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Varying hydrophicity (Monte-Carlo)

1 OH 29 OH 57 OH

o Silica surfaces : various protonation-hydrophilicity
o Surface charge : pH dependent
o Punctual surface charges

charge (Oc)
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M+ = Li+ / Na+/ K+ ou Cs+

Simulation box for bonding properties analysis
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A. Grossfield, « Implementation 
of WHAM : the Weighted 
Histogram Analysis Method »



5

-20

-10

0

10

0.1 OH.nm-2

3.6 OH.nm-2

7.2 OH.nm-2

Coulomb

βVMM(r)

0 0,5 1
M+-O- distance  /  nm

-10

0

10

20

0 0,5 1

Li+ Na+

K+ Cs+

o The punctual charge on the surface favors 
small cations adsorption

o In contrats, big cation bind to neutral surface
o We need association constants (next slide)
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Experimental data : 
Morag, J.; Dishon, M.; Sivan, U. Langmuir 2013, 29, 6317–6322.
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To perform Electrokinetics, you need :

Today: electroosmosis: 
source is electric field
effect is fluid velocity


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+

-

+

+ +

- -

vi = �Di qi
kB T

⇤� (43)

K⇥ =

2C0

⇧

⇤
q2

kT

�
D+(exp(

�q+ ⇤

2kBT
)� 1) +D�(exp(

�q� ⇤

2kBT
)� 1)

⇥
+

2 ⇥⇥0 kT

⌅

�
(exp(

�q+ ⇤
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�q� ⇤

2kBT
)� 1)

⇥⌅
(44)

�GC(z) =
4kBT

q
tanh�1

�
tanh

� q⇤

4kBT

⇥
exp(�⇧z)

⇥
(45)

CGC,i(z) = C0 exp

⇤
�qi �GC(z)

kB T

⌅
(46)

KD(d) =

⇧ d

0

dr 2⌃r2 e��V MM (r) (47)

⌥ = �0.05C.m�1 and � = 0.1 nm ⇥ 0.34nS (48)
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�⇥
AB (49)

Acknowledgement

Partial financial support of the Agence Nationale de la Recherche in the frame of the project

Celadyct (ANR-12-BS08-0017-01) is gratefully acknowledged.

39

Water and ions confined in a silica slot
under an electric field. 
What would we like to know ? 
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Potentials. As isolated particles cannot be linked directly to an external circuit, it is not possible
to change their surface potential at will by applying an external field. Contrary to mercury and other
electrodes, the surface potential, ψ 0, of a solid is therefore not capable of operational definition, mean-
ing that it cannot be unambiguously measured without making model assumptions. As a consequence,
for disperse systems it is the surface charge that is the primary parameter, rather than the surface po-
tential. The potential at the OHP, at distance d from the surface, is called the diffuse-layer potential,
ψd (sometimes also known as Stern potential): it is the potential at the beginning of the diffuse part of
the double layer. The potential at the IHP, located at distance β (0 ≤ β ≤ d) from the surface, the IHP
potential, is given the symbol ψi. All potentials are defined with respect to the potential in bulk solu-
tion.

Concerning the ions in the EDL, some further comments can be of interest. Usually, a distinction
is made between indifferent and specifically adsorbing ions. Indifferent ions adsorb through Coulomb
forces only; hence, they are repelled by surfaces of like sign, attracted by surfaces of opposite sign, and
do not preferentially adsorb on an uncharged surface. Specifically adsorbing ions possess a chemical or
specific affinity for the surface in addition to the Coulomb interaction, where chemical or specific is a
collective adjective, embracing all interactions other than those purely Coulombic. It was recommended
in [10], and is now commonly in use to restrict the notion of surface ions to those that are constituents
of the solid, and hence are present on the surface, and to proton and hydroxyl ions. The former are co-
valently adsorbed. The latter are included because they are always present in aqueous solutions, their
adsorption can be measured (e.g., by potentiometric titration) and they have, for many surfaces, a par-
ticularly high affinity. The term specifically adsorbed then applies to the sorption of all other ions hav-
ing a specific affinity to the surface in addition to the generic Coulombic contribution. Specifically ad-
sorbed charges are located within the Stern layer.

