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1 Introduction and motivation 

The need of today’s society to reduce greenhouse gas 

emission and primary resource consumption is prevailing 

in discussions and media more than ever. On the one 

hand, the construction sector is a massive contributor to 

these current problems. It has been estimated that ce-

ment production is responsible for 7-8 % of the total an-

thropogenic CO2 emissions [1,2]. In addition, in 2018 the 

demand for aggregates in concrete production was 

587 million tonnes, in Germany alone [3]. On the other 

hand, due to the large quantities of construction materials 

used globally each year and the predicted further growth 

of this demand, there exists an enormous potential to re-

duce emissions and resource consumption within this sec-

tor. Annually, 14 billion tonnes of cement are produced 

around the globe [4]. Consequently, already a reduction 

of only 10% CO2 emissions per tonne cement would mean 

a saving of 840 million tonnes CO2 each year. Similarly, 

approaches to develop the construction sector towards a 

circular economy can cause tremendous savings in re-

source consumption.  

While the reduction of CO2 emissions during the production 

of cementitious materials is of outmost importance, the 

durability of these materials also needs to be increased in 

order to elongate their service life and to avoid unneces-

sary maintenance or replacement. For this, a fundamental 

understanding of the deterioration mechanisms that de-

termine the durability of construction materials is needed. 

With this knowledge, deterioration can either be com-

pletely avoided or at least significantly delayed. This ap-

proach therefore directly addresses the 5-step European 

waste hierarchy [5] of a circular economy from the most 

important angle: avoidance and prevention of waste.   

During its service life, concrete is challenged by various 

deterioration mechanisms. Several of these mechanisms 

involve the ingress of deleterious, external ions, e.g. chlo-

rides. The ingress of external chloride ions affects the 

composition of the whole system and therefore the com-

position of the pore solution as well as the solid hydration 

phase assemblage. This is especially important for hydra-

tion phases that are to a certain extent variable in their 

composition. 

ORIGINAL ARTICLE 

Abstract 

For the sustainable transition of the construction sector, the durability of cementi-

tious materials needs to be guaranteed. This requires a fundamental understanding 

of the deterioration mechanisms for example how the ingress of potentially detri-

mental ions affects the composition of the pore solution as well as the phase as-

semblage. This contribution links results from several research projects investigat-

ing the changes in layered double hydroxides (LDH) composition upon exposure to 

chlorides. The Cl/Al ratio in chloride-containing AFm phases depends on the chloride 

concentration as well as on the pH of the liquid phase. In addition, the amount of 

AFm phases is affected by the pH. Another member of the LDH group, hydrotalcite 

(Ht), can also incorporate chloride ions into the interlayer and exhibit a similar chlo-

ride-binding capacity as stoichiometric Friedel’s salt. However, the chloride-binding 

capacity of Ht also depends on the composition of the pore solution. These findings 

aid the fundamental understanding of chloride-binding mechanisms of cementitious 

materials. This is especially important, as the pH and calcium availability in the pore 

solution of hydrated cement may be altered during its service life. Moreover, the 

results may help to accurately predict the durability performance of samples in the 

laboratory. 

Keywords 

Chloride exposure, chloride binding, AFm phases, Friedel’s salt, Kuzel’s salt, hy-

drotalcite, pH, solid solution 

Correspondence 

Prof. Dr. Alisa Machner 

Technical University of Munich 

TUM School of  

Engineering and Design  

Department for  

Materials Engineering 

cbm Centre for Building Materials 

Professorship for Mineral  

Construction Materials 

Franz-Langinger-Str. 10 

81245 Munich - Germany 

Email: alisa.machner@tum.de 

1 Technical University of Munich, 

Germany 

Proceedings  
in civil engineering

https://doi.org/10.1002/cepa.2992 wileyonlinelibrary.com/journal/cepa

 ce/papers 6 (2023), No. 6© 2023 The Authors. Published by Ernst & Sohn GmbH.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and 
distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are 
made. 

