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Confocal microscopy images illustrating the dynamics of irreversible adsorption of TPM-F108 particles (diameter =270
nm) at the toluene/water interface. Each image corresponds to a different surface coverage, highlighting the progressive
crowding of the interface and the onset of steric blocking as particles adsorb. As the surface fills, adsorption becomes
increasingly hindered. The transition from diffusion-limited to kinetic-limited regimes is captured by the dynamic Thiele
modulus ¢(6), which decreases as coverage 6 increases. Each image is 62 ym X 62 um.
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Abstract

Understanding the dynamic adsorption of colloidal particles at fluid interfaces is essential for
applications ranging from emulsion stabilization to interfacial assembly of functional materials.
Adsorption dynamics is often described through diffusion-limited models (such as the Ward-
Tordai framework) along with assuming dynamic equilibrium between the adsorbed and dis-
persed particles. However, most experiments show that particle adsorption is irreversible, and
diffusion-limited models fail as the surface coverage goes beyond the dilute limit where particle
crowding limits further adsorption. Here, we present a unified model that captures the tran-
sition from diffusion-limited to kinetic-limited regimes by coupling diffusion with a Random
Sequential Adsorption (RSA)-based boundary condition that accounts for irreversible adsorp-
tion and particle blocking for a spherical droplet. Using both a microtensiometer and pendant
drop tensiometry, we measure dynamic interfacial tension changes for 3-(Trimethoxysilyl)propyl
methacrylate (TPM) particles at the toluene/water interface across a range of bulk concentrations,
drop sizes, and particle functionalization. Our analysis shows that the adsorption flux becomes
increasingly hindered as the surface area fills, in agreement with RSA predictions. Further-
more, we calculate the Thiele modulus as a dimensionless number that quantifies the relative
importance of adsorption kinetics to diffusion. We find that above a critical surface coverage,
adsorption becomes reaction-limited, marking a transition to kinetically controlled dynamics.
This approach provides a predictive framework for particle adsorption at fluid interfaces and
highlights the necessity of moving beyond equilibrium diffusion-limited models.

Keywords: Particle adsorption, Interfacial dynamics, Random Sequential Adsorption (RSA),
Thiele modulus, Kinetically-limited adsorption, Pickering emulsions

1. Introduction

The precise arrangement of colloidal particles at fluid-fluid interfaces represents a powerful
paradigm for creating materials by design [1, 2, 3, 4, 5, 6, 7]. This approach has enabled the
fabrication of a new generation of materials, including bijels, functional capsules, and even re-
configurable liquid circuits [8], where the collective behavior of the interfacial particles dictates
the macroscopic properties and rheology of the interface itself [9, 10, 11, 12, 13, 14, 15, 16].



Compared to traditional molecular surfactants, the appeal of colloidal particles lies in their
substantial adsorption energies—often thousands of kg7—which lead to effectively irreversible
attachment and the formation of exceptionally robust, solid-like interfacial assemblies [12, 13,
14, 17, 18, 19]. Recent studies have also demonstrated the versatility of particle-stabilized sys-
tems in applications ranging from cosmetics and pharmaceuticals to advanced functional mate-
rials [12, 14, 13].

Nevertheless, the fundamental processes controlling the adsorption of colloidal particles re-
main poorly understood. Particle adsorption extends beyond simple diffusion-driven transport
from bulk solution to the interface, encompassing irreversible attachment processes as well as
dynamic interfacial phenomena such as particle crowding, structural ordering, and jamming
transitions [20, 21, 22, 17, 23, 24, 25, 26]. The complexity of these interfacial dynamics ren-
ders purely diffusion-based models inadequate for accurately describing the particle assembly
process.

Classical theoretical frameworks for surfactant adsorption dynamics, notably the Ward—Tordai
model [27, 28, 29], cannot be applied directly to particle adsorption because these models assume
reversible attachment characterized by a dynamic equilibrium at the interface. However, in the
case of particles, the attachment is effectively irreversible, meaning desorption events are negligi-
ble unless the particles are very small or undergo change in their surface energy, therefore no true
equilibrium can be established [19, 18, 30, 31]. More critically, as the interface becomes densely
populated, adsorption kinetics become increasingly dominated by crowding phenomena. Inter-
facial crowding significantly slows the adsorption rate by reducing the accessible interface area
for new particles, often described as a "blocking" effect [30, 31]. Additionally, particle mobility
at crowded interfaces is substantially reduced, manifesting as a coverage-dependent surface dif-
fusivity that prevents the effective rearrangements needed to incorporate new particles [32, 33].

Experimentally, disentangling intrinsic interfacial phenomena from diffusion-limited mass
transport remains extremely challenging. This challenge motivated the development of advanced
experimental techniques, such as the microtensiometer, to minimize diffusion timescales and
enable direct probing of intrinsic interfacial adsorption kinetics [34, 35]. However, diffusion
typically remains the limiting factor even at the small length scales of microtensiometry, under-
scoring the profound difficulty of isolating true kinetic limitations in particle adsorption experi-
ments [23, 36, 37].

In this work, we directly address these challenges by developing a unified experimental and
theoretical framework for studying the adsorption dynamics of colloidal particles. We aim to
capture the complete adsorption process, from initial diffusion-dominated kinetics to later stages
governed by interfacial crowding and blocking. We utilize two distinct experimental platforms:
microtensiometry, employing small toluene droplets with radii r; ~ 80um, and pendant drop
tensiometry, using larger droplets (r; = 1 mm). Our experimental results are interpreted us-
ing a comprehensive theoretical approach coupling bulk diffusion with a Random Sequential
Adsorption (RSA) kinetic model at the interface. The RSA model explicitly accounts for ir-
reversible adsorption and coverage-dependent blocking effects characteristic of particulate sys-
tems [38, 39, 40].

