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Introduction

Pickering emulsions, ie. particle-stabilised emulsions, were
reported for the first time in the early 20th century by
Ramsden' and Pickering.> However, they only gained signifi-

Is there a difference between surfactant-stabilised
and Pickering emulsions?
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What measurable physical properties allow one to distinguish surfactant-stabilised from Pickering
emulsions? Whereas surfactants influence oil/water interfaces by lowering the oil/water interfacial
tension, particles are assumed to have little effect on the interfacial tension. Here we perform interfacial
tension (IFT) measurements on three different systems: (1) soybean oil and water with ethyl cellulose
nanoparticles (ECNPs), (2) silicone oil and water with the globular protein bovine serum albumin (BSA),
and (3) sodium dodecyl sulfate (SDS) solutions and air. The first two systems contain particles, while the
third system contains surfactant molecules. We observe a significant decrease in interfacial tension with
increasing particle/molecule concentration in all three systems. We analyse the surface tension data
using the Gibbs adsorption isotherm and the Langmuir equation of state for the surface, resulting in
surprisingly high adsorption densities for the particle-based systems. These seem to behave very much
like the surfactant system: the decrease in tension is due to the presence of many particles at the
interface, each with an adsorption energy of a few kgT. Dynamic interfacial tension measurements show
that the systems are in equilibrium, and that the characteristic time scale for adsorption is much longer
for particle-based systems than for surfactants, in line with their size difference. In addition, the particle-
based emulsion is shown to be less stable against coalescence than the surfactant-stabilised emulsion.
This leaves us with the conclusion that we are not able to make a clear distinction between the
surfactant-stabilised and Pickering emulsions.

derived from the stabilising particles and their potentially much
lower toxicity and environmental impact are unique properties of
Pickering emulsions.’®*?> However, in order to obtain stable
Pickering emulsions in practice, often surfactants are added to a
Pickering emulsion as co-stabiliser,"*™® albeit in lower concentra-

cant interest from the beginning of the 21st century with
increasing numbers of publications on Pickering emulsions.®”
Such emulsions are believed to have strong advantages over
surfactant-stabilised emulsions. They are believed to be stable over
long time scales due to the particles that can completely prevent
Ostwald ripening, the process where large droplets grow at the
expense of small droplets.*®° Furthermore, added functionality
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tions than in conventional, surfactant-stabilised emulsions. This is
major drawback in the search for surfactant-free products'”'® that
are environmentally preferred. Another reason for the increased
interest in Pickering emulsions, is that they are believed to be very
stable against coalescence due to the high adsorption energies of
the particles at the oil/water interface.’®*° The main idea is that
both particles and surfactants adsorb to the oil/water interface.
This results in a steric or electrostatic barrier that significantly
slows down coalescence.?® Besides, surfactants are also known to
reduce the oil/water interfacial tension, contributing to the emul-
sification and stabilisation. However, there is a large debate in
literature whether particles at interfaces can also decrease the
interfacial tension. Various review papers are dedicated to describ-
ing the effect of particles at interfaces and conclude that whereas
many papers do report a decrease in interfacial tension caused by
particle adsorption, as many papers can be found that report little
or no effect of particle adsorption on the interfacial tension.**
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Other authors considered the capillary pressure, and not the
interfacial activity alone, as a reason to have emulsions highly
stable against coalescence.”® Understanding what this interfacial
activity means in the case of adsorbed particles could help to
resolve this debate. This can be looked at from the point of view of
the adsorption energy of a particle at an interface.

The energy required to remove a particle with radius r from
an oil/water interface with an interfacial tension of y, is given
by:20’27

AE = 1r*yow(1 % cos 0) (1)

where the maximum detachment energy is found at a contact
angle, 0, of 90°. As can be seen from this equation, the energy
for particle detachment from an interface grows quadratically
with particle size; the adsorption energy of particles with a
diameter of 100 nm from an oil/water interface with an inter-
facial tension of 20 mN m™", gives us AE ~ 10* kgT. Therefore,
to remove a particle from the interface, a large energy is
required; surfactant molecules have an adsorption energy of
only a few kg7, thereby allowing the molecules to easily adsorb
on and desorb from the interface. However, experimentally the
difficulty of detaching Pickering particles from oil drops is not
observed. French et al.®® investigated the strong attachment
energy of particles in Pickering emulsion, by mixing two
emulsions with the same components, but with a different
dye incorporated in the Pickering particles of the two emul-
sions. Their experiments show that the particles are transferred
between droplets in Pickering emulsions undergoing gentle
shear, indicating that the particles were able to detach and
attach from the interfaces. This raises the question how
strongly attached the particles actually are.

