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ABSTRACT

Corrosion of the steel reinforcement is one of the most widespread degradation mechanisms
in reinforced concrete structures. In addition to loss in serviceability and structural damage,
corrosion costs constitute a major part of the costs of the infrastructure. To tackle this issue,
maintenance and repair of structures should be performed at early ages; this requires
information on pH and chloride content of the concrete pore solution and on the corrosion
state of the steel. Potentiometric measurements between pH or chloride sensors and a
reference electrode are the basis for this, but accurate potential measurements are difficult
because reference electrodes to be embedded in concrete are affected by changes in pH and
chloride concentration. In addition, while chloride sensors (e.g. Ag/AgCl ion-selective
electrodes) are state of the art, a long-term stable pH sensor to be embedded in concrete is

not available.

In this thesis, an electrode system to be embedded in concrete, composed of several chloride
sensors (Ag/AgCl ISEs) and pH sensors (Iridium/Iridium oxide (IrOy) electrodes) has been
developed and tested. The results showed that Ag/AgCl ISEs and IrOy electrodes allow
monitoring the chloride concentration and the pH respectively in concrete in-situ over time.
This is only possible when the measured sensors potentials are corrected for diffusion
potentials arising between the sensors and the reference electrode due to gradients in chloride
concentration and/or pH. For this task, an algorithm has been developed. Additionally, when
applying the correction for the diffusion potentials, the sensors can be used as reference

electrodes.

The new pH sensors operate reliably in a pH range of 9 to 13.5 with an accuracy of + 0.5 pH
units, in this work up to ca. 2 years in alkaline solutions and 6 months in concrete. The sensors
allowed for the first time to follow carbonation (4% CO,, 65% RH) of mortar samples made of
Ordinary Portland Cement (w/c 0.5). It was found that the pH of the pore solution first
decreases to about 12.5 (region of the Ca(OH), buffer), remains constant at that pH for a long
time and drops rapidly to about pH 9 afterwards. Whereas the time to reach pH 9 coincides
with the usual tests of the carbonation front with indicators sprayed on the freshly split concrete
surface, the time to reach the “early carbonation front” of pH 12.5 is reached about 3 times

faster.



The possibility to continuously monitor pH (and chloride concentration) in the concrete pore
solution is a result of high scientific relevance that has implications in corrosion of steel in
concrete. Scientifically, the kinetics of carbonation can now be studied in detail because
information about the pH of the pore solution can be obtained continuously and non-
destructively. This will also allow studying the carbonation of new blended cements with a
reduced clinker content. It is expected that the time during which the pH remains constant at
ca. 12.5 can be related to the buffer capacity of concrete. A drop of the pH to 12.5 in “un-
carbonated” concrete has severe implications on chloride induced corrosion: a pH decrease
from 13.5 to 12.5 at the reinforcement means that the chloride threshold to induce pitting
corrosion is about ten times lower. This could not be verified so far because on site
investigations only provide the chloride content but not the pH — and laboratory tests usually
are too short to reach significant carbonation. It might be that one of the causes of the wide
scatter in the “critical chloride content” could be the variable pH at the reinforcement level that

was not measured.



ZUSAMMENFASSUNG

Die Korrosion der Stahlbewehrung ist einer der hé&ufigsten Schadensmechanismen von
bewehrten Betonbauten. Neben einer abnehmenden Gebrauchstauglichkeit und den
entstehenden Schaden an der Konstruktion fihrt Korrosion zu groBen Kosten in der
Infrastruktur. Um diesem Problem entgegen zu wirken, sollte die Planung von Instandhaltung
und —setzung auf Informationen zum pH-Wert und zum Chloridgehalt der Porenlésung im
Beton und zum Korrosionszustand des Stahls beruhen. Die Grundlage dazu sind
potentiometrische Messungen zwischen pH- bzw. Chloridsensoren und einer
Referenzelekirode. Exakte Messungen sind jedoch schwierig, da die Referenzelekiroden
ebenfalls einbetoniert sind und deshalb von Aenderungen des pH-Werts und des
Chloridgehalts beeinflusst werden. Hinzu kommt, dass zwar Chloridsensoren (z.B. Ag/AgCI
ionenselektive Elektroden) Stand der Technik sind, aber zur Zeit keine langzeitstabilen pH-

Sensoren zur Anwendung im Beton existieren.

Im Zuge dieser Doktorarbeit wurde ein Elektrodensystem, bestehend aus verschiedenen pH-
Sensoren (Iridium/Iridium oxide (IrOx) und Chloridsensoren (Ag/AgCl ISEs), zur Anwendung
in Beton entwickelt und getestet. Die Ergebnisse zeigen, dass die hier verwendeten Sensoren
es ermoglichen, den Chloridgehalt bzw. den pH-Wert im Beton Uber die Zeit zu messen. Dies
ist nur méglich wenn die an den Sensoren gemessenen Potentiale um die zwischen der
Referenzelekirode und den Sensoren auftretenden Diffusionspotentiale, entstehend aufgrund
des unterschiedlichen Chloridgehalts und/oder pH-Werts, korrigiert werden. Zu diesem Zweck
wurde ein iterativer Algorithmus entwickelt. Eine wichtige Folgerung ist, dass
potentiometrischen Messungen ohne Korrektur des Diffusionspotentials zu fehlerhaften
Ergebnissen fihren wirden. Des Weiteren kénnen durch die vorgenommene Korrektur die

Sensoren als Referenzelektroden genutzt werden.

Die neuen pH-Sensoren funktionieren zuverlassig in einem pH-Bereich von 9 bis 13.5 mit
einer Genauigkeit von + 0.5. Dies wurde in der vorliegenden Doktorarbeit liber 2 Jahre in
alkalischen Lésungen und 6 Monate in Beton getestet. Die eingebauten Sensoren erlaubten
erstmals die Kinetik der Karbonatisierung (4% CO,, 65% RH) von Mbrtelproben aus
herkdmmlichen Portlandzement (w/z 0.5) zu erfassen. Dabei zeigte sich, dass der pH-Wert in
der Porenlésungen des Betons zunéachst auf etwa 12.5 (im Bereich des Ca(OH), Puffers)
absinkt, dann fir l&angere Zeit konstant auf diesem pH-Niveau bleibt, um anschlieBend stark

abzufallen auf ca. pH 9. Die gemessene Zeit um einen pH-Wert von etwa 9 zu erreichen



stimmt Uberein mit den Ublichen Tests flur die Karbonatisierungstiefe, bei denen
Indikatorenldsungen direkt auf die Oberflache von frisch gespaltenem Beton appliziert
werden. Ein pH Wert von 12.5 (“frihe Karbonatisierung”) wurde ungeféhr 3-mal schneller

erreicht.

Die Madéglichkeit, den pH-Wert (und den Chloridgehalt) in Porenlésungen von Beton
kontinuierlich Gberwachen zu kénnen, ist von groBer wissenschaftlicher Relevanz und hat
auch Auswirkungen auf die Korrosion der Bewehrung in Beton. Fur die Forschung bedeutet
dies, dass der Karbonatisierungprozess jetzt genauer untersucht werden kann, da die bis dato
immer fehlende Information Gber den pH-Wert der Porenlésung nun kontinuierlich und ohne
destruktiven Eingriff verfugbar ist. Das erlaubt es nun insbesondere die Karbonatisierung von
Beton mit neuen Zementmischungen mit reduziertem Klinkeranteil zu untersuchen. Es wird
erwartet, dass die Verweildauer bei etwa pH-Wert 12.5 mit dem der Pufferkapazitat des
Zements korreliert. Der Abfall des pH-Werts auf 12.5 in ,unkarbonatisiertem® Beton hat grosse
Auswirkungen auf die chlorid-induzierte Korrosion: eine pH-Wert Reduktion von 13.5 auf 12.5
unmittelbar an der Stahlbewehrung bedeutet, dass der tolerierbare Chloridgehalt, um
Lochfrasskorrosion auszuldsen, etwa 10-mal geringer ist. Dies konnte bisher nicht
nachgewiesen werden, da Untersuchungen auf der Baustelle nur den Chloridgehalt, nicht
aber den pH-Wert messen konnten — in Labortests hingegen ist der Untersuchungszeitraum
meist zu kurz, um signifikante Karbonatisierung zu erreichen. Moglicherweise ist diese
Variation des pH Wertes an der Bewehrung einer der Griinde flr die grosse Streuung des

,Kritischen Chloridgehalts“ im Stahlbeton®.

Vi
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Sensor system embedded in mortar exposed to chloride and CO, ingress



SYMBOLS AND ABBREVIATIONS

Symbol Meaning dimLclaSnusail(I)ns
a Activity -
Ag/AgClisat.KCI  Silver/silver chloride/saturated potassium chloride (reference electrode)
ca. +199 mV vs. standard hydrogen electrode
C-S-H Calcium silicate hydrates
CH Portlandite
E Electrochemical potential Vv
E° Standard electrode potential Vv
Eo Electrode equilibrium potential Vv
Ecor Corrosion potential \
ESEM Environmental scanning electron microscopy
F Faraday constant 96 485 C-mol”
/ Current A
i Current density A-m®
icorr Corrosion current density (corrosion rate) A-m?
ISE lon-selective-electrode
Kij Selectivity coefficient -
Ksp Solubility product -
OCP Open Circuit Potential
OPC Ordinary Portland Cement
R Molar gas constant 8.314 J-mol K™
RE Reference electrode
RH Relative humidity %
SCE Saturated Calomel Electrode (reference electrode)
ca. +244 mV vs. standard hydrogen electrode
SEM Scanning electron microscopy
SHE Standard Hydrogen Electrode
SCMs Supplementary Cementicios Materials
T Temperature K
u lonic mobility cm®V's™
w/c Water-to-cement ratio -
WE Working electrode




1 INTRODUCTION

Reinforced concrete is one of the most common materials used in civil engineering worldwide.
It is used in the construction of transportation structures, e.g., bridges, tunnels, parking
garages, etc., and in many public and private buildings. The main benefits of this material are
the wide availability of the raw materials required for its fabrication, the relative low costs
compared to other materials (e.g., metals), and the overall good durability of the built

structures.

Reinforced concrete structures are subjected to many degradation processes. Among them,
corrosion of the reinforcing steel is considered as the major cause of degradation of concrete
structures in many parts of the world [1]. Owing to the high alkalinity provided by the cement
hydration products (pH 12.5-13.5), steel reinforcement is protected from corrosion by an oxide
layer, i.e., the passive film, formed on its surface. However, this passive layer can become
unstable due to the carbonation of the cement paste or in the presence of chlorides.
Carbonation is the reaction of the alkaline constituents in the concrete pore solution with
carbon dioxide from the environment, which leads to a decrease of the alkalinity of the
concrete. Chlorides may be present in the raw materials, e.g., chloride-contaminated cement
or when using sea-dredged aggregates, or they can penetrate at later stages when the
structure is exposed to chloride-bearing environments, such as seawater or deicing salts. Both
processes can lead to the breakdown of the passive layer and result in corrosion initiation.
Corrosion of the steel reinforcement leads to the loss of rebar cross section and to a decrease
in the load-bearing capacity of the structure and in many cases, in spalling of the concrete

cover. This will affect both serviceability and safety of the structure.

In addition to the structural damage, dealing with corrosion is very costly and has a major
impact on the economies of industrial countries. At present, inspection and maintenance costs
of reinforced concrete structures have grown to such extent that they constitute a major part
of the costs of the infrastructure [2, 3], e.g., traffic delay costs due to inspection and
maintenance of concrete infrastructures have been estimated to be between 15 and 40% of
the construction costs [2]. In fact, the annual costs related to corrosion constitute a significant
part of the gross national product in the OECD (Organization for Economic Cooperation and
Development) countries. For example, cost of corrosion was estimated to ca. 3% of U.S. Gross
Domestic Product (GDP) in 1998 [4]. That year, approximately 15% of the existing bridges

were found structurally deficient, primarily due to corrosion of steel reinforcement, resulting in



a rehabilitation cost for bridge decks of $3.2 billion [4]. In 2013, the global cost of corrosion
was estimated to be 3.4% of the global GDP. In Switzerland, the annual costs for repair and
maintenance of the national highway system increased from ca. SFr. 250 in 1995 to ca. 770
millions in 2010 [5]; form these costs, corrosion of the reinforcing steel is a significant

contributor [6].

Corrosion detection methods are usually based on routine visual inspections of structures [3,
7]. This approach usually allows identifying the location where damage takes place, but not
necessarily at the right time, i.e., corrosion is usually detected when a significant amount of
damage has developed and the costs of repair are high [3, 8]. It is estimated that savings
between 15 and 35% of the corrosion cost could be obtained if good and appropriate practice
maintenance are applied at early ages [8]. Damage detection at early ages would allow, for
example, optimization of concrete repairs, scheduling of building inspections and maintenance
programs, and the minimization of traffic delays. Additionally, maintaining structural safety

would be significantly improved.

Monitoring systems based on embedded sensors are the basis for early detection of corrosion.
This approach allows obtaining continuous information at certain specific locations in a non-
destructive manner, providing advance warning for corrosion. In this context, sensors to
monitor pH and chloride concentration of the pore solution are especially important, as the
(invisible) ingress of aggressive substances can be continuously monitored and the risk of
corrosion initiation determined. With this information, remedial actions can be taken well
before damage appears and corrosion onset can be delayed [3]. Additionally, the data
obtained could also be used as input for service life prediction models, resulting in a further

improvement of corrosion prediction and protocols for the condition assessment of structures.

Many of the current corrosion monitoring techniques are based on the measurement of the
electrochemical potential of the reinforcing steel in concrete compared to that of a reference
electrode. Thus, various attempts to develop embeddable reference electrodes for concrete
have been made. Some of these approaches provided satisfactory results for certain
applications but most of the existing electrodes exhibit potential drifts, derived from changes
in chloride concentration and pH, to the extent that even relatively tolerant applications (e.g.
monitoring steel potential) may be impaired under certain conditions [9]. Sensors to monitor
chlorides and pH in concrete have also been developed. Most of the current methods are

based on a potentiometric measurement, where stability requirements for the reference



potential are particularly high and must be satisfied over long periods of time, e.g. at least for
several decades, as the processes leading to corrosion initiation are slow. At present, no
embeddable reference electrode exists that fulfills the desired stability criteria that allow the

application of these sensors in the field.

This thesis contributes to developing long-term stable sensors to be embedded in concrete.
Based on the obtained results, an electrode system based on several embedded pH and
chloride sensors is proposed. An algorithm is developed that allows obtaining reliable long-
term electrode potential response, together with pH and chloride profiles over time. The
application of the proposed electrode system is expected to improve many aspects related to
durability of reinforced concrete. In particular, this electrode system improved corrosion

monitoring and allowed obtaining a better inside on the mechanism of carbonation.



2 OBJECTIVES

The main objective of this thesis is to develop an embeddable electrode system that is able to
provide a long-term stable reference potential and to accurately monitor changes in pH and

chloride concentration in reinforced concrete structures.

2.1 Long—term stable embeddable reference electrode system

The current embeddable reference electrodes for field use have been proven to be accurate
on the long-term only when the pH and the chloride concentration remain relatively constant.
When the pore solution composition changes, potential drifts that are difficult to recognize
occur, mainly due to diffusion potentials. This leads to measurement errors that impair the
correct interpretation of the results obtained, for example, with potentiometric sensors.

The present project aims at developing an embeddable reference electrode system that is
able to provide a long-term stable reference potential in concrete, even if the pH or the chloride
concentration are changing. The proposed solution is based on the combination of chloride
and pH sensors embedded at different depths. The potential measurement between the
different sensors allows identifying changes in chloride concentrations and pH at the different
locations. As a result, the diffusion potentials established between the electrodes can be

calculated and the electrode potential can be correctly evaluated. This requires an algorithm.

2.2 Monitoring free chloride concentration of the concrete pore solution
To detect changes in the chloride content in concrete, reliable chloride sensors are needed.
Ag/AgCl ion-selective electrodes (ISEs), i.e., electrodes that exhibit a potential response as a
function of the activity of chloride ions, are already used in-situ. However, it is not known how
the presence of interfering species (e.g. sulfides, hydroxides) or the concrete alkaline

environment in absence of chlorides affect the sensor response.

This work aims at improving the understanding of chloride ion-selective electrodes when
embedded in concrete. This involves the identification and evaluation of the main error
sources, such as the long-term stability in alkaline environments and the sensitivity to

interfering ions that may be present in concrete and in chloride-bearing environments.



2.3 Monitoring pH of the concrete pore solution

The reference electrode potential may be affected by changes in pH. However, a non-
destructive method for monitoring the pH of the pore solution does not yet exist. To tackle this
issue, thermally oxidized iridium (IrOy) electrodes are produced in this work. These electrodes
shall be prepared and used as pH sensors embedded in concrete. To achieve this aim, the
production protocol, conditioning, and potential response of these electrodes in alkaline
solutions of different pH is studied. Additionally, the pH of the pore solution shall be monitored

during exposure of the cement paste to CO, ingress(carbonation).



3 THEORETICAL BACKGROUND

3.1 Concrete

Concrete is a material composed of aggregates (sand and gravel) and the reaction product of
cement and mixing water, i.e., the cement paste. Additionally, reinforcing steel bars are usually
embedded in concrete in order to improve the mechanical properties of the material, e.g., the

tensile strength and ductility.

The reaction between cement and water is termed cement hydration and it leads to the
transformation of the initially fluid cement paste into a solid, which gains strength over time.
The transformation from fluid to solid is known as setting, whereas the subsequent strength
gain is known as hardening. The nature of the porosity (see sections 3.1.3 and 3.1.4) and
composition of the cement paste determine most of the properties of the hardened concrete

and thus, the durability and performance of the material.

3.1.1 Cement hydration

Cements are finely ground inorganic powders that set and develop strength by reacting with
water. The main cement used in civil engineering is known as Ordinary Portland Cement
(OPC) [10, 11].

The chemical composition of Portland cement is complex, and it consists of various oxides
[10, 11]. The four main phases of the clinker are tricalcium silicate, 3Ca0-SiO, (C3S in cement
notation); dicalcium silicate, 2Ca0-SiO, (C.S in cement notation); tricalcium aluminate,
3Ca0-Al,O3 (C3A in cement notation); and tetracalcium ferroaluminate, 4Ca0-Al,OzFe,03
(C4AF in cement notation). Other components, such as sodium and potassium oxides, are
present in small and variable amounts. Additionally, calcium sulfate (usually in the form of
gypsum, CaS0,4-2H,0, CSH, in cement notation) is added to control the rate of hydration of

the aluminate phases.

Hydration of the calcium silicate phases leads to two products: calcium hydroxide (also known
as portlandite, denoted CH in cement notation), and calcium silicate hydrate (C—S-H in
cement notation). Portlandite occupies 20-25% of the volume of solids of fully hydrated
Portland cement paste and it does not contribute significantly to the strength, but its presence
is very important because it contributes, together with NaOH and KOH, to the high pH of the

pore solution, e.g., in the rage of pH 13-14 [10-15]. Portlandite is additionally the main source



of the alkali reservoir at pH=12.5. C—S—H is an amorphous gel-like substance with variable
chemical composition. It is the phase with the highest contribution to the strength development
[10, 11]. Hydration of the aluminate phases in the presence of gypsum leads to two broad
classes of products [10, 11]: Aft, that denotes the family of minerals referred to as aluminate
ferrite tri-sulfate; and AFm, that denotes the family of minerals referred to as aluminate ferrite

monosulfate.

3.1.2 Blended cements

Blended cements are obtained by blending Portland cement with particular mineral
admixtures. As a result, the CO, emissions associated with the production of Portland cement
can be significantly decreased [16, 17]. The most common mineral admixtures, also called

supplementary cementitious materials (SCMs), currently used are [10, 11]:

e Pozzolanic Materials: they can be either natural, like pozzolana, or artificial, like fly ash
and silica fume. They are mainly glassy siliceous materials that may contain aluminous
compounds and a low amount of lime (calcium hydroxide). The reaction between
pozzolanic materials, calcium hydroxide (provided mainly by the hydration of Portland
cement), and water is known as the pozzolanic reaction and the main product of this
reaction is C—S—H. The result is a material with a lower content of calcium hydroxide
and a higher amount of C—-S—H, compared to OPC. In addition, pozzolanic additions

usually provide a denser cement microstructure with smaller pore sizes;

e Ground Granulated Blast Furnace Slag (GGBFS): it is a byproduct of the production
of iron. Like Portland cement, it is composed of lime, silica, and alumina, although in
different proportions compared to OPC. This admixture acquires hydraulic properties

if it is quenched. Its presence refines the pore structure of the cement paste;

e Limestone: it is obtained from the fine grinding of limestone and it contains a high
amount of calcium carbonate CaCOs. It has a filler effect when used in cement,
especially when finely ground, e.g., particles smaller than cement grains. Its reactivity

is very limited.



Cement paste obtained with addition of these mineral admixtures differs considerably from
pastes with Ordinary Portland Cement. These admixtures usually lead to a denser paste

microstructure and lower alkalinity (see section 3.3.5) [10, 11].

Classification
According to the European standard EN 197-1 [18], the following cement types can be
distinguished:

e CEM | (Portland cement): it contains at least 95% of Portland clinker;

e CEM Il (Portland-composite cements): it contains additions up to 35% of another

constituent (GGBFS, pozzolanic materials, limestone, etc.);

e CEM Il (blast furnace cement): it contains 36—95% of blast furnace slag;

e CEM IV (pozzolanic cement): it contains 11-55% of pozzolanic materials;

e CEM V (composite cement): it contains simultaneous addition of slag (18-50 %) and

pozzolanic materials (18—50 %).

Other types of Cement
Other types of cement than those described above also exist for special uses. These are, for
instance: low heat cements, calcium aluminate cements, sulfate-resisting cements, expansive

cements, quick setting cements, white or coloured cements, etc. [11].

3.1.3 Pore structure

The cement paste formed by the hydration reactions contains interconnected pores of different
sizes [11, 19]. The volume of hydrates is lower than the cumulated volume of cement and
water (chemical shrinkage); this difference in volume leads to the formation of pores. Upon
mixing of cement and water, water fills the space between cement particles but as hydration
proceeds, hydration products fill this space, reducing the volume of pores and their

connectivity.

Depending on the size, pores can be divided into gel, capillary, and macro pores [11, 19]. Gel
pores correspond to the interlayer spacing within C—S—H and they are a few nanometers in
size. Capillary pores correspond to the volume fraction of cement paste filled with excess
water that can evaporate upon contact of the concrete with the atmosphere. The size of the
capillary pores ranges from ca. 10 nm to a few ym and it mainly depends on the water-to-
cement ratio (w/c) and the degree of hydration. Macro pores usually correspond to entrapped

air bubbles or voids originating from incomplete compaction during concrete mixing and



casting. The dimensions of these pores can be up to a few millimeters in size. Additionally,
cracks are also likely to be present in concrete structures, for example, owing to static or
dynamic loads; as the result of thermal gradients during the hardening stage; due to drying or

autogeneous shrinkage, etc.

Finally, it should be noted that the porosity of cement paste may differ from one concrete to
another. One of the reasons for that is the variation in cement paste properties between bulk
paste and the zone adjacent to the aggregates, i.e., the interfacial transition zone [20], or at

the interface between reinforcing steel and cement paste [21, 22].

3.1.4 Durability aspects
Gases (e.g. CO,) and liquids (e.g. water, in which various ions can be dissolved) can ingress
through the pores of concrete. In this context, the permeability of concrete can be defined as

the extent to which transport of liquids and gases occur.

It is believed that gel pores do not contribute significantly to transport processes. In contrast,
permeability increases markedly and non-linearly with an increase in the number of capillary
pores and their connectivity, since the transport of aggressive agents becomes facilitated [19,
23]. As the capillary pore system loses its connectivity, the rate of transport becomes more

limited, as it is more controlled by the small gel pores.

In this context, the denser microstructure provided by blended cements [10] compared to
Ordinary Portland Cement may be beneficial for durability aspects, such as the ingress of

aggressive agents that lead to corrosion initiation (see 3.3.6 sections and 3.3.10).

3.2 Electrochemical aspects of electrodes

3.2.1 Electrode potential

When an electrode, i.e., a material (not necessarily metallic) through which current can flow
or on which an electrochemical reaction can take place, is immersed in an electrolyte, i.e., a
solution which contains dissolved ions, a phase boundary at the electrode-electrolyte interface
forms. An electrical double layer is then formed between the electrons in the electrode and
the ions in the electrolyte. This charge separation gives rise to an electric potential difference
across the double layer, called electrode potential E, which can be measured versus a

reference electrode (section 3.2.7).



It is often the case that an electrochemical reaction is associated with the process described
above, i.e., the species that constitute the electrode undergo either an oxidation or a reduction
reaction, termed half-cell reaction. As an example, the two possible half-cell reactions for a

metal Me (electrode) can be written as:

e Oxidation reaction: loss of electrons or increase in the oxidation state:
Me > Me*" + ze’ (1)

e Reduction reaction: gain of electrons or decrease in the oxidation state:
Me** + ze” > Me 2)

At standard conditions (temperature of 25°C, pressure of 1 bar, and concentration of 1
mol-L" of species involved in the half-cell reaction, i.e., Me** in the example), the electrode
potential is termed standard electrode potential and it is usually designated by E°. The series

of standard potentials can be found in literature [24, 25].

For other conditions, the electrode potential and can be calculated with the Nernst equation:

E=E0 4%y fox 3)
ZF  Qred

where R is the gas constant (8.314 J-mol™-K"), T is the temperature (K), F is the faraday
constant (96.485-10° C-mol™), a, is the activity of the oxidized species (species that increase
the oxidation state), and a,.q4 is the activity of the reduced species (species that reduce the

oxidation state).

3.2.2 Pourbaix diagram

The pH is an important variable of aqueous solutions, since hydrogen or hydroxide ions are
involved in many electrochemical reactions of metals. On this basis, the Pourbaix diagram is
a graphical representation of the thermodynamically stable compounds of a metal immersed
in an aqueous solution as a function of the electrode potential, pH, and concentration of metal

ions in the electrolyte.
Pourbaix diagrams can be found for many aqueous electrochemical systems in the literature.

Fig. 1 shows the Pourbaix diagram for the case of iron in water (for iron concentration of 10
mol-L™" and 25°C) [26].
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Fig. 1 Pourbaix diagram for iron in water (for iron concentration of 10° mol-L™ and 25°C). In this case, only Fe,

Fez04, Fe;0s are considered as solid products. After [26].

The dashed red lines in Fig. 1 represent the hydrogen and oxygen electrodes. Between these
lines, water is stable (region of natural environments) and it partially dissociates into H" and
OH'. Above the oxygen electrode line, O, evolution takes place. Below the hydrogen electrode

line, H, evolution takes place. These reactions and the corresponding Nernst equation are:

Hydrogen electrode:
Ho+ H0 = 2H" + 2¢” (4)
Ey,/u+ (mV vs.SCE) = —0.244 — 0.059pH (5)

Oxygen electrode:
40H > O, + 2H,0 + 4¢ (6)
Eon-/0,(mV vs.SCE) = 1.026 — 0.059pH (7)

From Fig. 1, it can be seen that at potential values below ca. -0.9 V vs. SCE, iron is in a
condition of immunity, whereas at potentials above this value, iron has the tendency to oxidize
(anodic reaction). For the potential values comprised within the hydrogen and oxygen

electrode lines, i.e., potential range when water is stable, iron oxidizes; thus, when immersed
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in water, steel will dissolve (in acidic/neutral conditions) or form iron oxides (in alkaline

conditions).

3.2.3 Electrode kinetics

In practice, it is useful to know in which circumstances a thermodynamically possible reaction
is feasible and at which rate it takes place. The reaction velocity is usually expressed as the
reaction electrical current I per unit of area, i.e., the current density i (considered positive for

oxidation reactions and negative for reduction reactions).

The reaction kinetics are usually studied with the potential-current density relationship
(polarization curve) or with the potential-logarithm of current density relationship (Evans

diagram).

Polarization curve

In this case, the electrode potential E is plotted versus the current density i. The intercept of
this curve is at the equilibrium potential (or reversible potential) Ey, i.e., the potential at which
the rate of the oxidation and reduction reactions are equal, resulting in a net zero-current
density associated with the electrode. Fig. 2 shows a schematic representation of a
polarization curve (red line) of a metal; obtained as the sum of the individual oxidation and

reduction reactions curves (black lines).

Me 2> Me# + ze-

Me#* + ze- 2> Me

I

Fig. 2 Schematic representation of a polarization curve of a metal with the indicated equilibrium potential &,. The
polarization curve (red line) is the sum of the individual curves corresponding to the oxidation and reduction

reactions (black lines).
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Evans diagram
In the Evans diagram, the electrode potential E is plotted versus logli|. Fig. 3 shows a

schematic representation of an Evans diagram of a metal.

E01 iO

Fig. 3 Schematic representation of an Evans diagram of a metal

In this plot, two straight lines can be differentiated, each one corresponding to the oxidation
and reduction reactions of the metal. The slope of the oxidation and reduction lines is termed
Tafel slope, and it may be different for the two reactions. The point of intersection of the
respective oxidation and reduction lines corresponds to the equilibrium potential E; and the

value of current density at which these lines intersect is called the exchange current density

io.

Mixed potential

An electrochemical cell is composed of at least one cathode (where a reduction reaction takes
place) and at least one anode (where an oxidation reaction takes place). The cell potential
AU is then calculated as the difference between the equilibrium potentials Ef,‘“ode and

Eg§3thode of the anodic and cathodic reactions respectively:

AUcell — Egnode _ Egathode (8)

Based on the laws of thermodynamics, two situations are possible [24, 27, 28]:
o When AU = 0, the two half-cells are in equilibrium (at the anodic and cathodic

equilibrium potentials);
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e When AU > 0 (E%athode > Elanods), @ spontaneous cell reaction takes place. In this
case, the cell is at a potential, called mixed potential Enmixed potentiai (different from the

equilibrium potential), with a non-zero current associated to the electrode.

Due to the principle of electroneutrality, the current density i for the anodic and cathodic
reactions should be equal (ianode=lcathode), @SSumMing equal surface area for both anode and
cathode. By imposing this condition, the working conditions (i and Emixed potentia) Of @
spontaneous cell can be determined. Fig. 4 shows a schematic representation of an Evans
diagram for a spontaneous cell reaction. It can be observed that the intersection point between

the anodic and cathodic curves corresponds to the cell mixed potential Enmixed potential-

»

Eelectrode

log | il
Fig. 4 Schematic representation of an Evans diagram for a spontaneous cell reaction. The intersection point

between the anodic and cathodic curves correspond to the cell mixed potential Eixed potental-

From Fig. 4, it can be seen that the potential at the anode and at the cathode is the same and
equal to the mixed potential (Eanode = Ecathode = Emixed potentiar) - It Should be noted that this equality
is only valid when anodic and cathodic reactions happen at the same place, i.e., this concept

cannot be applied, for instance, to chloride-induced corrosion (section 3.3.7).

3.2.4 Potentiometric measurement
In a potentiometric measurement, the working electrode (WE) is the electrode on which the
electrochemical reaction of interest (electrode reaction) takes place. The potential of the

working electrode cannot be determined absolutely and it must be referred to the potential of
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another electrode with known and fixed potential, i.e., the reference electrode (RE), that must

be placed in the same electrolyte.

Potentiometric measurements are usually performed with an instrument called voltmeter,
which has a high input impedance, resulting in a very small current flowing in the measuring
circuit. In general, this current is too small to interfere with the measurement and the potential
measured (Emeasured) IS €Xpressed as the difference between working electrode potential (Ewe)

and the reference electrode potential (Egg):

Ereasured = EWE(VS- RE) = Ewg — ERre (9)

A schematic representation of the set-up of a potentiometric measurement is shown in Fig. 5.

(o potential measurement
N\
)
Working electrode — Reference electrode
(WE) (RE)

test solution

Fig. 5 Schematic representation of the set-up of a potentiometric measurement

If the reference electrode cannot be placed near to the working electrode, the potential
measured can be affected by the ohmic drop (also termed IR drop), i.e., potential drop caused
by the solution resistance against current flow. The IR drop is usually small for most
electrolytes, but it can become important for low-conductivity solutions [29]. In order to solve
this problem, the reference electrode can be placed near the surface of the working electrode

by means of a Luggin-Haber capillary [29].
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Potential scale and conversion
By definition, the electrode potential is referred to the standard hydrogen electrode (SHE),
which is universally adopted as the primary standard reference electrode, i.e., the zero-point

of the electrochemical potential scale.

In potentiometric measurements, other types of reference electrodes are generally used (see
section 3.2.7); thus, the potentials must often be converted. The conversion from the potential
value measured with one reference electrode (Ewe (vs. RE4)) to the value measured with

another reference electrode (Ewe (vs. REy)) is a simple operation:

EWE(VS. REl) + EREl(VS.SHE) = EWE(VS. REz) + EREZ (VSSHE) (10)

The electrochemical potential of the available electrodes versus the standard hydrogen

electrode (Ege (vs. SHE)) can be found in literature [24, 25].

3.2.5 Open circuit potential
The open circuit potential (OPC) is the potential at which the net current is zero, i.e., the total
anodic current is equal to the total cathodic current. The potential measured in a potentiometric

measurement Eneasured iS the open circuit potential.

For the specific case of corrosion in concrete, the open circuit potential is equal to the
corrosion potential Eqor (section 3.3.3, Fig. 9) and to mix potential Emix potentiar (Fig. 4) when the
anodic and cathodic currents are equal, i.e., when anodic and cathodic reactions happen at
the same place. However, if anodic and cathodic reactions are spatially separated, e.g., in
most cases for chloride-induced corrosion (section 3.3.7)., the open circuit potential is

comprised somewhere in between the potential of the anode and the potential of the cathode.

3.2.6 Diffusion potential

Whenever two electrolytes of different compositions come into contact, ionic diffusion takes
place across the boundary as a consequence of the concentration difference. Due to the
different ionic mobilites of the involved species, some ions move faster than others, leading to
a charge separation. As a result, an electrical potential originates, termed diffusion potential
Eqinusion, Which decelerates the fast-moving ions and accelerates the slower ions. This process
is known as migration. In the end, a steady state is reached in which the involved ions are

transported by a combination of migration and diffusion.
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The diffusion potential Egiusion Can be calculated with the Henderson equation [25]:

lzil,, (B_qa
RTZZ,: ul(Ci CL) n|zi|uicia (11)

FZIZilui(CiB-C{l) |ziluic?

Ediffusion =

where a and 8 denote the two solutions with different composition, u;is the ionic mobility

(cm®V's™), and ¢; (mol-L™) is the concentration of the species involved.
A schematic representation of a diffusion potential established between two electrolytes with

different concentration (in the example, different sodium hydroxide concentrations) is shown
in Fig. 6.

electrolyte electrolyte a

Ediffusion

diffusion

——

AConcentration

Fig. 6 Schematic representation of a diffusion potential established between two electrolytes as a function of the

difference in concentration between them (in this case, different sodium hydroxide concentrations).

In concrete, diffusion potentials can be present due to internal concentration gradients, such
as differences in pH or chloride content [30-33]. Diffusion potentials in the order of hundreds
of mV have been reported [33-35], where pH gradients have the highest impact due to the
high mobility of OH" in aqueous solution [25].

Cement paste is considered to have permselective properties, i.e., the electrically charged
surfaces of the pore walls interact with the diffusing ions, affecting the ion transport [34, 36].
A consequence of this is that the above-mentioned diffusion potentials become larger.

However, Angst et al. [37] reported that porous Portland cement mortar with w/c = 0.6 did not
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show significant permselective behavior. This effect may be then restricted for denser cements

pastes, e.g., with lower water-to-cement ratios [34, 36-38].

Diffusion potentials can arise while performing potentiometric measurements in concrete, as
a consequence of the differences in concentration at the interface between the concrete pore
solution and the internal solution of the reference electrode [9, 31, 32, 39]. Additionally,
diffusion potentials are likely to be a serious error source [32, 39, 40] for the application of ion-

selective electrodes in concrete (see section 6.2.1).

3.2.7 Reference electrodes

A reference electrode is an electrode that ideally exhibits a stable, well-defined, reversible and
reproducible electrochemical potential response. In this context, stable means that the
potential response is fixed and it does not change even if the composition of the test solution
changes; reversible means that the potential response should always return to its equilibrium
(see sections 3.2.1 and 3.2.3) after a small transient perturbation, e.g., polarization, and
reproducible means that the same potential must be obtained if the electrode is constructed

with the same electrode/solution combinations.

The most commonly used reference electrodes are listed below, arranged by basic working
principle [41-43]:

o First kind
These electrodes consist of a metal Me immersed in a solution containing cations of this metal
Me** [41-43]. The potential is then determined by the following redox equilibrium:
Me?* + ze~ & Me (12)

The electrode potential is calculated with the Nernst equation (Eq. (3)).

An example of a reference electrode of the first kind is the copper/copper sulphate reference
electrode (Cu/CuSO0,).

e Second kind
These electrodes consist of a metal Me covered with a sparingly soluble salt containing cations

of this metal Me**. This system is immersed in a solution containing the anions of the salt [41-
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43]. A typical example of reference electrode of the second kind is the Ag/AgCI/KCI reference
electrode. In this case, the metal (Ag) is covered with solid AgCl and immersed in a solution

containing KCI. The equilibrium is then established between the following interfaces:

1. The metal and its cation in the sparingly soluble salt. For the example of the Ag/AgCl/

KCI electrode, the following reaction takes place:
Ag & Agt +e” (13)

2. The anion of this salt and the anion in solution. For the example of the Ag/AgCI/ KCI

electrode, the following solubility equilibrium is established:
AgCl & Ag* + CI” (14)

The activities of silver and chloride ions are then related through the solubility product

of silver chloride Ksp agci:
Ksp_AgCl = Qpgt Acl™ (15)

The amount of silver and chloride ions dissolved in solution is fixed for a given concentration
of KCI, as a result of the low solubility of AgCIl. Consequently, the activity of the silver ions in
the electrode is also fixed, so the electrode exhibits a stable and defined potential response.

Combining Egs. (3) and (15), the potential of the electrode Eagagcikci can be calculated as:

RT RT
Eng/agci/kcl = Egg/Ag+ +— InKgp agat — - Inac- (16)

Another common reference electrode of the second kind is the saturated calomel electrode
(SCE). In this case, Hg is covered with Hg.Cl, and immersed in saturated KCI solution. As the
salt concentration of the internal electrolyte is fixed, all the SCEs have the same
electrochemical potential value at the same temperature. Ag/AgCI/KCl electrodes, on the other
hand, exist with a variety of KCI concentrations and their electrode potentials vary accordingly
(see Table 1).
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Electrodes of the second kind are generally more accurate. However, it should be noted that
the solubility of KCl is especially sensitive to changes in temperature, which in turn affects the

potential of the electrode [25, 41].

e Third kind / Redox
Reduction-oxidation electrodes (redox electrodes) consist of an inert metal (usually Pt)
immersed in a solution containing a substance present in two different oxidation states, e.g.,
Fe®*/Fe? [41-43]. The metal merely acts as a medium for the transfer of electrons between
the oxidized (Ox) and reduced (Red) forms. The potential is then determined by the following

redox equilibrium:

Ox + ze~ < Red (17)

The electrode potential is calculated with the Nernst equation:

RT aox
Eox/Red = E(())X/Red + zF In al(:ed e

More complicated redox equilibriums exist based on the same working principle, as for

example the quinhydrone electrode [42].

