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(monosulfate, strätlingite, hydrotalcite, and meixner-
ite), and of alkali-activated slags (AAS) produced with 
four different activators  (Na2SiO3,  Na2O·1.87SiO2, 
 Na2CO3, and  Na2SO4), in NaOH/NaCl solutions at 
various liquid/solid ratios. Selected solids after chlo-
ride binding were analysed by X-ray diffraction, and 
thermodynamic modelling was applied to simulate 
the phase changes occurring during chloride binding 
by the AFm phases. The results of the present study 
show that the chloride binding isotherms of LDH/
AFm phases depend strongly on the liquid/solid ratio 
during the experiments. This is attributed to kinetic 
restrictions, which are, however, currently poorly 
understood. Chloride binding by AAS pastes is only 
moderately influenced by the employed activator. A 
steep increase of the chloride binding by AAS occurs 

Abstract Chloride binding by the hydrate phases 
of cementitious materials influences the rate of chlo-
ride ingress into these materials and, thus, the time 
at which chloride reaches the steel reinforcement in 
concrete structures. Chloride binding isotherms of 
individual hydrate phases would be required to model 
chloride ingress but are only scarcely available and 
partly conflicting. The present study by RILEM TC 
283-CAM ‘Chloride transport in alkali-activated 
materials’ significantly extends the available database 
and resolves some of the apparent contradictions by 
determining the chloride binding isotherms of lay-
ered double hydroxides (LDH), including AFm phases 
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at free chloride concentrations above approx. 1.0  M, 
which is possibly related to chloride binding by the C–
(N–)A–S–H gel in the AAS.

Keywords Chloride binding · Sorption isotherms · 
Layered double hydroxides · AFm phases · Alkali-
activated materials

1 Introduction

Durable structures made from reinforced concrete 
elements require that the ingress of chlorides from the 
external environment into the concrete is impeded to 
avoid chloride-induced steel corrosion causing pre-
mature deterioration of the structures [1, 2]. The rate 
of ingress of chlorides into concrete is governed by 
(1) the pore structure of the material, (2) the mois-
ture content within the concrete cover, (3) the ability 
of the material to bind  Cl− ions, since chloride bind-
ing slows down the diffusion of  Cl− ions, as well as 
(4) the chemistry of the pore solution [3, 4]. Chlo-
ride binding by conventional cements and concretes 
has been investigated extensively [3–12], and per-
tinent data is also accumulating for alkali-activated 
materials [13–15]. Though empirical data that links 
concrete mix designs, cement compositions, chlo-
ride binding capacities, and chloride diffusion coef-
ficients are highly valuable, more versatile tools are 
needed, including computational models that can 
predict effective chloride diffusion coefficients of 
concretes based on their mix design and the resultant 
phase assemblage of their binder matrices [16–18]. 
Such models require knowledge of the chloride bind-
ing isotherms of the individual reaction products of 
cements and alkali-activated materials.

The secondary reaction products of conventional 
cements and alkali-activated slags (AAS) generally 
comprise layered double hydroxides (LDHs), which 
are a family of compounds with a structure consist-
ing of a main layer that generally contains divalent 
cations (e.g.,  Ca2+,  Mg2+,  Zn2+) and trivalent cations 
(e.g.,  Al3+,  Fe3+,  Cr3+), and anions in the interlayer 
space between the main layers to balance their posi-
tive charge. The interlayer space also contains water 
molecules, the amount of which depends on the activ-
ity of water, i.e., the relative humidity. The anions 
in the interlayer can be exchanged; thus, LDHs are 

potentially able to bind or release significant amounts 
of  Cl−, depending on the prevailing local aqueous 
environment.

In hydrated Portland cements and many blended 
cements, LDHs occur mainly as AFm phases, i.e., 
compounds in which the main layer contains  Ca2+ 
and  Al3+ (potentially substituted by  Fe3+), and the 
anions in the interlayer are usually  SO4

2−,  OH−, 
 CO3

2−,  Cl− (after chloride ingress), or an aluminosili-
cate anion [19–21]. The general formula of iron-free 
AFm phases can be written as  Ca2Al(OH)6·X·xH2O 
or 3CaO·Al2O3·CaX2·nH2O, where X represents a 
singly charged anion or half a doubly charged anion. 
In AAS binders with a significant fraction of MgO, 
LDHs with  Mg2+ and  Al3+ in the main layer are 
formed [18, 22, 23]. As their main-layer composi-
tion and structure are similar to those of the mineral 
hydrotalcite [approx.  Mg6Al2(OH)16·CO3·4H2O], 
such phases are usually referred to as hydrotalcite-
like compounds [24] or hydrotalcite-type phases, 
irrespective of the interlayer anions. A naturally 
occurring hydrotalcite-like compound with  OH− as 
the interlayer anion is known and has been named 
meixnerite [25]. In AAS binders, LDH phases with a 
composition similar to meixnerite, i.e., with  OH− as 
the predominant anion, occur and have been referred 
to as Mg–Al–OH LDH or MA-OH LDH [18, 23, 26]. 
A more detailed nomenclature scheme for synthetic 
LDH phases has been proposed and publicised as 
supplement to the International Mineralogical Asso-
ciation (IMA)-approved report on the nomenclature 
of the naturally occurring LDH phases (hydrotalcite 
supergroup) [27].

Despite the importance of chloride binding in 
LDH/AFm phases, chloride binding data for indi-
vidual AFm and LDH phases applicable to modelling 
of chloride ingress into concrete are scarce. Hirao 
et al. [28] reported the chloride binding isotherm for 
monosulfate (4CaO·Al2O3·SO3·12H2O) in NaCl solu-
tions. In the study of Ke et al. [29], chloride binding 
isotherms for strätlingite (2CaO·Al2O3·SiO2·7.5H
2O) and a calcined hydrotalcite in NaOH/NaCl solu-
tions with and without  Na2CO3 were determined. 
Balonis et  al. [21] conducted an extensive study of 
the thermodynamic stability of the Cl-containing 
AFm phases Friedel’s salt (3CaO·Al2O3·CaCl2·10H
2O) and its solid solutions, and Kuzel’s salt (6CaO·
2Al2O3·CaSO4·CaCl2·24H2O), in principle enabling 
the calculation of theoretical binding isotherms, but 
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did not provide experimentally determined binding 
isotherms. Thermodynamic data for hydrotalcite-like 
compounds, including phases with  OH−,  CO3

2−, or 
 Cl− in the interlayer, has been published recently [30].