This article is structured as follows: we first describe our theoretical framework, contrasting
classical diffusion-limited models with our unified diffusion-RSA approach. We then detail the
experimental materials and methods. In the Results and Discussion section, we validate our
model against experimental observations, determine key kinetic parameters, and use the Thiele
modulus to analyze the transition from diffusion-controlled to kinetically controlled adsorption
regimes. Finally, we summarize our main findings and outline directions for future research.
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Figure 1: (a) Particle adsorption occurs in two primary steps: diffusion from the bulk water phase to the subsurface,
followed by adsorption to the interface. (b) At low coverage, particles at the interface may undergo 2D-rearrangement.
(c) In the kinetically-limited regime, particles already adsorbed at the interface create steric hindrance, blocking further
adsorption of incoming particles.

2. Theoretical Framework

The adsorption of colloidal particles from a bulk dispersion onto a fluid interface can be
conceptualized as a multi-step process (Fig. 1). Initially, particles must be transported from the
bulk phase to a region immediately adjacent to the interface, often termed the subsurface layer.
This transport is typically governed by diffusion. Once a particle reaches the subsurface, it must
overcome any potential energy barriers to successfully attach to the interface. For particles with
high adsorption energy, this attachment step is irreversible.

Following attachment, particles may undergo further processes at the interface, such as 2D
diffusion (Fig. 1b), although mobility is often significantly hindered at higher surface coverages
6. If transport is slow compared to attachment, the process is diffusion-limited. Conversely, if
attachment is the slower step, often due to energy barriers or limited available space from steric
blocking (Fig. 1c¢), the process is kinetically-limited.

2.1. Diffusion-Controlled Models

The Ward-Tordai model provides an analytical description for diffusion-controlled adsorp-
tion to a planar interface [27]. It relates the time-dependent surface excess concentration, I'(¢), to
the history of the subsurface concentration, c,(#), via an integral equation:

r(z)—zco,/ ( f C;(i_) (1)

Here, ¢y is the constant bulk concentration far from the interface, and D is the particle diffusion
coeflicient. To solve this, an additional relationship between I'(¢) and c,(t) is required, typically
an adsorption isotherm assuming local dynamic equilibrium. For the Ward-Tordai model used
in this work for comparison, we follow the approach for particles developed by Hua et al. [23],
which adapts the classical framework for molecular surfactants [41]. In this modified model,
the partitioning between the subsurface concentration c,(#) and the surface excess I'(¢) is still

3



governed by an adsorption isotherm (e.g., Frumkin) [23], which presumes a local equilibrium.
However, the resulting change in interfacial tension is not calculated from the isotherm’s cor-
responding equation of state. Instead, for irreversibly adsorbed particles where the adsorption
energy (AE) is much larger than thermal energy, the surface pressure, I1(#) = yy — y(¢), can be
directly related to the surface concentration, I'(¢), through a wetting equation of state [17]:

() = AE - T(1) = yo - n(1) 2

where 7(¢) is the surface coverage. This relationship allows the experimentally measured inter-
facial tension to be directly converted to surface coverage.

For adsorption onto curved interfaces, such as the droplets used in our experiments, mass
transport is governed by Fick’s second law in spherical coordinates:

oc(r, 1) _D 10 (r2 oc(r, t))

- — 3
ot r2 or or )
where c(r, 1) is the concentration at radial position » and time ¢. The curvature introduces a
geometric focusing effect, altering diffusion pathways compared to planar interfaces, particularly
when the droplet radius r, is small [34, 35].

2.2. Irreversible Adsorption with Steric Blocking (RSA Model)

For colloidal particles, the adsorption energy is frequently very large compared to thermal
energy, making the process effectively irreversible. Furthermore, particles occupy a significant
area, and sterically hinder the adsorption of subsequent particles. This excluded area effect be-
comes the dominant factor limiting adsorption as the surface coverage increases. The adsorption
energy AE of a spherical particle of radius a at a fluid—fluid interface can be expressed as [18, 19]:

AE = na*y(1 — | cos 6))%.

For TPM-F108 particles (a = 43 nm) and TPM-Tween particles (¢ = 30 nm), assuming 6 ~
90°, we estimate AE ~ 2.0 x 107° J and 1.0 x 107! J, respectively. These correspond to
~ 5% 10* kT and ~ 2.4 x 10* kT at room temperature, confirming that adsorption is effectively
irreversible. Direct contact angle measurements on larger TPM-F108 particles (1.25 ym) with
identical surface chemistry give § = 89.1° [? ], supporting the assumption of near-equatorial
pinning for the smaller particles. Based on this, we adopt 6 = 90° for simplicity in the present
analysis.

