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Double emulsions of the water-in-oil-in-water type are promising encapsulation and delivery systems containing at least

one hydrophilic and one lipophilic surfactant. Currently, there are still very few implementations on the market, as these

systems are subject to extreme stability problems. This study focuses on stability problems induced by the transport of

hydrophilic surfactant molecules through the lipophilic phase to the encapsulated inner water droplets. In particular, a

model system was developed to quantify surfactant transport and resulting effects on the coalescence of encapsulated

water droplets. Changes in stability of the inner water droplets are demonstrated for different surfactants and compared to

the stability of the inner water-in-oil emulsions and corresponding double emulsions.
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1 Introduction

Water-in-oil-in-water double emulsions have long been
identified as promising systems for the encapsulation of
water-soluble ingredients in water-based formulations [1].
Such formulations are especially needed for food, cosmetics,
and pharmaceutics [2]. In the first step, an inner water
phase with the active substance dissolved within is emulsi-
fied in an oil phase. The resulting water-in-oil (W/O) emul-
sion is dispersed in an outer water phase in an independent
emulsification step [3]. As a result, the active ingredient is
protected from environmental stresses by an oil layer [4]. In
order to distinguish between the two water phases, they are
often marked with indices, resulting in the abbreviation
W,/O/W,, for water-in-oil-in-water double emulsions.

Due to the co-existence of three phases in a double emul-
sion, instability can occur in different ways [5]. These insta-
bilities can be classified into coalescence and diffusional
instabilities. Diffusion of water between the inner W,
droplets and the outer W, phase is often observed in double
emulsions [6]. It is triggered by the difference in capillary
pressure between the two water phases [7]. This challenge
can be handled relatively easy when the droplet sizes in the
double emulsion are known. The osmotic pressure differ-
ence between the water phases can be tailored matching to
the capillary pressure and therefore diffusion is hindered
[8,9]. Coalescence occurs in principle between all three
phases. The three possible coalescence paths are the follow-
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ing: W;-W;, O-O and W;-W,. O-O coalescence can be
measured by the change of oil droplet size distribution,
which is directly accessible by common methods like static
laser scattering [10]. W;-W, coalescence is in the focus of
many studies, since it is the main mechanism for (unde-
sired) release and therefore defines the main property of a
double emulsion [11]. Most commonly, the amount of
encapsulated substance in the outer phase is used to
describe the encapsulation efficiency of the double emulsion
[12]. W;-W, coalescence, however, has been less often
examined by systematic investigations up to date.

A possible reason for this research gap is that W;-W,
coalescence neither releases the encapsulated substance nor
does it change the typical double emulsion properties like
viscosity or creaming behavior directly. Still, there are indi-
cations that the change of W droplet sizes might increase
the release rate [13], since increasing droplet sizes decrease
the lifetime of droplets at a flat interface before coalescence
occurs [14]. Additionally, the increase in water droplet size
decreases the capillary pressure in the W, droplets and for
osmotic pressure tailored emulsion osmotic swelling will
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result. Osmotic swelling can consequently lead to the com-
plete loss of the double emulsion structure, known as swell-
ing-breakdown [15, 16]. In analyzing W,-W, coalescence in
double emulsions, several challenges must be met. The
direct measurement of W, droplet sizes is only possible via
confocal laser scanning microscopy [17] or by nuclear mag-
netic resonance spectroscopy [18]. Both methods demand
high emulsion stabilities since they are time and energy
intensive methods. Via optical microscopy, qualitative
analysis of the stability of double emulsions against W;-W,
coalescence can be made. When the inner droplets coalesce,
while there is only little release via W;-W, coalescence,
changes in W droplet size can be observed [19].

