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The effect of aggregation on the surface pressure, P, of monolayers from charged micrometer-sized col-
loidal particles on the air/water interface is investigated. P is completely due to the long-range electro-
static repulsion between the particles mediated by their electrostatic field in the air. The most probable
origin of particle aggregation is the attraction between capillary quadrupoles due to undulated contact
lines on particle surfaces. Aggregates have higher charge and repel each other stronger than single par-
ticles. The data analysis by means of a theoretical model implies that P linearly increases with n1/2; n is
the mean aggregation number, which can be determined from the experimental P vs. area curves. The
presence of electrolyte promotes aggregation, which tends to increase P, but simultaneously reduces
the surface charge that leads to lower P. For our system, the first effect prevails and apparently paradox-
ical behavior is observed: the addition of salt in water enhances the electrostatic surface pressure. The
data indicate limited aggregation: the rise of the electrostatic barrier prevents the further coalescence
of aggregates if they have become sufficiently large. The results contribute for a better understanding
of the factors that control the interactions in monolayers of charged particles at liquid interfaces.

� 2015 Elsevier Inc. All rights reserved.
1. Introduction of their potential use for producing micro-patterned surfaces with
Non-densely packed monolayers from charged micron-sized
particles on a liquid interface [1–3] have been investigated in view
applications for antireflective and superhydrophobic coatings
[4–8], micro-lens arrays [9,10], structures in biosensing and bio-
engineering [11,12], and in relation to their importance for the
interactions in Pickering emulsions [13–18], and for the
phase-transfer catalysis [19,20]. The surface pressure isotherms
for monolayers from charged particles have been studied
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experimentally and theoretically for colloidal spheres at oil/water
[3,21,22] and air/water [2,23] interfaces. Because the interparticle
distances in such monolayers are of the order of several microme-
ters, i.e. much larger than the Debye length in the aqueous phase,
the electrostatic interaction between the particles happens across
the nonpolar fluid (air, oil). This interaction can be due to charges
located at both the particle/water [24–29] and particle/nonpolar-
fluid [3,13,15,30–38] interfaces. One possible origin of the electric
charge at the particle/nonpolar-fluid interface can be the preferen-
tial adsorption of H+ or OH� ions from dissociated H2O molecules
in the atmospheric air [38–41] during the procedure of particle
hydrophobization.

In experiments with optical tweezers, it was established that
the effect of different hydrated counterions, Na+, Rb+ and Mg2+,
on the electrostatic repulsion between two particles at the
oil/water interface is relatively weak [29,42]. Particle aggregation
in monolayers of charged particles has been also observed and
investigated [3,15,21,31]. Surface pressure isotherms with charged
microgel particles at the oil/water interface have been measured,
and it was concluded that the results are affected by the different
shape and size of the microgel particles in their charged and
uncharged states at the interface [43]. The effect of external uni-
form electrostatic field on uncharged [44] and charged [45] dielec-
tric particles at a liquid interface was theoretically investigated.

From theoretical viewpoint, a particle of uniformly distributed
surface charges, which is attached to a water/nonpolar-fluid inter-
face, creates electric field that has a dipolar asymptotics. The force
of electrostatic repulsion between two such particles (parallel
dipoles) is [3,24–26]:

FER ¼ 3p2
d

2enL4
ðL � rc; j�1Þ; ð1Þ

where L is the center-to-center distance between the two particles;
rc is the radius of their contact lines; j is the Debye screening
parameter; en is the dielectric constant of the nonpolar fluid
Fig. 1. Possible sources of the electric field in the nonpolar fluid (air, oil): (a) charges at th
field can be weakened because of the effect of counterions in the aqueous phase.
(air, oil); pd is an effective dipole moment. The factor 2 in the
denominator of Eq. (1) accounts for the fact that the dipolar field
occupies only the upper half-space (the nonpolar fluid), whereas
the electric field in the aqueous phase is screened by the ions in
water.

If the charges are located at the particle/nonpolar-fluid interface
(Fig. 1a), then the effective dipole moment pd is [33]:

pd ¼ 4pr Dðac; epnÞR3
p sin

3 ac ð2Þ

Rp is the particle radius, ac is a central angle (sinac = rc/Rp; for small
deformations in the liquid interface created by the floating particle,
we have ac � h, where h is the contact angle); r is the electric charge
density at the particle/nonpolar-fluid interface; D = D(ac,epn) is a
known dimensionless function, which can be calculated by means
of Table 1 and Eq. (D.1) in Ref. [33]; epn � ep/en is the ratio of the
dielectric constants of the particle and nonpolar fluid.

If charges are located at the particle/water interface (Fig. 1b),
then the effective dipole moment pd can be estimated from the
expression [25,26,28,29]:

pd ¼ 4penrpwR
2
pð1þ cosacÞ
ewj

; ð3Þ

where ew is the dielectric constant ofwater;rpw is the electric charge
density at the particle/water interface, and j is the Debye screening
parameter. Correspondingly, pd given by Eq. (3) decreases upon the
addition of electrolyte in the aqueous phase, whereas pd expressed
by Eq. (2) should be insensitive to the concentration of electrolyte
in the water. Experimentally, this was observed with 1 lm sized sil-
ica particles at the octane/water interface – salt concentrations up to
1 M NaCl in the aqueous phase did not alter the interparticle dis-
tances [13]. In general, pd might be a superposition of the contribu-
tions expressed by Eqs. (2) and (3). This superposition could be a
sum or difference depending on whether the aforementioned two
dipole moments have parallel or antiparallel orientation.
e particle/nonpolar-fluid interface; (b) charges at the particle/water interface; their
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In our previous study [23], it was experimentally established
that the surface pressure of a monolayer of charged silica particles
of radius Rp � 2 lm in a Langmuir trough asymptotically behaves
as P / A�3/2 where A is the surface area (the area between the bar-
riers in the trough). In other words, P / L�3, where L is the mean
center-to-center distance between two particles in the monolayer.
If the electrostatic interaction between two particles, described by
Eq. (1), is assumed pair-wise additive then the summation over all
pairs in the monolayer yields asymptotically P / L�5 [3]. The
longer range of the experimental surface-pressure dependence
(P / L�3) is due to collective effects, which have been taken into
account in Ref. [23] by using the Bakker formula [46] with the
Maxwell pressure tensor due to the electric field created by a peri-
odic structure of charged particles at the liquid interface. The the-
oreticalP(L) dependence obtained in this way is in agreement with
the experimental data [23].

