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Abstract

Double emulsion preparation by ultrasonication is investigated in order to optimize the outer
droplet size and the encapsulation efficiency. The effects of the sonication time, oil viscosity
and the fractions of salt and primary emulsion are studied. A correlation is developed in order
to predict the mean droplet diameter as a function of these parameters. The model is valid in
the dissipation energy subrange. It accounts for the effects of salt within the surface force
group, the oil viscosity within the viscous group, the primary fraction through energy damping
and allows to predict the transitionary change in size with time. The properties of the outer
droplets, such as the viscosity and density, take into account the presence of inner droplets.
Based on this model, a leakage model is proposed where the rate increases proportionally with

breakage, but continues at a constant rate once the size reaches equilibrium.

1. Introduction

Double emulsions, or emulsions of emulsions, consist of small droplets of one fluid suspended

in larger droplets of another immiscible fluid®. They can be classified into two types: water-in-
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oil-in-water (W/O/W) or oil-in-water-in-oil (O/W/0O) double emulsions. They are widely spread

4-6 7,8 7,8
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in food2'4, cosmetic4’5, pharmaceutical™™, chemical”®, petrochemica and waste water
treatment industries”®. The final product quality in these applications is determined by the size
of inner (i.e. micro-) and outer (i.e. macro-) droplets (also called globules) and the
encapsulation efficiency of the internal phase®*®.

Matsumoto et al. (1976)™ proposed the well-known two-step method to prepare double
emulsions. In the first step, a primary emulsion is prepared where the internal phase is mixed
with the intermediate phase under high energy to form small inner droplets. In the second step,
the primary emulsion is dispersed into a continuous external phase to form the outer
droplets**. During this second preparation step, different phenomena may occur, including
outer droplet breakage and coalescence, escape of inner droplets, swelling or shrinkage, and

over-swelling breakdown®?1?7,

These phenomena are governed by physical-chemical
parameters and the energy dissipation by the emulsification device that need to be optimized
in order to maximize the encapsulation rate and ensure a longer physical stability of the double
emulsion.

Schuch et al. (2014)* investigated the preparation of double emulsions in different devices and
deduced that the encapsulation efficiency was proportional to the outer droplet size,
independently of the type of device. Lindenstruth et al. (2004)" proposed that the
encapsulation rate was governed by the size ratio between inner and outer droplets, that
should be reduced in order to increase the yield. They also indicated a reduction of the

encapsulation efficiency during preparation due to the escape of inner droplets that

accompanies the breakage of outer droplets, hereafter called leakage. For this reason, the



mixing energy and time of the second step are generally lowered in order to increase the yield,
which leads to big outer droplets compared to the inner droplets. Nevertheless, fine outer
droplets may induce other advantages like preventing creaming, thus enhancing the stability

31718 or increasing the transparence of the final product®®. Therefore, there is a

during storage
compromise to be determined between droplet size and encapsulation rate™®.

Emulsions, and so double emulsions, can be produced using different emulsification devices,
like impellers, high speed rotor-stators, high pressure homogenizers, microfluidic devices,

161720 Among these techniques, ultrasonication allows

membranes, or ultrasonicators
producing very fine emulsions within a short emulsification time, and it constitutes an easy and
clean process®'. Ultrasonic waves transmitted through a liquid induce acoustic cavitation, which
consists of the nucleation, growth and collapse of gaseous bubbles in the fluid****. When
applied on a two phase interface, the interfacial waves caused by the propagation of ultrasound
erupt the dispersed phase into the continuous phase in the form of droplets. Then, the acoustic
cavitation causes intense physical shearing within the continuous phase, which generates

20,25

turbulent eddies and allows gradual breakage of the droplets”™“>. During this process, part of

the acoustic energy is degraded into heat under the effect of viscous friction 20,2225

Ultrasonication has been widely used for the preparation of nanometric single emulsions'®27%
and it represents a topic of growing interest for double emulsions, for instance for
pharmaceuticals®® and food>’. The process parameters affecting the yield and mixing efficiency,
or droplet size, are the sonication time and energy level. While increasing their levels would

allow for a better mixing and the production of smaller droplets, it may destroy the double

emulsion leading to total leakage of the inner droplets®’. Another disadvantage of increasing



the sonication time or power is related to the associated increase in temperature and pressure
which may cause the degradation of the encapsulated ingredient, the emulsifier or the organic
phasezo. Therefore, there are optimal conditions to be determined. The encapsulation

