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state or arts: separating the chloride content / temperature / humidity /
alkalinity parameters. The large amount of results are well described and
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Fig. 2. Chloride sensor (a) manufacturing process, (b) completed chloride
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Fig. 3. Chloride sensor working principle.




Comments The text in several places is puzzling; for illustration just three examples are
given here:
a) Introduction: "Chlorides (Cl-) penetration in concrete is typically the
result of the water diffusion containing sodium chloride (NaCl) in concrete™.
b) Section 2.2: "NaCl ions"
c) Section 2.4: "30% potassium hydroxide with pH levels of 12, 13 and 14"
Reply The authors improved the readability of the text.

Corrections

The corrections have been made in the text; and the following text is
corrected in the Introduction (page 2), Section 2.2 (page 4) and Section 2.4.

‘Chlorides (CI") penetration into concrete typically occurs when water
containing sodium chloride (NaCl) diffuses into the concrete.’

The Na* and CI ions diffuse through the porous protective geopolymer layer
and interact with the functionalized graphene film.

The concrete cube with the embedded sensor was placed in a glass container
filled with a solution consisting of mixture of 70% NaCl solution and 30%
sodium hydroxide solution. The concentrations of CI- were 10, 20, 40, 60
and 100 mMY/L, and the pH levels of the sodium hydroxide solution with pH
levels of 12, 13 and 14.”

Comments | Figure legends are incomplete and rather messy, and the ms. text in several
places is not clear enough. Also, the impedance parameters should be clearly
named in the figures.

Reply We thank the reviewer comments and suggestions. To avoid confusion, we

have updated the figure legends, manuscript and impedance parameters in
Fig.4 (page 14), Fig.6 (page 15), Fig.7 (page 16), Fig.9 (page 17), Fig.11
(page 18), Fig.15 and Fig.16 (page 20), respectively.

Corrections

We have made corrections to the manuscript text and updated the following
figures: Fig. 4, Fig.6, Fig.7, Fig.9, Fig.11, Fig.15 and Fig.16.
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Fig. 8. Effect of CI" concentrations on the equivalent circuit parameters for
the sensor (a) Warburg elements YO and B, and (b) R1, R2 and R3.
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Fig. 9 Reversibility of the sensor under one wet-dry cycle at 1 kHz and 40
mM.
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Comments

Figure 13: the correlation coefficients are rather poor.

Reply

Thank you for your comments. We used linear regression to obtain the
simplest relationship between the variables After careful consideration, we
adopted non-linear curve lines to fit the data, as shown in Fig.13. The new
correlation coefficients are 0.99. Corrections to the text (lines 2, 5 and 8, on
page 10), and fig.13 on page 19.




Corrections

Corrections have been made in the text and the following fig. 13.
‘The non-linear curve lines of best fit and their equations are illustrated in
Fig. 11.

A general equation of the fitted lines can be expressed as:

Z'=—ZyCl” + Z,(Cl")? + Z, (5)
From Fig. 11, it can be observed that Z, (approximately 0.2 kQ/mM) and
Z, (approximately 0.01 kQ/mM) remain constant over the entire pH range,
whereas Z, is highly dependent on the pH level and decreases as the pH
increases.
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Fig. 11 Effect of pH on the response of the sensor at 1 kHz’

Comments | One of the final conclusions "The sensors could be deployed in the form of a
wireless(?) sensor network" is not sufficiently supported.
Reply We thank the reviewer for their comment. After careful consideration, we

have decided to removed “The sensors could be deployed in the form of a
wireless sensor network” and make the necessary corrections to the
conclusions.

Corrections

The necessary corrections have been made in the conclusion (Lines 14-17,
Page 12).

“The sensors could be deployed in the form of a structural health monitoring
system to continuously measure chloride contents in concrete. The
information can be used to update the parameters of chloride diffusion
models for the prediction of corrosion initiation, maintenance, and service-
life performance of concrete structures.’




Research Highlights

Novel chloride sensor synthesised from hybrid cementitious composites.
The sensor exhibited high sensitivity to chloride.

The sensor showed good stability and repeatability.

The sensor response was not affected by temperature/humidity but was
sensitive to pH.

Calibration equation that considers OH" interference is proposed.
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Abstract

In this paper, we present a rugged cementitious composite sensor for monitoring chloride
ingress in concrete structures. The sensor is in the form of an electrochemical double-layer,
consisting of a chloride ion-selective functionalized graphene film sandwiched between two
cementitious composites. The cementitious composite chloride sensor was subjected to
different chlorides concentrations and electrochemical impedance spectroscopy (EIS)
measurements were conducted to characterize its response. The effect of the pore solution and
the independent impact of temperature and humidity on the sensor’s response were also
quantified. The experimental results showed that the sensor successfully measured chlorides
concentration changes with good sensitivity. The sensor’s response was not affected by
temperature and humidity and showed good reversibility and stability. However, the pH of the
pore solution affected the sensor’s response to chlorides and a sensor calibration equation that
considers pH is proposed. The characterization work presented herein provides a base for the
development of such chloride sensing method, which can provide useful information for
chloride diffusion models updating and health monitoring of the concrete structures subjected

to sodium chloride.
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1. Introduction

Corrosion of reinforcing steel is one of the main causes of deterioration in concrete
structures. Chlorides (CI") penetration into concrete typically occurs when water containing
sodium chloride (NaCl) diffuses into the concrete. When the chlorides level on the surface of
the embedded steel rebars reaches a critical level, their corrosion starts. Excessive corrosion
leads to internal stresses at the concrete-steel interface, causing cracking and delamination of

the concrete cover, potentially reducing the load carrying capacity of the structure [1-4].