1.4 Plane of shear, electrokinetic potential, and electrokinetic charge density

Tangential liquid flow along a charged solid surface can be caused by an external electric field (elec-
trophoresis, electro-osmosis) or by an applied mechanical force (streaming potential, current).
Experience and recent molecular dynamic simulations [11] have shown that in such tangential motion

A. V. DELGADO et al.
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Fig. 1 Schematic representation of the charges and potentials at a positively charged interface. The region between
the surface (electric potential ψ0; charge density σ0) and the IHP (distance β from the surface) is free of charge.
The IHP (electric potential ψ i; charge density σ i) is the locus of specifically adsorbed ions. The diffuse layer starts
at x = d (OHP), with potential ψ d and charge density σd. The slip plane or shear plane is located at x = dek. The
potential at the slip plane is the electrokinetic or zeta-potential, ζ; the electrokinetic charge density is σ ek.
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DYNAMIC DESCRIPTIONS
• Shear (or Slip) Plane: position dek(≈d(OHP)) 
• Stagnant layer (SL) « no hydrodynamic flows can develop »
• but SL can «still be electrically conducting» 
• ζ Potential at the Shear Plane

Potentials. As isolated particles cannot be linked directly to an external circuit, it is not possible
to change their surface potential at will by applying an external field. Contrary to mercury and other
electrodes, the surface potential, ψ 0, of a solid is therefore not capable of operational definition, mean-
ing that it cannot be unambiguously measured without making model assumptions. As a consequence,
for disperse systems it is the surface charge that is the primary parameter, rather than the surface po-
tential. The potential at the OHP, at distance d from the surface, is called the diffuse-layer potential,
ψd (sometimes also known as Stern potential): it is the potential at the beginning of the diffuse part of
the double layer. The potential at the IHP, located at distance β (0 ≤ β ≤ d) from the surface, the IHP
potential, is given the symbol ψi. All potentials are defined with respect to the potential in bulk solu-
tion.

Concerning the ions in the EDL, some further comments can be of interest. Usually, a distinction
is made between indifferent and specifically adsorbing ions. Indifferent ions adsorb through Coulomb
forces only; hence, they are repelled by surfaces of like sign, attracted by surfaces of opposite sign, and
do not preferentially adsorb on an uncharged surface. Specifically adsorbing ions possess a chemical or
specific affinity for the surface in addition to the Coulomb interaction, where chemical or specific is a
collective adjective, embracing all interactions other than those purely Coulombic. It was recommended
in [10], and is now commonly in use to restrict the notion of surface ions to those that are constituents
of the solid, and hence are present on the surface, and to proton and hydroxyl ions. The former are co-
valently adsorbed. The latter are included because they are always present in aqueous solutions, their
adsorption can be measured (e.g., by potentiometric titration) and they have, for many surfaces, a par-
ticularly high affinity. The term specifically adsorbed then applies to the sorption of all other ions hav-
ing a specific affinity to the surface in addition to the generic Coulombic contribution. Specifically ad-
sorbed charges are located within the Stern layer.

1.4 Plane of shear, electrokinetic potential, and electrokinetic charge density

Tangential liquid flow along a charged solid surface can be caused by an external electric field (elec-
trophoresis, electro-osmosis) or by an applied mechanical force (streaming potential, current).
Experience and recent molecular dynamic simulations [11] have shown that in such tangential motion
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Fig. 1 Schematic representation of the charges and potentials at a positively charged interface. The region between
the surface (electric potential ψ0; charge density σ0) and the IHP (distance β from the surface) is free of charge.
The IHP (electric potential ψ i; charge density σ i) is the locus of specifically adsorbed ions. The diffuse layer starts
at x = d (OHP), with potential ψ d and charge density σd. The slip plane or shear plane is located at x = dek. The
potential at the slip plane is the electrokinetic or zeta-potential, ζ; the electrokinetic charge density is σ ek.

after

STATIC DESCRIPTIONS
L:  Layer; P: Plane 
• Ions in the Stern Layer =          IHL + OHL
• IHL: charge free, specific bonds
• OHL:  non-specific bonds (Coulomb)
• Diffuse Layer (DL): non-specific bonds

9

Two surimposed 
definitions 
of the charged 
double layer

IHP/OHP
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Some Differential Equations for EK :

Navier-Stokes Coulomb

Poisson Boltzmann

model, needs further analysis. One key point in the observed surface conductivity could lie

in the slip at the interface,3,9,44 rather than in a dynamic Stern Layer.

5 Extra Paragraph to prepare oral presentation Shit

SHIT

P i(z) ⇥ exp(��(V MM + V i)) for each biasV i (13)

P (z) ⇥ exp(��V MM) (14)

�F = m�⇥ (15)

�F = m�⇥ (16)

D =
µkB T

q
(17)

⌥MD(z) (18)

�⌥(z) = �⌃(z)

⇤ ⇤0
(19)

�v =
⌃e E

⌅
(20)

C±
Selected from MD(z) (21)

v±Selected from MD(z) (22)

vW (z = ⇤) from MD (23)

vW (z) from MD (24)

C2
0 = CMD+(z)CMD�(z)

= C0 exp

�
�⇧ ⌥(z)

kB T

⇥
C0 exp

�
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kB T

⇥ (25)
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K� =
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model, needs further analysis. One key point in the observed surface conductivity could lie

in the slip at the interface,3,9,44 rather than in a dynamic Stern Layer.
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⇥
C0 exp

�
+
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⇥
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Boltzmann

Poisson

electric potential at the shear plane16

veo = ��0 �r ⇥

⇤
E (2)

where ⇤ is the fluid shear viscosity, which is 0.729 mP for SPC/E water.34 This equation is a

direct consequence of the hydrodynamical Navier-Stokes equation together with stick bound-

ary conditions at the shear plane and with the Poisson equation. The local hydrodynamical

velocity profile is related to the local potential:

vfluid(z) = ��0 �r
⇤

(⇥ � ⌥(z))E. (3)

⌥ is the electric potential, which can be calculated from the Poisson equation.

