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Abstract

Dilute water-in-oil-in water double emulsions are prepared to investigate the release and
swelling phenomena during preparation and storage. During storage, a specific attention is
paid to detect the overswelling-breakdown phenomenon that is due to overswelling of the
outer droplets which causes their breakage and abrupt release of the inner droplets. A
swelling ratio of the outer droplets is defined and is found useful to identify the effect of
different parameters on the swelling behavior of the double emulsions. Yet, the
investigation of the full droplet size distribution remains necessary. Before overswelling-
breakdown, the escape is governed by the Brownian motion of the inner droplets and their
coalescence with the external phase through the surface of the outer droplets. The swelling
rate is mainly governed by the osmotic gradient between the internal and external water

phases.
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1. Introduction

To produce double emulsions, typically, a primary emulsion is prepared in a first step under

high shear to disperse an internal phase in an intermediate phase. In a second step, this
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primary emulsion is dispersed in an external phase while mixing under a lower shear rate.
Both water-in-oil-in-water (W/O/W) and oil-in-water-in-oil (O/W/0O) double emulsions can
be produced. This two-step method was firstly introduced by Li (1968) [1] for the purpose of
extraction (O/W/0) and the term liquid membranes was employed. A first hydrophobic
phase was emulsified within an aqueous surfactant solution to produce oil droplets coated
with a thin membrane of surfactant and water, which was then dispersed into another
hydrophobic phase to be washed from solvent by permeation through the membrane. Then,
Matsumoto et al. (1976) [2] introduced this method for the formation of double emulsions.
A higher shear is employed in the first step in order to produce small inner (i.e., micro)
droplets and a lower shear is employed in the second step with the aim of preventing the
release of inner droplets and thus bigger outer (i.e., macro) droplets (or globules) are
formed. The droplet size of both the inner and outer droplets and the encapsulation

efficiency determine the quality of double emulsion products [3].

The preparation and stability of double emulsions have been the subject of many studies.
On one hand, during the second preparation step, the outer droplets may undergo
breakage, coalescence, and Oswald ripening while the inner droplets may undergo
coalescence, growth by Oswald ripening or escape to the external phase [1,2,4-9]. On the
other hand, during storage, different possible destabilization pathways of the double
emulsion may occur, namely inner-inner and outer-outer droplet coalescence, expulsion of
the inner droplets (i.e. inner droplet coalescence with the outer phase), Oswald ripening,
swelling/shrinkage of the inner (and so of the outer) droplets (i.e. diffusion of
water/solvent) and molecular diffusion of dissolved ingredients between the phases [8,10—
19]. The swelling phenomena may ultimately lead to swelling-breakdown, i.e. gradual

expulsion of the inner droplets out of the outer droplet [11,19-21], or to a more abrupt



expulsion here called overswelling-breakdown [11,19-21]. The later phenomenon may
cause breakage of the outer droplet together with important escape of the inner droplets.
These different phenomena impact the encapsulation efficiency and the droplet size that

has a direct influence on the stability of the double emulsions.

Parameters affecting the preparation of double emulsions. During preparation, the
operating conditions were found to have the following effects in W/O/W double emulsions:
An increase in the encapsulation efficiency was observed when increasing the fraction of the
primary emulsion [2,22,23] and the fraction of lipophilic (i.e. internal) emulsifier [2,24]. A
decrease in the encapsulation efficiency was observed when increasing one of the following
parameters: the hydrophilic (i.e. external) emulsifier concentration [2,25], the emulsification
time [5,6,23,24,26-28] and the stirring rate (or energy) in the second emulsification step
[5,22,25,27,29,30]. The effects of increasing the stirring time and rate on the encapsulation
efficiency can be explained by an increased outer droplet deformation and breakage
[1,24,27] which increases the inner droplet escape rate [28]. The encapsulation efficiency
also depends on the sizes of the inner and outer droplets. It increases with bigger outer
droplets [5,9,28,31] and with smaller inner droplets or with a reduced inner-to-outer
droplet size ratio [32]. A comparative study over various devices (i.e., colloid mill, tooth rim
dispersing machine, high pressure homogenizer, and rotating membrane device) indicated
the encapsulation efficiency to mainly depend on the outer droplet size but not on the
device [9]. The size of the outer droplets is defined by the operating conditions: it was found
to decrease for higher stirring rates (or energy) [5,7,9,31,33,34], longer emulsification times
[5,23,28] and higher hydrophilic (i.e. external) emulsifier concentrations [25], while bigger
outer droplets were produced with higher internal phase fraction [5,7,34,35] and/or higher

primary emulsion fraction [23,33].



