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PHASE TRANSITION INDUCED BY WATER DILUTION IN PHOSPHO-
LIPID U-TYPE FOOD-GRADE MICROEMULSIONS STUDIED BY DSC

A. Spernath*, A. Aserin and N. Garti™

Casali Institute of Applied Chemistry, The Institute of Chemistry, The Hebrew University of Jerusalem, Jerusalem 91904, Israel

In this study we used differential scanning calorimetry to clarify the role of water activity within the nano-droplets, and to explore
phase transitions in novel phospholipids based fully dilutable food-grade microemulsions.

The microstructure transitions were investigated along two water dilution lines (50:50 and 80:20 mass% surfactant mixture/oil
phase). From the water thermal behavior we learned that three structural regions can be identified along the water dilution lines. The
thermal transition points coincide with the structural phase transition of the microemulsions as measured by other methods (electri-

cal conductivity and SD-NMR measurements).

The structural transitions were detected at 20 and 45 mass% of water along dilution line 55, where along dilution line 82 it oc-

curs at 40 and 50 mass% of water.

The microemulsions along dilution line 82 seem to have more compact surfactant packing film, thus the film has stronger re-
sistance to transformation upon dilution, resulting in a smaller bicontinuous region than the one formed at dilution line 55. The dif-
ference in phase transition point can be used for triggering the release of future solubilizate.
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Introduction

In recent years microemulsions have attracted the atten-
tion of many researchers as vehicles for solubilization of
active molecules. The phase behavior and microstruc-
ture of those nano-sized systems have been extensively
explored using a wide range of analytical techniques
such as: electrical conductivity [1, 2], viscosity [1, 2],
small angle X-ray scattering (SAXS) [1, 3], small angle
neutron scattering (SANS) [3, 4], dynamic light scatter-
ing (DLS) [1, 5], and self-diffusion NMR [2, 6].

Differential scanning calorimetry (DSC) is very
often used to study the nature of water-substrate inter-
actions [7—10]. It is known that water departs consid-
erably from its average bulk behavior when near sol-
ute molecules, macromolecules, colloidal particles,
and solid or liquid interface [11]. A distinction be-
tween ‘bulk’ and ‘bound’ water was made. Bulk or
free water is assumed to have physico-chemical prop-
erties (melting point, enthalpy, and heat capacity)
similar to pure water. On the other hand, water prop-
erties differ detectably from bulk water (in some sys-
tems) as a result of the presence of a surface. Such
water may be defined as ‘bound’ water.

DSC is regularly used for studying low-tempera-
ture behavior of water in surfactant-based multi-com-
ponent microemulsion systems [12-19]. In micro-
emulsion systems, Senatra et al. [20] suggested an
‘operational’ definition differentiating between three

types of water. The differentiation is based on the dif-
ference in the water melting point since free or bulk
water melts at ca. 0°C, interphasal-water melts at ca.
—10°C, and bound water, which is associated with the
hydrophilic head groups of the amphiphilic film,
melts at <—10°C. One should note that interphasal
and bound water are not always distinguishable. The
water which is not detectable by the DSC is often
termed ‘non-freezable water’ (operational, instru-
ment-dependent definition).

Another term used in this context is water activ-
ity (ay). Water activity [21] is defined as: a,=1-P/P,,
where P is the partial pressure of water above the ma-
terial and Py is the partial pressure of pure water at the
same temperature. The term ‘free water’ may describe
systems having a, close to one, while the terms
‘bound’ and ‘interphasal’ may describe systems with
low ay, (close to zero). Non-freezable water may de-
scribe systems having low a,, below the detection ca-
pability of the DSC. The distinction between bound
and interphasal water emphasizes the different loci of
the water solubilization.

To date, DSC techniques have been used as an
effective tool to investigate the temperature-induced
phase transition which occurs in microemulsions sys-
tems [22, 23].

In our previous studies we presented the first
generation of a U-type food-grade microemulsions
system [2, 6]. These systems consisted of a mixture of
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R(+)-limonene and ethanol as the oil phase, nonionic
surfactants, and a mixture of water and propylene gly-
col, PG as the aqueous phase. The systems are unique,
since a given composition of reverse micelles can be
infinitely and progressively aqueous phase diluted
with phase transition and/or morphological changes
(so-called U-type systems [11]). The ability to dilute
the systems to over 90 mass% of water (or aqueous
phase) is important, especially for their use as carriers
of nutraceuticals to produce clear beverages.

Yaghmur et al. [24] studied the sub-zero temper-
ature behavior of some microemulsions based on wa-
ter/PG as the aqueous phase and Tweens as emulsifi-
ers. They found that in w/o and bicontinuous micro-
structures the water is either bound or interphasal.
Even at high concentrations of aqueous phase, when
o/w microstructures have been formed, no free water
was detected, mainly because of the binding effect of
the surfactants and the PG.

In this study we explored new (so-called second
generation) U-type food-grade microemulsions. The
new systems are superior to the first generation sys-
tems since they are free of short chain alcohol, and the
surfactant mixture contains phosphatidylcholine that
might have a significant role in recognizing the bio-
membranes for better bioadhesion and trans-
membrane transport.