3033 This observation

efficiency was reported to decrease when increasing the sonication time
was confirmed by Tang et al., who also found the addition of gelatin in the inner phase reduces
droplet coalescence due to the formation of an interfacial rigid film, and investigated the effect

of the concentration of surfactants®**

. The minimal power amplitude ensuring the production
of cavitation was theoretically examined by Tal-Figiel (2007)%. Leong et al. indicated that
increasing the sonication power led to a decrease in the droplet size. The encapsulation
efficiency was found to increase when decreasing the fraction of the internal water phase and
when increasing the fraction of the primary emulsion; However the fraction of the primary
emulsion had no effect on the outer droplet’s size, except for extremely low, or extremely high
sonication powers3. They also investigated other parameters like the fraction of surfactant®”%,

For a better comprehension and optimization of the process, different modelling approaches
were proposed in order to predict the encapsulation efficiency and the outer droplet size
during the preparation of double emulsions in different devices. Okazaki et al. (1992)*
proposed a correlation to estimate the leakage rate in a stirred tank as a function of energy

dissipation, viscosity and osmotic pressure over a specific salt concentration range. Concerning

the mean droplet size, a number of correlations were proposed for single emulsions produced

40-43 44-47

in stirred tanks , Which were then used for double emulsions . For single emulsions

preparation using sonication, the mean droplet diameter was predicted by semi-empirical

19,36,48,49

correlations or based on fundamental investigations, such as Nazarzadeh and Sajjadi



(2010)*° and Gupta et al. (2016)°! who investigated the preparation in the dissipation subrange.
These correlations will be investigated in this work and adapted for double emulsions. Indeed,
some physical parameters of the emulsion change when the dispersed phase becomes itself an
emulsion, i.e. during the second step of double emulsion preparation. A model is then
developed to predict the release rate based on the breakage. The model needs to take into
account the parameters that were found to affect the droplet size and the encapsulation
efficiency in the literature review presented above.

The objective of this work is to investigate the effect of different operating conditions in
ultrasonic emulsification on the yield and the outer droplet size and to propose correlations to
estimate the leakage rate and outer droplet size as a function of the sonication time. W/O/W
double emulsions are produced using ultrasonication in both steps. Different operating
parameters were investigated, namely the sonication time of the second step, the oil viscosity,

the internal fraction and the salt concentration.

2. Experimental

2.1 Materials

Different types of mineral oils were used to prepare the W/O/W double emulsions: white
mineral oil (Fisher Scientific), fluid paraffin oil (Cooper), Marcol 82 (ExxonMobil) and Marcol 52
(ExxonMobil). The used emulsifiers were Span 80 (Alfa Aesar) as hydrophobic emulsifier and
Tween 80 (Fisher Scientific) as hydrophilic emulsifier. Sodium Chloride was used as tracer.

Millipore water with resistivity = 18.2 mQ.cm was used all over the work.



2.2 Double emulsion preparation

Sonication was done using an ultrasonic processor (UP400S 400 watts, 24kHz) equipped with a
Sonotrode H7 (tip diameter = 7 mm) manufactured by Hielscher Ultrasonics GmbH.

W/O/W double emulsions were prepared using a two-step method, at room temperature,
similarly to Leong et al.. In the first step, the NaCl solution was dispersed in the oil phase —
consisting of oil in which Span 80 was dissolved. A total mass of 10 g was placed in a 20 ml
bottle and the Sonotrode tip was fixed at the interface of the aqueous and oil phases to help
the interfacial waves to act immediately?’. The sonication time of this first emulsification step
was 30 s at amplitudes of 20 %. In the second step, part of the primary emulsion was dispersed
in an external agueous phase — consisting of water in which Tween 80 was dissolved — and
emulsified with the same ultrasound device for 5-20s, giving a total mass of 7.5 g of double

4952 (p) of the first sonication step was 16 W and in

emulsion. The calculated calorimetric power
the second step P = 9.4 — 11.76 W. Table 1 shows the conditions and fractions of the used

materials.

Table 1. Weight fractions and operating conditions

First preparation step1 Second preparation step1
Fractions (wt. %) Fractions (wt. %) Operating parameters
Hoil
Eff f
Set ecto (mPa.s) water| NaCl | Span 80 | Qil | Primary | water | Tween 80| t,(s) [AT(K)| P (W)
5 1.5 9.4
10 3.5 11
1 t, 45 10 0.05 9.95 | 80 10 89 1 15 coll11s
20 7.5||| 11.76
6
22
2 Hoil ) 10 0.05 9.95 | 80 10 89 1 10 35| 11
45




0.025
0.05
3 Praci 45 10 011l 995 |so] 10 89 1 10 | 35| 11
0.15
10 89
20 79
4 | Pmacro 45 10 005 | 995 |80 —= = 1 10 | 35| 11
40 59

'The total mass used in the first and second steps are 10 g and 7.5 g respectively.

