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Abstract  The phase assemblage evolution of bind-
ers with novel supplementary cementitious materials 
(SCMS) during exposure to adverse environments 
needs to be quantified to accelerate their adoption, 
and further optimize binder formulation. As such, the 
interaction between chloride and cementitious matri-
ces with novel SCMs needs to be quantified. The goal 
of workgroup 2 of RILEM TC EBD-298 is to assess 
the methods used to quantify chloride binding. This 
state-of-the-art report reviews the standardized and 

novel methods to measure chloride binding through 
an average content (acid/water soluble) or a specific 
bound content per phase (XRD, TGA, SEM–EDS, 
…). Each method is presented with respect to our 
current understanding of chloride binding and spe-
ciation in cementitious materials. The discussion 
around the purpose, use and reporting of each method 
highlights the gaps limiting the comparison between 
studies, in particular the lack of standard protocol, 
and complementary characterization. This review is 
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the groundwork for a “cookbook” of experimental 
workflows to investigate chloride binding in modern 
cementitious binders.

Keywords  Chloride ingress · Chloride 
binding · Cementitious materials · Measurement · 
Supplementary cementitious materials (SCM)

1  Introduction

The introduction of new binders and novel supple-
mentary cementitious materials (SCMs) to mitigate 
climate change is slowed by the necessity to provide 
safe and durable infrastructure, and living environ-
ment. It is a challenge as we lack the necessary real-
world experience to assess the potential to achieve the 
long-term resistance of these new materials to dura-
bility issues. In particular, chloride ingress is one of 
the main durability issues for reinforced concrete [1]. 
Although it was shown that quantifying corrosion is 
crucial to predict the loss of mechanical properties 
[2], the effect of the binder needs to be understood 
with respect to its chemistry and its interaction with 
chloride, so that safe and durable mixture designs can 
be used in practice [3].

Extensive research has been carried out on chlo-
ride binding in cementitious materials (e.g. [4–13]), 
but we are still far from being able to predict the 
impact of a binder on the chloride binding capacity 
of a concrete [3, 14]. The binding capacity is the abil-
ity of the cementitious matrix to bind chloride to its 
solid phases. There are usually two main mechanisms 
of chloride binding identified in the literature: chemi-
cal and physical binding. The chemical binding is the 

inclusion of chloride atoms in the structure of a solid 
phase. The main cementitious hydrates able to chemi-
cally bind chloride are members of the AFm family: 
[Ca2(Al,Fe)(OH)6]·X·yH2O, where X represents a 
monovalent ion (e.g., OH−, Cl−), or half of a divalent 
interlayer anion, (e.g., 0.5 SO4

2−, 0.5 CO3
2−), and y 

represents the number of water molecules. Chloride 
incorporation in the AFm phases leads to the forma-
tion of Friedel’s salt, or associated solid phases [15]. 
Although chloride incorporation in these phases 
is a well-known mechanism, there are still many 
open questions, and no thermodynamic model cor-
rectly represents Friedel’s salt solid solutions [16]. 
Chemical binding is also reported for hydrotalcite: 
Mg6Al2CO3(OH)16·4H2O [10, 17]. In addition, it 
leads to the formation of calcium oxychloride at high 
chloride content (~ 15% CaCl2) and low temperature 
[18]. On the other hand, physical binding is the sorp-
tion of chloride on the surface of a solid phase. The 
main known contributor to this mechanism is the cal-
cium silicate hydrate phase (C–S–H). Some models 
exist [8, 19] although their application or validation 
to a wide range of systems is still under discussion 
[12, 20], notably because a generic C–S–H model is 
still missing [21].

Most of the issues with modeling chloride binding 
come from the challenge to quantify them in situ [14]. 
The binding isotherm is a tool often used in many 
scientific fields to quantify the fraction of the species 
uptake by the solid as a function of the concentration 
of the species in the equilibrium solution. It is also 
often used for cementitious materials as represented 
in Fig.  1. As highlighted in the previous paragraph, 
the total chloride binding can be separated into sev-
eral contributions. However, standard measurement 
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methods only provide two data points provided by 
the acid-soluble [22] and water-soluble methods [23], 
which are assumed to provide the total chloride con-
tent and the free chloride content, respectively. How-
ever, there are no standardized methods to analyze the 
individual binding mechanisms, and the interpreta-
tion of acid and water-soluble chloride interpretation 
is under debate [13, 20]. A new classification of chlo-
rides as mobile and immobile chloride was proposed 
recently [3] as these classes better suit the needs of 
modelers but their correlation to the physical classes 
of chloride is not straightforward due to the lack of 
generic thermodynamic models to predict the chlo-
ride binding isotherm [3, 14], as well as the issue 
of interpretation of what chloride mobility actually 
means in C–S–H gel pores [3, 24, 25].

To better predict the impact of novel binders on 
binding isotherms, it is necessary to better quantify 
the contribution of each phase to the overall binding. 
This is widely recognized in the literature and many 
advancements have been made in the last decades [3, 
9, 13, 20, 26–28]. Thus, the goal of this article is to 
review these advances in the field of chloride bind-
ing, with a particular focus on the measurement 
methods. We review each method which allows to 
describe the different classes of chloride highlighted 
in Fig.  1, in terms of a few governing questions: 

What is measured? How is it measured? How well 
is it measured? We also provide a few representative 
studies for the use of these methods to demonstrate 
how the complementary information obtained by the 
combination of these methods can be used to improve 
our understanding of chloride binding mechanisms 
and their quantification. This review will be used by 
TC 298-EBD to justify a set of recommendations on 
which methods and protocols to use as function of the 
goal of the investigation.

2 � Bulk methods

2.1 � Measuring chloride in solution

Many bulk methods rely on measuring the chloride 
in solution after equilibrium with the solid phases, 
extraction of bound chloride in acid/water solution, or 
after dissolution of the solid phases in a solution. As 
such, these methods rely on the accurate determina-
tion of the chloride concentration in solution.

2.1.1 � Titration

Various methods for titration have been adopted 
for determining the chloride content in a solution. 
Among them, potentiometric and Volhard methods 
are most commonly applied.

The potentiometric titration method as used in 
AASHTO T 260–21 [29] or ASTM C1152 [22] 
involves titrating a chloride solution with an AgNO3 
solution. The equivalence point, i.e. the amount of 
added AgNO3 solution corresponding to the high-
est electric potential change, is used to determine the 
chloride concentration in solution. The electric poten-
tial is measuring with either a Cl− or Ag+ electrode.

The Volhard titration method is a back-titration 
method. It is used for example in the Nordic standard 
NT BUILD 208 [30]. First, an excess 0.1 M AgNO3, 
along with 2 to 3 ml of benzyl alcohol or nonanol and 
1 ml of saturated ammonium ferri-sulfate, are intro-
duced. The final step is colorimetric titration using 
0.1 M ammonium thicyanate (NH4SCN).

