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ABSTRACT

Pickering emulsions, stabilized by solid particles at the interface between continuous and disperse phase, have
gained attention due to their advantages over traditional surfactant-stabilized systems. Crystalline particles are
promising Pickering materials as their interfacial activity can be controlled by changing crystal properties such as
size, shape and polymorphism. Pickering particles can play a crucial role in modulating the release of active
ingredients (AI) encapsulated in the dispersed phase. In fact, by controlling the dissolution of Pickering particles,
which act as physical barrier to the AI diffusion, it is possible to modulate the release of the Al itself. Hence,
enabling stimuli-responsive and/or prolonged release. To gain deeper insight into this release mechanism, we
developed a theoretical model that integrates population balance equations (PBE) to describe Pickering particle
dissolution, and Fick’s law of diffusion to describe the release of AI from the disperse phase. The PBEs were
solved using the High-Resolution Finite Volume method, ensuring accurate numerical representation of disso-
lution dynamic. Based on experimental observations reported in the literature, our model can capture the evo-
lution of Al concentration in the dispersed and continuous phase, and it can be used to identify how particle
population properties, especially particle size and shape distributions, influence release behavior, thereby sup-
porting formulation screening toward specific Al release profiles.

1. Introduction

stabilized by solid particles that adsorb more strongly than surfactants at
the liquid-liquid interface, preventing coalescence of the dispersed

Emulsions are biphasic systems consisting of mixtures of two or more
immiscible liquids; these are temporarily stabilized into a continuous
and a dispersed phase by the presence of interfacially actives compounds
(e.g., surfactants, amphiphilic molecules). In recent years there has been
a growing interest in a specific class of multiphase formulations known
as Pickering systems (Pickering, 1907), which are stabilized by solid
particles rather than conventional surfactants. The growing popularity
of Pickering emulsions (Ribeiro et al., 2023) is primarily due to their
broad range of applications (de Carvalho-Guimaraes et al., 2022; Gon-
zalez Ortiz et al., 2020) spanning pharmaceuticals (Frelichowska et al.,
2009; da Ferreira et al., 2022; Shah et al., 2021), food (Zhang et al.,
2024; Ghosh and Rousseau, 2011; Liu et al., 2019) and cosmetics (Miller
et al,, 2001; Hu et al, 2022), among others. Unlike conventional
emulsions, where stability is achieved through the decrease in surface
tension determined by molecular surfactants, Pickering emulsions are

droplets. This stabilization mechanism offers three main advantages
compared to traditional stabilizers: i) enhanced stability, as the solid
particles adsorb irreversibly at the interface, more strongly than sur-
factants; ii) solid particles may also provide additional functional ben-
efits, including improved biocompatibility, = environmental
sustainability, and reduced toxicity compared to conventionally syn-
thesized surfactants (de Carvalho-Guimaraes et al., 2022; Yang et al.,
2017; Xia et al., 2021); iii) the possibility to engineer Pickering particles
with specific properties (e.g., size, shape, wettability), enabling the
design of tailored, function-specific multiphase systems.

Particles properties have been found to play a huge role in the sta-
bility and in the resulting microstructure of the Pickering emulsions
obtained. Particularly, wettability (Binks and Lumsdon, 2000), particle
size (Qi et al., 2014), shape (Madivala et al., 2009) and concentration
(Aveyard et al., 2003; Frungieri and Briesen, 2023) strongly affect the
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functionality and microstructure of Pickering emulsions.

The role of stabilizing agent in Pickering systems can be played by a
wide variety of solid particles (Yang et al., 2017; Xia et al., 2021): hy-
droxyapatite crystals have been extensively used in the formation of
Pickering emulsions due to their excellent surface activity, also silica
particles have been used as they are convenient and their surface can be
chemically modified, clay particles are also a popular choice of Picker-
ing stabilizer, together with magnetic nanoparticles, chitosan, cyclo-
dextrin, carbon nanotubes, starch granules, proteins and many more
(Yang et al., 2017; Xia et al., 2021). Chen et al. (Chen et al., 2020) also
present the use of fat crystals as Pickering particles in water-in-oil
emulsions.

Small organic molecule crystals are a particularly promising Pick-
ering stabilizer; they present many advantages compared to other food-
grade Pickering systems (e.g., proteins, zein, crystalline cellulose), such
as: (1) they are fully biocompatible, non-toxic and, in some cases, they
provide health benefits (e.g., curcumin, quercetin) (Zembyla et al.,
2018), (2) they can be extracted from plants, seeds or milk without
the use of organic chemicals and using green technologies (e.g. super-
critical CO) and (3) they can be easily modified in terms of size, shape
and internal crystalline structure (polymorphism) by controlling the
conditions in which these crystals are nucleated and grown (Del Duca
et al., 2024).

Among the many potential applications of Pickering emulsions,
heavily linked to the particles properties, one of the most promising, and
the focus of the present study is the controlled, stimuli-responsive de-
livery of active ingredients (Als) encapsulated in the dispersed phase.
Recent studies have shown the possibility of engineering Pickering
particles for the encapsulation and controlled release of Als
(Hiranphinyophat et al., 2021; Lan et al., 2007; Li et al., n.d.; Low et al.,
2019; Mwangi et al., 2020; Raju et al., 2018; Sanyal et al., 2011; Shir-
jandi et al., 2022; Tikekar et al., 2013; Zhao et al., 2018). Different
strategies have been investigated over the years (Mwangi et al., 2020);
for example, Li et al. (n.d.) have used cellulose nanocrystals allomorph II
(CNCs), with a characteristic cylindrical elongated rod or needle-like
shape, to modulate the release of ibuprofen from CNC-stabilized emul-
sions. Also, Hiranphinyophat et al. 2021 (Hiranphinyophat et al., 2021)
investigated the use of modified cellulose nanocrystals as stabilizers for
bifonazole loaded Pickering emulsions, to be used for topical drug de-
livery. Another strategy was proposed by Low et al. (Low et al., 2019;
Low et al., 2018) who designed magnetic cellulose nanocrystals able to
respond to magnetic stimuli and enable Al release. pH-responsive
Pickering systems were developed for application in both the pharma-
ceutical and cosmetic field (Lan et al., 2007; Shirjandi et al., 2022);
Tikekar et al. (Tikekar et al., 2013) have studied the release of curcumin
from Pickering emulsions upon oral administration, observing the
strong effect of pH on the curcumin release rate. Another study on the
influence of pH was carried out by Raju et al (Raju et al., 2018) who have
worked on chitosan-based Janus Pickering particles used to stabilize
emulsions with olive and silicone oil. Temperature changes have been
investigated as stimulus to trigger the release from Pickering emulsions;
Sanyal et al. (Sanyal et al., 2011) designed thermal-responsive com-
posite nanoparticles.

