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A population balance model for the flow-induced preparation of
Pickering emulsions

Graziano Frungieri*, Heiko Briesen

Chair of Process Systems Engineering, TUM School of Life Sciences, Technical University of Munich,
Gregor-Mendel-Strafle 4, 85354 Freising, Germany

Abstract

In this work we studied the flow-induced preparation of oil-in-water Pickering emulsions by
means of a bivariate population balance model. We characterized oil droplets by their size and
surface coverage by solid particles, and we took into account all phenomena responsible for their
change, namely coalescence and breakup of the droplets, and particle-droplet collisions leading to
surface coverage. We studied the population dynamics in a uniform shear flow and in a turbulent
flow field, and stabilization was observed in both cases. Under shear, the population evolved
by coalescence phenomena, which, together with particle adsorption, led to a prompt and full
stabilization of the emulsion droplets. An inverse scaling between particle load and droplets
Sauter diameter was found, and seen to well compare with previously reported experimental
data. In turbulence, stabilization was also obtained. In this case, the droplet size evolved
through a peculiar path, showing a size undershoot before equilibrium conditions were reached.
We explained this as a consequence of the coalescence phenomena, that alongside breakup,
affected the transient of the process. Results shed a new light onto the dynamics of preparation
of Pickering emulsions and aim at constituting a reference for the set-up and interpretation of
experiments.

Keywords: breakup, coalescence, droplet coverage, Monte Carlo, Pickering emulsions,

population balance model, size stabilization

1. Introduction

Pickering emulsions are emulsions in which the droplets of the disperse phase are stabilized

against coalescence by a shell of adsorbed solid particles (Ngai & Bon| 2014]). These systems have
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recently gained popularity because solid particles have displayed a superior ability, compared to

molecular surfactant, in stabilizing emulsions (Aveyard et al.;2003). This can be explained i) by

the extremely high free energy barrier that adsorbed particles must overcome to detach from the
liquid-liquid interface — which makes particle adsorption practically irreversible (Binks| [2002))

— and %) by the steric hindrance constituted by adsorbed particles which prevent droplets to

come into close proximity, thus preventing coalescence (Frijters et al., [2014; Binks & Lumsdon)

2000).

The use of solid particles in liquid-liquid emulsions is not new (Ramsden, |1904} Pickering,

1907), but only recently it became of special interest to a number of key industries and in

a range of applications (Low et al., [2020)). In the food industry, for instance, the use of solid

stabilizers derived from plants (e.g. cellulose nanofibrils, soy protein particles or starch granules)
can be expected to replace the traditionally used chemically-synthesized and animal-derived

surfactants (Lv et al., |2021; [Lépez-Pedrouso et all [2022; |Jing et all 2022} |Guo et al. 2022}

[Frungieri et al 2022b} [Ferrari et al) 2022)). In the pharmaceutical industry, particle covered

droplets, also referred to as colloidosome, are promising for their potential use as drug carriers

with tuned release profiles of the active ingredient (Wang et al., 2021; Sharkawy et al., 2021;

[Vasquez Giuliano et al.};2022bla)), and in chemical catalysis, particle covered droplets have shown

both hetero and homogeneous catalytic properties (Voisin et al 2021} [Zhang et all [2019} [Zhao]
et al} 2021} |Chang et al., 2021)).

Despite the growing interest, the production of Pickering emulsions is still fraught with
several challenges and it is mainly still based on empirically derived protocols, with a limited

number of works (Tsabet & Fradettel 2015; Kempin et al., 2020 that have specifically ad-

dressed the effect of the processing conditions on the emulsion final properties. The mechanism
by which Pickering emulsions are formed under a fluid flow should be expected to be indeed

complex and determined by several concurrent phenomena: during processing, droplets in fact

undergo coverage due to the solid particle attachment to their surface (Hajisharifi et al., 2021}

2022)), and they change in size as a result of the flow-induced coalescence and breakup phenom-

ena. A pioneering work in this regard was conducted by |Arditty et al.| (2003) who prepared

o/w (oil-in-water) emulsions stabilized by amphiphilic nanometric silica particles. Following a
simple lab protocol, samples of the oil-water-particles mixture were vigorously mixed by hand,
the kinetic evolution of the droplet size was optically followed, and, at equilibrium, an inverse

proportionality between droplet size and amount of dispersed solid particles was observed. By

means of three-dimensional lattice Boltzmann simulations, |[Frijters et al| (2014) observed the




same inverse dependence between particle concentration and size of the stabilized droplets. On

the droplet scale phenomena, [Fan & Striolo| (2012)), by dissipative particle dynamics simulations,

investigated the mechanism of coalescence between particle-covered droplets, and observed that

the particles packing density on the droplets surface is the most important parameter deter-

mining the occurrence of coalescence. Similar conclusions were drawn by Pawar et al.| (2011)

by experimental tests. The deformation and breakup of particle-covered droplets under fluid

dynamic stresses has also been investigated. [Luo & Bail (2020]) studied the motion of a particle-

covered droplet flowing through a microchannel and showed that particles jam in the rear of
droplet and induce a nearly complete immobilization of its surface. Similarly,
reported that, at large surface coverage, a percolated network of contacting particle forms on
the droplet surface, suppressing both deformation and breakup.