To model this irreversible process, we modify the kinetic boundary condition at the inter-
face to incorporate a blocking function, B(6), derived from the principles of Random Sequential
Adsorption (RSA) [40, 38]. The kinetic rate equation for irreversible adsorption becomes:

dI'(t) (r(t)

e kq c(rq,t) B

) = kae(6) c(ra, 1) 4
m

Here, k, is the intrinsic adsorption rate constant, and I, is the maximum surface concen-
tration (m~2). c¢(r4, ) denotes the subsurface concentration, i.e. the concentration of particles
evaluated at the interface. The function B(6) represents the blocking function, where 8 = I'(¢)/T,,
is the normalized surface coverage. The effective adsorption rate constant is defined as:

kaer(6) = ko - B(6) (5)
4



This definition captures how crowding at the interface dynamically reduces the available area for
adsorption. As 6 increases, B(6) decreases from B(0) = 1 to zero, reflecting the transition from a
clean to a fully jammed interface. Consequently, k, . declines over time, slowing the adsorption
rate as the surface coverage increases. For the blocking function, we use the well-established
empirical form for hard spheres/disks [31]:

B(0) = (1 +0.8120 + 0.4266% + 0.0726°)(1 — 6)° (6)

The highly non-linear nature of B(6) reflects the rapidly increasing difficulty of finding a suffi-
ciently large empty space for a new particle as the interface becomes crowded (Fig. 2).
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Figure 2: Blocking function and representative images of the interface at selected coverages. (Top) The RSA blocking
function B(6) decreases sharply as normalized surface coverage 6 = n/n,, increases. The numbered boxes (1-3) corre-
spond to the images below. (Bottom) Confocal fluorescence images of TPM-F108 particles (diameter 270 nm) at the
toluene/water interface acquired at (1) n = 0.06 (8 = 0.13), (2) n = 0.27 (6 = 0.58), and (3) n = 0.38 (§ = 0.81),
illustrating how crowding increasingly hinders further adsorption. Each image is 62 um X 62 yum.



2.3. Unified Diffusion-RSA Model

A comprehensive model must account for both bulk diffusion and RSA kinetics. This is
achieved by coupling the diffusion equation (Eq. 3) with a boundary condition at the interface
(r = ry) that equates the diffusive flux to the kinetically limited adsorption rate (Eq. 4):

dc I'(r)
-D— = kyc(rg, h)B| = 7
s, c(ra, 1) (Fm ) @)
This unified model (Eqs. 3 7) addresses the key mechanisms of irreversible particle adsorption
onto curved interfaces: bulk diffusion, geometric effects of curvature, and kinetic limitation due
to steric blocking described by RSA.

3. Materials and Experimental Methods

3.1. Materials

The following reagents were used as received: 3-(Trimethoxysilyl)propyl methacrylate (TPM,
98%, Sigma-Aldrich), 2-hydroxy-4-(2-hydroxyethoxy)-2-methylpropiophenone (photoinitiator,
98%, Sigma-Aldrich), sodium chloride (NaCl, Sigma-Aldrich), sodium hydroxide (NaOH, Fisher
Scientific), poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) (Pluronic
F108, Sigma-Aldrich), Tween 20 (Fisher Scientific), toluene (> 99.9%, Fisher Scientific), hy-
drogen peroxide (H202, 30%, Fisher Scientific), 200 proof KOPTEC ethanol (VWR), sulfuric
acid (H2SO4, 95%, J.T. Baker), and RBS 35 solution concentrate (Sigma-Aldrich). Xiameter
OFS-6124 silane (Dow Corning) was used for surface modification. Deionized (DI) water with
resistivity greater than 18.2 MQ-cm was obtained from a Milli-Q Integral Water Purification
System.

3.2. Particle Synthesis and Characterization

TPM colloidal particles were synthesized using a spontaneous emulsification method fol-
lowed by photopolymerization, based on procedures detailed elsewhere [42]. Briefly, an aqueous
solution (10 mL) was prepared containing NaOH and NacCl to achieve a pH of 11.9 and an ionic
strength of 15 mM, along with a stabilizing surfactant (either Pluronic F108 or Tween 20). Liquid
TPM monomer (110 uL), containing 0.2% photoinitiator, was carefully added onto the aqueous
phase. The molar ratio (w) of TPM to surfactant was controlled: w = 50 for Pluronic F108
and w = 45 for Tween 20. The mixture was left undisturbed for 96 hours to allow spontaneous
emulsification.

Subsequently, the TPM droplets were solidified into particles via UV-initiated radical poly-
merization. The resulting solid particles were purified by at least eight cycles of centrifugation,
decanting, and redispersing in fresh DI water. Particle diameter and polydispersity were charac-
terized using dynamic light scattering (Zetasizer Nano-ZS, Malvern Instruments). The average
diameter was 86 nm for TPM-F108 particles and 60 nm for TPM-Tween particles. Both systems
had a Polydispersity Index (PDI) below 0.1. Representative SEM images of TPM nanoparticles
synthesized with Tween 20 by the same route have been published previously [42], confirming
their spherical morphology and narrow size distribution. TPM particles were chosen for their
reproducibility, tunable size, and compatibility with surface functionalization.

The synthesis of the fluorescent TPM-F108 follows the nonfluorescent protocol, except that
a hydrophobic fluorophore is premixed with the TPM oil before emulsification. Specifically,
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liquid TPM is mixed with 5 mM Nile Red (emission 636 nm) and then added to the alkaline F108
solution; after spontaneous emulsification and polymerization, the dye is incorporated within the
TPM particles. Particles are cleaned by repeated centrifugation/decanting/redispersion (at least
8 cycles). The supernatant is tested by oil-water interfacial tension to verify negligible free F108
after washing. Dynamic light scattering confirms monodispersity (PDI < 0.1).

For the interfacial tension measurements (section 3.3), TPM-F108 particles with an aver-
age diameter of 86 nm were used in microtensiometry, and TPM-Tween particles with an aver-
age diameter of 60 nm were used in pendant drop tensiometry. Both dispersions were highly
monodisperse (PDI < 0.1). For confocal microscopy (section 3.4), a separate batch of fluores-
cent TPM-F108 particles with an average diameter of 270 nm was synthesized, as dyed particles
in the 60—86 nm range were not resolvable by confocal microscopy. These larger fluorescent
particles were used solely for qualitative visualization and to determined the contact angle at the
oil-water interface, while all quantitative adsorption kinetics were determined from the 60-86
nm batches.

