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Determining chloride binding isotherms through equilibrium experiments is common practice in studies on
cementitious materials. However, inaccuracies and inconsistencies in experimental procedures and evaluation
methods result in non-comparable isotherms. This study critically evaluates the equilibrium method and its
interpretation for determining chloride binding isotherms. By comparing the equilibrium method for Ordinary
Portland cement (OPC) paste with two alkali-activated slag (AAS) pastes, inaccuracies that originate from
different experimental evaluation protocols are evaluated. Microstructural evidence from TGA, XRD and SEM-
EDS in combination with thermodynamic modelling is used to further investigate processes affecting the
measurement of the chloride binding capacity of alternative binders.

It was found that the simplification of neglecting the initial water content of the paste causes a diluting
effect that lowers the measured equilibrium chloride concentration and leads to an overestimation of the
bound chloride content. It is also demonstrated that, especially for AAS pastes, water-binding reactions during
equilibration can cause a reduction in liquid volume, which increases the measured equilibrium chloride
concentration. This volume effect leads to an underestimation of the chloride binding capacity of AAS paste. A
key novelty of this study is the quantitative correction of this error by measuring the chemically bound water
content before and after chloride exposure. Overall, this study highlights critical methodological pitfalls and
provide clear guidelines for determination of chloride binding isotherms using the equilibrium method.

1. Introduction

Chloride ingress is widely recognized as one of the most criti-
cal durability challenges for reinforced concrete structures [1]. As
chlorides accumulate at the steel surface, they can depassivate the rein-
forcement, triggering corrosion and thus significantly reducing service
life. To meet increasing sustainability demands, alternative binder sys-
tems with reduced clinker content are being developed. Among them,
alkali-activated slag (AAS) has emerged as a promising option due to
favourable mechanical [2,3] and durability-related properties [4-6].
However, AAS differs substantially from conventional Portland cement-
based binders defined in EN 197-1 [7] and therefore long-established
durability design approaches may not be directly transferable. There-
fore, a more mechanistic understanding of the chloride resistance of
AAS systems is needed. For this, both the effective diffusion coeffi-
cient [8] and the chloride binding capacity [9] must be analysed, since
these properties are strongly influenced by the chemical composition of
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the binder, and the reaction products and microstructure of the paste.
Currently, no reliable prediction of the chloride binding capacity of
concrete is available [10,11] (see Appendix A.1). Consequently, the
accurate experimental determination of the chloride binding capacity
is essential for understanding the durability of AAS and other emerging
binder systems.

Two main mechanisms of chloride binding are commonly distin-
guished in the literature: chemical and physical binding. Chemical
binding refers to the incorporation of chloride ions into the crystal
structure of solid phases. In traditional OPC-based systems, this mech-
anism is mainly associated with the formation of chloride-containing
AFm phases such as Friedel’s and Kuzel’s salts [12], and hydrotalcite-
like phases [13]. Physical binding, in contrast, corresponds to the
adsorption of chloride ions onto the surface of solid phases, with
calcium-silicate-hydrate (C-S-H) phase being the principal contribu-
tor [14].

Received 8 April 2026; Received in revised form 5 August 2026; Accepted 11 August 2026

Available online 27 August 2026

0008-8846,/© 2026 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://www.elsevier.com/locate/cemconres
https://www.elsevier.com/locate/cemconres
https://orcid.org/0000-0002-0036-1063
https://orcid.org/0000-0001-7407-4756
https://orcid.org/0000-0002-2935-334X
https://orcid.org/0000-0003-0222-9100
mailto:annika.schultheiss@kit.edu
https://doi.org/10.1016/j.cemconres.2026.108373
https://doi.org/10.1016/j.cemconres.2026.108373
http://creativecommons.org/licenses/by/4.0/

A.L. Schultheif3 et al.

For AAS pastes, only (limited) formation of Friedel’s salt has been
reported [15,16]. Several studies [16,17] indicate that AAS generally
does not form sulphate-bearing AFt or sulphate-bearing AFm phases,
which in OPC systems chemically bind chlorides in the form of Kuzel’s
salt. Instead, AAS may develop stritlingite (an AFm-like phase), which
has been shown to bind chlorides weakly and in a pH-sensitive manner
through a hydrocalumite-like structure [16,18,19]. Chloride binding in
AAS can also occur through hydrotalcite [16-19], which is a Layered
Double Hydroxide (LDH). However, hydrotalcite typically represents
only a minor crystalline fraction. Physical binding due to adsorption
of chloride on calcium alkali aluminosilicate hydrate (C—(N)—(A)-S-H)
phases is a major component of the chloride binding capacity of AAS
pastes [15-17], although its binding capacity is lower compared to
LDHs [20].

The chloride binding capacity of paste is commonly expressed
through chloride binding isotherms. Chloride binding isotherms de-
scribe the relationship between the bound chlorides in the paste Cc,,
[g Cl/g dry paste] and the equilibrium concentration of free chlo-
rides in the liquid Cc;,,, usually expressed in [mol CI/1 liquid]. The
bound chloride concentration Cc,;, may also be expressed in units of
[g Cl/g cement] [21-23] to enable better comparability with total
chloride contents obtained from chloride profiles, which are commonly
reported in the same unit. However, converting from paste mass to
cement mass can be done either using the water-to-binder ratio from
the mix design [21,23] or the measured chemically bound water con-
tent [22], and these different approaches may introduce inconsistencies
in the reported values. Based on experimental data from multiple
equilibrium samples linear isotherms (Eq. (1)), Freundlich isotherms
(Eq. (2)), or Langmuir isotherms (Eq. (3)) can be fitted. However, when
the relationships described in Egs. (1)-(3) are fitted using free chloride
concentrations measured before the equilibrium is reached, as reported
in several studies (e.g. [11,13,23-25]), the resulting curves cannot be
considered valid chloride binding isotherms, because the free chloride
concentration at equilibrium is needed.

CCl,b =m: CCI.eq (€Y

were m is constant.

Cerp=k-Cyy, )
were k and n are constants.
a-C
Cleq (3)

Copp= —4
D™ T4 b - Ceyeg

were a and b are constants.

Methods to investigate the chloride binding capacity of cementitious
binders with SCMs are reviewed by the RILEM TC 298-EBD [9]. They
highlight the gaps limiting the comparison between experimental stud-
ies due to the lack of a standard protocol. They identify the equilibrium
method as a simple experimental concept to measure the chloride bind-
ing isotherm, where paste is exposed to a known chloride concentration
and the chloride binding capacity is measured once equilibrium is
reached. Differences in the experimental protocol discussed by the
RILEM TC 298-EBD are (1) the use of crushed material or paste discs,
(2) the direct investigation of chloride binding capacity of the solid or,
the indirect investigation of the liquid phase, (3) the solid to liquid
ratio and, (4) the type of exposure solution. The standard test setup
of the equilibrium method is using crushed samples and the indirect
investigation, which is applied to pastes made of OPC (e.g. [11,13,
21,22,26-31]), blended binders with SCMs (e.g. [10,23,31-33]) and
alkali-activated binders (e.g. [15,19,24,25,34,35]). The detailed review
of these studies (summarized in Appendix A.2) revealed additional
differences in the experimental procedure and evaluation protocols,
which influence the reported binding capacity. In general, the amount
of bound chlorides (C¢,;, [g Cl/g dry paste]) at equilibrium is indirectly
determined by the concentration of the free chloride in the liquid as:

Mc; - (”ct,im'r - ”ct,eq)

Cep = (4
msampl edry
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where M, = 35.45 g/mol is the molar mass of chloride, nc,;,, and
ncy e, [mol] are the amounts of chloride in the initial and equilibrium
solutions, and m,,, 4-, [2] is the mass of the dry paste.

In most experimental procedures, moisture-containing paste is
added into the chloride-bearing solution. This addition inevitably di-
lutes the added chloride concentration (Cc; 444.4) due to the initial pore
water contained in the paste (m,,,, ). The effect becomes increasingly
significant at higher solid-to-liquid ratios. Therefore, initial chloride
concentration (Cc, ;,;; [mol/1]) must be calculated as follows:

Cerm = C;I,addei ;/added ©)
added pore,0

where Cc; 44404 [mol/1] is chloride concentration in added solution,
Viddea [m*] is the volume of the added solution and V., is the volume
of the free water content in the paste before exposure. Assuming the
density of water being 1 g/cm?, V,,,, can be calculated based on
the experimentally determined mass of initial pore water in the paste
(mpore,())'

Many studies (e.g. [13,22,23,30,31]) explicitly account for the free
water content of the paste prior to exposure by adapting Eq. (4) as
follows:

Cory = My (Cerinit = Ceteq) * Vinir/1000 ©)

msamp[e,O - mpyre,O

where Ccleq [mol/1] is the chloride concentration in the equilibrium
solution, Viuiy = Vyoreo + Vaddea [m?] is the initial water content and,
Mampieo 1S the mass of the moist paste.

Alternatively, some studies (e.g. in [24,25]) dry their sample com-
pletely before exposure. Assuming m =0, Eq. (6) can be simpli-
fied as follows:

Mc; (Ccradded = Ccleq) * Vaddea /1000

Ceip = )
msample,dry

pore,0 =

However, drying of paste without changing the phase composition
is a challenge. Prolonged drying even below 105 °C removes partially
the chemically bound water of C-S-H, ettringite and monosulfate [36].
If samples are dried with liquid nitrogen combined with subsequent
freeze-drying, ettringite, C-S-H and to a lesser extent monosulfate
decompose, as they also lose a part of the water [36]. In contrast, short-
term drying is not sufficient to remove all free water and need therefore
to be combined with solvent exchange [36], which also alters the
chemically bound water content in C-S-H, ettringite and monosulfate.
In conclusion, the phase composition of dried samples is significantly
different, therefore drying before exposure is not recommended to
determine chloride binding isotherms for paste.

The most widely used equilibrium method was established by Tang
and Nilsson [26], where the paste is dried at 11% relative humid-
ity (RH) before exposure. They assumed that C¢;;,;, equals Cc; 444045
reasoning that after seven days of storage at 11% RH, the OPC paste
would retain only a monolayer of water adsorbed on the gel surface.
Consequently, they apply the simplification given in Eq. (7). The ref-
erence mass in Tang and Nilsson’s study [26] however is not clearly
described. We interpret that either the mass of the paste stored at
11% RH (Mygppiedry = Msample1irp) OF the mass of the sample after
drying at 105 °C (Mapie.ary = Msample,105°c) €an be used.

Several subsequent studies on OPC pastes [11,15,27,28,32] and AAS
pastes [15] adopted a similar drying procedure at 11% RH. In OPC-
based systems drying at 11% RH can be more effective than removing
water by solvent-exchange [37]. However, AAS pastes possess a finer
pore size distribution than OPC pastes [38] and, as predicted by the
Kelvin equation [39], can therefore retain a higher amount of water
at the same relative humidity. Thus, the assumption that Cc, ;,;, equals
Cci1.addea ™Ay not be applicable to AAS pastes. To (maybe) correct for
this, Zhang et al. [15] subtracted the initial water content (mpm,,o)
remaining at 11% RH in the AAS paste from the dry mass at 11% RH

(msample,l 1 RH)-
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Fig. 1. Illustration of diluting effect on reported chloride binding isotherms.
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Fig. 2. Illustration of volume effect on reported chloride binding isotherms.