In subsequent experiments, we observed weak aggregation in
monolayers of charged particles at the air/water interface. The
aggregation was accompanied with enhancement of the surface
pressure. Our goal in the present article is to investigate this effect.
In other words, our goal is to clarify whether the aggregation of
electrically charged particles could increase the surface pressure.

The structure of the paper is as follows. In Section 2, the mate-
rials and the experimental methods and procedures are described.
In Section 3, zeta-potential data for the particles are reported and
experimental P(A) isotherms with particles on the surface of pure
water and aqueous KCl solutions are compared. In Section 4, theo-
retical interpretation of the obtained P(A) isotherms is proposed
based on the model from Ref. [23]. Finally, in Section 5 we discuss
the issues about the attractive force that causes the aggregation
and about the origin of particle surface charges and the effect of
electrolyte on the electrostatic surface pressure.

2. Materials, methods and procedures

2.1. Silica particles, hydrophobization and storage

The particles and the procedures for their hydrophobization and
storage are the same as in our previous study [23]. For this reason,
only a brief description is given here. The used silica particles
Excelica UF305 were produced by Tokuyama Corp., Japan, by melt-
ing of synthetic SiO2. The particles were spherical but polydisperse;
see pictures of the particles obtained by scanning electron micro-
scope (SEM) in Appendix A. During the cleaning procedure, the
smallest Brownian particles were removed. The particles in the
working suspension have a lognormal size distribution with maxi-
mum corresponding to radius Rp = 1.92 lm. The radii of 50% of the
particles belong to the interval 1.56 6 Rp 6 2.37 lm; see Ref. [23]
for details.

Before an experiment, the particle surfaces were cleaned by
means of the following procedure [23,37,47]. First, they were
placed in sulfochromic acid for 2 h. Next, they were abundantly
rinsed with water and then separated by centrifugation for 3 min
at 5000 rpm. The rinsing was repeated three times. Further, the
particles were placed in 0.01 M NaOH solution for 6 h. After that,
they were rinsed with deionized water and left for 40 min to sed-
iment. Finally, the particles were dried for 16 h at 80 �C.

The cleaned particles were hydrophobized with
dichlorodimethylsilane (DCDMS, 99.5%, Fluka) following the
procedure described in Ref. [23]. At the end of this procedure,
the particles were dried for 40 min at 110 �C. If such dried particles
are placed on the surface of water, they repel each other as visible
from the considerable distances between them. By placing a
needle-shaped electrode above the monolayer, we established that
the particles are negatively charged; see Ref. [45] about the force
acting on floating charged dielectric particles in external electric
field. As already mentioned, a possible reason for surface charges
on the particle/nonpolar-fluid interface could be the adsorption
of ions from the atmospheric air [38–41]. It is known that the air
contains 200–800 negative ions (mostly OH�) per cm3 at normal
fair weather conditions [48].

The prepared charged particles were stored in a closed beaker
with 20 mL isopropyl alcohol (IPA). Before each experiment, the
glass beaker with the particle suspension in IPA was sonicated in
water bath. After that, a portion of the suspension was taken with
a pipette and spread on the surface of water in a Langmuir trough.
The IPA evaporates and a particle monolayer is deposited on the
water surface.

2.2. Experiments with particle monolayers in Langmuir trough

KSV NIMA Minimicro Langmuir trough was used. The particle
monolayers formed in the trough were observed from below by
an inverted microscope Axiovert 40 MAT (Carl Zeiss). The inner
dimensions of the trough are 195 � 51 � 4 mm. The surface pres-
sure,P, was measured using a Wilhelmy plate made of filter paper.

The trough was filled with the aqueous phase of volume 30 mL
(thickness 3 mm). Several drops of the particle suspension in IPA
were placed on the water surface between the barriers of the
trough. If the particles have a greater charge (as seen from the lar-
ger interparticle distances) the amount of the spread suspension
can be smaller. After that, we waited for 1–2 h until a stable con-
stant value of P is established. The surface area between the bar-
riers varies from 85.6 to 14.4 cm2 and vice versa in each cycle of
monolayer compression (or expansion), which takes 840 s at a con-
stant surface rate of 5.1 cm2/min. Between the compression and
expansion, we waited for 100 s to allow relaxation of the
monolayer.

One of the compressions was carried out in a stepwise manner.
At each step, different parts of the monolayer were recorded by
video camera at a fixed distance between the barriers. From the
video records, the average area per particle in the monolayer, a,
was determined at different stages of compression. For this goal,
images of the particle monolayer on video frames were subjected
to numerical Delaunay triangulation and the respective Voronoi
diagrams were constructed. Thus, the size distribution of the areas
per particles was determined, and a was calculated as an arith-
metic mean value; for details, see Ref. [23]. The plot of a vs. A is
a straight line; see Fig. A2 in Appendix A. The slope is larger for par-
ticles of greater charge for which the area per particle, a, is greater.
Because of the simple relation A = Na, where N is the number of
particles in the monolayer between the barriers, from the slope
of the plot A vs. a one can determine N; see Appendix A.

Comparing the interparticle distances in the monolayer at a
given degree of compression, we may conclude that the surface
charge acquired by the particles in different hydrophobization runs
is not perfectly reproducible, despite the fact that we are following
exactly the same experimental procedure. Moreover, it was estab-
lished [23] that the particle surface charge gradually decreases
with the time of storage in IPA (the effect is noticeable for a period
longer than one week). For these reasons, in a given series of exper-
iments with the Langmuir trough we used particles from the same
batch and the period of measurements was shorter than one week.

