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1. Introduction

In this chapter mass transfer within simple, mixed and multiple emulsions will be
considered. Simple emulsions are made of either water droplets dispersed within an oil
phase (W/O) or oil droplets dispersed within an aqueous phase (O/W). Mixed emulsions
are obtained by mixing gently to avoid coalescence, two simple emulsions the composition
of the droplets being different. Finally, multiple or double emulsions are obtained by
dispersing either a simple emulsion (W/O) in an aqueous phase to get what is referred as
W/O/W emulsion or by dispersing a simple emulsion (O/W) in an oil phase to get an
O/W/O emulsion.

These systems are known to be instable and their evolution towards bulk separated phases
is the result of coalescence of the droplets due to different main mechanisms as Ostwald
ripening, flotation, aggregation, sedimentation or creaming. This evolution can be
considerably reduced by adding in their formulations either surfactants or/and particles.
Thus, kinetic stability can be obtained. In that case other mechanisms can be studied,
mechanisms that traduce an evolution of the systems as well but breakdown of the
emulsions is not the result of the evolution understudy. It is this kind of evolution due to
mass transfer that will be studied in this chapter. The bibliography will be done in each part
dealing with the different kinds of emulsions considered.

First mass transfer in simple emulsions will be described. For these systems a not very well
known mass transfer can be the result of the coexistence of still liquid droplets and yet solid
ones at a temperature below the solid/liquid equilibrium temperature. This situation is the
result of nucleation phenomena that create a delay for the formation of a solid germ that will
induce the solidification of the droplets at different temperatures during the regular cooling
of the emulsion. Another phenomenon leading to mass transfer in these systems is obtained
by adding a material in the oil phase in a W/O emulsion, material that will diffuse and react
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744 Mass Transfer - Advanced Aspects

chemically with the water of the dispersed droplets. Following this process, an example of
hydrate formation will be described.

In mixed emulsions the transfer is due to the difference of composition between the two
populations of droplets. The phase wherein they are dispersed plays the role of a liquid
membrane and should this membrane be permeable to one of the material present in the
droplets a mass transfer occurs as it can be observed in a direct osmosis device.

In multiple emulsions, the situation is very similar of the one observed in mixed emulsions,
except that the phases involved in the mass transfer are the dispersed droplets in the
globules (primary emulsion) and the continuous phase wherein the globules are dispersed.
A difference in the composition between these two kinds of phases lead to a mass transfer,
the material of the globules playing in that case the role of a liquid membrane.

Different techniques have been used to detect this kind of mass transfer in emulsions. They
are based on the phenomena linked with the mass transfer, mainly: solidification and
changes of the composition and the sizes of the phases involved in the mass transfer.
Therefore classical techniques as spectroturbidimetry, light scattering, conductivimetry and
rheology have been used. In this chapter the results obtained by using a technique that has
been developed for charactering emulsions and their evolution due to mass transfer will be
thoroughly described. The referred technique called DSC for Differential Scanning
Calorimetry is described in the next section. Afterwards the results dealing with simple,
mixed and multiple emulsions will be described.

2. Differential scanning calorimetry for studying mass transfer within
emulsions

The test consists in submitting an emulsion sample, the volume of which being a few mms3,
to a regular cooling and heating performed in a Differential Scanning Calorimeter, the
volume of the cell being a few mm3- The emulsion samples are taken time to time from the
mother emulsion wherein mass transfers are expected to occur at ambient temperature.
During the cooling of a pure material, the droplets dispersed in the emulsions are expected
to freeze. Due to the need to the formation of a solid germ that requires a certain amount of
energy, the freezing temperatures are lower than the melting ones and the theory shows
they are scattered around a mean temperature T* referred as the most probable freezing
temperature of the droplets. The energy released during the droplets freezing is evidenced
on the obtained freezing curve as a peak showing a bell shape if the polydispersity is low.
Should the emulsion contains a rather large range of droplet sizes, the freezing curve will
show more than one signal and the shape could be asymmetrical. The apex temperature of
the signal that gives T" can be correlated to the mean droplet size. On the contrary, as there is
no delay in the melting phenomenon, all the droplets (whatever their size) will melt at the
same temperature, which is the one observed for a bulk material. More theoretical
developments of these phenomena can be found in literature (Clausse et al., 2005). Typical
experimental results are given thereafter.

Figures 1 shows typical cooling curves obtained by DSC of pure water (Figure 1a) dispersed
in W/O emulsions. For comparison, DSC of bulk water is given on Figure 1b. These curves
represent the basic data needed to interpret the results obtained by DSC on emulsions. For a
bulk material, its solidification will give a signal at a temperature higher than the one
obtained for dispersed material (-18°C for bulk water and -39 °C for dispersed water).
Between the melting temperature T, and the freezing temperature T., the material still
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liquid is said to be under cooled. The degree of undercooling is defined by AT = Ty, -T.. For
water, this degree is around 20°C for bulk water of a few mm? and around 40°C for a
population of microsized droplets. Another point to stress is that the shape of the signals is
also different. This can be attributed to the way the material solidifies, very rapidly in a bulk
sample or progressively in a dispersed phase as it has been indicated previously.

gt 136 -37 —38 —39 —40 —41 —42 C,.T
T T 1 ] L] L) ] -

(a)

cooling : 1.256 °Cimn

0A18 m.ls

(b) Water
1mm?3
cooling: 1.25 °Cimn

Fig. 1. Cooling curves for water dispersed in an emulsion (a) and for bulk water (b)

From the electrical power dq/dt registers by the calorimeter it is possible to deduce the
enthalpy power dh/dt involved by the freezing or melting of the sample. On using rather
low scanning rate temperature less than 2K/min, dh/dt can be approximated by dq/dt.
Therefore by a previous calibration done with pure materials, the area of the signal correctly
delimited permits to determine AH, the total heat involved in the liquid-solid transition.
This quantity divided by the energy involved per mass unit Ah permits to know the mass m
involved in the transition. Ah for the freezing is different for the melting one due to the net
influence of the temperature specially for water due to a rather high difference between the
values of the heat capacities of ice and liquid water. Nevertheless this quantity can be
estimated from data on heat capacities values and as far comparison of areas of signals are
done, this point is not a problem by itself. Furthermore when it is possible the amount of
material involved in the transition can be determined by the area of the melting signal at a
known temperature at which Ah is found in the literature. Should a mass transfer induces a
change of the initial mass m(t=0) of a material, the following of the area A(t) of either the
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freezing signal or the melting signal allows to evaluate the transferred material z or the ratio

of non-transferred material y. They will be given by the following equations:

[AH(t =0) - AH(t)]
Ah

z=mit =0)—m(t) = —A(t=0)-A(t) 1)

__m{t) _AH{) _ A(?)
m(t=0) AH(t=0) A(t=0)

y (2)
Should the material contain additives, the cooling curves obtained will be different and
dependent on the amount of solute present (Figure 2). For two compounds A+B forming
solutions in all proportions and showing an eutectic point, the freezing curves show either
one or two signals as it is shown on figure 2 for 6 compositions shown by dotted lines in the
phases diagram T versus composition x given as molar fraction of component B in the
solutions. Line starting from A{ represents the A solidification points versus composition
and line starting from B, the B solidification points versus composition, E being the
eutectic point of the binary. When a solution is dispersed within an emulsion the
solidification of the droplets shows different results depending on the composition. A
composition different from the eutectic point E, separates the sequence of the events. This
point indicated as € on the graph is found at the intersection of two lines that give the most
probable solidification temperatures of A for x<xe and the most probable solidification
temperatures of B for x>xe. The circles mimic the contents of the droplets regards to the
solid materials present. They are drawn in front of the respective signals shown by DSC. For
example for droplets the composition of which being given by dotted line 2, the cooling
curve shows two signals, one showing the partial solidification of A and at a lower
temperature the total solidification of the droplet, namely the solidification of B and the
solidification of the remaining A still liquid. As it can be seen on the diagram, the signals
shift with the composition. The temperature of the apex of the first signal observed gives the
most probable solidification temperature as it was yet described for dispersed pure material.
The heating curve represented on the figure 2 by the line 1* for the composition represented
by the dotted line 1, shows the eutectic melting followed by the progressive melting of
component A until its complete dissolution when the equilibrium line is reached. This
diagram is a schematic one for the case considered, solutions that can be mixed in all
proportions and that show an eutectic point. In this chapter mixtures of hexadecane and
tetradecane that enter in this case will be considered. Generally, especially for water + salt,
the diagram is limited as far very concentrated solution in B being impossible to reach. That
is the case for water + NaCl, solutions or water +urea solutions also treated in this chapter.