We are presenting the use of the subzero-DSC
technique as an analytical tool to characterize the nature
of the water and distinguish the microstructure transi-
tions induced by water dilution. The results were com-
pared to findings obtained by electrical conductivity and
self-diffusion NMR (PGSE NMR) measurements.

Experimental
Materials

Phospatidylcholine (Epikuron 200, PC) was obtained
from Degussa Bio-Active (Hamburg, Germany).
PEG-40 hydrogenated castor oil (Simulsol 1293,
HECO40) was purchased from Seppic (Paris,
France); PG (1,2-propanediol) was from Merck
KGaA (Darmstadt, Germany); ethyl laurate (used as
oil) was from Sigma Chemical Co. (St. Louis, Mis-
souri, USA). Propionic acid was obtained from BDH
(Poole, UK). All chemicals were used without further
purification. The water was double distilled.

Methods

Phase diagrams

Microemulsion  systems were described on
pseudo-ternary phase diagrams (Fig. 1). The phase di-
agrams were constructed in the following way: the
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ethyl laurate/propionic acid 1:3

water Ar=T1%
Wm(55)=65%

Wmn(82)=100%

PC/HECOA40/PG 1:3:10

Fig. 1 Phase diagram of the second-generation, U-type, water-di-
luted microemulsion, at 25°C. PC — phosphatidylcholine;
HECO40 — PEG-40 hydrogenated castor oil; PG — propyl-
ene glycol. Line 55 — at a surfactant mixture/oil phase ra-
t10=50/50 and line 82 — at a surfactant mixture/oil phase
ratio=80/20. At stands for the total isotropic area. W,
stands for the dilution capacity along specific dilution line

short-chain acid/oil mass ratio was held constant at
3:1. A stock solution of surfactant mixture containing
PC/HECO40/PG at constant ratio of 1:3:10 was
made. Mixtures of surfactant-oil phase were prepared
in culture tubes sealed with screw caps at predeter-
mined mass ratios of oil phase (acid plus oil) to
surfactant and kept in a 25+0.3°C water bath.
Microemulsion regions in phase diagrams were deter-
mined by titrating the oil-surfactant phase with water.
All samples were vigorously stirred. The samples
were allowed to equilibrate for at least 24 h before
they were examined. In all the tested samples, evapo-
ration loss was negligible. The different phases were
determined using ocular and optical (crossed
polarizers) methods. Every sample which remained
transparent and homogeneous after vigorous
vortexing, was considered to belong to a monophasic
area in the phase diagram. The total monophasic area
(A1) were calculated, as well as the specific dilution
capacity (W) of each dilution line.

Calorimetric measurements

A Mettler Toledo DSC822 measuring model system
was used. The instrument was calibrated every two
weeks with indium, lauric acid, water, and ethyl ace-
tate to ensure accuracy of the caloric data. The heat-
ing rate of calibration was 10 K min™'. The DSC mea-
surements were carried out as follows: 5-15 mg
microemulsion samples were weighed, using a Mett-
ler M3 microbalance, in standard 40 pL aluminum
pans and immediately sealed by a press [24]; peaks
representing various states of water were analyzed.
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The samples were rapidly cooled in liquid nitrogen at
a predetermined rate from ambient to —100°C. The
sample remained at this temperature for 30 min and
was then heated at 5°C min ™' back to ambient temper-
atures. An empty pan was used as a reference. The in-
strument determined the fusion temperatures of the
solid components, and the total heat transferred in any
of the observed thermal processes. The enthalpy
changes associated with thermal transition were ob-
tained by integrating the area of each pertinent DSC
peak. DSC temperatures reported here were reproduc-
ible to +0.5°C. We followed the method used by
Senatra et al. [20] to identify various states of water in
our systems, as described by Yaghmur et al. [24].

PGSE-NMR measurements

NMR measurements were performed on microemulsion
samples at 25°C on a Bruker DRX-400 spectrometer,
with BGU 1II gradient amplifier unit and 5 mm BBI
probe equipped with a z-gradient coil, providing a z-gra-
dient strength (g) of up to 55 G cm™'. The self-diffusion
coefficients were determined using pulsed field gradient
stimulated spin-echo (BPFG-SSE) [6].

Electrical conductivity

Electrical conductivity measurements were per-
formed at 25+1.0°C on samples using a conductivity
meter, type CDM 83 (Radiometer, Copenhagen). A
small amount of an aqueous electrolyte (0.01 M NaCl
solution) must be added for electrical conduction. It
should be noted that the samples containing the salt
remained clear upon dilution or storage and there
were no observable changes in the phase diagram.
Similar independence of phase behavior in the pres-
ence of a small amount of electrolyte has been re-
ported in the literature [25, 26].

Results and discussion
Phase diagrams

The pseudo-ternary phase diagram of the second-gener-
ation, U-type, food-grade microemulsion system com-
posed of ethyl laurate/propionic acid/PC/H-ECO40/PG
is shown in Fig. 1. All measurements were made along
dilution lines 55 (50 mass% surfactants and 50 mass%
oil phase) and 82 (80 mass% surfactants and 20 mass%
oil phase).