The aim of the present study by RILEM TC 283-
CAM was, thus, to extend the available database 
with a focus on AAS binders, i.e., for representa-
tive pore solutions with high concentrations of  Na+. 
Nevertheless, the obtained data is also relevant for 
other cementitious systems. Four LDH/AFm phases 
(monosulfate, strätlingite, hydrotalcite, and meixner-
ite) and four AAS pastes with different activators 
 (Na2SiO3,  Na2O·1.87SiO2,  Na2CO3, and  Na2SO4), 
were produced and their chloride binding isotherms 
in NaOH/NaCl solutions with  [Na+] = 1.5  M deter-
mined for different liquid/solid ratios. Selected solids 
after chloride binding were analysed by X-ray diffrac-
tion, and the phase changes during chloride binding 
by the AFm phases were simulated with thermody-
namic modelling.

2  Materials and methods

2.1  Synthesis of LDH/AFm phases

Four different LDH/AFm phases were produced: 
monosulfate (nominally 3CaO·Al2O3·CaSO4·12H2O 
or 4CaO·Al2O3·SO3·12H2O), strätlingite (nominally 
2CaO·Al2O3·SiO2·7.5H2O), hydrotalcite (nominally 
4.67MgO·Al2O3·CO3·10H2O), and Mg–Al–OH LDH 
or meixnerite (approx. 4.67MgO·Al2O3·11H2O). The 
chemicals employed for the syntheses were commer-
cially available compounds of analytical grade, except 
the sodium aluminate  (NaAlO2) and the waterglass, 
which were of technical grade, and the tricalcium alu-
minate (3CaO·Al2O3), which was synthesized at the 
Cement Chemistry and Thermodynamics laboratory 
of Empa (Dübendorf, Switzerland). The protocols 
for the synthesis of the LDH/AFm phases, described 
below, were adopted from previous studies that estab-
lished the thermodynamic properties or provided 
chloride binding isotherms of the respective phases.

Monosulfate was produced according to the 
method described by Matschei et  al. [31]. A 1:1 
molar mixture of 3CaO·Al2O3 and  CaSO4 was sus-
pended in water, the suspension aged at 85  °C for 
seven days and then filtered, and the filter residue 
washed (see Supplementary Text 1). Two batches 

of monosulfate were produced. The X-ray dif-
fraction (XRD) pattern of batch 1 (Supplemen-
tary Fig.  S1; for experimental conditions, see 
Sect.  2.3) exhibited major reflections of mono-
sulfate 10.5-hydrate (4CaO·Al2O3·SO3·10.5H2O 
[32, 33]), and minor reflections of monosulfate 
12-hydrate [4CaO·Al2O3·SO3·12H2O; Powder Dif-
fraction File (PDF) 01-083-1289] and ettringite 
(6CaO·Al2O3·3SO3·32H2O; PDF 00-041-1451). 
The predominant occurrence of the 10.5-hydrate 
was caused by drying the material at 11% relative 
humidity (RH) for three weeks before characterisa-
tion and further experiments (see below). Batch 2 of 
monosulfate appeared to contain a somewhat higher 
fraction of ettringite, and the 12-hydrate was the 
dominating monosulfate (Supplementary Fig. S1).

Strätlingite was produced according to the 
method described by Matschei et  al. [31]. Suspen-
sions of Ca(OH)2 and  NaAlO2 were mixed with a 
sodium silicate solution in stoichiometric amounts, 
the resulting suspension was stirred for four weeks 
at 20–25  °C and then filtered, and the filter resi-
due was washed (see Supplementary Text 1). Two 
batches of strätlingite were produced. The XRD 
pattern of batch 1 (Supplementary Fig.  S2) exhib-
ited major reflections of strätlingite (PDF 01-080-
1579), and minor reflections of monocarbonate 
(4CaO·Al2O3·CO3·11H2O; PDF 01-087-0493) 
and hydrogarnet (PDF 00-038-0368; pertaining 
to katoite with cell parameter a = 1.2358  Å) as the 
impurities in the material. The XRD pattern of the 
second batch (Supplementary Fig. S2) was very sim-
ilar to that of batch 1, though batch 2 appeared to 
contain even less monocarbonate and hydrogarnet.

It is noted that the peaks of strätlingite in the XRD 
patterns were broad, and their intensities were much 
lower than the reflections of monosulfate, hydrotal-
cite, and meixnerite (Supplementary Fig.  S4). This 
indicates a considerably lower degree of ordering, 
or lower ‘crystallinity’, of the strätlingite, compared 
to the other LDH/AFm phases. This observation is 
in accord with previous studies of synthetic strätlin-
gite [29, 31], and it is likely also representative of the 
conditions in hydrated cement and AAS pastes, as 
indicated by the absence of noticeable reflections of 
strätlingite in XRD patterns of pastes for which ther-
modynamic modelling as well as spectroscopic and 
thermogravimetric data indicated the formation of 
significant amounts of this phase [34].
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Hydrotalcite was produced in a way similar to the 
method described by Miyata [35, 36]. Solutions of 
 MgCl2,  AlCl3, NaOH and  Na2CO3 were mixed in sto-
ichiometric amounts, the pH of the resulting suspen-
sion was adjusted to pH = 10.0 ± 0.2 with NaOH solu-
tion, the suspension aged at ~ 45  °C for 20 min and 
filtered, and the filter residue washed; subsequently, 
the filter residue was dried at 80 °C, aged in water at 
90–95 °C for four days, the solution filtered, and the 
obtained material washed (see Supplementary Text 
1). The XRD pattern of the synthesized compound 
(Supplementary Fig.  S3) showed it to be virtually 
pure hydrotalcite (PDF 01-070-2151), though minor 
reflections of an impurity or impurities at 9.4°, 16.2°, 
and 28.4° 2θ (d = 9.4, 5.5, and 3.1 Å) were detected, 
the latter possibly caused by boehmite [AlO(OH)].

