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valuation of a highly durable and
reliable chloride monitoring sensor for civil
infrastructure

Subbiah Karthick,ab Seung-Jun Kwon,c Han Seung Lee,*a Srinivasan Muralidharan,d

Velu Saraswathy *ac and Rethinam Natarajanb

A solid-state alkaline stable polymer coated Ag/AgCl sensor was fabricated for chloride sensing in

concrete structures. The Ag/AgCl sensor was fabricated by sintering the AgCl powder with Ag wire.

Polypyrrole (PPy) was prepared by simple chemical synthesis. The unwavering character of the

prepared PPy coated Ag/AgCl sensor in saturated KCl solution was exemplified by potentiodynamic

polarization studies followed by half-cell potential (HCP). The alkaline stability of the Ag/AgCl and PPy

coated Ag/AgCl sensor in synthetic concrete pore solution (SCPS) was characterized by HCP, X-ray

diffraction (XRD) and scanning electron microscopic (SEM) studies. The PPy coated chloride sensor

was calibrated in saturated KCl, distilled water and SCPS with various concentrations of chloride ions.

The results showed a good relationship between the sensitivity of the sensor regarding the potential

to the logarithm of chloride activity. Further, it was noticed that the potential value remained stable

with increasing immersion time.
1. Introduction

Reinforced concrete structures play a signicant role in the
construction industry, such as in buildings, bridges, and
nuclear reactors, and they involve major construction cost in
the millions of dollars. When the structures are exposed to
aggressive environments, the durability of the concrete is
affected either due to the carbonation of the concrete cover or
ingress of chloride ions.1–6 Chloride-induced corrosion is
a particularly insidious problem7,8 since it leads to localized
attack, which results in cracking and delamination of the
concrete cover and unexpected failure of the structure, which
is oen catastrophic. Therefore, chloride ion monitoring is
one of the most important methods to prevent the corrosion-
induced damage of concrete structures in marine environ-
ments. Chloride monitoring in concrete structure involves
drilling the concrete at various depths for the collection of
powder samples from the steel-concrete interfacial region and
analyzing the free chloride and total chloride content by
potentiometric titration method using an Ag/AgCl ion
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dia
selective electrode.9–12 This technique seems to be a destruc-
tive, time-consuming process and requires periodic repetition
and interpretation to obtain accurate data. Furthermore,
destructive methods bring additional indirect cost due to road
closures and traffic delays.13,14 Hence, the civil and construc-
tion industries are searching for non-destructive techniques
for chloride monitoring in concrete structures. The entire
problem will be overcome by using embeddable sensors for
continuous monitoring of chloride ion content, which is
a simplied procedure and easily adaptable method.15 In this
regard, the Ag/AgCl electrode is considered as one of the most
commonly used sensors because it has a Nernstian response
to the variations of chloride (Cl�) or silver (Ag+) activity and
displays excellent sensitivity.16 Ag/AgCl electrodes have
become well established over the last decade and have been
employed for analytical applications.17 Gurusami et al. re-
ported the use of Ag/AgCl sensors embedded in concrete as
reference electrodes and good long-term results were
collected over a period of about 4.5 years.16 The rst attempt
in concrete was made in the 1990s. Potentiometric measure-
ment using an Ag/AgCl electrode is the standard electro-
chemical technique to measure the free chloride in
concrete.18–22 A study carried out using Ag/AgCl for chloride
monitoring in simulated concrete pore solutions revealed that
at higher chloride concentration, pH has a signicant inu-
ence on the potential value of the sensor.23 An Ag/AgCl wire
was employed as a sensor for determination of water soluble
chlorides in admixtures and aggregates for cement.24 It was
reported that, according to the Nernst law, the equilibrium
This journal is © The Royal Society of Chemistry 2017
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potential value of the Ag/AgCl electrode depends on the
chloride ion activity (concentration) of the surrounding
solution, and an Ag/AgCl electrode can be used to determine
the chloride activity in simulated cement pore solution,
mortar and concrete samples.25,26

However, studies revealed that embeddable Ag/AgCl elec-
trodes in concrete are not stable for a long time, which is owing
to the high alkalinity of the concrete. It was reported that in the
pH range from 11.9 to 13.7, low concentrations of chloride
cannot be accurately determined by potentiometric measure-
ments owing to the OH� interference.22,27 Besides, in the high
alkaline solution and the presence of hydroxyl ions, silver
activity near the surface is determined by exchange equilibrium,
as shown in eqn (1):28

2AgCl + 2OH� / Ag2O + 2Cl� + H2O (1)

The AgCl membrane becomes unstable and is turned into
Ag2O partly or wholly at high pH values. By the continuous
transformation of the electrode surface into Ag2O, a mixed
potential is developed at the electrode/solution interface and it
becomes incapable of accurately determining the free chloride
content in the concrete structure.22 Therefore, to increase the
stability of the Ag/AgCl electrode and to reduce the OH� ion
interference in the alkaline environment, the use of a conduct-
ing, alkaline stable conjugated polymer coating on an Ag/AgCl
electrode was reported.28,29