The stabilizing ligands play an important role in dictating interfacial behavior. Pluronic F108
is a PEO-PPO-PEO triblock copolymer (M,, ~ 14.6 kDa), whose long PEO chains (~132 units)
form a thick hydrated corona that sterically stabilizes the particles and increases their effective
excluded area at the interface [43, 44]. Tween 20, by contrast, is a small nonionic surfactant
(M,, = 1.2 kDa) consisting of a laurate tail and ~20 ethylene oxide (EO) units, corresponding to
a thinner hydrated shell [42, 45]. This structural difference explains the distinct adsorption limits
observed in this manuscript: F108-coated TPM particles display stronger steric repulsion, con-
sistent with their lower maximum area fraction (7,,x =~ 0.45), while Tween 20-coated particles
pack more densely and reach a higher maximum area fraction 7,,x = 0.65. Despite differences
in ligand architecture, both systems display similarly high negative surface potentials. The zeta
potential of TPM-F108 (86 nm) was measured as —44 + 1 mV, while TPM-Tween (60 nm) has
areported value of —49 = 1 mV [42].

3.3. Interfacial Tension Measurements
Dynamic interfacial tension (IFT) was measured using two complementary techniques:

e Microtensiometry: This technique utilizes small droplets (r; ~ 80um). A schematic
is shown in Fig. 3A. Additional details on the setup are available in this article [34]. A
hydrophobized glass capillary was filled with toluene and immersed in the aqueous particle
dispersion. A toluene droplet was formed and held at a constant size by a controlled
pressure head (AP). The dynamic IFT was calculated from the Young-Laplace equation:
v(t) = AP()ry(t)/2, where AP(t) and the droplet radius r,(f) were continuously monitored.

e Pendant Drop Tensiometry: This technique employs larger droplets (r; * 1 mm) (Fig.
3B). A toluene droplet was formed from a needle in the aqueous dispersion. The dynamic
IFT, y(¢), was determined by fitting the full drop shape to the Young-Laplace equation,
accounting for gravity.

Rigorous cleaning procedures were implemented for all experiments [46]. Residual free sur-
factant was minimized by > 8 washing cycles. Interfacial tension measurements of the fi-
nal supernatants confirmed negligible contribution: Tween 20 supernatants differed from clean
toluene/water by < 0.4 mN/m, and Pluronic F108 at concentrations of 10~7-10~8 mM (concen-
tration of residual surfactants estimated) changed y by < 0.1 mN/m. These controls establish
that excess surfactant does not influence the dynamic interfacial tension data reported here.
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Figure 3: (a) In the microtensiometer, a toluene drop (radius r) is held at a capillary tip. The pressure difference AP
is measured, and the IFT is calculated via the Young-Laplace equation. The green line shows a circular fit to the drop
contour. Scale bar: 20 um. (b) In the pendant drop tensiometer, the IFT is calculated from the shape of a larger toluene
drop. Scale bar: 1 mm.

3.4. Confocal microscopy

The confocal microscopy experiments were carried out using an Olympus FV3000 confocal
laser scanning microscope system, equipped with two-deck IX83 inverted microscope and two
channel high-sensitivity spectral detectors (HSD). The interfacial images are captured using a
30X silicone oil immersion objective lens with a numerical aperture of 1.05. The lens is equipped
with a correction collar to minimize the spherical aberration effects induced by window thickness.
The working distance of objective lens is 800 um, enabling us to image the bottom of drop in the
microtensiometer.

3.5. Numerical Methods

The unified Diffusion-RSA model, consisting of the bulk transport equation (Eq. 3) coupled
with the non-linear interfacial rate equation (Eq. 7), does not admit a closed-form analytical
solution. The primary difficulty lies in the non-linear coupling between the evolving bulk con-
centration profile and the interfacial coverage, governed by the RSA blocking function B(6).
To solve this system, we developed a custom numerical model in Python, employing a finite
difference scheme similar to those used in related surfactant and particle adsorption problems
[31].

The bulk diffusion process was modeled by solving Fick’s second law in spherical coordi-
nates. The semi-infinite radial domain was truncated to a finite computational domain, » € [ry, L],
with the far-field boundary L set sufficiently large so as not to influence the interfacial dynam-
ics over the simulation timescale. This spatial domain was discretized on a uniform grid. The
Crank—Nicolson method was used to discretize the diffusion equation. This implicit, second-
order accurate method is well-suited for diffusion problems.

The simulation proceeds with a time-marching algorithm. At each time step:

1. The bulk concentration profile is updated using the Crank—Nicolson scheme, incorporating
appropriate boundary conditions. At the far-field boundary (r = L), a Dirichlet condition
is applied: c(L, ) = co. At the droplet interface (r = r,), the adsorption kinetics (Eq. 7) are
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implemented as a Robin-type boundary condition. This condition dynamically links the
diffusive flux from the bulk to the available surface area for adsorption.
2. The solution of the diffusion equation provides the updated subsurface concentration c(ry, t).
3. This subsurface concentration is then used to integrate the differential equation for the
surface coverage ['(¢) (Eq. 4). This integration is performed using a high-order, adaptive
step-size solver: the Runge—Kutta—Fehlberg method (RK45), as implemented in SciPy.