A Mg–Al–OH LDH, in the following referred to 
as meixnerite, was produced according to the method 
described by Ke et  al. [29]. Hydrotalcite was cal-
cined at 500  °C for 3  h, the obtained material was 
suspended in 1  M NaOH solution, the suspension 
aged for ~ 24  h and then filtered, and the filter resi-
due washed (see Supplementary Text 1). The XRD 
pattern of the synthesized compound was very simi-
lar to that of hydrotalcite, though the reflections of 
the latter were narrower (Supplementary Fig. S3). A 
peak of an impurity was found at 19.5° 2θ (d = 4.5 Å). 
The identification of the synthesized compound as 
meixnerite was possible through its differential ther-
mogravimetry (DTG) curve, which differed from that 
of the hydrotalcite (Supplementary Fig. S5) and was 
in accord with previously published thermogravimet-
ric curves of Mg–Al–OH LDH [29, 37–39]. In the 
attenuated total reflectance Fourier-transform infra-
red (ATR-FTIR) spectra of the hydrotalcite and the 
meixnerite, the relative intensity of the band of the 
carbonate anion at ~ 1365   cm−1 was considerably 
lower for the meixnerite (Supplementary Fig.  S8), 
confirming that most of the carbonate had been lost 
during calcination of the hydrotalcite to produce 

meixnerite. Nevertheless, some of the carbonate had 
remained in the meixnerite, in line with previous 
studies that showed that decarbonation of hydrotalcite 
is usually not complete at 500 °C [36, 40].

Before characterisation and the chloride binding 
experiments, all synthesized materials were stored in 
argon-flushed desiccators over saturated LiCl solution 
(11% RH) for at least three weeks to allow them to 
assume a reproducible water content.

The DTG curves of all synthesized compounds are 
shown in Supplementary Fig.  S5. The DTG curves 
were well in accord with previously published data 
for the respective compounds [29–32, 35–41] and 
with the presence of small amounts of ettringite and 
hydrogarnet as impurities in monosulfate and strätlin-
gite, respectively, which were also identified by XRD. 
ATR-FTIR spectra of all synthesized compounds are 
presented in Supplementary Figs. S6–S8.

2.2  Alkali-activated slags

AAS pastes with four different activators were pro-
duced in two batches: batch 1 at the Bundesanstalt für 
Materialforschung und -prüfung (BAM), Berlin, and 
batch 2 at the Eidgenössische Technische Hochschule 
(ETH) Zürich. The ground granulated blast-furnace 
slag (GGBFS) used for batch 1 contained 43.8% CaO, 
4.9% MgO, 12.0%  Al2O3, and 33.4%  SiO2 (full com-
position presented in Supplementary Table S1). The 
GGBFS used for batch 2 contained 42.1% CaO, 5.1% 
MgO, 11.4%  Al2O3, and 35.0%  SiO2 (full composi-
tion presented in Supplementary Table  S1). Sodium 
silicate solutions for activation were produced from 
commercial waterglass, NaOH pellets (reagent grade) 
and deionised water. The  Na2CO3 and  Na2SO4 used 
as activators were of analytical grade.

In each batch, four AAS pastes with activators 
 Na2SiO3,  Na2O·1.87SiO2,  Na2CO3, and  Na2SO4, 
respectively, were produced with a water/binder (w/b) 
ratio of 0.40, where the b includes the activator (in the 

Table 1  Mix designs of the 
alkali-activated slag pastes

a Mass of  Na2O in the 
activator referred to mass 
of GGBFS, calculated from 
the amounts of activator 
and GGBFS and the 
stoichiometry of the activator

ID GGBFS (g) Activator (g) Na2O/GGBFSa 
(%)

Water (g)

AAS  Na2SiO3 10.00 Na2SiO3: 0.70 3.55 4.28
AAS  Na2O·1.87SiO2 10.00 Na2O·1.87SiO2: 0.70 2.49 4.28
AAS  Na2CO3 10.00 Na2CO3: 0.80 4.09 4.32
AAS  Na2SO4 10.00 Na2SO4: 0.80 3.05 4.32
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sodium silicate activators: solid fraction dissolved). 
The paste compositions, including the activator dos-
ages are given in Table  1. After mixing, the pastes 
in batch 1 were cured sealed (wrapped in parafilm) 
at 23 °C for 6 months. The samples in batch 2 were 
cured under the same conditions for 90  days. After 
curing, the AAS pastes were manually ground, and 
the resulting powders were stored in argon- or nitro-
gen-flushed desiccators over saturated  K2CO3 solu-
tion (43% RH) for 14 days to allow them to assume a 
reproducible water content.

The phase assemblages of AAS pastes such as 
those produced in the present study can be predicted 
by thermodynamic modelling [18, 23, 26]. For AAS 
based on a GGBFS with a composition (42.3% CaO, 
5.2% MgO, 13.3%  Al2O3, 32.3%  SiO2) very simi-
lar to those of the GGBFS employed in the current 
study and similar activator compositions, the fol-
lowing phase assemblages are predicted [18]: AAS 
 Na2SiO3 yields a sodium-substituted calcium alumi-
nosilicate hydrate [C–(N–)A–S–H gel], strätlingite, 
Mg–Al–OH LDH, and hydrogarnet/katoite. AAS 
 Na2O·1.87SiO2 yields C–(N–)A–S–H gel, strätlin-
gite, and Mg–Al–OH LDH. AAS  Na2CO3 yields 
C–(N–)A–S–H gel, monocarbonate, Mg–Al–OH 
LDH, and minor quantities of a sodium alumino-
silicate gel (N–A–S–H gel) as well as calcite. AAS 
 Na2SO4 yields C–(N–)A–S–H gel, monosulfate, 
ettringite, Mg–Al–OH LDH, and strätlingite. The 
composition of the C–(N–)A–S–H gels in the AAS is 
predicted to be in the range Ca/Si = 0.9–1.0, and Al/
Si = 0.10–0.14.

XRD patterns of the AAS pastes after 28 or 
48  days of curing are shown in Supplementary 
Fig.  S9 (for experimental conditions, see Sect.  2.3). 
C–(N–)A–S–H gel was identified in all materials. 
Reflections of major secondary reaction products 
were Mg–Al–OH LDH for AAS  Na2SiO3, mono-
carbonate for AAS  Na2CO3, and ettringite for AAS 
 Na2SO4. In addition, AAS  Na2CO3 contained gay-
lussite  [Na2Ca(CO3)2·5H2O], previously identified 
in sodium carbonate-activated slag also by Ke et  al. 
[42], and a considerable amount of calcite. Calcite 
and vaterite were found also in all other AAS pastes, 
presumably caused by slight carbonation of the mate-
rials during storage and handling. In a 90-day cured 
sample of AAS  Na2SO4, C–(N–)A–S–H gel and 
ettringite were the major reaction products, while 
smaller amounts of monosulfate and Mg–Al–OH 

LDH were also identified (Supplementary Fig. S10). 
Strätlingite was identified in none of the AAS pastes, 
but as discussed above (Sect. 2.1), strätlingite is dif-
ficult to detect by XRD, because of the generally low 
intensity and large width of its reflections. Thus, the 
experimentally determined phase assemblages were 
in reasonable agreement with the results of thermody-
namic modelling.

