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Abstract

When chloride ions diffuse through concrete, it has been found that they interact with the surface charge and electrical double layer
developed at the cementitious matrix/pore solution interface. As a consequence of this interaction, the diffusion of chloride ions is retarded in
comparison with that of dissolved oxygen molecules, although the two species have very similar diffusion coefficients in infinitely aqueous
dilute solutions. This is taken to imply that electrostatic, rather than purely steric, factors limit the ability of chloride ions to diffuse through
pores below a critical radius. If an electrical field is applied to accelerate chloride transport through concrete, it is uncertain what effect this
may have on the size range of pores that are accessible to the migrating ions. At high applied voltages, it might even be that the normal
electrostatic interactions that influence ionic diffusion are nullified so that chloride ions can traverse pores of similar radii to those that are
accessible to dissolved oxygen. This would be expected to give rise to an apparent increase in the value of ‘diffusion coefficient’ obtained for
chloride. To investigate whether, during a steady-state migration test, chloride ions diffuse through the essentially the same range of pores as
during a natural steady-state diffusion test, experimental studies (oxygen diffusion, natural diffusion and migration tests) have been carried
out with a limited range of cement pastes. The results indicate that, at the recommended applied voltage (12 V) and for cementitious materials
of the type studied, steady-state migration tests can be used to determine ‘effective diffusion coefficients’ that are of similar magnitude to
those obtainable from natural steady-state diffusion measurements. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction and the cement matrix. If such effects were produced,
‘diffusion coefficients’ obtained from migration tests
would not be representative of those calculated in natural

diffusion conditions.

The rapid determination of chloride ‘diffusion coeffi-
cients’ from migration tests is extending and becoming a

common practice. Although theoretically, the feasibility
of the approach has been established, experimentally,
there are still many points that remain to be clarified.
One of the main uncertainties arises because it has not
been established whether the application of electrical
fields to concrete alters the nature and significance of
surface interactions that take place between chloride ions
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Several researchers have established that the surface of
the particles of CSH gel are negatively charged, implying
that an electrical double layer exists in the vicinity of the
walls of pores [1-3]. Nowadays, it is accepted that ionic
diffusion rates in hydrated cement pastes are greatly
affected by the existence of this surface charge and
double-layer region of the aqueous pore liquid phase
[4-7].

In infinitely dilute aqueous solutions, the diffusion coef-
ficients of chloride ions and dissolved oxygen molecules
have quite similar values. This is not generally the case,
however, in hydrated cement pastes of fine pore structure as
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oxygen is a neutral molecule without dipolar character
whose diffusion within the pore solution phase cannot be
influenced by electrostatic surface interactions of the kind
that may affect the transport of chloride ions. Thus, the ratio
of the effective diffusion coefficients of oxygen and chloride
provides a measure of the extent to which electrostatic
surface effects govern chloride transport in different types
of cementitious matrix [8,9].

The aim of the present paper was to determine whether
the acceleration experienced by chloride ions, as a con-
sequence of an applied electrical field of a magnitude
typically used in migration tests, would substantially
affect the interactions between the matrix and the chloride
ions. If the strength of the electrical field during the
migration tests were sufficient to nullify the electrostatic
interactions between moving ions and pore walls, it
would imply an increase in the values of the effective
‘diffusion coefficients’ for chloride obtained by migration
tests. In this case, the values obtained would be expected
to tend towards those for dissolved oxygen molecules. To
examine this possibility, comparative tests of steady-state
transport of chloride ions by diffusion and migration, as
well as measurements of steady-state oxygen diffusion
have been performed through cement pastes of well-
defined composition.

2. Experimental procedure
2.1. Materials and procedures

Paste specimens of Ordinary Portland cement (see com-
position in Table 1) were cast at a water/cement ratio of 0.4.
After demoulding of the pastes and curing for 28 days under
water, they were stored for 1 month immersed in a saturated
Ca(OH), solution.

All the specimens cast were cylindrical. Those for
natural diffusion (chlorides and oxygen) were 49 mm in
diameter and 75 mm in length. They were cut into discs of
approximately 3 mm in thickness to provide samples for the
steady-state diffusion tests.

Specimens prepared for migration tests were 75 mm in
diameter and 150 mm in length, being cut into discs of
approximately 10 mm in thickness to provide samples for
testing in a migration cell, as described in Ref. [10]. The
disc of paste separated two chambers where a cathode and
an anode were placed. Two corrugated rebars, each 10 cm
in length and 0.6 cm in diameter, were used as electrodes.