For the purpose of studying mass transfer that induces changes in the composition of the
droplets, only the lines that give the most probable solidification temperature of either A or
B will be considered. This curve will be referred as the calibration curve that gives the most
probable freezing temperature T* versus the composition of the droplets. The undercooling
given by the interval of temperatures between the equilibrium lines, and the lines that give
the most probable solidification temperatures is not a constant as the figure lets assuming,
but in fact it is changing with the composition and the drawing of the calibration curve
needs to study samples of various compositions as it will be described later on. Determining
the temperature from the freezing signal allows determining the composition of the droplets
and therefore from the knowledge of the formulation of the emulsions and by doing a
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material balance, the amount of material transferred can be determined. When it is possible
another way to follow the transfer is to determine the areas of the freezing or better the
melting signals for the droplets for which the composition does not vary, the transfer being
from these droplets to the other droplets of different composition. The way these
determinations are done will be more thoroughly described in the sections dealing with.
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Fig. 2. Cooling and heating curves for a solution A+B dispersed within an emulsion

To summarize two ways for quantifying the mass transfer will be used. One from the
determination of y (equation 2) and the other one from the calibration curve T* versus the
composition of the droplets made of A+B due to the transfer.

3. Mass transfer within simple emulsions. Solid ripening in W/O emulsions

An example is given by the mass transfer between yet solid droplets and still liquid ones
due to under cooling phenomena. This transfer not very well known but that has to be taken
into account when during the storage of the emulsion, the temperature reaches values below
the melting ones, is referred as solid ripening as far the equilibrium state in these conditions
is all the dispersed material solid (Clausse et al. 1999b). The other type is encountered when
a material is added in the continuous phase of an emulsion. It is expected to diffuse and to
react chemically with the material of the dispersed droplets. At the end a stable solid
material is also obtained. Formation of solid hydrates in petroleum industry is a typical
example of such a situation. It is this kind of transfer that is described thereafter.

An example of such solid ripening giving rise to the formation of a hydrate is illustrated by
the study of trichlorofluoromethane (CCI3F) hydrate formation in W/O emulsions. CCI3F is
a volatile liquid poorly soluble in water and forms a hydrate under mild conditions at 8.5°C
and 1 bar. Therefore, CCI3F appeared to be a good candidate in order to mimic the
conditions of gas hydrate formation in W/O emulsions as a model system (Jakobsen et al.
1996; Fouconnier et al. 1999, 2006). The solid hydrate phase is formed inside the dispersed
droplets as the result of a chemical reaction between CCI3F molecules and water molecules
present in the droplets. Actually, CCIF molecules are initially dissolved in the oily
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continuous phase and diffuse through the W/O interface to be encapsulated by water
molecules into a crystalline hydrate phase of structure II. In this chapter, it is described how
to study the CCI3F hydrate formation by DSC.

3.1 Emulsion preparation

The emulsions were prepared using Exxol D80 (a mixture of aliphatic and cycloaliphatic
hydrocarbons from Cy to Ci3) and mixed with trichlorofluoromethane as the continuous oil
phase (Fouconnier et al., 2002). The emulsifier, berol 26 (tetraoxyethylene nonyl-phenyl
ether, Co-Ph-EQ,;), was added to the oil phase at a concentration of 4% by volume. The
amount of CCI:F is incorporated in the oil in stoechiometric proportion according to the
hydrate formation reaction: CCIF + 17 H,0 — CCl3F(H20)q17. The dispersed phase was
composed of aqueous saline solutions of calcium chloride at different concentrations by
weight. Nevertheless, in order to diminish the evaporation of volatile CCI3F and also to
prevent the emulsion breaking, a primary emulsion made of Exxol D80, berol 26 and the
saline solution was firstly prepared. The dispersion was obtained at 10000 rpm by means of
a homogenizer Polytron PT 3000 during 10 minutes. The CCI3F was finally added under
gentle mixing to the emulsion stored at 0°C and kept at this temperature until utilization.
The final emulsions were 60/40 water to oil ratio.

3.2 Mechanisms of hydrate formation in W/O emulsions

Jakobsen et al. were the first to study CCIF hydrate formation in W/O emulsions by
dielectric spectroscopy (Jakobsen et al., 1996). During experiments, the emulsions were
under constant stirring and the hydrate formation was detected with an induction period at
4.5°C but took place spontaneously at 3°C. The induction period was attributed to an
insufficient undercooling, a reduced contact between CCI3F and water molecules, the energy
added to the system by stirring and inhomogeneous mixing during the initial period due to
the addition of CCI3F in the emulsion. The shift of temperature between 8.5°C and 3°C was
attributed to the freezing depression point due to the presence of NaCl in the dispersed
aqueous phase and the effect of undercooling in emulsions as it has been described in
section 2.

The authors modeled the kinetics of the CCI3F formation as followed.

CC]BF(oil) 4 CClSF(aqueouS phase) (a)
CCIF +17 H,O — CC13F.(H20)17 (b)
CCLF + 17 H)O % CCLE.(H,O) ©)

The reaction (a) represents the diffusion of CCIF from the oil phase to the aqueous
dispersed phase. The reaction (b) represents the slow formation of the hydrate considering
that cavities of structure II are forming. The reaction (c) represents the autocatalytic
formation of the hydrate.

Jakobsen et al. showed that the diffusion of CCI3F molecules from the oil phase to the
aqueous phase is the rate-limiting step. They also speculated that the surfactant can act as a
barrier to the diffusion of the hydrate forming specie.

We also studied a similar dispersed system by DSC, CaCl, was also used, and it is worth
noting that in our conditions of study it was impossible to detect the hydrate formation
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during the cooling of the emulsions or by storing them at low temperatures for a long
period. The conditions of CCI:F hydrate formation by DSC were different from those used
by Jakobsen. There was no agitation and furthermore the emulsions understudied were
really stable. During the cooling of the emulsions, it was only observed the crystallization of
aqueous droplets as bell shape signals at temperatures below -40°C as the droplets
contained salt. Hydrate formation was not detected during the cooling.

Therefore, in order to evidence the conditions of the CCIF hydrate formation in W/O
emulsions, a study using DSC and X-ray diffraction has been undertaken (Fouconnier et al.
2006). It has been concluded that a high degree of undercooling results in a spontaneous ice
formation in the droplets during cooling of the emulsions. It has been showed by X-ray
diffraction that the hydrate formed during subsequent heating of the emulsions as soon as
the ice was beginning to melt. A mechanism of hydrate formation based on the shell model
was then proposed as illustrated in figure 3.