2.3 Droplet size measurements

The inner droplets size distribution was measured right after the first preparation step by
means of dynamic light scattering (Malvern Zetasizer Nano ZS®). Before the measurement, the

samples were diluted approximately 1:1000 (similar to >*°

) in mineral oil. The analysis was
performed twice for each sample, and every time three measurements were repeated, each of
consisting of 11 runs. The Z-average was considered as the mean diameter of inner droplets.
The outer droplets’ size distribution was analyzed using laser diffraction (Malvern Mastersizer
3000°). 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.

Schmidts et al.>

made the same assumption and validated the Mastersizer measurements of
the outer droplets by optical microscope observations. The De broukere mean diameter, dgs,
was considered for outer droplets.
2.4 Conductivity measurements
The released amount of NaCl was monitored by measuring the conductivity of the samples,
taken after the second preparation step, using a CDM210 Conductivity Meter (MeterLab®). The

released amount was estimated based on a predetermined calibration curve. Two calibration

methods were evaluated and found equivalent, either by dispersing different salt




concentrations in pure water or by dispersing the salt in a single O/W emulsion instead of
water.

2.5. Methods

A preliminary study was conducted in order to determine the optimal sonication time and
internal water fraction of the primary emulsion. First, the optimal sonication time of the
primary emulsion was varied over the range of 30, 60, 90 and 120s. The internal weight
fraction at 20 %. The obtained mean inner droplet diameters (Z-average) were d,= 540, 425,
394, 360 nm. The emulsification time of the primary emulsion was fixed at 60 s since beyond
this limit the inner droplet did not show an important decrease in their size and the emulsions
were stable with 60 s emulsification. Second, the internal fraction was varied over the range of
10 %, 20 %, 30 % and 40 %. It was found that different energy levels would be required in order
to ensure uniform emulsification of the different fractions. In order to allow a straightforward
comparison between the different experimental sets, the internal fraction was maintained at
10 % with the energy level at 20 % amplitude (i.e. P =16 W).

Thereafter, different key process parameters were investigated during the preparation of the
double emulsions: including the sonication time of the second step, the primary emulsion
fraction, the oil viscosity and the salt fraction (see Table 1). The internal and external droplet

sizes were measured as well as the conductivity at the end of the emulsification. The mean

T

. . . . . d
dissipation energy by ultrasound was determined using the following equation & = Cpa ,

where Cp is the specific heat capacity of the liquid and T its temperature®**°%,



3. Modeling

The outer droplet size and the encapsulation efficiency, or the escape of inner droplets during
preparation, are the two main process variables that are interesting to model and predict
during the emulsification by ultrasonication as a function of the different operating conditions
that were found in the literature review to affect these variables.

3.1. Mean droplet diameter

3\ 1/4
In the turbulent regime, the Kolmogorov length scale of the smallest vortices is n = (;) ,

where v is the kinematic viscosity and & the energy dissipationss. At high Reynolds numbers,
(i.e. a turbulence Reynolds number Re; > 8630 >%), the universal equilibrium range is divided
into two subranges with regards to the eddy/vortex size (A):

(1) The inertial subrange, 60 <K A K L/6, in which the motion is dominated merely by

the energy dissipation rate, thus the mean velocity fluctuation of an eddy of size A is

J— 2 2
given by u/% x €3 A3, where L is the scale of largest vortices;
(2) The dissipation or viscous subrange, n <K A < 607, where the motion is dominated by
both the energy dissipation rate and the kinematic viscosity, thus the velocity is given by
2 o L
The limits of the inertial subrange, L/6 and 60, are valid only at high Reynolds number, while

for moderate Reynolds they can reach L/2 and 15n 37,38

. In this study, the outer droplet mean
diameters are in the range of 10 to 60 um, so below the limit between the inertial and viscous

subranges (70-280 um assuming 15n—60m). The main correlations proposed to estimate the

droplet size in this subrange (i.e. dissipation) are given in Table 2. They will be modified to



account for the properties of the different phases (i.e. fractions, viscosities), in analogy with the

methodologies developed for the inertial subrange, shown in the same table. The correlations

used for simple emulsions were also used in double emulsions, with some adaptations, mainly

the effect of internal phase fraction® and adding a swelling factor *’ (Table 3). The equations

proposed in the present work for double emulsions appear in the same table, and they will be

developed in the following section.

Table 2. Mean diameter correlations for single emulsions, at equilibrium, under turbulent

conditions

Mean (or maximum) diameter correlation

Range

Ref.