To prevent or at least slow down coalescence, surfactants
are added into double emulsion systems. At least one
hydrophilic surfactant is added into the W, phase to stabi-
lize the oil droplets. To keep the inner emulsion stable, at
least one lipophilic surfactant is dissolved in the oil. The
different surfactants are necessary due to the different cur-
vature of the droplets of a W/O and an O/W emulsion [20].
When considering W;-W, coalescence, the lipophilic emul-
sifier is meant to stabilize inner droplets, while the hydro-
philic emulsifier has potentially interfering effects on the
stability of inner droplets against coalescence [21,22]. Since
the surfactants are highly interfacial active and partly solu-
ble in the water phase as well as in the oil phase, it can be
expected that they distribute at both interfaces over time
[5]. While the lipophilic surfactant can go directly to both
interfaces, the hydrophilic surfactant is hindered by two
reasons. On the one hand, the oil film between the W,
phase and the W,/O interface can prevent or at least slow
down the migration, dependent on the chemical compati-
bility of the oil phase and the hydrophilic surfactant
[23,24]. On the other hand, the lipophilic surfactant is al-
ready present at the inner interface, when the hydrophilic
surfactant is added, due to the two separate steps in double
emulsion production. When the inner interface is complete-
ly and irreversibly occupied by lipophilic surfactant, there
might be less space left for the hydrophilic surfactant to ad-
sorb [25].

In this study, the stability of inner double emulsion drop-
lets is analyzed in different models, considering especially
the transport of the hydrophilic surfactant through the oil
phase. Between different hydrophilic surfactant types, con-
siderable differences in diffusional speed are to be expected.
While non-ionic surfactants should migrate through the oil
faster, ionic surfactants and polymeric surfactants should be
transported slower or not at all [26]. Additionally, the inter-
actions between the hydrophilic surfactants and polyglycer-
ol polyricinoleate (PGPR), one of the most common lipo-
philic surfactants in double emulsions, are described. For
different hydrophilic surfactants, the stability of the inner
emulsion can be different [27]. The interactions between
surfactants on a molecular scale are not described, but it
was shown that certain surfactant pairings do result in less
stable double emulsions [28].
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To isolate the stability of the examined formulations,
single droplet experiments were performed. Single droplet
experiments can in general be used to show effects of small
changes in interface composition, since the stability time of
two droplets is much more sensitive to a second surfactant
than, e.g., the interfacial tension [21]. To understand
whether this interaction will occur in a double emulsion the
diffusion rate of the hydrophilic surfactant through an oil
layer is measured using a pendant drop measurement setup.
In the last step W,/O single emulsion is brought into con-
tact with an outer water phase, containing the hydrophilic
surfactant. The main objective of the research is to investi-
gate the impact of the diffusion of hydrophilic surfactants
on the stability of the inner emulsion. The approach via sin-
gle emulsion was chosen to prevent W;-W, coalescence
and since the droplet size distribution of a W,/O emulsion
can be measured more easily in a single emulsion than in
the double emulsion [29]. It was shown that PGPR could
stabilize the inner water droplets less good when alcohol
ethoxylates were given into the system, while ionic surfac-
tant in the outer water phase increased the stability of the
inner water droplets.

2 Materials and Methods

2.1 Materials

Medium chain triglycerides (MCT) were chosen as oil phase
for the experiments. MCT combine the structure of a
triglyceride, which are common in life science applications,
with a relatively defined chemical composition. The used
MCT (WITARIX 60/40, IOI Oleo GmbH, Hamburg, Ger-
many) consists of a mixture of C8 and CI10 fatty acids in a
ratio of 56:44. For interfacial tension and single droplet
experiments the MCT were purified by the method of
Dopierala et al. [30] with Florisil (Carl Roth, Karlsruhe,
Germany) to remove remaining impurities. The purification
step increased the interfacial tension of pure MCT and
reduced the stability of single droplets [21]. For the prepa-
ration of the water phases for all experiments, ultrapure
water was used.

