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The structure of the electric double layer of charged nanoparticles and colloids in monovalent salts
is crucial to determine their thermodynamics, solubility, and polyion adsorption. In this work, we
explore the double layer structure and the possibility of charge reversal in relation to the size of
both counterions and coions. We examine systems with various size-ratios between counterions and
coions (ion size asymmetries) as well as different total ion volume fractions. Using Monte Carlo
simulations and integral equations of a primitive-model electric double layer, we determine the high-
est charge neutralization and electrostatic screening near the electrified surface. Specifically, for two
binary monovalent electrolytes with the same counterion properties but differing only in the coion’s
size surrounding a charged nanoparticle, the one with largest coion size is found to have the largest
charge neutralization and screening. That is, in size-asymmetric double layers with a given counte-
rion’s size the excluded volume of the coions dictates the adsorption of the ionic charge close to the
colloidal surface for monovalent salts. Furthermore, we demonstrate that charge reversal can occur at
low surface charge densities, given a large enough total ion concentration, for systems of monovalent
salts in a wide range of ion size asymmetries. In addition, we find a non-monotonic behavior for the
corresponding maximum charge reversal, as a function of the colloidal bare charge. We also find that
the reversal effect disappears for binary salts with large-size counterions and small-size coions at high
surface charge densities. Lastly, we observe a good agreement between results from both Monte Carlo
simulations and the integral equation theory across different colloidal charge densities and 1:1-elec-

trolytes with different ion sizes. © 2011 American Institute of Physics. [doi:10.1063/1.3622046]

Il. INTRODUCTION

In recent years, there has been a growth of theoretical and
molecular simulations research in which the ionic size asym-
metry in colloidal charged model solutions has been taken
into account, as an attempt to improve the corresponding de-
scription of these relevant coulombic systems. Notably, this
inclusion has permitted the elucidation of interesting physical
phenomena, such as the existence of a non-zero electrostatic
potential for uncharged colloids'™ (without the necessity of
considering additional specific interactions), molecular stabil-
ity mechanisms in RNA,> as well as the preferential ionic
adsorption in DNA,’ ionic channels,® and electrodes.’ Recent
experiments have also allowed the quantification of the ad-
sorption of ions with different hydration degree at liquid-solid
interfaces at molecular level.!%!2

One of the first pioneering works dealing with ionic
size asymmetry was that of Valleau and Torrie,! in which
they developed a quasi-point like Poisson-Boltzmann scheme,
namely, the modified Gouy-Chapman theory for unequal
ionic radii. In that formalism, the ionic size asymmetry is
partially taken into account by considering different closest
approach distances between the ionic species and a charged
wall, but otherwise neglecting size correlations between
point-ions. Moreover, in that approach it was established that,
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for two binary z : z electrolytes, one size-symmetric and the
other size-asymmetric, the properties of the electrical double
layer are expected to be the same very far from the point of
zero charge if the counterions have exactly the same prop-
erties in both instances, i.e., for highly charged surfaces the
counterions have the leading role, and the specific character-
istics of coions are unimportant or completely negligible. This
asymptotic behavior was called the dominance of counterions,
and is true in the classical Poisson-Boltzmann picture.

On the other hand, in a recent work we have proposed
that a size-asymmetric primitive model of ions could be
used as a coarse-grained approach to take into account hy-
dration effects coming from a molecular solvent in aqueous
solutions.'® There, it was shown (theoretically and via molec-
ular simulations) that an effective model with unequal ionic
hydration radii displays both an asymmetrical charge neu-
tralization and electrostatic screening of a charged nanopar-
ticle, analogous to the behavior found in a more sophis-
ticated theory in which the solvent molecules (water) are
explicitly included.'* Other interesting consequences of this
coarse-grained model are the existence of the phenomenon
of surface charge amplification,'>'3-!7 that is, the adsorption
of like-charged ions to the first layer adjacent to a weakly
charged macroion, or else the appearance of charge reversal
(i.e., the overcompensation of the bare colloidal charge by

© 2011 American Institute of Physics


http://dx.doi.org/10.1063/1.3622046
http://dx.doi.org/10.1063/1.3622046
http://dx.doi.org/10.1063/1.3622046

054701-2

counterions).'®2° Charge reversal due to ion size asymme-
try in the context of multivalent salts which induced precipi-
tation was first discussed by Solis and Olvera de la Cruz,”'
and the conditions for its occurrence in presence of mul-
tivalent salts have been recently investigated via molecular
simulations.?>??

