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Active sites in the clay catalysed dimerisation of oleic acid

R.M. Koster a, M. Bogert a, B. de Leeuw b, E.K. Poels a,), A. Bliek a

a Department of Chemical Engineering, UniÕersity of Amsterdam, Nieuwe Achtergracht 166, 1018 WV Amsterdam, Netherlands
b Landscape and EnÕironmental Research Group, UniÕersity of Amsterdam, Nieuwe Prinsengracht 130, 1018 VZ Amsterdam, Netherlands

Received 3 September 1997; accepted 12 November 1997

Abstract

The superior catalytic activity of montmorillonite clay in the dimerisation of unsaturated fatty acids is not well
understood. In this paper we describe investigations into the relative importance of the various acid sites as well as structural
and textural parameters of montmorillonite for the dimerisation of oleic acid. It is shown that reaction in the interlamellar
space dominates the oleic acid dimerisation. The active site is the tetrahedral substitution site, and the influence of the type
of interlayer cation on the activity of montmorillonite is explained in terms of its effect on the interlayer distance. Model
catalysts with mesopores and tetrahedral substitution sites do not show any activity in oleic acid dimerisation. A dual site

Ž .adsorption of oleic acid, i.e., requiring the presence of both interlayer cations arising from octahedral substitution and
tetrahedral substitution sites, is proposed as explanation for the superior activity of montmorillonite. q 1998 Elsevier Science
B.V. All rights reserved.

Keywords: Fatty acids; Dimerisation; Montmorillonite; Oleochemicals

1. Introduction

Dimerisation of unsaturated fatty acids is a
liquid phase batch process. Montmorillonite clay
is much employed as heterogeneous catalyst in
this reaction. The major product groups are
dimers, trimers, and isostearic acid. Dimers and

w xtrimers have several applications 1 , the most
important ones being as components in
polyamides, e.g., in hot melt adhesives, epoxy-
coatings and flexographic printing inks. The
monomer fraction of the product is applied in
lubricants or cosmetics.

The main reaction pathways in case of oleic
acid dimerisation are depicted in Fig. 1. How-

) Corresponding author.

ever, due to the occurrence of many side-reac-
tions the three product groups each consist of
numerous compounds. This is even more so

Ž .when a natural industrial feed, consisting of a
variety of fatty acids, is employed. The predom-
inant side reactions are hydrogen transfer, dou-
ble bond shift, cisrtrans isomerisation, and

w xchain branching 2,3 . Problems in analysis and
interpretation of the complex reaction mixtures
were partly avoided in this study, by using high
oleic acid sunflower oil as reactant. This ‘oleic
acid’ contains less than 4% of poly-unsaturated

Ž .fatty acids linoleic and linolenic acid .
Homogeneous catalysts have been used in

dimerisation, but are only active with the methyl
w xesters of the fatty acids as reactants 4 . Dimers

of fatty acids can be made using radical initia-
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Fig. 1. Dimerisation reaction scheme.

w xtion 5 , but this leads to an unfavourably high
amount of trimers and higher oligomers, com-
pared with the montmorillonite clay catalysed
process. Montmorillonite clay is by far the most
active heterogeneous catalyst found in scientific
and patent literature. The superior catalytic ac-
tivity of montmorillonite clay in the dimerisa-
tion of fatty acids is not well understood. As a
first step towards the understanding of this
unique activity, a study to elucidate the nature
of the active sites in this reaction is conducted.

Montmorillonite is a 2:1 phyllosilicate, which
is a structural class of clays. Clays are layered
structures and in case of 2:1 phyllosilicates
these layers consist of an octahedral sheet be-
tween two tetrahedral sheets. The 2:1 phyllosili-
cates are divided into di- and trioctahedral phyl-
losilicates. In trioctahedral 2:1 phyllosilicates,
Al3q-cations occupy two out of three octahedral
positions. In dioctahedral phyllosilicates all oc-
tahedral positions are occupied by divalent metal
cations. The tetrahedral sheets consist of
SiO2y-tetrahedra. In Fig. 2 the structure of a4

Ž .perfect trioctahedral phyllosilicate pyrophillite
is shown.