Design of reference electrodes

For a reference electrode to exhibit a fixed and stable potential, it is important that the
composition of the internal electrolyte is not changed; thus, it must be well separated from the
test solution. For that, the internal electrolyte is placed in the electrode compartment, which is
then connected to the test solution through the liquid junction. The liquid junction is a porous
plug or membrane that acts as an ionic conductor but also as a physical barrier to minimize

leaking. Electrodes of the first kind may be particularly affected by leakage [41].

As a consequence of the gradient in chemical composition across the liquid junction, i.e.,
difference in chemical composition between internal electrolyte and test solution, a diffusion
potential (section 3.2.6) arises at the junction, i.e., the liquid junction potential Ejquid junction- The
liquid junction potential adds arithmetically to the measured potential (Eq. (9)) when a

reference electrode described in this section is used:

Eneasured = Ewg(vs.RE) + Eliquidjunction = Ewg — Erg + Eliquidjunction (19)

20



Fig. 7 shows a schematic depiction of a reference electrode design with the indicated liquid

junction potential established between the internal electrolyte (electrolyte B in section 3.2.6)

and the test solution (electrolyte a in section 3.2.6).

electrode compartment

internal electrolyte (B)

metal / metal covered with sparingly
soluble salt (second kind)

liquid junction
potential k\

porous plug/membrane (liquid junction)

test solution (a)

Fig. 7 Schematic depiction of a reference electrode design

Potential scale

Table 1 reports the main features (composition and concentration of internal electrolyte) and

the potentials of the most commonly used reference electrodes.

Table 1 Reference electrode potentials vs standard hydrogen electrode (SHE) at 25°C

Reference Internal electrolyte Potential

electrode Composition Concentration (mV vs. SHE)
Cu/CuS0Oq, CuSOq, 1.27 mol-L™" (saturated) 318
SCE KCI 4.16 mol-L™ (saturated) 244
Ag/AgCI/KCI KCI 4.16 mol-L™" (saturated) 199
4 mol-L” 200
1 mol-L™ 235
0.6 mol-L™ 250
0.1 mol-L™ 288
0.01 mol-L™ 343
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3.2.8 lon-selective electrodes (ISEs)

An ion-selective electrode (ISE) is a type of electrode capable of selectively measuring the
activity of a particular ionic species, i.e., the primary ion [41, 43-46].

ISEs are composed of an inner reference electrode (based on the ones described in section
3.2.7), placed in an electrolyte (internal electrolyte) containing the ion of interest at a constant
activity. This system is separated from the test solution by a thin (insoluble) membrane. Once
the ISE is immersed in the test solution, processes based on ion-exchange or ion transport
between the primary ion and the membrane components take place at the solution-membrane
interfaces (both at the inner electrolyte-membrane interface and test solution-membrane
interface) until equilibrium is established [41, 43-46]. If the primary ion concentration on each
side of the membrane was equal, the potential difference across the membrane would be zero.

Otherwise, a membrane potential, that depends on the activity of the ion of interest, develops.

The membrane potential can be obtained from the potential measurement between the
internal ISE reference electrode and an external reference electrode. Since the activity of the
primary ion in the internal electrolyte is constant, the potential response of the ISE (Eisg) can

be expressed as a function of the activity of the target ion in the test solution [41, 43-46]:

Eisg = k' +~<Ing; (20)
where z is the charge of the primary ion, a; is the activity of the primary ion, and k’ (V) is a

constant that depends on the type and composition of ISE [45].

Eq. (20) is written based on the assumption that the ISE responds only to the ion of interest.
However, the ISE may also be sensitive to other ions and its potential response also depend
on them. This interference is traditionally considered with the selectivity coefficient, Ki; (with j

standing for the interfering species) included in the Nikolsky-Eisenman equation:

Zj .
Eisg = k' + ~In (ai +z<1<i,j a /Z'>> (21)

where q; is the activity of the interfering ionic species.

Depending on the nature of the membrane material used, ISEs can be divided into four main

groups: glass, liquid, solid, and gas electrodes [41, 43-486].
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e (lass electrodes
The most common glass electrode is the pH electrode [41, 44, 46]. It consists of a thin, pH-
sensitive glass membrane and an internal reference electrode (usually a SCE or a
Ag/AgCI/KCI reference electrode, section 3.2.7) immersed in a dilute hydrochloric acid
solution. Once the electrode is immersed in the solution whose pH is to be measured,
equilibrium establishes across the glass membrane with respect to hydrogen ions. The overall
mechanism of the response is complex and it is attributed to the replacement of sodium ions

in the glass by protons [45].

In this case, the ISE potential is proportional to the pH:

The accuracy of these electrodes decreases in highly acidic or highly alkaline media [45, 46].
To overcome this problem, glass membranes with different compositions have been proposed
[25, 44]. Additionally, changes in the chemical composition of the glass membrane (along with
changes in the internal electrolyte) lead to electrodes sensitive to ions other than hydrogen,
including Na*, NH,*, Li*" K*, etc. [44].

e Liquid electrodes
These type of ISEs are based on water-immiscible liquid substances impregnated in a
polymeric membrane [46]. The internal reference electrode is usually a Ag/AgCI/KCI reference
electrode (section 3.2.7), which is immersed in a solution containing a chloride salt of the
primary ion. For the ISE to respond to the ion of interest, an ion-exchanger or ionophore is
dissolved in the viscous liquid membrane. The ion-exchanger or ionophore is a neutral
“carrier” molecule that extracts the target ion at the solution-membrane interface, so the

membrane potential is established.

A common liquid membrane ISE is the calcium-selective electrode. Other ISEs based on liquid
membranes are used to detect Mg®*, ClO,, K*, NOg’, etc [25, 44-46].

e Solid electrodes

In this case, the membrane consists of single crystals, polycrystalline pellets, or mixed crystals

of salts, usually of low solubility [41, 43-46]. It is also possible to find internal solution-free
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ISEs, where the electrode consists of a metal coated with a sparingly soluble salt (membrane),

which contains the metal cations and the ion of interest.

These electrodes usually respond to those ions that are components of the active membrane
material. When immersed in solutions containing the ion of interest, the salt forming the
membrane will either dissolve or precipitate, causing changes at the membrane-test solution
interface, so the membrane potential develops. The behavior of these electrodes is thus
basically determined by the solubility of the salt forming the membrane. Because of that, most
of the interfering species in this type of electrodes are ions that can form components of low

solubility with the ions forming the membrane.

ISE based on solid membranes are used to detect F', Br', I', CI', etc. [25, 46]. In this work, a
chloride ISE with solid membrane is used to monitor chloride concentrations in concrete

(papers I, II, V and Appendix).

e Gas-Sensing Electrodes
These devices include a glass pH-electrode protected from the test solution by a polymer
diaphragm. Between the glass membrane and the diaphragm, there is a small volume of
electrolyte. Small molecules of gas can penetrate the diaphragm and interact with the trapped

electrolyte, resulting in reactions that change the pH, so the pH-electrode responds to it [25].

A common gas-sensing electrode based on this working principle is the Clark oxygen
electrode [46].

3.2.9 Metals and metal/metal oxides — pseudo-reference electrodes

The essential difference between a true reference electrode (as defined in 3.2.7) and a
pseudo-reference electrode is the lack of thermodynamic equilibrium in the latter case [25, 41,
43]. As a consequence, the potential response is in some cases not defined but these

electrodes can exhibit potentials approximately constant under certain conditions [43].

In most cases, pseudo-reference electrodes consist of a piece of metal or metal/metal oxides,

i.e., metal substrate coated with metal oxides.

These electrodes have been generally developed to be used as pH sensors. Examples of

metals used for this application are Sn, W, Fe, Ir, Os, Ag, Cu, Zn, etc. [47]. However, their use
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is limited to a narrow pH range and the potential response often depends on the anions
present in solution. Experience with metal/metal oxides has been slightly more successful [47-
49], such as the use of the palladium-palladium oxide electrode [48, 49], the antimony
electrode [43, 47], or the iridium/iridium oxide (IrO4) electrode [50-57]. Among them,
iridium/iridium oxide (IrOy) electrodes have performed specially well in aqueous solutions over
wide range of pH and temperature [50-57]. The potential response of these electrodes is also

reported to be insensitive to the oxygen content in solution [51, 52].

The main difference between the IrO4 pH-electrode and the traditional glass pH-electrode is
related to the pH-sensing mechanism. In glass pH-electrodes, the mechanism is determined
by the equilibrium established across the glass membrane with respect to the activity of
hydrogen ions (see section 3.2.8), whereas the IrO, electrode response is determined by a
redox reaction. Theoretically, the potentiometric response of iridium oxide to pH is governed
by the transition between two oxidation states, Ir(lll) and Ir(IV) [26]. The properties of these
electrodes are known to be dependent on fabrication methods and conditions used [58], which
results in a high variability in the reported potential-pH responses [50, 52-54, 56, 57, 59-63].
It is suggested that this issue is because the IrOy electrode is originally covered by a layer of
anhydrous oxide, but after immersion in aqueous solution hydration develops, resulting in a
potential shift for different immersion times. Once a stable hydrated oxide film is formed, the
potential shift stops [64, 65].

In this work, IrOy electrodes produced by thermal oxidation are used to monitor the pH of the

concrete pore solution (papers Ill-V and Appendix).

3.2.10 Non-potentiometric sensors

e Fibre optic sensors
Fibre optic sensors are based on the transmission of light (originating from a laser or any
superluminescent source) via an optical fiber and its conversion into an electrical signal [66,
67].

A typical fibre optic sensor system consists of a fibre-optic cable connected to a
sensor/detector. The fibre optic cable consists of a glass or plastic core, surrounded by a layer
made of cladding material, usually protected from physical damage by a coating. The
difference in the index of refraction between the core and the cladding layer enables the total

reflection of light, which is then transmitted from the cable to the sensor/detector, where the
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light energy is converted into an electrical signal. The basic structure of an optical fibre is
shown in Fig. 8a, whereas the basic working principle of an optical fibre, i.e., total internal

reflection, is shown in in Fig. 8b.

a) b)
core
core coating
h light
N rays
cladding
layer
fibers cable cladding layer

3
TRANSMISSION OF LIGHT

Fig. 8 (a) Basic structure of an optical fibre (b) Working principle of an optical fibre (total internal
reflection) [67].

Depending on the application, a fibre optic sensor can be classified as follows [67]: physical
sensors (used to measure physical properties, such as temperature, stress, etc.), chemical
sensors (used for pH measurements, gas analysis, etc.), and bio-medical sensors (used to

measure blood flow, glucose content, etc.).

Several fibre-optic pH sensors have been developed. In this case, measurements are
performed in a similar way but the cladding is composed by a material, e.g. organic dye, whose
optical properties (absorbance, reflectance, fluorescence, energy transfer, refractive index,
etc.) are changed by the chemical of interest (the hydrogen ions). Most of the reported fibre
optic pH-sensors exploit different indicator dyes, which cause changes in the absorption
spectrum of the test solution, e.g. color, as a function of pH. These changes are then converted

into electrical signals [68-73].

e Sensor systems based on coulometric measurements
In a coulometric method, the change of the concentration of the electroactive substance is
measured in dependence on the current passed through the cell. A common technique for

that is the coloumetric titration [27].

A common type of sensor for this type of measurements is the ion sensitive field effect

transistor (ISFET) [74], which consists of a potentiometric sensor with an integrated
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impedance converter; when the concentration of the ion of interest changes, the current
through the transistor will change accordingly, and provide an output potential that is a function

of the concentration of the ion of interest.

There are a number of works based on the combination of an ISFET with a reference electrode

that have been used to determine the pH in solution [75-77].

3.3 Corrosion of steel embedded in concrete

3.3.1 Corrosion process
In the case of metallic materials, the term corrosion usually stands for the electrochemical
reaction of the metal with its environment (e.g., oxygen). For steel embedded in concrete, the

corrosion reaction can formally be split up into the following half-cell reactions:

Oxidation reaction (dissolution of iron):
Fe > Fe* + 2¢ (23)

Reduction reaction (oxygen reduction, for neutral and alkaline electrolytes):
Hgo + 1/202 +2e > 20H’ (24)

The dissolved iron Fe?* usually reacts with the OH" ions, forming Fe(OH).. The overall reaction

is then written as follows:

Fe + H,0 + 10, > Fe(OH), (25)

The corrosion product Fe(OH), is usually further oxidized to Fe3O,4 or FeoO3, commonly known
as rust [78]. The transformation of metallic iron to rust leads to the deterioration of the
reinforced concrete structure, i.e., by decreasing its load capacity, and may cause severe
damage to a structural component or the whole system. This corrosion state is referred to as

active state.

3.3.2 Passivity

From Fig. 1, it can be seen that in alkaline aqueous media, steel forms iron oxides. In this
case, the metal itself is thermodynamically not stable and is always associated with (minimal)
anodic dissolution. However, the resulting corrosion products are not dissolved in water or

loosely present on the surface (rust); they form a compact and adhesive oxide layer, i.e., the
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passive layer. These are known as conditions of passivity and the interval of potentials

associated with it is known as passivity range.

The passive layer is a few nanometers thick and it acts as a kinetic barrier at the
metal/electrolyte interface. As a consequence, further dissolution is inhibited, i.e., dissolution

rate of iron is negligible (=0.1 ym year) [7].

Typical metals and alloys that owe their corrosion resistance to passivation are high-alloyed
steels, aluminum alloys, titanium, and also normal steel in alkaline media (e.g. steel in
concrete). However, the passive layer can also be a weak spot in passive metals; if the passive
layer is damaged or destroyed (e.g. due to exposure to chloride, see section 3.3.7), high

corrosion rates can occur locally [7].

3.3.3 Kinetics of corrosion
The rate at which anodic and cathodic reactions occur depends on the Fe/Fe®* electrode and
the oxygen electrode. From their cathodic and anodic polarization curves, the corrosion

conditions, i.e., corrosion potential E., and corrosion current density isor, can be determined

[7].

The anodic (for the Fe/Fe®* electrode) and cathodic (for the oxygen electrode) polarization
curves in active and passive state are schematically depicted in Fig. 9a and Fig. 9c

respectively, and related to the Pourbaix diagram in Fig. 9b.
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Fig. 9 (a) Schematic representation of the anodic (solid black line) and cathodic (red dotted line) polarization curves
in active state (at pH =8); (b) simplified Pourbaix diagram for iron with indicated zones of passivity and corrosion
when immersed in water; (c) schematic representation of the anodic (solid black line) and cathodic (red dotted line)
polarization curves in passive state (at pH =13).
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The effect of the pH of the electrolyte can clearly be seen in Fig. 9a and Fig. 9c. A large range
of passivity is visible at high pH (Fig. 9¢), where the current density associated to the anodic
curve (iron dissolution) is very low, almost independent on the potential. In contrast, the
logarithm of the anodic current density increases with the potential at low pH values (for
example below pH 9, Fig. 9a). Additionally, the reaction rate of the cathodic half-cell reaction

increases with declining potentials to more negative values [7].

Differences in the shape of the cathodic and anodic curves can also be seen. When the
polarization curves plotted in the Evans diagram are straight lines (with Tafel slopes, as
defined in section 3.2.3), the reaction kinetics are under activation control, i.e., all the involved
species are available at the electrode surface and the reaction rate is determined by charge
transfer at the electrode/electrolyte interface. In contrast, the reaction kinetics are under
diffusion controlwhen the consumption of the species involved in the half-cell reaction is faster
than the rate at which they are provided at the electrode/electrolyte interface. In this case, the
polarization curve becomes a vertical line. Both situations (activation and diffusion control) are
indicated in Fig. 9a for the cathodic reaction (oxygen reduction). Both the cathodic reaction
involving hydrogen evolution (acid media) and the anodic dissolution of a metal often proceed
under activation control, whereas oxygen reduction is typically under diffusion control in

concrete [29].

3.3.4 Carbonation-induced corrosion

In moist environments, acid gases, such as CO, or SO, can react with the alkaline components
dissolved in the concrete pore solution (mainly sodium and potassium hydroxides) and with
the solid hydration products (such as Ca(OH), or C—S—H) in the cement paste, resulting in a
decrease of the pH of the pore solution. In this regard, the main reaction of interest is between
CO. and Ca(OH),, as it is more rapid compared to the other cement phases. This reaction,
i.e., carbonation reaction, takes place in aqueous solution and can schematically be written

as:

CO. + Ca(OH)g ->CaCO0O;3 + H.O (26)

The main consequence of carbonation is that the pH of the pore solution drops from its initial
value of pH 13-14, to values approaching neutrality. In these conditions, the steel in humid
carbonated concrete corrodes as if it was in contact with water. The corrosion rate is usually
<100 pumly [7].
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3.3.5 Factors affecting carbonation resistance of Portland and blended cements
The rate of penetration of CO, in concrete and the corrosion propagation associated with it
depend on a number of factors, such as CO, concentration, exposure conditions, material

composition, and material properties [7, 79-82]. The main parameters are described below.

The water-to-cement ratio (w/c) is one of the major factors when considering concrete
durability. In the context of corrosion, a decrease in the w/c ratio leads to a decrease in the
permeability of the concrete, resulting in a slower corrosion propagation [7, 79-81]. Similarly,
appropriate curing is a major parameter in the resistance against corrosion propagation, as it
provides better hydration and denser structure [79-81]. The corrosion rate in carbonated
concrete is significantly increased in the presence of chlorides [7, 79, 82], despite the fact that
that the pH of the pore solution may increase during chloride binding [83]. Additionally,
presence of mineral admixtures also has an important effect on the carbonation resistance,
as they modify both pore structure and chemical composition of the pore solution, e.g.

alkalinity. This is discussed in detail in the next subsection.

Type of cement

The pH of the pore solution in Ordinary Portland Cement is determined by the dissolved
phases in the pore solution. Owing to the presence of Portlandite (Ca(OH),) and specially to
the dissolved alkaline phases, such as NaOH and KOH, the pH of the pore solution lies in the
range pH 13-14 [10-15]. In this context, Portlandite is responsible for the alkali reservoir at
pH=12.5 [84, 85]. If mineral admixtures are used, the Portlandite content is decreased due to
the partial replacement of OPC with these admixtures; if pozzolanic mineral admixtures are
used, the Portlandite content is additionally decreased due to its consumption in the
pozzolanic reaction. A decrease in the Portlandite content can result in a slight decrease of
the pH of the pore solution and in a reduction in the carbonation resistance due to the

decreased buffer capacity provided by this phase.

Additions of 10-20% of silica fume and fly ash can cause a reduction in the pH of the pore
solution up to 0.7 pH units, with silica fume having the highest impact [86-89]. The presence
of these mineral admixtures results in a lower carbonation resistance despite providing a
denser microstructure compared to OPC [81, 90, 91]. The pH of the pore solution is also
decreased in cements containing blast furnace slag, i.e., CEM IIl [92, 93]; in this case, use of
ground-granulated blast-furnace slag was observed to exhibit faster carbonation [93], but

shallower carbonation depth [93, 94], i.e., thickness of carbonated concrete with pH=9, due to
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the modified denser microstructure compared to OPC. In practice, use of ground-granulated
blast-furnace slag cements does not suppose any problem with respect to reinforcement
corrosion for cover depths in the usual range of civil engineering structures [93]. If cements
other than OPC are used, such as of calcium aluminate cements, the chemical composition

can be significantly modified [95], leading in some cases to higher carbonation rates [96].

The pH values obtained with blended cements are generally not reduced to levels that prevent
the formation of the passive layer (Fig. 1) but in many cases, carbonation resistance is
decreased. Nevertheless, when the material is well-designed and cured properly, the lower
alkalinity and decreased buffer capacity of these cements could be compensated by the

denser microstructure of their cement pastes [7, 94, 97, 98].

3.3.6 Penetration of carbonation

According to Tuutti [99], the service life of reinforced concrete structures can be divided into
initiation and propagation stages. The initiation stage describes the time before corrosion
initiation, i.e., the time until the carbonation front reaches the reinforcement and steel is
depassivated. The propagation stage is the period after depassivation when active corrosion

takes place.

In order to take preventive measures before corrosion starts (propagation stage), the
prediction of the penetration of carbonation (initiation stage) is essential. For that, often the

parabolic formula is used [7, 81, 91]:
d =KVt (27)

where dis carbonation depth (mm), tis time (years), and Kis a parameter termed carbonation

12
)

coefficient (mm/years ), which depends on time, type of material, and exposure conditions

[7, 91, 97].

Other carbonation models have been and are being developed [98-103]. These models
usually consist of complex nonlinear systems of differential equations based on the diffusion
of CO, through the concrete. For these models, experimental data is usually needed, both for
the determination of the input parameters and for the validation of the model itself. For that,

detailed knowledge of pH-profiles as a function of time is especially important.
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3.3.7 Chloride-induced corrosion
Halides can attack and locally destroy the passive layer that protects steel from corrosion [104,
105]. In this regard, chloride attack is particularly important as chlorides are present in many

environments, e.g., seawater and deicing salts.

In contrast to general corrosion processes, e.g., carbonation-induced corrosion (section
3.3.4), where corrosion occurs homogeneously over the entire metal surface, the local
breakdown of the passive layer leads to localized corrosion. The potential at which the passive
layer is locally destroyed is called pitting potential E,: and the morphology of the attack,

consisting of a small cavity formed on the steel surface, is referred to as pit.

The geometry of the pit imposes some restrictions in terms of mass transport. For example,
oxygen diffusion into the pit is usually slower than its depletion through the cathodic reaction.
Consequently, areas no longer protected by the passive film act as local anodes with respect

to surrounding still passive areas where the cathodic reaction takes place.

Once corrosion has initiated, a very aggressive environment is produced inside the pits.
Chlorides, being negatively charged ions, migrate to the anodic region, where the positively
charged iron ions (Fe®*) are produced. In addition, the dissolved iron ions hydrolyse. A

possible reaction is [106]:

Fe** + H,0 > FeOH + H* (28)

The electrolyte in the pit is acidified (Eq. (28)) so repassivation is avoided. In contrast, the
passive film in the cathodic area is strengthened due to chloride migration to anodic zones
and alkalinity production in the cathodic reaction (see Eq. (24)). As a result, both anodic and
cathodic behaviors of the respective active and passive zones are stabilized and a macrocell

is established, i.e., the anodic and cathodic reactions are spatially separated.

To maintain electroneutrality, negatively charged ions (anions) present in the pore solution
migrate to the pit, while positively charged ions (cations) migrate to the exterior bulk solution.
In neutral or alkaline water, e.g. concrete pore solution, hydroxide ions also migrate to the pit,
preventing a fall in pH in the area around it. Due to the presence of an ohmic resistance, the
potentials at the anode and at the cathode are not equal, as energy is dissipated by this ionic

current passing the resistance in the electrolyte.
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Fig. 10 schematically summarizes the chloride-induced corrosion process of steel embedded

in concrete.
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Fig. 10 Schematic representation of the chloride-induced corrosion process of steel embedded in concrete

Corrosion caused by chloride penetration can reach rates up to 1 mmly, i.e., 10 times faster

than carbonation-induced corrosion (section 3.3.4) [7].

3.3.8 Critical chloride content
Initiation of pitting corrosion takes place when the chloride content at the surface of the
reinforcement reaches a threshold value (or critical chloride content). The critical chloride

content is usually expressed as percentage of chlorides by mass of cement.

When exposed to the atmosphere, the risk of corrosion initiation for non-carbonated concrete
structures made of OPC is traditionally considered low for chloride contents below 0.4% by
mass of cement and high for contents above 1% by mass of cement [7, 107]. These values
are only indicative, as the critical chloride content depends on numerous factors [12, 105, 107-

111]. The main factors are described in the next paragraphs.

The risk of corrosion initiation increases as the CI/OH' ratio rises above a certain value [15,
22, 112, 113] but there is also a great variability in the reported critical chloride to hydroxide
ratios [22, 110], as it depends on several parameters, e.g., type of cement. The most famous
reference in this regard is the one by Hausmann [113], that suggested a critical chloride to
hydroxide ratio of CI'/OH=0.6.
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The influence of blended cements with additions of pozzolana or blast furnace slag on the
chloride threshold is subject to controversy; while some authors reported that these cements
exhibit lower critical chloride contents [82, 114, 115], others [116] indicated that this depends
on other factors, such as the free chloride content, total chloride content, and the CI/OH ratio.
For sulfate-resisting cements with low CzA content, the critical chloride content seems to be

lower than for Ordinary Portland Cement [7].

Presence of voids (air voids, crevices, or microcracks) may weaken the layer of cement
hydration products deposited at the steel/concrete interface, favoring the local acidification
required for propagation of pits (section 3.3.7). In contrast, solid hydration products on the

steel surface protect the steel from chloride attack [21, 22, 110].

The exposure conditions of the structure also influence the chloride threshold. For example,
when the moisture content of concrete is near the saturation level, the transport of oxygen is
hindered, resulting in a chloride threshold up to one order of magnitude greater than for

structures exposed to the atmosphere [7].

3.3.9 Chloride binding capacity

In concrete, chlorides can be found in three different forms [83]: chemically bound (e.g.,
Friedel’s salt), physically adsorbed (e.g., adsorbed on C-S-H), and dissolved in the pore
solution, i.e., free chlorides [83]. The relation between free chloride ions and bound chlorides
(including both chemically bound and physically adsorbed) is described in the chloride binding

isotherms reported in literature [117, 118].

It is generally assumed that only the chlorides that are freely dissolved in the pore solution
interact with the steel and lead to depassivation. Chloride binding capacity is thus an important
property, which depends on the cement mineralogical composition, microstructure, pH of the
pore solution, temperature, chloride salt, etc. [14, 15, 22, 83, 107, 112, 119-121]. Generally,
binders with higher amounts of aluminate phases, e.g., C;A and C,AF, have a higher binding
capacity [122-124], as these phases form Friedel’s salt [125]. In contrast, a decrease in the
alkalinity of the pore solution may lower the binding capacity due to the increase in the
solubility of Friedel’s salt [87, 120]. The microstructure of the material is also important, as
denser cement matrix may increase the adsorption of chloride ions on the C—S—H [83, 107,
111].
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Nevertheless, it should be noted that bound chlorides can (at least) partially be released as
soon as the pH drops [83, 99, 107, 110], as for example if the concrete carbonates (section
3.3.4) [83, 99, 107, 110]. Additionally, chlorides may also be released (or less chlorides will

be bound) in the presence of sulfates, e.g. in seawater [83].

Chloride binding in blended cements

Binding capacity of cements with low content of aluminate phases is lower than those with a
higher content of these phases [83, 120, 126]. Because of this, CEM V has a lower chloride
binding capacity compared to OPC. In contrast, cements bended with slag and fly ash have
higher binding capacities than OPC [119, 120, 126, 127]; this is likely due to the presence of
Al,O3 phase in these admixtures, which contributes to the formation of Friedel’s salt [83, 107].
In fact, CEM llI, has a higher resistance against chloride-induced corrosion, probably due to
the increased binding capacity [125]. Finally, the addition of silica fume decreases the chloride
binding capacity [87, 119, 120].

In conclusion, blended cements may tolerate higher total chloride content despite the overall

lower chloride threshold (see section 3.3.8) due to the increased binding capacity.

3.3.10 Penetration of chlorides into concrete

As previously mentioned, the service life of reinforced concrete structures can be divided into
initiation and propagation stages [99]. In the case of chloride-induced corrosion, the initiation
stage is the time until a certain concentration of chlorides (critical chloride content) reaches
the reinforcement and the steel is depassivated. Knowledge of the kinetics of chloride

transport into concrete is thus essential for the assessment of the service life of the structure.

Chloride transport in concrete is a complex process that comprises the following mechanisms:
capillary suction, diffusion, permeation, and migration. Nevertheless, chloride profiles in
concrete are traditionally modelled with the following equation based on Fick’s second law of

diffusion:

Clx,t) = Co + (Cs — Cy) (1 —erf [#(m]) (29)

where C(x,t) is the chloride concentration (mol-L™") at depth x (m) and time t(s), Cy s the initial
chloride content in concrete (mol-L™"), Cs is the chloride content at the exposed surface

(mol-L™"), and D, (m*s™) is the apparent diffusion coefficient.
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The apparent diffusion coefficient D, is obtained from fitting experimental data and it mainly
depends on exposure conditions, time, and material. The time-dependence of D, is usually

expressed with the following equation:

n
D () = D (2) (30)
where D, (m?s™) is a reference apparent diffusion coefficient at a reference time t,, and n is

the age factor, which is a constant depending on the type of cement.

The diffusion model described above provides relatively good results but it is mainly based on
empirical data and relies on simplified assumptions, e.g., chloride transport is based on purely
diffusion. In order to provide more accurate results, other models have been developed, where
the cement microstructure and age of the material are specially considered [77, 128-130].
These models include other processes, such as chloride binding, migration of ions, electrical
interactions between different ionic species, etc. Data of chloride profiles for different types of
cement and exposure conditions are important, both for the determination of the input

parameters and for the validation of the model itself.

3.3.11 Factors affecting the corrosion potential E, of steel
The corrosion potential E.,; (section 3.3.3) depends on several parameters, such as pH,

chloride content, oxygen content, type of cement, etc. [7].

When exposed to the atmosphere and in the passive state, the reinforcement generally has a
corrosion potential between +100 and -200 mV vs. SCE [7]. However, when concrete is
saturated with water, the diminished supply of oxygen to the steel surface can bring the
potential down to values below- 400 mV vs. SCE and it may even reach values below -900

mV SCE when oxygen is totally lacking [7].

The presence of chloride ions in concrete leads to changes in the anodic polarization curve
and reduces the passivity range. As a result, the corrosion potential can be below -500 mV

vs. SCE in concrete with a high content of chlorides [7].
Experience shows that the corrosion potential depends on the moisture content in concrete,

with more positive values being measured in dry concrete [7]. When the moisture content

decreases, the ohmic drop must be additionally taken into account. In this case, the potential
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of the steel has an intermediate value between the anodic and cathodic potentials, within the
range of 0 to -600 mV vs. SCE.

Additionally, the type of cement replacement may also influence the corrosion potential, e.g.

lower potentials were registered in slag cement [131].

It can thus be deduced that the measurement of the potential of the reinforcing steel does not
necessarily indicate whether it is in the passive or active state. The chloride concentration and
the pH at the steel/concrete interface are in this regard the two most important parameters to
determine the corrosion state of the reinforcement, as they are directly related to the stability
and breakdown of the passive film and the posterior corrosion initiation (see sections 3.3.4
and 3.3.7). Coupling data of steel potential, chloride concentration and pH is thus especially

useful in to order to asses reliably the corrosion state of the steel reinforcement in concrete.
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4 STATE-OF-THE-ART

This section gives an overview on the available embeddable sensors for concrete to be used
as reference electrode, chloride sensor and pH sensor. The advantages and limitations of the

different sensors are discussed.

4.1 Requirements of embeddable sensors for concrete

Overall, sensors to be embedded in concrete must fulfill the following requirements:

¢ Be long-term stable in highly alkaline environment (ideally for several decades as it
may take many years until the carbonation front and/or sufficient concentration of
chlorides reach the reinforcement);

e Response time up to a few days is sufficient for the desired application, as the
processes leading to changes in pH and chloride concentrations are relatively slow;

¢ Be insensitive to oxygen, as different oxygen contents can be found for different
exposure conditions; thus, this could lead to measurement errors;

¢ They should not introduce harmful species into the concrete (e.g. chlorides);

¢ Have low or no polarizability, and in case of accidental polarisation the sensors should
return to their original potential (for potentiometric sensors);

¢ Have a low impedance in order not to compromise the sensitivity of the instruments

used for potentiometric measurement (for potentiometric sensors);

Other requirements for embeddable sensors for concrete depend on the specific application.
In the next section, the requirements of sensors to be used as reference electrode and as pH
and chloride sensors are described. Note that these requirements apply to potentiometric
sensors because other types of sensors are not investigated in this study (for reasons that will

become clear in the state of the art).

4.1.1 Requirements of reference electrodes

The stability criteria of the potential response depend on the application. For corrosion
monitoring purposes, the electrode potential should be stable, but a drift on the long-term (in
the order of years) in the range of a few tens of millivolts might be acceptable, as steel
corrosion is usually accompanied by a potential change of hundreds of millivolts [7]. In this
case, the electrode does not have to exhibit a well-defined reversible potential, since for these

applications, relative potentials (e.g. with respect to time) are more important than absolute
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values. Thus, electrodes other than the reference electrodes defined in section 3.2.7 are, in
principle, valid. In contrast, for the potential measurement of ion-selective electrodes, e.g.
Ag/AgCl ISE used as chloride senor, a potential drift of the order of 10-20 millivolts can
significantly affect the accuracy of the measurement [32, 39, 40, 132]. For the same reasons,
if a metal/metal oxide, e.g., IrOy electrode, is used as a pH sensor, a potential drift of ca. 20-
30 mV would lead to measurement errors of ca. 0.5 pH units. Thus, in this case it is important
that the reference electrodes have well-defined potentials and exhibit very low potential drifts,

e.g. <1 mVl/year.

Reference electrodes must be insensitive to changes in their environment (mainly to pH and
to chloride concentration) as corrosion initiation is usually accompanied by changes in chloride

content and/or pH and this could lead to the misinterpretation of the results.

Finally, it should be noted that concrete structures can be subjected to different exposure
conditions, e.g. seasonal changes, which can lead to variable humidity and temperature
conditions. Reference electrodes should ideally be independent on humidity and temperature.
However, the potential response of most of electrodes depends on temperature [9, 41-46,

132]; thus, data should be available to make the appropriate corrections.

4.1.2 Requirements of chloride and pH sensors

As indicated in section 4.1.1, a potential drift of the order of 10— 20 millivolts significantly
affects the accuracy of the response when ion-selective electrodes and metal/metal oxides
are used as chloride and pH sensors respectively. It is thus important that these sensors have
well-defined and reversible potential responses and exhibit very low potential drifts (e.g. <1
mV/year). Additionally, the sensors used for the measurement of pH and chloride

concentration must be insensitive to species other than pH and chloride respectively.

Finally, the sensors responses should ideally be independent on changes in humidity and
temperature. As most of the existing sensors are, at least, dependent on temperature [9, 41-

46, 132], data to make the corresponding corrections should be available.

4.2 Long—term stable embeddable electrodes

4.2.1 Reference electrodes
Studies performed on reinforced concrete indicate that reference electrodes of the second

kind (described in section 3.2.7) are relatively stable on the long term [9, 133]. A study carried
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out over 10 years with embedded Ag/AgCI/KCI electrodes in concrete showed that these
electrodes exhibit stable potential response on the long-term [133]. However, the performance
of these electrodes can be impaired due to diffusion potentials at the liquid junction (liquid
junction potential) [9, 31, 32, 39]. Despite the existence of models to predict the magnitude of
diffusion potentials (see section 3.2.6), its quantification may become difficult, as the
knowledge of the exact chemical composition of the concrete pore solution is needed and this
is not straightforward, especially in field conditions. Moreover, the pore solution composition
can drastically change because of carbonation and/or chloride ingress (see sections 3.3.4 and
3.3.7); thus, the liquid junction potential is also changed. In this case, the quantification of the

liquid junction potential becomes impossible unless pH and chloride contents are monitored.

4.2.2 Pseudo reference electrodes
The manganese dioxide electrode (MnQO,) is one of the most widely used embeddable
reference electrode for concrete [133-136]. A major advantage is the good long-term stability

of these electrodes, e.g., at least up to 10 years [133-135].

This electrode is designed as a double junction electrode containing an inner NaOH solution
of pH 13.5 [9]. Compared to SCE and Ag/AgCI/KCI electrodes (section 3.2.7), the liquid
junction potential error is significant, e.g., the potential response of this electrode can increase
by 30mV when the pH of the test solution decreases from pH 13.5 to pH 12.5 [9]. If the pH of
the concrete pore solution remains constant at pH=13.5, this problem is insignificant and it
may be argued that these electrodes are suitable for monitoring the potential of reinforcing
steel in the case of chloride-induced corrosion. However, the interpretation of the measured
steel potential with these electrodes may then become difficult for example, when the cement
paste carbonates. Moreover, deviations in the electrode potential were observed in chloride

contaminated concrete [133].

Many metals, such as zinc, lead, stainless steel, platinum, gold, palladium, nickel, magnesium,
magnesium alloys, titanium, etc. have also been tested but most of them generally show
instability in the short term [134]. Although they are not currently in common use, lead and
zinc have been used as reference electrodes in concrete [9, 134]. These materials exhibit a
potential response as a consequence of corrosion reactions, i.e., mixed potentials [9].
Laboratory tests with zinc embedded in concrete have shown unstable and fluctuating

potentials. Lead has a more stable electrochemical behavior in concrete in comparison to zinc,
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but its potential response is not completely well-defined [9]. Additionally, there is a general

concern because of the sensitivity of these electrodes to oxygen and pH [9].

Studies based on graphite and metal/metal oxides [9, 64, 133, 137] indicate that these
electrodes are generally highly sensitive to pH changes and that graphite is moreover highly

sensitive to the oxygen concentration.

Activated carbon pseudo-reference electrode seems to provide better stability compared to
the existing metal and metal oxide pseudo-reference electrodes. However, at chloride
concentrations higher than 0.5 mol-L™, the OCP of this electrode is reported to decrease about
12mV/decade [138]. This could lead to problems when high chloride concentrations are

expected.

4.2.3 Electrode system

From sections 4.2.1 and 4.2.2, it can be seen that there is no reference electrode that meets
the desired requirements of long-term stability and insensitivity to environmental changes. In
this context, a promising suggestion was indirectly made in a doctoral thesis published in 1997
[139], where it was proposed to embed a combination of different electrodes that are sensitive
to different environmental parameters (particularly pH and chloride). The individual potential
changes of the electrodes would allow identifying the changes in the individual environmental

parameters. The idea was unfortunately not further developed.

In this context, Dong et al. [140] later developed a multifunctional sensor for in situ and non-
destructive monitoring corrosion, based on a reference electrode (MnO; electrode) combined
with a pH sensor (Ti/lrO, electrode) and a chloride sensor (Ag/AgCl ion-selective electrode).
The main advantage of this approach would be the improved interpretation of corrosion
potential data, as corrosion potential largely depends on the chemical environment (section
3.3.11). However, as indicated in section 4.2.2, the potential response of the MnO, electrode
is affected by pH changes and thus, the reliability of the potential response of this electrode
could be seriously compromised, for example when cement paste carbonates. To solve this
problem, the potential drift of the MnO, electrode caused by pH changes should be evaluated
and its potential response corrected accordingly. The authors however, did not consider this

aspect.
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4.3 Sensors to monitor chloride concentrations in solution

4.3.1 Chloride ion-selective electrodes (ISE)

Measurement of chloride concentrations in concrete by means of embedded sensors is
traditionally done with Ag/AgCl ion-selective electrodes (ISEs) [39, 141-145]. This is a well-
established method in laboratory conditions; but attempts of in situ use of Ag/AgCl ISEs in
concrete have also been made. These chloride sensors show good long-term stability and
sensitivity to chloride ions [39, 141-144] but their performance may be impaired by the
presence of interfering ions [13, 39, 146-149]. In concrete, problems may arise in presence of
mid-high concentrations of sulfide ions, as for example, in slag cement. This aspect is further

discussed in papers | and Il.