Other works [19,21,33,35] applied Eq. (7) without (proper) dry-
ing of the paste, which introduces methodological inconsistencies and
limits the reliability and comparability of their data. The neglect of
the initial moisture content results to a higher reference mass, which
reduces the calculated bound chloride content. But the neglect of the
initial moisture content also implies a higher starting concentration
(Ccradded > Cciinir)» which leads to a greater reduction in the chloride
concentration in the pore solution and consequently an increase of the
calculated bound chloride content. Overall, this dilution effect results
in an overestimation of the bound chloride content (Cc,,) since the
simplified formulation given in Eq. (7) predicts a higher bound chloride
content than Eq. (6) whenever C,, < C,44,4 and my,,,, o > 0. This diluting
effect is illustrated in Fig. 1.

Furthermore, it should be emphasized that the indirect determi-
nation of chloride binding capacity, as described in Egs. (6) and (7)
relies on the (strong) assumption that the volume of liquid remains
constant throughout the experiment. If this assumption is not fulfilled,
the volume effect occurs, which is illustrated in Fig. 2. Here, the volume
of liquid decreases during the experiment, which leads to an increase in
the measured chloride concentration at equilibrium (C¢, ), which can
falsely be interpreted as a decrease in bound chloride content (Cc, ;).

The resulting error in the chloride binding (C¢yy o [8ci/8ary pasie]s
caused by changes in the liquid content of the equilibrium sample, can
be calculated as follows:

CCLVo[ _ MCI CCl,eq (an Veq)/looo (8)

msample,() - mpore,()

where V,, [m?] is the volume of the liquid in sample after equilibrium
is reached. Ipavec et al. [33] accounted for liquid loss during equili-
bration by monitoring the weight change of the total mass (container
+ paste + liquid) throughout the experiment. However, any mass loss
due to evaporation should be strictly prevented, as it compromises the
reproducibility and reliability of the experimental conditions. Another
possible reason for the reduction in liquid volume is ongoing hydration,
which chemically binds water. Therefore, several studies on OPC [13,
22,23,30,31] introduced an additional curing step in which 30-40 w.%
water was added to crushed paste to form “moist sand”, which was then
stored to maximize hydration before chloride exposure. However, such

procedure cannot be applied to alternative binders such as AAS pastes,
because the immersion to water can lead to leaching of the alkalis from
the pore network of the material, hindering or halting strength and
microstructural development upon immersion [40].

This review of the existing literature on chloride binding reveals
substantial differences in both the experimental procedures and the
evaluation protocols used to quantify chloride binding. The main vari-
ations in the evaluation protocols are related to whether the initial
water content of the paste is taken into account and whether the
reference mass is defined as the mass of the moist or the dry sample.
OPC binding isotherms determined with different experimental proce-
dures are illustrated in Fig. 3(a). It should be noted that the testing
conditions used to determine chloride-binding isotherms, particularly
the composition of the NaCl exposure solution, vary between studies.
Nevertheless, a consistent trend can be observed: isotherms calculated
based on the added chloride concentration (Eq. (7)) generally indicate
a slightly higher binding capacity than those determined using the
initial chloride concentration (Eq. (6)). This indicates the diluting effect
due to the initial water content of the paste. If the reference mass is
moist sample mass instead of the usually used dry reference mass, the
calculated bound chloride content is lower. In Fig. 3(b), all available
studies on AAS pastes [15,19,24,25,35] use Cc; 4404 for calculating
the bound chloride content. Since AAS pastes generally exhibit a lower
chemical chloride binding capacity, the diluting effect and a possible
volume effect are expected to have a stronger influence on the calculated
binding capacity. This raises the question if the reported high chloride
binding capacities of AAS illustrated in Fig. 3(b) may be systematically
overestimated.

In this study, a series of equilibrium method experiments were per-
formed on AAS pastes, alongside OPC as a reference system. To quantify
how the chosen evaluation protocol influences the estimated chloride
binding, we compare chloride-binding isotherms calculated using Egs.
(6) and (7), thereby explicitly evaluating the effect of accounting for
(or neglecting) the initial water content of the paste. Furthermore, we
present the first application of Eq. (8) to account for the reduction
in exposure solution volume due to water-binding reactions. While
dilution and volume effects have been recognized and discussed for
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Fig. 3. Comparison of (a) isotherms from OPC pastes [21,26,28-31] and, (b) isotherms from AAS pastes [15,19,35] determined with different evaluation protocols.

OPC systems, their systematic omission in AAS research presents a crit-
ical gap. Demonstrating and quantifying these effects for AAS systems,
where high reactivity amplifies reaction-driven volume changes — con-
stitutes a major novelty of this work and reveals that current practice
(relying solely on Eq. (7)) can significantly distort the calculated bind-
ing capacity. To validate these indirectly derived binding capacities,
the chloride binding phases in AAS paste are directly investigated
using TGA and XRD. An in-depth SEM-EDS investigation provides,
for the first time, a direct estimate of the chloride incorporation in
the amorphous phases (C-N-A-S-H and hydrotalcite) of AAS systems.
Thermodynamic modelling is further employed to contextualize and
interpret the experimental findings. The overall objective of this work is
to critically reassess the equilibrium method for AAS systems, including
the evaluation protocols used to derive chloride binding isotherms, with
the aim of improving the comparability across studies and identifying
methodological pitfalls that currently hinder reliable interpretation of
chloride binding in AAS systems.

2. Methods
2.1. Materials and sample preparation

The present study investigates two mixes composed of alkali-
activated ground-granulated blast-furnace slag (GGBFS) and one mix
with Ordinary Portland cement (OPC, CEM I 42.5) as a reference
binder. Both investigated AAS pastes demonstrated our in previous
studies favourable properties with respect to workability and mechan-
ical performance when used in concrete [5,41]. Also, their microstruc-
tural development [42], reaction kinetics [43], and susceptibility to
alkali-silica reaction [5] have been systematically characterized. The
investigation of their chloride binding capacity thus, adds to the
holistic analysis of these alternative binders. At the same time, poten-
tial methodological limitations of the established equilibrium method,
when applied to alternative binders, can be assessed through a direct
comparison with OPC paste.

The chemical compositions of GGBFS and OPC, along with the mix
design of the pastes, are detailed in Tables 1 and 2. For the activation
of the GGBFS, two different alkaline solutions were utilized, each with
a sodium oxide content of n = 4.0 [g/100 g GGBFS]. They differ in
the silica modulus (Mg = SiO,/Na,O0 [mol/mol]) values with My
= 0.5 and Mg = 1.9 for mixes AAS0.5 and AAS1.9, respectively. The
alkaline solutions were prepared by mixing sodium hydroxide NaOH,

waterglass, and distilled water. The NaOH solution had a solute mass
concentration of 50%, while the waterglass used was Betol39T with a
solute concentration of 34.5% and a molar ratio of My = 3.4 [mol/
mol]. The chemical composition of both activator solutions is given in
Appendix A.3. Both solutions were cooled to room temperature for 24 h
before being mixed with GGBFS to reach temperature equilibrium with
the surrounding environment (20 °C) [5,44]. The water to binder ratio
for all pastes was 0.47.

To produce AAS paste, GGBFS was mixed with the alkaline solution
using a high-shear mixer. The AAS paste was filled into plastic bottles,
which were sealed and stored at 20 °C for approx. one month. Then
the AAS paste was crushed with a jaw crusher. The crushed AAS paste
was stored in sealed bottles filled with N, to avoid carbonation. After
another 2 months, the AAS paste was subsequently ground with a
rotating disc mill to a sand-like particle size of maximum 1 mm. As
a reference material, OPC paste was prepared with a high-shear mixer
and sealed cured at 20 °C in a plastic bag for approximately one month
before being crushed and ground to sand like particle size distribution.
Until exposure, all sand-like pastes were stored in sealed plastic bags
in a desiccator with soda lime and silica gel.

2.2. Equilibrium experiment

An exposure solution with approx. 2 M chloride concentration was
prepared by weighing in 58.44 g NaCl to approx. 500 ml of deionized
water. This solution was diluted 4 times by mixing 50 vol.% deion-
ized water with 50 vol.% exposure solution resulting in five exposure
solutions with different added chloride concentrations (C¢; 44ye4)-

For the equilibrium experiment, 30 g of the well-hydrated sand-like
paste was weighed into 50 ml plastic centrifuge tubes, and 15 ml of the
exposure solution was added. For selected exposure concentrations, 2—-3
samples were prepared. For each binder, additional reference samples
(0.0M) were prepared with 15 ml of deionized water. All samples
were stored at 20 °C for approximately one month to reach equilib-
rium. During this period, the samples were shaken regularly using a
mechanical shaker. Then, the liquid phase of the equilibrium samples
was extracted by centrifuging at 4000 rpm for 2.5 min. From the OPC
samples, approximately 2.5 ml of supernatant could be extracted. In
contrast, only 0.2-1.3 ml could be extracted from the AAS0.5 and
AAS1.9 samples, although the AAS pastes exhibit a higher free water
content (see Section 2.4) and despite the fact, that the 15 ml of exposure
solution was used for all equilibrium samples.
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Properties of CEM I 42.5 and GGBFS (from Ecocem). Chemical composition measured by XRF [w.%].

Ca0 Sio, Al,O, Fe,0, MgO K,0 Na,0O TiO, P,0 MnO LOI  Nay,Oeq SO,
CEM I 57.90 18.85 5.43 3.33 2.30 1.64 0.06 0.24 0.12 0.08 3.44 1.14 2.00°
GGBFS 38.80 36.30 12.80 0.62 7.95 0.60 0.34 0.96 0.02 0.29 1.32 - 0.18
2 Assumption.
Table 2 Table 4
Mix design of OPC and AAS paste. Free and total water content [w.%] of sand-like paste before exposure.
Mix Binder Water/binder-ratio n M, Paste Free water content
OPC CEM I 0.47 - - M pore0 Mpore,105C
AAS0.5 GGBFS 0.47 4% 0.5 40 °C for 10 h 105 °C for 2 h
AAS1.9 GGBFS 0.47 4% 1.9 OPC 16.15 17.72
AAS0.5 19.78 22.25
AAS1.9 18.66 20.97
Table 3

Evaluation protocol used to determine the chloride binding capacity indirectly
using the equilibrium method (EM).
EM Eq. (6)

Evaluation protocol EM Eq. (7)

Analysis Indirect (liquid) Indirect (liquid)
Initial chloride concentration Celinit Celadded
Reference mass M amp1e,0 M pore.0 Mample,0

Unit Cg,, [g Cl/g dry paste] [g Cl/g moist paste]

The added chloride concentrations (Cc; ,44.4) and the equilibrium
chloride concentrations of the supernatant (Cc, ,,) were determined by
potentiometric titration. The titration was conducted with a 916 Ti-
Touch titrator from Metrohm using 0.01 M AgNO; or 0.1 M AgNOj; so-
lutions. Depending on the expected chloride concentration, 0.1-0.2 ml
of the supernatant was pipetted into a measurement beaker with 1 ml
HNO; (65%, diluted 1:10) and 2.5 ml 0.2% polyvinyl alcohol, and then
automatically diluted with deionized water before the titration. The
chloride concentration of selected supernatants was measured multiple
times, for these samples the standard deviation is reported.

