Journal of Colloid and Interface Science 488 (2017) 180-189

Contents lists available at ScienceDirect

Journal of Colloid and Interface Science

- - ST journal homepage: www.elsevier.com/locate/jcis |

Electrolyte solution structure and its effect on the properties of electric @CmssMark
double layers with surface charge regulation

R. Vangara, D.C.R. Brown, F. van Swol, D.N. Petsev *

Department of Chemical and Biological Engineering, and Center for Micro-Engineered Materials, University of New Mexico, Albuquerque, NM 87131, United States

GRAPHICAL ABSTRACT

IHP OHP SP

2 3 4 5
z/d
ARTICLE INFO ABSTRACT
Article history: The physical origin of charged interfaces involving electrolyte solutions is in the thermodynamic equilib-
Received 14 September 2016 rium between the surface reactive groups and certain dissolved ionic species in the bulk. This equilibrium

Revised 26 October 2016
Accepted 27 October 2016
Available online 29 October 2016

is very strongly dependent on the precise local density of these species, also known as potential deter-
mining ions in the solution. The latter, however, is determined by the overall solution structure, which
is dominated by the large number of solvent molecules relative to all solutes. Hence, the solvent contri-
bution to the molecular structure is a crucial factor that determines the properties of electric double lay-
Electric double layer ers. Mode!s t'hfa\t explicitly accoun't for the solvent structure are often refgrred to as “civilized” as opposed
Charged interfaces to the “primitive” ones that consider the solvent as a structureless continuum. In the present paper, we
Electrolyte solutions demonstrate that for a physically correct description of charged interfaces that involve electrolyte solu-
tions (electric double layers), the full solution structure needs to be taken into account in conjunction
with the precise surface chemistry governed by the thermodynamic equilibrium. The analysis shows
how the surface charge depends on various experimentally relevant parameters, many of which are out-
side the realm of simple electrostatics. We present results on the effects of solvent molecular dimensions,
ionic solvation, surface chemistry, solvophilicity and solvophobicity.
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1. Introduction

Interfaces involving electrolyte solutions are common in nature
as well as in various fields of fundamental and applied research.
The contact surface between the electrolyte solution and the sec-
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ond phase is usually charged, leading to a spatial redistribution of
ions historically known as an electric double layer (EDL). The sur-
face charge is due to an externally applied potential in the case of
metal electrode or to specific surface chemistry in the case of
dielectric materials. The EDL is a key concept pertinent to impor-
tant areas such as colloid and interface science, electrochemistry,
corrosion and material science. Therefore it is not surprising that
EDLs have been extensively studied for more than a century and
the efforts to obtain deeper insights continue at the present time.
The first attempt to provide a physical interpretation of the EDL
was offered by Helmholtz [1], who considered the charge redistri-
bution at the interface as a simple capacitor. Later it was realized
that this is not an accurate representation because of the diffuse
distribution of ions in the vicinity due to the thermal motion. A
better model, proposed independently by Gouy [2] and Chapman
[3], described the ionic distribution using a continuum approxima-
tion known as the Poisson-Boltzmann (PB) equation [4]

2 ql
V= Zplq,exp<”> (1)

where W is the electrostatic potential, g; is the charge of ion species
“i” (in units of the elementary charge e), kpT is the thermal energy,
p? is the bulk number density of charged species i, ¢ and &, are the
medium dielectric permittivity, and the dielectric constant of vac-
uum. The Gouy-Chapman approach does not explicitly account for
the ionic size and associated correlations in the EDL, which is prob-
lematic near the charged interface. This issue was first addressed by
Stern [5]| and Graham [6] who suggested the presence of a finite
sized layer of ions and solvent molecules adjacent to the surface.
This layer acts as a capacitor in addition to the diffuse potential
determined by the PB Eq. (1). The idea was further developed by
other authors [7-11] who offered various modifications of the PB
equation in an attempt to improve the description of the EDL.

More rigorous analyses of EDLs are based on modern statistical
mechanics [12-14]. These approaches are usually based on the
Ornstein-Zernike (0OZ) integral equation or classical density func-
tional theory (DFT) [15-20]. Often their implementation is limited
to explicitly accounting only for the charged ionic species while the
solvent is considered as a structureless continuum. Such models
are referred to as “primitive”, while a full inclusion of all species
including the solvent defines a “civilized” model (this terminology
is attributed to R.H. Stokes [21]). Both the primitive [22-28] and
civilized [20,29-36] models are applied to study charged inter-
faces. Clearly, the civilized models are superior because they
account for all species in the electrolyte solution. In fact, it was
demonstrated that the primitive statistical mechanical models
yield results that are identical to those obtained from solving the
modified PBandelman equation [37]. Hence a truly realistic
description of charged interfaces that involve electrolytes requires
a civilized model that explicitly acknowledges the explicit pres-
ence of the solvent molecules alongside all ionic species.