To answer the question of whether there is a difference
between a conventional, surfactant-stabilised emulsion and a
Pickering emulsion, a good starting point would be to try and
formulate a two-dimensional equation of state for the surfac-
tants and particles at the surface. To this aim, we investigate
the effect of particles to the oil/water interfacial tension in
Pickering emulsions. We can relate this to the surface density
and adsorption energy of the molecules and particles through
the Gibbs adsorption equation and the Langmuir adsorption
equation. Both are based on the assumption that there is an
equilibrium between particles at the interface and particles in
the continuous phase while measuring the interfacial tension.
To account for more complex behavior of particles such as multi-
layer adsorption on heterogeneous sites or two-step adsorption
theories, more detailed models can be considered.***° For
simplicity, we limit ourselves here to the Gibbs adsorption
equation and the Langmuir adsorption model as first step to
address this problem. For this reason, we measure the dynamic
interfacial tension over a long time and use the final, long-time
constant value for the thermodynamic analysis, assuming thus
that the interface is in equilibrium with the bulk.

The first Pickering system consists of ethyl cellulose nano-
particles (ENCPs). ENCPs were chosen due to their low toxicity
and environmentally responsible character.'*" We compare
these results with experiments on two different emulsion
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stabilisers, namely the surfactant sodium dodecyl sulfate
(SDS) and the globular protein bovine serum albumin (BSA).
We selected this particular group of emulsifiers in part because
they allow us to evaluate different Brownian particle sizes. It is
important to note that Pickering emulsions can be made with a
wide range of particles and particle sizes. We concentrate our
study on a variety of “small” emulsifying agents because their
small size allows for the production of small droplet sizes,
which goes along with the various uses of Pickering emulsions.
For globular proteins, an open question is whether these
should be regarded as particles or as large, potentially
surface-active molecules. For both the SDS and BSA, a reduction
in the interfacial tension is observed. However also for the
ENCPs a decrease in interfacial tension due to particle adsorp-
tion at the soybean oil/water interface is observed. This is also
similar to earlier measurements on the same system of Bizmark
et al>*

Materials and methods

Materials

Ethyl cellulose (code: 247499-100G), bovine serum albumin
Fraction V, Imidazole (ReagentPlus, 99%), sodium azide
(ReagentPlus, 99.5%), sodium dodecyl sulfate (ReagentPlus,
98.5%) and silicone oil (50 ¢St at 25 °C) are purchased from
Sigma Aldrich. Ethanol (100%, technical grade) is purchased
from Interchema. Soybean oil is kindly provided by Unilever R &
D. All products are used as received. All water used is purified
by a Millipore apparatus (18.2 Q cm at 25 °C).

Interfacial tension of soybean oil and water with ECNPs

Aqueous dispersions of ECNPs are prepared via a modified
‘antisolvent precipitation’ technique from literature.*** Here,
we briefly describe the method. Ethyl cellulose is dissolved in
ethanol before being poured into a large volume of water under
fast magnetic stirring, resulting in the spontaneous precipita-
tion of ethyl cellulose as ECNPs due to nanoparticle nucleation.
Subsequently, ethanol and some water are removed by rotary
evaporation. This dispersion is then passed through a filter
paper (Whatman filter paper Grade 1) to remove any large
aggregates that form during the precipitation. The final concen-
tration of the particles is determined by drying a small part of
the particle dispersion. The dispersions are diluted with MilliQ
water, resulting in stable aqueous dispersions of between 0.01
and 0.2 wt% of ECNPs. Note that the ENCPs preparation
process does not involve the use of any surfactant.

The size of the ECNPs is characterised by scanning electron
microscopy (SEM, FEI XL30FEG) and dynamic light scattering
(DLS, Malvern Zetasizer ZS). The SEM images are analysed in
Image], an average particle size is obtained from measuring at
least 100 particles. The zetasizer uses dynamic light scattering
to obtain a size distribution from the time-correlation function
of the scattered intensity. The analysis of scattering data
needed to obtain the average particle size and the size distri-
bution is done using the CONTIN method.*> Additionally,
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previous measurements estimated the contact angle of the
ECNPs to be 62. For details on the particle, emulsion drop size
distribution and contact angle determination, see the work by
Kibbelaar et al.®¢

Interfacial tension measurements of the interface between
soybean oil and aqueous dispersions of ECNPs are performed
using an OCA 20 from DataPhysics Instruments and analysed
with the DataPhysics Instruments SCA 20 software module. The
pendant drop measurements consist of generating a rising
drop of soybean oil in a reservoir with a constant volume
(5 mL) of ECNPs dispersion. The oil volume is kept constant
at 20 pL for a duration of roughly 1000 s. The value for the
interfacial tension is based on the shape of the oil droplet in
the continuous phase and calculated by a dedicated software
program.

Interfacial tension measurements of the interface between
soybean oil and aqueous dispersions of ECNPs are also per-
formed using a Kriiss K100 force tensiometer with a Du Notiy
ring. A waiting time of 1.5 hours is used after introducing the
oil phase on top of the water phase to allow the particles to go
to the oil/water interface.