Two evaluation protocols for the equilibrium method (EM), sum-
marized in Table 3, were used to determine the chloride binding
capacity. The first protocol based on Eq. (6) is commonly used for
OPC, while the second protocol based on Eq. (7) resembles the pro-
tocol commonly used for AAS pastes. In the latter, the moist mass of
the sample (. ) is used as the reference mass, rather than the
methodologically correct dry mass (4 qr,)- This methodologically
incorrect evaluation was done to compare the experimental results of
EM Eq. (7) with the AAS isotherms reported in literature. Isotherms
were fitted based on Egs. (1), (2), and (3).

2.3. Solvent exchange

For the plain sand-like pastes and selected equilibrium samples,
after the liquid phase was extracted, the reaction was stopped using
solvent exchange. First, any pore solution which could contain free
chlorides was removed to prevent the crystallization of ions during
solvent exchange [30] ensuring that the remaining solid includes only
reaction produces of the paste and no crystalline ions precipitated from
the pore solution [36]. To achieve this, the paste was first homogenized
with a spatula. Then, 5 + 0.1 g of the (moist) paste was placed in
a 250 ml beaker with approximately 50 ml of deionized water. The
suspension was stirred for 3 min and then filtered.

The remaining solids of each sample were then further treated with
a double solvent exchange. 100 ml of isopropanol was added to the
filtration unit containing the solids. The mixture was stirred for 30 s
with a glass rod, left for 5 min, then filtered. This isopropanol treatment
was performed twice. Then, 20 ml of diethyl ether was added to the
filtration unit, followed by 30 s of stirring and a 5 min rest period before
filtration until dry. Diethyl ether is used to minimize the sorption of
organics on hydrated paste [36]. The dry sand-like solids were stored

overnight by —0.2 bar in a vacuum desiccator. Parts of this were used
later for SEM-EDS analysis. On the next day approx 1.7 g of the solids
were ground in a porcelain mortar to pass a 63 pm sieve. These ground
solids were used for TGA and XRD at the same day to prevent any
further reactions.

2.4. Thermogravimetric analysis

A Mettler Toledo TGA/DSC3+ was used to perform the TGA exper-
iments. To investigate the free water content approx. 250 mg of the
sand-like pastes were weighed into 600 pl crucibles and dried while
purging 50 ml/min N, using two settings: Drying at 40 °C for 10 h,
which might accelerates some reactions within the innerpart of the
particles due to the slow drying process. Drying at 105 °C for 2 h,
which is a common approximation of the free water content, even
though hydration phases such as ettringite and C-(N)—(A)-S-H are also
known to lose water at these conditions. The free water content of the
well-hydrated binders is presented in Table 4. As expected, the free
water content measured by 105 °C was about 2 w.% higher than that
measured by 40 °C.

All paste samples were characterized by TGA from 40 °C to 950 °C
with a rate of 10 °C/min, while being purged with with 50 ml/min N,.
The TGA results are presented as mass loss (TG) and the derivative of
the mass loss per K (DTG) as functions of temperature, where the mass
losses are normalized to the initial sample mass.

The AFm phases monosulfate and monocarbonate release inter-
layer water from their octahedral layers in the temperature ranges of
approximately 250-350 °C and 200-300 °C, respectively [36]. The
formation of Friedel’s salt requires the presence of such AFm phases
prior to chloride exposure. The thermal decomposition of synthesized
Friedel’s salt (Ca4Al,(OH);,Cl,-4H,0) shows two main DTG peaks
at 30-180 °C and 230-410 °C, with the second peak typically used
to identify Friedel’s salt. For OPC systems the quantity of Friedel’s
salt can be determined from the content of the main layer water
(230-410 °C) [16,45]. For AAS systems the mass loss of NaCl-exposed
samples in the range 230-410 °C is attributed to hydrotalcite and,
if formed, Friedel’s salt. For this, the mass loss of the NaCl-exposed
sample is corrected by the mass loss of the water exposed (0.0 M)
sample [45,46]. The quantification of Friedel’s salt using Eq. (9) is
therefore just a rough estimate.

- M prieger <’"NaC1,230°C = MN4CI410°C
- .

M0 001 230°C — M0.0M 410°C )
6 My0

My aci,105°C Mo, 0M,105°C

©)

where mp [g/g dry sample] is the mass fraction of Friedel’s salt con-
tent of the sample, my3p0c — My goc is the mass loss in the range of
230-410 °C, Mp, oy = 561.3303 g/mol and My o = 18.02 g/mol are
the molar masses of Friedel’s salt and water. i
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For AAS systems, the mass loss in the range of 230-410 °C can also
be associated with hydrotalcite, which also loses six water molecules
representing the main layer water [16,47], which overlaps with the
water release of AFm phases. The quantification of hydrotalcite using
Eq. (10) is in the presence of AFm phases therefore an overestimation.

My, (myop300c — Moomat0°C)

my, = 10)
Hi 6 Myo

my.0M,105°C

where my, [g/g dry sample] is the mass fraction of hydrotalcite of the
sample and M, = 443.18 g/mol [16].

The upper bound of chemical bound water of the paste after solvent
exchange my .., [W.% dry sample] is calculated based on the weight
loss between 105 °C and 950 °C:

= Mosec 7 M950°C 1 00% a1)

MK chem
’ Mo

2.5. X-ray diffraction

X-ray diffraction (XRD) was used to identify crystalline phases and
phase changes due to chloride binding. A Bruker D8 A25 DaVinci X-ray
Diffractometer equipped with a LynxEye SuperSpeed Detector detector,
with CuKe radiation (wavelength of 1.54 A) was used. The scans ranged
from 5-55° 26 using a step size of 0.01° 20 and had the total measuring
time of 87 min per sample.

Approximately 0.5 g of each ground paste was back loaded into
sample holders and measured immediately. The sand-like paste before
exposure was ground to pass a 63 pm sieve at the same day of XRD
measurement. The paste after the equilibrium experiments was treated
in the same way as the TGA samples (washing and solvent exchange).

Additionally, moist paste after the equilibrium experiments was
measured to investigate the effect of water loss due to the solvent
exchange. After taking solid for the solvent exchange from the sample
tubes, approx. 3 g of moist sand-like paste was taken for an additional
XRD measurement. The moist sand-like sample was quickly ground in a
porcelain mortar to achieve a homogeneous fine paste. Then the moist
paste was front loaded into sample holders and covered with Kapton
foil to prevent the drying of the sample while measurement.

External standard method is used to quantify different phases (crys-
talline and amorphous) in the specimens using Rietveld analysis further
described in Appendix A.5.

2.6. SEM-EDS

Scanning Electron Microscopy with Energy-Dispersive X-ray Spec-
troscopy (SEM-EDS) is used to investigate the paste before and af-
ter exposure. First, Backscattered Electron Images (BSE) images and
Energy-Dispersive X-ray Spectroscopy (EDS) point analysis was per-
formed on the solvent-exchanged paste grains, dusted directly onto ad-
hesive double-sided carbon tape using FIB-SEM, Zeiss CrossBeam 350
KMAT focused ion beam scanning electron microscope with acceler-
ating voltage of 15 kV and spectrum area counts above 1 x 10°® for
all measurements, ensuring reliable quantification. Energy Dispersive
X-ray Spectrometry (EDS) analysis was performed by a UltimMax100
silicon drift detector from Oxford Instruments. The EDS data processing
is done using AZtec 6.2 SP2 software, including normalization, cor-
rection for window artifacts as well as sum peaks and pulse pile up
correction.

Next, approximately 0.5 g of solvent-exchanged paste grains were
placed in a 2 mL tapered plastic vial and impregnated with 1 mL of
Epo-Tek 301 epoxy (Epoxy Technology Inc.). The epoxy is chloride-
containing, but it does not affect the point EDS point analysis as
no chloride is observed in the samples which were not in contact
with NaCl solution (see Appendix A.6). The vials were evacuated at
0.1 bar to remove entrapped air and subsequently cured under 2.5 bar
overpressure. After hardening, the vials were cut longitudinally with an
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ethanol-cooled diamond saw, the plastic removed, and three epoxy—
sample halves were re-embedded in a 30 mm round mold with the
cut surfaces facing downward. Following vacuum impregnation and
pressure curing, the resulting epoxy puck was lathed flat on the top sur-
face. The bottom surface was ground using 120 and 220 grit diamond
pads and polished sequentially with 6, 3, 1, and 0.25 pm alcohol-
based diamond suspensions using a Struers Tegramin-30 grinding and
polishing machine, with ethanol as lubricant. For EDS maps and point
analysis of the polished samples a Hitachi S-3400 N scanning electron
microscope equipped with an EDS-detector from Oxford Instruments
was used. EDS was performed with a emission current of approx.
75-100 pA and accelerating voltage of 15 kV. BSE images, EDS maps
and point analysis were acquired with a working distance of approx.
10 mm. The elemental maps for Al, Na, Ca, Mg, C, Si, Fe, K and Cl were
used to select regions for point scan analyses. Maps were acquired at
75% and 750x magnification, while point analysis is conducted only at
750x magnification. For the point analysis (ratio plots), points used to
determine the atomic ratio were taken from the middle of the particle,
not from the (leached) rim near the surface.

2.7. Thermodynamic simulation

In the thermodynamic modelling, congruent OPC and slag disso-
lution was assumed, and proportional additions of SiO,, CaO, Al,O3,
MgO, Fe,03, Na,O, K,0, and SO; were used. O, was included in
the system, while no addition of C was considered, assuming that
carbonation did not occur. The simulations were performed using the
Cemdatal8 database [48] combined with the Zeolite21 database [49,
50] and the CASH+ model [51], which was extended to account for the
uptake of alkali metals [52] and alumina [53]. The CASH+ model was
chosen, because it correlates better with the SEM-EDS C—(N)-(A)-S-H
composition of the AAS paste as compared to the CNASH solid solution
model available in cemdatal8. The zeolite A4 from Zeolite21 database
was used as a proxy for the N-A-S-H phase. The temperature and
pressure were set to 20 °C and 1 bar, respectively. For alkali-activated
slag systems, the high ionic strength at early ages often suggests the
use of the Pitzer ion activity model. However, comparisons between
calculations based on the Pitzer model [54] and the extended Debye—
Hiickel model [55] have shown that the choice of ion activity model
has only a minor influence on the predicted phase assemblage in alkali-
activated slag systems [42]. Therefore, the extended Debye-Hiickel
(Helgeson) model is used in this study for both, AAS and OPC paste. To
simulate chloride binding, the a; and b, parameters were set at 3.72 A
and 0.64 kg/mol, respectively, and NaCl was used as the background
electrolyte for hydration systems. Gibbsite and quartz from cemdatal8
were suppressed as their occurrence in the system investigated is
unfavourable to occur. In addition, ettringite and monosulphate solid
solutions were suppressed to favour occurrence of pure phases. To
calculate the volume of unreacted phases, the density of OPC and slag
were estimated to be 3.15 and 2.8 g/cm?, respectively