It was found that U-type systems can be made
even in the absence of short chain alcohol, if the
surfactant mixture contains PC and hydrophilic
nonionic surfactant (H-ECO40). Instead of short
chain alcohol, we used propionic acid as cosurfactant.
The propionic acid provides a low pH which might be
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beneficial for clear beverages. The one-phase region
area (Ar) is 71% of the total phase diagram. The dilu-
tion capacity of water along dilution line 55 (W,,) is
65 mass% while the W, along dilution line 82 is
100% (dilution to infinity, Fig. 1).

DSC measurements

Dilution of the surfactants/PG mixture with oil phase
and water

The melting temperatures of the individual micro-
emulsion ingredients are summarized in Table 1. The
thermal behavior of both the surfactants and the oil
phase were examined separately. The mixture of ethyl
laurate and propionic acid forms an isotropic solution
with distinct one endothermic event at —24.0°C
(AH=-162.5J g") (Fig. 2a). The blend of the three in-
gredients that compose the surfactant phase (PC,
HECO40, and PG) also forms a molecular mixture
(complex or hybrid or molecular structure with strong
interactions) that melts at 7.0°C (AH=-18.7 J g )
(peak A, Fig. 2b). A minor endothermic event also oc-
curs at —24.0°C (AH=-1.0 J g") (peak B). However,
this mixture is strongly affected by water or oil. A typi-
cal curve of a 20 mass% water microemulsion at N55
dilution line is shown in Fig. 2c.

Table 1 Melting temperature of the microemulsion components

Component Melting temp./°C
Ethyl laurate 1.0°
Propionic acid -21.0°
Phosphatidylcholine (Epikuron 200) 36.0°
PEG-40 hydrogenated castor oil 36.0°
Propylene glycol -59.0°

“Melting temperatures as measured by the DSC,
"Melting temperature taken from the literature [27]

Addition of the oil phase to the surfactants/PG
mixture (Fig. 3a) destabilizes the molecular mixture of
the surfactants and affects the molecular balance be-
tween the head groups of the surfactants and the PG,
and the hydrophobic interaction between the tails. As a
result, the endothermic peak A which represents the
melting of the ‘molecular complex’ splits into two en-
dothermic events (peaks A and Al in Table 2). Melting
also shifts to lower temperatures and its AH; decreases
(Table 2). This means that the molecular bond between
the surfactants and the PG weakens; the surfactant
gains more mobility and defrosts at lower melting
points. Peak B in Fig. 3 appears at similar melting
range (20.0+£2°C), and its AH; remains almost un-
changed (Table 2). As the content of the oil phase in-
creases, interactions between the molecular complexes
of the surfactants-PG are weakened, and the individual
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Fig. 2 DSC curves of a — oil phase containing ethyl laurate and
propionic acid at a mass ratio of 1:3 respectively;
b — surfactant mixture containing phosphatidylcholine,
HECO40, and propylene glycol at a mass ratio of 1:3:10
respectively; ¢ — typical microemulsion contains ethyl
laurate and propionic acid at a 1:3 ratio as the oil phase;
PC, HECO40 and PG at a ratio of 1:3:10 as surfactants
mixture and water. Peaks A and B relates to the fusion of
the surfactants mixture, peak c relates to water fusion, and
peak d relates to water molecules rearrangement

components melt as separate entities. Those melting
temperatures of the individual entities may be different
from their pure melting points as the melting tempera-
ture of confined substance is substantially different
from its bulk melting point. Finally, a new exothermic
event appears at ca. —56°C (peak D) in systems con-
taining 15-20 mass% oil phase, which split into two
exothermic events (peak C at —42.5°C and peak D at
—56.0°C) in system with 20 mass% of water (Table 2).

Adding water to the surfactants/PG mixture (dilu-
tion line N100, Fig. 1), forces the major endothermic
event (peak A), of the surfactants/PG mixture, to appear
at lower temperature (Fig. 3b). The melting temperature
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Fig. 3 DSC curves of a — surfactant mixture diluted by the oil
phase; b — surfactant mixture diluted by water (dilution
line N100)

of the surfactant mixture diluted with 20 mass% water
decreases substantially from 7.0°C to —27.4°C (Table
2). At the same time, the AH; values of both the major
and the minor endothermic events (peaks A and B) de-
crease as more water is incorporated. Peak B disappears
in a system containing 5 mass% of water. It seems that
the water molecules destabilize the structure of the
surfactant mixture, and decrease its melting temperature
and AH;. The water causes peak A to split (peaks A and
Al in Table 2) while a new exothermic event occurs at
ca. —46°C (peak C, Table 2) in systems with 10 and 15
mass% water.