Coalescence, breakup and the particle adsorption phenomena on the droplet surface are
size-dependent processes, thus making the preparation of Pickering emulsions strongly affected
by the droplet population polydispersity. For this reason, we see a population balance model
(PBM) as the just framework for gaining more in-depth insights into the process. Population
balance models are able to track, over a population of dispersed entities, the evolution of one
or more properties of interest (such as size, shape, bulk or surface composition) by modeling
all the physical phenomena which may be responsible for their change (such as surface growth,
coagulation, breakup, bulk or interfacial reactions). Thus, PBMs have been employed over
the years for the most diverse uses, including the characterization of crystallization processes
2006), the processing of conventional emulsions (Lebaz et al) [2021} [Solsvik et al.
2014)), the dynamics of gas-liquid flows (Maluta et al. 2021} 2022} [Nifio et al.l [2020)), and particle

synthesis, dissolution, aggregation and breakup phenomena (Para et al., 2022; Zhao et al. 2018;

[Frungieri et al., [2020b], [2022al). Even problems from social science have been investigated by

means of population balances (Kuhn et all [2018) and, in the context of heteroaggregation,

with which the processing of Pickering emulsions shares several common features, a number of

problems of practical relevance have been studied. These include, among others, the clustering

occurring in mixtures of particles with different zeta potential (Rollié et al., [2009; |Chaturbedi

let all, [2016} [Frungieri et al. 2020a)), the aggregation between air bubbles and microorganism in

dissolved air flotation equipment (Schmideder et al.,[2018) or the aggregation between magnetic

particles and suspended solids occurring in magnetic seeded separation processes (Ge et al., 2015}

Rhein et al| 2019)). Finally, in the more specific realm of Pickering emulsions, a population

balance model has been recently devised by |Siva & Ho| (2022) to study an ultrasound-based




synthesis route.

In the present work we studied the production of Pickering emulsions as determined by the
action of an externally imposed flow field. We addressed the case of a shear-induced coalescence
process and of a turbulent emulsification. In both cases we characterized the population of
droplets by using two internal characterizing variables, namely droplet size and droplet degree
of coverage by solid particles. We took into account all phenomena responsible for their change,
including droplet-droplet coalescence, droplet breakup and droplet-particle collisions. We used
established literature models for describing collision and breakup frequencies, whereas novel
models for describing coalescence and breakup efficiencies were formulated. These were based on
the most recent findings about the mechanism of such processes for particle-covered droplets. We
opted for a stochastic event-driven Monte Carlo algorithm for solving the formulated population
balance model (Frungieri & Vanni, 2017} [2021} [Singh et al.| |2022)). Results elucidated the
mechanism by which Pickering emulsions are formed in a fluid flow and offered several insights
into the process, which can be possibly used for setting up processing routes with predictable
kinetics and emulsion final properties.

The paper is organised as follows: in Section [2 we report on the developed Monte Carlo
algorithm for studying Pickering emulsion processing in both a laminar shear and a turbulent
flow. Results, focused on the characterization of the transient of the process and on the equi-
librium properties of the emulsions, are discussed in Section [3] concluding remarks follow in

Section Ml

2. Methodology

We studied the preparation of Pickering emulsions in a flow field starting from a pre-formed
emulsion composed of micrometric oil droplets, coexisting in water together with nanometric
solid particles. We described the population of droplets by two internal characterizing variables,
namely the droplet radius R and the surface coverage by solid particles, denoted as ¢ in the
following. No internal variables were needed to describe the population of solid particles, which
was assumed to be monodisperse and stable against aggregation.

We tracked the droplets population dynamics in a subvolume, assuming that its behavior
replicates the statistical features of a real emulsion as a whole. Two different scenarios were
studied: in the first, a fine emulsion (droplet initial radius equal to 10um) evolves in a uniform
shear flow. This kind of flow field is for instance the one encountered in cone-plate cells or the

one that, in spatially non-uniform flow fields, can be observed at least locally at the scale of the
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Figure 1: Illustration of the two investigated scenarios for producing an oil-in-water Pickering emulsion. a)
Shear-induced coalescence of a fine pre-emulsion (initial droplet radius = 10 pm). b) Turbulence induced size
reduction in a coarser pre-emulsion (initial droplet radius = 50 pum). In both cases two internal variables were
used to describe the droplets, namely size and surface coverage by solid particles. We started all our simulations
from a population of droplets with zero surface coverage. All particles were therefore initially dispersed in the

water bulk phase. c¢) Schematics of the solid particles arrangement on the droplet surface.



coalescence efficiency model
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Figure 2: Model for the coalescence and breakup efficiencies. Coalescence and breakup frequencies were calculated

according to the characteristics of the investigated flow.

droplets. In the second scenario, a coarser population of droplets (droplet radius equal to 50
pum) is dispersed in an isotropic and homogeneous turbulent flow. This flow field can be safely
assumed to hold at the droplets scale and macroscopically, for sufficiently intense turbulence, it
can be for instance observed in the bulk of large stirred tanks, where boundary layer effects are
negligible. Figure ) and b) depict graphically the two investigated cases.

