Ionics (2015) 21:2981-2992
DOI 10.1007/s11581-015-1485-0

@ CrossMark

ORIGINAL PAPER

Investigation on the performance characteristics of chloride

selective electrode in concrete

Ming Jin' - Jinxia Xu' - Linhua Jiang1 <YiXu'. Honggiang Chu'

Received: 24 April 2015 /Revised: 1 June 2015 / Accepted: 5 June 2015 /Published online: 24 June 2015

© Springer-Verlag Berlin Heidelberg 2015

Abstract A monitoring technique based on the chloride se-
lective electrodes for the chloride content in concrete which is
accurate, non-destructive, and continuous would be highly
desirable. For this reason, the performance, such as Nernst
response and resisting polarization, of the electrode was tested
both in simulated concrete pore solutions and concrete. More-
over, the surface morphology of electrode after immersion in
solutions over 3 months was detected. Results revealed that
the electrode potential showed a good Nernst response with
chloride concentration and was affected little by sulfate ion.
The detection limit for the chloride concentration was
10 mol L™" at pH 13.5 and 10~* at lower pH values. In
addition, the electrode also had a high exchange current den-
sity and a high equivalent capacitance. The Ag/AgCl coating
showed good long-term stability over 3 months in solutions
containing chloride ions. Besides, there was a good agreement
between the free chloride content determined by the electrode
and by pore solution expression.

Keywords Electrochemical characterizations - Electrodes -
Sensors

Introduction

Steel embedded in concrete is prevented against corrosion by a
thin passive film that is formed on the steel surface due to the
high alkaline environment of concrete [1]. However, corrosion
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of rebars due to chloride ions (CI") from sea water or deicing
salts is the main cause of damage and early failure of reinforced
concrete structures [2]. The best way to avoid the corrosion-
induced damage is prevention, including monitoring the ag-
gressiveness of the environment [3]. It might be the ratio of
chloride to hydroxide ions that is of more importance than the
chloride content alone [4-6]. The threshold value of CI /OH ™
determined in the simulated concrete pore solutions ranges
from 0.25 to 1 where corrosion initiation is expected [6]. There
have been efforts to develop methods for determining the CI™
concentration in concrete. And a lot of lab techniques and field
measurements for measuring ClI™ content in RC have been
adopted. The most popular techniques are potentiometric and
Volhard methods. They can detect both free and total chlorides
in concrete cores extracted from in-service structures. However,
these techniques are mostly destructive, time-consuming, and
costly [7]. To make things worse, they cannot obtain the change
of Cl concentration in concrete pore solution.

Differing from these destructive methods, the non-
destructive techniques (NDT) do not change the environment
and the future usefulness of the concrete where the measure-
ment is taken [2]. Moreover, these non-destructive monitoring
techniques could be taken at several points and times, which
will allow developing practical methods for determining and
predicting structural lifetime and repair/maintenance schedul-
er [8—10]. The most studied and developed methods could be
divided into the following: (i) electrical resistivity [11-13], (ii)
optical fiber sensors [14—16], and (iii) ion selective electrodes
(ISE) [2, 3, 17-20]. However, the electrical resistivity
methods are very sensitive to the moisture content. And for
most of electrical resistivity techniques, the surface must be
wet because the conductivity is zero for dry concrete. In addi-
tion, the optical fiber sensors also have some drawbacks that
are significant for reliable and accurate measurements. For
example, optical fiber needs enough protection to stop its
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break during casting or service life [21]. Furthermore, optical
fiber sensors need additional protection to separate the fiber
from corrosive environments.

However, the ISE shows good chemical stability in
aggressive environments and the fabrication is easy
through electrochemical processes. They can monitor
the change of Cl concentration with time in concrete
pore solution. The Ag/AgCl electrode is widely used
and commercially available as chloride selective elec-
trode. The commonly used way to manufacture the
Ag/AgCl electrode was the electroplating method. How-
ever, it should be pointed out that the current density
used by the literature [22] was too large to get the
dense AgCl coating. We have reported that it was ap-
propriate to apply the current density of 0.1 mA/cm? to
anodize the electrode [23].The first attempt to use Ag/
AgCl electrodes to measure the ClI concentration in
cement-based materials was introduced by Atkinson
et al. [17, 24]. They reported that Ag/AgCl electrodes
could be used as in situ sensors for monitoring Cl~
concentration in the short-term (less than 3 months)
tests in their experimental conditions. Elsener [2] found
that the chloride sensors followed the Nernst law with
good linearity in a range from 0.005 to 4 mol L' CI
concentration and the CI concentrations measured in
situ by these sensors were in good quantitative agree-
ment with that determined by pore solution squeezing.
Montemor [3] reported that the effective chloride diffu-
sivity estimated by the embedded Ag/AgCl electrodes in
mortar specimens is about 2 x 107 ' m s2

