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Effect of the spreading solvent on the three-phase contact angle
of microparticles attached at fluid interfaces
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We address a systematic study of the three-phase contact angle, 6, of microparticles at flat
fluid—liquid interfaces by using different experimental methods. We measured the dependence
of 0 not only on the particle chemical composition and size, but also on the solvent used to
spread the microparticles onto the fluid interface. We found a non-expected and non-regular
dependence of 0 with size, chemical nature and spreading solvent used for the different particles
studied. We propose that these dependences are due to porosity/roughness of the particles that
allows the adsorption of the spreading solvent onto the solid particle surface. This conclusion is

Downloaded by UNIVERSIDAD COMPLUTENSE MADRID on 24 November 2010
Published on 20 October 2010 on http://pubs.rsc.org | doi:10.1039/COCP00570C

supported by the values of the line tensions estimated for the different systems.

Introduction

Colloidal particles can accumulate onto the interface dividing
two immiscible fluid phases and stabilize foams and emulsions
by slowing down the three processes that lead to the phase
separation: drainage, coarsening and coalescence. This fact
was discovered at the beginning of the last century by Ramsden'
and rediscovered by Pickering®® some years later but then
forgotten until the appearance of the work of Menon and
coworkers on water—oil emulsions in 1987.% Since those early
works the interest on dispersed systems stabilized by particles
has greatly increased due to new ways for producing nano or
micro structured materials, and the range of applications of
such particles. For instance, Dinsmore et al.’ reported a novel
method to fabricate permeable solid capsules by assembling
particles at the surface of an aqueous drop in a continuous oil
phase. These capsule, called Colloidosomes, allow one to
encapsulate a wide range of active molecules, which may be
delivered in a controlled way. Particles at fluid interfaces are
also important from the environmental point of view (e.g. by
reducing the use of standard surfactants) in water treatment
and recycling flotation process.® Recently, particles attached
to fluid interfaces or in confined environments (membranes,
cells) have been used as probes to measure the surface shear
viscoelasticity of those systems by following their Brownian
motion. This methodology leads to a new rheological technique
called micro- or nano-rheology, depending of the size of the
particles, with several advantages over traditional methods.”
The behaviour of particles at interfaces (structure, inter-
action forces and dynamics) is also important because they can
be used as a model system to study 2D or quasi-2D colloidal
organization. The structure and dynamics of these systems has
been studied mainly at flat fluid—fluid interfaces (air/oil-water)
such as Langmuir films.®'° To prepare Langmuir monolayers
of particles, they are deposited onto an interface using a
spreading solvent, usually an alcohol. The basic knowledge
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of particles at flat liquid interfaces was reviewed by Aveyard
et al.'! and Binks et al.'*'* The traditional method to charac-
terize these particle monolayers are based in the study of the
surface pressure—area (IT-A) isotherms.'*!” For microparticles,
these monolayers can be also characterized by video-microscopy
obtaining information about their structure and dynamical
behaviour.!® The forces between particles at the monolayer
have been studied by using laser tweezers, and also different
theoretical models of the pair interaction potential have been
proposed. 121921

The wettability of the particles has been found to be a key factor
in controlling the static and dynamic behavior of particle at
the fluid interfaces. This wettability is characterized by the
three-phase contact angle 6 which is defined as the angle
between the tangents to the solid surface and the interface
measured through one of the phases. When the lower subphase
is water, particles with angles between 0° < 0 < 90° are called
hydrophilic, because the particle area immersed into the
water phase is larger than the area in contact with the upper
phase. On the contrary, particles are called hydrophobic when
90° < 0 < 180°. Nowadays, it is well known that the contact
angle 0 determines the type of foam or emulsion formed; for
instance, foams or water-in-oil emulsions are formed if 6 < 90°
while aerosols or oil-in-water emulsions are formed when
0 > 90°. The wettability of the particles remarkable affects the
free energy of particle detachment, AGy, and thus the particle
capability to stabilize foams and emulsions. Pieranski®® has
calculated the detachment free energy for the case of a planar
fluid interface as a function of the three-phase contact angle,