The solid particles had equal affinity towards the aqueous and oil phase, such that upon
collision with the oil droplets they adsorbed irreversibly, sitting at the oil-water interface with
a contact angle that we assumed to be equal to 90° (Fig. ) We postulated that the particles
adjust themselves on the droplet surface according to a hexagonal packing scheme. For such
an arrangement, the maximum attainable packing fraction on a planar surface is 0.907. In our
simulations, given the large size disproportion between the droplets (10-2000 pm) and the solid
particles (10 nm), we assumed this limit to hold true despite the actually spherical shape of
our interfaces. Furthermore, we assumed particles to form at most a monolayer on the droplet

surface and to not form aggregates protruding in either bulk of the two phases.



As it will be discussed later, we computed the rate of droplet collision and breakup using
established models (Coulaloglou & Tavlarides| [1977; |Smoluchowski, 1918} [Solsvik et al., [2013;
Alopaeus et al., 2002|), whereas a new model for describing the effectiveness of such processes
was devised based on the recent literature for particle-covered droplets. [Pawar et al.[(2011)) have
experimentally shown that, when partially covered droplets come into close proximity, particles
placed in the contact region are displaced towards the periphery, where they accumulate forming
concentric ring structures. This allows the liquid phase of the droplets to come into contact and
coalescence to occur. However, depending on the droplets coverage fraction, the outcome of
the encounter varies. When the droplets surface coverage is small, full coalescence, leading to
the formation of a new spherical droplet, occurs. On the contrary, when the droplet surface
coverage is large, coalescence is prevented, as the particle crowding effect on the droplet surface
hinders the particle motion. Also intermediate cases, leading to the generation of complex not-
spherical shaped droplets, were reported and explained as consequence of a balance between
the anisotropic Laplace stress distribution within the arrested shape and the elastic reaction of
the particle-jammed interface (Pawar et al., 2011). We opted for including these observations
in our numerical modelling, limiting ourselves, however, to consider the two extreme outcomes
only, namely the full coalescence and the total prevention of coalescence. In Fig. [2| (top) the
coalescence efficiency model we derived upon is depicted and reported. Full coalescence occurs
whenever two colliding droplets would result into a droplet whose surface coverage being lower
than the maximum attainable one (¢max = 0.907). No coalescence takes place in other case.

Breakup occurs in a fluid flow as soon as droplets experience a mechanical stress that over-
comes their internal resistance. This may happen either because the droplet size grows over
a critical threshold, or because droplets, as they move through the flow, experience regions of
large hydrodynamic stress. The first situation is relevant in uniform flows, such as the case of a
laminar shear flow. Both are instead relevant in spatially and/or time varying flow fields, such
as a turbulent flow. In both situations, as shown in Fig. [2| (bottom), we assumed that upon
breakup two droplets with equal size are produced. Such an assumption is dictated by the lack
in the literature of any other established model describing the fragment size distribution for
particle-covered droplets. Following the recent literature, we assumed, however, that over the
percolation limit (surface coverage ¢ ~ 0.65), solid particles have adjusted themselves into a
network of contacting particles, which makes the droplet behave as a hard sphere with infinite
resistance to breakup. This strengthening effect induced by the adsorbed solid particles has
been recently reported in |Gai et al.| (2017) and [Mei et al.| (2016)).



2.1. Population dynamics in laminar shear flow

We described the frequency of the encounter between two spherical droplets with radii R;
and R; as (Smoluchowski, [1918]):

4% 3
gv(Ri"‘Rj) (1)

fenc (Ri, R;) =
where * is the shear flow intensity, and where V is the volume of the simulated sample. From
Eq. the total encounter frequency in the sample follows as fencitot = v -1 Z?fl i fig
where np is the number of droplets considered in the Monte-Carlo scheme and where for the
sake of conciseness f; ; = fenc (Ri, R;). Equation only describes the frequency of encounters
between droplets. The outcome of the encounter was assessed according to the efficiency model
of Fig. |2l In a uniform shear, if droplets grow over a critical size, they undergo breakup. The
occurrence of breakup was assessed by the droplet capillary number Ca = p,,yR; /0o, where pi,,
is the dispersing medium viscosity, 4 is the shear rate intensity, and o the interfacial tension.
Above a critical capillary number which only depends on the ratio between the disperse and
dispersing phase viscosities i,/ (Debruijnl (1991} |Grace, [1982), a droplet will eventually break
up, and, as already stated, we assumed this would lead to the generation of two equally sized
droplets.
Droplets, besides coalescence and breakup phenomena, experience a progressive covering as
a result of the collisions and irreversible adsorption of the solid particles on their surface. We
assumed this to occur as a result of both the shear-induced collisions between oil droplets and

particles, and of the Brownian motion of the solid particles. Therefore, for a droplet of radius

R; the rate of coverage read as:

H(R;) = (gﬁ(Ri +a)® + 47D (R; + a)> (22> i cperels (2)

where a is the particle radius, D is the particle diffusivity, computed as kpT/ (67 a), and where

I'; is a droplet-particle attachment efficiency, linearly decreasing with the droplet instantaneous

ro-(1-52) 3)

and it is equal to zero at the maximum surface coverage ¢ = 0.907.

coverage. It is defined as:

In Eq. , Cpele is the instantaneous number concentration of solid particles dispersed in the

continuous phase. This was updated throughout the simulation as:

nd

decle _ 4 . 3 1 1
e — Z (37 (Rz + CL) V + 47D (Rz + CL) V) Cpclerz (4)

%
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Figure 3: Flowchart of the Monte Carlo algorithm used to solve the droplet population dynamics in shear flow.
The dotted box represents the algorithm as modified to model the population dynamics in turbulence, where
coalescence and breakup occur simultaneously at their own frequency. Simulations were conducted using a

number of simulated droplets ranging between 3750 and 7500.

where one can again distinguish the contribution due to shear and the one due to the particle
Brownian motion. Note that several orders of magnitude separate the particle and the droplet
radius, and that our simulations were run at a shear rate intensity large enough to make the
rate of particle attachment by shear largely dominating over the Brownian one. Under this
condition, from Eq. 7 it can be inferred that larger droplets, because of their larger capture
section, undergo a faster coverage compared to the smaller ones. Furthermore, this leads to a
few scaling features of our model at varying shear and solid particle radius. Interested readers

are referred to the Supplementary Material of this article for such considerations.

2.2. Numerical algorithm

In Fig. 3| we illustrate the algorithm used for solving the population dynamics. We resorted

to a Monte Carlo (MC) algorithm based on the event-driven technique and interval of quiescence

concept put forth by Kendall (1949) and |Shah et al.| (1977). From the total encounter frequency

of the system, an interval of quiescence (At) can be estimated (Shah et al.,[1977). The interval

of quiescence has to be intended as a time interval during which no encounter between droplets

occurs, the droplet size does not change, and the population only undergoes surface coverage.



Table 1: Physical parameters of the shear-induced coalescence simulations. R is the droplet radius, o the
oil/water interfacial tension, a the particle radius, pw and p, the water and oil density, respectively. The
maximum coverage iS ¢max, the adopted shear rate intensity is 4. The droplet critical capillary number was

calculated as in |Debruijn| (1991)). See the Supplementary material for a discussion about the scaling features of

the model.
R o a L Lo oil fraction  @max o Caer
pm mN/m nm Pa-s Pa-s v/v % - st -
10-3000 30 10 1073 3.1073 0.1 0.907 1000 2.17

The following cumulative distribution function was adopted to sample stochastically the At

elapsing between two subsequent encounter events (Shah et al., [1977)):
F (At) =1- eXp(_fenc,tot : At) (5)

where fenc tot is the total encounter frequency in the sample.

The MC also sampled the droplets involved in an encounter event: after computing the
encounter frequencies relative to all the possible binary encounters (Eq. )7 by picking a
random number £ from a uniform distribution between 0 and 1, the sampled event was the

one with index ¢ which satisfied the following relationship:

q—1 q
mek < frot "€ < Zfij\k (6)
k=1 k=1

where ¢ could assume any value from 1 to np (np — 1) /2, with np being the number of droplets
in the sample.

The physical parameters of the investigated systems are reported in Table Further de-
tails about the MC algorithm, and about its implementation can be retrieved in [Frungieri &
Vanni| (2021)) and in [Frungieri et al.| (2020a)). A validation of the implemented algorithm by a
comparison with the solution obtained by a sectional method is reported in the Supplementary

Material of this article.

2.3. Droplet dynamics in turbulence

Few modifications to the Monte Carlo algorithm are needed to address the droplet popu-
lation dynamics in a turbulent flow. Contrarily to the case of a uniform shear, in a turbulent
flow droplet coalescence and breakup occur simultaneously, with the first being determined

by the rate of droplet-droplet collisions and the second by the rate of droplets entering high

10



energy turbulent eddies. Assuming that the turbulence is isotropic and that the droplet size
lies in the inertial subrange, we described the droplet-droplet encounter frequency according to

(Coulaloglou & Tavlarides), (1977)):
el/3 o 1/2
fene(Diy ;) = co =~ (D + D;)* (D 4 D}°) (7)
with D; and D; being the droplet diameters and € being the turbulent dissipation rate, assumed
to be uniform in the sample. From Eq. the total encounter frequency reads as fenctot =
20 2 jmi Jenc (i, ).
Turbulence is also responsible for droplet breakup. We compute the droplet breakup fre-

quency according to (Alopaeus et al., 2002)):

Cyo C
N 1/3 2 3Mo
FoD) = Cas e <\/pw€2/3D‘2/3 ! \/mgeleyS) "

where p,, and p, are the water and oil density, respectively, and where ¢ is the oil-water surface
tension. From Eq. the total breakup frequency in the system follows as fori tot = Z?D fibrk-

Since coalescence and breakup occur simultaneously, each at the frequency determined by
the flow statistics, the MC algorithm was in this case in charge of also sampling the kind of
expected event. This was done according to the relative probability of occurrence of each event,
with the probability of collision given by Pene = fenc,tot/( fenc,tot + fork,tot) and similarly the one
of breakup (Lee & Matsoukas| 2000). When a breakup event was sampled, the involved droplet
was chosen by picking a random number £ from a uniform distribution between 0 and 1, and

the chosen event was the one with index ¢ which satisfied the following relationship:

g—1 q
> fibrke < forletot €< D fibrli (9)
k=1 k=1

where ¢ could assume any value from 1 to np, with np being the number of droplets in the
sample. In case a collision event was sampled, the relationship reported in Eq. @ was used for
determining the pair of colliding droplets.