In the equilibrium simulation, the degree of hydration (DoH) of the
OPC was set to 70%, based on the Parrot and Killoh model [56]. For
this the fineness of OPC was assumed to be 390 m3/kg. In the case of
alkali-activated slag (AAS), Caron et al. [42], using slag from the same
supplier but a different activator, reported slag dissolution between
48% and 55% after 56 days, depending on the silicate modulus (M) of
the activator solution. Higher M values lead to a lower pH [57], which
can reduce the degree of reaction [42]. In addition, a higher silicon
concentration in the activator may limit further slag dissolution [42]. In
the present study, the activator solution for AAS1.9 contains a relatively
high silicon content, which likely contributes to a lower degree of
hydration. Comparable findings were reported by Haha et al. [58] (48%
after 180 days), Le Saofit et al. [59] (52% after 28 days and 54% after
100 days), and Bernal et al. [60] (45%, 58%, and 79% after 56 days
for three different slags). Based on these observations, the DoH for the
GGBEFS in both AAS pastes was estimated to be approximately 60%.
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Table 5

Prediction protocol used to determine the bound chloride content from thermodynamic simulation.
Prediction protocol GEMS Eq. (12) GEMS Eq. (6) GEMS Eq. (7)
Similar to Microstructural quantification EM Eq. (6) EM Eq. (7)
Analysis direct (solid) indirect (liquid) indirect (liquid)
Evaluating Mirieger AN Mg,z Ceteq Celeq
Reference mass M ampie0 M pore 0 M sampie,0 Mpore,0 Mampie0
Unit C;, [g Cl/g dry paste] [g Cl/g dry paste] [g Cl/g moist paste]

Chloride binding is simulated based on the laboratory conditions
in the equilibrium method. The solid/liquid ratio (muupre0/Vaaa =
30 g moist paste/15 ml NaCl sol.) is chosen to be same as in equilibrium
experiment described above. To determine chloride binding isotherms,
the concentration of the added solution (Cc,,,,) Was stepwise in-
creased, while the DoH was assumed to be constant. First, the total
mass of the paste consisting of the solid phase and the pore solution
(Mgampre0 = Myampie.dry T Mporen) Was determined. Then, the composition
of the added solution was adjusted, while the volume of the added
NaCl solution (Vayy = Vizo.added + Veraddea + VNaaddea) Was kept
constant to match the solid-to-liquid ratio. Based on the thermodynamic
equilibrium, the resulting C¢; .45 MFyieqer and mg,,,; were predicted.

In Table 5, the 3 prediction protocols used in this study to evaluate
the thermodynamic simulation are summarized. The first is GEMS Eq.
(12), which involves the direct determination of the mass of chemically
bound chlorides (Cc; cpemicar)- Here, Cejcpemicar [ Cl/g dry paste] is
directly determined from the masses of the chloride-containing phases:

CCI,chemical = CCI,Friedel + CCI,Kuzel
2-M.; M,
m . - — m - —
_ Friedel M Friedel + Kuzel Mgzl (12)

m m

sample,0 — mpore,O sample,0 — mpare,O
where mp,;,40, and mg,,..; [g] are the masses of Friedel’s salt and Kuzel’s
salt predicted by the thermodynamic model and, M,,;,;,,=561.33 g/mol
and My,.,,=1042.22 g/mol [48] are the correspondence molar masses.
The other prediction protocols are similar to the equilibrium method,
where the chloride binding capacity is determined indirectly based
on the predicted chloride concentration of the equilibrium solution
(C¢yeq)- For this, Egs. (6) and (7) are used to indirectly determine Cc .

2.8. Summary of the experimental program

An overview of the experimental program is given in Fig. 4. The
paste sample before exposure is called plain, it was not exposed to
water nor to NaCl-solution. For all exposed sample, the name is chosen
based on the measured equilibrium chloride concentration (Cg;,,)-
For instance, the AAS0.5 sample with C¢;,, = 0.39 molCl/1 is called
AAS0.5 0.39M, while the AAS0.5 sample exposed to water is called
AASO0.5 0.0M. By default solids where dried with solvent exchange.
Only samples labelled wet are measured in a moist state, directly taken
after exposure.

3. Results
3.1. Chloride binding isotherms

The measured chloride concentrations and the sample names of all
solid samples are given in Tables 6 and 7, respectively. For the added
chloride concentration of 1.81 mol/l, each equilibrium concentration
was measured three times, demonstrating a good repeatability of the
equilibrium concentration measurements.

It has to be noted, the sand-like grains of the AAS paste agglom-
erated over time but were regularly dispersed again by tapping and
automated vibration, allowing them to remain freely suspended in the
solution. The agglomeration was more pronounced for the AAS paste
compared to the OPC paste.

In Fig. 5, the chloride binding isotherms based on the evaluation
protocols given in Table 3 are compared. For AAS, accounting for the

initial water content as done in EM Eq. (6) leads to a negative chloride
binding, which is not possible from mass conservation perspective. This
will be further discussed using results of thermodynamic modelling.
Neglecting the initial water content of the sample as done in EM Eq.
(7), the AAS pastes exhibit a linear binding behaviour. Compared to
the OPC paste, the AAS pastes have a lower chloride binding capacity.
This is contradictory to the findings of the literature review discussed
in Fig. 3.

In Fig. 6, the OPC binding isotherm obtained in this study is
compared with those reported for similar pastes in the literature. The
OPC isotherm using C, , based on EM Eq. (6) shows good agreement
with studies that increased the degree of hydration by producing “moist
sand” [29-31], as illustrated in Fig. 6(a). If the initial water content
is neglected and Eq. (7) is applied, the resulting isotherm corresponds
closely to those from studies using the same simplification [26,28],
as illustrated in Fig. 6(b). A comparison between Figs. 6(a) and 6(b)
indicates that the water-to-binder ratio (w/b) has a stronger influence
on the binding capacity when the initial water content is taken into
account.

The AAS pastes examined in this study exhibit a lower binding
capacity than those reported in the literature, when the initial water
content is neglected as shown in Fig. 7. This difference might be due to
different activator compositions and due to the fact, that the reference
mass in EM Eq. (7) was the mass of the moist sample where no drying
procedure as applied, which decreases the calculated binding capacity.

3.2. XRD

Fig. 8 shows XRD patterns for all samples. Both AAS pastes are
largely amorphous, containing a broad C-(N)-(A)-S-H peak and the
unreacted slag. For all AAS pastes, the amount of crystalline phases
is close to detection limit for quantification using Rietveld refinement
(see Appendix A.5). Furthermore, the peak position of layered hy-
droxide phases (hydrotalcite (Ht), monosulfoaluminate (Ms), Friedel’s
salt(Fs)) shifts depending on the binder composition and their chlo-
ride content [13,18,61], which increases the uncertainty in Rietveld
quantification.

Hydrotalcite (MggAl3(OH);5(CO3); 5 - 4.5H,0) is detected with dis-
tinct peaks only in the AAS0.5 samples, with Rietveld refinement
indicating contents of about 1.3 w.%. In contrast, no hydrotalcite was
detected by Rietveld refinement in the AAS1.9 samples. Monosulfoa-
luminate (CayAl,SO;q - 16 H,0) [62] is absent in the plain samples,
but present in all samples stored in water (0.0M) or NaCl solution,
where the peaks are more intense in the wet samples compared to
the solvent-exchanged ones. This finding is consistent with earlier
observations, which showed that monosulfoaluminate phases undergo
structural changes during storage in NaCl solution and subsequent
drying, favouring the more hydrated variant [63], which suggests that
water may be permanently bound within this phase. However, from
a thermodynamic view monosulfoaluminate phases are not expected
to exist in NaCl-exposed samples, as the Friedels’s salt formation is
favoured (see Section 2.7). However, Friedel’s salt is detected exclu-
sively in samples exposed to NaCl solution and is better visible in wet
samples. In AAS1.9, a Friedel’s peak at 11.3° in the AAS1.9 1.38M wet
sample is detected, whereas no distinct peak was observed at AAS1.9
0.42M wet sample. Rietveld quantification on the solvent-exchanged
samples yields a Friedel’s salt of 0.11 w.% for the AAS1.9 0.42M
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Fig. 4. Overview of experimental program and sample naming.

Table 6

Measured equilibrium chloride concentration Cc,,, [mol/1] of the corresponding exposure solutions Ce; g4eq
[mol/1]. Standard deviation is given in brackets, if equilibrium chloride concentration was measured multiple

times.

Celaddea [MOI/1] Ceieq [mol/1]

Exposure solution OPC AAS0.5 AAS1.9
0.14 - 0.1155 0.1187
0.25 0.0893 0.2021 0.2418
0.54 0.2692; 0.2679; 0.2670 0.3972; 0.3965 0.4289
1.08 - - 0.7805
1.81 1.2040 (0.0143) 1.2598; 1.2695 (0.0252) 1.3854 (0.0013)
0.025 0.025
@ AAS19 @ AAS19
X AAS05 —— linear m=5.17e-03, R2=0.96
0 <4 OpPC 02 X AAS0.5
— 0.0201 ... Langmuir a=6.29e-02, b=1.17e+01, R?=0.98 o) 0.0201 _ linear m=7.34e-03, R2=0.99
% —-— Freundlich k=5.05e-03, n=1.98e-01, R?=0.95 *g <« OPC
© Q] e Langmuir a=2.74e-02, b=1.71e+00, R?=0.98
S 0.015+ % 0.015 1
> Y B, s —-— Freundlich k=9.84e-03, n=5.27¢-01, R?=1.00 ,»
5 © -
o
- o
o 0.010 A = 0.010 A
o O
= 2
Q
s . Q
§ 0.005 1 PRl 3 0.005 1
-4 Q
] X
0.000 g% % X 0.000 A
4 T T , T T T T
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0

Ccl,eq [mol /1]

(a) C¢y with EM Eqg. (6)

Ccl,eq [mol /1]

(b) Ceyp with EM Eq. (7)

Fig. 5. Chloride binding isotherms measured by the equilibrium method and evaluated based on the evaluation protocols given in Table 3: (a) C,, with EM Eq.

(6) (b) C¢,,, with EM Eq. (7).

sample and 0.74 w.% for the AAS1.9 1.38M sample. For AASO.5 the
wet samples exposed to NaCl solution showed peaks at 11.3°, 22.5° and
31.1°, which can be associated with Friedel’s salt formation. Rietveld
refinement of solvent exchanged samples giving values between 0.74
and 0.97 w.% for AASO.5.

The OPC samples contain a larger variety of crystalline phases.
The unhydrated clinker phases (Belite, Alite, Ferrite, Periclase) account
for roughly 25 w.% of the total content, corresponding to a DoH

of about 75%, confirming the estimated DoH. Portlandite, ettringite,
hemicarbonate, monocarbonate, quartz, Belite, Alite, Ferrite, and Per-
iclase were identified in all mixes. Friedel’s salt is also detected in the
OPC 0.26M samples, with Rietveld refinement giving approximately
1.91 w.%. This is significantly more as detected in the AAS pastes
(AAS1.9 0.42M and AASO.5 0.39M), which were also exposed to 0.54 M
NaCl solution (see Table 7), indicating a higher chemical chloride
binding capacity of OPC paste.
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Fig. 6. Comparison of OPC chloride binding isotherm based on different evaluation protocols: (a) EM Eq. (6) with chloride binding isotherm from OPC
studies [29-31] (b) EM Eq. (7) with chloride binding isotherm from OPC studies [21,26,28].

Table 7

Sample name of paste taken from the corresponding exposure solutions
Ccladdea [moOl/1]. The sample name includes the measured equilibrium con-
centration Cc,,.