It seems that the introduction of a small amount
of water or oil phase (up to 20 mass%) to the sur-
factant mixture causes the formation of weaker
complexes, thus the major endothermic events appear
at lower temperatures. The exothermic events that
appear when the surfactant mixture dilutes with oil
phase or water are not yet fully resolved. However,
we can say that those exothermic events occur only at
intermediate stages and disappear upon adding more
water or more oil phase.
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Table 2 Thermal behavior of surfactants/PG mixture diluted with water or oil phase, measured by DSC

Dilution/ Peak A Peak Al Peak B Peak C Peak D
mass% 7/°C  AH/Ig'  TPC AH/Ig' T°PC  AH/Ig' T°C  AH/g' TPC  AH{I g
No
dilution 70  -187 - - 237  -1.0 - - - -
2 58  -179 - - 235  -19 - - - -
5 22 153 - - 230 05 - - - -
0il 10 07  -133 - - 206 0.8 - - - -
phase 12.5 2.0  -15.1 - - -194  -08 - - - -
diluted 15 42 -184 116 0.1 -187 -14 - - -58.5 2.6
20 70 0.7 -115  -169 -185  -13 425 0.4 -56.0 2.1
25 -65  -0.01 -10.7 -185 206  -l.1 -33.6 0.1 -52.9 3.2
2 42 -16.7 - - 229  -05 - - - -
5 0.8 -14.8 - - - - - - - -
Water 8 43 13.5 92 -0.1 - - - - - -
diluted 10 7.1 -137  -10.9 03 - - —46.5 3.3 - -
15 9.9 -5.7 - - - - -35.9 1.4 - -
20 274 2.6 - - - - - - - -

It seems clear that the thermal events that were
recorded at low water and low oil contents are related
to the surfactant mixture reorganization in the pres-
ence of water or oil.

In a system containing 50 mass% surfactant mix-
ture and 50 mass% oil phase (line N55, without water,
Table 3), two endothermic events appear. The first, at
—12.7°C, seems to be related to the surfactant mixture,
while the second at —24.4°C, seems to be related to
the oil phase. This endothermic event can not be at-
tributed to the surfactant phase, as in systems contain-
ing up to 20 mass% oil phase, because it appears at a
lower temperature. After attributing the endothermic
peaks to the surfactant behavior, we examined dilu-
tion lines 55 and 82 in more detail.

Dilution line 55

Table 3 shows that at any water content up to
15 mass%, two endothermic events are detected; at
—12.7 to =7.6°C (peak A) and at —23.0£2°C (peak B).
Those two events correlate with the fusion of the mo-
lecular mixture of the oil phase and the surfactant mix-
ture, respectively as determined above. In system con-
taining 17 mass% of water, a third peak (peak C)
appears at —42.2°C. Peak C may be related to the ap-
pearance of bound-water. Peak A moves slightly to
higher temperature (from —12.7 to —7.6°C) as the water
concentration increases, while peak B remains virtu-
ally unchanged. Moreover, the AH of peaks A and B
remain almost unchanged (Table 3). It can be expected
that addition of water will cause peak A to move to
lower temperatures as in the case of dilution line N100,
that was previously discussed, but in a system contain-
ing 50 mass% oil phase, the addition of water increases
the order in the system as reverse micelles start to ap-
pear. It should be noted that in this region no explicit
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water related endothermic events are detected (except
to minor amounts of bound water in a system contain-
ing 17 mass% water). This means that the water activ-
ity is below the identification capability of the DSC
technique. We termed this type of water ‘non-freezable
water’ or ‘non-detectable’ water.

Figure 4 shows endothermic and exothermic
events occurring in microemulsion systems containing
20-50 mass% water along dilution line 55. New endo-
thermic events (peak C) were registered at —42.2+1.0°C,
in microemulsions containing 17 mass% water (Table 1)
(because of its small AH; (—0.19 J g') it is not shown in
Fig. 4). The AH of peak C increases as the water con-
centration increases from 6.7 J g’l, at 20 mass% water,
to 71.08 J g at 50 mass% water (Table 3). The
enthalpic values suggest that peak C should be attrib-
uted to fusion of water. For further identification of
peak C, we prepared microemulsion samples in which

D C
\ - \
20 mass% watpty
g \
1
25 mass% ar \

\
\

!
30 mass% water
\|
35 mass% w’ater

4
40 mass% %water

-1

2110

Heat flow/W g

50 mass% water

<9

<Endo

-80

40 20 0 20 40
Temperature/°C

60

Fig. 4 DSC curves of microemulsions along dilution line 55
(20-50 mass% water) containing ethyl laurate and
propionic acid at a 1:3 ratio as the oil phase; PC,
HECO40 and PG at a ratio of 1:3:10 as the surfactant
mixture
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Table 3 Thermal behavior of the microemulsion system along the one-phase region at dilution line 55 at different water con-

centrations measured by DSC

Peak A* Peak B* Peak C° Peak D¢

Water*/mass%

7/°C AH{T ¢! 7/°C AH{Y ¢! 7/°C AH{T g 7/°C AH{T g

-12.7 -8.20 244 -0.59 - - - -

-10.6 -10.25 227 ~1.84 - - - -
10 -8.8 -12.93 225 -1.70 - - - -
15 -7.6 938 220 -1.93 - - - -
17 7.4 ~14.95 218 -2.00 422 -0.19
20 -7.8 ~13.90 223 ~1.48 -375 -6.70 -52.7 5.35
25 -8.0 -9.81 -21.6 -0.90 314 ~14.63 -63.3 24.15
30 -8.0 -10.23 213 0.19 263 —24.16 -69.7 26.82
35 -8.3 -8.14 - - 21.7 -33.46 -12.7 18.02
40 -8.6 -7.36 - - -18.8 ~41.96 -72.9 1.96
50 -8.9 -1.98 - - ~14.0 ~71.08 - -
55 - - - - ~11.4 ~114.4 - -
60 - - - - 9.9 ~117.8 - -
65 - - - - -8.3 ~139.9 - -