2.3. Zeta-potential measurements

The zeta-potential was measured with aqueous suspensions of
the hydrophobized silica particles at various electrolyte concentra-
tions. For this goal, the apparatus Zetasizer Nano ZS (Malvern
Instruments, UK) was used. In these experiments, we used the frac-
tion of smaller (R = 0.8–0.9 lm) silica particles of the original
Excelica UF305 batch, which do not sediment. (We recall that in



Fig. 2. Plots of data for the zeta potential of hydrophobized silica particles vs. the
concentration of added electrolyte: NaCl, KCl and NaI; the lines are guides to the
eye.
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the Langmuir-trough experiments the fraction of these smaller
particles has been removed). In the zeta-potential measurements,
the ionic strength has been I > 10�5 M that corresponds to Debye
length j�1 < 96 nm, which is much smaller than the mean particle
radius, i.e. the condition for correct measurement of zeta potential
[49] is fulfilled.

The experimental procedure was the following. First, NaCl, KCl
and NaI (products of Sigma–Aldrich) solutions of different concen-
trations (between 10�5 and 10�2 M) were prepared in small, 18 mL
bottles. In each bottle, 2–3 drops of a freshly prepared suspension
of hydrophobized silica particles in isopropyl alcohol were added.
Next, the open bottles were kept for 2 h in a vacuum drier at room
temperature to evaporate the isopropyl alcohol. The produced sus-
pensions were stored for 18 h at 25 �C to achieve full equilibration
between the particles and the electrolyte solution. Just before the
zeta-potential measurement, the suspensions were sonicated in
an ultrasonic bath to disperse the formed aggregates (if any).

The working temperature in all Langmuir-trough and zeta-
potential measurements was 25 �C. All solutions were prepared
with deionized water. Under the working conditions, dissolution
of atmospheric CO2 in the aqueous phase is possible, so that in
the experiments with particle monolayers on the surface of water
(without added salt) the aqueous phase may contain a background
ionic strength of the order of 3.2 � 10�6 M.
3. Experimental results

3.1. Zeta-potential: results and discussion

The experimental procedure is described in Section 2.3. The
experimental results shown in Fig. 2 are nontrivial. The negative
zeta potential of the hydrophobized silica particles exhibits a min-
imum with the rise of electrolyte concentration for each of the
three electrolytes, NaCl, KCl and NaI. To the left of the minimum,
the values of the zeta potential are close for NaCl and KCl (with
the same coion, Cl�) but lower for NaI. To the right of the mini-
mum, the magnitude of the zeta potential is smaller for the
hydrophobized silica particles in the NaCl solution in comparison
with the KCl solutions, the latter being close to the curve for NaI.
The experimental curves in Fig. 2 can be interpreted as follows.

It is known that chloride and iodide anions [50,51], as well as
other halide anions [52], exhibit specific binding to nonpolar sur-
face patches of proteins. Hence, it is possible these anions to bind
also to the hydrophobic patches on the surfaces of our hydropho-
bized silica particles. Such binding of Cl� and I� ions to the particle
surfaces can explain the initial decrease of the zeta potential with
the rise of electrolyte concentration.

The Na+ and K+ cations can also bind to the particle surface –
most probably, for them the binding sites are the negative surface
charges [53]. The shapes of the experimental curves in Fig. 2
indicate that the I� ions possess a higher binding energy, because
their effect (increase of the magnitude of the negative surface
potential) is stronger at the lower electrolyte concentrations. From
this viewpoint, the coincidence of the experimental curves for NaCl
and KCl can be explained with the fact that they have the same
coion, Cl�.

With the rise of electrolyte concentration, the negative surface
potential is suppressed (i) due to the Debye screening effect and
(ii) due to the binding of Na+ and K+ ions to the particle surfaces.
At that, the Na+ ions produce a greater effect (Fig. 2), which means
that they have a higher binding energy than the K+ ions for this
specific hydrophobized-silica/water interface. Indeed, the mini-
mum in the experimental curve appears at lower concentrations,
and the values of the zeta potential are greater (less negative) for
the curve with NaCl in comparison with that for KCl.
The most important result from these zeta-potential measure-
ments is that the chloride and iodide anions can bind to the parti-
cle surfaces thus enhancing the negative surface potential of the
silica particles. This result will be used below for discriminating
between different possible hypotheses for explanation of the effect
of electrolyte on the P(A) isotherms with monolayers of charged
particles.
3.2. Particle monolayers on the surface of water

The experimental procedure is described in Section 2.2. Fig. 3a
represents a SEM image of the used particles. One sees that the
particles are spherical with smooth surfaces, but they are polydis-
perse. Fig. 3b is a photograph of the monolayer taken after cycle 1,
which illustrates the appearance of surface aggregates after this
compression/expansion cycle. The empty areas around the aggre-
gates imply that the aggregates repel stronger their neighbors than
the single particles.

Fig. 3c shows a series of surface-pressure isotherms, P vs. A,
corresponding to four consecutive compressions of the same
monolayer of charged silica particles spread on the surface of water
without any added electrolyte. (For brevity, this experiment will be
further cited as ‘‘Experiment 1” with the Langmuir trough, where
six drops of the particle suspension in IPA have been spread). Each
compression is a part of a compression/expansion cycle; see
Appendix A for more details. Fig. 3c shows a pronounced increase
of P with the number of cycle. The same data excellently comply
with straight lines when plotted as P vs. A�3/2 (Fig. 3d) in accor-
dance with the power dependence established in Ref. [23]:

P ¼ CA�3=2 þP0 ð4Þ
Here, the coefficient C characterizes the slope of the experimen-

tal line and P0 is a background surface pressure. As seen in Fig. 3c,
at the greatest expansions (lowest P) the experimental P(A)
dependences are very slant. This could be explained [23] with
the fact that the electrostatic interaction has a certain range, so
that above a given distance between the particles they are not
strongly interacting and, thus, only a ‘‘gas” phase of particles is pre-
sent. Our study is focused on the steep parts of the surface pressure
isotherms. The slant part is taken into account by the additive con-
stant P0 in Eq. (4).

