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Abstract

This paper reports experimental measurement and theoretical simulations of membrane potentials across OPC mortar specimens
between 0.5 M NaCl and simulated pore solutions with various OH™ concentrations. The effect of OH™ counter transport and cation
transport on membrane potentials is discussed. Membrane potentials are found to increase with an increase in OH™ concentration.
Model simulations are consistent with the measured membrane potentials. This study confirms that cations diffuse much more
slowly than anions and that OH™ ions diffuse significantly faster than Cl~ ions. Membrane potentials across OPC mortar specimens
between NaCl and simulated pore solutions are mainly determined by OH™ and CI”™ transport. A simplified Henderson equation is
recommended for membrane potential modelling of thin specimens in diffusion cell tests in which simulated pore solutions are used.
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1. Introduction

Water saturated hardened cement pastes are porous
materials containing a concentrated alkaline pore solu-
tion. When cement-based materials are exposed to a wet
environment, ions in both the pore solution and the
environmental solution transport within the material
according to their concentration gradients. Because of
the different mobility of the ions in a cementitious paste,
the charge balance across the ion transport zone may
not be maintained, resulting in an electrical field. This
self established electrical field, in return, regulates ion
transport to achieve electrical neutrality in the sys-
tem. Consequently, ion transport becomes dependent on
both the concentration gradient and the electrical field.
The electrical field is characterised in terms of mem-
brane potential [1]. The effect of membrane potential on
ion transport has been found to be significant [2].

An early study indicated that OH™ counter diffusion
may play an important role in determining membrane
potentials and hence chloride transport [2]. The alkali
content of different cement pastes varies significantly
and this may be a factor affecting the resistance of dif-
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ferent cement pastes to chloride diffusion. This work
investigates the effect of the OH™ concentration of simu-
lated pore solutions on membrane potentials across OPC
mortar specimens.

It is recognized that cations diffuse much more slowly
than anions in OPC pastes [3,4]. Therefore, it can be
assumed that the transport behaviour of anions, partic-
ularly OH™ and Cl™ ions, largely determines ion trans-
port properties of cement paste. While OH™ counter
diffusion has been recognised as playing a part in Cl”~ ion
transport, the interaction has not been thoroughly in-
vestigated. It is normally assumed in chloride modelling
that the diffusion coefficient ratio of OH™ and CI™ ions in
cement pastes, Df/D, is similar to that in water.
However, a diffusion cell study showed that the ratio is
much higher [2]. Therefore, this work also examines the
value of D, /D, and its effect on membrane potentials
by theoretical simulations.

2. Experimental

2.1. Specimens

100 mm diameter, 50 mm thick OPC mortar discs
were cast using 0.34 free water/cement, 2.5 sand/cement
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Fig. 1. Specimen and experimental set up.

and a maximum sand size of 2.36 mm. The fresh mortar
was compacted for 3 min on a vibration table during
casting. The specimens were demoulded after 2 days and
were then stored in a sealed condition at 22 + 2 °C to an
age of 28 days. Prior to test, 10 mm thick, 100 mm dia-
meter slices were cut from the centre of the discs. The
curved surfaces of the specimens were coated with epoxy
resin. Finally the specimens were sealed into ring spec-
imen holders using silicone sealant and then were fitted
into cells as shown in Fig. 1.

2.2. Test set up

As shown in Fig. 1, the specimens separated the cell
solution and the solution in the tank. The cell solution
had a volume of 0.5 1. Four cell solutions were selected
as listed in Table 1. Solution 2 was formulated based
on the pore press results of [5]. The other three cell so-
lutions were prepared by proportionally reducing or
increasing the KOH and NaOH contents based on so-
lution 2 and then saturating with Ca(OH),. The tank
solution was 44 1 of 0.5 M NaCl solution. The relatively
large volume of chloride solution ensured that its com-
position did not change significantly during a test while
the small volume of the simulated pore solution enabled
ions passing through the specimen to be present at de-
tectable levels. The simulated pore solution represents
infinite bulk concrete, providing pore solution ions to
diffuse into the NaCl solution and prevents leaching
from the upper face.