In this aspect, a polypyrrole polymer matrix was used
because it is one of the most frequently used polymers, can be
readily synthesized, and it is more stable, lower cost, and has
higher conductivity when compared to other polymers; it has
been employed for many applications.30,31 Pickup et al.32 con-
structed a polypyrrole–mercury/mercury chloride coated glassy
carbon electrode as a reference electrode. Mangold et al.33

investigated a polypyrrole–silver/silver chloride as a reference
electrode based on the surrounding electrolyte. The open circuit
potential of this electrode strongly depends on the concentra-
tion of the supporting electrolyte. Furthermore, polypyrrole
coated on a carbon electrode and polypyrrole incorporated on
a metal electrode (Pt, In–SnO2 and glassy carbon) was tried as
a pH sensor, glucose sensor, and biosensor. PPy and PPy-based
coatings have been proved to be very effective inhibitors in the
corrosion of oxidizable metals and alloys, stainless steels, mild
steel, etc. Besides these, PPy lms are being used in other areas,
such as in sensors and bio-fuel cells.34

To date, no in-depth studies have been carried out using an
Ag/AgCl electrode for in situ chloride sensing application in
concrete structures. Hence, the present study aimed at devel-
oping a low cost, accurate and highly alkaline, long-term stable
PPy coated Ag/AgCl solid electrode as an embeddable sensor for
chloride sensing in concrete structures. The electrochemical
stability of this PPy coated Ag/AgCl electrode was evaluated in
simulated concrete pore solutions with different chloride ion
concentrations. The chloride sensitivity of the PPy coated solid
electrode was assessed against anMnO2 solid sensor in chloride
contaminated concrete by embedding the sensor at different
depths.
This journal is © The Royal Society of Chemistry 2017
2. Materials and methods
2.1. Materials and methods

The chemicals such as a silver wire (Ag), silver chloride (AgCl)
powder, pyrrole, sodium dodecyl sulfate, iron(III) chloride
hexahydrate, NaOH, KOH, CaO and NaCl used were of analytical
reagent grade with sufficient purity and were purchased from
reputed chemical suppliers.

2.1.1. Fabrication of Ag/AgCl electrode. Powders of silver
and silver chloride in a 1 : 1 ratio were mixed and pressed into
a pellet shape of 2mm thick using a hydraulic pressingmachine
(10 MPa), then sintered at a temperature of 400 � 10 �C in
a suitable ceramic sintering boat in N2 atmosphere. A suitable
silver wire was used as an electrical lead and was embedded
before the sintering operation to make the Ag/AgCl pellet shape.
The nal size of the Ag/AgCl electrode was around 10 � 20 mm
in a rectangle shape and it was found to be electronically
conductive.

2.1.2. Preparation of polypyrrole (PPy). 0.86 g of sodium
dodecyl sulfate was added to 30 mL of distilled water and then
stirred moderately with a magnetic stirrer. The solution was
agitated for 30 min at room temperature (30 � 5 �C) until the
surfactant was thoroughly dissolved. When a clear aqueous
solution of surfactant was obtained, 1 g of pyrrole (monomer)
was added dropwise to the solution with continuous stirring.
Aer obtaining a mixture of aqueous surfactant and the pyrrole
solution, an aqueous solution of 9.25 g of iron(III) chloride
hexahydrate dissolved in 5 mL of distilled water was added
dropwise to the mixture. The immediate formation of black PPy
precipitate was clearly observed.35 The polymerization process
was carried out for 2 h at room temperature with moderate
stirring. The black polypyrrole precipitate was ltered off and
washed with distilled water and then dried under vacuum at
room temperature for 24 h.

2.1.3. Polymer coating on Ag/AgCl electrode. PPy (90%),
carbon black (5%), polyvinylidene uoride (PVdF) (5%) and N-
methyl-2-pyrrolidinone (NMP) as a solvent were mixed together
to make a slurry. Aer that, the slurry was coated on the Ag/AgCl
electrode by dip coating technique. The electrode was dried at
80 � 10 �C in a hot air oven for 12 h to remove the solvent.
2.2. Testing in saturated KCl

2.2.1. Half-cell potential measurement. The half-cell
potentials (HCP) of the fabricated bare Ag/AgCl (Fb-Ag/AgCl)
and PPy coated Ag/AgCl (PPy–Ag/AgCl) electrodes were moni-
tored in saturated potassium chloride solution (sat. KCl) with
respect to a saturated calomel electrode (SCE) for an exposure
period of 30 days.

2.2.2. Potentiodynamic polarization studies. Potentiody-
namic polarization studies were carried out for the Fb-Ag/AgCl
electrode and the PPy–Ag/AgCl electrode, keeping them as the
working electrode. A rectangular platinum foil was used as
a counter electrode and SCE as a reference electrode. A satu-
rated KCl solution was taken as a test solution in the polariza-
tion cell. The test solution was continuously stirred using
a magnetic stirrer to avoid concentration polarization. Time
RSC Adv., 2017, 7, 31252–31263 | 31253
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Table 1 Chemical compositions of the ordinary Portland cement (OPC) used for the study

Components

Chemical composition (mass%) Physical properties

SiO2 Al2O3 Fe2O3 CaO MgO SO3 LOI
Specic gravity
(g cm�3) Blaine (cm2 g�1)