2.3  X-ray diffraction

Powdered samples for XRD measurements were 
filled in sample holders by top loading. For the meas-
urements of the LDH/AFm phases, the samples were 
covered with Kapton foil to prevent carbonation as 
well as uptake or release of water, except for two 
samples. These two exceptions were hydrotalcite and 
meixnerite after chloride binding, as in these cases 
the available amount of sample material was not suf-
ficient to use a sample holder that could be covered 
with a stretched foil.

The XRD measurements were carried out with 
a Rigaku Ultima IV device using Cu Kα radiation 
(λ = 1.5419  Å) in Bragg–Brentano geometry. The 
parameters for the measurements were: cathode at 
40 kV/40 mA, 0.5°/10 mm divergence slit, sampling 
interval 0.02° 2θ, and scanning speed 0.5° 2θ/min. 
The detector was a D/teX Ultra strip detector with 5° 
Soller slits. The scanning range was 5–75° 2θ for the 
LDH/AFm phases, and 5–65° 2θ for the AAS pastes.

2.4  Chloride binding isotherms

Chloride binding isotherms of LDH/AFm phases and 
AAS pastes were determined at BAM and at ETH to 

Table 2  Compositions of the solutions for determination of 
chloride binding isotherms

Index i NaOH (mol/L) NaCl (mol/L) [Cl−]/[OH−] 
(mol/mol)

1 1.40 0.10 0.07
2 1.20 0.30 0.25
3 1.00 0.50 0.50
4 0.75 0.75 1.00
5 0.50 1.00 2.00
6 0.30 1.20 4.00
7 0.10 1.40 14.00
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verify the reproducibility of the results. Batch 1 of 
the synthesized LDH/AFm phases and the AAS were 
used at BAM, and batch 2 of the LDH/AFm phases 
and AAS were used at ETH.

NaOH/NaCl solutions for the determination of 
chloride binding isotherms were prepared from 
NaOH, NaCl (analytical grade) and ultrapure water. 
 [Na+] was kept at 1.5 M for all solutions to approx-
imate the conditions in the pore solutions of alkali-
activated materials (reviewed in Ref. [43]), while 
 [Cl−] was varied as shown in Table 2.

Chloride binding isotherms were recorded by 
suspending appropriate amounts of solid samples 
(LDH/AFm phase or AAS paste) in NaOH/NaCl 
solution to yield specified liquid volume/solid mass 
(l/s) ratios. For the LDH/AFm phases, the employed 
l/s ratios were approx. 13, 26, 53, and 108  mL/g. 
For example, to obtain l/s = 26  mL/g, 0.75  g of 
LDH/AFm phase was suspended in 20  mL of 
NaOH/NaCl solution at BAM, and 0.47 g of LDH/
AFm phase was suspended in 12.5  mL of NaOH/
NaCl solution at ETH. For the AAS pastes, a l/s 
of 4 mL/g was always applied: 10 g of AAS paste 
in 40  mL solution at BAM; 5  g of AAS paste in 
20 mL of solution at ETH. The bottles with the sus-
pensions were tightly closed with a screw cap and 
sealed with Parafilm to prevent ingress of  CO2, and 
then stored at 23  °C. During that period, the bot-
tles with LDH/AFm phases were manually swung/
panned three times per week. The bottles with AAS 
pastes were shaken for approx. 60 s each weekday.

After an equilibration time of 21 days, an aliquot 
of approx. 2 mL of the suspension was obtained and 
filtered through a 0.45-µm syringe filter (BAM), or 
the suspension was centrifuged at 4000 rpm and the 
supernatant filtered through a 0.22-µm syringe filter 
(ETH). The filtered solutions were then analysed for 
free chloride concentrations by potentiometric titra-
tion. The bound chloride, Qe, was calculated for each 
combination of material and solution from 

where MCl is the molar mass of Cl,  [Cl−]init is the 
initial chloride concentration in mol/L of the solution 
(cf. Table 2),  [Cl−]final is the free chloride concentra-
tion in mol/L after equilibration for 21 days, Vsoln is 
the volume of solution used in the experiment, and 

(1)Qe =
MCl ×

(

[Cl−]init − [Cl−]final
)

× Vsoln

msample

msample is the initial mass of solid sample used in the 
experiment.

The chloride binding experiments at BAM were 
partly performed as duplicate experiments (monosul-
fate at l/s = 26  mL/g, and strätlingite at l/s = 26 and 
53  mL/g) and partly as single experiments (mono-
sulfate at l/s = 53 mL/g, strätlingite at l/s = 13 mL/g, 
hydrotalcite and meixnerite at l/s = 26 and 108 mL/g, 
and AAS pastes), due to the low yield of some of the 
syntheses and the limited availability of some of the 
starting materials. The experiments at ETH (mono-
sulfate and strätlingite at l/s = 26  mL/g, and AAS 
pastes) were performed in duplicate.

Some of the LDH/AFm phase suspensions at BAM 
were centrifuged at 4000  rpm after the aliquot for 
chloride analysis had been obtained, and the solids 
recovered, washed with deionised water, and dried in 
argon-flushed desiccators over saturated LiCl solution 
(11% RH) for several weeks. The dried solids were 
then analysed by XRD (Sect. 2.3).

2.5  Thermodynamic modelling

Thermodynamic modelling was performed with the 
Gibbs Energy Minimization Software (GEMS) [44, 
45], using the built-in Nagra/PSI thermodynamic 
database and the Cemdata18 database [46], which 
includes the data for Cl-containing AFm phases 
by Balonis et  al. [21]. The Helgeson form of the 
extended Debye-Hückel equation (see, e.g., Ref. [26]) 
was employed to compute the activity coefficients of 
the ions in the solutions. Since modelling focused on 
the chloride binding in AFm phases during immersion 
in NaOH/NaCl solutions, the average ion size and the 
parameter for common short-range interactions of 
charged species in the extended Debye-Hückel equa-
tion were selected to be those for solutions dominated 
by sodium chloride (ȧ = 3.72  Å, bγ = 0.064  kg/mol). 
All thermodynamic modelling was done without 
access of air to simulate the experimental conditions 
during the chloride binding experiments. The reaction 
temperature was chosen to be 23 °C.

The formation of AFm phases was simulated by 
allowing the following amounts of the oxides to react: 
CaO,  Al2O3,  SO3,  H2O in the ratios 2.25:1:0.83:10 
to form monosulfate; and CaO,  Al2O3,  SiO2,  H2O 
in ratios 1.34:1:0.84:5.6 to form strätlingite. These 
ratios had to be chosen to reduce the formation of 
by-products, mainly portlandite besides monosulfate, 
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and C–(N–)A–S–H besides strätlingite. In the next 
step, NaCl, NaOH, and water were added to the bulk 
compositions in amounts representative of the solu-
tions and l/s ratios in the chloride binding experi-
ments (Sect. 2.4).

