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Colloidal particles at fluid interfaces can enhance the stability of drops and bubbles.
Yet, their effect on mass transfer in these multiphase systems remains ambiguous, with
some experiments reporting strongly hindered diffusion, while others show nearly no
effect, even at near-complete surface coverage. To resolve this ambiguity, we solve the
Fick-Jacobs equation for unsteady diffusion, allowing us to treat the particle-laden interface
as a locally reduced cross-sectional area for mass transfer. Our numerical solutions reveal
two limiting regimes, with the particle layer hindering diffusion only at short times.
Guided by analytical solutions for a homogeneous layer with reduced diffusivity, we
derive quantitative expressions for the transport regimes and associated transition times
for diffusion across the particle layer. This analysis yields a simple criterion for long-term
hindrance that accurately distinguishes between conflicting experimental results, providing
a unifying framework for mass transfer in particle-laden multiphase systems.

DOI: 10.1103/t3rj-4phw

Complex interfaces, stabilized by layers of molecules or solid particles, are ubiquitous in
biological systems, manufactured materials and products, and in the environment [1]. In partic-
ular, colloidal particles adsorbed at liquid interfaces can stabilize a broad range of multiphase
systems and lend long-term stability and functionality [2,3], in applications ranging from foods
and cosmetics to sustainable chemical conversion [4-7]. Their relatively high desorption energy
compared to molecular surfactants imparts superior stability to emulsions and foams [8,9]. The
semipermeability of particle-stabilized interfaces further allows for mass transfer between the
different phases, leading to liquid evaporation from droplets [10], gas dissolution from bubbles [11],
or diffusive exchange of solutes in emulsions [12], as shown in Figs. 1(a)-1(c). Interfaces stabilized
by colloidal particles also serve as useful model systems where the interfacial layer is more
easily visualized compared to layers of molecules, allowing quantification of the microstructure
and its evolution.

Despite their apparent simplicity, the effect of interfacial particles on mass transfer remains
ambiguous, with conflicting observations in the literature. At first glance, the reduced interfacial
contact area should limit the net transport rate of solutes or solvents compared to uncoated droplets.
Indeed, various experiments in both binary and ternary systems report that transport decreases
as coverage increases [12—14]. These findings contrast sharply with other studies showing no
significant reduction in transport rate, even for densely covered interfaces [15-17]. A notable delay
in solute release from colloidosome microcapsules [2] is only observed after processing the layer
to increase the surface coverage beyond the close-packing limit of spheres, often reducing pore
sizes beyond the resolution of electron microscopy [15,18]. Our group previously measured the
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FIG. 1. Diffusion across particle-laden interfaces in multiphase systems. Diffusion between the inner and
outer phases occurs through the interstitial pores between adsorbed particles, leading to processes such as
(a) solute exchange in colloidosomes (reprinted with permission from [2], copyright 2002 AAAS), (b) evap-
oration in liquid marbles (reprinted with permission from Ref. [10], copyright 2011 Elsevier), and (c) gas
diffusion in armored bubbles (reprinted with permission from Ref. [11], copyright 2006 ACS). The effect of a
complex interface on diffusion can be modeled as (d) a layer of particles reducing the available cross-sectional
area, depending on the surface coverage ¢, or (e¢) a homogeneous layer characterized by a locally reduced
effective diffusivity.

spatiotemporal evolution of solute concentration around Pickering droplets, confirming that the
concentration field is only affected near the particle layer, while the far-field evolution remains
similar to that of a bare interface [19]. Similar trends have been observed in porous media, where
reduced porosity or effective diffusivity does not necessarily lead to a proportional decrease in mass
transfer [20,21].

The effect of particle layers on diffusion is typically interpreted using the seminal framework
of Berg [22], which describes steady-state diffusion across porous membranes via an effective
interfacial resistance. This model predicts that diffusion is barely hindered for experimentally
relevant pore sizes, and significant resistance requires extremely narrow pores. However, the
framework assumes constant concentration profiles in equilibrium with infinite reservoirs, which
is rarely met in practice. Most experiments involve transient diffusion from finite droplets with
dynamically evolving concentrations [12—18], which consequently alter the interfacial fluxes [19].
In such systems, especially with densely covered interfaces, diffusion can be so strongly impeded
that steady state is never reached within the experimental time frame. A transient model is therefore
essential for capturing nonequilibrium behavior and quantifying the associated transport regimes.