Frenkel et al. (1983) [36] introduced a weighted HLB expression to define the effects of both
lipophilic and hydrophilic surfactants on the preparation of double emulsions. They outlined
that the formation of double emulsion can occur only if both the criteria of (a) weighted-HLB
< 10, and (b) weighted-HLB < desired HLB of the oil phase, are realized, and, the size of the
outer droplets should be big enough (> 5 um in their study) to be able to contain the inner
droplets of a certain size. Schmidts et al. (2009 and 2010) [37,38] indicated that, other than
the HLB value, the chemical composition of the hydrophilic surfactant needs to be

compatible with the oil and lipophilic surfactant type and amount.

Other operating conditions were found to have more complex effects that may appear to be
contradictory in the literature. For instance, increasing the internal phase fractions were
found to decrease the encapsulation efficiency by [22,35] and to increase it by [2,5,26]. This
is partly due to the fact that when increasing the inner phase fraction, the concentration of
ions also changes. Indeed, ions (e.g. NaCl, MgS04, glucose, dissolved in the inner phase) are
usually employed to enhance the stability of the double emulsion, and there concentration
and nature were found to affect the characteristics of the system both right after
preparation and during storage [37,38]. The use of ions was found to have complex effects,
where for increasing NaCl fractions in the inner phase, an increase in the outer droplet size
was observed by [23,39] while a decrease was observed by [38]. Similarly, increasing the
NaCl fraction in the inner phase was found to increase the encapsulation efficiency by
[5,23,39] but to decrease it by [26]. Increasing the fractions of MgS0O4 in the inner phase

showed an increase or a decrease depending on the amount of hydrophilic emulsifiers [38].

Parameters affecting the stability of double emulsions during storage. Double emulsions

were usually monitored by optical or electronic microscopy during storage in order to



investigate their evolution during storage in terms of size and number of the inner and outer
droplets. The outer droplet size was found to decrease at the beginning of storage which
was assumed to be due the release of inner droplets [16,18] and to increase with time
which was assumed to be due to droplet coalescence [16]. Ficheux et al. (1998) [40]
identified two types of instabilities: inner-inner droplet coalescence and inner droplet
coalescence with the outer continuous phase (i.e., escape), and indicated that they were
determined by the concentration of hydrophilic surfactant in the external aqueous phase in
W/O/W double emulsions. Pays et al. (2001) [12] identified two types of release: molecular
release of the encapsulated substance and inner droplet escape by coalescence with the
outer phase. They proposed a behavioral curve as a function of the hydrophilic surfactant

and inner phase fractions in order to define the border of these two types of release.

Besides inner-inner droplet coalescence, molecular diffusion and inner droplet escape,
swelling or shrinkage were also observed to occur in double emulsions containing ions in the
inner or outer phases. The first swelling study was reported by Matsumoto and Kohda
(1980) [41], regarding water transfer through the oil layer in W/O/W double emulsions. A
mechanism of diffusion through the intermediate oil membrane was described by
considering the osmotic pressure gradient between the inner and outer water phases as a
driving force (i.e., LpA,ATl), where Ly, is the permeation coefficient and A, the surface of
inner droplets. The osmotic pressure gradient is proportional to the ions concentration

gradient, AIl o< AC.

In subsequent works, the permeation coefficient of the oil phase and the swelling rate were
investigated by varying the oil type or viscosity, where a decrease in the swelling rate was

observed when increasing the oil viscosity [10,41-43]. Increasing the lipophilic surfactant



concentration (i.e. internal emulsifier) showed an increase in the swelling rate in some
works [11,15,44] and a decrease in others [41]. The swelling rate was found to be higher
with higher osmotic pressure gradients [15,41,43] and lower for higher inner phase fractions

[15].

