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Role of electrostatic interactions on the adsorption ki-
netics of nanoparticles at fluid-fluid interfaces†

Venkateshwar Rao Dugyala,a Jyothi Sri Muthukuru,a Ethayaraja Mani,∗a Madivala G
Basavaraj∗a

The adsorption of particles to the fluid-fluid interface is a key factor for the stabilization of fluid-fluid
interfaces such as those found in emulsions, foams and bijels. However, for the formation of stable
particle-laden interfaces, the particles must migrate to the interface from the bulk. Recent studies
show that the adsorption of particles to the interface formed during emulsification is influenced
by the surface charge of the particles. To further investigate this phenomena, we study the effect
of surface charge of particle on the adsorption kinetics of particles to the oil-water interface. By
suspending a drop of aqueous dispersion of charge stabilized nano particles in decane, the ad-
sorption dynamics of particles to the decane-water interface is studied using the dynamic surface
tension measurements. When the particles are highly charged (low salt), a negligible change in
the interface tension is observed indicating that almost no particles are adsorbed. These results
show that the charged particles experience an energy barrier when they approach the interface.
But when the particles surface charge is screened by the addition of monovalent salt, a significant
reduction in surface tension is observed indicating the migration and adsorption of particles to
the decane-water interface. We estimate the effective diffusivity of particles to the interface by
analyzing the initial decay in the measured surface tension by considering particle laden drops
containing different amount of salt using the modified Ward and Tordai theory. This effective dif-
fusivity is used to calculate the energy barrier for the adsorption of particles to the interface. The
energy barrier from the analysis of dynamic surface tension data agrees well with the concept of
image charge repulsion which inhibits the adsorption of highly charged particles to the interface.
By considering various types of relevant interactions, we derive an analytical expression that qual-
itatively captures the effect of surface charge on the equilibrium surface coverage of particles at
the drop surface.

1 Introduction
The spontaneous or forced adsorption of particles to the liquid-
liquid or liquid - air interface is one amongst many strategies to
create different functional materials using, for example, Picker-
ing emulsion1–5, foam6–9 and bijel10–12 structures as templates.
These functional materials have diverse applications in different
fields such as oil recovery, drug delivery, catalysis and membrane
technology. The crucial part in the design of these novel func-
tional materials is the migration and irreversible adsorption of
particles at the interface leading to the stabilization of incompat-
ible interfaces. To create stable particle laden interfaces, it is a
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Chemical Engineering, Indian Institute of Technology Madras, India; E-mail:
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† Electronic Supplementary Information (ESI) available: [early time plots for differ-
ent salt concentration]. See DOI: 10.1039/b000000x/

general practice to add certain additives such as surfactants or
electrolytes. While the addition of salt is known to effect Pick-
ering emulsion stabilization, the role of electrostatic interactions
and the mechanism that leads to the formation of stable particle-
laden interface with the addition of salt is poorly understood.

In general, to form Pickering emulsions external energy is used
to create new interface either via manual or mechanical mixing.
This applied energy will facilitate the migration of the particles
from the bulk to the newly created interface. It has been shown
recently that in order to form stable particle stabilized emulsions,
the magnitude of external energy required is higher if the parti-
cles are highly charged.5 This has been attributed to the image
charge induced energy barrier that must be overcome when the
particles approach near to the interface. The estimation of this
energy barrier is important because it also affects the adsorption
kinetics of particles to the interface.13,14 In this article, we pro-
vide a simple methodology for the estimation of this energy bar-
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rier through dynamic surface tension measurements.
Planar particle monolayers or two-dimensional particle laden

flat interfaces are widely studied in literature. For example, or-
dering of particles in the monolayer, structural transitions, ag-
gregation kinetics and influence of particle shape on the struc-
tural arrangement have been widely investigated.15–19 It must
be noted that in these studies, particles in a suitable medium
are spread typically using a micro-syringe such that particles in-
variably accumulate at the interface. This enables the study of
various phase transitions and structure-property correlation in
particle monolayer at flat interfaces. Comparatively, however,
a few authors have studied the adsorption kinetics of particles
to the fluid-fluid interfaces.20–27 In most of the studies, the au-
thors investigated the adsorption kinetics by using the pendent
drop technique, which is a widely used method to investigate
the adsorption kinetics of surfactants to interfaces. Nanoparti-
cles with different stabilizers (tri-n-octylphosphine oxide (TOPO)-
stabilized CdSe nanoparticles or alkaline caped gold nanoparticle
or protein coated nanoparticles) have been used to study the ef-
fect of particle concentration and size on the adsorption kinet-
ics.22,23,28,29 From these experiments, the authors observed an
increase in the adsorption rate with increase in particle concen-
tration. Recently, Nelson et al. investigated the adsorption of
iron oxide-poly (ethylene glycol) core shell particle to the water-
decane interface.26 The particle adsorption rate is observed to be
proportional to the bulk concentration and at the maximum cov-
erage the particle-laden interface still behaved as a fluid. The use
of pendant drop technique for dynamic and equilibrium surface
tension measurements showed significant higher interfacial activ-
ity of Janus nanoparticles of controlled amphiphilicity.25 Desh-
mukh et al. studied the effect of particle surface chemistry on
adsorption dynamics by using Pendant drop method. The interfa-
cial tension reduction is higher with modified gold nanoparticles
by using dodecanethiol (DDT) or octadecanethiol (ODT) when
compared to the bare gold particles. The difference has been at-
tributed to the hydrophobic nature of the grafted gold nanoparti-
cles. More recently, adsorption of soft microgel particles has been
investigated.21 While diffusion of the particles from bulk to the
interface controls the adsorption of these particles at short times,
at long times, the crowding of particles at the interface creates an
entropic barrier for the new particles to adsorb to the interface.

