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Abstract

Double emulsions are widely spread in a number of applications, such as food, cosmetics and
pharmaceutics. They are usually prepared in two steps, comprising the preparation of a first
emulsion that is in a second step introduced in an external continuous phase. A number of
phenomena may occur during the second step including breakage, coalescence, and escape
that is aimed to be reduced to keep high the encapsulation efficiency. Suitable models of these
phenomena are proposed in this work and incorporated into a population balance model (PBM)
to allow predicting the evolution of the droplet size distribution (DSD) of the external macro-
droplets as well as the release rate. During the considered short preparation time and the slow
molecular diffusion of the encapsulated salt, the release rate was assumed to be mainly
governed by the leakage of internal droplets, i.e. their release due to the breakage of the
macro-droplets. The proposed leakage model is thus described as a function of the breakage
rate of the macro-droplets. The model parameters involved in the different sub-models of the
PBMs (breakup and coalescence kernels, leakage) were identified in experiments of W/O/W
double emulsions prepared using a rotor stator. Then, the model was validated under various
key process conditions, such as the internal water fractions (10 - 40 %) and stirring rate. The
dependence of the leakage parameter on the concentration of salt was also investigated. The
macro-DSD was measured by Laser diffraction while the leakage rate was monitored by

conductivity measurements.
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1. Introduction

Double emulsions (also called liquid membrane systems) consist of small droplets of one fluid
suspended in larger droplets of a second immiscible fluid. They can be of two major types:
water-in-oil-in-water (W/O/W) or oil-in-water-in-oil (O/W/0O) double emulsions. Since their first
observation by Seifriz et al. (1925) [1], double emulsions found a wide range of applications in
the chemical, petrochemical, polymer, waste water treatment, food, cosmetic and
pharmaceutical industries. Examples of these applications are extraction of organic and
inorganic compounds [2], preparation of low-fat foods [3] and drug delivery [4]. In these
applications, the quality of the final product is determined by the micro- (i.e. internal) and
macro- (i.e. external) droplet size distribution (DSD) [5] and the release rate of the encapsulated

ingredients to the external phase [2,4,6].

The two-step method, firstly reported by Matsumoto et al. (1976) [7], represents the most
common way to prepare double emulsions. In this method, the first step consists of mixing the
internal phase with the intermediate phase under high shear rate to realize small micro-
droplets. The second step consists of dispersing this internal emulsion into a continuous
external phase. A lower mixing intensity and shorter time are employed in the second step in
order to reduce the release of the internal phase. Bigger external (macro-) droplets are thus

produced compared to the internal (micro-) droplets.

Different destabilization pathways may occur during the second preparation step of double
emulsions, as well as during storage, such as macro-droplet breakage and coalescence, Ostwald
ripening, swelling or shrinkage, leakage of micro-droplets (i.e. escape due to breakage) [8—13],
and over-swelling (leading to explosion) [2,5,6,13—-16]. Such a high number of simultaneous
phenomena taking place in the system represent the main difficulty in modeling this system.
Another difficulty is related to the lack of experimental methods allowing to accurately
measure the internal DSD. Finally, both the micro- and macro-droplets are usually distributed in

size.

In terms of modeling the evolution of the droplet size, a number of works have been performed

regarding single emulsions, either using stationary models that describe only a mean diameter



[17-19] or using PBM [20,21]. Some stationary correlations were also applied to model double

emulsions [22-25].

In terms of modelling the extraction rate from double emulsions, few works concerned the
escape in the absence of breakage, which would be interesting during storage but is not
sufficient during the preparation of the double emulsion. For instance, Ho et al. (1982) [26]
developed a diffusion model assuming micro- and macro-droplets to be of uniform size and in
the absence of breakage and over-swelling/explosion of macro-droplets. Kang et al. (2016) [27]
developed an escape model based on the dewetting phenomenon during storage of double
emulsions. Pays et al. (2001) [28] and Chavez-Paez et al. (2012) [14] proposed an escape model
during storage based on the coalescence of micro-droplets with the external aqueous phase.
Few other works concerned modelling escape during preparation. For instance, Klahn et al.
(2002) [29] proposed a model to describe micro-droplet escape in simple shear flow regime.
Mukhopadhyay et al. (2008) [11] proposed a model to describe osmotic and occlusion modes of
swelling of double-emulsions assumed to have a core-shell structure, and a leakage model of
the internal phase that was assumed proportional to the thickness of the membrane. Okazaki
(1992) [30] proposed a leakage correlation as a function of the energy dissipation rate, viscosity
and osmotic pressure. Shere and Cheung (1988) [16] proposed a model to describe leakage
assuming macro-droplet rupture to be the main mechanism responsible for micro-droplet
leakage, while the internal substance was assumed to have negligible diffusivity through the
membrane during the preparation time. A summary of some models describing the release rate

during preparation can be found in table 1.