However, there are many factors that induce measure-
ment errors and must be considered: interferential ions,
temperature, alkalinity, and long-term life. Atkins [18]
stated that temperature could lead to errors and the pres-
ence of bromide would give an overestimate of chloride
concentration. The high alkalinity of solutions can result
in an interference in potentiometric response of Ag/
AgCl electrodes, especially at low chloride concentra-
tion [25]. The sensitivity of electrodes to chloride con-
centration was easily found in the literatures [3, 7, 25],
but there was less reports about the sensitivity of elec-
trodes to the value of [Cl J/[OH ] which has been con-
sidered practical to predict the steel corrosion. What is
more, there was also less literatures about the perfor-
mance of electrodes of resisting polarization in alkaline
solutions with and without chloride.

In this paper, the performance, such as Nernst response and
resisting polarization, of the electrode was investigated both in
simulated concrete pore solutions and concrete. And the sur-
face morphology of electrode after immersion in solutions
over 3 months was detected. In addition, the chloride concen-
trations determined by the electrodes were compared to data
obtained from pore solution expression.
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Theoretical background
The Ag/AgCl electrode

The Ag/AgCl electrode is a solid electrode which consists of a
silver wire with a dense coating of silver chloride. The poten-
tial of the electrode, E 4g/4¢¢s, follows Nernst’s law:

T
Eng/ager = E?Xg/AgCl__F Inac (1)

Here, F'is t—he Faraday constant, R is the gas constant, 7'is
the absolute temperature (K), and ac— is the activity of the C1™
in solution.

When it is at room temperature and n = 1, Eq. (1) becomes

as follows:

EAg/AgCl =E,+ 005910g[le] (2)

However, the term [CI ] refers not to chloride concentra-

tion Ccr— but to the chloride activity ac— linked by the activ-
ity coefficient yo—:
acr = CerYer 3)

When testing in solutions containing chloride, the value of
~cr— can be taken reasonably as yc— = 1 and thus, the chlo-
ride concentration can be determined directly from Eq. (3).

Interfering ions

Many ions such as OH , Br , and I can interfere the potential
of Ag/AgCl electrode [18]. These interfering ions are com-
monly taken into account by use of selectivity coefficients,
k?‘j’-t (i stands for the primary and j for the interfering ions).
Thus, Eq. (1) is written in the following form, the so-called
Nikolskij-Eiseman equation [26, 27]:
/2
kpot

ijj

ln acr + Z

Epg/aecl = Epg/agcr™

(4)

Here, a; is the activity of the interferent and z; its charge.

The detection limit of the Ag/AgCl electrode varies with
pH values. When the pH values range from 11.9 to 13.7,
chloride concentrations below 2 x 107* to 7 x 10 mol L™
cannot be accurately detected by electrodes due to the OH ™
interference. For this reason, the free CI” concentration being
responsible for corrosion initiation of the steel can be ade-
quately determined by the Ag/AgCl electrodes in the pore
solutions of concrete.
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Stability of AgCl coating at alkaline environment

It is necessary to investigate the stability of AgCl coating in
alkaline environments; otherwise, the application in concrete
pore solution is not feasible. In the presence of hydroxide ions,
the AgCl coating can undergo metathesis and become partial-
ly covered with AgOH. This reaction only happens at suffi-
ciently low chloride concentration, namely of the following
condition is fulfilled:

K,(AgOH -
s(AgOH) . dou (5)
K,(AgCl) = acr

At 25 °C, K(AgCl) and K(AgOH) are 1.8 x 10 '* and
2 x 10°%, respectively. Thus, when the hydroxide ion concen-
tration is 100 times larger than the chloride concentration, the
AgCl coating may transform into Ag,O. The pH value of
concrete pore solution usually lies between 12.5 and 13.5.
So the AgOH might be formed when the chloride concentra-
tion is below 0.003 mol L™' at pH 13.5 and below
0.0003 mol L™" at pH 12.5. However, AgOH is unstable and
tends to convert to Ag,O. The electrode coating consisting of
AgCl acts as a chloride ISE as discussed above, but the elec-
trode coating with Ag,O is sensitive to hydroxide ions and
thus the electrode acts as a pH sensor rather than a chloride
sensor. The Ag/Ag,0 electrode potential also follows Nernst’s
law:

RT
Eng/ag,0 = Ejg/ag,0” F Inaox- (6)

Here, the standard electrode potential, £°5g/ag20, can be
estimated at ca. 345 mV vs. SHE from solubility product
constants Ky at 25 °C of the reaction Ag,O0 +
H,0 <> 2Ag" +20H . In the case of complete transformation
of the AgCl surface into Ag,O, the electrode potential would
be determined by Eq. (6) and assume the value Eag
Ag20 = 142 mV vs. SCE at pH 13.5, 190 mV vs. SCE at pH
12.5.