*Along dilution line 55, the isotropic region exists only up to 65 mass% water, “peaks were interpreted as the melting point of the
surfactant mixture, "peak was interpreted as the melting point of water, °peak was interpreted as the recrystallization of bound-water

the water was replaced by D,O (containing 30 and
65 mass% D,0). Typical shift of ca. +4°C was detected,
in both systems, for peak C in a microemulsion contain-
ing D,0, which confirms that peak C is an endothermic
event related to the fusion of water. The shift was not
detected for peaks A and B, confirming that the endo-
thermic events of peaks A and B are not water-related.
The low melting points of water in those systems
(-37.5°C at 20 mass% water, up to —14.0°C at
50 mass% water) suggest that the water is bound. One
should note that in a system containing 50 mass% water,
peak B is not detectable (possibly because of the dilu-
tion effect).

An exothermic event (peak D) is detected only in
systems containing 20—40 mass% water (Fig. 4). The
identification of peak D as a water-related event was
made possible as a shift of ca. 4°C was detected when
water was replaced by D,0. The temperature of the
exothermic events is lower as the water concentration
increases (from —52.7°C at 20 mass% water to —72.9°C
at 40 mass% water). The AH; of peak D goes through a
maximum at 30 mass% of water (AH=26.82J g’l). Ina
system containing 40 mass% water, peak D is very
small (AH=1.96 ] g’l), while in a system containing
50 mass% water, no exothermic event occurs.

As we could see from the endothermic events, at
low water content most of the water is non-freezable
or undetectable. As the water content increases, the
mobility and activity of the water increases and the
non-freezable water rearranges at —60 to —70°C to be-
come bound (rather than non-freezable). Such rear-
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rangement seems to be similar to a crystallization
event which is detected as an exothermic event. At
50 mass% water, there are sufficient quantities of wa-
ter with high mobility and high activity, so such
re-crystallization is not observed or detected.

It can be seen from Fig. 5 that once the water con-
tent exceeds 50 mass%, only peak C appears. The fact
that no other endothermic events are detected is related
to the fact that upon high dilution, the detectability of
the other events becomes impossible (dilution factor).
The water melting-points in this region are between
—14.0°C at 50 mass% to —8.3°C at 65 mass% water.
This suggests that the water is slowly transferred from

50 mass% water T
en
g
2 | 60 mass% water
o
g 65 mass% water
O
s
3 v
(=}
8]
{
T T T T T T T T
-100 80 -60 40 20 0 20 40
Temperature/°C

Fig. 5 DSC curves of microemulsions along dilution line 55
(5065 mass% of water) containing ethyl laurate and
propionic acid at a 1:3 ratio as the oil phase; PC, HECO40
and PG at a ratio of 1:3:10 as the surfactant mixture
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bound water into interphasal water or, alternatively the
water is more loosely bound to the surfactants.

The equations used by Senatra et al. [20] and
Yaghmur et al. [24] to identify various states of water
were applied and it was clearly seen (Fig. 6) that in sys-
tems containing 0—15 mass% water, all the water was
non-freezable, as all water molecules are bound to the
surfactant head groups. In a system containing
17 mass% water (Table 3) one could detect, for the first
time, a very small amount of bound-water (0.36 mass%
of the water is bound-water). In systems containing
20-40 mass% water, the concentration of non-freez-
able water decreased continuously from 89 to
66 mass% of the total water added, and the concentra-
tion of bound water increases from 10 up to 34 mass%.
The decrease in non-freezable water content may be
due to the saturation by the amphiphilic film of the wa-
ter molecules, thus the excess of water molecules with
high activity are poorly accommodated at the
amphiphilic film and they become free as part of the
continuous phase. Further increase in water concentra-
tion in the microemulsion systems (up to 65 mass%
water) causes a further decrease in the non-freezable
water concentration (from 55 to 31 mass%). Further-
more, the amounts of high-activity water (up to 69
mass%) increases. The activity of the water seems to
be higher than the activity of the bound water, thus we
termed it ‘interphasal water’. Further increase in water

100 X X XX
X
X 80 X
2 X
£ X o °
5 60
g x°
o~ o X
S 40 >
[}
5 o © X
7] O
20 O
O
O T DI T T T 1

T
0 10 20 30 40 50 60 70
Water in microemulsion/mass%

Fig. 6 Variation in the content of X — non-freezable,
O — interphasal and O — bound-water as a function of
water concentration along dilution line 55. Phase
separation occurs above 65 mass% water

concentration along this dilution line causes break-
down of the microemulsion, and phase separation.
From Table 3 and Figs 4 and 5, it can be seen that
dilution line 55 can be divided into three regions. In the
first region (0-15 mass% water) no water-related
endotherms occur. In the second region (17—-40 mass%),
water related exotherms and endotherms appear. In the
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third region (50-65 mass%) only one, big endothermic
event of bound water is detected.

