pubs.acs.org/Langmuir

Article

Synergistic and Competitive Adsorption of Hydrophilic
Nanoparticles and Oil-Soluble Surfactants at the Oil−Water
Interface
Joeri Smits, Rajendra P. Giri, Chen Shen, Diogo Mendonça, Bridget Murphy, Patrick Huber,
Kurosch Rezwan, and Michael Maas*

Downloaded via TU HAMBURG-HARBURG on June 10, 2021 at 09:18:06 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Cite This: Langmuir 2021, 37, 5659−5672

ACCESS

Metrics & More

Read Online

Article Recommendations

sı Supporting Information
*

ABSTRACT: Fundamental insights into the interplay and self-assembly of
nanoparticles and surface-active agents at the liquid−liquid interface play a
pivotal role in understanding the ubiquitous colloidal systems present in our
natural surroundings, including foods and aquatic life, and in the industry for
emulsion stabilization, drug delivery, or enhanced oil recovery. Moreover, wellcontrolled model systems for mixed interfacial adsorption of nanoparticles and
surfactants allow unprecedented insights into nonideal or contaminated
particle-stabilized emulsions. Here, we investigate such a model system
composed of hydrophilic, negatively, and positively charged silica nanoparticles
and the oil-soluble cationic lipid octadecyl amine with in situ synchrotronbased X-ray reﬂectometry, which is analyzed and discussed jointly with
dynamic interfacial tensiometry. Our results indicate that negatively charged
silica nanoparticles only adsorb if the oil−water interface is covered with the
positively charged lipid, indicating synergistic adsorption. Conversely, the positively charged nanoparticles readily adsorb on their
own, but compete with octadecyl amine and reversibly desorb with increasing concentrations of the lipid. These results further
indicate that with competitive adsorption, an electrostatic exclusion zone exists around the adsorbed particles. This prevents the
adsorption of lipid molecules in this area, leading to a decreased surface excess concentration of surfactants and unexpectedly high
interfacial tension.

■

INTRODUCTION

decrease in the interfacial area by the particle of radius (r) at
equilibrium24,25

Accurate determination of the psychochemical interfacial
properties and interactions of mixed ﬁlms combining nanoparticles (NPs) and surfactants adsorbed at a gas−liquid
surface or liquid−liquid interface remains challenging. The
long-standing debate is complicated by the limited available
experimental and computational approaches along with large
variability in particle materials (e.g., size, shape, wettability,
etc.),1−5 the spectrum of environmental conditions (e.g.,
solvent,6−8 pH,9,10 ion concentration9,11 or the presence of
surface-active impurities12), and the often unique interplay
between sets of surfactants and particles.7,13−15 Since
surfactants allow tailoring the ﬁnal structure,16 stability,17 or
ﬂow behavior18 of emulsions/foams decorated with particles,
insights into the driving forces behind particle adsorption and
desorption are critical for advances in the synthesis of
emulsions and foams,16−18 froth ﬂoatation,19 drug encapsulation,14 and enhanced oil recovery.20
Based on the earlier ﬁndings of Pickering21 and Ramsden,22
Pieranski23 observed irreversible adsorption of spherical
polystyrene particles at the air−water interface and laid the
groundwork for the well-known equation of lowering the
surface free energy upon adsorption (ΔEP) created by a
© 2021 The Authors. Published by
American Chemical Society

ΔE P = −πr 2γ0(1 ± cos θ )2

(1)

where γ0 is the pristine surface (SFT) or interfacial (IFT)
tension and θ is the three-phase contact angle (CA) measured
through the water phase. The sign between brackets is negative
in case θ < 90° and positive when θ > 90° for a hydrophilic or
hydrophobic particle, respectively. Determination of the
equilibrium CA (θ) for a NP trapped at an interface is derived
from the Young−Dupré law26
cos θ =

γpo − γpw
γwo

(2)
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on the principle of additivity of the interfacial energy
contributions of the diﬀerent components,45 which we used
to assess the particle coverage in the absence and presence of
NPs from IFT measurements46

Accordingly, the CA is determined by the interfacial tension
between each phase, namely, particle−oil (γpo), particle−water
(γpw), and water−oil (γwo). Both equations describe the
interfacial partitioning of a single particle at thermodynamic
equilibrium. In reality, additional interfacial forces arise when
multiple particles adsorb at the interface, inﬂuencing their
adsorption energies and CAs, for example, Derjaguin−
Landau−Verwey−Overbeek (DLVO) interactions between
the adsorbed particles or capillary interactions via line
tension.27,28 Equation 1 has been utilized in axisymmetric
droplet shape experiments to determine equilibrium adsorption energies and kinetics of surface-active nano- and micronsized particles based on the tentative assumption that a closepacked, densely populated particle ﬁlm has formed when
further increasing the bulk particle concentration results in
constant SFT/IFT.2,3,11,29,30 However, the spatial conﬁnement
of the particles at the interface along with long-range repulsive
electrostatic forces and attractive capillary interactions between
adsorbed particles and between adsorbed particles with those
in the bulk must be considered. This sets up an energy barrier
for further adsorption and densiﬁcation, which limits particle
coverage well below what might be expected from a
hexagonally close-packed (HCP) monolayer.1,31,32
In the case of interfacial systems with at least two surfaceactive species (e.g., particles and surfactants), the net energy
balance between them dictates the ﬁnal properties of the mixed
interfacial ﬁlm. Dispersing NPs with nonionic or oppositely
charged surfactants in the same liquid medium generally
modiﬁes the particle hydrophobicity through hydrogenbonding and electrostatic interactions.33,34 In principle,
particle−surfactant complexation explains diﬀerences in SFT/
IFT of mixed interfaces compared to particle-free interfaces,
which are highly dependent on the concentration of each
component.13,15,35−39 Complementary harmonic sinusoidal
perturbations of pendant drops provide the complex dilational
modulus that tends to increase for mixed ﬁlms upon particle
adsorption.15,40,41 In the case of equally charged surfactants
and NPs dispersed in water, interactions are expected to be
repulsive, but the exact mechanism determining the adsorption
balance remains poorly understood. For example, the IFT and
dilational moduli for silica NPs in the presence of negatively
charged surfactants at the heptane−water interface have been
attributed to the electrostatic repulsion between both
species,42 while a recent study ascribes this diﬀerence to an
increase in the surfactants surface activity induced by
dissociation of the surface groups of the silica NPs, which
increases the ionic strength of the bulk.43 Additionally, when
particles and surfactants of opposite polarity are dispersed in
diﬀerent immiscible phases, their interactions are limited to the
interfacial region. For example, Whitby et al.44 observed
synergistic interactions between hydrophilic silica NPs and a
cationic lipid (octadecyl amine, ODA) only when suﬃcient
surfactant was adsorbed at the interface, in agreement with
dilational rheology as indicated by an overall increase of the
elasticity compared to the absence of NPs.
One major hurdle in estimating particle coverage or
adsorption energies of adsorbed NPs is to predict their CA,
which is mostly assumed from sessile droplets on chemically
equivalent macroscopic substrates. Based on this tentative
assumption, we recently showed that positively charged
hydrophilic silica NPs reversibly adsorb in the presence of a
cationic oil-soluble surfactant in a competitive manner. This
conclusion was derived from a simple analytical model based