The chlorides threshold content at the rebar level depends on the properties of chloride
ions diffusion in concrete, the surface chloride concentration and the pH of the pore solution
[5-7]. Previous studies have shown that pitting of reinforcing steel occurs at chloride
concentration thresholds between 5 and 200 mM/L for pH levels between 12 and 12.5 [8-10].
As such, chloride diffusion models are routinely used together with the surface chloride
concentration to predict the chloride content at the rebar level [11] for durability analysis and
service life prediction of the concrete structures.

There are several non-destructive techniques available for measuring the chlorides
content in the reinforced concrete structures using different sensing technologies such as
electrical resistivity [12,13], optical fibers [6,14,15] and Ag/AgCI chloride [16-18] sensors.
However, when embedded in concrete, the accuracy of these techniques is strongly affected by
the concrete’s environment. For example, the methods used in [12,13] are sensitive to OH",
humidity and temperature, thus it is essential to decouple the measurements from these effects.
Similarly, optical fiber sensors exhibit measurement errors caused by temperature changes and
mechanical deformation [19,20]. The performance of Ag/AgCl sensors is also affected by OH"
, temperature and the existence of bromide, which can be found in seawater [21]. Recently,

composite-based sensors have been developed to measure chloride in concrete. Carbon



nanotube (CNT)-based thin films were used as a potential substitute for Ag/AgClI chloride
sensors [22]. These thin films were designed to act as both working electrodes and sensors [22].
Experimental results showed that these sensors exhibit low detection limit, low sensitivity and
highly susceptible to mechanical and chemical damage in concrete structures.

Other chlorides sensors in the form of conductive graphene/cement [23] and carbon
nanotubes/cement [24] composites have also been developed that measure chloride based on
the assumption that the conductive fillers form continuous conductive networks within the
cement matrix, and their electrical properties are only affected by the chloride ions. However,
achieving continuous conductive networks is extremely challenging as these conductive fillers
cannot be dispersed effectively in the cementitious materials. Plain geopolymer-based cement
sensors were also used to measure the chlorides in concrete structures [25,26], based on the
change in their electrical properties. It is well-known that the OH", K*, Ca?* and Na* ions in the
pore solution, humidity and temperature strongly affect the bulk electrical properties of the
cementitious composites. However, the interference of these measurands in chlorides
monitoring was not investigated and the methodologies determining chlorides independently
of these measurands were not discussed in [23-25]. Although other chemical species such as
S% and SO4*" exist in the pore solution, their effect on the electrical properties needs further

studies and evidence.

In this paper, we present a low-cost cementitious composite sensor for chloride
monitoring in concrete structures. The sensor was manufactured and its response to the
chlorides was characterized. The sensor’s sensitivity, stability and reversibility, and the

interference of alkalinity, temperature and humidity were also investigated.



2. Experimental program
2.1 Materials and sensor fabrication

Fig. 1 shows the layout of the chloride sensor. It consists of a chloride ion-selective
functionalized graphene film (18 mm x 24 mm x 0.5 mm) deposited on tapered mortar support
and protected by a porous geopolymer layer of approximately 2 mm in thickness. The sensor
has a graphene active sensing area of 4 mm x 18 mm located in the middle. The chloride ion-
selective film consists of amine-functionalized graphene nanoplatelets (NH2/GNPs) purchased
from Cheaptubes™, USA. The porous protective geopolymer layer was produced from class F
fly ash and an alkaline solution. The alkaline solution consisted of potassium silicate solution
(SiO2 = 26.6%, K20 = 30.7% and H2O = 42.7%). The alkaline solution-to-fly ash (A/F) ratio
was 0.55, resulting a porous mixture.

Mortar synthesized from Ordinary Portland Cement (OPC) type CEM | 52.5N and fine
sand was used to manufacture the sensor's support. The steps of manufacturing the chlorides
sensor are shown in Fig. 2a. The sensor's support was cast and cure for a 28 days, then the rest
of the sensor was built according to Fig. 2. A copper mesh with electrical wires was also
inserted into the geopolymer layer to form the electrodes of the sensor. The fabricated sensor,
shown in Fig. 2b, was cured at 60 °C for 24 h and was then embedded in a normal concrete
cube (100 mm x 100 mm x 100 mm) at a depth of 3 cm from the top surface as shown in Fig.

2cC.

2.2. Working principle of the chloride sensor

Fig. 3 shows the working principle of the chloride sensor. The Na* and CI" ions diffuse
through the porous protective geopolymer layer and interact with the functionalized graphene
film. During this process, the positively charged functional groups on the graphene film attract
the predominant negatively charged hydrated CI" ions and repel the positively charged hydrated

Na*, K* and Ca?* ions. The chloride monitoring can be achieved by measuring the changes in



the electrical impedance properties of the electrochemical double-layer-based chloride sensor,
caused by the change in the chloride content in concrete. The electrical impedance properties
of the sensor may also be affected by factors such as temperature and humidity, the negatively
charged OH" ions. As such, these factors’ effects on the sensor’s response were investigated
independently in this paper.
2.3. Morphology and characterization of the sensor’s response to chloride

The morphology of the graphene, protective geopolymer layer and graphene-
geopolymer interface was examined with a scanning electron microscope (SEM). The effect of
the chlorides on the sensor’s response was characterized using the test setup shown in Fig. 4.
The concrete cube with the embedded sensor was put in a glass container filled with NaCl
solution with chloride concentrations of 0, 10, 20, 40, 60, 80 to 100 mM/L and the response of
the sensor to each concentration was measured and characterized at room temperature using

EIS.