During the heating of the emulsion, when the ice begins to melt, the droplet can be viewed
as a core of ice surrounding by a saline solution. During the progressive melting of ice, the
hydrate forms leading to the formation of a shell around the droplet. When the ice is
completely melts, the hydrate formation is stopped and a shell of hydrate phase is in
equilibrium with a concentrated saline solution since salt does not participate to the hydrate
formation. Finally, when the hydrate dissociates, the remaining saline solution is
progressively diluted until reaching the initial composition of the dispersed solution when
the hydrate is completely dissociated.

From this simplified model it was then possible to study the hydrate formation within W/O
emulsions and the effect of salts upon the hydrate formation.

It is described in next paragraph how to interpret the heating of DSC curves and for
example, how to determine the quantity of hydrate formed.

i ————
e =,
o oy

( A
\HTagh :U “ shell
) SRR of hydrate
s _T— remaining !
. . saline solution 1ce
saline solution

" . e
haring the progressive

When the melting of ice begins - i
melting of ice

a) h]'
T

e s

I." A

i o

hell il

remaining sl , e s
saline solaiion of h}rdratu aquecnus solution

Saline solution of initial
concentration when the hydrate
is completly dissociated

) d)

Shell of hydrale in equilibrium
with a concentrated saline solution

Fig. 3. Schematic representation of the droplet composition at different temperatures
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3.3 DSC measurements and determination of the amount of hydrate formed

Figure 4 report the DSC heating curves of two emulsions with and without CCI:F after being
cooled down since -90°C. Both emulsions were prepared with aqueous solutions of CaCl, at
a concentration of 6.8 wt%. On the DSC curves, the signal I at -52°C is attributed to the
eutectic fusion of the water-calcium chloride binary system. Signals II and III represent the
progressive melting of ice as it has been described in section 2. An additional signal IV only
appears for the emulsion containing CCI:F and it is attributed to the dissociation of hydrate.
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Fig. 4. DSC curves of emulsions with and without CCl3F containing initially saline solutions
of 6.8 wt% CaCl,

It has been observed from the DSC and X-ray diffraction analysis that the hydrate
dissociates progressively like melting of ice in presence with salt as the line 1" of the figure 2
shows. Therefore, the temperature of hydrate dissociation has been determined as the solid-
liquid equilibrium temperatures of water-salt systems (Fouconnier et al. 2002).

The temperatures of the end of progressive ice melting (T, Tur) and the hydrate dissociation
temperature (Trv) are obtained by taking the intersection between the baseline of DSC
curves and a line parallel to the greatest slope line of the eutectic peak, going through the
node of each endothermic peak. The corresponding temperatures are given by the projection
of the intersection points (dotted lines) on the temperature axis. Doing so, the temperatures
of the end of the melting of ice (or solid-aqueous solution equilibrium temperature) are of -
4.7°C and -4°C for the emulsion with and without CCI3F respectively. The temperature of the
hydrate dissociation is 7.5°C. It can be observed that the temperature of the end of ice
melting in reference to the emulsion containing CCI3F is slightly lower than the one of the
emulsion without CCI3F. This shift of temperature is attributed to the formation of hydrate.
When hydrate forms, water molecules are engaged in the hydrate structure resulting in the
concentration of the saline solution inside the emulsion droplets.

Once stated how to determine the temperatures of the hydrate dissociation as function of
salt concentration and by considering that the hydrate phase is in equilibrium with a
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remaining saline solution when ice is completely melted, it is possible to carry out a mass
balance using the temperatures of ice-aqueous solution equilibrium and by using the water-
CaCl; equilibrium curve. Such mass balance is illustrated by the study of an emulsion
containing a dispersed CaCl; aqueous solution of 20 wt%. For comparison, the equivalent
emulsion without CCI3F was also studied.

Figure 5a presents the DSC curves for emulsions with and without CCI;F. Figure 5b shows
the water-CaCl; equilibrium curve.
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Fig. 5. a) DSC curves of emulsions with and without CCI3F containing initially saline
solutions of 20 wt% CaCl,. b) Equilibrium curve of the water-CaCl, binary system

The temperatures of ice-saline solution equilibrium were determined as described
previously and are T = -28°C for the emulsion containing CCIkF and T = -18°C for the
emulsion without CCI3F. These temperatures are then reported on the equilibrium curve of
the water-CaCl, system. Therefore, T = -28°C corresponds to a hydrate phase in equilibrium
with a saline solution of 25 wt% of CaCl, and T = -18°C corresponds to the dispersed saline
solution of 20 wt% used for the emulsion preparation.

On the other hand, the mass fraction ¢ of aqueous phase of the emulsion was needed to
carry out the mass balance. According to the formulation of the emulsion, the mass fraction
¢ is given by the following relation where maqueous, E and Myl phase, £ are the mass of the
dispersed saline solution and the mass of the oil phase (CCI3F + berol + Exxol D80)
respectively.
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maqueous phase, E

9= =0.624 3)
My phase E + quueous phase E

The emulsion sample was also weighted before introducing it inside the calorimeter head. In
this example, the mass sample was ms = 0.2111g. From this data it was possible to determine
the mass of the aqueous phase inside the emulsion sample as

Mequeous phase,s = Mg x ¢ =0.1317g 4)

which finally gave 0.1054 g of water in the emulsion sample.

Finally, by knowing that the saline solution concentrated from 20 wt% to 25 wt% due to
hydrate formation, it can be deduced that 75% of mass water does not participate to the
reaction. Therefore, the number of mole of water engaged in the hydrate structure can be
deduced from the equation (5).

n _ Myater engaged 0.1054 x (1 - 075)

=1.4638x 10> mol 5
water M 18 X mo ( )

water

The mass of hydrate crystallized mnydrate during the progressive melting of ice is calculated
via equation (6) considering structure II of hydrate (CCL:F.(H20)17).

Mayrate = W X My apaze = 3-8190x 102 g 6)
where Mhydrate = 443.5 g.mol! is the molar weight of the CCI;F hydrate.
Furthermore, it was also possible to determine the hydrate dissociation energy. The hydrate
dissociation peak was integrated via the calorimeter software. Therefore, the corresponding
energy released during the dissociation of hydrate divided by the mass calculated as
described before, gave the specific dissociation energy of the hydrate. In this example, the
specific dissociation energy was determined as 166.1 J.g1 at -10°C (Fouconnier et al. 2002).
The CCIF hydrate model has been also used to understand the mechanism of hydrate
formation in emulsion (Dalmazzone et al. 2002). It has been demonstrated that DSC is a
suitable technique to detect the hydrate formation via the solid-liquid transitions involved
and to predict the hydrate formation zone by the determining the temperature of hydrate
dissociation as a function of salt concentration.
This model has been used to study methane hydrate formation in drilling muds
(Dalmazzone et al. 2002). It has been demonstrated that the CCIF hydrate formation can
modeled gas hydrate formation in applied systems. Studies of gas hydrate formation by
DSC can be found in literature (Koh et al, 2002; Karrat & Dalmazzone, 2003; Lachance et al.,
2008; Dalmazzone et al. 2009, Davies et al., 2009) and it must be also emphasized that DSC
has been developed to be directly used in offshore in order to predict the zone of gas
hydrate formation (Le Parlouér et al. 2004).

4. Mixed emulsions

Mixed emulsions are obtained by gently mixing two simple emulsions containing droplets
of different composition (Figure 6). Mixed emulsions are well-suited model systems to study
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transfer mechanisms across liquid membranes (Li, 1968; Colinart et al., 1984; Noble & Stern,
1995). For instance, these systems allow to model transport processes between two oil
phases separated by an aqueous membrane in the case of oil-in-water (O/W) emulsions and
between two aqueous phases separated by an organic membrane in the case of water-in-oil
(W/O) emulsions.