AGy = mayo(1 — |cos 0]) 1)

where « is the particle radius and vy, the surface tension. This
equation yields a maximum in the free energy of particle
detachment at 6 = 90°, where AGy is several orders of
magnitude greater than the thermal energy kg7, (kp being
the Boltzmann constant), and sufficient to make the particle
attachment almost irreversible. On the other hand, AG4
decreases to zero at § = 0° and 6 = 180° and particles can
exhibit a reversible attachment-detachment behaviour.
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Different authors have demonstrated that the particle
wettability has a dramatic effect on the particle interactions
resulting in ordered or disordered structures or aggregation
depending on the #.'? For instance, Kralchevsky et al.>* have
shown that very hydrophobic silica particles adsorbed at the
octane-water interface, with 0 ~ 130°, lead to well-ordered
monolayers over large distances, while less hydrophobic
particles (6 ~ 118°) form large aggregates. Lin and Chen
found a 2D solid-like phase, which melts through a hexatic
phase for charged polystyrene particles adsorbed at decane—
water interface with @ ~ 70°.>** Fernandez-Toledano er al.
have proposed a theoretical model of interactions between
particles in monolayers and they have calculated the total pair
potential by computing the different interaction terms.?® The
computation of their potential has been done using the
Derjaguin approximation over the emergent and immersed
parts of the particles which depends on the three phase contact
angle. These authors obtained a dependence of the repulsive
dipolar interaction potential on 0 for different inter-particle
distances with a maximum near 90° in all cases. However the
strength of the dipolar interaction decreases several orders of
magnitude for 6 below 20° and above 120°.%

Particles can be used as probes to measure the surface shear
viscosity of Langmuir monolayers made of different materials
in micro- and nano-rheology experiments. To extract useful
information from these experiments one needs to understand
the physics underlying the motion of the particles in a 2D or
quasi-2D environment. Here, the contact angle plays a key
role in calculating the interfacial shear viscosity from the
Brownian trajectories of the particles, as described by Danov
et al. and Fischer et al.>’* These authors have calculated the
drag force on a small spherical particle attached to interfaces
with different viscosities as a function of the contact angle.

The contact angle, measured trough the lower subphase, is
given in its simplest way by the Young’s equation, and
depends only on the interfacial tensions between the upper
(air or oil) and lower (water) phases (y¢) and the ones between
the solid particle and both upper (y,,,) and lower phases (ypw),

cos — po ~ Vpw 2)

Yo

In the last decades increasing number of publications have
appeared describing different methods to measure the contact
angle 0 for microparticles at interfaces.>® They can be classified
in two families: “‘in situ” methods, based on the direct obser-
vation of the particle at the interface'* and those in which the
forces involved in the adsorption are measured.’**! In con-
trast to other particle properties, like charge or size, this
parameter is hardly accessible experimentally. The direct
determination of 6 is restricted to particles of sufficiently large
size because of the magnification limits. Thus, direct optical
microscopy methods are suitable for particle diameters of
several tens of micrometres. The determination of 0 from a
force—distance dependence measured by AFM is also limited
by the size of a particle glued to the tip of the cantilever. For
further discussion about the direct and indirect methods see
ref. 30.

Here we present a systematic study of the contact angle of
microparticles adsorbed onto flat liquid—liquid and liquid—gas

interfaces as a function of the particle chemical nature
and size. We explore for the first time, the influence of the
spreading solvent on the measured contact angle and found
that the chemical nature of the used solvent strongly modifies
the measured angles. We have used three different methodo-
logies to measure 0. Concretely, we have used the gel-trapping
technique developed by Paunov,*?** the method based on the
measurement of collapse pressure in a particulate monolayer
upon compression in the Langmuir trough®' and the method
based on the excluded-area formalism.** It will be shown that
the three methods lead to comparable values of 6.