2.4. Characterization of sensor’s response to combined chlorides and OH

The experimental program was repeated to investigate the combined effect of the
alkalinity presence and chlorides on the sensor’s response. The concrete cube with the
embedded sensor was placed in a glass container filled with a solution consisting of mixture of
70% NaCl solution and 30% sodium hydroxide solution. The concentrations of CI- were 10,
20, 40, 60 and 100 mM/L, and the pH levels of the sodium hydroxide solution with pH levels
of 12, 13 and 14. The change in the electrical impedance properties of the sensor as a function

of chloride concentration and pH were determined at room temperature.

2.5. Effect of temperature and humidity on the sensor’s response
The sensor was subjected to different humidity levels and temperatures without being
subjected to chlorides using a temperature and humidity controlled environmental chamber.

The concrete cube was placed in the chamber and EIS measurements were carried out at —10°C,



—5°C, 5°C, 20°C and 35 °C and humidity of about 40% to determine the electrical impedance
properties of the sensor as a function of temperature. During heating, the environmental
chamber was heated from —10°C to 30°C in 5°C and 10°C steps. The electrical impedance
properties of the sensor as a function of humidity were determined.
2.6. Stability and reversibility of the sensor

The stability of the sensor was investigated by monitoring its electrical impedance
properties over a period of 30 days. The concrete cube was put in a glass tub filled with a NaCl
solution using different chloride concentrations. The EIS measurements were conducted when
the sensor’s signal output was stabilized and the electrical impedance properties as a function
of time were determined at room temperature. The reversibility of the sensor was investigated
through a wet-dry cycle regime. The concrete cube was put in a glass container filled with a
NaCl solution using different chloride concentrations and EIS were conducted during the

cycles.

3. Results and discussion

3.1. Morphology of the sensor’s materials

Fig. 5a shows that the morphology feature of the graphene film is dominated by
wrinkles and folds as a result of the graphene nanoplatelets processing. Fig. 5b shows the
microstructure of the protective geopolymer layer after the geopolymerization reaction
completion at 60°C. Geopolymerization reaction involves a chemical reaction between the
dissolved silicates and aluminates in the highly alkaline environment, resulting in an
aluminosilicate gel binder [27]. According to Fig. 5b, the microstructure of the geopolymer
layer is heterogeneous in nature incorporating unreacted fly ash particles. This could be the
result of variation in the properties of the fly ash particles (i.e., physical, chemical, and
mineralogical properties). As Fig. 5¢ shown, a good bond between the aluminosilicate gel and

graphene is observed without delamination.
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3.2. Characterization of the sensor’s response subjected to different chloride concentrations

Fig. 6a shows the Bode plot of the real, imaginary parts and complex of the impedance
for atypical chloride sensor at room temperature prior to exposure to NaCl. This figure suggests
that the electrical resistance mainly dominates the overall impedance of the sensor. At
frequencies between 100 Hz and 100 kHz, the capacitance is significantly reduced, and the
overall impedance becomes purely resistive with an average value of 15 ka.

Fig. 6b shows the Nyquist plot that both the size of the capacitive line (incomplete
semicircle) and the bulk resistance (low intersection point) decreases as the chloride
concentration increases. Due to the porous nature of the geopolymer layer, the ion diffusion
(low frequency region) increases with increasing chloride concentrations. This leads to a
gradual decrease of the charge transfer resistance of the graphene sensing film accompanied
by a gradual change of electrochemical kinetics from charge-transfer control to diffusion
control. At chloride concentrations between 60 and 100 mM, the Nyquist plots are mainly
characterized by a diagonal diffusion line with a very small capacitive line.

The effect of chloride on the Bode plot of the sensor's real and imaginary parts is shown
in Fig. 7a-b, respectively. This shows that the real impedance (bulk resistance) and the
imaginary impedance (bulk capacitance) of the sensor decrease when the chloride
concentration increases due to the decrease in the ionic charge-transfer resistance and the
increase in the ionic diffusion within the geopolymer layer.

3.3. Equivalent circuit model for the sensor

The four in-series components of the equivalent circuit (EC) model representing the
chloride sensor are shown in Fig. 8. In the EC model, the resistor Ry represents the resistance
of the electrical leads connecting the sensor to the EIS system. The resistance of the geopolymer
matrix and the charge transfer resistance are also included and represented by R> and Rs,

respectively. The constant phase element CPE; simulates the capacitive effect in the sensor,



while the constant phase element CPE> simulates the double layer capacitance between the
graphene sheets and the chloride ions. The Warburg diffusion element (W1) represents the
resistance of the ion diffusion in the system. The CPE and Warburg elements are generally

described by their parameters in the following equivalent impedance equations.

1
Zepp(w) = —O(fa))_a (3)

1 .
Zy (w) = Yomcoth(B,/]w) (4)
Here Qo (s*/) and o are the CPE frequency-independent parameters and when o = 1, the
system behaves as an ideal capacitor and the parameter Qo has units of capacitance. When o =

0, the system behaves as an ideal resistor and the parameter Qo has the unit of resistance. Yo

and B in Eq. (4) denotes the diffusion coefficients.