All the aforementioned studies are experimental and apply trial-and-
error approaches to optimize particle properties and emulsion micro-
structure in order to obtain the desired stimuli-responsive formulation.
Rigorous theoretical models that describe the different mechanisms of
stimuli-triggered Al release from Pickering systems are currently
missing, despite their large potential benefits for effective formulation
design and optimization.

The aim of this work is to fill this knowledge gap and develop a
theoretical model capable of realistically describing the release mech-
anism of an AI from within dispersed phase droplets. Our proposed
model can help researchers in the field to understand their Al release
mechanism, highlighting the link between Pickering particle dissolution
and AI diffusion rate. Furthermore, the model can support the
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formulation of Pickering emulsions by identifying how particle popu-
lation properties, especially particle size and shape distributions,
together with the particle dissolution behavior, influence Al release.
This information can guide the experimental screening of formulations
aimed at specific release behaviors. The description of the release of
encapsulated Als in Pickering emulsions is achieved by solving a Pop-
ulation Balance Equation (PBE) that incorporates a dissolution term for
the crystal population located on the droplet surface. The PBE is com-
bined with mass balance equations for the AI in the continuous and
disperse phases. At this stage, the proposed model should be regarded
primarily as a framework aimed for describing how Pickering particle
dissolution modifies interfacial coverage and, in turn, active ingredient
release, with particular emphasis on the role of the Pickering particle
properties in the formulation design. For this reason, the present work
focuses on the evolution of a single Pickering droplet. It is worth noting
that quantitative predictive use for a specific Pickering formulation
would require calibration and validation against dedicated experiments,
which are currently not available in the literature in a sufficiently
complete form, since published studies generally do not report particle
size distribution, interfacial coverage, particle dissolution, and active
ingredient release under controlled conditions. Additionally, the single-
droplet formulation makes direct experimental validation particularly
challenging.

Population balance modelling has already been applied to several
problems related to Pickering or particle-stabilized systems, including
emulsion polymerization, droplet size evolution, coalescence and
breakup, and surface coverage development during emulsion prepara-
tion (Brunier et al., 2022; Klink et al., 2011; Brunier, 2015; Frungieri and
Briesen, 2023; Rohl et al., 2023). At the same time, numerous works are
available in the literature regarding Population Balance modelling of
crystallization processes (Bosetti and Mazzotti, 2020; Dighe et al., 2019;
Gagliardi and Pierre-Louis, 2018; Maharana et al., 2023; Pohar and
Likozar, 2014; Swapna Reddy et al., 2023) as well as crystal dissolution
in different environmental settings (Barlow et al., 2022; Chaudhury
et al., 2013; Plath et al., 2024; Shan et al., 2002; Lasaga and Liittge,
2003). Recently, the effect of crystal size on dissolution rate has also
been investigated with a Monte Carlo model (Briese et al., 2017).

To the authors’ knowledge, however, a population balance-based
model describing the dissolution of Pickering particles at the droplet
interface and its coupling with the release of an active ingredient from
the dispersed phase has not yet been reported. In this sense, the novelty
of the present work lies in the coupling among interfacial particle
dissolution, evolution of surface coverage, and active ingredient diffu-
sion during the post-formation release stage to describe the delivery
mechanism of Pickering systems.

This paper is divided in a first section describing the constitutive
equations of the model and the initial hypothesis and boundary condi-
tions. The second section provides details on the method used for the
numerical solution of the equations. Then, a detailed description of the
conditions used for simulations is provided, followed by a section
showing the simulations results. Conclusions and possible future ex-
pansions and applications of the developed model are then illustrated.

2. Model description

Our model describes the release of an Al encapsulated within a single
Pickering droplet upon administration; this can be caused by a dilution
of the continuous phase and is usually accompanied by a change in
temperature or pH, which alters crystal solubility in the continuous
phase, inducing the dissolution and detachment of Pickering particles
from the interface. This, in turn, enables the diffusion of AI from the
droplet to the surrounding environment. The single-droplet formulation
presented here is intended to isolate the local coupling between particle
dissolution, interfacial coverage evolution, and Al diffusion. As such, it
does not account for droplet-droplet interactions or for differences
among droplets within a real emulsion. It is worth noting that a change
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in contact angle might also be triggered by administration; however, for
micron-sized crystalline Pickering particles such change does not usu-
ally significantly affect interfacial stabilization (Del Duca et al., 2024).
Hence, for simplicity, the model presented here treats the contact angle
as fixed at its post-stimulus value. This assumption avoids the intro-
duction of a function to describe changes in wetting behavior, but it may
limit applicability in systems where particle exposure to the continuous
phase changes significantly over time.

The dissolution of the Pickering particles adsorbed at the interface
increases the mass transfer area available for Al diffusion. Hence, by
appropriately changing the kinetics of Pickering particle dissolution it is
possible to modulate the Al release rate. Such kinetics can be modulated
by changing the particle size and shape distributions, or the interfacial
particle concentration (e.g., multiple layers) (Dan, 2016).

Additionally, the solubility of Pickering particles in the continuous
phase can be modified by using different polymorphs (Abdul Mudalip
etal.,, 2018; Lee et al., 2025). All these particle properties that can affect
the dissolution rate of Pickering particles will be investigated in this
study.

We assume our Pickering particle being of a rod shape, exemplified
in Fig. 1, with one characteristic size L being larger than the other two
assumed equal for simplicity, with size W. Thus, it is possible to define
the particle aspect ratio ¢ as follows:

¢=L/W @

From other works and from previous experimental studies on similar
systems, we found that it is not uncommon to have Pickering systems
with particles of similar shape distributed over their characteristic size L,
but with similar aspect ratio ¢, making it reasonable to assume with a
mean aspect ratio (Del Duca et al., 2024; Lee et al., 2025; Liang et al.,
2017; Madivala et al., 2009; Lou et al., 2016).

