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Abstract

A new method for exploitation of chloride electrodiffusion test is proposed in this work. This method allows calculating chloride
flux through a porous medium in steady state by using current transfer with basic electrolyte (without NaCl) and with total elec-
trolyte (after NaCl addition). Currents are obtained experimentally from chronoamperometry. Comparisons of results obtained by
this new model with those obtained by a classical dosage of chlorides in the downstream solution of the cell were carried out for
three compositions of cement pastes. The results of the model seem to be closer to those of experimental dosage. This preliminary
work shows that it is not necessary to measure chloride concentration in upstream or downstream cell, but a simple chrono-
amperometry suffices to obtain chloride flux, hence the diffusion of chloride ions.
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1. Introduction

The penetration of chlorides in concrete is the main
physicochemical process that reduces the service life of
reinforced structures by corrosion of steel bars. To
characterise the material resistance to the diffusion of
these ions, one has to know their flux or their diffusion
coefficient through the material.

Considering the slowness of the diffusion pheno-
menon in cement-based materials, migration tests were
developed in laboratories to accelerate the process [1-6].
In steady state, the measurement of the chloride con-
centration in the anodic cell allows calculating chloride
flux and diffusion coefficient by using Fick’s second law.
Recently, Truc et al. [7] suggested a new technique for
the determination of flux and diffusion coefficient. It
consists in measuring the drop in the chloride concen-
tration in the cathodic cell. The main advantage of this
technique consists in shortening the migration test.
However, the dosage requires a heavier experimental
procedure, whether if it is upstream or downstream.
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Furthermore, some phenomena could disturb these
measurements. For downstream dosage, Prince et al. [§]
had noticed the possibility of oxidation of chloride that
results in chlorine (or hypochlorite) in the cathodic cell if
the applied electrical field is strong enough. For up-
stream dosage, because of measurement range, succes-
sive dilutions of the sampled solutions are necessary
before their dosage; otherwise, these operations could
cause inaccuracies.

Moreover, several works had noticed the presence of
electrical double layer at the charged surface of porous
medium [9,10]. Thus, to take into account the double
layer effects and to avoid the inaccuracies of chloride
dosage, the aim of this paper is to propose a new method
for calculating the chloride flux by using chronoampero-
metry.

2. Theoretical considerations

The electrodiffusion test requires an electrolyte sup-
port (or basic electrolyte: NaOH and KOH) placed in
the two compartments of the cell [11]. In this study, the
basic electrolyte is a solution of 0.083 M KOH and 0.025
M NaOH. First, an electrical field of 300 V/m was ap-
plied between the sides of the sample supposed satu-
rated. So, the convection can be neglected. Chlorides
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were added and solutions were renewed after reaching
balanced transfer. Solutions were also renewed after
reaching balanced transfer with NaCl. This procedure
allows measuring transfer currents in steady state with
basic electrolyte and with total electrolyte (after NaCl
addition).

By considering irreversible process theory, vectors of
current density due to the cations (k), and the anions (/)
contained in the basic electrolyte are:

( Z zszck> (1)
. P N F2 P .
in=F)_ ZD gradC, + o7 ;Z,ZD,C, E (2)

=1

=_F Z Z.Dy grad C, + 27

k=1

where E: local electrical field, R: gas constant, 7T: the
absolute temperature, F: Faraday constant, Dy, D;:
diffusion coefficient of cations and anions, respectively,
C;, C;: cations and anions concentrations, respectively,
Zi, Z;: cations and anions valence, respectively.

The NaCl in the catholyte is decomposed to ions Na™
and Cl-, generating current densities:

- - F?Dy,+ o
iNa+ - _FDNa+ gl‘ad CNa' + Na CNa+E (3)
> = F?Dcy- =
Ic- = FDCl* grad C(jr —+ CCl*E (4)
We define:
7’[ = (;P + ?Na+) + (;N + ?CI’) and
i = (fp + i) — (N +icr) (5)
referred to current densities, total and conjugate, re-
spectively.

We note:
iy, = ppis  and ﬁ = yrit (6)

vg, Y1 represent the ratio between the current density
and its conjugate for the basic and total electrolyte,
respectively.

