005 torr),a short distance between evap-
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DIS:nUAJE GLYCEROL. f&O*C RESIOUE 

Fig. 16 Molecular distillation assembly (Schott) 
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orating and condensing surface, and short residence time of the 
compounds on the evaporating surface (51). 

The apparatus (Schott7 Fig. 16) is evacuated by means of a 
rotary oil pump and an oil vapour-jet pump.The preesure (< 0.005 
torr) is measured with a McLeod manometer. 

The reaction product (approx. 20 ml) to be distilled is 
admitted to the high vacuum part via a dosing valve, falls in 
drops (about 15 drops per minute) on the top of the glass tube, 
which is heated by circulating oil (160°C). The slowly rotating 
coil causes the product to be spread on the tube as a film. The 
monoroer evaporates, condenses on the cooled surface (40°C), and 
is collected in a flask. The residue is moved downwards by the 
helix and is also collected. The dimerisation yield was repre
sented by: 

Residue 
----~~~~~------ x 100 (in wt%7 all amounts in g) 
Residue + distillate 

This yield may need correction for 
- the low boiling products which are collected in the cold trap. 

This was normally about 0;1g, mainly water, and was considered 
negligible. 

- the "hold up" of 
and residue,also 
for this amount 

the apparatus. A small part of the distillate 
about 0.1g,remained in the still. Correction 
of about 0.5% by weight was only used in the 

more accurateexperimentsof chapters 10 and 11. 
- the monoroer fatty acids in the residue. This amount was always 

< 0.2% by weight (determined according to 5.3.2), and there
fore smaller than the reproducibility. 

- the soaps of monoroer fatty acids present in the residue. only 
in the more accurate experiments (chapter 10) was this taken 
into account. 

5.3.2 DETERMINATION OF THE MONOMER CONTENT IN THE RESIDUE 

The monoroer content in the residue was only determined if 
an "ordinary" vacuum distillation had been applied and also in 

1 
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the optimalisation experiments of the molecular distillation ap
paratus. For this determination the residue was esterified with 

diazomethane according to: 

Diazomethane, a very poisonous and explosive gas, was led 
through a solution of about O.Sg sample in 50 ml ether or 
chloroform. 

This CB 2N2 was prepared in a small flask with reflux cool
er by the reac~ion of N-nitroso-p-toluenesulfomethylamide solved 
in ether with 10 ml 0.7 N alcoholic KOB according to (90): 

H c-Q-so -N-CH 
3 2 I 3 

+ KOR 

NO 

Esterification, carried out at room temperature, mostly 
occurred spontaneously.It was known from experience that esteri
fication was complete as soon as the sample solution had a 
bright yellow colour (The presence of non-esterified groups can 
easily be investigated by infrared spectroscopy). The solvent 
was evaporated in a water-bath. 

After esterification the monoroer content was determined 

with the aid of a gas chromatograph (Perkin Elmer F11 or a non
commercial make) equipped with a silver injection port and a 
silver column. 

The injection port was filled partially with chromosorb 
W (30-60 mesh), on which dimer and triroer were adsorbed. A known 
amount of diethylene-glycol-pelargonate was added as an internal 
standard. 
Condi tions: 

column length 
internal diameter 
stationary phase 
support material 
gas velocity 
injection temperature 
column temperature 
detector 

40 cm 

4 mm or 2 mm (F11) 
60% silicone gum E 301 (ICI) 

chromosorb W (60-100 mesh) 
60 ml N2/min 
320°C 
270°C 

non-commercial make: katharemeter 
F11: flame ionisation 
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5.3.3 OETERMINATION OF THE TRIMER CONTENT I~ THE RESIOUE 

Ta determine the triroer content a gas- chroma tagrapbic 

methad was applied here toa, after esterification 
with diazomethane (5.3.2). The gas chromatograph 

F11 ar F & M 810) was of the dual column type 

of the residue 
(Perkin Elmer 

equipped with 

flame-ionisation detection. Injection block and column were made 

of silver. 
The conditlans were: 

colwiln length 

diameter 

support material 

stationary phase 

gases: nitrogen 
hydragen 
air 

progranuning 
injection block 

injection 

50 cm 

o.o. 6 mm, I.o. 4 mm (F & M 810) 

o.o. 1/8", I.O. 2 mm (F11) 
cbramosorb W (32-60 mesh) 
1% silicone gum E 301 (IC!) 

20 psi ~ 25 ml/min 

30 psi ~ 30 ml/min 
300 ml/min 

200-400°Cr 10°C/min 
410°C 

approx. 0.1 pl 7 na stream splitter 

The chromatograms were interpreted, by means of a calibra

tion graph obtained by injecting mixtures of known composition. 

Products, heavier than triroer could nat be determined in 
this way, but probably they were present in small amounts. 

5.3.4 OETERMINATION OF THE AMOUNT OF ISOLATEO TRANS DOUBLE BONDS 

IN THE MONOMER 

For this determination a double beam infrared spectrophoto

meter (Beckmann IR 8) was used. A 1.000 g sample was weighed in 

a volumetrie flask and cs2 was added to farm a 25 ml solution. 
0.5 ml of this salution was used to fill a 0.4 mm NaCl-cell (the 

remaining' 24. 5 ml was used for cis-determination 7 5. 3. 5) • In the 
reference beam there was an identical cell filled with a 25 ml 
cs2 solution, in which 1.000 g pure oleic acid was dissolved. 

This procedure derived from a standard methad (134) needs 



ch.S 53 

no esterification of the sample, since the absorption peak aris
ing from a vibration of the carboxyl group at about 10.6 u, and 
which hampers the quantitative trans determination in the stand
ard roethod, is compensated here by the same absorption peak in 
the reference solution. Moreover, this procedure has the advan
tage of showing immediately in the differentlal spectrogram 
other alterations provoked by the diroerisation reaction. There
fore, the spectrogram can also give an idea of other components, 
occurring in the monoroer such as branched-chain isoroers and 
lactones without disturbance by the conventional spectrogram of • 
oleic acid (Fig. 17). 

A calibration graph was necessary for a quantitative in
terpretàtion. Therefore, standard solutions were made with vary
ing amounts of pure oleic acid (cis-9-octadecenoic acid) and 
pure elaidic acid (trans-9-octadecenoic acid),in such a way that 
the total amount of oleic and elaidic acid was always 1.000 g 
per 25 ml cs2 solution (The standard substances used were chemi
cally pure according to spectroscopical and gas chromatographic
al analyses (capillary column).). In the spectrogram, the trans 
absorption peak was situated at 10.40 u (according to the stand
ard method (134): at 10.36 u), corresponding without of plane 
bending vibrations of the C=C-H carbon-hydrogen bond. 10.15 
and 10.70 u (corresponding with 10.10 and 10.65 u, according 
to (134)) were ohosen as peak limits, as shown in Fig.17b. 
From the transmittances of top (Tt) and base (Tb) of the trans
peak, measured in this way the extinction of the trans-peak (Et) 

was calculated according toEt = lOlog Tb - 10 log Tt. 
The law of Lambert-Beer says (17,36): 

E = E.c.d. 

in which E extinction (dimensionless) 
& = extinction coefficient in 1/gmol.cm 
c = concentration of absorbing material in gmol/1 
d path length through absorbing material in cm 

(So according to this law the extinction is directly pro
portionalto the concentratien of the absorbing material). The 
calibration graph of E versus "concentration of trans double 
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Fig. 17 SOme infrared spectra (0.4 tmn NaCl-cell.l 4% solutions in cs2) 

a) monomar containing 44% trans with standard method 
b) monomer containing 44% trans with differentlal method 
c) monomer sample, differentlal method 
d) oleic acid + 5.6 wt% y-stearolactone: differentlal 

method 
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bands" was a straight line through the origin as was expected 
from this law. The combination of concentration and cell thick
ness was chosen in such a way that a 4% solution of pure elaidic 
acid still gave a transmittance of approx. 15%. Then the trans
peak is still in accordance with the law of Lambert-Beer. There 
is only a slight cs2 ahsorption in the measuring range (9-11 ~). 

cs 2 absorbs strongly in the ranges: 6.1 - 7.0 ~ (1420-1630 cm-1 ) 
and 4.5-5.0 p(2050-2200 cm-1).In these ranges the transmittances 
recorded are very inaccurate, since they are the result of the 
difference between heavily masked signals. When henceforth the 
term "trans-content" or "concentration of trans double honds" is 
mentioned, it indicates: the content of mono-unsaturated trans 
c 18 fatty acid,as is found in the infrared spectra assuming that 
the monomar consiste of c 18 fatty acids only. 

Thethickness of the two cells, as well as the calibration 
graph, was checked regularly. (The inspeetion of the calibration 
was necessary, since, naturally, the adjustment of the spectro
photometer was not allowed to change.) All the infrared spectra 
were drawn up in duplicate, and hardly ever were differences of 
> 0. 5 wt% found in the monomar. 

Of course, this metbod can · a lso be applied to dimers and 

trimers. 

5.3.5 DETERMINATION OF THE AMOUNT OF CIS DOUBLE BONDS IN THE 
MONOMER 

For this determination the 24.5 ml cs2 solution, which re
mained aftar the trans analysis (5.3.4) was used. It was carried 
out in the near-infrared by means of a Cary 14 spectrophoto
meter. As appeared afterwards, the metbod resembles very much 
the one proposed by Fenton and crislar (49). A guartz cell 
(length 10 cm) was filled with the 24.5 ml cs2 sample solution. 

The raferenee cell contained 24.5 ml of a cs2 solution with the 
same concentration of pure stearic acid to obtain a well meas
urable cis peak, undisturbed by other absorptions (cf. 5.3.4). 
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A calibration graph was made by means of 
containing varying amounts of pure oleic 
elaidic acid (trans) (or stearic acid), in 
that the total weight of pure oleic acid 
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standard solutions, 
acid (cis) and pure 

such a way, however, 
and elaidic acid (or 

stearic acid) always amounted to 1.000 g per 25 ml cs2 solution. 
Elaidic acid and stearic acid did not differ in the measuring 
range. All standard compounds used were spectroscopically and 
gas-chromatographically pure. 

The extinction (E) was recorded. Blank determinations with
out solutions were carried out daily to adjust E = o.. The cali
bration graph was checked regularly. All measurements were car
ried out with slit control 15, for the position of the slit con
trol appeared to have some influence on the extinction. The 
scanning speed was 2~ g/sec from long to short wave lengths. In 
the measuring range quartz cells up to a maximum length of 1 0 cm 
and filled with cs2, may be applied (131). The line, connecting 
the extinctions measured at 2.138 and 2.162 p, was taken as base 
line of the cis peak, whereas Fenton and Crisler (49), based 
their analysis upon the extinction at only one wave length 
(2.157p). our base line was chosen because the background was 
sloping and our peak-limits gave rise to a straight calibration 
graph, whereas otherwise slight deviations were found. 

All determinations were duplicated. The difference between 
the duplicates was at most 1% by weight calculated as cis-oleic 
acid in the monomer, or about 0.5% by weight in the total reac
tion mixture. 

5. 3. 6 DETERMINATION OF THE LACTONE CONTENT IN THE MONOMER 

The lactone content could be determined directly from the 
spectrograms obtained according to 5.3.4. The lactone formed was 
found to be almost exclusively y-lactone (peak: 5.65p) and only 
traces of ö-lactone were present (peak: 5.77p). The standard 
graph was determined by means of a mixture of 0 - 6% pure y
stearolactone and pure oleic acid in cs2 p.a., in ~uch a way 
that the total weight of the y-stearolactone and oleic acid al
ways was 1.000 g per 25 m1 solution. Since the lactone peak was 
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very streng, this determination was most accurate. The lactone 
peak was measured between 5.50 and 5.75u.From the transmittances 
measured at the top (Tt) and the base (Tb) of the peak the ex
tinction was calculated according toE • lOlog Tb- lOlog Tt. 

The calibration graph was not exactly a straight line. All lac
tone determinations were duplicated. The difference between the 
duplicates was < 0.2% by weight of lactone in the monomer. 
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CHAPTER 6 

AUTOCLAVE EXPERIMENTS: RESULTS AND CONCLUSIONS 
' 

6.1 INTRODUCTION 

The first experiments with a Hofer autoclave were carried 
out both to study by what factors the yield is affected and to 
get an impreesion of the reactions occurring. In chapter 5 ap
paratus and analytica! procedures have been described. The great 
number of variables makes the introduetion of standard condi
tions necessary. The experiments are carried out in such a way 
that,in one series of experiments, only one variable is altered, 
keeping the other variables constant as much as possible. 

6.2 STANDARD CONDITIONS 

The conditions mentioned below exclusively refer to the 
autoclave experiments, which are all carried out under these 
conditions, unless stated otherwise. 
1. The experiments are carried out at 245°C with 200 g "tech

nica!" oleic acid and 16 g (8 wt%) air-dry montmorillonite. 
120 minutes is chosen as standard reaction time, starting 
from the moment of reaching the reaction temperature. 

2. The reason why a technical oleic acid was used for these 
initial experiments, was the extremely high cost of pure 
oleic acid (experiments with pure oleic acid are described 
in chapter 10). 

The composition of the technical oleic acid used was not 
always identical: since technica! oleic acid is subjected 
to nageing" when it is stored for some time, a number of 
batches was necessary. As a consequence, the results of ex
periments not belonging to the same series, are only seldom 
comparable. The sample number of the batch will be mention-
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ed in all experimentsJ the composition of each batch is re

ported in Appendix II. 

3. In all experiments montmorillonite of the same batch was 

used, so structure, properties, water content, acidity, 

pre-purchase history, place of origin and partiele size 

were always identical. The reactions occurring are in

fluenced by all these factors. The investigation of the 

catalyst has been described in chapter 4. 

4. The experiments are carried out with the optimum amount of 

water in the reactor, which may be defined as: that amount 

of water that under definite reaction conditions should be 

added to obtain the largest amount of residue per unit of 

time. 

Under standard conditions this is 10 ml (cf. 6.4). 

5. The stirring intensity was always 60 pulsations per minute 

(cf. 6.6). 

6.3 THE EFFECT OF THE AMOUNT OF CATALYST AT CONSTANT WATER CON

TENT IN THE REACTOR 

In order to study the effect of the amount of catalyst at 

constant water content in the reactor technical oleic acid A-1 

was treated under standard conditions (6.2) with varying amounts 

of catalyst, with the restrietion that, insteadof 10 ml water, 

a solution of 0.25 g LiOH.H2o in 10 ml water was added (156). 

In these experiments an "ordinary" vacuum distillation 
(5.3) was applied, followed by a gas-chromatographic determina
tion of the monomercontent in the residue (5.3.2). The vacuum 
distillation was carried out with about 100 g reaction mixture 
at I mm Hg in an electrically heated flask. Carbondioxide or ni
trogen was used as leakage gas, to avoid reactions with oxygen. 
The distillation was continued till a bottom temperature of 
260°C was reached, which took about 30 minutes. 

The results are reported in Table 18 and Figures 19 and 20. 

Fig. 19 contains a very sharp bend. Between 0 and 5 wt% of 

catalyst the yield increases directly proportionally to the 

amount of catalyst, whereas above 5 wt% the yield hardly in

creases. Perhaps the sm~ll increase above 5 wt% is caused by the 

presence of a sort of yield limit: patent data (chapter 2) show 
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Table 18 Effect of the amount of catalyst at constant water 
content in the reactor 

catalyat Residue mono in corrected diJDer trans cis + trans . lactone 
wt% wu Residue yield trliiiir CIS wt% of wt% of 

tctal mixture tctal mixture 

0 <5 0.58 >88 0,2 
1 14 8.6 12.8 6.6 3.54 58.1 (0,9)7 
2 25 7.4 23,2 7.5 2.89 51.5 0.2 

3 33 6.2 31.0 17.9 2.77 41.3 0.3 
4 42 9,0 38.2 10,4 2,74 28,7 1.0 
5 47,5 2. 7 46.2 7.8 3,86 14.9 1.4 

10 51 ? 

I 
20 54 6.0 50.8 2.35 
30 56 5.1 53.1 2.79 

that,when montmorillonite is used, the hiqhest attainable yields 
are approx. 60 wt%. This, however, does in no way explain the 
existence of such a bend. (It should be noted that these experi
ments are not carried out with "optimum water contente" since 
the amount of catalyst increases while the water content in the 
reactor is kept constant (cf. 6.4).) 

Fiq. 19 also shows that, when montmorillonite is absent and 
only thermal dimerisation can occur,the yield sinks below 5 wt%. 

Thouqh thermal dimerisation of oleic acid seems to be possible 
(158,159; chapter 2), this small amount of "dimer" is prob
ably due to the presence of dienoic acids in the technica! 
oleic acid used. Onder the conditions used small amounts of cat
alyst qive hiqh di/tri ratios,which should be considered favour
able for most applications. 

Fiq. 20b shows that durinq the reaction the trans/cis ratio 
reaches the equilibrium-value of about 2.8, provided that mont
morillonite is present. This value corresponds with the ratio of 
about 3, for the equilibrium-state with selenium or HN02 as a 
catalyst, as has recently been reported by Litchfield et al. 
(109) (cf. 7 ,2). 

Fiq. 20a, showinq the distribution of the different reac
tion products for several amounts of catalyst, indicates that, 
besides the analysed compounds, a larqe amount of unidentified 
products is formed, belonqinq to the monoroer mixture. The chap-
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ters 7 and 8 will deal with an investigation to get a better in
sight into the composition of this mixture. 

6.4 THE EFFECT OF THE WATER CONTENT IN THE REACTOR AT CONSTANT 
AMOUNT OF CATALYST 

The experiments for the study of this effect are carried 
out under standard conditlans (6.2) with oleic acid A-3 and are 

summarised in Fig. 21. On the abscissa the amount of water, ad
ded to 16 g of air-dry montmorillonite, is plotted; the negative 

value of the amount of water added is the result of the abstrac
tion of water from the air-dry catalyst by means of a drying 
process in vacua (about 1 mm Hg) for 20 hours at 11ooc (cf. 
chapter 4). The yield of the residue strongly depends on the 

amount of water in the reactor, while increase of the total 
pressure up to 50 ato by means of N2, gave no change of yield. 

The amount of water corresponding with the top of the graph 
in Fig.21 will henceforth be termed the "optimum water contentn. 
The location of the top depends on many other process condi
tions: 

10 

wt•t. 
IESIDUE SO 

40 

\ 
\ 

20 \ 

' \ 
' ' 10 ' ' ' ' ' 't 

0 
-18 0 10 20 30 40 

AMOUNT OF WATER AODED l9l 

Fig. 21 The effect of the amount of water added 
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If the optimum catalytic activity at the top is the result of a 

defini~e water content at the surface of the catalyst, the opti
mum for other reaction conditions at 245°c should correspond 
again with the same water content of the catalyst. This does not 
mean, however, that the total amount of water in the reactor 

necessary to obtain the optimum water content, would also remain 
constant, since the water is distributed among the catalyst, the 
liquid and the gas phase,according to distribution coefficients, 
probably depending on temperature only. So the total amount of 
water in the gas phase - in the case of optimum water content on 
the catalyst - depends on the volume of the gas phase. In the 
same way the total amount of water in the liquid phase changes 
with the amount of this phase; the amount of water, required to 
give the catalyst an optimum water content is proportional to 
the amount of catalyst. So each change in the ratio of the 
amount of catalyst to the amount of the liquid and to the volume 
of the gas phase changes the location of the optimum water con
tent.(The correctnessof this way of reasoning will be discussed 
in chapter 11) 

We expect that the distribution coefficients vary with tem
perature since both solubility of water in oleic acid and vapour 

pressure of water depend on temperature. Furthermore, it is not 
impossible that the optimum water content at the catalyst itself 
depends on temperature. Moreover, the solubility of water in the 
reaction products can differ from that in the reactant, while 

the volume of the gas phase can be assumed to change a little by 
a change of the density of the liquid phase, owing to the reac
tions occurring. 

In chapter 10 
amount of water in 
as a result of the 
cules of water per 

will further be suggested that the total 
the reactor during the experiment decreases 

Varrentrapp reaction, which consumes 2 mole
reacting fatty acid molecule. So the position 

of the optimum water content depends on a great many factors, 
one more reason to introduce standard conditions and to be care
ful with the interpretation of results. 
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6.5 THE EFFECT OF REACTION TIME 

The experiments with regard to this effect were carried out 

under standard conditions (6.2) with a mixture of, fatty acids 

(type B-1; see Appendix II) derived from tall oil. The results 

are reported in Table 22 and Fig. 23. (Acid and saponification 

values were determined according to Dutch Standard NEN 1046). In 

Table 22 The effect of reaction time (tall oil fatty acids) 
(The experiments are duplicated) 

Reaction Resiélue monomer correcteél acid saponifica- ester 
time 
(hrs) 

0 
1 
2 
3 
4 
5 

CORR. 
RESIDUE 

(Wt•ial 

wt% 

47 42 
52 54 
61 60 
63 64 
65 
59 61 

56 

52 

'' 

Heating o 
..... u ...... 

pertod 

in resiélue yielél value tion vàlue value 
wU wt% 

6.4 9.6 44.0 38,0 151 169 185 195 34 26 
5.6 6.7 49.1 50.4 178 179 189 193 11 14 
5.3 6.5 57.7 56.1 185 182 197 195 12 13 
5.3 3.4 59.7 61.8 183 185 199 199 16 14 

14.3 55.7 180 190 10 
6.1 6.3 55.4 57.2 117 178 192 192 15 14 

2 3 5 

- REACrtON TIME UIRSI 

Fiq. 23 The effect of reaction time (tall oil fatty acids) 
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this case, too, instead of 10 m1 water a salution of 0.2? q 

LiOH.H2o in 10 ml water was added and an "ordinary" vacuum dis
tillation (6.3) was applied, followed by a qas-chromatoqraphic 
monomar determination in the residue (5.3.2). In experimants, 
carried out with technical oleic acid type A a qraph was found, 
similar to that for tall oil fatty acids (type B~1) in Fiq. 23 

(cf. Fiq. 6 in 2.7). In the latter case the optimum was also 
found at 3 hours' reaction time, whereas between 4.5 and 8 
hours the yield decreased only 1.5 wt%. The occurrence of an op
timum followed by an almost horizontal line cannot be explained 
at this staqe. A yield limit seems to exist (cf. 6.3): this 
miqht indicate the formation of compounds, which cannot or hard
ly be dimerised and which form part of the monomar mixture ob
tained by distillation. This way of thinking is supported by 
dimerisation experiments, startinq from such a monomar mixture 
(resultinq from a 3 hours• dimerisation experiment with techni
cal oleic acid under standard conditions) in which 9.0% trans 
and 2.6% cis compounds were determined. After 3 hours under 
standard conditions only 5 wt% dirnar was obtained. 

In 6.3 it was already noted that a qreat part of the mono
mar mixture consisted of non-identified compounds. Now we know 
that these compounds cannot or hardly be dimerised.More detailed 
information concerninq their composition will be qiven in the 
next chapter. The hiqh "ester value" of the residue at the be
qinninq of the reaction is strikinq. This miqht be due to the 
presence of esterdimars, which are also denoted as interesters 
and which accordinq to patent-literature (12,11,52), are an 
intermediate product in the dimarisation (see 2.7 and 7.3). 

6.6 THE EFFECT OF THE STIRRING INTENSITY 

In order to study this effect experiments were carried out 
under standard conditions (6.2) with technical oleic acid A-4 
with the restrietion that a reaction time of 60 minutes was 
taken, since the conversion in 120 minutes is so hiqh that any 
effect of the stirrinq intensity would be hardly visible. The 
stirrinq intensity durinq the heatinq up period was 60 pulsa-
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tions per minute in all experiments in order to obtain identical 
initial reaction conditions. (As regards the experiment without 
stirring it should be noted that the temperature in the reactor 

was probably not everywhere the same and particularly the tem

parature near the wall may have been noticeably higher than 
that in the center of the reactor, where the temperature was 

measured.) 
The results are summarised in Fig. 24 and Table 25. Both 

yield and composition are independent of the stirring intensity 
(cf. 10.4). It appears to be sufficient that the catalyst re

mains in suspension during the reactio~. This supposition is 
confirmed by an experiment without stirring during the 

up period: after 120 minutes the yield was only 25 wt%. 
sibility of diffusion limitation of the reaction speed 

heating
The pos

will be 

discussed in 10.6. When before and after a reaction the partiele 

size distribution of the catalyst is determined by: means of a 
Coulter's Counter, this distribution is found hardly altered. So 

the catalyst particles are not disintegrated when standard con
ditions are applied (4.2). 