This aspect led us to consider the following mono-dimensional
population balance equation:

on(L.t) | AG(L.On(L.1))

ot oL =0 2

where the quantity n(L, t)dL represents the expected number of particles
of characteristic size L per unit area at the droplet interface at time t. The
first left hand side term is the accumulation term, while the second term
has the form of a convective term, where G(L, t) is the dissolution rate, a
function of the particle size L and time t. It can be noted that the particle
aspect ratio ¢ does not appear in Eq. (2) since it is assumed equal for all
particles. For particles distributed also over the aspect ratio ¢, it would
be more appropriate to write a more rigorous bi-dimensional population
balance equation, but the lack of reliable bi-dimensional dissolution
models (i.e., G(L, ¢)) sets this last aspect out of the scope of this work.

It is worth noting that aggregation may affect interfacial coverage
and dissolution kinetics. Particle aggregation can occur during the
adsorption process, when the emulsion is prepared, especially if the
particle-to-droplet size ratio is high or when interfacial crowding

Fig. 1. Approximation of the shape of the crystals and their arrangement at the
droplet surface.
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becomes significant (Madivala et al., 2009; Frungieri and Briesen, 2023;
Madivala et al., 2009; Lou et al., 2016). In the model presented here,
particle aggregation is neglected, under the assumption of low concen-
trations of Pickering particles and low to moderate particle-to-droplet
size ratios. More precisely, the present model formulation is intended
for conditions in which interfacial shielding is mainly determined by
individually adsorbed particles, rather than by aggregates or multilayer
structures. Nevertheless, aggregation could in principle be implemented
in the model; for example, the initial particle size distribution and the
particle shape factors could be adapted to address the presence of crystal
agglomerates.

The dissolution term G(L,t) that appears in Eq. (1) must have a
negative sign, expressing the reduction of the size of the Pickering
crystals over time. The vast majority of the dissolution models available
in the literature expresses this rate as function of the undersaturation of
the system:

S(t) = Csolub/cp(t) (3)

where Cqopp is the solubility of the Pickering particles in the continuous,
and it is a function of the thermodynamics state of the system (e.g.,
temperature, composition of the continuous phase), and C,(t) is the
actual solute concentration upon dissolution of the Pickering particles in
the continuous phase. It is worth pointing out that our model considers
the Pickering particles insoluble in the dispersed phase (this may also be
due to the fact that the dispersed phase is already saturated with the
Pickering compound).

A typical expression used to express dissolution as function of
undersaturation is a power-law, as the one formulated by Bosetti et al.
(Bosetti and Mazzotti, 2020) and by Lifshitz et al. (Lifshitz and Slyozov,
1961). For the current work, we adopted a simplified version of such
expression (Bosetti and Mazzotti, 2020; Myerson et al., 2019):

G(L,t) = kg(S(t) —1)* @

where g is an exponent that typically ranges from 1 and 2 (Myerson
et al., 2019), with g =1 representing a mass-transfer limited process.
Following this assumption, k, is often treated as a constant parameter
fitted with experimental data, especially in well mixed conditions. This
leads to an equal dissolution rate for all the particles. Such a size-
independent kinetic expression should be interpreted as a first-order
approximation. It may not be accurate for dissolution mechanisms in
which the rate depends strongly on particle size, morphology, or on
differences in the area of the particle exposed to the continuous phase.
However, for the relatively narrow particle size distributions considered
here, it represents a reasonable approximation. In any case, the model
could be easily modified to implement a different expression for k,. For a
mass-transfer limited dissolution, Eq. (4) further simplifies to the
following expression:

G(t) =kg(S(t) - 1) )

To evaluate the undersaturation ratio S(t), the knowledge of the
solute concentration of the Pickering particle compound in the contin-
uous phase Cp(t) over time is needed. This time evolution has been
calculated through the following expression:

ac, kyp d e 3 _kp [™on(Lt) 4
a MV, dt(/o n(L, oL dL ’MWVC/(J o LA ©®

where V, is the volume of the continuous phase, M,, is the molar mass of
+o0
the Pickering particles species and the term ( { %ﬁdL) represents

the variation in time of the moment of third order of the distribution,
which multiplied by the volumetric shape factor k, (equal to # for
rectangular rods) gives the total variation of the crystal volume in our

system. The factor k, is a parameter that can be changed to accommo-
date different crystal shapes. It must be noted that Eq. (6) has been
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written with an underlying hypothesis, namely that only one face of the
Pickering particles is in contact with the droplet surface, while all the
other faces are surrounded by the continuous phase; this is compatible
with a three phase contact angle between continuous, disperse and solid
phases equal to 90 degrees. Fig. 1 shows the specific assumption adopted
in this work. However, this assumption may not always be physically
accurate; in fact, depending on the affinity of the particles with the
surrounding phases, they may establish a different contact angle with
the droplet, thereby changing the percentage of particles’ area wetted by
the two phases.

Nevertheless, the contact angle can be difficult to evaluate in the case
of real particles, due to their superficial roughness and anisotropy (Del
Duca et al., 2024). Despite the complexity of the phenomenon, the
model presented here could still treat the effect of different contact
angles through a parametrized description, allowing the portion of the
particle available for dissolution (i.e., immersed in the continuous
phase) to depend on the contact angle. In the specific case presented
here, a 90° contact angle leads to an areic shape factor k, equal to 1/¢,
indicating that only one face is in contact with the droplet, while the
other five are immersed in the continuous phase. A different particle
shape and contact angle would lead to different values of the shape
factors k, and k,, giving to the model some flexibility in representing
different interfacial configurations. However, in the present work these
effects are not allowed to evolve dynamically in time, and this represents
a further simplifying assumption of the current model formulation.