To take into account the electrical double layer, space
charge densities p, pg and conductivities o, s, due to
the basic electrolyte and to NaCl addition, were intro-
duced, respectively:

szck - ZZ,C,

Ps = F(CNa+ - CCI*)

s p
S ZDCi+ > ZDiC
k=1 I=1

F2

=RT — (opDpCp + anDNCN) ®)
F2

os = RT(DNa+CNa+ + Dcri-Cer)

=F (G — (N)

(7)

Cp, Cn, op, op, Dp, Dy are defined in the Appendix A.
Vectors it and zT become then:

ir = —Dlgrad py + Bgrad o}, + As{grad ps + fs grad o} }]
+ Doy + i) B )

it = —Dlgrad o}, + s grad a3] + D|[(py + o)
+ Js(ps + Bsos)|E” (10)

The parameters D, f, s, 0§, 05, As, E* are defined in the
Appendix A.

After defining local transfer equations, this approach
consists in establishing macroscopic transfer equations
at the scale of porous medium [11], with the aim to
determine the transfer current due solely to chloride
diffusion. Using the microstructural characteristics of
the material, was carried out the transition from local
transfer equations to macroscopic transfer equations:
mainly the porosity and pore radius (R,max) corre-
sponding to the peak in the pore size distribution. These
properties are obtained by mercury intrusion porosi-
metry (MIP) [12] (see Experimental section). Let us note
by [ilg, [ily, [i*]g, [i*]y the macroscopic current densities
and their conjugates in the basic and total electrolytes,
respectively.

After theoretical developments, current densities are
linked to conductivities by:

dlnog ] Si(os,2) — Bfr(os,2)
dz = !g|7’B 1 — /))2
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for the basic electrolyte, and:
dos H {y_l_fl 0s.2)— ﬂBTﬁ 0s,2) + fa(os. Z)l IZTfl(Us Z)}
dz Br(p—ps) (12)
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for the total electrolyte.

Where z is the space variable, fi(op,z) and f>(op,z)
are defined in the Appendix A, os is the conductivity due
to the NaCl addition, o5 = o1 — op; ot 1s the conduc-
tivity due to the total electrolyte.

Egs. (11) and (12) are solved numerically according to
the methodology illustrated in Fig. 1. In this resolution
[i]g and [i]; are the inputs of the model; they are given
by experiments (see next section). The parameters yg, 71
are the outputs of the model.

According to Amiri [11], the total macroscopic
current density and its conjugate are:

- in the basic electrolyte:
[i(]g = ip + in

[i"]g = ip —in
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Fig. 1. Simplified view of resolution methodology. (*: These parameters are calculated from literature data, see relationships in the appendix.)

- after NaCl addition:

[i]r = ip + in + ina+ + i1

14
[i*]T =ip — IN + Inat — lCI (14)
From Egs. (6), (13) and (14), we have:
. (1-— VT)[i]T —(1- VB)[iz]B
Ic- = (15)

2

Flux and current density are linked by a proportionality
relationship:

Jar = ZICCII:F (16)
then
Jor = (1 = 9p)lily — (1 = yp)[i]g (17)

3. Experimental approach
3.1. Materials and procedure

Three types of cement paste samples with different
w/c were manufactured. The cement used is of type

CEM-I52.5 according to European Norms (EN197-1).
Its chemical composition is given in Table 1.

The specimens had a prismatic form (12 x 12 x 20
cm?). After demoulding (24 h after manufacturing), the
specimens were cured during 28 days in an alkaline
solution, which is identical to that of the electrodiffusion
test solution (0.083 M KOH and 0.025 M NaOH). This
curing was carried out in order to reduce leaching
phenomena.

To avoid wall effects, samples used in electrodiffusion
tests were obtained by a technique of core sampling in
order to have a cylindrical form with 6.5 cm diameter
and 1 cm thickness. The lateral surface was covered with
a resin to ensure a unidirectional transfer. Fig. 2 is a
schematic view of the experimental set-up.