In the absence of specific short-range interactions, such
as van der Waals forces (including ion-dipole and dipole-
dipole dispersion forces mediated by a molecular solvent®*),
the consistent inclusion of ion-ion size correlations is a fun-
damental ingredient for the occurrence of charge reversal, as
it has been pointed out by several authors.'®2> In particular,
in Ref. 25 it has been shown that, in the restricted primitive
model, there is a strong dependence between the appearance
of charge reversal (referred in that work as overcharging) re-
garding the ionic radius and the colloidal charge. Specifically,
therein it was proved that, for size-symmetric electrolytes,
charge reversal could appear and be enhanced by augment-
ing either the ionic excluded volume (increasing, for example,
the ionic radii at a fixed salt concentration) or by increasing
the colloidal surface charge density. Nevertheless, a quanti-
tative relationship between the magnitude of charge reversal
and colloidal charge was not established.

Another appealing phenomenon noticed in the restricted
primitive model of the electrical double layer is the appear-
ance of anomalous curvatures in the potential vs. charge
curves of a spherical macroion surrounded by large monova-
lent and divalent electrolytes.?® Such peculiar behavior could
be relevant in the study of differential capacities of electrified
colloidal systems.?’ In Ref. 26 the integral equations approach
was employed to evidence that the sign of the first derivative
of the mean electrostatic potential could be changed by in-
creasing either the ionic radius or the bare colloidal charge
in non-dilute size-symmetric electrolytes. A similar behavior
has been found recently by density functional theory calcula-
tions for the case of a slightly larger macroion,”® and in the
planar electrical double layer via Monte Carlo simulations.?’

In spite of recent advances in the description of the elec-
trical double layer achieved via mean-field theories,** all
the phenomenology related in the previous paragraph can-
not be predicted by the classical Poisson-Boltzmann theory.
In fact, it has also been demonstrated, theoretically and via
molecular simulations, that the dominance of counterions is
incorrect in the primitive model for large coions.'®2° How-
ever in such works, only one size asymmetry and one to-
tal volume fraction were considered, where the radius of the
largest species was twice the radius of the smallest one. Be-
sides, the possibility of having different degrees of effective
ionic hydration was not explored. This can be achieved in a
coarse-grained model if the ions are allowed to have differ-
ent size asymmetries and also, for a given size asymmetry,
by letting the total ionic volume fractions to vary (via differ-
ent ionic closest approach distances to the charged surface).
Thus, in the present work, we want to study such possible sce-
narios for a charged spherical macroion as a model system in
an extension of the work performed by Messina et al.,>> with
special emphasis in the influence of the coion size in the elec-
trical double layer (for a fixed counterion size), at the level of
the mean electrostatic potential and integrated charge.
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Il. MODEL, THEORY, AND SIMULATIONS

A rigid, spherical macroion of radius ry; and uniform
surface charge density op = zye /4nr,2w immersed in a con-
tinuum solvent of dielectric constant €, was considered. The
macroion is surrounded by two ionic species, which in the
primitive model are treated as hard spheres of radii r; with
embedded point charges, ¢;, at their centers. The ionic inter-
action potential between the macroion and the ionic species is
given by

00, forr <r; +rj,

Uij(r) =
/ qiq;/(dmeger),

(1)
forr > r; +rj,

where the subscripts i and j are: M, —, +; r is the center-
to-center distance between two particles of types i and j,
q; = z;e is the charge of the species i with valence z;, e is
the protonic charge, and, gy = zye = 4mr3, 09 for the spher-
ical macroion. We define the bulk ionic volume fraction as

4

n=-——

3 2
3 il
p)l ()

i=—.+

such that p; are the bulk ionic densities of anions and cations.

Several theoretical approaches based on the mod-
ified Poisson-Boltzmann equations, density functional
theory,’®37 and integral equations”®3® have been used to de-
scribe the electrical double layer of coulombic systems in
spherical geometry. In this work the hypernetted-chain/ mean
spherical approximation (HNC/MSA) is employed, since in
the past it has produced reliable numerical results, in good
concordance with molecular simulations. The HNC/MSA ap-
proximation for a dispersion of infinitely diluted macroions
(pym = 0) can be obtained from the Ornstein-Zernike equa-
tion, and it is given by'’

hj(r) = cuj(r)+ Y px / huk(@)er(|F =T DAV,

k=—,+
for j=—, +, 3

where the cyj(r) = —BUpy;(r) + hyj(r) — In[hp;(r) + 1]
correspond to the HNC closure, and the cy; (] r— f|) are ap-
proximated by the MSA analytical expressions for a bulk
electrolyte.-*° Equations (3) constitute a complete set of in-
tegral equations that are solved numerically (further details
can be consulted elsewhere!?).

