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The phase behavior and the structure of  ionic micro- 
emuls ions ,  stabil ized by sodium oleate  and differ- 
ent  a lcohol  cosurfactants ,  containing fatty acid es- 
ters or triglycerides as l ipophil ic  components ,  have 
been investigated.  Microemuls ions  containingtr ig-  
lycerides  display a smaller stability region than 
microemuls ions  containing hydrocarbons  or fatty 
acid esters. From structural investigations,  us ing 
the NMR FT pulsed gradient spin echo method for 
measuring  self-diffusion coefficients,  dif ferences  
in the microstructure are revealed as well.  Adding 
an ester (or a hydrocarbon) to a microemuls ion  
containing sodium oleate/pentanol  will  at certain 
compos i t ions  lead to a gradual transition from a 
b icont inuous  to an o i lcont inuous  system, whi le  
this behavior cannot  be detected w h e n  adding a 
triglyceride. Instead, a phase-separat ion occurs,  
and it is suggested that the larger molecular  size 
of  the triglyceride is responsible  for the difference.  

Microemulsions, isotropic lowviscous solutions of 
water, oil and at least one surfactant, (1) have been 
carefully investigated during the last twenty years due 
to their  large actual and potential technological in- 
terest (2). While an extensive amount of data have been 
collected for model microemulsion systems containing 
low molecular weight aliphatic or aromatic hydrocar- 
bons, studies of vegetable oil-based systems are more 
scarce. Only water monoglyceride/triglyceride micro- 
emulsions have been carefully studied (3-7), while a 
few other investigations have been performed with 
other surfactant systems (8,9) e.g., in connection with 
the use of vegetable oils as diesel fuels (10,11). However, 
a fundamentally oriented study directed towards the 
clarification of any possible differences between micro- 
emulsions containing triglycerides and those contain- 
ing hydrocarbons has, to our knowledge, not been per- 
formed. In this and our preceding paper (12), such a 
study is described. 

In the first part  of this study (12), the phase behavior 
of microemulsions stabilized by nonionic surfactants 
has been mapped, and differences between a methyl 
ester and a triglyceride pointed out. In this second part  
of our investigation, the phase behavior and structure 
of ionic microemulsions containing fatty acid esters or 
triglycerides are described. Structural studies, per- 
formed with multi-component selfdiffusion measure- 
ments using the FT-NMR pulsed gradient spin echo 
technique (13), have been aimed at detecting differences 
in the microstructure between these and other micro- 
emulsion systems and at a possible correlation to the 
phase behavior of the systems. 

MATERIALS AND METHODS 
Chemicals. The triglycerides and alkyl esters employed 
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in this study have been analyzed and described previ- 
ously (12): isooctyloleate (denoted IOO); methyl ester 
(denoted ME) containing mainly methyl oleate; MCT 
triglyceride (denoted MCT), a C8-C10 triglyceride; 
peanut oil (denoted PNO), a C16-C18 triglyceride. 
Sodium oleate (Riedel-de-Haen, techn), butanol 
(KEBO, >99.5%), and pentanol (Fluka, >99%) and de- 
canol (Fluka, >99%) were used as received. A compari- 
son with corresponding ternary phase diagrams from 
the l i terature revealed no differences (14). Water was 
twice distilled. 

Phase diagrams. Determinations of phase diagrams 
were carried out by t i tration and polarization micro- 
scopy as described previously (12). 

NMR-measurements. Structural investigations of the 
microemulsions were performed with the FT-NMR 
pulsed gradient spin echo method (13). The measure- 
ments were performed on a Jeol FX-100, operating at 
100 MHz for 1H at the ambient temperature 25-+0.5°C 
(15, 16). The gradient was calibrated with a sample 
containing HDO in D20 (17). Some difficulties in the 
data-treatment occur due to overlapping resonances 
and exchange of hydroxyls protons. The ester or trig- 
lyceride self-diffusion coefficients can be directly ob- 
tained from the a-carboxylic methylene. The alcohol 
selfdiffusion can then be obtained from a biexponential 
fit to peaks from the ~-hydroxylic protons of the alcohol 
and any of the oils, where the accuracy is improved 
since the self-diffusion of the lat ter  components are 
independently known. The relative accuracy of the mea- 
surements is not less than 10%. 