Exposure solution OPC AAS0.5 AAS1.9
0.00 OPC 0.0M AAS0.5 0.0M AAS1.9 0.0M
0.54 OPC 0.26M AAS0.5 0.39M AAS1.9 0.42M
1.81 - AAS0.5 1.26M AAS1.9 1.38M
AAS
0.05
=P~ Zhang et al. 2019, AAS, S100, n=6%, Ms=1.5
‘M- Gluth et al. 2024, BAM_AAS, Na201.87Si02
-4 Gluth et al. 2024, BAM_AAS, Na2SiO3
--A&-  Gluth et al. 2024, ETH_AAS, Na201.87Si02
0.04 1 ..¥. Gluth et al. 2024, ETH_AAS, Na20SiO3
@ Zhou et al. 2025, AAS, S35, NaCl, n=4%, Ms=0.955
--% - Zhou et al. 2025, AAS, S40, NaCl, n=4%, Ms=0.955
T --®- Zhou et al. 2025, AAS, S45, NaCl, n=4%, Ms=0.955 -1
‘(;,‘ 0.03 1 <% AASO0.5, n=4%, Ms=0.5 (this study) ,,”
g : -4 AAS1.9, n=4%, Ms=1.9 (this study) -7
o A -
) === Cdl, added, Maried ’.7’ ’,,/
o | Ccl, addeds Mmoist
20.02 1
3]
(]
0.01 1
0.00 - T T T
0. 1.0 1.5 2.0 25

Ccl,eq [mol /1]

Fig. 7. Comparison of isotherm of this study with AAS isotherms based on
the evaluation protocol EM Eq. (7) with chloride binding isotherm from AAS
studies [15,19,35].

3.3. TGA

In Fig. 9(a), the DTG curves of plain samples, the plain samples
after solvent exchange and water-exposed 0.0 M samples (after sol-
vent exchange) are compared. For OPC, the main peak is primarily

attributed to the decomposition of C-S-H and with a lesser contribution
due to the decomposition of ettringite and AFm phases (monocarboa-
luminate, monosulfoaluminate). Whereas for the AAS pastes, the main
peak is primarily attributed to the decomposition of C-(N)—(A)-S-H.
Comparing the plain samples to the solvent exchanged samples, all
mixes show notable differences in their main peaks, which are caused
by the solvent exchange process of the samples. However, comparing
the solvent exchanged samples, the OPC 0.0 M sample might indicate
limited leaching of the C-S-H, while the portlandite content remains
stable after water exposure. In contrast, both AAS 0.0 M samples
indicate a slight increase in the C-(N)—(A)-S-H peak compared to the
AAS plain solvent exchanged sample.

The DTG curves of the chloride-exposed samples (after solvent
exchange) are shown in Figs. 9(b) to 9(d). For the OPC sample in Fig.
9(b), a change in the mass loss curve is observed between 230-410 °C,
corresponding to the release of the six main layer water molecules
during Friedel’s salt decomposition [36,45].

For the AAS pastes, the Friedel’s peak is overlapping with the hy-
drotalcite peaks and, if existing, monosulfoaluminate peak. As several
phases are decomposing in this range, a quantification of Friedel’s salt
based on Eq. (9) is therefore not reliable. For AASO.5, illustrated in Fig.
9(c), the peak in the range 230-410 °C shifts with increasing chloride
concentration to lower temperatures, which is accompanied by a shift
of the mass loss in the range of 150-250 °C. This indicates changes
in the layered hydroxide phases (hydrotalcite, monosulfoaluminate,
Friedel’s salt). As illustrated in Fig. 9(d), the layered hydroxide phases
of the AAS1.9 paste seem less affected by chloride exposure. Only for
the 1.38M sample, the mass loss in the 230-410 °C range is altered. The
quantification of hydrotalcite and Friedel’s salt based on TGA analysis
are summarized in Appendix A.4.

The chemically bound water content of the paste my ., is illus-
trated in Fig. 10. For the OPC samples, the amount of chemically
bound water decreases slightly after the equilibrium experiments. In
contrast, both AAS pastes show an increase in chemically bound water
content with increasing NaCl concentration in the exposure solution.
This suggests that additional water-binding reactions occurred during
exposure. The effect is more pronounced for the AAS0.5 paste than for
the AAS1.9 paste.
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Fig. 8. XRD patterns of OPC and AAS paste before exposure to NaCl solution (plain) and at different equilibrium concentrations C,,, measured after solvent
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Table 8
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Elemental molar ratios obtained from SEM-EDS measurements compared with reference chloride-

containing AFm phases (CI-AFm).

Sample Phase Ca/Al Cl/Al S/Al Si/Al
OPC 0.26M (polished) CI-AFm 1.93 0.58 0.03 0.09
AAS0.5 1.26M (grain) Cl-AFm 1.68 0.37 0.00 0.18
AAS1.9 1.38M (grain) Cl-AFm 1.82 0.23 0.38 0.39
Ideal Friedels salt [48] Ca,Aly(OH);,Cl, - 4H,0 2.00 1.00 0.00 0.00
Ideal Kuzel’s salt [48] Ca,Al,CI(SO, )0 5(OH),5 -6 Hy0 0.50 2.00 0.25 0.00
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Fig. 10. Chemical bound water my ,,, of samples (after solvent exchange)
according to Eq. (11).
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Fig. 11. SEM-EDS analysis on grains of AAS paste: Cl-containing AFm phase.

3.4. SEM-EDS

SEM-EDS analysis of individual grains revealed the presence of
chloride-containing AFm phases in the chloride-exposed AAS samples.
As illustrated in Fig. 11, these phases exhibit high Al, Ca, and Cl
contents and low Si content. The elemental ratios given in Table
8 indicate that the composition in AAS0.5 resembles Friedel’s salt,
whereas AAS1.9 contains sulphate and shows a lower Cl/Al ratio,
resembling Kuzel’s salt. This suggests a lower chloride-binding capacity
of chloride-containing AFm phases in the AAS1.9 paste.

Elemental mapping of polished samples are illustrated in Fig. 12.
The Cl maps show a constant intensity of the chloride-containing resin,
while also Cl is also detected in the centre of large particles, indicating
that equilibrium was reached. In contrast, the maps of the plain paste
grains before exposure and after exposure to water (illustrated in
Appendix A.6) only show Cl in the resin.
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In all NaCl-exposed samples, paste particles exhibit rims enriched
in Na and depleted in Cl. Similar rims are observed after water ex-
posure (see Appendix A.6), whereas they are absent in plain sam-
ples (see Appendix A.6), suggesting that rim formation is driven by
exposure-induced leaching, likely involving Ca.

Based on EDS point analysis (details given in Appendix A.6), AAS
pastes mainly consist of C—(N)-(A)-S-H, hydrotalcite, and unreacted
slag. For the AAS paste, the exposure to water alters the composition
of the C-(N)-(A)-S-H phase even in the middle of the particle as
illustrated in Fig. 13. Na is leached from the C-(N)-(A)-S-H phase,
more strongly in water than in NaCl solution. NaCl exposure appears
to induce segregation into Ca-rich and Si-rich domains. This indicates
that the (physical) chloride binding occurs in a chemically altered
C-(N)-(A)-S-H phase, rather than the initial reaction product.

The hydrotalcite-like phase shows no measurable change in Mg/Al
ratio upon exposure to water or NaCl solution as illustrated in Fig. 14.
Both, AAS0.5 and AAS1.9, exhibit a Mg/Al ratio of about 1.8, which
is governed by the slag composition, the main source of both Mg and
Al. Comparable Mg/Al ratios for hydrotalcite-like phases have been
reported previously [13,64].

SEM-EDS point analyses to identify the dominant chloride-binding
phases is illustrated in Fig. 15. As illustrated in Fig. 15(a), chloride in
the OPC 0.26M sample is primarily associated with chloride-containing
AFm phase (Cl/Al ~ 0.58) and, to a lesser extent, with C-S-H (Cl/Ca
~ 0.05). The detected chloride content in the chloride-containing AFm
phase is therefore only half of the theoretical Friedel’s salt composition
(see Table 8). This has been observed before [30,65].

In contrast to the OPC 0.26M sample, high chloride concentrations
in the polished AAS samples are accompanied by an increase in Mg
indicating chloride binding to hydrotalcite, as illustrated in Fig. 15(b).
Furthermore, the C—(N)-(A)-S-H phases contributes to chloride binding
in the AAS samples as illustrated in Fig. 15(c). This is in agreement with
other studies reporting physical chloride binding in C—(N)-(A)-S-H
phase [15-17,66,67] and hydrotalcite [16-20]. No clear trend towards
chloride-containing AFm in AAS pastes is observed in the polished AAS
samples, as they are maybe finely intermixed with the C—(N)-(A)-S-H
phase or are missed in the random point analysis. Though, the presence
of such phases cannot be excluded as they where detected on the
unpolished grains (Fig. 11).

As illustrated in Figs. 15(b) and 15(c), the Cl/Ca and Cl/Al ratio of
the AAS1.9 1.38M sample is higher as of the AAS0.5 1.26M sample.
This is contradictory to the measured isotherms (see Fig. 5), where the
binding capacity of AAS0.5 was found to be higher. Furthermore, the
hydrotalcite of the AAS1.9 1.38M sample has a higher chloride content
compared to its C—(N)-(A)-S-H phase. The discrepancy between the
SEM-EDS results and the binding isotherms remains unexplained.

3.5. Thermodynamic modelling prediction

Predictions of phase assemblage for AAS and OPC paste from ther-
modynamic modelling for different NaCl concentration exposure are
shown Fig. 16. The predicted equilibrium chloride concentration Cc, ,,
does not align with experimental values at the same added solution
concentration, because the thermodynamic model does not account for
the chloride uptake in hydrotalcite, C—-(N)—-(A)-S-H or zeolite precur-
sors such as Sodalite. It only accounts for bound chlorides in AFm
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Fig. 12. SEM-EDS maps of polished samples measured with 75x magnification of OPC, AAS0.5 and AAS1.9 samples exposed to NaCl solution. Colour gradient
for relative comparison within one image. Note that epoxy resin between grains includes Cl.
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Fig. 13. Na/Al vs. Si/Ca ratio of SEM-EDS point analyses of polished samples with 750x magnification. Samples before exposure (plain), after water (0.0M)

exposure or NaCl solution (C¢,,, = 1.26M or 1.38M).

phases. All subsequent comparisons are therefore made at equilibrium
conditions based on the same C¢, -

For the OPC paste illustrated in Fig. 16(a), the formation of Kuzel’s
salt and its subsequent transformation into Friedel’s salt is predicted,
which is in good agreement with other studies [11,29]. For the AAS0.5
paste illustrated in Fig. 16(b), minor phase changes such as the increas-
ingly formation of Friedel’s salt with increasing Cc,,, are predicted.
For the AAS1.9 paste, no formation chloride-containing AFm phases is
predicted, as illustrated in Fig. 16(c). In contrast to OPC, some of these
phase transformations in AAS are reversible, such as the formation
of straetlingite or N-A-S-H. For the AAS pastes, the mass of pore
solution decreases slightly with increasing NaCl content. Consequently,
the predicted liquid volume decreases by approximately 2-2.5 vol%
with increasing equilibrium concentration up to 2 mol/1 (see Appendix
A.7). For the given degree of hydration (DoH = 0.6), this effect is
more pronounced in AAS0.5 paste than in AAS1.9 paste. In contrast,
the predicted volume reduction in OPC paste is approximately twice
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that observed for the AAS pastes, while the mass of pore solution is
predicted to slightly increase.