The choice of these methods mainly depends on 
locally accepted norms regarding the accuracy or 
reproducibility offered by each method, as well as the 
familiarity of the lab with each method.  Tang [31] 
studied the performance of two titration methods for 

Fig. 1   Schematic representation of a typical chloride binding 
isotherm and its classification in different classes of chloride 
species
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OPC as well as fly ash, slag, and silica fume-sub-
stituted concrete across four different laboratories. 
The study found that both methods have limitations 
in accurately determining chloride content within 
the range of 0.4–0.5% Cl by mass of binder. The 
potentiometric titration method tends to underesti-
mate chloride content by 1.5–3% for OPC and silica 
fume-blended concrete and by 7–9% for slag or fly 
ash-blended concrete. The Volhard titration method 
also underestimates chloride content but to a greater 
extent, approximately 8% for OPC and silica fume-
blended concrete and around 18% for slag or fly ash-
blended concrete. Due to these discrepancies, Tang 
suggests that the Volhard titration method requires 
modification when testing samples with lower chlo-
ride content to achieve acceptable repeatability and 
reproducibility. However, for samples with higher 
chloride content (> 0.05% Cl by mass of sample), the 
Volhard titration method has shown to provide sat-
isfactory repeatability and reproducibility. The rec-
ommendation from Nordtest (NT BUILD 208 [30]) 
concludes that the potentiometric method is more 
accurate among the two different types of titration 
methods [30]. Similarly, Potgieter et al. compared the 
Volhard and potentiometric titrations for South Afri-
can cement, clinker and raw materials, and found that 
the superior method of analysis proved to be an acetic 
acid dissolution followed by a potentiometric titration 
[32].

On the other hand, a study conducted on the 
determination of total chloride content in reinforced 
concrete, undertaken by RILEM TC 178-TMC com-
prising 30 different laboratories around the world, 
recommended the Volhard method as most suitable 
for calculating the total chloride content [33]. Their 
procedure for analyzing the total chloride content is 
divided into extraction and quantification followed 
by an estimation of the reliability of these two steps 
individually. However, it is worth pointing out that in 
this study, the Volhard titration method was utilized 
by a significantly smaller number of laboratories 
compared to the Potentiometric titration method. This 
observation suggests that there may be fewer techni-
cal facilities equipped with the expertise required for 
performing the Volhard method.

2.1.2 � IC and ICP‑OES

Ion Chromatography (IC) or Inductively Coupled 
Plasma with Optical Emission Spectroscopy (ICP-
OES) belong to the classical wet chemistry analyses 
of solutions. As a chromatographic method, IC is a 
two-step method. First, the species are separated, then 
quantified [34]. For the separation, the liquid sample 
needs to move through a separation column that con-
tains a so-called stationary phase and is flushed by a 
so-called mobile phase. The liquid sample is injected 
into the mobile phase (e.g., carbonate solution). The 
injected sample then interacts with the stationary 
phase (e.g. plastic material combined with quaternary 
amino groups), which leads to a retarded ion trans-
port through the separation column [35]. Depending 
on the type of ion, they interact more or less with the 
stationary phase, so different ions require different 
times to reach the other end of the separation column, 
thereby, various ions are separated by retention time. 
At the end of the column, a detector is placed. For 
anion determination, a conductivity measurement is 
commonly used [36].

The ICP-OES belongs to the optical, more specifi-
cally, the spectroscopic methods. It relies on the ine-
lastic interaction (energy conversion) of the sample 
with electromagnetic radiation. In the ICP part of the 
method, the sample is atomized, ionized, and excited 
by a hot Argon plasma. The excited ions then relax 
into ground states again, emitting electromagnetic 
radiation of an element-specific wavelength. This 
radiation can then be detected and quantified by the 
optical spectroscopy part of the method. Commonly, 
wavelengths in or near the visible light spectrum 
between 160 and 900 nm are measured by ICP-OES 
[37, 38].

Due to their differences in measurement principles, 
both methods show different quantification limits 
[39]. While the ICP-OES generally is a reliable and 
accurate measurement method [37], the quantification 
of chloride is rather complicated with this method. 
This is because the emission band of chlorine at 
837.6 nm is rather weak, and the signal from an addi-
tional emission band at 134.7 nm is absorbed by air 
and can only be detected by the use of special optics 
[40–42]. In nitric acid matrices, the reported limit of 
detection (LOD) is 50–120 µg/L [43, 44]. For chlo-
ride analyses, IC shows considerably better LOD. In 
drinking water analysis, a common method detection 
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limit (MDL) is 5 µg/L. In samples of 0.5 g extracted 
with 100 mL deionized water, this translates to a mass 
concentration of approx. 0.0001 wt.% [45]. However, 
since the samples of interest are commonly extracted 
from concrete samples, they show a high concentra-
tion of other ions as well (e.g. NO3

− from extraction 
in nitric acid, or SO4

2−, Na+, K+, and Ca2+). Thus, the 
samples need to be considerably diluted before being 
measured.

UV/Visible and near-infrared spectrometry has 
also been used to measure chloride concentration in 
solution [46–48]. However, to the authors’ knowl-
edge, the use of these methods in routine measure-
ments in concrete applications is not reported in the 
scientific literature.

For these reasons, titration methods, and poten-
tiometric methods in particular, are usually regarded 
as the “go-to” methods in the literature, due to 
their shorter time, lower equipment and expertise 
requirements.

2.2 � Measuring chloride in solids

Although, chloride determination from solution is a 
common method, there is some interest to measure 
chloride content directly from the solid to accelerate 
the process. Micro-X-Ray Fluorescence (µXRF) is 
a relatively recent addition to characterize the chlo-
ride profile of concrete, and by extension the chloride 

binding in-situ. This technique is a method for ele-
mental analysis which involves the use of X-rays to 
stimulate the atoms within the sample. This prompts 
the atoms to emit X-rays with distinct energy signa-
tures which are used to identify and quantify the indi-
vidual elements in the sample. µXRF is well suited 
to measure the average elemental distribution as the 
interaction volume is significantly larger than the 
characteristic size of cement paste phases (spot size 
of 20–50 µm). The measurement can be carried out at 
selected point on a cross-section to obtain a concen-
tration profile.

µXRF provides energy spectra and chloride counts, 
which can be quantified (if needed) with calibra-
tion curves obtained for similar cementitious sam-
ples doped with known amounts of chloride [49]. 
The limit of detection and the limit of quantification 
were determined to be about 0.003 and 0.011 w% of 
cement respectively [49]. This is on par with the titra-
tion method to determine the total chloride content 
(Sect.  2.3.2). Figure  2 shows a comparison between 
chloride profiles determined from µXRF and total 
acid soluble chloride from titration. A good correla-
tion is generally found between depth-averaged µXRF 
measurements and acid titration [28, 50]. Calibra-
tion with doped samples requires more efforts and 
is required for the quantification of chloride binding. 
However, chloride counts (with specific instrument 
parameters) readily provide a strong comparative 

Fig. 2   Comparison of 
chloride profiles determined 
from titration and µXRF 
after chloride ponding for 
a 45 days, b 90 days and c 
135 days (reproduced with 
permissions from [28]). 
µXRF-reduced data points 
are obtained by averaging 
the profile over the depth
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basis for analyzing chloride profiles and chloride 
ingress (e.g., with penetration depths) [51].