Population Population
of ‘ r of
droplets#l droplets#2

Smple Smple Mixed Emulsion
Emulsion#1 Emulsion#2

Fig. 6. Schematic representation of mixed emulsion preparation

The mass transfers due to a gradient composition between the different phases present in
the emulsion lead to a modification of the composition of the droplets by dilution and the
decrease of the amount of pure droplets by transfer (Figure 7).

Composition Rpening

Mixed Emulsion Smple Emulsion
with 2 populationsof from droplets#1 to droplets#2 with 1 population of
droplets#land droplets#2 droplets#(1+2)
O O @O0 ® @ @
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| - >
t0 tend

Fig. 7. Schematic representation of the droplet composition with time in mixed emulsion

Many studies evidenced the composition ripening that takes place in mixed emulsion by
measuring the rate of mass exchange between two kinds of water droplets with solute
dispersed in oil media or two populations of hydrocarbon droplets dispersed in aqueous
phase. In the case of this study, we propose to describe in this chapter the pure water mass
transfer to aqueous solute solution droplets in W/O mixed emulsion and the transfer of
tetradecane to hexadecane droplets in O/ W mixed emulsion.

4.1 DSC measurements and determination of water mass transfer in W/O mixed
emulsions

The goal of the work reported (Clausse et al., 1995; 1999; 2008; Sacca et al., 2008) is to
evidence the composition ripening that takes place in W/O mixed emulsions and to
measure the rate of water exchange between pure water droplets and aqueous solute (urea
or NaCl) droplets dispersed in oil medium. The effect of the emulsion stabilizing agent, as
emulsifier or particles, on the kinetics of water transfer was investigated and discussed.
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4.1.1 Emulsion preparation

The W/O mixed emulsions, for which water transfer is expected, were obtained by a simple
manual mixing of equal masses of two W/O simple emulsions. First, W/O simple
emulsions were made of 20 wt% (or 30 wt%) of pure water droplets or 20 wt% (or 30 wt%)
of aqueous solute solution droplet dispersed in continuous phase consisting in variable
mixtures of paraffin oil and pure vaseline paste. The aqueous solution consists in a urea
solution (concentration of 20 wt% or 30 wt%) or a NaCl solution (concentration of 20 wt%).
The emulsification was realized with a high speed homogeneizer at 50°C-60°C due to the
higher viscosity of the aqueous solutions compared to pure water. To study the influence of
the stabilizing agent, the W/O simple emulsions were stabilized employing different
surfactants in the oil continuous phase, as the lipophilic lanolin emulsifier (8 wt%) and the
nonionic Span 80 surfactant (3 wt%). To study the influence of solid particles, the W/O
simple emulsions were solely stabilized by hydrophobic Aerosil R711 silica particles (0.1
wt% to 3 wt%). Then, the W/O mixed emulsion was obtained by mixing equal masses of the
W/O simple emulsions prepared in the same conditions and with the same stabilizing
agent. The W/O resultant mixed emulsion is a mixture of 10wt% (or 15 wt%) of pure water
and 10 wt% (or 15 wt%) of aqueous solute solution droplets dispersed in oil media.

4.1.2 DSC measurements - results and discussion

In the case of W/O mixed emulsion constituted at time zero of two kinds of water droplets,
two broad exothermic peaks are observed on DSC curves, corresponding to the
crystallization of pure water droplets and of aqueous solution of solute droplets.

In the case of W/O mixed emulsions containing pure water droplets and aqueous urea
solution droplets stabilized by lanolin surfactant, the DSC cooling curves (Figure 8) indicate
two solidification peaks corresponding to the freezing signal I of pure droplets at T* = -39°C
(Figure 8a) and the freezing signal II of aqueous urea solution droplets with a concentration
of 30 wt% at T* = -60°C (Figure 8b). DSC cooling curves point out a noticeable decrease with
time of the signal I area characteristic of pure water droplets freezing (Figure 8c;d). In
addition, DSC cooling curves show a shift with time towards higher temperature of the
signal II corresponding to the solidification of water+urea droplets. Therefore these results
evidence that there is no urea transfer and that water has been transported from the pure
water droplets towards the water+urea droplets, causing their dilution, according to the
calibration curve of this system reported on Figure 9. Finally, only one signal at around
T = -48°C is observed 65 min after the mixing and no more evolution has been observed
after that time (Figure 8e). This unique signal assumed that there are no more pure water
droplets whereas the water+urea droplets are still present and their dilution having reached
a maximum. From the knowledge of the dependence of the water+urea droplets freezing
temperature versus the urea composition (Figure 9), it was deduced that the unique signal
observed at T* = -48°C is characteristic of the freezing of 15 wt% urea solution droplets. This
final composition is in agreement with the initial W/O mixed emulsion obtained by mixing
equal masses of each W/O simple emulsion containing 30% pure water of droplets and 30%
of aqueous urea solution droplets. The evolution of pure water moles numbers in mixed
emulsion was deduced from the surface area of the solidification signal I of pure water
(using the Equation 2) (Figure 10).

It appears that the transfer is rather fast at the beginning in agreement which the fact that
the gradient of concentration is maximum at t=0. Afterwards the experimental results obtained
from four different emulsions are scattered in a relative large range that shows the problem
of reproducibility. More controlled size droplets would certainly improve the reproducibility.
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Fig. 8. DSC cooling curves of W/O mixed emulsion with pure water droplets and
water+urea droplets dispersed in oil media at successive time intervals c) t=5min; d)
t=35min; e) t=65min
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Fig. 9. Freezing temperature of urea solution versus urea concentration. Te: equilibrium
freezing temperature of the urea solution in bulk; T*: most probable freezing temperature of
the micro-sized droplets of urea solution dispersed in oil media
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Fig. 10. Ratio y of pure water moles numbers non-transferred in W/O mixed emulsion with
pure water droplets and water+urea droplets dispersed in oil media versus time

dq
dt

51 57 T(C)

Fig. 11. DSC cooling curves of W/O mixed emulsion with pure water droplets and
water+NaCl droplets dispersed in oil media at successive time intervals a) t = 2 min;
b) t =25 min; ¢) t =43 min; d) t = 62 min; e) t = 82 min
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In the case of W/O mixed emulsions containing pure water droplets and aqueous NaCl
solution droplets stabilized by lanolin surfactant, the DSC cooling curves (Figure 11)
indicate a solidification signal I at T* = -39.5°C corresponding to freezing of pure water
droplet (Figure 11f) and a solidification signal II relative to the freezing of aqueous NaCl
solution droplets with a concentration of 20 wt% at T* = -67°C (Figure 11g). With time, DSC
cooling curves show the area of the solidification signal I of pure water droplets decreases
whereas the freezing signal Il appears to broaden first and then to be more and more narrow
(Figure 11a-e). Therefore these results evidence the decrease of the amount of pure water
droplets in mixed emulsion by a dilution of the water+NaCl droplets due to water coming
from the pure water droplets. When the DSC cooling curves do not change any longer after
82 min, the signal I has practically disappeared and a well defined signal II observed at
around T* = -51°C is noticeable (Figure 11e). This unique signal evidence that the complete
water mass transfer is achieved: no more pure water droplets are still present and the
water+NaCl droplets are diluted as much as possible. From the knowledge of the phase
diagram of the water+NaCl emulsified system, and the melting temperature of the final
droplets population, it was deduced that the unique signal observed at T* = -51°C is
characteristic of the freezing of 10 wt% aqueous NaCl solution droplets. This final
composition is in agreement with the formulation of the W/O mixed emulsion. The
evolution of the percentage of pure water moles numbers in mixed emulsion was deduced
from the surface area of the solidification signal I of pure water (using the Equation 2)
(Figure 12).