These very general equations, that define ⇥-potential, are solved by considering the Gouy-

Chapman potential profile, with z = 0 defined as the location of the shear plane:16

⌥GC(z) =
4kBT

⌃e
tanh�1

�
tanh

� ⌃e⇥

4kBT

⇥
exp(�⌅z)

⇥
(4)

where ⌅ = 1
�D

is the inverse Debye length. The Debye length ⇧D is the typical screening

length of charges:16

⇧D =

⇧
�0 �r kB T

2C0 e2
(5)

Eq. (4) corresponds to the solutions of the Poisson-Boltzmann equation for a planar charged

interface. Within that framework, the cation (or anion) concentration is related through a

Boltzmann equation to the to the electric potential:

CGC+(z) = C0 exp

⇤
�⌃ ⌥GC(z)

kB T

⌅
(6)

This equation is rigorously valid only if the ion concentrations are low (in order to neglect

activity coe�cients). It also supposes that the concentration variations are smooth (in

9

Smoluchowski

Navier-Stokes

Gouy-Chapman

vi = �Di qi
kB T

⇥⇧ (43)

K� =

2C0

⌅

⇤
q2

kT

�
D+(exp(

�q+ ⇥

2kBT
)� 1) +D�(exp(

�q� ⇥

2kBT
)� 1)

⇥
+

2 ��0 kT

⇤

�
(exp(

�q+ ⇥

2kBT
)� 1) + (exp(

�q� ⇥

2kBT
)� 1)

⇥⌅
(44)

⇧GC(z) =
4kBT

q
tanh�1

�
tanh

� q⇥

4kBT

⇥
exp(�⌅z)

⇥
(45)

CGC,i(z) = C0 exp

⇤
�qi ⇧GC(z)

kB T

⌅
(46)
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electric potential at the shear plane16

veo = ��0 �r ⇥

⇤
E (2)

where ⇤ is the fluid shear viscosity, which is 0.729 mP for SPC/E water.34 This equation is a

direct consequence of the hydrodynamical Navier-Stokes equation together with stick bound-

ary conditions at the shear plane and with the Poisson equation. The local hydrodynamical

velocity profile is related to the local potential:

vfluid(z) = ��0 �r
⇤

(⇥ � ⌥(z))E. (3)

⌥ is the electric potential, which can be calculated from the Poisson equation.

These very general equations, that define ⇥-potential, are solved by considering the Gouy-

Chapman potential profile, with z = 0 defined as the location of the shear plane:16

⌥GC(z) =
4kBT

⌃e
tanh�1

�
tanh

� ⌃e⇥

4kBT

⇥
exp(�⌅z)

⇥
(4)

where ⌅ = 1
�D

is the inverse Debye length. The Debye length ⇧D is the typical screening

length of charges:16

⇧D =

⇧
�0 �r kB T

2C0 e2
(5)

Eq. (4) corresponds to the solutions of the Poisson-Boltzmann equation for a planar charged

interface. Within that framework, the cation (or anion) concentration is related through a

Boltzmann equation to the to the electric potential:

CGC+(z) = C0 exp

⇤
�⌃ ⌥GC(z)

kB T

⌅
(6)

This equation is rigorously valid only if the ion concentrations are low (in order to neglect

activity coe�cients). It also supposes that the concentration variations are smooth (in

9
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ConvectionMigration vi = �Di qi
kB T

⇥⇧ (43)

K� =

2C0

⌅

⇤
q2

kT

�
D+(exp(

�q+ ⇥

2kBT
)� 1) +D�(exp(
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⇥
+

2 ��0 kT

⇤

�
(exp(
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2kBT
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⇥⌅
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Gouy-Chapman
Smoluchowski

Bikerman

vi = �Di qi
kB T

⇤� (43)
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ABSTRACT: We investigate the Stern layer of charged silica−water interfaces by
calculating the ion−surface interaction from molecular dynamics simulations. The
McMillan−Mayer potentials of mean force between a charged oxygen site and a lithium
or cesium cation have been calculated. Contact ion pairs (CIPs) are important for the
adsorption and desorption of ions, especially for lithium. An activation energy appears,
which can result in a large estimated relaxation time. In the case of lithium, time scales
needed to bind or unbind ions to and from the surface are found to be very long (up to
the order of seconds for some surfaces), which implies that molecular dynamics cannot
always be fully equilibrated. This work provides a new image of the Stern layer: it is not a
continuous layer but a set of Bjerrum pairs. As a matter of fact, quantitative
(macroscopic) treatments of such systems with localized surface charges require a three-
dimensional model, contrary to the more commonly used one- or two-dimensional theoretical treatments.