Though the adsorption of particle to the interface is thermody-
namically favored, their adsorption kinetics depends on a number
of parameters. Typically, the adsorption kinetics of nanoparticles
measured via the pendant drop method is analyzed to understand
the effect of various parameters on adsorption kinetics. The early
and late stage adsorption process monitored via these dynamic
surface or interfacial tension (DST) experiments is generally mod-
eled using the Ward and Tordai (1946) theory.30 According to
this theory the kinetic process depends on the particle size and
concentration - that is adsorption is purely diffusion controlled.
In the absence of any external energy barrier, the time required
for a particle to reach the interface from the bulk depends only
on the particle diffusivity because this theory assumed instanta-
neous adsorption to the interface. However, in the presence of an
energy barrier, the rate of adsorption of particles to the interface

decreases and therefore both diffusion and energy barrier become
important. Several theories were put forward to include diffusion
and adsorption kinetics in the overall kinetics of adsorption, es-
pecially for surfactant adsorption studies.31–34

Recently, Bizmark et al., studied the kinetics of adsorption of
ethyl cellulose nanoparticles at water-air interface.20 The asymp-
totic solutions of Ward and Tordai theory in the limit of t→ 0 and
t → ∞ are used to explain experimentally observed reduction of
surface tension with time. In particular, for t→ 0, in other words
the initial decay of surface tension is given by

γ = γ0−2NAC0∆E

√
Dt
π

(1)

In this equation, γ is interfacial tension at any given time t , γ0

is the pure water-oil interfacial tension, NA is the Avogadro num-
ber, C0 is the initial bulk concentration of particles and ∆E is the
detachment energy of the particle. The above equation assumes
that the adsorption of particles to the interface is instantaneous.
Bizmark et al. used eqn1 to fit the initial γ vs

√
t data with ∆E

as the fitting parameter for several initial concentration of parti-
cles C0. While the authors observe that ∆E depends on particle
concentration. However, by definition, ∆E is defined as

∆E = πr2
γ0(1−|cosθ |)2 (2)

with r as the radius of the particles, γ0 is the pure oil-water
interfacial tension and θ as the three phase contact angle of par-
ticle at the interface. In their study, adsorption of particles to
the interface is dominated by the hydrophobic attraction between
the particle and the interface than the electrostatic repulsions be-
tween the particle and the interface. However, when the particles
are highly charged, the contribution to repulsive interactions due
to electrostatic interaction between the particle and the interface,
the particle and image charge, and repulsion between approach-
ing particle and particles already adsorbed at the interface are
to be considered. Previous studies have not considered these ef-
fect in understanding adsorption of nanoparticles examined via
dynamic surface tension measurements.

In this work we investigate the effect of particle surface charge
on the adsorption kinetics. From the study of dynamic surface
tension of aqueous drops containing charge stabilized particles
suspended in an oil medium, we demonstrate the role of particle
electrostatic interactions on their adsorption to water-oil inter-
face. Aqueous suspensions containing mono-disperse silica par-
ticles of known surface charge are used in all the experiments.
When the particles are highly charged, the change in the surface
tension with time is negligible. However, as the surface charge
on the particle is screened by the addition of a monovalent salt, a
decrease in surface tension is observed. This reduction in surface
tension is attributed to the adsorption of particles to the oil-water
interface. By analyzing the initial reduction in the interfacial ten-
sion measured as a function of salt concentration using the eqn 3,
we calculate the effective diffusivity of particles to the interface
by assuming ∆E is constant. The effective diffusivity is found to
be a few orders of magnitude less than Stoke-Einstein’s diffusivity
indicating the existence of an energy barrier for the adsorption
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of particles to the decane-water interface. The energy barrier is
found to decrease with increase in salt concentration. The en-
ergy barrier from the analysis of DST data is compared with the
calculation of the overall interactions in the vicinity of the in-
terface. The energy barrier obtained from the analysis of DST
measurements agree well with overall interaction energy barrier
calculations when the concept of image charge repulsion is incor-
porated. The effect of particle concentration on the adsorption
kinetics is also studied. An analytical expression that captures the
effect of surface charge on the equilibrium surface coverage of
particles at the drop surface is derived. The predictions of the an-
alytical equation is in qualitative agreement with experimentally
observed dynamic surface tension measurements.