Laser-Induced Breakdown Spectroscopy (LIBS) is 
another method to determine the total chloride con-
tent in solid samples [52, 53]. In this measurement, 
the surface of the sample is evaporated in a plasma 
with a high-energy laser. The plasma emits charac-
teristic near-infrared radiation which can be detected 
and quantified. A limit of detection of 0.1–0.15 wt%, 
and a resolution of 2 mm is reported, as well as a 
good correlation with the acid-soluble method similar 
to µXRF [52, 54].

In addition to the direct measure on solid, a main 
advantage of µXRF or LIBS is that they also measure 
the concentration of other elements simultaneously. 
As such, further correlation with other elements is 
possible, such as magnesium phases precipitation 
during seawater exposure [55].

2.3 � Equilibrium methods for measuring binding 
capacity

2.3.1 � General description of the methods

The equilibrium method is a simple experimental 
concept to measure the binding isotherm. It involves 
immersing cementitious paste or mortar samples in 
an external chloride solution to attain equilibrium 
with the pore solution. The free chloride concentra-
tion in the pore solution is then considered equal to 
that of the external solution.

Zibara [56] has documented three distinct, chrono-
logical versions of the equilibrium method. In the first 
method, as used and documented by Blunk et al. [57], 
Byfors [58] and Tritthard [4], the bulk samples are 
simply immersed in a known chloride solution and 
the eventual decrease in its chloride concentration is 
determined upon achieving an equilibrium. The total 
chloride is determined by the difference in concen-
tration between the initial and the equilibrium solu-
tion. However, this method can require up to 1 year 
of experimental time to reach equilibrium, as reported 
by Tritthard [4].

Alternatively, Sandberg and Larsson [59] used a 
second method where the chloride concentration was 
kept constant until equilibrium was reached. The total 
chloride can then be measured directly by acid-solu-
ble chloride titration, and the bound chloride calcu-
lated if the porosity is known.

The third and the currently used version of the 
equilibrium method, developed by Tang and Nils-
son [60], provides a much quicker evaluation of the 
bound chlorides. This technique involves exposing 
a ground cement paste sample to a chloride solution 
of known concentration and measuring the depletion 
after allowing sufficient time to achieve equilibrium. 
According to Tang and Nilsson, when a paste is wet-
crushed and water-sieved to particle size of 0.25–2 
mm, the adsorption equilibrium could be reached 
within 14 days, as shown in Fig.  3. The method 
uses 25 g of crushed sample dried at 11% RH, and 
immersed in a NaCl solution saturated with Ca(OH)2. 
The chloride concentration is determined by potentio-
metric titration. The content of the bound chlorides is 
calculated by the following equation:

Fig. 3   Immersion time required to reach equilibrium between 
crushed cement paste and a NaCl solution (Reproduced with 
permission from [60])
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where Cb is the bound chloride content (mg/g-sam-
ple); V is the volume of exposure solution (ml); C0, 
and C1 are the initial concentration and the equilib-
rium concentration of the exposure chloride solu-
tion (mol/l); and W is the weight of dry sample (g) 
that can be obtained from the difference in weight of 
the wet sample and the amount of free water. In the 
original publication, the amount of free water was 
estimated from the difference in weight of the sam-
ple dried in a desiccator at 11% RH and in an oven at 
105°C [60]. In more recent work, the free water con-
tent has also been determined by drying at 40°C until 
constant mass by thermogravimetric analysis (TGA) 
[61] as ettringite and C–S–H can already lose bound 
water below 105°C [62].

The Tang and Nilsson method is the most used 
method today. It has been instrumental in assess-
ing other chloride binding methods and it is there-
fore considered to be fairly accurate, as used and 
validated by several researchers [4, 9, 10, 63–65]. 
For example, Dhir et  al.[63] used this equilibrium 
method to establish the chloride binding capacity of 
GGBS pastes compared to PC control pastes. Dela-
grave et  al.[65] used the same method to evaluate 
the interaction mechanisms of chloride with hydra-
tion products of cement pastes with different con-
centrations of silica fume and clinker. Zibara [56] 
established a comprehensive discussion on the 
reproducibility of the Tang and Nilsson test pro-
cedure. De Weerdt et  al. used the same method 

(1)Cb =
MClV

(

C0 − C1

)

W

to study the chloride binding isotherms for well 
hydrated cement pastes exposed to MgCl2, CaCl2 
and NaCl solutions of varying chloride concen-
trations [9]. The use of the equilibrium method to 
carry out a series of studies on the chloride binding 
capacity confirms the applicability of this method to 
varying cementitious systems including supplemen-
tary cementitious materials [10, 12, 13, 27].

2.3.2 � Equilibration time for powdered samples 
versus paste discs

In general, the time taken for a sample to reach equi-
librium has been observed to differ with respect to 
the sample size. Crushed particles have consistently 
shown significantly higher chloride binding rates 
than discs (or slices) [60, 66], i.e., discs generally 
take longer times to reach equilibrium. For instance, 
Arya et al. observed that discs of 6 mm thickness did 
not reach equilibrium after 84 days of immersion in 
2% chloride solution [6]. Nevertheless, thinner discs 
(e.g., 1–3 mm) equilibrates faster and this shape of 
sample allows for further experiments [13], such as 
XRD on wet discs (see Sect. 3.2).

On the other hand, a few studies have observed 
crushed or powdered samples to demonstrate higher 
binding capacities than discs, leading to an overes-
timation of bound chlorides (or an underestimation 
by the disc method) [56, 67]. Smaller particle sizes 
of samples would also enable higher chances of car-
bonation and/or continuation of hydration [64, 68] in 
particular when wet-crushing and water sieving are 
used. The best choice of sample geometry is currently 

Table 1   Sample and solution used in equilibrium chloride binding experiments

Sample type Size or thickness Sample mass 
(g)

Solution volume 
(mL)

Author, Date References

Disc 1 cm Tritthard (1989) [70]
Crushed pieces 0.25–2 mm 25 Tang and Nilson (1993) [60]
Crushed pieces 0.25–2 mm 25 30 Dhir et al. (1996) [63]
Crushed pieces 0.25–2 mm 8 10 Jensen (2000) [7]
Disc 3 mm 25  ~ 100 Zibara (2001) [27, 56]
Crushed pieces 0.2–2.5 mm 75 Baroghel et al. (2012) [8]
Crushed pieces  < 1 mm 30 15 De Weerdt et al. (2015) [9]
Crushed pieces 5 mm 25 100 Sui et al. (2019) [11]
Disc 2 mm 7 40 Wilson et al. (2022) [13]
Crushed pieces  < 2 mm 20 20 Baba Ahmadi et al. (2022) [12]
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unclear and should be decided based on the lab exper-
tise, comparison to previous experiments, and/or 
requirements of associated experiments.