The objective of this work is to develop a model that describes micro-droplet escape during the
second preparation step of the double emulsion, where the micro-and macro-droplets are not
of uniform size and where macro-droplets may undergo breakage and coalescence. These
phenomena can be described by considering population balance models (PBM) of the internal
and external droplets. In turbulent systems, these phenomena are the consequence of the
mechanical operating conditions, such as the energy dissipation rate, and physical properties
like viscosity, density and the interfacial tension. However, while a number of kernels were

proposed to describe breakage and coalescence of simple emulsions in turbulent systems
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[20,21], a specific attention is required when applying these kernels to double emulsions, as a
number of properties of the dispersed phase change when the dispersed phase itself becomes
an emulsion, such as its density, viscosity and surface tension [24,31]. Finally, the escape model
is required to be combined to breakage and coalescence of the macro-droplets within the

population balance model.

In this work, rotor stator is used in the first and second emulsification steps to prepare W/0O/W
double emulsions. A number of key process parameters were investigated during the
preparation of the double emulsions, namely, the fraction of internal water, the stirring rate in
the second preparation step and the fraction of salt. The size of macro-droplets was monitored

offline by laser diffraction and the release of salt by conductivity measurements.

2. Experimental

2.1 Materials

The materials used to prepare the W/O/W double emulsions are Mineral oil (Fisher
Scientific'™), Span 80 (Alfa Aesar) as hydrophobic internal emulsifier, Tween 80 (Fisher
Scientific™) as hydrophilic external emulsifier, Sodium Chloride as tracer and regulator of

osmotic pressure and Millipore water (resistivity = 18.2 mQ.cm).
2.1 Double emulsion preparation

W/O/W double emulsions were prepared at room temperature using a two-step method (see
figure 1). In the first step, the NaCl aqueous solution was dispersed in the oil phase - consisting
of oil in which Span 80 is dissolved - and mixed using an IKA T 25 digital ULTRA-TURRAX® at
12 000 rpm for 4 min. In the second step, this primary emulsion was dispersed in an external
aqueous phase - consisting of water in which Tween 80 is dissolved - and mixed using the
ULTRA-TURRAX® at 3 400 rpm for 1-16 min. The fractions of these materials are shown in Table
2. The employed ULTRA-TURAX was equipped with the dispersing elements S25N-10G and

S25N-18G for mixing the first and second emulsions respectively.



2.2 Droplet size measurement

The size of the micro-droplets was measured right after the first step of preparation by means
of dynamic light scattering (Malvern Zetasizer Nano ZS®). Then, samples were taken every one
minute during the second preparation step and the size distribution of the macro-droplets was

analyzed using laser diffraction (Malvern Mastersizer 3000°).
2.3 Conductivity measurements

The released amount of NaCl was monitored by measuring the conductivity of the samples,
taken every one minute during 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, thus indicating no effect of the oil on the measurement in the employed

concentration range.

3. Modeling

Double emulsions consist of an emulsion inside another emulsion. Thus, there are two
dispersed phases. The internal dispersed phase consists of water droplets dispersed into the oil
phase, and will be referred to as micro-droplets hereafter. The external dispersed phase
consists of the first emulsion dispersed into water, and will be referred to as macro-droplets.
Each of these dispersions is distributed in size, and can thus be described by a population

balance.
3.1 Population balance models

The general PBM of size distributed systems [33,34] can be applied for both the macro- and
micro-droplets during the second preparation step of the double emulsion. On one hand,
macro-droplets might undergo breakage, coalescence and swelling that might lead to over-
swelling and explosion, which leads to the following balance of the number density distribution

of macro-droplets, n,, (humber per m? of macro-droplet size):



Iny(tw) | d(Sy(tv)ny(ty)
A(;t + (M axM )=ERBT‘+ERCO+EREXP

On the other hand, micro-droplets can be assumed to undergo mainly leakage, as the external
mixing is supposed to cause no breakage and very little coalescence within the considered
preparation time and energy [35,36]. Thus, the number density of micro-droplets (n,,) can be

obtained by:

Ing,(twv) | 9(Sn(tv)n,(ty)
n;t + (5 axm ): Zﬁ)_mLeak

Where v is the droplet volume, S the swelling or shrinkage rates due to osmotic pressure
difference or diffusion by Oswald ripening, Rp, the breakage rate, R, the coalescence rate,
Rexp the explosion rate (due to over-swelling) and Ry, is the internal droplet leakage rate

(number.m>.s™). The indices m and M refer to micro- and macro-droplets respectively.