In this study, the commonly used lipophilic surfactant
PGPR (Dermofeel PGPR, Evonik Dr. Straetmans GmbH,
Hamburg, Germany) was combined with different types of
hydrophilic surfactants. As non-ionic surfactants the alco-
hol ethoxylates (EO) Brij C10 (C16-10*EO) and Brij 58
(C16-20*EQ) were chosen. As ionic surfactants CTAB
(C16-C3HyN") and SDS (C12-SOj3) were used. Brij C10,
Brij 58 and CTAB were bought from Sigma-Aldrich
(St. Louis, MO, USA) and SDS from Carl Roth (Karlsruhe,
Germany). As polymeric surfactant the polypropylene-
polyethylene block copolymer Pluronic PE 6800
(Myw = 8000gmol™) was kindly provided by BASF SE
(Ludwigshafen am Rhein, Germany). The chosen short-
chained surfactants cover a wide spectrum of hydrophilic-
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lipophilic-balance (HLB) values calculated according to
Davies [31]. The HLB values of Brij C10, Brij 58, CTAB and
SDS are 2.7, 6.0, 15.8 and 40.0, respectively. Since there is
no calculation value available for the ammonium group of
CTAB, an experimental value was taken from Miraglia et al.
[32]. The more lipophilic the hydrophilic surfactant is, the
more soluble in oil it should be and the faster diffusion
through an oil phase should occur.

For all experiments, the hydrophilic surfactants were
applied at a concentration of 1wt%, which is within the
range of classical applications. In contrast, the selected
PGPR concentration of 0.1 wt % was rather low to deliber-
ately speed up emulsion instability and detect stability
enhancing surfactant interactions [23,33]. This also allows
for detecting increasing droplet stability. Additionally, the
chosen PGPR concentration inhibits spontaneous emulsifi-
cation of water in oil, which would disturb optical measure-
ments. This effect occurs at PGPR concentrations between
0.5wt % and 5 wt %, which are used in application [34].

2.2 Double Emulsions

To investigate the stability of double emulsions with the
chosen formulation, microscopic pictures of the double
emulsions produced with the different hydrophilic sur-
factants were compared. Ultrapure water was dispersed in
0.1 wt % PGPR in MCT at a disperse phase ratio of 10 vol %.
For emulsification, a gear rim disperser (Megatron MT
3000, Kinematica AG, Luzern, Switzerland) at 18 000 rpm
(tip speed 24.50 ms™') was used. In the second step, the in-
ner emulsion was dispersed in a 1wt % surfactant solution
with an Ultra-Turrax (T25 digital, IKA Werke,

PA, USA) to 2 pL. The droplets sank down and met at the
bottom of the reaction vial. From the first contact of the
droplets the time was measured in a 5-s interval until
coalescence occurred. In accordance with other authors, the
time between contact and coalescence is called coalescence
time [35]. For each surfactant combination, the experiment
was repeated 24 times in 24 independent reaction vials,
resulting in a coalescence time distribution. Since some
surfactant formulations produced very stable droplets, the
experiment had to be interrupted before coalescence
occurred. These measurement values were marked as stable
for over 10000 s (over 2.5h). As coalescence is a stochastic
process [36], the repetitions are plotted in a box plot dia-
gram. This form of plotting can be used for the comparison
of coalescence times [21]. The box shows the four quartiles
of the measured coalescence times, with the t,5 to t;5 area in
the box and the median t5;, marked with a line. The
whiskers mark the area of all values, except for the outliers.

2.4 Characterization of the Hydrophilic Surfactant
Distribution

For the characterization of the transport of hydrophilic sur-
factants through an oil phase, the interfacial tension of the
two setups shown in Fig. 1c was compared. The interfacial
tension was either measured directly at a 1-wt % surfactant
solution droplet (left picture) or at a droplet of ultrapure
water with the surfactant solution underlaid the oil phase
(right picture). The interfacial tension was determined with
a pendant drop tensiometer (OCA 15 LJ, DataPhysics
Instruments GmbH, Filderstadt, Germany) at 25 °C. For the

Staufen im Breisgau, Germany) at 8000 rpm
(5.45ms™!) for two minutes. The initial phase a)
composition of the resulting double emulsion
was W:O:W, = 5:45:50. Microscopic pictures
(Axiolab re 450905, Carl Zeiss AG, Oberkochen,
Germany) of the double emulsions were taken
after a storage time of one week at 25 °C.