4. Discussion
4.1. Comparison of bound chloride content

The bound chloride content determined with different direct and
indirect methods is illustrated in Fig. 17. A detailed description of the
parameters used for quantification is given in Appendix A.8.

For the OPC 0.26M sample, TGA quantification predicts by far
the lowest binding capacity. The thermodynamic simulation evalu-
ated based on GEMS Eq. (12) predicts a similar amount of chloride
bound in Friedel’s salt as the XRD+EDS quantification, although the
latter assumes only half of the theoretical chloride binding capacity of
Friedel’s salt. Based on XRD+EDS quantification, the chloride binding
in chloride-containing AFm phase dominates over physical chloride
binding of the C-S-H phase.
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Fig. 14. Al/Si vs. Mg/Si ratio of SEM-EDS point analyses of polished samples with 750x magnification. Samples before exposure (plain), after water (0.0M)
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Fig. 16. Phase composition with increasing NaCl concentration in the constant volume of added solution C¢; 4444 Of the OPC paste (DoH = 70%) and AAS pastes

(DoH = 60%).

The determination of the bound chloride content of AAS pastes gives
inconclusive results. The TGA analysis indicates for all AAS samples the
highest chloride binding capacity in the hydrotalcite content. However,
TGA quantification is only a rough estimate for AAS pastes as hydrotal-
cite, AFm phase and Friedel’s salt release water in the same temperature
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range (see Section 2.4). The thermodynamic prediction evaluated based
on GEMS Eq. (12) assumes chloride binding only in Friedel’s salt with
the ideal composition (Cl/Al = 1.0), but the phase formation is very
limited. Therefore, the lowest chloride binding capacity of the AAS
pastes is found using GEMS Eq. (12). The XRD+EDS quantification
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Fig. 17. Comparison of bound chloride content determined width different methods. Detailed description in Appendix A.8.

predicts limited binding in chloride-containing AFm phases and hy-
drotalcite based on the limited detection of this phases by Rietveld
analysis. Due to the chloride binding in the C-(N)-(A)-S-H phase,
the chloride binding in AAS1.9 paste is higher than in AASO.5 paste,
which contradicts the total chloride binding capacity determined based
on the equilibrium method (EM). For AAS1.9 paste, the quantification
with XRD+EDS also exceeds the indirect measurement based on the
equilibrium method.

In summary, the direct measurement methods do neither confirm
the indirect quantification of the chloride binding capacity using equi-
librium method in combination with Eq. (6) nor Eq. (7). Furthermore,
the AAS pastes give more inconclusive results compared to the OPC
paste. The influence of the different evaluation methods of the equilib-
rium method (given in Table 3) will therefore discussed in detail in the
following.

4.2. Neglecting initial water content

In this section the effects of neglecting initial water content in
the equilibrium method evaluation is discussed. For this, the chloride
binding capacity is evaluated indirectly by investigating the chloride
concentration in the equilibrium solution (Cc,,,) and neglecting the
initial water content (m,,,, ). Therefore, the evaluation protocol EM
Eq. (7) (given in Table 3) is used to evaluate the equilibrium method,
while for the evaluation of the thermodynamic prediction the predic-
tion protocol GEMS Eq. (7) (given in Table 5) is used. The results are
illustrated in Fig. 18(a).

For all pastes, C,;, from the equilibrium method agree well with
Cc;p derived from the equilibrium solution of the thermodynamic
simulations, as illustrated in Fig. 18(a). The higher binding capacity
based on the evaluation using GEMS Eq. (7) in Fig. 18(a), compared
to the evaluation based on GEMS Eq. (12) given in Fig. 17, is caused
by neglecting the initial water content of the paste. The added chlo-
ride concentration exceeds the initial concentration, leading to an
artificially large difference relative to the equilibrium concentration
and thus to an overestimation of chloride binding. This diluting effect
becomes more pronounced at lower degrees of hydration, where larger
pore solution volumes further reduce initial chloride concentration,
and at higher concentrations of the added solution (see Appendix A.7).
When C¢; iy < Ccjgqq> the calculated chloride binding is dominated
by dilution rather than by actual chloride binding.

Overall, the thermodynamic simulations in Fig. 18(a) confirm that
neglecting the initial water content systematically overestimates chlo-
ride binding capacity due to the diluting effect. Given this systematic
bias, the evaluation protocol EM Eq. (7) is not suitable for analysing
chloride binding capacity of the equilibrium method. The alternative
protocol EM Eq. (6) explicitly accounts for the initial water content,
however the calculated negative binding capacity in this study violates
mass conservation. The underlying assumptions and limitations of EM
Eq. (6) are therefore discussed in the following.
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4.3. Accounting for initial water content

In this section the chloride binding capacity is evaluated again
indirectly by investigating Cc,,, for both, thermodynamic modelling
and the equilibrium method. To account for the initial water content,
the evaluation protocol EM Eq. (6) to evaluate the equilibrium method
and prediction protocol GEMS Eq. (6) to evaluate the thermodynamic
prediction are applied. The results are illustrated in Fig. 18(b).

As illustrated in Fig. 18(b), the evaluation of C,, yield similar
trends for thermodynamic predictions and the equilibrium method. The
AAS isotherms exhibit negative values of the chloride binding capacity,
which is physically impossible as it violates mass conservation. This
artefact arises from water-binding reactions occurring in the paste dur-
ing equilibration. Thermodynamic modelling shows that the volume of
the liquid phase decreases after equilibration for all binders, even when
additional hydration of unreacted clinker is neglected (see Appendix
A.7). While the total chloride mass in the system remains constant, the
consumption of liquid volume leads to an increase in the equilibrium
chloride concentration. In Eq. (6), which assumes a constant liquid
volume, the difference between initial and equilibrium concentration is
attributed entirely to chloride binding in the solid phase. Consequently,
if equilibrium concentration is higher as the initial concentration, the
calculated chloride binding capacity becomes negative.

When chloride binding is evaluated indirectly from the equilibrium
solution, as in the equilibrium method, the calculated bound chloride
content must therefore be corrected for changes in liquid volume
to ensure mass conservation. This correction for the volume effect is
illustrated in Fig. 19. The indirectly determined C, , based on GEMS
Eq. (6) corrected by C¢,y, equals the predicted chloride content in
the CI-AFm phases based on GEMS Eq. (12). The thermodynamic sim-
ulation confirms that the negative chloride binding capacity obtained
using Eq. (6) arise exclusively from liquid volume reduction during
equilibration. Correcting for this volume change fully resolves the
negative binding.

For selected equilibrium samples the amount of chemically bound
water was measured before and after exposure. Based on the difference
in chemically bound water, the experimental determined bound chlo-
ride content based on EM Eq. (6) can also be corrected using C¢
Eq. (8). For the AAS samples, this correction increases the calculated
chloride binding capacity, as illustrated in Fig. 19. For AAS0.5 paste,
the correction resolves the negative chloride binding and results a
significant increase in binding capacity for the AAS0.5 1.26M sample.
However, the negative binding capacity observed for AAS1.9 could not
be compensated fully by this correction. It is possible that the degree of
hydration (DoH) of the slag, and therefore the C-(N)—(A)-S-H content,
in AAS1.9 paste increased more strongly during equilibration time than
in the AASO.5 paste. In this study, the chemically bound water content
(my cnem) Was determined based on solvent exchanged samples, which
might leads to a underestimation of the increase of chemically bound
water in the C-(N)-(A)-S-H phase.
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Fig. 18. Isotherms from the equilibrium method (EM) evaluated with different evaluation protocols (given in Table 3) and compared with thermodynamic prediction
(GEMS) evaluated indirectly using the pore solution based on corresponding prediction protocols (given in Table 5).
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Fig. 19. Bound chloride content C,, from the equilibrium method (EM) evaluated based on the evaluation protocol EM Eq. (6) corrected by Eq. (8) or based on
EM Eq. (7) and, from the thermodynamic simulation evaluated based on the prediction protocols GEMS Eq. (12) or GEMS Eq. (6) corrected by Eq. (8).

4.4. Implications for chloride binding capacity of AAS

In this study, the experimental procedures and evaluation protocols
of the equilibrium method used in six studies on AAS pastes [15,19,24,
25,34,35] were analysed. All of these studies use evaluation protocols
similar to EM Eq. (7) neglecting the initial water content, while only
a subset [15,24,25,34] applied a drying step prior to exposure (see
Appendix A.2). The results of the present study suggest that the com-
paratively high chloride binding capacities frequently reported for AAS
pastes using the equilibrium method (see Fig. 7) may, at least in part, be
attributed to dilution effects associated with the initial water content
rather than to actual chloride binding. Consequently, the evaluation
protocol EM Eq. (6) with the correction for the volume change of the
liquid using Eq. (8) is recommended for AAS paste.

In this study negative chloride binding capacity of AAS pastes
is observed during the equilibrium experiments with the evaluation
protocol EM Eq. (6). Based on thermodynamic simulation it is demon-
strated, that water binding reactions need to be compensated to be
able to match the chloride binding capacity of the solid by indi-
rect measurements of the equilibrium concentration. For AASO.5, the
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correction based on the chemical bound water content full-fills the
mass conservation requirement the experimental determination bind-
ing capacity as illustrated in Fig. 19. In contrast, for AAS1.9 the
correction could not fully compensate the negative binding capacity,
which might be due to reaction additional of previously unhydrated
slag triggering a strong volume effect. Ongoing reactions in all AAS
paste samples are indicated by several observations: (1) During the
equilibrium experiments, increased agglomeration of the AAS paste
grains was observed over time despite regular shaking. The AAS1.9
samples, which exhibited more negative chloride binding compared
to AASO0.5, also showed the strongest agglomeration. (2) The amount
of equilibrium solution that could be extracted from the equilibrium
samples by centrifugation was significantly lower than for the OPC
samples. (3) TGA indicates that the amount of C-(N)-(A)-S-H in the
water exposed sample is higher compared to the sample prior exposure
and XRD detects the formation of monosulfoaluminate phases in the
equilibrium samples. (4) The chemically bound water content in the
AAS equilibrium samples increased with increasing NaCl concentration.

In this study, we assume that changes in chemically bound water
can directly represent the evolution of liquid volume. However, this
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proposed correction of the liquid volume represents a simplification
and may not fully capture the underlying physical processes. The
bound water content was determined based on the mass loss in the
range of 105-950 °C, which might include the mass loss due to the
release of CO, from phases such as calcite. Furthermore, changes in
the bound water content also occurs due to the incongruent dissolution
of C-A-S-H gel resulting in leaching of the Al and Ca ions when
exposed to chloride solutions. Wang et al. [68] and Jin et al. [69]
have investigated the structural changes in the C-A-S-H gel exposed
to chloride solution and observed decline in the Ca/Si and Al/Si ratios.
This structural changes in the C—-A-S-H gel, can also result in changes
in the bound water for the gel phase ultimately affecting the measured
chloride binding.