Ei = γSFASF + NPπr 2γow(1 − cos θ )2

(3)

where the total interfacial free energy (Ei) is dependent on the
surfactant contribution (IFT with only surfactant (γSF) and the
surfactant-covered fraction of the interface (ASF)) and of the
adsorbed NPs (eq 1 at oil−water times the number of
adsorbed NPs (NP)). Equation 3 is valid when particle−
surfactant interactions are absent, meaning that the CA does
not change upon the addition of ODA, and its derivation is
described in the Methods section (eqs 4−9. Based on this
assumption, the particle coverage of a mixed interfacial ﬁlm can
be derived by measuring the change in IFT when particles are
added to the surfactant-laden interface.
For a more detailed analysis, and to validate our previous
approach, tensiometry of mixed particle−surfactant dispersions
needs to be bolstered by additional methods that can more
directly obtain NP coverage and/or their three-phase CA at
the oil−water interface. In this respect, several advanced
microscopy methods for the observation of particles trapped at
the interface have been developed, e.g., the gel trapping
technique,47 solvent or gas polymerization,1,48 or freeze−
fracture shadow-casting cryo-scanning electron microscopy
(FreSCa cryo-SEM).49,50 Light scattering methods oﬀer an
alternative for studying adsorption at quiescent interfaces as an
ensemble, and the determination of their properties involves a
varying degree of modeling to obtain the CA51 and second
harmonic generation (SHG) to estimate adsorption energies.52
For direct in situ analysis applicable to a wide range of
interfacial systems, advanced synchrotron X-ray reﬂectivity
(XRR) provides a detailed picture of a quiescent surface or
buried interface with sub-Angstrom resolution perpendicular to
the interface and averaged over the plane of the interface.
Based on Parratt’s recursive formalism, the backgroundcorrected reﬂectivity data can be modeled to obtain electron
density (ED) proﬁles providing layer thickness, density, and
roughness. Thus, it is possible to ultimately extract the
interfacial composition with known material EDs. For
evaluating particle adsorption, an additional computational
step is required to extract information such as immersion
depth and particle coverage by applying a physical model that
directly correlates realistic properties of the interface and NPs.
This approach was, for example, used by Calzolari et al.53 who
investigated the adsorption of hexadecyltrimethylammonium
bromide (CTAB)-coated silica NPs adsorbed at hexane−water
using IFT combined with XRR. The same model and approach
were later extended to polymer-decorated iron oxide NPs at
the decane−water interface.54
Here, we utilize XRR in conjunction with tensiometry and
dilational rheology to understand the adsorption and selfassembly of hydrophilic NPs in the presence of the cationic,
oil-soluble surfactant octadecyl amine (ODA) at the decane−
water interface. The particles have an equal or opposite charge
to the ionic surfactant, which is dissolved in the immiscible oil
phase to ensure their interactions are limited to the interfacial
region. For this purpose, we use native negatively charged silica
NPs and positively charged (3-aminopropyl)triethoxysilane
(APTES)-coated silica NPs dispersed in the aqueous phase at
pH 5.8 at a ﬁxed concentration of 0.1 w/w%. High purity of all
5660
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approximately 4−6 °C. The pH was lowered to approximately 5 by
dropping 100 mM acetic acid diluted in ethanol absolute at 40 mL h−1
with high stirring, so the ﬁnal solution had a concentration of 10 v/v%
of ethanol and was continued for 30 min post addition. The
prehydrolyzed APTES solution was allowed to thermally equilibrate
to room temperature, while the particle dispersion was reheated to 40
°C with reﬂux. Prehydrolyzed APTES (20 mL) was added at 10 mL
h−1 with stirring at 1000 rpm. Afterward, the temperature was
increased to 90 °C for 24 h with stirring at 750 rpm. The ﬁnal pH
increased to 8−9, and another 100 mM acetic acid dissolved in 5 mL
of ethanol absolute was added dropwise manually until the ﬁnal pH
was 5. Particles were stored at 4 °C or cooled down before
puriﬁcation.
Nanoparticle Puriﬁcation. The silica dispersion was ﬁrst ﬁltered
(PES 0.1 μm) and APTES-coated silica particles were centrifuged at
5000 rpm for 30 min to remove large agglomerates. Two dialysis bags,
each containing 30 mL of the particle dispersion were placed in a 2 L
beaker containing 1:0.5:0.007 of water/ethanol absolute/acetic acid
for at least 4 h and repeated twice. The particles were 10 times
dialyzed against water pH 5.8 with a minimum time interval of 4 h.
Upon completion of the dialysis, water was refreshed one ﬁnal time
and stirred for 30 min before collecting the particles in a clean Duran
beaker with a PTFE-coated cap. The pH was adjusted to 5.8 if
necessary, and the solid content was determined in triplicate to be
2.32 ± 0.02 for silica and 1.76 ± 0.04 w/w% for APTES-coated silica
and stored at 4 °C. Both dialyzed dispersions remained stable for at
least 3 months.
Nanoparticle Characterization. Transmission electron microscopy (TEM-EM 900, Carl Zeiss, Germany) was employed to
investigate the morphology of the particles by placing a 3 μL water
drop of 0.001 w/w% particle dispersion (pH ∼ 5.8) onto a copper
grid (Plano GmbH, Wetzlar, Germany). Size and ζ potential were
obtained by measuring 0.1 w/w% particle dispersion in 10 mM KCl
for conductivity at diﬀerent pH values using the ZetaSizer NanoSP
(Malvern, United Kingdom) at 25 °C. To remove all organic
impurities, 20 g of KCl was dissolved in 200 mL of water and heated
to 550 °C for 24 h. The pH of the particles was adjusted by adding 0.1
or 1 M KOH and HCl and stirred for 15 min followed by another pH
reading right before measuring the ζ potential. The expression
proposed by Ohshima et al.57 was used to calculate the Henry
function f(κ a) by implementing the hydrodynamic radius and
electrolyte concentration. The calculated f(κ a) values were 1.11 and
1.13 for silica and APTES-coated silica, respectively.
Ninhydrin Assay. Primary amine quantiﬁcation of APTES-coated
silica particles was adopted from Hristov et al.58 A calibration curve
was obtained by dissolving 1−3 mM APTES in 1:0.027 ethanol
absolute:acetic acid (Figure S1, Supporting Information). The
puriﬁed particles were dialyzed twice against the ethanol absolute:acetic acid mixture and diluted to 0.05 w/w%. A ninhydrin (20 mM)
stock solution was prepared fresh in the dark. To a Safe Lock
Eppendorf tube, 0.125 mL of ninhydrin was mixed with 0.375 mL of
the calibration solution or particle dispersion. A control sample
without ninhydrin and particles was also prepared and used as
baseline subtraction for the reacted samples. The tubes were
incubated in the dark for 45 min at 60 °C, whereafter 200 μL of
the suspensions was pipetted into a 96-well plate. A maximum
absorption occurred at a wavelength of 577 nm, and samples were
measured in triplicate. For calculating the amine density per nm2,
assumptions were made that all particles are perfect spheres of the
same size (18.9 nm) and their density is equal to 1.9 g cm−3.59
Preparation of Lipids in Decane. A stock solution of 4 mM
ODA was prepared 4 days in advance of the synchrotron experiments
at room temperature to ensure a homogeneous dissolution of the lipid
and was also used afterward for the pendant drop experiments.
Pendant Drop Tensiometry and Dilational Interfacial
Rheology. Tensiometry and dilational rheology of the oil−water
interface was studied at 20 °C (±1 °C) using the OCA20 from
Dataphysics (Stuttgart, Germany) with a sensitivity of 0.01 mN
m−1.60 A 20−25 μL aqueous drop (pH ∼ 5.8) was formed from a
dosing needle (1.07 mm diameter) in a cuvette ﬁlled with 900 μL of