2.3.3 � Mass of sample versus mass of solution

Table 1 summarizes the sample type, mass of sample 
and the volume of solution used in selected chloride 
binding experiments. The first observation is that the 
necessary information is not always provided by the 
authors, especially in older studies. This limits the 
potential comparison between these studies. This 
ratio between the mass of the sample vs. the volume 
of the solution changes the difference between initial 
concentration and the final concentration, as well as 
the buffering of the solution by the sample (e.g. pH, 
sulfate, …) or the potential carbonation. It is yet 
unclear which conditions should be preferred. For 
future analysis and modeling of these experiments, 
the necessary complementary data (pH, free chloride 
concentration, carbonation degree, …) should be pro-
vided by the authors [3, 69].

2.3.4 � Type of exposure solution

The solutions are generally pure chloride solutions 
with specific associated cations such as sodium, cal-
cium, or magnesium. Traditionally, sodium chloride 
solution seems to have been a major chloride solu-
tion of interest, however calcium and magnesium 
chloride solutions have also been a point of investiga-
tion as reported by [9, 70]. The effects of pH on chlo-
ride binding or leaching of calcium have also been 
investigated with NaOH and HCl solutions [4, 13, 
61]. Moreover, attempts towards mimicking the pore 
solution of cementitious matrices have motivated the 
addition of Ca(OH)2 and/or NaOH in chloride solu-
tions [9, 13, 71]. Whether this method for simulation 
of pore solution is a preferred method or not, espe-
cially in systems with SCMs and varying pore solu-
tion characteristics is certainly a point of discussions. 
However, it is clear that the state of the solution needs 
to be considered for a generic approach to thermody-
namic models [3].

Tritthard reported that prior to chloride exposure, 
slabs were soaked in a chloride-free solution to satu-
rate capillary pores with water [4]. Three solutions 
were then employed: saturated Ca(OH)2 (pH 12.5), 

0.1 M NaOH (pH 13.0), and 0.5 M NaOH (pH 13.7), 
each with several chloride concentrations and associ-
ated cations. Tang and Nilsson utilized several con-
centrations of NaCl each saturated with Ca(OH)2 
[60]. Zibara used varying concentrations of NaCl 
[56]. De Weerdt et al. used varying concentrations of 
NaCl, CaCl2 and MgCl2 [9]. Hemstad et al. reported 
using varying concentrations of CaCl2, NaCl and HCl 
[61]. Wilson et  al. also compared the effect of buff-
ering the pH of the equilibrium solution with 0.3 M 
NaOH (pH 13.0) or not (pH ~ 12.5) [13].

In general, a strong dependence on the pH of the 
exposure solution is observed, as expected by the 
strong dependence of physical and chemical binding 
on the pH [3, 19, 72]. Therefore, the choice of the 
exposure should be made with great care as a function 
of the goals of the study, and a sufficient amount of 
data needs to be reported for inter-study comparison.

2.4 � Dissolution‑based methods to measure binding 
capacity

These methods aim to extract chloride from the 
cementitious materials using an acid/water solution. 
The acidity of the solution and the harshness of the 
treatment (e.g., boiling the sample) dictate which 
classes of chloride are extracted from the sample. 
The solution can then be analyzed using the meth-
ods described in Sect. 2.1 to estimate the content of 
extracted chloride and assign them to one of the chlo-
ride classes shown in Fig. 1.

2.4.1 � Water‑soluble chloride

The concentration of chloride in the pore solution 
(free chloride) is one of the main factors in the drop 
in electrochemical potential that can lead to rebar 
depassivation [73, 74]. Therefore, it is important to 
have good methods to measure directly the concentra-
tion of chloride in the pore solution [5]. It is possible 
in theory to extract the pore solution using expres-
sion methods [75–78], although this is not suitable for 
routine measurements, especially in old concrete and 
high-performance concrete which require many sam-
ples to obtain a sufficient volume of pore solution for 
analysis.

The water-soluble set of methods ([79] and refer-
ences therein) aims to extract the chloride by equi-
librium with a neutral aqueous solution, similar to a 
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desorption experiment. Some variants require to cor-
rect the pH or the redox potential for example with 
hydrogen peroxide [23]. To accelerate the kinetics of 
desorption and transport out of the sample, the sam-
ple is crushed and the solution with the sample is 
heated [79]. The solution is allowed to rest for a given 
amount of time and, in some cases, reheated before 
being filtered. The solution can then be analyzed to 
measure chloride concentration, which has been 
interpreted as the free chloride content in the sample 
[79, 80]. This method was found to produce results 
similar to the pore solution expression methods [80].

The heating temperature and composition of the 
equilibrium solution are important for the reliabil-
ity of the method [79, 80], to avoid extracting bound 
chloride, and/or the chloride in chloride containing 
aggregates rather than just the free chloride [81]. 
However, with a carefully designed method, it was 
shown that the desired reproducibility and repeatabil-
ity can be obtained [79, 82]. This method is part of 
the ASTM C1218 standard [23].

This method was used as early as 1971 by 
Ramachandran [83] to investigate the interaction 
of chloride with C–S–H. The same method in com-
bination with others advanced methods such as 
SEM–EDS was used 50 years later by Georget et al. 
to refine this investigation [20]. In particular, it was 
shown that some of the chloride absorbed on C–S–H 
is not accounted for by the water-soluble method, 
and therefore, this “irreversible fraction” should not 
be considered as participating in the mobile chloride 
fraction [3, 20]. Trejo and coworkers also used this 
method in several studies to quantify the suitability of 
current standards, especially regarding admixed chlo-
ride [84, 85].

2.4.2 � Acid‑soluble chloride

Although water-soluble and acid-soluble chloride 
determination methods have been developed around 
the same time [6, 86], the acid-soluble method has 
been more widely employed because of to its use in 
chloride profile determination [87].

Both methods are very similar. However, to also 
measure the chemically bound chloride, a harsher 
acidic solution is used to dissolve the chloride-con-
taining hydrate phases. Typically, a heated nitric acid 
solution is used. The method is well established and 

validated [5, 33] and is part of several standards [22, 
88].

The bound chloride content is often estimated by 
difference between the total and free chloride con-
tents. This assumption was investigated in several 
studies [11, 13] and seems to be valid at a first glance, 
even if some variations are observed that could be 
attributed to the uncertainties of the many experi-
ments required for such a verification.

It was shown by Trejo et  al. [84] that defining 
thresholds on the acid or on the water-soluble chlo-
ride is not equivalent. In particular, the ratio between 
acid-soluble and water soluble is highly dependent 
on the binder. This was explained by Wilson et  al. 
who demonstrated that the binding mechanisms can 
be very different between binders, due to the changes 
in phase assemblage, in particular the ratio of C–S–H 
and aluminum hydrates [13].

2.5 � Fitting bulk diffusion profile to estimate chloride 
binding

Surface concentrations extrapolated from chloride 
profiles can be used to estimate chloride binding 
capacity. Using the acid-soluble method as a function 
of depth for in  situ samples, it is possible to obtain 
profiles of total chloride content, commonly known 
as chloride profiles [3, 89], such as the one in Fig. 2. 
These profiles look like diffusion profiles, as such 
they have been modeled with Fick’s second law, as is 
shown in Eq. (2):

where C(x, t) is the total chloride concentration, Dapp 
is the apparent chloride diffusion coefficient, t is the 
exposure time, and x is the distance from the exposed 
concrete surface. It is important to note that C(x, t) 
is a total chloride content, also including “immobile 
chloride”. As such, Dapp is called apparent because it 
also includes information about the binding. Such an 
approximation is only valid under the assumption of a 
linear binding isotherm [89, 90].