1254



 

 

The main hydration phase of Portland cement, C-S-H, is a 

very variable hydrate. Its Ca/Si ratio as well as water con-

tent or morphology can vary depending on the composi-

tion of the cementitious material, curing temperature and 

time [6–11]. In addition, C-S-H phases are known to be 

able to accommodate ions, such as chlorides or alkalis, in 

their interlayer [12] or the electric double layer at their 

surface [13,14]. 

Next to C-S-H, layered double hydroxides (LDH) are im-

portant hydration phases of Portland (composite) ce-

ments, which are also variable in composition. These lay-

ered mineral phases are known to rapidly interact with the 

liquid phase they are in contact with and easily change 

their interlayer composition [15–19].  

Even though these phases have been known and investi-

gated for a long time, it is still not ultimately possible to 

predict how these phases interact in variable hydrated ce-

mentitious systems [20,21]. Fundamental knowledge on 

the chloride binding of the hydration phases and parame-

ters affecting it is needed to allow for improved estimation 

of the chloride ingress and therefore chloride resistance in 

concrete [21–23]. 

This current contribution aims to link results from various 

research projects investigating the changes in LDH com-

position in hydrated cement paste and mortar samples 

upon chloride exposure. First, a short literature review of 

the structure and formation of a selection of LDH phases 

(AFm and hydrotalcite) in hydrated cementitious systems 

is given. In a second part, the interaction of various LDH 

phases with chloride ions and parameters that affect this 

interaction are presented based on a selection of previous 

studies. Lastly, practical implications of these findings and 

further research needs are summarized within this contri-

bution. 

2 Layered double hydroxides – LDH 

LDH, also referred to as anionic clays, are mineral phases 

that consist of positively charged main layers and nega-

tively charged interlayers. Their crystal structure can be 

derived from brucite [24]. The main layer consists of met-

als (here abbreviated with Me), where the partial substi-

tution of tri-valent for bi-valent metals charges this layer 

positively. To maintain electrical neutrality, the interlayer 

incorporates monovalent or divalent anions (here abbrevi-

ated with A) like OH-, Cl-, CO3
2- or SO4

2-. The general for-

mula of LDH phases can be given as  

[Me2+
1-x Me3+

x (OH)2][AY-]x/y·nH2O [25]. From this general 

formula, it becomes clear that the composition of LDH is 

rather variable. Especially the composition of the inter-

layer can vary considerably and easily, which makes LDH 

perfect materials for processes in which ion exchange 

mechanisms are required [26]. 

Overall, there exist many various LDH phases. Naturally 

occurring LDH are categorized within the so-called hy-

drotalcite supergroup [24]. From the perspective of a ce-

ment chemist, there are two groups within this supergroup 

that are of special interest: the hydrocalumite and the hy-

drotalcite group. This is because generally well-known hy-

dration phases of Portland (composite) cements, such as 

the general subgroup of AFm phases and hydrotalcite-like 

phases belong to these two groups. In the following both 

subgroups of hydration phases will be described from a 

structural perspective as well as their formation in hydrat-

ing cementitious materials. 

2.1 AFm phases 

AFm phases (Alumina-ferric monophase) are Ca-Al/Fe 

containing representatives of LDH. Their structure is de-

rived from hydrocalumite [27,28], which belongs to the 

hydrotalcite supergroup [24]. The layered structure of 

AFm phases consists commonly of positively charged 

Ca-Al main layers with a fixed cation ratio [29,30]. How-

ever, the replacement of aluminium with iron is possible in 

the AFm structure [31–35]. To maintain charge balance, 

their structure also consists of negatively charged inter-

layers. Their general formular can be described as 

[Ca2(Al,Fe)(OH)6]·X·nH2O [28,36].  

Depending on the composition of the interlayer, various 

types of AFm phases can be differentiated. Hydroxy-AFm 

is an unstable AFm phase, that is often replaced by other 

AFm phases in the hydration phase assemblage of cement 

[28,37]. In the case where sulphate is present in the in-

terlayer, the resulting phase is called monosulphate (also 

called kuzelite, with the formula Ca4Al2(OH)12(SO4)·6H2O). 

Though it should be noted that various hydration stages 

are known for monosulphate depending on the relative hu-

midity [38]. An illustration of the crystal structure of ku-

zelite is given in Figure 1. 