It is then possible to calculate the total area of the droplet surface
that is occupied by the Pickering particles using the following expres-
sion, using the areic shape factor k,:

Son(t) = /L " kan(L, OL2dL %)

which can be seen as a quantity proportional to the moment of order 2
with respect to the particle size distribution. The extent of droplet
coverage by crystals is usually referred to as the covering fraction f,
defined as the ratio between the total surface area occupied by the
Pickering particles and the droplet surface area:

f(O) = Sery(t) /Sa ®
where Sy, can be calculated in the following way, assuming a spherical
shape

Sq=nd3 ©)
When the incapsulated active ingredient is considered, it is possible to
write the following equations to evaluate the diffusion from the droplet

to the continuous phase, considering the mass transfer through the
droplet interface:

dCAI.d _ h —Carc)A
d Alc - !
C — (_ + C) (PCAITd CAI,C)A 1)

where Cy;4 and Cyy are respectively the concentration of the active

-1
ingredient in the droplet and in the continuous phase, (ﬁ + ki) is the

overall mass transfer coefficient, k; and k. are respectively the mass
transfer coefficient in the droplet and in the continuous phase, P is the

Card
Care’

between the droplet and the continuous phase. The partition coefficient
plays an important role, as it is needed to correctly take into consider-
ation the relative affinity of the Al to the two phases and to estimate the
driving force for the diffusion of the AI from the droplet to the contin-
uous phase. In the case of oral administration, enzymatic digestion of the

partition coefficient, defined as P = and A is the interfacial area
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disperse oil phase would have an effect on the rate of release of Al A
modified version of our model, including the effect of lipase is presented
in the Supporting Information of this paper (Fig. S1).

It should be highlighted that the link between the population balance
model for the Pickering particle distribution and the AI balance is
through the interfacial area term, that can be written in the following
way:

A(t) = Sqg— Sery () = Sa(1 —£(t)) 12)

As it is possible to see from Eq. (12), the interfacial area is initially a
fraction of the total droplet external surface, since initially it is covered
by the Pickering particles. As soon as the dissolution of the Pickering
particles starts, the covering fraction f(t) decreases evolving towards a
clean surface, when no Pickering particles are at the droplet surface
(namely when f(t) = 0).

It should be noted that Eqgs. (10) and (11) are derived using the two-
film theory (Bird et al., 2002), which assumes that the interface does not
change with time, this being an essential condition to express the
interfacial molar flux in terms of a driving force and an overall mass
transfer coefficient. Although in our case the interfacial area changes
with time, following the evolution of the covering fraction f(t), we
deliberately retain the model simplicity for the interfacial molar flux,
introducing the dependence of time only in the evaluation of the inter-
facial area, and not in the resistance definition, as a more rigorous
derivation could show. However, we opted for this simple approach
because most of the modelling uncertainties will anyway lie in this
assumption and in the evaluation of dissolution rates.

It is evident that the present model formulation relies on simplifying
assumptions that restrict its direct applicability to more complex real
emulsions. These include the fact that the evolution of only one droplet
is described, the fixed post-stimulus contact angle, the neglect of particle
aggregation and multilayer adsorption, and the assumption that all
particles have the same aspect ratio. The present model formulation is
best interpreted as a local description of how interfacial particle disso-
lution affects surface coverage and, in turn, active ingredient diffusion,
rather than as a complete representation of all phenomena that may
occur in real concentrated emulsions. These assumptions were deliber-
ately adopted to isolate this coupling in a tractable first modeling
framework.

Nevertheless, our presented framework can also be extended, in
principle, to more complex situations than those considered here. For
example, a droplet size distribution could be incorporated by coupling
the present formulation with an additional population balance over
droplet size, although this would significantly increase the dimension-
ality of the problem and its computational cost. If droplet curvature
becomes important, the geometrical relation used to evaluate covered
and exposed particle area would need to be modified through more
detailed geometrical corrections. Likewise, if crystal packing and
preferred orientation at the interface become significant, the effective
covering fraction could be refined by introducing corrections accounting
for particle arrangement and packing constraints. This is consistent with
our recent work on random sequential adsorption of Pickering particles
onto spherical droplet surfaces (Feng et al., 2025), where curvature,
finite-size, and local arrangement effects were treated explicitly. Finally,
the present population balance framework can accommodate size-
dependent dissolution kinetics directly, by replacing the current size-
independent dissolution expression with a more detailed constitutive
law. In practice, however, such laws are often not available in sufficient
experimental detail, whereas simplified empirically fitted expressions
are more commonly used. These extensions are beyond the scope of the
present work, but they remain compatible with the overall modelling
approach proposed here.

Regarding the mass transfer coefficients k; and k., we evaluated
them considering an immobile spherical drop in a stagnant continuous
phase, considering the Sherwood number (Sh) equal to 2. Therefore,
using the definition of Sherwood number, it is possible to evaluate them
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as follows:
kg = S a3)
dy
[
k, = ShZe (14)
dy

where 7, and &, are the diffusivity of the Al in the droplet and in the
continuous phase, respectively.

3. Numerical details

The model to be solved is constituted by the numerical solution of Eq.
(2), (6), (10) and (11). In the literature many approaches are available to
solve Eq (2) (Kumar et al., 2014; Marchisio and Fox, 2005; Marchisio
etal., 2003; Gunawan et al., 2004; Doraiswami, 2000; Pigou et al., 2018;
Leveque and Methods, 2002; Szilagyi and Nagy, 2016). Here we decided
to opt for the most effective one for dissolution problems, the High-
Resolution Finite Volume method (HRFVM) (Gunawan et al., 2004;
Leveque and Methods, 2002), since Eq. (2) is a hyperbolic equation. A
high-resolution discretization scheme for the convective equation (the
second left hand side term of Eq. (2)) is needed to avoid unphysical
oscillations in the solution or negative values for the number of particles.
Details of the numerical discretization and of the internal coordinate
space (i.e., particle size L) and temporal convergence analysis are re-
ported in the Supporting Information. Based on this analysis, the nu-
merical resolution adopted in the simulations for the internal coordinate
space is a uniform grid with 500 intervals. The time integration of Eq.
(16) is carried out using the Numerical Differencing Formula (NDF)
scheme (i.e., Matlab odel5s), together with the solution of the other
ordinary differential equations of the model (i.e., Egs. (6), (10) and
(11)). The solution algorithm is implemented in Matlab 2024 (Shampine
et al., 1997; Shampine et al., 1999).