Another important aspect of EDLs is associated with the mech-
anism of surface charge formation. It usually originates from disso-
ciation of surface groups, ionic adsorption from the solution bulk or
both [38]. These details are lost when Eq. (1) is solved as Dirichlet
or a Neumann boundary value problem where either the surface
potential ¥ or the surface charge o = —¢&o(V'WP), are fixed at a
constant value. This is not physically correct as pointed out by Nin-
ham and Parsegian [39] who insisted that the boundary condition
at the interface should reflect the thermodynamic equilibrium
between the surface reactive groups and certain ionic species in
the bulk referred to as potential determining ions (PDIs). This
boundary condition is known as surface charge regulation (CR)
and it presents a significant improvement in analyzing a variety
of physical problems involving EDLs [40-49].

Until recently, the CR condition was not applied in conjunction
with more elaborate statistical mechanical analysis of EDLs as
those discussed above. An important step in that direction was
taken by Heinen et al. [28], who applied the CR concept to a
charged colloidal dispersion analyzed using the primitive (solvent
excluded) OZ integral equation approach. The solvent effect in
combination with CR boundary condition was first analyzed in
our recent publication [36]. The analysis revealed that the surface
CR condition strongly couples to the detailed solution structure in
the immediate vicinity of the charged interface. This structure is
dominated by the solvent because of its enormous concentration
in comparison to that of the dissolved ions. The solvent molecules
provide a structural matrix which determines the local ionic distri-
bution. We have demonstrated that due the solvent effect the den-
sity distribution for the ionic species is liquid-like despite the fact
that their actual concentration is gas-like [36].

In the present work, we perform an extensive analysis of the
solvent impact on the properties of EDLs with surface charge reg-
ulation. Our particular focus is mostly on effects that have a non-
electrostatic origin. These effects are largely responsible for exper-
imental observations as the Hofmeister series [50,51], the well-
known electrokinetic measurements of Tadros and Lyklema [52],
or the more recent results on the interactions between surfaces
[53-55].

The paper is organized as follows: the next section outlines the
DFT model for a double layer with CR condition at the charged
interface. Section 3 present the results and discussion and Section 4
summarizes the conclusion.

2. Theory
2.1. Density functional theory for charged interfaces

The focus of our study is on charged interfaces that involve elec-
trolyte solutions (see Fig. 1). Our model is civilized as it explicitly
includes all solution components including the solvent. The charge
and potential are dependent on the local distribution of all ionic
species and the solvent clearly has an impact on it. Following the
historical tradition we will refer to the physical interface between
the charged interface and the electrolyte solution as the inner
Helmholtz plane (IHP), the layer of ions and solvent molecules in
the immediate vicinity to the charged interface as Stern layer,
[5]. The midplane of the Stern layer defines the outer Helmholtz
plane (OHP). There is another plane of interest that is located
between the first layer of ions (and solvent molecules) in the
immediate vicinity of the interface and the bulk solution. It is often
assumed that this is the shear plane (SP) known from the theory of
electrokinetic phenomena [38,56-58]. Detailed molecular dynam-
ics simulations have shown that indeed the stagnant layer thick-
ness is usually of the order of ions or solvent molecular diameter
[59-63]. Hence, an electrokinetic measurement [57] is relevant
to the charge and potential at the SP, after the first layer of ions
and solvent molecules near the wall.

The theoretical analysis is performed in the framework of a
classical DFT [15,16,18,20,33,36]. DFT is very well-suited to be
applied to inhomogeneous fluid in an external field, and hence
accurately describes an EDL. The electrolyte solution is represented
by PDIs, non-PDIs and counterions to both. All are dissolved in a
Lennard-Jones [14] type of solvent. The functional has the form
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IHP OHP SP

Fig. 1. A sketch of electrolyte solution in contact with a charged surface. The line on
the right of the negative charges represents the inner Helmholtz plane (IHP). The
dashed lines depicts the outer Helmholtz plane (OHP) and the dotted line illustrates
the plane of electrokinetic charge, or the shear plane (SP).

where 1 = y/h? /(2mm;kgT) is the thermal de Broglie wavelength, h
is the Planck’s constant, m; is the mass of species “i”, and p;(z) is

the local density of component “i”. The latter is a function of z,
which is the coordinate normal to the interface. V{*(z) is the exter-
nal potential energy for species “i” due to both electrostatic and LJ
contributions, and y; are the chemical potentials of all species. N
is the total number of components: ions and solvent. The hard
sphere (HS) interactions are accounted following the theory of
Rosenfeld [19]. The long-range interactions have a hard-core
Lennard-Jones (LJ) component

d" 12 d 6
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where d; = (d; + d;)/2,d; being the diameter of component “i”. The
L] interaction of a molecule (or ion) of type “i” with a wall is