2 Methods

Charge stabilized mono-disperse silica nanoparticle suspension
(Ludox SM30) was obtained from the Sigma Aldrich. This sus-
pension contains negatively charged particles at a concentration
of 30 % by weight. The silica suspension was used as received.
The hydrodynamic diameter of these particles as measured by
dynamic light scattering technique was 10.3± 3.2 nm. For ad-
sorption studies, decane (Merck, India) was used as oil medium.
The decane was treated with activated alumina to remove water
soluble impurities if any. A series of silica nanoparticle suspen-
sions of concentration ranging from 0.25 to 1 wt% were prepared
from the stock suspensions by dilution with the deionized wa-
ter from MilliQ (18.2 MΩ.cm). In order to screen the surface
charge of particles, monovalent sodium chloride (NaCl) salt was
used. The electrophoretic mobility of particle was measured with
electrophoretic dynamic light scattering (Nanopartica, Horiba,
Japan). From the mobility data the particle zeta potential was
calculated by using the Smoluchowski equation.35

The pendant drop method was used to measure the interfa-
cial tension as a function of time. The dynamic interfacial ten-
sion of silica particle suspension-decane was measured with the
Goniometer (GBX, Digidrop, France). All experiments were con-
ducted at a constant temperature of 28± 2◦C . Two types of ex-
periments were performed. In first set of experiments, the NaCl
concentration was varied (from 0.001M to 0.1M), but the con-
centration of particles in the suspension was kept constant at 1
wt %. In the second set of experiments, the concentration of par-
ticles in the suspension were systematically increased from 0.25
to 1 wt % at a fixed NaCl concentration. The schematic of the
experimental setup is shown in Fig. 1. A transparent rectangular
disposable plastic cuvette (poly ethylene) was filled with decane.
An aqueous drop containing the charged silica particles at known
salt concentration was suspended in the decane medium with the
help of a syringe. A 20 µl suspension droplet was used in all the
experiments. A series of time sequence images of the drop were
captured for 2500 sec at frame rate of 30 images per minute.
The captured images were used to calculate the interfacial ten-
sion by the drop shape analysis wherein the contour of drop was
fitted with the Young Laplace equation to determine the interfa-
cial tension. All the experiments were repeated at least 3 times
for consistency.

Fig. 1 The schematic of experimental setup for dynamic surface tension
(DST) measurements using the pendant drop method. A Ludox SM30
silica nanoparticle suspension drop suspended in a continuous decane
medium is imaged with the help of a CCD camera.

3 Results and discussion

3.1 Effect of addition of salt on the adsorption kinetics

In all the experiments the concentration of particles in the aque-
ous suspension drop is fixed at 1 wt%. The surface charge on
the particle is screened by the addition of appropriate quantity of
sodium chloride (NaCl). The concentration of NaCl in the drop
is varied from 0.001 M to 0.1 M. This helps us study the sole in-
fluence of particle charge effect on the adsorption dynamics as
all other conditions are identical. Initially, control experiments
are carried out with pristine water drop without any particles and
water drop containing 1 wt% particles without any salt. The dy-
namic surface tension data recorded are shown in Fig. 2. In the
control experiment without particles and salt i.e., for the decane-
water interface the interfacial tension is almost constant. A neg-
ligible change in the interfacial tension is observed which may
be due to the presence of small amount of water soluble impu-
rities that are probably not removed during the treatment of de-
cane with activated alumina. Similarly, with 1 wt% suspension
drop without any NaCl - that is - when the drop contains highly
charged particles, there is almost no change in the interfacial ten-
sion. However, as the concentration of NaCl in the suspension
is systematically increased, the dynamic interfacial tension data
showed a sharp decrease as shown in Fig. 2. From Fig.2, a sig-
nificant change in the interface surface tension is observed with
time when the salt concentration is high (0.1M).
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Fig. 2 The dynamic surface tension of decane-aqueous silica
nanoparticle suspension as a function of NaCl concentration. The
particle concentration is 1wt% in all the experiments. A significant
decrease in interfacial tension can be seen as the salt concentration is
increased.