The initial particle size distribution (PSD) of the Pickering crystals is
assumed having a lognormal shape in all the simulations performed,
namely:

_ exp(-#0)
ful) = WI‘ >0 (15)

where f,(L) is the probability distribution of a lognormal function,
which in our case indicates the numeric density of the particles of di-
mensions between L and L + dL.

The lognormal parameters y and o are directly linked to the mean m
and variance v of the crystal size distribution represented by the adopted
lognormal function, through Egs. (16) and (17):

m’ ) 16)

u=log (ﬁ

o= log<m++1) a7)

In the case of lognormal distributions these two parameters are easier
to work with respect to the classic mean and variance since they are
easier to interpret (Limpert et al., 2001). The modeling choice made for
the shape of the particle size distribution aligns with the experimental
findings of Del Duca et al. (Del Duca et al., 2024); nevertheless, the
model itself does not have any limitation on the initial particle size
distribution that could be considered.

In order to better link the distribution parameters with measurable
properties of the Pickering particles, in the following sections the mean
m and variance v will be referred to, respectively, as Crystal Average Size
(CAS) and Standard Deviation (SD). The expression Mean Aspect Ratio
(MAR) will be instead used to identify the average value of the aspect
ratio ¢ in the particles distribution.

Table 1 reports all the physical constants adopted in this work and
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Table 1
System default variables, used as starting point to then define the simulations.

Solid particles Data

Variable Symbol  Unit Value
Crystal Average Size (CAS) m m 10e-6
Standard Deviation (SD) sd m 2.5e-6
Molar Mass (Mw) My kg/mol 0.3684
Mass of particles m, kg 1.5e-9
Density of particles p kg/m? 1293
Aspect Ratio o] - -
Mean Aspect Ratio (MAR) - - 3.5
Particles Solubility Csolub mol/m°® 0.01
Growth constant kg m/s 5e-9
Active Ingredient Data
Diffusion Coefficient in dispersed phase Dp1 m?/s le-9
Diffusion Coefficient in continuous phase Dp2 m?/s le-10
Partition Coefficient P - 0.5
System Data
Droplet diameter d m 0.5e-3
Radius of continuous phase sphere R m 6e-3

Coard mol/m®* 700
mol/m®> 0

Initial concentration of solute in dispersed phase
Initial concentration of solute in continuous phase CoALe

the numerical values selected for the simulations. The values reported in
Table 1 were selected to define a representative and physically plausible
single-droplet release scenario for model illustration and parametric
analysis. They were not intended to reproduce a specific dissolution
method or any other standardized experimental protocol. In particular,
the continuous-phase volume V, should be interpreted here as a model
parameter describing the surrounding medium available for dilution and
transport around the droplet after administration or dilution, rather
than as the volume of a specific dissolution apparatus.

Table 2 shows a summary of all the simulations performed by
varying different properties related to the Pickering particles, such as the
CAS and SD of the PSD, the Mean Aspect Ratio, MAR, and the dissolution
rate of the Pickering particles. We explore also the effect of the solubility
of Pickering particles in the continuous phase, the affinity of the Al to
different phases and the volume of the continuous phase (i.e., dilution
effect upon administration). The design rationale for these simulations
was driven by the need to understand how the properties of Pickering
particles affect the release of Al As a control case, the release of Al from
a standard emulsion, without Pickering particles, was estimated (e.g.,
covering fraction equal to zero, only AI diffusion as physical

Table 2
Simulations design.

Simulation Simulation Variable changed Values

No. name

1 Sim_CAS_1 CAS 5x107°

2 Sim_CAS_2 10 x
10°°

3 Sim_CAS_3 15 x
10 ©

4 Sim_SD_1 SD 1x10°°

5 Sim_SD_2 2.5 x
10 ©

6 Sim_SD_3 5x107°

7 Sim_AR_1 MAR 1

8 Sim_AR_2 3.5

9 Sim_AR_3 5

10 Sim_kg_ 1 Mass Transfer 5x 1078

11 Sim kg 2 Coefficient 5x107°

12 Sim_kg_3 5 x
1010

13 Sim_solub_1 Particles Solubility 0.005

14 Sim_solub_2 0.01

15 Sim_solub_3 1

16 Sim _P_1 Partition 0.5

17 Sim_P_2 Coefficient 0.067

18 Sim_P_3 0.01
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phenomenon).

4. Results & Discussion
4.1. Simulations results

After verification of the optimal numerical discretization (see
Supporting Information), the model was used to analyze how Pickering
particle population properties affect interfacial coverage evolution and
active ingredient release. As mentioned in Section 3, we performed
different simulations by varying different parameters related to the
emulsion formulation, with the aim of building an intuitive explanation
of the effect of Pickering particles properties on the release performance.

4.1.1. Initial covering fraction

The covering fraction f is a key parameter that affects the rate of Al
release at it determines the area available for mass transfer between the
disperse and continuous phase. The covering fraction depends on the
amount, size and shape distributions of the Pickering particles sur-
rounding the droplet. Hence, in this section we investigate how Pick-
ering particles properties affect the value of f. As we assumed a
monolayer of crystals with only one face in contact with the interface,
we kept f below 0.95. This constraint arises from the inherent limitation
in particle packing caused by our assumptions, where the achievable
coverage is restricted by particle hindrance and their varying orienta-
tions. The study of the initial coverage fractions in the various simula-
tions was conducted by maintaining all model parameters from Table 1
constant, except for the one whose influence was investigated. The
variables tested were the Crystal Average Size (CAS), the Standard Devi-
ation (SD), the initial total mass of Pickering particles and the Mean
Aspect Ratio (MAR). Fig. 2-a shows how the CAS affects the coverage of
the droplet. A non-monotonic behavior is observed, with an initial in-
crease up to a maximum at 2 pm, followed by a decrease and then a
plateau at larger CAS values. This behavior arises because, in these
simulations, the total crystal mass is kept constant. At low CAS values,
the number of crystals is high and their surface-to-volume ratio is
favorable for interfacial coverage. However, each individual crystal
covers only a very small interfacial area. As the CAS increases from very
small values, the area covered by each crystal increases while the
number of crystals is still sufficiently high, leading to an increase in the
overall covering fraction. The maximum at 2 pm corresponds to the most
favorable balance between the number of crystals and the interfacial
area covered by each crystal. With further increase in the CAS, the
reduction in crystal number becomes dominant, and the covering frac-
tion decreases.
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The effect of the SD of the Pickering PSD on the covering fraction was
also investigated. This value can be seen as a measure of initial poly-
dispersity of the PSD. In Fig. 2-b it is possible to see a decreasing trend
for the covering fraction as the SD increases, for fixed values of mass,
CAS and MAR of the Pickering particles. The coverage decreases,
although less compared to the trend observed for the CAS, by increasing
PSD polydispersity. This is due to the lognormal nature of the PSD,
which has a bigger tail at the right end compared to the left; hence,
increasing SD determined a higher number of larger crystals, which
results in lower covering fractions.