Experimental
Preparation of the Ag/AgCl electrode

These Ag/AgCl electrodes used in this paper were
manufactured from 99.99 % pure silver wires (0.5 mm dia.).
These wires were degreased with acetone; immersed in 5 %
mass fraction nitric acid (HNOs) for 10 min, and placed in
anhydrous ethanol with ultrasonic vibration for 5 min. Then,
the wires were anodized galvanostatically in 0.1 mol L™ hy-
drochloric acid (HCI) for 1 h under a current density of
0.2 mA/cm?®. After anodizing, electrodes were kept in
1 mol L ™" Potassium chloride (KCI) out of direct sunlight until

used. The electrodes were connected electrically with a Cu
wire and the junction was sealed with epoxy resin. The ex-
posed area was about 0.0628 cm?.

Tests in simulated concrete pore solutions

The pH value of a fresh concrete may vary in the range 13.5—
12.5, approximately. Along with the carbonation process, the
pH value of concrete pore solution drops; however, the pH
value will not drop to 7. In our work, the aqueous solutions of
pH ranging from 13.5 to 6.86 were used. The compositions
and pH values of solutions are given in Table 1.

All reagents used in our work were of analytical grade. For
the electrochemical measurements, the chloride electrode, the
cylindrical platinum foil, and the saturated calomel electrode
(SCE) were connected to serve as working electrode, counter
electrode, and reference electrode, respectively. All the elec-
trochemical tests were performed with a Princeton Applied
Research (PAR) STAT 2273 Potentiostat. If not specified, all
the tests were carried out at room temperature (25 °C) and
exposed to laboratory air.

Nernst response of electrodes

Sensitivity to chloride ion The tests were performed three
times in solutions A-E containing known concentrations of
sodium chloride (NaCl) ranging from 10> to 1 mol L™". Apart
from investigating the sensitivity of chloride sensors to chloride
concentrations, the interference of alkalinity to the sensitivity of
electrode was measured. Besides, the detection of electrodes to
the value of [Cl ].JOH ] in these solutions was detected.

Sensitivity to sulfate ion Sulfuric acid usually exists in the
external environment of concrete. Thus, it is necessary to inves-
tigate the effect of sulfuric acid on the potential of chloride
electrodes. In our work, different amounts of sulfuric acid were
added into the 3.5 % wt. NaCl solution. The sulfuric acid con-
centrations were 0.002, 0.006, 0.01, 0.05, 0.1, and 0.5 mol L™,
respectively.

Effect of temperature Measurement curves were obtained at
several temperatures as follows: 4, 15, 30, and 45 °C. The

Table 1 Composition and pH value of the solution used

Solution ~ Composition pH value

A 8 g NaOH +35.6 g KOH per liter of saturated ~ 13.5
Ca(OH), solution

B Saturated Ca(OH), Solution 12.5

C 0.025 M NaHCOj3; + 0.025 M Na,CO; 10

D 0.01 M N32B407 9.18

E 0.025 M mixed phosphate 6.86
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response of the electrodes under alkaline environment was
tested in the saturated Ca(OH), solution (SCS) with NaCl
concentrations ranging from 10~ to 1 mol L.

Polarization test of electrode

Potentiodynamic polarizations were performed in all solutions
A-E without chloride and the solution A containing different
NaCl concentrations. The scan rate was 0.2 mV/s and the poten-
tial sweeps went from —150 to 200 mV against the open-circuit
potential (OCP). The same solutions were also used for electro-
chemical impedance spectroscopy (EIS) tests. The EIS tests were
conducted in the frequency ranging from 100 kHz to 10 mHz.
Tests were repeated for three times using different samples.
Galvanostatic tests were performed also in the SCS with
different chloride concentrations. A cathodic direct current
(DC) of 0.05 nA was applied to the chloride electrodes for
100 h. After this, the current was stopped, and the chloride
electrodes were allowed to recover to their initial OCP.

Long-term stability

Chloride electrodes were immersed in solutions A, B, and D
with two different chloride concentrations. The immersion
period was over 3 months. The electrode potential was peri-
odically tested versus a SCE in each solution. All solutions
were sealed completely in order to avoid carbonation in atmo-
sphere. After 3 months, some selected electrodes were exam-
ined with the scanning electron microscope (SEM) equipped
with energy-dispersive spectrometers (EDS).