Interfacial tension of silicone oil and water with BSA

MilliQ water is used to prepare an 0.5 mM imidazole buffer
solution at pH = 7. Then, 1 wt% of BSA is added into 100 mL of
buffer solution. The mixture is placed under agitation for
4 hours. A low-speed magnetic stirring process is used to
prevent foaming in the BSA solutions. Throughout all the
experiments the ionic strength remains constant at 5 mM.
Subsequently, 0.02 wt% of sodium azide (antimicrobial) is
added and the resulting solution is stored at 4 °C overnight
before use. The maximum life time of these solutions is 5 days.
The size of the BSA is characterised with dynamic light scattering
(DLS) by means of an ALV LSE-5003 goniometer with a JDSU 1145P
laser (wavelength 633 nm). A 8 nm hydrodynamic radius with a
0.146 polydispersity index was measured for the BSA protein.
Interfacial tension measurements of the interface between
silicone oil and aqueous dispersions of BSA are performed
using an OCA 15EC tensiometer from DataPhysics Instruments
and analysed with the DataPhysics Instruments SCA 22 soft-
ware module. The pendant drop measurements consist of
generating a rising drop of silicone oil in a reservoir with a
constant volume (5 mL) of BSA dispersion. The BSA concen-
tration is varied between 1 x 10"® M and 1 x 10~® M. The oil
volume is kept constant at 20 uL for a duration of at least
1000 s. The value for the interfacial tension is calculated by the
software, based on the shape of the oil droplet in the contin-
uous phase. The Worthington number was used to determine
the accuracy of interfacial tension measurements with the
pendant drop method. This was defined by Berry and
ApgVa
yDy

coworkers®” as W, = with Ap the density difference

between the pendant drop and the continuous phase, g the
gravitational acceleration, V4 the drop volume, y the interfacial
tension and D, the needle diameter. In their method the
authors state that W, « 1 implies inaccurate values of
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interfacial tension. For both the ENCPs and BSA interfacial
tension measurements we obtained W, & 0.5.

Surface tension measurements of an SDS solution

An SDS solution of 20 g L™ " is prepared by adding 20 g of SDS to
1 L of MilliQ water. The solution is stirred overnight. Surface
tension measurements of the SDS solution are performed using
a Kriiss K100 force tensiometer with a Du Noiiy ring. A micro-
dispenser connected to the tensiometer automatically adds
MilliQ water during the measurement to decrease the SDS
concentration in steps to 107 ° g L™,

Microscopy study of emulsion stability

The preparation of ECNP-stabilised emulsions is described by
Kibbelaar et al.*® In short, the emulsification is performed with
an IKA T25 digital Ultra-Turrax homogenizer. The soybean oil is
slowly added to the aqueous phase containing 2 wt% of
particles, while mixing at 2k rpm. When the oil is added, the
mixing speed is slowly increased. Emulsification is eventually
performed at 20 k rpm for 2 min. For the stability experiments,
an emulsion with ¢.; = 0.5 is used. The preparation of SDS-
stabilised emulsions is described previously.*® The continuous
phase is prepared by dissolving 1 wt% of SDS (Sigma-Aldrich) in
a 50:50 mixture of glycerol and demineralised water. Nile red
(Sigma-Aldrich) is added to the silicone oil (VWR Chemicals,
viscosity 500 cSt) as a dye. The silicone oil is then slowly added
to the continuous phase while stirring with a Silverson L5M-A
emulsifier at 6000 rpm. This results in an emulsion with an
average droplet diameter of 20 pm and ¢,; = 0.8.

A droplet of each of the emulsions is subsequently placed on
a hydrophobised glass plate. The droplets are visualised with a
bright field microscope. Every 10 s an image is recorded. After
the first image, a hydrophobised cover slide is carefully placed
on top of the droplets to induce accelerated coalescence.®® The
behaviour of the droplets is recorded for two minutes.

The experiment with the ECNP-stabilised emulsion is then
repeated using a Leica TCS SP8 confocal scanning microscope.
Nile red is added to the oil phase, which is excited by a solid
state 20 mW laser at 552 nm. This method is based on a time-
pressure superposition principle that allows to consider emul-
sion stability through accelerated destabilization by the appli-
cation of a pressure.” It is worth clarifying that we do not
assume that accelerated destabilization is equivalent to follow-
ing the stability of emulsions for long periods. However, we
believe that these tests can be a relative method for comparing
emulsions with particles and with surfactants.