Through this work, a charged spherical macroion of ra-
dius ry =20 A and valence zy > 0 immersed in a con-
tinuum aqueous medium of dielectric constant and temper-
ature € = 78.5 and T = 298 K, respectively, is investigated.
This macroion is surrounded by a binary size-asymmetric 1:1,
1 M electrolyte. Several size asymmetries and different bulk
ionic volume fractions were analyzed, as detailed in Table I (a
graphical representation is depicted in Fig. 1).

The corresponding macroion-ion contact distances are
defined for each ionic species as: dy— = ry +r— and dp+
=ry t+r4.

In size-asymmetric electrolytes, if r; <r;, the ge-
ometric locus defined by a sphere of radius r;gp
= ry + r; corresponds to the so-called inner Helmholtz plane
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TABLE I. Parameters of the monovalent primitive model electrolytes in the
Monte Carlo simulations and HNC/MSA calculations. The values of the ionic
radii are 1y = 1.0625 A, ry = 2ry =2.125 A, and r3 = 4r| = 4.25 A.

Electrolyte Anion Cation r_ Iy n

Al A 1 T | 0.00605
A2 A 2 r r 0.02724
A3 A 3 r r3 0.19670
Bl B 1 r T 0.02724
B2 B 2 r r 0.04842
B3 B 3 r r3 0.21788
Cl C 1 r3 r 0.19670
Cc2 C 2 r3 r 0.21788
C3 C 3 r3 r3 0.38734

(IHP), whereas the geometrical location defined by a sphere
of radius royp = ry +r; is known as the outer Helmholtz
plane (OHP). In the limiting case when r; = r;, there is only
one Helmholtz plane.

The charge neutralization and electrostatic screening of
the colloid can be calculated from the radial distribution func-
tions via the integrated charge,

P =zt 3 [ amtrrar @
i=—,+ 70
and the mean electrostatic potential,
e ® P(1)
= ——dt. 5
= [ 5 )

The integrated charge is the net charge (in units of ¢) enclosed
in a sphere of radius r centered in the macroion. This quan-
tity is a measure of charge neutralization of the macroion’s
bare charge due to the presence of the electrolyte. The mean
electrostatic potential evaluated close to the Helmholtz planes
is conventionally associated with the well-known zeta po-
tential, ¢,*! observed at the slipping plane in electrokinetic
phenomena.

Regarding our accompanying simulations, these were
performed via a Monte Carlo scheme, by considering a spher-
ical macroion fixed at the center of a cubic box under peri-

Al e
A2 e
A3

B1

®

@
22 @® @
B3 ..
a@@ e
cz..
s @@

FIG. 1. Schematic representation of the charged spherical colloid and the
ionic size asymmetries studied.
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odic boundary conditions. The Ewald sums method with con-
ducting boundary-conditions was utilized to take into account
correctly the long range behavior of coulombic interactions.
The damping constant was « = 5/L, where L is the length
of the cubic simulation box, and 725 vectors in the k-space
were used to compute the reciprocal space contribution to the
electrostatic energy. If we denote N, and N_ as the num-
ber of cations and anions in the simulation box, respectively,
the electroneutrality condition imposed in our simulations is
given by

M+ Nizy + N_z_=0. (6)

The number of particles employed in each run was
around 3500. For the equilibration process 1 x 10° Monte
Carlo cycles were performed, and from 4 x 10° (high col-
loidal charges) up to 1 x 10° (very low colloidal charges)
Monte Carlo cycles were used to obtain the canonical
average.

lll. RESULTS AND DISCUSSION

In order to observe the effect of the coion size in the
electrostatic potential close to the macroion’s surface, for a
given counterion size, in Fig. 2 we display the mean electro-
static potential at the surface, {(r = ry, 0p) (first column),
and at the anion’s contact-distance, ¥ (r = dy_, 0p) (second
column), as a function of the surface charge density, oy, for
the electrolytes listed in Table 1. For positive values of zyy,
anions are counterions and cations are coions. Three different
counterion sizes are considered, and for a given counterion
radius, several asymmetries are studied by varying the coion
size. In all cases, it is observed that, for two electrolytes i
and j with the same properties of the counterions, to the salt
with larger coion corresponds the higher electrostatic screen-
ing at the surface and at the counterion’s contact distance, that
is, Yi(r =ry,00) < ¥;(r =rm,00) and Y;(r =dy—, 00)
< ¥;(r =dy-, 00), if n; > n;. Good agreement is observed
between theory and simulations, particularly for low surface
colloidal charges.