DOy(2) =€ [% (%)9 - (%)T, z>d;/2 (4)

where €; and ¢; determine the magnitudes of the L] energy.
The charged species also exhibit Coulombic electrostatic (el)
interactions (in addition to the LJ]) in the bulk

qquez

(O8] (ru) = WBMU’ Tij > dij7 (5)

as well as with the charged wall

_ q;0Z

®g(z) = FEO’

z>di/2. (6)

where ¢ and ¢, are relative dielectric permittivity of the solvent, the
dielectric constant of vacuum, respectively, and ¢ represents the

surface charge. The grand thermodynamic potential is then mini-
mized with respect to the density distribution of all species accord-
ing to

5Q[p;(2)]
———==0 7

5p,(2) @)
subject to the CR regulation condition (see Section 2.2 below).
Knowing the density distribution of each species (ions and solvent),
one may compute the surface charge, which is equal to the excess
bulk charge with an opposite sign

M o0
o= [) dzq; p,(2) (8)

where M is the total number of components in the solution. The sol-
vent is neutral, hence it is formally a component with zero charge
(qs =0).

The minimization of the grand potential (see (13)) is performed
using the Tramonto software [64], which was extended to account
the charge regulation boundary condition (see next Section 2.2).

This approach allows to determine the charge in any plane in
the EDL that is parallel to the charged interface. This is important
because different experiments lead to different result for the
charge that is attributed to the interface. For example, surface titra-
tion provides the number of ionized groups that regulate the
charge [65-68]. An alternative and very common experiment is
based on analyzing electrokinetic motion (electrophoresis or
electro-osmosis) [56-58]. This measurement provides information
about the charge and potential after the Stern layer (see Fig. 1).
Thus the titration method is applied to the charge at the IHP, while
the electrokinetic experiments are more relevant to the charge at
the SP. This leads to some ambiguity regarding the definition of
PDIs. To avoid confusion in the present analysis, we define the PDIs
as the species that are involved in a chemical exchange of charge
such as in Eq. (9). All other charged species will be considered as
non-PDIs even if they still interact with the interface via Coulombic
or L forces. We discuss this issue in more detail in Section 3 below.

Using a L] model for the attractive interactions (see Egs. (3) and
(4)) is a simplification, which does not take into account any aniso-
tropic dipole interactions that are present in polar liquids, water
being the typical example. This means that a molecular interpreta-
tion of the solvent dielectric permittivity is not possible. Still, the
Coulombic energies (5) and (6) need to be scaled down to realistic
magnitudes. To achieve that, we use the bulk dielectric permittiv-
ity value for the solvent. This is an approximation, and if the dipole
nature of the solvent molecules is properly taken into account the
dielectric constant can be derived from molecular arguments
[21,29,30,34]. Still, for moderately concentrated solutions, such
an approximation is quite reasonable [21,30,69]. The reason is that
for not too concentrated electrolyte solutions, the average distance
between two ions is large so that any perturbation in the solvent
structure due to the presence of an ions relaxes to the bulk solvent
state before reaching a second ion. For example for electrolyte con-
centration equal to 0.01 M, there are on the average about 35 sol-
vent molecules between any two ions. The local polarization due to
the presence of a charge drops within a few solvent diameters [21].
Hence 35 solvent molecules is a large enough number to safely
assume that at room temperature each ion is surrounded by bulk
dielectric.

In summary, our analysis is limited to hard-core, LJ, and
Coulombic interactions between the components and/or with the
charged surface, but it captures the most important features of real
electrolytes and allows one to study both electrostatic and non-
electrostatic driven effects such as solvation interactions and
specific interactions between species and with the interface.
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2.2. Charge regulation at the surface boundary of an electric double
layer

The chemistry responsible for the charging of surfaces in con-
tact with electrolyte solutions can be very complex involving a
multitude of possible reactions [40]. We use a relatively simple
yet sufficiently comprehensive model suggested by Chan et al.
[43], which involves two surface reactions

AH} + BH=AH +BH, pK, = —log oK. 9)
AH+BH=A" +BH;, pK = —log,K_

where K, and K_ are the equilibrium constants, and AH is a surface
chemical group that can either bind or release a proton depending
on local densities Po;» Pen of species BH; and BH in the solution.

The species BH can split according to the bulk reaction
2BH=B" +BH; (10)

and produce a pair negative and positive ions. The positive species
BH; is the PDI and it is its subsurface layer concentration that is
involved in the equilibrium (9). The negative ions B~ are natural
counterions of the PDIs. In addition, there are also negative ions that
are introduced as counterions of the non-PDIs (i.e., the background
electrolyte). They do not participate in the reaction (10) but are
otherwise identical in terms of size, charge and all L] interactions
to B™. Therefore, in the discussion below we will not discriminate
between the types of negative ions that are present in the solution
and will consider them as single species.