Tests in concrete

Cylindrical concrete samples 50 mm in diameter and 70 mm
in length with a centrally embedded chloride electrode were
cast with w/c 0.6. After curing for 3 weeks, the top and bottom
faces of the samples were coated with epoxy resin. The dia-
gram of the specimen is shown in Fig. 1. These specimens

- chloride electrode

coating

<—— concrete

<>

50 mm

Fig. 1 Concrete specimen with chloride electrode embedded in the
center
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were then immersed in NaCl solutions (0, 0.1, 0.5, and
1 mol L™"). Measurement of the potential of the embedded
chloride electrode was performed versus a SCE placed in the
solution. After a total immersion time of 1 year, pore solutions
of concrete were expressed with a pressure of about 350 MPa.
Chloride concentrations were subsequently analyzed in the
expressed pore solutions by a volumetric technique.

Results and discussion
Tests in simulated concrete pore solution
Nernst response of electrode

Sensitivity to chloride ion Figure 2a shows the electrode
potentials measured in solutions A—E with chloride concen-
tration ranging from 107> to 1 mol L™'. The results of the
critical detection values and the slopes of the curves in differ-
ent chloride concentrations are given in Table 2 for all five
solutions. The potential remained unchanged when the chlo-
ride concentration was lower than 10> mol L' at pH 13.5.
And the potential of Ag/AgCl electrode was almost same
when the chloride concentration was less than 10 mol L™
at lower pH values. Thus, the critical value of detecting chlo-
ride concentration at pH 13.5 was 10> mol L' but the critical
value was 10* mol L™" at other pH values. In addition, the
slope of the theoretical curve is ca. 59 mV/decade (in Fig. 2a).
But these measured curves have a little difference with the
theoretical curve, which is ascribed to the mean activity coef-
ficient and the liquid junction potential [25]. What is more, the
Ag/AgCl electrode potential follows a linear relationship with
the logarithm of chloride activity ranging from 1072 to
1 mol L™'. Figure 2b indicates the sensitivity of electrode
potential to chloride concentration at pH 13.5; the selectivity
coefficient can be calculated according to Eq. (4), which is
approximately 6.8 x 10™* and lower than the value reported
in the literature [22]. Based on this value and the measured
curves, the limit of chloride ion detection would be around
10 mol L™ when the OH™ concentration is 0.315 mol L™
(pH = 13.5). What is more, when the chloride concentration is
higher than 102 mol L', the electrode potential has a good
linear relationship with the chloride concentration and the
slope is 51 mV/decade in this area (Fig. 2b), which is located
in the “working region.” However, the slope decreases to
35 mV/decade when the chloride concentration ranging from
107 to 10> mol L™", which is located in the “poor region.” It
will enter the “bad region” when the chloride concentration is
lower than 10 mol L™, in which the electrode potential is no
longer sensitive to chloride concentration; at this time, the
potential remains unchanged. Figure 2¢ shows the electrode
potential against the chloride concentration at pH 12.5, and
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Fig. 2d indicates the electrode potential against the chloride
concentration at pH 10, 9.18 and 6.86.

Unlike pH 13.5, in these pH values, the working region is
between 10> and 1 mol L' chloride concentration; mean-
while, the slope of these measured curves is ca. 53 mV/de-
cade. It is necessary to point out that the slope is as low as
45 mV/decade in the poor region at pH 12.5, which is 10 mV
lower than the slope in the working region. However, at pH
10, 9.18, and 6.86, the difference of the slope in the poor and
working range is only 4 mV/decade, which indicates that the
electrode potential still has a good sensitivity to the chloride
concentration in the poor region. The reason is that the OH™

Chloride Concentration (mole'l)

(d) pH 10,9.18 and 6.86

concentration is less than 10~* mol L™ when the pH is lower
than 10; in this case, the OH has little interference on the
sensitivity of electrode potential to the chloride concentration.
Moreover, the electrode potential is no longer changed in the
bad region as well.

When regard to chloride induced corrosion, the ratio of
[CT)/[OH ] has been considered functional. The threshold
value of CI /OH was determined in the simulated concrete
pore solution ranges from 0.25 to 1. The pH value of concrete
pore solution is usually 12.6, even up to 13.5 due to the fact
that pore fluid consists of NaOH and KOH in addition to
Ca(OH), solution (pH 12.6). Figure 2b, ¢ indicates that the

Table 2 Detection critical values

and slopes of calibration curves at Solution chloride range(mol L") Slope(mV/decade) detection critical value(mol L")
various pH values
pH 6.86 107°-107° 54 10
107*-107° 50
pH9.18 103-107° 53 107
107*-107° 50
pH 10.0 103-107° 53 107
107*107° 48
pH 125 10°-107° 53 10
107-107° 45
pH 135 102-107° 52 107
1071072 35
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chosen critical C1” to OH ™ ratio of 0.25~ ! is in the working
region at pH 13.5 and 12.5. For this reason, the hydroxide
interference is thus not significant at such chloride
concentrations.