constituents from further surface-active components is strictly
observed during these experiments. The XRR data are analyzed
via physical model ﬁtting of the EDs adopted from Isa et al.54
NP coverage and CA obtained through modeling of the EDs
are compared to and discussed with our previously reported
continuum-based analytical model using the surface pressure
diﬀerence in the presence and absence of APTES-coated silica
NPs.46

■

MATERIALS

■

EXPERIMENTAL SECTION

Article

Tetraethyl orthosilicate (TEOS ≥ 99.0%, product no. 86578), (3aminopropyl)triethoxysilane (APTES 99.0%, product no. 440140),
citric acid (anhydrous, ≥99.5%, product no. 27109), potassium
chloride (KCl 99.0−100.5%, product no. P3911), L-arginine (≥99.0%,
product no. 1.01542), octadecyl amine (ODA, ≥99.0%, product no.
74750), and Hellma optical glass cuvettes (volume, 3.5 mL; 45 × 12.5
× 12.5 mm3, product no. Z600008) were purchased from SigmaAldrich (Darmstadt, Germany). Decane (≥99.7%, product no. D901),
HCl (0.1 M, product no. 38280; 1 M, product no. 71763), and NaOH
(1 M, product no. 71463) solutions were purchased from Honeywell
and 0.1 M NaOH (product no. 124200010) from Acros Organics
(Nidderau, Germany). Acetone (99.0%, product no. 20063.365),
ethanol absolute (>99.8%, product no. 64-17-5), and glacial acetic
acid (≥99.7%, product no. 64-19-7) were obtained from VWR
Chemicals (Hannover, Deutschland). Technical-grade ethanol
(99.0%, product no. 2211.5000) was bought from Chemsolute
(Hamburg, Germany). Kapton foil (200 × 304 × 0.05 mm3, product
no. 536-3952) was obtained from RS Components GmbH (Frankfurt
am Main, Germany), and ZelluTrans dialysis tubes (MWCO 6−8
kDa, product no. E665.1) were obtained from Carl Roth GmbH
(Karlsruhe, Germany). A Minisart syringe ﬁlter polyethersulfone
(PES) with 0.1 μm pore size (product no. 16553----------K) was
obtained from Sartorius Stedim Biotech (Germany, Göttingen). All
aqueous solutions were made with double-deionized water (18.2 MΩ
cm−1 at 25 °C) from a Synergy Water Puriﬁcation system (Millipore
Corp., Massachusetts).

Generally, and well beyond the usual laboratory practice, great care
was taken that all chemicals and ﬁnal particle dispersion were of the
highest purity and behaved chemically inert toward the used
laboratory materials to ensure that all reported measurements are
only caused by the described particles and lipid.12,55 All aqueous
solutions were degassed prior to use.
Cleaning of Material. All glassware was cleaned by rinsing thrice
with technical-grade ethanol and acetone, water, and ethanol absolute;
covered with a lint-free wipe; and dried in air. If there was contact
with surfactants, the glassware was ﬁrst rinsed with technical-grade
ethanol and with a soft brush cleaned in hot tap water with soap
followed by copious rinsing with tap water, DEMI water, and
Millipore water. Also, after using acetone, the material was rinsed with
6% citric acid. After the ﬁrst rinse with citric acid, the glassware was
ﬁlled with the acidic solution and placed in an oven for 30 min at 70
°C before continuing with water and ethanol.
Nanoparticle Synthesis. Silica and APTES-coated silica nanoparticles were synthesized and functionalized in a one-pot reaction. A
concentrated, alcoholic prehydrolyzed solution of APTES
(1:0.95:0.05 ethanol absolute/APTES/water, v/v%) was prepared 1
day in advance and stored at 4 °C.56 First, 300 mg of L-arginine was
magnetically stirred (40 × 10 mm) with 300 mL of water in a 500 mL
round-bottom ﬂask at 70 °C with reﬂux for at least 1 h. Afterward, 32
mL of TEOS was added dropwise at 20 mL h−1 with a stirring speed
of 1000 rpm, and this speed was maintained for 1 h after the addition
of TEOS. The stirring was stopped for 15 min, allowing TEOS to
phase-separate, and stirring was continued for at least 24 h at 250
rpm. When all TEOS was consumed, the silica particles were heated
to 90 °C at 750 rpm for 24 h. For coating with APTES, the
synthesized particles were cooled down in an ice bath to
5661
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Figure 1. (A) Hydrodynamic diameter and polydispersity of silica (circles) and APTES-coated silica (triangles) nanoparticles. (B) ζ potential of 0.1
w/w% silica and APTES-coated silica as a function of pH in 10 mM KCl. Isoelectric points (IEPs) are indicated by the dashed line for clarity. The
IEP of silica was extrapolated in OriginPro8. Transmission electron microscopy images of silica (C) and APTES-coated silica (D) showing size and
standard deviations.
pure decane to check the purity if the tension remained constant with
a systematic error of 0.2 mN m−1. This is equally true for the aqueous
phase regarding the purity of particle dispersions (Figure S3A,B,
Supporting Information). Before the addition of lipids, the tension
was monitored for 30 min, after which 900 μL of the required lipid
concentration was slowly added to avoid signiﬁcant droplet
disturbance and measured for 2 h. Dilational viscoelastic properties
of the drops were obtained by sinusoidal volume oscillations
(ODG25, Dataphysics) at varying frequencies between 0.005 and
0.2 Hz at a ﬁxed area deformation of 9−10% after the tensiometry
test. Each system was measured at least three times, and the
experimental error is reported (Figure S3C, Supporting Information).
Analytical Model. The analytical model is a continuum-based
approach considering additivity of interfacial free energy (Ei)
contributions of ODA (ESF) and adsorbed 80 nm APTES-coated
silica NPs (NPΔEP). The diﬀerence in IFT in the presence and
absence of NPs at diﬀerent ODA concentrations allows estimating the
particle coverage.46
Ei = γSFA SF + NPπr 2γow(1 − cos θ)2

