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In this paper the potentiometric response of a Ag/AgCl electrode as a chloride sensor in
cementitious materials of different mix design was studied. The chloride sensor’s response
was discussed with respect to the presence of hydration products around the sensor. The free
chloride content inferred from the sensor’s response was compared to the one obtained from
destructive water and acid soluble chlorides. The measured free chloride content, obtained
via sensor’s reading, was lower than the obtained water and acid soluble chlorides. The
results indicated the influence of the cementitious mix design on the correlation between the

free chloride content obtained via sensor’s reading, water and acid soluble chlorides.

Key words: Ag/AgCl sensor, free chloride, cement, chloride binding, water soluble chloride, acid

soluble chloride

1 Introduction

The open circuit potential (OCP) response of a Ag/AgCl electrode in any environment can
be linked, through the Nernst equation, to the chloride ions activity in this environment.
Consequently, a Ag/AgCl electrode can act as a chloride sensor [Elsener et al., 2003; De
Vera et al., 2010]. In the case of a cement-based material, as environment, the presence of
hydration products around the sensor would affect the sensor’s performance. In this
regard, the water-to-cement ratio (w/c), type of cement and pore solution composition
play an important role. The influence of cement type on the sensor’s response has been
recently reported [Pargar et al., 2018]. The cement hydration products cover a certain
percentage of the surface of the sensor, preventing a direct contact of the sensor’s full
active surface with the electrolyte. The lower amount of free chloride in these areas is

subsequently reflected in the overall sensor’s OCP.
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A low w/cratio (e.g. 0.35) results in a dense interfacial zone between cement paste and
aggregate, not much different from the density of the bulk cement matrix [Delagrave et al.,
1996]. The interfacial zone between aggregate and cement paste with a high w/c ratio (e.g.
0.5) often has a high content of calcium hydroxide and ettringite, elongated C-S-H particles
and fewer unhydrated cement particles, compared to that of the bulk matrix [Brandt, 2009].
A high content of ettringite would result in a more porous interfacial zone [Scrivener et al.,
2004]. It was shown that portlandite, unlike ettringite, effectively fills up the pores at the
interface with aggregate or embedded steel [Bentur and Ish-Shalom, 1974; Page et al., 1981;
Zimbelmann, 1985; Maso, 2004; Page, 2009]. A similar trend can be expected at the
interface between the sensor and cement paste. The formation of portlandite and ettringite
depends on the composition of cementitious materials [van Breugel, 1997; Asbridge et al.,
2002]. Consequently, the importance of the cementitious mix design and the cement
composition for the sensor’s response needs further investigation. This subject has been

rarely discussed in the literature so far.

In this paper the influence of water-to-powder ratio (w/p) on the sensor’s response is
studied. The chloride content inferred from the sensor’s response is compared to the one
obtained by destructive test methods (acid-soluble and water-soluble chlorides). The
observed difference between the chloride contents, determined by the aforementioned
methods, is discussed with respect to the chloride binding ability of cement hydration
products and the w/p ratio of the mixture. In other words, discussed in this paper are: i)
the influence of cementitious mix design and cement composition on the sensor’s response;
ii) the relation between the chloride content inferred from the sensor’s response and the

one obtained by destructive test methods.

Materials and procedures

2.1 Specimen preparation and exposure condition

The paste cylinders with cast-in Ag/AgCl sensors were the specimens, subject to
investigation in this paper (Figure 1). Mix design and cement compositions of the
specimens are presented in Table 1. The chloride sensors were embedded in paste
cylinders made of C3S with and without addition of C3A and gypsum. Different mixtures
were employed to study the influence of calcium aluminum sulfate phases, such as

ettringite, on the chloride sensor’s response. The pure cement phases were supplied by
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Mineral Research Processing, France. The cement producer was ENCI cement, The

Netherlands.

The sensors were prepared by one-hour anodization of Ag wire in 0.1 M HCl solution at
current density of 0.5 mA/cm? [Pargar et al., 2018a,b]. The steel wires (1 mm diameter),
drawn from low carbon steel, were acetone-cleaned and epoxy-insulated. The sensors and
the steel rods were cast-in together in the cylinders in such a manner, that only 1 cm length
of both sensor and steel were exposed to the environment (Figures 1a,b), leaving an active
surface of 0.39 cm? for the steel rods and 0.32 cm? for the sensors. The steel rods are not

subject to discussion in this work.
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chloride penetration from external solution towards the sensor’s surface
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Table 1: Mix designs of the cementitious materials that were used in this study for preparation of

the specimens and the chloride content in the solution that specimens were immersed.