OPC 21.96 5.27 3.44 63.41 2.13 1.96 0.79 3.16 3214
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View Article Online
intervals of 30–45 min were given for maintaining the equilib-
rium of the system, and the HCP was noted. Both anodic and
cathodic polarization curves were recorded potentiodynami-
cally using an ACM Instruments, UK. The corrosion kinetic
parameters such as Icorr, Ecorr, ba and bc were measured with
built-in soware. The potentiodynamic polarization condition
corresponds to a potential sweep rate of 1 mV s�1 and potential
range of �200 mV to +200 mV from the HCP. All the experi-
ments were carried out at a constant temperature of 30 � 5 �C.
2.3. Testing in various chloride concentrations

The Fb-Ag/AgCl and PPy–Ag/AgCl electrodes were calibrated in
aqueous NaCl solutions with different concentration of chloride
ions from 0.001 mole per L to 1.0 mole per L. The potentials
developed by both electrodes were measured with respect to
SCE. The pH of the test solution was observed as neutral.
Further, the response of the Fb-Ag/AgCl and PPy–Ag/AgCl elec-
trodes under alkaline environment was calibrated in synthetic
concrete pore solution (SCPS) contaminated with chloride ions
ranging from 0.001 mole per L to 1.0 mole per L.
2.4. Stability of Fb-Ag/AgCl and PPy–Ag/AgCl electrodes in
SCPS

2.4.1. Half-cell potential. The synthetic concrete pore
solution (SCPS) consists of 7.4 g of sodium hydroxide and 36.6 g
of potassium hydroxide per litre of saturated calcium hydroxide
solution. The pH of the solution was measured using a standard
portable ISTEK pHmeter (Model 76P) with a relative accuracy of
�0.001. The pH of the SCPS was 13.5. The potential stability of
the Fb-Ag/AgCl and PPy–Ag/AgCl electrodes was studied by
immersing the electrodes in SCPS representing a concrete
environment for an exposure period of 60 days. The HCP
developed by the Fb-Ag/AgCl and PPy–Ag/AgCl electrodes were
measured in SCPS with respect to SCE for an exposure period of
60 days.

The changes in the physical appearance of the Fb-Ag/AgCl
and PPy–Ag/AgCl electrodes were monitored every day.

2.4.2. X-ray diffraction studies (XRD) and SEM analysis.
Before and aer immersion in SCPS for an exposure period of 60
days the Fb-Ag/AgCl and PPy–Ag/AgCl electrodes were subjected
to XRD studies. A computer controlled XRD system (JEOL, JPX-
8030) with CuaK radiation (Ni lter ¼ 13 418 Å) in the range of
40 kV, 20 A was used for the recording of XRD patterns.

Scanning electron microscopy (SEM) images were obtained
using a Hitachi Model S-3000H at various magnications to
study the surface morphology of the Fb-Ag/AgCl and PPy–Ag/
31254 | RSC Adv., 2017, 7, 31252–31263
AgCl electrodes before and aer immersion in SCPS for the
period of 60 days.
2.5. Potential measurement in various solutions

The PPy–Ag/AgCl electrode was dipped in different solutions
such as distilled water and SCPS with various chloride
concentrations (0.25 mole per L, 0.50 mole per L and 1.0 mole
per L). The potential developed by this electrode was measured
with respect to SCE. The pH of the test solutions was varied
from 11 to 13.5. The potential values noted at different time
durations were plotted as a graph. The reversibility behavior of
PPy–Ag/AgCl electrode in low and high concentrations of chlo-
ride ion was also measured.
2.6. Electrochemical studies

The procedure mentioned in the Experimental section 2.2.2 was
followed for carrying electrochemical studies, and here the
working electrode taken was the PPy–Ag/AgCl electrode and the
electrolyte used was SCPS and SCPS with chloride ion concen-
trations of 0.25 mole per L, 0.50 mole per L and 1.0 mole per L.

The same three electrode setup was used for AC-impedance
measurement. The AC-impedance measurement for the PPy–
Ag/AgCl electrode was carried out using an ACM Instruments
(UK) eld machine with a frequency range of 30 kHz to 10 mHz
and an amplitude of 20 mV. Nyquist plots were recorded for all
the systems studied and are presented in graph form.
2.7. Evaluation of the PPy–Ag/AgCl electrode embedded in
concrete for chloride ion sensitivity

A concrete cube with dimensions of 150 mm � 150 mm � 150
mm was cast using a 1 : 1.80 : 3.696 mix ratio of cement : ne
aggregate : coarse aggregate containing a 0.55 water/cement
ratio. The chemical composition of ordinary Portland cement
(OPC) used is given in Table 1. Clean river sand passing through
a 2.36 mm sieve and falling under zone III with a specic gravity
2.60 was used as a ne aggregate. The coarse aggregates used
were crushed stone aggregates with a normal size of 19 mm and
a specic gravity of 2.6. The PPy–Ag/AgCl electrodes were
embedded in concrete at various depths of 5, 10, 20, 30 and 40
mm (Fig. 1) along with the MnO2 solid state reference electrode
(SSRE), which was embedded very close to the PPy–Ag/AgCl
electrode. Aer 24 h, the concrete specimens were demolded
and cured for 28 days in distilled water. Aer curing, the
concrete cubes were dried and all the four faces of the concrete
cubes were sealed with epoxy, except the top and bottom surface
for subjecting to the ow of chloride ions from the top surface,
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 PPy–Ag/AgCl electrodes embedded at various depths (5, 10, 20, 30, 40 mm) along with MnO2 in concrete exposed to 3% chloride
environment.
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as shown in Fig. 1a. The top surface of the cube was surrounded
with a PVC mold and glued to the sides of the concrete to
prevent solution leakage. Then 3% NaCl solution was poured
onto the top surface of the concrete and allowed to penetrate
over a period of 90 days at room temperature. In this process,
alternate wet and dry cycles were performed to accelerate the
corrosion process. One cycle consists of 3 days wetting in
chloride solution and 3 days drying in an open atmosphere at
room temperature. The potential readings were taken during
the 3rd day of wetting, aer wiping the solution out. The
experimental setup for carrying out the measurements is shown
in Fig. 1b.
3. Results and discussion
3.1. Properties of Ag/AgCl electrode