number of adsorbed particles. The IFT from the pendant drop (with
known droplet area) corresponds to the free energy diﬀerence with
and without NPs (ΔEi). Contact angle measurements allowed us to
estimate the adsorption energy of one 80 nm APTES-coated silica NP
and of several ODA molecules that would normally occupy the same
area as one NP (ΔEAds).
From this follows
ΔEi
= NP
ΔEAds

If the CA of one NP is known, its occupational interfacial area (AP)
can be calculated and the maximum number of adsorbed NPs (Nmax)
can be derived from the experimental droplet volume (Ai) and the
hexagonal close-packing factor
Ai
0.91 = Nmax
AP
NP
=φ
Nmax

(5)

Ei
Ai

(9)

X-ray Reﬂectivity. Experimental Setup. The reﬂectivity measurements (XRR) at the decane−water interface were performed at
beamline P08 at PETRA III for its delivery of X-rays with high
brilliance (DESY, Hamburg, Germany), using the liquid interface
diﬀractometer LISA.61,62 The 25 keV beam at the collimated mode
allows penetration through the decane super phase and probes the
buried decane−water interface with a beam size of 0.05 × 0.4 mm2 (V
× H). During the XRR measurement, the incident angle concerning
the liquid surface or liquid−liquid interface was varied using the LISA
double-crystal beam tilter to obtain a reﬂectivity proﬁle as a function
of the momentum transfer q = 4π sin(θi)/λ, where λ = 0.496 Å
(Figure S4, Supporting Information).
The sample was prepared in a custom-made cell consisting of an
aluminum mounting cell hosting a Delrin cup (inner diameter, 60

where the ﬁrst term is the product of the equilibrium IFT in the
presence of only surfactant (γSF) and the surfactant-covered fraction
of the interface (ASF), and the right term is eq 1 times the number of
NPs (NP). This is valid when particle−surfactant interactions are
absent, meaning that the CA does not change upon the addition of
ODA. The total interfacial free energy (Ei) is related to the apparent
IFT (γi) and total interfacial area (Ai) and is expressed as
γi =

(8)

This allows estimating the particle coverage
(4)

which can be rewritten as

Ei = ESF + NPΔE P

(7)

(6)

Therefore, in the absence of particle−surfactant interactions, the
diﬀerence in IFT (or just surface pressure) indirectly accounts for the
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Figure 2. (Top row) Normalized reﬂectivity R/RF data along with the ﬁtted line (black) for 0.1 w/w% silica (left) and APTES-coated silica (right)
at the air−water (squares) and decane−water (circles) interface (aqueous pH 5.8). Data are shifted by a factor of 100 for clarity. (Bottom row)
Stacked normalized ED curves with the model ﬁts (red) with a corresponding schematic in the background.
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mm) as shown in Figure S5 (Supporting Information) with more
detailed information. The cell was mounted on a goniometer to be
positioned perfectly horizontal and ﬁlled with 28 mL of 0.1 w/w%
particle dispersion (pH ∼ 5.8) to pin the meniscus and create a ﬂat
interface. Decane (20 mL) was added slowly via the sides of the
Delrin cup. The amount of decane was roughly 1 cm thick for the
incident and reﬂected X-rays to traverse only through the decane
phase, which eliminates scattering of the decane−air interface. After a
clean decane−water interface was established, a calculated amount of
decane was removed and replaced with an equal amount of 4 mM
ODA stock solution to keep the oil volume constant at 20 mL. The
ODA concentration was varied from 0.01 to 1 mM for each set of
measurements, and several reﬂectivity curves were recorded for each
concentration, which showed only slight variations and no trend.
REFLEX software based on Parratt’s recursive algorithm was used to
analyze the reﬂectivity curves with known material electron density
(ED) of the diﬀerent layers (Figure S2, Tables S1 and S2 in the
Supporting Information).63 The ED for silica was kept within physical
boundaries determined from a mass density of 1.9 g cm−3,59 although
higher densities are reported for macroscopic silica.53,58 Most of the
parameters for the particle were highly constrained while allowing the
material ED to vary. For clarity, the measured data and their ﬁts were
all normalized by the Fresnel reﬂectivity (RF) of the corresponding
interfaces in this paper.
Physical Model for Interfacially Adsorbed Nanoparticles.
The physical model used here was adopted from Isa et al.54 The
ﬁtting of the experimental reﬂectivity data involves a Fourier
transform that translates the data into an averaged electron density
proﬁle ρ(z) within the plane of the reﬂecting interface to the surface
normal. This electron density proﬁle is then ﬁtted to a model that
takes into account the physical parameters of the interface and the
shape of the NPs
ρ(z) = ρi (z) +

∫ ∫ [ρNP (sav , ρp ; z) −

G(rav , σr ; r )G(hav , σh ; h)dr dh

(11)