RESULTS 

The quaternary  phase d iagrams for the systems water/  
sodium o leate/a lkanol /MCT are shown in  Figure 1. A l l  
diagrams are determined for a fixed weight ratio oleate/ 
alkanol = 1/2 for 1-butanol, 1-pentanol and 1-decanol. 
The trends found are those expected for varying the 
chain length of the alcohol cosurfactant (14,15). The 
butanol system yields an extensive solution phase ex- 
tending from the water corner over a wide concentration 
regime (Fig. la). At equal amounts of water and MCT 
more than 35 wt% surfactant mixture is needed to 
create a single homogenous microemulsion phase L. 
(This ra ther  high amount of surfactant needed is of 
course considerably decreased when adding electro- 
lyte). Thus, slightly more surfactant must be used than 
with an alkane or aromatic hydrocarbon as oil compo- 
nent, where less than 30 wt% surfactant/cosurfactant 
mixture is needed to create a homogenous solution (18). 
Using pentanol as alcohol cosurfactant results in the 
formation of two solution phases, L1 and L 2 using the 
Ekwall nomenclature (19). The Ll-phase is a thin sa- 
lient stretching from the water corner while the L 2- 
p h a s e  is a larger microemulsion phase; it shows a 
slightly smaller demand of surfactant/cosurfactant in 
order to create a microemulsion containing equal 
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Fig. 1. Quaternary (pseudo-ternary) phase  diagrams for the systems: a) water/sodium 
oleate:butanol/MCT, b) water/sodium oleate:pentanol/MCT, c) water/sodium oleate:decanol/  
MCT, at 25°C and the fixed weight ratio sodium oleate:alkanol 1:2. L (with or without  index) 
denotes  solution phases.  Only the regions of the solution phases  have been marked out in 
the phase  diagram. 

amounts of water and MCT, around 30 wt% (Fig. lb). 
Again this is some 5 wt% more that  what is needed to 
create a homogenous microemulsion with an ordinary 
hydrocarbon component (20). Finally, the decanol sys- 
tem yields only a small L2-phase at this ratio surfac- 
tant/alcohol. 

While the trend due to the variation of the alcohol 
cosurfactant for a triglyceride microemulsion is similar 
to the one encountered for normal hydrocarbons, there 
are more unexpected effects when varying the oil for a 
fixed cosurfactant. In Figure 2,four different phase dia- 
grams are shown for microemulsions stabilized by 
sodium oleate/1-pentanol (at a weight ratio 1/2) for two 
alkyl esters, ME (Fig. 2a) and IOO (Fig. 2b), and two 
triglycerides, MCT (Fig. 2c) and PNO (Fig. 2d). ME and 
IOO yield similar phase diagrams; the main difference 
is that  the L2-phase is slightly larger in the IOO-sys- 
tem. (This difference might just as well be coincidental; 
at a slightly different weight ratio surfactant/cosurfac- 
tant,  this effect is not noticeable.) MCT gives a some- 
what smaller L2-phase, in particular in the oil-rich re- 
gion; the miscibility gap water/oil is more extensive. 
Finally, for PNO the effect is dramatic. The L2-phase 
has shrunk to a very small region in the surfactant-rich 
corner. At equal amounts of water and oil, close to 60 
wt% surfactant is needed to create a homogenous micro- 
emulsion solution. In addition, no Ll-phase is found at 
this ratio surfactant/co-surfactant. 

It should be noted that  these effects are significant 
regardless of how the comparison is done. Recalculating 
the phase diagram to volume percent or mole percent 
still results in large and noticeable differences. For mole 
fractions the effects are even more drastic. Take, e.g., 
a composition in the ternary, oil-free system correspond- 
ing to 50 wt% water and 50 wt% surfactant. (This cor- 
responds to a composition of 86.5 mole% water, 1.7 
mole% oleate and 11.8 mole% pentanol.) By adding oil 
to such a sample, it is possible to solubilize 50 wt% ME, 
47 wt% IOO, 35 wt% MCT or 7 wt% PNO. This corres- 
ponds to the 5 mole% ME, 3.6 mole % IO0, 2.1 mole% 
MCT or 0.25 mole% PNO. Of course, the matter  of com- 
paring the extension of one-phase regions in different 
systems could be ambiguous not only because of differ- 
ent ways of calculating the concentration, but also be- 
cause of the choice of, in this case, a fixed composition 
of the surfactant mixture. However, the effects are simi- 

lar when choosing different compositions of the surfac- 
tant  mixture (1/1 or 1/3) in our systems. There is a 
significant decrease in the extension of the L2-phase 
using MCT as an oil component instead of a fatty acid 
ester (or an ordinary hydrocarbon), and this effect be- 
comes dramatic with PNO. 