Another factor that may impair the performance of these sensors is the absence or low content
of chlorides in highly alkaline environments. In this case, the AgCl membrane may transform
into Ag-O [150] and the sensor response may then be influenced by the pH. Nevertheless, it
has been reported that the sensors are able to recover fast as soon as they come into contact
with chlorides [39, 151]. More research is however needed regarding the long-term stability
(in the order of years) of the Ag/AgCl ISE membrane in absence of chlorides and exposed to

highly alkaline environments.

In order to improve the performance of ion-selective electrodes, several variations in the
composition of these electrodes have also been made in the last years. A promising solution
has been made by Karthick et al. [152]. The approach is based on an Ag/AgCl ion-selective
electrode coated with a polymeric membrane. This approach would prevent the membrane
transformation into Ag,O when exposed to alkaline environments, without compromising the
performance of the sensors. In fact, this type of Ag/AgCl ISEs seems to provide better stability
compared to the non-coated ones. However, studies with these Ag/AgCl ISEs when

embedded in concrete do not exist.

4.3.2 Other sensors

In section 4.3.1, chloride determination is based on a potentiometric measurement between
the Ag/AgCl ISE and a reference electrode. However, a long-term stable reference electrode
for concrete still does not exist (section 4.2). In order to solve this problem, Abbas et al. [153,
154] proposed a method based on a chronopotentiometric approach. In chronopotentiometry,
the potential of an electrode is measured while a current pulse is applied. In this case, a

galvanostatic pulse is applied to an Ag/AgClI ISE, which initiates a faradaic reaction depleting
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the CI" ions near the sensor surface. One approach would consist of measuring the Ag/AgClI
ISE potential against another electrode and relating it to the chloride concentration [154];
whereas another approach would consist of measuring the time needed to completely deplete
the chloride ions near the sensor surface, which is a function of the chloride concentration
[153]. In both cases, a reference electrode is needed but it only needs to provide a stable
potential during the measurement time, i.e., in the order of seconds; thus, any metal wire or
pseudo-reference electrode could be used. Despite the advantage that no long-term stable
reference electrode is needed, this method may present several limitations. For example, the
response obtained is not stable at high pH and very low chloride concentrations; high current
is needed for high chloride contents, which can in turn degrade the Ag/AgCl ISE membrane;
the Ag/AgCIl ISE membrane can also be degraded due to the interaction of other ions, e.g.,
hydroxide ions, after chlorides are depleted at the sensor; long-term stability of these sensors
has not been addressed, studies in concrete are lacking, etc. In order to avoid the degradation
of the Ag/AgCl ISE membrane due to the applied electric current, the authors proposed a
system with a separated sensing electrode (chloride sensor) and actuating electrode
(actuator). In this case, a constant current is applied to the actuator, which will cause changes
in the chloride concentration that can be determined with the sensing electrode. This proposal
would avoid the degradation of the Ag/AgCI ISE membrane derived from the electric current

applied. However, the other limitations would still remain [155].

A few works based on the use of fibre optic sensors to determine chloride concentrations in
concrete have been made [156, 157] but they present some limitations. McPolin et al. [156]
observed that the measurement of chloride concentration was biased by a reaction involving
chlorides and sensor components; this reaction is irreversible and thus the functionality of the
sensor was impaired. It was thus concluded that the sensors required further development.
Tang et al. [157] reported better results, where the studied sensors exhibited high sensitivity,
good accuracy, e.g., concentration fluctuations below 0.3% after 72 hours, and promising
preliminary results in concrete. Despite the promising results, long-term stability studies
should be extended to much longer times, i.e., in the order of months to years, as the
registered drifts could lead to serious measurement errors on the long-term. Therefore, fibre
optic sensors to determine chloride concentrations need to be further developed to be used in

concrete.
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4.4 Sensors to monitor pH in the concrete pore solution

There is currently no well-established sensor to measure pH in the concrete pore solution. In
this regard, the most challenging requirement concerns the long-term stability in strongly
alkaline conditions. Different sensors have been developed for this purpose; among them

metal oxides and fibre optic sensors have been tested in concrete [158].

4.4.1 Fibre optic sensors

Fibre optic sensors present some advantages, such as low price and overall chemical stability.
However, most of the currently available fibre optic sensors present severe limitations for the
application in concrete [69-73, 156, 159, 160]: the pH-range that they can accurately measure
is very narrow (e.g., the reported results are usually within a range of 2 pH units), the
measured pH may be inaccurate in some cases due to leaching effects, these sensors usually
present chemical instability at high pH values, and very few studies exist where pH>13 has

been measured.

A promising solution was suggested by Nguyen et al. [71], who proposed a fibre optic pH
sensor that could provide a reliable and reproducible response over a pH range of 10-13. In
this case, the sensors were tested several times for about 20 months. Between
measurements, the sensors were stored and thus, data on continuous immersion in alkaline
solution is not available. Additionally, studies in concrete are lacking. It is believed that before
using the sensors in concrete, the long-terms stability when continuously immersed in alkaline

solution should be investigated.

Only a few studies have been performed with fibre optic sensors in concrete. Basheer et al.
[160] reported fibre optic sensors that were able to reliably measure pH values between ca.
pH 9-13 in solution. However, the life-span was too short for the desired application and when
tested in concrete, the sensors were only able to provide a reliable response during the first
minutes of cement hydration because the pH presumably exceeded the upper limit of the
sensor (pH 13). McPolin et al. [156] embedded a fibre optic pH sensor in a carbonated mortar
specimen and monitored pH fluctuations until 18 months. No data was reported regarding the
reliability of the measured pH or while cement paste was carbonated, i.e., pH changes in the
pore solution were not monitored. Habel et al. [159] tested fibre optic sensors embedded in
concrete structures but the pH range measured was limited to pH<13. While the results were
satisfactory, no data regarding the long-term stability (in the order of several years) exist and

additionally, the authors indicated that problems could arise in relatively dry environments.
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In conclusion, the performance of fibre optic sensors overall presents severe limitations for
the application in concrete, especially in terms of life span and pH range covered. Additionally,
results in terms of long-term stability and accuracy of the potential response when embedded

in concrete are lacking.

4.4.2 Potentiometric sensors — metal/metal oxides
Concerning the use of potentiometric sensors as pH sensors, the IrO4 electrodes showed
promising results in terms of high stability in a broad pH range, i.e., from pH 1-2 up to pH 13

[60-58]; accuracy [50-58]; and insensitivity to oxygen in solution [51, 52].

Regarding the performance of these sensors in concrete, only two studies have been reported.
Du et al. [149] measured pH fluctuations, i.e., pH range measured between 12.5 and 13.5,
over 60 days at the interface between reinforcing steel and mortar when the mortar sample
was exposed to chloride ingress. Dong et al. [140] used an iridium oxide electrode (formed on
a Ti substrate, i.e., Ti/lrO, electrode) to monitor the pH while a concrete sample was exposed
to dry/wet cycles over 250 days. In this case, the pH measured ranged between 11.5 and
13.5.

From the reported works with embedded IrOy electrodes, it can be deduced that despite the
promising results, there are many aspects that were not investigated: long-term exposure, i.e.,
experiments were limited to <1 year; potential response at pH<11, i.e., pH measured was
always >11.5; and pH evolution while cement paste is carbonated, which would be the main
desired outcome. Additionally, the accuracy of the pH obtained with these sensors was not
validated with another method, e.g. pH-indicator spraying test. Thus, experience in concrete

needs to be further developed. These aspects are studied in papers lll, IV, and V.

Finally, it should be noted that since IrOy electrodes are potentiometric sensors, a long-term

stable reference electrode would be needed.
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5 METHODS USED

In this section, the most important features of the main experimental techniques used in this

work are summarized.

5.1 Potential measurement

The potential of the electrodes used in this work was measured according to the set-up shown
in Fig. 5. The potential measurements between the working electrode and the reference
electrode were performed with a PGSTAT 30 Autolab potentiostat/galvanostat (Metrohm
Autolab, Utrecht, the Netherlands) with high input impedance (100 GQ).

When the electrodes were immersed in solution, their potential was measured against the
silver/silver chloride/saturated potassium chloride (Ag/AgCl/sat. KCI) reference electrode
(+0.199 V vs. SHE). A Luggin capillary was used to avoid contamination derived from the
contact between test solution and electrolyte of the reference electrode. For the tests with
electrodes embedded in mortar, the silver/silver chloride/saturated potassium chloride
(Ag/AgCl/sat. KCI) reference electrode was used as external reference electrode for the
calibration of the embedded electrodes. This external reference electrode was placed on the
specimen surface and simulated pore solution (0.15 mol-L™' NaOH 0.2 mol-L™ KOH and sat.
Ca(OH),) was used to establish electrolytic contact. A Ag/AgCl ion-selective electrode was
used as internal embedded reference electrode. This electrode exhibits a stable and well-
defined potential response for a known concentration of chlorides; this electrode was thus
embedded in mortar containing known content of chlorides so the reference potential was

fixed and stable.

5.2 Microscopic image analysis

5.2.1 Optical microscope analysis

The optical microscope uses visible light and a system of lenses to produce magnified images
of the samples to be analyzed. The light can be either transmitted through the sample (usually
for samples with a thickness of about 30 ym) or reflected from the sample surface (usually for
thicker samples). Optical microscopes can be very simple but there are also many complex
microscopes designs aiming to improve the resolution. In this regard, the
stereoscopic microscope is an optical microscope in which the light is reflected from the
sample surface and it has a resolution of a few ym. In the present work, images of the sensors

used were obtained with Leica M60 stereoscopic microscope.
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5.2.2 Scanning electron microscope (SEM) analysis

A scanning electron microscope (SEM) is a type of electron microscope that produces images
of a sample by scanning its surface with a focused beam of electrons [161, 162]. The electrons
beam interacts with the atoms in the sample, typically to a depth of ca. 1 ym, producing various
signals, of which the two most often used are backscattered electrons and secondary
electrons. When the electrons enter the sample, they might lose all their energy or might be
deviated so they will leave the sample (backscattered electrons). Secondary electrons are

outer shell electrons that are hit by the electron beam and ejected from the atom.

A detector within the SEM collects both backscattered and secondary electrons in order to
form the image. In this context, topographic contrast arises because the number of
backscattered and secondary electrons depends on the angle between beam and local

surface. The resolution in this case is of a few nm.

The main limitation of conventional SEM microscopes is that they require that the studied
samples are under vacuum. In the case of concrete or cement paste, this implies that the
microstructure and some properties may be altered. To solve this issue, an environmental
scanning electron microscope (ESEM) is normally used, which allows study of samples in a

low-vacuum and high relative humidity environments [162].

In this work, the cross section of the produced IrOy electrodes was studied with a quanta 200

3D (FIB) environmental scanning electron microscope by FEI.

5.3 Carbonation depth (pH indicator)

A pH indicator is a chemical compound that changes its color depending on the pH of the
solution or surface with which it is in contact. This technique has been widely used for the
determination of carbonation depth in concrete, i.e., depth at which the pH gradient meets a
selected pH value (e.g. pH=9 in concrete). The method consists of spraying the indicator
solution on freshly exposed concrete surfaces, thus, it requires destructive testing. The
carbonation depth is then usually determined from the average (together with the standard

deviation) of several measurements of the depth of color change.

The most common indicators used in concrete are phenolphthalein (color change at pH=9),
and thymolphthalein (color change at pH=10) [163]. Other indicators that can be used in

concrete are indigo carmine (color change at pH=12.6), tropaeolin O (color change at pH=12),
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or a combination of phenolphthalein and thymolphthalein (color change at pH=11) [163]. The
accuracy of this method is roughly one pH unit. In the present work, a thymolphthalein solution

was used to determine the carbonation depth.

5.4 Acid digestion/potentiometric titration method for chloride

determination
In general, the methods used for the determination of the total chloride content (usually in %
by cement weight) of a mortar (or concrete) sample are based on the homogenization of a
representative dry sample of mortar (or concrete) powder and the subsequent dissolution of it
in acid. The total chloride content is then measured by various methods, such as titration or

spectrophotometry.

In the present work, the analysis of the total chloride content was performed with a method
based on the acid digestion of mortar powder followed by potentiometric titration with silver
nitrate solution, based on the EN 14629 standard [164]. The extraction procedure was the
following: about 3 gr of powdered mortar (with mix proportions cement/water/sand 1: 0.5: 2)
were mixed with 20 mL of 5 mol-L™" nitric acid. This solution was stirred for 10 minutes; then
40 mL of deionized water were added and this solution was stirred again for 3 minutes (at 85-
95°C). Afterwards, ammonia solution was added until a pH between 3 and 5 was reached.
Potentiometric titration was next performed. Silver nitrate solution (0.1 mol-L™") was added
incrementally so the chloride ions would precipitate as silver chloride. At each step, the
potential of the filtrate was measured with a chloride ion-selective electrode. This allowed the
endpoint, which is the amount of silver nitrate required to precipitate all chloride ions, to be

determined.

There is a certain degree of uncertainty associated to the total chloride content analyzed with
this method. For example, the aggregate fraction and size can introduce a certain degree of
variability in the results, as specimens may be too small to be representative of bulk concrete
[165]. In this case, samples consisted of mortar with aggregate size <1 mm and thus, the error

arising from this is minimum.

Finally, it should be noted that sulfides are known to interfere with the determination of chloride
content [166]. Blast furnace slag aggregates and cements contain sulfide in concentrations
that can produce erroneously high test results. To eliminated this interference, treatment with

hydrogen peroxide, as described in [167], should be used.
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6 DISCUSSION

This project proposes an electrode system composed of several Iridium/Iridium oxide (IrOy)
electrodes and several Ag/AgCl ion-selective electrodes, embedded in concrete at different
locations. The approach is based on the potentiometric measurements between all the
embedded electrodes. An algorithm was developed that allows associating any potential
change of the individual electrodes with the specific environmental change, i.e., pH and
chloride concentration, and obtaining a well-defined potential response at all times, i.e., a

reference potential. The most important aspects of this proposal are discussed here.

6.1 Long—term stable embeddable electrode system
This thesis proposes an electrode system to be embedded in concrete, composed of several
Ag/AgCl ISEs and several Iridium/Iridium oxide (IrOy) electrodes. A schematic representation

of this electrode system is shown in Fig. 11.

Ag/AgCl ISE,

ingress aggressive agent

Fig. 11 Schematic representation of the electrode system composed of several IrOy electrodes and several

Ag/AgCl ISEs embedded at different cover depths

In this thesis, it has been shown that the potentiometric response of an IrOy electrode Ejq, is

dictated by the pH of the pore solution (paper Ill) and independent on the chloride content
(Appendix): Eyo, = f(pH). On the other hand, the potentiometric response of an AgCl ion-

selective electrode Epg/agciise i determined by the chloride concentration in the pore solution
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(papers | and 1) and independent on the pH (papers I-ll, Appendix): Exg/agciise = f(Cl7).
Therefore, the studied IrOy electrodes and Ag/AgCl ion-selective electrodes can successfully
be used as pH and chloride sensors respectively. In order to do that, the potential of the
Ag/AgCl ISEs and IrO4 electrodes must be measured and converted into chloride
concentration and pH respectively. This is only possible if diffusion potentials arising between
these electrodes and the reference electrode are taken into account. In this work, an algorithm
is developed (section 6.3) that enables separating electrodes potentials from diffusion

potentials.

In a potentiometric measurement, the potential of the working electrode (Ag/AgCI ISE and IrOy
electrodes) is referred to the potential of another electrode with known and fixed potential, i.e.,
the reference electrode (see section 3.2.4). The Ag/AgCl ISEs and IrOy electrodes proved to
exhibit a well-defined and long-term stable potential for known conditions chloride
concentration and pH respectively. Thus, when pH and chloride concentration at a given
electrode location are known, both Ag/AgClI ISEs and IrO, electrodes can be used as reference

electrode.

Section 6.1.1 summarizes the main conclusions on the use of the Ag/AgCl ion-selective
electrode as chloride sensor and discusses its use as reference electrode. Section 6.1.2 gives
an overview on the use of the IrO, electrode as pH sensor and discusses its use as reference

electrodes.

6.1.1 Ag/AgCl ion-selective electrode as chloride sensor and as reference electrode
The Ag/AgCl ISEs exhibit a well-defined potential response for a given concentration of
chlorides with an accuracy of ca. +0.05 mol-L™", independent on the pH (see papers I-11). The
detection limit of chloride ion, i.e., minimum detectable chloride concentration, in aqueous
neutral solution is <0.002 mol-L™" (paper 1) and <0.01 mol-L™" at pH=14 according to Angst et
al. [39].

At low concentration of chlorides, i.e., below the detection limit, the potential response of this
electrode is not well-defined (papers I-1l) and it should not be used as reference electrode.
Nevertheless, absence of chlorides does not impair the functionality of the Ag/AgCl ISE as
chloride sensor, since upon chloride arrival, this electrode exhibits the potential response

expected from the calibration curve, e.g., in this work, the Ag/AgClI ISEs exhibited a stable
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potential response for 60 days after being exposed to chloride-free alkaline solutions for ca.
60 days (paper I-Il).

The Ag/AgCl ISE should neither be used as chloride sensor nor reference electrode in
presence of sulfides due to the interference caused by this ion, e.g., the potential response of
the Ag/AgCl ISEs was affected by sulfide concentrations >0.006 mol-L™ in presence of 0.01
mol-L™" of chlorides. This interference is likely more pronounced for lower chloride

concentrations (papers I-l).

It can thus be concluded that the Ag/AgClI ISEs can successfully be used to monitor chloride
concentrations in concrete (paper V and Appendix) and when the chloride concentration is

known, they can also be used as reference electrodes (paper V and Appendix).

6.1.2 IrO4 electrode as pH sensor and as reference electrode

The IrOy electrodes produced in this work exhibited a stable and defined potential response
to pH for almost 2 years exposed to alkaline solution (paper Ill) and for about 6 months when
embedded in concrete (papers IV-V). From the obtained results, it was concluded that they
can be used to monitor pH with a maximum error of 0.5 pH units at least over a range of pH
9-13.5. The potential response of the IrO4 electrodes is additionally independent on both
oxygen content (paper Ill) and chloride content (Appendix). Thus, the IrO, electrodes can also

be used as reference electrodes if the pH is known.

It is important to note that upon immersion in aqueous solution, the potential of IrO, electrodes
shifts during the first months but after sufficient immersion time, i.e., conditioning for ca. 3-4
months (paper lll), in alkaline solution the IrOy electrodes exhibit a drift-free potential response.
It was also observed that each produced IrOy electrode responds slightly different (paper Il1);

thus, it is recommended that pre-calibration of each IrO, electrode is performed before use.

Finally, it should be noted that concrete structures are subjected to exposure conditions that
can lead to variations in humidity, e.g., wet-dry, cycles, and temperature. The IrOy electrode
performed well in a relatively dry environment (65% RH, paper 1V) but since the oxide layer
formed on the iridium substrate is likely hydrated, the potential response of this electrode in
drier environments needs to be studied. The effect of temperature on the electrode response

also needs to be addressed in further work.
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6.2 Diffusion potentials

In concrete, diffusion potentials will arise due to pH gradients when the concrete carbonates
and/or due to chloride concentration gradients when chloride ingresses the concrete. As
indicated in section 3.2.6, diffusion potentials in the order of hundreds of mV have been
reported in concrete [33-35]. Therefore, the correction of the measured electrode potential
with respect to the diffusion potential is especially important, as will be illustrated in this

section.

Fig. 12a shows the diffusion potential established between a solution B (Fig. 6) without
chlorides and solution a (Fig. 6) with chloride concentration ranging from 0 until 5 mol-L™. In
this case, both solutions have pH=13.5. Fig. 12b shows the diffusion potential established
between a solution B with pH=13.5 and solution a with pH ranging from 11 until 13. In this
case, both solutions are chloride-free. The diffusion potential is calculated with Eq. (11) for
two types of alkaline solutions, one containing NaOH and the other containing KOH so the
effect of the counter ion (Na*, K*) can be evaluated. For the calculation, ionic mobilities of the

involved ions (Na*, K*, CI', and OH") are taken from [25].
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Fig. 12 (a) Diffusion potential established between a solution 8 without chlorides and solution a with chloride
concentration ranging from 0 until 5 mol-L". Note that both solutions have pH=13.5 and that Egson is plotted as a
function of the chloride concentration of the solution a (b) Diffusion potential established between a solution 3 with
pH=13.5 and solution a with pH ranging from 11 until 13. Note that both solutions are chloride-free and that Egugon

is plotted as a function of the pH of the solution a. In both cases, the diffusion potential is calculated with Eq. (11)

for two types of alkaline solutions, one containing NaOH and the other containing KOH.
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From Fig. 12, it can be seen that the diffusion potential increases with the difference in
chemical composition between the solutions involved, where the pH has the highest impact,

reaching values up to ca. 60 mV for a gradient of 2 pH units.

Diffusion potentials differ depending on the ions dissolved in solution, i.e., differences in the
calculated diffusion potentials can be observed between the NaOH and KOH solutions despite
having the same pH (Fig. 12). The largest difference in the calculated diffusion potential
between the NaOH and KOH solutions is of 20 mV for a gradient of 2 pH units. This potential
difference corresponds to <0.5 pH units in the response of the studied pH sensors (compare
section 6.2.1) and it is comprised within the accuracy range of this electrode (paper Ill).
Nevertheless, it should be noted that often pore solutions are a mixture of NaOH and KOH,
thus deviations in the calculated diffusion potentials due to differences in the exact
composition of the pore solution are expected to be lower in most of cases, compared to the
results shown in this section. Consequently, diffusion potentials in the pore solution would
change with respect to the results shown in Fig. 12 but it is considered that they will not

compromise significantly the reliability of the sensors proposed in this work.

Due to the exact pore solution composition being unknown, especially as carbonation of the
cement paste proceeds, NaOH solution has been considered for the calculation of diffusion
potentials in this work, i.e., Na* is considered as a charge balance to the OH™ concentration

that will change as cement paste carbonates.

6.2.1 Effect of diffusion potentials on the potentiometric response of Ag/AgClI ISE and
IrO, electrodes

Diffusion potentials add arithmetically to the measured potential Emeasured betWeen the working

electrode and the reference electrode (Fig. 5). Fig. 13 shows a schematic representation of

the measured potential Encasured between a pH or chloride sensor (working electrode) and a

reference electrode in presence of a diffusion potential due to pH and/or chloride gradients in

concrete.
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Fig. 13 Schematic representation of the measured potential Eneasures P€tWeeEn a pH or chloride sensor
and a reference electrode in presence of a diffusion potential due to pH and/or chloride gradients in
concrete.

The measured potential Eneasured IS Written as:

Emeasured = Esensor(vs- RE) + Ediffusion = Esensor - ERE + Ediffusion (31)

whereE.,sor iS the potential response of the pH or chloride sensor (working electrode).

The effect of the diffusion potential on the accuracy of pH and chloride concentration obtained
with the studied pH and chloride sensors can be illustrated with a simple calculation. From the
calibration curves of the Ag/AgCl ISE (papers I-ll) and considering a theoretical Ey.o, — pH
slope of -0.059 mV/pH for the IrO electrode (paper lll), the chloride concentration and pH are
respectively obtained for two cases: a) the measured potential is corrected for the diffusion
potential (Esensor = Emeasured T ErE — Eadiffusion); 0) the measured potential is not corrected for
the diffusion potential (Esensor = Emeasured + Erg)- FOr this calculation, it is assumed that the
electrolyte at the reference electrode location contains 0 mol-L™ of chlorides and has pH=13.5.
The results are reported in Table 2. Note that the diffusion potential is calculated according to
Eq. (11) considering NaOH solution as electrolyte and NaCl as chloride salt (ionic mobilities

of the involved ions are taken from [25]).
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Table 2. Example of pH and chloride concentrations determined with IrOy electrodes and Ag/AgClI
ISEs respectively for two cases: a) the measured potential is corrected for the diffusion potential
(corrected potential; b) the measured potential is not corrected for the diffusion potential (uncorrected
potential). For this calculation, it is assumed that the electrolyte at the reference electrode location
contains 0 mol-L" of chlorides and has pH=13.5
b) Uncorrected potential
(calculated if Emeasured= Esensor'ERE )

a) Corrected potential

CI' (mol-L™) pH CI' (mol-L™) pH Ejittusion (MV)
2 ~13.5 ~1.6 ~13.4 5.53
0.01 ~11 ~0.09 ~11.9 ~-52
0.1 ~11 ~0.35 ~11.5 ~-30

From Table 2, it can clearly be seen that corrections for the diffusion potentials are essential,
especially for pH gradients; for example, a pH gradient of 2.5 units (between pH 13.5 and pH
11) can lead to errors in the chloride and hydroxide concentrations of one order of magnitude
if the measured potentials are not corrected accordingly. In comparison, diffusion potentials
due to chloride gradients are relatively low at pH =13.5 but can significantly increase in
presence of both chloride and pH gradients. Thus, relying on the experimentally measured
potentials would lead, in most of cases, to the misinterpretation of the results. In conclusion,
correction of the measured potentials for the diffusion potentials is essential when determining

the individual electrodes potentials.

6.3 Algorithm for determination of reference potential, pH and chloride

concentration
In order to determine the pH and chloride concentration, the potential of the IrO, electrodes
and Ag/AgCl ISEs must be measured and converted into chloride concentration and pH
respectively. This is only possible if diffusion potentials arising between the electrodes due to
differences in chloride concentration and/or pH have been taken into account (section 6.2.1).
In this section, an algorithm is developed that enables separating electrodes potentials from

diffusion potentials.

From the set-up presented in Fig. 11, the potential of any electrode (Ag/AgCI ISE or IrOy
electrode) can be measured versus any other embedded electrode (Ag/AgCl ISE or IrOy
electrode used as reference electrode, see sections 6.1.1and 6.1.2) and calculated with Eq.
(31). As an example, Fig. 14 shows different possible potential measurements between 4
embedded electrodes (two Ag/AgCI ISEs and two IrOy electrodes) assuming one-
dimensional ingress of aggressive agent, i.e., the chloride concentration and pH for the

electrodes embedded at depth x (or y) are the same. In Fig. 14, the arrows show the
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potential measurement performed, where the arrow end indicates the working electrode (and

the arrow begin the reference electrode).

electrode

aggressive
agent

Fig. 14 Potential measurements between 4 embedded electrodes (two Ag/AgCI ISEs and two IrOy
electrodes) assuming one-dimensional ingress of aggressive agent. The arrow shows the potential
measurement performed, with the arrow end indicating the working electrode (and the arrow begin the
reference electrode). The parameters to be calculated are indicated in red.

The potential measured between the different combinations of electrodes shown in Fig. 14

can be written as:

Emeasured 1= EIrOX (pHx) + Ediffusion (Cl;, per Cl;' pHX) - EAg/AgCl ISE(Cl;) (32)
Emeasured 2 = EIrOX (pHy) + Ediffusion (Cl;’ pHy' Cl;' pHx) - EIrOX (pHX) (33)
Emeasured 3= EAg/AgCl ISE (Cl;) + Ediffusion (Cl;; pHyr Cl;rpHy) - EIrOX (pHy) (34)

Emeasured 4 = EAg/AgCl ISE (Cl;) + Ediffusion (Cl;, pHx: Cl;, pHy) - EAg/AgCl ISE (Cl;) (35)
Emeasured 5= EAg/AgCl ISE (Cl;) + Ediffusion (Cl;, pHyr Cl;rpHx) - EIrOX (pHy) (36)
Emeasured 6= EIrOX (pHy) + Ediffusion (Cl;’ pHy' Cl;' pHx) - EAg/AgCl ISE(Cl;) (37)
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There is only one solution of pH and chloride profiles that will fulfill all the combination of
equations (Egs. (32)-(37)); thus, solving this equation system will lead to the determination of
pH and chloride concentration at each electrode location. For that, an iterative calculation
procedure must be used (see example in section 6.3.1). The previously obtained chloride

concentration and pH at a given location would be useful input data.

The proposed equation system (Eqgs. (32)-(37)) is in this case over-determined. This is
considered beneficial, as it will allow detecting the impairment of an individual electrode
without compromising the functionality of the whole electrode system. In order to improve the
robustness of this electrode system (in case an electrode fails), it is recommended that several

electrodes are embedded at the same depth.

It should be noted that Eqgs. (32)-(37) are based on the assumption that one-dimensional
ingress of aggressive agent occurs. This may not be the case in real field conditions; in that
case, 8 parameters (pH and chloride concentration for each of the 4 embedded electrodes)
need to be determined but only 6 equations (Egs. (32)-(37)) are available for that, leading to
an under-determined equation system. This can be easily solved by embedding more
electrodes (as suggested earlier in this section), e.g., for 6 embedded electrodes, 12
parameters need to be determined (pH and chloride concentration for each of the 6 embedded

electrodes) but 15 equations will be available (over-determined system).

To facilitate the calculations, these equations could be implemented and run in a computer
program, given the condition that the sum of errors needs to be minimized. Once this equation
system is solved, electrode and diffusion potentials are separated. Despite the added
calculation time, this approach presents the advantage that chloride and pH profiles can be
obtained even if chloride and pH conditions are changing over time at each electrode location.
Additionally, as the pH and chloride concentration are obtained at each electrode location, the
electrode potential response will be well defined; thus, any embedded electrode can be used

as reference electrode (sections 6.1.1 and 6.1.2).

6.3.1 Example of application of the algorithm
In this section, an example of the algorithm used for the determination of pH and chloride

concentrations is presented.
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To facilitate the calculations, in this example it is assumed that the pH and chloride
concentration at the reference electrode location (Clgzg, and pHgg) are known, i. e, the potential
of the reference electrode Ege is known and well-defined (for both Ag/AgCI ISE and IrOy
electrode, sections 6.1.1 and 6.1.2) and that the ingress of aggressive agent is one-
dimensional. The chloride and pH concentrations at depth “x” (Cl;, and pH,) can be then
calculated with the potential responses of an Ag/AgCl ISE and IrOy electrode embedded at

this depth (Fig. 14). Based on Egs. (31)-(37), the potential response of these electrodes is:

EIrOX(pHx) = Emeasured (Irox VS. RE) - Ediffusion(Cl;r pHx: Clr_{E: pHRE) + ERE (38)

EAg/AgCl ISE(CZ;) = Emeasured (Ag/AgC1 ISEx Vvs. RE) - Ediffusion(Cl;, per Cl};Er pHRE) + ERE (39)

Owing to the to the interdependence of pH,, Cly, Eio, (pHx), Eag/agciise(Cly), and
Eqitfusion (Clx, PHy, Clgg, PHRE), NO closed solution can be given and an iterative calculation
procedure is proposed. With this calculation, the chloride concentration and pH can be
obtained at different exposure times, i.e., time step. As indicated earlier in this section, the
calculated chloride concentration and pH at a given location in the previous time step are

useful input data. This iterative calculation is then comprised by the following steps:

1. The potential of the IrO4 electrode embedded at depth “x” (Ej.q, (pH,) is calculated with
Eq. (38). The diffusion potential Egitfusion (Clx, PHx, Clrg, PHREg) is calculated with the pH
and chloride concentration obtained in the previous time step. For the first time step, it is

assumed that E gifrusion (Clx , PHy, Clgg, PHRE) = 0;

2. The value of pH in this iteration “/’ (pH, ;) is determined from the calibration curve of the

IrO, electrode;

3. The diffusion potential Egjtfusion(Clx, PHy, Clrg, PHRE) is calculated with the pH value
calculated in the current iteration (pH, ;) and with the chloride concentration obtained in
the previous iteration (in the first iteration, the chloride concentration is obtained from the

previous time step, assuming Cl; = 0 for the first iteration of the first time step);

4. The potential of the Ag/AgCI ISE embedded at depth “x” Epg/agciise(Cly) is calculated
with Eq. (39);
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5. The chloride concentration in this iteration “/” (CL, ;) is determined from the calibration

curve of the Ag/AgCl ISE electrode;

6. The calculated pH, and Cl; are evaluated: if the pH difference between two consecutive
iterations become < 0.1 pH units and the chloride concentration difference between two
consecutive iterations become < 0.01 mol-L™, the iterative calculation is finished. Other

criteria are also possible;

7. If the criteria condition is not fulfilled, Egifrusion(Clx, PHyx, Clgg, PHRE) is calculated and

another iteration step is done.

Fig. 15 summarizes the algorithm used to determine the chloride concentration (Cl;) and pH
(pH,) at an IrO4 electrode and at a Ag/AgCI ISE embedded at depth “x”, assuming known pH
and chloride concentration (pHgr and Clgg) at the location of the reference electrode (IrOy
electrode or Ag/AgCl ISE).

E&!um\mn(a;p pH, i, CIEE.PHRE) Eng/agclise, (Cly) = Emeasured (Ag/AgCIISE, vs.RE) + Egitusion (Cl;,, V”v\.valrzE:PHRE) + Ege
PH,;
Calibration curve IrO,: Calibration curve Ag/AgCI ISE
Errox, (PHx) > pHy Epg/agciisk, (Cly) > Cle
Cly;
Criteria
. . - _ . - _ no [PHyi — pHyi-1| < 0.0
Eirox, (PHy)= Emeasured (Ir0Xy V8. RE) = Egiggusion (CLy i, PHy i, Clrg, PHRe ) + Ere {¢—— Edifrusion (CLy i PHx, i, Clrg, PHyg)

- [Ck, ;= CFy, ;4] <0.01

I lyes
Initial conditions
pHx,i
Emeasured (Ag/AgCl ISE, vs.RE) -
Clx i
Emeasured (Ir0Xy vs. RE) ’

Ejgitfusion (Clx, pHy, Clgg, pHrg) from previous time step

Fig. 15 Algorithm used to determine the chloride concentration (Cl;) and pH (pH,) at an IrOy
electrode and at an Ag/AgCl ISE embedded at depth “x”, assuming known reference electrode
potential Ege and known pH and chloride concentration (Clzg, pHyg) at the reference electrode

location. The parameters changed in this calculation are indicated in red. The calculated pH and
chloride concentration in each iteration (pH, ; and CL, ;) are specifically indicated in the diagram.

Note that the algorithm is analogous when pH and chloride concentrations at the reference
electrode location are unknown and when the ingress of aggressive agent is not one-

dimensional.
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6.3.2 Measurement of steel potential
The simple measurement of steel potential does not necessarily indicate whether the
reinforcement is in the passive or active state (section 3.3.11) but coupling data of steel

potential, chloride profiles, and pH profiles would provide a good insight in that regard.

As indicated earlier in this section, once the conditions of pH and chloride concentration at
each electrode location are known, any embedded electrode can be used as reference
electrode (sections 6.1.1 and 6.1.2). Thus, the steel potential can be measured versus any of

the embedded electrodes. The measured steel potential is:

Emeasured (Steel VS. RE) = Esteel + Ediffusion(Cls_teel' pHsteel: Cll;E' pHRE) - ERE (40)

where Eeasurea (Steel vs. RE) is the measured steel potential versus any embedded electrode
used as RE, Eggis the reference electrode potential, Clre and pHge are the respective chloride
concentration and pH at the reference electrode location, and Clsee and pHsee are the

respective chloride concentration and pH at the steel surface.

The pH and chloride concentration at the steel surface must be known in order to evaluate the
diffusion potential and calculate the steel potential correctly (Eq. (40)). The easiest solution to
this is to embed (at least) one electrode as close as possible to the steel surface so diffusion
potentials between this electrode and the steel reinforcement would be minimized. This

electrode can also be used as reference electrode to determine the steel potential:

Emeasured(Steel VS. RE) ~ Esteel - ERE (41)

Note that Clseer and pHgeel Can anyway be determined when pH and chloride profiles are
calculated with the electrode system proposed in this thesis if (at least) one electrode is placed
close to the steel surface, i.e., chloride pH conditions at the location of this electrode are

Cl-steel and pHsteeI

6.3.3 Electrode system with reference electrode
The simplest way to determine pH and chloride profiles with the algorithm proposed in this
thesis is when the conditions of pH and chloride concentration at one electrode location are

constant over time. This will simplify significantly the calculations.

In the electrode system shown in Fig. 14, it is suggested to embed some electrodes at a very
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high cover depth, where, even after decades, the pH and the chloride concentration remain
unaffected. These electrodes can then be considered reference electrodes. The values of pH
and chloride concentration can then be obtained from a potential measurement performed
with an external reference electrode, following the procedure described in section 2.2.1 of the
Appendix for the chloride sensor (analogous for the determination of pH with an IrOy
electrode). In order to minimize errors arising from diffusion potentials between external and
internal reference electrodes, it is important that this calibration is performed within the first

days after casting, i.e., before the structure is exposed to the ingress of aggressive agents.

It is also recommended that more than one electrode is embedded at the high cover depth.
This will allow increasing the robustness of the measurement and ensure the electrode system

functionality in case one of the internal reference electrodes is impaired.

Nevertheless, it should be underlined that even if the pH and the chloride concentration would
change at the reference electrode location, the functionality of the electrode system would be
unaffected and that having an embedded reference electrode is mainly beneficial to reduce

the calculation time.

6.3.4 Practical example of application of the algorithm
In this section, the algorithm proposed for the calculation of pH and chloride concentrations is
applied to the results obtained from a mortar sample subjected to one-dimensional chloride

ingress. This mortar sample had embedded IrO electrodes, steel bars and Ag/AgCI ISEs.

In this experiment, the mortar sample was put in contact with synthetic pore solution (0.2
mol-L™" KOH, 0.15 mol-L" NaOH and sat. Ca(OH),) containing chlorides. The aim of this
experiment was to study the behavior of the IrO4 electrodes under chloride ingress. The
calculations were simplified by assuming that diffusion potentials were only due to chloride
gradients and that the pH remained constant. In this section, the complete algorithm, where
both chloride and pH gradients are considered is applied to the measured potentials of the
electrodes (Ag/AgCl ISEs and IrOy electrodes) versus the embedded internal reference
electrode (Ag/AgCl ion-selective electrode embedded in a mortar containing chlorides, section
2.2.1 of the Appendix).

The main features of the set-up are shown in Fig. 16. More details on the experimental set-up

can be found in section 2.2.1 of the Appendix.
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Fig. 16 Main features of the set-up used to monitor chloride ingress with embedded Ag/AgCl ISEs,
IrOy electrodes and steel rods at 5, 8 and 12 mm depth. All the surfaces were coated with epoxy resin
with the exception of the surface of chloride ingress.

Fig. 17a shows the chloride concentration as a function of exposure time to chloride ingress

at each depth (5, 8 and 12 mm). As a comparison, the results obtained under the assumption

of constant pH gradients are also plotted. Fig. 17b shows the calculated pH as a function of

exposure time to chloride ingress at each depth (5, 8 and 12 mm).
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Fig. 17 (a) Chloride concentration as a function of exposure time to chloride ingress at each depth (5, 8 and 12

mm), calculated with the algorithm described in section 6.3.3 (filled markers). As a comparison, the results

obtained under the assumption of constant pH are also plotted (empty markers) (b) pH as a function of exposure

time to chloride ingress at each depth (5, 8 and 12 mm), calculated with the algorithm described section 6.3.3.
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From the results presented in Fig. 17a, it can be seen that the chloride concentration increased
with time and that this increase is markedly higher at shallower depths. The obtained results
are in good agreement with the calculated chloride concentrations obtained with the simplified
algorithm (neglecting pH gradients). This is because the pH of the exposure solution
containing chlorides was similar to the internal pore solution, thus not giving rise to significant
pH gradients. It should be noted that these results correspond to a very specific situation under
unrealistic conditions; in reality, both pH and chloride gradients would be expected, where the

correction regarding diffusion potentials becomes very important (section 6.2).