Sensitivity to sulfate ion Sulfate attack is one of the main
reasons that can cause coastal structures to fail [28]. The sul-
fate penetration profile in concrete even can exceed the mass
fraction of 2.846 % [29]. The electrode potential in solution
containing 0.002 mol L' sulfate ion concentration is only
2 mV difference with the electrode potential in 0.5 mol L.
What is more, the electrode potential keeps the same value
when the sulfate ion concentration ranges from 0.01 to
0.5 mol L™". It can be clearly found that the sulfate ion con-
centration has little influence on the electrode potential. In
other words, the electrode potential is not sensitive to the
sulfuric acid activity. Based on this, the Ag/AgCl electrodes
can be applied to monitor the chloride concentration in con-
crete pore solution even if the concrete has also suffered seri-
ous sulfate attack.

Effect of temperature The theoretical value at different tem-
peratures can be calculated according to Eq. (1). These mea-
sured slopes and the theoretical ones are all presented in
Table 3. In addition, the measured slopes are similar to the
slopes reported by Montemor [3]. When the electrodes are
used to monitor the chloride concentration, it is necessary to
know the true temperature of the environment. The same po-
tential presents different chloride contents in different temper-
atures. The chloride concentration based on the electrode po-
tential can be more accurate if the interference of the temper-
ature is eliminated.

Besides, the measured electrode potential can be written as
follow:

RT -
Em = EOAg/AgCl_Yln[Cl }_ERE (7)

When the Ag/AgCl electrode is used as electrode, the in-
terference of E°4/agc1 Will be eliminated; thus, the tempera-
ture only affects RT/F [25]. But if the reference electrode is
other type, accurate values for £°4aqc1 and Erg are neces-
sary to be used, which can be found in these literatures [30,

Table 3  Theoretical slopes and measured slopes of electrodes at
different temperatures

Temperature (°C) Theoretical slope Experimental slope

(mV/decade) (mV/decade)
4 =55 =50
15 =57 =54
30 —60 =56
45 —63 —58

@ Springer

31]. It is well known that the saturated calomel electrode
(SCE) is commonly used as reference electrode. It should be
noted that the Ag/AgCl electrode and the SCE have similar
temperature coefficients of ca. —0.6 to —0.65 mV °C ' [25].
Based on this, the error is quite small when the complete
measurement according to Eq. (7) is considered. So it is rec-
ommended to use the SCE as the reference electrode to mea-
sure the potential of Ag/AgCl electrode.

Polarization tests

Potentiodynamic polarization tests Results of the
potentiodyamic polarization tests are shown in Fig. 3 for the
Ag/AgCl electrodes. Duplicate experiments provided essen-
tially the same results. The exchange current density charac-
terizes the capacity of polarization resistance, which can be
fitted from the potentiodynamic polarization curves. The ex-
change current density can be calculated from Eq. (8):

RT &1
o — ?m (8)
According to Kelly [32] and JIN [23], the acceptable high
exchange current density is 30 pA/cm?. Potentiodynamic po-
larization tests of Ag/AgCl electrodes in solutions A—E with-
out chloride are shown in Fig. 3a. The anodic currents
remained relatively low above the corrosion potential at pH
<13, which are lower than 10> pA/cm?®. Nevertheless, the
anodic current exceeds 0.1 A/cm? at pH 13.5. The exchange
current densities of Ag/AgCl electrodes in concrete environ-
ments derived from the potentiodynamic polarization curves
are given in Table 4a. The exchange current densities of the
electrodes in simulated concrete pore solutions at different pH
values all exceed 30 wA/cm?, which proves that the electrode
has good ability of resisting polarization. Here, it was found
that the exchange current density reached maximum at pH
12.5. What is more, at pH 13.5 and pH 10, an obvious anodic
peak was found at low overpotentials. The anodic peak is
probably due to the formation of some silver oxides [33].
Potentiodynamic polarization tests of Ag/AgCl electrodes in
solution A with different chloride contents are shown in
Fig. 3b. The anodic peak appeared in every curve. Most of
anodic currents in different chloride concentrations lay be-
tween 0.1 and 1 pA/em?®. The exchange current densities of
Ag/AgCl electrode in different chloride concentrations de-
rived from the potentiodynamic polarization curves are given
in Table 4b. It is clearly found that the exchange current den-
sity becomes larger with the chloride concentration increas-
ing.