Chloride content in
w/pratio Designated code C3S CA Gypsum
/p 8 ’ ’ P the solution (mM)
035,04, O 100 - -
05 C,S+CaA g7 10 3 0, 10, 100, 500, 1000

After curing in a sealed condition for 30 days, the specimens were immersed in a simulated
pore solution (0.1 M KOH + Sat. Ca(OH),), pH = 13, with different chloride concentrations
(10 mM, 100 mM, 500 mM and 1000 mM). A control case, based on chloride-free solution,
was also tested. To keep the concentration of chloride ions as constant as possible, the
volume ratio of solution to paste was maintained at 40 [Qiang et al., 2011], and the
containers were closed to prevent evaporation (Figure 1c). Two replicates per specimen
type were immersed in the solutions. The specimens were retained in the solutions for 300
days to reach a state of equilibrium between the chloride ions in the solution and that in

the specimens (Figure 1d).

2.2 Test methods

Open circuit potential (OCP) measurement
The cylindrical specimens were immersed in chloride-free and chloride-containing
solutions (Table 1, last column). The OCP of the sensors versus saturated calomel electrode

(SCE) was monitored during 300 days using PGSTAT 302N potentiostat.

Chemical analysis

The acid-soluble and water-soluble chloride contents in the bulk matrix were determined
after 300-day immersion of the specimens in chloride containing solutions (Table 1). The
acid-soluble and water-soluble chlorides were extracted from the dried paste samples
following the standard procedures [RILEM TC 178-TMC, 2002; RILEM TC 178-TMC, 2002a;
ASTM C1152, 2003; ASTM C1218, 2008]. The extracted solutions were analyzed for
chloride content with Spectroquant ® NOVA 60 photometer and a chloride test set-up
(Chloride Cell Test - NO. 114730). The photometer and the chloride test set-up are

commercially available from Merck company.
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Results and discussion

3.1 OCP measurement of chloride sensor

Pure cement phases

The OCP response of the chloride sensor in specimens made of C3S with and without
addition of C3A and gypsum was recorded periodically during 300 days (Figures 2 to 4).
Since the sensor’s OCP for two replicates per specimen type followed a similar trend, only
the average OCP value is presented in these figures. The alteration in the sensor’'s OCP was
evaluated with respect to the w/p ratio, hydration products and the chloride concentration
in the medium (10 mM to 1000 mM). The main features of the OCP response of the sensors
in C3S and C3S+C3A specimens with different w/p ratio (0.35, 0.4, 0.5) are discussed in

what follows.

w/p = 0.35: The OCP response of the chloride sensors over time was arbitrarily divided
into three regions: I, I and III (marked regions in Figures 2 to 4). From the beginning up to
day 80 (region I, Figure 2), the OCP of all sensors (except those in the control case “no CI”)
sharply dropped towards cathodic values (e.g. Figure 2). From day 80 to day 140 (region II,
Figure 2), OCP stabilization of the sensor was observed. The sensor’s OCP has reached a
more stable potential after 140 days (region III, Figure 2). The time required for the stable
sensor’s OCP in C35S specimens (Figure 2a) is longer than that in C35+C3;A specimens
(Figure 2b). This trend was mainly observed in the control case (chloride-free) and in the
case of 10 mM chloride concentration (Figure 2a). It can be expected that the sensor in C3S
specimens was in contact with the pore solution with higher pH than C35+C3A specimens.
The high pH of the pore solution in CsS is due to the combined effect of low w/p ratio and
the absence of C3A and gypsum in the mixture. It is known that the formation of calcium
sulfoaluminate in C3S+C3A specimens reduces the alkalinity of the pore solution due to
alkali binding by calcium sulfoaluminates [Taylor, 1998; Chappex and Scrivener, 2012].
Therefore, the pH of the pore solution in C35+C3A specimens would be lower than that in
CsS specimens. Moreover, the volume of the pore solution in a matrix with high w/p ratio
(e.g. 0.5) would be higher than that in a matrix with low w/p ratio (e.g. 0.35). The
reduction in the volume of pore solution increases the concentration of soluble alkalis
(NaOH and KOH) and the pH of pore solution [Gascoyne, 2002]. As a result, the pH of the
pore solution in C3S specimens would be highest, due to the synergetic effect of low w/p

ratio and less binding of alkalis in this specimen. The pore solution with high pH will lead
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OCP (mV) vs SCE

