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STABILITY OF MULTIPLE EMULSIONS UNDER SHEAR STRESS

Laura Luhede,'* Tobias Wollborn? and Udo Fritsching'-2

1. Research Training Group Mimenima, Bremen University, Bremen, Germany

2. Leibniz-Institute for Materials Engineering (IWT), Bremen, Germany

Multiple liquid emulsions of the water in oil in water (W;/O/W,) type are used in a variety of consumer or technical applications, for instance in the
encapsulation of certain active ingredients. The encapsulation process and release mechanisms of the inner phase of the carrier drops are
important in order to properly process and formulate such liquid-liquid systems. In this work the stability and breakage of multiple W;/O/W,
emulsions under mechanical shear stress are investigated for emulsions with different surfactants and surfactant concentrations of the internal
emulsion. Stressing the emulsions in a mechanical stirring process is compared to the membrane emulsification process. The membrane
emulsification process results in higher encapsulation efficiencies than the stirring process. The emulsion droplets were subjected to shear stress
below and above the critical capillary number for drop breakup. The results show that stable inner emulsions with sufficient surfactant con-
centrations increase the overall encapsulation efficiency for multiple emulsions subjected to shear stress, although the effect is not prominent. The
depletion of the carrier oil droplets could be achieved for Ca numbers below the critical limit, reducing the encapsulation efficiency below 10 %.
This shows that even a low shear stress can result in content release from the internal droplet phase. The experimental emulsion release study is
supported by a numerical simulation of drop deformation and break-up under shear stress.

Keywords: multiple emulsion, encapsulation, droplet breakup, emulsion stability, shear stress

INTRODUCTION

ultiple emulsions, ME, are complex multiphase struc-
Mtures that can be used for the encapsulation of active

ingredients. Such liquid systems are of significant in-
terest in the food, cosmetic, and pharmaceutical industries. The
ability to encapsulate active molecules in the internal phase
enables its potential application as a carrier system for drugs, the
masking of flavors, or the encapsulation of ingredients such as
vitamins.!""*! Also, encapsulation can be used to protect the in-
ternal phase or exclude certain components, e.g., to reduce the fat
content of a product.®’ The oil phase of a water in oil in water
(W;/0/W,) emulsion acts as a liquid membrane separating the
two aqueous phases. Thus, a potential sensitive medium is pro-
tected by an additional layer. Drugs and ingredients can be
encapsulated in the carrier drop and the reactive component in
the internal water phase can be released precisely where and
when they are required. For the controlled release of ingredients
and encapsulated substances, the analysis of the release me-
chanisms and the multiple emulsions stability are crucial.

Multiple emulsions are highly unstable systems as they consist
of both water in oil (W;/0) and oil in water (O/W,) emulsions
simultaneously. A lower osmotic pressure in the internal phase
results in shrinking inner droplets, while a higher pressure makes
the droplets swell. This is followed by film rupture of the oily
carrier droplet, enabling the inner encapsulated droplets to
escape. Therefore, it is essential to maintain a balance of the
osmotic pressure to maintain stable multiple emulsions.*

The production and formulation of multiple emulsions generally
requires a two-step emulsification process: first, the generation of
the internal emulsion system (here, water in oil W;/0); second, the
emulsification of the W,/O emulsion as the dispersed phase in a
second aqueous phase (here named W,/0 in W,).1°*! Surfactants
of low hydrophilic-lipophilic balance (HLB) are used to stabilize
the internal emulsion, while high HLB surfactants are used for the

outer emulsion. As this configuration is unstable and may break
easily, the double emulsions are influenced by the application of
stresses (chemical, mechanical, or thermal). Shearing causes dro-
plet deformation and internal streaming flows in the droplets and
the interfaces. This may increase the collision frequency of dro-
plets, thus increasing coalescence rates. In addition, the droplet
deformation changes the inner osmotic pressure. The droplets, for
instance, elongate and increase the interface area available for
encapsulated droplets to escape.!'” In several applications, emul-
sification methods where high shear stresses occur such as colloid
mills, high pressure homogenization, and ultrasound are not ap-
plicable, especially for the second emulsification step.