In this Letter, we reconcile the apparent contradictions in the effect of particle-laden interfaces on
mass transfer, using an unsteady diffusion model that accounts for the particles through a reduction
in available area. The resulting diffusive transport closely resembles that across a homogeneous
layer with reduced effective diffusivity. Through this analogy, we demonstrate how diffusion can
appear unaffected by a particle layer or barrier, even when local diffusivity or interfacial area is sig-
nificantly reduced. Even though our simplified model does not account for detailed physicochemical
processes, it captures a dominant mechanism that further unifies transport phenomena across diverse
systems, including multicomponent droplet evaporation and vapor dissolution, as shown in Fig. 1.

A complex interface may consist of a layer of particles of radius a, which reduces the effective
cross-sectional area A(x) available for diffusion at position x compared to the reference area Ag
outside the layer, as shown in Fig. 1(d). An interfacial layer (of thickness 2a) may also have a
spatially varying diffusivity D(x), deviating from the bulk reference diffusivity Dy, as in Fig. 1(e).
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Both effects on diffusive transport are combined in the Fick-Jacobs equation,

de(x. 1) 1 de(x, r)}
at  A(x)dx

where c(x, 7) is the normalized solute concentration averaged over the cross-sectional plane' at
dimensionless position x = x/a and dimensionless time t = Dyt/a’, according to the charac-
teristic time scale for diffusion over a layer, a®>/Dy. The right-hand side accounts for variations
in the diffusive flux due to changes in the available area A(x) = A(x)/Ay, diffusion coefficient
D(x) = D(x)/Dy, and concentration gradient (i.e., Fickian diffusion) [27]. The one-dimensional
(1D) formulation in Eq. (1) applies to the three-dimensional concentration field around a particle-
laden interface [Fig. 1(d)], assuming rapid equilibration parallel to the interface. This approximation
has previously been validated against full three-dimensional numerical simulations [19], and is fur-
ther supported by two-dimensional simulations with equivalent area reduction (see the Supplemental
Material [23]).

For an interface stabilized by a monolayer of spherical particles, the cross-sectional area varies
as

[A( YD(x) , (1)

Aly) = { —do(1—x*) for—1<x<1, @

otherwise,

where ¢, is the packing fraction at the particle layer midplane, up to the circle packing limit
(¢ =~ 0.91) [19]. The quantity ¢y can be interpreted more generally as the surface coverage for
any regular particle geometry at the interface, including nonspherical particles, effectively allowing
values exceeding the dense circle packing limit, with the functional form of A(x) determined by
the particle shape. The Fick-Jacobs framework requires a correction to the effective diffusivity when
A( ) varies rapidly. We use a correction based on the most accurate expression attainable using first
derivatives of the cross-sectional area [24-26], yielding

[ 1—go(1—x?)
_— — 1< ¥ <
1 otherwise,

as detailed in the Supplemental Material [23]. The effect of the particle-laden interface on the
evolution of the concentration profile is obtained by numerically solving Eq. (1) for various surface
coverage ¢y, using a finite-difference scheme. We initialize the concentration field with a step from
a solute-rich to a solute-free phase across the interface.

The solute concentration profiles around the particle layer show no dependence on ¢, at very
short times (t < 1), while at intermediate (t ~ 1) and long times (t > 1), the surface coverage
significantly affects the gradients within the layer, shown in Fig. 2(a). To investigate these transport
regimes, we compute the total mass of solute that has crossed the interface, N, from the concentra-
tion gradient at the interface. The normalized solute mass, v = N/(aA¢Cp), is plotted in Fig. 2(b),
highlighting two limiting regimes.

At long times, all curves converge to the bare-interface solution v = /7 /m, surprisingly indi-
cating that the particle layer no longer affects the overall transport. In contrast, at short times, the
surface coverage reduces transport, resulting in lower values of v, while the initial slopes remain
unaffected across cases. The dominant effect of the particle layer at short times is due to diffusion
being confined to a narrow region near the interface, with self-similar concentration profiles within
the individual pores between particles. We find that the value of v in this regime is directly
proportional to the available interfacial area, which is reduced by a factor 1 — ¢9 compared to a

'Note that this formalism is equivalent to the one used in Refs. [24-26], based on the total amount of solute
in each cross-sectional plane.
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FIG. 2. Numerical results for unsteady diffusion across a particle-laden interface. (a) Concentration profiles
evolve identically at short times (7 < 1, dotted curves), but steeper gradients develop within the layer for higher
surface coverage ¢, at later times (dashed and solid curves). (b) The diffused solute mass normalized by the
layer volume, v, is initially reduced by a factor of 1 — ¢y compared to the bare interface case. At long times,
all curves converge to the bare interface solution /7 /7. (c) The regime transitions are not well captured by
simply rescaling the diffused mass v by the short-time asymptotes.

bare interface. Rescaling the vertical axis by this short-time asymptote in Fig. 2(c), however, reveals
a collapse that only holds for very short times (7 < 1072). The transition between regimes is clearly
not captured by the dimensionless time t, despite it being the a priori natural choice for scaling
time. Moreover, cases with higher ¢, values deviate from the short-time asymptote earlier, yet take
longer to reach the long-term bare-interface asymptote. Because ¢y is dimensionless, dimensional
analysis alone does not yield a quantitative scaling law.