In that case as well, it appears that the transfer is rather fast at the beginning. Furthermore,
the time involved to reach equilibrium is very close to the one observed for the water+urea
system, around 60min.

In the case of W/O mixed emulsions containing pure water droplets and aqueous urea
solution droplets stabilized by hydrophobic silica particles instead of a surfactant, the DSC
curves (Figure 13) indicate a solidification signal I at T* = -37°C very close to what was
observed for the freezing of pure droplets (Figure 13a) and a solidification signal II at
T* = -52.6°C characteristic of the freezing of aqueous urea solution droplets with a
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Fig. 12. Ratio y of pure water moles numbers non-transferred in W/O mixed emulsion with
pure water droplets and water+NaCl droplets dispersed in oil media, versus time
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concentration of 20 wt% (Figure 13b). DSC curves show that the evolution of the
solidification signal occurs similarly to what is observed in the case of W/O mixed
emulsions stabilized by a surfactant. Therefore these results evidence that aqueous urea
solution droplets are diluted by the transfer of water from pure water droplets which
progressively disappear from the mixed emulsion, in agreement with the previous studies
presented. DSC cooling curves show no modification of the unique solidification peaks
observed from 3h 15min (Figure 13e) characteristic of the complete water mass transfer.
Similar experiments were performed on W/O mixed emulsions prepared in the same
condition but containing pure water droplets and aqueous urea solution droplets stabilized
by the nonionic Span 80 surfactant. Same evolutions of the solidification signals are
observed, but the unique solidification peaks resulting for complete water mass transfer is
observed after 1 hour of evolution.
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Fig. 13. DSC cooling curves of W/O mixed emulsion with pure water droplets and
water+urea droplets dispersed in oil media and stabilized by hydrophobic silica particles at
successive time intervals a) corresponding W/O simple emulsion of water+urea droplets at
t=0; b) corresponding W/O simple emulsion of pure water droplets; c) t = 10min; d) t =1
hours 15 min; e) t = 3 hours 15 min; f) t = 20 hours; g) t = 23 hours
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This work shows a water mass transfer through the oil media from the pure water droplets
to the aqueous droplets containing a solute, causing their dilution. The transfer mechanism
found is in agreement with the solution-diffusion model. This mechanism supposed that
water can be solubilized in the oil medium and can also diffuse in this oil medium due to
the composition discrepancy between the droplets that creates a chemical potential gradient.
According to thermodynamic considerations, water transfer is expected to transfer from
pure water droplets (highest water chemical potential) towards water+solute droplets
(lowest water chemical potential), and not the reverse. The results show that the
characteristic time scale for water transport through the oil media can span about one hour
in presence of surfactant. The kinectics of composition ripening seems to depend on
parameters of emulsion formulation as the surfactant type and concentration, the solute
type and concentration, and the presence of solid particles in the oil media. The mass
transfer process is attributed to the great exchange area available in the emulsion and
furthermore to the essential presence of surfactants. Although, the role of these parameters
is not yet clearly established. These results evidence that the presence of silica particles in
the oil media does not stop but slow down the water mass transfer, in comparison to a
surfactant. These results suggest that the mechanism of mass transfer in presence of solid
particles might be different of the solution-diffusion model previously proposed.

4.2 DSC measurements and determination of tetradecane mass transfer in O/W mixed
emulsion

The objective of the work presented (Avendano-Gomez et al., 2000; Avendano-Gomez, 2002;
Clausse et al., 2002b; Drelich, 2009) is to study the composition ripening that takes place in
O/W mixed emulsions and to measure the rate of oil exchange between n-tetradecane and
n-hexadecane droplets dispersed in aqueous phase. The influence of surfactant concentration,
surfactant nature, amount of salt and presence of solid particles on the rate of oil exchange is
also studied and discussed.

4.2.1 Emulsion preparation

The O/W mixed emulsion was prepared by gently mixing two O/W simple emulsions.
Firstly, O/W simple emulsions of tetradecane and n-hexadecane were prepared separately
with a concentration of 40 wt% of the oil phase with the same surfactant type and
concentration and homogenized with a high speed blender at 20 000 rpm. To study the
influence of the surfactant, the O/W simple emulsions were stabilized employing different
surfactant aqueous systems, as the non ionic surfactant Tween 20 and the ionic surfactant
Brij 35. The different surfactant aqueous systems were prepared with two surfactant
concentrations of 2 wt % and 4 wt%, corresponding to a higher concentration than their
respective critical micellar concentration. To study the influence of the presence of salt,
the O/W simple emulsions were prepared with aqueous solution containing an amount
of NaCl (1 wt% and 2 wt%) added to the Tween 20 surfactant (2 wt%). To study the
influence of solid particles, the O/W simple emulsions were stabilized by a mixture of
hydrophilic Aerosil A200 (2 wt%) and hydrophobic Aerosil R711 (2 wt%) silica particles.
Then, the O/W mixed emulsion was obtained by mixing equal masses of the O/W simple
emulsions. The O/W resultant mixed emulsion is a mixture of 15 wt% of pure n-tetradecane
and 15 wt% of pure n-hexadecane droplets dispersed in 70 wt% of surfactant aqueous
phase.
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4.2.2 DSC measurements — results and discussion

In the case of O/W mixed emulsion constituted at time zero of two populations of oil
droplets of different nature, two broad exothermic peaks are observed on DSC curves,
corresponding to the crystallization of each population of oil droplets.

In the case of O/W emulsions containing n-tetradecane droplets and n-hexadecane droplets
stabilized by a surfactant, the DSC curves (Figure 14) indicate a first broad exothermic signal
I at T* = -2°C for the solidification of the n-hexadecane droplets, a second broad exothermic
signal II at T* = -17°C corresponding to the freezing of the n-tetradecane droplets, and a
narrow exothermic peak at T. = -22°C related to the crystallization of the aqueous
continuous phase. DSC curves (Figure 15) show an evolution of the two oil solidification
peaks with time: an area reduction of the solidification signal II of pure tetradecane droplets
and a displacement of the solidification signal I of n-hexadecane towards lower
temperatures. The area reduction of the solidification peak II of pure n-tetradecane droplets
is related to the amount decrease of pure n-tetradecane droplets with time. The
displacement of the solidification signal I of n-hexadecane droplets towards lower
temperature is related to the composition modification of the n-hexadecane droplets by the
n-tetradecane dilution with time, according to the calibration curve reported on Figure 16.
These evolutions evidence a preferential and global oil exchange from the tetradecane
droplets towards the n-hexadecane droplets. In addition, the DSC curves reveal only one
solidification peak and no change in the crystallization temperature of the dispersed phase
obtained after some hours of emulsion evolution. This unique signal suggests that the mass
transfer between the oils droplets is complete. The crystallization temperature of the last
unique signal is observed at around T* = -10°C and corresponds to a composition of 50% in
mass of n-hexadecane in the droplets according the calibration curve (Figure 16). The initial
O/W mixed emulsion containing the same mass ratio of tetradedacne/n-hexadecane, the
resulting composition due to a mixture between the tetradecane and the n-hexadecane
droplets is 50% of n-hexadecane. Therefore, the final n-hexadecane composition within the
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Fig. 14. DSC curves of solidification of O/W mixed emulsion with n-tetradecane droplets
and n-hexadecane droplets dispersed in aqueous phase
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droplets is in agreement with the value expected. The results indicate the time to reach the
total oil transfer is 16 hours with 2% of Brij 35 and only 3 hours and 30 minutes with 4% of
Brij 35 (not represented), 24 hours with 2% of Tween 20 (Figure 15a right) and only 6 hours
with 4% of Tween 20 (Figure 15a left). The result shows that the mass transfer is achieved
after 31 h and 30 minutes of evolution when droplets are dispersed in aqueous phase
containing 2% of NaCl and 2% of Tween 20 (Figure 15b). The evolution of pure tetradecane
moles numbers in mixed emulsion was deduced from the surface area of the solidification
signal I of pure tetradecane (using the Equation 2) (Figure 17).
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Fig. 15. DSC curves showing the solidification of O/ W mixed emulsion containing 15 wt%
of n-tetradecane droplets and 15 wt% of n-hexadecane droplets dispersed in an aqueous
phase with a) 4 wt% (left) and 2 wt% (right) of Brij 35, b) 4 wt% (left) and 2 wt% (right) of
Tween 20 surfactant and c) 2 wt% of NaCl and 2 wt% of Tween 20 surfactant, at successive
time intervals
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Fig. 17. Ratio y of pure tetradecane moles numbers non-transferred in O/ W mixed emulsion
with n-tetradecane droplets and n-hexadecane droplets dispersed in aqueous surfactant