Montmorillonite is a trioctahedral phyllosili-
cate like pyrophillite, but contains isomorphous

2q 3q Žsubstitution sites. Mg substitutes Al ;1
3q. 3qout of 4 Al in the octahedral sheet and Al

Fig. 2. Structure of a trioctahedral 2:1 phyllosilicate.

4q Ž 4q.substitutes Si ;1 out of 25 Si in the
w xtetrahedral sheet 6,7 . The extent of substitution

Ž .in both sheets is different for each natural
clay. As iron impurities and the presence of
other minerals cause even more variation in
natural clays, differences in the catalytic activity
of various natural clays should be interpreted
cautiously and the use of natural clays avoided
whenever possible. Instead, the use of synthetic
clays is preferable.

Protons and metal cations in the interlamellar
space balance the negative charge of the layers,
originating from octahedral and tetrahedral iso-
morphous substitution. Interlayer metal cations
are easily hydrated and can, therefore, cause the

w xclay to swell 8 . Swelling may proceed up to
the point where four or more layers of water are
accommodated in the interlayer, depending on
the type of interlayer cation, relative humidity,

w xand the charge of the sheets 9,10 . Other polar
fluids cause swelling of the clay as well, for
instance ethylene glycol is often used to test the

w xswelling of clays in XRD experiments 9,11 .
Even benzene is known to penetrate the inter-

w xlayer of montmorillonite 11 .
Unlike many other reactions catalysed by

Ž w x.clays as Friedel–Crafts alkylations 12 , no
acid activation procedure is used to increase the
acidity of the montmorillonite. The acidity of
non-activated montmorillonite clay is found to

w xstem from various sources 13–17 :
1. Interlayer metal cations, neutralising the neg-

ative charge of the octahedral layer, give
Brønsted acidity due to polarisation of their
hydration shell.

2. Tetrahedral substitutions lead to acid sites in
the interlayer, by neutralisation of the result-
ing excess negative charge with protons or
metal cations.

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

4. Interlayer metal cations, acting directly as
Lewis acids.
Only a few studies concerning the dimerisa-

tion of unsaturated fatty acids over clays were
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reported in the literature, and almost none about
w xthe active sites of the clay. Den Otter 2,18,19

w xand Heynen et al. 20 investigated the mecha-
nism of the reaction and the influence of the
process conditions. The latter was studied by

w x w xSchwarz et al. 21 and Brat et al. 22 as well.´
w xMohring and Spiteller 3,23 , Adelhardt and¨

w x w xSpiteller 24 , Link and Spiteller 25–27 and
w xBrutting and Spiteller 28 conducted much re-¨

search into the exact structure of the products
formed in the reaction. They proposed a cationic
mechanism, instead of a combined hydrogen
transferrDiels–Alder mechanism, as proposed

w xby den Otter. Weiss 29 emphasises the impor-
tance of the layered structure, the charge of the
clay layers, and the configuration of the interca-
lated molecules. Unfortunately, no experimental
methods, conditions, or references concerning
dimerisation are reported in this article.

w xCicel et al. 6 studied oleic acid dimerisation
using montmorillonite exchanged with several
metal cations. From the observed minor differ-
ences in activities they concluded that the inter-
layer cations, via polarisation of co-ordinated
water, form the active centres. However, in our
opinion such a limited experimental parameter
variation cannot provide conclusive evidence
for this hypothesis in such a complex reaction
system.

In this paper we describe investigations into
the relative importance of the various acid sites
and structural and textural parameters of mont-
morillonite for the dimerisation of oleic acid.

2. Experimental

2.1. ActiÕity experiments

Experiments are performed in a 150 ml stain-
less steel autoclave. The autoclave is flushed
several times with argon at room temperature
before reaction and heating to reaction tempera-
ture is started at 2 bar argon pressure. In con-
trast to other studies, the catalyst is injected as a
slurry with a small part of the reactants only

when the reaction temperature is reached. This
leads to a better defined starting point of the
reaction. The injection of catalyst leads to a
small temperature drop, but within 3 min the
reaction temperature is re-established. The reac-
tion temperature is in all cases 528 K. In the

Ž .presence of water always 5 wt.% the reactions
are performed at autogenous steam pressure.