Due to the short time of the second step of the double emulsion preparation, swelling of micro-
or macro-droplets can be considered to be negligible, and therefore over-swelling leading to
explosion is negligible. Oswald ripening is also negligible during the preparation period due to

the low solubility of each phase in the other. With these assumptions, Egs. (1-2) become:

any(tv)
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Where the birth (B) and death (D) terms for breakage and coalescence are as follows [33,34]:

By, (t,v) = [ b(v,&) I'(t,&) n(t, &) de 5
Dp(t,v) = T(v) n(t, e) 6
Beo(t,v) = Jy Bv,v — &) n(t,v — &) n(t &) de 7
Deo(t,v) =n(t,v) [J” v, &) n(t, &) de 8

3.2 Leakage rate

The leakage is defined as the escape of micro-droplets upon breakage of the macro-droplets.

The leakage causes a decrease in the volume of the encapsulated micro-droplets and so in the



macro-droplets’ volume. Considering a constant micro-droplet volume fraction in the macro-

. . . d d .
droplets, independently of their size, one may write % = %, with Vy =V, + Vyi1.

The escape of micro-droplets leads to the release of salt that they contain. This mechanism is
assumed to represent the main mechanism of release of salt, since the diffusion of salt into the
oil phase is slow. Therefore, when escape occurs, only the total volume of micro-droplets (1},,)

decreases while the concentration of salt in the micro-droplets (C,,) remains constant (i.e.

dc . . .
d—;“ = 0). Therefore, the material balance of salt in the micro-droplets becomes:
A(VinCm) AV,
T = Cn gt =~ Gl ’
Where Q; is the volumetric flowrate of micro-droplet given by:
av, av o)
QL = _d_;n = _d_éw = fo ERLeak(t' vm)vmdvm 10

Based on experimental observations, it can be assumed that micro-droplet escape is governed
by the breakage rate of the macro-droplets, as also reported by [8,16,37]. This assumption is
valid only during the preparation of macro-droplet, as during storage the escape may occur via
other pathways mentioned above, like diffusion or swelling-breakdown. It is therefore
reasonable to write the leakage rate as a function of the change in the surface of macro-

droplets and the volume fraction of the internal phase, as follows:

Qu = ki ™ fy mrfi R (6, v dvy 11
Va0

Where k; is the leakage rate coefficient (in meter) and r, is the macro-droplet radius.

By substitution into equation 9, the number of moles of salt in the micro-droplets (N,, = V},,C;)
can be calculated by:

ANy, Ny
o =k Efo iy Rpr (t, Vi) dvy 12
3.3 Energy dissipation in high shear devices

The energy dissipation rate is one of the key process parameters that is required in the

breakage and coalescence kernels. In rotor-stator devices like ULTRA-TURRAX® the energy



dissipation in the continuous phase can be calculated using the power equation, similarly to

stirred tanks [19]:

_ NP (L)R3 D}% 13
g =—"—)
Where wpy [rps] is the rotational speed of the rotor, Dp the rotor diameter, Np the power

number and V is the volume of the mixed media.

In turbulent flow regime, the power number of high shear rotor stator mixers is constant and is
in the range of 1.4 — 3 for different geometries [19]. In this work, a power number equal to 1.7

was used, as determined by Padron (2001) [38].
3.4 Breakage kernel

During the second step of double emulsion preparation, a high shear rate is employed by
means of Ultra-Turrax, and therefore the fluid dynamics are in a turbulent flow regime. The
breakage and coalescence kernels developed for turbulent flows should therefore be used. The
turbulent energy is thus the driving force for breakage of the macro-droplets while the viscous
and surface forces are the driving forces for stabilization. In this regard, Alopaeus et al. [39]

proposed a breakage kernel that they employed on a compartmentalized stirred tank reactor:
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Where C;, C;and C5 are the breakage rate coefficients, v the droplet volume, o the interfacial
tension, &.¢r the effective energy dissipation rate of the dispersion, g, and . are the
dispersed and continues phase viscosities respectively, pg;s, and p. are the dispersed and
continues phase densities respectively and erfc stands for the complementary error function.
This kernel was used by Qin et al. [40] to model the emulsification in a rotor-stator mixer,

within a coupled CFD-PBM framework.