_2 wid —~5  —3
Or, d/D; x We™s, with We = %, uZ ~ u? (with D; the impeller diameter)

To account for the dispersed phase fraction, ¢:

d/Dyx (1+ad¢) We_g

With a =3.75 for Calderbank (1958). Other values of a are available®>*"%,

To account for the dispersed phase viscosity, 1 :

3
doc 67 (a+udﬁ/4)§
Pc

To account for the viscosity ratio (with D the static mixer diameter):

a/poc w* ()

Inertial

— 22
uj o €343

60
Kolmogorov

. 40
Hinze

Calderbank®

. 64
Davies

Chen & Libby®®

66,67
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Table 3. Mean outer droplet diameter correlations in double emulsions
3
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—-0.6 50.136 (KM o1t SWy5 Gallego-Lizon &
d/D; x We oly, p (14 F>Y)3 g

3_(49)° . .47
With FSW = 2 (d(ol;) Pérez de Ortiz
RN 3 This work
d = Ky (epeitc) 2 (u_) (1 + 2.5¢y)2(0y + Ky, Coare RTA) (1 + Kze~Kat) Ea.5)
Dissipation '
5 rum B3 s 2 11 This work
d = Ci(epcic) 12 (M—) (1 + 2.5¢m)*(om + C2¢,CeareRTA)* (1 + Kz X46)py fpis, (Eq.9)

Effect of the dispersed phase viscosity

Taylor basis. Based on Taylor’s theory of droplet deformation, there exists a critical generalized
d . . .
Weber group, Nye = %, below which breakup does not occur, where d is the droplet diameter,

o the interfacial tension and t the external force per unit area (i.e. the stress) acting on the
surface of the droplet4°. In the inertial subrange, T represents the dynamic pressure T = p. u_ﬁ ,

=
from which the original Webber number can be obtained, Ny, = We = % , thus allowing

to derive the Kolmogorov droplet size correlation for the inertial subrange (Table 2)*. For the

. L . . . Ou, . .
viscous subrange, which is of interest here, T is a viscous stress T = u, a_;' which gives the

Capillary number®®®, Nywe = Ca = uch % (below which the droplets will not break). By

applying the Kolmogorov velocity of the dissipation subrange into this equation, the following

40,68,69,

: dmax X

correlation can be obtained for the maximum droplet size at equilibrium

1
0 (epcite) 2 Cacrit- The critical Capillary number can be described as a function of the viscosity

70,71 Ha

B
ratio”™"", i.e. Carit X (u_) , where [ is a constant, which gives:
C

_1 B 1
dmax X O (Spcl'lc) 2 (Z_':)

11



Where pand pare respectively the density and viscosity, and the subscripts d and c are

indicators of the dispersed and continuous phases respectively. The curve of Ca,,i; against the

viscosity ratio £d s known to first decrease with this ratio up to % ~ 1 (i.e. [ is negative) and

Hc c

then Ca.¢ increases with the viscosity ratio (i.e f becomes positive), approximately when

40,71-73

B~ 7 (Grace curve) . Nazarzadeh and Sajjadi50 implemented the values of the critical

Hc

Capillary of Bentley and Leal (1986)”® and fitted equation 1 in ultrasound emulsification
operating in the viscous subrange, in which they observed a decrease then an increase in the
mean droplet size with the viscosity ratio.

Hinze basis. Hinze (1955)* suggested that besides the generalized Weber group, the viscosity

Hd )

Vpaod

group that accounts for the viscosity of the droplet (i.e. the Ohnesorge number Oh =

also controls the droplet deformation. Following this suggestion, the Critical capillary is defined
asCagrir = C (1 + f(Oh)). Based on this, Gupta at al. (2016)°" developed a correlation for the
dissipation subrange with C as a constant. However, in the suggestion of Hinze*’, C is function
of the viscosity ratio Z—d. In this case, the following correlation can be proposed:

C

2 5 g, -1 1 2

2 = (K
Amax X 03(Epchic) 12 (ll_i) pd6 .ufi
This correlation is valid for large Oh values, where the high viscous stresses inside the droplet
necessitate higher inertial stress to break it.

Equations 1 and 2 will constitute the two main model basis, in which other properties of the

double emulsions will be incorporated. In order to have a comparable effect of the viscosity of

. . 1 . .
the dispersed phase in both models, we assume 8, =  — 3 (as equation 2 contains a separate

term ,ué/3). However, the power of the viscosity ratio will still be different in the two models.

12



Effect of the dispersed phase fraction (damping effect)

Calderbank (1958)%® and Brown and Pitt (1970)* included the damping effect of the dispersed
phase volume fraction (¢) on energy dissipation, d? «d’(1+a ¢) , with a equal to 3.75 and
3.14 respectively. Based on series expansion, Doulah (1975)% estimated a = 3 for the inertial
subrange. By analogy, we can make the same development for the dissipation subrange. Based
on the Kolmogorov length scale, the ratio of energy dissipation between the damped and non-

3
damped system is 5—0 = (Z—"’) . By approximating the viscosity ratio using Einstein’s equation,
¢ 0

Ko = Ho (1 + ng), one obtains d? o d°(1 + 2.5¢)9 with ¢ = 3 X (—p), where p is the power
of € in the correlation of d° . Doulah® used p = 0.4 in the inertial subrange. In the dissipation
subrange, one should use g = 3/2 and 5/4 for equations 1 and 2, respectively.