Assuming one-dimensional diffusion in a semi-
infinite medium, Fick’s second law can be solved ana-
lytically assuming that the surface chloride concen-
tration Cs remains constants, i.e. [91]:

(2)�C

�t
= Dapp

�
2C

�x2
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The analytical solution for Fick’s second law for 
this case is given by:

where C0 is the initial chloride concentration of con-
crete before exposure to the chloride environment.

Using Eq.  4, the surface concentration can be 
extrapolated from a chloride profile as shown in 
Fig. 4. However, a major argument against the use of 
this method is that the analysis of real chloride pro-
files clearly indicates that the chloride profile is not 
constant with time, and a peaking/plateauing behavior 
is often observed in profiles due to phenomena such 
as leaching [3, 61, 69]. Thus, the Cs value is a fitting 
parameter rather than the actual maximum binding 
for a given exposure solution (which is limited by the 
binding capacity at a given pH and therefore closer to 
the value at the peak of the profile). Although some 
empirical corrections can be added to make the sur-
face concentration dependent on time, it breaks the 
fundamental assumption of the Fick’s law analysis 
of these profiles [89, 90]. Another method is to not 
fit the first few points, which can add a bias from the 
user. The method was used extensively by Zibara 
[56, 92] and compared to the equilibrium method. 
The same order of magnitude was found but slightly 
higher values were obtained with the bulk diffusion 
method. As such, the equilibrium method is typically 
preferred in current lab studies of chloride binding. 

(3)C(x = 0, t > 0) = Cs.

(4)C(x, t) = C0 +
�

Cs − C0

�

erfc

�

x

2
√

Dappt

�

A possible unique use of the surface extrapolation 
method is the extraction of binding capacity from 
field samples.

3 � Chloride quantification by phase

As highlighted in the previous section, the results of 
the bulk methods are useful to compare the overall 
binding capacity of binders. However, for fundamen-
tal investigations that can reveal mechanistic insights, 
it is necessary to rely on methods that characterize the 
individual contribution of each phase to the overall 
chloride binding.

3.1 � Pure phase synthesis

A first method to analyze chloride binding of individ-
ual phase is to synthesize homogeneous pure phases 
or model systems and measure the chloride binding 
capacity using the methods detailed in the previous 
sections [15, 20, 72, 93–95]. The information can 
then be extrapolated to the conditions in hardened 
cement pastes to interpret their overall binding capac-
ity. A main challenge is to ensure that representative 
phase are synthetized, whether for C–S–H (e.g. repre-
sentative Ca/Si, Al/Si) [96] or for AFm phases [16].

3.2 � XRD

The elastic scattering of X-ray by crystalline mate-
rials creates characteristic diffraction patterns due 
to the constructive interferences, determined by the 
lattice structure of these materials. The comparison 
of experimental diffractograms to experimental or 
theoretical diffractograms of pure phases allows to 
identify, and quantify the crystalline phases, as well 
as infer their lattice structure [97]. X-ray diffraction 
(XRD) has been increasingly used in cement science 
in the last decades due to the general availability of 
the method in materials characterization laboratories 
and its usefulness in quantifying the phase assem-
blage of cementitious materials [97]. With regard to 
chloride binding, XRD allows for the identification 
and the quantification of chemical binding in the 
AFm family of phases. The main Cl-bearing AFm 
phases are Friedel’s salt (Fs, X = Cl−, an end-member 
of the hydrocalumite) and Kuzel’s salt (X = 0.5 Cl−, 
0.5 SO4

2−).

Fig. 4   Determination of the chloride binding capacity by fit-
ting a bulk diffusion profile (reproduced with permission from 
[3]). Cs does not necessarily represent the value of the first 
measurement point due to leaching effects
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The main diffraction peak of Fs (002) occurs 
at ~ 11.35° 2θ (CuKα radiation source). XRD has 
been used for the identification and semi-quantitative 
estimation of Fs content with the intensity/area of 
this peak in different types of binders and conditions, 
for example, to investigate: blended-cement systems 
with slags, fly ash and pozzolans [98, 99], the car-
bonation of Fs in concrete [100], the occurrence of 
Fe-containing Fs in hydrated synthetic aluminoferrite 
pastes [101], the carbonation of Fs in calcium alu-
minate cement systems [102], the semi-quantitative 
comparison of Fs originating from pozzolan and Port-
land cement [103] and their synergetic effects [104], 
the uptake of chloride and carbonate by Mg–Al and 
Ca-Al layered double hydroxides in simulated pore 
solutions of alkali-activated slag cement [105], the 
chloride binding in mortars with alumina-rich cemen-
titious materials and seawater [106], in Portland 
composite cements containing metakaolin and silica 
fume [12], and more. This type of analysis can be 
complemented by quantitative measurement of Fs, for 
example in sulfoaluminate cements (compared to 27Al 
MAS NMR measurements) [107] or in hydrated Port-
land cement–metakaolin–limestone blends (compared 
to thermodynamic modelling) [108].

Structural investigations showed a phase transition 
of Fs at about 30°C from a monoclinic to a rhombohe-
dral phase, also known as, resp., low temperature and 
high temperature polymorphs of Fs [72, 109, 110]. 

Although the high temperature polymorph is the most 
common and often the only polymorph observed in 
cement and concrete applications. Further investiga-
tions showed the interchangeability of anions in the 
AFm structures, e.g., chloride can displace hydroxide, 
sulfate and carbonate [15]. As shown in Fig. 5a, dif-
ferent solution compositions lead either to Friedel’s 
salt solid solutions or combinations of pure phases 
[15]. Further investigations on hydrated cement pastes 
and synthetized AFm phases showed a wide range of 
solid solutions [16] with chloride, carbonates, sulfates 
and hydroxyl ions. Figure 5b shows the gradual shift 
of the interlayer peak from high temperature rhombo-
hedral phase hemicarbonate (10.76°2θ) to high tem-
perature rhombohedral Friedel’s salt (11.35°2θ), with 
increasing chloride/carbonate ratios (χ2Cl = 2Cl/Ca) 
[16].

With a better understanding of Fs and its solid 
solutions (Fsss), it then becomes possible to quantify 
the chemically bound chloride in AFm with quantita-
tive Rietveld analyses from the measurement of the 
stoichiometry of the Fsss. Experimental protocol for 
XRD diffraction on hydrated cement pastes has been 
optimized over the years, as described in [97]. An 
important consideration is the analysis of fresh slices 
instead of dried powders, as hydrates may decompose 
or transform during solvent exchange and drying, 
leading for example to lower ettringite contents [97] 
or jumps in solid-solution series as in Fig.  5b [16]. 