Experimental
Chemicals

Microparticles of different chemical nature and sizes were used
in the experiments. (a) Negatively charged surfactant-free
polystyrene (PS) microparticles with sulfate functional groups
on the surface (Interfacial Dynamics Corporation, USA), with
diameters ranging from 0.5 to 5.7 um. All of them have similar
surface charge density (& —6 pC cm™>). (b) Poly(methyl
methacrylate) (PMMA) microparticles (Microparticles GmbH,
Germany) with two diameters, 1.0 and 2.0 pm. The first ones
are electrostatically stabilized by sulfate groups on their
surface and the second ones are sterically stabilized by PVAc
(polyvinyl acetate) adsorbed on the surface. (c) Silica-sphere
particles (SiO,) with OH groups at their surface and 1.0 pm in
diameter (Sigma-Aldrich, Germany). Water with a resistivity
higher than 14 MQ obtained from a milli-Q (Millipore) was
used and n-octane (Sigma-Aldrich) filtrated trough an alumina
(Al,0O3) column was used as the oil-subphase. The spreading
solvents used were: 2-propanol (IPA) (99%) and methanol
(MetOH) (99%), used as received from Sigma-Aldrich
(Germany).

Methods

We have used the gel trapping technique (GTT) to measure the
three-phase contact angle of different sets of PS, silica and
PMMA particles spread onto air-water and octane/water
interfaces by using MetOH and IPA as spreading solvents.>
In this technique a non surface active gelling agent (Gellan) is
added to the water, the particles are spread onto the interface
at about 50 °C, and after gelling the water phase by cooling the
system at room temperature (25 °C), the particle monolayer is
detached by using polydimethylsiloxane (PDMS), which is
first poured on top of the water and then cured. The surface
of PDMS with the trapped particles is imaged with a Scanning
Electron Microscope (SEM). The position of the particles with
respect to the PDMS surface can be then determined from the
SEM images, which provides the necessary information for the
determination of the particle contact angle at the initial
air—water or oil-water interface. Fig. 1 shows a typical SEM
image. We have chosen this technique because it can be also
used to observe the behaviour of all different types of solid
particles (nature and size) at both liquid interfaces.>* We have
also used the method described by Clint and Taylor®! in which
0 is obtained from the IT-A isotherms of the particle mono-
layers. The surface pressure is defined as usual, I = yq — v,
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Fig. 1

Set of SEM images of SiO, particles with 1.0 um in diameter
spread onto the octane-water interface with (a) isopropanol and
(b) methanol obtained by the GTT. Straight lines show the contact line
of the particle at the PDMS surface which allows one to calculate 0.

being y¢ and 7y the surface tension of a bare interface and with
the monolayer, respectively, and A4 is the interfacial area.
The contact angle is related to the collapse pressure, Icoliapse
(see Fig. 2) through:

Hcollapsez\/g
o

cosf =+ -1, (3)

where 2\/ 3 is a geometry constant that comes from the
hexagonal packing of the particles at the collapse. Hence by
measuring the interfacial tension and collapse pressure we
obtain the contact angle. We could only use this method for
monolayers that pack in solid hexagonal arrays on compressing
the monolayer as happens in the oil-water interface using IPA
as spreading solvent.

The third method is based on the excluded-area formalism.*
Monolayers composed of a mixture of an insoluble polymer
and the microparticles are considered as a binary surfactant
monolayer with complete immiscibility of its components.
The area occupied by the particles at the interface is then
inaccessible for the polymer chains, and therefore, the II-4
isotherms for the mixed monolayer should show a shift
towards higher molecular areas, A4, when increasing the
number of particles, N,. From the slope of the excluded area

N
(=]
T
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S
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Fig. 2 Surface preasure—area isotherm for 0.5 um PS particles at
octane-water interface. The inset shows the collapse presure, Ieopapses
obtained by the locus of the slope change. The surface pressure due to
the spreading solvent is neglected because the small amount injected in
comparison with the total volume of water.

as a function of surface pressure, the averaged interfacial area
occupied by the particles and 0 can be calculated as:

dAa4 2N,ma*y} cos® 0°
e 4)
dr 3

being 6p0 the contact angle measured against the liquid phase
in the initial uncovered state.