This numerical approach accurately captures the dynamic interplay between bulk transport
and the increasingly hindered adsorption at the interface. It enables robust comparisons with
experimental data obtained from both pendant drop and microtensiometer measurements.

4. Results and Discussion

4.1. Dynamic Adsorption and Validation of the Diffusion-RSA Framework

The dynamic adsorption of colloidal particles at the toluene/water interface was quantified
by monitoring the time evolution of the interfacial tension (IFT, y) over a range of bulk particle
concentrations (cp). We converted the measured surface pressure, [1(f) = yo—7y(?), into the surface
coverage, 7(), using the wetting equation of state (Eq. 2). For Pluronic F108-stabilized particles,
the maximum area fraction was experimentally determined as nm, = 0.45, while Tween 20-
stabilized particles reached a higher limit of n,,, ~ 0.65. These values were used to normalize
the coverage data accordingly. We define the normalized coverage relative to the RSA jamming
limit as 6(¢) = 1(t)/Mmax, Where nmax is the maximum fractional surface coverage. This allows for
a unified comparison across systems with different particle chemistries and packing constraints.

Experimental results are presented in Figure 4 and compared to two theoretical models. The
first is a diffusion-limited model based on the Ward—Tordai framework (Section 2.1) but adapted
for particles [23]. This model assumes that while partitioning between the bulk and interface can
be described by an isotherm, the resulting interfacial tension is solely a function of the particle
surface excess via the wetting equation of state (Eq. 2). This approach decouples the surface
pressure from the complexities of the adsorption isotherm, a key distinction from the classical
surfactant model. The second is our unified Diffusion—-Random Sequential Adsorption (RSA)
framework (Section 2.2), which accounts for irreversible attachment and dynamic blocking ef-
fects as the interface becomes progressively crowded.

The Diffusion—-RSA model (solid colored and dashed black lines) provides excellent agree-
ment with the experimental data across all concentrations, timescales, and droplet sizes. It cap-
tures both the initial adsorption dynamics and the subsequent slowdown as the interface ap-
proaches jamming. The Ward-Tordai model performs adequately at early time and relatively
low surface coverage (6 < 0.5), where it correctly predicts the drop in interfacial tension. This
agreement reflects the fact that, for a pristine interface, adsorption is limited primarily by diffu-
sion from the bulk, a regime common to both models.

However, the Ward—Tordai model consistently overestimates the adsorbed amount at longer
times and higher surface coverages. This discrepancy stems from fundamental physical limita-
tions: the model assumes reversible adsorption, which is unrealistic for particles whose attach-
ment is effectively irreversible. As a result, it fails to capture the transition to kinetic control
observed in our experiments and discussed in the next section. In contrast, the Diffusion—-RSA
model incorporates the key physical ingredients: irreversibility and coverage-dependent steric
blocking. Thus, it accurately captures the full adsorption dynamics across all timescales.

9



A discrepancy is observed between the Diffusion—-RSA model and the data for the high-
concentration microtensiometer experiments (Figure 4 b,d). The model predicts a slightly faster
adsorption rate than is observed experimentally. It is important to note that in microtensiometry
the droplet surface area is not held constant. Because y is determined at fixed pressure, the
decreasing interfacial tension during adsorption leads to a gradual increase in droplet radius and
surface area (see inset in Figure 4b). This expansion effectively dilutes the surface coverage,
7, and slows the apparent adsorption kinetics, contributing to the slight overprediction by both
the Ward-Tordai and Diffusion—-RSA models. Constant-area protocols reported in the literature
confirm that adsorption proceeds more rapidly when droplet area is fixed during the experiment
[46].

In contrast, our pendant drop experiments do not suffer from this issue, as the surface area
remains constant throughout the measurement, leading to good agreement between the model
and the data across all concentrations.
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Figure 4: Time evolution of (a,b) interfacial tension y(f) and (c,d) normalized surface coverage n(f) for TPM particles at the
toluene—water interface from various bulk concentrations cg. Panels (a,c): pendant drop tensiometry with TPM—Tween particles (av-
erage diameter 60 nm, r4 ® 1 mm). Panels (b,d): microtensiometry with TPM-F108 particles (average diameter 86 nm, r; ~ 80 um).
Experimental data (open symbols), Diffusion—RSA model (solid colored and dashed black lines), and Ward—Tordai model (grey
lines) are shown. All adsorption curves represent averages over at least 3 independent experiments. The inset (lower-left in panel
b) shows the drop-area ratio, A/Ao, versus time for each concentration, where A is the instantaneous drop area and Ay is its initial
value. The volume fraction is proportional to the concentration co shown in the legend. For the RSA model, the maximum surface
coverage I';, determined experimentally corresponds to the RSA jamming limit (6 = 0.547).
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4.2. Quantification of the Intrinsic Interfacial Kinetics

The unified Diffusion-RSA model contains the intrinsic adsorption rate constant, k,, as a key
kinetic parameter. For each experiment, k, was determined by fitting the model to the data. The
diffusion coefficient D was computed via the Stokes-Einstein relation, and I, estimated based
on particle geometry and the RSA jamming limit (6 = 0.547).

Figure 5 plots the fitted values of &, versus the particle volume fraction y (proportional to
cp). A linear dependence, k, = ko + @y, emerges, robustly consistent across both microten-
siometry and pendant drop geometries. This collapse confirms that k, is an intrinsic, geometry-
independent material parameter. The intrinsic adsorption rate constant, k,, extracted from our
model fits, is on the order of 1077 m/s. To place this value in context, we note that for molecu-
lar surfactants, experimentally determined values of &, span several orders of magnitude (from
1078 to 1073 m/s), reflecting a strong dependence on molecular structure and solution conditions
[47,48, 49,50, 51, 52]. Quantifying an equivalent intrinsic rate constant for nanoparticle systems
has proven significantly more challenging.