Results and discussion
Framework for analysis

The oil/water interfacial tension y can be related to the concen-
tration ¢ of adsorbing species in the continuous phase via the
Gibbs adsorption equation:**

I= (n+11)RT<8?z c) @
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where n is the number of dissociable groups, R is the gas
constant of 8.314 J mol™* K™ ' and T is the absolute tempera-
ture. For non-ionic surfactants, n = 0. However, SDS is an
anionic surfactant, that dissociates in water into an SDS anion
and a Na* cation. Therefore, for SDS, in the absence of added
electrolyte, we need to take the Na' counterions into account in
the calculation of the Gibbs adsorption isotherm, and thus
n = 1. Similarly, for the ECNPs and the BSA proteins counter-
ions might play a significant role; ECNPs are electrostatically
stabilised (zeta potential of —30 mV®®), meaning that the
particles contain surface charges, and the BSA proteins also
contain chargeable groups. The exact value for n in these
systems is dependent on the surface charge density of the
particles, but also on the electrolyte concentration in the
particle dispersion. The nature of the chargeable groups also
plays an important role. Since many aspects contribute to the
exact value of n for our ECNPs and BSA, we have decided not to
take it into account for now, and take n equal to zero. This
should be realized for the analysis of our data with the Gibbs
adsorption equation. To obtain an equation of state and also
obtain the decrease in surface energy per particle, we analyse
our interfacial tension data using the Langmuir adsorption
equation.”>** This model relates the surface pressure to the
concentration of species or particles in the aqueous phase. The
surface pressure m is equal to the interfacial tension at zero
particle concentration ¢, minus the interfacial tension ¢ at a
certain concentration ¢: m© = ¢, — ¢. The relation between the
interfacial pressure and the particle concentration is:

=

with I',, and a being model parameters. With these para-
meters, we can calculate the adsorption density I' for each
concentration c:

n=—kpT Iy {ln(lf (3)

(4)
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Eventually, we can calculate the adsorption energy per particle
at each concentration c:

AE =~ (5)

Interfacial tension of soybean oil and water with ECNPs

Fig. 1a shows the results of interfacial tension measurements
with various nanoparticle concentrations. The results immedi-
ately show that the particles significantly decrease the inter-
facial tension, and an increase in particle concentration causes
a faster decrease in the interfacial tension. This implies that
ENCP particles are adsorbing to the water-oil interface. We do
find also a very small decrease in interfacial tension over time
for the oil/water system without particles. This is likely due to
impurities in the soybean oil that are slightly surface active.
However, the decrease in interfacial tension caused by these
impurities is negligible compared to the reduction that we
observe for the systems with ECNPs. A similar decrease in the
interfacial tension due to ECNPs at the interface is reported
for purified alkanes,*® where the same particles also cause a
concentration-dependent reduction of the surface tension.**
Therefore, we believe that our data are valid and that impurities
in the oil are not the explanation for this observed significant
and systematic decrease in interfacial tension.

We plot the interfacial tension as a function of the natural
logarithm of the concentration in Fig. 1b and observe a linear
decrease. From the slope of the curve, the adsorption density
can be obtained via the Gibbs adsorption equation, see eqn (2).
With n = 0, this results in an adsorption density of I = 5.3 x
10" m™* (I' = 8.8 x 10”7 mol m 2) and an average area per
%: 1.9 x 10~'"* m2. However, we know that our
particles have a diameter of 100 £+ 5 nm, resulting in an area

particle ay =

2
angle and the projected radius of the particle at the
interface being Rprojectea = 7-sin(0), we obtain as similar value,

A\ 2
Ap = n<7) = 7.9 x 107 m? (by considering the exact contact
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Fig. 1
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Interfacial tension of soybean oil and water with ECNPs. (a) Interfacial tension measurements using the pendant drop technique of soybean oil

and water with various concentrations of ECNPs over time. (b) Interfacial tension as a function of the natural logarithm of the concentration of ECNPs.
The red line is a linear fit through the data points. The blue points show the interfacial tension measured with the Du NoUy ring. (c) Interfacial pressure as a
function of ECNPs concentration in particles per m>. The red line is a fit of the Langmuir model.
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Aprojected = 6.08 x 107> m?). There is thus almost a factor 1000
difference between the actual size of the particles (measured
with both DLS and TEM) and the average area per particle
obtained from analysing the interfacial tension results. As
mentioned earlier, n will probably be somewhat different from
zero, resulting in a somewhat lower adsorption density, but a
factor of 1000 seems unlikely. An estimation of n can be
obtained from the measured zeta potential of —30 mV, the
Bjerrum length and the size of the particles. This results in a
maximum 7 of 100. Finding the exact value for n in case of our
ECNPs will be very useful for better analysis of our IFT data.

In order to check that this result is not an artifact of our
measuring method, we use a second one. The blue squares in
Fig. 1b shows the values for the interfacial tension as obtained
with the Du Noty ring method. These values are even a bit
lower compared to the pendant drop technique, but allow for
the same conclusion: a strong concentration-dependent
decrease in the interfacial tension due to ECNPs at the oil/
water interface. The discrepancy between the pendant drop
measurements and the measurements with the Du Notiy ring
arise probably from the different techniques that lay behind it,
the pendant drop technique is a form of optical tensiometry,
the Du Noiiy ring is a form of force tensiometry.