Results and discussion

Let us first report the different methodologies to determinate 0
used in this work. Fig. 1 shows a set of images obtained by
SEM of PMMA particles trapped in PDMS using the GTT
corresponding to identical particles spread with methanol
(Fig. 1a) and with isopropanol (Fig. 1b) onto the octane—water
interface. One can clearly observe that the contact angles
depend on the spreading solvent. This change in the contact
angle 6 could be due to the different surface activity of the
alcohols that will change y¢ according to Young’s equation. To
test this possibility, we have performed control experiments by
spreading the same amounts of methanol and isopropanol that
are added when spreading the particles. The surface tension
measured at both interfaces (air/octane-water) did not change
with the added amount of alcohols (volume spread is less than
0.1%), which means that the change in the contact angle
cannot be attributed to the adsorption of the alcohols onto
the interface. Table 1 summarizes all the contact angle
measured by the GTT of particles with different chemical
nature (PS, PMMA, and SiO,) attached to the air-water and
oil-water interface as a function of their diameter ¢, and for
two different spreading solvents (methanol and isopropanol).

Fig. 2 shows as example a surface pressure-area ([1-A)
isotherm of a monolayer of PS particles (¢ = 0.548 mm) at
the octane-water interface. At large areas the surface pressure
is very low, when the area is reduced particles begin to interact
and the surface pressure increases until a kink which corres-
ponds to the collapse pressure (I1ojiapse) Of the monolayer. We
have calculated the IMcoapse as the inflection point, where a
slope change occurs (inset in Fig. 2). From I oapse and
using eqn (3) we obtained two solutions 0 = 77.6° and 102.4°.

Table 1 Three-phase contact angle of microparticles of different nature
attached to air/oil-water interfaces using two different spreading
solvent, i.e., methanol (MetOH) and isopropanol (IPA), obtained by
GTT. Values between parenthesis correspond to the excluded area
methodology, and the one with (*) to the method proposed by Clint
and Taylor (ref. 31)

Water—air Octane—water
Diameter/um MetOH IPA MetOH  IPA
PS 0.5 — — — 74 +£5
77.6 + 0.9*
1.0 63+7 121 4+10 28 +7 140 £ 10
1.6 89+8 88 +9 56 £6 120 + 12
2.9 76 +6 59 +2 120 £ 11 135+ 10
5.7 37+£2 30+38 119 £13 120+9
PMMA 1.0 1I8+6 36+6 — —
(15+3) (31 +3)
2.0 29+4 56+2 — —
26 £2) (56 +1)
SiO, 1.0 41+£10 70+10 68+6 148 £ 5
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As can be seen in the Table 1 the first value is in agreement
with the contact angle obtained by the GTT.

Fig. 3 is an example of the third methodology used to obtain
the contact angle based on the excluded-area formalism. It
shows the surface pressure-area isotherms IT-A4 of a mono-
layer formed by a mixture of a polymer, poly(methyl
methacrylate) (PMMA, Molecular weight M,, = 270.8 kDa)
and ca. 12 x 10® and 20 x 10° particles of PMMA (diameter
o = 2 um), respectively. Similar shifts were obtained for
other particle concentrations and for the rest of the PMMA
particles. The inset in Fig. 3 shows the excluded area by the
PMMA particles; i.e., the difference between the area of
the monolayer with PMMA particles attached and the area
of the monolayer only formed by the polymer. From the slope
of the excluded area versus surface pressure, the averaged
interfacial area occupied by the particles can be calculated,
and from it the contact angle 0 of the particles at the interface
(eqn (4)). For instance, for the PMMA particles (¢ = 2 pm)
both slopes in Fig. 3, (4/IT corresponding to N = 12 x 10°
and 20 x 10° particles, lead to a mean value of 6 = 56 + 1°,
which is in excellent agreement with the value obtained by
GTT, Ogtr = 56 + 2°. All values obtained with this method
agree within 5-10% with the results from the GTT.