To understand quantitatively the nontrivial effect of surface coverage on the evolution of solute
diffusion, we analyze the limiting behavior of a closely related system for which analytical solutions
to Eq. (1) are known. In this system, the particles are modeled as a homogeneous layer with a
constant diffusivity D, < Dy [cf. Fig. 1(e)], effectively accounting for the hindrance to mass transfer
via reduced diffusivity instead of reduced available area. From the analytical solutions for c(yx, t)
[28], we calculate the normalized mass of solute that has crossed the interface, resulting in

[s = . .
v(t,8) = ;T (1 + 2Za”e_” Mf)) — 22na”erfo<\/%>, 4)
n=1 n=1

with parameters 6 = Dy /Dy and o = (1 — NG )/ (1 + NG ), shown as solid lines for different values
of § in Fig. 3(a). Asymptotic analysis of Eq. (4) reveals limiting regimes at short and long times,
connected by an intermediate regime

6T
JT

for 1/8 < v < 1/82. These scaling regimes are shown as dashed lines in Fig. 3(a), where the
horizontal axis is scaled to highlight the transition between the intermediate and the long-time
regime at 8>t = 1. The linear dependence of v on T in the intermediate regime is particularly evident
for small values of §.

The analytical solutions for the homogeneous layer with reduced diffusivity now guide the
scaling analysis for the particle-laden interface. While the earlier rescaling in Fig. 2(c) failed to
capture the regime transitions, the new insight into the intermediate regime enables a more effective
rescaling of the numerical solutions for different values of ¢y, shown as solid lines in Fig. 3(b). This
rescaling reveals the same three regimes observed in the analytical solutions of Fig. 3(a). The time t
is rescaled by 1 — ¢ in Fig. 3(b), which aligns the transition from the intermediate to the long-time
regime at T = 1/(1 — ¢yg). Simultaneously, the total diffused mass v is rescaled by (1 — ¢g)*/?,
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(&)
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FIG. 3. Unsteady diffusion across a homogeneous layer with reduced diffusivity as an effective model for
a particle-laden interface. (a) Analytical solutions for a layer with reduced diffusivity [Eq. (4)]. (b) Numerical
solutions of the Fick-Jacobs equation [Eq. (1)] for a particle-laden interface. In both plots, time is normalized
by the characteristic timescale that separates the intermediate and long-time regimes. The vertical axis in (b) is
scaled by (1 — ¢)*? to account for the reduced fluid volume within the layer, aligning the curves with the
analytical results. Black dashed lines represent first-order approximations for the transport regimes based on
Egs. (5) and (6).

consistent with the reduced fluid volume due to the particle presence. The rescaling of both axes
explains why the earlier scaling using only 1 — ¢ in Fig. 2(c) was unsuccessful. Moreover, the
vertical rescaling reveals an additional time scale in the Fick-Jacobs framework associated with
diffusion through the layer itself, aligning the transition between short and intermediate time
regimes, as shown in Fig. S1 in the Supplemental Material [23].

The strong similarity of the numerical solutions for a particle-laden interface with the corre-
sponding analytical solutions for a homogeneous layer [Figs. 3(a) and 3(b)] suggests the following
approximate scaling for diffusion across the particle-laden interface in the intermediate regime:

1 _
b(z. o) ~ 1y L2 ©)
T

valid for 1 — ¢y < t < 1/(1 — ¢bo). The scaling regimes are shown as dashed lines in Fig. 3(b),
centered around the transition to the long-time regime at (1 — ¢9)t = 1. The 1D model is valid for
homogeneous layers; a heterogeneous pore size distribution, leading to spanwise asymmetries in
the concentration field around the layer, would cause a more gradual transition between regimes.
The effect should be especially pronounced at short times, when the layer properties dominate the
transport. The comparison between the two frameworks also reveals that there is no single universal
conversion between effective diffusivity and interfacial coverage. Nonetheless, a regime-specific
conversion yields

Do(1 — ¢p)>  for 7 < 1— ¢y,
1
DL% DO\/l—d)O for 1 —¢O< T < 1_—¢0, (7)
1
Dy for T > .
1 —¢o
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FIG. 4. Data from the literature compared against the criterion for long-term hindrance to diffusion.
Experimental data includes evaporating droplets (triangles) [17,29-31] and solute diffusion in emulsions
(other symbols) [15,16,18,19,32-34], colored by the observed effect of the particle-laden interface: significant
hindrance (black), minor effect (gray), or no effect (white). Dashed lines represent the criterion from Eq. (9)
and offsets by factors of ten, reflecting the typical sensitivity of our analysis. Together, these lines mark the
transition from unaffected to strongly hindered diffusion.