1. INTRODUCTION
Charged nanoporous materials attract considerable attention
because of their use in numerous applications: water
purification, ion retention, drug delivery, sensors, and energy
storage, among others. Within this context, the description of
the electrical double layer (EDL), which represents the charge
distribution in the vicinity of a charged surface in water, is very
important.1 Since the pioneering approach by Gouy and
Chapman, based on the Poisson−Boltzmann equation, many
improvements have been proposed. It is now widely accepted
that far away from the interface charges are distributed along a
diffusive layer, which can be modeled by continuum models
(such as the original Gouy−Chapman approach).1 However, at
contact with the interface, the molecular nature of the
constituents (solvent and ions) becomes predominant, and a
specific treatment is needed, deviating from the Gouy−
Chapman approach. Numerous works have been devoted to
studying the first layer of condensed ions, which can be
adsorbed on the surface.2,3 Such adsorbed ions are typically
described with the concept of the Stern layer.
When looking at the charge of solid surfaces, a distinction

can be made between the two following situations. On the one

hand, for some systems, the charge can be modeled as a volume
charge that comes from an excess of cations or anions. For
these systems, such as clays,4−6 continuum theories such as the
Gouy−Chapman equation are suitable when compared to
molecular simulations or experiments. On the other hand, for
many other solids, including metal oxides such as silica, the
charge arises from the hydrolysis of the metal atom to M−OH
and the consequent binding or dissolution of H+ ions. In this
case, the charge is highly localized at surface sites, and the
corresponding Stern layer2,3 requires a specific treatment since
continuum theories are no longer valid. The system is then
commonly modeled using effective parameters (zeta potential,
effective charge) that account for the complex ion/surface
interactions. Such a task is even more difficult to achieve as the
ion distributions can be very different in the case of a
homogeneously charged surface from the case of a locally
charged surface.7,8

Received: September 10, 2015
Revised: November 18, 2015
Published: December 14, 2015

Article

pubs.acs.org/JPCC

© 2015 American Chemical Society 963 DOI: 10.1021/acs.jpcc.5b08836
J. Phys. Chem. C 2016, 120, 963−973

How Ion Condensation Occurs at a Charged Surface: A Molecular
Dynamics Investigation of the Stern Layer for Water−Silica Interfaces
Sarah Hocine,† Remco Hartkamp,‡,§,∥ Bertrand Siboulet,*,⊥ Magali Duvail,⊥ Benoit Coasne,‡,§,∥

Pierre Turq,# and Jean-Franco̧is Dufreĉhe*,⊥
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⊥Institut de Chimie Seṕarative de Marcoule ICSM, UMR 5257 CEA - CNRS - ENSCM - Universite ́ Montpellier 2, Bat̂iment 426,
F-30207 Bagnols-sur-Cez̀e, France
#Universite ́ Pierre et Marie Curie Paris VI, UMR 8234, PHENIX, F-75005 Paris, France

ABSTRACT: We investigate the Stern layer of charged silica−water interfaces by
calculating the ion−surface interaction from molecular dynamics simulations. The
McMillan−Mayer potentials of mean force between a charged oxygen site and a lithium
or cesium cation have been calculated. Contact ion pairs (CIPs) are important for the
adsorption and desorption of ions, especially for lithium. An activation energy appears,
which can result in a large estimated relaxation time. In the case of lithium, time scales
needed to bind or unbind ions to and from the surface are found to be very long (up to
the order of seconds for some surfaces), which implies that molecular dynamics cannot
always be fully equilibrated. This work provides a new image of the Stern layer: it is not a
continuous layer but a set of Bjerrum pairs. As a matter of fact, quantitative
(macroscopic) treatments of such systems with localized surface charges require a three-
dimensional model, contrary to the more commonly used one- or two-dimensional theoretical treatments.

1. INTRODUCTION
Charged nanoporous materials attract considerable attention
because of their use in numerous applications: water
purification, ion retention, drug delivery, sensors, and energy
storage, among others. Within this context, the description of
the electrical double layer (EDL), which represents the charge
distribution in the vicinity of a charged surface in water, is very
important.1 Since the pioneering approach by Gouy and
Chapman, based on the Poisson−Boltzmann equation, many
improvements have been proposed. It is now widely accepted
that far away from the interface charges are distributed along a
diffusive layer, which can be modeled by continuum models
(such as the original Gouy−Chapman approach).1 However, at
contact with the interface, the molecular nature of the
constituents (solvent and ions) becomes predominant, and a
specific treatment is needed, deviating from the Gouy−
Chapman approach. Numerous works have been devoted to
studying the first layer of condensed ions, which can be
adsorbed on the surface.2,3 Such adsorbed ions are typically
described with the concept of the Stern layer.
When looking at the charge of solid surfaces, a distinction

