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The transport of ions through cement-based materials is described at a microscopic scale with a pore
modeled by two infinitely large flat plates. The theory of the electrical double layer (EDL) shows that (i) the
overlapping between the diffuse layers occurring in the pore is more important as the pore diameter will be
small (low than the Debye length) and the pore walls will be strongly charged, (ii) the fluxes of coions and
counterions will be respectively increased and attenuated in such pores. The gel pores of cement based
materials have similar characteristics. As the capillary pores of the cement based materials with low porosity
are connected between them by the pores gel, the transport of ions at a macroscopic scale could be greatly
influenced by the overlapping effect of the diffuse layers.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Many concrete structures are affected by corrosion of reinforced
bars due to the chlorides. A better understanding of ionic transport
phenomena, specifically the chlorides through concrete would,
improve the service life of these structures. lonic transport mechan-
isms through cement-based materials are generally described by the
set of the Nernst-Planck equation, conservation equations combined
sometimes with electroneutrality condition [1-4]. Some of the
characteristics of the material are introduced in the modeling:

(i) the chemical reactivity between the porous materials and the
ions involved in the transport and;
(ii) the morphology of the porous network.

The first point is considered in literature by adsorption isotherms
and the second point is expressed in a global parameter, called the
formation factor [3,4]. The mono-species models which consider only
on chloride have shown difficulties to fit experimental data [5]. More
recently some researchers have developed multi-species approaches
which are more rigorous but more complex [3,4]. There are very few
works on the experimental validation of these models on the cement-
based materials [6].

Others physicochemical phenomena involved in cement based
materials could be introduced in the different models but they are
generally regarded as secondary: this is often the case of the electrical
double layer (EDL) which occurs at the interface between pore walls and
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pore solution [7]. The EDL phenomena are of a particular interest if
we consider the importance of the interface between the electrolyte
filling the pores and the solid matrix of the porous medium. For
example, in the field of nanofiltration membranes, the EDL takes
a significant part in the modeling of transport phenomena [7].
The choice to introduce the EDL in modeling transport phenomena
through a porous medium depends on different factors like the size of
the pore and of the charge carried out by the interface. Some re-
searchers have been interested with this subject [9-14] in the field of
cement-based materials but works dealing with the coupling
between EDL and transport phenomena remain rather marginal:
we can note the works of Amiri et al. [15,16], which studied the EDL
effect by a fundamental approach.

The aim of this paper is to model, at a microscopic scale and in a
multispecies approach, the coupling between transport phenomena
and the EDL in order to quantify their effects on the ionic transport
through cementitious materials. For this purpose, a physical modelling
is carried out to investigate transport processes in the pore solution.

2. Description of the electrical double layer
phenomenon: an overview

The EDL phenomena is described in many textbooks [17-23].
Historically, Quincke (1861) and Helmholtz (1879) were the first who
have proposed a description of the phenomena involved at the solid-
liquid interface by performing similarities with electrical circuits. In
their approach, the interface is modeled by a plane condenser (Fig. 1.a)
made up by ions present in the solid phase and ions of opposite charge
in the solution, separated by a distance d corresponding to the water
molecule diameter.
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Fig. 1. Schematic modeling of the EDL: solid-electrolyte interface and distribution of the
electrical potential ¢ according to different authors: (a) Helmholtz model, (b) Gouy-
Chapman model, (c¢) Grahame model.

The exceeding electrical charge g, carried by the solid phase, is
neutralised by a monolayer of ions of opposite charge g, “the coun-
terions”, on the electrolyte side such as g;=-¢. The drop of the electric

potential is linear. The interface is similar to a condenser with a
capacity Cy:

Cn == (1)

where gy is the dielectric permittivity of the interfacial space.

The Helmholtz theory fails to correctly explain some experi-
mental results dealing with the variation of the capacity in function
of the difference of potential between solid phase and liquid phase
[18,20].