The values of 6 shown in Fig. 4 denote the existence of a
non-general behavior in the relation of 6 with the spreading
solvent, hereinafter ‘solvent effect’. The behavior of the contact
angle vs. particle size and spreading solvent change cannot be
explained by the Young relation (eqn (1)) because it does not
take into account the particle size. Furthermore, eqn (1) is only
valid when particles are completely smooth and adsorbed at
the interface without spreading solvent (Gibbs monolayers) as
will be demonstrated in the next paragraph. It is well known
that real solid surfaces are usually rough and chemically
heterogeneous, especially for polymeric/gel particles, which
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Fig. 3 Surface pressure—area isotherms II-4 measured for mono-
layers of poly(methyl methacrylate) (PMMA) Langmuir films. Solid
line represent the bare PMMA monolayer, dotted line and dashed line
represent the PMMA monolayer with 12 x 10° and 20 x 10° particles
of PMMA with a diameter ¢ = 2 pm respectively. The inset shows the
excluded area, i.e., the difference between the area of the monolayer
with PMMA particles attached and the area of the monolayer only
formed by the polymer as a function of the surface pressure I1. The
solid line represent the linear fit of the experimental data. The slope of
the fit AA/IT is related to the contact angle of the PMMA particles.
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Fig. 4 Three-phase contact angle 0 as a function of the diameter o of
the particles attached to the interface (a) air-water and (b) oil-water.
The nature of the particles and the spreading solvent as follows:
Polystyrene (PS) particles spread with methanol (OJ), and isopropanol
(A). Poly(methyl methacrylate) (PMMA) particles in methanol (M),
(B) and isopropanol (A), (&) using GTT and the excluded area
formalism, respectively. In (a) the general 6—¢ dependency is denoted
by a solid line and in (b) the 6—¢ behaviour for MetOH and IPA is
denoted by a dashed and dotted line, respectively. Upper inset:
Contact angle as a function of the chemical nature of the particles
attached at the air-water interface.

show porosity and high surface roughness.>*** It should be
emphasized that the roughness and/or the existence of a
heterogeneous surface lead to two important effects. The first
one is that roughness magnifies the line tension (7) effect.
Three phases in contact meet at a line and then there exist a
line tension which is expressed as a force or energy per unit
length. Line tension can be viewed as the equivalent to the
surface tension (energy per unit area for a 2D interface dividing
two phases) and it should be considered that for spherical
microparticles the effect of ¢ becomes more important as the
radius decreases. In the limit of ideal flat surface t — 0 and the
original Young equation is recovered. The relevant modification
of the Young equation reads:*

T

cos 0 = cos Oyoung a7 (5)
where Oyoung 18 the three-phase contact angle from the Young
relation, a is the radius of the contact line between the three
phases and t is the line tension.*®*” Taking into account the
roughness of the particles, the second effect mentioned above is
related to traces of solvent that could be trapped at the particle
surface in the spreading process. Therefore, the surface tensions
related by the Young equation (eqn (2)) and then the three-
phase contact angle, are affected by the trapped solvent as
sketched in Scheme 1. In addition, this adsorption will also
change the length of the contact line.
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Octane i
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v

Scheme 1 Detail of the spreading solvent trapped on the roughness of the particle’s surface for an arbitrary oil-water interface.