The contribution of the NP adsorbed at the interface is represented
by ρNP(z), which is modeled as a monolayer of hexagonally packed
spheres of radius r, immersion depth h, average interparticle spacing
sav, and bulk particle electron density ρp (Figure 1)
ρNP (z) = ρNP (sav , ρp ; z)
=

2πρp
3 (2r + sav )2

(12)

[− z 2 + 2(r − h)z + h(2r − h)] (13)
(12)

when −h < z < −h + 2r and ρNP(z) = 0 otherwise. The subtracted
term between brackets for eq 10 accounts for the liquid displacement
by the NPs. Normalized Gaussian distributions G(xav, σx; x) (eq 10)
are introduced to account for size polydispersity (r) and consequently
varying immersion depths (h) with their average values xav and their
widths σx. All parameters were ﬁxed to their known values or
constrained except the average immersion depth (hav) and the average
separation distance between the NPs (sav). The former determines the
particle contact angle and the z-coordinate of the maximum in the ED
proﬁles, while the latter describes the average particle coverage
associated with the height of the ρ(z) peak and is schematically shown
in Figure S4, Supporting Information.

■

RESULTS AND DISCUSSION
To obtain well-deﬁned and highly pure particles, bare silica
NPs were prepared via the Stöber−Watanabe process with the
silane tetraethyl orthosilicate (TEOS)64 and alternatively
coated with the silane (3-aminopropyl)triethoxysilane
(APTES) to decorate the particle surface with amino groups,
which is similar to the polar head group of ODA. The pKa of
ODA is 10.65, meaning that under the investigated environmental conditions, the protonated form dominates at the
interface.65 Figure 1A shows the number distribution of the
silica and APTES-coated silica particles with hydrodynamic
diameters of 22.35 ± 6.83 and 25.76 ± 5.42 nm, respectively.

ρNP (sav , ρi (z); z)]
(10)

The bare decane−water interface is described by ρi(z) with bulk
electron densities (EDs) of water ρw = 0.334 e Å−3 and decane ρd =
0.253 e Å−3 and an interfacial roughness σi described by a Gaussian
error function
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Figure 3. (Top row) R/RF proﬁles of 0.1 w/w% silica (left) and APTES-coated silica (right) at pH 5.8 for diﬀerent concentrations of ODA
dissolved in the decane phase. Data are shifted by a factor of 100 for clarity. The normalized ED proﬁles are shown below where the peak amplitude
is indicated in descending order. C0 means no surfactant is added, while the subscripts 1 to 3 correspond to increasing lipid addition from 0.01 to 1
mM ODA.

as d = 2π/ΔQz and is 18.74 ± 1.45 nm, consistent with the
particle size determined from TEM (Figure 1D). Subsequent
curve ﬁtting of the reﬂectivity using the three-slab model
conﬁrms the monolayer formation (Figure 2, bottom). The
normalized ED proﬁles for these adsorbing positively charged
NPs show that most of their volume remains dispersed in the
water phase owing to their hydrophilic character. Besides
minimization of the free energy of the interface, the negative
charge of a clean surface electrostatically attracts the positively
charged NPs to the surface as observed by Larson-Smith et
al.,67 while it prevents adsorption of the negatively charged
NPs.53,67 The origin of this negative charge can either be due
to selective adsorption and interfacial ordering of hydroxyl ions
at the boundary layer68−70 or from charge transfer between
diﬀerent interfacial water molecules.71
If the charge on the NP surface inﬂuences the adsorption
based on electrostatics, one can expect that addition of an ionic
surfactant will evoke either synergistic or competitive
adsorption due to attractive and repulsive interfacial
interactions, respectively. Figure 3 shows the R/RF data and
normalized EDs for both particle types in the presence of
diverse quantities of ODA dissolved in the oil phase and the ﬁt
parameters for the reﬂectivity are shown in Table S2
(Supporting Information). Transitioning of the oil-soluble
surfactant octadecyl amine (ODA) across the interface is
insigniﬁcant at an aqueous subphase pH of 5.8, assuring
particle−surfactant interactions occur solely at the phase
boundary layer.65 The ED of ODA lies between that of water
and decane, and the low scattering contrast makes it diﬃcult to
conﬁrm its exact location and structuring, especially in the
presence of the stronger scattering NPs. Noticeable oscillations
appear for the negatively charged silica NPs when a small
amount of 0.01 mM ODA is added to the oil phase, assigned to
electrostatic physisorption of the protonated amine group of
ODA with the silanol groups on the particle surface similar to
CTAB−silica complexes.53 Furthermore, the surface potential
of the interface might change to a positive value upon

Both solutions exhibit low polydispersity with a polydispersity
index (PDI) of 0.154 for silica and 0.228 for APTES-coated
silica. Their isoelectric points are approximately 2.8 for silica
and 7.6 for APTES-coated silica, conﬁrming that both NPs are
highly charged at the investigated pH of 5.8 and provide
suﬃcient electrostatic stabilization to prevent particle−particle
interactions in the bulk (Figure 1B). Approximately one amine
group per nm2 is present on the particle surface determined
with the ninhydrin assay (Figure S1, Supporting Information).58 Transmission electron microscopy (TEM) in Figure 1
shows that both silica (C) and APTES-coated silica (D) are
nearly spherical with average diameters of 17.8 ± 2.7 and 18.9
± 2.6 nm, respectively.
Adsorption of highly hydrophilic, small NPs to a clean
surface or interface is considered unfavorable and unstable due
to their low adsorption energies. Particularly, XRR provides a
highly detailed picture of the liquid interface and adsorbed
materials. The top row of Figure 2 shows the reﬂectance
proﬁles normalized by the theoretical Fresnel reﬂectivity RF of
0.1 w/w% silica (left) and APTES-coated silica particles (right)
at the air−water and decane−water interface in the absence of
ODA with their corresponding ﬁts obtained with the standalone REFLEX software that simulates the XRR measurements
based on Parratt’s recursive formalism using a three-slab model
(Figure S2, Supporting Information).63 The model parameters
can be found in Table S1 (Supporting Information). The
bottom row of Figure 2 shows the corresponding EDs, which
are ﬁtted using the physical model detailed in the Methods
section. In the presence of silica NPs, both air−water and oil−
water reﬂectivity curves are decaying monotonically as a
function of Qz and resemble the Fresnel reﬂectivity with an
interfacial roughness of pure water,66 indicating the absence of
interfacial NP layering at 0.1 w/w%. This situation is clearly
diﬀerent for the APTES-coated silica particles, which are
similar in size to the silica NPs but exhibit a positive ζ
potential. Kiessig fringes appear at both air−water and oil−
water interfaces from which the thickness (d) can be estimated
5664
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Figure 4. Results of the physical model for 0.1 w/w% silica (circles) and APTES-coated silica (triangles) with or without ODA. Dashed lines are a
guide to the eye. (A) Spreading distance between interfacially adsorbed particles, (B) packing density of adsorbed particles with the straight dashed
line corresponding to hexagonal close-packing (HCP), (C) their protrusion distance into the oil phase, and (D) their three-phase contact angle,
including standard deviations.