can be made between the two following situations. On the one

hand, for some systems, the charge can be modeled as a volume
charge that comes from an excess of cations or anions. For
these systems, such as clays,4−6 continuum theories such as the
Gouy−Chapman equation are suitable when compared to
molecular simulations or experiments. On the other hand, for
many other solids, including metal oxides such as silica, the
charge arises from the hydrolysis of the metal atom to M−OH
and the consequent binding or dissolution of H+ ions. In this
case, the charge is highly localized at surface sites, and the
corresponding Stern layer2,3 requires a specific treatment since
continuum theories are no longer valid. The system is then
commonly modeled using effective parameters (zeta potential,
effective charge) that account for the complex ion/surface
interactions. Such a task is even more difficult to achieve as the
ion distributions can be very different in the case of a
homogeneously charged surface from the case of a locally
charged surface.7,8

Received: September 10, 2015
Revised: November 18, 2015
Published: December 14, 2015

Article

pubs.acs.org/JPCC

© 2015 American Chemical Society 963 DOI: 10.1021/acs.jpcc.5b08836
J. Phys. Chem. C 2016, 120, 963−973



14

model, needs further analysis. One key point in the observed surface conductivity could lie

in the slip at the interface,3,9,44 rather than in a dynamic Stern Layer.

5 Extra Paragraph to prepare oral presentation

P (z) ⇥ exp(��V MM) (13)
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calculated from the FI ion distribution and from the Gouy-Chapman approach suggests that

the former can be an alternative suitable way to investigate electro-osmosis in simulation

or experiment, without explicitly accounting for anomalous Stern-layer properties, such as

viscosity enhancement or a reduced local dielectric permittivity. In contrast, including SBI

in the Navier-Stokes analysis induces high apparent viscosities close to surfaces.1,8
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Figure 5: Predicted velocity profiles from the Navier-Stokes equation using the GC and the
MD free ion distribution.

The construction of the velocity profiles includes two implicit constraints: velocities are

nil at the shear plane and the velocity is constant far from the shear plane, since the charge-

neutral fluid beyond the EDL does not contribute to electro-osmotic flow. At the same time,

bonded ions also cannot contribute to the electro-osmotic flow, because these immobile ions

cannot receive or transmit energy from the applied electric field to the surrounding fluid, as

will be discussed in more detail below.

The position of the �-potential is traditionally referred to as the shear plane, at which

flow stagnation is expected. However, Figure 4 illustrated the di�erence between the hydro-

dynamic velocity profile and the actual velocity profile. The hydrodynamic velocity profile

15

• No shear plane in solvent
• ζ-potential from MD on FI or from Gouy-Chapman
• No space dependent viscosity or permittivity
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model, needs further analysis. One key point in the observed surface conductivity could lie

in the slip at the interface,3,9,44 rather than in a dynamic Stern Layer.
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Figure 11: Integrated charge fluxes for a variety of selected ions: all ions, excluding bonded
ions, in contact with surface, and excluding bonded and solvent separated ions. The inte-
grated fluxes are all divided by the value that normalizes the integrated Cs+ charge flux.

the free anion concentration in the slot is smaller than or equal to the bulk concentration,

and because electro-osmotic flow can only reduce anion conduction. Either of these two

e�ects is su⇥cient to account for the anion negative contribution to conduction. On the

other hand, in our model, cations have a positive contribution to the surface conductivity.

This contribution could have been negative if the cation mobility in the vicinity of surface

had been strongly reduced. The impact of mobility on conduction is detailed in section

3.6. The anion and cation contributions to the surface conductivities are -7.4 and 4.4 nS,

respectively, so that the total surface conductivity is -3.0 nS. This negative value is despite

the fact that the fluid contains more cations than anions, to compensate for the negative

surface charge density. The negative surface conductivity is quite surprising, since the well-

known Bikerman formula predicts a positive surface conduction,35 to which some authors

add an extra surface conduction in the Stern layer.15

The absence of conduction in the Stern layer is stated by various authors. Zhang et.

27

Free Ions contribute / Bonded ions do not
OHP included in FI (again)
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Surface conductivity an excess term: 
the observed conductivity 

minus 
the bulk conductivity for the same width 

: -3.0 nS

Bikerman’s is always 

positive 

order to neglect ionic correlations). Moreover, the ion/surface interaction is to be only from

electrostatic origin. Then we can define a Gouy-Chapman velocity profile , where the electric

potential follows Eq. (4):24
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The charge flux can be calculated analytically from the electro-osmotic velocity (Eq. (2)),

the Gouy-Chapman ion densities, and the ion mobilities. The conductivity of the Gouy-

Chapman interface can be determined from the velocity profile (Eq. 7), combined with the

ion concentration profiles (Eq. 6) and the ion mobilities. Bikerman obtained the following

analytical expression for the excess conductivity:35
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where D+ and D� are the cation and anion di�usion coe⇥cients, respectively. The Bikerman

formula includes 4 terms: for anions and cations, for conduction and convection.