The clear linear dependence of k, on the bulk concentration implies that the adsorption flux,
which is proportional to k,c; in the kinetic regime, contains a quadratic term (o< ci). Such second-
order kinetics signify a departure from the simple mechanism of independent, non-interacting
particles attaching to the interface. This quadratic dependence points towards a more complex,
cooperative adsorption process, analogous to behaviors observed in certain protein and surfactant
systems where multimer adsorption or surface-induced aggregation leads to non-linear kinetics
[53, 54]. Potential physical causes for this cooperativity include attractive interactions between
particles in the subsurface that facilitate the formation and subsequent adsorption of dimers or
larger clusters. Furthermore, attractive forces between adsorbing particles and those already
present at the interface could also play a critical role in lowering the energy barrier for attachment.
This latter hypothesis is qualitatively supported by direct confocal imaging of the interface.

Confocal images (see Figure 2) show that particles are not homogeneously dispersed at the
interface, but rather form aggregated domains. This behavior deviates from the idealized as-
sumption of a uniformly distributed monolayer often used in theoretical descriptions.

DLS measurements confirm that TPM-F108 and TPM—-Tween particles remain colloidally
stable in the bulk for hours, consistent with their highly negative {-potentials. In contrast, with-
out positing a specific microscopic mechanism, we treat these interfacial effects phenomenolog-
ically: their net influence is absorbed into the fitted intrinsic adsorption rate constant k, (which
increases with cp), while excluded-area crowding is captured by the RSA blocking function B(8).
Importantly, however, a blocking function that explicitly accounts for interfacial clustering and
cooperative adsorption does not yet exist in the literature. Our results therefore highlight the need
for future theoretical developments that couple interparticle interactions (electrostatic, steric,
polymer-corona, capillary, etc.) with RSA-type crowding.

To assess possible gravitational redistribution or capillary clumping, we compared both the
2D in-plane diffusion time and the sedimentation time, and evaluated the Bond number (see SI,
Sec. S4). For TPM nanoparticles used in adsorption kinetics (30—43 nm radius, with droplet radii
of 1 mm for Tween and 80 um for F108), we obtain lateral diffusion times in the microsecond
range, Péclet numbers Pe ~ 1041073, and Bo ~ 107''=1071° Even for the larger 270 nm
tracer particles used for confocal imaging (135 nm radius, r;, = 80 um), T,p remains < 0.1
ms, Pe < 0.4, and Bo ~ 107°. Thus, interfacial diffusion is faster than gravitational drift, and
capillarity overwhelms gravity, ruling out gravitational redistribution and capillary clumping as
controlling factors in our experiments.

11



x10~7

-1

— k, =588 x 1075+ 6.81 x 10~

Ut
1

ko (ms™h)

T 1 T T

107° 107° 10! 107°

0 I I I I I I
0.0 0.2 0.4 0.6 0.8 1.0

Volume fraction x x1073

Figure 5: Adsorption rate constant k, vs particle volume fraction y . Microtensiometer data are displayed using the

“viridis” colormap (Matplotlib) and pendant-drop data using the “plasma” colormap (Matplotlib). The global linear fit

(black line) is k, = ko + ey with kg = 5.88 x 1078 m/s and @ = 6.81 x 10™* m/s. Open markers (same as in the Figure 4)

indicate the studied concentrations used. Microtensiometer: o 8.03 x 1015, [13.45 x 10'°, ¢ 1.27 x 10'7, 2 3.33 x 10!7,
9.64 x 10'7 #/m3; Pendant drop: ©7.97 x 107, 04.01 x 107, ¢ 1.32 x 108, 24.04 x 10'8, 7/ 8.50 x 10'® #/m>.

5. Rate-Controlling Mechanisms: A Thiele Modulus Analysis

Having established a validated model for the adsorption process, we now seek to quantita-
tively dissect the evolving balance between bulk diffusion and interfacial kinetics. To achieve
this, we employ the Thiele modulus, ¢, that compares the characteristic timescale of diffusion,
Tp, to that of the kinetic process, 7;. For our system, it is defined as:

p=12 (8)
Tk
In this framework, a large Thiele modulus (¢ > 1) signifies that the kinetic processes at the
interface are intrinsically much faster than the rate at which particles are supplied by diffusion;
the system is therefore diffusion-limited. Conversely, a small modulus (¢ < 1) indicates that
diffusive transport is rapid compared to the attachment process, and the system is kinetically-
limited. The crossover between these two fundamental regimes occurs at ¢ = 1.

5.1. Expression of the Thiele Modulus for Irreversible Adsorption

A pivotal insight for particulate systems is that the kinetic barrier to adsorption is not static.
While we have determined an intrinsic rate constant, k,, the effective rate of adsorption is con-
tinuously throttled as the interface becomes crowded. This effective rate necessitates a dynamic
formulation of the Thiele modulus that evolves with the normalized surface coverage, 6.