OCP (mV) vs SCE

to de-chlorination of the AgCl layer. That is why a lower stability of the sensor’s OCP in
G55 specimens was observed after 140 days of immersion in chloride-free and 10 mM
chloride-containing solutions (Figure 2a, region III) in comparison to that in C:5+C;A

(Figure 2b).

In the chloride-free solution, the sensor’s OCP in C3S specimen was lower than 140 mV,
while the sensor’s OCP in C35+C3A specimen was higher than 150 mV. The more cathodic
OCP of the sensor in C3S specimen is another evidence for the influence of high pH of the

pore solution and de-chlorination of the AgCl layer on the sensor’s response.
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Figure 2: The OCP response of chloride sensor in specimens made of cement components, (a) C3S

only and (b) C3S, C3A and gypsum, with w/p = 0.35 over time
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Figure 3: The OCP response of chloride sensor in specimens made of cement components, (a) C3S
only and (b) CsS, C3A and gypsum, with w/p = 0.4 over time
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Figure 4: The OCP response of chloride sensor in specimens made of cement components, (a) C3S

only and (b) Cs3S, C3A and gypsum, with w/p = 0.5 over time

w/p = 0.4: The sharp decrease in the sensor’s OCP towards cathodic values at the
beginning of immersion (region I, Figure 3) is followed by a more stable OCP in the later

period (regions II and III, Figure 3).

w/p = 0.5: In chloride-containing mediums, the sensor’s OCP in specimens with w/p = 0.5
stabilized earlier than the sensor’s OCP in specimens with w/p = 0.35 and 0.4 (compare

Figure 4 with Figures 2 and 3).

In the chloride-free medium (control case), a significant cathodic shift of the sensor’s OCP
in C35+C3A specimen after 140 days of immersion (region III, Figure 4) is observed. In this
case, the sensor’s OCP shifted from around 150 mV (regions I and II, Figure 4b) to values
between 70-100 mV (region III, Figure 4b) at which the sensor” OCP was unstable and
cannot be described by the Nernst equation for a Ag/AgCl interface. It was reported that
the sensor’s OCP in this condition is dependent on adventitious impurities in the medium
[de Vera et al., 2010; Suzuki et al., 1998]. This instability of the sensor was not observed in
GCsS (w/p = 0.5) - control case (Figure 4a), despite the same w/p ratio. The instability of the
chloride sensor in C3S+C3A (w/p = 0.5) is discussed in the following paragraph with

respect to the presence of different hydration product at the sensor’s surface.

In C3S specimens, the reaction of C3S with water produces C-S-H and portlandite. In
C35+CsA specimens, the replacement of CsS by C3A and gypsum (the mix designs were

presented in Table 1) generates not only C-5-H and portlandite, but also calcium
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sulfoaluminate hydrates with different sulfate content, such as monosulfate and ettringite.
In C35+C3A specimen the ettringite would at least partly replace the portlandite at the
sensor’s surface (Figure 5a). The portlandite, unlike ettringite, fills up the pores at the
paste-sensor interface more effectively (see Figure 5c) [Bentur and Ish-Shalom, 1974; Page
et al., 1981; Zimbelmann, 1985; Page, 2009]. Deposition of portlandite at the sensor/paste
interface limits the dissolution of silver compounds into the surrounding medium (Figure
5c). In contrast, the presence of ettringite, i.e. a porous hydration product, facilitates de-
chlorination of the AgCl layer, resulting in the presence of metallic silver (Ag°®) at the
sensor’s surface (Figure 5a). The larger amount of Ag® subsequently results in an unstable
sensor’s OCP. Because of this de-chlorination, the lifetime of the sensor embedded in
CsS+CGA (w/p = 0.5) paste is <150 days (region III, chloride-free in Figure 4) in comparison
to that in G35 (w/p = 0.5) paste. Such a trend was not observed at lower w/ p ratios (0.4
and 0.35). The dense matrix of cementitious material with low w/p ratio decreases the
diffusivity of the matrix and, consequently, the rate of AgCl de-chlorination. Hence, the
lifetime of the sensor in a cement-based matrix with low w/p ratio (i.e. 0.4, 0.35) is longer.
In addition, in pastes with a low w/p ratio the volume of pore water is also lower,
resulting in pore water with higher ionic strength [Flatt and Bowen, 2003]. The activity of
chloride ions is lower in a solution with higher ionic strength. The dense matrix of
hydration products, together with a reduced chloride ions activity at the sensor’s surface,
result in a sensor’s response different from the one expected for a Ag/AgCl interface. This