The above expressions cannot only be used to relate quantities calculated with the Gouy-

Chapman model, but they can similarly be applied to analyze the EDL properties from

simulations. For example, the Poisson equation can be used to calculate the potential profile

⌃MD(z) from the simulated charge density profile. This potential can in turn be related

to the ion concentration and fluid velocity profiles. Eqs. (6) and (7) thus have a direct

counterpart from simulation:
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al.5 found no conductivity in the Stern layer. Lorenz et. al. found a residual contribution

to the conductivity in the IHL (see Table 6 for Na+ in Ref.24), which does not account for

claimed experimental values of mobilities.37,40 Lorenz et al. found a substantial conductivity

in the OHL for Na+.24 Indeed, we observed that it was not relevant to distinguish ions in the

OHL from free ions in the DFL, neither in the analysis of electro-osmosis, nor with surface

conduction. Netz found that a large fraction of ions in the Stern layer are immobilized.41

In fact, most realistic MD simulations have not observed conduction in the Stern Layer, in

contrast to some studies of model systems.

3.6 Mobility of ions: from bulk to Stern-layer

Conductivity theories, including Bikerman’s formula, are based on two contributions to the

ion surface conductivity: the electro-osmotic convection and a migration terms. Since it was

already confirmed that electro-osmosis was correctly described by the macroscopic model, the

discrepancy in the conductivity prediction should come from the migration term. The free

ion distribution seems to be fairly well-represented by the Gouy-Chapman formula used in

Bikerman’s analysis (see Figure 6), suggesting that the theoretical treatment of ion mobility

might be inaccurate. In Bikerman’s formula, the cation and anion mobility is assumed to be

homogeneous and equal to bulk mobility, while simulations show that the interface decreases

the mobility of the ions relative to their bulk value. This decrease in mobility leads to a

negative surface conductivity, as we now describe in full details.

The mechanism can be understood from the simulated ion mobility profile, shown in

Figure 12 for cesium and in Figure 13 for chloride. The mobility of each ion is calculated as:

µ(z) =
vion(z)� vel�osm(z)

eE
(11)

where vion is the ion average velocity, vel�osm(z) the electro-osmotic velocity (vel�osm(z)

tends to veo at long distance), e the elementary charge and E the electric field parallel to
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μ(MD), μ(HD)

the surface.

Figure 12 shows the relative mobility, defined as the local mobility normalized by its

bulk value. A dashed horizontal line at unity is shown as a guide to the eye. The bulk

mobilities result from the di�usion coe⇥cients throught the Stokes-Einstein formula, D =

µ kB T , di�usion coe⇥cients corresponding to infinite dilution. These di�usion coe⇥cients

are DCs = 1.77 10�9, DCl = 1.60 10�9. These are not the experimental mobilities, but model

mobilities, obtained in SPC/E water.42 The cation concentration is also shown in Figure

12, because mobility reduction strongly impacts conductivity when associated with a high

concentration.
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Figure 12: Mobility of cesium as a function of position in the slot, normalized by the mobility
of the ions in bulk SPC/E water. The MD profile is compared with a Hydrodynamic Model
(HM) and with the bulk SPC/E value. Free Cs+ density is relative to the bulk concentration,
0.46 mol.L�1.

Mobility in the Stern layer is sometimes claimed to be as high as in the bulk, at least
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Figure 13: Mobility of chloride as a function of position in the slot, normalized by the bulk
mobility of the ion in bulk SPC/E water. The MD profile is compared with a Hydrodynamic
Model (HM) and with the bulk SPC/E value. Free Cl� density is relative to the bulk
concentration, 0.46 mol.L�1.
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Abstract
We study the influence of the boundary conditions at the solid–liquid interface
on diffusion in a confined fluid. Using a hydrodynamic approach, we compute
numerical estimates for the diffusion of a particle confined between two planes.
Partial slip is shown to significantly influence the diffusion coefficient near
a wall. Analytical expressions are derived in the low and high confinement
limits, and are in good agreement with numerical results. These calculations
indicate that diffusion of tagged particles could be used as a sensitive probe of
the solid–liquid boundary conditions.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The no-slip boundary condition for a fluid near a solid surface is still under debate [1, 2]. At
the macroscopic scale, the no-slip boundary condition is a consequence of the microscopic
roughness [3]. On the nanometre scale, however, partial slip is possible, and has indeed been
measured experimentally [4]. This issue, which is important both fundamentally and for the
conception of microfluidic devices, has motivated a number of theoretical [5, 6] and numerical
studies [7]. These studies have highlighted the influence of the fluid–wall interaction and
pressure on the slippage [8–10]. While chemical heterogeneities and surface roughness are
expected to decrease slippage [11], surfaces with special geometries can exhibit a ‘super-
hydrophobic’ state with a strongly increased slippage at the surface [12, 13] that makes fluid
dynamics at solids surfaces very sensitive to surface imperfections. Such effects have been
evidenced using micro-engineered surfaces in [14].