This decrease is significant at initial time and thereafter, the
interfacial tension change is very sluggish reaching a plateau at
later times. In case of lowest salt condition used (0.001M), the
change in the interfacial tension is very similar to the case of salt
free suspension. A closer look at Fig 2 clearly indicates that in
the case of high salt concentration, the surface tension data show
different slopes i.e., the adsorption rate of particles to the inter-
face at different times. As the particle coverage increases, the
adsorbed particles create additional energy barrier for the par-
ticles to reach the interface from the bulk. This resistance is a
result of the electrostatic interaction between the adsorbed par-
ticles (dipole-dipole interaction), interaction between the parti-
cle near the interface and adsorbed particle (electrostatic dou-
ble layer interaction), probability to find a particle free interface,
which is a function of particle coverage and rearrangement of the
particles at interface.20,28,36 Since these resistances start to dom-
inate at later times, the change in the surface tension is sluggish.
The above resistance are negligible when the particle coverage is
less since the water-decane interface is free of particles. At initial
times, the change in the surface coverage is significant (higher
slope) and the initial decay depends on the salt concentration. A
significant change in the initial slope for different salt concentra-
tion clearly indicates an energy barrier for particle adsorption at
the interface. In the following section we estimated the energy
barrier by analyzing the early time DST data where other energy
barriers due to already adsorbed particles are not significant.

3.2 Modeling of nanoparticle adsorption

In the pendant drop experiments, unlike emulsification process,
no mechanical energy is provided externally to promote particle
adsorption to the interface. That is the particles approach the in-
terface solely by diffusion. Generally, the adsorption of particles
at interface is either diffusion controlled or energy barrier con-

trolled or a combination of both. In case of diffusion controlled
process, the transfer of particles from the bulk to the interface is
controlled by the particles diffusivity and the energy barrier for
the particle adsorption at the interface is neglected. However,
Liggieri et al. 33 and Ravera et al. 32 proposed an effective diffu-
sion model, where the energy barrier for the particle adsorption
at the interface is included. The effective diffusivity model has
previously been used for the protein adsorption at interface and
diffusion of charged particle in porous materials.37–39

At initial times (t → 0), the adsorption is limited by the diffu-
sion process as the interface is free of particles. Once nanoparticle
adsorb to the interface it is very unlikely that it detaches from the
interface due to high detachment energy (∼ 50kBT ). Therefore,
we use modified diffusion controlled (Ward and Tordai) theory
to model the early time adsorption process. We can infer from
the experimental results in Fig. 2 that with the addition of salt,
there is adsorption of particles to the interface which is associated
with the change in interfacial tension. Thus, it clearly indicates
the presence of an energy barrier as the particles approach near
to the interface. This energy barrier of (all kinds such as particle-
interface interactions and image charge repulsion) will influence
the particles flux to the interface. To include the energy barrier
effects on adsorption process, we replace the particle diffusivity D
with the effective diffusion coefficient De f f in the eqn 1. We there-
fore calculate the effective diffusivity of the particles by modeling
the early time dynamic surface tension data using the adsorption
kinetic model (eqn 3)20

γ = γ0−2NAC0∆E

√
De f f t

π
(3)

Where, De f f is the effective diffusion constant. The particle de-
tachment energy from the interface was calculated from eqn 2.
Since the actual position of nanoparticles with respect to the in-
terface was difficult to measure, the contact angle of micron sized
silica particles that has been reported was used (θ = 38).40,41 The
eqn 3 can be expressed as a linear equation

γ = P1−P2
√

t (4)

Where, P1 is the pure water-oil surface tension (γ0) and P2 is

2NAC0∆E
√

De f f
π

. For further analysis, the early time DST data
from 0 to 100 s was used. A typical plot showing the early time
DST data fitted with eqn 4 for a drop containing 1 wt% particle
concentration and 0.1M salt concentration is shown in Fig 3. By
using the fitting parameters the effective diffusivity of the par-
ticles (De f f ) was calculated to be 2.40× 10−14 m2/s, which is
about three order of magnitude lower than Stokes-Einstein par-
ticle diffusivity of 4.98× 10−11 m2/s. The Stokes-Einstein equa-
tion35 (D0 = kBT/6πµr) is used to calculate particle bare diffu-
sivity, where kB is the Boltzmann constant, T is aqueous suspen-
sion temperature (T = 28◦C), r is the particle radius (r = 5nm)

and µ is solvent (water) viscosity (µ = 0.83cP). As the concentra-
tion of salt in the suspension is increased, the effective diffusivity
is found to increase. Table 1 shows the effective diffusivity data
calculated at the NaCl concentrations studied. From Table 1, the
parameter P1 is ∼= 52 mN/m and P2 is found to increase with salt
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Table 1 The fitted parameter for the suspension contains 1 wt% particles with different salt concentration. The effective diffusion and energy barrier is
calculated from the model. The actual diffusion of the particle is 4.98 ×10−11m2/s