The pH increased over time up to ca. 0.4 pH units for the electrodes embedded at 8 and 12
mm depths (Fig. 17b). It is believed that this pH increase may be caused by chloride binding,
as suggested in [15], that occurred as chlorides penetrated the mortar sample. This pH
increase was not observed for the electrode embedded at the shallowest depth (5 mm). The
chloride concentrations at this depth are considerably higher and it is believed that the binding
capacity was practically used up during the first days of exposure to chloride ingress. Thus,
this pH increase may have happened before the first potential measurement was performed
and it was not detected. In fact, the calculated pH at this depth is initially higher than the
calculated pH at the two other depths. More experiments should be performed to confirm this

hypothesis.

Validation of the results

In order to validate both the electrode system and the results obtained, the potential difference
between different combination of electrodes (Ag/AgClISEg m vs.Ag/AgClISE 2 mm,
IrOy_ _ vs.Ag/AgClISE1; mm, Ag/AgClISEs ym vs.Ag/AgClISE 1y mm, and IrOy  vs.Ag/
AgClISE{, mm) is both measured and calculated for 8 different exposure times to chloride
ingress (shown in Fig. 17). The calculated potential (Ecacuated) iS Obtained with Eqgs. (38)-(39)

with the pH and chloride concentrations obtained at each time step.
Fig. 18 shows the potential measurements performed for calculating the pH and chloride

concentration at each depth and the potential measurement performed for the mentioned

validation.
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Fig. 18 Potential measurements performed for calculating the pH and chloride concentration at each depth and

potential measurement performed for the validation of both electrode system and obtained results.

Fig. 19 shows the average of the potential difference AE between the potential measurement
used for this validation (Eyaidaton) @nd the calculated potential (Ecaicuiates) between the same
combination of electrodes. The average of this potential difference is obtained from the
calculated potential differences at 8 different exposure times to chloride ingress (between 6
and 99 days of exposure to chloride ingress, see Fig. 17). The working electrode in each case

(Ag/AgClISEs mms Etroxg > A8/AZCIISEs ym, and Ir0,_ ) is indicated in the graph.
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Fig. 19 Average of the potential difference AE (from 8 individual calculations) between the potential measurement
used for this validation (Ezjaaton in Fig. 18) and the calculated potential (Ecacuated), @ccording to Egs. (38)-(39),
between the same combination of electrodes. The working electrode in each case is indicated in the graph. The

error bars represent the potential range between the maximum and minimum calculated AE.
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From the results shown in Fig. 19, it can be seen that differences between measured and
calculated potentials are always <0.01 V. This scatter in the obtained results is likely due to
simplifications made in the calculations, e.g., assumption of linear concentration gradients in
the Henderson equation, NaOH solution is used to simulate the concrete pore solution when
calculating diffusion potentials, permselective properties of cement paste are not considered
in the calculation of diffusion potentials, etc. Nevertheless, the proposed algorithm leads to

accurate results.

In this case, diffusion potentials are relatively low. However, in the presence of higher
concentration gradients, i.e., pH gradients or combined chloride and pH gradients, as
expected in field conditions, their quantification is highly important. Thus, the electrode system

and the calculation procedure proposed in this work appears to be essential.

6.4 Achievement of objectives
This work aimed to develop three types of long-term stable electrodes to be embedded in
concrete: an electrode that is able to provide a long-term stable and well-defined potential

(i.e., a reference potential), a chloride sensor, and a pH sensor.

A long-term stable and well-defined potential is obtained by embedding several Ag/AgCl ion-
selective electrodes and several Iridium/Iridium oxide (IrOy) electrodes at different locations.
A calculation procedure is developed that allows obtaining a well-defined potential response
for each embedded electrode. The main objective of this calculation procedure is to take into
account diffusion potentials arising from chloride ingress or carbonation. The proposed
electrode system has the advantage that reference potential, chloride profiles and pH profiles
can be obtained even if chloride and pH conditions are changing over time at each electrode

location.

Chloride sensors used in this work are Ag/AgCl ion-selective electrodes, which have already
been used in concrete providing satisfactory results. In this thesis, the main sources of error
that could impair the functionality of these sensors have been identified. It is concluded that
these electrodes can be satisfactorily used in concrete with the exception of materials with

mid-high content of sulfide, such as slag cement.

The pH sensors were self-produced by thermal oxidation of iridium wires. The results

regarding the use of these sensors in solution and when embedded in concrete show that
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these electrodes can be used to monitor any pH value, at least in a pH range between 13.5

and 9, as long as they are properly produced and conditioned.

66



7 CONCLUSIONS

In this thesis, an embeddable electrode system for concrete was developed. This system is
composed of several Iridium/Iridium oxide (IrO,) electrodes, used as pH sensors, and several
Ag/AgCl ion-selective electrodes, used as chloride sensors, embedded at different depths in
concrete. While the potentiometric response of IrOy electrodes is dictated by the pore solution
pH, the Ag/AgCI electrodes respond to chloride concentrations in the pore solution. None of
the electrodes are sensitive to oxygen. Together with an algorithm that takes into account
diffusion potentials, this system is able to provide a long-term stable reference potential at all
times and at different locations — even if pH and chloride concentration are changed over time.
This is a major achievement, considering that all existing approaches for embeddable
reference electrodes are sensitive to these changes. The proposed electrode system can be
used as a stable reference electrode both for monitoring steel potential and for the
potentiometric measurements of Ag/AgCl ISEs and IrOx electrodes. Thus, the proposed
approach, does not only serve as reference electrode, but also as a means to monitor the

ingress of chloride and carbonation into concrete over time.

The proposed algorithm forms an essential part of the electrode system. This algorithm was
developed on the basis of the theory of diffusion potentials and validated against experimental
work. While the impact of diffusion potentials for potentiometric measurements is well known,
there are hardly approaches in the literature that explicitly attempt to correct for this effect.
The proposed combination of electrodes system and algorithm permits to accurately

distinguish between diffusion potentials and actual electrode potentials.

The use of IrO4 electrodes permits, for the first time, the continuous, in situ monitoring of the
pH in the concrete pore solution over a range of at least pH 9 to 13.5. These electrodes have
to be conditioned in alkaline media for sufficient time, e.g., 3-4 months, to exhibit a well-defined
and drift-free potential response. It is also recommended that they are individually calibrated

before use.

New results regarding the carbonation process were obtained by applying these new pH
sensors to OPC mortar specimens subjected to accelerated carbonation. It was observed that
the pH of the pore solution first decreases down to ca. pH 12.5 and remains constant at that
pH for a long time; this can be explained by the buffering action of Ca(OH),. Afterwards, the

pH rapidly decreases down to ca. pH 9. The main finding is that pH 12.5 (“early carbonation
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front”) is reached at least 3 times faster than the “full carbonation front” at pH 9. The possibility
to continuously monitor pH in the concrete pore solution has high scientific relevance, e.g. the
carbonation of blended cements or pozzolanic reactions of supplementary cementitious
materials can be studied in real time and in situ. These findings have also implications in
corrosion engineering: at pH 12.5, the critical chloride content to initiate localized corrosion is
much lower than at pH 13.5. Thus, the risk of chloride-induced corrosion of the steel in
structures exposed to the atmosphere (and to carbonation) might be much higher than usually
expected if the carbonation front at pH 12.5 reached the reinforcement level. Variations of the
pH at the reinforcement level might be an explanation for the large scatter in the reported

critical chloride contents.
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8 OUTLOOK AND FUTURE RESEARCH

From the results presented in this thesis, the following recommendations for future research

are given in this section.

Diffusion potentials

Correction of the measured potentials for diffusion potentials is important for both the
functionality of the electrode system and the accuracy of the chloride and pH sensors
proposed in this thesis. In this work, diffusion potentials were calculated with the data on ion
mobility reported for aqueous solution. Permselective properties of the cement paste were
thus not considered, as the mortar used in all the experiments was relatively porous (w/c=0.5)
and one week of curing. However, it is possible that denser mortars with lower water-to-
cement ratio or exposed to low relative humidity exhibit this permselective behavior, resulting
in larger diffusion potentials [34, 36-38]. Thus, the influence of the permselective properties of

cement paste on the ion mobility needs to be studied further.

pH and chloride sensors

The pH sensors used in this work (IrOy electrodes) likely consist of a dense hydrated oxide
layer. Thus, the functionality of these electrodes might be affected when concrete or mortar is
exposed to environments with low moisture content. The IrO electrodes provided satisfactory
results in a relatively dry environment (65% RH), but the effect of lower RH and of variable
humidity conditions needs to be further studied. Additionally, the effect of temperature on the

potential response should be studied.

The potential response of the Ag/AgCl ion-selective electrodes is not well defined in absence
of chlorides, probably due to the transformation of the AgCl membrane into Ag.O.
Nevertheless, the results obtained in this work showed that after ca. 60 days immersed in
alkaline solution without chlorides, these electrodes exhibit the expected potential response
from the calibration curve upon addition of chlorides. For the long-term application in concrete,
the potential response of these electrodes for longer exposure times, i.e., in the order of
months to years, in absence of chlorides needs to be addressed in further studies. Additionally,
it has been shown that in presence of sulfides, the Ag/AgCl ion-selective electrodes would
lead to erroneous results due to the interference of this ion, e.g., addition of 0.006 mol-L™ of
sulfides in 0.01 mol-L”" NaCl solution caused a significant potential shift in the electrode

potential response. In this case, the use of other Ag/AgCl ion-selective with modified
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membranes (see section 4.3.1) could be a solution and further studies with these types of

electrodes should be performed for the use in concrete with for example, slag cements.

Corrosion of the reinforcement

Both the pH and the concentration of free chlorides at the steel surface play a role in corrosion
initiation. However, reliable data on these parameters are often hardly available. The
combination of the pH and chloride sensors developed in this thesis can thus enhance
research dealing with reinforcement corrosion. It may be particularly interesting to study the
impact of pH drops in the alkaline range, such as carbonation down to 12.5 (which it has been
found to occur much earlier than the traditional carbonation (pH<10) that is currently detected

(with indicator spray test)) on the chloride content necessary for inducing localized corrosion.

Study of blended cements

In this work, the use of IrO electrodes embedded in mortar allowed following the carbonation
process continuously and in situ. The results regarding the evolution of pH vs. time can give
substantial insight into the process of carbonation. The Portlandite (Ca(OH), phase) content
in blended cements is usually lower and it is thus possible that these cements have a lower
buffer capacity, as Portlandite is the main source of the alkali reservoir at pH=12.5. The use
of the studied pH sensors in these cements could provide a better understanding of the

kinetics and resistance against carbonation, e.g., the time to resist a pH drop below 12.5.

Additionally, the possibility to non-destructively monitor the pH of the pore solution with the
studied IrOy electrodes may be further applied to study the hydration processes of pozzolanic
materials. In this case, the pH of the pore solution is reduced owing to the pozzolanic reaction,

which may slowly proceed during years after casting.

Cathodic protection in soil and in concrete

In cathodic protection systems in soil and in concrete, relatively low protection current
densities are applied, which leads to a significant increase in pH at the steel surface and
provides effective cathodic protection. In order to validate the effectiveness of this method, the
pH at the steel surface should be known. The newly developed and tested pH sensors based
on IrOy electrodes are feasible and can contribute to resolving open questions related to the

mechanism of cathodic protection in research or the protection criteria in practice.

70



Validation of models to predict carbonation and chloride ingress

There are many models that aim to predict chloride ingress and carbonation penetration in
concrete. Detailed knowledge of pH and chloride as a function of both time and depth for
different materials and exposure conditions can be obtained with the pH and chloride sensors
developed in this work. This will allow obtaining input data and validating the results obtained
with these models, resulting in a more accurate prediction of the service life of concrete

structures.
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Abstract Chloride ingress can lead to serious
degradation of various materials and structures. Con-
tinuous measurements of local chloride concentrations
is thus of uttermost importance for laboratory
research, monitoring of structures, and predictions of
the residual life span for the most common building
materials. This work investigates the applicability of
Ag/AgCl ion-selective electrodes for the non-destruc-
tive continuous measurement of local chloride con-
centrations in concrete and stone when exposed to
chloride-bearing environments such as seawater. The
work studies the stability of Ag/AgCl ion-selective
electrodes in neutral and alkaline solutions and the
sensitivity to the main interfering ions coming from
the environment and from the material itself. The
results indicate negligible interference from fluoride,
sulfate, and hydroxyl but considerable from bromide
and sulfide. In chloride-free alkaline solutions, Ag/
AgCl ion-selective electrodes are not stable over time,
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but—upon chloride arrival—they permit again reli-
able measurements of the chloride concentration. The
results concerning interference are discussed by taking
into account typical exposure environments and it is
concluded that the ion-selective electrodes can satis-
factorily be used to monitor chloride concentrations in
built structures made out of concrete or stone.

Keywords Chloride monitoring - Ion-selective
electrode - Interfering species - Sensitivity - Long-term
stability - Selectivity coefficient

1 Introduction

Chloride ingress can lead to deterioration of various
materials and structures. In non-carbonated reinforced
concrete, when the chloride concentration reaches the
so-called critical chloride content at the steel surface,
depassivation of the steel occurs and chloride-induced
corrosion initiates [1]. Natural stone can also be
damaged by chloride ingress. When local chloride
content reaches a certain level, supersaturation and
crystallization of various salts can occur. Salt crystal-
lization in the stone porosity may then exert substan-
tial expansive stresses and seriously deteriorate the
stone microstructure [2-5]. For similar reasons,
structural degradation can also result from chloride
ingress in masonry [6, 7]. In addition, when combined
with other external constraints such as, for instance,
freeze—thaw cycles, it is known that the presence of
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chlorides can enhance the resulting damage in both
stone and concrete [4, 8, 9].

In this context, the measurement of local chloride
concentrations appears essential in building materials
and structures. This is further enhanced by the latest
advances and research in science, engineering, and
technology. From a scientific point of view, the
concept of the critical chloride content in concrete is
at the origin of large debates [10—12]. Non-destructive
and local measurements of chloride concentrations at
the surface of the embedded reinforcement steel play
an important role in research on this matter. From an
engineering point of view, service life prediction
models are increasingly used, in the design or in the
infrastructure management stage. These models are
based on predicting chloride ingress into concrete [13—
15]. Therefore, continuous measurements of local
chloride concentrations in laboratory specimens or in
field structures are needed for their validation. Fur-
thermore, the ever-increasing awareness for environ-
mental concerns and sustainability resulted in a
growing market share of blended cements [16, 17],
which raised new questions on durability and mass
transfer properties of these non-traditional materials
[18, 19]. These questions cannot be answered using
the existing one-century experience from Portland
cement. However, they need to be quickly solved to
bring these new binders from laboratory research to
practice and improve the environmental performance
of concrete [17].

The current methods for determining the local
chloride contents in concrete and stone traditionally
require destructive sampling (drilling, grinding, etc.)
and do not allow obtaining continuous information at
an identical location over time [4, 20, 21]. Non-
destructive techniques for chloride detection are
therefore being developed [22-28]. Some of the
proposed techniques are able to measure relative
variations in local chloride contents rather than the
absolute local chloride contents [26, 28]. In this
regard, it is considered that the use of Ag/AgCl ion-
selective electrodes (ISEs) may be a promising
solution [29-33]. Potentiometric measurement of
chloride with ISEs is a well-established method that
has mostly been limited to laboratory conditions.
However, some attempts of in situ use of Ag/AgCl ISE
have been recently made for the specific case of
concrete [22-25, 27]. Nevertheless, surfaces of ISEs
are notably sensitive to chemical species other than

-

chloride [27, 34-37]. The applicability of Ag/AgCl
ISE in complex chemical environments can thus be
impaired by the presence of interfering species,
coming either from the considered structure environ-
ment or from the material itself (for instance, hydroxyl
interference in concrete). This paper investigates the
applicability of the Ag/AgCl ISE for monitoring
chloride concentrations in built structures made out
of concrete or stone and exposed to chloride-bearing
environments such as seawater. Therefore, it studies
the long-term stability of Ag/AgCl ISE at high pH
values and the possible interference arising from the
presence of bromide, sulfate, sulfide, fluoride, and
hydroxyl. From the obtained results, the ability of Ag/
AgCl ISE to monitor the local chloride content in the
pore solutions of concrete and stone is here discussed.

2 Theoretical background

2.1 The silver/silver chloride ion-selective
electrode

The Ag/AgCl ISE used in this work belongs to the
category of ion-selective electrodes with solid ion
exchangers [29-31]. The Ag/AgCl ISE used here
consists of silver covered by a layer of silver chloride.
Since the AgCl coating has a low solubility, the
electrolyte around the ISE is easily saturated with it
and the potential E of the ISE is given by the Nernst
equation:

RT

E= E(/)\g/AgCl - ?lnaq (1)

where R is the gas constant, F the Faraday constant, T
the absolute temperature, ac) the activity of the
chloride, and E(/)\ o/AgCl EXPTESSES the standard potential
of the Ag/AgCl electrode. Egg /AgCl is defined by the
following equation [38]:

RT
Epg/nect = Epg/agr + - InKs_agcr (2)

where E(;)\g /" 18 the standard potential of the Ag/Ag”
electrode and Ks_agc1 is the solubility product of
AgCl.

The Ag/AgCl ISE responds to the primary ion
(chloride ion) with a Nernstian behavior only above a
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minimum concentration of it, the detection limit [31,
32, 39, 40]. Furthermore, the ISE is also sensitive to
other species that can form precipitates of lower
solubility with the constituent ionic species [27, 34—
37]. This interference is traditionally considered with
the selectivity coefficient, K" y (with Y standing for
the interfering species), included in the Nikolsky—
Eisenman equation [31, 32, 41]:

RT -1
E = E(f)\g/AgCl = Tm(“Cl' +Z(Kg|)1.y Ady, /ZY>)
(3)

where ay is the activity of the interfering ionic species
and zy its charge.

2.2 Influencing parameters

The ISE potential E depends on the chloride activity,
the temperature, and the sensitivity to other species

(Eq. G)I.

2.2.1 Chloride activity

In concentrated solutions, the high ionic strength
causes large differences between activity and concen-
tration. This phenomenon is taken into account by the
use of the ionic activity ayx, which is related to the
concentration c¢x of a species X by the activity
coefficient yx [38]:

ax =7x- C"/CO (4)

where ¢” is the standard state composition (chosen as
1 mol L™").

2.2.2 Interfering species

Many silver salts have very low solubilities [38];
therefore, in their presence, the ISE is likely to be
affected. The AgCl membrane responds mainly to
Cl~, Br, I", OH, and $*>7 [27, 32, 35, 40, 41].
According to Eq. (3), the potential of the ISE will
exhibit a Nernstian behavior when the following
relation is satisfied [27]:

-1
ac >>Z(K3‘1",Y X ay /ZY) (5)

2.2.3 Temperature

Both the Ag/AgCl electrode standard potential
Eo/acci and the RT/F term in Eq. (1) depend on
temperature. Concerning Egg /AgCl® the effect of tem-
perature has been addressed in detail in other studies
and data is available to make the appropriate correc-
tions; temperature coefficients between —0.6 and
—0.65 mV °C~! have been reported [27, 42]. As an
example, a decrease in temperature by 10 °C would
thus lead to a decrease of ca. 6 mV in E?\g/AgCl and of

ca. 3 mV in the RT/F term. Nevertheless, these errors
can be corrected by always taking into account the
temperature when applying the sensors under temper-
ature fluctuating conditions. Furthermore, temperature
effects can be reduced by using silver/silver chloride
based reference electrodes (e.g. Ag/AgCl/sat. KCl)
since in this case, the reference electrode and the ISE
have the same standard potential, E?\g /agcr and thus

temperature only affects the R7/F term in Eq. (1).

Finally, it should be noticed that when a potentio-
metric measurement is performed the potentials of
both the chloride ISE and the reference electrode
against which the measurement is performed, depend
on temperature [27]. When a temperature difference
between the ISE and the reference electrode exists,
errors in the measurement arise. Atkins et al. [35]
showed that small temperature differences can lead to
significant errors. Therefore, it is recommended that
ISE and reference electrode are placed as close as
possible (see also Sect. 4.3.3).

3 Materials and protocols
3.1 Electrodes, instruments and materials
3.1.1 The Ag/AgCl ion-selective electrode (ISE)

The Ag/AgCl ISE used is a commercially available
ISE (Metrohm AG, Zofingen, Switzerland) consisting
of Ag wire coated with AgCl deposited by anodizing.
The tip of the ISE was additionally dipped in a melt of
AgCl in order to achieve a more stable membrane [24,
27]. A stereomicroscopy image of the Ag/AgCl
electrode is shown in Fig. 1.

-
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‘%

/

dipped in melt AgCI

Fig. 1 Stereomicroscopy image of the Ag/AgCl ISE used in
this work consisting of a Ag wire coated with AgCl

3.1.2 Instruments for the potentiometric
measurements

The potential of the ISEs was measured against the
silver/silver chloride/saturated potassium chloride
(Ag/AgCl/sat. KCI) reference electrode (40.197 V
vs. SHE). A Luggin capillary (filled with the test
solution) was used when the reference electrode was
immersed in the test solution to avoid chloride
contamination derived from the contact between test
solution and KClI from the reference electrode.

It should be noted that, when the reference
electrode is immersed in the test solution, liquid
junction potential [40] establishes at the test solution/
reference electrode interface and adds arithmetically
to the measured potential. The situation is schemat-
ically depicted in Fig. 2.

The measurements were performed with a PGSTAT
30 Autolab potentiostat/galvanostat (Metrohm Autolab,

W

L Reference r]

Ag/AgCI ISE electrode
(Ag/AgCl/sat.KCl)

liquid junction i
potential %

potential

Fig. 2 Set-up for the potentiometric measurements with the
schematic representation of the liquid junction potential
established at the interface of the reference electrode and the
solution

-

Utrecht, the Netherlands) with high input impedance
(>100 G) connected to a Windows PC for data
acquisition. The program for data acquisition was
Autolab Nova v.1.10. All the experiments were carried
out at room temperature (20-21 °C).

3.1.3 Materials

The sodium chloride (ACS, ISO Reag. Ph. Eur. grade)
used for the preparation of the solutions was purchased
from Merck (Merck KGaA, Darmstadt, Germany).
The chemicals used for the preparation of interfering
species solutions were: sodium hydroxide (>99.0 %,
Merck), potassium bromide (99.999 %, Fluka, Sigma-
Aldrich Chemie GmbH, Buchs, Switzerland), potas-
sium sulfate (>99.0 %, Fluka), sodium fluoride
(>99.0 %, Sigma-Aldrich), and sodium sulfide non-
ahydrate (>98.0 %, Sigma-Aldrich). All the solutions
were prepared with de-ionized water (conductiv-
ity & 2 pS/cm).

3.2 Methods
3.2.1 Calibration in solution

The Ag/AgCl ISEs were calibrated in neutral and
alkaline solutions that contained known concentra-
tions of sodium chloride ranging from 0.002 to
4 mol L'

Liquid junction potentials Ejuncion [40] at the
interface between the reference electrode and the
calibration solution were calculated according to the
Henderson equation [40]. For this calculation, it is
considered that the concentration of KCI is
4.16 mol L™" when saturated in water at room tem-
perature (20 °C) [38].

The used solutions and the liquid junction poten-
tials calculated are presented in Table 1.

The chloride activity was calculated according to
Eq. (4). The activity coefficients of the chloride ion
(ycr ) were interpolated from the data given by de Vera
et al. [43]. For the alkaline solutions, the effect of the
accompanying ions was neglected and activity coef-
ficients were calculated considering the total hydroxyl
concentration. The data is provided in Table 2.

The calibration curves were obtained by linear
regression analysis:

E= Emcasured = Ejunction =m- lOgaCI +b (6)
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Table 1 Calibration
solutions and corresponding

NaCl concentration (mol L")

NaOH concentration (mol L") Ejunciion at 20 °C (mV)

liquid junction potentials 0.002

for the Ag/AgCl/sat. KCl 001
0.1
0.1
0.1
0.5
0.5
0.5
0.5
1
1.5
4

- -3.7
- -2.9
0.01 -1.2
0.1 0.7
1 8.4
- 0.1
0.01 0.3
0.1 1.5
1 8.4
- 1.2
- 1.9
- 4.2

Table 2 Activity coefficients of the chloride ion y¢- used in
this work. Values of pH other than 7 were obtained by addition
of sodium hydroxide. The values of y- are interpolated from
the data given by de Vera et al. [43]

NaCl concentration pH Yar
(mol L™

0.002 7 0.958
0.01 7 0.901
0.1 7 0.767
05 7 0.648
1 7 0.603
1.5 7 0.587
2 7 0.572
4 7 0.576
5 7 0.591
0.1 ~12 0.740
0.1 ~13 0.727
0.1 ~ 14 0.603
0.5 ~12 0.642
0.5 ~13 0.637
0.5 ~ 14 0.585

3.2.2 Sensitivity to interfering species

The interference was investigated for hydroxyl, bro-
mide, sulfate, fluoride, and sulfide. These were
considered the main species that could cause interfer-
ence to the Ag/AgCl ISEs response in concrete, stone,
and seawater exposure [4, 24, 35, 44, 45]. It should be
noted (Table 4) that iodide might be a potentially

serious contaminant. However, iodide is not expected
in relevant concentrations in the exposure regimes
considered in this work. Moreover, it has been
previously reported that iodide interference is actually
smaller than generally assumed [41] and therefore, it is
not addressed in this study.

With the exception of hydroxyl interference, the
Ag/AgCl ISEs were first immersed in NaCl solutions
without containing interfering species. Regarding the
hydroxyl interference, experiments were always
started with 0.1 mol L™" sodium hydroxide solutions
to simulate the alkalinity of the concrete pore solution.
In this case, experiments were also carried out
avoiding exposure to daylight as this may affect the
results [46]. This would be an artifact because when
the sensors are embedded in building materials, they
are not exposed to daylight.

The concentration of the interfering species was
increased stepwise as soon as the potential became
stable over time (from a few minutes—for the addition
of hydroxyl, sulfate, and fluoride—up to a few days—
for the addition of bromide and sulfide). Ag/AgCl ISEs
were immersed in the solutions containing increasing
amounts of the possible interfering species for a total
of 2 months.

The used solutions and the concentration ranges of
interfering species are given in Table 3. The selected
concentration ranges and their relation to practice for
the case of stone and concrete are discussed in Sect. 4.2.

Once the experiments were finished, the Ag/AgCl
ISEs that were immersed in the solutions containing
bromide, fluoride, sulfate, and sulfide were immersed
back into the initial NaCl solutions without interfering

A
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Table 3 Solutions used for NaCl concentration
the study of the sensitivity (mol L)
to interfering species of the

Concentration range of interfering Interfering species
species (mol L")

Ag/AgCl ISE 0.05
0.1
0.2
0.3
0.5
0.01
0.1
0.01
0.01
0.1
1

0.1-1.7 OH~
0.1-1.6 OH™
0.1-1.5 OH~
0.1-1.6 OH™
0.1-1.6 OH™
0-0.4 Br—
0-0.3 Br-
0-0.04 F~
0-0.04 NeXa
0-0.01 N
0-0.008 s*

species. The potential was then measured after
1 month of immersion in the chloride solutions. The
aim of this last experiment was to check whether
prolonged exposure to the interfering species could
compromise the functionality of Ag/AgCl ISEs once
they are exposed again only to chlorides.

3.2.3 Long-term stability at high pH

The stability of the Ag/AgCl ISEs at high pH in the
absence of chloride was investigated over a period of
60 days. Erlenmeyer flasks were filled to the very top
with sodium hydroxide solutions and closed with a
rubber plug through which the ISEs were inserted via
drilled holes. The flasks were additionally sealed with
silicon grease to avoid evaporation and/or carbonation
of the solution.

The solutions used for the long-term stability were:
0.01 mol L™" NaOH, 0.1 mol L™" NaOH, and
1 mol L' NaOH. For comparison, 0.1 mol L!
NaOH solution that contained always 0.1 mol L™
NaCl was also used in this experiment.

After 60 days of immersion, sodium chloride was
added to the chloride-free alkaline solutions up to a
concentration of 0.1 mol L™,

4 Results and discussion

4.1 Calibration in solution

The calibration curve according to Eq. (6) is shown in
Fig. 3.

-

The Ag/AgCl ISEs exhibit a Nernstian behavior
with a slope of —59 mV/decade, in good agreement
with the values reported in previous works [24, 27].
Furthermore, the standard deviation of the ten indi-
vidual potential readings is always below 2 mV.

The ISEs exhibit Nernstian behavior in the interfer-
ence-free solutions for the whole range of chloride
concentrations tested (Fig. 3). It can be then concluded
that the detection limit of the chloride ion in aqueous
neutral solution is lower than 0.002 mol L', in
agreement with the results reported by Angst et al. [27].

4.2 Sensitivity to interfering species
4.2.1 Zones of interference

Figure 4 schematically illustrates the effect of the
interfering species on the Ag/AgCl ISE response by
dividing the diagram ISE potential versus activity of
interfering species in three different regions.

In zone “a” (Fig. 4), the Ag/AgCl ISE behaves as
an ideal chloride sensor. It exhibits a stable potential,
determined by the chloride ion activity and indepen-
dent on the interfering species [27, 29, 47]. It is in this
range where the Ag/AgCl ISE is suitable for field
measurements—namely, where it acts as “pure chlo-
ride sensor”—without interference. The effect on the
chloride activity of the other ions present in the
solution should however be taken into account.

When the concentration of interfering species
increases (zone “b” in Fig. 4), the response of the
ISE is altered and it shows a potential determined by
the simultaneous action of primary (chloride) and
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200
Solution m (mV/decade) b(mV)
Neutral/alkaline solution -59 23
150
Theoretical (at 20°C) -58 27
100

B NaCl (neutral solution)
50 NaCl (0.01 mol-L" NaOH)
+ NaCl (0.1 mokL" NaOH)

0 A NaCl (1 molL* NaOH)
theoretical curve at 20 °C
======-linear regression (R2=0.993)

E(mV vs. Ag/AgCl/sat. KCI)

-50
-3.0 -25 20 -15 -1.0 -0.5 0.0 05

log(ac. (-))

Fig. 3 Calibration curve for the Ag/AgCl ISE in neutral and
alkaline solutions (mean values obtained from ten individual
readings). The standard deviation is always less than 2 mV
(smaller than the symbols). The parameters of the linear
regression analysis are also given together with the theoretical
values [42] (considering a constant room temperature of 20 °C)

a (Ag/AgCI ISE) b (Transition zone) C (Ag/Ag,Y ISE)
simultaneous action =
_— of primary and E = {8psartoring spocio)
interfering species
w Achiorido slope = -0.059 V/decad
E = (@ pi0rige)

|°g(alnlenering specles)

Fig. 4 Schematic Ag/AgCl ISE potential E as a function of the
activity of the interfering species (at room temperature)

interfering species. This interference is reported to be
due to the replacement of the chloride by the
interfering species on the surface of the ISE [29, 47].
Different concentrations of primary and interfering
species would lead to different stages in surface
coverage of the precipitate formed between silver and
interfering species [47]. No line was drawn for this
region in Fig. 4 because the potential of the ISE is here
depending on a number of factors, including time
effects (see Appendix 1).

At sufficiently high concentrations of interfering
species, the ISE surface becomes totally covered by
the salt formed between silver and interfering species
and then the ISE is only sensitive to this species [47,
48] (zone “c” in Fig. 4).

The response of the Ag/AgCl ISE will be in one of
the three zones of Fig. 4 depending on how severe is
the interference is and on the experimental conditions

[29, 33,47, 48]. In addition, it should also be noted that
once the interfering species is removed from the
solution, the Ag/AgCl ISE should ideally behave again
as an ideal chloride sensor [35] (zone “a” in Fig. 4).

4.2.2 Sensitivity to hydroxyl, bromide, fluoride,
sulfate and sulfide

In this work, the ideal ISE behavior shown in zone “a”

in Fig. 4 is found for hydroxyl, fluoride, and sulfate for

almost the whole range of tested concentrations.

Figure 5 gives the potential E of the Ag/AgCl ISEs
immersed in alkaline solutions containing NaCl as a
function of the hydroxyl concentration. The potential
E of the Ag/AgCl ISEs was corrected for the liquid
junction potential [Eq. (6)].

From Fig. 5, it can be seen that the Ag/AgCl ISEs
do not significantly deviate from the potential regis-
tered in absence of hydroxyl (empty markers in
Fig. 5). The maximum deviation with respect to this
value is 8 mV and it is found for the ISEs immersed in
the solution containing 0.05 mol L™' NaCl. The
difference between the largest and smallest observed
potentials is 10 mV and it is also found for the ISEs
immersed in the solution containing 0.05 mol L™
NaCl.

Figure 6 gives the potential E of the Ag/AgCl ISEs
immersed in 0.01 mol L™' NaCl solution with
increasing amount of fluoride and sulfate as a function
of the concentration of these species. The potential

110
= 1004 A
] —& % = _ g 0.05mol-L*NaCl
. 90 = -
=
z ) 1 NaCl
% 80 .1 mol-L* Na
<
2 7
6 . ? * K b *
S 609 a3 3Lt ozmotn
E I SEEE T7-3  03molL?NaCl
W os0x Egr  xX1. O

1 %se X 5 0.5molL? NaCl
40

0.0 0.3 0.6 0.9 1.2 1.5 1.8 2.1 2.4
NaOH concentration (mol-L")

Fig. 5 Ag/AgCl ISE mean potential values (from five individ-
ual readings) as a function of the NaOH concentration. The
empty markers (left side of the graph) indicate the potential at
zero NaOH concentration obtained for the corresponding
chloride concentration (calibration curve). The error bars
indicate the standard deviation from the individual readings

-
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Fig. 6 Ag/AgClISE mean potential values (from ten individual
readings) as a function of the NaF and K,SO, concentrations in
0.01 mol L™" NaCl solution. The potentials of both curves at
zero NaF and K,SO, concentration correspond to the mean
value for the chloride concentration obtained from the
calibration curve (Sect. 4.1). The error bars indicate the
standard deviation from the individual readings

E of the Ag/AgCl ISEs was also corrected for the
liquid junction potential [Eq. (6)].

Regarding the fluoride interference, it is observed
that up to a fluoride concentration of 0.02 mol L™", the
ISE potential can be considered to be unaffected
(Fig. 6). At fluoride concentrations higher than
0.025 mol L_l, however, a small decrease in the
potential is observed. For sulfate, the potential remains
almost unaffected to—at least—a concentration of
0.04 mol L™" (fourfold chloride concentration). More-
over, when returned back to the original NaCl solution
(fluoride- and sulfate-free), the ISEs exhibit potentials
equal to those initially registered in the absence of the
interfering species within a few minutes.

For bromide and sulfide, the interference is more
severe. Figure 7 shows the potential E of the Ag/AgCl
ISEs immersed in 0.1 and 1 mol L™" NaCl solutions
with increasing amounts of sulfide. For the bromide
interference, the potential E is plotted against the
logarithm of the bromide concentration. This is shown
in Fig. 8. The potential E of the Ag/AgCl ISEs shown
in Figs. 7 and 8 was also corrected for the liquid
junction potential [Eq. (6)].

In the presence of bromide and sulfide, the ISE
exhibits the ideal behavior depicted in zone “a” in
Fig. 4 only at low bromide and sulfide concentrations
(ckpr < 0.01 mol L™" for the ISEs immersed in the
solution  containing 0.1 mol L' NaCl and
CNaps < 0.006 mol L' for both tested chloride
solutions).

Relatively small amounts of sulfide and bromide
cause high potential shifts. For sulfide concentrations

-
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Fig. 7 Ag/AgClISE mean potential values (from ten individual
readings) as a function of the Na,S concentration. The potentials
of both curves at zero Na,S concentration correspond to the
mean value for the chloride concentration obtained from the
calibration curve (Sect. 4.1). Error bars indicate the standard
deviation from the individual readings

above 0.006 mol L', the registered ISE potential
decreases more than 20 mV for the ISEs immersed in
the 0.1 mol L™" NaCl solution and more than 50 mV
for the ISEs immersed in the 1 mol L' NaCl solution.
The standard deviation also increases significantly at
this sulfide concentration (Fig. 7), with values higher
than 12 mV in both cases. For the bromide interfer-
ence, strong potential shifts are observed at bromide
concentrations higher than 0.01 and 0.02 mol L™" for
the ISEs immersed in the solutions containing 0.01 and
0.1 mol L' NaCl, respectively. The standard devia-
tion is also high in this range, reaching values up to
25 mV. It should also be noted that the immersed tip of
the ISEs turned green upon the addition of bromide.
The same phenomenon was observed for the ISEs

120
g 80 4 * 5 e S
& 4
o
< o
>
<
g -40
z
= -801 ——0,01 mol-L" NaCl
w , slope: -0.058 V/decade

—*=0.1 mol-L" NaCl
-120
30 26 22 -1.8 1.4 10 06 0.2

log(cg,.(mol-L"))

Fig. 8 Ag/AgClISE mean potential values (from ten individual
readings) as a function of the KBr concentration. The potentials
of both curves at zero KBr concentration correspond to the mean
value for the chloride concentration obtained from the
calibration curve (Sect. 4.1). Error bars indicate standard
deviation between the individual readings
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immersed in the solutions containing sulfide but, in
this case, the tip of the ISEs turned black and it also
decreased its thickness.

The significant potential decrease (at constant
chloride concentration) and the high standard devia-
tion for the sensors immersed in the same solution are
an indication of the mentioned surface coverage
process (Sect. 4.1) when both primary and interfering
species act simultaneously (zone “b” in Fig. 4). The
color change of the tip of the ISEs also evidences the
surface coverage of the ISE with the salt formed with
the interfering species.

For bromide concentrations higher than
0.05 mol L™', the potential E is governed by the
bromide concentration for both tested chloride con-
centrations (Fig. 8). The slope in this part of the graph
is —0.058 V/decade, thus exhibiting a Nernstian
behavior. This corresponds to the zone “c” depicted
in Fig. 4.

When returned back to the original NaCl solutions,
the ISEs immersed in the solutions containing increas-
ing amounts of bromide and sulfide did not regain the
potential values that they initially exhibited for the
given chloride solution. As pointed out in Sect. 4.1,
once the interfering species is removed from the
solution, the Ag/AgCl ISE should respond again to the
chloride with Nernstian behavior (zone “a” depicted
in Fig. 4). This was already reported by Atkins et al.
[35] for the bromide interference. However, in this
study, the ISEs were immersed in the solutions
containing bromide for about 2 months, whereas
Atkins et al. immersed them for only 15 min [35]. It
is believed that this disagreement is due to the kinetics
of the transformation of AgBr back into AgCl. In fact,
Rhodes et al. [47] reported that the kinetics of the
transformation of the AgBr back into AgCl is at least
200 times slower than the conversion of AgCl into
AgBr. Thus, prolonged exposure to bromide and
sulfide in the absence of significant amounts of
chlorides may significantly impair the applicability
of Ag/AgCl ISEs for field measurements.

4.3 Applicability of the Ag/AgCl ion-selective
electrode in practical situations

As explained in Sect. 2.1, the interference from
external species on the ISEs response is usually
quantified with the selectivity coefficients. However,
the kinetics of the reactions of the interfering species

with the ISE surface is normally not considered. This
issue is discussed in the Appendix 1 of this paper.
Therefore, the use of selectivity coefficients appears
not to be appropriate for evaluating interference at
mid-long term exposure (see Appendix 1). In this
work, the exposure time of the ISE to the possible
interfering species was 2 months. From the obtained
results, the applicability of the Ag/AgCl ISE for in situ
measurements in concrete and stone is discussed in
this section.