2.2. Reactants

The ‘oleic acid’ used is obtained from
Unichema Chemie, prepared by hydrolytic split-
ting of a selectively hydrogenated high oleic
sunflower oil. This is a mixture of several fatty
acids and consists of 85% oleic and elaidic acid
Ž .the trans isomer of oleic acid , 5% palmitic
acid, 6% stearic acid, and no more than 4% of
poly-unsaturated fatty acids. This mixture is
further referred to as oleic acid.

1-Dodecene and technical oleyl alcohol are
obtained from Aldrich, palmitic acid from
Merck. The 9-octadecene is prepared from 1-

Ž .decene Aldrich using metathesis. The metathe-
sis reaction is performed at room temperature
using 25 wt.% of high alumina silica alumina
Ž .AKZO Nobel and 0.5 wt.% tetrabutyltin as
catalyst. Methyl oleate is prepared from the
oleic acid mentioned above, using the method

w xdescribed by Harrison et al. 30 . The acid value
of the methyl oleate used is -1 mg KOHrg
methyl oleate.

2.3. Analysis of reaction products

The reaction products of the oleic acid
dimerisation experiments are analysed with a
Waters HPLC. A gradient of 70r30 aceto-
nitrile–water up to 100% acetonitrile in 16 min
is used. A subsequent 10 min run in acetonitrile

Žcompletes the analysis. The column C8-re-
.versed phase is kept at 323 K. The fatty acids

were previously derivatised to 2-naphtacyl es-
w xters, as described by Cooper and Anders 31 , in

order to be able to use UV-detection. Sensitivity
factors are determined with pure reactants, ex-
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cept for dimers and trimers. A ‘group’ sensitiv-
ity factor is determined for dimers and trimers,
as these represent complex mixtures.

The products of the reactions with alkenes,
oleyl alcohol and methyl oleate are analysed by
gas chromatography. The Carlo–Erba GC con-

Ž .tains a DB-1 megabore column J&W and a
FID detector.

2.4. Catalysts

ŽThe same montmorillonite non-activated
.clay, Grade F160, Engelhard de Meern is used

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

Žand acid activated montmorillonite Grade F160,
.activated clay, Engelhard de Meern . The ion-

exchange procedure consists of overnight stir-
ring in concentrated solutions of nitrates of
several cations and drying overnight at 353 K.
Repeated washing with distilled water serves to
remove the excess ions.

Several silica–aluminas are obtained from
AKZO: SALAL, SAHA, SALAH, SALA-10,
and SiAl-KDC. Laponite RD is obtained from
Laporte Industries, SiO S980 A from Shell,2

g-alumina CK-300 from AKZO, and the MCM-
Ž .41 SirAls16 is prepared as described by

w x w xBeck et al. 32 and Janicke et al. 33 . The
Al3q source for the latter is aluminium iso-
propoxide.

2.5. XRD measurements

XRD experiments are performed on a Philips
PW 1710 apparatus, using Co–K a radiation,
under controlled relative humidity of 90%RH.
The clays are sedimented on ceramic tile.

3. Results and discussion

A standard dimerisation experiment with 8
wt.% montmorillonite and 5 wt.% water is pre-
sented in Fig. 3. Although the final concentra-
tions of monomers, dimers and trimers are

Fig. 3. Standard dimerisation experiment: 8 wt.% montmorillonite,
Ž .oleic acid, 5 wt.% H O; —'— monomer fraction,2

Ž . Ž .PPPPvPPPP dimers, and —l— trimers.

reached within 2 h, side-reactions continue for
several hours longer: e.g., hydrogen transfer
leads to formation of aromatic and saturated
dimers. Injection of fresh catalyst after 2 h of
reaction does not lead to further oligomerisa-
tion. This is not attributable to the establishment
of a thermodynamic equilibrium in oligomerisa-
tion: separated dimers and trimers do not react
at all back to monomers with fresh catalyst.
Therefore, it seems that all oleic and elaidic
acid reacts to oligomers or monomers, unreac-
tive towards oligomerisation, within the first 2 h
of this experiment.