Before the cells were put into the tank, the specimens
were conditioned for 3 days using simulated pore solu-

tion 2. The other sides of the specimens were exposed to
open air during conditioning. Prior to installing the cells
into the tanks, the conditioning cell solution was re-
placed with the appropriate cell solution. The tests using
cell solution 2 were carried out in an early experiment
and had the same mix and pre-conditioning as the other
specimens used in the experiment. Three replicate spec-
imens, installed in a single tank, were tested for each cell
solution. The average result of three specimens is re-
ported.

2.3. Membrane potential measurements

A detailed description of the membrane potential
measurement method used was reported in [6]. Two
identical calomel reference electrodes and salt bridges
(made with Arga gel and saturated KNO; solution) were
used as shown in Fig. 1 together with a multimeter with
an input impedance of higher than 10'° Q.

The potentials of the two reference electrodes were
regularly checked to ensure that their potential difference
in a KCl solution was less than 0.2 mV. To avoid con-
tamination of test solutions with KNO; from the salt
bridges, continuous membrane potential monitoring was
not used. Salt bridges were only put into the test solu-
tions when measurements were required. Normally the
time to achieve a stable reading was no more than 5 min.

Considering the junction potentials involved:

A(/)mem = Locell — ((pZ - q)l)
= Leell — [(q’; + (pjunCZ) - ((p}i + @juncl)]
= Locell — ((Pjunc2 - (Pjuncl) (1)

where ¢) and ¢} are the standard potentials of the
reference electrodes and are equal. Junction potentials
Pjunc1 and @y, between the two salt bridges and the
test solutions were estimated by the Henderson equation
[71:

RT (U= K) = (U= 1)

Ap. = =— 1
R R O

v - ¥
U=V

(2)
where

U=> e, v=> cD,

U=YeD)z, V=Y cD|z7],

Table 1
Solutions used in the tests
Total OH™ (M) KOH (M) NaOH (M) Ca(OH),
Cell solutions 1 0.10 0.072 0.028 Saturated
2 0.23 0.16 0.065
3 0.50 0.35 0.14
4 0.70 0.50 0.20
Tank solution 0.5 M NaCl
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where ¢ is the molar concentration, Z is the valence of
an ion, D° is the ion diffusion coefficient in a diluted
solution. t and s denote test solution (i.e. chloride solu-
tion or simulated pore solution) and salt bridge solution,
respectively, and + and — represent cations and anions,
respectively.

Based on textbook ion diffusion coefficient values and
Eq. (2), the total junction potentials ¢j, — @Pjyner fOT
the four solution combinations (Table 1) are —0.8, —2.2,
—4.5 and -5.9 mV, respectively. All the membrane po-
tentials reported in this paper have had junction po-
tentials subtracted using the estimated junction potential
values and were measured against the reference elec-
trode placed in the NaCl tank solution.

Eq. (2) is also used for membrane potential simula-
tion in this work where D° is taken as the ion self-dif-
fusion coefficient in hydrated cement paste.

3. Results

Fig. 2 shows membrane potentials measured using the
four different cell solutions (with 0.5 M NaCl as the tank
solution) over a period of 58 days. All membrane po-
tentials measured were positive. The membrane poten-
tials increased rapidly over the first few days, increasing
more gradually thereafter. The membrane potentials on
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Fig. 2. Membrane potentials as a function of time.

the 58th day are plotted in Fig. 2 as a function of OH™
concentration. The membrane potential increases with
the increase in OH™ concentration, this effect being
more marked at lower OH™ concentrations.