is further discussed in the following.
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Figure 5: Schematic representation of coverage of the chloride sensor’s surface by ettringite (a) and

portlandite (c)
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Discussion on the influence of w/p ratio of the pastes on the sensor’s OCP
As discussed above, the presence of cement hydration products around the sensor affects
the sensor’s OCP response. Figure 6 shows the sensor’s OCP after 150-day immersion of

specimens in solutions with different chloride content, when most of the sensors
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demonstrate a stable OCP value. The expected response for a Ag/AgCl interface in
chloride-containing solutions [Pargar et al., 2018b] is also presented in Figures 6a,b. The
sensor’s OCP in chloride-free solution is above 150 mV. The exception is CsS (w/p = 0.35)
(discussed previously). In the chloride-containing solutions, the sensor’s response depends
on the w/p ratio of the mixture. Table 2 shows the range of sensor’s OCP in C3S and
C35+C3A specimens with different w/p ratio and chloride concentration. It is known that 1
mV difference in the sensor’s OCP corresponds to approximately 4% difference in chloride
concentration [Angst et al., 2010]. Hence, the OCP difference in Table 2 is also presented as
percentage difference in chloride concentration. At 10 mM chloride concentration (Table 2),
the embedded sensors in specimens with w/p = 0.35 presented a more anodic OCP (17-23
mV), compared to those in specimens with w/p = 0.5. The more anodic OCP of the sensor
in pastes with w/p = 0.35 (C3S: 121 mV; C3S+C3A: 126 mV in Table 2) is an indication for
deviation of the sensor’s OCP from the expected response for a Ag/AgCl interface (Figures
6a,b). The expected response for a Ag/AgCl interface is 104 mV, which is close to the OCP
for specimens with w/p = 0.5 (C3S: 104 mV; C35+C3A: 103 mV in Table 2). The dense
matrix in specimens with w/p = 0.35 together with a lower chloride ions activity at the
sensor’s surface are the main reasons for the observed deviation. By increasing the chloride
concentration to 100 mM and higher, the difference between the sensor’s OCP in
specimens with w/p ratios of 0.35 and 0.5 decreased to 2-6 mV (Table 2). This OCP
difference (2-6 mV) is equivalent to 8-24% difference in chloride concentration (Table 2).
This trend demonstrates the lower importance of the w/p ratio for the sensor’s response

with increasing chloride concentration.

Additionally and in contrast to expectations, at a chloride concentration of 1000 mM the
sensor in specimens with w/p = 0.5 was more anodic (2-3 mV, Table 2) than that in
specimens with w/p = 0.35. The more anodic OCP of the sensor in specimens with w/p =
0.5 is due to the combined effects of w/p ratio of the mixture and the high chloride
concentration (1000 mM). The formation of large crystals of portlandite is pronounced in
the mixture with higher w/p ratio (i.e. 0.5) (discussed previously). The dissolution of
portlandite increases with increasing the chloride concentration beyond 500 mM [Glasser
et al., 1999; Galan and Glasser, 2015]. The lower activity of chloride ions in the pore
solution with higher ionic strength (i.e. w/p = 0.5 in 1000 mM chloride concentration)

results in a more anodic OCP of the sensor.
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Table 2 shows the effect of additions as C3A and gypsum on the sensor’s response in 10
mM chloride concentration. At 10 mM chloride concentration, the difference between the
sensor’s OCP in C3S specimens with w/p ratios of 0.5 and 0.35 was 17 mV. This difference
in C3S+C3A specimens increased to 23 mV. Hence, addition of C3A and gypsum increased
the OCP difference from 17 mV to 23 mV. This is due to the presence of different hydration
products that builds up a more complex matrix in the Cs5+C3A specimens. Consequently,
the influence of w/p ratio on the sensor’s OCP is larger in a mixture with a more complex

matrix and different hydration products.