Sources of acidity of the montmorillonite clay
may originate both from the interlamellar space
Ž .interlayer and from the external surface of the
clay particles. To find out whether the reaction
is dominated by interlayer or external surface
area activity, particle size fractions of the same
montmorillonite clay were tested. The sieve
fraction of 45–180 mm and the fraction -45

Žmm have the same dimerisation activity see
.Fig. 4 . In view of the widely differing external

surface area and comparable internal surface
area per unit of weight, this result is a first

Fig. 4. Influence of clay particle size on the montmorillonite
catalysed oleic acid dimerisation: 1.75 wt.% montmorillonite, 5

Ž . Ž .wt.% H O; sieve fractions; —l— -45 mm, PPPPBPPPP2
Ž .45–180 mm, and —'— )180 mm.
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indication that the reaction mainly occurs at the
interlayer. Other indications pointing to the same
conclusion will be discussed below. The frac-
tion of particles larger than 180 mm is slightly
less active, possibly due to mass transfer limita-
tions. Reaction directly at octahedral sites can,
therefore, not be mainly responsible for the
activity of the montmorillonite clay, as these
sites are only present at the external surface, at
the edges of the sheets. Interlayer cations, aris-
ing from octahedral substitution, and tetrahedral
substitution sites are more likely active sites,
because these sites exist in the interlamellar
space.

Laponite, a synthetic clay from Laporte In-
dustries resembling hectorite, contains octahe-

Ždral substitution sites and thus interlayer
.cations , but no tetrahedral substitution sites.

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

that these interlayer cations, present in the

Ž .laponite not active in oleic acid dimerisation ,
are proposed as active sites in the dimerisation

w xof oleic acid by Cicel et al. 6 . XRD experi-
ments show comparable interlayer distances for

Ž .the laponite and montmorillonite Table 1 . The
laponite is tested as its Mg2q-exchanged form,
because the Mg2q-montmorillonite is quite ac-

Ž .tive in oleic acid dimerisation Fig. 5 .
The above mentioned data lead us to con-

clude that tetrahedral substitution is necessary
for any dimerisation of oleic acid to occur. The
presence of interlayer cations as such in a lay-
ered structure is not sufficient for oleic acid
dimerisation. However, the laponite is active in
1-dodecene dimerisation, its activity being com-
parable with the activity of the montmorillonite
clay. Apparently, the carboxylic group of oleic
acid inhibits the reaction of the double bond
Ž .C5C of oleic acid, probably by strong com-
petitive adsorption of this carboxylic group at
the acidic sites of the laponite.

Table 1
Oleic acid, 1-dodecene, and 9-octadecene dimerisation over various catalysts

˚Ž .Catalyst d A wt.% Reactant Reaction time % dimers Acid value100
Ž . Ž .90%RH catalyst min mg KOHrg

Montmorillonite 15.4 8 oleic acid 240 50 183
4 1-dodecene 240 20
8 oleic acid 30 43

2qMg -laponite 15.9 6 oleic acid 240 -1
4 1-dodecene 240 17

SiO 8 oleic acid 120 42

8 1-dodecene 60 -1
SA-LAL 8 oleic acid 120 9 154

8 1-dodecene 60 9
SA-HA 8 oleic acid 120 5 149

6 1-dodecene 60 47
8 9-octadecene 120 20

SA-KDC 8 oleic acid 30 4 168
8 1-dodecene 60 41

g-Al O 8 oleic acid 120 -12 3

8 1-dodecene 60 -1
Ž .MCM-41 SirAls16 4 oleic acid 120 -1 158

4 1-dodecene 60 30
qLi -montmorillonite, indeterminable 1.5 oleic acid 120 41

immersed in H O2
qLi -montmorillonite, indeterminable 1.5 oleic acid 120 41

standard procedure
Acid-activated indeterminable 8 oleic acid 30 26
montmorillonite
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Fig. 5. Effect of interlayer cations on interlayer distance and
dimerisation activity: 1.5 wt.% ion-exchanged montmorillonite, 5
wt.% H O; I oleic acid, B 1-dodecene.2