We adapt the theoretical framework for transport to spherical interfaces, originally developed
for molecular surfactants by Alvarez et al. [35], to define the characteristic timescales for our
particle system. The diffusion timescale, 7p, depends on the droplet radius, r;, and on two key
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length scales: h,,, the thickness of a hypothetical bulk layer containing a quantity of particles
equivalent to a full monolayer, and h, the thickness of the spherical depletion shell from which
particles are drawn:

hy = — €))

3h,\'?
(1+—”) -1
ra

hy =14 (10)

Across our conditions, £, ~0.2-200 um and &, ~ 0.2-200 um for the r; # 1 mm pendant drops
(TPM-Tween), with hg ~ h, since r4 > h,,. For the r; ~ 80 ym microtensiometer (TPM-F108),
hp=~1.1-140 um and A, =~ 1.1-53 um across the tested concentrations. The characteristic diffusion
time, which elegantly incorporates the spherical geometry, is then given by:

JBh,

D

™ = (1)
To obtain an analytical expression for the kinetic timescale 7, we require an analytical ex-
pression for the surface concentration I'(f). In the regime of high surface coverage, where steric
effects dominate, we adopt the empirical expression proposed by Bizmark et al. [30] for the

blocking function:
B(®) ~ 2.32(1 - 6)° (12)

Substituting this into the rate equation (4) and integrating yields the following analytical expres-
sion for the surface concentration as a function of time:

1
1= \/(4.6 kacp 1/T + 1)} (13)

This expression enables direct estimation of the kinetic timescale 7y, that is inversely proportional
to the effective adsorption rate.

Critically, for an RSA process, this rate depends on the available interfacial area, which is
captured by the blocking function, B(6). This function, which decays from B(0) ~ 1 towards
zero as 6 approaches the jamming limit, dynamically slows the adsorption. The kinetic timescale
is therefore a function of coverage:

F(t) = rl’l’l

|
O = B (14)

Combining these definitions yields the final expression for our dynamic Thiele modulus, ¢(7):

oy A6kBO) [,

¢(0) = o D, 15)

This expression encapsulates the essential physics of the process: a system can begin in a
diffusion-limited state, but as the interface fills and B(6) diminishes, ¢(6) will inevitably de-
crease, driving the system towards kinetic control.
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Figure 6: Dynamic Thiele modulus ¢(6) as a function of normalized surface coverage 6 for TPM particles adsorbing
at the toluene—water interface. (a) Microtensiometry experiments with TPM—-F108 particles (average diameter 86 nm,
rq ~ 80 um). (b) Pendant-drop experiments with TPM-Tween particles (average diameter 60 nm, 4 ~ 1 mm). Different
curves correspond to varying bulk particle concentrations co as indicated in the legend. The dashed line (¢ = 1) denotes
the transition between diffusion-limited (¢ > 1) and kinetics-limited (¢ < 1) regimes. The plots illustrate the transition
from diffusion to kinetic control during adsorption.
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5.2. Evolution of Rate Control with Interfacial Coverage

Figure 6 presents the calculated evolution of ¢(6) as a function of surface coverage for our
experimental systems. This analysis provides a direct, quantitative visualization of the transition
in the rate-limiting mechanism. For the large, 1 mm pendant drops (Figure 6b), the adsorption
process begins with ¢ values significantly greater than 1, confirming that the initial stages are
diffusion-limited. As coverage increases, all trajectories show a decrease in ¢, eventually cross-
ing the critical ¢ = 1 boundary and entering the kinetically-limited regime, where interfacial
blocking becomes the primary bottleneck.

The initial values of ¢ for the 80 pm microtensiometer drops (Figure 6a) are substantially
lower, often starting near the ¢ = 1 threshold. This is a direct consequence of the smaller drop
radius, r,, which leads to a much shorter diffusion timescale 7. The system is therefore more
sensitive to the finite rate of interfacial kinetics from the very beginning of the experiment.

For reference, legends in Figure 6 are ordered in ascending bulk concentration cy. In the
small-drop (microtensiometer) case, the apparent curve ordering in the plot does not follow ¢
monotonically because ¢(6, cy) combines the geometric diffusion length with the intrinsic kinetic
trend k,(cp). We discuss the explicit co—dependence in SI Sec. S3.

It is worth addressing a common heuristic used in the literature after analyzing here the tran-
sition with the Thiele modulus. Several reports, particularly for irreversible adsorption systems,
identify the transition from diffusion-limited to kinetically-limited regimes as the point where
the adsorption data deviates from a short-time ¢'/> dependence, a hallmark of pure diffusion to
an interface [30, 55, 9]. While this deviation does indicate that diffusion is no longer the sole
rate-limiting step, our analysis reveals a more nuanced picture.

The Thiele-modulus analysis (Fig. 6) shows that even after the very early diffusion-controlled
stage [9], the system does not immediately become fully kinetics-limited, but instead passes
through a mixed diffusion—kinetic regime. This is because the transition is gradual, and signif-
icant interfacial blocking is required to shift the balance fully to kinetic control. Our framework
thus provides a more rigorous, quantitative criterion for identifying the rate-limiting mechanism,
moving beyond the simpler, and potentially misleading, #!/?> deviation heuristic.