To model the daughter size distribution, the normal distribution was selected [41]:

2¢ (vi-05 17-)2(26)2 15
b(vovy) = 2o <—+)



Where c is a constant which is equal to 3.
3.5 Coalescence kernel

Binary coalescence of two droplets of volumes v; and v; can be defined as the product of

collision frequency, h(v;, v;), and coalescence efficiency, 1(v;, v;) [42]:

B(vi,v;) = h(vi, v))A(vi, v;) 16

The collision frequency depends on the shear during preparation while it depends on the
Brownian motion during storage. Coulaloglou and Tavlarides [42] proposed a binary collision
frequency for turbulent conditions, that was later-on slightly revised as follows (see for instance
[43-46]):

h(Vi,Vj) = (Cu¢ éff (vil/B + vjl/3)2 (viz/9 + vjz/g)l/z 17

To describe the coalescence efficiency, Coulaloglou and Tavlarides [42] proposed to use the film
drainage theory:

1/3.1/3 \ 4
2 _ ta) _ Cs e Pcesr [ Vi V) 18
(vi,vj) = exp _t_c =exp|— 1/3, 1/3

2
Odisp v+ v;

Where t,; is the drainage time and ¢, the contact time.

It can be seen that the coalescence efficiency depends on the surface tension. However, an
excess amount of surfactant is employed in this work, thus ensuring full coverage of the micro-
and macro-droplets’ surface area during all the preparation stages. Therefore, the surface

tension was the same in all experiments.
3.6 Properties of the dispersion

It is important to take into account the effect of the presence of the dispersed phase on the
properties of the dispersion and to use these apparent properties in the population balance,

rather than using those of the pure phases.

For instance, the apparent viscosity of the liquid-liquid dispersion can be obtained by the model

of Vermeulen (1955) [47]:
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Similarly, the density of macro-droplet changes due to the presence of micro-droplets

dispersion by the model of Miller and Mann (1944) [48]:

Pdisp = Gm pa + (1 — ) pe 20

Also, the increase in the dispersed phase fraction is known to damp the continues phase energy

dissipation [42]:

—_ & 21
el T g

Finally, the interfacial tension of the macro-droplets may also be affected by the presence of
micro-droplets, as the change in the work required to strain a pure-oil droplet may be different
from the required work for a droplet containing other droplets [31]. However, the experimental
and simulation results indicated a negligible effect, so the interfacial tension between water

and oil droplet — not containing micro-droplets —was implemented hereafter.
3.7 Numerical solution

The finite volume discretization scheme was used to solve the population balance equations.
This method was firstly developed by Filbet and Laurencot (2004) [49] for pure coalescence in
which the PBM was reformulated into a mass distribution, g(t, v) = v n(t, v). Then, Kumar et

al. [50] extended the model for combined breakage and coalescence.

ag(tv) _ 22
at

_ aa_v (fo” fvvﬁ;‘x u B(w, v)n(t, wn(t, v)dv du ) + aa_v (fvoo fov u b(u, V)T (W)n(t, v')du dv')

, . e 1
By discretizing the mass balance across the cell boundaries [i + Sl %]:

Co Br _ ;Co _ BTt 23
W R )
At Vit1/2=Vi-1/2

With the mass fluxes:

r(v) v;
]f‘% = — Yh=i+19k fAkT dv [, ub(u, v)du 24

10



C i B, vg) Ve, ,—1/2 BU, Vg)
]i% = Yk=1 (Zﬁ':ai,kaj " K du g + [ “uk2 22Tk gy gai,k—l)

Vit+1/2~Vk u

Where a; j represents the index of each cell, such that vy 1/, — Vi € Ag,, .-

4. Results and discussions

Different process parameters were investigated during the preparation of double emulsions
and the model robustness was evaluated. These parameters include the internal water fraction,

the stirring rate and time and the salt concentration (see Table 2).

For each experiment, the double emulsion was first shaken by hand to make a uniform premix
and a sample was taken to measure the initial DSD, which is used as an input for the
simulations. Then, mixing by the rotor stator was employed following the stirring rate and times
indicated in the table 2, and samples were taken every one minute to measure the macro-DSD
and the conductivity. A typical optical image of the double emulsion just after preparation is
shown in Figure 2 that clearly indicates the presence of internal droplets. Figure 2B shows that
some of the micro-droplets can reach a diameter up to 6 um. Using Nano-ZS, the DSD of micro-
droplets measured just after the first step, i.e. the primary emulsion (Figure 3). The mean
droplet diameter was around 1 um, however the figure shows that the droplet size can be as
high as 1.5 um. Therefore, the microscopic image is showing comparable results to the DSD
obtained by Nano-ZS, but slightly higher sizes could be detected. This may indicate the
occurrence, during the second step, of either some coalescence as previously reported by

Hindmarsh et al. [36], or swelling, but that seem to be minor.
4.1. Parameter identification

The optimization procedure was done using the following objective function, and by employing
the nonlinear solvers “Isqnonlin” and “fmincon” in a “MultiStart class” global optimization

function of Matlab®:

ming, ¢, c,,c,,Cs K/ 25

with
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Two experiments, with different energy dissipation rates (3 400 and 5 600 rpm) and internal
water fractions (¢, = 20 % and 10 %, respectively), were used to identify the model parameters.
Then, the obtained parameters were used to predict the evolution of the DSD of macro-

droplets as well as the leakage rate while varying the process operating conditions.