Although low chloride-binding capacities of AAS were measured
using the equilibrium method, the SEM-EDS analysis confirmed chlo-
ride binding in the C-(N)-(A)-S-H phase, hydrotalcite and to a very
limited amount in chloride-containing AFm phases. The SEM-EDS anal-
ysis of AAS pastes also revealed significant chemical changes of the
C-(N)-(A)-S-H phase due to the exposure to water or NaCl solution
after the equilibrium experiment, due to leaching of Na. This raises
the question if equilibrium experiments generally need to be adjusted
to prevent leaching, e.g. by adjusting the pH of the exposure solution
as done in several studies [11,15,19,21,26,27,33,34]. Or if leaching
in equilibrium experiments should be provoked since it also occurs in
concrete structures exposed to NaCl solution [65].

5. Conclusions

This study critically evaluates experimental equilibrium method and
its evaluation protocols for determining chloride binding isotherms
in Ordinary Portland cement (OPC) and alkali-activated slag (AAS)
systems. By systematically comparing different evaluation protocols for
determining chloride binding, this work highlights critical pitfalls in
both experimental methodology and data interpretation.

This study demonstrates, that for AAS pastes the identification
and quantification of the chloride-binding phases Friedel’s salt and
hydrotalcite based on TGA and XRD is highly uncertain. To iden-
tify all chloride-binding phases, including the C—(N)-(A)-S-H phase,
additional SEM-EDS measurements are needed. This study further
demonstrates that, even for SEM-EDS measurements, sample prepa-
ration (e.g., grains, polishing, powdering) and measurement method
(e.g., point analysis, mapping) can influence the detection of phases,
especially when their volume fraction is limited. If thermodynamic data
is available for the binder systems studied, thermodynamic modelling
provides a powerful complementary tool for assessing whether the
paste composition or the pore solution volume is expected to change
during equilibrium experiments.

For the equilibrium method it is shown that neglecting the initial wa-
ter content, a common simplification in previous studies, introduces a
diluting effect that lowers the measured equilibrium chloride concentra-
tion and consequently leads to an overestimation of the bound chloride
content. This is especially important for AAS binders, which exhibit the
finer pore structure and can therefore contain higher moisture content
at a given relative humidity.

Although accounting for the initial water content, physically impos-
sible negative chloride binding capacities are identified for AAS pastes
for the first time, revealing fundamental limitations in conventional
evaluation procedures of the equilibrium method. This study demon-
strates that volume changes by additional water binding reactions can
substantially affect the indirectly determined binding capacity. Such
water binding reactions are likely to occur for AAS pastes, because
water-curing before exposure is not recommended for AAS pastes due
to leaching issues. The novelty of this work lies in introducing a
correction for this error of the volume effect, achieved for the first time
by quantifying the chemically bound water content both before and
after exposure.
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As a conclusion from this study, practical recommendations to
refine the equilibrium method are provided in the next section. The
establishment of clear guidelines for the experimental procedure, for
the evaluation protocol and for reporting essential parameters, aims to
improve the reliability and comparability of chloride binding studies.

6. Recommendations for the equilibrium method

This study highlights, that the experimental procedure of the equi-
librium method in combination with the applied evaluation protocol
influences the reported chloride binding capacity. Especially for alter-
native binder systems, the chloride binding capacity is sensitive to the
evaluation protocol used. When evaluating alternative binder systems,
particular attention should be paid to the diluting effect, as it becomes
more pronounced for binders with low chloride-binding capacity. In
contrast, the volume effect should be taken into account for any binder
that has the potential to react with the chloride-containing exposure
solution. To get reliable chloride binding isotherms the following steps
should be kept in mind:

Before exposure, the paste needs to exhibit a high degree of
hydration. Ongoing hydration reduces the water content in the
equilibrium sample, which leads to an underestimation of the
binding capacity. Therefore, sample pre-treatment and sample age
at exposure should be reported.

Using SEM-EDS, leaching of all pastes exposed to water or NaCl-
solution was observed, altering the C-(N)-(A)-S-H composition
of the paste. To prevent leaching, the composition of the added
solution can be adapted, which should be reported.

The exposure time needs to be long enough, so that equilibrium is
reached. We recommend testing the reduction of the initial con-
centration Cc, ;,;, [mol/1] during the experiment using additional
equilibrium samples.

During equilibration, water can become chemically bound, lead-
ing to an underestimation of the chloride binding capacity. The
resulting error due to changes in liquid volume should be quanti-
fied using Eq. (8). The chemically bound water content should be
determined before exposure and after equilibrium is reached. The
chemically bound water content and the methodology applied for
its determination should be reported.

Drying of the samples before exposure to use Eq. (7) is not
recommended, since the phase composition of the paste could
be altered due to dehydration of phases such as C-(N)—(A)-S-H.
On the other hand neglecting the initial water content leads to
the diluting effect, which leads to a overestimation of the chloride
binding capacity. Therefore, the determination of initial water
content of the paste before exposure is recommended to use the
evaluation protocol based on Eq. (6). The following parameters
should be reported:

- the chloride concentration of the added solution Cg; 44
[mol/1], which should be experimentally confirmed,

— the chloride concentration of the equilibrium solution C¢,,
[mol/1],

- the volume of the added concentration V,;,,, [m®], which
should be limited to ensure detectable changes in the con-
centration and limit leaching,

- the weight of the moist sample at exposure m,, ;. o [g] and,

- the initial water content m,,,, [g], which can be deter-
mined e.g. by measuring the mass loss after 10 h at 40 °C
in N, environment,

- the chemically bound water content my .,, before expo-
sure and after equilibrium is reached e.g. by measuring the
mass loss between 105 °C and 950 °C.
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» To ensure that leakage did not occur, the sealed equilibriums
samples (container, paste and liquid) should be weighted before
exposure and after equilibrium was reached.

When chloride binding isotherms are reported the x-axis should
always be the concentration of the equilibrium solution C¢,,, in
[amount Cl/volume liquid]. The y-axis should be the bound chlo-
ride content at equilibrium C, , in [amount Cl/ mass dry sample]
and specific the dry state it refers to. This enables comparable
results and helps to avoid unit conversion errors if used in reactive
transport models.
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Appendix A

A.1. Chloride binding prediction

Su et al. [10] present thermodynamically predicted chloride binding
isotherms for OPC pastes blended with supplementary cementitious ma-
terials, which agree well with their experimental determined isotherms.
However, the relatively short equilibration time of 48 h to determine
the validation isotherms and the validation based on bound chloride
per volume (instead of mass) of dry paste limits the reliability of their
validation process.

Cao et al. [11] combined a thermodynamic model with a surface
complexation model to predict chemical and physical chloride bind-
ing of OPC paste. However, the experimental validation isotherms
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Fig. 20. Comparison the chloride binding capacity vs. the added chloride
concentration Ce¢; 44,y Of the OPC paste from this study with other OPC
studies [11,13,30].

(measured at RH = 11%) yield binding capacities more than twice
as high as those determined for comparable OPC pastes [13,30] as
illustrated in Fig. 20. If the latter were applied as validation data, the
predicted chemical binding determined by thermodynamic prediction
alone is sufficient to match the observed binding. Hence, there is not
the need to invoke additional physical binding on the basis of a surface
complexation model.

A.2. Literature review

In Table 9, experimental procedures and evaluation protocols from
previous studies using equilibrium method are summarized.

A.3. Mix design AAS paste

In Table 10, details of the chemical composition of the AAS paste
and its activator are given.

A.4. TGA

The calculated phase amounts according to TGA is given in
Table 11.

A.5. XRD

For the external standard, silicon is used as the standard, which was
measured independently using the same method along with the other
samples. For the diffractograms, the Rietveld analysis was performed
using the Profex software. Initially using the standard material the
instrument factor (K-factor) is calculated using the following equation

_ SspsVsz”s
2

s

13

where S is the scale factor, p [g/cm?] is the crystal density, V, [em3]
is the crystal volume of the unit cell, u, [cm?/g] is MAC, and W, is the
weight fraction (calculated to be 100%) of the standard materials. g,
can be calculated by referring the database on MAC values for each
atom against the CuKa source. The XRD data for different samples
were analysed using the Rietveld analysis. The phases used for the
refinement are given in Table 12. Using the K factor calculated using
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Table 9
Literature review of experimental procedure and evaluation protocol from studies using equilibrium method to determine chloride binding for OPC and AAS
pastes.
Ref. Binder w/b Nersan AgE Sample prep. Exposure sol.  Ref. mass M, Mea- Eq. time solid/ X-axis y-axis Iso.
[days] surement [days] liquid Iso.
[26] OPC 0.4-0.8 added 52 Immersed in lime sol., NaCl + M gledry No 14 - Cereq Cerp
vacuum dried, stored at Ca(OH), [mol/1]  [mg/g dry paste]
11% RH.
[28] OPC 0.45 added >365 Immersed in lime sol., NaCl My ampie.dry No 21 - Celeq Cerp
dried at 11% RH. [mol/1] [mg/g dry paste]
[27] OPC 0.3, 0.5 added >28 Sealed curing (2 to 9 NaCl and Mmoo iry = 1D OVen at 180 ? Cereq Cerp
month), 3 day vacuum CH-saturated  m,,,, 105 °C [mol/1]  [mg/g dry paste]
drying, 1 month at
11% RH, 2 h vacuum.
[32] OPC+ 0.5 added 93 2 month sealed at 22 °C, NaCl M mpie 11 RE No 120 0.25 Celeq Cc,, [mg/g paste]
SCMs 3 days vacuum dried, [mol/1]
1 month at 11% RH,
crushed, 2 h vacuum.
[33] OPC+  0.45 added 190 100 days at 95% RH, NaCl + 0.3 M gnle 35RH No 60 0.1 Celeq Ce [mg/g paste]
SCMs 3 month at 35% RH. M KOH+ [mol/1]
0.05M NaOH
(pH = 13.5)
[21] OPC 0.53 added >90 Water-curing, crushed. NaCl + 0.1 ? No 60 - Celeq Cerp
M NaOH [mol/1]  [mol/kg binder]
[22,29] OPC 0.4 init >14 Sealed curing, crushed, NaCl, MgCl,  mye — My, TGA 105 °C 60 2 Celeq Cep [g/8 cement]
moist sand (+30% water).  or, ... (N,, 4 h) [mol/1]  [22]; C¢,y
[g/g dry paste]
[29]
[13] OPC 0.5 init 224 Sealed curing, crushed, NaCl/CaCl, Mo — My, TGA 40 °C 30 2 Celadd Cerp
moist sand (+30% water). until const. [mol/l]  [g/g dry paste]
[11] OPC  0.48 added 28 Stored 95% RH, dried 11% NaCl + My ptesdry No 60 - Cerasd Ces
RH. Ca(OH), [mol/l]  [mg/g dry paste]
[30] OPC 0.5 init 217 Sealed curing, crushed, NaCl/CaCl, Moy = My Dried 40 °C 90 0.75 Celeq Cerp
moist sand (+40% water). 10 h [mol/l] [g/g dry paste]
[31] OPC 0.45 init 217 Sealed curing, crushed, NaCl/CaCl, Moy = My Vacuum 45 0.4 Cereq Cerp
moist sand (+35% water) oven 105 [mol/1]  [g/g dry paste]
°C until
const. mass.
[23] OPC+ 0.5 init 67 Stored 98% RH, crushed, NaCl Meoment TGA 40 °C 60 2 Celadd Cc;p [g/g cement]
SCM moist sand (+30% water). [mol/1]
[10] OPC+ 0.5 ? 35 Water cured, crushed, NaCl [———" No 2 0.4 Cey Cerp
SCM dried 50 °C, stored sealed. [kg/m’] [kg/m’ dry paste]
[15] OPC/ 0.5 added 38 Sealed curing, crushed, NaCl + 1M Mgy = My ? 60 0.31 Celeq Cerp
AAS vacuum dried, 11% RH. NaOH [mol/1]  [mg/g dry paste]
[24] AAS 0.48 added ? Cured 95% RH, crushed, NaCl My ampie.dry No 30 0.2 Ccladd Cerp
dried 50 °C until const. [mol/1] [mg/g dry paste]
mass.
[34] AAS var. ? 31 Cured, crushed (<74 pm),  NaCl + my,, No 14 0.075 - Cerp
stored ethanol, dried 65 NaOH [mg/g dry paste]
°C.
[25] AAS 0.45 added ? Cured 95% RH, crushed, NaCl my,, No 14/30 0.2 Celada Cerp
dried at 50 °C for 48 h. [mol/l] [mg/g dry paste]
[19] AAS 0.4 added 104/ Stored 43% RH. NaCl + Mgl No 21 0.25 Cereq Cerp
194 NaOH [mol/l]  [mg/g moist paste]?
[35] AAS 0.35, added >28 28 day in water at 22 °C,  NaCl, CaCl, Mgl No 30 0.125 Cereq Cerp
0.4, crushed, dried vacuum at or, MgCl, [mol/1] [mg/g “dry” paste]
0.45 60 °C for >72 h, ground,
sieved, sealed stored.
Table 10
Chemical composition GGBFS and alkaline solution for of AAS0.5 and AAS1.9 paste based on 100 g GGBFS.
Total mass CaO Sio, Al,O4 Fe,04 MgO K,0 Na, O TiO, P,05 MnO NaOH SO, H,0 Na, 0,
[g] [g] [g] [g] [g] [g] [g] [g] [g] [g] [g] [g] [g] [g] [g]
GGBFS 100.0 38.8 36.3 12.8 0.6 8.0 0.6 0.3 1.0 0.0 0.3 0.0 0.2 0.0 0.0
Solution for AAS0.5 53.9 0.0 1.9 0.0 0.0 0.0 0.0 0.6 0.0 0.0 0.0 4.4 0.0 47.0 4.0
Solution for AAS1.9 58.9 0.0 7.4 0.0 0.0 0.0 0.0 2.2 0.0 0.0 0.0 2.3 0.0 47.0 4.0
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Table 11
Phase mass m,,,, [g phase/g sample] of Friedel’s salt and hydrotalcite calculated from TGA based on Egs. (9) and (10).
Phase Equation OPC 0.0 OPC 0.26M AAS0.5 0.0M AAS0.5 0.39M AAS0.5 1.26M AAS1.9 0.0M AAS1.9 0.42M AAS1.9 1.38M
Hydrotalcite Eq. (9) 0.26 0.27 0.19 0.21 0.20 0.18 0.18 0.19
Friedel’s salt Eq. (10) 0.00 0.01 0.00 0.03 0.02 0.00 0.00 0.01
Table 12