Table 1
Chemical analysis of the cement used

Distilled water was introduced into the compartment
where the anode was located (anolyte) and 1 M NaCl
solution was used as catholyte. A potential difference of
12 V was applied between electrodes. Periodically during
the experiment, the chloride ion concentration in both
compartments was monitored by removing small volumes
of the solution and analysing them by potentiometric
titration with AgNOs.

Natural chloride diffusion tests were carried out at 25°C
in the usual two-compartment cell and according to the
procedures described elsewhere [4]. The high concentration
side of the diffusion cell contained saturated lime water in
1 M NaCl, while the low concentration side contained
initially pure lime water in three of the cells. In the two
other cells, instead of lime water, distilled water was used.
In the same way as for migration tests, liquid samples were
taken and the Cl~ concentration was analysed. In this
case, the method of analysis was a standard spectrophoto-
metric technique.

Natural oxygen diffusion tests were carried out at 25°C
according to the technique described in Ref. [8] using glass
diffusion cells. The anode compartment was filled with lime
water through which a stream of oxygen was passed con-
tinuously, while the cathode compartment was filled with
deaerated lime water. The anode was made from electro-
catalytically activated titanium and the cathode from plati-
num. A saturated calomel electrode (SCE) was placed in the
anode compartment. After diffusion of oxygen had pro-
ceeded for periods of about 2 days, the cathode was
polarised at a potential of —0.6 V with respect to the
SCE for a period of 15,000 s. The amount of diffused
oxygen electrochemically consumed was obtained from the
integrated charge passed.

2.2. Calculation of the diffusion coefficients

2.2.1. Migration tests

The calculations of the ‘diffusion coefficients’, from
migration tests, were made using the modified Nernst—
Planck equation [Eq. (1)] [10].

JaRTI

T ZFCHAD (1)

where Jg is the flux of chlorides (mol/cm? s), C; the C1~
concentration in the catholyte (mol/cm®), v the activity
coefficient of the catholyte solution, / the thickness of the
specimen (cm). A® the effective voltage applied (V) and
Dyr the effective diffusion coefficient (cm?/s).

Component (%)

Ignition Insoluble
loss residue SiO, AlL,Os Fe O3
345 1.97 19.37 6.12 3.13

Free
CaO MgO SO CaO Cl—
62.86 1.78 3.23 1.28 0.013
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Fig. 1. Evolution in the amount of chloride in anodic and cathodic
compartments.

2.2.2. Natural diffusion tests

From natural chloride diffusion tests, effective chloride
diffusion coefficients were calculated according to Fick’s
First law [Eq. (2)].

DA

ln(Cl'y—Cz) = — VI

(At) + In(Cy) (2)

where C; is the Cl~ concentration in the source
compartment (mol/cm®), ~ the activity coefficient of the
solution in the source compartment, C, the Cl~
concentration in initially chloride-free compartment (mol/
cm?), V the volume of the initially chloride-free compart-
ment (cm®), At the diffusion time (s) and A the diffusion
area (cm?).

As mentioned, effective diffusion coefficients of dis-
solved oxygen through cement pastes were determined by
the method described by Yu and Page [8], which is based
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Fig. 2. Evolution in the amount of chlorides that have diffused through the
specimen to reach the initially chloride-free compartment.
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Fig. 3. Evolution in the accumulated charge as a function of diffusion time.

on Fick’s First law and Faraday’s law according to the
Eq. (3) [8].

~ 10000  DAC,
° T wFAt T

(3)

where J, is the flux of oxygen (mmol/s), Q the charge passed
(C), n the number of electrons transferred per molecule of
oxygen and C, the oxygen concentration (mol/l).

3. Results

Fig. 1 shows the results obtained from migration tests,
the evolution in the accumulated amounts of chloride ions in
both anodic and cathodic compartments being presented as a
function of time.

It can be seen from the figure that the amount of
chlorides passing to the anolyte evolves in three stages.
Initially, there is a period in which the amount of chlorides
that passes to the anolyte is negligible. Its duration
corresponds to the so-called “time lag”, which can be
taken as the time required for chlorides to pass through the
disc. After this stage, there is a “steady-state” period, in
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Fig. 4. Residual current values after the cathodic consumption of the
oxygen.
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which the flux of chloride ions through the specimen is
practically constant and this allows the calculation of an
effective “diffusion coefficient”. As far as the catholyte
chloride level is concerned, the curve recorded presents a
decreasing trend.