phase versus time

In the case of O/W emulsions stabilized by silica particles, the DSC curves (Figure 18) show
no evolution of the solidification signals of oil droplets observed during a time scale of 13
days. These results suggest that no modification of the droplets oil composition occurred
during this time scale. These evolutions evidence silica particles not permit to a mass

transfer between tetradecane and n-hexadecane.

www.intechopen.com



Mass Transfers Within Emulsions Studied by
Differential Scanning Calorimetry (DSC) - Application to Composition Ripening and Solid Ripening 763

Mt:mdays
5 |
s
= t=8days
H |
T
g M 72h
L | t=
1 J\ J\ t=24h
0,5 1
t=0
0 T T
-10 0 10 20

Temperature (°C)

Fig. 18. DSC curves showing the solidification of solid-stabilized O/W mixed emulsion
containing 20 wt% of n-tetradecane droplets and 20 wt% of n-hexadecane droplets, at
successive time intervals

This work shows a preferential mass transfer from the tetradecane to the n-hexadecane
droplets in agreement with the literature. Many studies evidenced the importance of the
solubility of the oil dispersed phase in water on the direction and the rate of oil exchange
through the continuous water phase (Taisne et al., 1996; Binks et al., 1998; 1999). Indeed, it
was demonstrated that the Tween 20 surfactant enhances the solubility of the tetradecane
rather than the hexadecane (McClement et al., 1995; Weiss et al., 2000). The results show that
the characteristic time scale for oil exchange between tetradecane and n-hexadecane droplets
kinetics can span a wide range from seconds to several hours in presence of surfactant. The
kinectics of composition ripening seems to depend on parameters of emulsion formulation
as the surfactant type, the surfactant concentration, and the amount of salt and the presence
of solid particles in the aqueous phase. The results show that the rate of oil exchange
between droplets is faster when the non-ionic surfactant concentration is higher, in
agreement with the literature (McClement et al., 1993c; Binks et al., 1998; 1999). On the
contrary, the amount of salt added into the continuous phase slows down the rate of oil
transfer as it was evidenced by McClement et al. (McClement et al., 1993c), and the presence
of solid particles seems to block the oil exchange (Drelich et al., 2011). These results suggest
that oil transfer may enhanced by the excess of surfactant micelles in the continuous phase.
Mechanism of micelle transportation and solubilization of the oil through the continuous
phase was proposed in the literature (McClement et al., 1992; 1993a; 1993b, 1993c; Binks et
al., 1998; 1999; Elwell et al., 2004).

4.3 Model of kinetics of composition ripening

The mechanism of composition ripening has to be considered when a composition gradient
exists within the emulsion under study. To model the mass transfer, the mixed emulsions
are pictured as: two oil phases of different nature compartmented and separated by a plane
liquid aqueous membrane or two aqueous phases of different composition compartmented
and separated by a plane liquid membrane made of oil (Figure 19).
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Fig. 19. Picture of mixed emulsion in the model of mass transfer

It has been demonstrated in the presented work and in the literature that the transport of
pure water in W/O mixed emulsion or the transfer of pure tetradecane in O/W mixed
emulsion is increased when surfactant making micelles is present as the micelles can
incorporated the transferred molecules and facilitate their transport through the continuous
media. To quantify the transfer, the flux | is introduced and expressed in terms of chemical
potential gradient gradu according to the following equation:

J =~Lx gradu 7)

With L being the factor related to the transferred material diffusion coefficient and the
transferred material concentration in the membrane. By using this model, it has been
possible to express the changes of the number of material moles in the compartment I
containing pure material, 7l (t) versus time t. This number decreases versus time ,the
material being transferred between two populations of droplets in direction of the
decreasing chemical potential. For example, water being transferred from the pure water
droplet to the water+solute droplets or tetradecane being transferred from the pure
tetradecane droplets to the hexadecane droplets. A mathematical treatment and
thermodynamic considerations developed (Clausse et al., 1995a) allow obtaining the
following relation:

V! ni(t =0)"" —n{®)"* |- ni(t =0)*° - ni(®)*" | = 20} (V] >1/3%? ®)
In this equation, V and v are the total volume and the molar volume, respectively, and L,
and d are the permeability coefficient and the mean diameter of the droplets, respectively.
Furthermore, n; and n» are the moles numbers of water and solute or the moles numbers of
tetradecane and hexadecane, respectively. L, is a parameter difficult to know as it is linked
to unknown parameters such as the width of the equivalent membrane, the water diffusion
coefficient or the tetradecane diffusion coefficient and the water concentration or the
tetradecane concentration in the membrane. Nevertheless, it is possible from this model to
predict the lapse of time necessary to reach equilibrium, when all the pure water molecules
has migrated from the pure water droplets to the water+solute droplets, or when the
tetradecane molecules has migrated from the pure tetradecane droplets to the diluted
hexadecane droplets. This point is reached when n(t)=0. Similar treatments dealing with
water transfer within multiple emulsions have been given in the literature (Clausse et al.,
1995b; Potier et al., 1992).
In each studied case, the water transport in W/O mixed emulsion and the tetradecane
transfer in O/W mixed emulsion, experimental results are fairly well fitted by the model
proposed. Although this model is not perfect, it gives the main physical parameters to be
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considered and it could be improved by taking account the changes of the characteristics of
the emulsion with time due to the transfer, and the emulsifier influence.

5. Multiple emulsions

Multiple or double emulsions are systems in which a liquid phase is dispersed into globules
which in turn are dispersed into another immiscible liquid phase (Garti & Lutz, 2004;
Benichou et al., 2007). The liquid phase dispersed as microdroplets in the globules is called
the internal phase whereas the liquid phase in which are dispersed the globules is called the
external phase. Therefore a multiple emulsion contains three liquids phases and are
classified as either Water-in-Oil-in-Water (W/O/W) emulsions or Oil-in-Water-in-Oil
emulsions (O/W/O) (Pal, 2011; Muschiolik, 2007). The inner dispersed droplets are
separated from the external phase by a layer of the globules phase (Garti & Lutz, 2004).
Multiple emulsions are liquid carriers for entrapped and release of active or reactive
molecules in pharmaceutics, cosmetics, food and industrial applications. Nevertheless,
W/O/W multiple emulsions are more studied because they have higher potential to become
commercial products than O/W/O multiple emulsion (Benichou & Aserin 2007). For
instance, in cosmetics the release of an encapsulated drug inside an aqueous globule of a
W/O/W emulsion can be directly liberated by breaking of the globules via mechanical
stress (Muguet et al., 2001; Tejado et al., 2001). In pharmaceutics, drugs can be protected by
the membrane until it reaches its target and then released by controlled release (Garti &
Lutz, 2004; Hai & Magdassi, 2004; Tejado et al., 2005). Controlled release can by operated via
swelling of the globules (or Ostwald swelling) which consists in an increase in size of the
inner dispersed droplets due to a difference of chemical potential on both sides of the
membrane leading to a water mass transfer from the external phase to the internal phase
(Geiger et al., 1998; Grossiord & Stambouli, 2007; Lutz et al., 2009). As a consequence, the
volume of the oily globules increases and when the resistance of the membrane becomes
insufficient, the globule breaks liberating the active compound.