The rate of surface coverage of the droplets was computed as:

2
H(R;) = (cogl/:a (D; + 2a)? (Df/B n (2a)2/3)1/2> (;) cpetel (10)

where the attachment efficiency I' = I'(¢) reads as in Eq. . Analogously to Eq. , from
Eq. the total rate of particle adsorption can be derived. We did not include in this case

the contribution of the Brownian motion in the rate of particle attachment, as this was seen

11



Table 2: Set of parameters used for the turbulent induced preparation of Pickering emulsions. Surface tension,
particle radius, viscosities and droplet volume fraction read as in Table[I] The parameters of the coalescence and
breakup frequency fall in the ranges typically reported for turbulent emulsification in stirred vessels. (Alopaeus

et al., |2002; Maluta et al. 2021))

Parameter Symbol  Value
Turbulent dissipation rate € 40 m? 573
Initial droplet diameter D 100 pm
Minimum droplet diameter Din 10 pm

oil density Po 1000 kg - m~3
water density Pw 1000 kg - m~3
coalescence kernel parameter Cj 1.0

breakup kernel parameter Ch 10.0

breakup kernel parameter Co 7.75 104
breakup kernel parameter Cs 0.20

to be largely negligible under the conditions of turbulence investigated. The set of parameters
used for studying the population dynamics in turbulence is reported in Table [2| whereas the
overall simulation flowchart is illustrated in Fig. 3] by small modifications to the algorithm used
for addressing the population dynamics in uniform shear.

As coalescence and breakup events takes place in the emulsion, the number of simulated
droplets changes over time. When coalescence prevails, the number of simulated droplets de-
creases. To ensure the statistical robustness of our results, we adjusted the size of the simulated
volume throughout the simulation. Whenever the number of simulated droplets fell below a
threshold value (set equal to 3/4 of its initial value), the volume of the sample was doubled and
every droplet cloned, preserving the droplet volume fraction, the droplet size distribution and
the particle concentration (Liffman| [1992). When breakup prevails, the number of simulated
droplets may increase up to the point of making computations extremely slow. To tackle this,
we opted for randomly halving the population and consequently adjusting the volume of the
sample, whenever the number of simulated droplets increased over 1.5 times its initial value.
This approach, contrarily to what happens when doubling the system, inevitably introduces a
disturbance in the statistics of the droplet distribution (Maisels et al.l |2004)); however, this was
seen to be negligible in our setup. All simulations were run using a number of simulated droplets

ranging between 3750 and 7500. A convergence study at varying initial number of simulated

12
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Figure 4: Temporal evolution of the Sauter diameter of the droplet population at varying particle content. We
measured the particle content by the ratio at time zero between the total particle surface S;, and the total droplet
surface S;. Time was made dimensionless by the shear rate intensity. Markers are used to ease the reading of

the graph and do not indicate the time-resolution with which the model was solved.

droplets is reported in the Supplementary Material of this article.

3. Results

3.1. Pickering emulsions by shear-induced coalescence

We analyzed a model system composed of a population of oil droplets with radius equal
to 10pm, dispersed in water at a fraction of 0.1% v/v. The water phase was loaded with a
monodisperse population of solid particles with radius equal to 10 nm. We studied the kinetics
of coalescence under shear at varying concentration of solid particles. We characterized the
different emulsions by making use of the ratio S,/S4, which was computed, at time zero, as
the ratio between the total particle surface S, and the total droplet surface Sy. Recalling that
solid particles attach at the oil-water interface with a contact angle of 90°, each covering a
circular area given by 1/2 - 4mwa?, with a being the particle radius, an initial S,/Sy ratio equal
t0 1/2 - pmax indicates that solid particles are dispersed in an amount in principle able to cover
the whole droplet population. However, the change in size of the droplets due to the occurrence

of coalescence and breakup phenomena does not allow one to draw in advance such predictions.

13
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Figure 5: Power-law relationship between the equilibrium droplet Sauter diameter and amount of solid particles

originally dispersed in the sample. The red data have been extracted from the work by |Arditty et al.| (2003).

In Fig. We report, at varying S, /54 ratio, the droplet Sauter diameter D3 o = vad D3/ vad D?
as a function of time. It can be observed that after a growing phase, the droplet Sauter diameter
attained an asymptotic value in all investigated emulsions. As during the process no breakup
phenomena were observed, this behavior has to be considered a consequence of the progressive
coverage of the droplets by solid particles, which reduced the coalescence efficiency in the emul-
sions over time. Macroscopically, we noticed that the droplets Sauter diameter at equilibrium
scales inversely with the particle content.