4. Modelling of membrane potentials

For thin specimens tested in diffusion cell tests,
membrane potentials can be modelled by the Henderson
Eq. (2) if the self-diffusion coefficient of each ion in-
volved is known. There are few published self-diffusion
coefficient data for ions in cement paste. However, data
from [3] are very useful because the techniques used in
the study were interdiffusion and radioisotopic methods,
which minimise osmotic and membrane potential effects.
Therefore, the intrinsic diffusion coefficient measured in
the tests should be close to the self-diffusion coefficient.
The self-diffusion coefficients of CI~ and Na™ are as-
sumed to be similar to those of B, and C:r, respectively,
in hydrated cement pastes and their values can be es-
timated from the data in [3]. Hence, for w/c = 0.34,
Df, and Dy are estimated as 2.2 x 1072 and 0.26 x
1012 m?/s, respectively. Dy is arbitrarily taken equal to
DY, in most of the simulations. In an earlier study, D,
was measured to be 7.5 times D¢, in mortar specimens
with a free w/c ratio of 0.4 [2]; D} /Dg, ratios of 7.5, 10
and 12 are used in the simulations presented here.

The simulations were designed to examine the effects
of activity coefficient, cation diffusion coefficients and
Dy /D ratio on membrane potentials by varying their
input values. The average activity coefficients, y_, of the
electrolytes can be found in [8] as 0.68, 0.78, 0.74, 0.71
and 0.72 for 0.5 M NaCl and cell solutions 1, 2, 3 and 4,
respectively. The effect of Na™ concentration in the cell
solution on the activity coefficient is neglected as its
concentration is relatively low. The values of the input
parameters are listed in Table 2.

Simulation results are presented in Fig. 3. All the
simulations show a very similar trend to the experi-
mental results with membrane potential increasing with
an increase in OH™ concentration.

Simulation 1 does not take account of the effect of
activity coefficient. Comparison of Simulations 1 and 2
shows that the activity coefficient effect is minimal

Table 2
Inputs for membrane potential simulations
Dou /Dy Dy, Dy, (m*/s). Vs Note

Simulation 1 7.5 Dy =Dy, 1 (all solutions) Dy, = 0.26 x 1012 (m?/s)
Simulation 2 7.5 Dy = I}, 0.72 (0.5 M NacCl) (except simulation 4),
Simulation 3 7.5 Dy =2 x Dy, 0.68 (solution 1) D, =22 x 10712 (m?/s).
Simulation 4 7.5 Dy =Dy, = 0.78 (solution 2)
Simulation 5 10 Dy =D}, 0.74 (solution 3)

Simulation 6 12 Dy =Dy,

0.72 (solution 4)
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Fig. 3. Membrane potential simulation results.

except at low concentrations. This is because, as far as
the tests in this work are concerned, the activity coeffi-
cient does not vary much over the concentration range
and it has a similar effect on both the cell solutions and
the tank solution. When the concentration of the sim-
ulated pore solution is low the activity coefficient in-
creases, resulting in a higher membrane potential.
Simulations 2-4 show no significant changes in mem-
brane potential when the self-diffusion coefficients of K*
and Na™ vary. The reasons are that the anion diffusion
coefficients are very low in comparison to those of
chloride ion and hydroxyl ions and both solutions
contain K* and Na™ and they partially offset each other.
The insignificant effect of cations on membrane poten-
tial also justifies the approximation of D} and DY, in the
simulations. Simulations 2, 5 and 6 clearly indicate that
Dy /Dy, is the main factor affecting membrane potential
in the system tested. From the results, the actual
D}y /Dy is estimated to be around 10 and possibly as
high as 12 in the cement paste. This ratio is far higher
than that in water, consistent with the high experimental
Dy /Dy value (7.5) reported in [2].

The simulations confirm (1) that cations diffuse much
more slowly than anions in cement paste; (2) that hy-
droxyl ions diffuse much faster than chloride ions and
(3) that the membrane potential of a specimen between
pore solution and a NaCl solution is mainly determined
by Dy /Dy and con/cq ratios.