The results corresponding to the chloride diffusion
experiments are presented in Fig. 2, where the total amount
of chlorides that have diffused through the specimen to
reach the low concentration compartment are shown. As has
been mentioned, this kind of test was performed with two
different kinds of initial solutions (0.3 M NaOH, and
distilled water) in order to determine the influence of this
parameter. As can be seen in Fig. 2, the outline of the curves
corresponding to different tests were essentially the same,
with no apparent differences between the cells whose
solutions were of NaOH (numbers 1, 2 and 3) or distilled
water (4 and 5).

Results corresponding to the oxygen diffusion test are
presented in Fig. 3, where the accumulated charge corre-
sponding to the different times at which cathodic reduction
of the oxygen was carried out, is depicted. As can be seen,
there is a rectilinear dependence of accumulated charge (and
therefore of accumulated oxygen) on time, implying a
steady flux of oxygen.

It is relevant to point out that for one of the cells (number
4), the total circulated charge values are higher than those
corresponding to the other cells. The current values regis-
tered when all the oxygen has been reduced (after 15000 s)
in the cathodic compartment are so-called residual currents.
Residual currents for these tests can be seen in Fig. 4, where
it is clear that again values registered for cell number 4 are
well above the others. This was probably due to the
presence of a small crack in disc number 4, so the results
corresponding to this cell have been ignored for the sub-
sequent calculations.

3.1. Calculation of the diffusion coefficients

Effective diffusion coefficients calculated, according to
Egs. (1)—(3), are presented in Fig. 5a and b, where it can be
seen that the coefficient corresponding to the oxygen
molecule is clearly higher than those calculated for chloride,
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Fig. 5. (a—b) Comparison between chloride diffusion coefficients (from
diffusion and migration tests) and oxygen diffusion coefficient.

irrespective of the kind of test performed. In Fig. 5b, the
ratio of the oxygen diffusion coefficient and the chloride
diffusion coefficient has also been represented, following
the approach established in Refs. [8,9], as it represents a
numerical measure of the effect of the surface charge on
chloride diffusion.

4. Discussion

The results indicate that effective diffusion coefficients
for chloride ions in Portland cement paste of fixed
composition (w/c 0.4), obtained from steady-state natural
diffusion and migration tests, are very similar (see Fig. 5).
The values recorded for the effective diffusion coefficient
of oxygen through the same material were clearly two to
three times higher. This is in good agreement with the
previous ratios of oxygen and chloride diffusion coeffi-
cients determined for Ordinary Portland cement pastes of
similar composition to those studied in the present inves-
tigations [8,9].

This strongly suggests that, for specimens of the kind
investigated, migration of chloride ions occurs in a similar
way and through pores of essentially the same size range as
those that are involved in the case of natural diffusion.
Hence, the acceleration of the chloride ions produced by the
electrical field, at the level applied in this study (ca. 10 V/
cm), does not appear to alter their electrostatic interactions
with the surface of the pores substantially. Steady-state
migration tests of the kind described elsewhere [10] can
therefore be used with reasonable confidence to obtain rapid
estimates of “diffusion coefficients” of chloride ions in
hydrated cement pastes of the type studied.

Further work would be useful in this field to assess
how far it is possible to generalise the above findings. In
particular, it would be interesting to evaluate the perfor-
mance of cementitious binders incorporating ground
granulated blast furnace slag, fly ash, microsilica and
metakaolin as these materials can produce substantial
refinement of the pore structures of hydrated cement
pastes. This has been shown to result in ratios of effective
diffusion coefficients for oxygen and chloride that far
exceed those recorded for Portland cement paste of w/c
0.4 [8,9].

5. Conclusions

The results presented are believed to clarify a small part
of the existing uncertainties concerning possible alterations
in the complex interactions that take place between moving
chloride ions and the cement matrix when an electrical
field is applied to accelerate their transport. Thus, it appears
that an applied electrical field (of magnitude typically used
for migration testing) does not substantially distort the
effect of the cement matrix surface charge on chloride
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diffusion. Hence, reliable estimates of effective “diffusion
coefficients” of chloride ions in cement pastes of the type
studied may be determined by appropriate steady-state
migration tests.
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