A possible explanation for the discrepancy between the area
per particle from the Gibbs equation and the actual particle size
is that other, smaller, molecules contribute to the decrease in
interfacial tension. A plausible hypothesis is that free ethyl
cellulose molecules cause this decrease. Although ethyl cellu-
lose is highly insoluble in water, ethyl cellulose from the
nanoparticles might possibly dissolve in the oil phase during
or after droplet formation. In order to verify whether free ethyl
cellulose (if any) contributes to a decrease in the interfacial
tension we perform interfacial tension measurements on
soybean oil/water mixtures with ethyl cellulose molecules
added either to the water phase or the oil phase. These
measurements show that the presence of free ethyl cellulose
in either the oil or water phase does not give an additional
decrease in the interfacial tension compared to the oil/water
system without any ethyl cellulose (nanoparticles). These
results can also be found in Kibbelaar et al.>® Therefore, we
can rule out the possibility that ethyl cellulose molecules go to
the interface and thereby decrease the interfacial tension.
We have tried to verify this further by centrifuging the particles
and testing the interfacial tension between the supernatant and
soybean oil. However, centrifuging these particles is a very
delicate process, where not all particles sediment at too low
centrifugal forces and particles are destroyed at too high
centrifugal forces. We are therefore unable to draw conclusions
from interfacial tension measurements with the supernatant.

Another potential explanation for the strong decrease in the
interfacial tension with increasing particle concentration lies in
the presence of ethanol in the particle dispersion. Ethanol is
present during the antisolvent precipitation to form ethyl
cellulose nanoparticles. In principle, the ethanol is removed
from the particle dispersion via rotary evaporation. However,
small amounts of ethanol could still be present in the
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dispersion. Due to the high solubility of ethanol in water,
ethanol molecules are not likely to go to the interface. For
example, 5 v% of ethanol is necessary to decrease the water
surface tension with 25%. Therefore, we believe that any
ethanol that is left after rotary evaporation will not be able to
cause such a significant reduction in the interfacial tension as
seen in Fig. 1a.

A fit of the data with the Langmuir model can be seen in
Fig. 1c. From the fit, we obtain I',, = 4.8 x 10" m~>. This value
is very similar to the value that we find by using the Gibbs
adsorption equation, meaning that again we find an area per
particle that is much too small for the size of the ECNPs. The
adsorption energy then follows as 5-6 kgT. This is much lower
than what is generally expected in literature. With » ~ 50 nm,
Jow = 23 mMN m " and 6 = 62°, equation 1 gives an adsorption
energy of AEpay = T *Yow = 1.3 x 10" kgT.

Furthermore, we do a rough calculation of the percentage of
particles at the oil/water interface compared to the total
amount of particles in the dispersion. The lowest concentration
contains 0.01 wt% of ECNPs. At a total volume of 5 mL, this
gives a total of 8.4 x 10" particles. An oil droplet of about 20 pL
is formed, which has a total area of 3.6 x 10~> m”. One particle
has an area of A, = 7.9 x 10~ !> m®. Therefore, at a coverage of
100%, the total number of particles at the interface is 4.5 x 10°.
This is 0.5% of the total amount of particles. This calculation
shows us that we have more than enough particles present to
cover the oil/water interface in the way suggested by the Gibbs
and Langmuir equations.

Interfacial tension of silicone oil and water with BSA

To get a better understanding of the surprising results of the
interfacial tension measurements on the system with ECNPs,
we perform similar experiments with the globular protein BSA
at a silicone oil/water interface. Without specifying whether this
protein should be considered as a particle or as a large
molecule, the diameter of the protein of 10 nm makes the
system interesting as its size lies in between the ECNPs and
surfactants like SDS. The results are shown in Fig. 2a. We again
observe a decrease in interfacial tension with increasing parti-
cle concentration. It has been reported before in literature that
BSA can reduce the interfacial tension of various oil/water
interfaces, as we observe here.”>™*” The range of particle con-
centrations in our experiments is different from the ECNP
system, however a very similar trend between the interfacial
tension and In ¢ is observed (see Fig. 2b). From the Gibbs
adsorption eqn (2), with n = 0, we obtain a value of I' = 3.6 x

1
10" m ?(I'=5.9 x 10" molm ?)and ay = F=28x 10718 m?,

The globular proteins are 10 nm in diameter, thus

4\’ . . .
Ap = E(E) =7.9 x 1077 m?. Again we find that, according to
the Gibbs adsorption equation, more proteins are at the inter-
face than fit based on the particle size. The difference is
however significantly smaller than for the ECNPs. The analysis
of the interfacial tension data using the Langmuir model is shown

in Fig. 2c. We obtain a good fit that gives I',, = 3.4 x 10" m 2,
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Fig. 2 Interfacial tension of silicone oil and water with BSA. (a) Interfacial tension measurements of silicone oil and water with various concentrations of

BSA over time. (b) Interfacial tension as a function of the natural logarithm of the concentration of BSA. The red line is a linear fit through the data points.
(c) Interfacial pressure as a function of BSA concentration in molecules per m*. The red line is a fit of the Langmuir model.

very close to the Gibbs adsorption isotherm. Using this analysis to
obtain the energy per particle gives us ~10 k7. On the other
hand, calculating the maximum adsorption energy using equa-
tion 1 gives AEpax = T Yow = 6.5 X 10 kT (Jow = 34 mN m™ ).