In Fig. [f] we report the asymptotic droplet Sauter diameter of the different emulsions as func-
tion of the amount of solid particles dispersed in the system. The plot also reports experimental
data extracted from the work by |Arditty et al.| (2003]), who investigated coalescence in a similar
Pickering o/w emulsion. However, few differences hold between the protocols adopted in our
and their case. In|Arditty et al.| (2003) very concentrated (90 % v/v) and coarse o/w emulsions
were prepared by handshaking and the droplet size distribution was tracked during resting.
Therefore, in their work, coalescence occurred between oil droplets that were permanently in
contact with each other, and over whose surface supposedly the solid particles had been already
adsorbed before coalescence started to affect the system. In our case, on the contrary, coales-
cence was induced by shearing a free-surface emulsion, and droplet coverage by solid particles

and coalescence occurred simultaneously until size stabilization was reached. Due to the lack
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of the necessary details in the protocol, we did not try to actually simulate the experimental
case investigated in [Arditty et al. (2003). Nevertheless, we observed that the data scale very
similarly, both decaying as the concentration of solid particles is increased. We explain the small
discrepancy in the scaling exponent as the consequence of the different droplet size distributions
at equilibrium. In|Arditty et al.[(2003]) very narrow distributions were found for all investigated
particle concentrations, and indeed a linear scaling should hold in such a case (Wileyl, [1954).
Our droplet size distributions, as it will be later discussed, are more scattered and showed a
stronger dependence on the particle content.

Figure [6] reports the temporal evolution of the droplet average coverage. As the droplet
dynamics was governed by coalescence events, each leading to a reduction of the interfacial
area, the droplet coverage showed, as expected, a monotonous increase over time. However,
its growth dynamics strongly depended upon the amount of solid particles. When the particle
concentration was low (see for instance the curve for S, /Sy = 0.02), the surface coverage curve
presented a peculiar sigmoidal shape: in this system, initially the increase of the surface coverage
is dominated by the particle-droplet collisions (which occurred at a small rate, given the low
particle content) and by coalescence between poorly covered droplets. As coalescence proceeded,
new larger droplets, with a degree of surface coverage larger than the parents one, were formed.
These, because of their larger size, were preferably involved in other coalescence events (see
Eq. ), thus they further grew and promptly increased their surface coverage, mostly by
coalescence and in particular at the expenses of the smaller, less covered droplets. Finally, in a
rather short time, all droplets became completely or nearly completely covered (cfr. curves at
Sp/Sq = 0.01 and 0.02 in Fig. [6)).

For larger amounts of solid particles (S,/Sq ~ 0.03—0.20) we did not observe this fast growing
coverage regime. Here, given the larger concentration of solid particles, the droplet average
coverage reached in a quite short time rather high values, thus inducing also an early reduction
of the coalescence efficiency. Therefore, in this systems, coalescence was sooner halted, and
the coverage kept increasing as a consequence solely of the collisions between droplets and free
particles, which determined a progressive and slower coverage dynamics. In this concentration
range, the maximum packing was reached in the more loaded systems (S,/Sq ~ 0.10 — 0.20),
but it was not in the particle poor ones (S,/Sq ~ 0.03 — 0.05).

At even larger amounts of solid particles (S,/Sq¢ > 0.20) the average coverage grew very
rapidly and soon reached the maximum allowed value. In this concentration range, coalescence

events were halted in the very early stage of the process, thus the coverage increased solely by
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Figure 6: Temporal evolution of the average coverage of the droplet population at varying particle content,

measured by the ratio between the total particle surface S, and the total droplet surface Sy at time zero.

droplet-particle collisions, which, given the large amount of solid particles, proceeded fast and
induced a prompt and full coverage.

In Fig. [7] we report the population bivariate distributions at varying particle content. Each
data point in the plots reports the droplet diameter and coverage of the droplets after size
stabilization was reached; the corresponding monovariate (integrally projected) numerical dis-
tributions are reported on the sides in a histogram representation. At low particle concentration
(Sp/Sa = 0.02) both size and coverage distributions are very narrow. In this system, droplets
have the largest possible degree of surface coverage (= 0.907) and are large (diameter ~ 2000
pum). This size distribution, even if attained in the presence of a very small amount of solid
particles, is very different from the one that would have been obtained at a zero particle con-
centration. In a pure emulsion in fact, shear favors the coalescence between the largest droplets.
This, provided that breakup does not affect the system, eventually would lead to the formation
of few giant droplets and, on a longer time scale, to the complete separation of the two phases.
Here, even if the amount of solid particles was small, we observed a completely different behav-
ior. As already discussed, large droplets, because of the large degree of coverage they generally
had, did not coalesce among themselves, but they grew incorporating the smaller and less cov-
ered ones. This finally led at equilibrium to a completely stabilized population of droplets with

a narrow distribution in both size and coverage.
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At intermediate S,/Sy ratio (= 0.05-0.10) the distributions are scattered both in size and
surface coverage. Here, the larger amount of solid particles led to an early drop of the coalescence
efficiency, which halted coalescence and froze the size distribution after a rather short time. This
caused the formation of few large droplets with a high degree of surface coverage and a large
amount of smaller ones with a surface coverage rather far from the maximum attainable value.
Nevertheless, coverage was already large enough to hinder further growth.