Fig. 4 shows the experimental contact angle 6 of particles
whose surfaces have different chemical nature (PS, PMMA
and SiO,) attached to the air—water interface (Fig. 4a) and
octane—water interface (Fig. 4b) as a function of their diameter
g, taking into account the different spreading solvent used. We
found a general tendency for the values of 6 corresponding to
PS particles at the air—water interface (spread with both IPA
and MetOH); i.e., 0 decreases as the diameter of the particle
increases which is pointed out by the solid line (Fig. 4a).
Particles with different nature (PS, PMMA and SiO,) spread
with IPA lead to higher contact angles than using MetOH,
(see inset in Fig. 4). Fig. 4(b) shows the experimental s obtained
for PS particles at the oil-water interface. Here, two different
behaviors were found: the contact angle 0 increases (PS spread
from MetOH) or remain constant (from IPA) as the diameter
increases. The opposite occurs at W/A interface, as previously
described. Thus, we propose that particles spread with IPA are
at this interface completely covered with the alcohol molecules
leading to a constant contact angle as a function of the particle
diameter. To test our hypothesis we have measured the contact
angle of PS particles with equal size (2.9 um), and different
charge surface density, (—=5.7 and —9.7 uC cm™2), similar
contact angle values were obtained. A possible explanation
of this behaviour is that particles are completely covered by a
layer of the spreading solvent and, as a consequence, the
nature of the surface does not affect the contact angle.

In particular, PS particles with size ranging from 1.0 to
1.6 um behave as a completely hydrophilic ( < 90°) when are
spread from MetOH, and are hydrophobic (6 > 90°) when
IPA is used as the spreading solvent. IPA is less hydrophilic
than MetOH, thus, the contact angle of particles spread with
IPA lead to higher contact angles than the same particles
spread with MetOH.

In general, the solvent effect seems to be more important
for small particles. This fact could be due to an increase of
roughness and porosity as diameter particles decreases. How-
ever, when the particle size increase we suppose that the
solvent does not cover the surface completely, thus leading
to similar contact angle for particles spread from different
solvents. Unfortunately there are no available experimental
data showing the dependence of roughness/porosity on the
particle size.

In addition, we estimate the value of the line tension for our
systems using eqn (4). In Fig. 5 we have plotted cos 0 as a
function of (a sin (0))~' for PS particles spread with both
solvents at the octane—water interface and also at the air-water
interface as shown in the inset of Fig. 5. We have consider
smooth particles where a. = a sin 0. Considering yo = 72mN m™"

1.0 : : — —
05} @ ;
) B
2 00} K i
1 K g o 4
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Fig. 5 cos 0 as a function of 1/ac (where ac = sin 0 ¢/2) PS particles
with different diameter (o) at the oil-water interface. Symbols as
follows: Particles spread with methanol () and isopropanol (A).
The dotted line represents the best fit of the experimental data by
eqn (5). The slope of the fit is related to the line tension 7. Inset: Similar
results at the air-water interface.

for the air-water interface we found t ~ 0.5 nN and
1 =~ 5 nN from the slope for, respectively, methanol and
IPA. The line tension is much higher for IPA than for
methanol which is a further indication of an interaction
between the spreading solvent and the solid particles. For
the octane—water interface (y, = 51 mN m~') and PS particles,
we found a negative line tension, 7 &~ —0.20 nN for methanol
and a positive one with IPA, (t =~ 0.20 nN), being again a clear
indication of a preferential adsorption of the spreading solvent
onto the surface of the particles. This is also supported by the
values of the ordinate y-intercept of the fitting lines in Fig. 5,
which gives us an estimation of the cos(0young). For the
water—octane interfaces these values are negative indicating
that the difference between the particle-octane interfacial
tension (yp,) minus the particle-water one (ypy) is negative,
ie. Ypo < Ypw Which is consistent with the presence of
methanol or isopropanol adsorbed onto the solid surface
(the surface tension between methanol or isopropanol and
octane is lower than between them and water).

Conclusions

This study reveals the non-regular behaviour of the contact
angle of particles adsorbed at fluid interfaces with the chemical
nature and size of the particles and with the spreading solvent.
We have used three different methods to measure the contact
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angle (explained in the main text) which leads to similar results.
We demonstrate how the contact angle 0 depends strongly on
many commented factors not taken into consideration
previously. Our results point out that the roughness and/or
porosity of particles play a key role in the hydrophobicity/
hydrophilicity balance of the particles accounting by 0. We
highlight the existence of a solvent effect: molecules of solvent
can be trapped at the particle surface in the spreading process
changing quantitatively the contact angle. This conclusion is
supported by the values of the line tensions estimated for the
different systems
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