The components of the EC model shown in Fig. 8 were determined for each chloride
concentration by fitting the experimental impedances using the simplex method to minimize
the least squares difference fitting between the measured and predicted impedance. The fitted
and measured impedances are compared in Fig. 9.

Fig. 10 plots o and Qo as a function of chloride concentration for CPE; and CPE>. As
shown in Fig. 10a, the parameter o of CPE1 remains constant at approximately 0.45 for chloride
concentrations between 0 and 100 mM. This implies that CPE1 becomes Warburg impedance
which describes the diffusion process in the porous geopolymer layer. This can be confirmed
by the almost linear increase of the parameter Qo of CPE: by increasing the chloride
concentration as a result of the increased diffusion in the geopolymer layer (Fig. 10b).

The effect of chloride concentrations on the diffusion coefficients (i.e., Warburg
constants) is shown in Fig. 11a. As shown, the coefficients remain roughly constant until 40

mM before a sudden increase at 80 mM. This could be due to the increase in chloride



concentration, which triggers higher diffusion rate. The drop in the coefficients at 100 mM can
be the result of the ions saturation at higher chloride concentrations [28]. From Fig. 11b, R:
(the resistance of the electrodes/wiring, fluctuating around 100 ©) and R> (the resistance of the

geopolymer layer around 100 kQ) are insensitive to chloride.

3.4. Sensor’s sensitivity to combined chloride and hydroxide

Fig. 7 suggest that at the frequency of 1 kHz, the sensor works like a chemiresistor
which is highly sensitive to chlorides. As such, the sensitivity of the sensor to chlorides and
OH was determined at a frequency of 1 kHz. The relative change in resistance (4R) and phase
shift (4¢) in response to chloride is shown in Fig. 12. As shown, bilinear and exponential
relationships between the chlorides content and the electrical resistance of the sensor
characterize the sensor’s response. The bilinear response to the chlorides could be attributed to
the formation of the Friedel's salt [29] where an anion-exchange mechanism takes place in the
chlorides ranging between 10 to 30 mM. Because of this, the pH of the geopolymer pore
solution is increased due to the release of OH™ ions from the AFm hydrates. As a result, the
interference of OH" ions is predominant in the 10 to 30 mM range due to their high electrical
conductivity compared to the chloride ions.

Fig. 13 shows the effect of pH on the sensor’s response to chloride. As can be seen, for
a given chloride concentration, the electrical resistance of the sensor decreases as the pH of the
pore solution increases. This is due to the accumulation of negatively charged OH" ions on the
positively charged graphene surface because of the electrostatic interaction, which increases
the charge carrier density and mobility in the graphene, reducing the electrical resistance (real
impedance) of the sensor. This means the sensor responds to both chloride and alkalinity of the
pore solution. It is worth noting that the response of the sensor to OH" is somewhat comparable

to that of Ag/AgCI chloride sensors [30-32].



The experimental results shown in Fig. 13 were fitted to derive a relationship between
the sensor’s response and the chloride concentration. The non-linear curve lines of best fit and
their equations are illustrated in Fig. 13. A general equation of the fitted lines can be expressed

as:

Z'=—-Z,Cl” + Z;(Cl")? + Z, (5)
where Z' (kQQ) is the real impedance of the sensor, and Z, (kQQ/mM), Z; (kQ/mM) and Z, (kQ2)
are constants.

From Fig. 13, it can be observed that Z, (approximately 0.2 kQQ/mM) and Z; (approximately
0.01 kQ/mM) remain constant over the entire pH range, whereas Z, is highly dependent on the
pH level and decreases as the pH increases. Therefore, Z, represents the interference of the
alkalinity of the pore solution. Once the sensor is calibrated, in-situ chloride contents can be

measured according to Eq (5).

3.5. Stability and reversibility of the sensor

The stability of the chloride sensor in terms of the electrical resistance (real impedance)
and phase shift at the chloride concentration of 60 mM is depicted in Fig. 14. As shown, the
fluctuation of the sensor’s outputs over time is very small, suggesting a good stability over 30
days. The electrical resistance output of the sensor shows a positive drift of 2.19 Q/day,
whereas the phase shift output of the sensor shows a negative drift of 0.0072 deg/day, which
are very small compared to the measured sensitivities and their effect on the sensor’s response
to chlorides.

To confirm the reversibility, a typical wet-dry cycle when the chloride concentration is
40 mM is applied on the sensor. As can be seen in Fig. 15, the time taken to reach a steady
output value from 0 mM (dry state) to 40 mM (wet state) is 8.5 min. This response time is
much longer than that of the Ag/AgCI sensor studied in [29] in which it takes 1.5 minutes to

reach a steady potential value from a chloride concentration of 1 mM to 1000 mM [29]. This
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could be attributed to the slow diffusion of the chloride ions through the geopolymer layer. The
time taken to reach a stable output is about 4.5 min and the time for the sensor to go back to its
original state during drying is 11 min with a deviation of about 0.3%. These results indicate
that the response time of the sensor during the wet-dry cycle is very high compared to the
commonly used Ag/AgCI sensors [29]. The response time of the sensor can be improved by
adjusting and optimizing the porosity structure of the geopolymer layer to allow faster diffusion

and dehydration of the chloride ions without compromising its properties.