4.3.1 Concrete

Upon hydration of cement, high hydroxyl concentra-
tions are typically present in the concrete pore
solution. When it comes to chloride-induced corrosion
of the reinforcement steel, a concentration ratio
chloride to hydroxyl cc; /cog = 0.6 may as a fist-
hand estimate be considered as threshold value for
corrosion initiation [49]. As it is apparent from Fig. 5,
no interference is found even for clearly lower ratios
ccr /con - Thus, the Ag/AgCl ISEs are feasible to
monitor chloride ingress into concrete for the purpose
of corrosion studies. It will allow detecting chloride
concentrations much below levels considered critical
for corrosion initiation even at high pH.

If concrete structures are exposed to seawater,
bromide interference could be a potential issue. The
bromide/chloride ratio in seawater is approximately
0.002 [50]. At a bromide/chloride ratio of 0.1 (for the
ISEs immersed in 0.1 mol L™" NaCl), no interference
is here observed. Furthermore, from Fig. 8, it becomes
apparent that the ISEs can tolerate slightly higher
bromide concentrations when the chloride content is
also higher. The chloride concentration in seawater is
around 0.5 mol L' NaCl. Thus, no significant inter-
ference from bromide is expected in this case.

On the contrary, because of the severity of its
interference, it is strongly suggested that the Ag/AgCl
ISEs are not used when sulfide can be present in high
amounts as, for example, in slag cement [44, 51, 52].
Moreover, slag cement is not a well-defined product,
showing great variations of sulfide content in the
different production plants and cement binders [44,
51-54]. Therefore, the influence on the sulfide
concentration in the pore solution is difficult to predict
and the question of whether the Ag/AgCl ISE can be
used in the concretes containing mid-low amounts of
blast furnace slag (for example, CEM III/A) seems



2646

Materials and Structures (2016) 49:2637-2651

unclear and it has been already questioned by the
authors [55].

The instability of the Ag/AgCl ISE at high pH with
no or low presence of chlorides has also been
questioned [24, 27, 45]. For this reason, the stability
of the Ag/AgCI ISEs at high pH in absence of chloride
was also investigated in this work. Figure 9 shows the
potential E of as a function of time, before and after
addition of chloride (at t = 60 days) for the chloride-
free solutions. The potential £ was corrected for the
liquid junction potential [Eq. (6)].

In absence of chloride, the potential of the Ag/AgCl
ISEs shows high scatter between the individual
sensors (Fig. 9). In addition, the color of the solutions
turned brown-black with time. This color change was
more pronounced for the solutions that contained
higher NaOH concentrations.

In alkaline environments in absence or low content
of chlorides, the AgCl precipitate undergoes the
following reaction [56]:

2AgCl,, + 20H™ 2 Ag,0() + H,0 + 2CI°
(7)

For the case of the Ag/AgCl ISEs immersed in
chloride-free alkaline solutions (Fig. 9), the measured
potential values were initially higher than 140 mV and
they decreased to approximately 120 mV after 60 days
of immersion. This suggests that the continuous
formation of Ag,O shifts the potential of the sensors
to more negative values; potentials of ~100 mV (vs.
Ag/AgCl/sat. KCl) at room temperature and pH 14 are

220 + 0.1 mol-L* NaCl

—— 0.01 molL* NaOH
I q - | b 0.1 mol-L" NaOH
¥ 1 molL" NaOH
k T — 1molL* NaOH 0.1 mol-L* NaCl

E (mV vs. Ag/AgCl/sat. KCI )

0 10 20 30 40 50 60 70 80 90 100 110 120
time (d)

Fig. 9 Ag/AgClISE mean potential values (from ten individual
readings) as a function of time. The dash dot thick line indicates
the potential 0.1 mol L~ NaCl solution (calibration curve). The
error bars indicate the standard deviation from the individual
readings. The beginning of the grey shaded area marks the
addition of potential 0.1 mol L™" NaCl

-

reported in the literature [27, 57]. The change of color
observed can also be related to the transformation of
AgCl into Ag,0. This was already observed by Angst
et al. [27]. The possible formation of Ag,O [Eq. (7)]
could explain the oscillations in the Ag/AgCl ISE
potential shown in Fig. 5, especially at the lowest
chloride concentrations.

Upon addition of chloride, however, the ISEs
exhibit the potential expected from the calibration
curve within less than 8 days. The temporal scatter and
instability are also considerably reduced. Thus, the
possible formation of silver oxide is fully reversible, as
it was already stated by Angst et al. [27] and Pargar
et al. [57]. The adherence of the Ag,O to the ISE
surface (questioned by Angst et al. [27]) could
however be an issue for the long-term stability because
of the reversibility of the AgCl formation. This aspect
should deserve further attention.

4.3.2 Stone

Silicates are the most common minerals in igneous,
metamorphic and many sedimentary rocks [4]. How-
ever, stones may also contain other minerals in smaller
quantities; the ones that can potentially interfere the
response of the Ag/AgCl ISE are: galena (PbS),
sphalerite (ZnS), fluorite (CaF,), gypsum (CaSO,
2H,0) and anhydrite (CaSO,). On the basis of the
values of solubility product at 25 °C (or equilibrium
constant for the case of sulfide) reported in literature
[38], the maximum amount of each species is here
calculated and the possible interference discussed.
The maximum concentration of fluoride that can be
found from the dissolution of pure fluorite is

13
cr ~2 x (B52) T =4 x 107*mol L. From

Fig. 6, no interference is expected at such low
concentrations. Following the same reasoning, the
maximum amount of sulfate deriving from the disso-
lution of pure gypsum (CaSO4-2H,0) and pure
anhydrite (CaSQ,) is estimated to be 1.2 x 1072 and
1.5 x 107> mol L™, respectively. From Fig. 6, no
interference is found at those sulfate concentrations.
Regarding the presence of sulfide, it should be
noted that S>~ is not present in significant concentra-
tions due to the hydrolysis reaction of this ion with
water [38, 58]. In this case, the solubility product of
compounds containing sulfides Y,S. is replaced by the
equilibrium constant Kyg of the following reaction:
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Y,S; + zH" 2 xY®+ 4 HS- (8)

Thus, the concentration cys- of hydrogen sulfide
ion derived from the dissolution of pure galena and
pure  sphalerite can be  estimated as:
cus- ~ +/Kys X cyr. In absence of carbonates, it can
be assumed that the pH of the pore water in stone is
neutral (cy+ = 10~7 mol L™"). Therefore, the maxi-
mum concentrations of hydrogen sulfide ion are
8 x 107" and 1.4 x 107® mol L', respectively,
when pure galena (PbS) and pure sphalerite (ZnS)
are present. From the obtained results (Fig. 7), no
effect on the ISE response is expected at such low
concentrations.

The data obtained in this study show that the above-
listed minerals possibly present in stone should not
interfere with the Ag/AgCl ISE response. The above-
mentioned considerations are, however, valid for pure
minerals and are given as general indications. A more
complex environment (like the natural one) could
substantially change these values due to the contem-
porary presence of other equilibria with the surround-
ing environment. For example, iodide may be
expected in some organic-rich sedimentary rocks
[59]. The possible interference in these cases should
be then further tested and studied.

In addition, experience on the applicability of the
Ag/AgCl in stone is very limited and more research in
this field should be done.

4.3.3 Additional remarks on the applicability
of the Ag/AgCl ISE for field measurements

Similar to the liquid junction potentials taken into
account in this work, any concentration differences
present between the ISE and the reference electrode
will give rise to diffusion potentials that add arith-
metically to the measured potential [60]. In porous
systems such as concrete, stone, or soil, concentration
gradients are likely to be present and maintained over
long periods, due to the restricted mass transport in the
tortuous pore systems. Thus, depending on the posi-
tion of the reference electrode with respect to the ISE,
these diffusion potentials may present a serious error
source. This has been treated in detail elsewhere [60].
In general, to minimize these errors, the reference
electrode should be placed as close to the ISE as
possible.

5 Conclusions

The Ag/AgCl ISEs studied in this work responded to
chloride, as expected from Nernst’s law and previous
studies.

The sensitivity of the Ag/AgCl ISE to other
interfering species has been carefully studied in this
work. While negligible interference was found for
fluoride, sulfate, and hydroxyl, the interference is
relatively severe for bromide and sulfide. Neverthe-
less, due the high chloride/bromide concentration ratio
in seawater, the interference of bromide is considered
negligible for applications in seawater exposure.

In completely chloride-free alkaline solutions, the
ISEs were not stable over time, probably due to
transformation reactions with the environment. Upon
addition of chloride, however, the sensors responded
again according to Nernst’s law.

Based on the current experimental observations, it
is concluded that the studied Ag/AgCl ISEs are
feasible for practical monitoring of the chloride
concentration in inorganic porous building materials,
such as stone or concrete exposed to chloride-
containing environments. A notable exception is
concrete with high blast furnace slag content, where
the presence of sulfides could strongly disturb the
measurements.
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Appendix 1

Limitations of the concept of selectivity
coefficients (time effect)

The severity of the interference of external species
with the ISE is commonly taken into account with the
selectivity coefficients [see Eq. (3)] [30-33, 39]. The
theoretical models for estimating selectivity coeffi-
cients are traditionally based on the assumption that
thermodynamic equilibrium is established. In these
models, the kinetics of the reactions is normally
neglected.

Table 4 lists the selectivity coefficients K7y y of

the Ag/AgCl ISE to other species reported in

l‘
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Table 4 Values of selectivity coefficients Kg‘l’ly for the Ag/AgCl ISE reported in literature and maximum allowable chloride to

interfering species ratio not causing interference

Interfering Minimum allowable Selectivity Exposure time Reference for the
species chloride to interfering coefficient to the solution with reported selectivity
species ratio [61] Kg‘l’l ¥ interfering species coefficient Kg‘I’E.Y
OH™ 1.25 x 1072 4 %1077 >6 months [27]
2% 107°-9.1 x 107° <1 day [62, 63]
2.4 x 1072 Not specified [29]
9.33 x 1073 Theoretical model Calculated from [39]
~1072 Theoretical model [30]
~1072 Not specified [36]
Br 3.33 x 107 2.1-3.3 x 10° <1 day [64]
1.1 x 10>-3.5 x 10? <1 day [62, 63]
1.2 Not specified [29]
3.63 x 107 Theoretical model Calculated from [39]
1-3.5 x 10° Theoretical model [30]
I~ 2 % 10° 3-14 <1 day [41)
1.8 x 10%-2.2 x 10° <1 day [62, 63]
86.5-1.8 x 10° <1 day [64]
86.5 Not specified [29]
2.9 x 10° Theoretical model Calculated from [39]
1-2.1 x 10° Theoretical model [30]
s&= >10° 2.04 x 10" - Calculated from [39]
SO~ 473 x 1078 - Calculated from [39]

literature. Information about the theoretical or exper-
imental calculation of the selectivity coefficients and
the exposure time of the ISE in the solution containing
interfering species (in the case of experimental
calculation) is also given here. The values of the
solubility products for the calculation of the theoret-
ical selectivity coefficient according to Morf et al. [39]
were obtained from the data reported by Haynes [38].
Table 4 also provides the minimum chloride to
interfering species ratio tolerated without causing
interferences reported by Kaland et al. [61].

In general, there is a large variability in the reported
selectivity coefficients (Table 4). As a comparison,
Eq. (3) is solved for the selectivity coefficient for the
case of the bromide interference, yielding:

2 E|F
Ag/AgCl

e RT
pot —
Ko~ T o)
apr

From the experiments performed in this study, all
the parameters on the right side of Eq. (9) are known

-

for each step of the increasing interference concen-
tration. The values of chloride and bromide activity
coefficients were obtained with the PHREEQC Inter-
active v. 3.1.4 software. Its computational routine is
based on the specific ion interaction theory (SIT) and it
models well chloride-based systems with ionic
strength up to 1 mol L™" [62]. Figure 10 shows the
computed selectivity coefficient according to Eq. (9)
as a function of the bromide concentration.

When the ISE acts as an ideal Ag/AgCl ISE (zone
“a” in Figs. 4 and 10), the selectivity coefficient is
relatively small, indicating that the contribution of the
bromide is low and that the potential exhibited by the
ISE is governed by the chloride content.

When the ISE acts only as AgBr ISE (zone “c” in
Figs. 4 and 10), the values of the selectivity coefficient
obtained for both tested chloride concentrations are
similar and relatively constant. They are also in the
same order of magnitude as most of the values
reported in literature (Table 4). It should be noted,
however, that, in this zone, the ISE is no longer a Ag/
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Fig. 10 Selectivity coefficient K’ ;- as a function of the
bromide concentration calculated according to Eq. (9). The
standard deviation (error bars) from the ten individual potential
readings is always below 30 mV. The zones defined in Fig. 4 are
here divided by dashed lines: a Ag/AgC1 ISE, b transition zone,
¢ Ag/AgBr ISE

AgCl ISE, but rather a Ag/AgBr ISE. Thus, the
selectivity coefficient K" ; —as it appears in
Eq. (3)—does in principle not make sense.

When the chloride and bromide act simultaneously
(zone “b” in Figs. 4 and 10), the selectivity coefficient
suddenly rises, indicating the increasing interference of
the bromide in this case. It is believed that, in this case,
the ISE response is influenced by other parameters,
such as the surface coverage, diffusion processes,
membrane morphology, etc. [33, 41, 47, 48, 63-65].
This might also be the reason for the high variability of
the selectivity coefficients found in literature.

In case of short-term exposures, as in the case of
applications in analytical chemistry, the protocol
described by the IUPAC [33] is recommended.
However, it is believed that both thermodynamics
and kinetics contribute to the selectivity of ion-
selective electrodes. This has already been suggested
by other authors [64, 66]. Therefore, it appears that the
theoretical models for predicting the Ag/AgCl ISE
response in presence of interfering ions are not
suitable for mid to long-term exposure.
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ABSTRACT: This work investigates the applicability of Ag/AgCl ion-selective electrodes for the non-
destructive measurement of chloride concentrations in concrete.

Sensitivity to potential interfering ions and stability of the Ag/AgCl membrane in neutral and alkaline solu-
tions are presented. The results indicate negligible interference by fluoride, sulfate, and hydroxide, but con-
siderable interference by bromide and sulfide. In completely chloride-free alkaline solutions, the ion-selective
electrodes are not stable over time, but they become again functional as soon as chlorides arrive at the sensor.

It is concluded that the studied ion-selective electrodes are applicable for monitoring the free chloride con-
centration in the pore solution of concrete structures exposed to chloride-bearing environments. The applica-
bility in concrete containing blast furnace slag or other sulfide sources is however questioned.

1 INTRODUCTION

In non-carbonated concrete with low or no presence
of chlorides, the steel reinforcement is passive due to
the alkaline environment provided by the hydration
of cement. The passive layer protects the steel
from corrosion. However, this passive layer can be
destroyed when a certain concentration of chlorides
reaches the reinforcement (chloride-induced corro-
sion). Chloride-induced corrosion is the principal
cause of premature failure in reinforced concrete
structures worldwide (Elsener et al., 2004).

Common methods for determining chloride con-
tent in concrete are based on destructive sampling
and do thus not allow continuous information at
identical locations over time (Elsener et al., 2003,
Atkins et al., 1996), therefore, a non-destructive
technique that permits continuous measurement of
the chloride content is of high interest. For this pur-
pose, the use of Ag/AgCl ion-selective electrodes
(ISEs) is a promising solution. The Ag/AgCl exhibit
a Nernstian electrochemical potential as a function
of the chloride ion activity in solution (Koryta, 1972,
Janata, 1989, Bard et al., 2002); thus, for concrete,
the Ag/AgCl ISE allows measuring the free chloride
content in the pore solution. However, ISEs are al-
so sensitive to other species that can form com-
pounds normally of lower solubility with the con-
stituent ion (Ag" for the Ag/AgC1ISE).

The sensitivity in environments containing inter-
fering species and the stability at high pH of

Ag/AgCl ISEs are thus two crucial factors regarding
the applicability of the Ag/AgCIl ISEs in concrete.
This paper investigates the stability of the Ag/AgCl
ISE at high pH values and the interference arising
from the presence of bromide, sulfate, sulfide, fluo-
ride, and hydroxide. The use of the Ag/AgCl ISE in
concrete is discussed.

2 THEORETICAL BACKGROUND
2.1 The silver/silver chloride ion-selective electrode

The Ag/AgCl ISE used in this work consists of sil-
ver covered by a layer of silver chloride. The
Ag/AgCl ISE used belongs to the category of ion se-
lective electrodes with solid ion exchangers (Koryta,
1972).

The potential £ of the Ag/AgCl ISE is given by
the Nernst law as a function of the chloride ion ac-
tivity in solution (Angst et al., 2009). However, the
Ag/AgCl ISE responds to the primary ion (chloride
ion) with a Nernstian behavior only above a mini-
mum concentration of it (i.e. detection limit) (Koryta
and Stulik, 1983, Morf et al., 1974). Furthermore,
the ISE is also sensitive to other species that can
form precipitates of lower solubility with the con-
stituent ionic specie (Koryta and Stulik, 1983,
Atkins et al., 2001). This interference is traditionally
considered with the selectivity coefficients, KP”cy. v
(with Y standing for the interfering specie) included
in the Nikolsky-Eisenman equation (Koryta and
Stulik, 1983, Janata, 1989):
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where R is the gas constant, 7 the absolute tempera-
ture, F' the Faraday constant, ac). the activity of the
chloride ion, E ag/agcl the standard potential of the
silver/silver chloride electrode (Haynes, 2013-2014),
ay is the activity of the interfering ionic specie and
Zy its charge.

2.2 Influencing parameters

The potential £ of the Ag/AgCl ISE depends on the
chloride activity, the temperature and the sensitivity
to other species.

e Chloride activity.
In concentrated solutions, ions deviate from ideality

as a consequence of the high ionic strength. This
phenomenon is taken into account by the use of the
ionic activity ax, which is related to the concentra-
tion ¢ of a specie X by the activity coefficient yx
(Haynes, 2013-2014):

where ¢y is the standard state composition (generally
chosen as 1 mol-L™ (Haynes, 2013-2014)).

e Interfering species

Many silver salts have very low solubilities (Haynes,
2013-2014); therefore, in their presence, the ISE is
likely to be affected . The AgCl membrane responds
mainly to CI', Br, I, OH, and s* (Angst et al.,
2009, Janata, 1989, Atkins et al., 2001, Klasens and
Goossen, 1977). According to equation (1), the po-
tential of the ISE will exhibit a Nernstian behavior
when the following relation is satisfied (Angst et al.,
2009):

. E(ngy ~ a/) ®

e Temperature
The effect of temperature has in detail been ad-

dressed in other studies and data is available to make
corrections in this regard (Angst et al., 2009, Shreir,
1994).

3 EXPERIMENTAL

3.1 Electrodes, instruments and materials

3.1.1 Silver/silver chloride ion-selective electrode
The used Ag/AgCl ISE is an industrial ISE consist-
ing of a silver wire coated with silver chloride de-

posited by anodizing. The tip of the ISE was addi-
tionally dipped in a melt of AgCl in order to achieve
a more stable membrane (Angst et al., 2009, Elsener
et al., 2003).

3.1.2 Potentiometric measurements

The potential of the ISEs was measured versus the
silver/silver chloride/saturated potassium chloride
(Ag/AgCl/sat. KCl) reference electrode (+0.197 V
versus SHE).

The measurements were performed with a
PGSTAT 30 Autolab potentiostat/galvanostat
(Metrohm Autolab, Utrecht, the Netherlands) with
high input impedance (> 100 GQ) connected to a
Windows PC for data acquisition. The program for
data acquisition was Autolab Nova v.1.10. All the
experiments were carried out at room temperature
(20-21 °C).

3.2 Methods

3.2.1 Calibration in solution
The Ag/AgCl ISEs were calibrated in neutral and al-
kaline solutions that contained known concentrations
of sodium chloride ranging from 0.002 to 4 mol-L,
It should be noted that when the reference elec-
trode is immersed in the measured solution, a liquid
junction potential Ejnction (Bard et al., 2002) estab-
lishes at its interface and adds arithmetically to the
measured potential. In this work, liquid junction po-
tentials Ejynction Were calculated according to the
Henderson equation (Bard et al., 2002) to correct the
measured potential Epeasured. For this calculation, it
is considered that the KCI1 concentration is 4.16
mol-L"! when saturated in water at room temperature
(Haynes, 2013-2014). The used solutions and the
liquid junction potentials calculated are presented in
Table 1.

Table 1. Calibration solutions and corresponding
liquid junction potentials for the Ag/AgCl/sat. KCI.

NaCl concentration ~ NaOH concentration Ejuetion at 20°C

(mol'L™) (mol-L™Y) (mV)
0.002 « 3.7
0.010 - 2.9
0.100 0.010 1.2
0.100 0.100 0.7
0.100 1.000 8.4
0.500 « 0.1
0.500 0.010 0.3
0.500 0.100 15
0.500 1.000 8.4
1.000 « 1.2
1.500 « 1.9
4.000 « 42

The chloride activity was calculated according to
equation (2). Mean activity coefficients (ynaci ) for
sodium chloride in neutral solution were obtained
from the data provided by Haynes et al. (Haynes,



2013-2014). The activity coefficients of the chloride
ion (Y1) in the solutions containing sodium hydrox-
ide were interpolated from the data given by Hidalgo
et al. (Vera et al., 2000). In this case, the effect of
the accompanying ions was neglected and activity
coefficients were calculated considering the total
hydroxide concentration. The data are provided in
table 2.

The calibration curves were obtained by linear re-
gression analysis:

E=E

measured

Ejunm.on =m-log a. + b @
For the case of pH neutral solutions, it was assumed
that ynaci ~ Yo (Angst et al., 2009).

Table 2. Mean activity coefficients ynaci: and activi-
ty coefficients of the chloride ion y¢y. used in this
work. Values of pH other than 7 were obtained by
addition of sodium hydroxide. The values of ynaci:
are taken or interpolated from (Haynes, 2013-2014).
The values of yq. are interpolated from (Vera et al.,

2000).

Value NaCl concentration pH

(mol-L™)

YNacle  0.952  0.002 7
Ynace 0.903  0.01 7
YNacie  0.770 0.1 7
Ynac: 0.681 0.5 7
YNacle 0657 1 7
Ynace 0.663 1.5 7
YNacle 0.668 2 7
Ynace 0.815 4 7
YNacl: 0874 5 7
Ya 0.740 0.1 =12
Ya. 0.727 0.1 =13
Yo 0.603 0.1 =14
Yo 0.642 0.5 =12
Ya. 0.637 0.5 =13
Yal. 0.585 0.5 =14

3.2.2 Sensitivity to interfering species

The effect of the possible interfering species was in-
vestigated for the case of hydroxide, bromide, sul-
fate, fluoride and sulfide. These were considered the
main species that could cause interference to the
Ag/AgCl ISEs response in concrete pore solution
and seawater exposure (Elsener et al., 2003, Atkins
et al., 2001, Chen, 2006, Svegl et al., 2006).

The Ag/AgCl ISEs were first immersed in NaCl
solutions. The concentration of the interfering specie
was increased stepwise when the potential became
stable over time (few minutes — for the addition of
hydroxide, sulfate, and fluoride — or few days — for
the addition of bromide, and sulfide). For the study
of the fluoride, sulfate and bromide interference, the
experiments were started in 0.01 mol-L” NaCl solu-
tions, and the concentration of interfering specie was
increased up to 0.04 mol-L" The addition of bro-
mide caused the Ag/AgCl ISE potential to signifi-

cantly decrease, and the experiments were repeated
with the sensors immersed in 0.1 mol-L"' NaCl solu-
tion.

The silver sulfide has an especially low solubility
(Haynes, 2013-2014). It was thus expected that the
Ag/AgCl ISE potential would be affected in pres-
ence of already little sulfide with respect to chloride,
and the experiments were done with the sensors im-
mersed in 0.1 mol-L™" and 1 mol-L"" NaCl solutions.

The use of Ag/AgCl ISE in concrete seems to be
a promising solution to monitor chloride changes
and some studies have already been done (Angst et
al., 2009, Elsener et al., 2003, Atkins et al., 1996).
For this reason, the hydroxide inference was treated
separately and in more detail. The experiments were
always started with 0.1 mol-L NaOH solutions to
simulate the alkalinity of the concrete pore solution.
It has been reported that light may have an effect on
the kinetics reactions of hydroxide (Crowell et al.,
2004). The experiments were thus carried out avoid-
ing exposure to daylight to simulate the concrete
pore solution.

The ISEs were immersed in the solutions contain-
ing increasing amounts of the possible interfering
species for a total of two months. The solutions used
and the concentration ranges of interfering specie are
given in Table 3.

Table 3. Solutions used for the study of the sensitiv-
ity to interfering species of the Ag/AgCl ISE.

NaCl concentration ~ Concentration range of Interfering

(mol L™ interfering specie (mol-L™") specie
0.05 0.1-1.7 OH
0.1 01-16 OH
0.2 0.1-1.5 OH
0.3 01-1.6 OH
0.5 01-1.6 OH
0.01 0-0.4 Br
0.1 0-0.3 Br
0.01 0-0.04 F
0.01 0-0.04 SO.*
0.1 0-0.01 s>

1 0-0.008 s>

The measured potential, Fneasured, Was corrected ac-
cording to equation (4) with regard to the liquid
Jjunction potential, Ejunction.

Once the experiments were finished, the Ag/AgCl
ISEs that were immersed in the solutions containing
bromide, fluoride, sulfate, and sulfide were returned
to the original NaCl solutions, i.e. without the inter-
fering specie present. The potential was measured
again after one month of immersion in the interfer-
ing ion-free solution.

3.2.3 Long-term stability at high pH

The stability of the Ag/AgCl ISEs at high pH in the
absence of chloride was investigated over a period
of 60 days. Erlenmeyer flasks were filled to the very
top with NaOH solutions and closed with a rubber



tween 140 mV and 120 mV vs. Ag/AgClg, after 60
days of immersion.
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Figure 3. Ag/AgCl ISE mean potential values (from ten indi-
vidual readings) as a function of time. The dot dash thick line
represents the potential for a solution 0.1 mol-L" NaCl ob-
tained from the calibration curve (section 4.1). The error bars
indicate the standard deviation from the individual readings

In alkaline environments in absence or low content
of chlorides, the AgCl precipitate undergoes the fol-
lowing reaction (Biedermann and Sillén, 1960):

AgCl(S) + OH" 2 Y AgQO(S) + H2 O+CI (5)

The potential shift observed to more negative values
is probably due to the continuous formation of
Ag,0; potentials of ~144 mV vs. Ag/AgCl, at room
temperature and pH =~ 14 are reported in the litera-
ture if the ISE membrane is considered to be com-
pletely covered with Ag,O (Angst et al., 2009,
Pargar et al., 2014, Biedermann and Sillén, 1960).

It is also worth mentioning that the color of the
solutions turned brown-black with time, being more
pronounced for the solutions that contained higher
NaOH concentrations. This color change may also
be related to the transformation of AgCl into Ag,0.
This was already observed by Angst et al. (Angst et
al., 2009).

The possible formation of Ag,O (equation (5))
could also explain the oscillations in the Ag/AgCl
ISE potential shown in figure 2, especially at the
lowest chloride concentrations.

It was finally observed that the ISEs recover fast
as soon as they come into contact with chloride
(right part in Figure 3). The temporal scatter and in-
stability are also considerably reduced. Thus, the
possible formation of silver oxide is reversible, as al-
ready reported by other authors (Angst et al., 2009,
Pargar et al., 2014). The adherence of the Ag,O to
the ISE surface (questioned by Angst ef al. (Angst et
al., 2009)) could however be an issue for the long-
term stability because of the reversibility of the
AgCl formation. This aspect should deserve further
attention.

4.2.1 Exposure in environments containing inter-
fering species

Figure 4 shows the potential £ of the Ag/AgCl ISEs
immersed in 0.01 mol-L™" NaCl (bromide, fluoride
and sulfate) and in 0.1 mol-L" NaCl (bromide) as a
function of the logarithm of the concentration of the
possible interfering specie (bromide, fluoride, and
sulfate).
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Figure 4. Ag/AgCl ISE mean potential values (from ten indi-
vidual readings) as a function of the logarithm of the interfer-
ing specie in 0.01 mol-L™" NaCl solution (for bromide, fluoride
and sulfate) and 0.1 mol-L" NaCl solution (bromide). The error
bars indicate the standard deviation from the individual read-
ings. The zones defined in the graph (zone A, zone B, zone C)
schematically represent the effect of the different interfering
species on the Ag/AgCl ISE response (compare text).

Regarding the bromide interference, it can be seen
that for very small bromide concentrations, the
Ag/AgCl ISEs exhibit an overall stable potential in-
dependent on the bromide content (figure 4). How-
ever, small amounts of bromide exert a large effect
on the response of the Ag/AgCl ISE; the potential
shifts to more negative values and the standard devi-
ation increases, reaching values up to 25 mV. For
bromide concentrations higher than 0.05 mol-L™, the
potential £ linearly depends on the bromide concen-
tration for both chloride concentrations tested.

When returned back to the original NaCl solu-
tions, the ISEs did not regain the initial potential
values. It has also to be noted that the immersed tip
of the ISEs turned green after the bromide addition.

Concerning the fluoride and sulfate interference,
up to a fluoride concentration of 0.02 mol-L™, the
ISE potential can be considered to be unaffected. At
fluoride concentrations higher than 0.025 mol-L™,
however, a small decrease in the potential is ob-
served. For sulfate, the potential remains almost un-
affected to — at least — a concentration of 0.04 mol-L~
' Moreover, when returned back to the original
NaCl solution (fluoride- and sulfate-free), the ISEs
exhibited potentials equal to those initially registered



plug through which the ISEs were inserted via
drilled holes. The flasks were additionally sealed
with silicon grease to avoid evaporation and/or car-
bonation of the solution.

After 60 days of immersion, 0.1 mol-L"! NaCl
was added to the chloride-free alkaline solutions.
The solutions used for the long-term stability exper-
iments are given in table 4.

Table 4. Solutions used for the study of the long-
term stability at high pH of the Ag/AgCI ISE.

NaCl initial NaOH NaCl addition
concentration  concentration  after 60 days
(mol' L™ (mol- L™ (mol- LY

0 0.01 (pH=12) 0.lmol'L”

0 0.1 (pH=13) 0.lmol'L™

0 1 (pH=14) 0.1mol-L?!
0.1 0.01 (pH=~14) -

The measured potential, Epeasured, Was corrected ac-
cording to equation (4) with regard to the liquid
Jjunction potential, Ejunction.

4 RESULTS AND DISCUSSION
4.1 Calibration in solution

The calibration curve according to equation (4) is
shown in figure 1.
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Figure 1. Calibration curve of the Ag/AgCl ISE in neutral and
alkaline solutions. The mean values were obtained form ten in-
dividual readings. The standard deviation is always less than 2
mV, thus, smaller than the symbols. The parameters of the lin-
ear regression analysis are also given with the theoretical val-
ues (considering constant room temperature of 20°C (Angst et
al., 2009, Shreir, 1994)).

The Ag/AgCl ISEs exhibited a Nernstian behavior
with slope of —57 mV (figure 1), in good agreement
with the values reported in previous works (Elsener
et al., 2003, Angst et al., 2009). The ISE exhibits a
Nernstian behavior in the interference-free solutions
for the whole range of chloride concentrations test-
ed; it can be then concluded that the detection limit
of the chloride ion in aqueous neutral solution is
lower than 0.002 mol-L™, in agreement with the re-

sults reported by Angst ef al (Angst et al., 2009).
Furthermore, the standard deviation of the ten indi-
vidual potential readings is always below 2 mV.

4.2 Applicability of Ag/AgCl ISEs in concrete

Figure 2 shows the potential £ of the Ag/AgCl ISEs
immersed in alkaline solutions containing sodium
chloride as a function of the logarithm of the hy-
droxide concentration.

From figure 2, it can be seen that the potential £
of the Ag/AgCl ISEs is overall plateau for the whole
range of concentrations tested. The range (difference
between the largest and smallest observed poten-
tials) is 10 mV and it is found for the ISEs immersed
in the solution containing 0.05 mol-L™! NaCl.

When it comes to chloride-induced corrosion, a
concentration ratio chloride to hydroxide coi/con-
=0.6 is sometimes considered as threshold value for
corrosion initiation (Hausmann, 1967). As it is ap-
parent from figure 2, no interference is expected
even for clearly lower ratios ccr/cog . Thus, the
Ag/AgCl will permit to detect chloride concentra-
tions much below levels considered critical for cor-
rosion initiation even at high pH.
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Figure 2. Ag/AgCl ISE mean potential values (from five indi-
vidual readings) as a function of the logarithm of the NaOH
concentration. The error bars indicate the standard deviation (<
5mV) from the individual readings.

Nonetheless, the instability of the Ag/AgCl ISE at
high pH with no or low amount of chlorides has also
been qvuestioned (Elsener et al., 2003, Angst et al.,
2009, Svegl et al., 2006). Figure 3 shows the poten-
tial £ of as a function of time, before and after addi-
tion of chloride (at ¢ = 60 days) for the chloride-free
solutions.

In absence of chloride, the potential of the
Ag/AgCl ISEs shows high scatter between the indi-
vidual sensors (figure 3). For the Ag/AgCl ISEs im-
mersed in chloride-free alkaline solutions (figure 3),
the measured potential values were comprised be-



in the absence of the interfering specie within a few
minutes.

To illustrate the effect of the interfering species
on the ISE response, figure 4 is schematically divid-
ed in three different zones (zone A, zone B, and
zone C).

In zone A (figure 4), the Ag/AgCl ISE behaves as
an ideal chloride sensor; it exhibits a stable potential
independent of the interfering specie (Angst et al.,
2009, Koryta, 1972, Rhodes and Buck, 1980). This
is the case for fluoride and sulfate (for the whole
range of concentrations tested) and for very low
concentrations of bromide (plateau part). It is in this
range where the Ag/AgCl ISE is suitable for field
measurements without interference. The effect of the
ions in solution on the chloride activity should how-
ever be taken into account (compare Figure 1).

When the concentration of the interfering specie
increases (zone B in figure 4), the response of the
ISE is altered and it shows a potential determined by
the simultaneous action of the primary (chloride)
and interfering ion. The interference is due to the re-
placement of the chloride by the interfering specie
on the surface of the ISE (Rhodes and Buck, 1980,
Koryta, 1972). This phenomenon can be clearly seen
for the case of bromide: the significant potential de-
crease and the high standard deviation are an indica-
tion of the above-mentioned surface coverage pro-
cess. The color change of the tip of the ISEs also
evidences the surface coverage with silver bromide
(green).

At sufficiently high concentrations of interfering
specie, the ISE surface becomes totally covered by
the salt formed between the silver and the interfering
specie and acts as an ISE sensitive to this specie
(Rhodes and Buck, 1980, Hulanicki and Lewenstam,
1977) (zone C in figure 4). This can be observed for
the case of bromide. The ISEs virtually exhibit
Nernstian slope after a certain threshold of concen-
tration.

In addition, once the interfering specie is re-
moved from the solution, the Ag/AgCl ISE should
ideally behave again as a pure chloride sensor (zone
A in figure 10). For the bromide interference, this
was reported by Atkins ef al. (Atkins et al., 2001).
However, the ISEs tested in this work did not com-
pletely recover. In this study, the ISEs were im-
mersed in the solutions containing bromide for about
2 months, whereas Atkins et al. immersed them for
only 15 minutes (Atkins et al., 2001). It is believed
that the disagreement with respect to the results re-
ported by Atkins et al. (Atkins et al., 2001) is due to
the kinetics of the transformation of AgBr back into
AgCl. In fact, Rhodes et al. (Rhodes and Buck,
1980) reported that the kinetics of the transformation
of the AgBr back into AgCl is at least 200 times
slower than the conversion of AgCl into AgBr.
Thus, prolonged exposure to the interfering specie

may significantly
Ag/AgCl ISEs.

The response of the Ag/AgCl ISE will be on one
of the three zones of figure 4 depending on how se-
vere is the interference and the experimental condi-
tions (Koryta, 1972, Lindner and Umezawa, 2008,
Hulanicki and Lewenstam, 1977, Rhodes and Buck,
1980). The severity of the interference is commonly
taken into account with the selectivity coefficients
(see equation (1)) (Lindner and Umezawa, 2008,
Janata, 1989, Koryta and Stulik, 1983, Morf et al.,
1974, Morf, 1981). The theoretical models for esti-
mating selectivity coefficients are traditionally based
on the assumption that thermodynamic equilibrium
is established and the kinetics of the reactions are
neglected. However, it is believed that both thermo-
dynamics and kinetics contribute to the selectivity of
ion-selective electrodes. This has already been sug-
gested by other authors (Hulanicki and Lewenstam,
1982, Reinsfelder and Schultz, 1973).

Therefore, it appears that the theoretical models
for predicting the Ag/AgCl ISE response in presence
of interfering ions are not suitable for mid to long-
term exposure. In this work, the exposure time of the
ISE to the possible interfering species was two
months. Although this is clearly longer than in other
laboratory studies, field exposure times will be even
far longer. Currently, we do not have any data indi-
cating whether exposure times on the order of a few
months (this work) are sufficiently long to represent
field exposure times (in order of years or decades).
Nevertheless, given the actual results, the following
can be concluded.

If concrete structures are exposed to seawater,
bromide, sulfate, and fluoride interference could be a
potential error source. The bromide, sulfate and fluo-
ride concentrations in seawater are approximately
8.7-10”, 2.9-107 and 7-10° mol-L* respectively
(Dickson and Goyet, 1994). At those concentrations
(shown with arrows in figure 4), no interference was
found for the ISEs immersed in 0.1 mol-L” NaCl
(bromide) and in 0.01 mol-L™' NaCl (fluoride, sul-
fate). Furthermore, from figure 4, it becomes appar-
ent (for the bromide interference) that the ISEs can
tolerate slightly higher concentrations of interfering
specie when the chloride content is also higher. The
chloride concentration in seawater is around 0.5
mol-L" NaCl. Thus, no significant interference from
bromide is expected for seawater exposure.

impair the functionality of

4.2.2 Blast furnace slag
The ions present in pore solution of hydrating slag
cement are principally the same as those in Portland
cement, with a remarkable amount of sulfide ion in
the pore solution (Chen, 2006, Gruskovnjak et al.,
2008, Lothenbach et al., 2012). The sulfide interfer-
ence is thus discussed in this section.

Figure 5 shows the potential E of the Ag/AgCl
ISEs immersed in 0.1 mol-L™ and in 1 mol-L" NaCl



as a function of the logarithm of the sulfide concen-
tration.
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Figure 5. Ag/AgCl ISE mean potential values (from ten indi-
vidual readings) as a function of the logarithm of the Na,S con-
centration. The error bars indicate the standard deviation from
the individual readings.

Sulfide interference is particularly severe. Relatively
small amounts of sulfide cause high potential shifts
(figure 5). For sulfide concentrations above 0.006
mol-L?, the potential of the ISEs significantly de-
creased for both tested chloride concentrations (AE >
20 mV for 0.1 mol-L™ NaCl and AE > 50 mV for 1
mol-L! NaCl). The standard deviation also in-
creased significantly at this sulfide concentration.