A characterization of the structure of different micro- 
emulsion systems was performed using the FT-NMR 
PGSE method (12). Results from diffusion measure- 
ments in two systems - -  water/sodium, oleate: pen- 
tanol/ME or MCT - -  are shown in Figures 3 and 4, 
respectively. Oil was added to samples with the fixed 
weight ratio 0.50/0.17/0.33 of water/oleate/pentanol. 
The self-diffusion coefficients of all components, except 
sodium oleate, were measured at varying amounts of 
ME or MCT. In the ME-system, the decrease in self-dif- 
fusion for water is quite marked, while in the MCT-sys- 
tem, no changes occur up to the phase boundary (at 45 
wt% MCT). Measurements were performed also for the 
corresponding samples with added PNO; up to the phase 
boundary (i.e., for 7 wt% PNO) the water self-diffusion 
coefficient remains constant. 

DISCUSSION 

The main point of this investigation has been to charac- 
terize and explain any difference in behavior of micro- 
emulsions containing esters or triglycerides compared 
to the hydrocarbon-containing systems normally cho- 
sen as model systems. One point is clear: triglycerides, 
in particular large triglycerides such as PNO, are con- 
siderably more difficult to solubilize into microemul- 
sions than hydrocarbons or alkyl esters. 

The differences clearly detectable in this work were 
found, although less marked, also in the corresponding 
microemulsions stabilized by nonionic surfactants (12). 
When comparing ternary sy~Lems containing water/ 
nonyl phenol ethoxylate/ME or MCT, there are two 
marked differences: the amount of surfactant needed 
for obtaining an isotropic single-phase microemulsion 
is slightly higher with MCT than with ME at optimum 
conditions for the systems, and no free-lying microemul- 
sion region, a surfactant phase, is found with MCT. Our 
other observations also suggest that  the effect is even 
more marked with PNO n higher amounts of surfactant 
are needed. 
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Fig. 2. Quaternary (pseudo-ternary) phase  diagrams for the systems: a) 
water/sodium oleate:pentanol/ME, b) water/sodium oleate:pentanol/IOO, 
c) water/sodium oleate:pentanol/MCT, d) water/sodium oleate:pentanol/  
PNO. Notations and other condit ions  as in Figure 1. 

The knowledge of phase equilibria and microstruc- 
ture in microemulsion systems stabilized by an ionic 
surfactant and an alcohol cosurfactant mixture is exten- 
sive (21,22). The main outlook of the phase diagram is 
determined by the co-surfactant, as is the structure of 
the system (at no added electrolyte). For medium-chain 
alcohol cosurfactants, such as butanol and pentanol, 
extensive microemulsion regions are anticipated (21, 
22). A continuous transition between different prefer- 
red structures occurs with butanol. In the water-rich 
region a normal micellar solution exists, which at 
higher amounts of cosurfactants and/or hydrocarbons 
gradually is transformed to a bicontinuous structure. 
Finally, at  higher hydrocarbon contents the system is 
gradually transformed to an inverse micellar region 
with distinct water droplets in a tipophilic continuum. 
For pentanol, the transition between micellar aggre- 
gates and a bicontinuous phase is normally interrupted 
by a liquid crystalline, lamellar phase. In addition, re- 
gardless of which cosurfactant is used, the surfactant- 
rich and water-poor region has a very low degree of 
structure: the surfactant exists in the form of hydrated 
ion-pairs or in smaller aggregates (19,23). The most 
interesting composition regime is for many systems in- 
termediate water contents where it is possible to follow 
the transition between the different preferred struc- 
tures. 

The measured self-diffusion coefficients (Figs. 3 - 4) 
reveal a significant difference in behavior between 
methyl oleate [or even more so with a hydrocarbon such 

as toluene or dodecane, where extensive l i terature data 
are available (15, 24)] and a triglyceride. The transition 
between a bicontinuous and oilcontinuous structure 
known to occur for microemulsions containing water/ 
potassium oleate/pentanol/hydrocarbon (15, 24) occurs 
also to some extent  with methyl oleate. However, the 
water self-diffusion decreases almost an order of mag- 
nitude when adding 40 wt% toluene or dodecane to a 
sample with similar composition. With methyl oleate 
the self-diffusion is reduced with a factor of three. With 
MCT the picture is completely different: the system 
remains bicontinuous up to the phase-separation. 