2.3 Coalescence Stability of Single
Droplets

To describe changes in interfacial composition
by competitive adsorption of two surfactants,
the coalescence time of individual droplets was
measured. In Fig. 1b, a variation of the “Diffu-

C1). Cz).
d1) .dZ).

sion and Coalescence Analyzer” (DCTA) mea-
surement setup [27,35] is shown. Two water

. . -l o hydrophilic surfactant /Iipophilic surfactant

droplets were placed into a 1.5-mL reaction vial
(Carl Roth, Karlsruhe, Germany) filled with
0.7mL of MCT. The droplet volume was set by a
single-channel pipette (0.5-10 uL ergonomic
high-performance, VWR International, Radnor,
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Figure 1. W,/O/W, phases (from dark to bright) in experimental setups with
hydrophilic (dark) and lipophilic (bright) surfactants. a) Surfactant distribution
in a double emulsion, b) coalescence time measurement with two surfactants in
competition, c) interfacial tension in direct measurement (1) and diffusion setup
(2), d) single emulsion experiments before (1) and after diffusion (2).
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direct measurements, the interfacial tension after one hour
was taken. For the diffusion setup, 6h equilibration time
were given before taking the measurements, since longer
measurements did not change the described tendencies
anymore. Both experimental setups used 1 mmx1mm PE
photometer cuvettes with 0.9 mL water phase, 0.9 mL puri-
fied MCT and a 10-pL droplet on a 0.91 mm outer diameter
needle. In the diffusion setup, the distance between the
droplet and the interface was set to 1 mm.

2.5 Preparation and Measurements of W/O Single
Emulsions

For the W/O single emulsion experiments, the same W/O
emulsion as for the double emulsion experiments (Sect. 2.2)
was used. Instead of emulsifying the emulsion in the W,
phase, the emulsion was stored at 25°C and in contact
with different 1-wt% surfactant solutions as shown in
Fig. 1d. Of the W,/O emulsions 20 mL were overlaid over
5mL 1-wt % hydrophilic surfactant solutions in a glass vial
(see Fig. 1d). In the left picture, the emulsion is shown at
the beginning of the experiment, when the surfactants are
still in their respective phases. In the right picture, a possi-
ble surfactant distribution after diffusion of a hydrophilic
surfactant is shown. Diffusing surfactants were then able to
change the stability of the W/O emulsion. To measure the
emulsions’ droplet size distributions, the complete oil phase
was decanted from the glass vial and stirred prior to the
measurement, preventing selective probing from sedimenta-
tion of the bigger water droplets. The droplet size distri-
butions were measured by static laser scattering (Horiba
LA-940, Retsch Technology GmbH, Haan, Germany). As
characteristic value the doy 3 was calculated from the mea-
surements, which is the diameter of the droplet in the distri-
bution that is bigger than 90 % of the disperse phase volume
in the emulsion.

2.6 Statistical Analysis

between the formulations to develop. The five images show
oil droplets filled with water droplets and dispersed in the
outer water phase W,. The differences in oil droplet size
could result from the different interfacial tensions, changing
the droplet break-up behavior at the same process condi-
tions [37]. Additionally, coalescence between oil droplets
during storage cannot be excluded, but was not further eval-
uated as it was not within the focus of this study.

When analyzing the inner water droplets of a double
emulsion by optical microscopy, only qualitative statements
can be made [19]. The use of different hydrophilic surfac-
tants in the different samples did not change W, droplet
sizes. By comparing W; droplet sizes to the initial ones
(Sauter mean diameter of 5.8 um as determined by static
laser scattering directly after their production), it was found
that W;-W; coalescence was negligible within one week of
storage.

However, the amount of encapsulated water varies be-
tween the different formulations. Since there are no differ-
ences in droplet sizes or osmotic pressure between the for-
mulations, these differences must be a result of W;-W,
coalescence. Highest encapsulation efficiency was found for
CTAB, while Pluronic led to a nearly complete release of in-
ner water droplets within one week. In double emulsions,
W;-W; and W;-W, coalescence may occur simultaneously
and are both influenced by the choice of surfactant. W;-W,
coalescence leads to larger internal droplet size that may be
more prone to W;-W, coalescence [13,38]. Based on
microscopic images (as given in Fig. 2), it is not possible to
distinguish whether the missing W; droplets coalesced
directly into the W, phase or first coalesced with themselves
(W;-W;) and then as larger droplets were preferentially
released into the W, phase.