Typical emulsification processes for the generation of multiple
emulsions utilize a high shear method as first step. High energy
input is required for the generation of small droplets in the oil
phase. The second step requires less energy and shear forces.
Conventional methods for the generation of the outer emulsion
are stirring at low rotation speed or the drop generation through
porous structures, such as, for instance, in membranes or micro-
capillaries.[”1!)

The use of membranes for the formulation of multiple emul-
sions enables a shear sensitive and controlled emulsification
method. Membrane emulsification may generate high quality
emulsions with narrow drop size distributions and high en-
capsulation efficiencies, depending on the membranes used.
Various membrane emulsification processes have been developed
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for this purpose. Holdich et al.""?! developed a continuous mem-
brane emulsification process with oscillatory flow, meaning the
variation of the continuous phase velocity from the initial velocity
to a maximum followed by a reduction back to the initial velocity.
The advantage of the additional oscillation is an augmented in-
stantaneous shear without increasing the continuous phase flow
rate. Thus, the shear effect on the dispersed phase is increased.
This setup provides opportunities to further process the generated
emulsions, e.g., by spray drying the formed capsules. Dragosavac
et al.””) used a stirred cell membrane reactor for the creation of a
crossflow for the support of droplet detachment through the ro-
tation of a paddle stirrer. The use of flat disc membranes with
laser cut pores enables the production of monodisperse emulsions
at low pressure loss. In a review, Vladisavljevic¢ et al.""3! described
various methods to produce ME in microcapillaries with multiple
internal phases.

Hornig and Fritsching' ™' investigated the premix membrane
emulsification process for both spherical and non-spherical
shaped sintered particle structures. They found that the porosity
had a significant influence on the droplet size.

In several applications of multiple emulsions, a stable en-
capsulation or a controlled inner drop release is crucial. Particularly
for controlled drug application, it is essential that reactives are not
released before the destined area or time. Therefore, the study of
multiple emulsion stability in flow conditions is of high importance.

The encapsulation efficiency (EE) describes the ratio of the
encapsulated internal W, phase compared to the total amount of
W; used in the emulsification process. A variety of different
methods are available to determine the EE. Commonly, a marker
is used in the internal phase to determine the release. Here, a
straight forward method is the measurement of change in con-
ductivity.'* 81519 The marker is used in the W; phase and its
concentration in the W, phase is measured after the emulsifica-
tion process, determining the amount not encapsulated. The most
common markers used are low-molecular-weight substances such
as electrolytes, e.g., sodium chloride (NaCl),’®5-17! or potassium
chloride (KC1).I®" An actual extensive overview of analysis and
measurement methods for EE is found in a review by Muschiolik
and Dickinson.®

Schuch et al."” investigated the effect of the inner dispersed
phase concentration on the stability and breakage of multiple
emulsions. These authors visually examined the drop deforma-
tion and found that the application of shear stress has no influ-
ence on the drop collision rate of the internal emulsion drops. The
deformation and relaxation time of the droplets was not influ-
enced by the concentration of the internal phase.

The inner phase structure and its influence on drop breakup
and internal phase release due to changes in the osmotic pressure
was investigated by Neumann et al.?°! It was shown that diffu-
sional processes occurring after droplet breakup significantly
influence the drop size distribution.

Adsorption and desorption of surfactants and their effect on the
visco-elastic behaviour of drops and interfaces can be determined
by drop oscillation methods.?*??! The viscosity is of crucial im-
portance in the drop deformation and drop rupture process. The
surface viscosity decreases the drop deformation and modifies the
critical capillary number Ca, significantly.'***4 Muguet et al.*"
showed that the higher the shear stress on a multiple emulsion,
the higher the occurring release becomes.