also suggest that, in the analyzed range, the surfactant
concentration has a minor eﬀect on the CA of the NPs
irrespective of their coverage.
With the positively charged, aminated NPs and ODA, an
opposite behavior can be expected compared to silica,
especially since the NPs are spontaneously adsorbing at the
pristine oil−water interface. Figure 4A shows an increase in the
average particle-to-particle distance with the addition of 0.01
mM ODA. Gradually, the particles come closer when more
lipids are added but remain separated from each other by ∼11
nm at the highest concentration with only 38.75% coverage in
relation to HCP (Figure 4B) and remain more deeply
immersed in the water phase compared to the partially
hydrophobized silica particles (Figure 4C). The initial CA of
the APTES-coated particles in the absence of lipids (∼22.3°)
acts as a reference to evaluate whether interactions occur
between the particles and the equally charged surfactants.
Previously, static oil−water CA measurements of oil-immersed
water droplets on APTES-coated silica thin ﬁlms on macroscopic surfaces showed no change in CA up to 1 mM ODA
despite having a higher initial CA of 40.05 (± 1.43°) that can
be ascribed to the diﬀerent synthesis process used.46 Figure 4D
shows a gradual increase to ∼28.7°, and the diﬀerence of
roughly 10° in the wetting angle between the diﬀerently
charged NPs shows that synergistic adsorption dominates with
oppositely charged species while similarly charged species
compete for interfacial coverage, suggesting fewer particle−
surfactant interactions occur.
Adsorption studies using axisymmetric droplet shape
analysis of a quiescent or perturbed oil−water interface
provide complementary information to the specular reﬂectivity
data by analyzing the time-resolved interfacial tension (IFT) in
conjunction with frequency-dependent dilational rheology.
The IFT of the pristine oil−water interface in the absence of
NPs and for both negatively and positively charged NPs is
constant, indicating the absence of surface-active impurities

adsorption of ODA, also facilitating silica adsorption. A
maximum in the amplitude of the ED curves is already
achieved at 0.1 mM ODA and a further increase in ODA
concentration produces indistinguishable ED proﬁles. For the
APTES-coated NPs, having roughly 1 amine group per nm2 on
their surface (Figure S1, Supporting Information), a distinct
pattern can be observed from the normalized reﬂectivity and
EDs. After the addition of the lowest concentration (0.01 mM
ODA), the oscillations are dampened compared to APTEScoated silica at the pure oil−water interface, and this decrease
in intensity is caused by a smaller number of NPs at the
interface. This conﬁrms that particles and surfactants carrying a
similar charge are competing at the interface for adsorption
and the surfactant molecules can overpower the particles based
on the repulsion between like charges, in line with our previous
study.46
Subsequently, the ED proﬁles are ﬁtted to the physical
model and the simulated parameters for particle diameter,
average separation between neighboring particles, immersion
depth, and CA (which is directly calculated from the
immersion depth) are shown in Figure 4. The particle size
from these ﬁts estimated a diameter of 17.85 ± 0.80 nm for
silica and 18.93 ± 1.14 nm for APTES-coated silica, ruling out
particle multilayer formation at the interface for all ODA
concentrations. The particle coverage was derived from the
maximum amplitude of the ED as the ratio of the sample to the
maximum silica NP density multiplied by the HCP factor (φ =
(ρsample/ρsilica)90.69). Figure 4A shows that the spreading
distance for 0.1 and 1 mM ODA lies around zero and
accordingly a coverage close to 100% in relation to HCP,
which corresponds to a densely packed particle monolayer. At
0.01 mM ODA, already 73.98% of the interface is covered with
silica NPs and the monolayer is saturated from 0.1 mM ODA
onward. The depth of immersion of the silica particles into the
oil phase shows no signiﬁcant diﬀerence between all ODA
concentrations, with a CA between 34.9 to 37.1°. The results
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Figure 5. Data for various ODA concentrations measured by adsorption studies using axisymmetric droplet shape analysis. (Top row) Water−
decane interfacial tension without particles (squares) and with 0.1 w/w% silica (circles) or APTES-coated silica (triangles) nanoparticles at pH 5.8.
(Bottom row) Elastic modulus at varying frequencies.

and screening of electrostatic repulsion.72 The matching charge
between the silica particles and the buried pristine interface is
unfavorable as the reﬂectivity follows the Fresnel line (Figure
2), indicating an adsorbate-free interface, although (brief)
adsorption of silica NPs has been previously documented at
higher particle concentrations.49,73,74 Large amounts of silica
NPs at the interface might increase the interfacial roughness
due to marginal ordering53 or even cause pronounced dips in
the XRR proﬁle due to layer formation at the surface.74 When
ODA is added, the silica NPs in the subsurface region feel the
strong attraction of the protonated surfactant head group and
form an electrostatic bond between a silanol and the amino
group that causes partial charge neutralization along with
increased lipophilicity, which forces the particles to pack more
closely as observed in Figure 5.44 The top view of Figure 6A
shows the hexagonal arrangement of the NPs with their
contact points below the interface upon dense packing, which
is only possible when suﬃcient double-layer screening
occurred. An HCP monolayer is already formed at 0.1 mM
as derived from the presence of oscillations and model ﬁtting
of the ED. Additionally, the stronger decrease in IFT at longer
times, whose shape resembles the adsorption curve in the
absence of NPs, gives strong evidence that these surfactant−
particle complexes exert a synergistic eﬀect on the IFT due to
the formation of a close-packed interfacial ﬁlm. However, a
further increase in surfactant concentration has no eﬀect on the
particle coverage or CA at 0.1 w/w% NPs, while the IFT
continues to show a signiﬁcant decrease of more than 10 mN
m−1. Information about the lateral particle distribution using