5. Discussion

5.1. Cation transport and its effect on membrane potential

The membrane potential results confirm that cations
diffuse much more slowly than anions in cementitious
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materials. Early membrane potential measurements on
diffusion cells using de-ionised water instead of simu-
lated pore solution gave negative membrane potentials
[2]. This indicates that, without OH™ counter transport,
membrane potential is mainly determined by the differ-
ence in self-diffusion coefficients of CI~ and Na* ions.
The absolute value of the negative membrane potential
is higher than that estimated from the diffusion coeffi-
cient ratio of CI~ and Na* in water. For OPC mortars
with a free w/c ratio 0.4, the measured membrane po-
tential is about —20 to —25 mV between 0.1 M and 1 M
NaCl solutions [1]. The estimated membrane potential
of such a system based on the diffusion coefficient ratio
of CI” and Na™ in water yields a value of about —12 mV.
The low cation self-diffusion coefficient is further dem-
onstrated in the simulations. Simulations 2, 3 and 4
show little effect on membrane potentials of varying
the cation diffusion coefficient value. The slow cation
transport has two implications: (1) in the absence of
OH™ counter transport (or where OH™ concentration
is very low compared to NaCl concentration), NaCl
transport into a specimen produces a negative mem-
brane potential due to the difference in self-diffusion
coefficient of C1I” and Na* ; and (2) where OH™ and CI~
are counter diffusing, cation transport has a minimal
effect on the membrane potential of the system.

5.2. Effect of OH  and Cl” transport on membrane
potential

Both the experimental and simulation results show a
high D§;. The result in this study is fully supported by
the early direct measurement of hydroxyl diffusion [2].
Simulations 5 and 6 using high D /D¢, ratios fit the
experimental results better than when lower values are
used. As a result of high Dy, a positive membrane
potential was measured even when the OH™ concen-
tration was as low as 0.1 M. The results indicate that the
ratio of OH™ and CI™ self-diffusion coefficients could be
as high as 12 in the system studied.

5.3. Simulation of membrane potential

Simulations 5 and 6, using D§/Dg =10 and 12,
respectively, give reasonable predictions of the experi-
mental values. The large deviations at low concentra-
tions are possibly caused by the following two factors:
(1) the membrane potentials at the 0.23 M OH™ con-
centration were measured in a separate experiment and
were relatively high in comparison to the values at other
concentrations; (2) the membrane potentials at the low
OH™ concentrations might be affected by the back dif-
fusion of OH™ ions from the real pore solution in the
specimens into the simulated pore solution, shifting
membrane potential in the positive direction. Consid-
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ering these factors, simulation 5 is taken as the more
reasonable prediction.

The simulations show that the membrane potentials
are mainly controlled by D /D¢, ratios. Therefore, the
Henderson equation can be simplified to
RT 1 conDon (3)
F CC1D5C1
Calculated membrane potential results from Eq. (3)
using a DYy, /Dy, ratio of 10 are also plotted in Fig. 3. It
is clear that the results calculated from Eq. (3) are very
close to those predicted using Eq. (2).

There are a number of factors limiting the accuracy of
membrane potential prediction by Eq. (2) or (3). First,
the approach for membrane potential modelling used
in this work is a simple thermodynamic method that
treats the cement specimen as a homogeneous material.
A more complex model could take account of the effects
of the pore structure, electrical double layer and ionic
interactions but would require determination of a large
number of solution chemistry parameters for the cement
system in question. Second, the input parameters, for
example the diffusion coefficients, used in the modelling
are based on the literature and are likely different from
their real values in the system studied in this particular
work. Furthermore, use of individual ion activity coef-
ficients might be better than the average ones used in the
modelling because hydrated cement is a multi-ionic
system.

AQem =

6. Conclusions

The effects of OH™ transport on the membrane po-
tentials established across OPC mortar specimens in
diffusion cell tests have been experimentally studied. In-
creasing OH™ counter transport to Cl™ raises the mem-

brane potential. Theoretical simulation of membrane
potentials using the Henderson equation and existing
experimental diffusion coefficient data yields fair esti-
mations of measured values. For the pore solution/
specimen/NaCl system studied in this work, a simplified
Henderson equation is recommended. Comparison of
theoretical simulations with experimental results for
OPC mortar specimens confirms that (1) cation transport
is slower than anion transport and has little effect on the
membrane potential measured across a specimen sepa-
rating NaCl and alkaline solutions; (2) OH™ ions diffuse
about 10 times faster than CI™ ions; and (3) the mem-
brane potential across a specimen separating NaCl and
alkaline solutions is primarily controlled by OH™ and
CI" self-diffusion coefficient and concentration ratios.
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