40 

puls. residue trans 
+cis s 

p.m1n. wt:\ wt:l 

0 37.0 18.4 0.539 

20 40 37.31 14.9 0.517 

70 38.5 14.6 0.532 

100 38.4 13,1 0 .• 521 
10 

- STIRRING INTENSITY C puls.p.min l 

Fig. 24 and Table 25 The effect of the stirring intensity 
s = seleativity = Residue (see 10.3) 87.0-trans-als 
trans + ais: in wt% of total mixture 
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6.7 THE EFFECT OF ACIDIC AND BASIC ADDITIONS 

According to the patent literature mentioned in chapter 2 
the addition of alkali would increase the yield. 

The following experiments were carried out (6.2) with 
technical oleic acid A-2. Insteadof the usual 10 ml water, how
ever, 40 ml of a (\, ; or 1 N) salution of LiOH or H3Po4 in 
water was added. The overdose of water, introduced in this way, 
led to hardly any dimerisation taking place during the heating
up period (6.4). At 245°C dimerisation was started by releasing 
so much water vapour that the optimum water content was reached. 

After a 2 hours' reaction time dimerisation was stopped by re
leasing the remaining water out of the autoclave. After cooling 
the reaction mixture to about 150°C an equivalent amount of 
phosphoric acid or lithium hydroxide was added as was necessary 
for neutralisation of the initially added amounts. The salts 

formed are insoluble in this reaction mixture. After 30 minutes' 
stirring at 150°C the catalyst and insoluble salts were filtered 
off. The results are reported in Table 26 and Fig. 27. 

It was actually found that under these conditions addition 
of LiOH increases the yield without affecting the trimer content 
in the residue and impraves the colour (cf. 6.7). According to 
patent literature this addition should raise the dimer/trimer 
ratio. If LiOH is added, the monoroer still contains relatively 

Table 26 The effect of H3Po4 and LiOH addition 
trans + cis: in wt% of total mixture 

addition Residue trimer in trans + cis 
wt% Residue wt% 

1N H3Po4 30.9 18 20.6 
;N H3P04 40.6 18 7.1 
\N H3Po4 42.4 15 8.5 

H20 44.9 14 
\N LiOH 50.8 14 8.0 
;N LiOH 52.0 15 10.0 
1N LiOH 53.7 15 10.4 
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Fig. 27 The effect of H3Po4 and LiOH addition upon the amount of 
residue and trimer content in the residue. 
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much cis + trans, notwithstanding the great amount of diroer 

formed. Apparently, the catalyst acts more selectively because 

of the addition of LiOH. At this stage of the investigation, 

however, this did notlead to important conclusions. It is pos

sible that the acidic catalyst is so active that many side-reac

tions occur, which could result in less oleic acid being avail

able for dimerisation.Therefore it is incorrect to conclude from 

these results that the dimerisation reaction itself is acceler

ated by alkali (cf. 2.7). 

In chapter 10 the more accurate experiments with pure oleic 

acid, using acid and alkaline treated montmorillonite, are ac

companied by a discussion about the effect of pH, in view of the 

mechanism proposed, in chapter 9. 
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6.8 CONCLUSIONS 

The experiments described in this chapter give rise to the 

supposition that there is a yield limit of approx. 60 wt% resi
due after distillation of the reaction products. The remaining 
40% (the distilled mixture of monomers) consiste for the greater 
part of still unidentified compounds, which cannot or hardly be 

dimerised. The dimerisation rate strongly depends on the amount 
of water in the reactor. The total preesure in the autoclave (up 
to 50 ato) and the stirring intensity have no effect upon the 
yield. Addition of LiOH to the reaction mixture results in an 
increase of both yield and selectivity1 addition of phosphoric 
acid has a reverse effect. However, these experiments have given 
little insight into the reactions occurring. 
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CHAPTER 7 

SOME MAIN REACTIONS 

7.1 INTRODUCTION 

Many catalysts can dimerise oleic acid as was described in 

cbapter 2. Montmorillonite, however, is most suitable since the 
product obtained with this catalyst has a good colour, a high 
acid value anq a high di/tri ratio. It is an outstanding fact 

that while all the catalysts mentioned are stronqly acidic, the 
montmorillonite, recommended in the latest patents, is alkaline. 

However, in spite of this alkalinity, acidic places are present, 

as has been demonstrated by a butter yellow indicator (chapter 
4). Soit is not excluded that particularly the acidic places 
are catalytically active. When considering the reactions which 

can occur, this should be taken into account. 

In the following both monoroer and dimer are considered from 
the view point of possible reactions. 

7.2 THE MONOMER 

Onder conditions of the dimerisation reaction ~ie-trans 

ieomerisation occurs readily, as can be concluded from infrared 
spectra in chapter 6. This is the simplest isomerisation that 

can occur. Though Patai and Rappoport (1457146) proved that this 
isomerisation may take place via a carbanion mechanism, in our 
opinion a carbonium-ion mechanism on the montmorillonite surface 
is most likely (for discussion: chapter 11). 

The isomerisation may take place as described below (47): 

H H 
+ + I I I + 

H + c = c -- c - c - - c c + H 
I I - I I - I I 
H H H H H 
cis trans 
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From the carbonium-ion both cis and trans can be formed, 
independently of the original form. Moreover, the double bond 
may have moved one place. In fact, since both carbon atoms next 
to the positive charge can provide the hydrogen, there are two 
ways of proton abstraction. 

Further, positionat isomerisation can also occur by an H
shift in the carbonium-ion formed, enabling the positive charge 
to move through the entire oleic acid chain. By proton abstrac
tion, the cis or trans ethylenic bond is formed in a different 
place in the chain. 
distribution of the 

If no other reactions occurred, a normal 
double honds in the oleic acid molecules 

could be expected (apart from the influences of the CH3-group 
and the acid group). 

Many investigators have studied the isomerisation reac-
tions of oleic acid under the influence of 
such as HN0

2 
(109,70,110), Se (105,109,70), 

70) and so2 (44). Their results indicate that 

several catalysts, 
I 2 (70), Ni (20; 
some catalysts in 

certain conditions can give rise to geometrical isomerisation 
only, without evident positional isomerisation. Nearly all in-
vestigators report a trans/cis ratio 

::160 
111 
% 

~ so 
"' z 
<( 
11:: ... 
.... 
z 
111 
u 
11:: 
111 a. 

l 

of 2 at equilibrium, inde-

OlEIC ACIO 180"C 

0~--~--~---L--~--~----~--._ __ ._ __ ~---L---
10 20 30 50 60 70 80 90 100 110 

- TIME I MINUTES I 

Fiq, 28 The qeometrical isomerisation of oleic acid in the pres
enee of acid-activated montmorillonite, after Brown and 
Swidler (35) 
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pendent of the temperature. Only Litchfield et al. (109) state 
that this trans/cis ratio = 3, both with selenium and with HN02 
as a catalyst. Up to now only one publication has been devoted 
to the isomerisation of oleic acid and methyloleate by (acid ac

tivated) montmorillonite. In the latter investigation the trans

content is m.easured as a function of time at various tempera
turee (Fig. 28), while in some products the distribution of 
the double bond in the molecule has been determined by means 
of ozonisation, showing an extensive positional isomerisation 
throughout the molecule. So we expect that besides a geometrical 
also strong positional isomerisation has occurred during the ex
periments described in chapter 6. 

Owing to this positional isomerisation the double bond may 
also approach the carboxyl group with the result that a y or o 
lactone is formed according to the equation: 

y-octadecalactone 

In this way the presence of lactones in the reaction mix
ture can easily be understood {see 6.3,126,37). Altho4gh these 
lactones are only stable in an acid environment and are easily 
saponified by alkali (50): 

-CH -CH-CH -CH -C•O + NaOH - -CH -CH-CH -CH -COONa 
2L2 2

1 
2

1 
2 2 

Q____j OH 

the importance of the latter reaction is not easily predictable, 
since the alkaline catalyst is present in an oleic acid environ
ment. 'I'he amount of lactone in the monomer, however, decreases 
{125,2) if alkali is added to the reaction mixture, while in the 
infrared spectra of the monomer in chapter 6 the absorption 
peaks of -CH-OH have never been observed. 

Besides geometrical and positional isomerisation, also 
skeletaZ isome~isation might occur. In the differentlal infrared 
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Table 29 Some infrared absorptions related with methyl branches 

group wave length 
(microns) 

frequency (cm-1) 

-CH2- 6.73 - 6.92 1485 - 1445 

-CH3 (asymm.) 6.80 - 7.00 1470 - 1430 

-CH3 (symm. ) 7.24 - 7.30 1380 - 1370 
,cH3 7.22 - 7.33 1385 - 1365 -qH 
CH3 (sharp doublet) 

/CH3 
-C -CH3 7.17 - 7.33 1395 - 1365 

'eH (sharp doublet) 
3 

spectra, which have also been made with two 0.0268 mm cells 
filled with the monoroer mixture and oleic acid in the absence of 

a solvent, absorptions at approx. 6.9 ~ (1450 cm-1> and approx. 
7.3 ~ (1390 cm-1), caused by CH-deformations, indicate an in

crease of the number of methyl groups in the monoroer (36,1011 
Table 29). 
Therefore, branched chain fatty acids of (as yet) unknown struc

ture must have been formed. 
Though no doublet is perceptible in the spectrum of Fig.17, 

this may not lead to the conclusion tha.t no isopropyl or iso
butyl groups are present. For, considering the complex composi

tion of the mixture, it is· obvious that several doublets can be 
united into one broad peak, while also ethyl-branches and com

binations like -CH=C(CH3)-cH3 will absorb at approx. 7.3 ~- So 

the branching types are still unknown. (In this interpretation 
some caution is necessary,since the solvent itself (CS2) absorbs 

at 6.1 - 7.0 ~ (cf. 5.3.4).) 
Following Greenfelder, Voge and Good (76), such skeletal 

isomerisation has been described as a methyl shift in several 
publications (30,97,47): 

-cH2-CH =CH2 - CH2-cH-cH 2 
+- I + 

CH3 



74 eh. 7 

The driving force in the conversion of the carbonium-ion 

is given by the differences in stability of the primary, second

ary and tertiary carbonium-ions, which stability increases in 

this sequence. The combination of + -charge and CH3-branch can 

move tbraughout the carbon chain and it can be transferred into 

a branched unsaturated fatty acid, in which double bond and 

branch are situated at the same carbon atom. 

When studying the infrared spectra of Fig. 17 it can be 

observed that the absorption, corresponding with -CH=C(CH3)-, 
-1 situated at 11.9- 12.5 p (840- 800 cm ), is lacking, which 

means that this combination may be present only in a very small 

amount or be completely absent. 

Some double honds are not demonstrable in the infrared 

spectrum, viz., 

ö and 
CH3 CH3 I I 

- C =C-

Though, according to some patents, the monoroer might be 

partly cyclic (148), we do not think that these two combinations 

are likely to occur,but at this stage we shall not exclude them. 

Therefore, under the influence of montmorillonite, several 

ways of isomerisation are possible. However, we have seen from 

the infrared spectra in chapter 6 that the unsaturation, i.e. 

the total amount of cis and trans, in the monoroer is low when 

measured in this way. In 6.5 we found that the unidentified 

compounds in the monoroer mixture cannot or hardly be dimerised. 

The double bond arrangements represented above, which were in

visible in infrared, might, if present, be difficult to dimerise 

owing to steric hindrance. Nevertheless, we have to assume that 

the greater part of the monoroer is saturated. 

This is confirmed by an attempt to hydrogenate the monoroer 

at about 30°C by means of palladium on carbon, which at

tempt failed since hardly any hydragen had been consumed 

while under identical circumstances oleic acid is easily 

hydrogenated. 

The saturated monoroers can be normal straight-chain fatty acids 
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and branched fatty acids. The above considerations have led to 
the conclusion that branched saturated fatty acids are present. 
on the other hand we shall see that in the monomer normal acids 
- palmitic and stearic - are also present. All results are in 
agreement with the suggestion that the monomer consists for an 
important part of saturated branched fatty acids. 

Now that part of the monomer appears to be saturated, the 
question arises where the hydragen came from. 

In literature (160, 138, 162) a "hydrogen transfer reaa
tion" is mentioned in relation with the strongly acidic silica
alumina. In this reaction one molecule has the function of hy
drogen donor, another molecule acting as hydragen acceptor. In 
this way one molecule is dehydrogenated,another is hydrogenated. 

I I I I + I I 
CH2 CH CH2 CH CH2 CH 

H + I + ~ ____.. I + H 
___.. I + 

" 
+ 

HC+ CH ~2 CH CH2 CH 
I I I I i I I 

CH2 CH CH 
I I i 

" CH2 CH2 CH 
I I 

Of course,this reaction is strongly stimulated by molecules 
easily acting as H-donors, like decaline, tetraline or cyclo
hexene (47,160), but the reaction also occurs when e.g. propene 
is in contact with silica-alumina at approx. 60°C (160,149). 
In this case the H-transfer seems to be associated with aromati
Bation and coke-formation, and cyclisation is even considered to 
be a necessary step in the hydragen transfer mechanism. The 
rate of the H-exahange reaction is said to depend strongly upon 
the water content of the silica-alumina catalyst (162), giving a 
sharp optimum with increasing water content (Fig. 30~ cf. 6.4). 
Such an optimum can also be expected in the hydragen transfer 
rate. In relation with the presence of branched saturated fat
ty acids, as suggested now, it is important to know that hydra
gen transfer contributes to a high iso/normal ratio, owing to 
selective saturation of tertiary olefins, which are transferred 
into iso-paraffins (47). 
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In their attempts to dimerise oleic acid with the aid of 
silica-alumina, Tyutyunnikov and Boqdan (169} found monoroer 
fatty acids, which are said to contain saturated fatty acids and 
elaidic acid. Chowdhury et al. (19351 40} reported the presence 
of stearic acid after the dimerisation of oleic acid with stan-
nic chloride (cf. 2.6}. 
oleate isoroers has been 

The presence 
observed after 

of very small amounts of 
thermal dimerisation of 

methyl linoleate isoroers (2.2.1}, as wellas after dimerisation 
of dienoic fatty acids in the presence of an acid earth catalyst 
{161}. Brown and Swidler suqqested the occurrence of a hydragen 
transfer reaction during cis-trans isomerisation experiments in 
the presence of an acid-activated clay catalyst (35}. 

Assuming that in the dimerisation of oleic acid with mont
morillonite saturated fatty acids are formed, this formation is 
almost certainly the result of a hydragen transfer reaction. In 
this case also dienoic acid, which easily dimerises, will be 
formed. 
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The hydroqen transfer reaction is the cause of the oriqin 

of saturated fatty acids, and since these cannot be dimerised, 
it explains the low dimerisation yield when the monoroer is used. 
When supposinq - more or less anticipatinq the results of chap

ter 8 - that this hydroqen transfer reaction is a necessary 
preliminary step in the dimerisation, we make an unexpected dis
covery: then not only a yield limit arises, owinq to the forma
tion of non-reactive saturated fatty acid, but this yield limit 

more or less eguals the maximum experimental yield of approx. 
60 wt% of residue (6.3). 

This hypothesis has far-reachinq conseguences also for the 
dimer structure, since the dienoic acid - the other product of 
the hydroqen transfer reaction - qives the same cyclic dimers as 
those formed inthermal dimerisation of linoleic acid (2.2.1). 
So investiqation of the structure of the dimers and trimers is 
necessary to see whether this way of reasoninq is correct (chap
ter 8). The most direct approach to prove the existence and to 
investiqate the importance of. the hydroqen transfer reaction is 
a complete analysis of the monoroer (chapter 8). An elaboration 
of this hypothesis with the aid of the results of chapter 8 is 
described in chapter 9. 

7.3 THE DIMER 

The dimers of oleic acid prepared with montmorillonite (or 
other catalysts) are generally considered to be non-cyclic (42). 
Patentsof Barrett, Goebel and Peters (11,12: 1957) state that 
the dimerisation products of poly-unsaturated fatty acids aris
inq when montmorillonite is used, differ in structure from those 
formed in thermal polymerisation. Clay would not only stimulate 
thermal polymerisation, but a new polymer-type would be formed 
throuqh a completely different mechanism (via interesters).Their 
investiqation of dimers, prepared by thermal polymerisation of 
poly-unsaturated fatty acids and of those prepared from poly
unsaturated fatty acids with montmorillonite, led to the conclu
sion that a structural difference between the two final products 



78 

would exist, 
They give no 

ch.7 

which difference, however, has not been specified. 
suggestions for the structure of the oleic acid 

dimer, but generally the structure as represented in 2.6 is ac

cepted. 

Up to now a thorough investigation of the structure of 
this dimer (prepared with montmorillonite) has not been pub

lished. The dimer of oleic acid prepared with BF3.H3Po4 however, 
has been investigated by Topchiev et al. (166,167,168). After 
ozonolysis nonanal, pelargonic acid and other fragments were 
formed, which, according to the authors, indicated a non-cyclic 
dimer containing an ethylenic bond, as described in 2.6. In 
many other publications a similar structure of the dimer is re
presented. Byrne (377 1962), Cowan (427 1962) and Wexler (175: 
1964) also adopt this opinion in their dimer acid surveys.Cowan, 
however, wheri dealing with the dimerisation of oleic acid with 
Lewis acids reports: "Although Russian reports support this 
mechanism, private communications indicate that even this dimer 
may be cyclic". Recent publications by Sen Gupta (158,159) 
suggest a cyclobutane ring in the thermal dimer of oleic acid 
(2.2.2). The publications in which montmorillonite is used as a 
catalyst for other polymerisation reactions, give little indica
tion about the structure to be expected for the dimers of oleic 
acid (60,58,19,59,22). Friedlander (57) describes the polymeri
sation of butene with montmorillonite at 20°C. The cis-2-butene 

polymerises under these conditions, the trans-2-butene does not. 
The polymer formed is so strongly adsorbed at the catalyst that 
the latter is poisoned. After extraction, a branched chain 
structure is deduced from the infrared spectrum. 

Neither is it possible tq come to a conclusion about the 
dimer acid structure from the reactions on silica-alumina, since 
both polymerisation and cyclisation can occur at its surface. 

On account of occurrence of an H-transfer as suggested in 
7.2 a cyclic dimer and a bicyclic trimer were expected. Since 
literature gives little information, a thorough investigation 
of the structures of dimer and trimerwas necessary (chapter 8). 
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ESTERDIMERS 

In lactone formation (7.2) the carboxyl group reacted 
intPamolecularly with the ethylenic bond, It will be clear that 
the esterdimers found can be formed by a similar reaction, but 
now intePmOlecularly: 

0 
-CH=CH- + -CH -C.? -2 'oH 

The difference between acid and saponification 
residue, as found in 6.5, was attributed to 

esterdimers. 
In some patents (12,11,52) these compounds 

values in the 
the presence of 

are mentioned, 
but neither their presence nor their structure has been proved. 
Thèse esterdimers are considered intermediate products in dimer
isation, since after some time the estervalue in the residue be
comes very small. In our opinion this interpretation is ques
tionable and may even be incorrect (chapter 10.5.2.1). 

7.4 CONCLUSIONS 

All in all there are strong indications of the occurrence 
of a hydrogen transfer reaction. The importance of such a reac
tion in dimer acid formation has up to now not been quite clear. 
Therefore, an investigation of the composition of the monomer 
and of the structure of the dimer was urgently needed. The re
sults of such an investigation are mentioned in chapter 8. From 
these a suitable reaction-model can be constructed (chapter 9). 
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CHAPTER 8 

INVESTIGATION OF THE STRUCTURE OF THE REACTION 

PRODUCTS 

8.1 INTRODUCTION 

In the dimerisation process monomer products are formed, 

which, as was shown in chapter 7, cannot or hardly be dimerised. 

Part of these compounds is probably saturated owing to a hydra

gen transfer reaction. As a consequence of this reaction the 

dimers and trimers of oleic acid may be cyclic. Investigations 

of the monomer fraction as well as of the dimer and trimer frac
tions, were necessary to understand the importance of the hydra

gen transfer reaction. 

8.2 GASCHROMATOGRAPHIC ANALYSIS OF MONOMER 

8.2.1 INTRODUCTION 

As mixtures of fatty acids 

vestigated by gaschromatography, 
can nowadays be very well in

it goes without saying that a 
study of the monoroer fraction by GLC might be successful. 

The first gaschromatographic analyses showed that the mono

roer contained a great number of compounds, so a capillary column 
was needed to analyse the monomer. To identify the different 

groups of components the monomer was subjected to some simple 
operations. 