Gouy (1910) and Chapman (1913) improved the Helmholtz model
by taking into account the thermal motion of ions, which tends to
disperse these ions. Therefore, in comparison with the Helmholtz's
model, the Gouy-Chapman's model includes an electrically charged
volume of liquid in the vicinity of the interface. In this volume, called
“diffuse layer”, counterions are more concentrated than “the coions”.
Fig. 1.b shows a diffuse layer negatively charged consisted of anions
attracted by the solid phase, while cations, less concentrated, are
pushed back to the bulk of the pore solution. The potential profile is no
more linear as in the Helmholtz model and must be determined
according to the Poisson-Boltzmann equation (see Section 2.1).

However, the Gouy-Chapman model is not satisfactory: ions are
regarded as punctual charges being able to approach the solid phase
until the distance between them and the interface is zero. The
capacities calculated with this theory are not in agreement with
experimental results [18,20]. In 1924, Stern proposes a combination of
the previous approaches in which the charged domain is structured in
two parts, a diffuse layer and a compact layer: this model is called the
electrical double layer. The compact layer is made of solvated ions,
adsorbed at the surface.

Grahame (1952) improves the Stern model by considering the
possibility of a chemical adsorption called “specific adsorption”. This
kind of adsorption is chemical and depends on the nature of ions and
on the solid surface. In this type of interaction, the charges of the
adsorbed ions could be of an opposite sign to the EDL one's. The
compact layer is divided into two parts: the centre of specifically
adsorbed ions defines the inner Helmholtz plane (IHP) x=x;, while the
centre of non-specifically adsorbed ions defines the outer Helmholtz
plane (OHP) x=x,. {s, is the electrical potential in the outer Helmholtz
plane (Fig. 1-c) corresponding to the closest approach plane.

To describe transport phenomena trough cement-based materials,
we have adopted in this work the Stern model (which is a particular
case of Grahame model). In the vicinity of the interface, ions in the
pore solution can be classified into two types, separated by the closest
approach plane (Fig. 2):

> jons which are considered adsorbed, i.e. bound to the solid phase;
they are quantified by an adsorption isotherm, without distinction
between specifically and non-specifically adsorbed ions;

> jons present in the diffuse layer, i.e. free which take part in
transport phenomena.

Equations relating to the EDL phenomena are presented with the
coordinates system defined in Fig. 2: Ox is an axis perpendicular to a
surface element, which separates the solid phase from the pore
solution. The axis origin x=0 corresponds to the closest approach
plane. In this plane, the potential is called OHP potential and noted 5.
So, diffuse layer extends from the OHP to the bulk solution.

We can also define the shear plane which is the plane separating
the thin layer of liquid bound to the solid surface from the rest of the
liquid. The potential at this plane is called the zeta potential, §, and can
be measured by a zeta meter [9,14]. The shear plane and the OHP
potential being very close, ¢ and sy are assumed to be similar in this
work [8,24]. According to Londiche [25], the usual value range of the
zeta potential measured with respect to the bulk electrical potential is
from -100 mV to 100 mV.
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Fig. 2. Schematic view of the EDL model used.

2.1. Fundamental equations

To describe the EDL phenomena at a microscopic scale, we
consider the following assumptions:

the pores are saturated;

the convection of the pore solution is neglected;

the pore solution is composed of monovalent ions;

the solid phase does not conduct current;

the dielectric permittivity is the same all over the pore solution as
well in the diffuse layer as in the bulk solution;

the temperature is uniform and constant.

VYVVYV

v

In this paper, all the quantities referred to the bulk solution will be
subscripted with the letter b. All the potential in the diffuse layer will
be defined with respect to the bulk electric potential on the Ox axis
(Fig. 2). Also, if ¢ is an electric potential of the diffuse layer, 6y is the
electrical potential measured with respect to the electrical potential in
the bulk solution &Y=y —s,.