Dilution line 82

Dilution line 82 (80 mass% surfactants and 20 mass%
oil phase) was investigated similarly. One can see from
Figs 7, 8 and Table 4 that the general behavior is simi-
lar to that of dilution line 55. The three main regions
are within 0-35, 40-50 and 55-95 mass% water.

In the first region (0-35 mass% water), as in dilu-
tion line 55, no water related events were detected
(peak C, Table 4). The endothermic events recorded in
this region are correlated only to the surfactant mixture.

35 mass% water
e

Heat flow/W g{1

55 mass% water

<Endo

100 80 60 40 20 0 20 40
Temperature/°C
Fig. 7 DSC curves of microemulsions along dilution line 82
(3555 mass% water) containing ethyl laurate and

propionic acid at a 1:3 ratio as the oil phase; PC, HECO40
and PG at a ratio of 1:3:10 as the surfactant mixture

55 mass% water \
221355

60 mass% water

65 mass% water

70 mass% water \
L I1ass

1

75 mass% water

.80 mass% water

85 mass% water

90 mass% water

95 mass% water

Heat flow/W g

«Endo

T T T T T
-100 80 —60 -40 20 0 20 40
Temperature/°C

Fig. 8 DSC curves of microemulsions along dilution line 82
(55-95 mass% of water) containing ethyl laurate and
propionic acid at a 1:3 ratio as the oil phase; PC, HECO40
and PG at a ratio of 1:3:10 as the surfactant mixture
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Table 4 Thermal behavior of microemulsions along dilution line 82 at different water concentrations (measured by DSC)

Peak A® Peak A1* Peak B* Peak C° Peak D¢

Water/mass%

7°C  AHJ/Jg' TPC  AH{Ig' T°C  AH{Tg' TPC AH/Ig' TPC AH{Ig'

-115 —0.94 -18.5 -1.33 - - - - - -

-10.6 ~1.24 -16.8 -0.43 258 -3.06 - - - -
10 -10.0 -0.93 -16.1 -0.48 259 ~1.84 - - - -
15 9.6 -0.85 ~15.4 ~0.46 -258 -1.59 - - - -
20 -8.8 ~1.14 -15.8 -0.78 -23.6 -0.07 - - - -
25 9.0 -0.58 -15.6 -1.72 - - - - - -
30 - - -143 —0.51 - - - - - -
35 - - -13.8 -0.53 - - - - - -
40 - - -14.2 ~0.40 - - 290 2986 -52.1  27.24
45 - - ~14.1 ~0.34 - - 239 4291 628  49.97
50 - - -13.2 -0.39 - - 196  -6631 -734  20.75
55 - - - - - - -17.0  -89.98 - -
60 - - - - - - -13.0  -91.08 - -
65 - - - - - - 102  -116.03 - -
70 - - - - - - 6.9  -130.52 - -
75 - - - - - - 54 -167.15 - -
80 - - - - - - -3.7  -199.58 - -
85 - - - - - - -1.8 22157 - -
90 - - - - - - ~1.1  -253.11 - -
95 - - - - - - 12 31247 - -

"Peaks were interpreted as the melting point of the surfactant mixture, "peak C was interpreted as the melting point of water and

‘peak D was interpreted as the recrystallization of bound-water

The addition of water along this dilution line causes an
endothermic splitting. The peak splitting may indicate
the influence of added water to the surfactant mixture.
In the second region (40-50 mass% water), water
related endothermic and exothermic events appeared
(peaks C and D; Fig. 7). As in dilution line 55, the
identification of those events as water-related was
made by replacing the water with D,O. As one can see
in Table 4, the AH; of peak D runs through a maximum
(49.97 J g in a system containing 45 mass% water,
and the peak temperature decreases from —52.1°C in a
system containing 40 mass% water, to —73.4°C in a
system containing 50 mass% water. At higher water
concentrations the exothermic event is not detected.
The endothermic water-related event (peak C)
also appears in a system containing 40 mass% water
(Fig. 7). The absolute AH; of peak C increases from
29.86 J g' in a system containing 40 mass% water to
89.98 J g ! in system containing 55 mass% water. Peak
temperature increases from —29 to —17°C, respectively.
In the third region, shown in Fig. 8, only water-re-
lated endotherms appear (peak C). The AH; of peak C
increases as the water concentration increases from 50
to 95 mass% water (AH; at 55 mass% water is
8998 1 g’l, and at 95 mass% water the AH; is
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312.5J g, Table 4). The temperature of these endother-
mic events gradually increases from —17°C at 55 mass%
water to 1.2°C at 95 mass% water. The bound-water
progressively becomes interphasal water and finally
turns to free water once o/w microemulsions are formed.