As a result of the limitations in this direct measurement,
the following models propose measurement models that
prevent W;-W, coalescence, making the mechanism of
W -W, coalescence accessible to measurements.

All data was measured in triplicate and analyzed
and plotted with OriginPro 2021 (OriginLab
Corp., Northampton, MA, USA).

3 Results

3.1 Analysis of Double Emulsions

Double emulsions were produced and analyzed
via light microscopy. Fig.2 shows exemplary
microscopic images of double emulsion droplets

*#Pluronic

stabilized with different hydrophilic surfactants.
A storage time of one week at 25°C was chosen
to allow instabilities to occur and differences

www.cit-journal.com
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Figure 2. Micrographs of double emulsions after one-week storage at 25 °C.
The same inner W;/O emulsion was dispersed in W, phases with five different
hydrophilic surfactants.

Chem. Ing. Tech. 2022, 94, No. 3, 1-10



Chemie
Ingenieur
Technik

Research Article

These are not the final page numbers! \\
5

3.2 Single Droplet Experiments

To isolate the influence of the hydrophilic surfactant on the
stability of water droplets stabilized with PGPR, single
droplet experiments were performed (see Fig.1b). The
coalescence time of the single droplets is shown in Fig.3 in
a box plot diagram. It represents a characteristic value for
the stability of W, droplets against W;-W coalescence. The
minimum possible coalescence time in this measurement
setup is 5s. Additionally, the percentage of droplets exceed-
ing a coalescence time of 10000 s is written over the boxes
(representing the number of droplets being stable over a
long period of time). Reference values are given for a system
with 0.1wt% PGPR and no hydrophilic surfactant added
(first box in Fig. 3).

It can be seen that the coalescence time of the single
droplets significantly decreases for both Brij types, while it
increases for the ionic surfactants CTAB and SDS. Alcohol
ethoxylates are known to destabilize water droplets in dou-
ble emulsions [39]. Comparing the two ethoxylates, the
shorter and less hydrophilic Brij C10 decreased the coales-
cence time of W droplets more than Brij 58. The same ten-
dency is seen for the two ionic surfactants. SDS (HLB = 40)
resulted in significantly increased coalescence times com-
pared to CTAB (HLB = 15.8). The competitive adsorption
of the polymeric surfactant Pluronic slightly decreased the
coalescence time of the single droplets in this model experi-
ment.

3.3 Characterization of Hydrophilic Surfactant
Transport Characterized via Pendant Drop
Measurements

In W,/O/W, double emulsions, hydrophilic surfactants
may only adsorb at W droplet interfaces if they are able to
diffuse through the oil phase. To characterize the diffusion
of the hydrophilic surfactants through the oil phase, the in-
terfacial tension was compared in two setups (see Fig. 1c).
In Fig. 4 the interfacial tension values for the five hydro-
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Figure 4. Interfacial tensions at the W,/O interface for the five
different hydrophilic surfactants at 1wt % either in the W,
phase (circles) after 1 h equilibration time (direct measurement)
or in the W, phase (squares) after 6 h equilibration time (diffu-
sion setup). An illustration of the measurement setups is shown
in Fig. 1c.

philic surfactants for the direct and the diffusion measure-
ment are shown. The measured values in direct measure-
ment (circles) suggest that all four short-chained surfactants
decrease the interfacial tension to about 5mNm™" from
25mNm™ for a surfactant free interface (water/MCT,
dashed line). The ionic surfactants decrease the interfacial
tension even lower than the nonionic ones. Pluronic de-
creased the interfacial tension to 12mN m™". The presence
of all hydrophilic surfactants can be clearly detected via
interfacial tension measurements.