Surface tension measurements of an SDS solution

We do not understand the large decrease in interfacial tension
for the ECNPs and the BSA system. The results from the Gibbs
adsorption equation and the Langmuir model are not consis-
tent with the size of the species that we obtain from character-
isation with DLS. A very well studied system is sodium dodecyl
sulfate (SDS), an anionic surfactant that successfully stabilises
many emulsions. We perform analogous measurements on an
SDS solution and analyse these data in the same way as the
ECNPs and BSA interfacial tension measurements. We here use
surface tension measurements that are very similar to inter-
facial tension measurements, but with air as one of the two
phases instead of oil. These give the same information about
the surface activity of the molecules. Surfactants have a rela-
tively low energy of desorption due to the small size of the
molecules.”® The size of a SDS head is approximately 40 A%*®
and the surface tension of water is 72 mN m ™", resulting in an
energy of desorption of 7.1 kg7, using equation 1. This is still
rather high due to the relatively high surface tension of the

water/air interface. At the soybean oil/water interface (yow =
23 mN m™ '), the energy of desorption reduces to 2.3 kgT.

The surface tension measurements of an SDS solution are
shown in Fig. 3a. Since SDS molecules are much smaller, they
adsorb at the surface much faster and the equilibrium surface
tension is reached very rapidly (in a few ms). These experiments
therefore only show the equilibrium surface tension over a
range of concentrations. The results show three regimes. In the
first regime, the surface tension decreases with increasing SDS
concentration. In the second regime, we observe a small
increase in surface tension with increasing SDS concentration.
Then, in the third regime, the post-cmc equilibrium surface
tension of 37 mN m™' is achieved. This second regime, in
which the measured surface tension is lower than the equili-
brium surface tension, is a result also found by other authors
and is usually related to impurities present with the SDS such
as dodecyl alcohol or inorganic salts.**>!

For the Gibbs adsorption isotherm, using the first part of the
measurement and using n = 1, since SDS dissociates into an
SDS anion and a Na' cation, the Gibbs adsorption isotherm
gives I' = 3.6 x 10" m™? (I' = 5.9 x 10°® mol m ?) and

1

=5 =28x 109m> = 28 A, This is in good agreement

with the size of the SDS head from literature of 40 A2.*®

a) g b) 08 ©) o005

~— —~ n "
g o} I E L

: 2 .
?E:’SO roa  0.06 |-
) L] 8 -
2 . @
g% = o
i ] ™ L
Sl = )
% 40 . S @ 0.04 -
= . F LU B B n o
Byl =r i [

N c
- v _1 P =—kBTF°°In[1 - T]
cTa
20 L . . . oos Lo 2RTO Ing . 0.00 ‘
0.0 05 1.0 1.5 20 20 15 -0 05 00 05 0 1x10% 2x10% 3x10%
Concentration (M) Inc(nM) Number of molecules (m3)

Fig. 3 Surface tension of SDS solutions. (a) The surface tension of SDS solutions with varying SDS concentration. (b) Surface tension as a function of the
natural logarithm of the concentration of SDS. The red line is a linear fit through the data points. (c) Interfacial pressure as a function of SDS concentration
in molecules per m®. The red line is a fit of the Langmuir model.
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The Langmuir model also works very well for the surface

tension of SDS, resulting in I',, = 7.3 x 10"®* m™? and AE =~

2 kgT. If we calculate the energy of desorption via eqn (1) using
. 1

', we obtain AE = T y = 2.4kgT. Both methods to calcu-

oo
late the energy of desorption thus give the same result.

Dynamic interfacial tension

The dynamics of interfacial tension measurements allow us to
say something about the rate of diffusion of the species that
are going to the interface and lower the interfacial tension. Hua
and Rosen®? proposed the equation:

Y0 = Veq
N
1+ (%)
T

where y.q is the equilibrium interfacial tension, y, is the oil/
water interfacial tension without any molecules or particles and
7 is the characteristic diffusion time. We fit the interfacial
tension measurements for both ECNPs and BSA. The values
for 7 as a function of particle or protein concentration c are
shown in Fig. 4. The insets show examples of fits of the IFT data
with eqn (6). The exponent m gives a roughly constant value of
0.7 £+ 0.1 for both systems. The first important conclusion is
that the measurements reach a consistent steady state value for
long times, implying that the systems are in equilibrium
between the bulk and the surface. This is important because
otherwise the use of the Gibbs adsorption equation and Lang-
muir isotherm are meaningless. Additionally, the interpreta-
tion of the dynamic surface tension becomes very complicated
if the adsorption energies are very high; however from the
surface tension measurement we concluded that the adsorp-
tion energies are not so high as to impede equilibration of the
surface with the bulk.