Another interesting feature found is that, for large coun-
terions (third row), an inverted curvature of the mean electro-
static potential is exhibited independently of the coion size.
This kind of inverted curvatures has been reported in the past
for electrolytes in the restricted primitive model, where such
curvatures were associated with high ionic excluded volume
values. Here, we observe not only that high total ionic concen-
trations are necessary but also that there exists a strong depen-
dency with respect to the counterion size. This is seen clearly
when the mean electrostatic potentials at the surface and at the
counterion’s contact-distance of electrolytes A3 and C1 are
compared: both salts have the same, high total ionic excluded
volume, but the curvature is inverted only for the electrolyte
with the largest counterion size. A similar situation is seen if
electrolytes B3 and C2 are collated.

To verify if the behavior of the electrostatic screening ob-
served at the surface and at the counterion’s contact-distance,
as a function of the coion size for the same counterion size,
occurs not only at these geometrical loci but in a whole region
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FIG. 2. Mean electrostatic potential at the surface, ¥ (r = rys, og) (first
column), and at the anion’s contact-distance, ¥ (r = dy—, 0p) (second col-
umn), as a function of the surface charge density oy, for the electrolytes of
Table 1. The first row corresponds to electrolytes with fixed size anions of
type A (r— = ry), the second row to fixed size anions of type B (r— = rp),
and the third row to fixed size anions of type C (r— = r3). The solid, dashed,
and dotted-dashed lines correspond to HNC/MSA calculations of electrolytes
with cation’s radius equal to v = r1, r4 = rp, and ry = r3, respectively. The
circles, squares, and triangles correspond to MC simulations of electrolytes
with cation’s radius equal to . = ry, r4 = rp, and r4 = r3, respectively.

close to the colloidal surface, we portray in Fig. 3 the ¥ (r) for
two different colloidal charges: one low (z3; = 16, which cor-
responds to op = 0.05 C/mz) and one high (z); = 96, which
corresponds to oo = 0.3 C/m?). There it is observed that
Yi(r) < ¥;(r) occurs when n; > n; for r in an interval next
to the macroion’s surface, which increases along with z,,. It
must be noted that in fact, sign inversion in the mean electro-
static potential can appear at low surface charge densities for
high ionic excluded volume (see electrolytes A3, B3, C2, and
C3). This behavior is also present at high colloidal charges,
except for electrolyte C2. In addition, it is observed that, if
the coion size is fixed, the mean electrostatic potential is lower
for the smaller counterion size very close to the colloidal sur-
face, although can exist regions relatively close to this zone
where this situation is reversed (see, for example, either elec-
trolytes B3 and C3 for z,; = 16 or electrolytes A3 and B3 for
Zy = 96 in the first and second row of Fig. 3, respectively).
This suggests that experimental measurements of zeta poten-

J. Chem. Phys. 135, 054701 (2011)
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FIG. 3. Mean electrostatic potential, ¥(r), as a function of the distance for
a 1:1, 1M electrolyte around a macroion of radius ry = 20 A and valences
zy = 16 (upper row) and zj = 96 (lower row). The first column correspond
electrolytes with fixed size anions of type A (r— = ry), the second column
to fixed size anions of type B (r— = r;), and the third column to fixed size
anions of type C (r— = r3). The solid, dashed, and dotted-dashed lines corre-
spond to HNC/MSA calculations of electrolytes with cation’s radius equal to
ry =ry, ry = r2, and r4 = r3, respectively. The circles, squares, and trian-
gles correspond to MC simulations of electrolytes with cation’s radius equal
to r =ry, r4 = r, and r4 = r3, respectively. Here, and in the rest of the
figures, the distance r’ is measured from the surface of the macroion.

tial of charged colloids can indicate opposite trends for the
same coion and different counterions in monovalent salts, de-
pending on the position of the shear plane.