Fig. 5   a Schematic phase relations at 25°C, between Friedel’s 
salt, monosulfoaluminate and monocarboaluminate (repro-
duced with permission from [15]). b Powder XRD diffracto-

grams for the wet and dried samples in the chloride series, in 
which only high temperature polymorphs are observed (repro-
duced with permission from [16])
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The external standard method [111] has been suc-
cessfully used to quantify crystalline phase contents 
in hydrated cement pastes containing amorphous 
phases (e.g., C–S–H). More specifically, both the sto-
ichiometry and the content of the Fsss can be obtained 
from XRD patterns, as proposed in [11, 13, 16, 112]. 
The χ2Cl proportion of chloride and carbonate in Fsss 
can be determined from the d-spacing of the 002 peak 
as shown in Fig.  6, with χ2Cl = (dHc–dFsss)/(dHc–dFs) 
[13]. This approach was validated for different series 
of systems with SEM–EDS hypermap chemical 
analyses [11, 13, 16] (see Sect. 3.4). The chemically 
bound chloride content can then be calculated with 
both χ2Cl and the mass fraction of Fsss obtained with 
a Rietveld analysis with the external standard (an 
HighScore Plus template of anhydrous phases and 
hydrates for such analysis can be found in the supple-
mentary materials of [13]).

Using XRD to characterize chemical chloride 
binding has the important advantage of allowing with 
a single analysis the quantification of both the stoichi-
ometry and the mass fraction of Friedel’s salt. XRD 
scans on the same samples are highly reproducible 

and can generally provide repeatable results with dif-
ferent samples of the same material in the same expo-
sure conditions [113]. However, the Rietveld refine-
ment method for complex materials (e.g., hydrated 
cement pastes) with several phases and overlapping 
peaks is challenging and requires user choices which 
can vary between the analysts. Although general 
guidelines exist for the refinement of hydrated cement 
pastes [97], the results should not be overinterpreted 
as their quality may be impacted by the analyst expe-
rience. Furthermore, the analysis of new or alterna-
tive systems can generate new challenges. For exam-
ple, when quantifying Fs in systems with higher Mg 
content (e.g., systems with ground granulated blast 
furnace slags), one needs to be careful with the over-
lap of the hydrotalcite peak, which can eventually be 
distinguished with higher resolution scans [17].

3.3 � TGA​

Thermogravimetric analysis (TGA) is a technique 
in which the mass of a sample is monitored while 
it is exposed to a controlled temperature regime. 
Commonly, for cementitious materials, the speci-
men is a finely ground powder, of around 40 mg in 
most equipment, that is heated from room tempera-
ture to high temperature (~ 1000 °C) in a nitrogen 
atmosphere. Hydration stoppage may be employed, 
although it is not always done. The weight loss is 
associated with loss of volatile components such as 
water (40–600°C), or CO2 (550–1000°C). The weight 
loss of each cement paste phase occurs at tabulated 
temperature ranges [62, 114–117]. These ranges are 
approximate, and exact values depend on heating rate, 
phase amounts, powder fineness, among other factors 
[62, 118]. When the stoichiometry is known/fixed, 
the mass loss can be used to calculate phase amounts. 
Arguably, the most common use of TGA in cement 
science is to quantify contents of calcium hydroxide, 
calcium carbonate, and bound water.

TGA can also be used to quantify Friedel’s salt, 
which has two peaks of water loss (dehydroxylation), 
as shown in Fig.  7. The first is from 100 to 150 °C 
and is often not identifiable due to peak overlap. The 
second, from 230 to 410 °C, is associated with the 
loss of six main layer water molecules associated to 
the chloride site in Friedel’s salt. This peak is typi-
cally used to quantify Friedel’s salt, as discussed in 
[26], or in the case of Friedel’s salt solid solution, the 

Fig. 6   Using the 002 peak of XRD patterns to estimate the 
stochiometric ratio (χ2Cl) of Friedel’s salt solid solutions 
(reproduced with permission from [13])
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chloride content in Fsss [13, 16]. The peak has some 
overlap with calcium hydroxide and hydrotalcite but, 
without peak overlap, it is an easy and rapid way to 
quantify Friedel’s salt amount.

Using TGA, complemented by other techniques, 
it has been shown that the amount of Friedel’s salt 
increases: with increasing NaCl concentration; when 
Al sources such as fly ash or metakaolin are used to 
replace cement; and when CaCl2 is used for bind-
ing instead of NaCl [108, 119].When cement pastes 
are exposed to high concentrations of CaCl2 at rela-
tively low temperatures (below 23 °C), the calcium 
hydroxide reacts to form calcium oxychloride. While 
most chloride binding studies are not carried out in 
such conditions, the formation of calcium oxychlo-
ride is a major contributor to chloride binding in 
these conditions. The amount of calcium hydrox-
ide, determined from TGA, can be used to predict 
the amount of calcium oxychloride that forms rather 
precisely based on stoichiometry [18, 120]. Pure cal-
cium oxychloride phases also show characteristic 
TGA responses with multiple peaks, for example, for 
3Ca(OH)2·CaCl2·12H2O, at 83 °C, 400 °C, and 540 
°C [121]. Although a different TGA response can be 
obtained in real samples as these phases are often 
dried or carbonated.

3.4 � SEM

The electron beam of a scanning electron microscope 
(SEM) interacts with the sample in many different 
ways. One of them is the production of characteristic 
X-ray, which can be detected and identified by energy 
dispersive spectroscopy (EDS). EDS allows to meas-
ure the spatial concentration of elements and relate 
them to other information from the SEM, including 
microstructure features, e.g. observed from backscat-
ter electrons (BSE) [122]. Due to its measurement 
principle, SEM–EDS is not able to measure hydrogen 
[123], and lighter elements (e.g., oxygen, sodium) 
have increased uncertainties [124]. The spatially 
resolved information allows investigations as a func-
tion of distance, e.g., the depth from an exposed sur-
face [55, 69, 125]. The spectra can be used to identify 
elements and quantify concentrations, using a semi-
quantitative approach for simplicity or quantitatively 
after calibration with standards. Plotting the atomic % 
of selected elements as ratios allows different phases 
to be distinguished (e.g., different AFm phases) and 
also changes in composition to be determined (e.g., 
Ca/Si ratio of C–S–H) [122, 125, 126]. In addition, 
this process also facilitates interpreting the results, 
as the interaction volume of the electron beam with 

Fig. 7   Determination of 
chloride in Friedel’s salt 
using thermogravimetric 
analysis (reproduced with 
permission from [26])
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the sample means that mixture of phases are detected 
[122, 125–127]. The use of ratio plots to analyze the 
chloride content in C–S–H and AFm phases is dem-
onstrated in Fig. 8.