 

 

 

Figure 1 Illustration of kuzelite crystal structure. Structural data from 
[30], illustration by VESTA [39] 

Already at small amounts of carbonate present in the ce-

mentitious system, other AFm phases such as hemicar-

bonate (Ca4Al2(CO3)0.5(OH)13·5.5H2O) and monocar-

bonate (Ca4Al2(CO3)(OH)12·5H2O) are known to form 

during hydration of Portland cement [28,40–43]. 

Especially composite cements containing a combination of 

Al-rich SCMs and carbonates (e.g. limestone or dolomite) 
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are known to form considerable amounts of the carbonate-

containing AFm phases during their hydration [44–49].  

In the presence of chloride ions, e.g. due to exposure to 

de-icing salts or sea water, chloride-containing AFm 

phases, such as Friedel’s salt (short: Fs, formula: 

(3CaO·Al2O3·CaCl2·10H2O) or Kuzel’s salt (short: Ku, for-

mula: 3CaO·Al2O3·0.5CaSO4·0.5CaCl2·11H2O) are known 

to form. However, the composition of Friedel’s salt is not 

fixed stoichiometrically and factors impacting the Cl/Al ra-

tio of the AFm phases are discussed in section 3.1. 

2.2 Hydrotalcite-like phases 

Hydrotalcite is the name giving mineral for a group and 

supergroup within the LDH nomenclature [24], as it was 

the first LDH to be discovered [50]. Hydrotalcite as a min-

eral name refers to an LDH with a main layer consisting of 

magnesium and aluminium and the formula 

[Mg6Al2(OH)16](CO3)·4H2O [51].  

As typical for LDH members, the composition of the inter-

layer of hydrotalcite is variable. Hence, it shows excellent 

ion exchange properties [15–19]. For cementitious mate-

rials, mostly anions such as OH-, CO3
2-, and Cl- are of in-

terest for the interlayer composition of hydrotalcite. In 

contrast to AFm phases, the cation ratio in the main layer 

is not fixed in hydrotalcite-like minerals. While the natural 

mineral shows a Mg/Al ratio of 3, also lower Mg/Al ratios 

of approx. 2 are commonly reported in cementitious sys-

tems [11,52–56]. Hence, various hydrotalcite-like phases, 

e.g. meixnerite (Mg6Al2(OH)18·4(H2O)) with a Mg/Al ratio 

of 3 as an example for the hydroxy version, or quintinite 

(Mg4Al2(OH)12(CO3)·3H2O) as an example of a phase with 

a Mg/Al ratio of 2, exist [57,58]. Figure 2 shows an illus-

tration of the crystal structure of a hydrotalcite-like phase. 

Commonly hydrotalcite-like phases are referred to by 

simply “hydrotalcite” (short: Ht) as well, as done in this 

present study. 

 

 

 
Figure 2 Illustration of quintinite crystal structure as an example of 
hydrotalcite-like phases. Structural data from [58], illustration by 
VESTA [39] 

As hydrotalcite requires a sufficient amount of magnesium 

and aluminium to form, it is commonly observed to form 

in hydrating cements that contain ground granulated blast 

furnace slag (GGBFS) [11,53,54,59] or in GGBFS-

containing alkali-activated materials [19], all of which typ-

ically contain reactive magnesium. In addition, its for-

mation was reported in hydrating cements that contain do-

lomite [52,60] or a combination of dolomite and small 

amounts of metakaolin [49,61,62]. 

Like AFm phases, Ht can accommodate chloride ions in its 

interlayer depending on various factors as discussed in 

chapter 3.2. 

3 Interaction of LDH with chloride ions 

In the following, the interaction of LDH phases with chlo-

ride ions will be discussed in detail. In general, the chloride 

binding by LDH is due to their ability to incorporate a va-

riety of anions into their interlayer. However, there are 

several parameters that affect this interaction. These pa-

rameters are discussed for chloride-containing AFm 

phases (Cl-AFm) and chloride-containing hydrotalcite 

(Cl-Ht) in the following based on the selection of previous 

studies.  