Phase assemblage determined by XRD/Rietveld refinement for solvent-exchanged OPC, AAS0.5, and AAS1.9 samples. Values are
given in wt.%. Corresponding PDF/ICSD reference files used for refinement are listed.

Phase PDE/ICSD OPC AAS0.5 AAS1.9
0.0 M 0.26 M 0.0 M 0.39 M 1.26 M 0.0 M 0.42 M 1.38 M

Hydrotalcite 04-015-4253 - - 1.22 1.36 1.35 - - -
Sulfoaluminatel6? 01-083-1289 - - 0.36 0.50 - 0.34 0.04 1.25
Friedel’s salt 01-078-1219 - 8.50 - 0.74 0.97 - 0.11 0.74
C3S (Alite) ICSD 162744 11.26 10.01 - - - - - -
C,S (Belite) 00-049-1673 7.03 6.97 - - - - - -
C,4AF (Ferrite) 01-074-3675 6.11 4.59 - - - - - -
Ettringite 04-022-3982 6.52 8.26 - - - - - -
Hemicarbonate 04-018-9908 7.71 2.50 - - - - - -
Monocarbonate 01-087-0493 5.78 2.52 - - - - - -
Portlandite 00-004-0733 22.33 23.64 - - - - - -
Quartz ICSD 174 0.66 0.48 - - - - - -
Periclase (MgO) 01-071-1176 1.34 1.69 - - - - - -
Amorphous - 31.26 30.83 98.42 97.41 97.68 99.66 99.85 98.01

2 Comment: lattice parameter C = [2.95-3.9].

the Eq. (13), the weight fraction of different crystalline phases were
calculated using
2
W, = SipiVi My
G
where .S; is the scale factor, p; is the crystal density, and V; is the crystal

volume of mineral phase i. u, [cm?/g] denotes the MAC of the samples,
and was calculated for each sample using

(14)

_ Hpaste + mHZO'ﬂHZO

Hp = (15)

1+m H,0

where y,,,, denote the MAC value for the paste sample calculated from
the chemical composition given in Table 1. my, ¢ is the amount of H,0
estimated from the TGA analysis by calculating the mass loss up to
550 °C and uy,o is the MAC value for the H,O. While the weight
fraction of the amorphous phase is estimated by subtracting the total
weight fractions of the crystalline phases from unity, as given below:

:1_2

The determined phase are given in Table 12.

w,

amor

W, (16)

A.6. SEM-EDS

Fig. 21 shows the SEM-EDS images of polished samples before
exposure and after exposure to water. In Figs. 22 and 23, an analysis of
the elemental ratios obtained from SEM-EDS point analysis is presented
for the identification of the paste phases.

In the supplementary material, additional SEM-EDS measurements on
the paste grains, which were powdered and pressed to pellets are given.
In the chloride-exposed samples traces of Cl-containing AFm phases
were identified by large area mapping. However, spatial information
of the phase in the grain is lost due to the sample preparation method.

A.7. Thermodynamic prediction

In this study the Friedel’s salt composition
Ca,Al(OH),(Cl,0H) - 2H,0 was used for thermodynamic predictions.
Reported thermodynamic properties of Friedel’s salt summarized in
Table 13 vary, which influences predicted amount of Friedel’s salt.
Some difference in the Standard Gibbs free energy of formation (4 r G°),
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enthalpy of formation (4 H °) and entropy (S°) have been observed,
indicating that the Friedel’s salt amount depend on the chosen ther-
modynamic dataset, introducing uncertainty into the results (see Figs.
24-26).

A.8. Chloride quantification

The chloride content per paste Cc, ;, [g Cl/g paste] can be calculates
based on the sum of all chloride containing phases:

mphase

CCI,b = Z Clphaxe : MCI ) M_ a7)
phase phase

where m,,,,, [g phase/g paste] mass fraction of phase, which can be

determined by Rietveld analysis (Table 12), TGA quantification (Table
11) or, thermodynamic prediction, CI,,,, [mol Cl/mol phase] are the
chloride content of the phase and, M ,,,, and M, [g/mol] is the molar
mass of the phase and of chloride.

For XRD+EDS quantification method, the C—(N)-(A)-S-H phase
Mc_(n)-(a)-s—pu is estimated based on two attached hydroxyl groups
and mc_(ny—a)-s—pg Of the AAS pastes (DoH = 0.6) is determine from
the Rietveld analysis (given in Table 12) as follows:

— (1 - DoH) 18)

Mc_(N)—(A)-S—H = M Amorphous

Note, that the chloride content of the phase Ci,,,, from EDS
analysis is base on the analysis of one sample of a certain equilibrium
chloride concentration. In reality Cl,,, should be described with a
chloride binding isotherm, i.e. as a function of the concentration in the
equilibrium solution. The input parameter used for the quantification
of the chloride binding capacity in Fig. 17 are given in Table 14.

Appendix B. Supplementary material

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.cemconres.2026.108373.

Data availability

Data will be made available on request.
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Fig. 21. Polished section of OPC, AAS0.5 and AAS1.9 samples at 75x magnification (a) before exposure measured with SEM-EDS and, (b) exposed to water.

Table 13
Thermodynamic properties of Friedel’s salt from literature.

Ref Chemical composition 4,G° [kJ/mol] 4,H° [kJ/mol] S° [J/molK]
[48,70]"  Ca,Al(OH),,(Cl,OH) -4 H,O -6810.9 -7604 731

[12] Ca,Aly(OH) ;5 ¢5Cl, o5 - 4H, 0 —6814.6 -7625 731

[711 Ca,Al,(OH),,Cl, - 4H,0 —6815.44 —-7670.04 527.7

[72] Ca,Al,(OH),,Cl; g(CO3); - 4H,0 —6800 to —6860 - 680

2 Used in this study.
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Fig. 22. SEM-EDS point analysis to characterize phase composition of the pastes.
Table 14
Input parameter used for the quantification of the chloride binding capacity for different methods.
Method Phase Chemical composition M 50 Clypase Cl/Al Cl/mg Reference
[g/mol] [mol Cl/mol phase]

XRD+EDS C-S-H (OPC) Ca,Al,;Si, - 2H,0 180.45 0.015 0.05 0 EDS analysis
C-(N)-(A)-S-H (AAS0.5) Ca, sNa, 5AlSi, ;; - 2H,0 405.54 0.100 0.100 0 EDS analysis
C-(N)-(A)-S-H (AAS1.9) Ca, sNa, 5AlSi, ,; - 2H,0 405.54 0.175 0.175 0 EDS analysis
Hydrotalcite (AAS0.5) Mg 4Al;(OH),4(CO5),; 5 - 4.5H,0? 689.4 0.54° 0.10° PDF 04-015-4253"
Hydrotalcite (AAS1.9) Mgs 4 Al; (OH),5(CO,); 5 - 4.5 H,0° 689.4 1.35° 0.25° PDF 04-015-4253°
Cl-containing AFm (OPC) Ca,Al,(OH),,Cl - 4 H,0? 525.8° 12 0.5 [48]°
Cl-containing AFm (AAS0.5) Ca,Al,(OH);,Cly 7, - 4H,0" 516.6° 0.74° 0.37° (48]
Cl-containing AFm (AAS1.9) CayAl,(OH);,Cly 46 - 4 H,0° 506.7° 0.46" 0.23° [481°

TGA Friedel’s salt Ca,Al,(OH),,Cl, - 4H,0 561.3 2 1 [48]
Hydrotalcite Mg,Al-10H,0 443.1 0.2 [16]

GEMS Friedel’s salt Ca,Al,(OH),,Cl, - 4H,0 561.3 2 1 [481

2 Adjusted based composition measured by SEM-EDS.
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Fig. 24. Thermodynamic predicted development of the phase composition of the paste for increasing degree of hydration (DoH) of the OPC or slag.
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Fig. 25. Comparison of C,,;, with C¢, ,44.4 from thermodynamic prediction.
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Fig. 26. Decrease of liquid volume during equilibrium experiment V,, compared to the initial liquid volume V,,, for different degree of hydration (DoH).
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