In this contribution multiple emulsion stability against me-
chanical shear stress is analyzed by observing the encapsulation
efficiency at different shear rates. Different surfactants and sur-
factant concentrations for the inner phase are used to modify the

[14]

stability of the internal W,/0 emulsion. Thus, the influence of the
stability of the W,/0 emulsion on the overall stability of multiple
emulsion can be determined. The coalescence of the internal
phase should occur for lower surfactant concentrations and may
lead to an emulsion breakup,'** which could be enhanced by the
application of shear stress. The surfactant concentration of the
outer emulsion is maintained constant. Therefore, only the effects
appearing due to the influence of the internal phase are included
in the analysis. A stirring process is used for the inner W;/0
emulsion. Two drop generation methods are compared for the
generation of the outer emulsion, a membrane emulsification,
and a stirring process, respectively. Thus, the influence of the
drop generation mechanism can be evaluated.

MATERIALS

The W;/0/W, emulsions were prepared using bi-distilled water
for both aqueous phases and middle chain triglyceride (MCT)
(Endima) for the oil phases. The viscosities are pyaer = 107> and
Hoit = 0.29 kg m~'-s7!, respectively. As a marker for the evalua-
tion of the encapsulation efficiency, NaCl (Sigma Aldrich) was
used. A glucose monohydrate (Sigma Aldrich) solution was used
to dilute the emulsion samples for conductivity measurements to
determine the encapsulation efficiency.

The surfactants used were Tween 80 and sodium dodecyl
sulphate (SDS) (Sigma Aldrich) as W;/0/W, surfactants and Span
80 (Sigma Aldrich) for the W;/O emulsion. The surfactant con-
centration range and properties are shown in Table 1. The sur-
factant concentration for the W;/O emulsion was varied between
0.01-0.1g-g~' to generate emulsions with different internal sta-
bilities. For the stabilization of the W;/O/W, emulsion, the sur-
factant concentration of Tween 80 was chosen to be 0.005g-g™"
(Table 1). This ensures that sufficient surfactant is present to
properly stabilize the emulsion droplets.

The ratio of oil to water was 2:1 by mass for the W;/0 emulsion
and 2:1 water to W;/O emulsion for the double emulsion.

METHODS

For the quantitative evaluation of the double emulsion stability
and breakage, an amount of 0.005g-g~' NaCl was added to the
water phase of the W1/0 emulsion as a marker of the inner phase.
Figure 1 shows a schematic representation of a W;/0/W, emul-
sion with the general encapsulation efficiency defined as follows:

myy (t)
myy; (to)

EE = 1)

The W,/0 emulsion was created by stirring (Ultra Turrax T18/
IKA) for 4 min at a rotational speed of 11 000 rpm.

The double emulsion systems were prepared by stirring and by
membrane emulsification, respectively. For the first double emul-
sion, a magnetic stirrer (RH basic/IKA) was applied at 500 rpm for
10 min. For the membrane emulsification step, sintered particle

Table 1. Surfactant properties

CMC
Surfactant HLB (9- L Concentration (g - g”)
Span 80 4.3 - 0.01-0.10
Tween 80 15 1.2-107° 0.005
SDS 40 2.36-1073 0.0026




Figure 1. Scheme of W;/O/W, emulsion.

glass membranes with an open porosity of 45 %, a thickness of
2.7 mm, and a mean pore size at 70 um were used (ROBU, Ger-
many). The pressure drop across the membrane was controlled to
50 kPa. The W,/0 emulsions were inserted in a container and then
pressed at constant pressure through the membrane. To detach the
droplets from the membrane, slow stirring by means of a blade
stirrer within the product sampler was applied. All experiments
were performed three times and a mean value with standard de-
viation was used for the results analysis. To gain a better under-
standing of the drop deformation process under shear conditions, a
numerical multiphase flow simulation was performed for a single
droplet in a shear flow. The solver interFoam of the open source
CFD software OpenFOAM (Version 3.0) was used. The specific
volume of fluid (VOF) method in OpenFOAM has an additional
surface compression term:

‘Z_‘: + V-@U) + V-@(l - )U, = 0 )

where « is the volume fraction; and U and U, the velocity and
relative velocity, respectively. The 3D simulation domain con-
sisted of a rectangle geometry with 1.25x2.5x1.25m> with
periodic boundaries for inlet and outlet, moving wall boundaries
at the upper and lower sides, and symmetry for the remaining
patches. The computational cell geometry consists of a hex-mesh
with an edge size of 12.5 um resulting in a mesh with 2 m cells.
The drop size investigated is 500 um, corresponding to a volume
of 0.065 pL. Grid independence and mass conservation have been
monitored and ensured throughout the simulation runs.