A proper account for the concentration of species in the subsur-
face (i.e. Stern) layer is very important. It determines the local con-
centration of each component and in the case of PDIs has an effect
on the equilibria (9), and on the surface charge at the IHP. Since all
solution species have finite size, we determine this concentration
using {see Supplemental Material in Ref. [36]}

S __ Igi/zdzpi(z)

pi = W (1)
The surface charge then reads [43]
Pan; — Ph ssinhle(Wy — Ws)/ksT]
g=el 2 =el . . 12
Pau + p;H; + P 1+ o coshle(Wn — ¥s)/ksT] (12)

where 6 =2,/K_/K,, T is the surface concentration of ionizable
groups, and ¥, is the surface potential. The quantity
Wy = [In(10)ksT/e](pl — pH,) is the Nernst potential where
pl = (pK_ + pK,)/2 is the surface isoelectric point and pH, is the
pH value in the bulk solution, far from the charged interface. The
relationship (12) corresponds to a measurement of the surface
charge using the titration method mentioned above.

The approach outlined in Section 2 allows for a description of an
EDL in molecular details while taking into account the surface
chemistry that governs the surface charge.

3. Results and discussion
3.1. Solution structure and its effect on the surface charge

The precise structure of an electrolyte solution strongly couples
to the surface chemistry (see Eq. (9)), and therefore plays an
important role in determining the surface charge [36]. Here we
expand the analysis and present data that provide further insights
into the physics underlying this observation. The effect of the sol-
vent molecular structure can clearly be demonstrated by examin-
ing the dependence of the surface charge on the size of the
solvent molecules. Varying that size from zero to a finite value

(e.g., same as the size of the ions in the solution) is equivalent to
gradually “turning on” the solvent contribution to the structure
with all the excluded volume and attractive interactions that fol-
low from it. We present two cases that correspond to (i)
pl=2, ApK=38, and (i) pl =8, ApK =4, where
ApK = pK_ — pK, (see Fig. 2). The number of surface ionizable
groups for both cases is assumed to be I' = 8 x 10'® m~2. If fully
ionized, this number leads to a dimensionless surface charge den-

sity od? /e = +0.664. The length-scale d corresponds to a charac-
teristic molecular (or ionic) diameter. It is set to d = 0.288 nm,

which ensures that for a reduced liquid density pd3 =0.8, the
molarity is 55.56 M.

All above parameters were selected because they are within the
typical range for common oxides like SiO, and Al,03 respectively
[70]. The bulk pH = 4 for the solution in contact with SiO, and
pH = 5 for Al,03. These were selected in order to provide examples
for negative and positive surfaces, while being relevant to realistic
situations.

Fig. 2 demonstrates the effect of the solvent structure and LJ

attraction on the resultant dimensionless surface charge od?/e,
according to the chemical equilibrium (9). Only bulk L] interactions
are included. The L] interactions of all solvent component with the
wall are considered to be zero. The wall however is hard and
impenetrable and its surface charge generates an electric potential
that affects the distributions of all ions in the EDL. Fig. 2a corre-
sponds to pl=2, ApK=8 and pH=4 and Fig. 2b to
pl = 8, ApK = 4 and pH = 5. The solution ionic strength (including
all ionic contributions) is equal to 0.01 M. As the attraction
becomes stronger (in steps of Ae€;/ksT =0.1), the trend of

02 03 04 05 06 07 08 09 1
ds/d

0 0.1

o dlex 10

02 03 04 05 06 07 08 09 1
dS/d

0 0.1

Fig. 2. Surface charge of an EDL as a function of the solvent molecular diameter. The
different curves are for different values of the L] parameter ¢;, which starts at zero
and increases by increments of 0.1 kzT, with the exception of the dashed curve,
which is for €;/ksT = 0.76. As €; increases, the curves exhibit a transition from
monotonic to non-monotonic behavior, and finally break at the spinodal (dotted
curve). The dot corresponds to the critical point. (a) pl = 2, ApK = 8 and pH = 4. (b)
pl =8, ApK=4 and pH = 5.
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increasing the surface charge o with d;/d becomes weaker and
non-monotonic. The surface charge dependence on the solvent
diameter is very strong when the latter approaches those of the
ions (d;/d — 1). This means that small variations in the relative
dimensions may have a significant effect on the surface charge.
The surface charge depends on the equilibrium between the sur-
face reactive groups and the PDIs in the stern layer. The repulsive
interactions involving the PDIs in the bulk will shift the equilib-
rium in favor of reducing the surface charge magnitude because
the free energy will drop as the ions move from the bulk towards
the interface. On the other hand, increasing the attractive bulk
interactions with the solvent (e.g., solvation) will have the opposite
effect on the free energy and thus will favor an increase in the sur-
face charge.