The second important conclusion is that the measured
adsorption times are consistent with the idea that for the
particle systems, it is the particles (and not for instance some
impurity) that adsorb and lower the tension. This follows from

(6)

V(1) = Yeq +
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both the fact that the interfacial tension consistently decrease
with increasing particle concentration, and from the value of
the characteristic time scale 7 of the decrease. For the ECNPs
system, we see that t decreases with particle concentration, but
for high enough concentrations the value becomes constant
around t & 350 s (see Fig. 4a). For the BSA system, we observe
similar behaviour (see Fig. 4b), with a stabilisation around
T = 100 s. For SDS, this characteristic time is much shorter,
around 100 ms.”?

Ward and Tordai®* developed a model that relates the
characteristic time 7 to the diffusion coefficient D via the
surfactant concentration ¢ in the bulk and the adsorption
density I'. Comparing the model to the data however gives
unphysical results, because of the strong dependence of the
time on both bulk concentration and adsorption density that is
not observed in the experiments; this was already concluded
previously in studies of dynamic surface tension of different
surfactants.>® Nonetheless, one would expect the characteristic
times to scale as the inverse of the diffusion coefficient,* which
is again inversely proportional to the size following the Stokes-
Einstein equation.’® The size ratios of the ECNP, BSA and SDS
is roughly 100:10:1, in rough agreement with the observed
characteristic times of 350, 100 and 0.1 s. However a more
detailed description of the adsorption dynamics would be
needed to make this more quantitative; the large difference
between BSA and SDS likely comes from the fact that the SDS is
more concentrated than the BSA over the ranges probed here.

Stability of ECNP-stabilised Pickering emulsions compared to
SDS-stabilised emulsions

For the stability experiments, an ECNP-stabilised emulsion
with ¢.; = 0.5 is used and an SDS-stabilised emulsion with
¢oil = 0.8 is used. A small puddle of each of the emulsions is
placed on a hydrophobized glass plate. The puddles are visua-
lised with a bright field microscope. Every 10 s an image is
recorded. After the first image, a hydrophobized cover slide is
carefully placed on top of the pudddles. The behaviour of the
puddles is recorded for two minutes. The results are shown in
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Fig. 4 Characteristic diffusion time for particles to adsorb at the interface, obtained from a fit of the dynamic interfacial tension data with the Hua and
Rosen model for (a) ECNPs and (b) BSA. The insets show fits of the IFT data with eqgn (6).
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Fig. 5 Bright-field microscopy images of two emulsion droplets spreading between two glass plates. The left droplet is a Pickering emulsion (¢ = 0.5)
stabilised with ECNPs, the right droplet is an SDS-stabilised emulsion (¢ = 0.8). A cover slide is placed on top of the droplets in between the first two
pictures. The circles are to guide the eye to the place where destabilisation is initiated. The time interval between the images is 10 s. The scale bars are

5 mm.

Fig. 5. The glass plates are hydrophobized to prevent spreading
of the emulsion on a hydrophilic glass plate. For comparison,
we perform the experiment comparing the ECNP-stabilised
emulsion to the SDS-stabilised emulsion.

The time between two images is 10 s. The left puddle is a
Pickering emulsion stabilised by ECNPs, whereas the right one
is the SDS-stabilised emulsion. The first image shows the
situation before a cover slide is placed on top of the emulsion
puddles that are a few millimeters in width. A cover slide is
then carefully placed on top of the emulsions. Due to the
confinement between the two plates, the diameter of both
puddles increases. The hydrophobized cover slide prevents
spreading of the emulsion and induces droplet coalescence by
confinement.>®* From the large energy necessary to remove
particles, we anticipate that the Pickering emulsion puddle will
take longer to present any type of phase separation under the
microscope. However, in the third image something unex-
pected occurs. At the upper end of the Pickering emulsion
puddle separation of water and oil occurs, and we see that over
time this area, where separation occurs, increases. At the same
time the surfactant-stabilised emulsion remains stable. This is
surprising: the induced-destabilisation of the ENCP-stabilised
emulsion is rapid, contrary to the usual assumption of superior
stability of Pickering emulsions attributed to the high
desorption energy of the relatively large particles."®” Such
behavior might suggest that additional forces or mechanisms
describe the high (or low) resistance of Pickering emul-
sions towards induced-destabilisation, as proposed by other
authors.?®>8