MEASUREMENT

The drop size distribution in the emulsions was measured using
laser diffraction (LA-960/Horiba). A suitable paste measurement
cell (Horiba) was used for the inner W;/O emulsion, while the
drop size of the outer emulsion was measured using a fluid dis-
persion cell (Horiba).

The encapsulation efficiency was determined indirectly
through the measurement of the electric conductivity (HI 20/PCE)
in the emulsion. Therefore, the emulsion was diluted first in a
glucose solution with bi-distilled water in a ratio of 1:20, thus
decreasing the influence of the oil droplets on the conductivity."”
The aim of this solution is the creation of the same osmotic

pressure as in the inner water phase to avoid diffusion between
the internal and the outer phase.>182

The release of water is assumed to be proportional to the re-
lease of NaCl and can thus be calculated from the measured
conductivity using a calibration curve. The calibration curve was
derived to determine the encapsulation efficiency by adding a
controlled NaCl quantity to an emulsion consisting of the same
materials and concentrations as the multiple emulsion. An
average of three independent measurements were used for the
calibration curve.

Mechanical shear stress was applied on the double emulsion
using a viscometer device (CVO 100/Bohlin) and shearing at de-
fined shear rates of 50 .. 1500s™" in a cylindrical configuration.
The shear rate is determined as follows:

y= 20 en )
dy Ah

where Ah = 1.25 mm is the gap width; r; = 25 mm is the inner

diameter; and w is the rotational velocity.

Drop size and emulsification efficiency were measured at several
shear rate levels, where also a visual analysis of the emulsion
systems by phase contrast microscopy (BX51/Olympus) was per-
formed. The temporal stability of the emulsions was analyzed by
turbidity measurements (TurbiScan LAB/Formulaction). The visc-
osities were measured using a rotary viscometer (CVO 100/Bohlin)

RESULTS

For the inner emulsion, different surfactant concentrations were
used to prepare the basic W;/0 emulsion resulting in changing
drop size distributions for each configuration. The drop size
distributions in Figure 2 show an increase in the mean drop size
for the lower surfactant concentrations. The standard deviation of
drop size distribution between the different surfactant con-
centrations is below 0.02. Thus, the initial conditions concerning
drop size can be assumed as constant. Turbidity measurements
show that all multiple emulsions stay stable (the span of drop size
distribution changes less than 5 %) for more than 4 h, which is the
typical time required to perform the shearing experiments and the
subsequent analyses.

Multiple emulsions are sensitive to shear stress due to their
components. As shear is a main reason for emulsion breakup, it
can be used to ensure a controllable release of content of the
W;/0/W, emulsion. By applying a defined shear stress on the
multiple emulsions at known surfactant concentrations, the in-
fluence of the surfactant concentration on the encapsulation ef-
ficiency is to be determined. Premixing emulsification in sintered
glass membranes with unstructured pores enable a reduction in
droplet size distribution, which is shown in in Figure 2; the
droplet size is 2-3 times the mean pore diameter, while, generally,
a droplet size between 3-4 times are expected.

In Figure 3 the membrane emulsification method (M) is com-
pared to the drop generation via stirring (S) for surfactant
concentrations C=1, 5, and 10g-g™" after being subjected to a
defined shear stress. Data points are fitted using the Weibull
function:

F)=1— /D" C))

The accuracy is R2=0.88 for M, 1 % and R2 > 0.96 for the others.
Here T represents the characteristic scale of the function and m
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Figure 2. Drop size distribution of internal W;/0 emulsion for different
surfactant concentrations (Span 80) with W;/O/W, as comparison.

the slope of the function. The Weibull coefficients can be found in
Table 2.