8.2.2 PRELIMINARY OPERATIONS 

The operations carried out with the monomer of technica! 

oleic acid are summarised in Scheme 31. 
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Scheme 31 The preliminary operations 

hydragenation 

fractienation by urea 

~~~~ ~~~--
fraction from 

hydragenation 

l 
hydrogenated 
fraction from 
urea adducts 

hydragenation 

! 
hydrogenated 
urea residue 

Separation by means of urea-adduet formation 

hydrogenated 

Long chain fatty acids in saturated urea solutions act as 
crystallisation nuclei for urea when the salution is cooled. The 
urea crystallises tubularly (internal diameter 5.2 i> around the 
fatty acid molecule. The tendency of the fatty acid molecules to 
form such a urea adduct depends on their structure. In general 
we may say that straight saturated fatty acids are easily in
cluded, but that highly branched or cyclic fatty acids are hard
ly or not included. On account of this property branched and 
straight fatty acidscan roughly be separated (24). 

Procedure (150): A warm (50°C) monoroer mixture (1.6 kg) was 
added, with mechanica! stirring, toa warm solution of 1.6 kg 
urea in 4.8 1 of methanol. A heavy, white precipitate formed, 
and the mixture was allowed to cool to room temperature. After 
standing overnight, the crystals were filtered off on a Buchner 
funnel and washed well with a saturated solution of urea in 
methanol (16 g per 100 rol). Washing with this solution decreases 
the possibility of decomposing the adducts and makes for better 
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separations and easier handling. Most of the methanol of the 
filtrate was removed in vacuo.The residue was taken up in water, 
acidified with dilute hydrochloric acid, and extracted with 
hexane. After the hexane layer had been washed well with water, 
it was dried over anhydrous sodium sulphate. The solvent was re
moved in vacuo to give approx. 1100 g of fatty acids. 

The urea adduct crystals were taken up in water (acidified 
with dilute hydrochloric acid), and warmed, which leads to de
composition of the adduct. The fatty acids were extracted with 
hexane. The hexane layer was washed well with water and dried 
over anhydrous sodium sulphate. The solvent was evaporated in 
vacuo, giving approx. 400 g of fatty acids. 

The hydrogenation. A sample (0.5- 1.0 g) was dissolved in 
as little ethylacetata (or ether) as possible and a small amount 
of catalyst (10% palladium on activated charcoal) was added. 
After removing the air over the mixture by nitrogen, and the 
nitrogen in its turn by hydrog~n, the mixture was shaken vig
orously at 30.-40°c, until the hydragen consumption stopped. In 
order to check whether the hydragenation was complete infrared 
spectra were made. 

8.2.3 ANALYSIS BY GAS-LIQUID CHROMATOGRAPHY 

After esterification of the. fatty acid mixtures obtained 
in 8.2.2 the separation of the methylester mixtures was car
ried out with a Perkin Elmer 810/820 or 226 with splitter and 
flame ioniaation detector. 

capillary column 
progr amming 
injection temperature: 

nitrogen 

siliconegum rubber SE 30 (57 m,\ mm I.O.) 

140-230°C: 0.5°C/min 
280°C 
15 psi 

These conditions had been chosen after optimalisation of tempe

rature-programming and gas velocity. 
For the identification the methylesters of the normal satu
rated fatty acids c8 , c10 , c12 , c 14 , c16 , c18 ,as wellas methyl
oleate and methylelaidate were available. All these esters were 
shown to be present in the esterified monomar fraction and even 
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formed the largest peaks in it, except for both methyloleate and 
methylelaidate, which were only found in small amounts (Fig.32). 
With the aid of the identified peaks a graphof "log(net re
tention time) " versus "total number of carbon atoms in the orig
inal fatty acids" was drawn for each gas-chromatagram (122). In 
this graph the identified straight fatty acid esters acted as 
internal standards correcting possible alterations in gas ve
locity duFing the recording, as well as small deviations owing 
to temperature programming.In spite of the temperature programm
ing, an almost straight line was obtained in this way. The net 
ratention times of the other compounds were meaaured in the 
chromatogram and the Equivalent Chain Lengtbs (ECL values) of 

these compounds were found by means of the calibration graph. 

The metbod was repeated for each chromatogram. In this way the 
Equivalent Chain Length for each compound in each chromatogram 
was obtained.This ECL value depend on the structure of the mole
cule and on the nature of the stationary phase in the column. 

Compounds which differ only in chain lengtbs and which are 
so long that the influence of specific groups (in casu -COOCH3) 
can be neglected at the extension points, acquire ECL values 
which differ whole numbers, viz. as much as the difference in 
number of c-atoms. So, if the identity of a compound with ECL = 

17.50 is known, then - especially in our investigation - the 
compound with ECL = 15.50 has probably the same structure but 
with two carbon atoms less. 

The identification was facilitated by the obvious regulari
ty, occurring in the chromatograms, owing to the continual re
turning of recognisable groups of methylesters, with an increas
ing number of carbon atoms (Fig. 32). The presence of cyclic 
comppunds, as suggested in patent literature (148), was not 
taken for granted (cf. 7.2). Very recent literature (61) re
ports that such compounds, derived from methylesters of c 18 
fatty acids, are eluted after methylstearate when using Apiezon
M columns. When we used siliconegum SE 30, no peaks were ob
served after the one of methylstearate, provided that in the 
reactants used originally such compounds were absent. Therefore 
it can be presumed that no cyclic c 18-compounds are present in 
the monomer fraction. This presumption is strengthened by the 
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results of the ring-analysis (8.4). 

Combination of all data available (see also Table 34) and 

comparison of the gas~chromatograms of the esterified mixtures, 

prepared according to 8.2.2, resulted in an Identification 

Scheme (Scheme 33) .The compounds are vertically arranged accord

ing to increasing ECL on siliconegum SE 30 in such a way that 

corresponding compounds are found horizontally. 

The data for apolar columns (mainly Apiezon), reported in 

literature, are summarised in Table 34, partially after conver

sion into Equivalent Chain Lengths. The ECL-values found in 

literature are not in full accordance with each other. When 

silicone-gum SE 30 is used the ECL values for branched saturated 

methylesters may be considered equal to those for Apiezon. This 

is not allowed for unsaturated methylesters but only small dif

ferences were found between the experimental values and those of 

Table 34. 

8.00 

8.55 

s.aa 

8.95 

9.05 10.00 11.05 12.00 13.07 14.00 15.07 16.00 17.04 18.00 20.00 I sat. str. 

17.07 18.06 II 

11.16 13.18 15.15 17.15 18.10 III 

17.20 18.17 IV 

15.33 17.30 18.32 V sat. br. (2x) 

17.36 VI 

15.42 17.42 18.39 VII 

16.49 17.51 18.48 VIII [ 15.50 

[ 11.55 13.54 14.52 

9.55 10.56 15.54 16.53 17.54 IX 

11.59 12.60 13.58 14.59 15.57 16.59 17.60 x sat. br. (1x) 

9. 76 10.76 

9.87 

Scheme 33 

11.63 12.66 13.64 15.63 16.64 17.65 XI 

11.67 12.71 13.68 14.71 15.68 16.73 17.70 XII 

15.75 17.73 XIII mono-unsat. str. 

11.75 12.79 13.76 14.76 17.76 XIV sat. br. (1x) 

["·'" 
XV 

16.81 

11.83 13.84 15.82 [ 17.83 XVI mono-unsat. str. 
16.86 

17.87 XVII 

11.88 13.88 16.90 XVIII sat. br. (?) 

- 17.93 XIX mono-unsat. str. 

13.00 16.99 XX sat. br. (?) 

Equivalent chain lengths in a group-identification 

scheme1sat. saturated1 str. = straight chain1 

br. branched chain; 18.00= methyl-stearate 
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METHYL ESTERS OF UNSATURATED FATTY ACIDS 

Equivalent Chain Lenqths + references ( ) 

place 185°C 
C•C cn3 branch Apiezon-L P.G.S. PI!GS Sl!:-30 

14:1 5 - 13.70 (102) 
9 - 13.83 ( 89) 
? 12 " 20 1147) 

15: 2c - 15.00 ~ ~=) 2t - 15.68 1 • 
? 12 14.30 1147) 

16: 2c - 16;00 li:l 1;:81 2t - 16.65 ( 78) 
9 - 15.65 (102) 
9 - 1!;. 70 ( 89) 16.55 (89) 
9c - 15.7 (121) 

- 15.67 (108) 
- 15.75 ( 93) 

9t - 15.82 ( 93) 
- 15.74 (108) 

7 (147) 14 15.20 

~ - 17.00 !m 17.32 !m - 17.65 18.83 - 16.73 ( 89) 17.60 
? 15 (89) I ~:-20 

l~m 7 14 30 
TriT 2c - 18.00 ( 78) 18,32 ( 78) 

4c - 17.72 (108) 
- 17.75 ( 93) 

6c - 17.71 ( 89) - 17.72 ( 93) 
- 17.7 (121) 

9c - 17.7 (121) 
- 17.69 ( 78) 18.62 ( 78) - 17.71 ( 89) 18,51 (89) 
- 17.62 (108) 
- 17.66 ( 93) 

12c - 17.75 ( 89) 18.75 (89) 
2t - 13,65 ( 78) 
4t - 17 .ss ( 93) 

- 17.81 l 1 ~:l 10.4? tnl 6t - 17.75 
18: St - 7.73 ;m 18.50 (89) 

9t - 17.69 18,63 ( 78) - 17.76 ( 89) 18,47 (89) 
- 17.76 (108) 
- 17.75 ( 93) 

10t - 17.78 ( 89) 18,51 (89) 
11t - 17.80 ( 89) 18.58 (89) 
12t - 17.80 ( 89) 18.65 (89) 

? 16 17.20 11471 
19i1 ? :~ 18.20 (147) 

? 18.30 147 
1 20: 11 - 19,60 (102) 

(147)1 7 18 19.20 
[2fiT 7 18 20.30 (1411 I 

14:2 5,8 - 13.50 !'~~~ 16:2 6,9 - 15.47 17.50 (89) 
17:2 9,12 - 16.62 ( 89) 18.50 (89) 
18:2 :~~i2< - 17.45 (102) 

- 17.6 (121) 
- 17.48 (108) 
- 17,56 ( 93) 

conj. - 18.7 (121) 
9t,11 18.68 ( 89) 20.70 (89) 

20:2 8,11 - 19.30 (102) 
11,14 - 19.50 (102) 

22:2 10,13 - 21.20 (102) 
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METHYL ESTERS OF SATURATED FATTY ACIDS 

Equivalent Chdn r.enc;rths + referenceo ( ) 

place 
-cu3 branch Apiezon-L Apiezon-M Silicone c;rreaoe 

iso 
13:0 11 12.60 (102} 
14:0 12 13.50 (102} 13.65 (130} 
1S:O 13 14.60 (102} 14.S9 ( 86) U,6S 

14.5S (102} 
16:0 14 15.50 (102} 15.61 ( 86) 15,65 

15.69 ( 93} 1S. 71 (130} 
17:0 15 16,6S (102} 16.62 ( 86} 16.70 

16.60 (102} 
18:0 16 17 .ss (102} 17.67 ( 86) 17.66 

17.61 (130) 
19:0 17 18.60 (102) 
20:0 18 19.55 (102) 19.61 (130) 

19.70 (102) 

ante-1so 

15:0 12 14.72 ( 93) 14.6S (130) 
17:0 14 16,82 ( 93) 16.63 (130} 
19:0 16 18.68 (130} 

neo 
'13:0 10,10 12.30 (102} 
16:0 13,13 15.08 (1301 
17:0 14,14 16.30 (102) 

16.35 (102) 
18:0 15,15 17.35 (102) 17.11 (130) 
19:0 16,16 18.40 (102) 
20:0 17,17 19.08 (130) 
21:0 18,18 20.15 (102) 
22:0 19,19 21.40 (102} 

Table 34 Literature data for several stationary phases, exprese
ed in Equivalent Chain Lengtbs 
18:1 methyl ester of mono-unsaturated c18-fatty acid 
9 c == cis ethylenic bond between carbon atoms 9 and 10 
9 t trans ethylenic bond between carbon atoms 9 and 

10 
other publications at this subject: (31,87,100,106,107, 

114,139) 

!86) 

(86) 

(86} 

(86) 

87 
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CONCLUSIONS 

The "normal" monoroer consists almost exclusively of satu
rated fatty acids, a certain amount of which is branched. The 
peaks mentioned in Schema 33 under VIII, IX, x, XI and XII, pro
bably correspond with saturated mono-branched methylesters, in 
which the side chain is attached to different carbon atoms. It 
is an outstanding fact that the peak of 17.50 is always highest 
- except for methylstearate - and that branched methylesters 
with higher ECL values occur in decreasing concentrations. Per
haps the ECL value of 17.50 corresponds with what is known as 
"iso" structure (CH3-CH(CH3)-(CH2) 14..,.cooca3 ; Table 34), while 

higher values might indicate branching places nearer to the car
boxyl group (cf. 7.2: methylshift). The presence of branched 

I 
saturated fatty acids corresponds with the expectations based 
upon the infrared spectra of 7.2. 

On account of the additivity of the ECL method applied, the 
peaks II, III, IV, V, VI and VII, might correspon.d wi'th double
branched saturated fatty acids, perhaps even with ·what! are known 
as "neo" compounds (Table 34), which cçntain a quater~ary carbon 
atom, though the formation of these cannot be expl~ined via a 
carbonium-ion mechanism. It is possible that the 'ECL ,value dif
fers more than one unit from the corresponding straight saturat
ed methylesters. This might explain the presence ot XVIII and 
XX,but it is not excluded that they are mono-unsaturated methyl
esters (Table 34). They occur, however, in so small a concentra
tien that they are not important at all. 

The unsaturated methylesters present are mono-unsaturated 
and straight. As suggested in 7.2 combinations, such as -CH= 
=C(CH3)-,do not occur. The methylesters of dienoic acids, which 
might be formed in a hydrogen transfer reaction, are absent in 

the gas-chromatograms, probably because they are involved in 
consecutive reactions owing to their great reactivity. The mono
unsaturated methylesters occurring are of the cis- as well as of 
the trans-type. Several peaks of mon()-unsaturated methylesters 
are found (XV, XVI, XVII, XIX and perhaps XVIII and XX) not only 
as a result of geometrical isomerisation, but probably also of 
positional isomerisation of the double bond. 
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When the monomer almost completely consists of saturated 
fatty acids, much dienoic acid must have been formed. So the 

hydrogen transfer reaction is probably of great importance 
(chapter 9). 

8.3 n-d-M-RING ANALYSES OF MONOMER, DIMER, AND TRIMER 

This method developed by Waterman and co-workers serves to 
determine the average number of rings in high-boiling saturated 

hydrocarbons based upon specific refraction (r ) and average spec 
molecular weight (M) (28,29,174): 

n = refractive index 
d = density 

For saturated bydrocarbons r is directly proportional to the spec 
hydrogen-content. Tbe original ring analysis by Waterman was 
based upon the values of the atomie refractions calculated by 
Eisenlohr in 1911. Later, from more exact data Wibaut et al. ob
tained values, wbich differed considerably from those found by 
Eisenlohr. The values obtained for saturated mineral oil dis
tillates, bowever, were in good accordance witb tbe old Eisen
lohr increments. In bis thesis (26) Boelhouwer states tbat 

bydrocarbons as prepared by bim from polymerised fatty acid 
esters - as far as their structure is concerned - are more 
closely related to hydrogenated mineral oils than to pure normal 
alkanes. Therefore, he prefers the original Waterman ring anal
ysis figures. In Fig. 35 the relation between r , -M1 and tbe spec 
ring-number is recorded, ba·sed both on Eisenlohr and on Wibaut 
increments. 

If in addition to rings branches are also present, tbe spe
cific refraction decreases, and so the number of rings found is 
incorrect. Data from pure brancbed and straight hydrocarbons 
show that each branching causes an average decrease of r by 

spec 
0.077/M. This is 0.00015 per branching for a saturated hydra-
carbon, derived from a dimer molecule. If the dimer molecule bas 
2 branches this causes an error of .approx. 0.1 ring unit. 
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M 

Q.340 

UH 

G.330 

-I .. 

-H G.325 ....... 
.. c: 

1 
G.320 

G.315 

Q.310 

5 ' I 2 

Ji 
M 

Fig. 35a Relation between specific refraction, molecular weight 
and ring number, based upon the atomie refractions of 
WIBAOT7 taken from (29) 
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Furthermore the accuracy of the metbod strongly depends on 
traces of oxygen, which decrease the specific refraction by 
about 0.0024 per % oxygen. The oxygen content can be determined 
by elementary analysis, which is not very accurate. It is also 
possible to remove the traces of oxygen by percolation on Al 2o3 
as bas been carried out by Waterman, Kips and Van Steenis (173). 

Similar grapbic statistical methods have been elaborated 

for the specific sound velocity and for the specific parachor 
(29) • 
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For the preparatien of saturated hydrocarbons from fatty 
acids 2 methods are available: 
1. After esterification of the fatty acid with methanol (26), 

a tertiary alkanol, can be obtained with methyl magnesium 
halogenide, according to Grignard. This tertiary alkanol can 
be dehydrated with anhydrous coppersulphate to an alkene, 
which can be hydrogenated with palladium on carbon as a 
catalyst. This methad is complicated, results in a low yield 
and in our experiments gave na colourless product. Therefore 
the methad has been applied only once leading to 1.2 rings 
per molecule for a commercial dimer sample (Empol dimer 
1024). 

2. By total hydragenation with a suitable catalyst in an auto

clave, saturated hydrocarbons can be obtained in one opera
tien. As a catalyst a nickel-guhr catalyst with a small 
amount of capper incorporated in it, was used. 

Preparatien of the catalyst: while stirring, 205 g guhr (28-
100 mesh) was added to a salution of 1 g cuso4 .5H2o and 215 g 
NiS04 .7H2o in 1.5 1 water. The suspension was heated up to 100°c 
and sa much of a saturated soda-salution was added as to reach a 
pH of 9 (phenolphthalein) after the co2-development had come to 
an end. After boiling for 5 hours, during which time the evap
orated water was supplemented continuously, the mixture was 
filtered and washed with water. The residue was boiled in 1.5 1 

water and filtered off immediately (at ca. 95°c). This was done 
6 times with tap-water and 6 times with distilled water. The 
last filtrate was free from sulphate and carbonate as was proved 
with a Ba(OH) 2 solution. After the catalyst was dried (30 hours 
at 125°C) and ground it was reduced in a quartz glass tube with 
a hydragen stream at 575°C for 4 hours. The catalyst (approx. 
200 g) was stared under nitrogen. The activity of the catalyst 
was checked as fellows (118): 

A 125 ml autoclave was filled with 2.5 g of the catalyst 
and 25 ml dry benzene. After remaval of air by nitrogen the 
autoclave was pressurised to 100 ato hydragen and heated to 80°c. 
Under these conditions the benzene was hydrogenated (decrease of 
pressure ca. 0.8 ato/min). According to Meys (118) this implies 
that the catalytic activity is satisfactory. 
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Total hydroqenation: (25, 27) The hydragenation was car
ried out in a 125 ml rotating autoclave with electrical heating. 
15 g sample and 15 g catalyst were put in the autoclave and air 
was removed by nitrogen. The autoclave was checked for leakages 

and pressurised to 230-2t0 ato H2 by means of aHofer-compressor. 
Hydragenation started at approx. 250°c. After 6 hours at 300°c 
the autoclave was cooled, the hydrogen pressure released and the 
reaction mixture solved in pentane. After removal of pentane by 
distillation, about 11 g of product was obtained. 

The hydrogenations were carried out with monomer,commercial 
samples of diroer and triroer of technica! oleic acid (Empol 1024 

and Empol 1040 resp.), and with both fractions obtained from the 
urea separation (7.2.2). All final products were colourless 
liquids, except for the hydrogenated trimer, which had a yellow
ish hue (for the diroer 45 g of material was used in a 500 ml 
autoclave of the same type, giving a yield of 35 g). 

Analyses and results: 

The molecular weight 
(Becker Model 4020 semi micro 

solvent and dioctylphthalate 

was determined 
ebulliometer) 

as a standard. 

ebulliometrically 
with benzene as a 

The results are 
summarised in Table 36. (When the hydrogenated samples were per
colated over alumina (Hopkin and Williams, 100-200 mesh) to re
move traces of oxygen (173), the same results were obtained). 

The monoroer contains no rings1 the average ring numbers of 
diroer and triroer are 1 and 2 respectively. This means that the 
structures of diroer and triroer of oleic acid 
those of the thermal polymerisation products 

rêsemble very much 
of linoleic acid. 

This was already suggested in chapter 7 but on account of quite 
different considerations. 

Table 36 Results of n-d-M ring analyses 

Ring nUlliber 

nD d r; 
spec ii Mtheor B1senlohr Wibaut 

monomer 1.4372 0.7785 0.3367 247 254 0 0 
included fraction 1.4340 o. 7710 0.3378 236 254 0 0 

non-included fraction 1.4385 0,7800 0.3366 253 254 0 0 

dimer 1.4632 0.8347 0.3301 472 504 o.a 1.0 
triDier (81\ trimerr19% dimer) 1.4720 0.8553 0,3272 720 752 2.0 2.4 
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8,4 NUCLEAR MAGNETIC RESONANCE SPECTRA 

With the aid of NMR spectra information can be acquired 
about the number of different environments in which protons are 
located and the relative number of protons of each type. For our 
investigation this means that the presence of many branched 
fatty acids in the monomer, as was found in 7.2 and 8.2, is 
manifest in NMR spectra as a decreaeed CH2/CH3-ratio. The dis
appearance of double honds involves the disappearance of the 
-CH= proton signal. Whether cyclohexene rings are ,present or 
not, cannot be proved, however, since the absorption coincides 
with the normal CH 2-absorption, 

A Varian 60 was used7 tetramethyl silane (TMS) was added as 
an internal standard. Solid and viscous samples were dissolved 
in cs 2 .The absorption peaks found are summarised in Table 37. 
(A -e-H absorption (• = ca. 8.5 p.p.m.) ls invisible under the 

-CH 2- peak) 

Table 37 Absorption peaks found in nuclear magnette resonance 
spectra 

T (p.p.m.) c.p.s. 

-CH3 9.10 54 

-CH2- 8.68 79 

-CH2-C=C- cis 7.9, trans 8.0 126, 120 

-CH -C=O 2 'oH 
7.70 138 

-CH=CH- 1.32 521 
-COOH (-1.67)-(-2.17). 700-730. 

~: measured with sweep offset 270 cps. 

Measurements were carried 
acid, technical oleic acid A-2, 

out on the speètra of pure oleic 
included and non-included urea 

fractions, dimer and saturated hydrocarbons prepared from non
included urea fractions by high pressure hydragenation as de
scribed in 8.3. The CH2/CH3 ratio was calculated from the areas 
of the absorption peaks of the protons in CH2 and CH3 groups, 
assuming that the contribution of a proton of a CH2 group equals 
that of a proton of a CH3 group. 



ch.S 95 

Results: CH 2/CH3-ratio 

pure oleic acid 16.6 (theor.: 14.0} 
technical oleic acid A-2 13.4 

urea adduct 7.6 

urea residue 7.2 

completely hydrogenated urea residue (8.3}: 5.0 

dimer Empol 1014 11.7 

It is clear that the CH2/CH3 ratio in the monomer strongly de
creases in spite of the saturation owing to the hydrogen trans

fer. There is no great difference in CH2/CH3 ratio between the 

two urea fractions J both samples, however, contain considera

bly more ca3-groups than technical oleic acid (mono-branched 

saturated c18 fatty acid has theoretically a ratio of 7.0). This 

proves the formation of branched fatty acids (cf. 7.2 and 8.2). 
Outstanding is the high ratio found for the dimer. 

8.5 CONCLUSIONS 

At the end of chapter 7 the suggestion was made that in the 

monomer fraction, resulting after the dimerisation reaction, 

saturated fatty acids occur. These acids are found to be present 

in very great amounts, both with branched and straight chains. 
In the monomer fraction investigated only small amounts of un

saturated fatty acids occur which are all unbranched, while no 

cyclic products could be found. According to chapter 7 the 

saturated fatty acids in the monomer can be formed by a hydrogen 

transfer reaction, which causes also the formation of octadeca

dienoic acid. Since a fairly large amount of saturated fatty 
acid is found, an equal amount of dienoic acid must have been 
formed. This acid may dimerise spontaneously to a cyclic product 
(cf. thermal dimerisation of linoleic acid 2.2.1). So from the 

monomer composition we come to the conclusion that the dimer of 

oleic acid, formed by this process, may be cyclic. This supposi
tion has been confirmed by the ring analysis according to Water

man, which showed that the dimer molecule contains one ring. In 
the same way the expectation was that the trimer fraction would 

be bicyclic, which could also be confirmed experimentally. 



96 

CHAPTER 9 

THE REACTION MODEL 

9.1 INTRODUCTION 

In the preceding chapters we have proved that a hydrogen 

transfer reaction must be responsible for the great amount of 
saturated fatty acids in the monomer, and that on account of 

this reaction a cyclic structure of both dimer and triroer could 
be expected and was really found. 

Starting from this knowledge and the results of chapter 6 a 
reaction model will now be proposed which will be tested in the 

next chapter by a series of experiments with pure oleic acid. 

9.2 ISOMERISÁTION AND HYDROGEN TRANSFER 

The types of isomerisation described in 7.2 differ in ac

tivation energy, geometrical isomerisation requiring the lowest, 
positional and skeletal isomerisation following inthissequence. 

The activation energy for the hydrogen transfer is higher than 
that for cis-trans isomerisation. At this stage of the investi

gation it is therefore obvious to suppose that the rate of cis
trans isomerisation surpasses the hydrogen transfer rate. When 
composing the reaction model we think it permissible to suggest 

that oleic and elaidic acid are so rapidly converted into each 
other that they seem to have identical rate constante in all 
reactions occurring. This does not mean that the two forms ac

tually have identical rate constante in the various reactions, 
but only that their difference is not perceptible by the rapid 
cis-trans inter-conversion. This hypothesis is necessary for 

ease of surveyr its correctness will be examined in chapter 10, 
especially since the findings of Wheeler (176) for thermal 
dimerisation of methyl linoleate isoroers seem to conflict with 
this supposition (2.2.1). 

Experiments, carried out with stearic acid instead of oleic 
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acid, under essentially the same reaction conditions, proved 

that in this case no skeletal isomerisation occurred, which im

plies that, when oleic acid is used, such an isomerisation must 

take place before the molecule is saturated.Probably the branch

ed mono-unsaturated fatty acid molecules give a very rapid hy

drogen transfer. Voge (47 p. 433 ff) ascertained that by hydra

gen transfer isobutene is saturated 7 to 10 times more quickly 

than n-butene. In this way, hydrogen transfer contributes to a 

high iso/normal ratio in the monoroer by a preferential satura

tion of branched unsaturated fatty acids. This might be the 

explanation of the peculiar distribution of the mono-branched 

saturated fatty acid concentrations as represented in Fig. 38 

(cf. 8.2). If by skeletal isomerisation methyl branches are 

formèd at the end of the chain only - as is mostly assumed 

(7.2) - so reactive a molecule may arise that it is immediately 

17.50 
10 

® 18.00 

<10 

0 

~ 20 

LJY. ~a 

Fig. 38 Part of a gas chromatogram showing the mono-branched 

and straight saturated c 18-fatty acid methyl esters 

(Code 37, see chapter 10) 
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hydrogenated before the CH3-group has migrated to near to the 

carboxyl group. Then the concentration of branched mono-unsatur

ated fatty acid will continuously be very low (cf. immeasurably 

low in infrared: 7.2) and we may expect a decline of concentra

tion, as the methyl group has migrated farther inside. 

It is possible that the branched unsaturated fatty acids 

not only take up hydrogen more quickly, but also dispose of it 

more quickly. This may mean that a rather great part of dimers 

and trimers originated from branched fatty acids. Though NMR

spectra (8.4) have demonstrated that the CH 2/CH3 ratio of the 

diroer is lower than that of oleic acid, the difference is not 

very great. The increase of the number of CH3-groups is clearly 

visible in the infrared spectra of the dimers. 

In consequence of all this the rate constante for hydrogen 

transfer of branched fatty acids will differ from those of 

straight fatty acids. 

This difference has to be taken into account in the reac-

tion model as much as possible~ in the 

10, however, the difference will be 

transfer reaction can be represented by: 

experiments of chapter 

neglected. The hydrogen 

2 Cj 8 - + 0 

11 

saturated fatty acid 

mono-unsaturated fatty acid 

di-unsaturated fatty acid 

The formation, i.e. the presence of the dienoic acid, which 

may probably be conjugated, could be demonstrated neither gas

chromatographically nor spectroscopically (IR, UV) ' (the location 

of absorption peaks of conjugated systems is described in 39, 

132,133,180). This can be explained by assuming that the dienoic 

acid formed dimerises véry rapidly and that the hydrogen trans

fer reaction and the skeletal isomerisation are probably the 

rate determining steps in the dimerisation. In 7.2 it has al

ready been reported that hydrogen transfer reactions on silica

alumina strongly depend on its water content.Since this hydrogen 

transfer reaction is probably rate determining this may be the 

explanation of the presence of a water optimum found in chapter 

6 (cf. chapter 11). 
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Scheme 39 The isomerisation and hydroqen transfer reactions 

CIS ~ - CH=CH-
; f l ..,&&. POSITIONALISOMERISATION !1!!;-~·CH- moderate 

TRANS W- CH:s ~ 
'/'t 

~.tc;s, 

-ISOMERISATION -----HYDROGEN TRANSFER-

A survey of the isomerisation and hydrogen transfer reac

tions is given in Scheme 39 • 

Henceforth all the mono-unsaturated monomeric fatty acids 
will be denoted "A", whereas the saturated monomeric fatty acids 
and monomeric dienoic acids in the reaction product will be in
dicated by "B" and "C" respectively. Now Scheme 39 can be con

densed to 

2A - B+C 

9.3 DIMERISATION AND POLYMERISATION 

Though Sen Gupta (158,159), among others, 

possibility of thermal dimerisation of oleic 

(1) 

reported the 
acid (2.2.2) 

(which was in agreement with our experiments), the yields are so 
small that thermal dimerisation during the catalytic process as 
studied by us can be neglected, assuming that such a thermal 

dimerisation is not accelerated by the presence of the catalyst. 
The dienoic acid formed by the hydrogen transfer is proba

bly conjugated. After thermal dimerisation of trans,trans con-
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jugated dienoic acid ester, Paschke et al. (144) found exclusi
vely dimers containing a cyclohexene ring, which was proof for a 
Diels-Alder ring-closure. Therefore, the dimerisation of the 
dienoic acid c may roughly be described as a Diela-Alder reac
tion, and the very c9mplicated series of radical reactions, pro
poeed for the thermal dimerisation of methyl-linoleate (2.2.1) 
may be omitted. 

Diela-Alder reactions are catalysed by acids and catalysts 