The resulting dependence of the electrostatic screening
on the size of coions, for the same counterion size, suggests
that an analogous behavior at the level of charge neutraliza-
tion should be expected near the electrified surface. Thus, in
Fig. 4 we graph the integrated charge, P(r), associated to the
mean electrostatic potentials profiles, ¥ (r), previously dis-
played in Fig. 3. In this figure it is noted that there is a defi-
nite region close to the colloidal surface where P;(r) < P;(r)
if n; > n; for two electrolytes i and j, with the same proper-
ties of the counterions but differing in the coion size. These
observations suggest that for a given counterion size, the
size of coions rules or dominates the electrostatic screening
and charge neutralization of a charged colloid near its sur-
face (a cartoon is depicted in Fig. 5). The dependence of the
ionic adsorption on the ionic excluded volume in this case
is analogous to that encountered in a binary size-asymmetric
mixture of hard spheres near a colloid: if one of the hard
spheres species remain fixed, the increase of the size of the
other hard sphere species augments the total adsorption of
the hard sphere mixture to a colloidal surface. Moreover, no-
tice that this mechanism is also consistent with the forma-
tion of pairs in bulk found in molecular dynamics simulations
of size-asymmetric monovalent salts at high concentration,
where water is taken into account explicitly.** To illustrate
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FIG. 4. The same as in Fig. 3 but for the integrated charge, P(r’).

this in our model system, let us consider a positively charged
macroion immersed in two electrolytes i and j, with anion
radii (counterion) r;_ = r;_ for both salts and varying coion
radius (; for electrolyte i and r; for electrolyte j). For con-
creteness, let us assume that 7, > r;4, which implies that
n; > n;. At high ionic concentrations, the formation of pairs
and higher order clusters is more likely for electrolyte j be-
cause the ion-ion contact distance between oppositely charged
ions is shorter regarding electrolyte i. Thus, for salt i there is a
larger total excluded volume and more free counterions than
for electrolyte j. Consequently, a higher charge neutraliza-
tion and electrostatic screening near the colloidal surface of

FIG. 5. Cartoon of the ionic cloud of two binary electrolytes with identi-
cal properties of the counterion but different coion sizes, around a charged
nanoparticle in the primitive model. For the same counterion size, to the salt
with larger coion size corresponds the higher charge neutralization (quanti-
fied by the integrated charge, P(r)) and electrostatic screening close to the
electrified colloidal surface. Observe the adjacent counterions in a certain re-
gion close to the colloidal surface.

J. Chem. Phys. 135, 054701 (2011)

the charged macroion is expected for the former electrolyte,
i, than for the latter, j, as it has been shown in Figs. 2, 3,
and 4. It is important to point out that, however, formation
of ionic clusters in size-asymmetric monovalent salts is sig-
nificant only at high ionic concentrations; at low electrolyte
concentrations this phenomenon becomes negligible because
the average interionic distance is very large, which reduces
enormously the probability of pairing.*?