To simulate the formation of C–(N–)A–S–H 
besides strätlingite, both the ECSH I model [46] and 
the CNASH_ss model [46, 47] were included in the 
modelling. The rationale was that the C–S–H form-
ing during the synthesis of strätlingite can be mod-
elled with ECSH I, but the  Na+ ions introduced by the 
NaOH/NaCl solutions interact with C–S–H to form 
C–(N–)A–S–H as modelled by the CNASH_ss model. 
Indeed, the computations yielded C–(N–)A–S–H as 
a major by-product in the systems with strätlingite 
and NaOH/NaCl, though in few cases C–S–H was 
predicted to form; in the following, these are always 
treated together and referred to as C–(N–)A–S–H.

Chloride binding by hydrotalcite and meixner-
ite were not modelled, as comparison of the results 
would have been possible only with partial chlo-
ride binding isotherms (Sect.  3.1), differentiation of 
hydrotalcite-like phases with different interlayer ani-
ons in mixtures is complex and potentially ambigu-
ous (Sect. 3.1), and the presently available thermody-
namic data [30] does not treat the partial exchange of 
the anions in the interlayer of these phases directly.

3  Results

3.1  Chloride binding by LDH/AFm phases

The chloride binding isotherms of the LDH/AFm 
phases are shown in Fig. 1. The isotherms for mono-
sulfate and strätlingite at l/s ≈ 53  mL/g exhibited a 
continuous increase of bound chloride until a free 
 Cl− concentration of approx. 0.5  M. At free  [Cl−] 
above that value, the isotherms plateaued around 
the respective theoretical chloride binding capaci-
ties, i.e., the expected chloride binding when each 
 SO4

2− ion in monosulfate is exchanged by two 
 Cl− ions (119 mg/g), and each aluminosilicate anion 
in the interlayer of strätlingite is exchanged by a 
 Cl− ion (87 mg/g).

For lower l/s ratios (26 and 13 mL/g), both mono-
sulfate and strätlingite exhibited a considerably 
reduced chloride binding. For monosulfate, chloride 
binding increased from 24  mg/g at the lowest free 

 [Cl−] to 73  mg/g at free  [Cl−] ≈ 0.7  M, and then 
increased only very slightly to approx. 82  mg/g, 
i.e., a value significantly lower than the theoretical 
chloride binding capacity of that phase. The chlo-
ride bound by strätlingite at l/s ≈ 26 mL/g increased 
slightly from approx. 26  mg/g to 34–41  mg/g at 
free  [Cl−] ≈ 0.25 M, and then stayed approximately 
constant up to a free  Cl− concentration of approx. 
1.4 M. For strätlingite at l/s ≈ 13 mL/g, the evolu-
tion of bound chloride with free  [Cl−] was similar 
to that obtained at l/s ≈ 26  mL/g, though Qe was 
generally slightly lower in the former case.

Only partial chloride binding isotherms could be 
recorded for hydrotalcite and meixnerite (Fig. 1C), 
due to the lower amounts of synthesized materials. 
Nevertheless, the measured data was in accordance 
with the observations made for monosulfate and 
strätlingite. At a high liquid volume/solid mass ratio 
(l/s ≈ 108 mL/g) and free  [Cl−] = 1.15 M, meixner-
ite exhibited a chloride binding of 188  mg/g that 
was close to its theoretical binding capacity, i.e., the 
chloride binding expected when each  OH− ion in 
the interlayer is exchanged by a  Cl− ion (160 mg/g). 
At the lower l/s of 26 mL/g, however, both meixner-
ite and hydrotalcite exhibited much lower chlo-
ride binding, viz., 37–51  mg/g for meixnerite and 
27–29 mg/g for hydrotalcite, for free  Cl− concentra-
tions in the range 0.25–1.0 M.

XRD patterns of the LDH/AFm phases as-syn-
thesized and after chloride binding experiments at 
l/s = 26  mL/g and high initial  Cl− concentrations 
(1.0 or 1.4  M) are shown in Fig.  2. The XRD pat-
terns for the monosulfate samples after exposure 
to NaOH/NaCl solutions with initial  [Cl−] of 1.0 
and 1.4  M, respectively, were very similar. Upon 
exposure to chloride solutions, monosulfate was 
essentially absent, though a very minor reflec-
tion/shoulder at 9.9° 2θ (d = 8.9  Å) might indicate 
that trace quantities of monosulfate 12-hydrate 
had remained in the sample. The major phases in 
the chloride-exposed material were Kuzel’s salt 
(6CaO·2Al2O3·CaSO4·CaCl2·24H2O; PDF 00-019-
0203) and Friedel’s salt (3CaO·Al2O3·CaCl2·10H
2O; PDF 01-078-1219), i.e., a full transformation 
of monosulfate to Friedel’s salt had not occurred, 
in line with the fact that chloride binding for these 
samples at l/s = 26 mL/g was significantly below the 
theoretical chloride binding capacity of monosulfate. 
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Fig. 1  Chloride binding isotherms of: A monosulfate (Ms); B 
strätlingite (Str); C hydrotalcite (Ht) and meixnerite (Mx). The 
approximate liquid volume/solid mass ratios (in mL/g; shown 
in parentheses) used for the experiments, and the laboratory 
where the data was obtained (BAM or ETH) are indicated in 
the legend. Empty symbols represent single experiments, and 
filled symbols represent duplicate experiments. Error bars rep-
resent one standard deviation in each direction for the dupli-
cate experiments. Error bars/standard deviations for free  Cl− 

are shown only for Ms, because in all other experiments, they 
were always smaller than the width of the symbols. For each 
LDH/AFm, the amount sorbed equivalent to one chloride ion 
per anion site is indicated by a dashed line, assuming an ideal 
stoichiometry of [0.5 × 4CaO·Al2O3·SO3·10.5H2O] per site 
for Ms, an ideal stoichiometry of [2CaO·Al2O3·SiO2·7.5H2O] 
per site for Str, an ideal stoichiometry of [0.5 × 4.67MgO·Al2
O3·CO3·10H2O] per site for Ht, and an ideal stoichiometry of 
[0.5 × 4MgO·Al2O3·10H2O] per site for Mx
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Fig. 2  X-ray diffraction patterns, as synthesized and after 
chloride binding experiments, of: A monosulfate (Ms); B 
strätlingite (Str); C hydrotalcite (Ht); D meixnerite (Mx). The 
liquid volume/solid mass ratios used for the chloride binding 
experiments were approx. 26 mL/g; the initial  [Cl−] are indi-
cated in the legends. Selected peaks are labelled: K, Kuzel’s 
salt; F, Friedel’s salt; Ett, ettringite; Ms-12, monosulfate 