like SnC14 , A1Cl 3 , BF3 , BF3 .H3Po4 (99,172). 

In 2.6 these catalysts have brought forward! a dimerisa
tion of oleic acid, but none of the publications discussed, men
tion, or even suggest a cyclic structure of the diroer formed. In 
our investigation no experiments with these catalysts were car
ried out to verify this. Whether the montmorillonite in the 
reaction which we investigated catalyses not only the hydrogen
transfer reaction, but also the subsequent Diela-Alder reaction, 

is unknown. We may not forget that a conjugated dienoic acid 
readily dimerises without any catalyst. 

Since Diels-Alder reactions are often reversible, the re
verse reaction should not be excluded. A mono-unsaturated fatty 
acid or a second dienoic acid molecule could act as "dienophyl", 
giving rise to two different types of dimer (apart from their 
previous isomerisation history) : 

CH3-(CH2)
8

-CH=CH-(CH2)b-COOH 

+ 

CH -(CH) -CH-CH-(CH) -COOH 
3 2 a1 \ 2 b 

CH3-(CH2)c-C\ /C-(CH2)d-COOH 

c~c 

H H 

dimer "D" 

a + b 14 
c + d 12 
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or: 
CH3-(CH2)

8
-CH=CH-CH=CH-(CH2)b-COOH 

+ 

CH -(CH ) -CH-CH-CH=CH-(CH ) -COOH 
3 2 a; "-. 2 b 

CH3-(CH2)c-C~ ~C-(CH2 )d-COOH 

C===C 
H H 

dimer "E" 
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a + b 12 

c + d 12 

(
0 E" differs from "D" by one ethylenic bond outside the ring) • 

Of course, dozens of isoroers of these structures are possible. 
The above dimerisation reactions will - even if the monoroer 
fatty acids are branched - he represented by: 

A+ C --
2C --

D 

E 

(2) 

(3) 

In the same way trimerisation could he represented by: 

C+E ;;::= F (4) 

and the structure of trimar nF" may be represented by: 

H H 
C=-C 

I \ 
CH3-(CH2)e-C\ iC-(CH2)f-COOH 

CH -(CH ) -CH-CH-CH-CH-(CH ) -COOH 
3 2 a; \ 2 b 

CH3-(CH2)c-c\ ÎC-(CH2)d-COOH 

C=C 
H H 

trimer "F" 

a + b 12 

c + d = 12 

e + f 12 
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Such diroer and triroer structures are in good agreement with the 
results of the ring analyses, described in 8.3. Of course, other 
hydrogen transfer reactions can also occur: 

2E 
A+E 
A+E 

D + G 

- B + G 

- C + D 

(5) 

(6) 

(7) 

The new dimer G, which has 2 ethylenic honds outside the ring, 
is comparable with C and so it will be very reactive: 

A+ G =- F (•) (8) 

c + G - K (9) -
E + G - L (1 0) -

etc. 

(•) in fact this F is an isomer of the trimer mentioned before. 

The new triroer K has one double bond outside the rings, so 
further polymerisation may even be possible. The tetraroer L is 
comparable with F, since it has no double honds outside the 
rings. At this stage, however, the importance of these reactions 
can only be guessed at and they are not further taken into con
sideration. 

Practical conseguences 

For the present, only the reactions (1), (2), (3) and (4) 
will be regarded. Comparison of the formation of D, E and F re
sults in: 

( 1) 2A B + c 
(2) A+ c D 

3A B + D 

(1) 4A - 2B + 2C (1) 6A 3B + 3C 
(3) 2C - E (3) + (4) 3C - F - --

4A 2B + E 6A 3B + F 
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If the selectivity (S) is introduced, as 

s D + E + F 
-AA 
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in which D + E + F = wt% of the residue of the reaction product 
after molecular distillation and -AA = the decrease of A in wt% 
of the total reaction mixture, we find for the formation of D: 
S = 0.667 and for the formation of E and F: S = 0.500. (All this 
only holds good if no side reactions occur, cf. 10.5.1). 

If the mechanism proposed approaches reality,in all experi
ments, after correction for side reactions, selectivities be

tween 0.500 and 0.667 should be found. The highest dimerisation 
yield which is theoretically attainable according to this reac

tion scheme is 66.7 wt%.In this case neither E nor F is present. 
To obtain such a high dimerisation yield exclusive formation of 
D should be aimed at. Therefore, if the formation of E can be 
avoided, not only will the attainable yield be increased, but 
the formation of the unwanted trimer F will also be prevented. 

The rate of the formation of E depends not only on the rate 
constant but also on the concentration of C (to be denoted [C]). 
So highest yields and selectivities can be expected when [C] is 
continuously low, whether by a high reaètion rate of reaction 
(2) or by a low reaction rate of reaction (1). Assuming that 
montmorillonite is necessary only for the hydrogen transfer and 
not for the dimerisation reactions as such, 
very good catalyst for reaction (1) increases 

this means that a 

the c-concentra-
tion, causing more E- and F- formation. This results in low 
selectivity and therefore the attainable yield is low as well. 
Probably the montmorillonite (especially after alkali-treatment) 
is a relatively poor catalyst for the hydragen transfer reac
tion, and therefore makes it very suitable for reaching high 
selectivities, high yields and low trimer contents. Probably 
that catalyst is best which causes a formation of C in scanty 
measure, so that reaction (1) cannot keep pace with the Diela
Alder reactions. This effect is clearly perceptible in the 
decline of S with the acidity of the catalyst as reported in 
6.7. 
(If technica! oleic acid,containing a certain amount of linoleic 
acid, is used, the S-limits change: 10.5.1). 
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THE EXPECTED DIMERISATION PROGRESS: 

Assuming that the rate constants of reactions (2) and (3) 
have approximately the same value, initially formation of much 
D, and hence a high selectivity, can be expected, caused by the 
great excess of A. This results in a rapid decrease of [A] and 
after some time a state of equilibrium of (2) will be reached. 
OWing to the irreversible hydragen transfer reaction (1) A dis

appears continuously, without being replaced by the same amount 
of c (since one molecule of C originates from two molecules of 
A). This causes reaction (2) to lose its state of equilibrium 
and to be reversed. So we expect an optimum in the amount of D. 
Only when the concentratien of A has become small, can reaction 
(3) be of some importance, followed by reaction (4). If the ex
periment is prolonged sufficiently long only B, C, E and F will 
remain, which implies that dimerisation yield and S will be 50 
wt% and 0.500 respectively. It will be clear that, before this 
situation is reached, yields up to 66.7 wt% may have occurred, 
so that an optimum in the yield vs. time curve, as found in 6.5, 
can easily be explained. 

9.4 OTHER REACTIONS 

Bestdes the reactions described above also other reactions 
take place. The presence of lactones, mainly of the y-type, was 
observed (7.2.), as well as relatively small amounts of esterdi
mers (7.3.). From infrared spectra of the residues we may con
clude that only traces of anhydrides are present, while the high 
saponification values of the residue indicate that decarboxyla
tion hardly takes place, or not at all. At this moment we have 
only little information about the importance of cracking reac
tions (see Fig. 44). 

The occurrence of a Varrentrapp reaction must not be exclu
ded, though this reaction has always been described in the pres
enee of strong alkalis (1). In this reaction oleic acid is con
verted into palmitic acid, acetic acid and hydrogen(10.5.2.1.). 
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CHAPTER 10 

TEST OF THE REACTION MODEL BY MEANS OF 

EXPERIMENTS WITH PURE OLEIC ACID 

10.1 INTRODUCTION 

In the preceding chapters a reaction model has been de
velo~d based upon the analyses of monomer, dimer and trimer. 
This model will now be tested, by a number of experiments with a 
chemically pure oleic acid (more than 99% 
acid) and an analogue computer. 

cis-9-octadecenoic 

The experiments described 
with 500 m1 autoclaves (5.2), 

in chapter 6 were carried out 

having the following disadvan-
tages: 

- 200 q oleic acid was necessary for each experiment. Such a 
large amount is nat required for the necessary analyses 
and, moreover, it is undesirable when considering the price 
and availability of an oleic acid of high purity. 

- The heating-up period was about 45 minutes, causing kinetic 
measurements to be very inaccurate. 

- Temperature differences between wall and contents were the 
inevitable result of the methad of electrical heating.More
over, the temperature in the reactor was nat everywhere the 
same, resulting in condensation of water in cool places 
(stirring device). 

- The temperature fluctuated and deviated up to as much as 
2°c from the desired temperature. 

In all experiments described in the present chapter a vi
brating reactor was used, in which these disadvantages were ab

sent. 
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Fig. 40 Apparatus for dimerisation in a vibrating reactor 

10.2 EXPERIMENTAL PROCEDURE FOR VIBRATING REACTORS 

ch.1 0 

In a 30 m1 stainless steel reactor (Fig. 40) 20.000 g oleic 

acid, the desired amount of catalyst (usually so much that the 

amount of water-free catalyst in it was equal to the amount 

present in 1.600 g air-dry montmorilloniter see 10.3) and, if 

necessary, an additional amount of water were weighed, within 

an error of 0.001 g each. The air above the mixture was removed 

by nitrogen. Then the reactor was closed and shaken vigorous

ly for some time at room temperature to obtain a homogeneaus 

suspension. The reactor was immersed in an oil-filled ther

mostat at the desired temperature and vibrated (1800 pulsa-
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tions per minute7 Ampl. 3 mm (10.4)), making for good mixing and 

heat transfer. The vibration frequency was adjusted with the aid 

of a stroboscope. The temperature in the reactor was measured by 

a penetrating thermo-couple, while the reaction time was measur

ed with a stopwatch, starting from the moment when the reac

tor reached a temperature of s0 c below the reaction tempera

ture. At the end of the reaction time, the reactor was removed 

from the thermostat, immersed in water of 20°C and vibrated 

again. After centrifugal separation of the catalyst, the product 

was subjected to molecular distillation (5.3.1). This procedure 

offered the following advantages: 
- Only 20 g material was needed and therefore pure oleic acid 

could be used. 
- Reactor and contents could be heated and cooled very rapid

ly: 

heating-up period 20°C 240°C: 

240°C - 245°C: 

cooling period 245°C - 50°C: 

approx. 2 min. 
approx. 1'min. 

!.,; - 1 min. 
- No difference between the temperatures of oil bath and con

tents was found, so the temperature in the reactor was 

everywhere equal to the thermostat temperature. 

- The regulation of the temperature was very precise (within 
± 0.5°C). The temperature of the thermostat was measured by 

means of a calibrated thermometer, that of the reactor was 

recorded.The difference did not exceed the measuring error. 

10.3 THE EFFECT OF TEMPBRATURE ON THE OPTIMUM WATER CONTENT 

The optimum water content has been defined (6.4) as that 

amount of water which should be added under definite reaction 

conditions in order to obtain the largest amount of residue per 
unit of time. 

This optimum water content, probably corresponding with an 

optimum activity of the catalyst for hydrogen transfer (6.47 
7.27 11.2) has to be determined again after every change of 

reaction temperature, reactor, concentration of catalyst and of 

the volume of the gas phase in the reactor. This arises from the 

fact that the water is distributed over solid (catalyst), liq-



108 ch.10 

11 

12 

• 0.1 u 
-AI3DITIOIIAI. ~OIIIIf OFWii'TEJIIII G 

Fig. 41 The optimum water content at various reaction tempera
turas 

uid and gas phase. For the experiments of the present chap
ter, the locations of the optimum at 200, 220 and 245°C must 
be known. For this purpose a number of experiments with tech
nical oleic acid (sample A-4) was carried out, the results of 
which are summarised in Table 76 at the end of this chapter and 

in Fig. 41 • 
The shift of the optimum water content is probably mainly 

due to the increase of both the saturated vapour prsssure and 
the solubility of water in oleic acid with increasing tempera
ture. For a detailed discussion of the function of the water see 
chapter 11. 
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Since the experiments have been carried out with a tech

nical oleic acid, containing an amount of linoleic acid, the 

theoretical selectivity limits change. In 9.3 it has been con
cluded that these limits are 0.500 and 0.667, provided that no 

side reactions occur. The oleic acid (sample A-4) used contained 
7.1 wt% poly-unsaturated and 13.0 wt% saturated fatty acids. If 

we suppose that the poly-unsaturated fatty acids can be equated 

with C. in the reaction model (9.3), the minimum s can be cal
culated by assuming that from 7.1 wt% poly-unsaturated fatty 
acids an equal amount of E + F in wt% is formed, without con
sumption of A (79.9 wt%). If A dimerises with a selectivity of 

0.500, this results in 40.0 wt% E + F, so that: 

s - 40.0 + 7.1 0 541 
- 87.0 = • . 

The optimum S is obtained when from 7.1 wt% poly-unsatura

ted fatty acids 14.2 wt% D is formed. If the remaining A (72.8 
wt%) is dimerised to D, j x 72.8 = 48.5 wt% D is formed, so 

that: 

s 48.5 + 14.2 
87.0 0.720. 

So theoretically S lies between 0.541 and 0.720, provided 
that no side reactions occur. The selectlvities found with the 
various water contente, are somatimes considerably below the 

lower limit (Table 76), which is probably due to side reactions 

(cf. chapter 11). It should be noted, however, that at the opti

mum water contente we found that not only the formation rates of 
dimers, but also the selectlvities are optimum (cf.11.3). 

10.4 THE EFFECT OF THE VIBRATION FREQUENCY 

To investigate this effect, experiments were 
with technical oleic acid (sample A-4) according 
procedure (10.2) at 245°C with 60 minutes reaction 

carried out 
to the usual 
time and op-

timum water content. The frequencies were adjusted by means of a 
stroboscope. During the heating-up period in all experiments the 
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puls. Residue 
p.min. wt% 

0 11.8 
300 34.9 
800 34.4 
1150 32.3 
1500 32.1 
1800 32.7 
2200 33.4 

unsat. 
wt% 

78.4 
19.0 
17.7 
18.5 
20.4 
21.2 
19.6 

. -:.zo 
~ 

' 10 

0 
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600 1200 1800 

- STIRRING INTENSITYCPULS.P.MIN.I 

Table 42 and F1q. 43 The effect of the vibrat1on frequency 

vibration frequency was 1800 p.p.m., to make for identical 
heating-up periods and identical initial conditions in all ex
periments. The results are summarised in Table 42 and Fig. 43 • 
Both yield and selectivity are found to he almost independent of 
the vibration frequency, provided that the catalyst is kept in 
suspension (cf. 6.8). 

The vibration frequency of 1800 p.p.m., used in all other 
experiments of chapters 10 and 11,has been chosen for practical 

reasons only. 

10.5 THE EFFECT OF REACTION TIME AND TEMPBRATURE 

1 0. 5. 1 CORRECTIONS, NEGLECTS AND ASSUMPTIONS 

The experiments were carried out with oleic acid and with 
elaidic acid, which were pure according to spectroscopie and 
gas-chromatographic (capillary column) examinations i.e. more 
than 99% purity. The results obtained were subjected to a number 
of corrections: 

1. After molecular 
the collected 
rected for the 

distillation of the reaction product(5.3.1) 
amounts of residue and distillate were cor

hold-up of the apparatus by rinsing the 
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latter with tri-chloro-ethylene, collectinq the rinsinq 
solutions and evaporatinq the solvent in vacuo (about 20 mm 
Hq) at 95°C. The amount of volatile products qathered in 
the cold trap (liquid N2) of the molecular distillation 
apparatus has only been measured for'a relatively small 
number of experiments at 245°C, since always about 0.1 q 

was found, beinq 0.5 wt% of the total reaction mixture. 
2. The lactones present in the monomer which remained intact 

durinq esterification with diazo-methane, as was shown 
spectroscopically, were not eluted on the capillary column, 
with the result that the total area of the peaks of the 
chromatoqrams do not reprasent the total monomer. A correc
tion for the absence of lactones in the qas-chromatoqrams 

was therefore necessary. 

3. A small part of the monomar consists of palmitic acid, pre
sumably the result of a Varrentrapp reaction (9.4) and not 
of a hydroqen transfer reaction. A correction for this was 
made in calculatinq B. 

4. In the residue esterdimers are present which have not been 
formed via the normal dimerisation mechanism, but must be 
considered the result of a side reaction. Of course, the 
amount of residue needs correction for this. 

5. Findinq a suitable correction for soap formation of (all) 
fatty acids with the exchanqeable metallic ions from the 
catalyst (chapters 3 and 4) qave much trouble. Since the 
monomeric soaps cannot be distilled, these soaps are re
tained in the residue. On the other hand, the amount of 
monomeric soaps should be added to the amount of monomeric 
fatty acids to form the total amount of monomar product. 
Titration curves showed that the strenqth of the acid 
qroups does not chanqe in dimerisation, so that the availa
ble metallic ions can be considered statistically distri
buted amonq the available acid qroups. This implies that 
more monomeric soaps will be present at the beqinninq of 
the reaction period than at the end of it. 
In correctinq for these soaps the followinq will be neqlec
ted: the lactones and crackinq products in the monomer, the 
possibility of the formation of ester-trimers, and the 
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weight of the metallic ions. 
All in all we can calculate the correction to be made for 
the presence of monomeric soaps, by using the following 
symbols and formulae: 

z = dimer + triroer in wt% of total reaction mixture 
z' = dimer + triroer soapsexpressedas monoroer rlnits in wt% 

of total reaction mixture 
i = esterdiroer as such in wt% of total reaction mixture 
i' = esterdimer soap in wt% of total reaction mixture 
a monoroer as such in wt% of total reaction mixture 
a' monomeric soap in wt% of total reaction mixture 
p amount of residue in wt% of total reaction mixture 

A acid value of the residue 
V 

t::, saponification value minus acid value (both) of the 
residue 

molecular weight oleic acid 282 

molecular weight KOH 56.1 

The composition of 1 g residue can be calculated from: 

I weight in g of esterdimer as such: for neutralisation 

E 
2 x 282 mol KOH is needed; 

I' = weight in g of esterdiroer soap: for neutralisation 
0 mol KOH is needed; 

A' = weight in g of monomeric soap: for neutralisation 
0 mol KOH is needed; 

Z = weight in g of dimer + triroer both including soaps: 
Z - Z' . for neutralisation 282 mol KOH 1s needed; 

Z' weight in g of monomeric soap-units,present in dimer + 
trimer. 

So Z - Z' + ):ji = 
292 

A x 10-3 
V 

56.1 -
5.0 x A x 10-3 = ):ji + Z - Z' 

V 

or 5.0 x Av x 10-3 + p = ):ji + z - z' ( 1 ) 
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From the mass balance: a + p = 100 

and z + a+ a' + i + i' = 100 

If we assume all acids in the reaction mixture to be 

ly strong, then: 

a i z - z' 
a' i i' == ---a + + z 
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(2) 

(3) 

equal-

(4) (5) 

From the difference between saponification and acid values 
the amount of esterdimers can be derived: 

2 x 282 x A x 10-3 

56 .1 == 9 esterdimer I g residue 

Multiplication by p gives: 

2 x 282 x l x A x 10-3 
= wt% esterdiroer 56. 

So i + i' = p x A x 10-2 (6) 

By means of these 6 equations z, z', a, a•, i and i' can be 
calculated. 

So in fact a + a' stands for the total amount of monoroer 
in the mixture instead of the distillate by itself,Further
more, the fatty acid composition of the monomeric soaps 
will be considered identical to that of the free monomer, 
in other words all monoroer fatty acids are supposed to be 
equally streng. The validity of this methad of approxima

tion of the soap content has been checked by determination 
of the ash content of the residue. 

6. After applying all corrections mentioned above, a selectiv
ity (Sd) is calculated, based on the amounts in wt% of 
dimer and triroer (D + E + F) and on that decrease of the 
amount of oleic acid which is exclusively caused by the 
formation of dimers and trimers of type D, E and F accord
ing to the proposed reaction model (the symbols used are 
explained in chapter 9r L = lactone): 

D + E + F 
Sd = 100 - A - L - I - P - C 

D + E + F 
B + D + E + F 
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Independently of the side reactions, this quantity should 
always come up to 0.500 '!i Sd ~ 0.667, as contrary to the 
selectivity S defined in 9,3, which depends on the side 

reactions.When testing the reaction model, Sd is to be con
sidered, but S gives information of more value for an eco
nomie optimalisation of the dimerisation process. 

For ease of survey, assumptions and neglects are listed 

below: 
1. The total number of COO-groups (both free acid groups and 

soaps) is supposed to be constant, in other words, no de
carboxylation occurs. 

2. The formation of products heavier than trimer is neglected. 
3. The acetic acid formed by the Varrentrapp reaction is ne

glected. 
4. If monomer, dimer and trimer were not equally strongly ad

sorbed at the catalyst per monoroer unit, the composition of 
the products adsorbed would differ fron. the composition in 
the rest of the mixture. A correc~lon for this difference 

would be small, as can easily be understood, and is there
fore dropped. 

5. Traces of anhydrides and lactones present in the residue 
are neglected. 

6. In first instanee cracking products (i.e. molecules smaller 
than c 16 ) are neglected, In the experiments carried out at 
200°C and 220°c only traces of cracking products were ob
served; at 245°C after 5 hours' reaction time about 3 wt% 
of c8-c 15 cracking products was formed (Fig. 44). 
Therefore a - slight - correction of the results for the 
presence of c~acking products would be desirable but is 
attended with difficulties. In view of the purpose of this 
chapter, viz. testing the mechanism proposed, a correction 
for the cracking products would only make sense if the 
origin of these cracking products would be known. 
When working on the computer these cracking products cannot 
easily be taken into consideration, since they are formed 
from nearly all components in the reaction mixture, in 
which each component has an individual cracking rate. More-
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Fig. 44 Amounts of c8-c15 cracking products after 245°C experi
ments 
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over,the total number of moles in the reactor changes owing 
to cracking and also a nmolecular remainder" with a lower 
molecular weight is left. For this reason the results were 
not corrected for the presence of compounds with less than 
16 carbon atoms,but they are kept in mind when interpreting 
the results. 

10.5.2 EXPERIMENTAL RESULTS 

10.5.2.1 EXPERIMENTS WITH OLEIC ACID 

To study the effect of temperature and reaction time 3 

series of experiments were carried out in vibrating reactors 
with pure oleic acid (i.e. > 99% cis-9-octadecenoic acid). 
The dimerisation procedure is described in 10.2. The experiments 
were carried out with the opt~ water content for the condi
tions used. (10.3). (Some preliminary results have been publishad 
in (137).) 

After correcting the results, as described earlier in this 
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chapter, and recalculating all concentrations to percentages by 
weight of the total reaction mixture, the values of Table 77 
were obtained (see end of this chapter). The amounts of D and E 
in this table were calculated using the simplified mechanism, 
and neglecting cracking reaction~ 

The corrected amount of D + E + F, as represented in 
Fig. 45, passes through an optimum, but this optimum is less 
pronounced than that in 6.5, and it should be noted that part of 
the decrease could be the result of cracking reactions. The 
ratio of dimeric to trimeric acids is given in Fig. 48, which 

shows that the highest ratios are obtained for low reaction tem
peratures and short reaction times. According to this,low reac
tion temperatures can be used to suppress trimer formation. 
Fig. 47 represents the trimer content in wt% of the total reac-

120 18fl 

- REACTION TUl~ I NI NU JES I 

Fiq. 48 The dimer/trimer-ratio 
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Fig. 49 The amounts of mono-unsaturated fatty acids 

tion mixture.The horizontal part of the curves can be explained, 
if we consider the trimerisation reaction to be reversible. 
Especially the constant trimer content after 60 min reaction 
time at 220°C would be strange, if trimerisation were not rever

si.ble, since formation of dienoio acid (C) would continue (as 
can be seen from Fig. 49 and Fig. 51) without any reaction toF. 

THE GEOMETRICAL ISOMERISATION 

Decrease of the concentration of mono-unsaturated acids [A] 
is represented in Fig. 49. The trans/cis r~tio in the monomer 
mixture is of considerable interest, since the geometrical iso
merisation is supposed to be so rapid that differences in the 
rate constants for dimerisation of cis and tr.ans form, if ac
tually existing, would not be perceptible (9.2). Before studying 
the trans/cis ratios represented in Fig. 50 it should be noted 
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Fiq. 50 The trans/cis-ratio 

that this ratio is very sensitive to analytical errors at low 
cis and trans concentrations. The equilibrium ratio seems to be 
about 3.1, which is in rather good accordance with recent publi
cations in which values of about 3 have been reported {7.2). 
However, the sUpposition that the rate constant for geometrical 
isomerisation is great as compared with others, seems incon
sistent with reality since the 200°C experiments indicate that 
the ratio of 3.1 is not reached until after 60 min, when already 
24 wt% of D + E + F has been formed. In this case it is even 
possible that the ratio of 3.1 is not the real equilibrium 
ratio, but only some "steady" value, being the result of a 
relatively slow trans formation and relatively rapid other reac
tions of the trans configuration, the latter possibly proceeding 
more quickly than those of the cis form {cf. 10.5.2.2). In this 
respect the investigations of Wheeler et al. {2.2.1) about the 
mechanism of thermal dimerisation of methyl linoleate isomers, 
are very important, since they demonstrated that the conjugated 
trans,trans configuration gave the highest dimerisation rate 
constants. 

It is, therefore, interesting to investigate whether or not 
9-trans-octadecenoic acid (elaidic acid) dimerises more quickly 
than 9-cis-octadecenoic acid (oleic acid). These experiments 
will be described in 10.5.2.2. 

THE HYDROGEN TRANSFER REACTION 

According to the mechanism described in chapter 9 (Scheme 
39) the formation of saturated c18 fatty acids (B) by the hydro-
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gen transfer reaction,represented in Fig. 51, can be represented 
by: 

in which [B] does not include palmitic acid, which is supposed 
to be formed by another reaction (Varrentrapp). In this case the 

concentrations may be expressed in wt% of the total reaction 
mixture. In this equation k 1 is a function of the concentration 
and the activity of the catalyst and is considered to be con
stant for experiments carried out at the same reaction tempera
ture. Moreover, the order of the reaction is considered to be 
equal to the molecularity,and the concentrations at the catalyst 
surface are supposed to be directly proportional to the concen
trations in the liquid phase. The above rate equation can be 
written as: 

log dd~B] =log (~ k 1) + 2 log [A] 

So by measurements of dd~B] and [A] at different times, the 
"order with respect to time" can be obtained. The results are 

wt"lo 

1211 118 :uo 
-REACTION TIME IMINUTESI 

Fiq. 51 The amounts of saturated fatty acids 
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(A] 

Fig. 52 The order of the hydrogen transfer reaction 

given in Fig. 52, from which the order of the hydrogen transfer 
reaction can be found by measuring the slope of the lines. It 

should be noted that low values of ddJBl and [A] give rise to 

relatively great errors. In this way we obtain: 

temperature order of hydrogen transfer reaction 

1.9 
2.3 
1.5 

Since the reaction model proposes a secend order reaction, the 

results are in fairly good accordance with this model. The 
possibility of diffusion limitation will only be considered at a 

later stage (10.6). 
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THE SELECTIVITY 

In Table 77 (at the end of this chapter) the selectivity 

Sd has been calculated from the measured amounts of dimer + 
trimer and the decrease of the concentration of mono~unsaturated 

monomeric fatty acids by the reactions leading to D, E and F~ 

formation only. This means that the reaction model was not used 

when calculatinç sd. The amount of dimeric acids (in the reac

tion scheme abbreviated to D + E) can also be obtained without 

any interpretation of the reaction model. The concentrations 

of_ D and E separately, however, have been calculated assuming 

that ~ D + E + F = B or using Fig. 53 i.e. with the implicit 

assumptions in the simplified reaction model that D and E are 

the only dimeric ac~ds formed. So [D] and [EJ should not be 

considered practical data as such. This is the reason why the 

neglect of cracking products originating from dimeric and trim

eria acids can have a relatively great effect upon the cal

culated D - and E - concentrations: when some dimeric or trim

eric compound is partly cracked, the amount of D + E + F dimin

ishes and the cracking products are interpreted as B, since we 

consider the monomar to consist of A+ B + L + P ([C] being 

immeasurably low). However, an increase of B attended with a de

crease of D + E + F causes a lower selectivity and therefore a 

... 

~~----~----~----~----~--~ 
!IZ 1111 llll ... •» 

~•F ( ,...,. hrt•l• ) 

Fiq. 53 Belation between selectivity and the amount of D 