EIS tests The Nyquist diagrams for Ag/AgCl electrode in
solutions are shown in Fig. 4. According to literature [34],
the equivalent-circuit model which is applied to analyze the
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Fig. 3 Potentiodynamic polarization curves of Ag/AgCl electrodes in silulated concrete solutions

EIS is shown in Fig. 5. The equivalent-circuit model consists
of a constant phase-angle element (CPE) in parallel with the
polarization resistance (R},) in addition to the electrolyte resis-
tance (R.). In this model, a CPE is used instead of a capaci-
tance to account for the non-ideal capacitive response. Fur-
thermore, the CPE is characterized by an admittance coeffi-
cient (Yo) and a frequency exponent n. The parameters are
used to compute the apparent capacitance [35]. Figure 4a in-
dicates the Nyquist diagrams for Ag/AgCl electrodes in solu-
tions A—E. The apparent capacitance and frequency exponent
n of Ag/AgCl electrodes derived from Fig. 4a are listed in
Table 5a. The capacitance values at pH 6.86—12.5 only
changed from 0.9 to 1 x 10°* F cm ™2, which is independent
of the pH value. But it should be noted that the capacitance
value at pH 13.5 is several times larger than the ones at other
pH values. The Nyquist diagrams of electrodes in solution A
with different chloride contents are shown in Fig. 4b. The
apparent capacitance and frequency exponent z derived form
Fig. 4b are also given in Table 5b. The apparent capacitances
in different chloride concentrations are between 3.5 and
5.4 x 10~* F cm 2, which proves that the chloride concentra-
tion in solution has little influence on the capacitance value of
electrode. Moreover, the capacitance of Ag/AgCl electrode is
more than one order larger than the capacitance value of
MnO, reference electrode [36]. It was found that Ag/AgCl
electrode shows high equivalent capacitance, which implies

Table 4  Exchange current density for Ag/AgCl electrode in simulated

low electrode impedance. And this capacitive behavior pro-
vides tolerance to brief current incursions. Actually, it will
inevitably lead to a small current to pass the Ag/AgCl elec-
trode when embedding them in concrete structure to monitor
the chloride concentrations. But the Ag/AgCl electrode has
the ability to pass brief small currents with a minimum of
polarization when conducting electrochemical measurements
in concrete structure.

Galvanostatic tests The Ag/AgCl electrodes were tested in
SCS with 0, 0.1, and 1 mol L ™" chloride concentration. After a
quasi-stabilization period of 3 days, a cathodic direct current
of 0.05 pA was applied for a period of 100 h. Then, the po-
tential was tested for another period of 3 days. Results of the
galvanostatic tests in solutions with different chloride concen-
trations are shown in Fig. 6. The electrode potential stabilizes
quickly in solutions containing chloride; nevertheless, it took
several hours to get the equilibrium potential in solutions with-
out chloride.

It is clearly seen from Fig. 6 that the electrode shows little
hysteresis and a little shift in potential when a cathodic current
is applied. Besides, it recovers almost instantaneous after the
interruption of the current. What is more, the polarization
resistances of Ag/AgCl electrodes in SCS containing 0, 0.1,
and 1 mol L' chloride content are 100, 10, and 225 kQ,
respectively. Thus, the potential shifts only 0.5 mV in SCS

concrete solutions

(a) At various pHs

pH 6.86 pHO9.18 pH 10 pH 12.5 pH 13.5
L,
(nA/em?) 35 45 40 70 60
(b) In solution E with different chloride contents
10° mol L' 10" mol L™ 102 mol L' 10 mol L™ 10 * mol L' 10 mol L'
L
(uA/em?) 80 88 75 61 65 62
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Fig. 4 Nyquist diagrams for Ag/AgCl electrode in simulated concrete solutions

with 0.1 mol L™ chloride concentration, which is almost neg-
ligible. Moreover, the potential shifts 5 and 11 mV in SCS
with 0 and 1 mol L™ chloride concentration, respectively. It
should be pointed out that the cathodic current density we
applied in the galvanostatic tests was as high as 0.8 uA/cm?.
But the measured potential change of electrodes in SCS was
less than 12 mV. However, for a typical input bias current of
1 nA, potential shifts lower than 0.225 mV are obtained. So it
is concluded that the Ag/AgCl electrode resists the long-term
effect of the application of small bias currents commonly
found in electrochemical instruments.

Long-term stability

Figure 7 shows the potentials of the Ag/AgCl electrodes im-
mersed in solutions of various pH values containing different
chloride concentrations versus time as described in “Long-
term stability.” In the presence of chloride, the potentials sta-
bilize quickly and kept the stable state over the complete ex-
posure time. Even after 3 months immersion, the electrode
potentials are still consistent with those measured in the cali-
bration tests (Fig. 2a). The same results are reported by Angst
et al. [25]. However, in the absence of chloride, the potentials
appear to be dependent on pH value, being generally lower
with increasing solution alkalinity. Meanwhile, they are less
stable compared with those in the chloride containing

Re

Fig. 5 Equivalent-circuit model applied to analyze the EIS results for the
Ag/AgCl electrodes in simulated concrete solutions

@ Springer

solutions and decrease monotonously over time. However,
this is most pronounced during the first 20 days, the values
are more stable in the subsequent testing time. Kalcher [37]
reported that Ag/AgCl electrodes in chloride-free, alkaline
sodium hydroxide solutions showed lower potentials when
the pH was above 12, and approached the value of E°g
ag20 at pH 14. It can be clearly seen from Fig. 7 that eventu-
ally the final potentials are close to Eag/ag0 at pH 12.5 and
13.5, thereby implying that the electrode coating is continu-
ously transformed into Ag,O and thus the electrode acts as a
pH sensor rather than a chloride sensor. However, at pH 9.18,
it can be clearly found that the electrode potential is lower than
the value of corresponding Exg/ag20. The reason is that little
AgCl coating has transformed into Ag,O at pH 9.18.