The increase of the solvent diameter in Fig. 2 is formally equiv-
alent to increasing the liquid density, and in presence of attractions
this lead to liquid-vapor phase separation, which is indicated in the
figures by the dashed lines. They correspond to the spinodal lines
and depict the domains of thermodynamic instability. The behav-
ior at d; — 0 is not realistic because it also corresponds to a sys-
tems of very low gas-like density. The more realistic civilized
analysis corresponds to the far right side of the figure. Clearly
any analysis that ignores the solvent correlation misses a number
of physical effects and is therefore incomplete. However, a proper
account of the solvent molecular structure alone is not sufficient if
the surface charge regulation condition (9) is replaced by constant
surface potential or constant surface charge boundary condition.
This wide variety of physical effects is due to the coupling between
the surface charge regulation and the complete solution structure.
Examining Fig. 2, it is clear that using a primitive electrolyte model
to describe EDLs suffers similar shortcomings as the application of
the ideal gas equation of state to dense liquids.

The cases depicted in Fig. 2a and b are similar in some aspects
and quite different in others. The common features were outlined
above and here we discuss the differences. Fig. 2a is for a relatively
weakly negatively charged surface, while Fig. 2b is for a positive
surface and the charge magnitude is greater. This leads to a notice-
ably different behavior near the limit of vanishing solvent molecu-
lar size, which is the domain of the primitive model. As the solvent
diameter goes to zero all curves in Fig. 2a collapse onto the same
value for the surface charge. In Fig. 2b the curves intercept the ver-
tical axis at different values for the surface charge. The reason for
that is because the higher surface charge magnitude (in compar-
ison with Fig. 2a) attracts a greater number of counterions (nega-
tive in this case) and the inter-ionic correlations are present. We
remind that in the primitive model, the solvent correlations are
not taken into account. However, all ions participate in the model
with their physical size and interactions. The absence of explicit
solvent in the model leads to an overestimate of the ionic local con-
centrations and correlations in the vicinity of the charged interface.
These correlations are dependent on the LJ interactions, which
leads to the variations in the surface charge observed in the limit
of d; — 0. Interestingly, as the solvent structural contribution
increases, it seems to offset the ion-ion correlation induced varia-
tions and completely eliminate them around ds/d ~ 0.3. After that
point the curves for various LJ parameters €; diverge from one
another again as d;/d — 1. Another important difference between
the two figures is that the critical point in Fig. 2b is shifted towards
slightly higher attractive L] energy (€;/ksT ~ 0.8 instead of 0.76).
This observation can also be attributed to the greater ionic concen-
tration in the EDL due to the more significant surface charge mag-
nitude (compared to the case in Fig. 2a). Most of the ions in the EDL
have the same charge (opposite to that of the interface) and hence
repel each other. As a result, it requires more attractive energy to
bring them closer into a liquid state.

In our earlier work [36], we have found that there are two char-
acteristic lengths associated with the EDLs. One is the well known
Debye wavelength [71]

12
_ 1 0.2
K= <WZP,‘%> (13)

where p? is the bulk concentration of species i. Fig. 3 presents data
for the density distribution of all species in the vicinity of the
charged interface. The first and highest peak corresponds to the
Stern layer, while the minimum after it defines the location of the
SP (see Fig. 1). A second characteristic length is a measure of the
structural effects and their decay with the distance from the charge
surface. Following the work of Martynov [72], we analyzed the peak
heights of the local density distribution after subtracting all long-
range contributions such as Coulombic or L] interactions (see
Fig. 3). The reduced density then is defined as p,.qucea = Pprr — Prps
where the subscript DFT and PB refer to a civilized density func-
tional and continuum.

Poisson-Boltzmann solution respectively. In this case, all den-
sity distribution curves collapse onto a single one and its peak
heights values decrease exponentially, i.e. ~ exp(—pz). The wave-
length associated with the decrease is = 1.3 d (assuming that
all species have the same size) [36].

3.2. Effects of the surface chemistry

The charge at the interface between the electrolyte solution and
the other phase (i.e., the IHP) is governed by the reaction equilibria
(9), which in turn is characterized by the equilibrium constants, or
equivalently by the values of pK, and pK_ . These parameters
determine how the surface groups will respond to the local con-
centration of the PDIs. The latter is determined by the value of
the pH. Fig. 4 shows the results for two different EDL systems.
Fig. 4a corresponds to a surface isoelectric point pl =2 and
Fig. 4b to pl = 5. The total concentration of electrolyte is 0.01 M,
therefore the lower limit on the horizontal axis is pH = 2. The dif-
ferent curves in both panels reflect the specific surface chemistry
in terms of the value of the parameter
ApK =2,4,6,8,10, and 12. The smaller ApK the more responsive
the surface is to pH variations (see also Ref. [46]). Hence, the mag-
nitude of the surface charge depends on the surface pl, the solution
pH and the parameter ApK. Larger differences between the pl and
pH, lead to greater magnitudes of surface charge. The overall

z/d

Fig. 3. Density distribution for ions and solvent in the vicinity of a negatively
charged interface pl = 2, ApK =8 and pH =4, in absence of attractive L] interac-
tions. The top curve is for the PDIs and positive non-PDIs, which follow exactly the
same trend. The middle curve corresponds to the density of the solvent molecules
and the bottom curve is for the negative ions. The smooth dashed curves depict the
primitive model solution. The inset shows the structural effect. Peak heights exhibit
an exponential decay - see the text for more details.
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Fig. 4. Surface charge of an EDL as a function of the solvent pH (i.e. the
concentration of PDIs). The different curves are for ApK =2,4,6,8,10,12. The
smaller ApK, the steeper the curves. (a) pI = 2; (b) pl = 5.