(Figure S3A, Supporting Information). Despite the presence of
APTES-coated silica NPs, the elastic modulus of these
interfaces is close to zero as can be expected for a clean
interface and surface-inactive molecules (Figure S3B, Supporting Information). Figure 5 shows the results of diﬀerent
amounts of ODA in the surrounding oil phase on an aqueous
pendant drop with or without NPs. For the lowest
concentration of 0.01 mM ODA, the IFT decrease is small
with barely any noticeable diﬀerence between the three distinct
interfaces with minor diﬀerences in elastic moduli. At 0.1 mM
ODA in the absence of NPs, a plateau is not reached for the
studied time scale due to relaxation eﬀects at the interface.44
This slower decrease at longer times also occurs for the silica
particles associated with a stronger decrease in IFT and equal
elasticity values when NPs are absent, showing that the lipid
dominates the dilational rheological properties for a silicacovered interface. Contrarily, the adsorption curve with the
amine-coated NPs equilibrates within 16 min after the onset of
lipid addition and the elastic moduli with these NPs are
signiﬁcantly lower, showing that fewer ODA molecules are
present at the interface. More complex behavior is observed at
1 mM ODA as both NP dispersions have IFTs lower than pure
water with almost identical elastic moduli for the three cases.
Adsorption of Negatively Charged Silica Nanoparticles in the Presence of a Cationic Amino-Lipid.
Highly charged, strongly hydrophilic particles, like silica, can
only adsorb at the interface when the energy barrier against
adsorption is suﬃciently lowered and can be explained in terms
of DLVO interactions, mainly due to van der Waals attraction
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Figure 6. Visual representation of the negatively (A) and positively (B) charged silica nanoparticles adsorbed at the decane−water interface and
their interaction with the oil-soluble ODA surfactant molecules at intermediate to high concentrations. In (A), the spreading distance sav between
particles is highlighted (red lines) and adsorbed ODA molecules have been removed for clarity. (A) Negatively charged silica nanoparticles reduce
the interfacial energy due to an increase in their CA by interaction with the positively charged amino group of ODA. Local charge neutralization
along with increased hydrophobicity of the particles favors hexagonal arrangement (black dotted hexagon) at the interface with a center-to-center
distance of one particle diameter (gray striped circles). (B) In the case of positively charged APTES-coated silica nanoparticles, an electrostatic
exclusion zone (Δr, black line) is formed, which rejects the ODA molecules and their packing is only slightly inﬂuenced by an increase in ODA
concentration, while the exclusion zone becomes smaller as more ODA molecules adsorb.

balancing of long- and short-range electrostatic repulsions
mediated by the nonpolar medium and asymmetric charge
dissociation, respectively, against the long-range attractive
interactions due to the deformation of the interface by the
electrostatic force induced by its neighboring particles. As the
NPs remain mainly dispersed in the aqueous phase, the dipolar
interactions mediated through the oil become less signiﬁcant
compared to the electric double-layer repulsion.21,22,48,63,76
Despite their adsorption to the pristine oil−water interface, no
signiﬁcant change in IFT is observed owing to their wettability
(at HCP coverage without surfactants, the total change in IFT
caused by the particles would only be 1.54 10−4 mN m−1 based
on eq 1) and additional methods are required to judge
adsorption of hydrophilic NPs (Figure S3C, Supporting
information). At 0.01 mM ODA, the IFT and elastic moduli
are similar to those of silica NPs, but competition for interfacial
coverage is evident from reﬂectivity data as the lipids desorb
some of the initially adsorbed NPs, which can be explained by
their small desorption energy of ∼19.79 kT (Figures 4 and 5).
Also, cooperativity between the alkane and low quantities of

grazing-incidence small-angle scattering (GISAXS) experiments with the same synchrotron setup could, in principle,
conﬁrm if an HCP layer is formed, but in our measurements,
the weak oﬀ-specular signal was too strongly attenuated by the
oil phase. The formation of an adlayer is conﬁrmed by XRR,
and the constant particle coverage for 0.1 and 1 mM ODA
strongly suggests that these spherical NPs form a densely
packed monolayer. This particle monolayer with a CA of
roughly 37° will occupy about 1/3 of the interfacial area,
leaving 2/3 of the interface free for surfactants to adsorb. An
increase in the eﬀective concentration, where the ionic lipid
molecules pack more densely at the interface, explains the
observed decrease in IFT at 1 mM ODA without aﬀecting the
particle coverage.75
Adsorption of Positively Charged Silica Nanoparticles in the Presence of a Cationic Amino-Lipid. When
the NPs have a positive charge, they self-assemble at the
pristine interface with incomplete coverage (Figure 2). It has
been observed that charged colloids trapped at an interface can
form highly ordered quasi-crystalline structures through
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Table 1. Experimental Values for Diﬀerent Concentrations of ODA with 0.1 w/w% Silica Nanoparticles and APTES-Coated
Silica Nanoparticles. Contact Angle and Particle Coverage with Their Standard Deviation Were Obtained from the Analysis of
the Specular Reﬂectance Data (XRR) and Calculated from the Analytical Model Based on Equation 346 Using the CA
Obtained from XRRa
synergistic adsorption SiO2 nanoparticles
conc. (mM)

contact angle XRR (deg)

0.01
0.1
1

34.87 ± 2.86
36.91 ± 2.25
37.09 ± 1.31

coverage XRR (φ)

calculated coverage (φ)

corrected diameter (nm)

0.671 ± 0.030
0.328 ± 0.341
0.893 ± 0.012
1.204 ± 0.469
0.887 ± 0.026
2.388 ± 0.533
competitive adsorption APTES-coated SiO2 nanoparticles

15.27 ± 6.18
28.07 ± 12.16
41.00 ± 20.37

conc. (mM)

contact angle XRR (deg)

coverage XRR (φ)

calculated coverage (φ)

corrected diameter (nm)

Δr (nm)