The Ag/AgCl electrodes prepared by sintering process were
rugged and electronically conductive. The polypyrrole solution
Fig. 2 Potential stability of the Fb-Ag/AgCl and PPy–Ag/AgCl elec-
trodes in saturated KCl solution.

This journal is © The Royal Society of Chemistry 2017
prepared makes a thixotropic slurry along with NMP and PVDF
and no trace of NMP was found aer drying at 80 � 10 �C.
3.2. Testing in sat. KCl

3.2.1. Half-cell potential measurement. The uniformity of
the electrode was assured by testing the stability of the PPy–Ag/
AgCl electrode in sat. KCl for an exposure period of 30 days with
respect to SCE and comparing it with Fb-Ag/AgCl. The potential
vs. time behavior of the Fb-Ag/AgCl and PPy–Ag/AgCl electrodes
is given in Fig. 2. From the gure, it was found that the average
HCP of Fb-Ag/AgCl and PPy–Ag/AgCl was �44.08 � 2 mV and
�46.04� 2 mV, respectively, over an exposure period of 30 days.
The potential difference between the Fb-Ag/AgCl and PPy–Ag/
AgCl electrodes was +2.04 � 2 mV. This is due to the low
resistance and improved adherence of the electrode/PPy contact
region.36–39 This minor potential difference will not make any
signicant change to the PPy–Ag/AgCl electrode properties.
From the gure, during the initial exposure period the potential
uctuation was observed owing to the incubation period for
stabilizing the potential of electrode or owing to the reactions
occurring at the Ag/AgCl/PPy/solution interface.
Fig. 3 Potentiodynamic polarization curves for the Fb-Ag/AgCl and
PPy–Ag/AgCl electrodes in saturated KCl solution.

RSC Adv., 2017, 7, 31252–31263 | 31255
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Table 2 Potentiodynamic polarization parameters for the Ag/AgCl and PPy coated electrodes in saturated KCl solution

System RP (mV) Ecorr (mV) ba (mV dec�1) bc (mV dec�1) Icorr (mA cm�2)

Ag/AgCl �44.03 �44.8 40 41 4.147
PPy coated Ag/AgCl �46.5 �46.4 40 42 4.126
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3.2.2. Potentiodynamic polarization studies. Fig. 3 shows
the potentiodynamic polarization curves for the Fb-Ag/AgCl and
PPy–Ag/AgCl electrodes in sat. KCl solution. The corrosion
kinetic parameters derived from the Tafel plots are presented in
Table 2. Here, as expected, the corrosion kinetic parameters for
both electrodes were observed to be similar. For example, the
Ecorr values of the Fb-Ag/AgCl and PPy–Ag/AgCl electrodes were
found to be �44.8 � 2 mV and �46.4 � 2 mV vs. SCE, respec-
tively. Similarly, the Icorr values of the Fb-Ag/AgCl and PPy–Ag/
AgCl electrodes were 4.147 and 4.126 mA cm�2, respectively. It
was concluded that the application of a thin PPy coating on the
Ag/AgCl electrode did not affect the electrochemical behavior of
the Ag/AgCl electrode.

From the HCP measurement and potentiodynamic polari-
zation studies, it was conrmed that PPy conducting polymers
has been used as the immobilizing polymer matrix,40,41 which
facilitates the transfer of charge between the electrode and the
active solution (sat. KCl).42
3.3. Testing in various chloride concentrations

Both the Fb-Ag/AgCl and PPy–Ag/AgCl electrodes were cali-
brated in different chloride concentrations to ensure the chlo-
ride sensing ability. The potentials measured with respect to
SCE are plotted against various chloride concentrations ranging
from 0.001 mole per L to 1.0 mole per L in Fig. 4. It was observed
from Fig. 4 that both the electrodes showed similar behavior
and different potentials were observed for different concentra-
tions. Further, the measured potential decreases with
increasing concentration of chloride. The chloride ion concen-
tration decreases with the increase in potential, indicating that
both the electrodes follow the Nernstian equation.
Fig. 4 Half-cell potential of the Fb-Ag/AgCl and PPy–Ag/AgCl elec-
trodes in various chloride concentrations.

31256 | RSC Adv., 2017, 7, 31252–31263
E ¼ Eo � 2:303RT

nF
log½Cl�� (2)

Furthermore, the Fb-Ag/AgCl and PPy–Ag/AgCl electrodes
calibrated in different chloride concentrations revealed a linear
response with a correlation coefficient of 0.99. Hence, the result
indicates that both electrodes have good sensitive behavior at
different chloride ion concentrations.