From Table 4 and Figs 7 and 8 one can postulate
that all the water in the first region has very low activ-
ity and is undetected by the DSC instrument. This in-
dicates that the water in this region (Table 4) is con-
fined and strongly bound inside the microstructure of
the w/o microemulsion. In the second region (Fig. 7),
appearance of the water-related event (peak C) sug-
gests that at least part of the water has a higher activ-
ity and is detected by the DSC. The temperatures of
the endothermic peak (—29°C at 40 mass% water, and
—19.6°C at 50 mass% water) suggests that the water
molecules are associated with the hydrophilic parts of
the amphiphilic molecules. In the third region
(Fig. 8), a progressive increase in the water melting
(peak C), suggests that the water molecules have in-
creased activity. In systems containing between
60-75 mass% water, peak C appears between —13 to
—5.4°C suggesting that the water molecules are still
somewhat confined within the interface of the dis-
persed phase. We termed them ‘interphasal-water’. At
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100X X X X X X X X A
80 - N

60 °

40 D X x

20 o X

State of water/mass%
o
o

O T T T T T
0 20 40 60 80 100
Water in microemulsion/mass%

Fig. 9 Variation in the content of x — non-freezable,
o — interphasal, O — bound A — and free-water as func-
tion of water concentration along dilution line 82

higher water concentrations (over 75 mass%) water in
the microemulsions seems to be free water, as the AH;
approaches the AH; of pure water.

Similarly to dilution line 55, the exotherm ap-
pearing along dilution line 82 in microemulsion sys-
tems containing 40-50 mass% of water may be re-
lated to the reorganization of the water molecules.

As per Senatra’s equations, the non-freezable
water concentration decreases continuously as the to-
tal water concentration increases (Fig. 9). In systems
containing up to 40 mass% water, all the water is
non-freezable. At water content of 40—55 mass% the
water is bound, while in systems with 60—-75 mass%,
interphasal-water is seen. At the high-dilution ends of
80-90 mass% water, the water is mostly free, while in
microemulsions containing 95 mass% water, the
water is completely free.

The DSC results show that in the second genera-
tion of microemulsions along both dilution lines the
bound and interphasal water do not coexist. In the first
generation microemulsions [24], a) bound and inter-
phasal-water were found to coexist, while no free-wa-
ter was found, even at high water concentrations, b) the
surfactant-oil mixtures were diluted with a mixture of
water and propylene glycol (PG). Thus, even at a high
concentration of aqueous phase, the water molecules
were always bound to the PG molecules, which are
strongly hydrated by water. In our new systems the di-
lution is made with water alone, thus at high water con-
tent (over 90 mass% water along dilution line 82) the
water molecules are completely free. In addition, the
coexistence of bound and interphasal water in
Yaghmur’s [24] microemulsions seems to indicate that
the surfactant molecules are loosely packed, in contrast
to the system investigated in this study. In our present
system the nature of the surfactants dictates tight film
packing in the w/o region, resulting in mostly non-
freezable and bound water but once inversion occurs
(to o/w), the water becomes free.

From Table 4, Figs 7 and 8 along dilution line 82
one can see that the three regions are distributed
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slightly differently as compared with systems with
lower surfactant concentration (line 82 vs. line 55):
0—40 mass% water (1% region), 40—50 mass% water
(2" region), and over 55 mass% water (3" region).

When comparing the two dilution lines (lines 55
and 82) one can see that the bicontinuous region (the
second region) is narrower for dilution line 82 than
for dilution line 55, and the w/o microemulsion re-
structures at a higher water concentration. The bi-
continuous microstructure contains a local inflection
point in the surfactant film curvature, thus the film
has to be flexible. Dilution line 82 is more saturated
with surfactant and contains a decreased concentra-
tion of co-surfactant (propionic acid) compared with
dilution line 55. Thus, the surfactant film along dilu-
tion line 82 is more tightly packed and has a lesser
tendency to form a bicontinuous structure.

Two other analytical methods were employed to
strengthen our structural transition assumptions.

Electrical conductivity and self-diffusion coefficient

The ability of electrical conductivity and PGSE NMR
(Self Diffusion-NMR, SD-NMR) techniques to iden-
tify phase transition in microemulsion systems is well
documented in the literature [2, 6, 28]. In this work
we both measured the electrical conductivity (Fig. 10)
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2
A
g
2 2]
2
k3t
=
s
g
S 1A
=
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E
Q
= X
m 0 X T T T T T T 1
0 10 20 30 40 50 60 70
Water in microemulsion/mass%
T
6 -
567,
ERE
2
IS
5
3 31
5
S 24
i
.E 1_
Q
2
m o T T T T T T T T T 1
10 20 30 40 50 60 70 80 90 100

Water in microemulsion/mass%

Fig. 10 Electrical conductivity at 25°C of microemulsions
along a — dilution line 55 and b — dilution line 82 con-
taining ethyl laurate and propionic acid at a 1:3 ratio
as the oil phase; PC, HECO40 and PG at a ratio of
1:3:10 as the surfactant mixture
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and determined changes in diffusion coefficients
(Figs 11 and 12) along dilution lines 55 and 82.

From Figs 10a and b one can see changes in the
slopes of the conductivity curves indicating micro-
structural transition. The first transition along dilution
line 55 (Fig. 10a) occurs at ca. 20 mass% water, and the
second transition takes place at ca. 40 mass% water.
Over 65 mass% water micro-emulsification failure oc-
curs. Along dilution line 82 (Fig. 10b), the transitions
occur at ca. 30 and 50 mass% water. The microstructure
is gradually inverted from w/o to bicontinuous, and from
bicontinuous into an o/w microemulsion.