Terrisse et al. (1994) [45], observed that droplet swelling was followed by a rupture in the
oil membrane, which was later called swelling-breakdown [11]. This phenomenon consists
of the expulsion of inner droplets, through their coalescence with the outer phase. As it is
enhanced by swelling, and may lead to the breakage of the outer droplet. This behavior was
also observed by Raynal et al. (1993) [21] who indicated that it can be tuned through the
osmotic pressure gradient. Jager-Lezer (1997) [11] and Geiger et al. (1998) [20] reported
that the swelling-breakdown was the main cause of release in their case while the diffusion
was negligible. They indicated the swelling-breakdown to be controlled by the swelling
capacity of the outer droplet (i.e. the oil layer resistance against breakdown) and that
having higher lipophilic emulsifier leads to higher swelling capacities of W/O/W double
emulsions (also observed by [15,44]). This was explained by the fact that increasing the
surface of inner droplets, as a consequence of swelling, required an increasing amount of
lipophilic surfactant. Similarly, Mezzenga et al. (2004) [46] stated that increasing the
lipophilic surfactant fraction decreases the interfacial tension, which in turn decreases the
Laplace pressure, leading to an increased swelling ratio. The overswelling-breakdown
phenomenon was recently employed as a way to form hydrogel microfibers with precise
length, where the swelling was induced via an alternating current electric field [47]. By
investigating single drop-in-drop double emulsions Bahtz et al. (2015) [43] observed a lag
stage (of about tens of minutes) at the beginning of storage, during which the swelling rate

was very slow, as also reported by [11]. They indicated the lag duration to be higher for



more viscous oil layers and lower for a higher inner phase fraction, while the osmotic

pressure did not show any effect on the lag time duration [43].

In summary, the release of the encapsulated substance can generally be of different types:
(a) Molecular diffusion of the encapsulated substance through the oil layer (without film
rupture) which is generally slow if the encapsulated substance has a low solubility in the
intermediate layer [11,13], (b) leakage of inner droplets due to breakage of the outer
droplets by coalescence with the outer phase (only during preparation) [5,6,23,30], (c)
escape of inner droplets due to their Brownian motion (during storage), by coalescence to
the external continuous phase through the surface of the outer droplets [12,14]; this
phenomenon might be enhanced if there is a simple shear applied on the double emulsion,
without necessarily breaking the outer droplets [28] (d) swelling of the inner (and so of the
outer) droplets may enhance the escape of inner droplets, which is in this case called
swelling-breakdown [11], e) extreme swelling may lead to overswelling-breakdown where a

burst escape of inner droplets is observed causing breakage of the outer droplet.

It appears from the literature review that the preparation of double emulsions and their
stability during storage are governed by a number of operating conditions that need further
investigation. More precisely, the swelling and overswelling-breakdown phenomena need
guantification. Also, correlations between the operating parameters and the properties just

after preparation as well as during storage are required.

Objectives. The objective of this work is to investigate the effect of different operating
conditions on the properties of the double emulsions during preparation and storage.
During preparation, the breakage of the outer droplets and leakage of inner droplets are

investigated. During storage, the escape and oveswelling-breakdown phenomena are



investigated to determine their original causes. A specific attention is paid to investigate the
full size distribution (DSD) of the inner and outer droplets. A number of key process
parameters were varied, namely the fraction of internal water, the stirring rate in the
second preparation step, the fraction of salt, and the fraction of primary emulsions. The first
preparation step is done using ULTRA-TURRAX®. The second emulsification step is done in a
1-L stirred vessel that is equipped with an in situ online video probe and a conductivity
probe. The inner droplet size was measured right after the first preparation step. The outer
droplet size and the conductivity of the double emulsions (which is indicative of the release
rate) were monitored during the second preparation step using both online and offline

measurements, and during storage using offline measurements.

2. Experimental

2.1 Materials

W/O/W double emulsions are prepared using Mineral oil (Fisher ScientificTM), Span 80 (Alfa
Aesar) as hydrophobic internal emulsifier, Tween 80 (Fisher ScientificTM) as hydrophilic
external emulsifier, Sodium Chloride as tracer and Millipore water (resistivity =~ 18.2

mQ.cm).
2.2 Double emulsion preparation

A two-step method was used to produce W/O/W double emulsions at room temperature.
First, a primary emulsion was prepared by dispersing the NaCl aqueous solution in the oil
phase — oil containing Span 80 — using an IKA T 25 digital ULTRA-TURRAX® at 12 000 rpm for

4 min. Second, the double emulsion was produced by dispersing the primary emulsion in an



external agueous phase — water containing Tween 80 — in a 1-L vessel stirred at 300-500

rpm for 70 min (Fig. 1). The fractions of these materials can be seen in Table 1.