In this case, the electric potential s distribution along the Ox axis is
the solution of the Poisson-Boltzmann equation (PB) [22]:

Pop,
ox%

sinh &y, 2

which is a combination of the Poisson equation:
p
A =-=
y=-C 3)

and Boltzmann distribution (Eq. (5)).
Assuming that there is no ionic flux along the Ox axis, the Nernst-
Planck equation is written:

_ OCy _ F o -
Dy o ﬁszka B 0 (4)

Dy, z, and ¢y, are, respectively, the diffusion coefficient, the valence and
the concentration of species k, ¢ is the dielectric permittivity of the
solution, ¢ is the electrical potential at the considered point, R is the
gas constant, T the thermodynamic temperature, F the Faraday
constant. The volumetric charge density p is defined by the Boltzmann
distribution:

p =F} zyc, = —2Fc, sinh 6y (5)
K

X+ and 8. are respectively the dimensionless length and the electrical
potential defined as:

o0, = oo ®)
X, =KX 7)

K being the Debye constant [22]:

2F2Cb
F=VRTe ®
and 1/k represents length, which characterises the extension of the
diffuse layer.
cp is the concentration of the cations or anions (indifferently) in the
bulk solution because (i) the Poisson equation can be replaced with a
good approximation by the electroneutrality condition [19] and (ii) we

are considering an electrolyte composed of monovalent ions.
The solution of the PB (Eq. (2)) equation is [15]:

1 h %0 exp(~
+ tanh 242 exp( x+)> o)

1-tanh ‘SdfT*" exp(-x.)

61/J+—21n<

Then, the concentration distribution in the diffuse layer is given by
the solution of Eq. (4):
C = Cp eXp(-zxor, ) (10)

and with Eq. (9), we have:

; -2

B 1 + tanh bd:{o exp(—Xy) “

Cr = Crp 5o (11)
1-tanh =7 exp(-X.)

The equivalent surface charge density q for the EDL can be deduced
from the volumetric charge density:

q=Jo p(x)dx (14)

which can be written [20]:

q = —\/8RTecy sinh 5"50 (17)

Principal results can be summarized as follows. Eq. (9) shows that
the electric potential varies along the diffuse layer from the value of
the OHP potential to the value of electric potential of the bulk solution,
as represented on the Fig. 2. The concentration of counterions in the
diffuse layer is thus much larger than the coions concentration (Eq.
(11) and Fig. 3). Consequently, the volumetric charge density varies
from a negative or a positive value to gradually reach a zero value,
corresponding to the electroneutrality condition in the bulk solution
i.e. the equality of concentrations between coions and counterions.
The domain of validity of electroneutrality in the vicinity of the
interface is function of the Debye length, i.e. of the concentration of
the bulk solution (Eq. (8)): the more the ionic concentration of the
bulk solution is weak the more the Debye's length is large.

The evolution of the electric potential and the sign of the
volumetric charge density in the diffuse layer depend on the sign of
oo (Eq. (9)):

if 69 <0, 6 Y increases, the counterions are cations and the diffuse
layer is of positive charge;

if 6Yio>0, 6 ¢ decreases, the counterions are anions and the diffuse
layer is of negative charge.
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Fig. 3. Distribution of the ions in the diffuse layer.

2.2. Case of a pore

In this section, we are considering that a pore of a porous medium
can be schematically represented by two parallel flat plates A and B at
distance L and separated by the electrolyte (Fig. 4). Ox is an axis
perpendicular to these planes and r is located at L/2. This assumption
is considered as a first approach, in order to simplify calculations. In
fact, the network of cement based materials is more complex.

In this case, two diffuse layers are face to face. The distribution of
the electric potential is solved using the PB equation (Eq. (2)) and
taking into account the symmetry condition:

26,
0X

=0 (12)

x=r

A first integration of the PB equation yields:

o00r,
ox.

-\/2(cosh &, - cosha, ) (13)

where &, is the value of &, at x=r.
The Eq. (13) is then solved numerically according to the method
developed by Dubois et al. [26].

LZ solid phase N
S r :
e } :

Electrolyte

Extension of the EDL

Fig. 4. Schematic representation of a pore cross-section.

Results are given for a solution close to that of the pore solution in
cement-based materials, i.e. composed of monovalentions (Na*, K" and
OH") with a cation (or anion) concentration of 0.1 mol I"! according to
Schmidt and Rostasy [27]. In this case and for a temperature of 25 °C,
the Debye length is 0.97 nm (from Eq. (8)). We can note that the cement
based materials may have ion concentration as high as 0.7 molar. In this
condition, the Debye length will be shorter and the EDL effect will be
presumably small. However, if the materials are immersed (water,
seawater), leaching phenomena will occur, which leads to impoverish-
ment of the ionic solution. Then, the concentration of the pore solution
will slow-down, and could reach a weak value, that makes the EDL
effect not negligible.