Effect of time, transitionary state

The available droplet size correlations are usually valid for stationary state, thus giving the
equilibrium droplet size. For continuous emulsifications, it was suggested that the droplet
diameter depends on the residence time, for instance d o 7793 (Koglin, 1981)74, or d « E;b
with E, = € T being the energy density and b~0.4 for turbulent breakage (Karbstein and
Schubert®™). In order to predict the evolution of the droplet size with time in the present
system, the following correlation is proposed:

d = deq(1 + Kze™4t) 3
Where K, is the breakage frequency and d is the equilibrium diameter that can be obtained
from the stationary correlations, for instance using equations 1 and 2. When t —» oo,

_K4

e X+t — 0, which allows to get the stationary value, deg-

13



Adaptations to double emulsions

In double emulsions the dispersed phase is itself an emulsion, which requires specific
correlations to calculate the outer droplets viscosity (up) and density (op). Moreover, the
presence of salt may lead to swelling of the outer droplets, thus affecting their size and the
escape rate. The properties of the inner (micro-) and outer (macro-) phases/droplets are
distinguished and indicated with the indices u and M respectively.

Viscosity and density. The apparent viscosity and density of a liquid-liquid dispersion (i.e. outer
droplets here) can be obtained by the models of Vermeulen (1955)”> and Miller and Mann

(1944)’° respectively:

_ B Ka 4
=251 150725)
pm = pat+ (1 —¢)pc 5

The subscripts d and c refer to the dispersed (i.e. internal water) and continuous (i.e. oil) phases
respectively.

Effect of salt. The concentration difference of salt between the internal and external phases
creates a force on the surface of inner and outer droplets (i.e. osmotic pressure). The work
required to strain a droplet containing other droplets is thus modified compared to the work
required to strain a pure droplet’’. This force can be added into the surface force group, and

therefore the balance between the Laplace and osmotic pressures gives *’%"°:

AP = % — Orefix § CsatRT 6
Where Cg,; is the salt concentration in the inner droplets, R the ideal gas constant, T the
temperature, i the van't Hoff factor and o..qx is the reflection coefficient of the membrane.

Assuming the surface of the inner droplet to play the role of a membrane during release, it may

14



be considered that o, & d orenix i Csa1cRT. Thus, the effective surface tension can be
calculated by:

Omeft = oM + Kz ¢ CoartRT dy 7
Where K, is a parameter regrouping the different unknown constants (i.e. o'renx and i) or
deviations from an ideal behavior, and gy, is the surface tension of the outer droplets having no

salt (in this work considered as the oil-water surface tension, i.e. with ¢, = 0).

Complete droplet size correlation for double emulsions in ultrasonication
The different properties of the double emulsion discussed above were included into equations

1 and 2, which gives, based on the Taylor approach (eq. 1):

_1 B 3 _
d = Ky (pcio) 7 (B2)" (1 + 2.5¢m)2(0m + Ko CsacRT)(1 + Kze™40)
And by incorporating the Hinze suggestion into Taylor’s approach, through Gupta development

(eq. 2), the correlation becomes:

_5 rua\P3 5 2 11 9
d = Ci(epee) 7 (1) (1 + 2.50m)*(0m + CoduCoarcRTA) (1 + K5e ™) py o1

Where K;, K, K3, K4, C;, C, and [ are constants to be determined by fitting to the
experimental data. The breakage frequency K, and the pre-exponential factor K5 should have
the same values in both models. The main differences between these correlations mainly lay in
the powers of different terms.

3.2. Leakage

During the preparation by ultrasound, molecular diffusion of salt can be neglected due to the
low solubility of the used salt in the oil phase and the short preparation time. Similarly, the

escape of the inner droplets by diffusion is slow and can be neglected during preparation.

15



Therefore, the main phenomena responsible for the release is inner droplets leakage, which is
defined as the escape of inner droplets joining the breakage of outer droplets. The leakage rate
can thus be correlated to the breakage rate, i.e. equations 8 and 9.

The leakage rate is also proportional to the concentration of encapsulated salt. The
concentration of salt in the outer droplets, Cs,;t, can be obtained from the following balance
(here the release is measured by conductivity)*:

dCsalt _
at - KL Csalt 10

The leakage constant is suggested to be correlated to the droplet diameter d (determined from
equations 8 or 9) as follows:

= Ko 11
K, =%
Where K;, is a tuning parameter. By this way, the leakage rate is related to the same
phenomena governing breakage. Moreover, when the droplet size reaches equilibrium

between breakage and coalescence, the leakage continues at a constant rate until emptying the

outer droplets from the inner droplets. The encapsulation efficiency fraction, therefore, can be

obtained by EE (%) = CCL(tt(?o) %X 100 = exp(—Kj, t) x 100.
salt \t=

4. Results and discussions

The De Broukere mean diameter, ds3, was considered in fitting equations 8 and 9. However, any

1
8081 The unknown constants

other mean diameter can be used if preferred in some applications
in equations 8, 9 and 11, were identified using a least square minimization in MatLab®

environment (Table 4). It was found that both correlations 8 and 9 give similar curves in general

(but with different constant values). Therefore, only the results of equation 8 are shown in the

16



following figures, except for the case with fractions of salt higher than 0.21 %, where a
deviation is observed.