Although the acidity connected with the in-
terlayer cations clearly is not by itself sufficient
for oligomerisation activity, it is nevertheless of
interest to study the impact of the type of

Žinterlayer cation i.e., systematic variation of the
.strength of one type of acid sites on dimerisa-

tion activity. The influence on the dimerisation
Ž .rate of oleic acid is found to be large Fig. 5 ,

but it is not proportional to the acidity of the
interlayer cations. According to the literature,
the order of acidity, due to polarisation of water,
of the interlayer cations is: Al3q)Mg2q

4

2q q q q w x 2qCa fLi )Na )K 15 . However, Ca -
montmorillonite is almost as active as the
Mg2q-montmorillonite and Liq-montmorillonite
even proves to be the most active form. Obvi-
ously, other factors underlie the observed differ-
ences in activities of these exchanged clays.

The influence of the type of interlayer cation
on the swelling of the clay is frequently men-

w xtioned in the literature 9,34 . The degree of
swelling may have an effect on the rate of
intercalation of oleic acid and, therefore, on the
rate of dimerisation. XRD measurements of all
ion-exchanged clays were performed under con-

Ž .trolled relative humidity 90%RH and the inter-
layer distances were calculated using the d100

reflection. The height of the TOT-layers is 9.1
˚ w xA 35 , and this value can be subtracted from
the d-values found in Fig. 5 to give the distance
between the layers.

The rate of oleic acid dimerisation clearly
depends on the type of interlayer cation through
its influence on the interlayer distance and not
directly because of its acidity. Al3q-montmoril-
lonite is the only ion-exchanged clay with a

different behaviour: a relatively large interlayer
distance and low conversion of oleic acid. This
can be explained by formation of solid alu-
minium hydroxides inside the interlayer, which
is known to occur in Al3q-exchanged clays

w xunder hydrothermal conditions 36 . This may
block the interlayer for the intercalation and
diffusion of the reactants and products, resulting
in a lower reaction rate. The dependence of
activity on the nature of the interlayer cations,
again, indicates that the reaction proceeds pre-
dominantly in the interlayer and not at the exter-
nal surface area.

The results of the experiments with the
laponite suggest that the interlayer cations, aris-
ing from octahedral substitution, are active sites
in 1-dodecene dimerisation, but not in oleic acid
dimerisation. The activity in oleic acid dimerisa-
tion depends on the type of interlayer cation
only through its influence on the swelling of the
clay. Since in 1-dodecene dimerisation the inter-
layer cations are the active sites, the type of
interlayer cation should have an effect on the
rate of 1-dodecene dimerisation via both
swelling and acidity of the clay. Different rela-
tionships between activity and the type of cation
are, therefore, expected for oleic acid and for
1-dodecene dimerisation. From Fig. 5 it can be
seen that this is indeed the case: the acidic
Mg2q-montmorillonite, possessing only average
activity in oleic acid dimerisation, is by far the
most active clay in 1-dodecene dimerisation.
Moreover, Liq-montmorillonite, which has the
highest activity in oleic acid dimerisation, is not
very active in 1-dodecene dimerisation. The re-
sults of the 1-dodecene experiments agree very
well with the results obtained by Muthukumaru
Pillai and Ravindranathan in 1-decene dimerisa-

w xtion 37 , as they conclude as well that in alkene
dimerisation the activity of montmorillonite de-
pends on the acid strength of the interlayer
cations.

If the only function of interlayer cations,
related to octahedral substitutions, in oleic acid
dimerisation is to provide sufficient interlayer
spacing and tetrahedral substitution sites are the
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actual active sites, mesoporous catalysts con-
taining this latter type of sites should show

Ž .activity. Hence, both MCM-41 SirAls16
and several silica–aluminas were tested in the
dimerisation of oleic acid, but none were found