The calculation is carried out for a pore size close to the Debye length,
2 nm, in order to show the overlapping phenomenon. This diameter
represents a mean value of C-S-H pores. A discussion about the pre-
sence of this pore dimension in cement-based materials will be deve-
loped in Section 4.

Concerning the OHP potential in cement-based materials, it is diffi-
cult to find values in the few works dealing with this subject [9,13,14].
Because of lack of suitable values to the cement-based materials, a large
enough value of 50 mV was chosen in order to emphasise the over-
lapping effect.

The distribution of the electric potential across the pore section is
represented in Fig. 5. The electric potential values are then included in
Eq. (10) in order to determine the concentration profiles of coions and
counterions (Fig. 6).

Fig. 6 shows the overlapping effect of the diffuse layers. Whatever
the value of the coordinate x, one notes an important variation
between the concentration of counterions and coions: there is no
electroneutrality and the pore is entirely charged electrically. But if the
pore diameter L is large compared to the Debye length 1/k, there is no
overlapping; in this case, the EDL modifies the different ionic
concentration at the vicinity of the plates but not at the center of
the pore, where the electroneutrality is verified: the diffuse layers are
distinct one from the other.

2.3. Importance of overlapping in function of the pore diameter

For a given constant Debye length, the importance of the over-
lapping depends on the pore diameter L. It can be quantified by the
expression of the volumetric charge density at the pore center x=r:

p(r) = F(ZcoCeo(T) + ZetCet () (14)

where c.(r), c(r), zco, and z are the concentrations of co-ions and
counterions and their valence in the pore center, respectively. The
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0.0 0.5 1.0 1.5 2.0
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Fig. 5. Electric potential profile 8§y for L=2 nm. Solid line with square data points,
numerical resolution with overlapping; grey solid line, solution without overlapping.
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Fig. 6. Concentration profiles of coions and counterions for L=2 nm.

evolution of the absolute value of the volumetric charge density p in
function of the pore diameter L is presented in Fig. 7 for three values of
the OHP potential 65y and with a Debye length of 0.97 nm as in the
previous section.

Fig. 7 shows that the overlapping starts to appear below a
diameter of pore, which is independent of the OHP potential value.
Indeed, the length Debye which determines the occurring of the
overlapping for a given diameter, is a function of the bulk solution
concentration ¢, and not of the OHP potential (Eq. (10)). For lower
diameters, the overlapping is more important as the OHP potential
is larger since for the same length of Debye (thus the same value of
cp), more &Yy is larger, more the diffuse layer is electrically
charged. The overlapping phenomenon will be thus more impor-
tant as the pore diameter will be small and pores walls will be
strongly charged.

3. Transport equations at microscopic scale

We showed previously that the EDL modifies the concentration of
an ionic species k across a pore section. Consequently, the ion fluxes of
the species present in the pore solution are also affected by the EDL. As
in the previous section, we are considering the transport of ions
between the two parallel plates A and B as described on Fig. 4. The
following assumption is added to those mentioned in the Section 2.1:
the concentration cy, of an ionic species outside of the EDL is con-
sidered uniform over a pore cross-section. Therefore, the gradient of
concentration and consequently the electrical field in the bulk solu-
tion are perpendicular to a cross-section.