The initial guess of the breakage and coalescence kernels (C;-Cs) was obtained by optimization
of these coefficients alone without considering leakage. The obtained results were then used in
order to optimize all the coefficients together (C;-Cs, K\), including the leakage phenomena. This

way was found to give a more robust parameter identification.

The obtained parameters are given in table 3, and compared to some values from the
literature. The breakage parameters C, and Cs are respectively related to the ratio of surface
tension and dispersed phase viscosity to the inertia. Increasing these parameters decreases the
breakage probability. Lower values are obtained in the Ultra-Turrax compared to the stirred
tank, thus indicating a higher breakage efficiency. This might be due to the higher energy
dissipation and the induced shear on the droplets surface. Concerning the ratio of C; to C;
(revealing the relative impact of the droplets viscosity), then it is much higher for Ultra-Turrax
than for stirred tanks. This can be due to the smaller droplets produced in this case. Indeed,
from Hinze (1955) [18] it can be deduced that for big droplets, the breakage phenomenon
depends only on the ratio of energy dissipation to the surface force (i.e. C;), while for smaller
droplets it also depends on the dispersed phase viscosity (i.e. C3), as also supported by data
from Narsimhan et al. [51] and Coulaloglou & Tavlarides (1977) [42]. Concerning the value of

C,, it is within the same range as for stirred tanks.

Regarding the coalescence parameters, higher values of C, are obtained with the Ultra-Turrax,
thus indicating a higher collision frequency, due to the higher energy dissipation. Concerning Cs,
the higher its value the lower is the coalescence efficiency (very high values of Cs lead to a

probability of zero). It appears that a higher coalescence efficiency is obtained in Ultra-Turrax,
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which can be due to the high shear, as for the breakage efficiency. The identifiability of Cs was
however argued for a low coalescence rate. Ribeiro et al. (2011) [53] indicated that when the
overall coalescence rate is low, the parameter Cs has a negligible influence, which justified the

fact that different values were identified when changing the initial guess.
4.2. Effect of the internal water fraction

The effect of the internal water fraction was investigated in the first set of experiments over the
range of 10 %, 20 %, 30 % and 40 % (Set 1 in table 2). Figure 4 shows an example of the model
predictions of the DSD compared to the experimental results (Figure 4A) and the leakage rate
(Figure 4B) that is represented by the fraction of the released salt. The figure indicates a good

prediction capability of both models.

When plotting the different experiments of Set 1 together (Figure 5), it can be seen that when
increasing the internal water fraction, the DSD moved towards bigger sizes while the leakage
rate decreased slightly. This observation cannot be related to an enhanced coalescence
phenomena, as the coalescence phenomena would not reduce the leakage rate. On the
contrary, this seems to be due to a reduced breakage rate. Indeed, when increasing the internal
water fraction, the viscosity of the macro-droplets is increased, following Vermeulen’s relation
(Eg. 19). This leads to a decrease in the breakage rate, following experimental observations and
as expected from the used model (Eq. 14) [39].With the decreased breakage rate, the leakage is
also decreased, as observed by Figure 5B. It should be noted that the size of the internal
droplets might also have an effect on the apparent viscosity of the globule (macro-droplet), but
this parameter was not investigated in this work. In summary, increasing the internal water
fraction leads to an increase in the macro-droplets viscosity, which decreases both the
breakage and leakage rates. So, the observed effect seems to be due to a change in the

effective viscosity of the globules.
4.3. Effect of the stirring rate

The stirring rate, as well as the type of rotor stator and the properties of the continuous phase
all have a direct effect on the energy dissipation rate. In this section, the effect of the stirring

rate on energy dissipation, and therefore on the breakage and leakage rates, is investigated
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(Set 2 in table 2). Using equation 13, the mean energy dissipation rate was calculated in these
experiments to be £=0.405, 1.8 and 3.23 W.kg'1 for mixing rates of 3 400, 5 600 and 6 800 rpm
respectively. It is to be noted that the energy dissipation in the region between the rotor and
stator is orders of magnitudes higher than these mean values, but only the average values are

used in the kernel.

Figure 6 shows the model predictions compared to the experimental results when changing the
energy dissipation. A good prediction of both the DSD and leakage rate is obtained under these
conditions. It can be seen (Figure 6A) that when increasing the stirring rate the macro-droplet’s
size is decreased until equilibrium between breakage and coalescence is reached where no
more decrease is observed. This is due to the fact that both phenomena are proportional to the

energy dissipation rate.