12-hydrate; Ms-10.5, monosulfate 10.5-hydrate; Str, strätlin-
gite; Mc, monocarbonate; Hg, hydrogarnet; H, halite; Ht, 
hydrotalcite; ?, unidentified impurities in Ht and Mx; Mx, 
meixnerite; *, Kapton foil used to cover samples. The Ht and 
Mx samples after chloride binding were measured without 
Kapton foil



 Materials and Structures           (2024) 57:72    72  Page 10 of 17

Vol:. (1234567890)

The amount of ettringite in the samples did not 
change significantly during chloride exposure.

In the strätlingite samples after chloride exposure 
(initial  [Cl−] = 1.0 or 1.4 M), Friedel’s salt was detected, 
but considerable amounts of strätlingite had remained; 
the XRD patterns for both initial  Cl− concentrations 
were very similar. Again, this observation is in line with 
the low chloride binding of the strätlingite determined 
at l/s ≈ 26  mL/g, which was approx. 50% below its 
theoretical binding capacity at all  Cl− concentrations. 
The monocarbonate, detected as an impurity in the as-
synthesized strätlingite, was not present in the chloride-
exposed materials, indicating that the monocarbon-
ate had dissolved or transformed to Friedel’s salt. The 
amount of hydrogarnet in the samples did not change 
significantly during chloride exposure.

The XRD patterns of the hydrotalcite and the 
meixnerite after chloride exposure (initial  [Cl−] = 1.0 M) 
were similar to those of their respective starting materi-
als. In the pattern of hydrotalcite after chloride exposure, 
halite (NaCl; PDF 00-005-0628) was detected. This was 
likely caused by incomplete removal of the NaOH/NaCl 
solution before drying the sample and/or formation of 

NaCl during drying from species adsorbed at the sur-
face of the material (cf. Ref. [29]). No other Cl-bearing 
phases were identified in the XRD patterns. However, 
partial exchange of the interlayer  CO3

2− and  OH− by 
 Cl− in the hydrotalcite and the meixnerite during chlo-
ride exposure cannot be excluded, as the corresponding 
changes of the XRD patterns of these phases would be 
only slight. The reported basal spacings of hydrotal-
cite-like compounds with  CO3

2−,  OH−, and  Cl− in the 
interlayer are 7.63–7.65, 7.55–7.68, and 7.65–7.86  Å, 
respectively [24, 30]; thus, a partial substitution of these 
interlayer anions is expected to cause only a small shift 
of the corresponding reflections that would be difficult 
to identify (cf. Ref. [29]). Thus, the XRD patterns of 
hydrotalcite and meixnerite after chloride exposure were 
consistent with their measured chloride binding, which 
was only 20–30% of their respective theoretical binding 
capacities.

3.2  Chloride binding by alkali-activated slags

The chloride binding isotherms of the hydrated AAS 
pastes are shown in Fig.  3. For all AAS, chloride 

Fig. 3  Chloride binding isotherms of the alkali-activated slag 
(AAS) pastes: A obtained at BAM; B obtained at ETH. The 
liquid volume/solid mass ratios used for the experiments were 
approx. 4 mL/g. Empty symbols represent single experiments, 
and filled symbols represent duplicate experiments. Error bars 

for Qe represent one standard deviation in each direction for 
the duplicate experiments. Error bars/standard deviations for 
free  Cl− are not shown, because they were always smaller than 
the width of the symbols. The complete overlap of some of the 
data points is caused by rounding errors
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binding increased from 3–4 mg/g at the lowest free 
 [Cl−] to 10–16  mg/g at free  [Cl−] ≈ 0.6  M. The 
bound chloride remained approximately constant at 
these values for higher chloride concentrations up 
to 0.9–1.1  M. When free  [Cl−] increased further, 
a steep increase of the bound chloride occurred, 
reaching values in the range of 21–28 mg/g at free 
 [Cl−] ≈ 1.2 M.

The differences in chloride binding behaviour 
between the different AAS pastes were generally not 
large. However, it is noted that the data might indi-
cate that AAS  Na2SO4 binds slightly more chloride 
than the other pastes at free  [Cl−] ≤ 0.6 M (Fig. 3A), 
or at least that its chloride binding is comparatively 
high in this concentration range (Fig.  3B). Pastes 
AAS  Na2SiO3 and AAS  Na2O·1.87SiO2 tended 
to exhibit the highest chloride binding of all AAS 
pastes at free  [Cl−] > 1.0  M. A peculiar feature of 
the chloride binding isotherms of AAS  Na2CO3 
was that their plateau-like region extended to free 
 [Cl−] > 1.1  M with an apparent decrease of bound 
chloride with increasing free  Cl− concentration; 
subsequently, its chloride binding rose steeply.

4  Discussion

The chloride binding isotherms of all studied LDH/
AFm phases (monosulfate, strätlingite, hydrotal-
cite, meixnerite) depended strongly on the l/s ratio 
employed in the chloride binding experiments 
(Fig.  1). At l/s ≈ 53 or 108  mL/g, chloride binding 
approached or slightly exceeded the respective theo-
retical chloride binding capacities, assuming one 
 Cl− per anion site in the structure, at free  [Cl−] ≈ 
0.5 M for monosulfate and strätlingite, and at least at 
free  [Cl−] = 1.15 M for meixnerite. For lower l/s ratios 
of 26 and 13 mL/g, however, the bound chloride was 
significantly below the respective theoretical chloride 
binding capacities for free  [Cl−] up to approx. 1.4 M. 
The fact that the data for monosulfate and strätlingite 
was obtained independently in two different labora-
tories with two separately produced batches of AFm 
phases strongly indicates that the lower-than-theoreti-
cal chloride binding at low l/s ratios was not an exper-
imental artefact.