Table 4. Constants of the mean droplet diameter and leakage correlations

Constants of the mean diameter correlations Leakage
Model 1 (Eq. 8) Model 2 (Eqg. 9) Both models Eq. 11
Kl KZ Cl CZ ﬂ K3 K4 KLO
0.0034 0.0095 0.0116 0.018 0.116 12.18 0.0864s" | 2.8x107

4.1. Sonication time of the second step

The sonication time of the second step was varied over the range 5, 10, 15, and 20 s, and its
effect on the droplet size and leakage was investigated (Set 1, Table 1). The primary emulsion
was prepared with 60 s of sonication and 20 % energy amplitude (16 W). The size distribution of
the internal emulsion is presented in Figure 1A giving a mean diameter of 425 nm. This primary
emulsion was stable over several hours, thus giving safely enough time for the preparation of
the double emulsion.

Figures 1B and 1C show the outer droplet size distribution and the mean diameter respectively.
It can be seen that increasing the sonication time leads to the production of smaller outer
droplets, until reaching an equilibrium between breakage and coalescence approximately after
15 s where further sonication a negligible effect. The encapsulation rate (Figure 1D) indicates
that increasing the second step emulsification time leads to a higher leakage and thus to a
lower vyield. Indeed, in each breakage event, a number of inner droplets can leak out to the
outer droplets due to the generated surface and the kinetic energy gained by the outer
droplets. This confirms the fact that leakage is directly correlated to breakage. Consequently,

17



bigger outer emulsions are recommended as they ensure a higher encapsulation efficiency, as
far as these double emulsions are physically stable during storage and induce the final desired
properties (e.g. transparence).

The models of the mean droplet diameter (equation 8) and the yield (equations 10-11) are
shown on the same figures. The part of the mean diameter correlation that accounts for the

~Kst |t can be seen that the

sonication (emulsification) time of the second step is: 1 + Kze
proposed correlations allow a good prediction of the tendencies as well as the final steady state
of the outer droplet size. Note that even after reaching the equilibrium droplet size, the escape
of inner droplet continues. Indeed, at equilibrium the breakage rate equals the coalescence
rate, but breakage events persist, thus leading to inner droplet escape. In the next sections, the
second emulsions will be prepared in 10 s, which provides a good compromise between outer
droplet size and encapsulation rate (around 80 %).

It is to be noted that the sonication causes an increase in the temperature that may affect the
viscosity of the different phases and their interfacial properties *° or may lead to degradation of
some materials, such as proteins or surfactants'’. In this first set of experiments, the
temperature increased from 23 °C to 30.5 °C when the sonication time was the highest (20 s).
However, the increase of 7.5 °C was found to have a negligible effect on the viscosity. Indeed,
the viscosity-temperature correlation of Stanciu (2012)82 was used and its parameters were
identified for mineral oil, giving: u = 0.0018 + 8.22 x 10* exp (—T/20.47). Using this
correlation, the viscosities were predicted to be: 45 mPa s at 23 °C, 42 mPa s at 24.5 °C,

34.8 mPa s at 28.5 °C, and 31.7 mPa s at 30.5 °C. When implementing this viscosity change in

the proposed models (equations 8 and 9), only a slight effect could be perceived on the final

18



size and the leakage fraction. As mentioned above, in the following sets of experiments, the
emulsification time is fixed at 10 s, therefore, the increase in temperature is of 3.5 °C, which
makes the change in viscosity negligible. Therefore, the viscosity of the oil at room temperature
can reasonably be considered in both models, and any change due to the increase in
temperature can be neglected. Nevertheless, in order to prevent any undesired side effects in
case of big thermal increase, a cooling jacketed system may help to maintain the temperature

constant during emulsification by sonication17.
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Figure 1. Effect of the sonication time in the second emulsification step. (A) Size distribution of
inner droplets, (B) size distribution of outer droplets, (C) mean diameter of outer droplets, and
(D) encapsulation efficiency. The model curve is obtained by eq. 8 for the droplet diameter
(giving similar results as eq. 9 here) and using equations 10-11 for the yield.