To get a better view of what happens to the emulsion, we
investigate a droplet of Pickering emulsion with a confocal
microscope. The presence of Nile red in the emulsion renders

1948 | Soft Matter, 2023, 19, 1941-1951

the oil phase bright. The results of the experiment are shown in
Fig. 6. The left image shows the emulsion on top of a cover
slide. Although the emulsion droplets are not perfectly sphe-
rical, the emulsion is stable at rest. After carefully placing a
cover slide on top of the emulsion, the right image is recorded.
The largest part of the image is rendered in red, due to a large
area of oil. A few stable oil droplets can still be observed, but
the bigger part of the emulsion is destabilised. From these
observations, we can consider that the Pickering emulsions
destabilise in a similar way as surfactant-stabilised emulsions
since both require low energy input to induce destabili-
zation.*®”° Intriguingly, to induce coalescence in surfactant-
stabilised emulsions, the emulsion needs to be squeezed quite
significantly. Our ECNP-stabilised Pickering emulsion, however,
already destabilises when putting a drop on a microscope slide

100 um

100 um

Fig. 6 Confocal images of a Pickering emulsion stabilised by ECNPs
(poi = 0.5). The left image shows a droplet of emulsion being placed on
a thin glass plate. The right image shows the same emulsion droplet after a
cover slide is placed on top of the emulsion. The emulsion clearly
destabilises due to confinement between the two cover slides. The scale
bar is 100 um.
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and simply placing a cover slide on top of it. These observations
in our Pickering emulsion show that although on the shelf our
emulsions are stable against coalescence for months, confine-
ment induced-destabilisation occurs very rapidly as soon as a
small amount of pressure in the form of a cover slide is applied.
In the future, we foresee further research on the stability of
Pickering emulsions to connect our results with bulk emulsion
stability.

Conclusion

An overview of all the parameters that we have investigated
based on the interfacial tension measurements on ECNPs and
BSA systems and surface tension measurements on SDS solu-
tions are listed in Table 1.

We have performed interfacial tension measurements on
three different systems: (1) soybean oil and water with ethyl
cellulose nanoparticles (ECNPs), (2) silicone oil and water with
the globular protein bovine serum albumin (BSA), and
(3) sodium dodecyl sulfate (SDS) solutions and air. For all three
systems we observe a large and concentration-dependent
decrease of the interfacial tension. There are various examples
in literature that describe a similar significant reduction of the
interfacial tension due to adsorption of particles at the
interface.>' "> Specifically Bizmark et al.**** worked on ECNPs
similar to ours and also observed a strong reduction.
We therefore do not believe that there is some flaw in our
measurement method, and have also done our very best to rule
out spurious effects due to impurities.

If we accept these results, from the concentration-dependent
decrease of the interfacial tension, we obtain adsorption
densities from the Gibbs adsorption equation. Surprisingly,
very high particle densities for the ENCPs and BSA systems
are found, resulting in an average area per particle significantly
smaller than the size of the particles obtained by DLS measure-
ments. This may suggest the formation of multilayers at the
interface or strong contributions from the counterions. The
Langmuir isotherm gives similar adsorption densities as the
Gibbs adsorption isotherm. From there we calculate an adsorp-
tion energy per particle that even for the 100 nm ECNPs is only
a few kg7, in contradiction to the thousands of kgT normally
reported in literature. We have to admit that these equilibrium

Table 1 Overview of all parameters from interfacial tension measurements
on ECNPs and BSA systems and surface tension measurements on SDS
solutions. AEay is calculated using egn (1) with 6 = 90°

ECNPs BSA SDS
dprs (m) 1.0 x 1077 1.0 x 1078 7.1 x 1071
A, (m?) 7.9 x 10 7.9 x 10V 4.0 x 107"
Tgibbs (M ™2) 5.3 x 10" 3.6 x 10" 3.6 x 10'®
a, (m?) 1.9 x 1078 2.8 x 10°'® 2.8 x 10 *°
I, (m? 5.8 x 10" 3.4 x 10" 7.3 x 10"
AE (kpT) & ~10 &
AEmay (ksT) 1.3 x 104 6.5 x 10> 2.4
Dsg (m* s™1) 6.6 x 107> 6.6 x 10~ 6.0 x 107 '°
7 (s) 350 100 1072
Dexp (s) 1.7 x 107 6 x 10" 4.3 x 107"

This journal is © The Royal Society of Chemistry 2023
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arguments are not sufficient to explain the significant,
concentration-dependent decrease of the interfacial tension
for our particles.

We observe that both surfactants and particles can result in
a significant decrease of the interfacial tension, making it
impossible to distinguish between particles or surfactants
based on the equilibrium interfacial tension. Notably, the small
adsorption/desorption energy is compatible with the rapid
exchange of particles between droplets observed by French
et al.,®® and our observation that the ECNP-stabilised emulsions
are very unstable.
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