Fig. 5 shows the calibration of the Fb-Ag/AgCl and PPy–Ag/
AgCl electrodes under alkaline environment in synthetic
concrete pore solution contaminated with chloride ions ranging
from 0.001 mole per L to 1.0 mole per L. From the gure, it was
found that Fb-Ag/AgCl electrode potential shows a uniform
variation in the higher chloride concentration region (0.01 mole
per L to 1.0 mole per L), forming a linear curve t. At the same
time, in the low concentration region (0.001 to 0.01 mole per L)
Fb-Ag/AgCl electrode potential was slightly variable from the
linear curve, which may be due to the interference of OH�

ions,17 and this deviation could be attributed to the formation of
AgOH.15 On the other hand, the PPy–Ag/AgCl electrode showed
a uniform variation in potential at all the chloride ion concen-
trations. However, the potential value of the PPy–Ag/AgCl elec-
trode was slightly changed at lower concentrations of chloride
ions due to the higher concentration of OH� interference
during the measurement. This potential deviation is very low
when compared to the Fb-Ag/AgCl electrode. This minor devi-
ation is considered as a negligible change. Hence, the straight
line curve of the PPy–Ag/AgCl electrode is exhibited at all chlo-
ride ion concentrations in Fig. 5. Moreover, the PPy–Ag/AgCl
electrode showed a good linear response with a correlation
coefficient of 0.98. It is slightly higher than that of the Fb-Ag/
AgCl electrode (0.94). Hence, a PPy–Ag/AgCl electrode has
Fig. 5 Half-cell potential of the Fb-Ag/AgCl and PPy–Ag/AgCl elec-
trodes in SCPS containing various chloride concentrations.

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Stability of the Fb-AgCl and PPy–Ag/AgCl electrodes in SCPS.
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good sensible behavior and exhibits good Nernstian behavior in
the high alkaline environment with low and high concentra-
tions of chloride ions. Hence, the PPy electrode is stable in
alkaline medium.39,43
3.4. Stability of Fb-Ag/AgCl and PPy coated Ag/AgCl
electrodes in SCPS

3.4.1. HCP measurements. The electrochemical potential
stability of the Fb-Ag/AgCl and PPy–Ag/AgCl electrodes in SCPS
was monitored by HCP measurement method for the exposure
period of 60 days. Fig. 6 shows the potential–time behavior of
the Fb-Ag/AgCl and PPy–Ag/AgCl electrodes in SCPS. It was
observed from Fig. 6 that both the electrodes showed stable
potential (121 � 2 mV and 119 � 2 mV) at the initial exposure
period. Aer that the Fb-Ag/AgCl electrode does not display
stable potential and a larger deviation was noticed aer 17 days
of exposure. The potential of the Fb-Ag/AgCl electrode was
increasing and these deviations could be attributed to the
formation of AgOH on the Ag/AgCl electrode surface. Aer 45
days, the Fb-Ag/AgCl electrode showed a stable potential of +223
� 2 mV. This potential value could be attributed to the complete
formation of Ag2O on the Fb-Ag/AgCl electrode surface.44 The
AgCl surface is easily oxidized in alkaline environment and the
Fig. 7 Pourbaix diagram of silver (Ag) metal.

This journal is © The Royal Society of Chemistry 2017
AgCl reacts spontaneously with the OH� ions in the SCPS to
form AgOH and Ag2O at the AgCl surface/solution interface.
Based on this, the Pourbaix (potential vs. pH) diagram of the Ag
is schematically illustrated in Fig. 7.45 In addition, the Pourbaix
diagram is oen used as the possible representation of the
chemical and electrochemical reaction of Ag in alkaline solu-
tion.46,47 The probable chemical reaction of the Ag/AgCl elec-
trode in an alkaline medium is as follows.

AgCl + OH� / AgOH + Cl� (3)

2AgOH / Ag2O + H2O (4)

Hence, the above reaction conrmed the formation of Ag2O
at the AgCl surface/solution interface, so that the electrode
potential of the Fb-Ag/AgCl electrode was unstable in SCPS. For
our purpose, we need a stable Ag/AgCl electrode in alkaline
cement concrete for sensing the chloride ion concentration.
This necessitates the coating on the Ag/AgCl surface, especially
for application in concrete structures. On the other hand, the
PPy coated electrode developed a constant potential throughout
the exposure period of 60 days. This because the PPy coating
prevents the formation of Ag2O at the AgCl surface/solution
interface. Therefore, the OH� ions interference was reduced
in the PPy–Ag/AgCl electrode and then the electrochemical
behavior of the PPy coated electrode is more stable in alkaline
medium.39,43