In Fig. 2-c it is possible to observe how the total mass of Pickering
crystals affects the covering fraction. As expected, increasing the num-
ber of crystals determined an increase in the covering fraction. By
varying the MAR of the Pickering particles, as shown in Fig. 2-d, a
similar trend can be observed. The MAR directly affects the droplet
surface area occupied by the largest Pickering crystal faces. By
increasing the MAR at constant CAS, the area of the droplet occupied by
the largest Pickering crystal faces increases.

It should be remarked that none of these considerations consider the
actual packing and orientation of crystals, which can affect the
maximum coverage value.

4.1.2. Evolution of the PSD upon dissolution

Fig. 3 shows a simulated evolution in time of the PSD of the Pickering
particles due to their dissolution. As previously mentioned, the use of Eq.
(5) for G(L,t) leads to an equal dissolution rate for all the particles,
meaning that the distribution shifts to the left with an equal velocity for
all the particles, and with a speed that decreases over time due to the
change of undersaturation (as seen in Eq. (6)). Fig. 3 demonstrates the
capability of the HRFV method to solve a dissolution problem, since
solution is limited between the initial maximum value and zero, and the
unavoidable numerical diffusion does not produce significant artifacts
on the numerical solution, with the maximum value that is equal to 0.99
times the maximum value when the left boundary is crossed. Eventually,
the final state reported in the Figure corresponds to full dissolution of all
Pickering particles, showing that the numerical method is able to
properly describe also this particular case.

4.1.3. Effect of PSD on the Al release

In this subsection, we examine the influence of how different Pick-
ering PSDs affect the rate of Al release. To systematically assess this
effect, we adopted the methodology outlined in Section 3, wherein a
single property is altered at a time while maintaining all other variables
constant, as already presented in Table 2. Fig. 4 illustrates the outcomes
when only the CAS is modified.

Fig. 2. Influence of crystals population variables on the initial covering fraction. a) Influence of Crystal Average Size b) Influence of Standard Deviation c) Influence

of Crystal Mass d) Influence of Mean Aspect Ratio.
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Fig. 3. Distribution evolution over time during dissolution.

Fig. 4. Model prediction for different CAS values: a) Al Concentration in the dispersed phase over time b) Pickering crystal solute concentration over time in the

continuous phase c¢) Covering fraction over time.

The model predicts the temporal evolution of the Al concentration
(Car), the concentration of the Pickering particles dissolved in the
continuous phase (Cp) and the covering fraction (f) for three different
values of the CAS. As shown in Fig. 2 increasing the CAS beyond 2 pm
results in a reduced initial covering fraction (Fig. 4-c), which in turn
accelerates the onset and enhances the rate of Al release (Fig. 4-a). On
the other hand, Cp increases at a slower rate for larger particles, due to
their lower surface to volume ratio (Fig. 4-b). Hence, the reduction in
initial f value due to higher CAS prevails over the slower Pickering
particles dissolution, enhancing the release rate of Al, especially in the
first 700 s (Fig. 4-a). At longer times (> 1000s) the slower Pickering
particles dissolution balances the initially higher covering fraction,
resulting in identical profiles for the Cy;.

The CAS is not the only parameter of the initial PSD of Pickering
particles that can be manipulated to modify the Al release. In fact, it is
also possible to modify the polydispersity (SD) of the PSD. A PSD with
high polydispersity is characterized by crystals with a wider variety of
sizes, affecting significantly the initial value of the covering fraction as
shown in Section 3 and Fig. 5-c.

Fig. 5 shows simulations obtained varying the SD of the Pickering
PSD. As observed in Fig. 2, higher SD values generate lower covering
fractions. On the other hand, the dissolution rate of Pickering particles
(Fig. 5-b) is slower for higher SD values. Hence, increasing SD generates
the same trend of the CAS, both in the concentration of Al and in the
evolution of the covering fraction. From Fig. 5-b it can be seen clearly
that the more the Pickering particles are polydisperse, the higher their
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Fig. 5. Model prediction for different SD values: a) Al Concentration in the dispersed phase over time b) Crystal compound concentration over time in the continuous
phase c) Covering fraction over time.

dissolution time, since larger particles requires more time to dissolve, at release.

equal total Pickering particles mass and volume. As shown in Fig. 6-a cubic crystals (MAR = 1) determine the quicker
Lastly the Mean Aspect Ratio (MAR) of the Pickering PSD was varied release since they correspond to the lower initial covering fraction, as

to see how crystals with different shapes could change the rate of Al opposed to needle-like crystals that tend to be more efficient in slowing

Fig. 6. Model prediction for different Mean Aspect Ratio values: a) AI Concentration in the dispersed phase over time b) Crystal compound concentration over time
in the continuous phase c¢) Covering fraction over time.
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down the release of the Al At the same time, in Fig. 6-b it is possible to
observe that the aspect ratio of the Pickering crystals does not affect
their dissolution rate in the chosen range between 1 and 5. This is ex-
pected since dissolution rate (Eq. (5)) is not a function of the particle size
and/or aspect ratio. It is worth noting that, considering the assumption
made in our simulations, values of MAR>5 would determine only a
partial wetting of the largest face of Pickering particles, due to the
curvature of the droplet surface. In such case, the model assumption of
one face fully adsorbed at the interface would not hold anymore. The
weak effect of MAR variation on the dissolution can be attributed to the
way the model is built: the PSD shape in fact is mainly affected by the
Crystal Average Size and by the Standard Deviation, since they appear
directly into Egs. (15) to (17). The MAR instead does not directly define
the shape of the PSD, but simply changes the number of particles that we

have in the system, by the volume factor ﬁ, as the mass remains constant

but the volume decreases for particles with higher Mean Aspect Ratio.
This exaplains why the the crystal compound concentration evolution
over time is the same in the simulations of all the three different MARs.