3.1 Chloride binding of AFm phases 

AFm phases formed during the hydration of (composite) 

cements are able to incorporate chloride into their inter-

layer. The two main chloride-containing AFm phases are 

Friedel’s salt and Kuzel’s salt. However, it is important to 

note that the composition of Friedel’s salt is not fixed stoi-

chiometrically as there exists a solid solution (Fsss) be-

tween Fs and monocarbonate, hemicarbonate or hydroxy 

AFm [42,63–69]. For Kuzel’s salt only limited solid solu-

tions with either monosulphate or Friedel’s salt have been 

reported [63,66]. In addition, Kuzel’s salt has been ob-

served to be unstable in the presence of even small 

amounts of carbonate [63]. 

The Cl/Al ratio in Fsss depends on the chloride concentra-

tion of the solution the solids are in contact with [63]. With 

increasing Cl concentration of the exposure and thereby 

pore solution, the Cl/Al ratio of Fsss was shown to increase 

[63]. This change in Cl/Al ratio has recently also been in-

corporated into the thermodynamic database “cemdata18” 

by Lothenbach et al. [70], which allows the prediction of 

the Cl/Al ratio of Fsss depending on the chloride concentra-

tion of the liquid phase.  

In addition to the Cl concentration, the amount of chlorides 

bound by hydration phases also depends on the pH of the 

liquid phase. CaCl2 exposure of hydrated alite or cement 

pastes showed an effect of pH on the chloride binding of 

cement pastes [71–76]. Decreasing pH enhances the 

physical binding of chlorides by C-S-H [71,77–79]. How-

ever, also the AFm phases contribute to the increased 

chloride binding at lower pH [63,79,80]. By exposing well-

hydrated Portland cement pastes to chloride solutions of 

various pH, Hemstad et al. [80] could show that decreas-

ing the pH of the exposure solution from approx. 13.5 to 

approx. 12 caused a more than double as high chloride-

binding of the cement paste. By SEM-EDS point analyses 

of the exposed samples, it was shown that, with decreas-

ing pH, the Cl/Al ratio in the AFm phases increased from 

approx. 0.4 to the 1.0, indicating the stochiometric com-

position of Friedel’s salt at low pH [80]. In addition to the 

increase in the Cl/Al ratio, an overall increase in the 

amount of Fsss was reported upon decreasing pH [80]. 
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Also when comparing various hydrated composite ce-

ments, the contribution of AFm phases to the overall chlo-

ride binding capacity of the cement paste is due to changes 

in composition as well as the amount of AFm phases 

change with changing composition of the cementitious 

system [20,69]. 

The results reported in [20,80] were obtained on bulk ex-

periments with well-hydrated cement pastes. In addition 

to these studies, the effect of the pH on chloride binding 

has also been shown in diffusion experiments on mortar 

samples [81,82]. This was investigated by exposing mor-

tar samples to unidirectional diffusion of solutions with the 

same chloride concentration but different pH. For this, a 

3 % NaCl solution was used and compared to a solution 

were KOH was added in order to reach a high pH (approx. 

pH 13.2) [81,82]. Two different composite cements were 

used, a CEM II/C-M (S-LL) [82] and a CEM VI (S-V) [81], 

of which the hydration phase assemblage in the samples 

prepared with the CEM VI were investigated in depth after 

exposure. The composition of the hydration phases was 

investigated by SEM-EDS after exposure for 180 days to 

either of the exposure solutions (Figure 3). 

Originally, monosulphate was the predominant AFm phase 

in the hydrated CEM VI samples prior to chloride exposure 

[81]. Depending on the pH of the exposure solution, the 

maximum Cl/Al ratio of the AFm phases in the samples 

differed. In case of NaCl exposure, Friedel’s salt (Cl/Al ra-

tio 1.0) was observed (see Figure 3 a), whereas in the case 

of exposure to NaCl+KOH, Kuzel’s salt (Cl/Al ratio 0.5) was 

present (see Figure 3 b). It is known, that sulphate ions in 

the interlayer of monosulphate can be replaced with chlo-

ride ions [63,83]. However, compared to monocarbonate, 

no solid solution exists between monosulphate and 

Friedel’s salt [63,66]. Instead of a complete solid solution, 

a distinct phase, Kuzel’s salt, can form at lower Cl concen-

trations [63,83]. 