The photographic images captured during this experiment
are given in Fig. 8. It can be clearly observed from Fig. 8 that
aer 19 days of exposure in SCPS the Fb-Ag/AgCl electrode has
changed to brown color owing to the formation of AgOH at the
AgCl/solution interface. The color change is also progressive
owing to the rate of reaction between AgCl and OH�. The
appearance of the black color aer 60 days of exposure in
alkaline solution may be due to the formation of Ag2O and
hence showed their mixed potential of Ag2O and AgCl in Fig. 6.
On the other hand, no color change was observed in the case of
the PPy–Ag/AgCl electrode aer 60 days of exposure in SCPS. It
Fig. 8 Images of Fb-Ag/AgCl and PPy–Ag/AgCl electrodes before and
after immersion in SCPS.
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Fig. 9 XRD pattern of Fb-Ag/AgCl (a) and PPy–Ag/AgCl (c) electrodes
before immersion in SCPS; Fb-Ag/AgCl (b) and PPy–Ag/AgCl (d)
electrodes after immersion in SCPS.
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is observed that the PPy–Ag/AgCl electrode in SCPS showed
stable potential (Fig. 6) even aer 60 days of exposure. This is
quite suited for our interest to assemble an embeddable PPy–
Fig. 10 SEM images for Fb-Ag/AgCl electrode before (a), after (b) and P

31258 | RSC Adv., 2017, 7, 31252–31263
Ag/AgCl electrode for sensing the chloride ion concentration in
concrete structures.

3.4.2. X-ray diffraction studies (XRD) and SEM analysis.
Fig. 9 shows the XRD patterns of the Fb-Ag/AgCl electrode and
the PPy–Ag/AgCl electrode before and aer exposure in SCPS for
60 days. Fig. 9a shows the XRD pattern of the Fb-Ag/AgCl elec-
trode with salient peaks and Fig. 9b shows the same Fb-Ag/AgCl
electrode aer immersion in SCPS further showing the peaks of
Ag2O formation. When the PPy–Ag/AgCl electrode was exposed
in SCPS, there was no appearance of peaks for Ag2O. This is
clearly indicated in Fig. 9d. Both Fig. 9c and d show similar
peaks owing to the presence of the PPy lm, which protected
AgCl from the formation of Ag2O. Fig. 9a and b indicate the Ag
and AgCl peaks (2q) at 38.3�, 44.6� and 64.8� and are attributed
to the (111), (200), and (311) reection planes, respectively, for
cubic Ag (JCPDS no. 65-2871). The clear AgCl peaks at 45.2�,
76.7� and 85.6� are attributed to (220), (420) and (422), respec-
tively, of the cubic phase of AgCl crystal (JCPDS no. 31-1238).
Fig. 9b shows the Fb-Ag/AgCl electrode that was exposed to the
SCPS (pH of 13.6). A signicant decrease in the intensity of
peaks was observed for Ag and AgCl to form new high intensity
peaks at 46.7�, 64.9� and 80.7� assigned to (211), (311) and (400),
respectively, of the cubic phase of Ag2O (JCPDS no. 76-1393).
This Ag2O formation is the reason for the change in the Fb-AgCl
Py–Ag/AgCl electrodes before (c), after (d) immersion in SCPS.

This journal is © The Royal Society of Chemistry 2017
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Fig. 11 Half-cell potential for PPy–Ag/AgCl electrode in distilled water
and various chloride concentrations of SCPS.

Table 3 Relationship between electrode potential and chloride
concentration in concrete environment

Potential range
(mV vs. SCE)

Chloride concentration
(mole per L) � 10�2

$120 � 10 mV 0 to 0.14
100 to 95 mV 0.28 to 0.56
95 to 90 mV 0.56 to 1.12
90 to 85 mV 1.12 to 1.68
85 to 80 mV 1.68 to 2.25
80 to 75 mV 2.25 to 2.81
75 to 60 mV 2.81 to 5.6
60 to 45 mV 5.6 to 14.0
45 to 25 mV 14.0 to 25.0
25 to 10 mV 25.0 to 50.0
10 to �10 mV 50.0 to 1.0
Below �10 mV Above 1.0

Fig. 12 Response time behavior of the PPy–Ag/AgCl electrode in low
and high concentrations of chloride.
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electrode potential in SCPS for the exposure period of 60 days
(Fig. 6). This result also conrmed that the PPy coating prevents
AgCl from the formation of Ag2O. Therefore, the PPy coated Ag/
AgCl electrodes are suitable for use as embeddable chloride
sensors in concrete structure.

Fig. 10 shows the SEM images of the Fb-Ag/AgCl and PPy–Ag/
AgCl electrodes before and aer exposure in an alkaline solu-
tion for 60 days. Fig. 10a and c show the SEM images of the Fb-Ag/
AgCl and PPy–Ag/AgCl electrodes, respectively, before immersion
in SCPS. Fig. 10a and c show the Fb-Ag/AgCl and PPy–Ag/AgCl
electrodes in which the surface morphology is not much
affected in both the images. The SEM image shown in Fig. 10b
clearly indicates the reactions occurring on the Fb-Ag/AgCl surface
(i.e. formation of Ag2O) when the Fb-Ag/AgCl electrode is exposed
to SCPS. Comparing the images Fig. 10a and b, a bigger particle
size crystal growth formation of Ag2O is clearly visible in Fig. 10b,
but it is well evidenced from Fig. 10d that there is no formation of
crystal growth when the PPy–Ag/AgCl electrode is exposed to
SCPS.