Ž .to be active Table 1 . Apparently either the
presence of tetrahedral substitution sites is not
sufficient for oleic acid dimerisation activity, or
the tetrahedral substitution sites of the clay are
of a different nature than the tetrahedral substi-
tution sites in the model catalysts tested. For the
silica–aluminas the latter could very well be
true: they all had a lower SirAl ratio than the
tetrahedral sheet of montmorillonite, leading to
lower acid strength of the active sites in silica–
aluminas. The formation of alumina-ensembles
at the surface of the silica–aluminas may be
another difference with the active sites of the
clay. Neither of these arguments hold for
MCM-41 with a SirAl ratio of 16. This ratio is
comparable to the ratio in the tetrahedral sheet
of natural montmorillonite clays and the forma-
tion of alumina ensembles is not expected to
occur. A different reason for the high activity of
montmorillonite, with respect to MCM-41
Ž .SirAls16 , in oleic acid dimerisation should,
therefore, exist.

Although the presence of tetrahedral substitu-
tion sites is not sufficient for dimerisation of
oleic acid, 1-dodecene dimerisation is catalysed

Ž .by MCM-41 SirAls16 and silica–aluminas
as evidenced by Table 1. An experiment with

Ž9-octadecene having a similar carbon chain
length and position of the double bond as oleic

. Ž .acid with silica–alumina SAHA proves that
the different activity of silica–aluminas in oleic
acid and 1-dodecene dimerisation is not ex-
plained only by the different position of the
double bond and different chain length of oleic
acid and 1-dodecene. The decrease in acid value
represents the amount of soap formed during

Ž .oleic acid dimerisation Table 1 . As the oleic
acid feed has an acid value of 194 mg KOHrg
oleic acid, the data presented strongly suggest
that the carboxylic group of the oleic acid in-
hibits the dimerisation of oleic acid over

silica–alumina by competitive adsorption and
soap formation with the Al3q-ions of the cata-
lyst.

To verify this hypothesis, an 1-dodecene
dimerisation experiment, using silica–alumina
catalyst and adding 5 wt.% saturated fatty acid
Ž . Ž .palmitic acid , was performed Fig. 6 . The
conversion of the 1-dodecene is seen to de-
crease significantly in the presence of the satu-
rated fatty acid. Hence, carboxylic groups seem
to block the active sites of the silica–aluminas,
but not the active sites of montmorillonite clay.

Therefore, the influence of this carboxylic
and other functional groups in the clay catalysed
dimerisation were studied further. An alkene,
alcohol and methyl ester analogous to oleic acid
have been used. All experiments are performed
with and without the addition of water, and are
shown in Figs. 7 and 8

Oleyl alcohol reacts with a comparable rate
to oleic acid, but a substantial part of the dimers
of oleyl alcohol results from etherification, in-
stead of dimerisation at the double bond. Both
products were found using Field Emission Mass
Spectrometry. This result contradicts the results

w xreported by Weiss 29 , who claimed that mont-
morillonite is not active in oleyl alcohol dimeri-

Žsation. Polar groups especially the carboxylic
.group enhance the dimerisation rate on the clay

Ž .catalyst Figs. 7 and 8 . As is apparent from
Fig. 7, the oleic acid reacts more rapidly over
the montmorillonite compared with its analo-
gous alkene. Probably the intercalation of the

Fig. 6. Effect of the addition of 5 wt.% palmitic acid on dimerisa-
tion of 1-dodecene: —l— 6 wt.% SAHA, PPPPBPPPP 8 wt.%
SAHAq5 wt.% palmitic acid.
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Fig. 7. Dimerisation of various reactants as a function of
time: 5 wt.% water, 8 wt.% montmorillonite; —l— oleic acid,
PPPPBPPPP oleyl alcohol, —'— methyl oleate, —x—
9-octadecene.

reactants into the initially hydrophilic clay is
facilitated by the presence of the polar group.
This is, again, an indication of the reaction
being dominated by the interlayer.