A possible reason for the detected differences is the 
varying molecular size of the lipophilic molecules. We 
suggest that  the reasons for the difficulty in solubilizing 
larger molecules can be explained in the following way. 
It is known that  penetration of hydrocarbons into the 
palisade layer of surfactant/co-surfactant can play a de- 
cisive role for the phase diagram and structure in cer- 
tain cases. Such effects are very marked in the system 
water/hydrocarbon/didodecyldimethylammonium 
bromide, where Ninham and co-workers have suggested 
that  only small hydrocarbon molecules, e.g. hexane, 
can penetrate into the surfactant layer, something 
which facilitates the transit ion from a bicontinuous to 
an oilcontinuous system with increasing water con- 
tents; this transit ion does not occur with, e.g., tet- 
radecane (25). In these systems, the effects are very 
sharp; but also for more complex ionic microemulsions 
containing an alcohol cosurfactant, similar effects can 
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Fig. 3. Se l f -d i f fus ion  coe f f i c i en t s  for the  d i f ferent  com- 
p o n e n t s  in  the  q u a t e r n a r y  s y s t e m  w a t e r / s o d i u m  
o leate :pentanol /ME,  at 25°C, a f ixed w e i g h t  rat io wa- 
ter :o leate :pentanol  50:17:33 a n d  vary ing  a m o u n t s  o f  
a d d e d  ME (in wt%) - -  (O) water,  ( t )  pentano l ,  a n d  ( l )  
ME. 
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Fig. 4. Se l f -d i f fus ion  coef f i c i ents  for the  di f ferent  com-  
p o n e n t s  in  the  q u a t e r n a r y  s y s t e m  w a t e r / s o d i u m  
oleate:pentanol /MCT,  at 25°C, a f ixed w e i g h t  ratio wa-  
ter :o leate :pentanol  50:17:33 a n d  vary ing  a m o u n t s  of  
a d d e d  MCT (in wt%) m (O) water,  (Q) pentano l ,  (I) MCT. 

occur. There  is a va r ia t ion  in s t ruc ture  when going from 
hexane  to hexadecane  in microemuls ions  also contain-  
ing wate r / sod ium dodecyl su lpha te /pen tanol ,  and this  
difference is sugges ted  to be due to the  difference of 
pene t ra t ion  into the pa l i sade  layer (26). La rge r  hydro- 
carbon molecules  fail to pene t r a t e  which leads to a 
la rger  concentra t ion  of alcohol in the pa l i sade  layer, in 
pa r t i cu la r  in inverse  mice l l a r  sys tems  (26). I t  seems 
reasonable  to sugges t  t h a t  these  effects are even more  
m a r k e d  wi th  l a rger  and  bu lk i e r  molecules  such as PNO. 
The fa i lure  to pene t r a t e  into the  a lkyl  chains  of  the  
su r fac tan t  and  cosur fac tan t  in the  pal isade  layer makes  
inverse  mice l l a r  sys tems  less energe t ica l ly  favored. The  
molecu la r  size of the  o i lcomponent  forces the  sys tem to 
r e m a i n  b icont inuous  and  finally, above a ce r ta in  oil 
concentra t ion,  i t  becomes uns tab le  and phase-separa te .  
The region of the  solution phase  t h a t  d i sappears  is (in 
pa r t i cu la r  for the PNO sys tem) the  region where  the 
g radua l  t r ans i t ion  to reverse micel les  occurs. The re- 
m a i n i n g  region of the solut ion phase  is, to a large ex- 
tent ,  concentra t ion  domains  where  ion-pairs  or similar,  
smal l  aggrega tes  are an t ic ipa ted  to occur (23). 

While our  exp lana t ion  is in tu i t ive ly  reasonable ,  a 
more consis tent  theoret ica l  exp lana t ion  is p resen t ly  not 
accessible. The  a prior i  model l ing  of microemuls ions  
conta in ing  medium-cha ined  alcohols is still not  conclu- 
sive, and  con t inuum models  no rma l ly  employed for 
these  sys t ems  do not include any  size effects for the  
molecules  in the  l ipophilic region. On the o the r  hand,  
in s imi l a r  sys tems  of more  well-defined s t ructure ,  the  
mix ing  of components  be tween  the  pal isade  layer  and  
the  cont inuous  phase  gives a very  impor t an t  free- 
energy  cont r ibut ion  of entropic  or igin to reverse micel-  
la r  sys tems.  This  was found by JSnsson and  Wen- 
ners t rSm who, us ing  a m i n i m u m  n u m b e r  of pa r ame te r s ,  
succeeded in a s emi -quan t i t a t i ve  calcula t ion of the  
phase  d i ag ram for the sys t em water /oc tanol /potass ium 
decanoate  (27). However, such an  ansa tz  is not  possible 
for the  presen t  sys tems  where  no su i tab le  model  of the 

b icont inuous  s t ruc ture  exists,  and  where  the  exact  com- 
posi t ion of the  pa l i sade  layer and  the  ex ten t  of the  pen- 
e t ra t ion  of the  oil cannot  be predicted.  
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