Therefore, the alkaline stable PPy–Ag/AgCl electrodes are
suitable for use as embeddable chloride sensors in a concrete
environment. Hence, further calibration and chloride sensing
tests were carried out with the PPy–Ag/AgCl electrode only.
3.5. Stability of PPy coated Ag/AgCl electrode in various test
solutions

Fig. 11 shows the potentiometric response of the PPy–Ag/AgCl
electrode in different test solutions such as distilled water,
chloride-free synthetic concrete pore solution (SCPS) and
chloride-contaminated synthetic concrete pore solution. The PPy–
Ag/AgCl electrode showed stable average potential values of 121.0
� 2 mV vs. SCE in distilled water and 119.5 � 2 mV vs. SCE in
SCPS. This potential difference between distilled water and SCPS
was 1.5 mV vs. SCE. Furthermore, there was no signicant change
in the electrode potential of the PPy–Ag/AgCl electrode. Therefore,
the PPy coating can prevent OH� ion interference when
measuring the potential of the PPy–Ag/AgCl electrode in SCPS.
Upon the addition of chloride ions (such as 0.25 mole per L, 0.50
This journal is © The Royal Society of Chemistry 2017
mole per L and 1.0 mole per L) in SCPS, the measured potential
values were 28.3 � 2 mV, 12.3 � 2 mV and �3.3 � 2 mV,
respectively. The relation between electrode potential and chlo-
ride concentration is given in Table 3. As noted earlier, the
potential values decrease with increasing chloride ion concen-
tration. This direct relationship enables us to use the PPy–Ag/AgCl
electrode for chloride sensing application in concrete structures.

Since the PPy–Ag/AgCl electrode exhibits excellent stability and
reversibility in SCPS and different chloride concentration solu-
tions, its response times with low and high concentration of
chloride are essential to validate the chloride ion sensing ability.

The response time graph of the PPy–Ag/AgCl electrode at
0.001 mole per L and 1.0 mole per L is given in Fig. 12. It was
observed from Fig. 12 that the time taken to reach a steady
potential value from 0.001 mole per L to 1.0 mole per L chloride
was 90 seconds; it is interesting to note that the rapid response
may be due to the high chloride ion concentration and the
presence of hydrophilic quaternary PPy48 for quick interaction
with chloride ions. The time taken to reach a steady potential
value is 360 seconds for the reverse (1.0 mole per L to 0.001 mole
per L) measurement. These results indicate that the
RSC Adv., 2017, 7, 31252–31263 | 31259
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Fig. 13 Potentiodynamic polarization curves for the PPy–Ag/AgCl
electrode in SCPS with various chloride concentrations.

Fig. 14 AC-impedance curves for the PPy coated Ag/AgCl electrode
in SCPS with various chloride concentrations.
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concentration of chloride ions was very low when compared to
OH� ions and the internal OH� ions accelerated the recovery
time but they do not inuence the chloride sensing properties.

3.6. Electrochemical behaviours of PPy–Ag/AgCl electrode

Fig. 13 shows the potentiodynamic polarization of the PPy–Ag/
AgCl electrode in SCPS with different chloride concentrations.
The corresponding corrosion kinetic parameters are given in
Table 4. The Ecorr value of the PPy–Ag/AgCl electrode was
103 mV vs. SCE in SCPS. In the presence of 0.25 mole per L, 0.50
mole per L and 1.0 mole per L of chloride, the Ecorr values of the
electrode were 26.08, 11.63 and �2.8 mV (vs. SCE), respectively.
The corrosion current density of the PPy coated Ag/AgCl elec-
trode was 0.1529 mA cm�2 in SCPS. Upon the addition of 0.25
mole per L, 0.50 mole per L and 1.0 mole per L of chloride, the
Icorr values observed were 0.3123, 0.4112 and 0.6277 mA cm�2,
respectively. The addition of chloride in SCPS increased the
corrosion current density of the PPy–Ag/AgCl electrode.

Fig. 14 shows the Nyquist curves for the PPy–Ag/AgCl elec-
trode in SCPS containing chloride ion concentrations of 0.25
mole per L, 0.50 mole per L and 1.0 mole per L. The impedance
parameters are given in Table 5. The Rct value of the PPy–Ag/
AgCl electrode was 11.81 U cm2. The Rct values noted were
9.152, 2.266 and 2.162 U cm2 in the presence of chloride at 0.25
mole per L, 0.50 mole per L and 1.0 mole per L, respectively. It
was also observed that the increase in chloride ion concentra-
tion decreases the charge transfer resistance (Rct) of the PPy–Ag/
AgCl electrode. The Cdl value of the PPy coated Ag/AgCl elec-
trode was 0.4033 � 10�1 F cm�2. In the presence of 0.25 mole
per L, 0.50 mole per L and 1.0 mole per L of chloride, the Cdl
Table 4 Potentiodynamic polarization parameters for the PPy–Ag/AgCl

Concentration
of Cl� (mole per L) Rp (mV) Ecorr (mV)

0 124 103
0.25 32 26.8
0.50 20 11.63
1.0 10 �2.82

31260 | RSC Adv., 2017, 7, 31252–31263
values observed are 0.58163�10�1, 1.6560�10�1 and
1.7410�10�1 F cm�2, respectively.
3.7. Standardization of PPy–Ag/AgCl electrode with respect
to MnO2

The PPy–Ag/AgCl electrode was calibrated with an MnO2 elec-
trode. The fabrication of the MnO2 solid state reference elec-
trode (SSRE) was discussed elsewhere.49 The stable potential
value of the MnO2 electrode was +206 � 6 mV in SCPS and
chloride contaminated SCPS.50 The potential of the PPy–Ag/AgCl
electrode with respect to MnO2 in SCPS containing low chloride
concentrations ranging from 0.001 to 0.01 mole per L was
measured and is plotted in Fig. 15a. The gure shows that there
was a signicant change in the potential observed with the
increasing chloride ion concentration in SCPS. Further, the
measured potential decreases from �106 mV to �153 mV with
increasing chloride ion concentration ranging from 0.001 to
0.01 mole per L in SCPS. In addition, the potential vs. high
chloride ion concentration ranging from 0.01 to 1.0 mole per L
is shown in Fig. 15b. Here also, the potential values decrease
from �174 mV to �213 mV with increasing chloride ion
concentrations ranging from 0.01 to 1.0 mole per L.