Fig. 3d contains the experimental points from the steep portions
of the curves in Fig. 3c. The values of the slope C and intercept P0

determined from the fits with linear regressions (Fig. 3d) are given
in Table 1 (Experiment 1), where the regression coefficients are



Fig. 3. (a) SEM micrograph of the used hydrophobized silica particles. (b) Monolayer of the same particles on the surface of water (the photographed domain is
289 � 217 lm). (c) P vs. A isotherms measured in four consecutive cycles upon compression of the particle monolayer. (d) Data from the non-horizontal portion of the same
P(A) isotherms, but this time plotted as P vs. A�3/2.

Table 1
Results from the fits of P(A) isotherms in accordance with Eq. (4).

Run Slope C (mN cm2) P0 (mN/m) Regr. coeff.

Experiment 1 (compression)
Water, cycle 1 5.74 ± 0.02 �5.05 ± 0.02 0.9996
Water, cycle 2 6.77 ± 0.02 �5.77 ± 0.02 0.9997
Water, cycle 3 7.90 ± 0.02 �6.48 ± 0.03 0.9996
Water, cycle 4 8.69 ± 0.03 �6.78 ± 0.04 0.9994

Experiment 2 (compression)
Water, cycle 1 4.15 ± 0.01 0.14 ± 0.02 0.9996
Water, cycle 2 4.16 ± 0.01 0.48 ± 0.02 0.9997
Water, cycle 3 4.37 ± 0.01 0.55 ± 0.02 0.9995
0.1 mM KCla 7.88 ± 0.02 �5.59 ± 0.02 0.9997
1.0 mM KCla 13.9 ± 0.04 �7.50 ± 0.04 0.9993

a The parameter values for KCl solutions are average over three cycles.
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also given. It is seen that the slope C markedly increases with the
number of the cycle. The behavior of the P(A) isotherms obtained
upon expansion of the particle monolayer is similar; see
Figs. A3–A7 in Appendix A. In Section 4.2, we verify the hypothesis
that the particle aggregation could be a possible reason for the rise
of P after each cycle (as seen in Fig. 3c,d).
3.3. Effect of electrolyte on the P(A) isotherms

In this series of experiments, the same amount (8 droplets of
the IPA suspension) of hydrophobized silica particles from the
same batch was spread on the surface of aqueous phase containing
0, 0.1 and 1 mM KCl. (For brevity, this experiment will be further
cited as ‘‘Experiment 2” with the Langmuir trough). In the ‘‘zero
runs” without KCl, three compression/expansion cycles were
carried out in the Langmuir trough. Qualitatively, the results are
similar to those from Experiment 1. The values of C and P0 for
Experiment 2 are also given in Table 1. The lower values of the
slope C (Experiment 2, cycles 1–3 on the surface of water) indicate
that in the case of Experiment 2 we are dealing with a batch of par-
ticles of lower charge as compared with Experiment 1 (see below).

In view of Fig. 2, where the magnitude of the negative zeta-
potential of the particle/water interface increases in the concentra-
tion range 0.01–1 mM KCl, we expected to detect increase of the
interparticle repulsion with the rise of the KCl concentration. In
contrast, as seen in Fig. 4, we observed an increasing aggregation
with the rise of electrolyte concentration. The results of this series
of experiments are described in details in Appendix A; see Figs. A8
and A9 therein. Here, we present only the most interesting and
important results.

Other surprising fact was the observed increase of P with the
rise of KCl concentration (Fig. 5a), despite the increasing aggrega-
tion (Fig. 4). As seen in Fig. 5a, for A < 26 cm2 the experimental P
for 1 mM KCl becomes considerably greater than without added
electrolyte in the water phase. The three isotherms in Fig. 5 exhibit
broad linear portions when plotted as P vs. A in accordance with
Eq. (4); see Fig. 5b, where the slope of the lines increases with
the rise of KCl concentration.

The particle contact angle at the air/water interface, h, was mea-
sured by side-view observations like those in Ref. [3]. The average
value from many photos of particles is h = 94� ± 2�; see the inset in
Fig. 5a. Detectable effect of the presence of KCl in the aqueous
phase on the value of h was not observed, in agreement with the
results of other authors [21,29,42].



Fig. 4. Photographs of monolayers from hydrophobized silica particles on the
surface of aqueous solution that contains (a) 0 mM; (b) 0.1 mM, and (c) 1 mM KCl
(experiment #2); the photos show domains of size 289 � 217 lm.

Fig. 5. (a) Plots of P vs. A for monolayers containing the same amount of silica
particles spread on the surface of an aqueous solution of 0, 0.1 and 1 mM KCl;
experiment #2, cycle 1, compression; the inset illustrates the contact angle of the
used particles. (b) The electrostatic component of surface pressure, Pel =P �P0,
plotted vs. A�3/2 for portions of the same experimental curves.
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Another feature of the experimental P(A) isotherms on the sur-
face of the investigated KCl solutions is that they are very repro-
ducible despite the partial aggregation of the particles. This is
illustrated in Fig. 6a (0.1 mM KCl) and Fig. 6b (1 mM KCl), where
we observe coincidence of the P(A) isotherms obtained upon
expansion of the particle monolayer in three consecutive cycles.
Similar coincidence is observed also upon compression; see
Fig. 6c and d, where the data are plotted as P vs. A�3/2 in accor-
dance with Eq. (4). However, a considerable hysteresis is also
observed: the values of P upon compression are systematically
greater than those upon expansion (Fig. 6c,d). Because of the repro-
ducibility of the P(A) isotherms in the presence of KCl, in Table 1
the average values of C and P0 for three cycles are given.
4. Theoretical section

4.1. Analytical expression for the surface pressure

In our previous study [23], a theoretical model was developed,
which yields the following formula for calculating the electrostatic
component of surface pressure,Pel, for a monolayer of charged col-
loidal particles at the interface between water and a nonpolar fluid
(air, oil):