2.3 Conductivity measurements

The conductivity measurement was performed using a CDM210 Conductivity Meter
(MeterLab®) during the second preparation step. The conductivity data allowed to predict
the released amount of salt using a predetermined calibration curve, by dissolving different
salt concentration in pure water. The samples were kept at controlled room temperature of

20°C.

2.4 Droplet size measurement

The size of the inner droplets was measured right after the first preparation step by means
of dynamic light scattering (Malvern Zetasizer Nano ZS®). The samples were diluted

approximately 1:1000 in mineral oil and the analysis was repeated twice.

The size of the outer droplets was measured by two techniques. First, an offline laser
diffraction technique was employed (Malvern Mastersizer 3000®). Samples were regularly
taken during the second preparation step and during storage. The refractive index of the
outer droplets was considered to be that of oil (i.e. 1.467), which represents the main
component of these droplets, especially close to the surface. Second, an in situ video probe
EZ Probe-D25® was employed to take videos of the emulsion (Fig. 1), followed by image
processing and reconstruction of the number density distribution. The probe was located 5
cm above the stirrer and close to the stirring shaft as suggested by [48]. The video probe has
a CCD camera with a recording rate of 50 frames per second. Each video duration was 30 s,
from which 300 frames — of size 720x576 pixels — were selected. Image processing was then

done offline using a MATLAB® program based on the circular Hough transform [48]. Besides



these two quantitative methods, double emulsions were observed with an optical

microscope to provide a visual analysis of inner and outer droplets (Leica© DM2000 LED).

3. Results and discussions

3.1 Evidence of over swelling and overswelling-breakdown

An example of the obtained inner droplet size distribution, measured by dynamic light
scattering after the first preparation step is shown in Fig. 2. In general, inner droplets with a
monomodal distribution around 1 um in mean diameter are obtained. After the production
of the double emulsion (and during storage), quantitative measurement of the inner droplet
size distribution represents a big challenge. Recent investigations involve the use of pulsed
field gradient NMR technique (PFG-NMR) [8,49-54], and confocal laser scanning microscopy
(CLSM) [50,51,55,56], which are promising but they have different constraints and require
mathematical treatments. In this work, a qualitative measurement is obtained by optical

microscopy.

Regarding the outer droplets, two techniques were employed to measure the DSD. Indeed,
while laser diffraction is nowadays a well-established method to measure the size of single
emulsions, it is worthy to validate that the inner droplets do not impact the measurement of
the outer droplets and eliminate possible effects of the dilution and pumping procedure in
the Mastersizer (e.g. breakage or coalescence). Therefore, besides offline measurement
using the master sizer, a video probe was inserted into the stirred vessel and the images
were treated to predict the outer DSD. Fig. 3 shows an example of one 2-D image of the
outer droplets taken in situ during the second emulsification step. The image processing

treatment allows the detection of the outer droplets that are surrounded by circles, where
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most of them appear to be correctly detected. A comparison between the two techniques is
shown in Fig. 4. In order to compare the results of the two methods, the size distributions
were first converted into number densities then the real volume fractions were determined.
It can be seen that the video probe has a limited capacity to detect very small droplets that
are better captured by the master sizer. However, a fairly similar DSD is obtained by both
methods. It can therefore be concluded that the inner emulsion does not influence the
measurement in laser diffraction and that the double emulsion is stable during the
measurement. Since the results from the Mastersizer are based on a bigger number of
droplets and they give smoother curves, in the rest of the paper only these measurements

are shown.

The DSD of the outer droplets were also qualitatively validated by optical microscopy.
Besides, the microscopy represents the only available method in this work to investigate the
evolution of the inner droplets after the production of the double emulsions. Fig. 5 shows
few examples of microscopic images made during storage. At day 0, right after the
preparation of the double emulsion, both the inner and outer droplets can clearly be seen
and their sizes are coherent with the measurements given in Figs 2—4. At day 6 (Fig. 5B), it
can be seen that the inner and outer droplets importantly swell. At day 9 (Fig. 5C), the
droplets breakdown and decrease importantly in size. Full escape was calculated not to lead
to this decrease in the size, which reveals the occurrence of breakage of the outer droplets.
It appears that the outer droplets reach a maximum swelling capacity (here observed at day
6). This causes their breakdown (here observed at day 9), resulting in fast inner droplets
escape to the external phase and outer droplet breakage. Fig. 5C shows that few inner
droplets remain inside the outer droplets at day 9. These inner droplet did not overswell,