3.6. Effect of temperature and humidity

To elucidate whether the sensor output is affected by the environmental interferences
resulting from the temperature and humidity exposure, the real impedance (bulk resistance) of
the sensor was measured at different temperatures and humidity levels as shown in Fig. 16,
respectively. In this study, the temperature and humidity interferences were studied
independently and without the presence of NaCl and pore solution for easy decoupling. From
Fig. 16a, it appears that the temperature range used in this study has little effect and no obvious
trend on the sensor’s response. This could be attributed to the low thermal conductivity of the
geopolymer protective layer [33]. In addition, previous studies have shown that the electrical
properties of graphene are insensitive to temperature within the range of -10 to 60°C [34]. Fig.
16b shows that the humidity has little effect on the sensor’s response. This is because the
electrical conductivity of water is much lower than that of graphene. The obtained results
suggest that temperature and humidity interferences are insignificant and hence their

decoupling from the chloride measurements is not required.

4.Conclusions

In this paper, we demonstrated the feasibility of monitoring the chlorides in concrete
structures using a sensor consisting of functionalized graphene film sandwiched between

geopolymer and OPC cementitious composites. The developed cementitious composite sensor

11



was coupled with EIS to measure its electrical impedance properties. An experimental program
was carried out to characterize the performance of the sensor when subjected to chloride ions,
humidity, temperature and alkalinity. The stability and reversibility of the sensor were
characterized and an electric circuit model was used to gain a deep understanding of the sensor's
electrical response to the chlorides. It was found that the sensor is highly sensitive to chlorides
and exhibits a chemiresistive behaviour with a good stability and reversibility because of the
interaction of chloride ions with the graphene sensing film. It was also found that the sensor is
insensitive to humidity and temperature ranges found in a typical civil engineering
environment. This means that chloride contents can be measured independently of these two
environmental parameters. However, the sensor is highly sensitive to the alkalinity of the pore
solution. Thus, a preliminary expression of the sensor response that considers the interference
of alkalinity (OH" ions) is proposed.

The chloride sensor prototype presented herein offers a cost-effective, easy-to-install
and durable sensor system for health monitoring and management of the civil infrastructure
subjected to chloride-induced corrosion. The sensors could be deployed in the form of a
structural health monitoring system to continuously measure chloride contents in concrete. The
information can be used to update the parameters of chloride diffusion models for the
prediction of corrosion initiation, maintenance, and service-life performance of concrete

structures.
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Abstract

In this paper, we present a rugged cementitious composite sensor for monitoring chloride
ingress in concrete structures. The sensor is in the form of an electrochemical double-layer,
consisting of a chloride ion-selective functionalized graphene film sandwiched between two
cementitious composites. The cementitious composite chloride sensor was subjected to
different chlorides concentrations and electrochemical impedance spectroscopy (EIS)
measurements were conducted to characterize its response. The effect of the pore solution and
the independent impact of temperature and humidity on the sensor’s response were also
quantified. The experimental results showed that the sensor successfully measured chlorides
concentration changes with good sensitivity. The sensor’s response was not affected by
temperature and humidity and showed good reversibility and stability. However, the pH of the
pore solution affected the sensor’s response to chlorides and a sensor calibration equation that
considers pH is proposed. The characterization work presented herein provides a base for the
development of such chloride sensing method, which can provide useful information for
chloride diffusion models updating and health monitoring of the concrete structures subjected

to sodium chloride.
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1. Introduction

Corrosion of reinforcing steel is one of the main causes of deterioration in concrete
structures. Chlorides (CI") penetration into concrete typically occurs when water containing
sodium chloride (NaCl) diffuses into the concrete. When the chlorides level on the surface of
the embedded steel rebars reaches a critical level, their corrosion starts. Excessive corrosion
leads to internal stresses at the concrete-steel interface, causing cracking and delamination of

the concrete cover, potentially reducing the load carrying capacity of the structure [1-4].

The chlorides threshold content at the rebar level depends on the properties of chloride
ions diffusion in concrete, the surface chloride concentration and the pH of the pore solution
[5-7]. Previous studies have shown that pitting of reinforcing steel occurs at chloride
concentration thresholds between 5 and 200 mM/L for pH levels between 12 and 12.5 [8-10].
As such, chloride diffusion models are routinely used together with the surface chloride
concentration to predict the chloride content at the rebar level [11] for durability analysis and
service life prediction of the concrete structures.

There are several non-destructive techniques available for measuring the chlorides
content in the reinforced concrete structures using different sensing technologies such as
electrical resistivity [12,13], optical fibers [6,14,15] and Ag/AgCI chloride [16-18] sensors.
However, when embedded in concrete, the accuracy of these techniques is strongly affected by
the concrete’s environment. For example, the methods used in [12,13] are sensitive to OH",
humidity and temperature, thus it is essential to decouple the measurements from these effects.
Similarly, optical fiber sensors exhibit measurement errors caused by temperature changes and
mechanical deformation [19,20]. The performance of Ag/AgCl sensors is also affected by OH"
, temperature and the existence of bromide, which can be found in seawater [21]. Recently,

composite-based sensors have been developed to measure chloride in concrete. Carbon



nanotube (CNT)-based thin films were used as a potential substitute for Ag/AgClI chloride
sensors [22]. These thin films were designed to act as both working electrodes and sensors [22].
Experimental results showed that these sensors exhibit low detection limit, low sensitivity and
highly susceptible to mechanical and chemical damage in concrete structures.