There is a slight difference in the transition point
as one follows dilution line 55 or dilution line 82. The
bicontinuous region along dilution line 82 (second re-
gion) narrows and occurs at a higher water concentra-
tion than in dilution line 55.

100 -
90
80 4
70
60
50
40 4
30
20 1
10

0 . .

DY-10'/m2 !

0 20 40 60 80
Water conc. in microemulsion/mass%

100

Plotting the diffusion coefficient (DC) of water
and ethyl laurate (Figs 11, 12, respectively) vs. water
concentration along the two dilution line shows three
different regions. The transition points were identified
by changes in the slope of the diffusion curve.

Along dilution line 55 (Fig. 12a) one can see from
the ethyl laurate DC curve the transition points from w/o
to bicontinuous structure at ca. 20 mass% water, while
the transition is not detected on the water DC curve
(Fig. 11a). The bicontinuous transformation to o/w de-
tected on both the water and ethyl laurate DC curves
(Figs 11a and 12a) and occurs at ca. 50 mass% water.

Figures 11b and 12b shows the DC curves of water
and ethyl laurate along dilution line 82. The general be-
havior is similar to the behavior along dilution line 55,
but the transition points are different. The transition
from w/o to bicontinuous structure occurs at ca.
40 mass% water, while the transition from bicontinuous
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Water conc. in microemulsion/mass%

Fig. 11 Diffusion coefficients at 25°C obtained from SD-NMR measurements of a — water along dilution line 55, b — water along
dilution line 82 The microemulsions contain ethyl laurate and propionic acid at a 1:3 ratio as the oil phase; PC, HECO40

and PG at a ratio of 1:3:10 as the surfactant mixture
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Fig. 12 Diffusion coefficients at 25°C obtained from SD-NMR measurements of a — ethyl laurate along dilution line 55, b — ethyl
laurate along dilution line 82. The microemulsions contain ethyl laurate and propionic acid at a 1:3 ratio as the oil phase;
PC, HECO40 and PG at a ratio of 1:3:10 as the surfactant mixture
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Table 5 Transition regions along dilution lines 55 and 82 obtained from different analytical methods

Microstructure regions/mass% water

Dilution line Method
wlo bicontinuous olw
DSC 0-25 30-40 50-65
Line 55° SD-NMR 0-25 30-40 50-65
electrical conductivity 0-20 25-45 50-65
DSC 0-35 40-50 >50
Line 82° SD-NMR 0-40 45-55 >55
electrical conductivity 0-30 35-50 >50

“All compositions contain 50 mass% oil phase and 50 mass% surfactants, "all compositions contain 20 mass% oil phase and

80 mass% surfactants

to o/w structure occurs at ca. 50 mass% water. As in di-
lution line 55, the transition points are more pronounced
with the ethyl laurate DC curve (Fig. 12b).

The water DC curve (Fig. 11) seems to be less af-
fected by the structural transition as the water is
slowly and progressively covert from being the in-
ner-phase (w/0) to become the continuous phase (o/w)
as represent by DSC results.

One can see that DC behavior of ethyl laurate
along line 55 (Fig. 12a) differ from the DC behavior
along line 82 (Fig. 12b). DC along line 55 is progres-
sively decreased (as expected when the system covert
from w/o to o/w microstructure), while along line 82
the DC decreases when the system contains less than
40 mass% of water and increase as the water concen-
tration exceeded above 40 mass% of water. We can’t
receive diffusion coefficient above 65 mass% of wa-
ter along line 55 as the system along this dilution line
can only be diluted up to 65 mass% of water without
phase separation.

In Table 5 we summarize the microstructure
transition as reflected from the three different analyti-
cal techniques. One can see that there is good agree-
ment between the three different analytical tech-
niques (DSC, electrical conductivity, SD-NMR) in re-
gard to the microstructure transition points.

Conclusions

DSC measurements are a quantitative tool to evaluate
the level of mobility and activity of the water mole-
cules as a function of surfactant concentration and di-
lution with water (dilution line 55 and 82) in any
microemulsion, including more complex second-gen-
eration microemulsions. When the activity of water is
below the detection ability of the DSC (non-freezable
water), all water molecules are confined to the water
core of the reverse micelles. As the water content in-
creases, the water gains mobility, transforms into
bicontinuous, and finally turns into free water when
the microemulsion become o/w.

J. Therm. Anal. Cal., 83, 2006

The difference in the transition points between
the dilution lines may affect the capacity and stability
of any water-soluble solubilizates. As water mole-
cules are more confined into the core of the micelles,
the solubilizate is better protected, thus is more stable.
One can also use the difference in the transition point
between lines 55 and 82 for triggering the release of a
solubilizate.

Sub-zero DSC can be used to detect the phase
transition points of food-grade U-type microemul-
sions. The result measurements are in good agreement
with those obtained from electrical conductivity and
SD-NMR techniques. SD-NMR is expensive, and
very difficult to measure and to interpret technique.
DSC, along with conductivity measurements, can be
considered as extremely simple and reliable tech-
nique. Those combined techniques can determine wa-
ter mobility and activity along with structural transi-
tions of any U-type microemulsions that are complex
systems in composition and structure.
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