The importance of the polar group becomes
even clearer, when 5 wt.% palmitic acid is
added to a reaction of methyl oleate, as shown
in Fig. 9. Methyl oleate itself seems not to be
able to penetrate into the interlayer, but in the
presence of palmitic acid the clay becomes in-
creasingly hydrophobic through intercalation of
the palmitic acid. At this point the reaction of
methyl oleate is enhanced by easier intercalation
of this species. The enhanced dimerisation of

Ž .methyl oleate in the presence of water Fig. 7
can be explained by partial hydrolysis of the

Žmethyl ester to oleic acid the acid value of the
.product is 67 mg KOHrg , which should have

the same effect as the addition of palmitic acid.
Notice that the effect of the addition of the
palmitic acid in the clay catalysed dimerisation
of methyl oleate is opposite to the effect in the
silica–alumina catalysed reaction of 1-dodecene
Ž .Fig. 6 .

Fig. 8. Dimerisation of various reactants as a function of time:
without addition of water, 8 wt.% montmorillonite; —l— oleic
acid, PPPPBPPPP oleyl alcohol, —'— methyl oleate, —x—
1-dodecene.

Fig. 9. Effect of the addition of 5 wt.% palmitic acid on clay
catalysed dimerisation of methyl oleate: 8 wt.% montmorillonite;
PPPPBPPPP methyl oleateq5 wt.% palmitic acid, —'— methyl
oleate.

The effect of addition of water on the dimeri-
sation rate of oleic acid is large and can be
explained by the increased interlayer distance
upon swelling of the clay with water, leading to
increased intercalation and reaction of oleic acid.
This effect is in accordance with the results of
ion-exchanged clays, for which the swelling of
the clay is found to be the important factor as
well.

In conclusion, model catalysts with either
Žinterlayer cations arising from octahedral sub-

.stitution or tetrahedral substitution sites as ac-
tive sites, have been tested. Both types of model
catalysts are active in 1-dodecene dimerisation,
but show no activity at all in the dimerisation of
oleic acid. Probably, the carboxylic group in-
hibits the activation of the double bond at the
active sites by strong competitive adsorption.
The only exception is the montmorillonite clay,
which contains both types of sites in a layered
structure.

One possible explanation for this exception is
that the layered structure of the clay forces the
reactants into an adsorption mode parallel to the
tetrahedral sheet, in which the double bond can

Žadsorb at the active sites the tetrahedral substi-
.tution sites . In a non-layered material the ad-

sorption might be preferentially via the car-
boxylic group with the molecule perpendicular
to the surface, inhibiting the activation of the
double bond. Another hypothesis is that the
interlayer cations, arising from octahedral sub-
stitution in the clay, bind the carboxylic groups
and thereby prevent the inhibition of the tetrahe-
dral substitution sites of the clay. The remainder
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of the discussion in this paper is an attempt to
verify either one of these two hypotheses to
explain the superiority of montmorillonite clay.

Liq-montmorillonite, which gives the highest
conversion of the ion-exchanged clays, is known

w xto swell to complete delamination in water 9 .
Already at 90% RH, there is no distinct maxi-
mum of the d peak left, in contrast to all100

other ion-exchanged montmorillonites. XRD
data of Liq- and Mg2q-montmorillonite are
shown in Fig. 10. The Liq-montmorillonite, im-
mersed in water before reaction, catalyses the
oleic acid dimerisation just as well as in a

Ž .normal experiment see Table 1 , without prior
mixing of clay and water. An optimum in inter-
layer distance may be anticipated if the parallel
adsorption is the reason of the superior activity
of the clay. The behaviour of the Liq-
montmorillonite seems to contradict this. The
necessity of dual site adsorption of oleic acid,
i.e., the presence of interlayer cations and tetra-
hedral substitution sites, seems therefore the
more likely explanation of the high activity of
montmorillonite. However, the interlayer dis-
tances cannot be measured under reaction condi-
tions, and, therefore, proof of complete delami-
nation during reaction was not obtained.

Another aspect pointing in the same direction
is the fact that acid activated montmorillonite

Žgives less, but still considerable, conversion see
.Table 1 of oleic acid compared with the same

Žnon-activated clay. XRD measurements Fig.
.10 hardly show a d peak in the acid acti-100

vated clay. The lower activity of the acid acti-
vated clay could thus be attributed to either

Ž . q Ž . Ž . 2qFig. 10. XRD of a Li -, b acid activated-, and c Mg -
montmorillonite at 90% RH.

delamination, if the layered structure is needed,
w xor to leaching of tetrahedral aluminium 7,38 ,

which destroys the active sites. Again, a proper
distinction between the two hypotheses is as yet
impossible.