On the other hand, for electrolytes B1, C1, and C2, the
phenomenon of surface charge amplification is manifested;
that is, it is observed an increase in the bare colloidal charge
of the macroion due to the adsorption of small coions to
the first ionic layer adjacent to the macroion’s surface. In
particular, for very small coions (radius r;), the increase
of counterion size augments significantly the maximum sur-
face charge amplification (compare electrolytes B1 and C1).
Surprisingly, this value remained approximately constant for
the same large counterion and two different small coions
(see electrolytes C1 and C2). Additionally, at low surface
charge densities it is seen that if one of the ionic species
is large enough, charge reversal (i.e., the overcompensation
of the bare colloidal charge by counterions) occurs indepen-
dently of the ionic sizes. Moreover, given that charge rever-
sal is found at a low surface charge density, this behavior is
also expected at higher surface charge densities, in analogy to
observations performed in the restricted primitive model for
divalent ions, where charge reversal increases monotonically
as a function of the colloidal bare charge.** Charge reversal
is observed clearly at high colloidal charges in electrolytes
A3, B3, and C3, displaying a shift of the maximum charge
reversal position moving away from the macroion, with re-
spect to the low colloidal charge instance. Nevertheless, we
find that, for the electrolyte C1, charge reversal is non-existent
and, for salt C2, has almost disappeared. In order to study
the dependence of charge reversal as a function of the bare
colloidal charge, the maximum charge reversal for several
size-asymmetric electrolytes and different total ionic volume
fractions is plotted in Fig. 6. The maximum charge reversal,
Q*, defined as Q* = P(r*) such that P(r*) < P(r) for all r
and positive z,, is a measure of the overcompensation of the
native bare charge by counterions and indicates absence of
charge reversal when its value is always zero around a charged
colloid. In Fig. 6, we notice that, for large coions and small
counterions (electrolytes A3 and B3), a high value of Q* is
seen near the point of zero charge. Moreover, Q* displays a
non-monotonic behavior decreasing in magnitude initially but
increasing again as a function of the bare colloidal charge. In
addition, it is observed that, for low surface charge densities,
the smallest counterions display higher magnitudes of Q*, al-
though this trend is reversed at higher surface charge densi-
ties. A very good agreement is observed between theory and
simulations, which deteriorates for high colloidal charges, un-
derestimating (electrolyte A3) and overestimating (electrolyte
B3) the magnitude of the maximum charge reversal with re-
spect to the MC results. Also, Fig. 6 shows the effect of in-
creasing the coion radius in Q*, for large counterions. Near
the point of zero charge, charge reversal is observed in both
instances; however, the magnitude of O* decreases as a func-
tion of the colloidal charge. Another interesting feature is that,
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FIG. 6. Maximum charge reversal, Q*, as a function of the macroion’s
valence, zp. Solid, dashed, dotted-dashed, and dotted lines correspond to
HNC/MSA calculations for electrolytes A3, B3, C1, and C2, respectively.
Circles, squares, diamonds, and triangles correspond to MC simulations for
electrolytes A3, B3, C1, and C2, respectively.

for all the range of oy studied, the magnitude of Q* is higher
for the electrolyte with higher total excluded volume. In this
case, the agreement between theory and simulations is good
for all the o values.

IV. CONCLUDING REMARKS

The electrical double layer of size-asymmetric monova-
lent ions around a positive charged macroion in the primi-
tive model has been studied systematically for several ionic
size-asymmetries and bulk ionic volume fractions. In partic-
ular, for two binary electrolytes, with identical properties of
the counterion but different coion sizes, the mean electro-
static potential and integrated charge display a higher charge
neutralization and electrostatic screening in a region near the
charged surface for that salt with larger coions (i.e., with
higher bulk ionic volume fraction). Thus, the main finding
of this work is the observation that, for a given counterion
size, the size of coions rules or dominate the charge neu-
tralization and electrostatic screening close to the colloidal
surface for size-asymmetric monovalent ions. We argue that
two mechanisms are involved in the above phenomenon: if
the counterion’s interaction with the macroion is fixed (as-
suming a surface-ion contact distance dj;_), and the excluded
volume of counterions remains constant (for a given radius
r_), the augment of the coion size increases the bulk ionic
volume fraction (or the total ionic excluded volume) and re-
duces the formation of pairs and high-order ionic clusters at
high salt concentrations, which, in turn, enhances the adsorp-
tion of counterions on the macroion’s surface. On the con-
trary, if the coion size decreases, the bulk ionic volume frac-
tion decreases, and there also are less free counterions at high
electrolyte concentrations due to the increase of the electro-
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static self-attraction between counterions and coions, result-
ing in a lower electrostatic screening and charge neutraliza-
tion close to the macroion’s surface. Thus, it has been evi-
denced that, even in monovalent salts a rich phenomenology
can be found depending on the ionic size and the degree of
hydration of each ionic species. In general good agreement
has been observed between integral equations theory and
simulations.

On the other hand, direct measurements of the integrated
charge at molecular level that could corroborate the entropic
effects presented above seem to be far from trivial, experi-
mentally speaking. Nevertheless, for diluted charged colloidal
particles in presence of a size-asymmetric salt with large
counterions, the inversion of the curvature of the electrostatic
potential as a function of the surface charge density (see third
row of Fig. 2) should be more suitable to be detected in elec-
trophoresis experiments, 34443

Finally, some further improvements of the present model
could include hydrophobic interactions and image charge cor-
relations. The former seem to play a key role at low electrolyte
concentrations, where recent experimental data have shown
the possibility of inversion of the electrophoretic mobility
in presence of size-asymmetric monovalent ions.*® Image
charge correlations, on the other hand, have important effects
in spherical geometry at low surface charge densities,*’~!
where notable deviations from analogous systems without po-
larization effects (that is, considering the same dielectric con-
stant in the whole space) have been observed. Work along this
direction is currently underway.
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