Salt Fitting parameter Fitting parameter De f f U/kBT
concentration (M) P1 (mN/m) P2 (mN/mt0.5) m2/s (10−15) (from eq(5))

0.001 51.96±0.01 0.0630±0.0026 1.73±0.14 10.27±0.07
0.005 51.89±0.11 0.0725±0.0017 2.29±0.11 9.98±0.05
0.05 51.95±0.20 0.1305±0.0004 7.41±0.05 8.81±0.01
0.1 52.35±0.04 0.2381±0.0040 24.8±0.08 7.61±0.04
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Fig. 3 Plot of early time surface tension Vs
√

t data (from 0 to 100 sec)
for suspension containing 1 wt% particles and 0.1M NaCl concentration.
The solid line represents fit that assumed to be adsorption kinetics
model eqn 4. The fitting parameters and R2 values are shown in the
inset of the plot.

concentration.

We attribute the change in the effective diffusivity to the energy
barrier for adsorption of particles at the interface. The effective
diffusivity De f f due to the presence of an energy barrier U is re-
lated to the bare diffusion coefficient D0 (without any adsorption
barrier) by32,33

De f f = D0 exp
(
− U

kBT

)
(5)

The bare diffusivity of the particle D0 is calculated by using the
Stokes-Einstein equation. By using the eqn 5, the energy barrier
(U) was calculated from the effective diffusivity values. The en-
ergy barrier at 0.1 M salt concentration was 7.61 kBT . The effec-
tive diffusivity and energy barrier at different salt concentration
tabulated in Table 1, clearly indicate the reduction in energy bar-
rier with increase in salt concentration. At low salt concentration,
the thermal energy of the particles is not enough to overcome the
energy barrier. Since the particles used are electrostatically stabi-
lized, the energy barrier is likely to be of electrostatic origin and
therefore we calculate the DLVO interactions near the interface.

3.3 Calculation of interaction of charged particle close to
the interface

The energy barrier obtained from modeling the time variation of
interfacial tension is compared with the possible charge induced
energy barrier for particle adsorption to decane-water interface.
We calculated the overall interactions in the vicinity of the inter-
face. It is known that under experimental conditions, the inter-
face is negatively charged.42 The overall DLVO interactions near
the interface is summation of 1) the van der Waals interaction
between the particles and charged interface 2) the electric dou-
ble layer interaction due to surface charge of the interface and
the particles. Under experimental conditions, both the particles
and the interface are always negatively charged (see Table 2),
therefore, it can be argued that the repulsive barrier is due to
particle-interface repulsion.

Table 2 The zeta potential of negatively charged Ludox silica
nanoparticles as a function of salt concentration. The interface zeta
potential is obtained by the extrapolation of data from the literature. 42

Salt concentration Particle zeta potential Interface zeta potential
M (mV) (mV) 42

0 -63.6±1.24
0.001 -48.9±1.31 -60
0.005 -40±1.51 -45
0.05 -24.5±4.91 -30
0.1 -15±3.55 -20

However, it was recently shown that a repulsive barrier still
exists when the particles and interface are oppositely charged -
that is when particles are positively charged and interface is neg-
atively charged. This repulsive barrier was attributed to the image
charge effects.5 In the overall calculations, we therefore included
that Utotal = Uvdw +UEp−int +UEp−image. Where, Uvdw is van der
Waals interaction between the particle and the interface, UEp−int

is electrostatic interaction between the particle and the interface,
and UEp−image is the particle-image charge interaction.

The nature of the interaction between the particle and the in-
terface can be considered as interaction between a spherical par-
ticle and a flat plate. The van der Waal interaction between the
particle and interface is calculated by using the eqn 6.43

Uvdw =−A
6

[
r
h
+

r
h+2r

+ ln
(

h
h+2r

)]
(6)

Where, A is the effective Hamaker constant, r is the particle ra-
dius and h is the surface to surface distance between the particle
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and interface. While calculating the van der Waals interaction
between the particle and the interface, we assume that the spher-
ical particles are interacting with a slab of decane through wa-
ter medium. The effective Hamaker constant is calculated from
the mixing rule as A ≈

√
Aoil −Awater

√
Aparticle−Awater where,

Aoil is the Hamaker constant for the decane (5× 10−20J), Awater

is the Hamaker constant for water (4× 10−20J) and Aparticle is
Hamaker constant of silica particles (6.5× 10−20J).35,44 The ef-
fective Hamaker constant was calculated to be ≈ 1.3×10−21J.