In order to study the uncertainties with regard to chemical
transformation of AgCl at high pH values, microanalysis of
electrodes was carried out. Figure 8 indicates the scanning
electron micrographs of AgCl electrodes after more than
3 months of constant immersion. It can be obviously found
that the surface morphology of electrode exposed to low alka-
line (pH 9.18), even in the absence of chloride ions (Fig. &c),
is similar to the ones immersed in a highly alkaline (pH 13.5),
but chloride containing solution (Fig. 8b). The AgCl coating
adhered to the Ag probe is very dense and has few detects.
Figure 8d is the micrograph of electrode exposed to moder-
ately alkaline (pH 12.5) without chloride in which the hydrox-
ide ions concentration was ca. 0.0316 mol L™". The most area
of'the AgCl coating was still dense but some small cracks and
tiny holes appeared in the coating. In the case of pH 13.5 and
in the absence of chloride, on the other hand, the electrode
coating exhibits a clearly rough surface topography (Fig. 8a).
The coating is no longer dense and it becomes loose and
porous after immersion. The explanation is that the AgCl
coating had been transformed into the Ag,O, which results
in generating a lot of defects on the surface.

The existence of Ag,O on the electrode coating can be
verified by examining the coating through the energy-
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Table 5 The apparent capacitance and frequency exponent n of Ag/AgCl electrodes obtained from EIS measurements
(a) At various pHs
pH 6.86 pH 9.18 pH 10 pH 12.5 pH 13.5
Apparent
Capacitance(F/cm?) 9.067 x 107° 5.033 x 107° 1.181 x 107* 1.067 x 107* 4918 x 107*
Frequency 0.8 0.8 0.8 0.8 0.8
Exponent n
(b) In solution E with different chloride contents
10 mol L™ 10" mol L' L™ 10 mol L™' mol 107 mol L™ 10* mol L™ 107 mol L™
Apparent
Capacitance(F/cm?) 4998 x 10°* 4127 x 10°* 3.639 x 1074 3.588 x 107* 5152 x 107* 5344 x 1074
Frequency 0.8 0.8 0.8 0.8 0.8 0.8

Exponent n

dispersive spectrometry (EDS). In the case of pH 13.5 and in
the absence of chloride, the EDS of the electrode coating is
shown in Fig. 9a. It can be clearly found that the coating is
made up of Ag,O, in which there was almost no AgCl. But at
the case of pH 13.5 with 0.1 mol L™ chloride concentration
(Fig. 9d), there is no Ag,0 in the coating of electrode. Only
the AgCl is detected in the coating. In addition, Fig. 9d is
similar with Fig. 9c. However, in the case of pH 12.5 and
absence of chloride, the EDS of the electrode coating
(Fig. 9b) proves that the AgCl and Ag,O coexist in the coating
together.

The EDS of electrode coating is consistent with the micro-
graph of electrodes surface. At the case of pH 12.5 without
chloride, the EDS shows AgCl and Ag,O coexist in the elec-
trode coating, which leads to some small defects in the surface
(Fig. 8d). Figure 9c, d indicates that the coating is fully made
up of AgCl; therefore, the coating is dense as shown in
Fig. 8b, c. In the case of pH 13.5 and absence of chloride,
the membrane consists of Ag,O and little AgCl; thus, the
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Fig. 6 Potential of Ag/AgCl electrode in SCS with different chloride
concentrations. Vertical dotted lines indicate the start and end of the
galvanostatic pulse

coating is loose and porous. In a word, the EDS of electrodes
coincides well with the micrograph.

Tests in concrete

After curing for 3 weeks, the concrete compressive strength
was ca. 27 MPa. Figure 10 shows the chloride electrode po-
tential as a function of time about 1 year, when exposed to
different chloride solutions. Initially, the electrodes in all spec-
imens show high values (ca. 210 mV vs. SCE), but the elec-
trode potentials drop rapidly after immersion in chloride
contained solutions. After ca. 150 days, the electrodes show
approximately steady values. However, the electrodes in spec-
imens immersed in distilled water stabilize after 100 days and
the decreased potential is only 20 mV. The electrode potentials
are analyzed statistically after they get stable. The actual chlo-
ride concentrations of concrete pore solutions (actual value),
the chloride concentrations calculated by the electrode poten-
tials (calculated value), and the differences are all listed in
Table 6. The concentrations obtained from the embedded elec-
trodes are in good agreement with the chloride concentrations
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Fig. 7 Potential of Ag/AgCl electrode in solutions of various pHs and
chloride concentrations versus time
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Fig. 8 SEM micrographs of the
Ag/AgCl electrode membranes
after more than 3 months
immersion in solutions with
various pHs and chloride
concentrations