Concerning the leakage fraction (Figure 6B), it increases when increasing the stirring rate,
independently of the observed equilibrium in terms of droplet size. Indeed, even if equilibrium
between breakage and coalescence is reached, leakage continues to occur proportionally to the
breakage rate. This confirms the hypothesis of relating the leakage to the breakage rate, and

not only to the macro-droplet size.

Figure 7 shows the typical evolution of the DSD with time in two experiments, with ¢, =
10 %: Figure 7A at 3 400 rpm and Figure 7B at 5 600 rpm. It can be seen that the equilibrium is
reached very quickly in both cases, but smaller droplets are obtained when mixing at 5 600

rpm.
4.4. Effect of the salt concentration on leakage

As the salt concentration is expected to modify the osmotic pressure and thus the stability of
micro-droplets against leakage, then the leakage rate coefficient, k;, is dependent on the salt
concentration. It would thus be interesting to write this coefficient as a function of the
concentration of salt, in order to generalize the proposed leakage model over a wide range of

salt fractions, which can be done as follows:

kL = kLO C‘;la 26
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Where k;, and a are the model parameters, that are supposed to be constant.

The effect of salt on leakage was investigated by changing the salt fraction over the range of
0.01 % to 0.23 % (Set 3 in table 2). Using the experimental leakage rate, the model parameters
were identified to be k; o = 8.77 X 107® m and a = 2.54.

Note that the presence of salt may also affect the physical stability of the macro-droplets, and
thus the breakage or coalescence rates, as the Laplace pressure curvature can be
counterbalanced by the salt as a result of osmotic pressure [54]. In this case, the salt
contributes to the surface force. This effect was not considered in the model, as the surface
tension was approximated to be the same in all experiments. Also, the difference between
osmotic and Laplace pressure due to the addition of salt can lead to swelling of the micro- and
macro-droplets, but this requires longer time periods to become significant, for instance during

storage [54].

Figure 8A shows the fraction of leaked number of micro-droplets as a function of the salt
concentration, both experimentally and by the model. The double emulsions becomes more
stable and better opposes leakage when increasing the salt concentration. A burst drop in
leakage fraction is observed when increasing the salt concentration until reaching a negligible
effect at the salt concentration of 20 mol m™ (¢ey = 0.05 %). Okazaki et al. (1992) also
observed that the osmotic pressure, or salt concentration, have an effect on leakage only over a
specific concentration range of salt [30]. Figure 8B shows the DSD of micro-droplets for
different salt fractions. It can be seen that increasing the salt concentration leads to an increase
in the micro-droplet size until a specific concentration limit, beyond which the droplets size
decreases. This can be due to the salt effect on the spreading of surfactant on the interface,
and thus on its stabilization potential. Note that the size of internal droplets is accounted for in

the proposed leakage model.
4.5 Comparison to equilibrium correlation

As an evaluation of the methodology, the obtained mean diameter by PBM was compared to

the Kolmogorov-Hinze correlation at equilibrium:
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Where d;, is the Sauter mean diameter and We = is the Weber number. Figure 9

06 as suggested by Kolmogorov-Hinze.

shows that the evolution of d5, is proportional to We™
This is because the kernel of Alopaeus et al. relies on similar assumptions as suggested by
Kolmogorov and Hinze. The Weber number changes when changing the stirring rate and at
We™0%6 = 0.1 different experiments were realized with different macro-droplet viscosities,
where the macro-droplets contain different fractions of internal phases. It can be seen that the
viscosity of the dispersed phase changes the slope, and it is required to be accounted for in the
correlation. Note that while this correlation is simple to use, it is valid only at equilibrium and it

only predicts a mean size, while the population balance allows for predicting the whole DSD as

a function of time.

5. Conclusions

A combined population balance and leakage model is developed in order to predict the
evolution of the macro-DSD and the leakage rate during the preparation of double emulsions.
The methodology includes the adaptation of the breakage and coalescence kernels for double
emulsions in order to account for the changes in the dispersion properties, such as the
apparent density and viscosity. Moreover, a leakage model is proposed by assuming the
breakage rate of macro-droplets to be the driving force for leakage. Finally, the leakage
coefficient was described as a function of the salt concentration in order to generalize the

model over a wide range of salt concentrations.