3.1. Mean value of ionic concentration and flux over a cross section
First, a homogenization technique is applied to the concentration
over a cross-section. Heterogeneities are thus averaged to give only

one mean value of the concentration and flux. The mean concentra-
tion ¢y is defined by:

~ 1
G = ffé crdx (15)

and with Eq. (10) we have:

Cr = Crp eXp(-zi, ) = exp(-zh. ) Cuy (16)

By taking into account the assumptions presented in Section 2.1,
the ion flux of a species k within a pore is written by the Nernst-
Planck [18] equation as follows:

— B —— B ——
Jx = ~Dy gradc—zDycy gradys, (17)

To include EDL phenomena in the ionic transport mechanisms, the
Eq. (10) is introduced in the above Eq. (17):

- R —_
Jx =Dy grad{cy, exp(-z&. ) } -z Dycry €Xp (-2, 6, ) gradiys,  (18)

one obtains finally:

Jk=exp(-zbP,) iy (19)
with:
Jk» = ~Dy gradcyy=z Dycypy gradip,, (20)

where jy, is the ion flux of the species k in the bulk solution. So, it can be
noticed that the flux is not the same all over the cross-section. Eq. (19)
thus shows that the flux of counterions increases in the EDL with regard
to the bulk while that of coions decreases since z.6y.<0 and z.,6¢.>0.

Heterogeneities of the flux over a pore cross-section are also
averaged to give only one mean value j:

s 1 ,+
J= zfé]kdx (21)

Thus, the mean flux in a cross-section is:

Jk = exp(~2ir iy = exp (-2 ) Juo (22)

For example, in the case of the concentration distribution
presented in Section 2.2 (Fig. 6), the average concentration of coions
and counterions €., and ¢, calculated by a trapezoidal method are
€eo=0.0234 mol I"! and €.=0.4626 mol 1", i.e. t,=19, 8.

3.2. Analytical calculation of the mean value of concentration and flux

In the case of an overlapping of the diffuse layers (Fig. 6), we see in
Section 2.2 that the calculation of the electric potential & and
concentration profile ¢, in a pore cross-section requires a numerical
method. Dufréche et al. [28] showed that it is possible to correctly
express the average concentration of the ions by using an approxima-
tion of Pade between two areas of extreme concentrations c;, (weak

1.E+08

25mV
[yl 50 mV

T5mV

&

U 5.E+07 -

=

g

0.E+00 : .
0 5 10 15

L (nm)

Fig. 7. Evolution of the absolute value of the volumetric charge density p in the pore
center in function of the pore diameter L.
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and strong concentration). Thus, according to their approximation, the
mean concentration of co-ions is:

C Ad?
fo P (23)
¢ 1+ABd, +Ad2
with

_1 3 _ o) _ _ gFd
A_W<]+I‘To> and B-4<exp< 2Z> 1) and Fo—m>>1 (24)

The mean volumetric charge density over a cross-section is written:

_ _ _ 2
P =F(Zco Coo +Zet Ct) = ?q (25)
with g, the surface density of charge.

The concentration of counterions is thus:

G AR m
¢y 1+ABd, +Ad> Fdc,

One deduces that:
I Ad}

: AR 27
exp(~Zeol,) 1+ABd, +Ad> 7
while:

. Ad? 2q
exp (_th‘lf+) B -

" 1+ABd, +Ad?> Fdc,

The mean flux relation (22) can thus be written for the coions and
counterions respectively as:

-7co =Keo jb (29)
5 <
]ct = Kct Jb (30)

where K., and K., are EDL effect on the ionic fluxes in the bulk solution
and defined for coions and counterions, respectively by:

Ad?

Keo = -Z =—F - 31
co exp( col/f+) 1+ABd+ JrAdi ( )
—_— Ad? 2q
Kee = exp( Zcflﬁ+) = m ch (32)
The concentrations of coions and counterions are written as:
Eccu = Kcocb (33)
Cet = Keecp (34)

The values of K., and K, obtained respectively with Egs. (31) and
(32) are presented in Table 1 for one example of diameter (L=2 nm).

Table 1

Values of K., and K, analytically and numerically calculated

Pore diameter L (nm) 2

5o (MV) 50

cp (mol I™1) 0.1

Keo (Eq. (31)) 0.20
numerical resolution (Eq. (13)) of 6y, 0.23

Ko (Eq. (32)) 4.60
numerical resolution (Eq. (13))of 6. 4.63

25

KecilKeo

L (nm)

Fig. 8. Ratio K./K,, versus the pore diameter with a bulk concentration of 0.1 mol I"!
and a OHP potential of 50 mV.