Other chlorides sensors in the form of conductive graphene/cement [23] and carbon
nanotubes/cement [24] composites have also been developed that measure chloride based on
the assumption that the conductive fillers form continuous conductive networks within the
cement matrix, and their electrical properties are only affected by the chloride ions. However,
achieving continuous conductive networks is extremely challenging as these conductive fillers
cannot be dispersed effectively in the cementitious materials. Plain geopolymer-based cement
sensors were also used to measure the chlorides in concrete structures [25,26], based on the
change in their electrical properties. It is well-known that the OH", K*, Ca?* and Na* ions in the
pore solution, humidity and temperature strongly affect the bulk electrical properties of the
cementitious composites. However, the interference of these measurands in chlorides
monitoring was not investigated and the methodologies determining chlorides independently
of these measurands were not discussed in [23-25]. Although other chemical species such as
S% and SO4*" exist in the pore solution, their effect on the electrical properties needs further

studies and evidence.

In this paper, we present a low-cost cementitious composite sensor for chloride
monitoring in concrete structures. The sensor was manufactured and its response to the
chlorides was characterized. The sensor’s sensitivity, stability and reversibility, and the

interference of alkalinity, temperature and humidity were also investigated.



2. Experimental program
2.1 Materials and sensor fabrication

Fig. 1 shows the layout of the chloride sensor. It consists of a chloride ion-selective
functionalized graphene film (18 mm x 24 mm x 0.5 mm) deposited on tapered mortar support
and protected by a porous geopolymer layer of approximately 2 mm in thickness. The sensor
has a graphene active sensing area of 4 mm x 18 mm located in the middle. The chloride ion-
selective film consists of amine-functionalized graphene nanoplatelets (NH2/GNPs) purchased
from Cheaptubes™, USA. The porous protective geopolymer layer was produced from class F
fly ash and an alkaline solution. The alkaline solution consisted of potassium silicate solution
(SiO2 = 26.6%, K20 = 30.7% and H2O = 42.7%). The alkaline solution-to-fly ash (A/F) ratio
was 0.55, resulting a porous mixture.

Mortar synthesized from Ordinary Portland Cement (OPC) type CEM | 52.5N and fine
sand was used to manufacture the sensor's support. The steps of manufacturing the chlorides
sensor are shown in Fig. 2a. The sensor's support was cast and cure for a 28 days, then the rest
of the sensor was built according to Fig. 2. A copper mesh with electrical wires was also
inserted into the geopolymer layer to form the electrodes of the sensor. The fabricated sensor,
shown in Fig. 2b, was cured at 60 °C for 24 h and was then embedded in a normal concrete
cube (100 mm x 100 mm x 100 mm) at a depth of 3 cm from the top surface as shown in Fig.

2cC.

2.2. Working principle of the chloride sensor

Fig. 3 shows the working principle of the chloride sensor. The Na* and CI" ions diffuse
through the porous protective geopolymer layer and interact with the functionalized graphene
film. During this process, the positively charged functional groups on the graphene film attract
the predominant negatively charged hydrated CI" ions and repel the positively charged hydrated

Na*, K* and Ca?* ions. The chloride monitoring can be achieved by measuring the changes in



the electrical impedance properties of the electrochemical double-layer-based chloride sensor,
caused by the change in the chloride content in concrete. The electrical impedance properties
of the sensor may also be affected by factors such as temperature and humidity, the negatively
charged OH" ions. As such, these factors’ effects on the sensor’s response were investigated
independently in this paper.
2.3. Morphology and characterization of the sensor’s response to chloride

The morphology of the graphene, protective geopolymer layer and graphene-
geopolymer interface was examined with a scanning electron microscope (SEM). The effect of
the chlorides on the sensor’s response was characterized using the test setup shown in Fig. 4.
The concrete cube with the embedded sensor was put in a glass container filled with NaCl
solution with chloride concentrations of 0, 10, 20, 40, 60, 80 to 100 mM/L and the response of
the sensor to each concentration was measured and characterized at room temperature using

EIS.

2.4. Characterization of sensor’s response to combined chlorides and OH"

The experimental program was repeated to investigate the combined effect of the
alkalinity presence and chlorides on the sensor’s response. The concrete cube with the
embedded sensor was placed in a glass container filled with a solution consisting of mixture of
70% NacCl solution and 30% sodium hydroxide solution. The concentrations of CI” were 10,
20, 40, 60 and 100 mM/L, and the pH levels of the sodium hydroxide solution with pH levels
of 12, 13 and 14. The change in the electrical impedance properties of the sensor as a function

of chloride concentration and pH were determined at room temperature.

2.5. Effect of temperature and humidity on the sensor’s response
The sensor was subjected to different humidity levels and temperatures without being
subjected to chlorides using a temperature and humidity controlled environmental chamber.

The concrete cube was placed in the chamber and EIS measurements were carried out at —10°C,



—5°C, 5°C, 20°C and 35 °C and humidity of about 40% to determine the electrical impedance
properties of the sensor as a function of temperature. During heating, the environmental
chamber was heated from —10°C to 30°C in 5°C and 10°C steps. The electrical impedance
properties of the sensor as a function of humidity were determined.
2.6. Stability and reversibility of the sensor

The stability of the sensor was investigated by monitoring its electrical impedance
properties over a period of 30 days. The concrete cube was put in a glass tub filled with a NaCl
solution using different chloride concentrations. The EIS measurements were conducted when
the sensor’s signal output was stabilized and the electrical impedance properties as a function
of time were determined at room temperature. The reversibility of the sensor was investigated
through a wet-dry cycle regime. The concrete cube was put in a glass container filled with a
NaCl solution using different chloride concentrations and EIS were conducted during the

cycles.