behavior of charge regulating surfaces described above, is qualita-
tively consistent with experimental observations (see for example
Ref. [52]). The actual isoelectric point for pl =5 (see Fig. 4b) is
slightly shifted to a higher value, which is due to the effect of the
finite size of all participants. In the charge regulation model that
we use, the equilibrium constants (see Eq. (9)) do not explicitly
account for the any effects due to the molecular size of the solution
species. This effects are added with the implementation of the civ-
ilized DFT approach and lead to the observed shift.

3.3. Effects of the bulk solvation interactions

Interactions in the bulk of the solution compete with those with
the surface. Since the solvent molecules are in overwhelming num-
ber, their interaction with the ionic species or among themselves
will dominate. The importance of such analysis follows from the
experimental fact that ionic solvation varies substantially from
one species to another. For example, moving down the alkali col-
umn in the periodic table shows that the ions become less prone
to water solvation [73].

The surface charges in the present analysis are obtained at two
locations: the physical interface (IHP) and after the first layer of
ions, i.e. the SP (see Fig. 5). We examine the effect of the solvent
L] interactions (i.e., the parameter €; — see Eq. (3)) with each com-
ponent: solvent-PDIs (solid curves), solvent-positive non-PDIs
(dashed curves), solvent-negative ions (dotted curves) and sol-
vent-solvent (dashed-dotted curves). Each curve was calculated
while all other LJ interactions were set to €;/ksT = 1. This is the
reason why all curves intersect at that point. The remaining
parameters are the same as in Fig. 2a.

Fig. 5a shows the effect of the bulk solvation interactions for all
species on the charge at the IHP. If the PDIs (solid curve) are not too
solvated they accumulate near the surface and neutralize the neg-
ative charges according to the reaction (9). However, as the
solvent-PDI attraction increases the PDIs move away from the sur-

cd¥ex10°

0 0.2 0.4 0.6 0.8 1 1.2

cd¥ex 10’

0 0.2 0.4 0.6 0.8 1 1.2
€5/ kyT

Fig. 5. Solvation effects on charge at the actual interface (a) and at the shear plane
(b). The curves represent charge variation with PDIs-solvent (solid curves), Non-PDI
positive ions - solvent (dashed curves), solvent-solvent (dot-dashed curves) and
negative ions-solvent (dotted curves) interaction energies.

face in the bulk, which naturally increases, the negative charge at
the interface. The effect of the PDIs on the charge at the SP seems
to follow the same trend as the one at the IHP (see the full curve in
Fig. 5b). As the PDIs get more solvated the electrokinetic charge at
the SP becomes more negative.

The solvation of the positive non-PDIs has a strong impact on
the surface charge at the IHP (see the dashed curve in Fig. 5a).
The charge magnitude at the IHP decreases with the increase of
the solvation of the positive non-PDIs. Low solvation of the positive
non-PDIs leads to increased accumulation near the interface, which
in turn creates a repulsive electrostatic barrier for the positive PDIs
to approach the interface thus reducing their concentration in the
Stern layer, As a result the equilibrium (9) shifts towards a larger
number of negatively charged surface groups A™. Increasing the
solvation interactions favors a reduction of the concentration of
non-PDIs in Stern layer and thus allows for a greater number of
PDIs to reach the charged surface and neutralize some of the
charged surface groups.

The effect of the non-PDIs on the charge at the SP however, is
very different. If the non-PDIs are not (or very weakly) solvated
they tend to accumulate near the surface in the Stern layer. The lat-
ter becomes predominantly positive, which leads to an overall pos-
itive charge at the SP. As the solvation of the non-PDIs becomes
stronger, they tend to leave the Stern layer, which results in more
negative charge at the SP.

The solvent-solvent interaction seems to have a very similar
effect on the charge both at the IHP (see the dot-dashed line in
Fig. 5a) and the SP (dot-dashed line in Fig. 5b). A low L] interaction
between the solvent molecules leads to their preferential attrac-
tion to the rest of the species (including the PDIs, and non-PDIs)
and facilitates their removal from the surface. As a result the local
concentration of the positive PDIs and non-PDIs near the charged
interface is low and the surface carries a highly negative charge.
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As the attraction between the solvent molecules increases, they
will tend to maximize contacts with each other and minimize
those with the PDIs. Hence, the PDI concentration near the charged
interface decreases and the negative charge is reduced according
the surface equilibria (9). Similarly, the non-PDIs numbers near
the interface is reduced leading to their lower concentration in
the Stern layer, which in turn determines the charge at the SP.