Comparing these values with the interfacial tensions mea-
sured in the diffusion setup (squares), the different diffusion
behavior of the hydrophilic surfactants through the oil layer
can be derived. The interfacial tension for Brij C10 is nearly
the same in both measurement setups. This indicates that
the oil layer poses only a minor barrier for this short-
chained non-ionic hydrophobic Brij surfactant. Brij 58 only
decreases the interfacial tension to 15mNm™" in the diffu-
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Figure 3. Coalescence times of
single droplets with different
hydrophilic surfactants. Reference
with 0.1 wt % PGPR only, the other
values with 0.1 wt % PGPR + 1wt %
hydrophilic surfactant. Correspond-
ing setup, see Fig. 1b.
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sion setup, indicating a slower but still notable diffusion of
the short-chained non-ionic Brij surfactant of higher HLB
value. No significant change in interfacial tension could be
seen after 6 h equilibration time for the ionic surfactants in
the diffusion setup. This implies that the oil imposes a
barrier to the transport of these surfactants to the W,;/O
interface. The HLB values of Brij C10, Brij 58, CTAB and
SDS shown on the x-axis fit well to the observed diffusion
behavior. The more lipophilic the hydrophilic surfactant is,
the more probable is a transport through the oil phase to
the W,/O interface.

The polymeric surfactant Pluronic did not change the
interfacial tension of the W,;/O droplet in the diffusion
setup within the measurement accuracy. The diffusion of
Pluronic obviously is completely hindered. Apart from the
hydrophilicity, the molar mass is likely to have a large influ-
ence on the transport rate through the oil phase. It is widely
described in double emulsion literature that polymeric sur-
factants are especially useful for double emulsion stability
[11,23,40], which the authors attribute to the presumably
slower diffusion of the polymeric surfactant through the oil
phase. This hypothesis can be confirmed by the model
experiment presented.

3.4 Stability of W,/0 Emulsions with Hydrophilic
Surfactant

With the same surfactant combinations, the stability of
W;/O emulsions in proximity of W, surfactant solutions
was examined. After production, the emulsions were stored
over solutions of the different hydrophilic surfactants as
seen in Fig.1d. As a reference, the W;/O single emulsion
was stored over ultrapure water. Changes in W, droplet
sizes — resulting from W;-W coalescence - were measured
over time. The overlaying itself did not influence the W,
droplet size (data not shown). The dggs values of the
droplet size distributions were chosen as characteristic
droplet size and are shown for the different hydrophilic sur-
factants in Fig.5. Due to the low PGPR concentration of
0.1wt%, W,-W, coalescence was found in the reference
system without hydrophilic surfactant. The droplet sizes
increased from an initial dog; of approx. 10 pm to over
20 pm after one day and to over 40 um after one week.

Adding the Brij surfactants to the second water phase,
differences in stability were measured. The characteristic
droplet sizes increased faster to dog ; values over 30 pm after
one day. Especially with Brij58, the W;/O emulsion was
highly instable after one week, showing a dgy; of over
130 um. This increased instability proves that the ethoxy-
lates diffuse through the oil and distribute in the single
emulsion, decreasing their stability.

The ionic surfactants also changed the stability of the
W,/O emulsion. As found with the single droplet experi-
ments, the ionic surfactants enhanced the stability of the
W, droplets. The characteristic droplet sizes in the W,/O

www.cit-journal.com
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Figure 5. Droplet size dgg 3 of the W, droplets in a single emul-
sion in contact with different W, phases. The dashed line marks
the initial droplet size and the bars show the droplet sizes with
different hydrophilic surfactants after different storage times
(also see Fig. 1d).

emulsion increased slower within the first day of storage
than in the reference. Between one day and seven days of
storage, practically no difference in the dop3 value was
found. The strong impact on the stability of the W;/O
emulsions, even though the surfactants were not added to
the droplets but to the second water phase, indicates clearly
a transport of ionic surfactants through the oil phase to the
W,/O interface in a real emulsion-based system. The in-
crease of the droplet size within the first 24 h was nearly the
same for pure water and a surfactant solution, which means
that the transport of both, SDS and CTAB, needed a signifi-
cant amount of time. Only after a certain stabilization time
(which was longer than one day) enough emulsifier had
diffused to the drops to prevent further coalescence.