The PPy–Ag/AgCl electrode has a good linear relationship
between the potential and the logarithmic chloride ions activity
is termed as the Nernstian equation. Furthermore, the corre-
lation coefficient R2 values are 0.98 and 0.99 at low (0.001 to 0.01
mole per L) and high (0.01 to 1.0 mole per L) concentrations of
chloride ions in SCPS, respectively. However, a slight deviation
(R2 ¼ 0.98) from linearity is observed at low chloride ion
concentrations when compared with high chloride ion
concentrations. The slight deviation of potential is due to the
electrode in SCPS with various chloride concentrations

ba (mV dec�1) bc (mV dec�1) Icorr (mA cm�2)

55 104 0.1529
38 38.4 0.3124
51 55 0.4112
51 47 0.6277

This journal is © The Royal Society of Chemistry 2017
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Table 5 AC-impedance parameters for the PPy–Ag/AgCl electrode in SCPS with various chloride concentrations

SCPS containing various
Cl� concentrations (mole per L) Icorr (mA cm�2) Rs (U cm2) Rct (U cm2) Cdl (�10�1 F cm�2)

0 2.209 8.305 11.81 0.4033
0.25 2.850 6.433 9.152 0.5816
0.50 11.510 5.571 2.266 1.6560
1.0 12.071 3.396 2.162 1.7410

Fig. 15 Calibration of the PPy coated Ag/AgCl electrode with respect to MnO2 in SCPS containing low (a) and high (b) concentration of chloride
solution.
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OH� interference during the measurement. This minor devia-
tion is considered as a negligible change. Hence, a straight line
curve for the PPy–Ag/AgCl electrode was exhibited at all chloride
ion concentrations in Fig. 15a and b. From this study, it is
inferred that the PPy–Ag/AgCl electrode has a stable potential
and is suitable for application in long-term chloride ion moni-
toring of civil infrastructures.
3.8. Evaluation of PPy–Ag/AgCl electrode embedded in
concrete

Fig. 16 shows the chloride migration prole of the PPy–Ag/AgCl
electrode embedded at 5, 10, 20, 30 and 40 mm depths of
concrete. The potentials vary with increasing depth. The impact
of the free Cl� ions concentration at lower depth (5 and 10 mm)
Fig. 16 Potential (against MnO2) vs. time behavior of the PPy coated
Ag/AgCl electrode exposed at various depths.

This journal is © The Royal Society of Chemistry 2017
is greater than at the higher depth of concrete (20 mm to 40
mm). This is because initially the concrete is dry and porous in
nature, which allows more chloride ions to penetrate through
the pores of the concrete. The chloride penetration at 5 and 10
mm depth is rapid during the rst 5 days, showing the increase
in potential, and aer that the potential decreases; aer 17th day
the potential increases again and it reached the maximum at
the 30th day. The decrease in potential may be owing to the
complexation of chlorides with the cement hydration products,
leading to the formation of Friedel's salt,51 which caused
a decrease in the free chloride content.
4. Conclusions

The following conclusions were drawn from the above study:
� A solid state alkaline chloride electrode was prepared and

fabricated for chloride sensing application in concrete
infrastructure.

� The presence of the conducting polymer prevented the
formation of Ag2O in the PPy–Ag/AgCl electrode, which is
comparable with the Fb-Ag/AgCl electrode and has good alka-
line stability.

� In addition to alkaline stability, the chloride sensing
capability of PPy–Ag/AgCl electrode was conrmed by HCP and
polarization studies. It illustrates that the PPy coating did not
affect the electrochemical behavior of the Ag/AgCl electrode.

� The PPy–Ag/AgCl electrode possesses a rapid, reversible
characterization in chloride solution. For example, from 0.001
to 1.0 mole per L of chloride the time taken to reach the steady
state potential is 90 s, and the same is 360 seconds for the
RSC Adv., 2017, 7, 31252–31263 | 31261
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reverse measurements (from high concentration to low
concentration of chloride ions).

� The HCP of the PPy–Ag/AgCl electrode was 120 mV vs. SCE.
The electrode clearly distinguished the difference in chloride
ion concentrations ranging from 0.001 to 1.0 mole per L
per ppm and thereby the electrode has an excellent chloride
sensing ability.

� Further calibration of the PPy–Ag/AgCl electrode was
evaluated with respect to MnO2 under various depths in chlo-
ride contaminated concrete and the results showed that the PPy
coated electrode has excellent chloride sensing ability.

� The data collected from the above tests reveal that the
fabricated electrode is more stable in an alkaline medium and
can be used as a chloride monitoring sensor in civil
infrastructures.
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