3. Results and discussion

3.1. Morphology of the sensor’s materials

Fig. 5a shows that the morphology feature of the graphene film is dominated by
wrinkles and folds as a result of the graphene nanoplatelets processing. Fig. 5b shows the
microstructure of the protective geopolymer layer after the geopolymerization reaction
completion at 60°C. Geopolymerization reaction involves a chemical reaction between the
dissolved silicates and aluminates in the highly alkaline environment, resulting in an
aluminosilicate gel binder [27]. According to Fig. 5b, the microstructure of the geopolymer
layer is heterogeneous in nature incorporating unreacted fly ash particles. This could be the
result of variation in the properties of the fly ash particles (i.e., physical, chemical, and
mineralogical properties). As Fig. 5¢ shown, a good bond between the aluminosilicate gel and

graphene is observed without delamination.
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3.2. Characterization of the sensor’s response subjected to different chloride concentrations

Fig. 6a shows the Bode plot of the real, imaginary parts and complex of the impedance
for atypical chloride sensor at room temperature prior to exposure to NaCl. This figure suggests
that the electrical resistance mainly dominates the overall impedance of the sensor. At
frequencies between 100 Hz and 100 kHz, the capacitance is significantly reduced, and the
overall impedance becomes purely resistive with an average value of 15 ka.

Fig. 6b shows the Nyquist plot that both the size of the capacitive line (incomplete
semicircle) and the bulk resistance (low intersection point) decreases as the chloride
concentration increases. Due to the porous nature of the geopolymer layer, the ion diffusion
(low frequency region) increases with increasing chloride concentrations. This leads to a
gradual decrease of the charge transfer resistance of the graphene sensing film accompanied
by a gradual change of electrochemical kinetics from charge-transfer control to diffusion
control. At chloride concentrations between 60 and 100 mM, the Nyquist plots are mainly
characterized by a diagonal diffusion line with a very small capacitive line.

The effect of chloride on the Bode plot of the sensor's real and imaginary parts is shown
in Fig. 7a-b, respectively. This shows that the real impedance (bulk resistance) and the
imaginary impedance (bulk capacitance) of the sensor decrease when the chloride
concentration increases due to the decrease in the ionic charge-transfer resistance and the
increase in the ionic diffusion within the geopolymer layer.

3.3. Equivalent circuit model for the sensor

The four in-series components of the equivalent circuit (EC) model representing the
chloride sensor are shown in Fig. 8. In the EC model, the resistor Ry represents the resistance
of the electrical leads connecting the sensor to the EIS system. The resistance of the geopolymer
matrix and the charge transfer resistance are also included and represented by R> and Rs,

respectively. The constant phase element CPE; simulates the capacitive effect in the sensor,



while the constant phase element CPE> simulates the double layer capacitance between the
graphene sheets and the chloride ions. The Warburg diffusion element (W1) represents the
resistance of the ion diffusion in the system. The CPE and Warburg elements are generally

described by their parameters in the following equivalent impedance equations.

1
Zepp(w) = —O(fa))_a (3)

1 .
Zy (w) = Yomcoth(B,/]w) (4)
Here Qo (s*/) and o are the CPE frequency-independent parameters and when o = 1, the
system behaves as an ideal capacitor and the parameter Qo has units of capacitance. When o =

0, the system behaves as an ideal resistor and the parameter Qo has the unit of resistance. Yo

and B in Eq. (4) denotes the diffusion coefficients.

The components of the EC model shown in Fig. 8 were determined for each chloride
concentration by fitting the experimental impedances using the simplex method to minimize
the least squares difference fitting between the measured and predicted impedance. The fitted
and measured impedances are compared in Fig. 9.

Fig. 10 plots o and Qo as a function of chloride concentration for CPE; and CPE>. As
shown in Fig. 10a, the parameter o of CPE1 remains constant at approximately 0.45 for chloride
concentrations between 0 and 100 mM. This implies that CPE1 becomes Warburg impedance
which describes the diffusion process in the porous geopolymer layer. This can be confirmed
by the almost linear increase of the parameter Qo of CPE: by increasing the chloride
concentration as a result of the increased diffusion in the geopolymer layer (Fig. 10b).

The effect of chloride concentrations on the diffusion coefficients (i.e., Warburg
constants) is shown in Fig. 11a. As shown, the coefficients remain roughly constant until 40

mM before a sudden increase at 80 mM. This could be due to the increase in chloride



concentration, which triggers higher diffusion rate. The drop in the coefficients at 100 mM can
be the result of the ions saturation at higher chloride concentrations [28]. From Fig. 11b, R:
(the resistance of the electrodes/wiring, fluctuating around 100 ©) and R> (the resistance of the

geopolymer layer around 100 kQ) are insensitive to chloride.

3.4. Sensor’s sensitivity to combined chloride and hydroxide

Fig. 7 suggest that at the frequency of 1 kHz, the sensor works like a chemiresistor
which is highly sensitive to chlorides. As such, the sensitivity of the sensor to chlorides and
OH was determined at a frequency of 1 kHz. The relative change in resistance (4R) and phase
shift (4¢) in response to chloride is shown in Fig. 12. As shown, bilinear and exponential
relationships between the chlorides content and the electrical resistance of the sensor
characterize the sensor’s response. The bilinear response to the chlorides could be attributed to
the formation of the Friedel's salt [29] where an anion-exchange mechanism takes place in the
chlorides ranging between 10 to 30 mM. Because of this, the pH of the geopolymer pore
solution is increased due to the release of OH™ ions from the AFm hydrates. As a result, the
interference of OH" ions is predominant in the 10 to 30 mM range due to their high electrical
conductivity compared to the chloride ions.