e %:}1 L il
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(@) pH 13.5+ 0 mol L' Cl
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(¢)pH9.18 + 0 mol L CI

measured in the expressed concrete pore solutions. But it
should be noted that there is an obvious difference between
the value calculated by the electrode potentials and the value
determined in the concrete pore solutions. This difference is
found to be negative, and the difference seems to be larger
with the increase of chloride concentration in solution. This
difference is probably due to the potential error of electrode

Fig. 9 Energy-despersive
spectrometry (EDS) of Ag/AgCl
electrode coating after more than
3 months immersion in solutions
with various pHs and chloride
concentrations

2 4
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potential compared with the SCE placed on the external solu-
tion of concrete, which can be attributed to the diffusion po-
tential [38], liquid junction potential, and membrane potential
[38, 39]. This potential error can be diminished through em-
bedding the reference electrode in the concrete, and further,
the reference electrode should be placed close to the working
electrode as much as possible.
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Fig. 10 Potential of the chloride electrodes embedded in concrete vs time
of immersion in solutions with different chloride concentrations

Additional remarks on the use of ISE in concrete

It was clearly shown above that the high pH value of
solution can affect the Ag/AgCl electrode potential, es-
pecially in the absence of chloride. The former AgCl
coating will transform into Ag,O if the electrodes are
immersed in high alkaline solutions without chloride
during a long time. However, the electrodes recover fast
as soon as they come into contact with chloride, which
is also reported in the literature [25]. Furthermore, the
eventual formation of silver oxide is fully reversible.
Actually, many researches [2, 3, 17, 19, 24, 40] have
embedded the Ag/AgCl electrodes in mortar or concrete
to monitor the free chloride concentrations in concrete
pore solutions. They reported that it was credible to
obtain the chloride concentrations in concrete structures
based on the date provided by the electrodes. What is
more, the electrode exhibits good state for a long time.

From an engineering point of view, it is useful and
necessary to predict the front of the chloride invasion.
The traditional methods such as extracting concrete pore
solution are really heavy and destructive. Hence, it is
convenient to detect the front of chloride invasion by
embedding the electrodes in concrete.

Conclusions

From the present experimental investigation, following con-
clusions can be drawn:

(1) Ag/AgCl electrodes can be successfully used to measure
the chloride concentration in concrete. The detection lim-
it for chloride ion is 10> mol L™ at pH 13.5 and
10~* mol L™" at lower values. In addition, the detecting
region in different chloride contents can be divided into
working, poor, and bad region, respectively. In addition,
the threshold values of CI /OH™ (0.25™") in high alkaline
solutions are all located in working region.

(2) The Ag/AgCl electrode potential is not affected by the
sulfate ion concentration. Moreover, it is necessary to
acquire the accurate temperature of the electrode for the
reason that the same potential presents different chloride
concentrations in different temperatures. And the SCE is
recommended to work as the reference electrode because
the SCE has the similar temperature coefficient with the
Ag/AgCl electrode.

(3) The exchange current density of Ag/AgCl electrode in
simulated concrete solution exceeds 30 pA/cm?®. And the
electrode also shows a high equivalent capacitance. Both
of them indicate that the electrode has good ability on
resisting polarization. Furthermore, the potential change
of electrode in saturated Ca(OH), solution is less than
12 mV even if the applied current density is as high as
0.8 nA/cm?. Based on this, the electrodes can resist the
long-term effect of the application of small bias currents
commonly found in electrochemical instruments.

(4) The AgCl coating shows good long-term stability during
immersion in simulated concrete pore solutions. Some of
AgCl coating will transform into Ag,O when the electrodes
are immersed in high alkaline solutions without chloride.
Nevertheless, the formation of Ag,0 is fully reversible
when the electrode is placed in solutions with chloride.

(5) The chloride concentration calculated by the embedded
electrodes in concrete has good agreement with the value
determined by the expressed concrete pore solution. Be-
sides, the electrode potential error can be reduced by
placing the reference electrode near the working elec-
trode as much as possible.

Table 6 Chloride contents

measured in different experiments Chloride

Actual content

Calculated content Standard deviation

in the external solution, in the solution(mol LY (mol L") (mol L") (mol L™
expressed pore solution compared
to the content calculated from the 0.1 0.08 0.05 —0.03
chloride electrode potential 0.5 0.47 0.44 —0.04

1.0 0.90 0.83 —-0.07
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