The addition of the polymer surfactant Pluronic to the
second water phase did not change the stability of the inner
emulsion at all and the droplet sizes were the same as in the
reference, after one day and after one week, respectively.
This means that the oil phase poses a barrier for Pluronic
within the examined time scales.

4 Discussion

Based on the hypothesis that diffusion of the hydrophilic
surfactant through the oil phase changes the W;/O inter-
face, which results in a different stability of the inner water
droplets against coalescence, several model experiments
were introduced in this work. The model experiments were
designed to support the following hypotheses: First: If
hydrophilic surfactants in a double emulsion can be trans-
ported through the oil phase, they adsorb at the inner
W,/O interface and destabilize W;/O droplets by inducing
W -W, coalescence. Second: The molecular structure of the
hydrophilic surfactant influences their transport through
the oil phase. Increased transport is expected with decreas-
ing molar mass and increasing hydrophobicity of the

Chem. Ing. Tech. 2022, 94, No. 3, 1-10
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hydrophilic surfactant. To examine the second hypothesis,
five hydrophilic surfactants of different molar mass, HLB
values, and intrinsic charge were chosen.

It was expected that short-chained non-ionic surfactants
show fast diffusion through an oil layer, while short-chained
ionic surfactants are hindered to reach the inner interface of
a double emulsion [41]. For polymeric surfactants, diffusion
was declared unlikely in previous studies [23]. Whether the
interaction between PGPR and the different hydrophilic
surfactants would decrease or increase stability of W, drop-
lets was not clear before, since these interactions are known
to be different for every surfactant combination [5].

When comparing the microscopic images of double
emulsions stabilized with the different hydrophilic surfac-
tants no clear growth of W, droplets via W;-W; coales-
cence could be detected. However, it could be seen that W,
droplets were lost via W;-W, coalescence leaving partially
empty oil droplets. The degree of loss of inner droplets
depended on the examined formulations. A microscopic
description of W;-W; coalescence as described by Ficheux
et al. [19] is therefore only possible, if W;-W, coalescence
can be excluded or is at least much slower than W;-W, coa-
lescence. Otherwise, the two coalescence mechanisms are
superimposed and the loss of W; droplets makes the analy-
sis of the inner droplet coalescence difficult.

The single droplet model experiment designed to enforce
coalescence and quantify coalescence times revealed clear
differences for the different hydrophilic surfactants. When
in competition with PGPR, the alcohol ethoxylates de-
creased significantly the coalescence times of W;/O drop-
lets, while the ionic surfactants CTAB and SDS increased
the stability of W;/O droplets. The polymeric surfactant
Pluronic decreased the coalescence time by one order of
magnitude.

The interaction between hydrophilic surfactants and
PGPR can only occur at the W,/O interface, and if the hy-
drophilic surfactant can diffuse through the oil phase. Here,
diffusion of the hydrophilic surfactant through an oil layer
was estimated by comparing interfacial tension at W;/O in-
terface for the cases when hydrophilic surfactant was added
directly to the inner aqueous phase (W;) or delivered
through the outer aqueous phase separated from the W;/O
interface by a thin oil layer. It was found that only the alco-
hol ethoxylates Brij C10 and Brij 58 showed diffusion
through a macroscopic oil layer. Diffusion of SDS, CTAB
and Pluronic to the W;/O interface could not be detected
within 6 h of diffusion time.

A final model experiment measuring the change in drop-
let size of W,/0O single emulsions in close proximity to W,
phases containing hydrophilic surfactants allowed to simu-
late the situation in W,;/O/W, double emulsions with
simultaneous diffusion of the hydrophilic surfactant and
coalescence of the water droplets. As expected from the
other model experiments, the alcohol ethoxylates did diffuse
to the inner interface and accelerated the increase of droplet
size over time. The ionic surfactants slowed down W,/O
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droplet coalescence especially after within a week of storage
time, leading to the conclusion that diffusion of the ionic
surfactant through the oil phase occurred in this experiment
but it took some time for the surfactant to reach sufficient
interfacial concentration. The polymeric surfactant did not
change the behavior of the W;/O emulsion at all because
too few polymeric molecules diffused through the oil phase
to affect the stability of the W,/O droplets within one week,
which was the duration of measurement.