Table 2: The range of sensor’s OCP for C3S and C3S+C3A specimens with different w/p ratio and
chloride concentration. The OCP difference (mV) was also presented as percentage in terms of

chloride concentration.

Chloride Sensor’s OCP in C3S Sensor’s OCP in
AOCP AOCP
concentration pastes C3S+C3A pastes
| mV mV

in externa w/p . w/p .

_ (%) (%)
solution (mM) 05 04 0.35 0.5 0.4 0.35
10 104 112 121 17 (68) 103 114 126 23
100 50 53 56 6 (24) 51 54 56 5 (20)
500 11 12 15 4 (16) 10 13 15 5 (20)
1000 -2 -4 -5 3 (12) -3 -5 -5 2(8)

* OCP difference in mV multiply by 4 equals to percentage (%) difference in chloride concentration.

3.2 Comparison of chloride contents determined by different methods

A schematic presentation of the potential distribution of free chloride, physically bound
chloride and chemically bound chloride in cementitious materials is shown in Figure 7.
The influence of free and bound chlorides on the chloride content, determined by different
methods, is discussed in this section. Three methods for chloride determination were used:
(i) leaching in acid (acid-soluble chloride), (ii) leaching in water (water-soluble chloride)
and (iii) potentiometry (chloride sensor’s response). The acid-soluble chloride is the total
(freet+bound) chloride content in cementitious materials. The water-soluble chloride is the
free chloride plus a part of physically and chemically bound chlorides [RILEM TC 178-
TMC, 2002a; Chaussadent and Arliguie, 1999; He et al., 2015]. The sensor can only detect
the free chloride content. The distinction of free chloride from water-soluble chloride is

difficult [Haque and Kayyali, 1995]. For this reason the measured water-soluble chloride
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CoSH c- Freechloride
Physically bound Physically bound
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Figure 7: The schematic representation of free chloride ions, chemically bound chloride and
physically bound chloride in the cement paste. The sensor’s response relies on the free chloride
content, while acid-soluble and water-soluble chlorides depend on the amount of bound chlorides in

the matrix.

was often considered as the free chloride content [He et al., 2015]. The difference between
the water-soluble chloride and the free chloride content inferred from the sensor’s
response can be significant. This is mainly because the measured water-soluble chloride
depends on the amount of bound chlorides released into the water solvent during water-
soluble chloride determination. This will be further discussed in this section. The acid-
soluble and water-soluble chlorides in the bulk matrix of the specimens are also compared

to the free chloride content, inferred from the sensor’s response.

Acid soluble chloride vs. water soluble chloride

The pastes with various w/p ratio (i.e. 0.35, 0.4, 0.5) (Table 1) were immersed in solutions

with different chloride concentration for a period of 300 days. The acid-soluble and water-
soluble chloride contents in C3S and C35+C3A specimens were determined and results are

presented in Figure 8.
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Figure 8: The acid-soluble chloride and water-soluble chloride in C3S and C35+C3A specimens

after 300 days of immersion in solutions with different chloride concentration

In G35 specimens chloride ions can only be bound physically. As can be seen in Figure 8,
the amount of acid-soluble chloride in C3S specimens is higher than the amount of water-
soluble chloride. The difference between acid and water-soluble chlorides is, in fact, the
portion of physically bound chloride not released into the water solvent during water-
soluble chloride determination [Yuan et al., 2011; Hu et al., 2015; He et al., 2016]. The
mechanism of physical adsorption of chloride ions to the surface of hydration products

was explained in Pargar et al. [2017].

Similar to C3S specimens, also in C35+C3A specimens the amount of acid-soluble chloride
was higher than the amount of water-soluble chloride (Figure 8). The difference between
acid and water-soluble chlorides is due to the portion of bound chlorides (chemically and

physically) that was not dissolved into the water solvent during the water-soluble chloride
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determination. The dissolution of physically bound chloride into the water solvent has a
similar explanation as given for C3S specimens. The release of chemically bound chloride
into the water solvent significantly increased the measured water-soluble chloride

[Kopecsko and Balazs, 2017]. This is more pronounced in 500 mM and 1000 mM chloride

concentrations with higher amount of chemically bound chloride [Pargar et al., 2017].