Fig. 13 shows the effect of pH on the sensor’s response to chloride. As can be seen, for
a given chloride concentration, the electrical resistance of the sensor decreases as the pH of the
pore solution increases. This is due to the accumulation of negatively charged OH" ions on the
positively charged graphene surface because of the electrostatic interaction, which increases
the charge carrier density and mobility in the graphene, reducing the electrical resistance (real
impedance) of the sensor. This means the sensor responds to both chloride and alkalinity of the
pore solution. It is worth noting that the response of the sensor to OH" is somewhat comparable

to that of Ag/AgCI chloride sensors [30-32].



The experimental results shown in Fig. 13 were fitted to derive a relationship between
the sensor’s response and the chloride concentration. The non-linear curve lines of best fit and
their equations are illustrated in Fig. 13. A general equation of the fitted lines can be expressed

as:

Z'=—ZyCl” + Z;(Cl")? + Z, (5)
where Z' (kQQ) is the real impedance of the sensor, and Z, (kQQ/mM), Z; (kQ/mM) and Z, (kQ2)
are constants.

From Fig. 13, it can be observed that Z, (approximately 0.2 kQQ/mM) and Z; (approximately
0.01 k@/mM) remain constant over the entire pH range, whereas Z, is highly dependent on the
pH level and decreases as the pH increases. Therefore, Z, represents the interference of the
alkalinity of the pore solution. Once the sensor is calibrated, in-situ chloride contents can be

measured according to Eq (5).

3.5. Stability and reversibility of the sensor

The stability of the chloride sensor in terms of the electrical resistance (real impedance)
and phase shift at the chloride concentration of 60 mM is depicted in Fig. 14. As shown, the
fluctuation of the sensor’s outputs over time is very small, suggesting a good stability over 30
days. The electrical resistance output of the sensor shows a positive drift of 2.19 Q/day,
whereas the phase shift output of the sensor shows a negative drift of 0.0072 deg/day, which
are very small compared to the measured sensitivities and their effect on the sensor’s response
to chlorides.

To confirm the reversibility, a typical wet-dry cycle when the chloride concentration is
40 mM is applied on the sensor. As can be seen in Fig. 15, the time taken to reach a steady
output value from 0 mM (dry state) to 40 mM (wet state) is 8.5 min. This response time is
much longer than that of the Ag/AgCI sensor studied in [29] in which it takes 1.5 minutes to

reach a steady potential value from a chloride concentration of 1 mM to 1000 mM [29]. This

10



could be attributed to the slow diffusion of the chloride ions through the geopolymer layer. The
time taken to reach a stable output is about 4.5 min and the time for the sensor to go back to its
original state during drying is 11 min with a deviation of about 0.3%. These results indicate
that the response time of the sensor during the wet-dry cycle is very high compared to the
commonly used Ag/AgCI sensors [29]. The response time of the sensor can be improved by
adjusting and optimizing the porosity structure of the geopolymer layer to allow faster diffusion

and dehydration of the chloride ions without compromising its properties.

3.6. Effect of temperature and humidity

To elucidate whether the sensor output is affected by the environmental interferences
resulting from the temperature and humidity exposure, the real impedance (bulk resistance) of
the sensor was measured at different temperatures and humidity levels as shown in Fig. 16,
respectively. In this study, the temperature and humidity interferences were studied
independently and without the presence of NaCl and pore solution for easy decoupling. From
Fig. 16a, it appears that the temperature range used in this study has little effect and no obvious
trend on the sensor’s response. This could be attributed to the low thermal conductivity of the
geopolymer protective layer [33]. In addition, previous studies have shown that the electrical
properties of graphene are insensitive to temperature within the range of -10 to 60°C [34]. Fig.
16b shows that the humidity has little effect on the sensor’s response. This is because the
electrical conductivity of water is much lower than that of graphene. The obtained results
suggest that temperature and humidity interferences are insignificant and hence their

decoupling from the chloride measurements is not required.

4.Conclusions

In this paper, we demonstrated the feasibility of monitoring the chlorides in concrete
structures using a sensor consisting of functionalized graphene film sandwiched between

geopolymer and OPC cementitious composites. The developed cementitious composite sensor
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was coupled with EIS to measure its electrical impedance properties. An experimental program
was carried out to characterize the performance of the sensor when subjected to chloride ions,
humidity, temperature and alkalinity. The stability and reversibility of the sensor were
characterized and an electric circuit model was used to gain a deep understanding of the sensor's
electrical response to the chlorides. It was found that the sensor is highly sensitive to chlorides
and exhibits a chemiresistive behaviour with a good stability and reversibility because of the
interaction of chloride ions with the graphene sensing film. It was also found that the sensor is
insensitive to humidity and temperature ranges found in a typical civil engineering
environment. This means that chloride contents can be measured independently of these two
environmental parameters. However, the sensor is highly sensitive to the alkalinity of the pore
solution. Thus, a preliminary expression of the sensor response that considers the interference
of alkalinity (OH" ions) is proposed.

The chloride sensor prototype presented herein offers a cost-effective, easy-to-install
and durable sensor system for health monitoring and management of the civil infrastructure
subjected to chloride-induced corrosion. The sensors could be deployed in the form of a
structural health monitoring system to continuously measure chloride contents in concrete. The
information can be used to update the parameters of chloride diffusion models for the
prediction of corrosion initiation, maintenance, and service-life performance of concrete

structures.
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