5.3. A Universal Map for Adsorption Regime Transitions

To generalize these findings, the transition between regimes can be projected onto a universal
map. This is achieved by recasting the criterion ¢ = 1 in terms of fundamental dimensionless
groups that combine the intrinsic properties of the system with the controllable experimental
parameters. Following the approach of Alvarez et al. [35], we begin by defining a character-
istic length scale, Rpg, which quantifies the intrinsic balance between diffusive transport and

interfacial reaction kinetics: D

4.6k,

We then define a primary dimensionless group, g, which relates this intrinsic length scale to the
experimental conditions encapsulated by &,:

_ (Rok 13
() a

RDK = (16)

The condition ¢ = 1 can be solved for the critical system size, R, at which the transition
occurs for a given value of ¢g. This yields a universal relationship between the dimensionless
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radius, Reit/Rpk, and the dimensionless concentration parameter, g:

R _q+ VA—q)/3

= Y 17 (18)
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Figure 7: Universal Map of Adsorption Regimes. The transition between diffusion-limited and kinetic-limited regimes
is plotted in the dimensionless plane of (g, Rerit/Rpk). The theoretical boundary (¢ = 1) derived from Equation (18)
is shown as the dashed line. Colored trajectories show the evolution of different experimental systems (TPM-F108
and TPM-Tween20) during adsorption. All systems begin in the diffusion-limited regime and move towards the kinetic
boundary as surface coverage, 6 (indicated by the color gradient), increases.

This equation describes a universal boundary in the (g, R.it/Rpx) plane, separating all possi-
ble experimental conditions into either diffusion-limited or kinetically-limited regimes. Figure 7
plots the experimental trajectories on this universal map. Each trajectory begins at a point de-
termined by its initial conditions and evolves as the effective kinetic rate is slowed by interfacial
blocking (i.e., as the effective Rpg increases with coverage 8). The colored lines on the map
correspond to the simulations of the experiments (Figure 4). These lines highlight that, particu-
larly for low-concentration systems, only a small fraction of the full surface coverage is reached
within experimental time limits: for low ¢}, the surface coverage remains well below the maxi-
mum threshold throughout the accessible time window.
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This universal map demonstrates the advantage of employing multiscale experimental plat-
forms. The microtensiometer experiments, characterized by a smaller droplet radius R, are
located significantly lower on the vertical axis (Rei/Rpg) than their pendant drop counterparts.
This vertical displacement positions them closer to the theoretical boundary of kinetic control
(the dashed line).

However, the map also reveals a crucial experimental challenge: every single trajectory, in-
cluding those for the smallest droplets, originates to the left of the ¢ = 1 boundary. This demon-
strates that even under the conditions of microtensiometry, the initial adsorption process remains
governed by the rate of particle diffusion from the bulk.

The map therefore serves as a predictive tool, indicating that to design an experiment that
is truly kinetically limited from its onset, even smaller systems would be required. Based on
our analysis, probing the intrinsic kinetics of these nanoparticles without the confounding influ-
ence of diffusion would likely necessitate the use of droplets with radii in the sub-10 ym range.
This finding underscores the profound difficulty in decoupling transport from reaction in col-
loidal science and highlights the utility of this universal framework in guiding the design of next
experiments.

Our framework enables direct estimation of whether adsorption is limited by diffusion or by
interfacial kinetics. (i) Rapid parameterization: we can estimate k,(co) directly from dynamic
IFT using the diffusionless analytic fit (SI Secs. S1, Eq. (S4)), which circumvents solving the
coupled diffusion—kinetics problem while yielding parameters of the correct order of magnitude.
(ii) Calibrated lookup: alternatively, we can estimate k, from the consolidated trend k, = 5.88 X
1078 + 6.81 x 10~*y (m.s~") in Fig. S5. With k, determined, we can evaluate the Thiele modulus
via Eq. (15) to diagnose the dominant regime (¢ 2 1: diffusion control; ¢ < 1: interfacial-
kinetics control). This enables a priori selection of droplet size and concentration to operate in
the desired regime, using Fig. 7 as a design chart.

6. Conclusion

This work presented a comprehensive analysis of the adsorption dynamics of irreversible col-
loidal TPM particles at a toluene/water interface, integrating experiments at two different length
scales with a unified theoretical framework. The key to successfully capturing the experimental
dynamics was the development of a model that couples bulk diffusion with a Random Sequential
Adsorption (RSA)-based kinetic boundary condition. Unlike classical diffusion-limited frame-
works such as the Ward-Tordai model, this approach correctly accounts for both the particles’
irreversible attachment and the crucial role of coverage-dependent steric blocking, which causes
a kinetic slowdown at higher surface coverages that classical models cannot predict.

Furthermore, the evolution of the rate-limiting step was quantitatively measured using a dy-
namic Thiele modulus, ¢(6), demonstrating that systems often begin in a diffusion-limited state
(¢ > 1) but inevitably transition to being kinetically-limited (¢ < 1) as the interface fills. The
analysis also provided new physical insights into the attachment process itself, revealing that the
intrinsic adsorption rate constant, k,, depends linearly on the bulk concentration, c¢,. This implies
the presence of quadratic adsorption kinetics, suggesting that the mechanism is more complex
than independent particle events and likely involves cooperative particle-particle interactions in
the subsurface or at the interface. These findings collectively advance our understanding of
colloidal assembly dynamics and offer a predictive framework for designing experiments and
controlling particle-laden interfaces across a range of applications.
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The work presented here highlights the necessity of moving beyond classical surfactant mod-
els to frameworks that explicitly account for irreversibility and realistic interfacial kinetics, such
as RSA blocking. This improved understanding can aid in the rational design of systems in-
volving particle-laden interfaces, from stable Pickering emulsions to the controlled assembly of
functional nanoparticle films. Our results underscore a critical gap: current blocking functions do
not incorporate cooperative cluster formation at fluid interfaces. Developing predictive models
that explicitly include such effects represents an important direction for future research. Such
studies would help build a more comprehensive picture, allowing for a better comparison of
the adsorption mechanisms of nanoparticles, large macromolecules like proteins, and traditional
surfactants, and could help elucidate the transition from reversible to irreversible adsorption.
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