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Fig. 55 The amounts of D 

lower D/E ratio. The above considerations are necessary for a 
proper interpretation of Fig. 54, dealing with the selectivi
ties, and Fig. 55, showing the calculated concentrations of D. 



124 ch.10 

THE DIMERISATION PROGRESS 

In 9.3 the expected "dimerisation progress" has been de
scribed, assuming that the formations of D, E and F are reversi
ble. In this case the concentration of D can pass through an op
timum, and a decrease of the selectivity in course of time may 
be expected. Therefore, it has been noted that in case of rever
sible reactions, the curve of D + E + F may contain an optimum. 

k2 
A+ C 

Whether the optimum in [D] will be present or not, depends on 
the ratio of the reaction rate constants (~),as wellas on the 
concentrations of A, c and D. Moreover, ~he location of the 
equilibrium state may depend on temperature, so it is not 
necessary that each curve of [D] contains an optimum. On the 
other hand, the presence of an optimum does not prove the rever
sibility of the formation of D, as has been indicated above. 

Anyhow, the selectivities found in all experiments with 
pure oleic acid are within the theoretical li~its given by the 
simplified reaction scheme. To investigate whether the dimerisa
tion reactions are reversible or not, a single experiment has 
been carried out under standard conditions with 20 g residue ob
tained from a few 30-minute experiments at 245°c with pure oleic 
acid,which residue would, according to the selectivity of 0.608, 
contain ~~:~ = 66.5 wt% D. After 2 hours• reaction time this ex
periment yielded 15.2 wt% of monomeric products, which, apart 
from low cracking products, contained 47 wt% of c

16 
- c 1s fatty 

acids (based on es- c 1s = 100%). The product distribution in 
the c 16 - c 18 range was the same as in the monoroers obtained 
from the normal experiments with oleic acid. The starting ma
terial for this experiment, however, contained 1.4 wt% of mono
meric soap and about 5 wt% of esterdimers.The difference between 
the acid and saponification value of the new residue showed that 
the esterdimers had remained intact. 

This result is a strong indication for the reversibility of 
the formation of D. 
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ESTERDIMERS 

The presence of esterdimers, which has been reported in 

literature, has been concluded from the difference between acid 
and saponification values, which difference is not due to the 

presence of anhydrides or lactones, as could be demonstrated 

spectroscopically. Acid and saponification values, determined 

according to Dutch Standard Methad NEN 1046, using an automatic 
titrating device (Radiometer, Copenhagen), are represented in 

Fig. 56. The amount of esterdimers in wt% of the total reaction 

mixture is represented in Fig. 57, which demonstratea that gene-

rally the concentratien of esterdimers is constant during the 
experiment. So the assumption that the esterdimers were inter
mediate products in the diroer formation (2.7) is inconsistent 

with the experimental data and may be based on incorrect inter
pretation of the acid and saponification values in the residue 

possibly by not expressing the amount of esterdimers in wt% of 

the total reaction mixture. Therefore, the formation of ester

dimers must probably be considered a side-reaction (7.3), which 
starts at relatively low temperatures. Up to now it has been im

possible to explain the fact that the concentratien is constant, 
though A is still present. 
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GAS-CHROMATOGRAPHIC ANALYSES OF MONOMER MIXTURES AND THEIR CON

SEQUENCES 

The monoroer mixtures obtained after the 245°c experiments 
were examined by means of GLC on capillary columns as described 
in 8.2. Monoroer mixtures with a high content of unsaturated 
fatty acids were hydrogenated (8.2.1) before injection. The gas
chromatograms obtained in this way were interpreted quantita
tively by measuring peak areas.The errors introduced in this way 
were smal!, since the monoroer mixture almost exclusively con
sista of saturated c 18 fatty acids, so that introduetion of a 
flame factor is not necessary. The "distillation effect" of the 
stream splitter (i.e. the phenomenon that the splitting is not 
directly proportional to the composition of the mixture in
jected, as a result of differences in volatility) could be 
neglected for monoroer mixtures 
calibration mixture containing 
amounts of c 8 - c 16 fatty acids. 

as was shown by injection of a 
both methyl stearate and small 

The distribution of the saturated fatty acids of the c
18 

range is represented in Fig. 58 and Table 59. The presence of 
all cracking products (3% c 8 - c 1S after 5 hours' reaction time) 
has been neglected. This figure clearly demonstratea that the 
amo~ts of stearic acid (18.00) and the compounds denoted by 
16.01 - 17.50, standing for saturated fatty acids of a strongly 
branched structure, remain constant after 60 minutes' reaction 
time. From that moment on the increase of the total amount of B 
is only caused by the increase of the monobranched saturated c 18 
fatty acids (17.50- 17.99). If the cracking products were not 
neglected, this would have a slight influence on the curves of 
Fig. 58, but.the trends would be the same. The increase of the 
amount of c 8 - c 1S cracking products from 60 to 300 minutes' 
reaction time is about 2 wt% (Fig. 44), so the increase of the 
total amount of B between 60 and 300 minutes would become 5 wt% 
or less instead of 7 wt%. 

The steady increase 
saturated fatty acids, 
constant, is explicable: 

of the concentration of mono-branched 
while that of stearic acid remains 
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It has been stated in 9.2 that the unsaturated branched 

fatty acids (br. c1 8 ), formed after skeletal isomerisation of 

oleic acid, are very reactive as compared with straight mono-un

saturated fatty acids (str. c1 8 ). This is illustrated by the 

fact that they were not found,though they must have been formed, 

since treatment of stearic acid with montmorillonite gave no 
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Fig. 58 The oonoentrations of the saturated fatty acids in the 

c,8-range 

Table 59 Results of the GLC analyses of the monomer mixture 
(245°C) expressed in wt% of the total reaction mixture 

Equivalent Chain Lengtbs 

Code re action B 16.00 16.01-17.49 17.50-17.99 18.00 
time corr 

(min) 

33 1 9.1 0.3 1.3 5.9 1.8 

25 31 33.4 1 .1 7.1 11.7 14.6 
27 61 37.4 1.1 6.3 14.5 16.6 
36 136 41.1 1.1 5.2 19.1 16.8 
26 211 42.1 1.3 5.7 20.6 15.8 

37 301 44.2 1.1 5.6 22.4 16.1 
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skeletal isomerisation. When studying the rate-determining steps 

in.Scheme 39 we may say: 

The formation of (br.C] 8 > proceeds via a monomolecular 
skeletal isomerisation reaction,which can probably be represent

ed by: 

(disregarding consecutive reactions). The decrease of the con
centration of str.C] 8 as a result of the direct hydragen trans

fer reaction without formation of br.Cj 8 molecules, can be re

presented by: 

2 str.Cj 8 

If we neglect - for simplification - the 

combination of str.Cj 8 and br.Cia can 
this means that the formation of the 

str.c~ 8 + str.Cj8 

possibility that the 

give hydragen transfer, 
very rapidly dimerising 

br.Cj 8 molecules is not as strongly dependent on the concentra

tien of str.Cis molecules as the bimolecular hydragen transfer 
reaction between str.Cis molecules. So initially the hydragen 
transfer reaction between str.Cj 8 molecules is favoured by 
their high concentration, whereas after 60 min, when the concen
tratien of str.Cj 8 is decreaeed to 5 wt%, hydragen transfer 
reactions via br.Cj 8 are relatively favoured as aresult of 
their very high reaction rate constant, and the fact that their 
formation is a first order reaction with respect to [str.Cj 8]. 

As a result of their high reactivity branched unsaturated 
fatty acids may have been involved in the formation of dimer D. 
Supposing that the formation of D is reversible, the concentra
tien of D decreasas after about 30 min reaction tiine, A and C 
are formed back, and A can give a hydragen transfer reaction, 
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probably leading to branched B: 

2D 

2A 

2D 

2A + 2C 
B + C 

B + Je 

ch.1 0 

The problem is whether or not the increase of the concentration 

of saturated fatty acids can be explained quantitatively with an 

irreversible formation of D and the normal decrease of [A]. If 

not, the dimerisation reactions must be reversible. 

In the 60-300 min interval about 2-3 wt% of A has disap-

peared, 
acid as 

without leading to esterdimers, 

is shown by the concentrations 

lactones or palmitic 

of these products. So 
this amount of A can have been cracked or converted into 1-2 wt% 

of B. Considering the total analytica! error and the total neg

lect of volatile cracking products < c 8 fatty acids, it may not 

be concluded from these data that the formation of D is reversi
ble. 

THE FORMATION OF PALMITIC ACID 

The formation of palmitic acid, represented in Table 59, 

stops when the concentration of A is very low, which indicates 

that it i-s a reaction product of A. Since the presence of acetic 

acid and small amounts. of hydrogen has been demonstrated, we 
suggest the Varrentrapp reaction to take place (see 9.4), rather 

than a cracking reaction leading to palmitic acid. 

CH3-(cH2) 13-CH=CH-COOH ~ 2H20--. CH3-(CH 2) 14-COOH + CH3-cooH + 

+ "z 

acid in the reaction mixture is about The amount of palmitic 
1.2 wt% (= 0.94 x 10-3 mol), while the initial amount of water 
in the reactor is about 0.2 g. The palmitic acid found would be 

responsible for a decrease in the total water content in the 

reactor of 0.034 g or 17 wt% of the initial amount. This means 

that during each experiment the amount of water in the reactor 
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diminishes considerably and therefore the rate constant of the 

hydrogen transfer reaction changes. For this reason the optimum 
amount of water,as determined in 10.3, is not the exact optimum, 

since during these experiments the amount of water in the system 
decreases. Therefore, the optimum which is found corresponds 
only with that initial amount of water which in 2 hours' reac
tion time gives the highest average rate of dimerisation. For 
reaction mixtures containing too much water it is even possible 
to consider the Varrentrapp reaction as a reaction by which the 
system is moved towards the optimum water content. During this 
movement the rate of formation of palmitic acid decreasas as the 

amount of water decreases, whereas the rate of the hydrogen 
transfer reaction increases sharply. 

10.5.2.2 EXPERIMENTS WITH ELAIDIC ACID 

Experiments with gas-chromatographically and spectroscopi
cally pure elaidic acid (i.e. more than 99% 9-trans-octadecenoic 
acid) were carried out at 200°C in order to investigate whether 
the trans-form dimerises more quickly than the cis-form (see 
10.5.2: the geometrical isomerisation, 2.2.1). The results, 
represented in Table 77 at the end of this chapter and in fig
ures 60, 61 and 62, demonstrata that the trans-form actually has 
a higher rate of dimerisation. The ultimata trans/cis-ratio 
is the same as that of the experiments with oleic acid but it is 
already reached after about 10 minutes• reaction time. The 
dimer/trimer-ratio is constant in the investigated range, which 

is completely different from the results with oleic acid. 
Therefore, the possibility of the cis-trans isomerisation 

being the rate-determining reaction step cannot be neglected. 
Though the activation energy of the geometrical isomerisation is 
lower than that of the hydrogen transfer, we must realise that 
both the frequency factors and the orders of the reactions have 
a considerable influence on the reaction rates, while, moreover, 
the rate-determining step in high concentrations is not neces
sarily the same as that in low concentrations. This is caused by 
the fac.t that the rate of isomerisation is proportional to the 
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Fig. 60 and 61 Comparison of the results with elaidic and oleic 
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Fig. 62 Comparison of the trans/cis-ratlos after experiments 
with elaidic and oleic acid at 200°c 
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concentration, whereas that of hydrogen transfer is proportional 

to [A] 2• 
Comparison of the amounts of B formed in experiments with 

oleic and elaidic acid, !ndicates that the trans-form has a 

higher rate constant for hydrogen transfer than the cis-form 

(Table 63). 

Table 63 Comparison of the amounts of saturated fatty acids 

formed in experiments with elaidic and oleic acid at 

200°C 

concentrations of B in wt% 

reaction time elaidic acid oleic acid 
(min) (trans-form) (cis-form) 

15 10.2 6.2 

30 15.3 9.2 
90 21.8 17.3 

From this result and the fact that during experiments with 

pure oleic acid at 200°C the trans/cis-ratio of about 3 is only 
reached after about 60 minutes, we may conclude that in the ear

ly stages of experiments with oleic acid at 200°C the geometrie

al isomerisation is the rate-determining step. 
The dienoic acids (trans,trans or trans,cis) formed after hydro

gen abstraction from elaidic acid can have higher reactivities 

than those originating 
since the experiments 

from oleic acid (cis,cis or cis,trans), 
of Wheeler (2.2.1) indicated that the 

form has the highest rate of dimerisa-

high rate of hydrogen transfer observed 

trans,trans conjugated 

tion. Therefore, the 
with elaidic acid is 

in selectivity. The 

not necessarily accompanied by a decrease 

fact that experiments with both elaidic and 

oleic acid give a trans/cis-ratio of 3, indicates that this is 

a real equilibrium ratio and that after some time the rate of 

geometrical isomerisation is not lower than that of hydrogen 

transfer, since otherwise the equilibrium ratio would not be 
reached. 

If, for ease of survey, we neglect the skeletal isomerisa-
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tion, the side reactions of A, the consumption of A to form D, 

and the possibility of hydragen transfer by a reaction of the 

cis-form with the trans-form, we can summarise the remaininq 

reactions: 

So: 

d (A • ] 
Cl.S = -k I [A ] + k I [A ] - k I [A ] 2 
dt 1 cis 2 trans 3 cis 

k 1 [A ]-k 1 [A ]-k'[A ] 2 
1 cis 2 trans 4 trans 

which leads to: 

-k • [A J 2 -k I [A J 2 
3 cis 4 trans 

After reachinq the equilibrium trans/cis-ratio of about 3, 

-k •[Atrans]
2 

_ k , [A 12 
3 3 4 trans 
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which is equal to k 1 [A] 2, where k 1 is the rate-constant of hy
drogen transfer as used earlier in this chapter. So theoretical
ly a real second-order reaction as derived from the reaction 
2A ~ B + C can only be expected in case of cis-trans equilibri

um. For experiments carried out at 220 and 245°C the equilib
rium ratio is already reached after a very short reaction time, 
so at these temperatures the influence of the geometrical iso
merisation rate is invisible but still present, since the acti
vation energy of the hydrogen transfer reaction is higher than 
that of the cis-trans isomerisation, which causes the rate con
stant of hydrogen transfer to increase more with increasing 
temperature than that of the ~sometrical is(;merisation. 

All in all we may conclude that in the early stages of the 
reaction the geometrical isomerisation is the rate determining 
step if oleic acid is used, whereas in experiments with elaidic 
acid the hydrogen transfer is the rate determining step. As a 
result of the fact that the rate of geometrical isomerisation is 
proportional to the concentration, whereas that of hydrogen 

transfer is proportional to [A] 2, the effect of [A] on the rate 
of hydrogen transfer is greater than that on the rate of geomet
rical isomerisation. Therefore, it is possible that starting 
with oleic acid, after some time the hydrogen transfer reaction 
becomes the rate-determining step and the equilibrium trans/cis 

ratio is reached. 
Starting with elaidic acid, the concentratien of the trans-form 
is rapidly reduced as a result of a relatively rapid hydrogen 
transfer and a relatively slow cis-formation. After a short time 

the equilibrium trans/cis-ratio is reached and from that moment 
on the isomerisation is reversed, so that a relatively slow for
mation of trans occurs, whereas, as a result of the high concen
tration of A, the hydrogen transfer reaction is still relatively 
rapid. This is the reason why the trans/cis-ratio decreases to a 

value below the equilibrium value. When after some time the rate 
of hydrogen transfer is decreased as a result of a low concen
tratien of A, the geometrical isomerisation, being first order 
in [A], is still rapid enough to reach the equilibrium ratio. 
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10.5.3 TESTING OF THE REACTION MODEL 

ON THE ANALOGUE COMPUTER 

We may say that up to now the reaction model proposed in 
chapter 9 is fairly well supported by data obtaine~ in experi
ments with pure oleic acid and elaidic acid. We were, however, 
unable to prove the reversibility of the dimerisation {Diels
Alder) reactions. For this reason the possibility of ,both rever
sible and irreversible dimerisation reactions bas been studled 
with the analogue computer. 

When working on the analogue computer, we started from the 
assumptions below, in addition to the assumptions and neglects 

made in 10.5.1: 

1. The simplified reaction model of 9.3 (without G, K and L) 
tallies with reality, and is chosen since the use of the 
complete model would introduce. an extra number of immeasur
able compounds. 
The greater the 
computer model, 

number of immeàsurable compounds in the 
the easier it is to have the theoretical 

curves correspond wi tb the va: lues measured by means of the 
available potentiometers (i.e. rate constants). 

2. For the formation of esterdimers it was supposed that the 
reaction is irreversible and that esterdimers are only 
fo~med from 2 molecules of oleic acid {A) and not from 
A + B, etc. Since at each temperature the concentratien 
of the esterdimers is identical for all reaction times, 
except for short reaction times at 200°c, the initial con
centration of oleic acid was reduced by the concentratien 
of esterdimers and no rate constant for esterdimerisation 
was introduced. A possible formation of estertrimers is 
neglected. 

3. The differences between the reaction rates of cis, trans, 
branched and straight fatty acids are neglected in the com-
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puter programme (cf. 9.2; 10.5.2; 2.2.1). 
4. The Varrentrapp reaction involves the formation of palmitic 

acid from oleic acid, with consumption of water (9.4 and 
10.5.2). In the computer programme the molecular weiqht of 
oleic acid is equated with that of palmitic acid. The pal
mitic acid formation has been treated as a first order 
reaction. 

5. The reaction rate constant for the hydrogen transfer proba
bly varies durinq each experiment owinq to: 

6. 

- the Varrentrapp reaction, which involves a decrease of 
the water content, unfavourably affectinq the hydroqen 
transfer conditions; 

- the exchanqe of the metallic ions of the catalyst (chap
ter 3) with hydroqen ions of fatty acids probably lead
inq to chanqe of acidity of the catalyst durinq the ex
periment. 

- coke formation on the catalyst, which could disactivate 
the catalyst, especially at hiqh temperatures and lonq 
reaction periods. 

In the computer programme, however, the rate constant for 
hydroqen transfer is supposed to be constant durinq the ex
periment. 
In the computer programme the 
equated with its molecularity. 
to the dimerisation reactions 
of the dimer at 20°C is about 

order of each reaction was 
The chanqes in density due 
were neqlected. The density 

4% hiqher than that of oleic 
acid, whereas the density of the monomer mixture is about 
the same as that of oleic acid, which involves that the 
volume of the reaction mixture chanqes only 0-2% durinq the 
experiment. 

So the followinq reactions will be taken into consideration 
(the symbols used are explained in chapter 9, except L = lac
tone): 



138 ch.10 

kl 
2A ----- B + C 

k2 
A+ C D 

k3 

k4 
2 c E 

k6 
C + E F 

A L 

A p 

The formation of esterdimers (I) will be introduced as a reduc
tion of the initial oleic acid concentration. 

All this leads to the following mathematica! formulation: 

dJ~]= k 3 [D)- kt [A] 2 - k 2 [A][C] - k8 [A] - k9 [A] 

d[B] = % k [A]2 
dt I 

d[C] =% k [A] 2 + k [D] 
dt I 3 + 2k5 [E] + k 7 [F]- k 2 [A][C] + 

- k4 [C] 2 - k 6 [E] [C] 

dá~] = % k2 [A] [C} - k3 [D] 

d[E} = % 
dt k4 [C] 2 + k7 [F] - ks [E] - k6 [C] [E] 

~-k dt - 6 [C] [E] - k7 [F] 

d(L] = k 
d:t 8 [A] 
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In these equations concentrations can be expressed in 
moles/litre, the reaction rate constants of second order reac
tions in litre/mole.sec, those of first order reactions in 
1/sec. After equating the longest reaction timet (=300 min)with 
the computing time (T = a.t = 40 sec),and introducing concentra
tions expressed in wti of the total reaction mixture, the con
centrations of C, E and F were soaled to maxima of 4, 40 and 
50 wt% respectively, whereas the other concentrations were 
soaled to maxima of 100 wt%.In this way the above rate equations 
were converted to the equations summarised in Appendix III. 

The positions of the potentiometers of the computer oorre
apond with the coefficients in the equations of Appendix III. 

When the best approximation of the practical results is reached, 
some infor-mation 
tained from the 
ised, however, 
of the reaction 
rate constante. 

about the reaction rate constants can be ob
settings of the potentiometers. It must be real
that the purpose of this work is the testing 

model and not the evaluation of the reaction 
A determination of the rate constants is even 

impossible in case of reversible dimerisation reactions, since 
there are 9 equations (viz. the rate equations above and the 
mass balance) but 10 unknown variables (viz. 9 reaction rate 
constante and the concentratien of C), even if we consider the 
amounts of D and E to be known from the experimental data Sd and 
D + E. For this reason there is more than one solution, but 
even in this case we can obtain a good impression of the validi
ty of the reaction modeland the value of k 1• The rate-constants 
of the other reactions may only be compared in experiments at 
the same tempera.ture and only to get an impression of the rela
tive rates of the reversible (?) reactions. 

1 0 • 5. 3 • 1 THE FORMATION OF D, E AND F CONSIDERED BEVERSrBLE 

The results are summarised in figures 64/~6 and 'I'able 67 
which show that the experimental results, especially those of 
200°C are il'l. good accordance with the theoretica! re action 
model. 

'!'wo solutions are r.epresented covering the results of the 
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Table 67 some computer data 1 

formation of D, E and F was considered reversible 

k x 104 200°c 220°c 245°C 200°c 220°c 

kl 0.53 2.5 16.9 0. 51 2.5 

k2 52 79 251 108 132 

k3 1.3 1.3 1.5 1.3 1.2 

k4 4680 5080 5590 16000 16000 

k5 15.2 15.6 0 15.6 15.6 

k6 4840 4200 4400 16500 16500 

k7 380 50 50 580 130 

ka 0.02 0.07 0.14 0.02 0.07 

experiments at 200 and 220°C to illustrate that more than one 
salution is possible. The two combinations of rate-constants 
gave exactly the same theoretical curves. The rate-constants of 
the hydragen t~ansfer reaction are the same in both combina
tions, as well as the k4/k6 ratios. In all the experiments the 

concentratien of dienoio acid (C) was less than 0.2% of the 

total reaction mixture, which reveals why its presence could not 
be proved analytically.The horizontal part in the F-curve, found 
experimentally in 220 and 245°C experiments could not be ob
tained. It is shown that, if the dimerisation reactions are 
reversible at all, rate-constants of the reverse reactions are 
very small as compared with the rate-constants of the dimer and 
trimer formation. The hydragen transfer reaction is the rate
determining step, as has been suggested in chapter 9 , and the 
rate-constant (k 1) of this reaction increases sharply with in
creasinq temperature.It should be noted that k 1 is what is known 
as a catalytic constant, including both the concentration and 
the activity of the catalyst. 
The ratios of the even-numbered rate constants indicate that k 2 
is much smaller than k4 - as could be expected -, while k4 and 
k 6 have the same order of ma<plitude. 
Though the theoretica! curves are in good accordance with the 
experimental results ~ therefare s~pport the reaction model, 
they are no proof of the reversibility of the dimerisation reac-
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tions, but only indicate that good correspondance between theory 
and practice can be obtained when considering the dimerisation 
reactions to be reversible. 

10.5.3.2 THE FORMATION OF D, E AND F CONSIDERED IRREVERSIBLE 

In this case the rate equations are less complicated, since 
k3=k5=k7=0, but we are still dealing with 9 equations (viz. the 
rate equations and the mass balance) containing, however, only 
7 unknown variables, if we consider the concentrations of D and 
E to be known. 

It will be clear that in this case relatively great differ
ences will be found between theoretical curves and experimental 
value for those experiments in which cracking occurs.The problem 
is whether these differences can be explained by the neglect of 

cracking products or not. 
The results are represented in Table 68 and figures 69/71. 

The rates of the hydrogen transfer reactions correspond with 

those obtained in case of reversibility. The curves of the ex
periments at 200 and 220°c are in good accordance with the ex
perimental values, so reverse reactions are not necessary to 
explain the practical data obtained at these reaction temper
atures.Only the curve [A] at 220°C gives greater deviations than 
in case of reversibility, while the form of the F-curve is even 
better, though the ultimate value is too high. The values of 
[D] and [E] found in the 220°C experiments of long reaction 

Table 68 Some computer data1 
formation of D, E and F was aonsidered irreversible 

k x 104 245°c 

kl 0.51 2.71 13.54 

k2 34 68 186 

k4 1726 3807 5567 

k6 599 634 1264 

ka 0.007 0.04 0.27 
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time, could be considered to be influenced by small amounts 
of cracking products. 

As for the 245°C experiments, we must keep in mind that, as 
a result of the neglect of cracking products, the concentration 
of B is slightly affected, while [D] and [E] obtain completely 
different values. It has, therefore, no sence to compare the 
concentrations of D and E at long reaction times with the com
puter curves. The curve of [A] at 245°C is in good accordance 
with the experimental values, as well as the concentrations of 
B, D and E in short éxperiments. Comparison of the computer 
curves of [F] for reversible and irreversible reactions at 245°C 
shows that the latter yield a curve in full accordance with the 
experimental data, whereas reversible di/trimerisation reactions 
are unable to give a constant [F] in experiments longer than 
60 min. We must, however, be very cautious in interpreting this 

result, since it might be possible that in these long experi
ments the formation of triroer keeps pace with trimer-cracking, 
resulting in a constant [F]. On the other hand, the cracking of 
trimer will be relatively small, since (considering dimers and 
trimers to be the only products subjected to cracking reactions 

and to have equal cracking rates per wt%) only about 1 wt% of 
cracking products originating from trimers can be expected. So 
the expected decrease in trimer concentration as a result of 
cracking is about the experimental error and complete accordance 
of practical data with experimental' values, as found in case 
of irreversible reactions, is explicable. 

All in all we may conclude that the experimental results 
are in good accordance with the reaction model proposed in chap
ter 9.At this moment,however,insufficient evidence is available 
to prove whether the dimerisation.and trimerisation reactions 
are reversible or not. We may conclude that if they are reversi
ble at all, the rate constants of the reverse reactions are very 
small. 
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10.5.4 THE ACTIVATION ENERGY 

From the rate-constants {kt) of the hydragen transfer reac

tlans obtained in 10.5.3 the activatien energy can be calculated 

according to Arrhenius. We must realise that this piloeedure im

plies the supposition that the concentrations of reactants and 

products at, the catalyst surface are equal to those in the 

liquid phase. Moreover, it has been concluded from experiments 

with elaidic acid {10.5.2) that in the early stages of the 

reaction the cis-trans isomerisation is the rate~determining 

step, whereas after some time the hydragen transfer becomes the 

rate-determining step. Furthermore, skeletal isome~isation oc

curs, which is the rate-determining step for dimerisation if 

branched molecules are involved. so all in all there are three 

rate-determining steps, with three different activatien ener

gies, so that interpretation of the "overall activatien energy" 

calculated from kt is very complicated. 

By measuring the slope in Fig. 72, which is equal to 

leg kt 

-~L-----~----~----~------~-------------------------1115 UlO 2Pil 2.05 2.10 2)5 

~ 
T 

Fiq. 72 The Arrhenius plot for the hydroqen transfer reaction 
= reversible D, E and F-formation 

x = irreversible D, E and F-formation 



ch.10 153 

-E/4.57, an activatien energy of 36 kcal/moleis obtained. Both 
this value and the locations of the experimental values of k 1 on 

a straight line indicate that no diffusion limitation occurs 
under the applied reaction conditions. 

10.6 THE EFFECT OF TREATMENT OF THE CATALYST WITH HYDROGEN 
CHLORIDE OR LITHIUM HYDROXIDE 

Structure and 
have been described 

properties of the montmorillonite catalyst 