These results for the Mean Aspect Ratio seem to follow a similar trend
to the one observed experimentally (Madivala et al., 2009; Lou et al.,
2016), where to obtain good stability for Pickering emulsions it was
necessary to have a minimum value of MAR for the particles. Madivala
et al. (Madivala et al., 2009) also suggested a possible correlation be-
tween MAR and the covering fraction itself.

Fig. 7 illustrates effect of Pickering particles with different CAS, MAR
and SD on the rate of Al release. In particular, the figure show the times
necessary to reach 70% of release of Al from the droplet. It is evident
that Pickering particles can slow down the release, and further modu-
lation can be achieved by manipulation of the PSD properties. In some
conditions the release time can improve the release of up to 1.6 times
compared to the control conditions (i.e., emulsion without Pickering
particles).

The results of this section are in agreement with experimental ob-
servations, as summarized in Table 3. A precise quantitative validation
of the present model against literature data is not currently possible,
because published studies generally do not provide the complete and
internally consistent set of measurements required for this purpose. For
this reason, the literature comparison presented here is limited to
qualitative trend consistency. It was previously observed that smaller
CAS can provide better stabilization, with high f values and slower
release rate (Binks and Lumsdon, 2001; Qi et al., 2014; Aslan Tiirker and
Iscimen, 2025). Also, the effect of different MAR values for the Pickering
crystals seem to follow the correct experimental trends, as crystals with
higher aspect ratio showed the same effect as the crystals with larger
size, decelerating the release and increasing the coverage of the droplet
(Madivala et al., 2009; Kalashnikova et al., 2011).
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4.1.4. Effect of Pickering crystal compound on the release of Al

Another important choice that could impact the Al release rate is the
type of Pickering crystals used for stabilization. The solubility and
dissolution kinetics in the continuous phase of Pickering particles can be
modified by using different polymorphs of the same chemical species, or
by changing altogether the chemical species characterizing the Picker-
ing particles. It is worth noticing that this change would also affect the
contact angle; however, in our simulations we considered the same
value for simplicity.

It is evident that the choice of the type of crystalline Pickering par-
ticles can be a further strategy to modulate the release of Al

In order to simulate the effect of different particles we modified the
kg parameter (Eq. (5) of the dissolution kinetic expression (Fig. 8) and
the solubility of the Pickering crystals (Fig. 9).

By decreasing k, the dissolution of Pickering particles is slower,
causing a significant delay in the release of the Al (Fig. 8-a). This delay is
due to slower decrease in covering fraction (Fig. 8-c), which is in turn
related to the slower increase in concentration of the Pickering particles
dissolved (Fig. 8-b).

Fig. 9 shows the effect of changing the solubility of the Pickering
particles on the release rate of Al. As undersaturation is the driving force
for dissolution, compounds with higher solubility in the continuous
phase will dissolve faster, generating a faster decrease in the covering
fraction and, hence, faster Al release.

As shown in Fig. 10 the change in polymorphic form or chemical
species of the Pickering particles can strongly influence the rate of
release of Al particularly by modification of the k, parameter. The order
of magnitude of the release times and the trends obtained from the
model simulations where the mass transfer coefficient was changed are
plausible, and in agreement with previous literature, as also shown in
Table 3 (Tang et al., 2019; Wood et al., 2018). In fact, higher solubility of
the Pickering crystals, caused by an increase in temperature determined
a faster Al release rate in the study of Li et al. (n.d.) a similar effect was
obtained when changing pH (Lan et al., 2007; Low et al., 2018).

4.1.5. Effect of type of active ingredient on its release rate

Although from the formulation perspective the objective of the work
is usually to target the release of a specific Al, the model can be also used
to screen between different Als. To simulate this we modified the
partition coefficient P in Eq.s (10) and (11). The partition coefficient of
substances that are slightly hydrophobic is usually around 2 - 5, while a
higher hydrophobic substance would present partition coefficients in the
order of 100; whereas, more hydrophilic Als would have values lower
than 1. Pharmaceutical or agrochemical compounds are normally hy-
drophobic and are encapsulated in oil in water emulsions; we decided to
simulate such case and choose values of P>1.

Fig. 7. Times for the release of 70% of Al encapsulated inside the droplet. The case with no Pickering crystals was considered as the control, the numbers for each
other column has been obtained by dividing the calculate release times by the control one.
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Table 3
Summary of experimental evidence for the proposed Pickering dissolution driven Al release.
Type of emulsion Particles used Type of Results Model Confirmation Reference
experiment
Oil (Decane) in Hydrophobic prolate Emulsion Stable emulsions only obtained with Higher MAR values determined increased (Pigou et al.,

Water/Water in
0il (Decane)

Oil (Hexadecane) in
Water

Oil (Ethyl Acetate)
in Water

Oil in Water

Oil (Hexadecane) in
Water

MCT oil in Water

Water in Canola Oil

Oil (soybean/corn/

hexane) in Water

Oil (Paraffin) in
Water

ellipsoids/Hydrophilic
hematite particles
Silica microrods

Poly(D,Llacticcoglycolicacid)
particles

Hydrophobic and
Hydrophilic Latex particles

Bacterial cellulose
nanocrystals
Phosphatidylcholine-

kaolinite particles

Glycerol Monostearate

crystals

Cellulose nanocrystals

Bilayer oleic acid-coated
Fe304 nanoparticles

stability test

Emulsion
stability test

Emulsion
stability test

Emulsion
stability test

Emulsion
stability test

Active
Ingredient
release test

Active
Ingredient
Release

Active
Ingredient
Release

Emulsion
stability

particles with a sufficiently high aspect
ratio

Emulsions obtained with particles with
higher Aspect Ratio are stable for
longer

Amongst the different parameters
studied it was shown that a reduced
particles size could improve the
emulsions stability

Larger particles produced larger
droplets, following an increase in the
sedimentation rate up to a certain size

Elongated shape cellulose nanocrystals
were able to stabilize oil in water
emulsion for months