In water waste treatments which also involve W/O/W emulsions, the toxic compound
present in the external phase has to diffuse through the membrane to be entrapped in the
inner droplets. In such separation processes, selectivity of the membrane is an important
parameter (Kentish & Stevens, 2001; Kumbasar, 2009). Indeed when a compound has to be
extracted from a solution containing a variety it is important that only the compound to be
extracted diffuses through the membrane. In order to promote selectivity of the membrane,
a carrier can be added into the membrane phase (Venkatesan & Meera Sheriffa Begum, 2009;
Ng et al., 2010). A carrier is a molecule which can form a complex with the toxic compound
at the external interface and transport it to the internal phase where the toxic compound will
be entrapped (Hasan et al., 2006; Frasca et al., 2009). High selectivity means that the carrier
holds a good affinity with the toxic compound in order to exclusively transport it through
the membrane (Kaghazchi et al., 2006).

In separation applications, the instability of the multiple emulsions can reduce significantly
the efficiency of the process. Indeed, if Ostwald swelling or coalescence of the globules
occurs, such mechanisms can lead to the break of the globules. The extracted molecule is
then directly released in the external phase which ruins the extraction process (Yan & Pal,
2001, 2004; Mortaheb et al., 2008).

If O/W/O multiple emulsions have been less extensively studied, they can also finds
potential applications in food, cosmetics and controlled delivery drugs (Benichou et al.,
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2007; Mishra & Pandit, 1989; Laugel et al., 1998, 2000; Yu et al., 2003). They are found also in
application in separation processes of hydrocarbons (Krishna et al., 1987; Garti & Kovacs,
1991). In controlled drug delivery applications the challenge consists in the control of the
diffusion of the entrapped active molecule (Grossiord et al., 1998). The active matter can
diffuse and migrate through the membrane via an osmotic pressure gradient and it can be
almost difficult to retain the active molecule inside the inner phase upon prolonged storage,
all the more as the emulsifier can form micelles (Benichou et al., 2007). Micelles are capable
of solubilizing the active molecule and facilitate the transport of active matter from the
internal interface to the external interface.

One can see that developing potential applications of multiple emulsions requires a good
understanding of the mass transfer mechanisms but besides measuring kinetics of mass
transfer, it is also important to take into account formulation aspects of the emulsion which
have also a direct influence on the mass transfer.

W/O/W emulsions entrapping different compounds, urea or MgSO,4 have been studied by
using the DSC techniques presented in this chapter (Potier et al., 1992; Raynal et al., 1994
Raynal et al, 1993). As case of study we propose to describe the release of tetradecane within
an O/W/O multiple emulsion studied by DSC. It is described how to detect the variations
of composition of the external oil phases during time as well as the evolution of the emulsion
with time. The influence of formulation parameters such as surfactant concentration and
mass ratio of the internal phase on the evolution of the emulsion are also discussed.

5.1 Emulsion preparation

The tetradecane/Water/hexadecane (O1/W/O,) multiple emulsions were prepared in a
two-step emulsification method (Avendafio-Gomez et al., 2005). Firstly, primary simple
emulsions O1/W were prepared. Tetradecane was dispersed into an aqueous solution in
which was previously dissolved Tween 20. Different concentrations of Tween 20 have been
investigated, 2 wt%, 4 wt% and 7 wt%. Tetradecane was then slowly dripped into the
aqueous phase under agitation using an Ultra Turrax mixer at a speed of 20,000 rpm. All the
O1/W emulsions prepared contained a tetradecane/water ratio of 2/3. The primary
emulsions were then sonicated during 10 min. The droplet size distribution was measured
using Coulter counter technique and the mean size of tetradecane droplets for all primary
emulsion was about 5 pm. In a second step, 19 g of each primary O;/W emulsion was mixed
gently in 10.7 g of the hexadecane external phase containing 1 g of Abil EM 90 as surfactant
and 0.1 g of decanol as co-surfactant. Each primary emulsion was incorporated slowly in the
hexadecane using a Rayneri blender at a speed of 50 rpm and the emulsions were kept
under gentle agitation until the duration of the experiments. The globule size of the
emulsions was then determined by using a Cannon Microscope and the mean diameter was
about 1000 pm for the all emulsions prepared.

5.2 DSC measurements - results and discussions

Figure 20 presents an example of the evolution of DSC curves obtained for the O;/W/O;
multiple emulsions understudied. The DSC curves are characteristic of a multiple emulsion
containing 2 wt% of Tween 20 in the aqueous membrane. On this figure, the initial DSC
curve was obtained by submitting the emulsion after 1 minute of its preparation and
presents 3 peaks of crystallization. At that time it can be considered that the transfer has not
yet started and the three peaks of crystallization corresponds to the crystallization of the
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three phases composing the multiple emulsion. The signal at around -18°C represents the
crystallization of the aqueous phase by breakdown of undercooling. This signal is
characteristic of bulk water crystallization as it has been described in section 2. Even if the
aqueous phase is dispersed as a multitude of globules their size of 1 mm is not sufficiently
tiny enough to involve nucleation delays like those observed in W/O emulsions droplets of
a few pm3. Therefore the behavior of crystallization of aqueous globule looks like the
crystallization of water bulk phase. The exothermic peak at 17°C which initial part of the
signal is sharp is attributed to the bulk hexadecane crystallization. The hexadecane
crystallizes at 17°C but with a very little degree of subcooling, the melting temperature of
hexadecane being of 18°C. The third bell shape peak is attributed to the crystallization of the
tetradecane dispersed droplets. The temperature is -12.8°C and is given by the apex of the
peak which means that nearly 50% of the droplets are crystallized.
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Fig. 20. Evolution of the DSC curves of an O;/W /O, multiple emulsion containing 2 wt% of
Tween 20 in the aqueous membrane

Figure 20 also shows a clearly evolution with time of the crystallization peaks of the internal
phase and the external phase. Actually, the crystallization peak of the tetradecane exhibits a

www.intechopen.com



768 Mass Transfer - Advanced Aspects

progressive decrement in intensity whereas the temperature of the crystallization peaks of
hexadecane decreases progressively from 17°C to 10°C. From these results it can be deduced
that tetradecane releases gradually over time. On the ultimate DSC curve, the crystallization
peak of tetradecane disappears which means that the globules are empty and total
tetradecane has been transferred in the external phase. Consequently the external phase
composition has changed over time from pure hexadecane to a given tetradecane-
hexadecane composition when the transfer ends, passing through different intermediate
compositions.

Using equation 2, it is then possible to determine the percentage y of tetradecane still
entrapped at time t. The values of y versus time and obtained for different amounts of
Tween (2, 4 and 7%) are reported on figure 21.