When returned back to the original NaCl solu-
tions, the ISEs did not regain the initial potential
values. It has also to be noted that the immersed tip
of the ISEs turned black and decreased its thickness
after the addition of sulfide for both tested chloride
concentrations. The significant potential decrease,
the high standard, and the color change of the tip of
the ISEs evidences the progressive surface coverage
with silver sulfide (black), as it was similarly ob-
served for the bromide interference.

Lothenbach et al. (Lothenbach et al., 2012) ob-
served that the sulfide concentration in CEM III/B
42.5 1. containing 59% of slag increases during the
first month of reaction and remains rather constant
thereafter; concentration of about 0.008 mol-L™ of
sulfide were found after one month of reaction.
From figure 3, it can be seen that the ISE potential is
strongly affected at those concentrations.

In super sulfated cements (SSC) (Lothenbach et
al., 2012, Gruskovnjak et al., 2008), even higher sul-
fide concentrations are found. Gruskovnjak et al
(Gruskovnjak et al., 2008) reported concentrations
of about 0.1 mol-L™ of sulfide after approximately
one month of reaction.

Therefore, it seems that the applicability of the
Ag/AgCl ISE in concretes with mid-high amounts of
slag will be impaired by the presence of sulfide. For
the concretes containing mid-low amounts of blast
furnace slag (CEM III/A ), it could be possible that

the amount of sulfide in solution remained low
enough. However, the hydration of cement contain-
ing slag is not well understood (Gollop and Taylor,
1996, Taylor, 1997).

It is also important to notice that the ISEs proba-
bly tolerate higher concentrations of interfering spe-
cie when the chloride content is also higher (figure
4), thus, in absence of chloride, the ISEs potential
shown in figure 5 is probably shifted to more nega-
tive values at lower sulfide concentrations. Moreo-
ver, it should be noted that part of the chlorides will
be bound by some of the hydrated cement phases
(Luping and Nilsson, 1993) and the ratio chlo-
ride/sulfide can be reduced as the amount of Port-
land cement is increased.

In addition, the decrease in the thickness of the
Ag/AgCl ISEs after the sulfide addition questions
the adherence of the potential formation silver sul-
fide on the ISE membrane and the later reaction
back into AgCl. Thus, the sensors could be damaged
before chloride arrival.

5 CONCLUSIONS

The Ag/AgCl ISEs measure the free chloride content
in the concrete pore solution by exhibiting a Nern-
stian electrochemical potential as a function of the
chloride ion activity.

The sensitivity of the Ag/AgCl ISE to interfering
species has been carefully studied: while negligible
interference was found for fluoride, sulfate, and hy-
droxide, the interference is relatively severe for
bromide and sulfide. Nevertheless, due the high
chloride/bromide concentration ratio in seawater, the
interference of bromide is considered negligible for
applications related to seawater exposure.

In chloride-free alkaline solutions, the ISEs were
unstable over time — probably due to transformation
reactions with the environment. Upon addition of
chloride, however, the sensors responded again ac-
cording the Nernst’s law.

Based on the current experimental observations, it
was concluded that the studied Ag/AgCl ISEs are
feasible for practical monitoring of the chloride con-
centration in concrete exposed to chloride-
containing environments. An exception is concrete
with high contents of blast furnace slag, where the
presence of sulfide could strongly disturb the meas-
urements. For the case of low to mid content of blast
furnace slag, further research regarding the kinetics
and the hydration is needed to evaluate the severity
of the sulfide interference. Another open question is
the long-term time evolution. If the sulfide concen-
tration decreases with time and embedded ISEs are
able to recover, they may after years/decades be
functional again when chlorides start arriving at
depths corresponding to common reinforcement
steel cover depths.
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1| INTRODUCTION

| U.Angst' | B. Elsener'?

A pH sensor to be used in highly alkaline media under continuous long-term
immersion conditions is crucial in various engineering applications. This work
develops the production protocol and posterior conditioning of thermally oxidized
iridium (IrOy ) electrodes to be used as potentiometric pH sensors embedded in highly
alkaline environments such as concrete or cathodically protected steel in soil. The
main investigated aspects for the desired applications are the potential-pH response,
its reproducibility, accuracy, and oxygen dependency. The stability during long-term
immersion is also studied in detail. The studied IrO, electrodes responded to pH
changes with slopes between —50 and —68 mV/pH unit, even after continuous
immersion in alkaline solutions for almost 2 years. Additionally, the electrodes
response did not show oxygen dependency. Our results highlight the importance of
sufficient conditioning in alkaline media prior to use. When properly produced,
conditioned, and pre-calibrated the electrodes reproducibly permit measuring the pH
with a maximum error of 0.5 pH units over a range of at least pH 9-13.5. Preliminary
results show that the studied electrodes are promising sensors for monitoring pH

changes in concrete.

KEYWORDS
alkaline environment, cathodic protection in soil, long-term stability, reinforcing steel corrosion in

concrete, thermally oxidized iridium pH sensor

other hand, as the processes leading to a change in pH are
relatively slow, the requirements to sensor response time are

The pH (negative logarithm of the H* activity) is one of the
most important parameters in many fields, from life science
(biological, environmental, medical) to engineering (civil,
nuclear, energy).!' %) Therefore, many different electrochem-
ical and non-electrochemical techniques have been developed
for measuring the pH.!"?

Applications in corrosion engineering require permanent
long-term monitoring of pH (in the order of years) in highly
alkaline media (pH up to 13.5). In these applications, long-
term stability of the method is of outmost importance. On the

far less strict than in analytical chemistry.

The most important corrosion engineering application
for in situ long-term pH measurement is steel reinforced
concrete, which is the most used construction material
world-wide. In the highly alkaline pore solution of concrete
(pH 12.5-13.5), steel is protected from corrosion by the
formation of an oxide layer (passive film). Due to the
reaction of alkaline components in the concrete pore
solution with CO, from the atmosphere, a process called
carbonation, the pH decreases to levels lower than 9189 and
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the steel reinforcement is depassivated. In presence of
oxygen and humidity, corrosion of the reinforcement
occurs, leading to loss of durability and finally structural
deterioration.®) Therefore, knowledge of the pH in the
concrete is essential. The different methods tested and used
for pH measurements in concrete are presented in a recent
review."!%) From this review, it emerges that most of the
available methods are destructive, time consuming, and do
not allow continuous pH monitoring. Regarding the latter,
fiber optic sensors were tested but showed serious
limitations such as chemical instability at high pH, dye
leaching, and short life span. Embedded potentiometric
electrodes based on several metal oxides for measuring pH
in concrete were also studied. Among them, iridium/iridium
oxide electrodes (IrO,) were the most promjsingA[”]

Iridium/iridium oxide electrodes have been reported to
perform well in aqueous solutions over wide range of pH and
tcmperature.[l’6’12“17] Preparation methods of IrO, electrodes
include electrochemical depositjon,[u’m’m sputtering depo-
sitjon,[3] sol-gel processes,[ls’m and electrochemical™™ or
thermal oxidation." "' Table 1 collects the main features
of iridium oxides electrodes reported in literature.

From Table 1, it emerges that most studies were
performed in research works of analytical chemistry, thus
in solutions with pH < 12 and with relatively short immersion
times in the order of days; the longest immersion time was in
fact 10 days.[l’”’w’zm The differences in potential-pH
response reported in literature (Table 1) were usually
associated to differences in structure and composition of
the oxide layer depending on the fabrication methods.*’

In this work, thermally oxidized iridium oxide (IrOy)
electrodes were prepared and tested as potentiometric pH
sensors in highly alkaline solutions (pH between 9 and 13.5)
up to almost 2 years of immersion times. The main features
studied are the response to pH changes, together with the
reproducibility and accuracy of the potential response for
the individual IrO, electrodes. The influence of the oxygen
content in solutions and the long-term stability when
continuously immersed in alkaline solution were also
studied.

2 | MATERIALS AND METHODS

2.1 | Materials and solutions

For the preparation of the IrO, electrodes (section 2.2),
iridium wires (0.5 mm diameter, 99.9% purity) and gold wires
(0.25mm diameter, 99.99% purity) were obtained from
Goodfellow, lithium carbonate (anhydrous powder, purity
>99%) from Alfa Aesar, and epoxy coating (ASTORIT PUR
105) from Astorit.

Exposure solutions were prepared by mixing defined
amounts of orthoboric acid (HsBOs3) (>99.5%, Sigma—
Aldrich) and sodium hydroxide (>99.53%, Merck KGaA)
with de-ionized water (conductivity = 2 uS/cm). The pH of the
solutions was periodically measured with a standard glass
cell pH electrode with silver-silver chloride (Ag/AgCl)
reference electrode. The pH values of the solutions and the
concentrations of orthoboric acid and sodium hydroxide used
for their preparation are listed in Table 2.

TABLE 1 Influence of the production method on oxide thickness, hydrous/anhydrous oxide, potential-pH slope, and response time, together with
the longest immersion time and tested pH-range of iridium oxide electrodes reported in literature

Oxide Hydrous/ Potential-pH slope (V/  Response Longest Tested pH-
Method thickness (nm) anhydrous PH unit) time (s) immersion range Ref.
Sol—gel ~400 Anhydrous ~—0.051 <2 <1 day ~1.5-12 1s)

400600 Anhydrous ~-0.071 ~6 <1 day ~3-11 1e)

= Anhydrous ~-0.059 <10 <1 day ~1-13 @2
Electrochem,  — Hydrous ~—0.047 <60 10 days ~2-12 )
oxidation

~200 Hydrous —0.090 + —-0.06 <300 5 days ~3-9 2]
Sputtering ~100 Anhydrous —0.060 = —0.055 = <1 day ~2-12 (23]
Electrochem.  — Hydrous —0.070 + —0.064 ~30 <1 day ~2-12 (24)
deposition

3500 Hydrous —0.084 = —0.070 <60 <1 day ~2-12 3]

~200 Hydrous —0.080 + —0.060 ~60 5 days ~2-11 {4
Thermal 2000 Anhydrous ~—0.059 <1 2-10 days (2.5  ~1-13 [zioed
oxidation years)®

*The electrodes were tested several times up to an age of 2.5 years; the immersion times were 2-10 days
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TABLE 2 pH values of the four solutions prepared for the
potentiometric measurements, together with the concentrations of
orthoboric acid (HsBOs;) and sodium hydroxide used for their
preparation

Measured pH

Concentration Concentration  after

H3;BO; NaOH production
Solution  (mol - L™ (mol - L™ (at 20 °C)
Borate 1 0.50 0.30 9.3
Borate 2 0.50 0.48 10.6
Borate 3 0.05 0.60 119
Borate 4  0.05 1.20 135

2.2 | Preparation of the IrO, electrode

Tridium metal wires (0.5 mm diameter and 10-15 mm length)
were ultrasonically cleaned in 6 mol - L~! HCI solution for
10min and afterwards washed with de-ionized water
(conductivity ~2 uS/cm) for 10min to ensure that no
impurities were left on the wires surface. The wires were
then dried in air at 20 °C and positioned in a ceramic crucible
lined with a gold foil and covered with lithium carbonate on
both sides. They were then heated up to 870°C in 3h in a
furnace (Nabertherm, model B180) under air atmosphere,
maintained at 870 °C for 5 h and cooled down. A fast (1 h) and
a slow (14 h) cooling process were investigated. In the fast
cooling process, the crucible with the sample was taken out
from the furnace; in the slow cooling process, the crucible
with the oxidized Ir wires was left inside the furnace until
ambient temperature (20-21 °C) was reached. In both cases,
the cooling process had an asymptotic behavior with respect
to time. FFor the fast cooling, the sample needed 20 min to cool
down to half of the oxidation temperature (870 °C), whereas
for the slow cooling time, 2 h were needed.

Once reached room temperature, the solid carbonate in the
crucible was dissolved with 6 mol - L™" HCI solution. Two
different cleaning procedures were then investigated in order
toremove any attached soluble components and to ensure that
there was no chloride left on the electrodes surface: (a) 10 min
ultrasonic cleaning in de-ionized water and (b) several times
careful rinsing with de-ionized water. As a result, a black
oxide layer was formed on the surface of the iridium wires.
Information regarding the mechanism of metal oxide film
growth in carbonate melt can be found in literature.[17192627]
To remove the water not bound to the oxide layer formed, the
cleaned wires were heated up to 120 °C, maintained at that
temperature for 11 h and cooled down inside the furnace until
they reached ambient temperature (approximately 10h). A
small area at the end of the oxidized wire was then scraped off
until pure iridium was exposed. A thin gold wire (0.25 mm
diameter and approximately 5mm length) was tightly
wrapped around the exposed iridium and fixed with crimping
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pliers to form a good physical and electrical connection.
Finally, an epoxy coating was applied to cover the area of the
exposed iridium and gold connection to provide electric
insulation. Epoxy coating was also applied on the tip of the
clectrode because it was suspected that some adherence
problems of the IrOy could happen on the edges. A schematic
representation and stereomicroscopy image of the IrOy
electrode produced and used in this study is shown in
Figure 1.

In total, eight different batches (denoted I-VIII) of 3-9
IrOy electrodes (denoted 1-n for each batch) were produced.
This production procedure is based on the one reported in Yao
etal. and Wang et al.'7 I However, we modified the cooling
and cleaning processes.

2.3 | Microscopic characterization of the IrO,
electrodes

Selected IrO, wires were cast in epoxy and the cross section was
polished. Optical and scanning electron microscopy (SEM) was
performed. Based on the backscattered electron SEM images,
the thickness and the percentage of pores (porosity) of the oxide
layer formed on the iridium wires were determined.

The average and standard deviation of the oxide layer
thickness was obtained from ten measurements.

The oxide porosity was defined as the percentage of pores
(black spots in the SEM image) of the oxide layer (gray area in
the SEM image). The SEM images were analyzed with the
GIMP image analysis software, which enables to adjust
the black/white contrast of the image selected and to quantify
the pore area (black area). The percentage of pores of the
oxide layer was then calculated as the average of five image
analyses of 20-30 pm-long areas of the oxide layer.

2.4 | Set-up and instruments for the
potentiometric measurements

The potential E of the IrO, electrodes produced was measured
versus a silver/silver chloride/saturated potassium chloride
(Ag/AgCl/sat. KC1) reference electrode (+0.197V vs. the

Au wire
=
/, i \\
o 2 By TR,
.
& connection T~
——

= .— coating —

0 —

tip coating

FIGURE 1 Schematic representation and stereomicroscopy image
of the IrOy electrode produced and used in this study
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standard hydrogen electrode, SHE). A Luggin capillary (filled
with the test solution) was used when the reference electrode
was immersed in the test solution to avoid contamination of
the test solution with KCl and of the reference electrode with
the test solution. The set-up is schematically depicted in
Figure 2.

The liquid junction potential established when immersing
the reference electrode in the test solution was estimated to
maximum 5 mV for the pH values considered in this study™®!
and was thus neglected.

The measurements were performed with a Keithley
multimeter and multiplexer (Keithley Instruments Inc.)
connected to a computer for data acquisition, which allowed
recording the potential of several IrO4 versus the reference
electrode over time. All the experiments were carried out at
room temperature (20-21 °C).

2.5 | Measurement procedures

2.5.1 | Determination of potential-pH response

After production, the IrO, electrodes were immersed in one of
the four test solutions used (Table 2). The exposure solution
was changed several times in order to investigate the
influence of the pH exposure history on the final potential-
pH response. These pH exposure variations lasted between 2
and 6 months. After this, the exposure solution was
exchanged to pH= 13.5 and the potential-pH response of
the produced IrO, electrodes was then investigated by
applying a pH sweep from high pH (pH ~ 13.5) to low pH
(pH ~ 9.5) with the set-up described in section 2.4. Changes
in the pH of the solution were performed either stepwise or
continuously:

o Stepwise pH changes were achieved by exchanging the
exposure solution (Table 2) or by adding given quantities of

Reference electrode

(Ag/AgCl/sat.KCl)
luggin

capillary,

IrOx

test solution

FIGURE 2 Set-up for the potentiometric measurements of the
IrOy electrodes

alkalinity or acidity. Between steps, the pH was kept
constant (frequently monitored with a commercial glass
pH-electrode and corrected if needed). Steps in pH were
made after exposure of at least 4 days to the same pH and
once a potential drift lower than 0.5 mV/day was reached.

e Gradual (slow) pH changes were achieved by leaving the
solution exposed to air and allowing to react with CO, from
the atmosphere (natural carbonation). The pH of the
solution over time was controlled with a commercial glass
electrode.

After these measurements, the electrodes were preserved
in pH~ 13.5.

For some IrOy electrodes, stepwise pH changes were
applied 2-3 times, i.e., the pH was decreased from pH = 13.5
to pH~ 9.3 and then brought back to pH ~ 13.5, in order to
study the reproducibility and reversibility of the potential
response. The time difference between two consecutive
measurements at a given pH was between 20 and 30 days.
Afterwards, the pH of the solution was also kept constant at
pH= 13.5.

The pH exposure history will be indicated together with
the results.

2.5.2 | Influence of conditioning on the
potential-pH response

With “conditioning” we mean the duration of the initial
exposure of the electrodes to alkaline solutions, i.e., prior to
being subjected to the procedure described in section 2.5.1 for
measuring the E-pH response. In order to study the influence
of conditioning, the IrOy electrodes of batch VIII were
directly tested after being produced (without previous
exposure to solution) during short time in solutions of
different pH: the electrodes were initially immersed at
pH =~ 13.5 (“Borate 4,” Table 2) for <1 min, and then they
were washed and transferred to the next solution also for
<1 min and so on (following the sequence Borate 4—Borate
3—Borate 2—Borate 1, Table 2). For all these measurements,
the potential drift was always less than 2 mV/min. After these
measurements, the electrodes were preserved in pH= 13.5
(“Borate 4,” Table 2) and the procedure described in section
2.5.1 was later applied.

This relatively fast protocol of measurements at
different pH values was repeated with the electrodes of
batch VIII after 8 and 23 days of immersion in “Borate 4”
(pH =~ 13.5, Table 2).

2.5.3 | Oxygen dependency

The aim of this experiment is to evaluate whether the
potential response of the IrOy electrodes is influenced by the
oxygen concentration in solution. For this test, both an IrO
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electrode and a stainless steel bar were immersed in the test
solutions (Table 2) according to the set-up described in
section 2.4. When the potential of the IrO, electrode and
stainless steel stabilized (potential drift lower than
5 mV/min), nitrogen was bubbled into the solution in order
to remove the oxygen. A decrease in the potential of the
stainless steel electrode was used as an indicator of the
decrease in oxygen concentration™! during nitrogen bub-
bling. The experiment lasted between 2 and 3 h and it was
performed for several IrOy electrodes immersed in the test
solutions (Table 2).

3 | RESULTS

3.1 | Influence of fabrication protocol on
electrode morphology

Figure 3 shows representative examples of the SEM analysis
of the cross sections of the produced IrOy electrodes obtained
with the different cooling times and cleaning processes
described in section 2.2.

5
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The IrOy electrodes formed by thermal oxidation
generally exhibited a columnar structure with high aspect
ratio grains, but there were significant differences in the oxide
thickness and porosity depending on the cooling time and the
type of cleaning performed (Figure 3). Table 3 provides all
data on thickness and porosity of the oxide layer for all the
batches produced with different cooling and cleaning
processes.

From the data in Table 3, it can be deduced that overall
thicker oxide layers are obtained for the slow cooling process
(14h). IrO4 electrodes with lower porosity and more
homogeneous oxide layer thicknesses were obtained by
rinsing with ultrapure water, avoiding ultrasonic cleaning.
Optical microscopy also showed that after ultrasonic
cleaning, part of the oxide was occasionally detached and
iridium metal was exposed.

As a consequence of these results, only IrOy electrodes
based on the slow cooling process (14 h) with a careful
posterior rinsing of the wires (no ultrasonic cleaning) were
used for the electrochemical measurements presented in the
following sections.

1 hour cooling /
Ultrasonic cleaning

14 hours cooling /
Ultrasonic cleaning

14 hours cooling /
Rinsing

[#EE

B

Stdev. thickness: 2.3 um
Porosity: 5%

Average thickness: 5 ym Average thickness: 12 ym |
Stdev. thickness: 7.5 um
Porosity: 6%

Average thickness: 15 ym
Stdev. thickness: 3.5 ym
Porosity: 2%

FIGURE 3 SEM images of the cross section of IrOy electrodes produced with different cooling times (1 and 14 h) and cleaning processes

(ultrasonic cleaning vs. rinsing). The average thickness (together with the standard deviation) and the porosity of the oxide layer are also

provided for each IrOx
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TABLE 3 Average thickness, standard deviation of the thickness,
and porosity of the iridium oxide layer formed with different cooling and
cleaning processes (ultrasonic cleaning vs. rinsing)

Average SD
Cleaning Cooling thickness thickness Porosity
process process (um) (pm) (%)
Ultrasonic ~ Fast 5° 2.3 5
(1h)
7 255 7
Slow 20 6 7
(14 h)
12 7.5
11 42
Rinsing Fast 6 2 3
(1h)
Slow 22 2.5 2.5
(14 h)
158 3.5 2

SD, standard deviation.
“Shown in Figure 3

3.2 | Potential-pH response

3.2.1 | Influence of conditioning on E-pH slope

Figure 4 shows the average E-pH response curves obtained
directly after production (no conditioning) and after 8 and
23 days of conditioning in pH= 13.5 of the electrodes
produced in batch VIII. These results were obtained with the
protocol described in section 2.5.2. The fitting coefficients for
the potential-pH response curves shown in Figure 4 are given
in Table 4.

0.8 --# - no conditioning
= s T
g 0.24 - 3 8 days conditioning

; TS - -k - 23 days conditioning

© 0
° 0.20
)

0.16
<
k)
< o012
4
>
2 008
w

0.04

0.00 - :

9 10 11 12 13 14

pH

FIGURE 4 Average and standard deviation of the potential—pH
response of five individual IrOx electrodes (produced in batch VIII)
after different conditioning times in pH ~ 13.5 (measurements at
each pH exposure lasted <1 min, i.e., protocol described in section
2.5.2). The pH values from the curves “no conditioning” and “8 days
conditioning” were slightly shifted in the graph for the sake of clarity

TABLE 4 Fitting coefficients, together with the standard deviation,
for the E-pH response curves (average of five individual IrOy electrodes)
obtained with the protocol described in section 2.5.2 (for batch VIIIL, at
different conditioning times in pH ~ 13.5) shown in Figure 4

SD
SD Intercept intercept
Slope slope  (Vvs. Ag/ (V vs. Ag/

Conditioning v/ v/ AgCl/sat. AgCl/sat.
time (days) rH) pH) KCl) KCl)
0 —0.031 0.007 0.503 0.068
8 -0.050 0.005 0.693 0.052
23 -0.052 0.003 0.723 0.042

SD, standard deviation.

It can be seen that the values of E-pH slope and E-pH
intercept increase (in absolute value) with conditioning
time. The results after 8 and 23 days of conditioning are
similar.

3.2.2 | Influence of conditioning on response
time

The time from immersion, once the pH was changed, until the
potential drift was <2 mV/day was considered the response
time.

Figure 5 shows the potential AE versus time response of
IrO4 electrodes when exposed to a certain pH (here
pH = 13.5). The potential difference AE is defined as the
difference between IrO, response Ero, (f = tiesponse) When the
potential changed <2 mV/day and the IrOy response Eyo_ (t)
at a given time.

0.04 1
)
\

76 days (VIII-4)

no pre-conditioning (V//-9)

0.04 i?4_152 days (VII-9)
-0.06 i ~

no pre-conditioning(V//I-4)

D42 mV

AE (V vs. Ag/AgCl/sat. KCI)

5 10 15 20 25 30 35

time immersed in pH = 13.5 (days)

FIGURE 5 Potential difference AE (Eq. (1)) as a function of the
immersion time in pH = 13.5 for different conditioning times in
alkaline solution (indicated in the graph) of two IrOy electrodes (IrOx
9 from Batch VII and IrOy 4 from batch VIII); response time = time
to reaching a potential drift <2 mV/day. The potential change over
time (2 mV/day) accepted is also indicated in the graph
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AE(1) = Evo, (t = treponse) — Ero, () (1)

In Figure 5, two different cases are shown (no pre-
conditioning vs. conditioning for a certain time, indicated in the
graph). For each scenario, two representative examples of IrOy
electrodes were selected (IrOy 9 from batch VII and IrOy 4 from
batch VIII). For the two electrodes that were not pre-
conditioned, the response time was approximately 1 month.
In contrast, for the two electrodes that were conditioned in
alkaline solutions for 76 and 152 days, respectively, the response
time became much shorter, namely in the order of days. The
same trend was observed for the other produced IrOy electrodes.

3.2.3 | Potential-pH response — after
conditioning

This section presents the E-pH response of the IrO
electrodes, determined after sufficient conditioning (protocol

a 0.25
= *
= 2 P
5 o e
74
® o015
2
2
0.10
<
=)
> 0.05
g A —theoretical
>
I 0.00 B Batch |
s fit Bateh |
-0.05 * Batchll
----- fit Batch I
-0.10
9 10 11 12 13 14
pH
C oz )
M
= 0207 NN
[&]
-7
- 0.15
©
2
S o010 F—
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®
< 0.05 ¢ Batch VI
7 R Rt fit Batch VI
>
> 0.00 A Batch VIl
W - - —fit Batch VI
-0.05 ® Batch VIl
— —fit Batch VIII
-0.10
9 10

described in section 2.5.1). Figure 6 shows the average of
potential responses of the IrOy electrodes produced in each
batch as a function of the pH of the solution. For each batch,
the linear fit for the relationship between potential and pH is
also plotted, together with the theoretical E-pH response
according to Pourbaix.” The fitting coefficients of the E-pH
curves of each individual IrQy electrodes (38 in total),
together with the information regarding the pH-range
exposure history is provided in Table S1 (Supplementary
Material).

Figure 6 shows that the potential-pH slopes of the IrOx
electrodes are generally in good agreement with the
theoretical potential-pH response according to Pourbaix.**]
The E-pH slopes of individual electrodes are between
—0.050 V/pH and —0.068 V/pH and the standard deviation
is between 0.002 and 0.007 V/pH (Table S1).

The E-pH intercepts of individual electrodes are
between 0.605 and 0.863 V versus Ag/AgCl/sat. KCI and
the standard deviation is between 0.019 and 0.075 V versus

b 0.25
-
= 020
o
X
= 0.15
2
S o0 i
%:1 theoretical
2 o105 A Batch lll
g; - = —fit Batch Il
3 0.00 ® Batch IV
w — —fit Batch IV
-0.05 B Batch V
......... fit Batch V
-0.10
o 10 Ly 2 b ’
pH
g\
& e
~ \‘\ - i
11 1= i b

pH

FIGURE 6 Average of potential responses of the IrOy electrodes of batches: I and II (a), II-V (b), VI-VIII (c). Immersion time at each pH lasted
at least 4 days. For each batch, the linear fit for the E-pH relationship is given (differentiated by line and color), together with the standard deviation

(error bars) of the individual readings (of 3-9 individual IrOy electrodes). The theoretical E-pH response according to Pourbaix is also plotte

4 29
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FIGURE 7 Reproducibility of the E-pH response of sufficiently
conditioned electrodes (representative example; electrode 1, batch I).
Each time, the electrode was first exposed to pH 13.5 and then

the pH was stepwise decreased to 9.3. A pH sweep from 13.5 to 9.3
took 20-30 days. The numbers indicated in the graph (1-3) refer to

the order in which the measurements were performed

Ag/AgCl/sat. KCl (Table S1). Interestingly, almost all
measured potentials were more positive than the values
suggested by Pourbaix.[?”!

Note that the electrodes produced in batches I-V had
different exposure histories within the range of pH between
9.3 and 13.5 over more than 1 year. Nevertheless, their E-pH
response curve is in agreement with the rest of the results.

3.2.4 | Reproducibility and reversibility

For several individual IrOy electrodes, the protocol described
in 2.5.1 (stepwise pH changes) was repeated 2-3 times to
study the reproducibility of the E-pH response of a single
electrode (once they were sufficiently conditioned). A
representative example of three E-pH response curves
repeatedly obtained for the same electrode (electrode 1,
batch I) is shown in Figure 7. The order of the measurements
is also indicated in the graph. The complete set of results (for
29 IrO, out of the 38 produced) is provided in Table S2
(Supplementary Material).

From Figure 7, it can be noted that the potential response
can be considered reversible and reproducible; only small
differences between the different curves can be observed. The
same behavior was found for the rest of electrodes produced
(Table S2 in the Supplementary Material). The maximum
difference between potential readings for the same electrode
measured at the same pH, but at different periods in time was
typically in the range of 20 mV. Concerning the potentiomet-
ric determination of the pH, this would correspond to an error
of maximum 0.5 pH units for pre-calibrated IrOx electrodes.

N, bubbling
0.050 - Le N
1 |
5 0030 . T
x 1 i
§ 1 1
£ 0.010 oE--mm ] |
c\g, Vo = g 1
< /." 1 ‘-—.—-Il- 1
2 0010 ¢ L L
@ 1 LN
= 1 al
& -0.030 - 1 bt
! %
1 ]
= B ] 1
0.050 1 u_ stainlesssteel 1 " L -l
- & = [rOx 1 1 -‘
-0.070 . - . L :
0.0 0.5 1.0 15 2.0 25
time (h)

FIGURE 8 Potential of an IrO, (IrOy 1 from Batch III) and
stainless steel bar immersed in pH ~ 13 as a function of time while
oxygen content is decreased due to nitrogen bubbling into the

solution (indicted in the graph)

3.2.5 | Oxygen dependency

Arepresentative example of the potential of the IrO electrode
and the stainless steel immersed in solution of pH 13 is shown
in Figure 8. The same trend was observed for the other
produced IrOy electrodes immersed in the other test solutions
(Table 2). From Figure 8, it can be seen that while nitrogen
was bubbled into the test solution, the potential of steel
significantly decreased while the potential of the IrO4
electrode remained essentially unaffected (maximum changes
within a few millivolts). It thus becomes apparent that the
oxygen concentration in solution does not affect the potential
of the IrOy electrodes produced in this study, which is in
agreement with other works 6121

3.3 | Long-term stability

For engineering applications, long-term stability is the most
important property for the IrOy electrodes. Figure 9a shows
the potential response of an IrOy (electrode 1, batch II) as a
function of time while undergoing an exposure history to
varying pH for 1.5 years. Figure 9b, shows the magnified area
of the graph when the pH of the solution was kept constant at
pH = 13.5 after 540 days of exposure.

Several aspects in the results presented in Figure 9
deserve attention. First of all, this IrO, was subjected to a
history of variable pH for more than 1 year before the E-pH
curves were obtained (Figure 9a). Nevertheless, the
potential-pH response curves measured are in agreement
with the rest of results (see Tables S1 and S2 in the
Supplementary Material).

Secondly, it can be observed that as long as the pH was
kept constant, the potential response varied less than +2 mV
over 80 days, thus without potential drift. In addition, the
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(a) Potential response of an IrOy (electrode 1, batch II) as a function of time while undergoing a history of variable pH exposure.

(b) Magnified area of the graph after 540 days of immersion and when the pH is kept constant at 13.5

response time was very short (ca. 1 day) when the pH was
increased from 9.3 to 13.5 after 540 days of immersion in
alkaline solution (Figure 9b), in agreement with the results
presented in section 3.1.2.

The same behavior was observed for the rest of the
electrodes immersed in the different solutions, always after
“sufficient” conditioning time (see section 4.2). Table S3 in the
Supplementary Material reports the total immersion time in
alkaline solution, the immersion time in pH = 13.5 when the
potential drift was <0.5 mV/day, and the potential response in
pH ~ 13.5 (when the potential drift was <0.5 mV/day).

4 | DISCUSSION

4.1 | Potential-pH response

It was observed that each produced IrO, electrode responds
slightly different (section 3.2.3) and that its response is also
influenced by the conditioning time (sections 3.2.1 and 4.2). It
is thus recommended that previous conditioning and pre-
calibration of each IrO, electrode is performed before use.
Given the variability within all electrodes, this will enhance
the accuracy of the measurements of the single electrode
compared to simply using general (average) slope and
standard potential.

e Slope: The range of E-pH slopes values obtained, after
sufficient conditioning, was between —0.050 and
—0.068 V/pH (Table S1, Figure 6), i.e., relatively close
to the —0.059 V/pH slope reported for IrOy electrodes
produced by thermal oxidation "71°2% and in agreement
with Pourbaix.?® It is believed that the differences in slope
obtained in this study with respect to the reported
—0.059 V/pH may be due to the porosity of the exposed
oxide layer, which may influence ion exchange.[ls’sol It
should be also noted that the total immersion time of the

electrodes in this work is much longer (months—years) than
in other studies (generally minutes to days, see Table 1).
Different immersion times, i.e., conditioning times (section
4.2), could also explain the reported differences in pH-
slopes in literature [12-16-221

e Standard potential: IrOy electrodes formed by thermal
oxidation have been reported to be (semi)-anhydrousH’-122%!
with intercept values of the E-pH relationship similar to the
value according to Pourbaix,[zgl ie., 0.736V versus
Ag/AgCl/sat. KCL. In this work, the average value is close
to theory (0.733 V vs. Ag/AgCl/sat. KCI) but the variability
among the intercept values obtained is high (average
0.733V with scatter between 0.605 and 0.863V vs.
Ag/AgCl/sat. KCl (Tables S1 and S2 in the Supplementary
Material)). From Figure 6 it can be seen that the potential
responses of many electrodes at a given pH are higher
than the theoretical curve 1,05 - nH,O/IrO,
nH,O (theoretical potential-pH response according to
Pourbaix*); this could be explained by the presence of
other (hydrated) iridium oxides other than the Ir,O5 - nH,O/
IrO, nH,O couple.m] For example, Wang et al, ! reported
that the electrode produced with a method similar to the
present one was Lig g¢ IrO; 34(OH)g 76 - 0.39H,0. However,
the electrodes produced in this case were stored in neutral
solution (4 KCI mol - L_l) or in air between the measure-
ments. Therefore, the hydration state of the present
electrodes is likely different, since they had been continu-
ously immersed in alkaline solution.

for

4.2 | Influence of conditioning
4.2.1 | Influence of conditioning on potential-
pH response

According to the present results, the total immersion time in
alkaline solution (conditioning time) plays an important role
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in obtaining a reproducible and stable potential reading upon
exposure to a certain pH (section 3.2.1).

The values of E-pH slope and E-pH intercept change with
conditioning time. When not properly conditioned, the
potential response of the studied electrodes changes over
time (Figure 4), but after “sufficient” conditioning time, the
individual IrOy electrodes exhibit a reproducible potential
response, regardless of the previous exposure (section 3.2.4).

Figure S2 in the Supplementary Material gives the
average total immersion time in alkaline solution until
obtaining reproducible potential response when immersed in
pH~ 13.5, differentiated by batch. The data in Figure S2
show that in order to obtain a reproducible response,
sufficient conditioning time is needed. For some electrodes,
this may be the case already after 50 days, while for others, it
may take up to 250 days.

Insection 4.1, it was suggested that the oxide layer formed is
probably composed by oxide forms other than the Ir,O5 - nH,O/
IrO, nH,O; most likely hydrated as the studied IrOy in this study
are continuously immersed in alkaline solution.127 16221 1t jg
believed that the time needed until obtaining a reproducible
potential response at a given pH is due to the “hydration” of the
oxide layer formed. Trasatti®®?! suggested that the “wetting” of
dry oxide films may take more than 2 months.

4.2.2 | Influence of conditioning and
morphology on response time

The IrOy electrodes formed by thermal oxidation exhibit a
columnar structure with high aspect ratio grains, as previously
observed in other studies.”"”'**”! Table 3 shows that overall
thicker oxide layers were obtained for the longer cooling time
in the production protocol. This may be explained by
increased oxidation times when slower cooling was
pcrmitted.[26’27]
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FIGURE 10 Response time as a function of the porosity of the
oxide layer, differentiated by electrodes with sufficient/insufficient
conditioning time (response time = time to reaching a potential drift
<2mV during 1 day)

The thickness of the oxide layer does not seem to
influence the response time (Figure S1 in the Supplementary
Material). Nevertheless, we consider thicker oxide layers as
beneficial for the application for long-term pH monitoring
because higher thickness increases the robustness of the
electrodes.

In section 3.1, it was shown that the oxide layers can
exhibit some very narrow pores (Figure 3 and Table 3); this
could explain why response times in the order of days were
obtained in some cases (Figure 5), as increased porosity may
be translated into longer response times.'">?) Nevertheless,
the results presented in Figure 5 show that the response time
strongly decreases when the electrodes were immersed in
alkaline solution for a certain conditioning time.

Figure 10 shows the response time (see section 3.1.2) as a
function of the porosity of the oxide layer, differentiated by
electrodes conditioning.

The response time of the electrodes strongly decreases if
they were conditioned for a sufficient time. Furthermore, the
response time increases with the porosity for the electrodes
that were not properly conditioned.

4.2.3 | Sufficient conditioning

In conclusion, it appears that the produced iridium oxide
electrodes need to be conditioned in alkaline solution in order
to provide both a reproducible potential-pH response and
relatively short response time. Based on the current results,
we suggest that the electrodes need 3—4 months of immersion
in alkaline solution until they provide fully reproducible
potentials at a given pH.

5 | APPLICATION IN RESEARCH
AND ENGINEERING

5.1 | Concrete structures

Corrosion of steel reinforcement is the most frequent cause of
failure in reinforced concrete structures.®* The pH of the
concrete pore liquid and solid alkaline components such as
Ca(OH), play a major role in the ability of reinforced concrete
to withstand corrosion — both for carbonation-induced and
for chloride-induced corrosion.™

Common methods to determine the pH in concrete used in
science and engineering of concrete durability are destructive
and can thus not provide continuous information at a certain
location.®***! The most established method in practice is
based on spraying an indicator solution on a freshly exposed
concrete surface.”! Only a few indicator solutions have
proven applicable to concrete, the most common ones are
phenolphthalein (changing color between pH 8 and 9) or
thymolphthalein (changing color between pH 9 and 10). This
approach for pH measurements basically provides a yes/no



SEGUI FEMENIAS ET AL.

answer and gives no information about the pH changes above
and below the characteristic pH at which the used indicator
solution changes color. The accuracy is roughly one pH unit.
Other approaches to determine the pH of concrete are based
on crushing concrete samples and exposing them to a leaching
agent.®* While this may yield more finely graded results than
the indicator spray test, the methods are laborious and time-
consuming. Additionally, leaching methods do not permit
measuring the pH in the concrete at moisture states below
saturation.

In contrast to these approaches, the IrOy electrodes used
as pH sensors presented in this work provide relatively highly
resolved pH measurements. As the method is non-destructive,
embedded electrodes allow measurements over time (with a
high time resolution) for given locations in the concrete,
which is not possible with destructive measurements. These
are considered important advantages for various applications.

One example is all research aiming at studying the
penetration of the carbonation front through the concrete
cover. If embedded at certain depths, the I[rOy electrodes can
provide detailed insight in the kinetics of the carbonation and
the time evolution of the solution pH, which is, depending on
the type and amounts of solid phases, buffered at different pH
levels. It may be particularly interesting to study non-
Portlandite binders that likely exhibit very different shapes in
evolution of pH versus time. (3638 Additionally, the IrO,
electrodes permit measuring the pH in the concrete at the
exposure conditions favorable for carbonation, which are
below saturation state. )

These electrodes may in principle be applied also in
monitoring of engineering structures, i.e., embedded in the
concrete cover zone at different depths. This would permit
measuring the pH as a function of time and cover depth. On
this basis, the time until the pH becomes depressed to a certain
value at the steel surface could be extrapolated and allow for a
prediction of the time to depassivation.