However, both samples have been exposed to solutions 

with the same chloride concentration. Consequently, any 

differences in the chloride concentration of the pore solu-

tion at a certain depth from the exposed surface are due 

to changes in the chloride ingress. In addition, the hy-

droxyl (OH-) concentration in the exposure solution may 

also play an important role in determining the type of AFm 

phase formed. A solid solution between Friedel’s salt and 

hydroxy-AFm [63] has been reported. Consequently, the 

formation of hydroxy-AFm might be favoured over the for-

mation of Friedel’s salt in case of NaCl+KOH exposure due 

to the higher hydroxyl (OH-) concentrations than in the 

NaCl solution. As the hydroxyl ions compete with the chlo-

ride ions for their position in the AFm structure [63], this 

would also explain the lower Cl/Al ratios of the AFm phase 

in case of NaCl+KOH exposure compared to NaCl as shown 

in Figure 3 [81], which are in some cases even lower than 

the Cl/Al ratio in Kuzel’s salt. 

Besides the increase in the Cl/Al ratio, also the increase in 

their amount present in the samples upon a slight reduc-

tion of the pH reported on bulk cement paste samples [80] 

could also be verified on mortar samples [81]. Figure 4 

shows the DTG curves of samples exposed to NaCl or 

NaCl+KOH from various depths from the exposed surface 

(1 - 25 mm). Towards the exposed surface, the AFm 

weight loss peaks shift towards lower temperatures and 

show a double peak for both exposures. This indicates the 

formation of Cl-AFm or Cl-Ht phases, as the single peak 

(e.g. at 25 mm) has been associated with carbonate or 

sulphate AFm phases [84], while the double peak has been 

related to the decomposition of chloride-containing AFm 

phases [19,80,84–86]. 

 

 
Figure 3 Cl/Ca ratio over the Al/Ca ratio of point analyses of the matrix 
in mortar samples exposed to a 3% NaCl (a) or 3% NaCl+KOH solution 
for 180 days. The depth from the exposed surface (0.03–20 mm) is 
indicated by colour (dark blue: 0.03 mm, light blue: 20 mm). Black 
squares indicate the ideal compositions of portlandite (CH), Friedel's 
salt, Kuzel's salt, monosulphate (Ms), monocarbonate (Mc), and 
ettringite (AFt). Data from [81] 

As expected, the AFm weight loss peaks increase towards 

the exposed surface for both specimens. However, there 

are differences in the maximum level of the weight loss 

depending on the exposure solution. In the case of NaCl 

exposure, a considerably higher maximum AFm weight 

loss peak can be observed compared to samples exposed 

to NaCl+KOH. However, such an increase is not predicted 

by the thermodynamic model in that study (see [81]) as 

the overall aluminium content of the sample is not affected 

by leaching. The overall aluminium availably directly af-

fects the chloride binding capacity of the hydrated cement 
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[85,87]. As reported by Baba Ahmadi et al. [20], alumin-

ium can potentially be released from C-A-S-H phases pre-

sent in hydrated cement paste upon decreasing pH, ena-

bling the formation of additional AFm phases. 

Overall, there are several parameters that affect the Cl/Al 

as well as the amount of Cl-AFm. Hence, the chloride bind-

ing of hydrated cement pastes is affected considerably by 

these parameters. Implications for practical applications 

and laboratory performance testing of these rather funda-

mental results are given in chapter 4.  

 

 
Figure 4 DTG curves of sections at various depths below the exposed 
surface for mortar samples exposed to a 3% NaCl (a) or 3% NaCl+KOH 
solution for 180 days. DTG curves are shown in the temperature range 
of AFm and portlandite (CH) decomposition (250–500 ◦C). The depth 
from the exposed surface (1 - 25 mm) is indicated by colour (dark 
blue: 1 mm, light blue: 25 mm). Data from [81] 

 

3.2 Chloride binding of hydrotalcite 

Hydrotalcite is known to show excellent ion exchange 

properties, and consequently also high chloride binding 

potential [15–19].  