Pel ¼
r2

pnR
en

FðnÞ; n � 2R
L

¼ a
ah

� ��1=2

ð5Þ

Here, en is the dielectric constant of the nonpolar fluid; rpn is
surface electric charge density at the boundary particle/nonpolar
fluid; L is the particle center-to-center distance; 2R is the value
of L at close contact between two particles; as before, a is the area
per particle in the monolayer; ah is the minimal possible value of a
at close contact; n is a dimensionless parameter; F(n) � F(n,20) is a
universal dimensionless function, which is obtained analytically in
the form of series expansion and tabulated – see Table S1 in the
Supporting Information appended to Ref. [23]. The points in
Fig. 7 represent values of F(n) from this table, which are plotted
vs. n3 = (a/ah)�3/2. These points comply with a linear dependence
of slope 1.972 and correlation coefficient better than 0.9999.
Hence, for sufficiently small n, the function F(n) can be estimated
from the asymptotic formula (Fig. 7):



Fig. 6. Illustration of the reproducibility of surface-pressure isotherms in the presence of KCl in the aqueous phase: plots of the full P vs. A�3/2 curves for (a) 0.1 mM KCl and
(b) 1 mM KCl for experiment #2, expansion. Plots of the linear parts of the P vs. A�3/2 curves for (c) 0.1 mM KCl and (d) 1 mM KCl for experiment #2, both compression and
expansion.

Fig. 7. Plot of the dimensionless function F vs. n3, see Eq. (5); the points are exact
numerical values from Ref. [23], whereas the solid line is fit by linear regression.
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F � 1:972
a
ah

� ��3=2

for
a
ah

� ��3=2

6 0:4 ð6Þ

Note that the condition (a/ah)�3/2 6 0.4 is satisfied for all data in
Figs. 3d, 5b and 6c,d. The simple form of Eq. (6) makes easier the
quantitative interpretation of surface pressure isotherms.
It should be mentioned that Eq. (5) presumes that the electro-
static repulsion between the particles in the monolayer is due to
charges of surface density rpn located at the particle/nonpolar fluid
interface (Fig. 1a). Eq. (5) is applicable also to the case when the
electric field in the nonpolar fluid is created by charges of surface
density rpw located at the particle/water interface (Fig. 1b). In
the latter case, rpn in Eq. (5) should be formally expressed in terms
of rpw using Eqs. (27) and (29) in Ref. [23].

In view of Eqs. (4)–(6), the total surface pressure can be
expressed in the form:

P ¼ 1:972
r2

pnR
en

a
ah

� ��3=2

þP0 ð7Þ

P0 is an additive constant that is to be determined from the fit
of experimental data.

In the model [23], square (rather than hexagonal) lattice of par-
ticles has been assumed for simplicity, and the particles have been
modelled as squares of side 2R. In such a case, the excluded area
per particle and the particle charge can be expressed as follows:

ah ¼ ð2RÞ2 ð8Þ

Ze ¼ ð2RÞ2jrpnj ð9Þ
where e is the elementary electric charge and Z is the average num-
ber of elementary charges per particle. Substituting ah and rpn from
Eqs. (8) and (9) into Eq. (7), we obtain:
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P ¼ 0:986
ðZeÞ2
ena3=2 þP0 ð10Þ

Eq. (10) is in the basis of our subsequent analysis (see below).
Note that in Eq. (10) a and Z are the physical mean area and charge
per particle. It is remarkable the parameters of the auxiliary
square-lattice model used in Ref. [23] to derive Eq. (5) (such as
rpn and R) do not appear in Eq. (10). Indeed, the results of this
derivation are not expected to be sensitive to the use of square
or hexagonal lattice (with the same a and Z), because P is a macro-
scopic quantity that is obtained by averaging over the interface;
see Ref. [23] for details.

4.2. Effect of aggregation on the surface pressure of charged particles

Let us compare the surface pressures of a monolayer of charged
particles, State 1 in Fig. 8a, with the surface pressure of the same
monolayer in State 2 (Fig. 8b), in which the same particles have
formed aggregates of aggregation number n. Then, the number of
aggregates is Na = N/n, where N is the total number of particles. If
we consider the aggregates in the State 2 as bigger particles, their
charge and area per particle are

Z ¼ nZ1; a ¼ A
Na

¼ nA
N

ð11Þ

where Z1 is the number of charges per one particle. Substituting Z
and a from Eq. (11) in Eq. (10), we obtain:

P ¼ 0:986
ðZ1eÞ2N3=2

en
n1=2

A3=2 þP0 ð12Þ
Fig. 8. Sketch of an ordered monolayer of charged particles at a liquid interface. (a)
The monolayer consists of single particles. (b) An imaginary monolayer that
consists of the same particles but in the form of aggregates from n particles (n = 3).
Eq. (12) predicts that the electrostatic component of surface
pressure, Pel =P �P0, should increase proportional to n1/2, i.e.
the surface pressure of a monolayer of charged particles should
increase with the particle aggregation. This result can explain the
rise of the slope of the experimental plots in Figs. 3d and 5b with
the increase of n upon aggregation.

In view of Eqs. (10) and (11), the result P / n1/2 is due to the
fact that the effect of aggregation on P through the increase of Z
prevails over the effect of the rise of a. These effects could be seen
in the photographs, e.g. Fig. 3b, where the aggregates are sur-
rounded by markedly larger empty areas than the single particles.

4.3. Data processing and numerical results

The value of the total number of particles between the barriers
of the Langmuir trough, N, which enters Eq. (12), is known for
Experiments 1 and 2 (see Table 2) from the experimental plots of
a vs. A; see Fig. A2 in Appendix A. The greater N for the Experiment
2 indicates that in the respective batch the particles have had a
lower charge, so we had to spread more droplets from the suspen-
sion in order to detect values of P, which are comparable with
those measured in the Experiment 1. The value of N is expected
to be the same for all compression/expansion cycles within a given
experiment, because no indications for particle detachment have
been observed. Indeed, the aforementioned plots of a vs. A are
always straight lines through the coordinate origin, viz. A = Na.