certainly due to their initial smaller size and so higher Laplace pressure that counterbalances
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the osmotic pressure. They continue to release to the external phase via diffusion to the
surface of the outer droplet and coalescence to the external phase. At day 50 all the outer
droplets appear to be empty from the inner droplets (Fig. 5D, note that the zoom bare is

reduced in this figure to 20 um to confirm that the outer droplets are empty).

Other than swelling, the increase in the outer droplet size during storage could be due to
outer-outer droplet coalescence or Ostwald ripening. However, a single O/W emulsion
(Pmineral oit + span 80 = 1 %, Prweens0=1 % and Pwater = 98 %) was prepared and stored at similar
conditions like the double emulsion and the increase in the size by coalescence or Oswald
ripening was found to be negligible over 3 weeks. A comparison between this O/W emulsion
and a W/O/W double emulsion after one week of storage is shown in Fig. 6. It can be seen
that the initial sizes of both the single and double emulsion are comparable, and therefore
they may be expected to undergo similar coalescence rates. After one week of storage, the
droplet size of the O/W emulsion increased only very slightly due to droplet coalescence,
while the outer droplet size of the W/O/W double emulsion increased importantly. This
indicates that the main increase in the W/O/W double emulsion is due to swelling, which is

driven by the osmotic pressure gradient caused by the presence of salt in the inner phase.

Fig. 7 shows an example of the evolution of the outer DSD over three weeks. Two stages can
be distinguished from the figure: a) During the first week, the outer droplets get bigger in
size due to swelling until reaching a maximum swelling (observed here at day 8), and b)
during the following weeks, a decrease in their size is observed due to overswelling-
breakdown. After three weeks, the final size of the outer droplets is smaller than their initial
size. Such a decrease could not be explained by the escape of the internal phase alone.

Indeed, the theoretical final mean outer droplet size was calculated, based on the initial size

12



and the inner fraction, by assuming only escape (Fig. 8). It can be seen that the measured
final size is smaller than the predicted one if only escape occurs. This confirms the
occurrence of breakage of the outer droplets during the overswelling-breakdown

phenomenon.

In the following sections, the effect of different key process parameters on the outer DSD
and release rate, during preparation and storage, are investigated and discussed: the
fraction of internal water, the stirring rate in the second preparation step, the fraction of

salt, and the fraction of primary emulsion.
3.2. Effect of the primary emulsion fraction (¢oyuter)

The primary emulsion was prepared with 40 % inner phase and 0.05 % salt. Different
amounts of this emulsion were then introduced in the stirred vessel under 400 rpm for

70 min (Table 1).

During preparation, increasing the dispersed phase fraction may enhance droplet
coalescence and reduce the breakage efficiency due to the damping effect of the energy
dissipation [57]. Indeed, the energy dissipation rate & (W.kg'l) in a stirred tank can be

Np ng D

5
calculated using the general power equation, € = R where the power number of the

employed three blade Mixel TT propeller is Np = 0.8, wg (rev.s™) is the stirring rate, D =
0.088 m is the impeller diameter and V (m3) is the volume of the material in the reactor.
This gives £ =1.25 W.kg™" with a mixing rate of 400 rpm. For a two-phase system, a

dampening effect was highlighted where the effective energy dissipation rate becomes

Eoff = m (with ¢outer the fraction of the outer phase) [5,56]. This gives gq = 1.21,

1.18, 1.14, and 1.11 for ¢outer = 1, 2, 3, and 4 %, respectively. Therefore, increasing the outer
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phase fraction from 1 % to 4 % slightly lowers the effective energy dissipation rate. From Fig.
9A, it can be seen that increasing ¢ouer leads to slightly larger distributions and bigger
droplets, except with ¢ouer = 4 %. However, the effect is not significant which can be
explained by the fact that the emulsions are dilute as well as the use of a big amount of
surfactant. A slight increase in the outer droplet size with increasing gouter from 2 to 7 % was
reported by [33]. Fig. 9B shows the released fraction estimated from the conductivity
measurements. Similar release rates were obtained with most fractions, except the one
with ¢outer = 1 % that led to a slightly higher release during preparation, indicating a slightly
higher escape of inner droplets by the shear-induced breakage of the outer droplets
[2,5,6,30]. A lower release (i.e., higher encapsulation efficiency) was reported when
increasing @outer by [2] for more concentrated double emulsions (i.e., ¢douter = 10-50 %). In
the present system, the solubility of salt in the oil phase is low which leads to negligible
release by molecular diffusion during preparation and storage. Thus, leakage due to

breakage is the main cause of release [5,23].