With the quantitative expressions for transport regimes across a particle-laden interface, we can
now reconcile the conflicting observations in the literature, ranging from long-term hindrance to
virtually unaffected transport in Pickering emulsions and evaporating droplets [12—19]. The key
parameter is the characteristic time scale

a?

~ Do(1— o)’

which marks the transition from the intermediate regime, where solute diffusion is hindered by the
interface, to the long-time regime, where the effect of the interface becomes negligible. For a system
of characteristic size R (e.g., droplet radius), diffusion across the system occurs on the time scale
tr = R?/Dy. If t; < tg, the influence of the interface vanishes well before diffusion on the system
scale becomes relevant. Conversely, if #, 2 tg, solute transport remains hindered well beyond .
This comparison yields a simple criterion for long-term hindrance of diffusive transport

®)

L

P
$o>1- 5. ©))
which can be equivalently expressed in terms of the effective diffusivity as
D
L g (10)
Dy R

The criterion for effective hindrance of diffusive transport is shown in the (a/R, 1 — ¢g) space in
Fig. 4, alongside experimental data from various systems, where either surface coverage or effective
layer diffusivity is reported. The present formulation [Eq. (9)] enables direct comparison across
systems without requiring the often unavailable value of Dy, while R is typically reported or readily
estimated from experimental data. For systems where direct layer visualizations suggest dense circle
packing, we typically assume ¢y =~ 0.91. For systems with processing steps that further reduce pore
area, accurately estimating the surface coverage from layer visualizations is challenging. Comparing
typical pore sizes at various values of ¢ to representative micrographs from the literature [2,15,18]
suggests that the available free area 1 — ¢ decreases by roughly one order of magnitude per
processing step. This estimation keeps ¢ values consistent within experimental series from the
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same study. We cannot reliably assign values of 1 — ¢ below 1073, as this typically corresponds
to pore sizes below the imaging resolution. While the actual available interfacial area may be
smaller, it is not readily quantifiable. We, therefore, project the cases with 1 — ¢ < 1073 onto
1073, For evaporating droplets, the reported values of ¢ typically refer to initial states and are
assumed to remain approximately constant during early-time evaporation, when the structure of
the interfacial particle layer, and its influence on evaporation, is assessed. Detailed calculations
for each experiment are shown in the Supplemental Material [23], where we additionally confirm
that the effective pore radius exceeds the hydrodynamic radius of the diffusing solute, ruling out
effects due to size exclusion.Systems showing hindered transport due to the interfacial layer (filled
symbols) predominantly lie in the region where ¢, > R*>/D, (shaded area), while cases where the
layer has no effect fall well outside this region. Note that the threshold remains inconclusive for
some cases, particularly the gray and white symbols within the shaded areas. This may reflect the
uncertainties in estimating layer thickness and surface coverage from specific experiments, and
could also suggest that additional physical effects are relevant in those cases. Nonetheless, the
parameter space overview highlights that effective hindered transport requires interfaces that are
both sufficiently thick (typically a/R 2 0.01) and very densely covered (with most data points for
¢o 2 0.99). For particle monolayers, this demands exceptionally high surface coverage, well above
the dense circle packing limit ¢ > 0.91. In the experiments reported in Fig. 4, this is achieved, for
instance, by thermal sintering [18] or polymer deposition [15]. For armored bubbles, the literature
typically reports only the late stages of the system, after dissolution arrest [11,35] or buckling
[36,37], providing insufficient data to include them in our analysis in Fig. 4.

The results from our transient approach are consistent with Berg’s steady-state solutions: both
frameworks predict that diffusive transport is significantly hindered for very high surface coverage
[22]. Yet, a transient approach is especially important for well-covered interfaces, where the time
scale 7, marking the onset of bulk-dominated diffusion, can exceed the layer diffusion timescale
a*/D; by multiple orders of magnitude. As a result, transients may persist throughout all ex-
perimentally relevant time scales, rendering steady-state assumptions invalid. This time-resolved
perspective qualitatively distinguishes between experiments with and without long-term transport
hindrance. While such a simplified model cannot capture the full transient dynamics of each system,
the results highlight the major effect of diffusion to explain the contrasting observations in the
literature. As a future direction, more accurate models including specific physicochemical properties
of emulsions, evaporating drops, or dissolving bubbles will enable more quantitative descriptions of
mass transfer across complex interfaces. More broadly, the model is generally applicable to other
complex interfaces ubiquitous in nature and technology.
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