As the amount of solid particles was further increased, distributions again became narrow
both in size and coverage (see the graph for S,/Sq = 0.50) In this case, a large coverage
was promptly attained, thus freezing the size distribution in the very early stage of growth,
preventing the formation of large droplets.

Finally, Fig. [§| reports the numerical concentration of free particles as a function of time,
normalized by the initial concentration. After normalization, for short times, the particle con-
centration decays exponentially in all emulsions. Revisiting Eq. [d] this is not unexpected, as in

all systems, initially all droplets had a bare surface and the overall attachment efficiency was
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equal to unity. Hence, the particle consumption rate goes as dcpele/dt o< —cpele. However, as
droplet coverage proceeded, the attachment efficiency linearly decreased, and approached zero
at the maximum coverage. This early suppressed particle adsorption in the most particle-rich
emulsions here investigated (S,/Sq > 0.5) and substantially dampened the rate of particle ad-
sorption in the less loaded ones, especially in those having intermediate particle concentrations
(Sp/Sa = 0.05—0.20), in which the population at equilibrium was composed by a large number
of small droplets, undergoing slow coverage. Finally, it is interesting to note that the particle
concentration went practically to zero in the particle-poor systems (S,/Sq < 0.02) and nev-
ertheless full coverage was obtained, whereas a large amount of particles was left in the more
loaded emulsions. This observation, combined with previous results, suggests that upon care-
fully selecting the particle load, a balance between extent of particle adsorption, size of the
droplets and surface coverage can be found. In our view, this makes shear-induced coalescence

an attractive route for the controlled preparation Pickering emulsions.

3.2. Pickering emulsions by turbulence

The second route we investigated for producing Pickering emulsions made use of a pre-
emulsion of oil droplets with diameter equal to 100um and of a homogeneous and isotropic
turbulent flow field. As in the previous case, we investigated the scenario in which droplets all
have an initial bare surface, and we focused our analysis on the effect of the particle concentration
on the process kinetics and size and coverage distributions at equilibrium.

Figure [0 reports the temporal evolution of the Sauter diameter of the oil droplets for varying
amount of solid particles. Under the investigated conditions, turbulence yielded reduction of
the droplet size. Therefore, compared to the previous shear-induced coalescence case, larger
amounts of solid particles were here needed to stabilize the emulsions. When no solid particles
were present (curve S,/Sq = 0.00), droplet breakup prevailed over coalescence in the initial
stage of the process, but at a later stage, coalescence and breakup balanced each other and the
average droplet size attained a constant value. A similar behavior could be observed at small
particle concentrations (see curves for S,/Sq = 0.05 and 0.5), whereas in the more particle-
loaded emulsions (S,/Sq = 2.50) a distinctive undershoot in the Sauter diameter emerged. In
this system, droplets underwent simultaneously size reduction and extensive coverage. The first
should be in principle expected to lead to a reduction of the average coverage. However, the
large amount of solid particles dispersed counteracted this effect and made droplets attaining a

large surface coverage in quite a short time. Then, as soon as the surface coverage of the droplets
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reached the percolation limit (= 0.65), droplets became invulnerable to breakup and therefore,
they could only be possibly involved in coalescence events. This is the reason why the Sauter
diameter reached a minimum temporary size, and then increased again. Finally, as coverage
proceeded further, also coalescence was halted and the droplet size attained its asymptotic value.
This peculiar behavior is particularly visible for S,/S4s = 2.50 but it affected the size dynamics
also at larger particle contents.

In Fig. we report the droplet coverage (panel a) and the particle bulk concentration
(panel b) as a function of time. It is apparent in particular in the emulsions containing an
intermediate amount of solid particles (S,/Sqs = 2.50) that the droplet coverage (panel a)
increased quickly in the initial stage of the process and slowed down afterwards, presenting
two non-stationary inflections points: the first one roughly corresponding to the switch between
the breakup-dominated and the coalescence-dominated phase occurring around 4t = 0.125 - 10%,
and the second, at 4t ~ 0.35 - 10%, corresponding to the suppression of coalescence and to the
onset of a final covering regime controlled by particle-droplet collisions only. At equilibrium,
as shown in panel b, a substantial amount of solid particles was left in the continuous phase
(=~ 50% of the initial content).

At larger particle content, (S,/Sq > 5.00) the coverage kinetics was instead rapid, droplets
soon reached the maximum coverage (panel a), both breakup and coalescence were soon pre-
vented, and a large amount of particles was found in the emulsion after size stabilization was
attained (panel b).