Another possible application of the sensors could be the
validation of the existing carbonation models.***?! These
models are typically calibrated against experimental data
determined with the indicator solution spray test. In this

TABLES Potential response of an IrO, electrode (IrO, 4 produced in
Batch VI) embedded in mortar (at cover depth =15 mm), before and
after the sample was carbonated, together with the days of exposure to
carbonation.® The pH was calculated from averaged E-pH response
curves obtained for the corresponding IrO, electrode.

IrO, embedded in mortar

Days in the carbonation E (V vs. Ag/AgCl/sat.
pH chamber KCI)
132 5 -0.022
O 160 0.170
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regard, detailed knowledge of the pH as a function of both
time and cover depth permits refining and validating
carbonation models for different exposure conditions and
for different binders.

In order to study the previously mentioned applications,
the performance of the studied IrO, electrodes when
embedded in concrete is currently under investigation. The
experiments are based on embedding the electrodes at
different depths in mortar and exposing them to one-
dimensional carbonation by placing the sample in a
carbonation chamber (65% RH, 21 °C and 4% CO,) while
the potential response of the pH sensor is recorded.
Preliminary results show that the electrodes can be used to
monitor changes pH in situ in the concrete pore solution of
reinforced concrete.®” Table 5 gives the potential response of
an IrO, electrode embedded in mortar at a cover
depth =15 mm, before and after the sample was carbonated,
together with the days of exposure to carbonation.® The pH
was calculated from averaged E-pH response curves obtained
for the corresponding IrOy electrode (Table S2).

From Table 5, it can be seen that the pH of uncarbonated
concrete is ca. pH= 13, while it decreases down to ca.
pH ~ 10 when it is carbonated, in agreement with literature.®)
Carbonation after 5 months at this depth was validated with
the phenolphthalein spraying method. It is also interesting to
note that even after more than 5 months of exposure to CO,
ingress and under relatively dry environment (65% RH), the
electrode functionality is still given.[ggl

Finally, we would like to note that concrete is typically
exposed to different exposure conditions, e.g., seasonal
changes, that may lead to marked variations in the moisture
content in the concrete. It has been indicated in this study that
produced electrodes consist of a dense hydrated oxide layer.
While the preliminary results reported in Table 5 indicated
that dry environments do not impair the pH sensors, the effect
of variable humidity conditions needs to be addressed in
further studies.

5.2 Cathodic protection in soil

In laboratory studies, it has been shown that relatively low
protection current densities lead to a significant increase in pH
at the steel surface.™’) Only a few mA/m? appear to be
sufficient to raise the pH at the steel surface to values above
10 and provide effective cathodic protection.

However, determining the pH at the very surface of steel
embedded in soil is difficult, mainly because of the
pronounced change in pH with increasing distance from the
metal surface.

The solution (soil) volume relevant in the measurement is
thus extremely small, which limits the use of commercial pH
sensors that typically are too large. As a result, researchers
either use highly specialized test set-ups, which may be



SEGUI FEMENIAS ET AL.

12
—LMaterials and Corrosion

limited in terms of being representative for practice, orrely on
indirect measurements to estimate the pH. To validate the
existing literature data and to broaden knowledge (e.g.,
studying different soil types, chemical composition of the soil
solution, and other experimental conditions) a more simple
and direct method is thus desirable.

In this regard, the [rO, electrodes studied in this work
are feasible. They are small, work well in the relevant range
of pH (>9), and have response times that are sufficiently
fast for the application in CP studies in soil. Considering the
long-standing controversy about CP criteria based on
potentials,m] being able to measure the pH in situ in the
soil would contribute to resolving open questions in
research and practice.

6 | CONCLUSIONS

Based on the major conclusions below, we consider the
studied IrO, electrodes feasible for long-term continuous
monitoring purposes in corrosion engineering in concrete or
soil. When properly produced, conditioned, and pre-cali-
brated, they permit measuring the pH with a maximum error
of 0.5 pH units in a range of at least pH 9 to 13.5.

The main findings obtained in this work are:

e Conditioning: in order to provide accurate and reproducible
potential-pH responses, the produced IrO, electrodes need
conditioning in highly alkaline solutions for at least 3—4
months.

e Response time: given sufficient conditioning, the response
time of the electrodes varied between a few hours to a few
days. This is sufficiently fast for monitoring pH changes in
concrete or soil.

e Oxygen dependency: the potential exhibited by the
produced iridium oxide electrodes was found to be
independent on the oxygen concentration dissolved in
the solution.

e Long-term stability: after immersion in different alkaline
solutions for up to almost 2 years, the electrodes were still
capable of responding reliably to pH changes. The oxide
layers formed with the suggested procedure were relatively
thick (10-25 pm); we consider this beneficial for the long-
term stability in concrete or soil.

e Response in concrete: preliminary results show that the
studied electrodes permit monitoring pH changes when
embedded in concrete.
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Fig. S 1 Response time as a function of the average thickness of the oxide layer, together with

the standard deviation (error bars) of ten individual readings. IrOx electrodes immersed in pH

~9.3 (Borate 1, Table 2; response time=time to reaching a potential drift <2 mV during one

day).
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Fig. S 2 Average total immersion time in alkaline solution until obtaining reproducible
potential response when immersed in pH=13.5, differentiated by batch. The error bars indicate

the standard deviation from the individual IrOx produced in each batch.

300 ~
250 A
200 +
2
& 150 4
=2
o
£ 100 A
50 ~ ‘
0 = T T T T T T T
I i Y Vv \ Vi Vil



WILEY-VCH

Table S 1 Fitting coefficients for the £-pH response curves shown in Fig. 6 for the individual
IrOx electrodes, previous pH range exposure and exposure time to solution before £-pH

curves were obtained.

Previous pH Previous exposure Slope Intercept [V vs.
Batch Electrode
range exposure time [days] [V/pH] Ag/AgCl/sat. KCI]

1 9-13.5 475 -0.065 0.806
2 9-135 500 -0.054 0.661
I 3 9-13.5 530 -0.051 0.646
Average - - -0.057 0.663
Standard deviation - - 0.007 0.019
1 9-13.5 480 -0.059 0.718
2 9-13.5 480 -0.064 0.815
3 9-13.5 480 -0.053 0.696

I
4 9-135 480 -0.064 0.834
Average -0.060 0.766
Standard deviation 0.005 0.069
1 9-13.5 470 -0.052 0.653
2 9-13.5 470 -0.056 0.698
111 3 9-13.5 470 -0.05 0.661
Average - - -0.053 0.671
Standard deviation - - 0.003 0.024
1 9-13.5 450 -0.053 0.685
2 9-13.5 450 -0.051 0.651
3 9-135 450 -0.050 0.652

v
4 9-13.5 450 -0.054 0.721
Average - - -0.052 0.670
Standard deviation - - 0.002 0.043
1 10-13.5 370 -0.054 0.731
2 10-13.5 370 -0.059 0.784

v
Average -0.057 0.758
Standard deviation 0.004 0.037
VI 1 9-13.5 260 -0.056 0.761
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2 9-13.5 260 -0.051 0.711

3 9-13.5 240 -0.068 0.832

4 9-13.5 240 -0.065 0.826

5 9-13.5 240 -0.064 0.775

6 9-135 240 -0.066 0.832

7 9-135 240 -0.068 0.863

8 9-13.5 240 -0.067 0.845

Average - - -0.063 0.806

Standard deviation - - 0.006 0.051

1 9-135 180 -0.063 0.807

2 9-13.5 180 -0.057 0.722

3 9-13.5 180 -0.061 0.774

4 9-13.5 180 -0.061 0.736

5 10-13.5 160 -0.056 0.721

VII 6 10-13.5 160 -0.059 0.748
7 10-13.5 160 -0.064 0.787

8 10-13.5 160 -0.054 0.706

9 10-13.5 160 -0.06 0.762

Average - - -0.059 0.751

Standard deviation - - 0.003 0.034

1 13 50 -0.050 0.605

2 13 50 -0.054 0.798

3 i} 50 -0.050 0.707

VIII 4 13 50 -0.055 0.748
5 13 50 -0.052 0.727

Average -0.052 0.717

Standard deviation 0.002 0.071
Average - - -0.057 0.731

Standard deviation - - 0.004 0.047
Theoretical (Pourbaix [29]) -0.059 0.730
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Table S 2 Fitting coefficients for the potential-pH dependency curves obtained 2-3

consecutive times for the individual IrOx according to the described protocol in 2.3.2

First measurement Second measurement Third measurement

Slope Intercept [V vs. Slope Intercept [V vs. Slope Intercept [V vs.
Batch  Electrode
[VipH]  Ag/AgClisat. KCI] [V/pH] Ag/AgCl/sat. KCI]  [V/pH] Ag/AgCl/sat. KCl]

16 -0.065 0.806 -0.053 0.674 -0.055 0.67
2 -0.054 0.661
3 -0.051 0.646
I
Average -0.057 0.663
Standard
0.007 0.019
deviation
1 -0.059 0.718 -0.05 0.638
2 -0.064 0.815
3 -0.053 0.696
II 4 -0.064 0.834 -0.05 0.656
Average -0.060 0.766 -0.050 0.647
Standard
0.005 0.069 0.000 0.013
deviation
10 -0.052 0.653 -0.051 0.698
2 -0.056 0.698 -0.056 0.762
3 -0.05 0.661 -0.050 0.692
III
Average -0.053 0.671 -0.052 0.717
Standard
0.003 0.024 0.003 0.039
deviation
1 -0.053 0.685 -0.052 0.666
2 -0.051 0.651 -0.053 0.668
3 -0.050 0.652 -0.050 0.67
v 4 -0.054 0.721 -0.056 0.724
Average -0.052 0.670 -0.026 0.682
Standard
0.002 0.043 0.053 0.028
deviation
1 -0.054 0.731 -0.055 0.755
v 2 -0.059 0.784 -0.059 0.801
Average -0.057 0.758 -0.057 0.778
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Standard
0.004 0.037 0.003 0.033
deviation
1 -0.056 0.761 -0.059 0.79
2 -0.051 0.711 -0.054 0.751
3 -0.068 0.832 -0.059 0.745 -0.054 0.642
4 -0.065 0.826 -0.059 0.768 -0.055 0.714
5 -0.064 0.775 -0.060 0.748 -0.054 0.685
VI 6 -0.066 0.832 -0.058 0.750 -0.055 0.714
7 -0.068 0.863 -0.060 0.781 -0.055 0.718
8 -0.067 0.845 -0.059 0.760 -0.053 0.694
Average -0.063 0.806 -0.058 0.762 -0.054 0.695
Standard
0.006 0.051 0.002 0.017 0.001 0.029
deviation
1 -0.063 0.807 -0.060 0.785
2 -0.057 0.722 -0.053 0.768
3 -0.061 0.774 -0.057 0.828
4 -0.061 0.736 -0.053 0.770
S -0.056 0.721 -0.053 0.693 -0.05 0.662
6 -0.059 0.748 -0.052 0.682 -0.06 0.759
VII
7 -0.064 0.787 -0.057 0.728 -0.05 0.632
8 -0.054 0.706 -0.051 0.663 -0.055 0.702
9 -0.06 0.762 -0.055 0.716 -0.051 0.678
Average -0.059 0.751 -0.054 0.737 -0.053 0.687
Standard
0.003 0.034 0.003 0.054 0.004 0.048
deviation
1 -0.050 0.605
2 -0.054 0.798
3 -0.050 0.707
4 -0.055 0.748
VIII
S5 -0.052 0.727
Average -0.052 0.717
Standard
0.002 0.071
deviation
Average -0.057 0.731 -0.054 0.720 -0.054 0.695
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Standard
0.004 0.047 0.003 0.049 0.001 0.012
deviation

2l shown in Figure 7

bl shown in Figure 8

Table S 3 Total immersion time in alkaline solution and immersion time in pH~13.5, together
with the potential response, when the potential drift was <0.5 mV/day for the individual IrOx

electrodes produced (after being conditioned).

Total immersion Total immersion time when Eresponse in pH=13.5
Batch  Electrode
time (days) <0.5 mV/day (days) (V vs. Ag/AgCl/sat. KCl)

1 640 60 -0.053
I 2 640 80 -0.050
3 640 60 -0.035
16 620 80 -0.045
2 620 80 -0.050

I
4 620 80 -0.025
4 620 80 -0.028
1 610 70 -0.005
111 2 610 70 -0.013
3 610 70 0.016
1 580 50 -0.029
2 580 50 -0.029

v
3 580 50 -0.005
4 580 50 -0.030
1 510 50 0.013

v
2 510 50 0.002
1 410 50 0.001

VI
2 410 50 0.027
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3 410 50 -0.062
4 410 50 -0.030
S) 410 50 -0.049
6 410 50 -0.034
i 410 50 -0.032
8 410 50 -0.037
1 320 40 -0.025
2 320 40 -0.018
3 320 40 -0.009
4 320 40 -0.033
VII 5 320 40 -0.019
6 320 40 -0.032
7 320 40 -0.039
8 320 40 -0.021
9 320 40 -0.015
1 150 65 -0.060
2 150 65 0.011
VIII % 150 65 0.023
4 150 65 0.001
5 150 65 -0.010

Bl shown in Fig. 8
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Abstract:

The pH of the concrete pore solution plays a vital role in protecting the reinforcing steel from
corrosion. Here, we present results from embeddable pH sensors that permit the continuous,
in-situ monitoring of the pH in the concrete pore solution. These are potentiometric sensors,
based on thermally-oxidized Iridium/Iridium oxide (IrOy) electrodes. We propose an iterative
calculation algorithm taking into account diffusion potentials arising from pH changes, thus
permitting the reliable, non-destructive determination of the pore solution pH over time. This
calculation algorithm forms an essential part of the method using IrOx electrodes. Mortar
samples were exposed to accelerated carbonation and the pH was monitored at different
depths over time. Comparative tests were also performed using thymolphthalein pH-indicator.
The results from the pH sensors give insight in the carbonation process, and can, in contrast
to thermodynamic modelling and titration experiments, give insight in kinetic processes such
as transport and phases transformations. Additionally, it was found that the front at which the
pH is decreased from initially 13-14 down to 12.5 can be significantly ahead of the common
carbonation front corresponding to pH 9-10. This has major implications for laboratory testing

and engineering practice.

Keywords: iridium/iridium oxide electrode; pH sensor; carbonation monitoring, non-

destructive technique.



1. Introduction
Reinforced concrete is the most common building material used in civil engineering. Durability
of this material can, however, be compromised due to the corrosion of reinforcement steel. In

fact, this is the most frequent cause of failure in reinforced concrete structures [1].

The pH of the concrete pore solution is in the range pH 13-14 due to the alkalinity provided by
the dissolved sodium and potassium oxides present in Portland cement [2]. At these high pH
values, reinforcing steel is protected from corrosion by a thin oxide layer, i.e., the passive
layer, spontaneously formed on the steel surface [3]. However, the reaction of CO, from the
atmosphere with the alkaline components in the concrete pore solution and the Ca(OH),
(Portlandite) in the cement paste, decreases the pH to levels below 9 [3, 4]. As a result, when
the carbonation front reaches the steel, it may be depassivated and in presence of oxygen
and humidity reinforcement corrosion starts. This is known as carbonation-induced corrosion
[3].

As carbonation-induced corrosion is accompanied by a decrease in the alkalinity of the
concrete pore solution, knowledge of the pH in concrete is essential. Common methods to
determine the pH in concrete are destructive, do not provide continuous information over time
and have limited resolution in terms of both space and pH [5, 6]. The most established method
in practice is based on spraying an indicator solution [7], such as phenolphthalein or
thymolphthalein, on a freshly exposed concrete surface. This test indicates the depth of
carbonation, which is defined as the depth at which the pH gradient meets the indicator’s
characteristic pH. Typically, the carbonation front is understood as the front at which the pH
drops below pH 9 or 10. The indicator spray test does not give any information about the pH
distribution behind and in front of the “carbonation front”. Thus, this method does not indicate
a decrease in pH from the initial value (typically pH 13-14) until pH 9-10 is reached. Only
recently, by using several indicators, the spatial distribution of pH levels between pH 13.5 and
11 was mapped [8]. However, this approach is laborious. Other methods to determine the pH
of concrete are pore solution expression or crushing concrete samples and exposing them to
a leaching agent [5, 6]. While these approaches may provide more accurate results than
indicator tests, they are time consuming and present difficulties at low moisture levels as well
as in the presence of sharp pH gradients, where limitations regarding the minimum sample

volume needed render the application of these methods impossible.



Embedded, non-destructive pH sensors in concrete, however, would allow the permanent
monitoring of pH and its space and time-dependent variations in-situ. Different sensors have
been developed for this purpose; among them, fibre-optic sensors and metal oxide
potentiometric sensors emerge as the most promising [6]. Fibre optic sensors have low price
and general chemical stability, but they present severe limitations for applications in concrete
including short life spans, narrow pH-range that can accurately be measured, leaching effects,
and chemical instability at high pH values. Moreover, few studies exist where the pH>13 has

been measured [6].

Concerning potentiometric sensors, iridium/iridium oxide (IrOy) electrodes showed promising
results in aqueous solution [9-12] in terms of high stability in a broad pH range, accuracy, and
insensitivity to the oxygen content. However, only a few studies regarding the use of IrOy
embedded in mortar or concrete have been made [13, 14]. Despite the promising results in
the reported works, the pH values measured were always above pH 11.5 and no data

regarding the pH evolution while cement paste is carbonated was presented.

In this work, we report the pH response of IrOy electrodes embedded at different depths in
mortar samples that were exposed to accelerated carbonation. These sensors allowed
monitoring the pH of the pore solution continuously while the cement paste was carbonated.
Comparative tests were also conducted using thymolphthalein pH-indicator. The findings have

major implications for research and practice.

2. Materials and methods

2.1 pH determination using thymolphthalein pH-indicator

Mortar cubes (4 x 4 x 4 cm®) were produced with mix proportions cement/water/sand 1: 0.5: 2
with CEM | 52.5 and sand size <1mm. They were cured for one week at 95%RH and 21°C.
After one week of exposure to laboratory conditions (ca. 50%RH and 21°C), all the surfaces
(except one) were painted with an epoxy-resin. The samples were then placed in a
carbonation chamber (65%RH, 21°C and 4% CO,) so one-dimensional carbonation occurred

though the non-coated surface.

Mortar cubes were taken from the carbonation chamber after different exposure times and
split perpendicular to the surface of CO, ingress. The carbonation depth was then determined
by means of the indicator spray test. For that, thymolphthalein solution was prepared by

dissolving 0.04 gr of thymolphthalein in 50 mL of 95% ethanol, diluted to 100 mL of deionized



water. The prepared thymolphthalein solution was sprayed on the two freshly broken mortar
surfaces. The carbonation depth was determined from the average of 8 measurements of the

depth of color change (4 measurements for each exposed surface).

2.2 pH monitoring with embedded iridium/iridium oxide (IrO,) electrodes

2.2.1 Iridium/Iridium oxide (IrO,) electrodes

Thermally oxidized iridium wires were produced based on the procedure reported in [9, 15,
16]. After production, the IrO, electrodes were conditioned in alkaline solution (pH 13.5 - pH
9) for 2-6 months and then individually calibrated in solution of pH values ranging from 13.5

to 9. The potential response to pH of the produced IrOy electrodes can be written as:

Eiro, = EIOrOX —b-pH (1)

where E{’rox is the electrode standard potential and b the potential-pH (E-pH) slope. Note that

each electrode’s standard potential and E-pH slope was obtained from separate individual
pre-calibration. More details regarding the production protocol, conditioning and potential

response are given in Ref. [17].

Each IrOy electrode was mounted inside a rigid stainless steel tube (ca. 5 cm long and 2 mm
in diameter), leaving only approx. 5 mm length of the IrOy electrode protruding from the steel
tube (Fig. 1). This ensures accurate positioning of the pH-sensor at the desired cover depth.
The stainless steel tube and the IrO, wire were electrically isolated with a Teflon tube (ca. 6
cm long and 1 mm in diameter) slightly longer than the steel tube. Front and back ends were
sealed with an epoxy resin. Epoxy resin had also been applied, after production, to the tip of
the IrOy electrode because it was suspected that some adherence problems of the oxide layer

could happen on the edges [17].



steel tube teflon tube IrO, electrode (= @ 0.5mm)

epoxy coating

Fig. 1 Schematic representation of IrO, sensors embedded in mortar. The pH sensitive part (IrOy

electrode) is mounted in a stainless steel tube (outer diameter approx. 2 mm) to enable accurate

positioning in the mortar/concrete. A Teflon tube electrically separates the steel and the IrOy. The
ends are coated with an epoxy resin for sealing purposes.

2.2.2 Set-up and measurement procedure

Three rectangular mortar prisms (5 x 7.5 x 7.5 cm® with embedded IrO, sensors were
produced (Fig. 2). In total, six IrO4 sensors were embedded at different cover depths of 4, 6,
10, 15 and 20 mm (in different samples). The mortar mix proportions were the same as
indicated in section 2.1. One hour after the mortar prisms (with the embedded IrO, sensors)
were cast, another 2.5 cm thick mortar layer with an embedded Ag/AgCl ion-selective
electrode was cast on top of the previous samples. This match-cast part contained 4% of
admixed chlorides by weight of cement to ensure that the Ag/AgCl electrode exhibits a stable
potential [18] and thus could serve as internal reference electrode. The distance between the
IrO4 sensor embedded at “depth 2” (Fig. 2) and the Ag/AgCl electrode was always higher than
4 cm. Thus, it was not expected that significant amounts of chlorides would reach the IrOy

sensors within the time of the current experiments.

The mortar prisms were cured for one week at 95%RH and 21°C. Subsequently, they were
exposed for one week to laboratory conditions (ca. 50%RH and 21°C). Afterwards, all the
surfaces (except one) were painted with an epoxy-resin and the samples were then placed in
a carbonation chamber (65%RH, 21°C and 4% CO,) so one- dimensional carbonation

occurred though the non-coated surface (Fig. 2).

The potential of the internal reference electrode (Ag/AgClI ISE) was periodically checked with
an Ag/AgCl/sat. KCl external reference electrode that was inserted in the upper opening (“hole

for contact with external RE” in Fig. 2). A drop of simulated pore solution (0.15 mol-L"" NaOH



0.2 mol-L™" KOH and sat. Ca(OH),) was used to establish electrolytic contact between the
reference electrode and the mortar surface. The liquid junction potential was estimated to ca.
5 mV and the measured potential was corrected accordingly [19]. Between measurements,
the upper opening was closed with a rubber plug to avoid carbonation of the mortar located in

the hole. The main features of the set-up are shown in Fig. 2.

Ag/AgCl ISE (internal RE)

__—hole for contact with
external RE

mortar with
chlorides

Fig. 2 lllustration of the mortar samples used to monitor carbonation propagation with embedded IrOy
sensors. All the surfaces were coated with epoxy resin with the exception of the surface of CO,

ingress. Each sample contained 2 IrO, sensors at different depths. A chloride containing layer of
mortar with an embedded Ag/AgCl electrode was used to provide an embedded reference electrode
(see text for explanation).

The potential of the embedded IrO, sensors was continuously measured (with a time interval
of 1 hour) versus the embedded reference electrode (Ag/AgCI ISE) with a Campbell data
logger with 1MQ input impedance, which was connected to a computer for data acquisition.
When the calculated pH (see section 2.2.3) at a certain selected sensor location was pH=9.7,
the sample was split perpendicular to the surface of CO;, ingress and thymolphthalein indicator
solution (see section 2.1) was sprayed on both freshly broken surfaces. The carbonation depth
was determined from the average of 10 measurements of the depth of color change (5

measurements for each exposed surface).

2.2.3 Algorithm for pH determination

In concrete, diffusion potentials can be present due to internal concentration gradients, such
as differences in pH or chloride concentration [19-21]. In this work, diffusion potentials were
established between the internal reference electrode and IrO4 sensors due to differences in

chloride concentration (as the mortar with embedded Ag/AgCl ISE contains chlorides, see



section 2.2.2) and due to pH gradients (due to the progressive carbonation of the cement
paste). Diffusion potentials thus varied as the pH of the pore solution changed due to

carbonation. The potential measured Emeasured fOr €ach IrO, sensor is:

Emeasured = EIrOX (pH) + Ediffusion(pH) - EAg/AgCl ISE (2)
where Eagageiise is the potential of the Ag/AgCl ISE internal reference electrode [18].

The diffusion potential Egiusion Was calculated with the Henderson equation as described
elsewhere [22]. For the calculation, the mobility of chloride and hydroxide ions was taken from
the data reported in aqueous solution [22]. The concentration of hydroxide ions was related to
the pH through the activity coefficient, obtained from the reported values in agueous solution
[23]. More information on the diffusion potentials in concrete and its evaluation can be found
in literature [19-21, 24, 25].

Due to the interdependence of pH, Ej.q (pH) and Egjsrusion (PH) (EQ. (2)), no closed solution
can be given and an iterative calculation procedure (Fig. 3) was used. In this calculation,
Eyvo,(pH) was initially calculated assuming that Egierysion(pH) = 0. The pH was then
determined from the calibration curve of the IrOx electrode (Eq. (1)). Subsequently,
Eqifrusion (PH) Was calculated with this pH value and Ey.o (pH) was re-calculated according to
Eq. (2). This procedure was repeated until the pH difference between two consecutive

iterations became < 0.1.

Note that the pH at the Ag/AgCI ISE pHagagci ise (PHagiagci 1se = 13.5) was obtained from the
first measurement (assuming that the pH of the pore solution was initially homogeneous for
all the sample)when the mortar sample was placed in the carbonation chamber, i.e., <1 hour

in the carbonation chamber.



pH

yes
Callibration curve IrO,: | pH; Criterion no £ (oH, pH )
E> pH |pH; — pH;_4| < 0.1 diffusion (P Tj; PMag/agel ISE

\— Eiox (PH)= Emeasured - Eitiusion (PH) + Eag/agci —l

Initial conditions

Emeasured

Ejitiusion (PH) = 0 (initial assumption)

Fig. 3 Representation of the iterative calculation procedure used to determine the pH of the pore
solution with embedded IrO, sensors as the mortar sample carbonates. The parameters changed in
each iteration are indicated in red. The calculated pH in each iteration (pH;) is specifically indicated in
the diagram

As an example, the calculated diffusion potential as a function of the pH for the IrO sensor

embedded at 15 mm cover depth is shown in Fig. 4.
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Fig. 4 Example of calculated diffusion potential as a function of pH for the IrO electrode embedded at

15 mm cover depth.

The diffusion potential increases as the pH gradient (between IrOx sensor and embedded
reference electrode Ag/AgCI ISE) increases, reaching potentials up to ca. 100 mV (Fig. 4).
Considering a theoretical E-pH slope of -0.059 V/pH for the IrOy electrode, it can be deduced



that relying on the experimentally measured potential without corrections, the real pH
decrease from 13.5 to 9 would only be registered as a drop of ca. 2 pH units. Thus, taking into
account diffusion potentials in the calculation procedure forms an essential part of the pH

measurement methodology in mortar or concrete.

3. Results

3.1 Carbonation of concrete measured with embedded iridium/iridium oxide (IrO,)
sensors

Fig. 5a shows the calculated pH as a function of the square root of time in the carbonation
chamber for six IrO, sensors embedded at cover depths 4, 5, 6, 10, 15 and 20 mm. Note that
curves with same color correspond to the same mortar sample. Fig. 5b shows a representative

example (IrO, embedded at depth 6 mm) of the pH decrease from pH=14 down to pHx=12 as

14.0 ﬂ\v.
13.0
12.5

a function of time in the carbonation chamber.

b)

pH

.5 ] 'M\
12.0 decrease to \\ v\: /ﬁincrease to
pH=12 N/ pH=125

4 6 8 10 12 14 16

sqrt (days) days

Fig. 5 (a) Calculated pH as a function of the square root of time in the carbonation chamber for six
IrO, sensors embedded at cover depths 4, 5, 6, 10, 15 and 20 mm. The curves with same color
correspond to the same mortar sample (b) Representative example (IrOy sensor embedded at 6 mm
cover depth) showing the decrease from pH=14 down to pH=12, followed by a fast increase to pH
12.5.

From Fig. 5a, it can be observed that for the sensors embedded at depths 4, 5 and 6 mm, the
pH decreased from 13.5 to ca. 12.5 with a relatively sharp drop. In contrast, the sensors
embedded at higher cover depths (10,15, and 20 mm) showed a gradual pH decrease. In all
cases, the pH initially decreased from its initial value to ca. pH=12, with a subsequent increase
back to ca. pH 12.5 within a few days (Fig. 5b) and remained constant at that pH for some
time. Afterwards, the pH rapidly decreased down to pH =9.5, as it can be observed for the

results obtained for the sensors embedded at 4 and 15 mm cover depths (Fig. 5a).



3.2 Comparison between pH determined with embedded IrO, sensors and with pH-
indicator solution

One of the main advantages of the sensors used in this work is that they permit measuring
the pH evolution of the pore solution continuously. Thus, the time needed to reach a certain
pH (e.g. 12.5) at a given depth during the carbonation process can be determined — a big
advantage over the traditional indicator spray method. Fig. 6 compares the relationship
between depth and time for pH 12.5 and pH=9.7 determined with the sensor, together with the
relationship between depth and time for pH 9-10 determined with the indicator. These two
values were selected because pH 12.5 is a characteristic value (see Fig 5) at which the pH
remains constant for some time (at least in Portland cement systems); and because pH 9-10
corresponds to the value detected with help of the indicator spray test (thymolphthalein).
Additionally, from thermodynamic calculations, pH 9.7 corresponds to a complete reaction of
Ca(OH)s, ettringite and Ca-C-S-H with CO, forming CaCO; [26]. Note that both cases can be
approximated by a linear relationship between depth to reach a given pH and the square root

of time.
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Fig. 6 Carbonation depth at pH=12.5 and pH=9.7(obtained with the embedded IrO, sensors) and at
pH 9-10 (average of the individual measurements of the thymolphthalein spraying test, together with
the standard deviation, indicated with the error bars) as a function of the square root of time in the
carbonation chamber. The linear regression curves for the carbonation front at pH=12.5 and at pH=9-
10 (obtained with the pH indicator) are indicated with dotted lines.

From Fig. 6, it can be seen that the carbonation front corresponding to pH=12.5, determined
with the sensor, propagates significantly faster than the carbonation front at pH 9-10,
determined with the indicator. Additionally, Fig. 6 shows that the IrO4 sensors indicate the

carbonation at very similar times (result from the IrO, sensor embedded at 4 mm cover depth,



which is within the standard deviation of the indicator spray test) or at earlier times (result from

the IrO4 sensor embedded at 15 mm cover depth) compared to the indicator spray test.

4. Discussion

4.1 pH evolution during carbonation process — the carbonation mechanism

The studied IrO4 sensor permits, for the first time, studying in-situ the evolution of the pore
solution pH during carbonation of the cement paste (Fig. 5). Our results revealed several
features that are discussed here. First, the pH drops stepwise, at least at shallow depths, and
remains for a long time on pH approx. 12.5. At higher cover depths, this drop in pH occurs
more gradually. Additionally, the propagation of the carbonation front associated with pH 12.5,
determined with IrO4 sensors, seems to be much faster than the propagation of the front

associated with pH 9-10 that is determined with the indicator spray test (Fig. 6).

It is believed that the observed differences regarding carbonation propagation at pH 12.5 and
at pH 9-10 are due to differences in the process of carbonation and due to the measuring

method (embedded IrO sensors vs. pH-indicator test, described in section 4.2).

In the carbonation process of cement paste, the CO, from the gas phase is first dissolved in

the water film on the pore wall:

COQ + HQO > H2003 (3)

The following equilibrium is then established:

H,CO;3 (aq) <> H* (aq) + HCO5 (aq) <> 2H' + CO4? (4)

The resulting protons react with the OH" ions of the pore solution, leading to the observed
initial pH decrease from pH =13.5 to pH =12.5 (Fig. 5). The products of this early reaction are
soluble Na* or K* carbonates (COs%), the formation of which does not hinder further ingress
of CO,. However, the fact that part of the CO; in the gas phase is dissolved in the water film
on the pore walls will lead to a decrease of the CO, concentration at larger distances from the
surface (filter effect). Replenishment of the CO, concentration in the pores would then be

governed by diffusion processes, resulting in the vt law (Fig. 6).



During the long time where the pH of the pore solution remains constant at pH=12.5 (Fig. 5),
the COs” ions react with the dissolved Ca®* ions forming sparingly soluble CaCOjs (solubility
product Ks,=3.36-10° at 25°C [23]). As a consequence the Ca®* concentration in the pore
solution decreases and, in turn, Ca(OH), (Portlandite, solubility product KSp=5.02-10'6 at 25°C
[23)]) is dissolved. The possible formation of the CaCO3coating on the Portlandite crystals [27,
28] can however, act as a barrier and hinder further Portlandite dissolution. In this regard, it
may also be possible that the dissolution of Ca(OH), may be partially diffusion-controlled [29].
Thus, the kinetically limited dissolution of Portlandite, specially under conditions of accelerated
carbonation, may be the reason why the pH of the pore solution initially decreased down to

pH =12 before it increased and remained constant at pH =12.5 (Fig. 5).

Once all the Ca(OH), is consumed, the pH of the pore solution decreases down to pH =10. In
this case, the reactions involve other cement phases, e.g. mainly C-S-H [27, 28].
Measurements with the IrOx sensors results, at least, in a factor of 3 for the time needed to
reach pH 9.7 compared to the time needed to reach pH 12.5 (compare results regarding the
sensors embedded at 4 and 15 mm, Fig. 6). For the sensors embedded at 5, 6, 10 and 20 mm
cover depths, it can be seen that pH 9.7 has not been reached yet (Fig. 5). From the above
described carbonation mechanism, it is believed that early carbonation with the first pH
decrease from pH=13.5 to pH=12.5 is mainly governed by the kinetics of CO, transport into
the pore system (diffusion-controlled), while the second pH decrease from 12.5 to about 9 is
additionally determined by the kinetics of reaction of CO, with the solid alkali reserve of the
cement paste, resulting in much longer times. In this case, the pH drop is expected to occur

later for higher amounts of Portlandite.

Additionally, it is known that carbonation propagation becomes slower with time, e.g. due to a
densification of the pore structure over time [3], and possibly due to changes in cement
microstructure during carbonation [30]. This may result into slower diffusion of CO, and longer
times to reach pH 12.5. This could explain slower and gradual carbonation propagation at
pH=12.5 at larger cover depths (e.g. sensors embedded at 10, 15 and 20 cover depths in Fig.
5) and stepwise and faster propagation at shallow cover depths (e.g. sensor embedded at 4,
5 and 6 cover depths in Fig. 5), as observed by Glass et al. [31] when studying the acid

neutralization behavior of cement paste by adding different amounts of acid stepwise.



4.2 Comparison between pH determined with embedded IrO, sensors and by means of
pH-indicator solution

From Fig. 6, clear differences can be observed regarding carbonation propagation measured
with the sensor at pH=12.5 and with the indicator test at pH 9-10. Apart from differences in the
carbonation process (section 4.1), it is believed that these differences are also due to the
measuring method. We believe that the electrode detects the pH locally in the pore solution,
whereas the indicator sprayed on a freshly split surface can become blue (pH>9-10) when not
yet fully carbonated Portlandite particles react with the indicator solution. Thus, the sensor
may show a pH drop earlier than or at the same time as the indicator, but in principle never

later.

Additionally, it should be noted that the differences may also be due to the accuracy of the
method used. The maximum error for the pH expected is ca. 0.5 pH units [17], whereas the
accuracy of the pH indicator is roughly 1 pH unit and the carbonation front determined with
the indicator on OPC mortar is quite blurry (see the high standard deviations in Fig. 6), a fact
that can be associated to a transition zone (thickness of about 2 - 3 mm) where CaCOj3 and
Ca(OH), are coexisting [27, 28].

4.3 Implications and outlook of the obtained results
4.3.1 Relation to natural carbonation
The relationship between the carbonation depth d and the square root of time, shown in Fig.

6, can be described with a linear law, in the form [3]:

d = Kacc, 4% Vvt ()

where K. 49 is the carbonation coefficient in the present accelerated conditions. For the

carbonation front determined with the indicator test (pH=9-10), Kax 49 is equal to approx.

12 1/2
( )

16 mm/year ™ (corresponding to 0.81 mm/day ), in agreement with values reported in the

literature for porous concrete [32]. For the carbonation front at pH 12.5 determined with the

12 12
( )

sensor, Kae 49 IS approx. 31 mm/year “ (corresponding to 1.72 mm/day '), thus much higher
than the results of the indicator test.

Based on the experimentally determined carbonation coefficients, an extrapolation to much
longer times can be made. The result is shown in Fig 7a both for the carbonation front

associated with pH 12.5 and the carbonation front determined with the indicator test at pH 9-



10. In Fig. 7b, a schematic representation of the different carbonation fronts at pH 12.5 and at

pH 9-10 is shown.
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Fig. 7 (a) Carbonation front associated with pH 12.5 (IrO sensor) and with pH=9-10 (indicator spray
test) from the fitted curves obtained from accelerated carbonation tests (Fig. 6). The range of
minimum cover depth for XC (carbonation-induced-corrosion) and for XD (chloride induced corrosion)
exposure classes according to EN 206-1 [33] are also indicated in the graph (b) Schematic
representation of the carbonation front in concrete at a certain point in time.

From Fig. 7a, it can be seen that for the present experimental conditions, the carbonation
depth at pH=12.5 will reach a cover depth of 15 mm (minimum cover depth for exposure
condition XC3) in about 3 months, whereas it will take about one year to detect a pH below 10
at the same cover depth with the indicator spray test. For natural carbonation in sheltered
outdoor conditions, the carbonation coefficients have been found to be about 6-8 times lower
compared to accelerated carbonation with 4% CO, (for relatively porous Portland cement
concrete (w/c = 0.65)) [32]. With lower w/c ratio, this factor increased. As a first-hand estimate
for our case, with a relatively porous mortar (Portland cement, w/c=0.5, only one week curing),
this factor may be approx. 10. Thus, to reach pH 12.5 at 15 mm, about 23 years would be
necessary, whereas this time would be extended to about 100 years to reach full carbonation
at pH 9-10 (detectable with the indicator spray test). Denser concrete pore structures and
exposure to unsheltered conditions might significantly increase these times. Nevertheless, this
indicates that after only a few decades (long before the designed service life), the concrete is
carbonated down to pH 12.5 at cover depths in agreement with EN 206-1 for XC exposure

conditions.

4.3.2. Implication on corrosion of the reinforcement
The significantly shorter time for the concrete to be carbonated down to pH 12.5 (from initially
about 13.5) than down to pH 9-10 has implications for the corrosion of the embedded

reinforcing steel bars. The indicator test used in condition assessment of structure [34] with a



colour change in the range of pH 9-10 is usually believed to confirm that the reinforcement is
still in alkaline concrete (tacitly assumed as about 13.5 in OCP concrete). However, the level
of alkalinity may play a crucial role in the presence of even low amounts of chloride, where a
difference between pH 13.5 and 12.5 can be decisive. Based on the critical ratio of chloride
and hydroxide ions needed to trigger corrosion, as proposed by Hausmann [4] (CI'/OH = 0.6),
a pH of about 13.5 corresponds to a critical chloride concentration for corrosion initiation of
about 0.2 mol-L™". At pH 12.5, on the other hand, the tolerable chloride concentration is one
order of magnitude lower, that is only about 0.02 mol-L™. This value might be reached due to
chlorides in the raw materials or as free chloride content when 0.4% total chloride ions by
weight of cement are present as is apparent from various studies investigating chloride binding
in concrete [35, 36]. Thus, chloride-induced corrosion of the reinforcement in structures
exposed to carbonation might occur at much lower chloride concentrations than usually
considered for “uncarbonated” concrete. However, this situation is usually not studied in
laboratory testing of chloride induced corrosion; due to the comparatively short durations of

testing, the pH at the steel surface may still be above 13.