The slope of the graphs in the membrane emulsification process
decreases with an increasing surfactant concentration C, with a
rate of y = 0.377In(C). The graphs show that the initial en-
capsulation efficiency (shear rate = 0) is higher in the membrane
encapsulation process (> 90 %) compared to stirring (~55 %). This
also can be seen in the Weibull coefficients; In the stirring process
the initial concentration is already low enough to generate a linear
dependence with a rate of y = 2.3725C — 1.3084. This behaviour is
due to the different drop generation mechanisms. Within the stir-
ring process, the drops are broken through the application of shear
and strain stresses. This rupture already may result in an unwanted
release of the internal water phase content. The membrane emul-
sification process generates drops at the pore exit at the membrane
surface by jetting or dripping.”?”! The internal phase remains in the
drop as there is no rupture of the interface. Low shear flow assists
the drop detachment at the membrane surface.

The encapsulation efficiency, EE, decreases below 20 % for all
surfactant concentrations for shear rates above 200s~'. Surfac-
tants obviously have an effect on the encapsulation efficiency,

$ M, 0.19/g
> 08l M, 0.05 g/g | |
% ' X M,0.01g/4g
o
£ 06
c
i)
S o4t
2]
Q.
(o]
<
L 02 B
0 , D
10 102 108

Shear rate (s-1)

Figure 3. Encapsulation efficiencies, EE, for membrane emulsification (M),
Fitting with Weibull function with R2>0.88.

Table 2. Weibull coefficients

Emulsification process m T R?

M, 0.1 g/g -1.4141 117.25 0.99
M, 0.05g/g -1.5166 83.20 0.96
M, 0.01 g/g —2.2449 58.54 0.88
S, 0.19/9 -1.0691 25.88 0.91
S, 0.05 g/g —1.1945 24.51 0.92
S, 0.01 g/g —1.2821 12.99 0.93

however, the outer shear stress is dominant in the drop release
process.

Figure 4 shows the drop size distribution for a 10 g-g~" Span 80
multiple emulsion at different shear rates. Figure 4a shows that the
drop size changes insignificantly for shear rates <500s™'. For
higher shear rates, the distribution becomes bi-modal as a fraction
of smaller drops is generated. Figure 4b shows the drop size dis-
tribution at conditions of no shear and after shearing at 1500s™".
The drop size distribution shifts from a mono-modal function to a
bi-modal function. A separate droplet population is created with
dmodal ~ 25 pm.

Thus, the typical breakage ratio in this case is as follows:

¢z dini g (5)
dis00
The Capillary number Ca is as follows:
ca=17d ©)
o

where y represents the shear rate; 7 the viscosity; d the drop dia-
meter; and o the interfacial tension, which describes the fraction of
disruptive stress to adhesive surface tension forces, thus giving a
measure if a droplet remains stable under shear stress. Various
authors assess the drop deformation and breakup mechanisms for
clean interfaces.'**?%-3! The critical capillary number is defined for
systems with low viscosity ratios = up/u.. For A> 1, as in O/W
emulsions, the breakup criteria diverge. Here, drop breakup in pure
shear flow is deemed impossible."!
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left, and stirring (S), right, process for different surfactant concentrations.
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Figure 4. Drop size distribution of the membrane emulsification process (with 0.1g-g~" Span80) for: (a) various shear rates; and (b) before and after

shearing at 1500 s~".

Numerical Simulation of Drop Deformation and Breakup

Figure 5 shows the drop deformation process for a shear rate of
1500s™" in combination with the velocity magnitude contours. In
Figure 5a the interfacial tension corresponds to an almost clean
interface that was measured using a pendent drop method (SCA25,
DataPhysics). As can be observed, the droplet shape is nearly
spherical despite the high shear stress. As the current system
contains a high amount of surfactant, the actual interfacial tension
is reduced. The measured final interfacial tension of the fully
loaded interface is y = 0.0083 kg-s™' (SCA 25, DataPhysics). Ap-
plying the value from Figure 5c and an intermediate tension from
Figure 5Sb to the simulation, the droplet deformation increases with
a decreasing interfacial tension. Thus, a droplet breakup becomes
possible for the loaded droplet case shown in Figure 5c.