4.2. Effect of the oil viscosity

In order to investigate the effect of the oil phase viscosity, four paraffin oils with different
viscosities were used: Umacrol 52 = 6, UMacrol 82 = 22, HFluid Paraffin oil = 32 and UMineral oil =
45 mPa.s. As in the previous section, the primary emulsions were sonicated with 20 % energy
amplitude for 60 s (16 W).

Figure 2A shows the size distribution of the inner droplets obtained with the different oil
viscosities. While similar sonication energies and times were employed for all oils, bigger water
inner droplets were produced when increasing the oil viscosity. These primary emulsions were
then used to produce double emulsions by sonication at an energy amplitude of 20 % for 10 s
(12 W). Figure 2B shows the size distribution of the outer droplets of different oil viscosities. It
can be seen that increasing the oil viscosity leads to the production of slightly bigger outer

droplets, except the distribution obtained with the oil of 6 mPa.s which is wider.
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In order to explain these observations, the critical capillary is investigated for both the internal

and external emulsions. For the primary emulsion, where water constitutes the dispersed phase

and oil the continuous phase, the range of viscosity ratios (Zd “‘;’ater) is 0.02, 0.028, 0.04 and
c oil

0.15 (corresponding to oil viscosities of 45, 32, 22 and 6 mPa.s), thus less than unity. Based on

hud

the Taylor theory™®, the critical capillary decreases with 2 when 24 < 1. Therefore, the primary

Uc Uc

emulsions have bigger sizes when the oil viscosities are higher (i.e. lower viscosity ratios)

(Figure 2A). For the external emulsions, the range of viscosity ratios is 6.7-55. The critical

capillary starts to increase with &4 when &4 > 7. Therefore, the outer droplets move towards

Hc He

bigger sizes (Figure 2B and C), i.e., the turbulent disrupting force needs to overcome interfacial
forces besides an increasing viscous force. With an oil viscosity of 6 mPa.s, the viscosity ratio is

in the intermediate range, i.e. 1 < B < 7, where a small effect of the viscosity ratio is

2%
. . . . Hd 'B .
observed on the size, and S starts changing of sign. In other words, the factor f in (u_) , is
C

negative for the inner droplet and positive for the outer droplets in this study. This allows to

predict the droplet size over the whole region of %, considering updating the parameter £.
C

Nazarzadeh and Sajjadiso, studied the effect of viscosity ratio between 0.4 and 100 on the size

of emulsions prepared with ultrasound and observed a similar decrease, followed by an almost

constant range, then an increase in the droplet size for &4 < 1, 1 <H < 7, and X e d>7

Uc Uc

respectively.
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Figure 2. Effect of the oil viscosity. (A) Size distribution of inner droplets, (B) size distribution of
outer droplets, (C) mean size of outer droplets, and (D) encapsulation efficiency. The estimated
size is given by eq. 8, both for =0 (with K; = 0.0053 , K, = 0.0146) and £ = 0.116 (with the
parameters of Table 4), and the encapsulation efficiency is obtained by equations 10-11.

The model results for the outer droplet size and encapsulation efficiency are shown in figures
2C and 2D respectively. In order to demonstrate the interest of incorporating the viscosity ratio
in the model, equation 8 is plotted with the optimized value of § as well as with § = 0, thus

assuming C to be constant in Ca it = C (1 + f(Oh)), as done by Gupta model®*. It can be seen
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that accounting for the viscosity ratio leads to a better agreement. However, a different values
of f would be required for oil viscosities lower than 6 mPa.s, as explained above.

4.3. Effect of NaCl fraction

The primary emulsions were sonicated during 60 s with 20 % energy amplitude (16 W) using
different NaCl fractions, ¢nacp: 0.025 %, 0.05 %, 0.1 %, and 0.15 % (Set 3, Table 1). Figure 3A
shows a slight increase in the size of the inner droplets when increasing the salt fraction,
however the minimal size is obtained using ¢nac1 = 0.05 %. The presence of ions is known to
have an effect on the adsorption of surfactant or its spreading on the interface, thus increasing
the interfacial tension. This leads to a lower breakage rate, and so to the formation of bigger
droplets. Kent and Saunders (2001) similarly indicated that the presence of salt generated
higher interfacial tension that was justified by a possible delay in the absorption of surfactant at
the oil-water interface®.

Double emulsions were then sonicated with an energy amplitude of 20 % for 10 s (11 W). The

part of equations 8 and 9 that accounts for the effect of salt fraction is described by (O'M +

K, ¢, CsaicRTA) or (O'M + CququaﬂtRTd)Z/3 respectively. Accordingly, an increase in the outer
droplet size is expected when increasing the salt fraction. Figures 3B and 3C indicate an
increase in the outer droplet size and Figure 3D shows a higher encapsulation efficiency, when
increasing the salt in the internal phase. The observed lower breakage rate when increasing the
salt concentration is a consequence of the increased effective interfacial tension term that
includes the osmotic pressure. It can be seen that the model allows describing accurately this

phenomena. Indeed, using equation 7, oy ¢ is found to be equal to 0.008, 0.009, 0.013, and
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0.02 N.m™ for ¢nac; 0.025 %, 0.05 %, 0.1 %, and 0.15 %, respectively, while the measured oy is
0.007 N.m™.