The solvation of the negative ions also affects the charges at the
IHP and SP. The magnitude of the negative surface charge at the
[HP (see the dotted line in Fig. 5a) slightly increases with the sol-
vation of the negative ions. The reason for that effect is also in
the electrostatic interactions with the PDIs. Larger numbers of neg-
ative ions near the surface attract the positive PDIs, thus reducing
the surface charge according to Eq. (9). The charge at the SP on the
other hand depends on the balance between the charges at the I[HP
and those in the Stern layer. Fig. 5b shows that the SP charge
becomes less negative as the negative ions become more solvated.
This is due to the reduction of the negative charges in the Stern
layer, and hence results in lower overall negative charge at the SP.

The solvation interactions, while non-electrostatic in nature,
have a very strong effect on the properties of charged interfaces
that involve electrolytes. Hence, they allow to qualitatively explain
why ionic species with same charge numbers may lead to different
surface charge, or why different experiments (e.g., surface charge
titration and electrokinetic measurements) may lead to different
results.

3.4. Effects of the non-electrostatic solution-surface interactions

All solution species experience various interactions with the
surface. It is obvious that the ions exhibit electrostatic interactions
with the charged interface. However, the focus in this subsection is
on non-electrostatic forces of L] type (see (4)). These interactions in
combination with the solvation (see the previous subsection)
determine all effects that are unrelated to charges but known to
exist and affect the surface charge and the overall properties of
EDLs [50-52,73].

Fig. 6 presents DFT results for the surface charge vs the L] inter-
action energy with the interface for each component. The surface is
characterized by pl = 2, ApK = 8 and it is in contact with solution
that has pH = 4. The data in Fig. 6a and b shows the charge at the
IHP, while Fig. 6¢ and d refer to the charge at the SP after the Stern
layer. Fig. 6a and c cover a wider range of species-wall interaction
energies. Fig. 6b and d show the details at moderate surface attrac-
tion, which are rather complex.

Both the IHP and SP charge values suggest that the effect of the
surface interaction for the PDIs and the solvent are similar. As the
PDIs get more attracted to the surface, their local concentration
increases and the equilibrium (9) shifts towards lower number of
the negative A™, and higher number of neutral AH, or even positive
A; surface groups. This effectively shifts the charge at the IHP and
shear plane to less negative values. One important difference is
observed for large values of epp/ksT. The rate of change of the
charge at the IHP tends to decrease, while it is almost constant at
the SP. The reason is that the charge at the IHP depends on the
chemical equilibrium (9), which determines how many of the sur-
face groups turn from negative to neutral or positive. The charge at
the SP however, is governed not only by the surface reaction, but
also on the accumulation of positive PDIs in the Stern layer. The
charge of these ions adds to the charge at the IHP, which leads to
much stronger positive shift.

In contrast, the effects of the positive non-PDIs on the charges at
the IHP and SP are very different. As the LJ attraction of the non-
PDIs to the surface increases, the charge at the IHP starts decreas-
ing and above €yonppi/ksT ~5 sharply drops down to

adz/e = —0.664, which corresponds to complete dissociation of
all surface groups (see Fig. 6a and Eq. (9)). The reason for this
strong effect follows from the fact as non-PDIs accumulate in great
numbers near the charged surface, they create a excluded volume
and electrostatic barrier for the PDIs to approach the surface and
participate in the surface chemical reactions. Hence, the charge
at the IHP increases to its maximum value. On the other hand
the charge at the SP responds very differently to the increased
attraction of the non-PDIs to surface (see Fig. 6b). In this case the
surface charge becomes more positive, because of the accumula-
tion of positive ions in the Stern layer. The observable charge at
the SP is a difference between the negative surface charge at the
[HP minus the positive ions in the Stern layer. Hence, as more pos-
itive ions populate the Stern layer, the more positive the SP charge
becomes.

The L interaction of solvent molecules with the charged surface
also has a strong effect both on the charge at the IHP and SP. This
interaction determines the solvophilic/solvophobic properties of
the material in contact with the electrolyte solution. As the surface
becomes more solvophilic, the surface charge becomes more neg-
ative and above €,/ksT ~ 24 reaches the fully dissociated state,

where again gd> /e = —0.664. This effect is entirely due to displace-
ment of PDIs (as well as other ions) through simple excluded vol-
ume interactions. The dependencies on both Fig. 6a and b look very
similar. The reason for that is because the Stern layer is exclusively
populated by uncharged solvent molecules and therefore there is
practically no charge screening between the IHP and the SP. The
charge on both sides of the Stern layer (see Fig. 1) is almost
identical.