3.2. Chronoamperometry

The electrodiffusion cell contains two compartments:
upstream (2/) and downstream (1/), filled with the basic
solution and separated by the test sample. Four elec-
trodes were used for applying the constant electrical field
(300 V/m). Two platinum mesh electrodes were placed

Table 1

Chemical composition of the cement used
CaO SlOz A1203 F8203 MgO Kzo NaZO SO3 T102 MnO S,O P205
64.02 19.81 5.19 2.38 0.9 1.11 0.06 3.5 0.28 0.05 0.15 0.16
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Fig. 2. Schematic view of electrodiffusion cell.

on the extremities of the cell. They are larger than the
sample surface to obtain uniform current densities. The
two reference electrodes (saturated electrodes calomel)
were placed on the sample extremities in order to
maintain constant the applied electrical field. The elec-
trodiffusion tests were carried out in the following steps:

¢ introduction of NaOH and KOH solution in the cell
and application of the electrical field,

e renewing the upstream and downstream solutions
after current stabilisation,

e reading the [i]; value (see Table 2) after current sta-
bilisation and renewing upstream and downstream
solutions with NaCl (0.5 M) in the upstream com-
partment,

e renewing the upstream and downstream solutions
after current stabilisation,

e reading the [i]; value (see Table 2) after current
stabilisation.

Renewal of the upstream and the downstream solutions
was carried out according to their variation in conduc-
tivity, e.g. every 10-15 h on average, until obtaining the
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Fig. 3. Chronoamperometry of cement pastes.

steady state. The evolution of current density for the
tested samples is shown in Fig. 3.

3.3. Flux measurements

In parallel with the study of the current density
evolution, chlorides were dosed in the downstream
compartment by one of the most reliable methods, po-
tentiometric titration [13]. It consists in comparing the
measured potential between two electrodes in a solution
of unknown Cl~ concentration with those given by a
calibration curve. This later is plotted from potentials
measured in solutions of known Cl~ concentrations. To
measure Cl- concentration, a chloride ion selective
electrode was used in combination with a reference
electrode. The two electrodes were connected to a mil-
livoltmeter. The increase in time of these concentrations
allows calculating experimental chloride flux J;,s cross-
ing the sample in steady state by:

V., AC
mes — & 1
J S At (18)

where V,: volume of the anodic cell, S: section of the
sample, AC: increase in the concentration according
to the time interval Az.

Table 2
Experimental and modelling results
Samples w/c=0.3 w/c=0.5 w/e=0.7
Entry of the model MIP tests Porosity (%) 17.76 18.22 28.74
(experimental data) Rymax (Hm) 0.02 0.04 0.055
Chronoamperometry [z (Am™2) 11 25 42
[y (Am~2) 5 13.5 24
Model output Model parameters VB —-0.48 —-0.48 —-0.48
Yt -2.18 -1.29 —-1.01
Theoretical flux and Jo- x 107 (Mm~2s7) 0.61 3.15 7.21
diffusion coefficient Dc- x 1072 (m?s7!) 1.17 5.50 12.64
Experimental validation Experimental flux and Jmes X 1075 Mm~2s7") 0.78 3.42 7.72
diffusion coefficient Dines X 10712 (m?s71) 1.36 5.95 13.40
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Fig. 4. Pore size distribution for tested materials.

By referring to Amiri et al. [14], the diffusion coeffi-
cient is given by:

RTL J (1 e ZchU)

_ - 1
Zo- FU Cyp N (19)

where L: sample thickness, U: difference of potential
between the sides of the sample, C,: chloride concen-
tration in the upstream compartment of the migration
cell, Cyp = 0.5 M, J: chloride flux.

To validate the model, the ‘theoretical’ flux Jo- (Eq.
17) and diffusion coefficient D¢~ are compared with
‘experimental’ flux J,,.; (Eq. 18) and diffusion coefficient
D5, respectively. Then, in Eq. (19), D is calculated once
from Jco- and another time from J,.. Results are given
in Table 2.

3.4. Mercury intrusion porosimetry test

This test was carried out in order to quantify porosity
and R,m. which are the inputs of the model. Samples
were taken from the interior of specimens 28 days after
manufacturing and then dried for 24 h at 70 °C. Mer-
cury injection measurements were performed with a
micromeritics porosimeter (Autopore III 9420) with a
pressure range larger than 400 MPa. Results are given
in Fig. 4.

4. Electrodiffusion tests results and discussion

Currents densities values in steady state are given in
Table 2 with the main results of experimental and
modelling.