In the study of Hirao et al. [28], monosulfate was 
equilibrated with NaCl solutions at l/s = 10 mL/g for 
two days. The authors found the maximum bound 

chloride to be only 55% of the theoretical chloride 
binding capacity of monosulfate, even up to free 
 [Cl−] ≈ 5  M (Supplementary Fig.  S12), and their 
results indicate that only about half of the mono-
sulfate had transformed to Friedel’s salt during the 
experiment. In apparent contradiction to this finding, 
Ke et al. [29] found that the chloride binding capacity 
of strätlingite and a calcined LDH with composition 
 Mg0.7Al0.3(OH)2(CO3)0.15·0.63H2O (which presum-
ably behaves similar to a Mg–Al–OH LDH in aque-
ous solution) in NaOH/NaCl solutions considerably 
exceed their theoretical chloride binding capacities 
as defined above (Supplementary Fig. S12); however, 
in these experiments, a l/s ratio of 100  g/g (approx. 
96  mL/g) was applied. Taken together, these results 
are in accord with the present study, where lower-
than-theoretical chloride binding was found for low 
l/s (≤ 26  mL/g), while chloride binding was found 
to be close to, or slightly higher than, the theoreti-
cal binding at high l/s (≥ 53 mL/g). Thus, the present 
data partly resolves apparent contradictions between 
previous studies of the chloride binding of LDH/
AFm phases. It is noted, however, that Ke et al. [29] 
assigned some of the chloride binding by strätlingite 
and most (90–95%) of the chloride binding by the 
calcined LDH in their study to surface adsorption of 
 Cl−, rather than uptake of  Cl− in the structure of the 
resulting LDH/AFm phases.

Figure  4 shows the predicted thermodynamically 
stable solid-phase assemblages in the present chloride 
binding experiments with monosulfate and strätlingite 
for l/s = 26 and 53 mL/g, calculated with GEMS. The 
predicted assemblage for strätlingite at l/s = 13 mL/g 
(Supplementary Fig. S11) was almost identical to that 
at l/s = 26 mL/g. In all cases, thermodynamic model-
ling predicts a full transformation of the AFm phase 
to Friedel’s salt, i.e., attainment of the full theoretical 
chloride binding, within the range of  [Cl−] employed 
in the experiments to determine the chloride bind-
ing isotherms. In the experiments with monosulfate, 
ettringite was predicted as the by-product of the 
reactions, i.e., the  SO4

2− released from monosulfate 
would be taken up by the formation of ettringite. Port-
landite was modelled as a minor by-product at low 
initial  [Cl−]. It is noted that, according to the results 
of Hirao et al. [28], ettringite and portlandite exhibit 
virtually no chloride binding capacity; thus, these 
phases can be assumed to not influence the chloride 
binding in the experiments. The transformation of 
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Fig. 4  Modelled equilibrium solid-phase assemblages in the 
chloride binding experiments with: A monosulfate at a liquid 
volume/solid mass ratio of 26 mL/g; B monosulfate at a liquid 

volume/solid mass ratio of 53 mL/g; C strätlingite at a liquid 
volume/solid mass ratio of 26 mL/g; D strätlingite at a liquid 
volume/solid mass ratio of 53 mL/g
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strätlingite to Friedel’s salt was predicted to involve 
the formation of natrolite  [Na2(Si3Al2)O10·2H2O]. 
This zeolite would take up the aluminosilicate anions 
released from the strätlingite. However, this phase 
does not normally form in cementitious systems 
[46], and other, possibly amorphous, aluminosilicate 
phases may have formed in the actual chloride bind-
ing experiments. The C–(N–)A–S–H in the systems 
with strätlingite can be assumed to contribute little to 
chloride binding, as its predicted amount in the exper-
iments was low, particularly at high  [Cl−], and the 
chloride binding capacities of C–A–S–H and C–S–H 
have been reported to be considerably lower than, or 
of the same order of magnitude as, that of LDH/AFm 
phases [4, 12, 18, 28, 48] (cf. discussion below).

The initial  [Cl−] at which complete transformation 
of the starting AFm phase to Friedel’s salt was pre-
dicted were 1.2 M for monosulfate at l/s = 26 mL/g, 
1.0  M for monosulfate at l/s = 53  mL/g, 0.75  M for 
strätlingite at l/s = 26 mL/g, and 0.5 M for strätlingite 
at l/s = 53 mL/g (Fig. 4). Thus, for both AFm phases 
thermodynamic modelling predicts that a lower l/s 
leads to attainment of the full theoretical chloride 
binding capacity at higher  [Cl−]. However, in the 
actual chloride binding experiments at low l/s (13 
and 26 mL/g), the full chloride binding capacity was 
never reached (Fig. 1) and transformation of the start-
ing LDH/AFm phase remained incomplete (Fig.  2), 
which is in contradiction to the thermodynamic mod-
elling. Thus, it has to be concluded that the lower-
than-theoretical chloride binding in the experiments 
at low l/s was caused by kinetic restrictions. However, 
the data obtained in this study does not allow one to 
examine possible reasons for the kinetic hindrance of 
the reactions of the LDH/AFm phases.

Studies of the chloride binding of hydrated cement 
pastes and alkali-activated materials have usually 
been conducted at considerably lower l/s, in the range 
of 0.5–10  mL/g, than studies of chloride binding 
of individual cementitious phases (Supplementary 
Table S2). Also in the present study, the l/s employed 
for the experiments with AAS pastes (4  mL/g) was 
lower than that to study the LDH/AFm phases (13, 26, 
53 and 108  mL/g). Considering the results obtained 
for the latter, it is not clear whether the full chloride 
binding capacity of these phases was realised in the 
experiments with AAS pastes within the timeframe of 
the experiments (3 weeks). Nevertheless, the shape of 
the chloride binding of isotherms of the AAS pastes 

(Fig. 3) resembled those of the individual LDH/AFm 
phases at high l/s (Fig. 1) up to free  [Cl−] of approx. 
0.9–1.1  M. The influence of C–(N–)A–S–H on the 
chloride binding isotherms of the AAS pastes in this 
concentration range is not clear, as different chloride 
binding isotherms for the related phases C–A–S–H 
and C–S–H have been reported: Ke [48] measured 
chloride binding isotherms for C–A–S–H in NaOH/
NaCl solutions at l/s ≈ 96  mL/g, which exhibited a 
small slope and a maximum chloride binding of 
approx. 60 mg/g in the range  [Cl−] = 0–0.45 M, and 
a subsequent steeper increase to approx. 110 mg/g at 
free  [Cl−] ≈ 0.7 M. Differing from that, Hirao et al. 
[28] reported chloride binding isotherms for C-S–H 
in NaCl solutions at l/s = 10  mL/g, that approached 
its maximum chloride binding already at around 
 [Cl−] = 0.5  M, while the maximum chloride binding 
capacity was determined to be approx. 18 mg/g, i.e., 
comparatively low (Supplementary Fig. S13). Wilson 
et  al. [12] found that the chloride binding capacity 
of C–A–S–H decreased with decreasing Ca/(Al + Si) 
ratio, as would be the case for binders with high 
substitution of Portland cement with supplementary 
cementitious materials (SCMs).