In the case of liquid drop containing charged particles sus-
pended in another fluid, the origin of image charge effect is due
to the difference in the dielectric constants of the fluids across the
interface. The image charge is calculated by using the eqn 7.5

qimage = qparticle
ε1− ε2

ε1 + ε2
(7)

In eqn 7, ε1 is the dielectric constant of the medium which con-
tains the charged particle and ε2 is the dielectric constant of the
particle free medium. From the eqn 7, when a charged parti-
cle present in a high dielectric medium such as water (ε1 ≈ 78)
approaches an interface across which a low dielectric medium is
present ( decane ε2 ≈ 2) , the particles experience a repulsion

due to a like-charged particle present across the interface (See
Fig. 4). The image charge surface potential is calculated by using
Grahame equation.45

Ψimage =
2kBT

e
sinh−1

(
ε1− ε2

ε1 + ε2
sinh

(
eΨparticle

2kBT

))
(8)

Where, Ψparticle is the zeta potential of the orignal particle and
e is the electron charge, kB is the Boltzmann constant and T is the
temperature. It must be noted that the image charge interaction
can also be attractive. If the particle resides in a low dielectric
medium, the image charge according to eqn 7 is opposite in sign,
therefore image charge interactions are attractive. However, it is
difficult to have particles in low dielectric medium in a charged
state.

To model electrostatic double layer (EDL) interactions, a linear
superposition approximation (LSA) method proposed in the liter-
ature was used as the interaction energies estimated with LSA are
more realistic than the predictions of constant potential and con-
stant charge models. The EDL interaction between the particle-
interface and particle-image particle was calculated using eqn 9
and eqn 11, respectively.46

UEp−int =UEp−int(h)+UEp−int(h+2r)+
64πε

k

(
kBT
ze

)2
γpγint [−e−kh + e−k(h+2r)] (9)

UEp−int(h) = 64πεr
(

kBT
ze

)2
γpγint [−e−kh] (10)

UEp−image(h) = 32πεr
(

kBT
ze

)2
γpγimage[−e−2kh] (11)

γp = tanh
(

zeΨp

kBT

)
(12)

γint = tanh
(

zeΨint

kBT

)
(13)

γimage = tanh
(

zeΨimage

kBT

)
(14)

Where, ε = ε0εr , ε0 is the dielectric permittivity of the vac-
uum, εr is the relative dielectric constant of water, r is the par-
ticle radius, h is the surface to surface distance, k−1 is the De-
bye length, Ψ is the surface potential, kB is the Boltzmann con-
stant, z is the valance of the ion, e is the electron charge and
T is the temperature. In equations (9) to (14), the subscript p
indicates particle, int indicates interface (in this case oil-water in-
terface), image denotes image charge. The average particle size
of 10 nm was used for the calculation of interaction potential.
At low salt concentration (0.001 M), the individual contributions
and the overall interaction energy as a function of separation dis-
tance is showed in Fig.5. From the Fig.5, the EDL interactions
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p-image
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k B
T

Surface to surface distance, nm

Fig. 5 The contribution of various interactions to the overall
particle-interface interaction energy at 0.001 M NaCl concentration. The
overall (Utotal ) energy barrier is more near the interface. At low salt
concentration the image charge EDL interactions are dominating.
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Fig. 4 Schematic diagram of a charged particle near to the interface and image charge. The particle of radius r at a distance h from the interface
experiences repulsion from an image charge located at the same distance (h) in the oil phase.

between the particle-interface and particle-image charge are re-
pulsive and van der Waals interaction is attractive. The overall
interaction energy shows an energy barrier of 11.93kBT . The im-
age charge repulsive energy is higher than the particle-interface
repulsion energy and these interactions dominate at small surface
to surface separation distance. So the thermal energy of the parti-
cle is not sufficient to overcome the energy barrier. Thus particles
do not reach the interface and hence no adsorption. The overall
interaction energy (Utotal) at different salt concentration is calcu-
lated and shown in Fig 6. When the surface charge was screened
by the addition of 0.05 M NaCl, the energy barrier reduces to
5.65kBT (See Table 3). Correspondingly, a significant decrease
in surface tension was observed when 0.05 M NaCl was added.
However, at a higher salt concentration of 0.1 M NaCl, the overall
interaction energy barrier is small and comparable to the thermal
energy of the particles.

Table 3 A comparison of the energy barrier calculated from early stage
DST data and overall interactions. The effective diffusivity used in
predicting energy barrier is also shown.

Salt concentration De f f U/kBT Utotal/kBT
M m2/s (from eq(5)) (DLVO+image)

0.001 1.73±0.14 ×10−15 10.27±0.07 11.93
0.005 2.29±0.11 ×10−15 9.98±0.05 10.74
0.05 7.41±0.05 ×10−15 8.81±0.01 5.65
0.1 2.48±0.08 ×10−14 7.61±0.04 1.70
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Fig. 6 The overall interaction (Utotal ) energy at different salt
concentration as function of surface to surface distance.