4.3.3 Outlook: study of blended cements

Another possible application of the pH sensors presented in this work could be the study of
the kinetics of carbonation of blended cements. In these cements, the Portlandite content
(Ca(OH), phase) is lower due to the substitution of the clinker by SCMs. While this may have
only a small influence on the pH of the pore solution, the pH buffer capacity around pH=12.5
may be significantly impaired. Our sensors permit directly characterizing this by measuring
the time during which a certain system resists a decrease in pH below 12.5. In contrast to
titration methods or thermodynamic modeling, our sensors, being embedded at different
depths, permit assessing the combined effects of transport of CO, through the increasingly
carbonated and thus microstructurally affected cover as well as the kinetics of the carbonation
reactions in a given real system. This is expected to increase considerably the practice-

relevance of the results.

5. Conclusions

In this work, we used embedded IrO, sensors to continuously monitor in-situ the pH in mortar
specimens subjected to accelerated carbonation. To this aim, we suggested an iterative
calculation algorithm that takes into diffusion potentials and thus permits determining the pH
at any depth; this algorithm forms an essential part of the pH measuring method.

The main implications from the obtained results are:



The shape of the pH vs time curve upon carbonation was found to exhibit a number of
characteristic features including a pH decrease in steps, with the pH remaining on
certain levels for different amounts of times, and a dependency on the cover depth.
These pH vs time measurements can give substantial insight in to the process of

carbonation;

The stepwise decrease was found in agreement with literature data, e.g. from “titration
tests” or thermodynamic modeling. In contrast to these approaches, however, the used
pH sensors also permit considering time-dependent processes, such as CO, transport

or the kinetics of phase transformations in the cement paste;

We suggest that the measurement of the time during which the pH of the pore solution
remains constant at pH 12.5 while cement paste carbonates may present a novel

means to characterize blended cements (with lower Porlandite content);

The carbonation front at pH 12.5 is much ahead of the front at pH 9-10, which is the
carbonation front usually determined with common indicator spray tests. At pH 12.5,
the risk of chloride-induced corrosion greatly increases, but this situation is usually not
detected in the field and rarely studied in laboratory testing. The possibility to monitor
pH evolution over time under field conditions has major implications for the durability

of reinforced concrete structures.
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ABSTRACT: Corrosion is the main cause of failure in steel reinforced concrete structures. In a
non-carbonated chloride-free concrete, the steel reinforcement stays passive; however, this
passivity can be destroyed due to ingress of chloride ions or carbonation of the cement paste. In
this work, Ag/AgCl ion-selective electrodes (Ag/AgCl ISE), used as chloride sensor, and
thermally oxidized iridium electrodes (IrOy), used as pH sensor, have been developed to be
embedded in concrete. Both sensors were calibrated in solutions simulating the concrete
environment and tested in mortar samples in the laboratory. The results obtained show that the
studied electrodes can be successfully used to monitor chloride concentrations and changes in
pH in the concrete pore solution.

1 INSTRODUCTION

Reinforced concrete is the most common building material used in public infrastructures and
private buildings. In the alkaline concrete environment, reinforcing steel is protected from
corrosion by a thin oxide film (passive film). The reinforcing steel can, however, be
depassivated when the concrete carbonates (carbonation-induced corrosion) (Elsener et al.,
2013) or when a certain concentration of chlorides reach the reinforcement (chloride-induced
corrosion) (Elsener et al., 2013).

Concrete structures damaged by reinforcement corrosion have to be repaired in order to reach
their expected service life. In order to apply protective and repair techniques in the most simple
and cost-effective way, detection of corrosion risk and/or determination of the rate of
deterioration are important (Gulikers, 2016). In fact, most of the current monitoring methods in
concrete structures aim at measuring the relevant parameters regarding corrosion risk and
propagation. For example, the so-called anode-ladder system is based on the measurement of a
macrocell current (established between steel reinforcement and anode-ladder) and it allows
monitoring the time to depassivation (Raupach et al., 1997, Raupach et al., 2001). There are also
several sensors based on in-depth resistivity measurements, such as the so- called multi-ring
electrode (Schiessl et al., 1995), that provide information on the corrosion risk. Other techniques
are based on embedded reference electrodes. Their use permit obtaining electrochemical data
(such as steel potential and linear polarization resistance), from which the time to depassivation
and corrosion rate is calculated (Elsener et al., 2013).

In this work, Ag/AgCl ion-selective electrodes (Ag/AgCl ISE) and thermally oxidized iridium
electrode IrO,, to be used as chloride and pH sensors respectively, have been developed.
Whereas the use of the Ag/AgCl ion-selective electrode (Ag/AgCl ISE) is a well-established
method to measure the free chloride concentration in the concrete pore solution (Angst et al.,
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2010, Jin et al., 2017, Segui Femenias et al., 2015), a reliable pH sensor to be embedded in
concrete still does not exist (Plusquellec et al., 2017).

These sensors are used for the non-destructive in-situ measurement (monitoring) of the two
most relevant parameters for corrosion, i.e., the chloride concentration and pH of the pore
solution. This would permit predicting the service life of the structure in a non-destructive and
more accurate way.

2 THEORETICAL BACKGROUND

2.1 The silver/silver chloride ion-selective electrode

The silver/silver chloride ion-selective electrode (Ag/AgCl ISE) used in this work is a
commercial electrode consisting of a silver wired covered by a layer of silver chloride. In
presence of chlorides, the potential response of the Ag/AgCl ISE is (Koryta, 1972):

— g0 RT
Eag/agciise = Eagagciise — 5 1na . ey

where R is the gas constant, F the Faraday constant, T the absolute temperature, and E?\g/ AgClISE

is the electrode standard potential (Egg/AgCl =225.6 mV vs. Ag/AgCl/sat. KCl at 20 °C (Shreir,
1994). The Ag/AgCl ISE potential also depends on temperature (Shreir, 1994) and other ions
that may be dissolved in the test solution (Segui Femenias et al., 2015). Regarding the inter-
ference of other ions, the Ag/AgCl ISEs have been shown to be feasible for monitoring of
chloride concentrations in concrete structures, except in presence of sulfide ions (Segui
Femenias et al., 2015).

2.2 The iridium oxide electrode

Thermally oxidized iridium wires were produced based on the procedure reported in (Yao et al.,
2001). The details of the production protocol are reported in the following work (Segui
Femenias et al., 2017). The most common accepted pH-sensing mechanism of thermally
oxidized iridium is based on the transition between Ir (IV) to Ir (III), involving the participation
of one proton H'. The Nernst equation that dictates the potential of the IrOy is written as
(Pourbaix, 1974):

RT
Eiro, = Eiro, — 7 PH 2

Different electrode standard potentials E?rOx and slopes for the Ejq -pH response are obtained
depending on the production method and exposure conditions (Kakooei et al., 2013, Olthuis et
al., 1990, Trasatti, 1991). In this work, the IrOy electrodes were immersed in alkaline solution
(pH values between 9 and 13.5) for months to simulate the concrete environment. The iridium
oxide pH-sensors (IrOy electrodes) were then calibrated in pH values between 13.5 and 9.

2.3 Potential response of the electrodes

The electrodes used in this work (silver/silver chloride ISE and iridium oxide electrode IrOy)
were calibrated in solution before being embedded in concrete. Figure l1a shows experimental
data on the potential Eagagct 1se of the Ag/AgCl ISE as a function of the logarithm of the
chloride activity as reported in previous works (Segui Femenias et al., 2015). Figure 1b shows
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experimental data on the potential Ej.  of an iridium oxide electrode IrOy as a function of the
pH of the solution. The obtained values (from the linear fit) for the Ejo -pH intercept (E?,Ox)
and for the Eyo -pH slope are 0.723 V (vs. Ag/AgCl/sat. KCI) and -0.053 V/pH respectively.
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Figure 1. (a) Potential Exgagcr 1se of the Ag/AgCl ISE as a function of the logarithm of the chloride
activity, together with the theoretical curve at 20°C (Segui Femenias et al.. 2015) (b) Potential Ey., of an
IrOy electrode (IrOy 2, in Figure 3) as a function of the pH of the solution, together with the calculated
linear fit.

3 METHODS

Two rectangular mortar prism were produced with embedded Ag/AgCl ISEs and IrOy electrodes
in each case. The mortar mix proportions were cement/water/sand 1: 0.5: 2 with CEM 1 52.5,
with sand size <Imm. For the first sample, three Ag/AgCl ISEs (ISE 1, ISE 2 and ISE 3 in
Figure 2a) and three structural steel rods (steel 1, steel 2 and steel 3 in Figure 2a) were
embedded. For the second sample, three IrOy electrodes (IrOy 1, IrOy 2 and IrOy 3 in Figure 2b)
were embedded. In both cases, an internal reference electrode was also embedded (Figure 2a
and 2b).

The samples were cured for one week at 95%RH and 21°C and then all the surfaces (with the
exception of one surface, parallel to the embedded sensors) were painted with an epoxy-resin.
The surface of the cube with embedded ISEs that was not coated was put in contact with
synthetic pore solution (0.2 mol-L™ KOH 0.15 mol-L™' NaOH sat. Ca(OH),) containing 2
mol-L" NaCl, so one-dimensional chloride transport process occurred. The sample with the
embedded IrOs was placed in a carbonation chamber (65%RH, 21°C and 4% CO,) so one-
dimensional carbonation occurred though the non-coated surface. The main features of the two
set-ups are shown in Figure 2. In both cases, the mentioned sensors were embedded in the
mortar at different cover depths, in order to monitor the penetration of the corrosive agent.

In both cases, a reference electrode was embedded in the mortar in order to be used as internal
reference electrode (Figure 2a and 2b). The potential of the ISEs, steel rods (Figure 2a) and IrOy
electrodes (Figure 2b) was continuously measured versus this embedded reference electrode. In
both cases, the potential of the internal reference was periodically measured (and corrected for
the liquid junction potential (Angst et al., 2008)) with an external reference electrode that was
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inserted in the upper opening (“hole for contact with external RE” in Figure 2a and 2b) on the
sample surface.
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Figure 2. Main features of the set-up used to monitor (a) chloride ingress and corrosion state with
embedded Ag/AgCl ISEs and steel rods respectively (b) carbonation propagation with embedded IrO,
electrodes. All the surfaces were coated with epoxy resin with the exception of the surface of chloride
ingress (a) and CO, ingress (b).

All the experiments were carried out at room temperature (20-21 °C). After ca. 140 days, the
experiment with embedded ISEs ended and slices of approximately Smm-thick containing each
embedded ISE/steel rod were cut and grinded. Approximately 20 g of mortar powder were taken
from each slice and the total chloride content was determined by the acid digestion /
potentiometric titration method. The experiment with embedded IrOy electrodes was finished
after ca. 170 days. The sample was then split in half (perpendicular to the surface of CO,
ingress) and the carbonation front was determined by spraying thymolphthalein pH-indicator.

4 RESULTS AND DISCUSSION

4.1 Ag/AgCl ISEs embedded in concrete to monitor chloride ingress and corrosion state

Figure 3a shows the chloride concentration as a function of time for the Ag/AgCl ISE at each
cover depth. Figure 3b shows the chloride concentration as a function of cover depth for some
selected times (20, 60, 100, and 140 days). Figure 3¢ shows the chloride concentration (from the
last potentiometric measurement performed) as a function of the total chloride content. Note that
the for the calculation of the concentrations, the activity coefficients of chloride ions in cement
paste were taken from (Vera et al., 2000).

From Figure 3a, the chloride concentration increased with time, especially during the first 60
days. The chloride concentration is markedly higher for the smaller cover depths. This can be
clearly seen in Figure 3b.

Figure 3¢ shows the relation between the chloride concentration measured with the ISEs (free
chlorides) and the results obtained from the total chloride content. The total chloride content
includes both the free (dissolved in the pore solution) and the bound chlorides (i.e., those bound
to the hydration products of the binder in concrete). In the present study, relatively high chloride
concentrations were achieved within short exposure time, mostly due to the low cover depth.
The high concentrations may explain the observed linearity in the relationship between free and



SMAR 2017 — Fourth Conference on Smart Monitoring,
Assessment and Rehabilitation of Civil Structures

SMAR 2017

total chlorides. At low to moderate chloride concentrations, this relationship is well-known to be
nonlinear (Luping et al., 1993).
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Figure 3. (a) Chloride concentration as a function of time for the Ag/AgCl ISE at each cover depth (5, 10
and 15 mm) (b) Chloride concentration as a function of cover depth for some selected times (20, 60, 100,
and 140 days) (c) Chloride concentration (from the last potentiometric measurement performed) as a
function of the total chloride content at each ISE location (Figure 2).

Figure 4 shows the steel potential versus the chloride concentration at each cover depth.
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Figure 4. Steel potential vs. chloride concentration at each cover depth (5, 10, and 15 mm). The zones
defined in the graph (no corrosion, transition zone, corrosion) schematically represent the corrosion state
of the steel (compare text).

From Figure 4, it can be seen that for chloride concentrations below 1 mol-L™ (no corrosion),
the steel potential was relatively constant; variations in potential were smaller than 50 mV. For
chloride concentrations between 1 and 4 mol-L™ (transition zone), the steel potential overall
decreased but it occasionally increased. Transition from passive to active state is not immediate
and it is believed that this behaviour was due to local depassivation and further repassivation. At
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chloride concentrations above 4 mol-L™" (corrosion zone) the steel potential had decreased at
least 200 mV with respect to the initial value. Such potential differences are usually related to
corrosion initiation (Elsener et al., 2013).

From the results presented in this test, it can be seen that the combined measurement of steel
potential and chloride concentration provide reliable data for assessing the corrosion risk of the
reinforcement.

4.2 IrO, embedded in concrete to monitor carbonation propagation

Figure 5 shows the potential of the IrO; electrode embedded at 15 mm cover depth (IrOy 2 in
Figure 2b) and the pH as a function of exposure time in the carbonation chamber. The potential
measured was corrected for the diffusion potential (Angst et al., 2008) established between IrO
and internal reference electrode due to the pH gradient. The pH was calculated from the
calibration curve shown in Figure 1b.
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Figure 5. Potential of the IrO; electrode embedded at 15 mm cover depth (IrOy 2 in Figure 2b) and the
calculated pH as a function of time of exposure in the carbonation chamber.

With this experimental approach, combining an embedded reference electrode and an embedded
pH sensor, it was possible to follow for the first time the change of the pore solution pH in the
mortar sample continuously and in-situ (directly in the carbonation chamber), showing
interesting results on the carbonation process. The IrO; potential increased by 50 mV during the
first 60 days, corresponding to a pH decrease from 13.4 to approximately 12.5 (Figure 5). For
the following 60 days, the pH remained quite stable at 12.5. Then a rapid drop of pH was
observed: after 160 days in the carbonation chamber, the pH decreased to ca. 10 (Figure 5).

The interpretation of these results is similar to a titration curve. The initial pH decrease down to
ca. 12.5 was due to the consumption of the alkalinity from the KOH and NaOH in the pore
solution. The constant pH registered afterwards is due to the gradual consumption of the
alkaline reserve provided by Ca(OH),, calcium hydroxide being the hydration product providing
the buffer capacity of the concrete pore solution (Glass et al., 2000). The marked pH decrease
observed afterwards is probably due to the rapid consumption of the pore solution alkalinity in
the absence of a buffer. The results from the thymolphthalein test, performed at the end of the
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exposure testing showed a carbonation front of ca. 12-15 mm; thus, in agreement with the
results of the sensors.

5 CONCLUSIONS AND OUTLOOK

The results obtained in this work show that the Ag/AgCl ISE and the IrO, electrodes can be
successfully used to monitor changes in chloride content and pH continuously and in-situ in the
concrete pore solution of reinforced concrete. The sensors have shown to work reliably also at
relative humidity of 65%. The possible applications are:

a) Research: the pH sensor can be applied to study the carbonation rate of new binders with
lower clinker content. In contrast to the laborious traditional, destructive tests with
phenolphthalein spraying on the concrete surface that give only a yes/no answer, with the in-situ
sensors the carbonation process can be followed more in detail. It will be possible to relate the
time at pH 12.5 (consumption of the Ca(OH), buffer) to the amount of clinker in the cement.

b) Condition monitoring and assessment: knowing the pH and/or the chloride concentration at
different depths in reinforced concrete over time will allow predicting further propagation of the
CO, or chloride ingress into concrete. This would be especially useful to predict residual service
life of structures exposed to high chloride concentrations (de-icing salts) or high CO,
concentrations (road tunnels). Figure 6 shows two examples of how the sensors may be applied
in engineering structures.

a) 7 b)

potentiometric
| measurement

potentiometric
measurement

Figure 6. Schematic depiction of the set-up proposed to detect chloride ions and variations in pH in
concrete structures exposed to (a) high chloride concentrations (e.g., as bridges exposed to deicing salts)
(b) high CO; concentrations (¢.g., tunnels).
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Appendix

Sensor system embedded in mortar exposed to chloride and CO, ingress



Sensor system embedded in mortar exposed to chloride and CO,

ingress

1 Introduction and objectives

This project proposes an electrode system composed by several pH and chloride sensors
embedded at different depths. This allows the simultaneous monitoring of steel potential and
changes in pH and chloride concentration at the different locations. For that, an algorithm was
developed so the diffusion potentials established between the electrodes can be calculated

and the measured potential corrected accordingly.

The applicability of the pH sensors proved to be successful when embedded in mortar
exposed to carbonation, i.e., by monitoring the decrease of pH of the pore solution, whereas
the experiments with chloride sensors showed that that they can successfully be used to
monitor chloride penetration in the concrete alkaline media. In this Appendix, the results from
two experiments are reported. The first experiment aims at studying the potential response of
the pH sensors when a mortar sample is exposed to chloride ingress and the pH is kept
relatively constant. In the second experiment, the potential of embedded pH and chloride
sensors is monitored while a mortar sample is carbonated. The potential response of the
chloride sensors while cement paste is carbonated and in absence of chlorides is then

evaluated.

2 Materials and methods

2.1 Electrodes used

2.1.1 Silver/silver chloride ion-selective electrode (Ag/AgCl ISE)

The chloride sensor used in this work is a silver/silver chloride ion-selective electrode (Ag/AgCl
ISE), consisting of a silver wire covered by a layer of silver chloride. In presence of chlorides,

the potential response of the Ag/AgClI ISE is [1]:

_ 0 RT
Epg/agciise = Eagiagerise — 7 Inacr (1)

where R is the gas constant (8.314 J-mol-1-K-1), T is the temperature (K), F is the faraday
constant (96.485-103 C-mol-1), Ef\g,Agm ise IS the electrode standard potential (225.6 mV vs.

Ag/AgCl/sat. KCl at 20 °C [2]), and agy is the activity of the chloride ions.

More information on the performance of these electrodes can be found in papers I-ll and V.



2.1.2 Iridium/Iridium oxide (IrOx) electrodes
Iridium/iridium oxide (IrOy) electrodes were produced by thermal oxidation of iridium wires,
based on the protocol reported in [3-5]. The potential response of the produced IrOy electrodes

is a function of the pH of the exposure solution:

Eyro, = EIOrOX —b-pH (2)

where EIOrOX is the electrode standard potential and b is theEj.o_-pH slope.

More details regarding the production protocol, conditioning and potential response (e.g. E{’rox

and Ey.o -pH slope) can be found in paper Ill.

2.1.3 Electrode set-up

Each electrode (both IrO, and Ag/AgCl wires) was mounted inside a rigid stainless steel tube
(ca. 50 mm long and 2 mm in diameter), leaving approx. 5 mm-length of the electrode wire
protruding from the steel tube. This was done to minimize bending of the thin electrode wires
and thus ensure accurate positioning at the desired cover depth. The steel tube and the
electrode wire were galvanically separated with a Teflon tube (ca. 60 mm long and 1 mm in
diameter), inserted between the steel tube and the electrode wire. To ensure that both steel
and electrode wire would never be in contact, the Teflon tube was slightly longer than the steel
tube and front and back ends were sealed with an epoxy resin. Fig. 1 shows a schematic

representation of the set-up used to embed the electrode wires in mortar.

steel tube teflon tube Electrode (Ag/AgCl or IrO,)

epoxy coating

Fig. 1 Set-up used to embed the electrodes (both IrO, and Ag/AgClI wires) in mortar.



Epoxy resin had also been applied to the tip of the IrO, electrode after production, since it was

suspected that some adherence problems of the oxide layer could happen on the edges

(paper Il1).

2.2 Experimental set-up
2.2.1 Embedded IrOx electrodes and Ag/AgCl ISEs in mortar exposed to chloride
ingress

One rectangular mortar prism was produced with three Ag/AgCl ISEs, three IrOy electrodes
and three structural steel bars (3 mm diameter) embedded at three different cover depths of
5, 8 and 12 mm. The mortar mix proportions were cement/water/sand 1: 0.5: 2 with CEM |
52.5, with sand size <tmm. One hour after the mortar prism was cast, another 25 mm thick
match-cast mortar layer with an embedded Ag/AgCl ion-selective electrode was cast on top
of the previous sample. In this case, the cast mortar contained 4% of admixed chlorides by
weight of cement to ensure that the Ag/AgCl ISE exhibited a stable potential [6] and thus
served as internal reference electrode (see section 6.1.1 of the thesis). The shortest distance
between the embedded electrodes and the Ag/AgCl internal reference electrode was 40 mm.
It was thus not expected that significant amounts of chlorides would diffuse from the mortar
containing chlorides (with the embedded Ag/AgCl ISE) and reach the embedded electrodes
(IrOy electrodes, Ag/AgCl ISEs and steel bars).

The mortar prism was cured for one week at 95%RH and 21°C and then all the surfaces (with
the exception of one surface, parallel to the embedded electrodes) were painted with an
epoxy-resin. The surface of the cube that was not coated was placed in contact with simulated
pore solution (0.2 mol-L™ KOH 0.15 mol-L™ NaOH sat. Ca(OH),) containing 0.5 mol-L™ NaCl,
so one-dimensional chloride transport would occur. One of the objectives of this experiment
was to study the behavior of the IrOy electrodes solely under chloride ingress and for that,
gradients in pH were minimized by using the simulated pore solution. This experiment was

carried out under laboratory conditions (ca. 50%RH, 21°C).

The main features of the set-up described are shown in Fig. 2. Note that the electrodes (IrOy
electrodes, Ag/AgClI ISEs and steel bars) were embedded at different cover depths in order to

monitor the penetration of chlorides.



hole for contact —

with external RE ——— mix with chlorides
(=30 mm deep)
—Ag/AgCI

(internal RE)

«—sample support

Fig. 2 Main features of the set-up used to monitor chloride ingress with embedded Ag/AgCl ISEs, IrOy
electrodes and steel rods at 5, 8 and 12 mm cover depths. All the surfaces were coated with epoxy
resin with the exception of the surface of chloride ingress.

The potential of the Ag/AgClI ISEs, IrOy electrodes, and steel bars (Fig. 2) was continuously
measured versus the embedded Ag/AgClI ISE internal reference electrode. To obtain accurate
measurements, the internal reference electrode was periodically calibrated. For that, the
potential of the internal reference electrode Eagagci ise re Was measured with a Ag/AgCl/sat.
KCI external reference electrode that was inserted in an upper opening (“hole for contact with
external RE” in Fig. 2) on the mortar surface. A drop of simulated pore solution (0.15 mol-L™
NaOH 0.2 mol-L™" KOH and sat. Ca(OH),) was used to establish electrolytic contact between
the reference electrode and the mortar surface. The potential of the internal reference

electrode Eagagciise re is calculated with the following equation:

EAg/AgCl ISE RE (Cl_) = Emeasured - Ediffusion (Cl_) - Eliquidjunction(Cl_) + ERE (3)

where Ege is the potential of Ag/AgCl/sat. KCI reference electrode (0.199 V vs. SHE),
Eliquid junction 1S the liquid junction potential, and Egirusion is the diffusion potential established
between the Ag/AgCl ISE internal reference electrode (located in the mortar with chlorides)
and the mortar (without added chlorides) where the contact solution (0.15 mol-L”" NaOH 0.2
mol-L™" KOH and sat. Ca(OH),) was added.



The liquid junction potential is a diffusion potential established due to the gradient in chemical
composition between the internal electrolyte of the external reference electrode (4.16 mol-L™
KCI) and the test solution, i.e., contact solution (0.15 mol-L”" NaOH 0.2 mol-L™ KOH and sat.
Ca(OH), in this experiment. Both liquid junction potential and diffusion potential can be
calculated with the Henderson equation [7]. The calculation procedure used for that is

described in see section 2.3.

Between measurements, the upper opening was closed with a rubber plug to avoid

carbonation of the mortar located in the hole. This experiment lasted approximately 100 days.

2.2.2 Embedded IrOy electrodes and Ag/AgCl ISEs in mortar exposed to CO2 ingress
One rectangular mortar prism was produced with one embedded Ag/AgCl ISE (at 4 mm depth)
and two embedded IrOy electrodes (at 4 and 6 mm depths). The mortar mix proportions were
cement/water/sand 1: 0.5: 2 with CEM | 52.5, with sand size <1imm. One hour after the mortar
prism (with the embedded Ag/AgCI ISE and IrOy electrodes) was cast, another 25 mm thick
match-cast mortar layer with an embedded Ag/AgCl ion-selective electrode was cast on top
of the previous sample. In this case, the cast mortar contained 4% of admixed chlorides by
weight of cement to ensure that the Ag/AgCl ISE exhibited a stable potential [6] and thus
served as internal reference electrode (see section 6.1.1 of the thesis). The shortest distance
between embedded electrodes and the Ag/AgCl internal reference electrode was 50 mm. It
was thus not expected that significant amounts of chlorides would diffuse from the mortar
containing chlorides (with the embedded Ag/AgCl ISE) until the embedded electrodes (IrOx
electrodes and Ag/AgCl ISE).

The mortar prism was cured for one week at 95%RH and 21°C and then all the surfaces (with
the exception of one surface, parallel to the embedded electrodes) were painted with an
epoxy-resin. The mortar cube was then placed in a carbonation chamber (65%RH, 21°C and
4% CO,) so one- dimensional carbonation occurred through the non-coated surface. The main
features of the set-up are shown in Fig. 3. Note that the IrO, electrodes were embedded at two

different cover depths in order to monitor the carbonation front over time.



_——— Ag/AgCI (internal RE)

——— hole for contact with
external RE
(= 30 m deep)

__——— mix with chlorides

Fig. 3 Main features of the set-up used to monitor carbonation front with embedded IrO electrodes
and Ag/AgCl ISE. All the surfaces were coated with epoxy resin with the exception of the surface of
CO, ingress.

The potential of the IrO4 electrodes and Ag/AgCl ISE (Fig. 3) was continuously measured
versus the embedded Ag/AgCl ISE internal reference electrode. To get accurate
measurements, the internal reference electrode was periodically calibrated following the
procedure described in section 2.2.1 (analogue for pH gradient). For this experiment, more

data can be found in paper IV.

2.3 Algorithm for determination of the electrode potential

2.3.1 Mortar samples exposed to chloride ingress

As described in section 2.2.1, the potential of Ag/AgCI ISEs Eagagei ise, IfOx electrodes Ejoy,
and steel bars Egeel (Fig. 2) was continuously measured versus the embedded Ag/AgCI ISE

internal reference electrode.

In this experiment, chloride ingress was achieved by putting the sample in contact with
simulated pore solution containing chlorides. The gradients in pH were minimized by using
simulated pore solution and the calculations were then simplified by considering diffusion
potentials only due to chloride gradients, i.e., by assuming constant pH. Thus, the measured
electrode potential Emeasurea VErsus the internal reference electrode (Ag/AgCI ISE RE) can be

written as:



Emeasured Ag/agcl1sE = Eag/agciise(C17) + Editfusion (C17) — Eag/agcl 1SE RE (4)
Emeasured Iroy = EIrOX + Ediffusion(cr) - EAg/AgClISE RE (5)

Emeasured steel = Esteel + Ediffusion (Cl_) - EAg/AgCl ISE RE (6)

where Egusion 1S the diffusion potential established due to the difference in chloride
concentration at the location of the Ag/AgCl ISE internal reference electrode and the chloride

concentration at the working electrode location (IrOy electrode, Ag/AgCI ISE or steel bar).

The diffusion potential Egusion Was calculated with the Henderson equation as described
elsewhere [8]. For the calculation, it was assumed that the mortar pore solution was composed
by 0.15 mol-L™* NaOH 0.2 mol-L™" KOH and sat. Ca(OH), (same composition as the prepared
solutions simulating the pore solution in the experiment, i.e., contact solution for the
measurements with the external reference electrode and solution used for chloride ingress).
The mobilites of the involved ions (K, OH’, Ca**, Na*, and CI') were obtained from the data
reported in aqueous solution [8]. More information on the diffusion potentials in concrete and

its evaluation can be found in literature [7, 9-12].

Note that both the potential of the Ag/AgCI ISE and the diffusion potential depend on chloride
concentration (Eq. (4)); thus, no closed solution can be given. Because of that, an algorithm,
based on an iterative calculation, was used at each time step (Fig. 4). In this calculation, the
potential of the Ag/AgCI ISE Eagagciise Was initially determined assuming that Egitusion=0 (initial
conditions) and the chloride concentration in this iteration step was then determined from the
calibration curve of the Ag/AgCI ISE (Eq. (1)). For this calculation, the concentration of chloride
ions was related to the chloride activity through the activity coefficient obtained from [13]. Once
the chloride concentration was determined, Eifusion Was calculated and from this, Eagagci ise
was recalculated according to Eq. (4). This procedure was repeated until a chloride
concentration difference between two consecutive iterations became < 0.01 mol-L™". Note that
the potential of the Ag/AgCl ISE internal reference electrode had been previously calculated

when this electrode was calibrated (section 2.2.1).
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Calibration curve Ag/AgCl ISE Criterion no o
Cl- | Cl-— CF | 0.01 Edlffusmn (CI/ ’ Cl reference electrode)
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EAg/AgC\ ISE (Clr)= Emeasured - Eduffusion (C/f) - Ereference electrode

I

Initial conditions

Emeasured

Ejittusion (CI) = 0 (assumption)

Fig. 4 Representation of the iterative calculation procedure used to determine the chloride
concentration at each Ag/AgCI ISE location. The parameters changed in each iteration are indicated
in red.

Once the chloride concentration was determined at the given Ag/AgCl ISE location, the
potential of the IrOy electrode and steel bars was determined according to Egs. (5) and (6)

respectively.

2.3.2 Mortar samples exposed to CO, ingress
As described in section 2.2.2, the potential of the Ag/AgCI ISE Eagagciise and IrOy electrodes
Eox (Fig. 3) was continuously measured versus the Ag/AgCl ISE internal reference electrode.

For each case, the measured potential Eneasures CaN be written as:

Emeasured Iroy = EIrOX (pH) + Ediffusion(pH) - EAg/AgCl ISE RE (7)

Emeasured Ag/agcl 1SE = Eag/agciise(Cl7) + Editfusion (PH) — Eag/agcl ISE RE (8)

Note that in this case, diffusion potentials were established between the internal reference
electrode and IrOy electrodes due to differences in chloride concentration (as the mortar with
embedded Ag/AgCI ISE contained chlorides, section 2.2.2) and due to pH gradients (due to
the progressive carbonation of the cement paste). Diffusion potentials thus varied as the pH
of the pore solution changed due to carbonation. The algorithm to determine these diffusion
potentials is described in paper IV. Note that the chloride concentration at the Ag/AgCl ISE

internal reference electrode had been previously calculated with Eq. (3).



3 Results and discussion

3.1 Embedded IrO4 electrodes and Ag/AgCl ISEs in mortar exposed to chloride
ingress

Fig. 5a shows the chloride concentration as a function of exposure time to chloride ingress for

the Ag/AgCl ISEs located at each cover depth, together with the calculated chloride

concentration at the Ag/AgCl ISE internal reference electrode. Figure 5b shows the chloride

concentration as a function of depth for some selected times (6, 49, 82 and 99 days).
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Fig. 5 (a) Chloride concentration as a function of exposure time for the Ag/AgCl ISEs at each cover
depth (5, 8 and 12 mm), together with the calculated chloride concentration at the Ag/AgCl ISE
internal reference electrode (RE) (b) Chloride concentration as a function of cover depth for some
selected times (6, 49, 82 and 99 days)

The chloride concentration increases with time (Fig. 5a) and it is markedly higher for the
shallower cover depths (Fig. 5a and Fig. 5b). The marked chloride increase at time>80 days
for the electrodes embedded at 5 and 8 mm (Fig. 5) may be due to two reasons: i) the solution
containing chlorides that was put in contact with the sample was refilled more often at those
exposure times and ii) the assumption of constant pH when calculating chloride concentrations

lead to small errors in the calculations (compare section 6.3.5 of the thesis).

The rate of chloride update in this experiment is especially fast and high chloride
concentrations are reached at the electrodes located at the shallower depths, e.g., ca. 4
mol-L™ for the electrode embedded at 5 mm; this is probably because the mortar sample used

is very porous (w/c=0.5 and 1 week of curing).



The calculated chloride concentration at the Ag/AgCl ISE internal reference electrode
oscillates between ca. 2.5 mol-L" and 3.3 mol-L™". This difference in concentration
corresponds to only ca. 7 mV difference in the measured potential; it is thus possible that it is
due to measurement errors or due to the simplifications made in the calculations (compare
section 6.3.5 of this thesis). Note that the chloride concentration at this location generally
increases over time (Fig. 5a); this may be due to partial drying, e.g., self-desiccation or due to
contact with the dry laboratory atmosphere (this effect however should be minimum as the
mortar surfaces were either coated or in contact with the chloride solution). These results are

in agreement with the results reported in paper V.

Fig 6 shows the potential evolution over exposure time to chloride ingress of the steel bars

(Fig. 6a) and of the IrOy electrodes (Fig. 6b) at each depth (5, 8, and 12 mm).
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Fig. 6 (a) Steel potential vs. exposure time at each cover depth (5, 8, and 12 mm) (b) IrO, electrode
potential vs. exposure time at each cover depth (5, 8, and 12 mm).

The steel bar embedded at 12 mm exhibits a relatively constant potential (potential change
<100 mV) for the whole exposure time. In contrast, the steel bars embedded at 5 and 8 mm
exhibit relatively stable potential responses only during the first 20 and 50 days respectively.
This corresponds to chloride concentrations below 1 mol-L™" (Fig. 5a). After 20 and 50 days
respectively, the potential of the steel bars embedded at 5 and 8 mm oscillates, showing
potential differences up to 400 mV. This corresponds to local depassivation and further
repassivation [14]. After ca. 60 days, the steel bar embedded at 5 mm depth had decreased
significantly, i.e., at least 300 mV from the initial potential value. Such potential differences are
related to active corrosion [15]. This corresponds to chloride concentrations above ca. 3.5

mol-L™" (see Fig. 5a). These results are in agreement with the results reported in paper V;



nevertheless, it should be noted that typical chloride concentrations for corrosion initiation are
usually below 1 mol-L" [16]. In this experiment, the steel bars exhibit significant potential
oscillations at chloride concentrations of =1 mol-L™"; thus, if given enough time, the steel may
have a state of active corrosion at this chloride concentration. In any case, it should also be
noted that high chloride threshold values are obtained in laboratory setups, e.g., associated

with unrealistically good conditions during casting [14].

The potential of the IrOy electrodes is relatively constant over time (Fig. 6b) and it can thus be
concluded that it is independent of the chloride concentration. The highest potential change is
observed for the IrO electrode embedded at 12 mm depth; the potential decreases ca. 40 mV
compared to its initial value. This would correspond to an increase in pH of about 0.5 pH units.
It is believed that this pH increase is caused by the chloride binding while chloride ingresses

the sample, as reported by Tritthart [17]. This aspect is further explained in section 6.3.5 of
the thesis.

3.2 Embedded IrO4 electrodes and Ag/AgCl ISEs in mortar exposed to CO,
ingress

Fig. 7 shows the potential response of the Ag/AgClI ISE as a function of time in the carbonation

chamber (Fig. 7), together with the pH evolution over time in the carbonation chamber. More

details regarding the pH evolution over time, calculated with the embedded IrOy electrodes,

can be found in paper IV.
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Fig. 7 Potential response of the Ag/AgCI ISE and calculated pH as a function of time in the
carbonation chamber



The potential of the Ag/AgCI ISE is relatively constant while pH>12.5 (Fig. 8). In this case, the
potential response of the Ag/AgCl ISE indicates a chloride concentration of ca. 0.03 mol-L™,
which would correspond to ca. 0.3% chlorides by mass of cement [18]. It is likely that some
chlorides are included in the raw materials, e.g. cement and aggregates, but it should be noted
that this value is relatively high compared to the chloride content limit (0.4% chlorides by mass
of cement) indicated in the EN 206-1 standard [19]. It is possible that this obtained value is
overestimated; this may be due to simplifications made in the calculations (compare 6.3.5 of
this thesis) or related to the accuracy of the IrOy electrodes used, i.e., the error in the calculated
pH can be up to 0.5 pH units (paper Ill), that results in different calculated diffusion and
Ag/AgCI ISE potentials (Egs. (7)-(8)). In order to evaluate the accuracy of the obtained results,
a solution would be to determine the total chloride content, e.g., titration or spectrophotometry
method [20].

When the pH of the pore solution decreases to ca. pH 12.5 (Fig. 7), the Ag/AgCI ISE potential
slightly decreases ca. 12 mV, and it remains relatively constantatca. 0.110 V (vs. Ag/AgCl/sat.
KCI). This potential value corresponds to a chloride concentration of ca. 0.05 mol-L™. It is likely
that this increase in chloride concentration is due to the release of bound chlorides as pH

decreases [21, 22].

As indicated in section 6.2 of this thesis, diffusion potentials can significantly change in
presence of both chloride and pH gradients. In this case, chloride gradients are relatively small
but they may play a more important role in other situations, e.g., when concrete is exposed
both to chloride ingress and to carbonation. The release of chlorides due to pH decrease in
concrete could be especially important in evaluating the risk of chloride-induced corrosion, as
the chloride threshold for corrosion initiation decreases with pH [23-25]. Simultaneous pH and

chloride monitoring is thus important.

4 Conclusions
The results reported in this document show that both IrOy electrodes and Ag/AgCl ISEs exhibit

stable potential responses independently of chloride concentration and pH respectively.

Changes in chloride concentration and pH induce diffusion potentials that need to be corrected
in order to evaluate properly the individual electrode potential. For that, simultaneous pH and
chloride monitoring is important. It has been shown that chloride ingress may induce small

changes in the pH of the pore solution and that a decrease in the pH of the pore solution, e.g.,



due to carbonation, may result in an increase in the chloride concentration due to the release

of bound chlorides. In the latter case, the accurate electrode potential correction and

evaluation becomes even more important, as pH decrease combined with an increase in

chloride concentration greatly increase the risk of corrosion initiation.
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