Slippage is usually accounted for in terms of an extrapolation length, the so-called slip
length, here denoted as δ [5]. This is defined as the distance inside the solid wall where the
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Figure 14: Anion and cation fluxes calculated with the Navier-Stokes and Gouy-Chapman
models. Dashed profiles include the hydrodynamic mobility reduction by Saugey et al.

for surface conductivity is an analytical solution of the di�use contribution of the electro-

osmotic surface conduction. We can reproduce this result numerically step-by-step. The

ion distributions used by Bikerman come from Eq. (6), and the fluid velocity from Eq.

(7). When we multiply the former by the latter, we find the electro-osmotic contributions

to conductivity. To this contributions need to be added the migrations terms, which are

the product of concentration and mobility. The total ion fluxes are shown in Figure 14 as

function of position. Upon flux integrations along position and subtraction of the ion bulk

conductivities, we find, as expected, the Bikerman values. (The result is in fact twice the

Bikerman values, because the simulated slot includes 2 surfaces.) Now we can reproduce this

process applying a numerical reduction to mobilities. With Saugey’s reduction formula, we

impact the migration term, but not the electro-osmotic contribution. The reduced fluxes are

shown in Figure 14. Figure 15 shows the Bikerman and the modified surface conduction as a

function of concentration. The integrations should be performed at a slot width much larger

than the Debye length of the fluid. For each concentration, a width of 20 Debye lengths was
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used here. Increasing this value does not change the surface conductivity. Figure 15 shows
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Figure 15: Surface conductivity models: original Bikerman’s formula versus numerical
Bikerman’s formula including mobility reduction on the migration term, as a function of
concentration.

that the Bikerman formula becomes very inaccurate for concentrations above 10�3 mol.L�1.

This range of concentration covers in some cases the whole experimental range.40

The surface conductivity from MD is included in Figure 15. This value falls slightly

below the HM conductivity. We can account for this discrepancy in various ways. One

way results from a critical observation of Figure 12. A drastic mobility reduction occurs

precisely where the cation concentration is high. Any variation on either term, mobility or

concentration, will strongly impact the conductivity value. Another di⇥culty originates in

the definition of surface conductivity as an excess term, namely the di�erence between the

observed conductivity and the conductivity produced in a slot of the same width. The MD

value is the subtraction of bulk cation and anion conductivities, which amount to 22.7 nS,

from the total MD conductivity. The MD surface conductivity is of the order of a few

nS. This means that the MD surface conductivity results from the di�erence between two
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Estimating the impact of mobility reduction: 
Adding a numerical reduction on Bikerman’s formula

Limit of Bikerman’s 
formula validity

No Dynamic Stern Layer 
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tion in this layer. Zhang et al. find no SL and no DSL. Freund8 finds no fixed atom in a

Stern Layer, but an increase in viscosity. These results are consistent: MD simulations do

not show SL nor DSL. Beside, the question of the origin of the SL has no satisfactory answer

up to now.9

Simulations of realistic surfaces show steadily a strong adsorption.6–8 This strong ad-

sorption can be quantified with a Potential of Mean Force analysis.10 The strength exerted

on the bonded ions is often superior to an external applied field by order of magnitudes.

This accounts for the reults in the Table 6 Lorenz et al.: there is no conductivity from ions

very close to surface. These strongly adsorbed ions have non electro-osmotic activity either.

When they are included in a navier-Stokes estimation of viscosity, anomaly high values are

found.8

Non zero slip length can appear at interfaces. Although, the large slip length are typical

of neutral hydrophobic surfaces. Hydrodynamic slip has a strong impact on electrokinetic

phenomena.11,12 We try to quantify the impact of slip on surface conductivity. We consider

the case of electro-osmosis. Supposing a slip length instead of a a stagnant layer produces a

shift on the whole velocity profile (Equation 1)13,14

veo�Slip(z)

E
= �⇥0⇥r

⇤
⇧GC(z) +

� ⌅

⇤
(1)

where veo�Slip is the electro-osmotic velocity profile versus the distance to the surface, E the

electric field paralel to surface, ⇥ and ⇥r the vacuum and relative dielectric constants, ⇧GC

the Gouy-Chapman electric potential profile, � the slip length, ⌅ the electrodynamic surface

charge, and ⇤ the water viscosity. The surface conductivity results from the integration of

Equation 1. The first term on the roght produces the Bikerman surface conductivity. The

second term produces an extra term Kslip:

Kslip =
� ⌅2

⇤
(2)
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high electrolyte concentrations, well above the critical coag-
Streaming potential and conductivity measurements were per- ulation concentration. In microelectrophoresis, coagulation

formed on porous plugs in a number of indifferent electrolytes. would interfere with the measurements.
The plugs were made of monodisperse spherical polystyrene sul- As compared to microelectrophoresis, the electric conduc-fate latex with fixed surface charge density. The observed surface tivity of a plug yields additional information. The surfaceconductivity could be interpreted with the classical Bikerman ex-

conductivity, which is calculated from the plug conductivity,pression extended with the contribution from conduction behind
is an important double-layer characteristic. Knowledge ofthe shear plane. It was shown that electroosmosis contributes posi-
the surface conductivity is necessary to determine z-poten-tively, while the depletion of co-ions in the double layer contributes
tials from streaming potentials (or particle mobilities) atnegatively to the surface conductivity. It was further demonstrated

that a significant part of the conduction is located behind the slip low electrolyte concentrations if conduction behind the shear
plane. The ion mobility of the indifferent counterions behind, as plane takes place. Furthermore, from the combination of
well as beyond, the shear plane is close to the bulk mobility. In conductivity and streaming potential experiments, informa-
the correct determination of z -potentials in the low electrolyte tion on the amount of conduction behind and beyond the
concentration range, it is necessary to take surface conduction shear plane can be evaluated.
behind the plane of shear into account. When this is done, the Although interpretation of conductivity data is more dif-maximum in the curve of the z -potential versus electrolyte concen- ficult for plugs than for dilute dispersions, the measurementstration disappears. � 1998 Academic Press

are extremely sensitive to the double-layer properties. TheKey Words: polystyrene sulfate latex; porous plug; streaming
conductivity change due to the presence of colloidal particlespotential; conductivity; surface conduction; z -potential; indiffer-
scales with the number of particles per unit volume. Theent electrolyte.
particle density in a plug exceeds the density in common
dilute dispersion experiments by at least one order of magni-
tude. Hence, the signal-to-noise ratio is increased by the1. INTRODUCTION
same factor.
A more technical advantage of working with plugs is theConcentrated systems of sub-micrometer-sized particles

accurate knowledge of the bulk concentration inside theare the subject of research in many fields, for instance, in soil
plug which can be rinsed intensively with an electrolytescience, in paper manufacturing, and in membrane studies. In
solution of well-known concentration prior to the measure-these investigations, usually the system in total is of interest.
ment. In experiments on dilute suspensions, the ionicThe electrokinetic properties of the individual particles are
strength is usually adjusted by adding aliquots of electro-commonly studied in dilute systems (microelectrophoresis,
lyte. This procedure is more susceptible to errors, since theconductivity of dilute suspensions) where the imposed field
latex volume fraction must be well known and adsorption/is in interaction with isolated particles only and, hence, the-
desorption should not occur. Furthermore, in plugs the par-ory is relatively simple. Exceptions are, e.g., dc conductivity ticle density is perfectly constant throughout the experi-studies (1) and high-frequency dielectric studies (2) on con- ments and this allows a better comparison between thecentrated latex dispersions and electrokinetic investigations different data.on porous plugs (3, 4) . The latter type of experiment is The extreme sensitivity also allows the determination ofmuch more elaborate than microelectrophoresis but it has the surface conductivity from plug conductivities up to thethe advantage that z-potentials of large particles can be de- relatively high ionic strength of 100 mM without any prob-termined. Furthermore, measurements can be performed at lems, as will be shown in this paper.
To calculate the current passing through the plug due to

1 To whom correspondence should be addressed at fax: (NL) 317 483777. an applied electric field or pressure gradient, it is necessary
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Where is the non Bikerman missing conductivity ?
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Figure 8: Interface model of Stern-Gouy-Chapman. ⇤0 and ⇥0 are the potential and charge
at the surface, ⇤i and ⇥i at the onset of the IHP, ⇤d is the potential at the onset of the
OHP, � and ⇥ek are the potential at the shear plane and the active electrokinetic charge,
after Lyklema.18
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Figure 9: Interface model from MD analysis. The SBI region is in various ways comparable
to the IHP, but it is defined by CIP. The FI is comparable to the classical DFL and the
OHP. In fact, transition from SBI to FI is smooth (See Figure 6), because it is not based
on the distance to an average surface but on the distance to surface atoms considered sepa-
rately. Inside the progressive transition from SBI to FI, a �-potential can be defined for the
description of electro-osmosis
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Simple description: 
Classical profiles can be met with
• NO VARYING PERMITTIVITY
• NO VARYING VISCOSITY
• VARYING MOBILITY

We find
• No stagnant layer
• No Dynamic Stern Layer
• No OHP
• Free ions conduct, SBI do not 
• Limits to Bikerman’s

Scrutinizing electro-osmosis and surface conductivity with MD,
Siboulet, Hocine, Hartkamp, Dufreche, JPCC 2017
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