First, peaks in Fig. 3 are due to solutions renewals
during the test. We remark that the density of current
decreases until reaching steady state, which corresponds
to the constancy of current. Bretton et al. [15] explained
the decreasing of current by ionic desaturation phe-
nomenon in the pore solution. This explanation seems to
be likely. Indeed, the applied electrical field could

compel different ions (contained in pore solution and
due to cement composition) to exit from the sample. In
fact, the curing of the samples in basic solution (0.083 M
KOH and 0.025 M NaOH) does not ensure a complete
avoiding of probable leaching phenomena.

Fig. 3 shows that the duration of the experiment is
linked to the ratio w/c. In fact, from the moment cor-
responding to the NaCl addition, the steady state is
reached after about 12, 34 and 100 h for the samples
(w/c =0.7), (w/c =0.5) and (w/c =0.3), respectively
(Fig. 5).

We see in Figs. 5 and 6 that current values increase
with the w/c ratio, which is linked with the porosity. The
more w/c ratio is high, the more porosity and currents
values are high, and lower is the material’s resistivity.

According to the modelling, the parameters yg and y
are linked to the conductivity of the solution. With the
basic electrolyte, transfers occur between a balanced
solutions (upstream and downstream ones). Then vy is
constant whatever the material. With the total electro-
lyte, NaCl addition generates a conductivity gradient
between upstream solution (with NaCl) and the sample
and another gradient between the sample and down-
stream solution. That is what makes y; change. This
parameter seems to be linked to the porous properties
of the material, i.e. to the w/c ratio (Fig. 7).
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Fig. 5. Current densities and steady state time versus w/c ratio.
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Fig. 8. Comparison between measured and calculated flux.

The comparison between the experimental flux and
the theoretical one that calculated by the model (Fig. 8)
shows that values measured and calculated are closer for
all the samples tested. However, direct measurements of
electrical double layer capacity will allow a better ad-
justment of the parameters y; and y; given by the nu-
merical resolution. Indeed, in this modelling, for lack of
Csy values for cement-based materials, that of silica was
used. One will thus obtain ‘theoretical’ flux even closer
to experimental flux based on the chloride dosage at
downstream or upstream of the electrodiffusion cell.

5. Conclusions

A new technique for exploitation of chloride elec-
trodiffusion is proposed. It takes into account the elec-
trocapillary phenomena that occur during the chloride
transfer at the interface between wall pores and pores
solution. Thus, the modelling had to be considered with
electrical parameters like current densities, space charge
densities and conductivities. Including the double layer
effect on chloride transfer (expressed by the double layer
capacity Csyg which can be found in the functions f (o, z)
and f>(o,z) through the parameter p), the model allows

calculating chloride flux from current densities obtained
experimentally by chronoamperometry in the steady
state.

An experimental validation was carried out by com-
parison between calculated values of flux and measured
ones. A good correlation between the model results and
the measurements was obtained. Calculating the flux in
this way has the main advantage in avoiding inaccura-
cies of chloride dosage. Indeed, current measurements
are more accurate and easier to obtain than measure-
ments of chloride concentrations by dosage.

Thus, it is shown that this new method allows cha-
racterising more accurately and more easily the resis-
tance of cement-based materials to the penetration of
chloride ions.

However, these preliminary results have to be con-
firmed by other applications on different kinds of ma-
terials like mortars and concrete. Moreover, extending
this model to non-steady state, i.e. when the current
densities are decreasing (Fig. 4) seems to be desirable to
understand the phenomena that could occur in this case.

Appendix A

Parameters in Eqgs. (7) and (8):
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Parameters in Egs. (9) and (10):
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Cp: concentration of anions (M), Cp: concentration of
cations (M), Csy: equivalent capacity of electrical dou-
ble layer (Fm™2), D: global equivalent ionic diffusion
coefficient before NaCl addition (m?s~'), D;: equivalent
ionic diffusion coefficient of sodium and chloride
(m?s71), E: applied electrical field (Vm™'), L: sample
thickness (m), ap, on: equivalent valence of ionic transfer
for cations and anions, respectively, f: coefficient, which
represents the gap between diffusion coefficients of ions,
contained in the basic electrolyte, f;: coefficient, which
represents the gap between diffusion coefficients Na™
and Cl~, d: thickness of electrical double layer (m), tc:
time constant, which characterises the adsorption elec-
trocapillary phenomena (s), tp: time constant, which
characterises the diffusion process (s).
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