At low particle content (S,/Sq = 0.05 and 0.5), particles are totally consumed at steady
state (panel b), but the droplet population did not reach a surface coverage large enough to
resist both coalescence and breakup (see the asymptotic average ¢ ~ 0.15 at S,/Sq = 0.50,
rather far from the percolation limit), thus explaining why, at low particle concentrations, the
size dynamics reported in Fig. [0 did not differ from the one of a pure, particle-free emulsion.

Finally, we present in Fig. the size and coverage distributions that we observed in the
emulsions after equilibrium conditions were reached. In the particle-poor emulsion (S,/Sq =
0.50) the droplet population at equilibrium is composed by a large amount of small droplets
(diameter < 50um) with a low surface coverage (< 0.2), which coexist with few, fully covered
large droplets with a diameter which is larger than the initial one. The presence of this latter
class of droplets is a clear indication that alongside breakup, coalescence played a key role in
the emulsification transient and led to the formation of droplets with a large degree of surface

coverage, which, once reached the percolation limit, could not be broken down anymore by
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initial ratio between the total particle surface S, and the total droplet surface Sy. The initial population was

composed of droplets with zero surface coverage and diameter equal to 100um.

the turbulent stresses. This effect was also present in the other investigated systems (see the
distribution at S,/Sq = 5.00), but here, given the larger amount of free particles initially
dispersed, all droplets, including the smaller ones, presented the maximum attainable coverage
at equilibrium.

Finally, we point out that the observed kinetics are determined by the specific choice of oper-
ative conditions and parameters used to model coalescence and breakup frequencies. However,
we believe that the observed behavior are of general validity and should be expected to emerge

during the transient of a turbulent emulsification process.

4. Conclusions

In this work we studied the dynamics of the flow-induced preparation of Pickering emulsions
by means of a bivariate population balance model. We used established literature models for
describing collision and breakup frequencies, whereas novel models for describing coalescence
and breakup efficiencies were formulated. Both, the preparation in a uniform shear and in an
isotropic turbulent flow were addressed. We assumed that, together with the coalescence and
breakup phenomena of the droplet phase, coverage by solid particles also occurs, as determined

by both the particle-droplet collisions induced by the velocity gradients of the flow and by the
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particle Brownian motion. An event-driven Monte Carlo algorithm has been developed to solve
the formulated population balance model.

Results shed light on the mechanism by which size stabilization is attained, and showed that
the preparation of Pickering emulsions under fluid dynamic stresses is a process rich in phe-
nomena, with a number of distinctive features affecting both the transient and the steady state
conditions. Under shear, the steady state Sauter diameter of the droplets was found to scale
inversely with the solid particle content, a result which qualitatively compares well with previ-
ously reported experiments. Results also showed that even low amount of dispersed particles
can lead to fully stabilized emulsions. In this condition, we observed in fact coalescence to play
a major role, together with particle adsorption, throughout the transient of the process, finally
leading to the formation of large and highly covered droplets. At large particle concentrations,
on the contrary, we observed at equilibrium smaller droplets whose size distribution became
narrower and narrower as the amount of solid particles was increased.

Following recently reported data, we assumed that when droplets have a surface coverage
larger than the percolation limit, they behave as hard spheres displaying an infinite resistance
to the hydrodynamic stresses. Under this assumption, we observed size stabilization to occur in
turbulence through a peculiar path: the droplet size was first reduced by the turbulent stresses,
but as soon as the droplets became strong, they were possibly involved only in coalescence
events. This finally led to both a distinctive dynamics in the droplet size, which presented an
undershoot during the transient state, and in the equilibrium distributions, in which we observed
small droplets coexisting with few large and fully covered droplets resisting turbulent breakup.

The results herein reported offer a wide view over the dynamics of Pickering emulsions
processing in a fluid flow and, as such, we believe that they can be conveniently used to se-
lect formulation and fluid dynamic conditions to obtain emulsions with a precise dynamics of
preparation and tuned properties. Furthermore, we believe that the emergence of a number of
distinctive features in the transient of the process can be of use to possibly track and predict
the outcome of the preparation. In this context, we also envision the modulation of the feeding
profile of the particles as a possible strategy for the process control.

Mostly motivated by the scarce literature about the topic, we adopted a few assumptions
(e.g., the threshold values of coverage for the suppression of coalescence and breakup, daugh-
ter droplets size distribution upon breakup) and working hypotheses (such as solid particle
monodispersity, particle stability against aggregation, hexagonal packing, initial droplets prop-

erties). All are in need to be verified when interpreting the results of experimental tests and
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can be relaxed in our model, if new experimental or numerical insights become available.
Finally, we focused our work on the study of two uniform flow conditions, namely laminar
shear and homogeneous and isotropic turbulence. This choice is justified by the fact that,
in common process equipment, at least at the scale of the droplets, such flow conditions hold.
However, when the flow field has spatial inhomogeneities that are in need to be modeled (as may
happen in stirred tanks, static mixers, or cone-mill devices), a characterization by computational
fluid dynamics or by an experimental study can be used for a compartmentalization of the present
model, i.e., different subvolumes, each with its own uniform fluid dynamics properties and rate
of mass exchange with the surroundings, can be identified, and the overall population dynamics

followed in the whole equipment.
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