0.01
0.1
1

19.94 ± 2.90
27.49 ± 2.09
28.65 ± 2.13

0.209 ± 0.019
0.275 ± 0.040
0.352 ± 0.024

0.710 ± 0.132
0.522 ± 0.266
0.283 ± 0.098

34.67 ± 3.25
27.2 ± 5.50
16.73 ± 3.00

7.89 ± 1.63
4.15 ± 2.75
−1.09 ± 1.50

In the calculations, the diameter was adjusted until the coverage obtained with XRR was equal to the calculated coverage. Δr represents the
diﬀerence between the measured and the corrected diameter and might relate to the radius of an electrostatic exclusion zone. The standard error for
the parameters calculated with eq 3 was obtained from the experimental error of the interfacial tension measurements.
a

scattering data. Since coverage and CA are known from XRR,
the coverage was recalculated with varying particle sizes while
keeping the other variables constant until both the coverage
from XRR and our model matched. This is reported as the
corrected diameter in Table 1. With increasing ODA
concentrations, the expected diameters of the NPs show
opposite behavior that increases in the case of synergistic
adsorption and decreases for competitive adsorption. As the
model cannot account for particle−surfactant interactions in
the synergistic case such as with silica−ODA, no consensus can
be formed from these results. This is not the case for the
system APTES-coated silica and ODA. Here, due to the
repulsive nature between the APTES-coated silica NPs and
ODA, the enhanced corrected diameter might correspond to
an exclusion zone with radius Δr, in which the lipids are
rejected, similar to the recently reported ﬁndings by
Papavassilou et al.75 The calculated distances for Δr are
generally smaller than the spreading distance obtained from
XRR and therefore ﬁt well in between the particles (Figure
6B). The decrease in Δr with increasing surfactant
concentration suggests that this exclusion zone is sensitive to
the ionic strength at the interface, to which both NPs and
surfactants contribute. Inside the exclusion zone, the net
repulsive force from the protonated amine groups felt between
the NPs and surfactants should be enhanced.11,15,42,43
In comparison to our earlier ﬁndings with 80 nm NPs, the
contribution of such an exclusion zone might be more
pronounced for the interfacial system with the smaller NPs
examined in this work. Smaller particles were chosen because
of the angular resolution of the XRR diﬀractometer, which
does not allow acceptable resolution of Kiessig fringes of
particles >50 nm. Equation 3, which is simply based on the
additivity of all surface energy contributions of the interfacial
system, might therefore be only valid if the particle radius is
much larger than the radius of the exclusion zone and/or in the
presence of moderate concentrations of surfactant at which the
exclusion zone is small and the CA of the particles remains
unaﬀected.

surfactant molecules that form a mixed adsorption layer might
enhance particle expulsion in this particular case.77 At 0.1 mM
ODA, suﬃcient surfactant is present to monitor IFT changes
after particle addition with pendant drop tensiometry. The
higher IFT and lower elastic moduli in the presence of APTEScoated NPs compared to the absence of NPs emphasize that a
signiﬁcant portion of surfactant is prevented to adsorb. The
slight increase in coverage and CA shows that direct particle−
surfactant interactions are strongly inhibited as a result of
electrostatic repulsion. This trend in coverage and CA
continues with 1 mM ODA as well, but shows a stronger
IFT decrease and similar elasticity values to droplets without
NPs. This also ﬁts with an increase in eﬀective surfactant
concentration as observed for very diﬀerent IFT values of a
densely packed silica monolayer.75 Despite requiring suﬃciently high lipid concentrations to monitor changes in IFT,
the relatively constant particle coverage and CA support that
the same competitive mechanism also occurs at lower ODA
concentrations.
Interfacial Interaction between Nanoparticles and
Cationic Amino-Lipid. It is clear that the charge of the
surfactant head group and the NPs either promotes or
suppresses particle adsorption. In our previous publication
using 80 nm amine-coated particles, we concluded that a
dynamic adsorption/desorption equilibrium exists between the
NPs and ODA regulated by the surfactant concentration. By
assuming that a diﬀerence in equilibrium IFT in the presence
and absence of NPs with ODA can only be accounted for by
adsorbed NPs, since less space is available for the lipids to
adsorb, both their contributions to the IFT were treated as an
additive to estimate the particle coverages based on a
continuum approach.46 Table 1 summarizes the CA and
particle coverage obtained from the reﬂectivity data (XRR)
discussed above, as well as the results from the simple
analytical model outlined in eq 3. The calculations for the
coverage based on eq 3 use the average IFT measurements
(Figure S3C, Supporting Information) and the CA values
derived from the XRR data (Figure 4). Even though our model
assumes NPs and surfactants are not strongly interacting with
each other, as is only the case for APTES-coated silica and
ODA, the analysis for silica is also shown for completeness. At
ﬁrst glance, in both cases, the coverages obtained from eq 3
using the average CA from XRR do not agree well with the

■

CONCLUSIONS
The adsorption behavior of native negatively charged silica and
positively charged APTES-coated silica nanoparticles (NPs) in
the presence of an oil-soluble cationic lipid (octadecyl amine,
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ODA) at the decane−water interface was characterized using
specular X-ray reﬂectometry, tensiometry, and dilational
rheology. Fitting of the reﬂectivity curves and subsequent
calculation of the electron densities (EDs) using a physically
realistic model was compared to a quantitative analysis of the
interfacial tension (IFT) based on a continuum approach
substantiated with the contact angles (CAs) derived from the
scattering experiments to estimate particle coverage. Highresolution in situ X-ray reﬂectivity data at the pristine air−
water surface and oil−water interface showed that silica NPs at
0.1 w/w% do not signiﬁcantly adsorb at the interface contrarily
to the APTES-coated silica NPs, which cannot be inferred
from oil−water IFT measurements. Bare silica NPs do adsorb
at the oil−water interface in the presence of ODA by suﬃcient
surface charge neutralization that forces the NPs to the
interface into a hexagonally close-packed (HCP) monolayer
with contact angles around 37°, which is consistent with
synergistic adsorption. On the other hand, the IFT continues
to decrease with increasing ODA concentrations, which stems
from the high aﬃnity of the lipids to adsorb at the interface
and enhances the eﬀective surfactant concentration between
adsorbed NPs. When the charges of the NPs match those of
the lipids, competition arises and NPs are being desorbed at
low ODA concentrations indicated by a slight increase in
coverage (∼21 to 35%) and CA (∼20 to 29°). Dilational
elasticity for both particle systems is solely dependent on
adsorbed ODA, and the deviating behavior when competitive
adsorption is at play points to the exclusion of lipid molecules
in certain interfacial regions. By introducing an electrostatic
exclusion zone around interfacially adsorbed particles in which
like-charged surfactants are repelled, the analytical approach to
describe the interfacial system as the sum of the individual
contributions to interfacial energy46 can be validated with the
experimental in situ data from X-ray reﬂectivity. These basic
insights underlying the adsorption and interfacial interaction of
charged colloids and ionic surfactants have important
implications for tailoring particle and surfactant contributions
in complex colloidal systems in food, agricultural, cosmetic,
and pharmaceutical technologies, as well as in contaminated
systems, nonideal particle-stabilized emulsions, and other
useful applications.
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