The acid and water-soluble chlorides in C3S specimens were significantly lower than those
in C35+C3A specimens (Figure 8). The CsS specimens have no capacity for chemical
binding of chloride ions. The chloride ions can be bound chemically in C35+C3A
specimens. The release of chemically bound chloride into the acid and water solvents in
C35+C3A specimens is the main reason for the significantly higher acid and water-soluble

chlorides.

Water-soluble chloride vs. sensor reading (sensor’s response)

The free chloride content inferred from the sensor’s response (sensor reading), water-
soluble chloride and ratio between these two are shown in Figure 9. In this figure, the left
vertical axis is the chloride content and the right vertical axis is the calculated ratio. The
ratio of one (right vertical axis in Figure 9) indicates that free chloride content (inferred
from the sensor’s response) is equal to measured water-soluble chloride. The sensor
reading of the chloride content was lower than the measured water-soluble chloride in all
chloride concentrations. Hence, the ratio of free chloride content to water-soluble chloride
was always significantly less than one (Figure 9). This ratio increased from less than 0.2 in
a 10 mM chloride concentration to 0.8 in 500 mM and 1000 mM chloride concentrations.
The maximum ratio (>0.8) was observed in C3S (w/p = 0.5) specimens, with only
physically bound chlorides, in 500 mM and 1000 mM chloride concentrations. In other
words, the ratio was closer to one when cementitious materials with high w/p ratio (e.g.
0.5) and only physical chloride binding ability (e.g. C3S specimens), were in high chloride
concentration (e.g. 500 mM and 1000 mM). These results show that paste composition and
w/p ratio, on the one hand, and chloride concentration in the medium, on the other hand,

affect the correlation between the free chloride and the water-soluble chloride.

The difference between the water-soluble chloride and the sensor reading of the chloride
content in C35S specimens is lower than that difference in C3S+C3A specimens (Figure 9). As
previously mentioned, the release of bound chlorides into the water solvent plays a

significant role in the measured water-soluble chloride. The release of bound chlorides into
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the water solvent is larger in C35+C;3A specimens (due to the chemical chloride binding

ability) than that in C3S specimens. This results in a larger difference between the water-

soluble chloride and the sensor reading of the chloride content in C35+C3A specimens than

that in C3S specimens.
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Water-soluble chloride is often considered to be equal to the free chloride content [He et
al., 2015]. After 300-day immersion of the specimens in chloride containing solutions, the
free chloride content in the pore water of C3S and C35+C3A specimens would be close to
each other [Arya et al.,, 1987]. In Figure 9, the change in the sensor reading of the chloride
content is significantly lower than the change in the measured water-soluble chloride. As
mentioned in the previous paragraph, the release of bound chlorides into the water solvent
plays a significant role in the measured water-soluble chloride. Consequently, sensor
reading of the chloride content is more accurate than water-soluble chloride for

determination of the free chloride content in cementitious materials.

Relation between free and bound chlorides

Figure 10 shows the share of free and bound chlorides in the total chloride content in C3S
and C3S+C3A specimens. This figure represents the acid-soluble, water-soluble and free
chloride contents (inferred from the sensor’s response) in the specimens at different
chloride concentration. As previously shown, the measured chloride contents determined
with different methods were in the following order: acid-soluble chloride > water-soluble
chloride > free chloride. In Figure 10 the acid-soluble chloride (total chloride) was set as
100%. Then the water-soluble chloride and the free chloride (inferred from the sensor’s

response) were normalized against the total chloride.

The chloride in C3S specimens was present as free and physically bound chlorides (Figure
10a). The free chloride in Figure 10a is the ratio of sensor reading of the chloride content to
total chloride content. The subtraction of the free chloride content from the total chloride
yields the physically bound chloride (Figure 10a). The difference between the water-
soluble chloride and free chloride was also attributed to the physically bound chloride
(Figure 10a). The free chloride content increased from about 10% in a 10 mM chloride
concentration to 60% in a 1000 mM chloride concentration. The larger free chloride content
in higher chloride concentration is the result of a decrease in the physical chloride binding

capacity of the hydration products.