Note that while the two models predict similar mean diameters over the investigated range of
salt fractions (up to ¢nac1 =0.15 %), when extrapolating to higher salt fractions the models
deviate from each other (figure 3C). Usually the salt fraction is never so high, but if required,
this region should be investigated experimentally to check which model would be more

appropriate in regions with extremely high salt fractions.
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Figure 3. Effect of the NaCl fraction. (A) Size distribution of inner droplets, (B) size distribution
of outer droplets, (C) mean size of outer droplets, and (D) encapsulation efficiency. The model
curve is based on equations 8 and 9 for the droplet diameter and equations 10-11 for the yield.

4.4. Effect of the primary emulsion fraction

A primary emulsion was prepared as previously, with 60 s of sonication and 20 % energy
amplitude (16 W). The size distribution of the inner droplets is presented in Figure 4A. Then,
the double emulsions were sonicated with an energy amplitude 20 % (11 W) during 10 s using

different fractions of the primary emulsion, ¢y: 10 %, 20 %, 30 % and 40 %.
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Figure 4. Effect of the primary emulsion fraction. (A) size distribution of inner droplets, (B) size
distribution of outer droplets, (C) mean size of outer droplets, and (D) encapsulation efficiency.
The model is based on equation 8 for the droplet diameter and equations 10-11 for the yield.

The terms accounting for the fraction of the dispersed phase in the droplet correction are given
by (1 + 2.5¢)3/? and (1 + 2.5¢;)>/* for equations 8 and 9 respectively. This term indicates a
damping effect, where increasing ¢ lowers the energy dissipation rate and thus hinders the
breakage of outer droplet. Figures 4B and 4C show respectively the size distribution of the
outer droplets and their mean diameters as a function of the fraction of the primary emulsion.
A general increase in the outer droplet size can be observed when increasing ¢y;. This can be
due to a decreased breakage rate (due to the energy dissipation damping) or to an enhanced
coalescence rate (due to the higher collision frequency when increasing the dispersed phase
fraction). However, Figure 4D indicates that the encapsulation efficiency increases slightly with
¢, as observed by Leong et al. (2017) °. From these combined observations, it can be
concluded that when increasing the fraction of the primary emulsion, the effective energy
imposing on the surface of the outer droplets is damped, leading to a decrease in the breakage
and so leakage. Indeed, outer droplet coalescence would not have a direct effect on the
encapsulation efficiency and cannot explain both observations. As the model takes into account
the damping effect for dissipation subrange, by an analogical derivation of the method of
Doulah®, it shows a good agreement with the experimental data. Leong et al. (2017)* did not
observe an effect of ¢y (varied up to 20 %) on the outer droplet size, except when employing
extremely low calorimetric power of 2 W or extremely high power of 26W, where an increase in

the outer droplet size was increasing with ¢y.

26



5. Conclusions

The droplet size and encapsulation efficiency are key parameters of the final product properties
of double emulsions. The effect of the process variables on these parameters were investigated
experimentally and by modelling. Two correlations for the outer droplet mean diameter were
proposed based on fundamental developments for the dissipation energy subrange and
accounting for different properties, including the interfacial tension, the viscosities and
densities of both phases, the fraction of salt and the sonication time and energy. A correlation
is also proposed to estimate the leakage rate.

e Increasing the second step sonication time was found to create smaller outer droplets
and consequently higher leakage, until reaching the equilibrium size. At equilibrium, the
breakage rate is equal to the coalescence rate and therefore the size does not evolve
but the inner droplet leakage continues at a constant rate.

e Increasing the oil viscosity of W/O/W double emulsions was found to form bigger inner
droplets (where water represents the dispersed phase) and bigger outer droplets

(where the water-oil dispersion represents the dispersed phase) and to lower the

B
leakage rate. This could be explained by the capillary critical, (%) , Where [ is negative

for the inner droplets and positive for the outer droplets.
e Increasing the salt fraction was found to hinder the breakage, and leakage, and thus to
form bigger outer droplets. This phenomenon is driven by the osmotic pressure that

adds a force to the droplets interface.
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e Increasing the fraction of the primary emulsion was found to dampen the effective
energy dissipation rate and thus to form bigger outer droplets and less leakage.

As a perspective, there is still a need to account for the inner droplet size and fraction in the

breakage rate, for instance through the outer droplets viscosity and cohesion forces. Moreover,

it would be interesting to implement a population balance model to predict the evolution of the

droplet size distribution with time.
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