The effect of the negative ions present in the solution on the
charge at the IHP is negligible (see Fig. 6a), and is significant on
the charge at the SP (see Fig. 6¢). The charge at the IHP is deter-
mined by the surface chemistry and the negative ions do not affect
it much (see Fig. 6a). On one hand they are attracted to the surface
and occupy volume, which should prevent PDIs from approaching
the surface and participating in the equilibrium (9). The excluded
volume effect however is offset by the electrostatic attraction that
all positive ions experience and the overall effect is insignificant.
The charge at the SP, however, becomes more negative as greater
numbers of negative ions are attracted to the surface. The depen-
dence on the attractive L] energy becomes more pronounced with
€negative ion/ksT and for large values linearly decreases. It may be
expected that at even higher energies the charge dependence
may level off when the whole Stern layer is entirely populated
by negative ions, add negative charge to the one already at the IHP.

3.5. Effects of the bulk ionic strength

The total bulk electrolyte concentration (i.e., ionic strength)
modifies the potential distribution in the EDL through screening.
Hence, it affects the potential at the surface, which in turn reflects
on the surface charge (see Eq. (12)). Fig. 7 illustrates the effect of
the total bulk electrolyte concentration in terms of ionic strength
I =] >,z2C;. The molar concentrations C; includes all ionic species,
including the contributions of the PDIs, which depend on the solu-
tion pH. The surface charge at three different pH values are ana-
lyzed. The pH effect is obvious and it is due to the chemical
equilibria (9) (see also (12)). The decrease of the surface charge
with the bulk concentration of non-PDIs is a result of the overall
charge and potential modification that stems from bulk charge
screening. It modifies the overall potential distribution in the EDL
as well as the surface potential ¥ (see (12)).

Fig. 7a shows the charge at the IHP and Fig. 7b corresponds to
the charge at the SP. The values for the surface charges in these
two cases are very different since the net charge of the Stern layer
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is effectively subtracted from the charge due to actual ionization of
the surface. This is in general qualitative agreement with experi-
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Fig. 7. Surface charge of an EDL as a function of the solution ionic strength in moles
per liter. pl =2, ApK = 8. The three different cases are for pH = 3 (solid curves),
pH =4 (dashed curves), and pH =5 (dotted curves). (a) Charge at the actual
interface; (b) charge at the outer boundary of the Stern layer.

mental observations [65-68] which predict a charge variation with
the pH of the solution.

4. Summary and conclusions

The charge formation at electrolyte interfaces and the proper-
ties of EDLs are complex functions of many parameters related to
the material properties of the surface and the adjacent solution.
The interfacial charge at the IHP is determined by surface chemical
reactions (charge regulation) involving the surface reactive groups
and components of the solution. All solution components con-
tribute to the final surface equilibria, including species that are
not directly participating in the surface reactions, (9). We show
that the precise and detailed solution structure in the vicinity of
the interface couples to the charge governing chemical equilibria.
The solvent molecules play an important role in establishing this
structure due to their exceedingly large number. The solvent con-
tributes to the ionic structure through the excluded volume and L]
interactions. Hence, an accurate physical representation of charged
interfaces involving electrolytes requires rigorous statistical
mechanical approaches that explicitly account for all solution spe-
cies and the correlations among them.

The surface chemistry plays an important role for the charge
regulating behavior in EDLs. It depends on the material properties
of the interface and the composition of the electrolyte solution in
contact with it.This is governed by three parameters: the pl of
the surface, the bulk concentration of PDIs (in case of hydronium
ions this is conveniently expressed by the pH), and the difference
ApK = pK_ — pK.. The situation could be more complicated if more
complex surface chemistry is present [40].

The analysis also asserts that the properties of an EDL with sur-
face charge regulation strongly depends on non-Coulombic inter-
actions and correlations in the electrolyte solution. Examples
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include the bulk solvation as well as non-electrostatic interactions
with the EDL interface. The analysis of the solvation and surface
interactions explains the fact that different types ions carrying
the same charge may lead to a different outcome for the resultant
surface charge. It also explains why components that are not
directly involved in the surface chemical reactions affect the EDL
properties. Hence, the combination of solvation and surface inter-
actions can account for experimental observations that lead to the
definition of the Hofmeister series [50,51], electrokinetic results
[52], or the ions-specific surfaces forces [53-55].

An important aspect of this study is to provide a framework for
proper analysis of experimental data. As discussed above depend-
ing on the method one may directly probe the charge at the surface
by counting the number of charged groups (using titration) or
detect the charge at the shear plane (using electrokinetic methods).
These could be and often are very different. Civilized DFT allows to
distinguish between these cases and provides explanation for the
difference based on rigorous statistical mechanical arguments.

The main focus of this study is on the properties of static EDLs.
However, DFT can be generalized to non-equilibrium systems
[17,74]. This will allow solving problems pertinent to surface reac-
tions and solute diffusion.

In summary we believe that civilized statistical mechanical
approaches (such as DFT) together with a proper account for all
chemical equilibria at the EDL boundary offers the best theoretical
background for modeling and analysis of charged interfaces that
involve electrolyte solutions. The simple model presented in this
work can be extended to include more components and/or more
sophisticated functionals. This is a strategy that allows obtaining
further insights into the properties of charged colloidal systems.
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