The samples were then stored at room temperature and the size and release rate were
monitored during three weeks. A swelling ratio was calculated, as the ratio between the
outer droplet mean diameter d43 during storage to the initial diameter obtained right after
the preparation [15]. Fig. 9C shows that the swelling ratio reaches a maximum between one
to two weeks then starts decreasing. The swelling ratio appears to be higher for higher
primary emulsion fractions. Fig. 9D shows the release profile during storage. The presented
release fraction is the part released during storage and is not cumulated with the released
amount during preparation. At the beginning of storage, the release rate is low and is
governed by the escape of inner droplets, due to their Brownian motion followed by inner

droplet coalescence with the outer phase. This is in agreement with previous findings,
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where the release mechanism was found to be controlled by escape for an W/O/W double
emulsion containing over 100 CMC of hydrophilic emulsifier with HLB < 30 (e.g. Tween 80)
[12,13]. Then, a burst release is observed between one to two weeks, which corresponds to
the time where the maximum swelling ratio is reached and overswelling-breakdown occurs.
This phenomenon is caused when exceeding the swelling capacity of the double emulsion.
This causes faster inner droplet escape and outer droplet breakage. Fig. 9D shows that the

samples with lower swelling have higher release rates, which was also observed by [11].

Fig. 10 shows the initial, maximum swollen and final broken-down DSD of the outer droplets
measured during storage for the different primary emulsion fractions. The full distribution
gives supplementary information compared to the swelling ratio that is based on a mean
diameter. It can be seen that the occurrence of the overswelling breakdown is slightly
delayed when increasing the primary emulsion fraction. Namely, the DSD of the experiment
with ¢outer = 4 % is bimodal at three weeks where part of the droplets is still at the maximum

swelling capacity while another part has brokendown to small sizes.

3.3. Effect of the salt fraction (Puac)

In this set, the fraction of salt in the internal phase was varied over the range of 0.05, 0.14,
0.19 and 0.24 %. The primary emulsions — consisting of 40 % of the inner phase fraction —

were used to produce double emulsions at a fraction of ¢outer = 1 %.

Fig. 11A indicates that similar outer DSD are obtained with the different salt fractions except
the one at the lowest salt fraction (¢nac = 0.05 %) that leads to the formation of much
smaller outer droplets during the second preparation step. The presence of ions was found
in the literature to play a complex role, thus affecting surfactant spreading and the rheology

of the oil layer, which may explain this observation. This measurement is in line with the
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release profiles (Fig. 11B), where a higher release rate is observed with the salt fraction of
®nact = 0.05 %. This may be due to the greater number of breakage events and higher
surface area generated during the preparation of this experiment (that has smaller outer
droplets), which leads to an enhanced escape of the inner droplets. During storage, the
swelling ratio increased slightly when increasing the salt fraction, mainly at the maximum
swelling capacity (Fig. 11C). In addition, the maximum swelling appeared faster for higher
salt fractions, due to the increase in the osmotic gradient. The released fraction follows the
pathway observed before where a slow release due to inner droplets escape first takes
place, then a fast release is observed when overswelling-breakdown occurs (Fig. 11D). A
lower release rate is observed when higher swelling occurs (i.e., for higher salt fractions).
Fig. 12 shows the full DSD of the outer droplets with the different salt fractions during
storage. The samples with higher salt fractions (i.e., higher osmotic pressure) swell more,

which is in line with previous works [15,41,43].

3.4. Effect of the inner phase fraction (®inner)

In this set of experiments, the salt fraction was kept at 0.05 % while the internal phase
fraction was varied over the range of ¢inner = 10, 20, 30 and 40 % in the primary emulsion.

The double emulsions were prepared using 1 % of primary emulsion.