The energy barrier calculated was 1.70 kBT . Therefore, the par-
ticles were found to adsorb readily to the oil-water interface as
confirmed by the DST measurements (see Fig. 2). The addition
of salt decreases the zeta potential of the particles and as well as
that of the oil-water interface (Table 2) resulting in reduced im-
age charge and particle-interface repulsion. As the overall energy
barrier is small, the thermal energy of the particles is sufficient to
overcome this energy barrier. The energy barrier estimated from
the DST data and the energy barrier calculated by considering
the contribution of image charge repulsion to the overall inter-
action potential at different salt concentration are given Table 3.
While the energy barriers do not match quantitatively, a similar
trend can be seen. It was observed that the energy barrier from
the two approaches monotonically decrease with increase in NaCl
concentration as expected. The discrepancy is probably due to the
fact that only pair wise interaction between particle and interface
was used in overall interaction calculations. However, the DST
measurements are a result of multi-particle interactions. The in-
corporation of multi-body interactions and size polydispersity in
the overall interaction calculation would be more appropriate. At
higher salt concentration the presence of aggregates that have
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lower diffusivity may also contribute to this deviation.

3.4 Effect of particle concentration on adsorption kinetics
The kinetics of adsorption of particles to the interface depends
on the particle diffusivity as well as on particle concentration.
In the previous section we studied the effect of particle surface
charge on adsorption process. To investigate the effect of parti-
cle concentration, we used a series of aqueous silica nanoparticle
suspensions of concentrations ranging from 0.25, 0.5 and 1 wt %
at two different fixed salt concentrations (0.1 and 0.05 M NaCl).
The effect of particle concentration on the adsorption kinetics is
shown in Fig.7. For 0.1 M NaCl concentration, as the particles
concentration increases the change in the interfacial tension ob-
served was more. Similar trends were observed at 0.05 M NaCl.
With increase in particle concentration, the number particles in
the drop increase and therefore, on an average there are more
particles close to the oil-water interface. As the particles surface
charge is screened due to the addition of NaCl, there is more ad-
sorption of particles to the interface. Similar effect of particle
concentration on adsorption kinetics has been reported.20
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Fig. 7 The effect of particle concentration on the adsorption kinetics.
The change in interfacial tension for two salt concentrations ( 0.1M and
0.05M) as varying the particle concentration (1, 0.5 and 0.25 wt%). The
interfacial tension decrease is more at higher particle concentration.

3.5 Equilibrium coverage of particles at interface
From the pendant drop experiments and modeling of adsorption
kinetics it is clear that the adsorption of particles at the interface
strongly depends on salt concentration and initial concentration
of particles in the bulk. A general feature of the time evolution of
the surface tension is that a plateau in the surface tension is ob-
served due to quasi-equilibrium coverage of the interface with ad-
sorbed nanoparticles. When a pendant drop of aqueous silica dis-
persion is placed in oil medium for a sufficient long time (t→ ∞),
the surface tension will reach a equilibrium value which indicates
the maximum possible coverage of the particles at interface. From
thermodynamics, this corresponds to the same chemical potential
of particles in the bulk and at the interface. Therefore, the condi-
tion of equality of chemical potential can be used to calculate the

equilibrium coverage of particles at the oil-water interface.36,47

The chemical potential of monodisperse spherical nanoparticles
in the bulk is calculated by assuming the particles are equally
charged. The particles are assumed to be present in the aqueous
phase alone and the concentration is such that the interparticle
interactions in the bulk are negligible. Under these conditions,
the chemical potential of the charged nanoparticles in the bulk is
given by36

µbulk

kBT
= log

Vw

Vp
+ log(φb)+

4πr2γpw

kBT
(15)

In this equation, r is the particle radius, γpw is the interfacial
tension between water (solvent) and the particle, Vp is the vol-
ume of the particle, Vw is the drop volume, and φb is the volume
fraction of the particles in the bulk. In eqn (15) the first two terms
take into account the entropic contribution and the last term is at-
tributed to the surface free energy of the particle-water interface.