in chapters 3 and 4. Between the negative 

silicate sheets exchangeable cations are present. The relatively 
weak electrostatle forces between these cations and the silicate 
layers are responsible for the interlayer swelling capacity of 

montmorillonite, which capacity therefore depends on the type of 
cations present. Every treatment of montmorillonite with an 
electrolyte involves the total or partial exchange of these cat
ions, as well as changes at the edge surfaces of the clay 
plates. We shall now describe the effect of some treatments of 
montmorillonite upon the reactions occurring in dimerisation 
experiments of oleic acid. 

Preliminary experiments carried out in an autoclave were 
described in 6.7. If next to the normal catalyst a small amount 
of LiOH was added to the reaction mixture, higher yields of 

dimers and trimers were obtained, while the dimer/trimer ratio 
was about the same.Addition of phosphoric acid gave lower yields 
and slightly lower dimer/trimer ratios. In view of the reaction 
mechanism proposed, a more detailed investigation of the effect 
of acid or base treatment of the catalyst is very interesting. 

First the montmorillonite catalyst was pretreated aceording 
to the following procedure: 

50 g montmorillonite was added to 250 ml of a 2N LiOH solu
tion. After 2 hours' stirring the elay was removed, wasbed with 
2 x 250 ml aeetone and dried in air at 20oc. The same proeedure 
was applied with a 2N HCl salution to prepare an aeid-treated 
eatalyst, but befare washing with aeetone the eatalyst was wasb
ed with distilled water until the wash-solution was free from 
Cl--ions. 
The pH of a 10% suspension of the samples of montmorillonite in 
distilled water, was measured with a calomel and a glass elec
trode, though we were aware of the faet that the values obtained 
by sueh a messurement have only a relative significanee and that 
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a sol-concentration or suspension-concentration effect takes 
place(21). 

untreated montmorillonite: pH • 8.4 

HCl-treated montmorillonite: pH • 3.0 

LiOH-treated montmorillonite: pH • 12,3 

In orde~ to check whether or not the optimum amount of water 
(10.3) had been altered by this treatment, a number of experi
ments were carried out in vibrating reactors under standard con
ditions (10.2) at 245°C with technical oleic acid Sample A-4. 
The results indicated that the optimum amount of water had not 
been affected by the treatment. 

Then a number of experiments were carried out with the 
treated catalysts in vibrating reactors at 245°C with oleic acid 
of more than 99% purity and with the optimum amount of water in 
the reactor. The results are summarised in Table 78iat the end 
of this chapter, while some of them are represented in Fig. 73. 
A few comparative experiments were carried out by the same per-
son at the same time 
of these experiments 
directly comparable 
ried out in 10,5,2, 

with untreated montmorillonite. The results 
are represented in the same table and are 
with the ordinary experiments at 245qC car-

Fig. 73 shows that the amount of residue obtained with HCl-
treated montmorillonite is lower than that with the other cata
lysts. Though the LiOH-treated catalyst gives the highest amount 
of residue, the difference with the untreated catalyst is rela
tively small and after correction for the presence of ester
dimers and monomeric soaps the untreated catalyst gives the 
highest amounts of D + E + F. These differences, however, are 
very smalland they depend strongly on the amount of esterdimer, 
the determination of which may have introduced relatively great 
errors. The dimer/trimer ratios are rather surprising: the cata
lyst treated with LiOH gives the lowest, the untreated catalyst 
the highest ratios. According tosome patente (2.7) the presence 
of or the treatment with alkali or lithium compounds would in
crease yields (i.e. amounts of residue) and dimer/triroer rat~os. 
In 6.7 we found that the addition of LiOH increased the yield 
without affecting the dimer/triroer ratio. Neither the results of 
the experiments in literature nor those reported in 6.7, how-
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ever, were corrected for the presence of esterdimers in the 
residue. We must also realise that nearly all experiments re
presented in patent literature were carried out with tal! oil 
fatty acids containinq about 40 wt% linoleic acid, the dimerisa
tion of which interferes with the oleic acid dimerisation (2.7). 
In the thermal dimerisation of linoleic acid the conjuqation of 
the two double bondsis the rate-determininq step (2.2.1). 
Whether this conjuqation step is still rate-determininq in the 
presence of montmorillonite or not, the additi6n of alkali or 
other compounds may have considerable influence on the rate of 
conjuqation and dimerisation and therefore on the selectivity 
and the trimercontent of the residue. The experiments in 6.7 

were carried out with technica! oleic acid sámple A-2, contain
inq 8 wt% of linoleic acid. So the results obtained with tal! 
oil fatty acids or technica! oleic acid are not directly compa-
rable with those of pure oleic 

Fig. 73 demonstratee that 
àffected by the treatment of 

acid experiments. 
the selectivity (Sd) is stronqly 
the catalyst. If we suppose that 

after these treatments of the montmorillonite the usual simpli
fications of the reaction model may still be introduced, the 
acid treated catalyst qives selectlvities 
lower limit, whereas after treatment of 
LiOB very high selectlvities are reached, 
first 60 min. 

near the theoretica! 
montmorillonite with 
especially durinq the 

The calculated concentrations of D and E indicate that near 
the upper and lower theoretica! limits some difficulties arise 
which may be due to oversimplification of the reaction model. We 
must also realise, however, that all analytica! errors are qath
ered in these concentrations and that near the theoretica! 
limits there is no "room" for qreat errors7 so sliqhtly neqative 
concentrations of D and E are explicable. Moreover, the influ
ence of neqlects (e.g. the omission of the crackinq reactions) 
and assumptions (for example the simplification of the reaction 
model) may be perceptible especially near the theoretica! lim-
its. 

Nevertheless, the concentrations of D and E demonstrate the 
effect of the catalyst treatments: the concentration of D is 
very low when the acid-treated catalyst is used, whereas [E] is 
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very low in experiments with the LiOH-treated m.ontmorillon:Lte. 
It is strange, however, that high concentrations of E are not 
accompanied by high trimer contents, and that the lowest dimer/ 
trimer ratlos were measured in the experiments carried out with 
the LiOH-treated catalyst. 

With an analogue computer the results of these experiments 
were also compared with the possibilities of the simplified 
reaction model, assuming that the di/trimerisation reactions are 
irreversible. The results are represented in Fig. 74 and Table 
75. Acid-treatment of the catalyst seems to have only a small 
influence on the rate constant of the hydrogen transfer reaction 
(k 1}, whereas by alkali-treatment of the catalyst an important 
decrease of k 1 is observed. For the acid-treated catalyst a very 
high rate constant for E-formation (k4} is found, whereas no 
formation of D seems to 9ccur. We must, however, be aware of the 
neglect of cracking products, which can have a qreat effect on 
the calculated am.ounts of D and E. Gas-chromatoqraphic analysis 
of the esterified monomar obtained in the 60-min éxperiment with 
acid treated montmorillonite (Code z60 > gave the concentrations 
below (expressed in wt% of the total reaction mixture; see also 
Fig. 44}: 

c6 - c 15 cracking products 
16.00 E ECL < 17.50 saturated 
17.50 E ECL < 18.00 saturated 
ECL • 18.00 

compounds 
compounds 

untreated 
catalyst 
Code 27 

0.8 
6.3 

14.5 
16.6 

acid treated 
catalyst 
Code z60 

2.9 
13.0 
14.9 
26.0 

The am.ount of cracking products is relatively high in case 
of acid treatment of the catalyst and correction for this am.ount 
raises the selectivity from 0.495 to 0.528, corresponding with 
an increase of [D] from 0 to 10 wt%, which, however, is still 
far below the concentrations found with untreated and alkali
treated montm.orillonite. 

The acid-treatment of the catalyst gave only a slight in
crease of k

1
, whereas the k 2/k4-ratio decreased sharply. This 
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Table 75 Some computer data 

• k x 1 o4 LiOH-treated untreated HCl-treated 

kj 5.75 13.5 16.9 

k2 110 254 0 

k4 5567 5567 44500 

k6 1269 1264 127 

k8 0.13 0.27 0.27 

combination of results indicates that under these conditions the 
diffusion rate in the catalyst pores or in the boundary layer 
around the catalyst, probably is the rate-determining step in
stead of the hydragen transfer reaction at the catalyst surface. 
In fact, if diffusion limitation occurs, the concentrations of A 
at the catalyst surface and the boundary layer will be low, 
whereas [C] will be relatively high at the surface as well as in 
the boundary layer. 

There are two possibilities of the formation of D, E and F: 
they can be formed by a reaction at the catalyst ·surface itself 
or in the liquid phase (especially in the boundary layer where 
[C] is relatively high). In both cases a relatively high concen
tratien of C in the boundary layer will favour the formation of 
E and lower the selectivity. If the rate of diffusion of A to 
the catalyst surface becomes the rate-determining step, its con
centration in the boundary layer and at the catalyst surface 
will be low. Therefore, the formation of D will decrease, while 
the formation of E sharply increases, since its rate of forma
tion is probably proportional to [c] 2• 

The possibility of diffusion limitation was not incorpo
rated in the computer model. The concentrations at the surface 
of the catalyst were even considered equal to those in the 
liquid phase. Therefore, a local increase of [C] may be inter
preted as an increase of k4 and for the same reason a local de
crease of [A] to a very low value may lead to an apparent de
crease of k 2• If the acidity of the catalyst affects the rates 
of formation of D, E and F, it is improbable that this acidity 
would have opposite effects upon the D and E-formations. The 
relatively low concentrations of F, obtained with the acid-
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treated catalyst cannot be explained in this way. 

Treatment of the catalyst with LiOH leads to lower rates of 
hydragen transfer as well as of D and E-formation. However, the 
rate of trimerisation seems to be unaffected, ~hich is strange 
and at this stage inexplicable. It will be clear that in this 

case no diffusion limitation occurs and that the low k
1 

causes 
a high concentration of A in the boundary layer which favours 
the formation of D. So the high selectlvities found with the 
alkali-treated catalyst can be understood. 

We must realise that treatment of the catalyst with LiOH 
not only changes its pH but also the "surface concentrations" of 
the exchangeable metal !ons (chapter 3) as a result of ion
exchange. So by this treatment two variables were altered at the 
same time, which means that the results repreaent only the over
all effect of the two variables tagether and not only the in
fluence of an increase of pH. The isolated effect of pH can be 
obtained by a new series of comparative experiments at the same 
reaction conditions, but after treating the catalyst with LiCl 
instead of LiOH. These experiments have not been carried out up 
to now, but a few preliminary autoclave experiments with techni
ca! oleic acid indicated that by addition of LiCl to the reac
tion mixture a higher select! vi ty is ob'tained. At this moment no 
more data are available on this subject, but paten.t literature 
(2.7) gives the impression that the addition of Li+-ions to the 
reaction mixture has a considerable influence on the reactions 
occurring, while the improving effect of other metallic !ons is 
said to be less. 

The addition of indifferent salts to a clay suspension 
causes complicated changes in the double layer around the clay 
particles, in the adsorption of acidic compounds, in the amount 
of flocculation, as well as in the type of the exchangeable cat
ions. (chapter 3). It will, therefore, be difficult to give a 
complete explanation of the possibility to dimerise oleic acid 
with a clay catalyst at atmosphePia pPessuPe in the presence of 
a relatively large amount of an indifferent salt (2.7). It 
might be possible that, after salt addition, more water can be 
retained in the reaction mixture, or that some of the functions 
of the water are now performed by the salt. 
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10.7 CONCLUSIONS 

The simplified reaction mechanism as proposed in chapter 9 

apparently gives a good description of the reactions occurring. 

The formation of dimeric acids from mono-unsaturated fatty acids 

probably proceeds only via the hydrogen transfer reaction, which 

is second order with respect to [A]. 
Experiments at 200°C with pure elaidic acid (trans-9-octa

decenoic acid) instead of the normally used oleic acid (cis-9-
octadecenoic acid) demonstrated that in the early stages of the 

reaction the trans-form has a higher rate of hydrogen transfer 

than the cis-form. Combination of results (neglecting the skele

tal isomerisation) led to the conclusion that, starting from 

oleic acid, at first the cis-trans isomerisation is the rate

determining step, whereas after some time the hydrogen transfer 

reaction becomes rate-determining. This explanation is consis

tent with the experimental results obtained with both oleic acid 

and elaidic acid. 

Gas-chromatographic analyses of the monoroer mixtures ob

tained after experiments with oleic acid at 245°C showed that 

the greater part of the saturated fatty acids, formed by hydra

gen transfer, was branched. Next to these about 1 wt% of palmi
tic acid is formed at 245°C, probably the result of the Varren

trapp reaction and not a cracking product. Since this reaction 

involves the consumption of water (up to about 15 wt% of the to

tal amount of water in the reactor) the amount of water changes 

during the experiment and probably passes through the optimum 

amount. 

The amount of c6-c
15 

cracking products after 5 hours' reac

tion time at 245°C is about 3 wt%. Neglecting such an amount 
of cracking products has a considerable influence on the calcu

lated values of both the selectivity and the concentrations of D 

and E. Although the formation of saturated c
18

-compounds was 

also observed after an experiment starting from a distillation 

r~sidue, which according to the theory, contained mainly diroer 
D, not enough evidence could be obtained to prove the revers

ibility or irreversibility of the dimerisation and trimerisa

tion reactions, which is due to the cracking reactions. If the 
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reactions are reversible, however, the rates of the reverse re
actions are very small. 

The formation of esterdimers must probably be considered a 
side reaction, contrary to the assumption in patent literature 
(2,7} that esterdimers are an intermediate product. 

The selectlvities (Sd} of all experiments carried out with 
untreated montmorillonite, are within the theoretica! limits for 
the simplified mechanism (0.500 and 0.667}. This means that the 

simplified reaction scheme and the supposition that the hydrogen 
transfer is a prerequisite for the formation of dimeric acids, 
provide a useful approximation of reality. The concentration 
curves of D and E, calculated from the total amount of dimeric 
acids and the selectivity, are accountable in all experiments. 
The highest selectlvities were obtained in experiments at low 
temperatures and experiments with alkali-treated montmorillo
nite, whereas relatively low selectlvities were found for long 
experiments at high temperatures. The lower theoretica! selec
tivity limit is reached in experiments at 245°C with acid
treated catalyst. By this treatment the catalyst is activated to 
such a degree that the diffusion of reactants to the catalyst 
surface probably becomes the rate-determining step at 245°C, 

which leads to high concentrations of E. Though the acid-treated 
catalyst caused the highest rates of hydrogen transfer, the 
ultimata dimerisation yield was lower than that with untreated 
or alkali-treated montmorillonite, for which phenomenon an ex
planation could be given. On the other hand pretraatment of the 
catalyst with LiOH gave a considerable decrease in the hydrogen 
transfer rate constant, but a definitely higher selectivity. 
Tests on an analogue computer of the simplified reaction model 
in combination with a number of side reactions, showed that the 
experimental results were in good accordance with the theoreti
ca! curves, especially for the experiments at low temperatures 
where cracking reactions do not interfere with the reactions of 
the model. 
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Table 76 The effect of temperature on the optimum water content 
resiClue 

(10 • 2>· S = 87.0-trans-cis 

H20 Residue wt% of monomer mono-unsat. s 
added wu wu 

(q) cis I trans 

200°C 

-0.161 13.4 20.3 46.3 57.7 0'.458 

-0.126 15.6 17.6 48.8 56.0 0.503 

-0.080 16.4 20.2 51.9 60.3 0.614 

-o .026 15.0 19.4 49.6 58.7 0.530 

o.ooo 14.6 20.7 48.4 59.0 0.521 

+0.052 13.2 26.2 /51 .4 67.4 (?) 0.674(?) 

220°C 

-0.194 17.1 15.5 42.6 48.2 0.440 

-o .1 01 26.6 10.3 32.6 31.5 0.479 

-0.068 30.0 9.8 38.0 33.4 0.560 

-0.050 26.8 10.6 33.1 32.0 0.487 

o.ooo 23.4 

+0.049 19.4 13.1 44.0 46.0 0.473 

245°C 

-0.180 20.8 5.2 20.4 20.3 0.312 

-0.093 34.8 1.2 8.2 6.1 0.430 

o.ooo 41.4 2.0 11.4 7.8 0.523 

0.000 43.4 -
+0.050 36.7 

+0.100 34.5 

+0.197 27.2 10.9 33.4 32.3 0.497 

+0.500 12.0 

+0.600 9.5 
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99 

91 

92 

93 
98 

100 

89 

83 

77 
94 

108 

79 

109 

105 

33 
38 

25 

27 

30 

31 

20 

36 

39 
23 

26 

37 

104 

103 

102 
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Table 77 Results of the experiments with pure oleic and elaidic 
acidr 

15 

30 

60 
90 

150 

270 

15 

30 

45 

60 

90 
150 

210 

16.5 
31 

61 

69 
76 

121 

136 

151 

181 

211 
301 

15 

30 

90 

FOR LIST OF SYMBOLS SEE TABLE 78 

14,8 

24.3 

32.0 
37,2 

43,0 

50.1 

24.0 

34.8 

43.0 
45.8 

47.0 
52.4 

53.6 

54.3 

15.9 

49.3 
55,1 

56,0 

56.7 

57.0 
55.0 

54.7 

53.8 

54.3 

54.5 

52.2 

32.0 

37.2 

48.9 

85,2 

75.7 

68 •. 0 

62.8 

57.0 

49.9 

76.0 

65.2 

57.0 
54,2 

53,0 

47,6 

46,4 

45,7 

84.1 
50.7 

44.9 

44.0 
43.3 
43,0 

45.0 

45.3 

46.2 

45.7 

45.5 
47.8 

68.0 

62.8 
51,1 

B 

I!XPliRIIIEIITS 11!'1'11 PUl!E OLEIC ACID 

139,6 

149.4 
159,3 

167,2 
170,0 

178,1 

158,2 

172.2 

179.0 
181.1 
180,1 

184.7 

184.7 

184.7 

155 

186.7 

189.2 

188.5 
188.5 

187 .a 
186,4 

186.1 

187,9 

186.9 
183,2 

160.5 

166,5 

176,5 

161.9 

168,3 

176,2 

182.5 

183.0 

188.3 

185,8 

190,0 

190,7 

189,4 

192,3 

192,9 

193.4 

180,0 

194.2 
194.0 

194,9 

194.0 
194.0 

192.8 

190.9 

191.3 

193.0 

179.5 

182.2 

188.8 

79.2 

66,9 

55,0 

45.9 
36.5 

24.4 

65,1 

46,3 

35,4 

28.4 
26,8 

16.8 

14.0 

12.5 

74.6 

21 .. 0 

9.5 
5.5 
4,3 

3,8 

3.1 
3.1 

2.8 

2.4 

2.0 

2.0 

58.1 

48,0 

29.5 

20,8 

33.1 
45.0 

54.1 

63.5 

75.6 

34.9 

53.7 

64.6 
71.6 

73.2 

83.2 

86.0 

87.5 

25.4 

79,0 

90.5 

94.5 

95.7 
96.2 

96.9 

96.9 

97.2 
97,6 

98,0 

98,0 

41.9 

52,0 

70,5 

6,0 

8,8 

12.9 

16.8 

20,3 

24,9 

10.9 
18,9 

21,3 

25;3 

25.7 

29,9 

31,4 

31,8 

9.0 
27,8 

32.8 

35.7 

36.2 
36.4 
39,1 

39.4 

40,6 

40.7 

41,0 

43.3 

9.9 

14.8 

21.6 

2,1 

2.8 

3.1 

3.1 

3.1 
3.2 

2.9 
3,1 

3.2 

3.4 

3.2 

4.2 

4.3 
4.2 

2.0 

3.8 
4.9 

6.9 

13 
12 

2,8 

3.0 

3.0 

a• 

2.6 

3.2 

2.8 

2.2 

2.1 

1.5 

2.2 
1,7 

1.4 

1.2 
1,4 

1.0 

1.1 

0.8 

1.4 

o.e 
o.e 

0.6 
0,7 

0,8 

0.9 

1.2 
1,1 

0.9 

2.4 

2.2 

1.5 

!''(A) a'(B) 

2.4 

2.8 

2.3 

1.7 

1.3 

0.7 

1.9 
1.2 

0,8 

0,6 

o. 7 
0.3 

0.3 

0.2 

1.3 

0.3 
0,2 

0,1 

0.1 
0,1 

0,1 

0,1 

2.1 

1,7 

0.8 

0,2 

0.4 

0.5 

0.5 

o.a 
0.8 

0.3 
0,5 

o,6 
0.6 
o. 7 

0.7 

o.e 
0.6 

0.1 

0,5 

0,6 

0.5 
0.6 
0,7 

o.8 
1,1 

1,1 

0,9 

0.3 

o.s 
0,7 
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I a'+z•l 
I corrected .. . I -AA····I Ac:orr I 8 c:orr I L p ll' D ., 

sd D+E D+E 
"'F 

!!XPEJWIEIITS IIJ:TII PUlU! OLElC ACID 

!<ESDI/l'S 200°C 

0,3 2.9 9.9 15,1 81,6 6,2 3,3 o.o 0 0.4 5.4 3.1 0,.589 a.5 21.2 

0.5 3. 7 16.5 25,7 69,7 9,2 4.6 o.o 0 1,0 14.6 0.9 0 .. 642 15.5 15.5 

0.9 3. 7 23,8 37.2 57.3 13.4 5.4 0,1 0 3.2 20.8 -o.2 0,639 20.6 6.5 

0.9 3,1 29.3 46,6 47.5 17.3 5,7 0.1 0 3.7 24.0 1.6 0,627 25.,6 6,9 

1.4 3,5 35.3 56,4 37.8 21.1 5.6 0.2 0 5.2 28.4 1.7 0.625 30,1 5,8 

1.3 2,8 43.5 59.2 25,1 25,7 5,1 0,6 0 8.5 35.6 -o.6 0.628 35,0 4,1 

REStiLTS 220°C 

0.5 2. 7 17.3 28,5 67,0 11,2 4.5 0 0 1,2 12,2 3.9 0.607 16.1 13,4 

o. 7 2.4 28,3 47,7 47.5 19,4 4.9 0 0 2,9 17,8 7. 7 0,593 25.5 9.1 

0.9 2.3 37,1 59,0 36,2 21.9 4,5 0.3 0 6,4 30.4 0.3 0.629 30.7 4,8 

0.9 2.1 40,2 66.1 29,0 25,9 4.4 o.s 0 9,2 29.6 2.4 0,608 31.0 3,4 

1.1 2.5 41.2 67,6 27.5 26.4 4.4 0,5 0 9.4 29,6 2.2 0.609 31.8 3,4 

1.0 2,0 47,4 78,0 17.1 30,6 4.0 0.9 Q 9,6 33.6 4.2 0.608 37 .a 3,9 

0.9 2.0 48.3 80,3 14.3 32.2 4.4 1.0 0 10.7 31,9 5,8 0,601 37.6 3.5 
0,8 1.6 48.8 81,2 12,7 32.4 4. 7 1.4 0 9,8 32,8 6.2 0,601 39.0 4.0 

RESW.'I'S 245°C 

0.2 1.6 10.5 19.6 75,9 9,1 4.0 0 o.s 2.5 2.8 5.2 0.536 8.0 3.2 
0.7 1.5 44.9 73.2 21,3 28,3 3,6 0.9 1 10.8 33.2 0.9 0.613 34.1 3.2 
0,9 1.7 51.7 85,1 9, 7 33,4 2.6 1.6 1 12.1 36.6 2.8 0.608 39.1 3.2 

1.8 1 12.9 
0,1 1.3 52,5 89,2 4.4 36,7 3,6 1.8 1 14.2 31.6 6. 7 0.589 38.3 2.7 
0.8 1.5 53.2 90.2 3.9 37.0 3,1 1.8 1 14.3 32.4 6.3 0,590 38.7 2.7 

0.9 1.7 50.8 90.6 3.2 39.8 3.4 1.8 1 15.4 22.0 13.4 0,561 35.4 2,3 

1.8 1 14.2 

0.9 t.8 49.3 90.7 2.9 41.4 3.6 1.8 1 12.4 15,8 21.1 0,544 36,9 3.0 

1.3 2.5 51.5 93.3 2.5 41.8 1.6 1.6 1 15.2 19.4 16,9 0,552 36,3 2.4 
1.2 2.3 51.0 93.1 2.0 42.1 2.4 1.5 1 14.2 17.8 19.0 0,548 36,8 2,6 
0.9 1.8 46.2 90.4 2.0 44.2 5.1 1.5' 1 13.6 4.0 28.6 0.511 32.6 2.4 

Sl.AIOIC ACID 200°C 

23.5 33.7 60,2 10.~ 6,1 0 5.3 0,697 18.2 4.4 

29,2 44.5 49.7 15,3 5,8 0 6.3 0,656 22.9 4.6 

41.4 63,4 30,3 21.8 6,0 0,3 8.3 0,653 33,1 s.o 
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Table 78 Results of experiments with HCl-treated, untreated ana 
LiOH-treated montmorillonite at 245°C 

uncorreoted 

Code t p a A" s 
V 

A I 8 I -AA a• a'(A) a' (8) 

HCl-treated 

z1 1 25.7 74.3 169 187 54.3 20.0 45.7 1.3 0.9 0.4 

z30 30 40.1 59.9 187 190.4 11.6 46.3(?) 88.4 1.5 0.3 1.2 

z6o 60 48.4 51.6 185 190 5.3 44.3 94.7 1.3 0.1 1.2 

z9o 90 50.8 49.2 186 186 3.0 44.5 97.0 1.8 0.1 1.7 

untreated 

R1 1 32.6 67.4 171 184 52.5 14.9 47.5 2.5 1.9 0.6 

lll30 30 60,8 39.2 179 191 7.0 30.9 93.0 0.7 0.2 0.5 

R60 60 61.9 38.1 186 191 3.8 32.7 96.2 1.1 0.1 1.0 

R90 90 58.9 41.4 186 194 3,5 36.4 96.5 0.7 0 0.7 

LiOH-treated 

81 1 21.1 78.9 156 175 71.5 7.4 28,5 2,2 2.0 0.2 
830 30 54.6 45.4 185 191 22.2 22.7 77.8 0.7 0.3 0.4 
860 60 63.3 36.7 183 195 6.2 29.3 93.8 0.6 0.1 0.5 
890 90 60.6 39.4 183 193,2 6.7 31.4 93,3 0.5 0,1 0.4 
8150 150 59.6 40.4 182 191 3.5 35.5 96.5 1.2 0.1 1.1 

LIS'l' OF SYMBOLS 

t reaction time in minutes 
p = residue in wt% of total reaction mixture 

monomer in wt% of total reaction mixture ( = 100-p) 
acid value of the residue (det. according to NEN 1046) 
saponification value of the residue (det. according to NEN) 

1046) 
A = mono-unsaturated monomeric acids in wt% of total reaction 

mixture determined by cis and trans measurements 
-AA = decrease of the amount of mono-unsaturated monomeric acids 

in wt% of total reaction mixture ( = 100-A) 
B saturated fatty acids (except palmttic acid) in wt% of 

total reaction mixture (a-A) 
a' = monomeric soaps in wt% of total reaction mixture 
a'(A) = monomeric mono-unsaturated fatty acid soaps in wt% of 

total reaction mixture 

z 

19.7 
38.2 
44.6 
49.0 

25.9 
52.8 
57.7 
53.2 

14.9 
50.6 
55.1 
53.9 
53.0 
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oorracted 

-AAcorr T Acorr T Bcorr I L E' sd D B 

HCl-treated 

40.1 55.2 20.4 4.7 0 2.1 0.492 0 (nag) 18 
84.7 11.9 47.5 1.4 2.0 8.4 0.451 0 (neg) 34 
90.1 5.4 45.5 2.5 2.0 10.2 0.495 0 (neg) 34 
95.2 3.1 46.2 0 1.7 11.7 0.515 5.6 31.7 

untreated 

41.4 54.4 15.5 4.2 0 2.0 0.625 20.8 3.1 
84.2 7.2 31.4 7.3 1.3 9,1 0.626 42.8 1.0 
91.4 3.9 33.7 3.1 1.6 11.1 0.631 46 0 (neg) 

90.3 3.5 37.1 4.7 1.5 13.0 0.590 32.2 8.0 

LiOH-treated 

22.5 73.5 7.6 4.0 0 1.7 0.662 12 0 (neg! 

73.6 22.5 23.1 3.3 0,5 8.2 0.687 38 0 (neg) 

84.9 6.3 29.8 7.6 1.2 15.8 0.649 39 0 (neql 

85.7 6.8 31.8 6.2 1.3 15.2 0.629 39 0 (neg! 

89.6 3.6 36.6 5.4 1.4 15.5 0,592 32,8 4.7 

a'(B) • monomeric saturated fatty acid soaps in wt% of total 
reaction mixture 

D+B ....,... 

8.6 
4.0 
3.3 
3.2 

12.0 
4.8 
4.1 
3.1 

7.1 
4.6 
2.5 
2.5 
2.4 

z' • dimer + trimer soaps expressed as monoroer units in wt% of 
the total reaction mixture 

z = wt% of D + E + F corrected for esterdimers and monomeric 
soap 

-tJ.A corr. 
A corr. 
B corr. 

-IJ.A- I-L-P- a'(A) 
A + a' (A) 

B + a'(B) 
I esterdimers in wt% of total reaction mixture 
L lactones in wt% of total reaction mixture 
P palmitic acid in wt% of total reaction mixture 
F • trimer in wt% of total reaction mixture 
D dimer D in wt% of total reaction mixture (calculated) 
E dimer E in wt% of total reaction mixture (calculated) 

D + E + F 
-tJ.A corr. 

z 
-IJ.A corr. 
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CHAPTER 11 

THE ROLE OF MONTMORILLONITE AND THE FUNCTION 

OF THE WATER 

11.1 INTRODUCTION 

In the previous chapters a reaction model has been proposed 
for the dimerisation of oleic acid in the presence of montmoril

lonite, which model has been tested by a number of experiments 
with pure oleic acid. Up to now, however, we have only consid
ered the reactions occurring, without a thorough discussion of 
the intermediate products and the functions of montmorillonite 
and water. 

Therefore the present chapter is devoted to "catalyst phe
nomena" and the mechanism of the various reactions proposed be
fore. The knowledge of structure and properties of montmorillo
nite as described in chapters 3 and 4 will be applied. 

11 • 2 THE AMOUNT OF WATER AT THE CATALYST SURFACE UNDER REACTION 
CONDITIONS 

The existence of an optimum water content, already observed 
in 6.4 and 10.3, probably corresponds with an optimum activity 
of the catalyst, resulting from the presence of a definite 
amount of water at the catalyst surface. In that case the opti
mum water content in the reactor is dependent on any change in 
process conditions (6.4). Therefore the optimum amount of water 
in the vibrating reactor was determined for several temperatures 
(10.3) in order to carry out the experiments with pure oleic 

acid under comparative reaction conditions and with optimum ac
tivity of the catalyst. We found that the optimum is tempera
ture-dependent, as was expected (10.3). 

It should be worth while to use this phenomenon for the 
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evaluation of the amount of water present at the catalyst sur
face under reaction conditions. For this purpose a nurnber of 
60-min experiments were carried out in a vibrating reactor at 
245°c with technica! oleic acid A-4 to locate the opt~mum 
amounts of water in the reactor for various amounts of catalyst 
(1.600, 1.300 and 1.000 g air-dry montmorillonite). The results 
indicated that the "age" of the oleic acid sample had a slight 
effect upon the location of the optimum. Therefore, it was 
necessary to evaluate the three optima several times and to 
take the average value for each amount of catalyst. 

Since the "air-dry" montmorillonite has a water content of 
17.5 wt%, 1.600, 1.300 and 1.000 g "air-dry" montmorillonite 
contain 1.320, 1.072 and 0.825 g dry montmorillonite respective
ly. The average optimum amounts of water for these amounts of 
catalyst were -0.01, +0.02 and +0.05 g respectively, relative to 
air-dry montmorillonite. These values are the result of 3, 3 and 
2 optima respectively, showing mutual deviations up to 0.015 9 

water. Since the specific gravity of montmorillonite is 2.1 g/ml 
and the density of oleic acid at 245°C is 0.75 g/ml the free 
gas-volumes in the reactor are: 

with 1.320 g montmorillonite: 30.0 - 0.6 - 26.7 2.7 ml 
with 1.072 g montmorillonite: 30.0- 0.5- 26.7 = 2.8 ml 
with 0.825 g montmorillonite: 30.0 - 0.4 - 26.7 = 2.9 ml 

In order to determine the amount of water present in 1 ml 
of the gas-phase a second vibrating reactor was constructed with 
a volume of 45.0 ml. With this reactor a number of 60-min ex
periments were carried out at 245°C with technica! oleic acid 
A-4 and 1.6 g air-dry montmorillonite to evaluate the optimum 
amount of water, which was found to be +0.09 g water. (Variation 
of the stirring intensity gave the same results as with the 
30 ml reactor, the optima of both reactors gave the same amount 
of residue). Since the optimum in the 30 ml reactor was -0.01 g, 
the amount of water present in 15.0 ml gas-phase is 0.10 9 or 
0.0067 g water/ml gas-phase. This means that 0.018, 0.019 and 
0.019 g water respectively are present in the gas-phase. There
fore, the differences in volume of gas-phase for the various 
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amounts of montmorillonite in the 30-ml reactor can be neqlect
ed. 

In Fig. 79 the total amount of water in the optima is plot
ted aqainst the dry-weiqht of montmorillonite, qivinq a linear 
relationship, which indicates that in the three optima the 
amount of water adsorbed per q dry montmorillonite Ts the same, 
in other words, the optimum amounts of water in theireactor are 
such that the same water content at the catalyst surface is 
reached. The slope of the line represents this content, viz. 
0.09 q water/q dry clay. 

The amount of water in the liquid phase can be calculated 
-3 from the mass balance, resultinq in 0.13 q water or 6.5 x 10 q 

water/q oleic acid. 

1,5 

> a: c 

I . 

I ;· 
• 

I 