The emulsions initially contained the same amount of encapsulated tetradecane and it can
be easily observed that the kinetics depend on the amount of Tween 20 contained in the
membrane. The higher the concentration of surfactant, the higher is the release of
tetradecane. Nevertheless, it must be emphasized that tetradecane is gradually released
through the aqueous membrane and that no globule breaking was observed during the life-
time of the multiple emulsion.
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Fig. 21. Evolution of the quantity of tetradecane encapsulated in the globules with time at
different concentrations of Tween 20 in the aqueous membranes phase

5.3 Model of kinetics of tetradecane release

First a model based on the expressions of the flux of tetradecane versus chemical potential
gradient has been used (Avendano, 2002). A solubilisation - diffusion model has been
developed and the comparison with the experimental data has shown theoretical release
times higher: 50% released in 4000 minutes (experiment) and 5000 minutes (model).
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Therefore an improved model using the shrinking core model commonly applied to
heterogeneous reactions (Stambouli et al., 2007) has been developed. The model has been
modified and applied to the multiple emulsions under studied. Owing to the fact that the
structure of multiple emulsions is complex and in order to simplify the mathematical
treatment of the model, it has been assumed that the internal droplets of tetradecane form
only one virtual drop encapsulated in an aqueous spherical shell which represents the
membrane. The shrinking model and the typical concentration profile for diffusive transport
of tetradecane through the membrane are described in figure 22. For clarity reasons let us
define first of all, the notations used in the description of the kinetics model: C; represents
the pure tetradecane into the internal virtual drop. Cy, is the tetradecane concentration in
the external phase (tetradecane + hexadecane). C; is the tetradecane concentration at the
interface in the aqueous phase at interface I. Cj; is the tetradecane concentration in the
aqueous phase at the interface II. C'(r) is the tetradecane concentration in the aqueous phase
at radius r. r; and 1y are the radius of the internal virtual tetradecane drop and the radius of
the aqueous globule respectively.

Oy: dispersed droplets of Oq: virtual droplet of

tetradecane tetradecane
Aqueous membrane

O,: hexadecane (@) O,: hexadecpne

Fig. 22. (a) Schematic representation of the tetradecane/water/oil emulsion. (b) A multiple
globule containing a virtual drop of tetradecane surrounding by a spherical aqueous
membrane shell. (c) Profile of tetradecane concentration in the emulsion

Two partition coefficients can be defined as the ratios between the concentration of
tetradecane concentration in the aqueous membrane phase and the oily phases I and II
considering that equilibrium is assumed at both water/oil interfaces I and II.
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C!
K =" 9
1=C )
K, - (10)
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For simplification, it is considered that the internal dispersed droplets of tetradecane are
immobile inside the aqueous globules and are able to release tetradecane in the external
phase through the membrane. Therefore, it is assumed that the release of tetradecane occurs
via a pure molecular diffusion or pure micellar diffusion.

The expression of the tetradecane flow through the aqueous spherical membrane shell of
radius r is expressed as equation (11) where D. is the effective diffusion coefficient of
tetradecane in the aqueous membrane phase.

JAr) = —4I1r°D, (Ej (11)

From mass balance equations and integration between r=r; and r=r, assuming that the
volume of the aqueous membrane does not vary during the tetradecane release, the time t
of release can be expressed by the following equation
0y2 2 2 2
t=L”I)*[(ZO—x)3—(1—x)3 +1—Z§] (12)
2D,AC

where AC" =Cj;-Cj ; pr and Vr are respectively the density of tetradecane and the volume

3
0
. n r . L .
of the virtual tetradecane phase I ; Z, = (—%J , Y= —{) where r{ is the initial radius of the
1 T
virtual tetradecane droplet.
If we considered the time t; at which the internal tetradecane phase is completely release,

(r1=0 and x= 1), then t; is expressed as

' 2p.aC

2 2
{(Z0 -1)3 +1—ZO3} (13)

Finally it is possible to write the time t of release in the equivalent following form as

2 2 2

! (Zy—x)3 —(1-x)3 +1-2Z,3

[(Z0 —1)% +1Z0§][

Taking into account the value of Z from equation 15, it was possible by using equation (14)
where t; is the fitting parameter and the least-squares method to obtain the best fitting of the
experimental data relating to the tetradecane release x versus time.

t=

(14)
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0\3
Z, - r_HO _0.282+0.326 (15)
0.282

T
Where 0.282 and 0.326 are the volume fractions of the tetradecane phase and the membrane
aqueous phase in the multiples emulsions respectively.
Figure 23 presents the experimental and the model results obtained from a multiple
emulsion containing 2 wt% of Tween 20 in the membrane phase. The model fits well the
experimental data. It is worth noting that the model also fits the experimental data for the
multiple emulsions containing 4 and 7 wt% of Tween 20 in the aqueous membrane phase.
The time t; of complete release of tetradecane has been derived from the three formulations
and it was obtained, t;= 875h, t;= 451h and t;= 318h for 2, 4 and 7 wt% of Tween 20

*

respectively. In the model, the values of —¢ were fitted using equation 12 using
Pr

) =0.387mm calculated from Z, (ry=1mm). The values of the effective diffusion

coefficient obtained were compared to those of literature (Mandal et al, 1985) and a
difference was observed. However, the order of magnitude of the effective diffusion
coefficient is in a good agreement with the literature data. Therefore, it can be concluded
that the tetradecane release is strongly dependent from the Tween 20 concentration and
occurs by a micellar transport mechanism. The difference observed between the diffusion
coefficients from the model and literature may be due to the simplifications made for
developing the model. A more accurate model can be proposed but new empirical
parameters are needed.

Tetradecane Release (Tween = 2%)
1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0

— :Model
= : Experimental

Release fraction

t1=875h

0 100 200 300 400 500 600 700
Time (hr)

Fig. 23. Tetradecane release obtained from the model and compared to the experimental
data. Example of an emulsion containing 2 wt% of Tween 20 in the aqueous membrane
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6. Conclusion

Mass transfers occurring within different kinds of emulsions, simple, mixed and multiple,
have been described in this chapter. Almost of the examples given are dealing with mass
transfer occurring at ambient temperature between phases of different composition. Focus
has been made about the results obtained by submitting time to time an emulsion sample
to a cooling and heating cycle during which freezing and melting of the phases concerned
by the mass transfer are registered through the energies involved in the liquid - solid
transition thanks to a differential scanning calorimeter. The amount of the transferred
mass is deduced either from the freezing or melting of the pure material droplets A or
from the calibration curve that gives the freezing temperature of the droplets made of
A+B, versus the composition. This DSC technique appears to be suitable to study this kind
of phenomenon as far it permits to follow the transfer and furthermore to get the kinetic
of the transfer. Doing so a model of the transfer can be set up and the mechanisms
involved can be described. It appears that the mechanism to be considered is a solution -
diffusion transfer facilated by micelles that entrapped the compound to be transferred.
Therefore a control release can be set up through the formulation of the emulsion.
Another type of mass transfer has been described that induces solid ripening as the result
of the mass transfer. The case of hydrate formation has been given as an example. The
mass transfer due to the diffusion of a material in the oil phase of a W/O emulsion,
induces the formation of a solid compound, namely an hydrate, when this compound
chemically reacts with water of the dispersed water. Here as well, the DSC technique
appears to be suitable but due to overlapping of transitions dealing with water and
hydrate a complementary technique is needed. That shows the limit of the DSC technique
that needs net liquid-solid transitions and a reduced overlapping of the transitions. To
conclude these studies show the great advantage to use emulsions for having mass
transfer in a rather short time due to the total high surface area of exchange and the
presence of micelles. Therefore, these systems can be considered to set up separation
processes, the emulsions being seen as liquid membranes systems or as mini reactors for
getting chemical reactions between compounds. Nevertheless a control of the formulation
of the emulsions in order to get kinetically stable emulsions at least during the process
involved is needed.
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