Additional arguments can be derived from
the soap formation during oleic acid dimerisa-

Ž .tion Table 1 , which occurs readily in MCM-41
Ž .SirAls16 and silica–aluminas, but occurs
significantly less in case of a montmorillonite
catalysed reaction, even after longer reaction
times and with high catalyst loading. This indi-
cates the only weak interaction between the
carboxylic group and the tetrahedral substitution
sites of the montmorillonite. If the adsorption
mode, due to the layered structure, is the only
crucial factor next to tetrahedral substitution,
there seems to be no reason for a weaker inter-
action of the carboxylic group with the active
sites of the clay, as compared with for instance
the MCM-41 catalyst. However, the presence of
interlayer cations, binding the carboxylic groups,
explains the absence of soap formation in the
montmorillonite catalysed reaction. Therefore,
interlayer cations seem to be crucial to oleic

Žacid dimerisation activity next to tetrahedral
.substitution , preventing the inhibition of the

active sites by the carboxylic group of oleic
acid.

4. Concluding remarks

Montmorillonite clays are layered structures,
each layer consisting of an octahedral sheet
between two tetrahedral sheets. Isomorphous
substitution in both the tetrahedral and the octa-
hedral sheets leads to an excess negative charge
of the layers, which is compensated by inter-
layer metal cations and protons, leading to dif-
ferent acid sites. The relative importance of the
various acid sites, as well as the structural and
textural parameters of montmorillonite, in the
dimerisation of oleic acid was investigated.

A variety of arguments, strongly suggesting
that the activity of montmorillonite clay for
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oleic acid dimerisation is dominated by reaction
in the interlamellar space, has been presented.
Results of experiments with laponite, a syn-
thetic clay with octahedral substitution, demon-
strate that tetrahedral substitution is a pre-
requisite for dimerisation of oleic acid. This is
not true for 1-dodecene dimerisation, which is
readily catalysed by Mg2q-laponite.

Although the type of interlayer cation has a
large effect on the rate of oleic acid dimerisa-
tion, the dependence of the activity of montmo-
rillonite on the type of interlayer cation in this
case is different from that in 1-dodecene dimeri-
sation. If interlayer cations were the active sites

Žin oleic acid dimerisation as they are in 1-
.dodecene dimerisation the activity of montmo-

rillonite in oleic acid and 1-dodecene dimerisa-
tion would be expected to depend in a similar
way on the type of interlayer cation, in propor-
tion to the acidity of their hydration sphere.
Therefore, in oleic acid dimerisation the tetrahe-
dral substitution site must be the active site and
the influence of the type of interlayer cation on
the activity of montmorillonite is explained by
its effect on the interlayer distance. The addition
of water enhances the dimerisation rate, and this
can also be explained by increased swelling of
the clay.

Various silica–alumina type catalysts, i.e.,
with tetrahedral substitution sites as active sites,
have been tested. These catalysts are active in
1-dodecene dimerisation, but not active at all in
oleic acid dimerisation. The carboxylic group of
oleic acid inhibits the activation of the double
bond at the active sites of all catalysts tested by
strong competitive adsorption, except for the
active sites of the montmorillonite clay. More-
over, when oleic acid dimerisation in montmo-
rillonite is compared for instance with its analo-
gous methyl ester and alkene, the carboxylic
group even increases the dimerisation rate at the
double bond, probably by enhancing the interca-
lation of the reactants in the hydrophilic clay.

A possible explanation for this exception is
that the layered structure of the clay forces the
reactants into an adsorption mode parallel to the

tetrahedral sheet, in which the double bond is
able to adsorb at the active sites. Another hy-
pothesis is the presence of interlayer cations,
arising from octahedral substitution, binding the
carboxylic groups and thus preventing the inhi-
bition of the tetrahedral sites of the clay. The
second hypothesis is preferred by the authors, as
the absence of soap formation during montmo-
rillonite catalysed reaction can be understood
only with this explanation of the superiority of
the montmorillonite.
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