~~~~~--~------------~ lt'l 0.) 
-TOTAL AMOUNT OF WATER IN G 

Fig. 79 Relation between dry weight of catalyst and total amount 
of water in the water optima at 245°c 
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From x-ray diffraction measurements (chapter 4) we know 
that the A-value (the space between the clay layers; chapter 3) 
of air-dry montmorillonite, containing 17.5 wt% of water, is 
5.8 R, oorreeponding with 2 layers of water molecules. So the 

water adsorbed between the clay layers under reaction conditions 
consiste of about 1 layer of water molecules, able to give a 
A-value of about 3 R, even if no oleic acid were adsorbed. This 

value indicates that the montmorillonite has retained its ad
sorption and swelling properties under reaction conditions, 
since in adsorption and swelling measurements (chapter 4) treat

ment óf air-dry montmorillonite at 110°c in vacuo, resulting in 
A= 1.9 R, yielded an active swelling montmorillonite, capable 
of adsorbing one layer of oleic acid molecules at its internal 
surface (A • 4.7 R; chapter 4). 

Treatment of air-dry montmorillonite at 310°C in vacuo 
caused a A-value as low as 0.5 R. In dimerisation experiments, 
carried out with this treated clay in the presence of the opti
mum total amount of water, only 11 wt% of residue was obtained 
after 2 hours at 245°c. After treatment at 310°C, the montmoril
lonite had also lost its adsorption activity, even for water, 
so drying is irreversible under these conditions. DTA-measure
ments (chapter 4) indicated that no structural changes had oc
curred. From the fact that the catalytic activity and the swell
ing capacity have both disappeared after this treatment we may 

not conclude that the internal surface is active in dimerisa
tion, since no information is available about the changes at the 
external surface. 

If in addition to one layer of water molecules oleic acid 
is adsorbed between the platelets, a A-value > 3 R can be ex
pected. We were unable, however, to do X-ray diffraction mea
surements under reaction conditions (chapter 4). With respect to 

this it is interesting to know that during the heating-up period 
at about 180°C a relatively great endethermie effect occurred, 
which for several reasons was invisible when using the reactors 
described in this thesis, but in experiments with a small reac
tor provided with a jacket witb circulating heating oil, the 
effect was very clear. It may be a coincidence that, according 
to patente the minimum temperature at which dimerisation occurs 
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is also 180°c, but it is also possible that at this temperature 
some reorientation of water and oleic acid molecules at the 

catalyst surface takes place. 

Besidee the exchange of cations probably affecting the 

properties of the clay, the addition of inorganic salts, as re
commended in patent literature, possibly changes the electrical 
double layer around the clay partiele in such a way that the 
latter retains more water, thus enabling the clay tp be active 
at high temperatures and atmospheric pressure. 

11 • 3 THE FUNCTIONS OF THE WATER 

In 11 • 2 we found that a de fini te amount of water at the 

catalyst surface causes an optimum activity. Th~ following 
phenomena may cause this optimum; 
(1) The amount of water at the catalyst surface is sufficient 

to retain the adsorption capacity of the internal surface, 
thus creating a much larger active surface, even if only 
the outer parts of the inter-layer surface are catalytical
ly important. In this train of thought a greater amount of 
water at the surface can diminish its accessibility for 
oleic acid molecules, 
polar water molecules, 
much greater than that 

since the adsorption energy of the 
which are abundantly available, is .. 

of oleic acid molecules. This could 
lead to a decreasing catalytic activity. 