When discussing the difference in diffusion behavior of
the ionic surfactants in the interfacial tension measurement
and in the stability of the single emulsions, the limitations
of the experimental setups shown in Fig. 1c must be taken
into consideration. The interfacial tension diffusion setup
experiment is limited in two respects. On the one hand, a
comparatively large diffusion distance was covered in a rela-
tively short time in this experiment. On the other hand, the
lipophilic emulsifier is not present in this measurement.
However, the lipophilic surfactant could enhance the trans-
port of the hydrophilic emulsifier. For instance, it was found
by Pays at al. [42] that SDS diffuses to the inner interface
when Span 80 is dissolved in the oil phase. When having
both surfactants in the interfacial tension measurement set-
up, the competitive adsorption of PGPR and hydrophilic
surfactant makes the interpretation of the results difficult.
PGPR as polymeric surfactant has a rather slow adsorption
kinetics. The adsorption kinetics of PGPR and the diffusion
kinetics of the hydrophilic surfactant can hardly be separat-
ed. The significance of the results of the model experiment
is therefore limited, but it allows a very fast rough verifica-
tion of the transport of hydrophilic surfactant through the
oil phase.

These results underline the importance of choosing a
suitable lipophilic-hydrophilic surfactant pairing when pro-
ducing double emulsion-based formulations. When two
surfactants adsorb at one interface, the influence on droplet
stability is difficult to predict. Single droplet model experi-
ments, however, give a fast and easy possibility to estimate
stability effects.

Concluding, W;-W; coalescence is an underestimated
phenomenon in double emulsions, potentially changing
double emulsion stability via triggering W;-W, coalescence
or via changes in the osmotic-capillary pressure balance.
However, W;-W coalescence is challenging to isolate in ex-
periments. With the examination of the W,/O single emul-
sions in contact with the outer water phase, a good and fast
estimation can be made. The results show that not only the
release behavior but also the stability of the inner emulsions
depend strongly on the choice of surfactants. We could find
that diffusion of the hydrophilic surfactant could be mini-
mized more successfully using high molecular weight sur-
factants than using charged surfactants. The transport of
short-chained high-HLB surfactants through the oil phase
was slower, yet clearly visible in the experiments. When
diffusion occurred, the stability of the inner water droplets
changed. In our experiments with low PGPR concentra-

www.cit-journal.com



¢ These are not the final page numbers!
8

Chemie

Research Article Ingenieur
Technik

tions, the stability of W;/O droplets was increased by the
short-chained high-HLB surfactants. For polymeric surfac-
tants, diffusion can be prevented at least for moderate time
periods and with low lipophilic surfactant concentrations
examined in this study. It can be confirmed by the results
that high molecular weight surfactants have advantages for
the production of double emulsions, also in regards of
W ,-W, coalescence.

Whether W,-W, coalescence is a direct follow-up mecha-
nism to W;-W, coalescence is a next step to examine. Using
microfluidic techniques to produce double emulsions could
help producing monomodal double emulsion droplets,
where both W;-W,; and W;-W, coalescence could be seen
directly and the influence of the two mechanisms on each
other could be described. This approach could answer the
hypothesis that W;-W; coalescence could not be seen in the
real double emulsion, because once the inner droplets grew
due to coalescence they are released faster into the W,
phase.

The authors thank Goran Vladisavljevic valuable com-
ments and scientific discussions on this work. Open
access funding enabled and organized by Projekt DEAL.

I Abbreviations

CTAB cetrimonium bromide

DCTA diffusion and coalescence time
analyzer

EO ethoxy group

HLB hydrophilic-lipophilic-balance

MCT medium chain triglycerides

My molecular weight

¢} oil phase

Oo/w oil-in-water

PGPR polyglycerol polyricinoleate

SDS sodium dodecyl sulfate

W, inner water phase

W, outer water phase

Ww/O water-in-oil

W,/O/W, water-in-oil-in-water
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