The obtained experimental results demonstrate the model validity over a wide range of
experimental conditions. An effect of the internal phase fraction was observed on the viscosity
of the macro-droplets which showed a direct effect on the breakage rate as well as the leakage
fraction. A fast convergence of the macro-DSD to an equilibrium point between coalescence
and breakage rates was observed. Increasing the stirring rate in the second step of preparation,
and thus the energy dissipation, showed an increase in the leakage of salt, but a negligible

effect on the macro-DSD that quickly reached equilibrium. The increase of the salt
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concentration was found to have an effect on the micro-DSD in a nonlinear way, which may be
explained by an effect of salt on the stabilizer spreading. Increasing the salt fraction was also
found to decrease the leakage rate until the volume fraction of ¢4, = 0.05 %, beyond which

no more effect of salt on the leakage rate could be observed.

The DSD and the leakage rate in double emulsions are the key parameters determining the final
product properties. This study showed that an accurate estimation of these parameters can be
achieved by using PBM and by employing operational and physical parameters which in turn
helps to define an accurate leakage model. Such models are useful in different domains of
double emulsions, like food, cosmetics and pharmaceutical industries, where increasing the
encapsulation efficiency and ensuring the physical stability of droplet are of high importance.
Double emulsions may also be employed as liquid membranes for solvent extraction, for
instance in waste water treatment, where the proposed leakage model can be used. Finally, the

methodology can be extended to other mixing devises by modifying the energy dissipation.
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Nomenclature

b: Daughter size distribution [—]

B: Birth term [—]

Cm, Coyx: Salt concentration in the micro-droplets or in the external phase respectively
[mol. m™~3]

2
Cy [m_E] ,C5[—],C3[—]: Breakage rate constants

C4[—], Cs[m™2]: Coalescence rate constants

d: Droplet diameter [m]

17



d3,: Sauter mean diameter [m]

D: Death term in the PBM [—]

Dg: Rotor diameter or stirrer diameter [m]

g(t,v): Size distribution in volume density [m3 m™3]
h: Collision frequency [s 1]

I: Total number of grid cells [—]

J: Volumetric flux across cell boundary [s71]

K., Kio: Leakage rate constants [m]

n(t, v): number density [number per m~3 of droplet size]
N,,,: Number of moles of salt in the micro-droplets [mol]
Np: Stirrer power number [—]

Q,: Volumetric leakage flow rate [m3s™1]

r: Droplet radius [m]

R: Rate [number m™3s71]

I': Breakage kernel [s71]

S: Swelling rate [m3s71]

t.: Contact time [s]

t4: Film drainage time [s]

t1, t, : Mixing time of the first and second steps [min]
u and v: Droplet volume [m3]

V: Volume [m3]

We: Weber number [—]

Greek letters

18



wg: Rotational speed of the rotor, [rps] in the equations, and [rpm] in table 2
BB: Coalescence kernel [s™]

&: Energy dissipation rate [W kg™!]

A: Coalescence efficiency [—]

u: Viscosity [Pa. s]

p: Density [kg m™3]

o: Interfacial tension [N m™1]

¢: Volume fraction [—]

Subscripts

Br: Breakage

c: Continues phase

Co: Coalescence

d: Dispersed phase (single emulsion)
disp: Dispersed phase (multiple emulsion)
eff: effective

Leak: Leakage

m: Micro-droplet

M: Macro-droplet
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Table 1: Correlations for the release rate in double emulsions during preparation

The release rate in double emulsions

Reference

Simple shear flow regime

dnpy, —-2P
— = n,— 1 —a,)n
dt te e ( m ( cr) mO)
P et (1440
- momn CE, u
Coalescence probability: P = ( — m) cr e
H

—0.57
2.22 + 151 (Z—M) ])

where Ay is Hamaker constant and t;,- total circulation time

. crs . T
Volume fraction of critical region: a,, = 1 — exp <——m
™

Klahn et al.
(2002) [29]

Turbulent regime in core-shell morphology

de
E=KBr (1_9)

9 - (Cex(t)_ Cex(to))Vex
Cm Vim
Kg = 3 X 10719 51 ’u&o.s 8(2.2x10‘8 BI+08) ATIO9 AT] > 1 x 106
Ky, =8x 10713 571 i 08 08 JAIl < 1% 10°

1/3

Where IT is osmotic pressure and § = 1;,,(¢,,, '~ — 1) is the membrane thickness.