The chloride in C35+C3A specimens was present as free chloride, physically bound
chloride and chemically bound chloride (Figure 10b). Similar to what has been said about
the chloride in the C3S pastes, the free chloride in Figure 10b was determined from the
ratio of sensor reading of the chloride content to total chloride content. However, the

borderline between chemically bound chloride and physically bound chloride was
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assumed. As discussed previously, the release of chemically bound chloride into the water

solvent is significantly higher than the release of physically bound chloride (Figure 10b).

Hence, the difference between the measured water-soluble chloride and the free chloride

was attributed to the chemically bound chloride (Figure 10b). For the same reason (i.e.

significant release of chemically bound chloride into the water solvent), the difference

between the acid and water-soluble chlorides in Figure 10b was attributed to the physically

bound chloride.

Ratio of chloride content (%)
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In the presence of chemically bound chloride, as in the C35+C3A specimen, the free
chloride content significantly decreased to about 5% and 30% in 10 mM and 1000 mM
chloride concentrations, respectively (Figure 10b). In other words, for the same free
chloride concentration, the percentage of bound chloride in CsS+C3A specimens was
higher than that in C3S specimens (as expected). This is due to the significant contribution
of the chemically bound chloride to the total bound chloride in C35+C3;A specimens.

The water-soluble chloride and the free chloride contents in C3S specimens were closer to
each other, compared to those in C35+C3A specimens (compare Figures 10a with 10b). This
is as expected, since the C3S has no ability for chemical binding of chloride ions. The
chemically bound chloride is responsible for the large difference between the water-soluble

chloride and the free chloride content in C3S+C3A specimens (Figure 10b).

The results presented in this paper show that the stability of a Ag/AgCl chloride sensor in
cementitious materials is the major challenge for its application. A stable sensor’s response
depends on the concentrations of chloride and hydroxide ions in the paste. The deposition
of hydration products on the sensor’s surface influences the stable OCP of the sensor. The
extent of this influence depends on the w/p ratio of the paste. The high alkalinity of the
pore water in a low w/p ratio (0.35) significantly affects the stable sensor’s OCP, especially
at low chloride concentration (e.g. 10 mM). The higher accessibility of pore water to the
sensor in the mixture with high w/p ratio (0.5) can result in de-chlorination of the AgCl

layer and unstable sensor’s OCP in chloride-free cementitious materials.

In summary, the free chloride determination in cementitious materials needs knowledge of
the surrounding medium. The environment in a CsS paste is different from that in a
C35+C3A paste. In addition to the concerns for lifetime and stability of the chloride sensor
in cementitious materials, the application of the potentiometry method is a feasible and
reliable approach for a continuous and non-destructive determination of the chloride

content.
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Conclusions

In this paper, the performance of a Ag/AgCl sensor in cementitious materials with
different mix design and cement composition was evaluated. Based on the obtained results

the following conclusions can be drawn:

= The sensor’s OCP in a cement-based matrix with low chloride concentration (e.g. 10
mM) depends on the w/p ratio of the mixture. The sensor’s OCP in specimens with
low w/p ratio (0.35) is more anodic than the expected response for a Ag/AgCl
interface (as observed in specimens with high w/p ratio (0.5)). The more anodic
sensor’s OCP in specimens with w/p = 0.35 indicates the lower accuracy in
determination of the free chloride content in mixtures with low w/p ratio. This is the
result of a dense matrix of cement hydration products, higher ionic strength and lower
activity of chloride ions on the sensor’s surface. By increasing the chloride
concentration to 100 mM and higher, the dependency of the sensor’s OCP on the

cementitious mix design decreases.

= The free chloride content inferred from the sensor’s response (sensor reading) is lower
than the measured water and acid soluble chlorides. The free and water-soluble
chloride contents are closer to each other in CsS specimens than those in C3S+C3A
specimens. This trend is pronounced at higher chloride concentration (e.g. 1000 mM).
This observation indicates the importance of cement composition, w/p ratio and
chloride concentration in the cement-based matrix for the correlation between the free,

water-soluble and acid-soluble chlorides.

= On the one hand, a decrease in w/p ratio lowers the content of pore water around the
sensor and the rate of AgCl dissolution. This subsequently reduces the reliability of the
sensor for determination of chloride ions concentration in the environment. On the
other hand, an increase in w/p ratio results in a higher amount of pore water around
the sensor. A higher percentage of the sensor’s surface can be in direct contact with the
pore water. Hence, the sensor can reflect the chloride content in the pore water in a

shorter period.
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