For comparison, we also presented the values of K., and K., obtained
from Egs. (31) and (32) but with the values of & calculated
numerically in Section 2.2.

Analytical results using Pade approximation (Egs. (31) and (32))
give similar results to those obtained numerically. Thus, we can note
that Pade approximation is useful and the numerical calculation,
which is time consuming, can be avoided.

On Table 1, we can note that K.>1 and K., <1. This means that the
flux of coions and that of counterions will be respectively attenuated
and amplified compared to the flux in the bulk solution; this pheno-
menon is depending on the overlapping of the diffuse layers. Figs. 8
and 9 show respectively the ratio between the coefficient K., and K,
(calculated with the Pade approximation) versus the diameter with a
constant OHP potential and versus the OHP potential with a constant
pore diameter in the same condition of concentration as previously
described (see Section 2.2).

It can be seen on Fig. 8 that below a pore size diameter of 10 nm,
the ratio K/K, is higher than 2: the mean concentration and flux of
counterions are at least twice higher than those of coions. For a
constant pore diameter of 2 nm, Fig. 9 shows that the same ratio is
obtained for an OHP potential higher than 8 mV.

Fig. 9. Ratio K/K, versus the OHP potential with a bulk concentration of 0.1 mol 1! and
a pore diameter of 2 nm.
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4. Analysis and discussion

The EDL effect on the concentration or on the ionic transfer at a
microscopic scale appears through the K., coefficients for the coions
and K, for the counterions (see Eqs. (29)-(34))) with K.,<1 and K> 1.
Thus, for a saturated porous medium in balance with an external
solution, a significant difference of concentration between the pore
solution and the external solution can occur in the pore below a certain
size of diameter. The concentrations of coions and counterions will be
respectively weaker and stronger than outside: this is the Donnan
effect [29]. Much recent works deal with this effect in the field of the
nanofiltration and electrodialysis [26,30,31,8] and in the field of clays
[24,28,32]. In the field of cement-based materials, one can note the
work of Goto and Roy [33] which note the semi-permeable behaviour
of these materials with respect to the cations and the anions.

In the case of transport of ionic species through the porous media,
the flux of coions and counterions will be respectively attenuated and
amplified compared to the flux in the bulk solution (Egs. (29) and
(30)). This phenomenon will be all the more important, as the over-
lapping will be large. For an uncracked cement-based material, the
penetration of aggressive ions such as chloride ions through the
porous network could be affected by the overlapping of the diffuse
layers: for the concentration of the pore solution given by Schmidt and
Rostasy [27], we showed that overlapping becomes significant on the
ion flux around a pore diameter of 10 nm which corresponding to the
gel pores. For cement pastes with low porosity, Cui and Cahyadi [34]
showed that the gel pores connect capillary pores (pores of higher
dimension) between them. Thus in this case, to move through the
capillary pore network, the ions must move through these gel pores
and undergo the overlapping phenomena of the diffuse layers and
their effects. Therefore, these gel pores can have an important role in
the ionic transport phenomena (chlorides, sulphates,...) at the macro-
scopic level even their volumic fraction is very low.

5. Conclusions

The originality of this work lies in the modeling of the EDL effect on
the ionic concentrations and on the flux over a pore cross-section of a
given porous medium.

Examples were treated with ionic concentrations corresponding to
cement-based materials. The conclusions, which can be drawn from
this study, are:

- the EDL leads to the non-respect of the local electroneutrality. In a
pore cross-section, the overlapping of the diffuse layers becomes
significant when the diameter is of the same order of magnitude as
a few Debye lengths;

- the mean concentrations of cations and anions over a cross-section
of a pore can be very different in the case of an overlapping of the
diffuse layers. The mean flux of the coions over a cross-section is
strongly attenuated while that of counterions is increased;

- the size of the pore diameter and the OHP potential are
determinant parameters on the overlapping phenomenon;

- for cement-based materials, the overlapping of the diffuse layers
occurs in the gel pores rather than in capillary pores.

In order to investigate cases closer to cement based materials porous
network, this study would be improved by considering more complex
pore network and high concentration of pore solution containing
different types of ions (monovalent, divalent or more...).
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