Okazaki et al.
(1992) [30]

Turbulent regime
n (@) =a,In (M) o~ ()t

L(t) ny(to)

L = (Cex(t)_cex(tO))(1_¢m) 100
Cin pmeom

is the leakage fraction and k, k., and a,,, are constants

Shere & Cheung
(1988) [16]
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Table 2: Experimental conditions

First step of preparation1

Second step of preparation2

Fractions (wt. %) Operating Fractions (wt. %) Operating
parameters parameters
Mineral Span t; Ng Primary Tween t, Wpg
Water oil Nacl 80 (min) (rpm) emulsion® Water 80 (min) (rpm)
40 50
Set 1: 30 0
Internal water 0.05 9.95 4 12000 10 89 1 16 3400
. 20 70
fraction effect
10 80
Set 2: 3400
e- N 10 80 0.05 9.95 4 12000 10 89 1 16 5600
Stirring rate effect
6800
0.01
0.03
Set 3: 0.05
4 . 4 12 1 1 4 4
Salt fraction effect 0 >0 0.14 9.95 000 0 8 3400
0.19
0.23

' These values are weight percentages of the total first step (primary, or internal emulsion)
?These values are weight percentages of the total double emulsion
3The primary emulsion consists of the emulsion produced in the first step

The total volume is 250 ml/
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Table 3: Identified parameters for the different models compared to literature values

Breakage Coalescence Leakage K. model (eq. 26) Geometry Ref.
Cl Cz C3 C4 C_r, K|_ KLO a
(m??) (m?) (m) (m)
0.719 | 3.76x10 | 0.0018 0.913 5.66 1.74x10° | 8.77x10° | 2.54 | Ultraturrax | This
work
1.5x10" | 1.83x10" Stirred tank [42]
0.986 | 8.92x10™ 0.2 4.33x10™ Stirred tank | [39]
6 0.04 0.01 4.6 6x10° Stirred tank [52]
0.657 0.021 0.402 | 2.3x10° | 1.2x10° Stirred tank [20]
3.6x10% | 12.5to Stirred tank | [53]
to 640
9.2x10™
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Figure 1: Double emulsion preparation by the two-step method.

water + salt Oil + Hydrophobic water + N
surfactant Hydrophilic
l l surfactant
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15t Step 2nd Step
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Figure 2: Optical microscopic image of the double emulsion taken just after preparation, with
two different zooms (¢,=40 %, 3 400 rpm, ¢=10 %, 2™ step mixing time = 4 min )
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Figure 2: Optical microscopic image of the double emulsion taken just after preparation, with
two different zooms (¢,=40 %, 3 400 rpm, ¢=10 %, 2™ step mixing time = 4 min )
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Figure 3: Example of the droplet size distribution of micro-droplets measured by NanoZS.
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Figure 4: Experimental and modelling results for ¢,,=40 %, ¢pn=10 %, 3 400 rpm, showing (A) the
macro-DSD, and (B) the leakage rate.
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Figure 4: Experimental and modelling results for ¢,,=40 %, ¢pn=10 %, 3 400 rpm, showing (A) the
macro-DSD, and (B) the leakage rate.
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Figure 5: Effect of the internal water fraction, in the experiments of set 1, on (A) the evolution
of macro-DSD, and (B) the leakage of salt. The lines indicate the model predications and the

symbols the experimental results.
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Figure 5: Effect of the internal water fraction, in the experiments of set 1, on (A) the evolution of
macro-DSD, and (B) the leakage of salt. The lines indicate the model predications and the
symbols the experimental results.
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Figure 6: Effect of energy dissipation rate, in the experiments of set 3, on (A) the evolution of
macro-DSD, and (B) salt leakage. The lines indicate the model predications and the symbols the
experimental results.
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Figure 6: Effect of energy dissipation rate, in the experiments of set 3, on (A) the evolution of
macro-DSD, and (B) salt leakage. The lines indicate the model predications and the symbols the
experimental results.
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Figure 7: Evolution of the macro-DSD with time (¢,=10 %) (A) at 3 400 rpm (Exp. 1.3) and (B)
5600 rom (Exp. 2.2). The lines indicate the model predications and the symbols the
experimental results.

A
12 | —
g ¥ * Initial
* < 5 min, Exp.
10 + * O 10 min, Exp.
— =
o\° » X 15 min, Exp.
~— Model
c 8
@)
=
(&)
® 6
[ T
£
*
s 4
o)
>
2 =

0 50 100 150
Macro-droplet size (um)

37



Figure 7: Evolution of the macro-DSD with time (¢,=10 %) (A) at 3 400 rpm (Exp. 1.3) and (B)
5600 rom (Exp. 2.2). The lines indicate the model predications and the symbols the
experimental results.
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Figure 8: Effect of the initial salt concentration on (A) the leakage rate during the second step of
preparation, the dashed line is the model (Equation 25), and (B) on the DSD of micro-droplets.
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Figure 8: Effect of the initial salt concentration on (A) the leakage rate during the second step of
preparation, the dashed line is the model (Equation 25), and (B) on the DSD of micro-droplets.
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Figure 9: Relation between the ds, of macro-droplets (experimental and using PBM) and the
Weber number
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