The steep increase of the chloride binding of the 
AAS pastes at free  [Cl−] > 0.9–1.1 M (Fig. 3) appears 
to differ from what has been observed in previous 
studies of hydrated cement pastes and alkali-activated 
materials [5–11, 15], although in most of these stud-
ies the resolution in terms of the number of experi-
ments with different chloride concentrations around 
0.9–1.1  M was low. Nevertheless, the behaviour 
observed in the present study was not expected. 
Analogously to the LDH/AFm phases, however, the 
fact that the data was obtained independently in two 
different laboratories with separately produced AAS 
pastes strongly indicates that the peculiar features of 
the chloride binding isotherms were not experimental 
artefacts.

The strong increase of chloride binding by the 
AAS pastes at free  [Cl−] > 0.9–1.1  M was probably 
not connected to the formation of calcium hydroxy 
chloride hydrates, as these are stable only at chlo-
ride concentrations above 2–4  M [3]. Thus, it is 
likely that the increase of chloride binding by one 
or more of the AAS reaction products was respon-
sible for this behaviour. A possible candidate is the 
C–(N–)A–S–H gel, as the sodium silicate-activated 
pastes (AAS  Na2SiO3 and AAS  Na2O·1.87SiO2) 
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generally showed the highest chloride binding in this 
concentration range (Fig.  3), and such AAS pastes 
comprise higher amounts of C–(N–)A–S–H gel than 
 Na2CO3- and  Na2SO4-activated slags [18]. In addi-
tion, the experiments by Ke [48] indicate that chlo-
ride binding by C–(N–)A–S–H is low to moderate 
at low  [Cl−] but starts to increase more strongly at 
 [Cl−] > 0.45  M (Supplementary Fig.  S12). However, 
the experiments by Ke did not extend to chloride con-
centrations of 0.9–1.1  M, and further studies would 
be required to confirm that chloride binding increases 
above these concentrations. No matter what the rea-
son for the strong increase of chloride binding at free 
 [Cl−] > 0.9–1.1  M is, it is noted that the measured 
chloride binding by the AAS pastes, 10–16  mg/g at 
free  [Cl−] ≈ 0.6 M and 21–28 mg/g at free  [Cl−] ≈ 
1.2  M, was higher than what has been reported for 
most conventional cement pastes in NaCl solutions, 
generally 5–10 mg/g at  [Cl−] ≈ 1 M [5–9, 11].

As regards the moderate differences between the 
chloride binding by the AAS pastes with different acti-
vators (Fig. 3), it is likely that these were caused by 
differences between the kind and amounts of reaction 
products [18]. The somewhat higher chloride binding 
by AAS  Na2SO4 at free  [Cl−] ≤ 0.6 M might be caused 
by the comparatively high chloride binding capacity 
of monosulfate (Fig. 1), while differences between the 
chloride binding at free  [Cl−] > 0.9–1.1  M might be 
related to the amounts of C–(N–)A–S–H in the AAS 
pastes. Thermodynamic modelling, ideally accompa-
nied by experimental quantification, of the reaction 
products of the present AAS, and incorporation of the 
chloride binding isotherms determined in the present 
experiments and in previous studies would allow this 
to be investigated in more detail.

5  Conclusions

The chloride binding isotherms and the maximum 
chloride binding of LDH/AFm phases (monosulfate, 
strätlingite, hydrotalcite, and meixnerite) in NaOH/
NaCl solutions depended strongly on the liquid/solid 
ratio employed in the chloride binding experiments. 
At high liquid/solid ratios (l/s ≥ 53  mL/g), the chlo-
ride binding capacity of the LDH/AFm phases was 
similar to their theoretical chloride binding capacity, 
i.e., assuming that one  Cl− ion is taken up in each 
anion site in the LDH/AFm structure. At low liquid/

solid ratios (l/s ≤ 26  mL/g), the maximum chloride 
binding remained significantly below the theoretical 
chloride binding capacity up to free  [Cl−] ≈ 1.4  M. 
These findings reconcile previous studies of the chlo-
ride binding by LDH/AFm phases, which yielded 
chloride binding that exceeded the theoretical capac-
ity at high l/s and lower-than-theoretical chloride 
binding at low l/s.

Thermodynamic modelling showed that in all 
experiments with the AFm phases (monosulfate 
and strätlingite), a complete transformation of the 
AFm phases to Friedel’s salt, i.e., attainment of the 
full theoretical binding capacity, should be reached 
within the range of chloride concentrations employed 
in the experiments. Thus, the observed lower-than-
theoretical chloride binding at low l/s has to be 
assigned to kinetic restrictions. The exact nature of 
these restrictions remains open at present, and, thus, 
future studies of this issue are required. Neverthe-
less, the present results have important implications 
for the implementation and interpretation of chloride 
binding experiments on cementitious phases: When 
implementing such experiments, it must be taken into 
account that different l/s can lead to different chloride 
binding isotherms. Considering that chloride binding 
experiments for cement pastes are usually performed 
at low l/s, and that chloride binding in real-world con-
crete elements occurs under even more water-defi-
cient conditions, the present results raise the question 
how the chloride binding isotherms determined for 
individual phases should be incorporated into compu-
tational models of chloride diffusion in cementitious 
materials.

The AAS pastes investigated in the present study 
(activators  Na2SiO3,  Na2O·1.87SiO2,  Na2CO3, and 
 Na2SO4) exhibited chloride binding isotherms whose 
shape resembled those of conventional cement pastes 
up to free  [Cl−] ≈ 0.9–1.1 M, but with the maximum 
chloride binding in that concentration range tending 
to be higher than for conventional cement pastes. At 
higher chloride concentrations, a steep increase of 
the chloride binding by all AAS pastes was observed. 
The cause for this behaviour could not be unequivo-
cally deduced in the present study but may be related 
to chloride binding by C–(N–)A–S–H. The small 
to moderate differences between the chloride bind-
ing isotherms of the AAS with different activators, 
with the  Na2SO4-activated AAS exhibiting com-
paratively high chloride binding at free  [Cl−] ≤ 0.6 
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and the sodium silicate-activated AAS pastes dem-
onstrating comparatively high chloride binding at 
free  [Cl−] > 1.0 M, were likely caused by differences 
between their phase assemblages.
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