(2) One or more reactions at the catalyst surface strongly de
pend on the water content at the surface, It has been sug
gested that for silica alumina (Fig. 30 in 7.2r 47), the 
rate constant of the hydrogen transfer reaction, which is 
found to be the rate determining step of the dimerisation, 
strongly depende on the water content in the catalyst and 
passes through a sharp optimum with increasing amount of 
water. This would imply that the catalytic activity and the 

swelling capacity of montmorillonite under reaction condi
tions (11.2) are two different results arising from the 
same origin viz. the water content. 
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It will be clear tbat the possibility of a combination of these 
two phenomena should nat be excluded, 

In the early stages of these investigations we thought 
possibility (1) to be the cause of the occurrence of an optimum 
water content, which was even confirmed by a number of phenomena 
such as the varlation of the dimer/trimer-ratio and the simulta
neous disappearance of swelling capacity and catalytic activity. 

After tbe discovery of tbe hydragen transfer reaction, however, 
these phenomena were explicable witbout the introduetion of tbe 
internal surface of the montmorillonite and the supposition of 
a two-dimensional dimerisation reaction between the montmoril
lonite sheets. This does nat imply, however, that the internal 

surface of the clay and the swellability have been proved to be 
of na importance to the catalysed reactions. Up to the moment of 
publication we have been unable to prove whether the internal 
surface plays a significant part ar nat. 

Up to now we have only considered the effect of the water 
content upon the rate constant of the hydragen transfer reac
tions, but the water content has a considerable influence on the 
seteativity of the dimerisation reactions as well. For a number 
of the optimalisation experiments of 10,3 the selectlvities have 
been determined which are given in Table 76 (10.3), Since these 
experiments have been carried out with technica! oleic acid A-4 
containing linoleic acid and linolenic acid as well as fatty 
acids witb lower molecular weights, these selectlvities must 
only be considered a rough indication of the selectivity changes 
when varying the amount of water, the more sa as the selectivi
ties are uncorrected for the contents of esterdimers and mono
meric soaps in tbe residue. Therefore, a few experiments have 
been carried out witb pure oleic acid, the results of which are 
represented in Table 80 and in Fig. 81. 

Tbe selectivity curve passes through an optimum, which is 
located near to ar at the optimum water content in tbe reactor. 
On the left side of the optimum a relatively steep decrease in 
selectivity can be observed, whereas for higher water contents 
the selectivity declines only slightly. The low selectlvities 
found in the presence of toa small amounts of water indicate 
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H20 

added 
(g) 

-0.099 
0 

+0.104 
+0.301 

liO 
lil 
Q 

ü c 
ll'l 
::1 

i .. 
eJSO 
:a: 
ä 

30 

sd 

f 
Q.SI 

0.5' 

0.50 

~· ·Cl2 
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60 
60 
60 
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uncorrected 

p a A s A B -AA a• 
V V 

48.4 51.6 183.7 192.3 5.1 46.5 94.9 O.'i 

63.0 37.0 185.6 195.4 3.7 33.3 96.3 c 
56.1 43.9 180.3 195.3 14.9 29.0 85.1 O.ï 
35.6 64.4 182.6 184.5 43.5 20.9 56.5 1. s 

/ 
·111 0 0.1 11.2 G.3 

-ANOUNT OF WATER ADDED !tl 

PURE OLEIC ACID 

i 
·0.1 0 11.1 11.2 0.3 

- ANOUNT OF WATER AOOED !tl 

Effect of the amount of wat,er both on the amount of 
dimer + trimer and on the selectivity 
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corrected 

a' (A) a' (B) z -AA A B I L F sd 

0.1 0.6 42.4 87.5 5.2 45.1 5.3 2.0 8.2 48.5 

0 0 56.1 88.0 3.7 31.9 6.9 1.4 12.0 63.S 

0.3 0.4 47.0 75.1 15.2 28.1 8.4 1.3 ? 62.6 

1.2 0.6 33.1 54.3 44.7 21.2 0.7 0.3 2.8 60.8 

Table 8~ Results of 245°c experiments with pure oleic acid and 

various amounts of water (For list of symbols see table 78) 

that under these conditions other reactions are catalysed by 

preference. So it seems that for that part of the curve an in
crease of the amount of water activatea the montmorillonite with 

respect to hydragen transfer (cf. Fig. 30 in chapter 7), but it 

is not allowed to conclude that at the same time the catalyst is 

disactivated for other reactions. Relatively great amounts of 

water apparently have only a slight effect upon the selectivity, 
whereas a considerable decrease in the hydragen transfer rate is 
observed. This is probably caused by a reduced accessibility of 

the montmorillonite surface for oleic acid molecules, which re

duction is the result of the accupation of active sites by the 

strongly adsorbed polar water molecules. 

The presence of water in the liquid phase also prevents or 

suppresses many side-reactions, for instance, lactone and anhy
dride formation and decarboxylation.This effec~ of small amounts 

of water has already been observed by Goebel (cf. 2.7J 67, 68) 
during the thermal dimerisation of methyl linoleate. 

All in all we may conclude that the amount of water in the 

reactor, though very small, governs not only the rate constant 
of the rate determining reaction step, but also the selectivity 
and the rates of many side-reactions. We must admit, however, 
that other compounds such as methanol, propanol, acetone and 
toluene can also be used to "activate" the montmorillonite, 

though the catalytic activity in the presence of water is much 
higher than with these other compounds. There are indications 
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that the rate of formation of dimers and trimers is 1related to 
the Sugden's Parachor of the "activating" compound (chapter 3). 

11.4 THE MECHANISM OF THE REACTIONS 

According to Jurg (97; 1967), who investigated the mecha
nism of the generation of petroleum, two mechanisme are possible 
for the reactions of behenic acid (c21 H43cooH) at the surface of 

kaolinite in the presence of various amounts of water viz. a 
radical and a carbonium-ion mechanism. His experiments "without 
water" were carried out at 200-300°C in (approx.) 15 ml am
poules containing 2.5 g of air-dry kaolinite and 1 g of behenic 
acid. For the experiments "with water" an amount of 7.5 g of 
water was added to this mixture. After a reaction time ranging 
from about 100 to 2000 hours the reaction products consisted 
mainly of low and high molecular weight hydrocarbons as well as 
fatty acids of the c 15 - c 24 range. 

First of all we must realise that the specification "with
out water" probably does not repreaent conditions correctly. It 
is a pity that not enough data are available to calculate the 
amount of water present at the kaolinite surface under reaction 
conditions, but a rough estimate for the experiments "without 
water", teaches us that this amount of water possibly does not 

differ much from what we found to be the optimum amount of water 
at the catalyst surface. From his results he concluded that in 
these experiments isomerisation is strongly favoured, since high 
lso/normal ratlos of the low molecular weight hydrocarbons were 
found (iso-C4/n-C4=11-38), indicating -that carbonium ions are 
the intermediatea in thelr formation. 

The experiments "with water" showed low iso/normal ratios 
of the low-molecular-weight hydrocarbons (iso-c4;n-c4=0.25-1.0), 
which led to the conclusion that under these conditions radioals 
play an important part. 

Returning to the oleic acid dimerisation, the GLC-analyses 
of the monomar mixtures (10.5.2.1; Fig. 58, Table 59) indicated 
that in dimerisation experiments large amounts of branched satu
rated monomeric fatty acids are formed. The iso/normal ratlos 
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of the saturated fatty acids formed in experiments at 245°C in 

the presence of the optimum amount of water, range from 1.25 to 

4.0, which is an indication that probably the hydragen transfer 

reaction proceeds via carbonium ions. 
Jurg concluded from his experiments that the presence of 

water suppresses the carbonium-ion reactions. This may be an ex

plication of the rapidly diminishing rate constant for hydragen 

transfer in the presence of large amounts of water, while the 

selectivity is only slightly affected. This hydragen transfer is 

generally considered to proceed via carbonium ions. 

The results of the experiments carried out with acid

treated and alkali-treated montmorillonite indicate that the 

effect of the acidity of the catalyst is consistent with a car

bonium-ion mechanism. 

Though reactions proceeding via radicals may occur, and may 

even be the cause of the formation of the palroltic acid, they 

probably are of minor importance. 

The dienoic acid molecules, formed by the hydragen transfer 

reaction at the catalyst surface, react with another dienoic 
acid molecule or an oleic acid molecule to give the "oleic acid 

dimer". For this reaction the presence of the montmorillonite 

surface is probably not necessary, but since the reactants are 

formed at this surface, and Diels-Alder reactions are catalysed 
by acids, the catalyst may play an important part in the dimeri

sation reactions as well. In case of no diffusion limitation 

{10.7) the concentration of A in the boundary layer and at the 

catalyst surface will be relatively high. This is important 

since there the highest concentrations of dienoic acid will be 

foundJ so it is possible that the dimerisation reactions for the 

greater part proceed near to or at the catalyst surface. The 
fact that, in addition to the amount of residue being constant, 

the selectivity is independent of the stirring intensity (10.4), 

may be an indication in this direction. 
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11.5 CONCLUSIONS 

I 
The optimum amount of water in the reactor corr~sponds with 

a definite water content on the montmorillonite surface. This 
amount of 0.09 g water/g dry clay {at 245°C) is sufficient to 
keep the clay platelets about 3 ~ apart {= mono-molecular water 
layer)., which implies that the montmorillonite bas retained its 
interlayer adsorption capacity. 

The amount of water at the catalyst surface governs not 
only the rate of the hydrogen transfer reaction, but also the 
selectivity. The selectivity curve passes through an optimum, 
which is located near to or at the optimum amount of water in 
the reactor. Smaller amounts of water lead to a steep decrease 
in selectivity, whereas greater amounts of water give only a 
slightly declining selectivity.The hydrogen transfer and isomer
isation reactions at the catalyst surface probably proceed via a 
aarboniurn ion mechanism. Since for the dimerisation reactions as 
such the presence of a catalyst is not necessary, they may take 
place in the liquid phase, but probably the montmorillonite 
surface plays an important part in these reactions as well. 



179 

Appendix I 

CALCULATION OF THE CHEMICAL FORMULA OF MONTMORILLONITE 

Panther Creek Southern, Aberdeen (Mississippi), montmoril
lonite was usedr the chemica! analysis is represented below 
(expressed in% oxides obtained after complete oxidation): 

oxide % relativa amount oxide % relative amount 

Si02 58.77 8.978 cao 3.34 0.1192 

Al 203 18.37 0.359 Na2o 0.46 0.0148 

Fe2o3 5.86 0.0734 K20 0.64 0.0136 

FeO 0.65 0.0091 {H2o) (5.86) (0.65) 

MgO 3.30 0.0818 FeS o.58 

Ti02 0.86 0.0109 so3 0.09 

co2 1.19 

minor 0.03 

The chemica! formula of the montmorillonite can be calcul
ated supposing that, according to van Olphen {135), 
a. the unit cell contains 20 oxygen atoms and 4 OH-groupsr 
b. all Si4+-ions are located in the tetrahedrar 

c. the remaining tetrabedral places are occupied by A1 3+-ions. 
Any additional Al is assigned to the octahedral sheet togeth
er with Mg, Fe, etc. except, of course, those cations which 
are in exchange position. 

In our calculations (91) titanium was considered tetravalent, 
considering that octahedral cations are always between 0.5 and 
0.9 X. The amounts of FeS, so3 and co2 were attributed to impur
ities. 

The oxide-percentages can be reduced to relativa atomie 
amounts by dividing the percentages of the oxides of the lattice 
elements by the molecular weight of the oxides and multiplying 
them by the number of atoms of the positive element in the 
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oxide7 the percentages of the oxides of the exchangeable ions 
are divided by the equivalent weight of the oxides. i 

The chemical formula can be calculated considerlng that the 
total number of positive charges must be equal to that of the 
negative charges (=22): 

K x(4x0.978 + 3x0.359 + 3x0.0734 + 2x0.0091 + 2x0.0818 + 

+ 4x0.0109 + 0.1192 + 0.~148 + 0.0136) = 22 

SoK= 3.94 and the number of A1 3+-ions in the tetrahedra (y) 
can be calculated from 3,94 x 0,978 = 4-y, hence y 0.145 
So the chemical formula probably is: 

3 2 2 4 
(Si3.855Al0.145) (Al1.270Fe 0.290Mg0.322Fe 0.036Mg 0.322Ti 0.043) 
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APPENDIX II COMPOSITIONS OF THE TECHNICAL OLEIC ACID SAMPLES 

lfatty 
SAMPLE COMPOSITIONS 

acid B-1 lt A-1 A-2 A-3 A-4 I 
I 

8:0 0.1 

10:0 0.1 0.1 0.3 

12:0 0,5 0.6 1. 8 1.6 

14:0 4.1 2.4 3.4 4.5 

14:1 0.8 0.9 0.7 1.2 

14:2+br-15:0 0.3 

15:0 0.6 0.1 0.1 

br-16:0 0.1 

16:0 0,9 4.1 3.7 4,4 4.7 
16:1 0.3 7.8 5.8 6.7 6.5 

16:2 0.3 0.5 0,5 0.3 

17:0 0.3 0.1 
17:1 0,5 0.9 0.4 

18:0 1.2 0.3 0,6 0.1 1.8 
18:1 60.0 76.5 75.4 73.1 72.2 
18:2 35.5 3.5 8.0 8,5 6.5 
18:3 1.2 0,6 

20:0 0.6 0.5 0.6 0.3 

lt mixture of tall oil fatty acids 
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APPENDIX II I 

CONVERTED RATE EQUATIONS FOR COMPUTER WORK IN CHAPTER 1 0 

Concentrations are expressed in wt% of the total reaction mix

t~re: rate constants of first o~der rea~tions in s~~- 1 (k3 , k 5 , 

k
7

, kB and k
9
), rate constants of second order reactions in 

liter/mole. sec. (k 1 , k
2

, k 4 , k 6 ). 

T = s.t in whi~h r =computer time (40 sec.) 

t ~longest reaction time (300 min), 

So ~ .. :rk 
v = reaction volume in liters. 

_1_ !!W. kl 
100' dT "' :ra:'J 

1~ 
kl 

4' dT "' 2B.V 

k7 
+n 

1 Ql.!U k4 
40" dT = --s.v 

k6 
- if:V 

20 ([A]) 
2 

m·m 

k\) [A] 
- -s~. TO"O 

~ ·(tW)2 
201<1 00 (!A]) z ]<;3 

4""X"282. 'J'1Tij +n 

4x20 • ~ .l£1+ 
1 00x282 100 4 

100 [D] ks .!Q.,~ + ""T. TOO +s . 4 40 

2.£ .ill 
4 50 

20 { - 2B2x460xaxv· 400 ·k2 · 
[A] • .lfl + m 4 

~ 
100 

2~16x20(ij1)2 2 k7 ~.ill 
40x100x282 + 3 ·r + 4 50 

4x20 . W·Jtl k5 [E) 
1 OOx282 s w 



k6 4x40x20 (E) [C] k7 [F] 
n · sox1oox282. "40 ·-:r - y-·'5"0 
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LIST OF SYMBOLS 

A 

A. 
Cl.S 

A trans 

mono-unsaturated c18 -fatty acids (= Cj 8 ) 

cis mono-unsaturated c 18-fatty acids 

trans mono-unsaturated c 18-fatty acids 

saturated c 18-fatty acids B 

c 
D 

E 

F 

L 

dienoic c 18-fatty acids 

mono-cyclic diroer acid; no exo-cyclic ethylenic bands 

mono-cyclic diroer acid; one exo-cyclic ethyfenic bond 

bicyclic triroer acid 

stearolactone 

P palmitic acid 

Selectivities: residue 
S = decrease of unsaturated c 18-fatty acids 

S = D + E + F ( i t%) 
d 100 - A - L - I - P - c conc. n w 

[ ] concentratien in wt% of total reaction mixture 

SOME MAIN REACTIONS: 

kl 
2 A-B+ C 

k 
A+ c 2 •o 

k3 

~ 2C _E 
ks 

k 
c + E~F 

k7 

A 
kB 

L 

A 
k9 

p 
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SUMMARY 

The production of the dimers of oleic acid in the presence 
of a montmorillonite catalyst has been carried out for a dozen 
years. These dimers were considered to be non-cyclic. Only 
little information was available about the modified monomeric 
products in the reaction mixture, which were separated from the 

dimets by distillation. These monomars constituted at least 
about 40 wt% of the total product and could hardly or not be di
merised. 

A number of preliminary experiments with technica! oleic 

acid and analyses of the products lead to the conclusion that 
the modified monomer mixture consists almost exclusively of 
saturated fatty acids, both of straight and branched structure. 

It is suggested that the saturated monomars are formed by a 
hydrogen transfer between two oleic 
a saturated fatty acid and a dienoic 
jugated type. This implies that the 

acid molecules, 
acid, 
dimeric 

leading to 

ducts formed in this process may be similar 

probably of the con
and trimeric pro
to the thermal di-

mers of dienoic acids, which are generally supposed to be formed 

by a Diels-Alder ring-closure. Analysis of the products with the 
aid of the n-d-M ring analysis revealed 0, 1 and 2 rings in 
monomer, dimer and trimer respectively, which corroborates our 
way of reasoning. 

Supposing that the hydrogen transfer is a necessary pre
liminary step for dimerisation, a reaction model is proposed, 
containing two alternative Diels-Alder dimerisation reactions, 

viz. (a) a combination of two dienoic acid molecules, and (b) a 
reaction between a mono-enoic and a dienoic acid. The amounts of 
mono-enoic acid necessary for the formation of these two types 
of dimer are different, which causes the existence of a lower 
and. an upper theoretica! yield limit of 50 and 67 wt% respect!-
vely. So, supposing that no side reactions take 
amount of saturated monomeric products ranges from 33 
The possibility of the Diels-Alder reactions being 
was not excluded. 

place, the 
to 50 wt%. 

reversible 

To check the reaction model, 
carr.ied out with oleic acid (cis) 

a number of experiments was 
and elaidic acid (trans) of 
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>99% purity in a small vibrating reactor immersed in a thermo
stat of 2UO, 220 or 245°C, and by using an analogue computer the 
results were compared with the possibilities of the model. 

The main results are listed below: 

- the model gives a good approximation of the ex~erimental re
sults, especially at low temperatures, at which no cracking 

products are found. 
- elaidic acid dimerises more rapidly than oleic acid, which in

dicates that in the early stages of the reaction the geometri
cal isomerisation forms the rate determining step. 

- later on, the hydrogen transfer is rate determining. This ex
plains why no dienoic acid could be found: its concentration 
is always too low to be measured. 

- the amounts of mono-enoic acid consumed to form dimeric and 
trimeric acids are always between the theoretica! limits. 

- if the dimerisation reactions are reversible, the rates of the 
reverse reactions are very small. 

The rate of the hydrogen transfer strongly depends on the 

amount of water adsorbed at the catalyst surface under reaction 
conditions and passes through an optimum with increasing amount 

of water. The selectivity of the dimerisation reactions is also 

governed by the amount of water in the reactor. 
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SAMENVATTING. 

Gedurende de afgelopen twaalf jaar is het dimeer van olie
zuur geproduceerd met behulp van montmorilloniet als katalysa
tor. De gevormde dimere en trimere produkten werden als niet-cy
clisch beschouwd en slechts weinig was bekend over het mengsel 
van gemodificeerde monomere produkten, dat door destillatie kon 

worden afgescheiden. Dit monomere mengsel was niet of nauwelijks 
dimeriseerbaar en vormde minstens 40 gewichtsprocent van het 
totale reactiemengsel. 

Uit een aantal inleidende experimenten met technisch olie
zuur en analyses van de produkten wordt geconcludeerd, dat het 

mengsel van gemodificeerde monomere vetzuren bijna uitsluitend 
bestaat uit rechte en vertakte verzadigde vetzuren. 

Deze verzadigde monomeren kunnen door waterstofoverdracht 
tussen twee oliezuurmoleculen ontstaan zijn, waarbij dan tevens 
een dieenzuur wordt gevormd, dat waarschijnlijk geconjugeerd is. 
Dit zou betekenen, dat de dimere en trimere produkten, die tij
dens het proces gevormd worden, een soortgelijke structuur heb
ben als de thermische dimeren van dieenzuren. Men neemt algemeen 
aan, dat deze laatste dimeren gevormd worden door een Diels
-Alder ringsluiting. Bij analyse van de produkten met behulp van 
de n-d-M-methode ter bepaling van ringen werden in monomeer, di
meer en trimeer respectievelijk 0, 1 en 2 ringen gevonden. Dit 
resultaat was in overeenstemming met onze gedachtengang. 

Uit~aande van de veronderstelling, dat de waterstofover
draabt een noodzakelijke inleidende stap is alvorens dimerisatie 
kan optreden, wordt een reactiemodel voorgesteld. Dit bevat twee 
alternatieve Diela-Alder dimerisatiereacties, nl. (a) een com
binatie van twee dieenzuurmoleculen en (b) een reactie tussen 
een mono-onverzadigd vetzuurmolecuul en een dieenzuurmolecuul. 
De hoeveelheden mono-onverzadigd vetzuur nodig voor de vorming 
van deze twee typen dimeer, zijn verschillend, waardoor (bij 
verbruik van al het oliezuur) een onderste en een bovenste theo
retische opbrengstlimiet van respectievelijk 50 en 67 gewichta
procent ontstaan. Aannemende, dat geen nevenreacties optreden 
zal dus de hoeveelheid verzadigde monomere produkten liggen tus
sen 33 en 50 gewichtsprocent. De mogelijkheid dat de Diels-Alder 
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reacties reversibel zijn werd niet uitgesloten geacht~ 
Om het reactiemodel te testen werd in een kleine trilreac

tor een aantal experimenten uitgevoerd met oliezuur (cis) en 
elaidinezuur (trans), beiden met een zuiverheid >99%. De experi
menten werden uitgevoerd bij 200, 220 en 245°c in een thermo
staat en de resultaten ervan werden, met behulp van een analoge 
computer, vergeleken met de mogelijkheden van het reactiemodel, 

De voornaamste resultaten zijn: 
- het model geeft een goede benadering van de experimentele re

sultaten, in het bijzonder voor de lagere temperaturen, waar
bij geen kraakprodukten gevormd worden. 

- elaidinezuur dimeriseert sneller dan oliezuur, wat erop wijst 
dat aan het begin van de reactie de geometrische iáomerisatie 

de snelheidebepalende stap is. 

- na enige tijd wordt de waterstofoverdracht snelheidsbepalend. 
Dit is de reden waarom geen dieenzuur kon worden aangetoond: 
de conqentratie blijft te laag om meetbaar te zijn. 

- de hoeveelheid mono-onverzadigd vetzuur die verdwenen is en 
gereageerd heeft tot dimere en trimere zuren, ligt steeds bin
nen de twee theoretische limieten. 

- indien de dimerisatiereacties reversibel zijn, zijn de snel
heden van de teruggaande reacties zeer laag. 

De snelheid van de waterstofoverdracht is sterk afhankelijk 
van de hoeveelheid water, die onder reactiecondities aan het 
oppervlak van de katalysator geadsorbeerd is, en doorloopt een 
optimum bij toenemende hoeveelheid water. Ook de selectiviteit 
van de dimerisatiereacties hangt sterk af van de aanwezige hoe
veelheid water. 
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J.Okada, S.Morita, Y.Matsuda, T.Takenawa, 

Yakugaku Zasshi 87 (1967) 1326-1333. 

2. De resultaten van het door Ney uitgevoerde onderzoek naar 
de reacties optredend bij bleekaardebehandelingen zijn 
voor een deel onjuist getnterpreteerd. 

K.H.Ney, Fette, Seifen, Anstrichmittel ~ (1964) 

512-517 

3. De vorming van trialkyl-germaniumhydridè 

tetrahalogenide en Grignardverbindingen, 
uit germanium

die volgens 
Valade via tweewaardig germanium verloopt, is ook anders
zins verklaarbaar. 
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J.C.Mendelsohn, F.Metras, J.C.Lahournère, J.Valade 
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ten van de geadsorbeerde vloeistoffen is onvoldoende ge

fundeerd. 

I.Barshad, Soil Sci.Soc.Proc. (1952) 176-182 

6. Het door Tung en Mcininch voorgestelde mechanisme voor de 
reactie van hexaan aan "gedekationiseerde" Y-zeolieten is 

aanvechtbaar. 

S.E.Tung, E.Mclninch, J. Catalysis 10 (1968) 175-182 
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