The chemical potential of a charged nanoparticles at the water-
oil interface is due to contributions of (i) surface free energies of
the water-oil, particle-water and particle-oil interfaces (ii) trans-
lational entropy of the particle at the interface (iii) interactions
between the particles at interface. In this analysis, we consider
the electrostatic interaction between the particles both dipole-
dipole and coulomb interactions. However, the van der Waals
interactions are neglected as their magnitude is very much small
considered to long-range electrostatic interactions. Therefore, the
overall chemical potential of the nanoparticles adsorbed at inter-
face is

µint

kBT
= log

Ai

Ac
+ log(φi)+

Apwγpw +Apoγpo−Acγow

kBT
+

Edd +Ecoul

kBT
(16)

In this equation, Ai is the surface area of the drop, Ac is the cross
sectional area of the particle at the interface, φi is the interface
surface fraction, Apw is the surface area of the particle in contact
with water, Apo is the surface area of the particle in contact with
oil, γpw is the particle-water interface tension, γpo is the particle-
oil interface tension, γow is the oil-water interfacial tension, Edd is
the dipole-dipole interaction, and Ecoul coulomb interaction.

At equilibrium the bulk and interface chemical potentials are
equal. The electrostatic interactions are distance dependent and
the coverage at interface is a function of distance between the
particles. Therefore, the electrostatic interactions are calculated
as a function of surface coverage and surface charge density of
the particles. At equilibrium,

log
Vw

Vp
+ log(φ eq

b ) = log
Ai

Ac
+ log(φ eq

i )+
∆E +Edd +Ecoul

kBT
(17)

where, ∆E = −(4πr2γpw−Apwγpw−Apoγpo +Acγow)/(kBT ) is the
energy of detachment of the particles from the interface also same
as eqn 2. From eqn (17) the surface coverage at interface is

φ
eq
i Ai

AcNT
=

1

(1+ exp (∆E+Edd+Ecoul)
kBT )

(18)

Where, NT is the total number of particles in the droplet, Edd
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and Ecoul are a function of surface coverage and surface charge
density and ∆E depends on the three phase contact angle. The
details of derivation of eqn18 is shown in the supporting informa-
tion. We assume particles to be hexagonally arranged at interface
and the net electrostatic interaction is the result of summation of
interaction between the neighboring particles. The equilibrium
surface coverage is calculated by solving the eqn (18) for a fixed
charged density. As the actual charge density of the particle is not
known and the calculation of charge density from the zeta poten-
tial will not give exact surface charge density, we have calculated
the coverages as a function of salt concentration at different sur-
face charge densities. The equilibrium surface coverage thus cal-
culated are shown in fig (8). From Fig(8), as the particle charge
density increases the surface coverage is found to decrease due
to increase in dipole-dipole repulsion energy. From the graph,
we can conclude that at fixed charge density the addition of salt
will increase the coverage of the particle at interface. These re-
sults qualitatively support the observations of pendant drop ex-
periments, that as the concentration of salt is increased, coverage
of particle increases resulting in a decrease in interfacial tension.
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Fig. 8 Surface coverage as a function of salt concentration at different
surface charge density. Surface coverage is increasing with increasing
salt concentration due to reduction in the Debye length. Similarly
decreasing in surface charge also promotes more coverage at interface.

4 Conclusion
In this work, we investigated the effect of particle charge and con-
centration on the adsorption dynamics of silica nanoparticles to
the fluid-fluid interface. The experiments were conducted by con-
sidering a water drop containing monodispersed silica nanoparti-
cle and decane as oil medium. The particle and interface charge
was screened by the addition of NaCl. The adsorption of particles
was monitored with a pendant drop tensiometer by recording the
interfacial tension as a function of time. The interfacial tension
decrease was more when the particles were weakly charged, i.e
more number of particles were adsorbed to the interface. When
the particles were highly charged, the interfacial tension change
was negligible - that is - no adsorption of particles to the inter-
face. We modeled the early stage DST data using the modified
Ward and Tordai theory. From the model we calculated the ef-

fective diffusivity of the particles at different salt concentration.
We show that the change in the effective diffusivity is due to the
energy barrier as the particles approach near the interface. The
energy barrier estimated from DST data corroborates well with
the energy barrier calculated from the overall interactions tak-
ing into account the image charge effect. When the particles are
highly charged, a high net energy barrier prevents the adsorption
of particles to the interface. When the particle surface charge
was screened with the addition of sufficient amount of NaCl, the
net energy barrier decreases considerably and hence the particles
readily adsorb to the oil-water interface. With increase in particle
concentration, there was pronounced reduction in interfacial ten-
sion suggesting an increase in the population of particles at the
oil-water interface. We conclude that the image charge interac-
tions play an important role in adsorption of particles to interface
and these studies will have implications on the use of particles
for stabilization of incompatible interfaces. We have observed a
similar effect of particle surface charge on the adsorption behav-
ior of shape anisotropic particles.48 An analytical expression that
qualitatively captures the effect of surface charge on the equilib-
rium surface coverage of particles at the drop surface is derived by
equating the chemical potential of the nanoparticles in the bulk
with those adsorbed at the oil-water interface.
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