The simulation of gastric and intestinal
digestion environment showed
different release times and trends as a
function of different particle properties
Different release profiles observed for
different encapsulated Als, different
interfacial stabilizers and their
concentrations, and different
temperatures

Release profiles with strong
temperature dependence

Partition of the nanoparticles is

affected by pH and ion strength and
accordingly Pickering emulsions are
also sensitive to pH and ion strength

emulsion stabilization, linked to higher
covering fraction

Particles with higher MAR are shown to
deliver more stable emulsions due to higher
covering fraction

Smaller particles showed a better tendency
to stabilize emulsions due to higher covering
fractions

The increase of the droplet sedimentation
rate and the larger size of droplets observed
for larger particles can signal a decrease in
stability due to lower covering fraction
High MAR values generated more stable
emulsions due to higher covering fraction

The results showed how particle properties
can modulate the release of encapsulated Als

The results show a release rate dependence
on: (i) the type of Al (e.g., different
solubility, partition coefficient), (ii)
temperature, which affects solubility, (iii)
type and concentration of stabilizer

These results confirm the effect of increased
temperature on the Al release: higher
solubility and mass transfer coefficient
determines faster release.

The paper confirms that by changing the pH
it is possible to affect the emulsion stability
and release behavior

2018)

(Leveque and
Methods,
2002)

(Xia et al.,
2021)

(Szilagyi and
Nagy, 2016)

(Shampine
et al., 1999)
(Limpert

et al., 2001)

(Binks and
Lumsdon,
2001)

Li et al. (n.d.)

(Lan et al.,
2007)

Fig. 8. Model prediction for different Kg values of: a) Al concentration in the dispersed phase over time b) Crystal compound concentration over time in the
continuous phase ¢) Covering fraction over time.
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Fig. 9. Model prediction for different solubility values of: a) Al concentration in the dispersed phase over time b) Crystal compound concentration over time in the

continuous phase c) Covering fraction over time.

Fig. 10. Times for the Active Ingredient inside the droplet to reach 30% of the initial concentration in different simulations involving the crystal compound variation.
Each column has the multiplier calculated with respect to the simulation with “no crystals™.

Fig. 11 shows the results of the simulations for three values of P
ranging from 2 to 109. It is clear that the partition coefficient has a
strong effect on the release rate of AlI; this has to be taken into consid-
eration when designing Pickering particles. In fact, for high partition
coefficients, with Al diffusing very slowly into the continuous phase, it is
necessary to select Pickering particles with slower dissolution rate in
order to enable effective modulation of the release rate. Indeed, for
extremely high values of partition coefficient the presence of Pickering
particles might not have any effect on the release rate (although they
would still act as encapsulation agents to protect the AI from
degradation).

Taken together, the results suggest a qualitative ranking of the
relative impact of the explored variables on Al release, within the ranges
considered in this work. The strongest effects are associated with the
partition coefficient of the Al and with the dissolution behavior of the

11

Pickering particles, especially the dissolution kinetic parameter and
particle solubility, since they directly affect the release driving force and
the rate at which the interfacial barrier is removed. By contrast, particle
population properties such as crystal average size, aspect ratio, and size
distribution influence release mainly through their effect on the initial
covering fraction and its subsequent evolution. From a formulation
perspective, it is also useful to distinguish between system-dependent
parameters and formulation-adjustable ones. While the partition coef-
ficient of the Al and, to a large extent, the dissolution behavior of the
Pickering particles depend on the selected chemical system, the main
practical route to slow down or fine-tune release, once the system has
been fixed, is to act on the Pickering layer itself, for example through
changes in particle size and shape distributions, as well as particle
loading. These variables determine the initial interfacial coverage and
its evolution during dissolution.
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Fig. 11. Al concentration in the dispersed phase over time at different values of
the Partition Coefficient.

In conclusion, the results obtained from the presented simulations
show a clear and strong influence of the properties of Pickering crystals
on the rate of Al release from a Pickering emulsion. This opens up
possibilities for crystal engineers to design optimized Pickering particles
to enable finely controlled Al release.

5. Conclusions

A PBE-based model was developed to describe the release of an Al
from the dispersed phase of a Pickering emulsion. The model considered
a single droplet of dispersed phase, immobilized within a larger volume
of continuous phase. Equations were implemented in order to simulta-
neously describe both the temporal evolution of the Pickering PSD, as
particles dissolve upon administration, and the release of the Al
encapsulated in the droplet. The dispersed and continuous phases,
defined by using different diffusion coefficients for the Al, were oil as the
dispersed phase and water as the continuous one (oil in water emulsion).
The Pickering crystals were considered as rectangular rods in contact
with the droplet surface only with one of their six faces, and only their
dissolution was considered in the PBE. The mass transfer for the AI was
modeled using a mass balance at the interface and Fick’s law. The ability
of the model to correctly and realistically describe the Al release from a
Pickering emulsion was tested by varying Pickering particles properties
and simulating the Al concentration in the continuous phase over time.
The simulations results show trends aligned with what reported in
experimental studies previously published: smaller and elongated crys-
tals slow down the release of Al as they more efficiently cover the
droplet surface reducing the area available for diffusion. At the same
time, the variation of the mass transfer coefficient k; and the Pickering
particles solubility, which can be achieved by changing the crystal
structure of the chemical species of the Pickering particles, was found to
have a strong effect on the AI release rate. Changes in these two pa-
rameters could also be determined by a change in pH or temperature,
demonstrating the possibility of using the model for the design of
stimuli-responsive Pickering formulations.

The present model focuses on the effect of Pickering particle disso-
lution through the evolution of interfacial coverage and the corre-
sponding area available for active ingredient mass transfer. In real
systems, however, additional mechanisms may also play a role. For
example, dissolution of the Pickering particles may modify the local
physicochemical environment at the interface, including pH, solute
composition, and possible interactions with the active ingredient,
thereby affecting solubility or partitioning. In other systems, the for-
mation of interfacial or gel-like layers may introduce an additional

12
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resistance to mass transfer. These effects are beyond the scope of the
present formulation, but they represent important directions for future
extensions of the model.

Overall, this work presents a framework that can assist formulators
in screening formulation strategies and in interpreting how Pickering
particle population properties affect active ingredient release. Quanti-
tative optimization for specific systems would require dedicated
experimental calibration and validation.
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