From the slope C of the P vs. A�3/2 plots in Table 1, using
Eq. (12) we calculated the product Z1n1/4; see Table 3. Furthermore,
to estimate separately the values of Z1 and n, we have to make
certain assumptions. Reasonable assumptions are: (i) n = 1 (no
aggregation) for water, cycle 1, and (ii) Z1 = const. for all subse-
quent cycles, for which the value of n can be calculated knowing
Z1. Because n = 1 for water, cycle 1, the respective value of
Z1n

1/4 = 1.58 � 105 is equal to the constant charge Z1, which has
been used to calculate n for the subsequent runs of Experiment
1. The obtained n values are also given in Table 3.

As seen in Table 3, in the case of Experiment 1, the aggregation
number increases from n = 1 (cycle 1) to n � 2.3 (cycle 4), which is
in qualitative agreement with the optical observations; see also
Fig. 9a. Quantitative agreement between the values of n calculated
from the P(A) isotherms and those determined by statistical
Table 2
Number of particles in the monolayer, N, surface charge density, r, and area per
surface charge, A1, for Experiments 1 and 2.

Experiment N r (lC/cm2) A1 (nm2)

#1, water 21.7 � 106 0.102 157
#2, water 28.6 � 106 0.071 227

Table 3
Values of Z1n1/4 and n determined from the slope C in Table 1 using Eq. (12).

Run Z1n
1/4 n

Experiment 1 (compression)
Water, cycle 1 1.58 � 105 1
Water, cycle 2 1.72 � 105 1.39
Water, cycle 3 1.85 � 105 1.89
Water, cycle 4 1.94 � 105 2.29
Experiment 2 (compression)
Water, cycle 1 1.09 � 105 1.00
Water, cycle 2 1.09 � 105 1.00
Water, cycle 3 1.12 � 105 1.11
0.1 mM KCla 1.51 � 105 3.47b

1.0 mM KCla 2.00 � 105 10.8b

a The parameter values for KCl solutions are average over three cycles.
b Lower limit of n estimated assuming that Z1 = 1.09 � 105, as for the water

surface, cycle 1.



Fig. 9. Plots of P vs. A�3/2 together with the parameter values determined from the
slopes of the lines using Eq. (12). (a) Lines from Fig. 3d together with the
determined values of the mean aggregation number n. (b) Lines from Fig. 5b
together with the determined values of Z1n

1/4; for the line without KCl, n = 1 is
assumed and Z1 = 109 � 103 is determined; for the lines with 0.1 and 1 mM KCl, the
lower limit of the n value is estimated assuming that Z1 is the same as in the case
without KCl.

P.V. Petkov et al. / Journal of Colloid and Interface Science 462 (2016) 223–234 231
analysis of photographs demands performing a new series of
experiments, in which the area between the barriers, A, is varied
in a step-wise manner and photos are taken at each step. Such ser-
ies of experiments is labor consuming and could be a subject of a
subsequent study.

In the case of Experiment 2, the particles have a lower charge,
the repulsion between them is weaker and the aggregation is
stronger in this system. In the case of monolayers spread on the
surface of water (no salt), the optical observations of the mono-
layer indicate that the particles are predominantly in monomeric
form, with few aggregates (Fig. 4a). We assumed that n = 1 for
cycle 1 on the surface of water and determined Z1 for this cycle.
Further, assuming that Z1 has the same value in all subsequent
cycles, we found that n = 1 for cycle 2 and n = 1.11 for cycle 3;
see Table 3.

In the presence of KCl in the water phase, a pronounced aggre-
gation is observed; see Fig. 4b and c. As before, from the slopes of
the plots of P vs. A�3/2 we can determine only the product Z1n1/4,
see Eq. (12), but we cannot separately determine Z1 and n.
However, we can estimate the lower limit of n assuming
(approximately) that Z1 = 1.09 � 105, as for the surface of water
(see Table 3). Thus, for the experiments with 0.1 and 1.0 mM KCl
we obtain that the lower limits of aggregation number are, respec-
tively, n = 3.47 and 10.8; see also Fig. 9b. The latter two values are
certainly underestimated, because the use of the value of Z1 for
pure water could be a rough approximation in the presence of
KCl (see the discussion in Section 5.3). Indeed, it is more likely that
the aggregation is due to a lower value of Z1 in the presence of KCl,
which would lead to a greater value of n, in order to have the same
product Z1n1/4 (see Table 3).

From the determined Z1 for Experiments 1 and 2, water, cycle 1,
we further estimated the surface electric charge density, r, under
the assumption that the charges that create the electric field are
located on the particle/air interface. (Arguments in favor of this
assumption are discussed in Section 5.3). The following formula
was used:

2p R2
pð1� cos hÞr ¼ Z1e ð13Þ

In our case, the mean particle radius is Rp = 1.92 lm and the
contact angle is h = 94�; in Eq. (13), we have used the approxima-
tion ac � h, which holds for relatively small particles like those
used in our experiments. The values of r determined from
Eq. (13) and the values of the area per survace charge, A1, are given
in Table 2 for Experiments 1 and 2. For the Experiment 2, r is with
about 30% lower than for the Experiment 1. Both values of r are
slightly lower than those in our previous study [23]. For example,
the lower r for silica particles reported in Ref. [23] is 0.12 lC/cm2,
which is greater than the values of r in Table 2.

5. Discussion

5.1. The driving force of particle aggregation

The results in the present article and their interpretation on the
basis of Eq. (12) indicate that the aggregation of charged particles
on the air/water interface leads to enhancement of their surface
pressure P. The first point that calls for discussion is the reason
for surface aggregation of the used charged particles. An attractive
force that can overcome the powerful electrostatic repulsion is
needed. The gravity induced capillary attraction between floating
particles [54,55] cannot be the reason for aggregation, because
the weight of our particles is too small. Horozov and Binks [15]
proposed that the reason for aggregation can be the attractive force
between capillary quadrupoles, Fq, which is due to out-of-plane
undulations of the contact lines on particle surfaces [56–61]. These
undulations are related to the hysteresis of three-phase contact
angle, which is present as a rule at solid surfaces (even at smooth
ones), its absence being exclusion [62–66]. Because Fq / L�5, it
could overcome the electrostatic repulsion (FER / L�4) at short
distances. The distance, at which FER + Fq = 0, corresponds to the
position of the energy barrier to particle aggregation. To check
whether such distance really exists for our charged particles, in
this equation we substitute the expressions for FER from Eq. (1)
and Fq from Refs. [56,57]:

3ð2DZ1eRp sin
3 hÞ2

2enL4ð1� cos hÞ2
� 48pc H2 r4c

L5
¼ 0; ð14Þ

In the expression for FER, Eq. (1), we have substituted pd from
Eq. (2) and r from Eq. (13). In the expression for Fq [the second
term in Eq. (14)], c is the surface tension of the liquid interface
and H is the amplitude of contact-line undulations; the cosine in
the formula for Fq has been set equal to 1, which corresponds to
the energetically most favorable configuration of the two interact-
ing capillary quadrupoles. Substituting typical parameter values,
h = 90�; Rp = rc = 2 lm, L = 3Rp = 6 lm; c = 72 mN/m; en = 1;
e = 4.80 � 10�10 statcoulombs; Z1 = 10�5 (see Table 3), and
D(h,epn) = 0.3135 from Table 1 in Ref. [33] for epn = 4, from
Eq. (14) we calculate H = 0.433 lm, which is a reasonable value
for the amplitude of contact line undulations on the surface of a
particle of diameter �4 lm. Hence, the reason for aggregation of
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the charged particles can be really the attraction between capillary
quadrupoles. At close contact, short range attractive forces, such as
the van der Waals and hydrophobic surface forces [67], can further
enhance the interparticle attraction.

5.2. Limited aggregation of charged particles at a liquid interface

A second point that deserves discussion is the presence of long
linear portions in the P vs. A�3/2 (see e.g. Fig. 9), which in view of
Eq. (12) indicate that the average aggregation number, n, has been
constant during the respective compression or expansion of the
particle monolayer. This finding leads to the concept of limited
aggregation of particles, which is logically analogous to the limited
coalescence in Pickering emulsions [68–70]. Indeed, the particle
aggregation enhances the electrostatic repulsion between the
aggregates and this leads to a rise of the electrostatic barrier to
aggregation and eventually – to ceasing of aggregation. In other
words, we are dealing with a negative feedback. Moreover, the par-
ticle aggregates should behave as capillary multipoles of higher
order [58,60] that experience capillary attraction of shorter range
and smaller amplitude, which should additionally increase the
height of the barrier to coalescence upon aggregation.

In the case of particles of lower charge, the barrier to aggrega-
tion is lower and the limited coalescence is expected to occur fas-
ter. This seems to be the case with Experiment 2, where the
isotherms obtained upon compression (or upon expansion) are
very reproducible (see eg. Fig. 6) that indicates completed limited
coalescence. The hysteresis, i.e. the difference between compres-
sion and expansion (Fig. 6c,d), could be explained with the pres-
ence of loosely connected aggregates that coalesce upon
compression, but split upon expansion.

The rise of P with the number of compression/expansion cycle
in the case of Experiment 1 (Fig. 3c) could be explained in the fol-
lowing way. In this experiment, the particle charge is greater (see
Table 2), and the barrier to aggregation is higher. Then, it is possi-
ble that the particles can overcome the barrier only in the most
compressed state of the monolayer, i.e. during the interval of
100 s after the end of compression and before the start of the sub-
sequent expansion. In such case, the process of limited aggregation
would happen in a stepwise manner, as experimentally observed;
see Fig. 9a.

5.3. Origin of the surface charges and effect of electrolyte

The third point that calls for discussion is the origin of surface
charges of the hydrophobized silica particles and the effect of elec-
trolyte on surface pressure. First, let us check whether it is possible
the detected electrostatic effects to be due to electric charges at the
particle/water interface. For jRp � 1 (thin electric double layer),
we can use the Gouy equation that connects the surface charge
density and the surface potential for a planar interface:

rpw

e
¼ 4I
j

sinh
Us

2

� �
; Us � ejusj

kT
ð15Þ

where I is the ionic strength of the aqueous solution; k is the Boltz-
mann’s constant; T is the absolute temperature; us and Us are the
dimensional and dimensionless electric potentials of the particle/
water interface. Furthermore, eliminating pd between Eqs. (2) and
(3), and substituting rpw from Eq. (15), we derive:

r ¼ enð1þ cos hÞe
2pewLBRpD sin3 h

sinh
Us

2

� �
ð16Þ

Here, we have used the formula j2 = 8pLBI, where LB = e2/(ewkT)
is the Bjerrum length; LB = 0.72 nm for water at 25 �C; as before, we
have used the approximation ac = h for small particles. Note that
the coefficient before the hyperbolic sine in Eq. (16) does not con-
tain the solution’s ionic strength, I. In view of Eqs. (1)–(3), the
physical meaning of Eq. (16) is as follows: The existence of surface
potential Us at the particle/water interface creates the same elec-
trostatic interparticle repulsion as surface charge density r [given
by Eq. (16)] at the particle/air interface. Substituting typical
parameter values, h = 90�; Rp = 2 lm, en = 1; ew = 78.2, D = 0.3135
(see above) and Us = 2.53 corresponding to us = �65 mV (see
Fig. 2), we calculate that the latter value of Us at the particle/water
interface is equivalent to surface charge density r = 0.118 �
10�3 lC/cm2 at the particle/air interface. The latter value is about
thousand times smaller than the value of r obtained from the
slopes of our experimental P(A) isotherms; see Table 2. In
view of the hyperbolic sine in Eq. (16), to get r of the order of
0.1 lC/cm2 (as in Table 2) we should have |us| � 415 mV, which
is unrealistic in view of the zeta potential data in Fig. 2. Hence,
we can conclude that charges at the particle/water interface
cannot be the reason for the observed electrostatic repulsion
between the particles in the monolayer. In other words, the
electrostatic surface pressure measured in our experiments is
due to charges at the particle/air interface.