The drop deformation for different capillary numbers
(y = 0.0083 kg-s™!) is shown in Figure 6 in combination with
velocity vectors at the outer side and inside of the droplet. Oil
droplets in water are expected to maintain their shape for a high
range of capillary numbers, showing only slight deformations.

(a) 0=0.042kg s

(b) 6=0.011 kg s2

(C) 6=0.0083 kg s

t=0.001s

t=0.02s
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This corresponds with the findings in the literature.**3% The
droplet rotates with the flow without deformation as indicated
by the velocity vectors. Thus, the deformation depends less from
the applied shear stress. However, a relation to the interfacial
tension (Figure 5) is to be seen.

Derivation of Critical Capillary Number

In real emulsion systems, the drop deformation leads to surfactant
concentration gradients on the droplet interface. The newly gener-
ated surface due to the shear and strain forces requires time before
new surfactants can adsorb at the interface. The resulting Mar-
angoni effect leads to a gradient in the interfacial tension, leaving
parts of the droplet interface as a permeable membrane, which could
lead to the release of inner droplets even before the actual drop
rupture occurs. The presence of surfactants and the effect on the
drop deformation was studied by Bazhlekov et al.?*! They found
that the drop deformation depends linearly on the capillary number
and that the drop deformation is very sensitive to the surfactant load
on the interface. Still, the present simulation provides an estimate of
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Figure 5. Simulation of drop in shear flow (y" = 1500 s™') at a constant velocity for different interfacial tensions.



t=0.001s

t=0.056s

Figure 6. Drop deformation of 500 um drop for rising capillary numbers. Red arrows show the velocity vectors for the dispersed phase inside the droplet,

while arrows in blue identify the continuous outer phase.

the breakup of oil droplets in water and gives an approximate critical
capillary number of Ca.; = 0.94, which corresponds to the experi-
mental data in Figure 7. Here, the capillary number that depends on
the drop size is shown. This is also a strong indicator for the droplet
depletion without drop breakup.

The release process of the inner aqueous phase can be monitored
in microscopical images of the emulsion (Figure 8). Here, multiple
emulsion samples have been stressed at constant shear rates for a
defined time At = 100 s. The initial multiple emulsion is filled with
small droplets. For increased shear rates, less encapsulated drops
per phase appear, as well as completely depleted droplets.

The drop size however remains essentially constant. The fraction of
empty drops increases as the shear stress rises. For a shear rate of
15005~ no filled droplets can be detected anymore. It also can be
observed that for this shear rate the drops become smaller, as is
already indicated by the measured drop size distributions (Figure 4).

Impact of Analysis Method on the Accuracy of Encapsulation
Detection

The stability of multiple emulsions under shear or strain stress is
influenced by several parameters such as the deformation rate,
the drop diameter, and the viscosities of the dispersed and con-
tinuous phases.'?®! The viscosity is influenced by the surfactants
used. Tween 80 is a slowly absorbing surfactant. A faster sur-
factant should lead to increased encapsulation efficiencies in the
same drop size regime. This tendency can be seen in Figure 9,
where SDS (sodium dodecyl sulphate, Sigma Aldrich) was used as
surfactant. The encapsulation efficiency increases significantly
and independently from the applied shear rates. Here, the pro-
blem arises that using the same membrane emulsification process
results in different drop size distributions due to the surfactant.
As SDS produces much smaller drop size distributions for mul-
tiple emulsions, the results show a trend but no quantitative data
regarding the exact effect of faster surfactants.

Whether the reduction in the encapsulation efficiency is due to
the addition of NaCl as a marker needs to be further investigated.
As described in the literature,'®*% coalescence and flocculation
increases with an increased salt concentration. However, previous
work by Mezzenga et al.'® indicates that for marker concentrations