It can be seen that increasing ¢inner leads to an increase in the outer droplet size (Fig. 13A)
and a reduced release fraction (Fig. 13B). Similar findings appear in the literature, where for
higher ¢inner bigger droplets [5,7,34,35] and higher encapsulation efficiencies were reported
[2,5,26], while a lower encapsulation efficiency was observed by [22,35]. The increase in the
size and encapsulation efficiency can be explained by the viscosity change in outer droplets.

Indeed, changing the internal water fraction changes the viscosity of the outer droplets

16



(Houter) following the viscosity model of dispersions, for instance the model of Vermeulen

(1955) [58], uouter=ﬂ(1+1.5 qbinnerﬂ). Considering mineral oil with

1-®inner MUinnert Hoil

viscosity, Ui =55 mPa.s, the viscosity of the outer phase calculated based on the model of
Vermeulen gives Ugyter = 61.11, 68.75, 78.57, and 91.67 mPa.s for ¢iner = 10, 20, 30 and
40 %, respectively. Increasing the inner droplet fraction (¢@inner) thus increases the viscosity
of the outer droplets. More viscous outer droplets resist the deformation and breakage
during preparation, thus leading to lower inner droplet leakage [5,59]. During storage, Fig.
13C shows that the maximum swelling ratio is slightly lower for the sample with the highest
inner fractions, so the highest viscous outer droplets, and a negligible effect for the other
samples. Bahtz et al. [43] observed a negligible effect of ¢inner While Yan and Pal [15]
observed a decrease in the swelling ratio when increasing the internal phase fraction. Fig.
13D shows a similar behavior of the release fraction for all inner fractions, except for the
highest ¢inner Where a higher release is observed. This confirms the previous observation of

lower release for higher swelling.

Fig. 14 shows the full outer DSD of the experiments with different gimer. The overswelling
breakdown occurs at about two weeks for all the inner fractions, and so viscosities. The
peak of very small droplets created after overswelling-breakdown for the experiments with
the lowest @inner (10 and 20 %) reveals a greater number of breakup due to the lower
viscosity of these experiments (Fig. 14A and 14B). This information is not clearly visible on
the swelling ratio as the mean size used to calculate the swelling ratio may not be
influenced by this peak, which highlights the importance of considering the full distribution

for interpretation.
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3.5. Effect of the stirring rate (wg)

The internal phase and salt fractions were respectively kept at 40 % and 0.05 % in the
primary emulsion. Then, the double emulsions were prepared using 1 % of primary emulsion

fraction under different stirring rates: wg= 300, 350, 400 and 500 rpm.

The energy dissipation was calculated for the different stirring rates as explained above
leading to € = 0.53, 0.84, 1.25, and 2.44 (W.kg'l) for wg= 300, 350, 400 and 500 rpm,
respectively. Therefore, increasing the stirring rate leads to a decrease in the outer droplet
mean size and to a narrower distribution (Fig. 15A). Besides, an acceleration of inner droplet
escape rate is observed (Fig. 15B). This is due to the greater number of breakage events
taking place under higher stirring rates and the joint escape of inner droplets [5]. Indeed,
the release is governed by the shear-induced breakage of the outer droplets during
preparation [5,6,30]. Similar observations were highlighted in the literature regarding the
effect of stirring rate (or energy) on the outer droplet diameter [5,7,9,31,33,34] and the

encapsulation efficiency [5,22,25,27,29,30].

From Fig. 15C it can be seen that the swelling ratio is higher for the samples prepared with
lower stirring rates, 300 and 350 rpm (i.e., bigger initial droples). This is confirmed on Fig. 16
showing the full DSDs, where big outer droplets can be observed for the samples prepared
under 300 and 350 rpm. This is partly due to their initial bigger size combined to the fact
that these double emulsions have a higher initial salt fraction (i.e., lower release during
preparation). The overswelling-breakdown of the outer droplets occurs at around 2 weeks
for all the samples showing that the initial size of the outer droplets does not have a direct
effect on the oil layer rheology. As a consequence, the released fractions are all identical

(Fig. 15D).
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4. Conclusions

The evolution of the outer droplet size and release rate in dilute double emulsions during
the second step of preparation and storage was studied by varying different key process

parameters.