In general, Eq. (16) can serve as a quantitative criterion for
establishing whether the electrostatic repulsion between particles
at liquid interfaces is due to charges at the particle/water or parti-
cle/air interface. Because of the presence of Rp in the denominator
of Eq. (16), the contribution of the particle/water interface is
expected to be greater for smaller particles.

The origin of the surface charge on the particle/air (or particle/
oil) interface already has been a subject of discussions in the liter-
ature [15,38]. As mentioned in Section 2, the possible reason for
these surface charges could be adsorption of ions from the air on
the particles during their contact with the atmosphere. The silica
particles have a higher dielectric constant (ep = 3.9) than the non-
polar fluid (air, en = 1), and for this reason they attract the charges
dispersed in atmospheric air because of the electrostatic image
force; see e.g. Ref. [71]. These charges are H+ and OH�, which are
due to dissociated water molecules [39–41]. Depending on
whether the solid is acidic or basic, the preferential adsorption of
OH� or H+ ions on the solid/air interface leads to negative or pos-
itive surface potentials, respectively. Thus, for silica surface a
potential DV = �172 ± 15 mV was detected by Kelvin force micro-
scopy for relative humidity of air from 30% to 70% [41]. In contact
with the water vapors in air, water is chemisorbed at the silica sur-
face, forming a silanol (Si–OH) layer covered with an adsorption
bilayer of H-bonded water molecules [72,73]. In this layer,
OH� ions could also bind, because they form stronger H-bonds
than the H2O molecules.

Our experiments indicate that the hydrophobization by DCDMS
does not remove the ability of the silica surface to adsorb OH� ions
from the air. The hydrophobization by DCDMS consists in replace-
ment of Si–OH groups by (SiO)2–Si–(CH3)2 groups [74,75].
Moreover, it has been found that not all surface silanol groups
interact with the hydrophobizing agent; e.g., only a small fraction
of the mutually H-bonded OH groups react with the silanizing
agent [76]. In our case, the value of contact angle h = 94� indicates
a relatively low degree of hydrophobization. Hence, we could
hypothesize that a large fraction of the hydrophobized particle/
air interface is covered by silanol groups with an adjacent adsorp-
tion bilayer of water molecules and OH� ions, whereas the sila-
nized groups form separate hydrophobic ‘‘islands”. It should be
also noted that the binding of OH� to the particle surface is strong
enough to preserve the negative surface charge upon particle stor-
age in IPA, as experimentally observed.

Finally, a possible reason for the enhancement of aggregation
with the rise of KCl concentration can be the migration of K+ ions
from the aqueous phase to the particle/air interface, that leads to
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a decrease of the net particle charge Z. Indeed, the subsurface layer
of the particle/water interface is enriched in K+ counterions (see
Fig. 1b), from where they could move toward the particle/air inter-
face attracted by its negative charge. The medium that favors such
migration could be the fraction of the particle/air interface, which
is covered by silanol groups with an adjacent adsorption bilayer of
water molecules and OH� ions (see above). Similar migration of
OH� ions along the silica/air interface under the action of tangen-
tial electric potential difference has been already observed [39].

It should be also noted that in the presence of 50 mM KCl in the
aqueous phase, we observed the formation of large two-
dimensional domains of aggregated particles at the air/water inter-
face. This is probably due to a complete suppression of the negative
charge of the particle/air interface because of the transfer of
potassium cations. In the experiments by Horozov et al. [13], the
electrolyte concentration was raised up to 1 M NaCl without sup-
pressing the electrostatic interparticle forces. However, in these
experiments the nonpolar fluid was octane (rather than humid
air), which most probably blocks the migration of the hydrophilic
Na+ ions to the particle/oil interface.
6. Conclusions

In the present study, we investigate the effect of aggregation on
the surface pressure, P, of monolayers from charged lm-sized col-
loidal particles on the air/water interface. In such monolayers, P is
completely due to the soft and long-range electrostatic repulsion
between the particles mediated by their electrostatic field in the
nonpolar fluid (in the air), where Debye screening is absent [3].
The aggregation of the charged particles is engendered by the
attraction between capillary quadrupoles (due to undulated con-
tact lines on the particle surfaces) [56–60], which turns out to be
strong enough to overcome the powerful electrostatic repulsion
between the particles at sufficiently short distances between them
[15]; see Eq. (14). The aggregation gives rise to two effects, which
are acting in the opposite directions. (i) Aggregates have higher
charge and repel each other stronger than single particles. (ii)
The distances between the aggregates are larger than between
the single particles (in the beginning of aggregation), which leads
to decrease of the electrostatic repulsion. Our theoretical model
leads to the conclusion that the first effect always prevails and that
P should linearly increase with n1/2 (with the square root of aggre-
gation number); see Eq. (12). This conclusion is in agreement with
the obtained experimental P(A) isotherms, which indicate an
increase of surface pressure with the rise of aggregation in the par-
ticle monolayer. From the experimental P(A) curves, one can
determine the mean aggregation number, n; see Table 3. There
are indications that the stronger electrostatic repulsion between
the bigger aggregates leads to limited aggregation in monolayers
of charged particles: the rise of the electrostatic barrier in the
course of aggregation prevents the further coalescence of aggre-
gates that have reached a sufficiently large size.

The presence of salt in the aqueous phase also produces two
effects acting in the opposite directions. (i) The salt promotes the
aggregation (n increases), which tends to increase P. However,
(ii) the salt reduces the surface charge Z (see Section 5.3) and thus
tends to lower P. Depending on the specific system, the first or the
second tendency could prevail. In our case – this is the rise of n. In
other words, the salt reduces the surface charge, Z, and enhances
the aggregation, which in a final reckoning leads to a rise of P.
As a result, we observe an apparently paradoxical effect – the addi-
tion of salt in the aqueous phase enhances the electrostatic surface
pressure.

The results in the present article contribute for a better under-
standing of the factors that control the interactions in monolayers
of charged particles at liquid interfaces, which have found various
applications, e.g., for micropatterning of surfaces and for control of
their reflectance [5–8]. The results could be also important for the
quantitative description of interactions between charged macro-
molecules, e.g. globular proteins, in adsorption layers.
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