Samples for SEM–EDS analysis are normally 
hydrated and chloride-exposed cementitious materi-
als (paste, mortar or concrete). The samples can be 
in the form of cut/sawn slices or crushed pieces of 
well-hydrated cement pastes. Sample preparation 
for SEM–EDS is crucial for a good analysis as a flat 
surface is required [122, 128]. Drying of the sample 
is also required, and to preserve the microstructure, 
solvent exchange is preferred [122, 129]. The drying 
step should not interfere with the chloride distribu-
tion in the samples. Machner et al. [10] showed that 
common solvent exchange procedures might not be 
sufficient to replace all chloride-containing pore solu-
tion if the samples have been exposed to solutions of 
high chloride concentrations (e.g. ≥ 2 mol/L) and can 
result in chloride salt (e.g. NaCl) precipitation in the 
dried samples after solvent exchange. Alternatively, 
one can wash the samples carefully with a limited 
volume of deionized water prior to common solvent 
exchange procedures in order to remove all chloride 
from the pore solution. This has been investigated by 
Plusquellec et  al. [130] in order to study the alkali 
content in the pore solution of hardened and ground 
concrete samples. However, it was shown that alkali 
chloride salt precipitation cannot fully explain the 

chloride concentration in solid phases observed in 
hydrated C3S pastes after exposure at 0.5 mol/L [20].

SEM–EDS has been used by many authors to 
describe changes in the AFm, or C–(A–)S–H compo-
sitions upon chloride exposure. Beaudoin et  al. pro-
vided an early analysis of Cl binding on C–S–H and 
proposed two types of binding [95], which was later 
confirmed by Georget et  al. [20]. De Weerdt et  al. 
[131] used dot plots from SEM–EDS point analysis 
to describe the effect of magnesium and sulfur in 
sea water on the chloride binding of well-hydrated 
cement pastes. In addition, they showed the impact of 
the associated cation (Na+, Ca2+, or Mg2+) [9] and the 
effect of sea water [132] during chloride exposure on 
the chloride content in AFm and C–S–H. The effect 
of sea water compared to NaCl on chloride ingress 
and chloride binding was also investigated in con-
crete samples by SEM–EDS [133]. Based on these 
observations, Hemstad et al. [61] used SEM–EDS dot 
plots to investigate the change in the Cl/Al ratio of Cl-
AFm (Fsss) in well-hydrated cement pastes exposed 
to chloride at different pH. Similarly, Machner et al. 
[10] showed the impact of pH and calcium activity on 
the chloride content in hydrotalcite formed in cement 
pastes containing dolomite and no or small amounts 
of metakaolin. These analyses can also be carried out 
on SEM–EDS hypermaps which, for example, can 
be used to estimate the chloride speciation across the 

Fig. 8   AFm phases detection by SEM–EDS in systems a without (reproduced with permission from [9]) or b with (reproduced with 
permission from [16]) limestone
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ingress front to investigate the in-situ binding iso-
therm, with detailed speciation [125].

The effect of pH on the chloride content in AFm 
phases could also be shown with SEM–EDS by [69] 
in mortar samples that were exposed to unidirec-
tional chloride diffusion at different pH. The Cl/Al 
ratio (for AFm) or Cl/Si ratio (for C–S–H) was deter-
mined by point analyses not just as a bulk analysis of 
the cement matrix, but obtained in a spatially defined 
area to allow the evaluation of the data as a function 
of the depth from the exposed surface [69]. This con-
cept was based on the evaluation by De Weerdt et al. 
[134], who showed a depth-dependent chloride con-
tent of C–S–H in long-term marine exposed concrete. 
In addition, SEM–EDS was used to determine the 
impact of various binders on long-term chloride pro-
files of concrete [135]. Wilson et al. used it to investi-
gate the distribution of bound chloride between AFm 
and C–S–H in Portland limestone cement pastes and 
blended systems [11, 13, 20].

3.5 � NMR

Nuclear magnetic resonance relies on the measure-
ment of the resonance of magnetic nuclei spin in a 
magnetic field. Both static (chemical displacements) 
and dynamic (characteristic relaxation times) prop-
erties can be measured. Chlorine has two stable iso-
topes 35Cl (~ 75% abundance) and 37Cl (~ 25% abun-
dance). They are both NMR active but both isotopes 
are quadrupolar nuclei (spin 3/2) with very broad 
peaks. Thus, Cl NMR is challenging and 35Cl is gen-
erally preferred for its abundance [136].

As such, there are only a few studies that have used 
35Cl NMR for cementitious materials. Kirkpatrick 
et  al. [137] utilized 35Cl NMR to investigate AFm 
phases (layer double hydroxides of the hydrocalumite 
family). In particular, Friedel’s salt’s phase change 
between the low and the high temperature polymorph 
at 6°C was observed. NMR is sufficiently sensitive 
to measure the impact of relative humidity. As for 
other AFm phases [138], structural changes can be 
observed linked to the loss of water in the crystal 
interlayer. The Friedel’s salt signature was also used 
by Barberon et  al. to investigate the impact of chlo-
ride on hydration by solid NMR [139]. Yu and Kirk-
patrick [140] analyzed the 35Cl relaxation in hydrate 
suspensions. However, it is not clear what is meas-
ured exactly as the largest chloride binding capacity 

has been found for the portlandite, which is nowadays 
neglected in most models, and further improvement 
to the method is required. Cano et  al. [141] studied 
chloride penetration caused by capillary absorption 
advection in low- and high-permeability mortars. The 
authors could demonstrate that chemical and physi-
cal bound chloride were detected. Free chloride was 
also detected by Yun et  al. using NMR in damaged 
sidewalk concrete exposed for 20 years to the envi-
ronment [142]. Ji et  al. further refined the relaxa-
tion study using an imaging equipment [143] which 
could in theory be used to study chloride ingress. By 
focusing on 35Cl−, 23Na+ and 1H+ NMR may provide 
such information, non-destructively and continuously 
with a dedicated imaging equipment developed by 
Pel and coworkers [144]. It has been applied to the 
early hydration of cementitious materials, in par-
ticular to investigate the ratio of bound chloride to 
bound sodium. This equipment was further used to 
follow chloride ingress. However, due to the diffi-
culty to measure Chloride, the 23Na signal was used. 
As sodium and chloride diffusion are not necessarily 
linked during chloride ingress the application of this 
technique needs to be carefully interpreted [3].

Similarly, Friedel’s salt formation can also be 
studied by 27Al solid state NMR [7, 12, 145, 146]. 
However, due to the special equipment and the expert 
knowledge required, the advantages of this method 
are still unclear compared to, for example, XRD or 
TGA. Therefore, the application of solid NMR to 
chloride content determination seems limited cur-
rently. However, solid state NMR as a key role to play 
in the complementary characterization of the phase 
assemblage to better understand the impact of the 
SCM mineralogy on chloride binding [12].

3.6 � Thermodynamic modelling

Thermodynamics is an essential instrument for char-
acterizing equilibrium phase assemblages in cemen-
titious systems and it has been effectively utilized in 
various areas of cement research, such as studying 
cement hydration [21, 147, 148] and durability [9, 
108, 149]. Geochemical modeling applications like 
GEMS [150] or PHREEQC [151] allow the computa-
tion of the equilibrium phase assemblages as a func-
tion of composition, temperature, and pressure. How-
ever, the effectiveness of thermodynamic calculations 
is contingent upon the availability of a detailed 
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database containing the thermodynamic properties of 
cement-based materials [21, 152, 153].