During preparation, the breakage governs the size of the outer droplets and the release rate
(leakage). It was found that varying the primary emulsion fractions from 1 to 4 % did not
affect the size of outer droplets nor the release. Increasing the salt fraction from 0.05 to
0.14 % led to more swelling and lower release. Increasing the internal phase fraction
generated more viscous outer droplets with higher resistivity against breakage leading to
bigger outer droplets and lower release rates. Increasing the stirring rate — the main cause

of breakage — allowed to create smaller sizes and led to higher release fractions.

During the storage time, two periods can be distinguished. A first period, of about one to
two weeks, corresponds to swelling of the inner, and so of the outer droplets, and escape of
inner droplets by Brownian motion through their coalescence with the external phase
through the surface of the outer droplet. The second period appears once the maximum
swelling capacity is reached and overswelling-breakdown occurs. In this case, a faster inner
droplet escape is observed. Moreover, it appears that the outer droplet size is smaller than
the initial one (before swelling) and smaller than the theoretical size when assuming full
inner droplet escape. This indicates that the overswelling-breakdown causes breakage of
the outer droplets, not only full release of inner droplets. Investigating the effect of the
different key process parameters indicated that higher primary emulsion fractions resulted
in more swelling and so less release and delayed breakdown. The samples with high salt

fractions reached very high swelling ratios. Increasing the internal phase fractions slightly
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lowered the maximum swelling ratio, due to the increased overall viscosity of the outer
droplets. Bigger initial outer droplets, prepared with lower stirring rates, swelled more due

to their higher initial salt fractions (i.e. lower release during preparation).

It appears that the system having 40 % inner and 4 % outer phase fractions, 0.14 % salt
fraction, and 400 rpm stirring rate would lead to a final product having smaller outer
droplets and lower release, which represent the main indicators of quality products.
Besides, this system proves a longer delay in undesired overswelling-breakdown while

keeping salt and stirring rate at low value.

This detailed study provides an important insight in the preparation of double emulsions
and on the overswelling-breakdown phenomenon during storage. The results can be useful

for formulation of more stable quality products.
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Table 1. Experimental conditions

First preparation step Second preparation step
Fractions (wt. %) Operating Fractions (wt. %) Operating
parameters parameters
Water Mineral oil NaCl Span 80 b s Primary Water Tween 80 t e
(min) (rpm) (min) (rpm)
1 98
Set 1: 2 97
40 50 0.05 9.95 4 12000 1 70 400
¢outer 3 96
4 95
0.05
Set 2: 0.14
40 50 9.95 4 12000 1 98 1 70 400
Pnac 0.19
0.24
40 50
Set 3: 30 60
0.05 9.95 4 12000 1 98 1 70 400
¢inner 20 70
10 80
300
Set 4: 40 50 0.05 9.95 4 12000 1 98 1 70 350
WR 400
500

Symbols: ¢.uer: Outer phase fraction, ¢nac: Salt fraction, ginner: INner phase fraction, wg: stirring rate in the
vessel, and wgs: stirring rate by the Ultra-Turrax. The total mass in the second step is 1 kg.
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Fig. 1. Set-up for the second step of double emulsion preparation in a 1-L reactor.
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with wgs =12 000 rpm, Qinner = 40 % and ¢ppac = 0.05 %.
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release during preparation, C) swelling ratio during storage, and D) release during storage.
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Fig. 12. Effect of the salt fraction (¢pnac)) on the outer droplet size distribution during storage.
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Fig. 13. Effect of the internal phase fraction (¢i.mer) on: A) the outer droplet size distribution
during preparation, B) the released fraction during preparation, C) the swelling ratio during

storage, and D) the release of salt during storage.

38



¢inner =10%
12 —%— Day 0
10 —O— 1 week
+2weeks

Volume fracion (%)
Volume fracion (%)

. =30%
inner
12 ¥— Day 0 12
—O6— 1 week
10 | 10 |
—O— 2 weeks

Volume fracion (%)
Volume fracion (%)
(o]

Fig. 14. Effect of internal phase fraction (¢inne) on the droplet size distribution during

storage.
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Fig. 15. Effect of the stirring rate (wg) on: A) the outer droplet size distribution during
preparation, B) the released fraction during preparation, C) the swelling ratio during storage,

and D) the release of salt during storage.
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Fig. 16. Effect of the stirring rate (wg) on the outer droplet size distribution during storage.
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