up to 0.5 g-g" !, the NaCl addition does not significantly influence
the interactions at the drop interface. Unlike the present analysis,
these multiple emulsions formulations have not been exposed to
shear stress after the generation process. In Figure 10 the standard
multiple emulsion prepared with a marker concentration of
0.5g-g”! is compared to a lower salt concentration of 0.1g-g™"
NaCl. Sample emulsions also have been prepared with a NaCl
concentrations of 1 and 0.8 g-g~". In the latter cases, the emulsions
immediately broke, making the analysis impossible. Figure 10
shows that lower marker concentration results in a slightly de-
creased release rate. It must be noted that for the low NaCl
concentration (0.1g-g™"), the overall conductivity of the sample
becomes lower, therefore increasing the uncertainty of the mea-
surement results. Thus, the NaCl concentration used here has an
almost negligible effect on the release of internal droplets as the
rise in encapsulation efficiency is in range of the error bars. A more
pronounced effect can be obtained by local concentration gradients
of the internal phase. Due to droplet deformation, a former
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Figure 7. Capillary number versus drop size at different shear rates with
Cacrit=0.94.



308t

C

o

o

% o6

C

S

k5]

> 04+

(%]

o

(0]

(&]

T o2t

w T  Tween 80, 10 g/g

SDS, 10 g/g

0 1
10! 102 103

Shear rate (s-1)

Figure 9. Comparison of the encapsulation efficiency with surfactants
Tween 80 and SDS in the membrane emulsification process.

homogenous droplet distribution can become heterogeneous. This
effect may increase the collision frequencies of droplets leading to
an increased coalescence rate, which increases with a decreasing
surfactant concentration. The coalescence of internal droplets
changes the osmotic pressure in the emulsion droplets, generating
a permeable membrane in the oil droplet. The internal coalesced
water droplets are more easily able to escape, leaving empty oil
droplets.

CONCLUSIONS

The influence of shear stress on the stability of multiple emul-
sions (W;/0/W,) was analyzed. It was shown that even low shear
stress results in a certain release of the encapsulated medium
from the carrier droplet. This release is significantly influenced by
the surfactant concentration of the W,;/0O emulsion. Due to the
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Figure 10. Encapsulation efficiency at different shear rates for marker
concentrations 0.1 and 0.5g-g~' NaCl with 10g-g~"' surfactant. Fitted
by Weibull function with R2>0.977.

increased stability of the internal emulsion, coalescence inside
the carrier drop becomes less likely with a higher surfactant
concentration, thus preventing the breakage of the emulsion.
Three interacting reasons for the multiple emulsion breakup
are found. First, the shear forces acting on the droplet interface
leads to deformation of the droplet, resulting in internal flow.
During the shear process, the oil droplets are elongated and de-
formed. Surfactants molecules diffusion and adsorption on the
O/W interface may be not fast enough to adapt to the geometrical
change, thus generating a gradient in the surfactant concentra-
tion. The Marangoni effect leads to a partly permeable membrane
on the interface, enabling the encapsulated drops to escape from
the carrier drop. This release mechanism may even be enhanced
by the NaCl concentration in the internal phase. A modification
of the marker concentration results in slightly different



encapsulation efficiencies. The second reason for the emulsifica-
tion breakup is the change in local concentration gradients that
are leading to heterogeneous internal droplet distributions due to
the drop deformation. This increases coalescence rates, de-
pending on the surfactant concentration. The third reason is the
coalescence of internal drops that change the osmotic pressure,
generating permeable membranes and causing droplets to escape
from the carrier drop.

Membrane emulsification is compared to a conventional stir-
ring process for multiple emulsion formulation. The former pro-
cess achieves much higher encapsulation efficiencies due to the
specific low shear drop generation process. The encapsulation
efficiency decreases in a similar way for both methods, indicating
that the initial encapsulation efficiency is not relevant for the
drop release process.

The internal drop release depends on a combination of shear
stress, surfactant type, and concentration, as well as the surface
properties of the media and drop size. The future development of
a suitable correlation of these factors describing the emulsion
stability under stress would provide a predictive method to de-
termine a controlled release of internal phases in W;/O/W,
multiple emulsions.
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NOMENCLATURE

Ca capillary number

CMC critical micelle concentration
HLB hydrophilic-lipophilic balance
MCT middle chain triglyceride oil
ME multiple emulsion

ow oil in water emulsion

W,/0 water in oil emulsion
W,/0/W, water in oil in water emulsion
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