Unlike simpler empirical chemical models, ther-
modynamic models aim to provide a full coupling 
between the solid phases and the solution at equi-
librium with these phases. As such, it can be used 
to easily investigate the impact of pH, NaCl concen-
tration or even the co-cations on the chloride bind-
ing. Of course, this assumes that the database of 
thermodynamic properties is sufficiently accurate to 
model such effects. Due to the current limitations of 
the software and databases, the application of ther-
modynamic modeling in chloride binding studies 
is divided into three aspects: (1) the determination 
of the initial hydrated phase assemblage to interpret 
other binding experiments such as the estimation of 
C–A–)S–H content [13], (2) the determination of the 
phase assemblage, including the Friedel’s salt con-
tent (chemical binding), and (3) the sorption of chlo-
ride on solid surfaces (physical binding, mostly on 
C–(A–)S–H). Modelling both chemical and physical 
binding requires an iterative process in most software 
[154], although it is theoretically possible in GEMS 
[150].

For the study of chemical binding with thermo-
dynamic modelling, two cases must be distinguished 
based on the AFm phases present. Without limestone, 
or other carbonates available in the cement, the domi-
nant AFm is the monosulfate. In this now rare case 
in modern cement, thermodynamic modelling has 
shown to provide reliable predictions for chloride 
binding, including the prediction of Kuzel’s salt [15, 
155, 156]. It allows to investigate the influence of the 
chloride salt [9] or the impact of SCMs [108] in lime-
stone-free systems.

When limestone is present, the stable AFm 
phases are hemicarbonate and monocarbonate [16, 
72, 157]. In this case, a ternary solid solution is 
observed between hemicarbonate and Friedel’s salt 
(HO−–Cl−–CO3

2−–AFm) [16, 72, 158]. This solid 
solution is poorly investigated, and no solid solution 
model fully explains all the available experimental 
data, in particular the correct end-members to con-
sider are not well-defined [16]. As such the chloride 
binding of limestone-containing system cannot yet be 
adequately predicted by thermodynamic modelling. 
This is a clear limitation of thermodynamic models 
for modern cementitious binders. Similarly, calcium 

oxychloride compounds are also not present in com-
mon databases.

The use of thermodynamic models, in particular 
sorption models can also be useful to study physi-
cal binding. The pioneering work of Elakneswaran 
and co-authors [19, 159, 160] has proposed a surface 
complexation model to describe chloride binding on 
C–(A–S–H surfaces. The complexation model was 
calibrated using zeta potential measurements and val-
idated with chloride binding measurements for OPC 
and cement blended with slags. However, the extrapo-
lation of this model to other systems is uncertain due 
to the lack of a validated thermodynamic model for 
C–A–S–H. In particular, the effective Ca/Si, Al/Si 
and S/Si ratios still need to be measured for accurate 
thermodynamic simulations.

Even with these limitations, thermodynamic 
modelling is one of the only tools which allows the 
extrapolation of real-life chloride ingress from the 
controlled chloride binding lab experiments [3]. A 
good example is the work by De Weerdt et al. [132, 
133] comparing ingress in NaCl solution and in sea-
water, or the analysis of the impact of leaching [61, 
69]. Although semi-quantitative mechanisms can 
be uncovered, a truly quantitative description is 
only possible if limitations described previously are 
solved.

4 � Conclusion

In this review, the different methods to measure the 
chloride speciation in cementitious materials were 
presented. They are summarized in Table 2. First, the 
bulk methods to measure the total chloride, and the 
chloride binding isotherm (free chloride, and bound 
chloride) were described. The wet chemistry meth-
ods (acid-soluble, wet soluble) are well established 
but their interpretation in terms of chloride speciation 
(chemical or physical binding) is not straightforward. 
New measurements methods on solids have been 
introduced (µXRF, LIBS) to simplify the measure-
ments. These methods have a reasonable agreement 
with wet chemistry methods. Several studies have 
shown that the chloride binding measurement should 
take place in conditions that are well controlled (pH, 
cations, extra anions, sample size). In particular, the 
use of chloride profiles to determine the binding 
capacity is not recommended due to leaching effects.
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More advanced methods have been developed to 
analyze the chloride binding by phase (e.g., AFm, 
C–A–S–H) such as XRD, TGA and SEM–EDS. 
These methods require higher expertise but they 
have the potential to provide quantitative informa-
tion about the binding capacity of individual phases, 
in addition to other chemical information about the 
specimens. In terms of chemical binding, different 
methods are available to measure the binding capac-
ity of each phase, with analyses generally focusing 
on the AFm phases. The most widely applicable 
methods are XRD and TGA. The physical binding 
is much harder to quantify accurately, and currently 
only a combination of phase assemblage estimation 
(using mass balance or thermodynamic approaches) 
and SEM–EDS analysis provides a satisfactory 
answer.

When the bulk and the by-phase methods are com-
bined, it can be shown that the agreement is adequate 
in simplified systems, for OPC or blended systems. 
However, the issue of chloride classification remains 
open. Whether a chloride species is bound, free, 
water or acid soluble is crucial for the interpretation 
of experiments, and relating phase assemblage to 
durability performance. The division into mobile and 
immobile chloride is also a requirement for chloride 
ingress modelling. The main challenge is the lack of 
generic mechanistic models to predict the binding 
capacity of each phase individually to interpret exper-
iments with confidence.

Another challenge identified by this review is the 
lack of report of secondary characterization experi-
ments (e.g., pH of exposure solution, phase assem-
blage, degree of hydration, degree of carbonation, …) 
that are required to compare with confidence experi-
ments carried out in different laboratories. The future 
work of this committee will be to propose recommen-
dations on: (1) the choice of methods depending on 
the specific scientific objectives and (2) the secondary 
characterization experiments to report alongside the 
results of these methods to future-proof new chloride 
binding studies.

Acknowledgements  The authors thank the whole TC for 
the discussions and comments in the meetings held during the 
preparation of the review. AB acknowledges and appreciates 
the contribution from Amrita Hazarika for literature review 
on the topic of equilibrium methods. AM would like to thank 
Henrik Eickhoff (TUM) for valuable discussions on IC and 
ICP-OES.

Funding  Open Access funding enabled and organized by 
Projekt DEAL. No funding was received to assist with the 
preparation of this manuscript.

Data availability  No new data were created during the prep-
aration of this manuscript.

Declarations 

Competing interests  The authors declare that they have no 
competing interests.

Table 2   Summary of the methods investigated in this review

Method Observation Limitations

Water-soluble chloride Free chloride content Are all free Cl, mobile Cl?
Acid-soluble chloride Total chloride content No information on Cl speciation
µXRF/LIBS Total chloride content No information on Cl speciation

Limited availability of the equipment
XRD Chemical-bound chlorides in crystalline phases 

(AFm)
Sample preparation critical
Limited availability of the equipment and expertise
No information on physisorption

TGA​ Chemical-bound chlorides in selected phases (AFm, 
hydrotalcite)

No information on physisorption

SEM–EDS Stoichiometries of Cl-containing solid solutions 
(AFm)

Stoichiometries of Cl adsorbing phases (C–S–H)

Only stoichiometries can be inferred, not content
Limited availability of the equipment, sample 

preparation
NMR Chemical and Physical bound chloride detection, and 

quantification per phases
Limited availability of the equipment and expertise
Low sensitivity
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