The formation of chloride-containing hydrotalcite was re-

ported in [62,86] for composite cements containing dolo-

mite or a combination of dolomite and metakaolin exposed 

to chloride solutions (NaCl or CaCl2) of various concentra-

tions. The presence of Cl-Ht was identified from its chem-

ical composition determined with SEM-EDS and the uptake 

of chlorides in the interlayer by changes in the peak posi-

tions in TGA and XRD [62,86]. Figure 5 shows the diffrac-

togram of hydrated paste samples containing 60 wt.% 

OPC and 40 wt.% dolomite (60C40D) that were exposed 

to either deionized water (60C40DH2O) or 2 mol/L sodium 

chloride solution (60C40DNaCl). The shift of the XRD peak 

of hydrotalcite to lower °2ϴ in the presence of chlorides is 

clearly visible when comparing the two samples. For com-

parison, also the peak position of Friedel’s salt is indicated. 

The shift in the XRD peak position and in the TGA curves 

of Cl-Ht compared to chloride-free Ht has been previously 

reported by Ke et al. [19] for synthetic Ht samples. In the 

XRD diffractogram, a shift to lower °2ϴ of this peak is 

caused by an increase in the c-parameter [88]. This shows 

the incorporation of chloride into the interlayer of hy-

drotalcite, because chloride ions have a larger ionic radius 

than hydroxide ions [17–19,89]. 

 

Figure 5 XRD patterns (zoomed in to the region 10-12 °2ϴ) of hy-
drated paste samples containing 40 wt.% dolomite, which were ex-
posed to 2 mol/L NaCl solution (60C40DNaCl) and a reference sample 
exposed to deionized water (60C40DH2O). Data from [62,86] 

The composition of the hydrotalcite interlayer depends on 

several factors. One of them is the chemical composition 

of the system. Divalent ions, like CO3
2-, are more easily 

incorporated into the hydrotalcite interlayer than monova-

lent ions, like Cl- [15,17,18]. Hence, the presence of car-

bonate ions or an increase of their amount in the system 

reduces the chloride-binding capacity of hydrotalcite 

[15,19]. However, even if carbonates are present in rather 

high amounts, hydrotalcite is able to contribute consider-

ably to the chloride binding of the samples [86].  

The chloride content in hydrotalcite increased when hy-

drated pastes are exposed to CaCl2 compared to NaCl 

[86]. This can be shown e.g. by SEM-EDS point analyses, 

determining the Cl/Al ratio in the hydrotalcite as demon-

strated in Figure 6. The reason for this increase in chloride 

binding in the case of CaCl2 exposure is because the car-

bonate activity in the system depends on the chemical en-
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vironment. When exposed to CaCl2 the carbonate ion ac-

tivity in the liquid phase of the samples is reduced com-

pared to exposure to NaCl as shown in [86] by a simple 

thermodynamic modelling approach. A reduction in the 

carbonate ion activity is assumed to favour the uptake of 

chlorides over carbonates in the interlayer of hydrotalcite, 

explaining the higher chloride binding by hydrotalcite in 

case of CaCl2 exposure. 

 

Figure 6 Cl/Ca ratio over the Al/Ca ratio of the point analyses of the 
reaction rims around the dolomite grains in well-hydrated paste sam-
ples containing 40 wt.% dolomite (60C40D), which were cured at 
60 °C and exposed to 2 mol/L chloride solutions (NaCl or CaCl2) [86]. 
Black diamonds represent the results for the point analyses of not-
exposed samples [61] 

For the members of the hydrotalcite group, not only the 

composition of the interlayer but also, though to a smaller 

extent, the Mg/Al ratio of the main layer is variable 

[11,52–56]. The Mg/Al ratio of the main layer depends on 

the amount and availability of Mg and Al in the system 

[11,54]. Machner et al. showed that with increasing alu-

minium (metakaolin) content of the system, the Mg/Al ra-

tio of the hydrotalcite decreased in well-hydrated pastes 

[62,86]. The Mg/Al ratio affects the overall charge of the 

main layer. Since the negative charge of the interlayer is 

adapted to balance the positive charge of the main layer, 

more chlorides are reported to be incorporated in the in-

terlayer of hydrotalcite with a lower Mg/Al ratio [17].  For 

hydrated dolomite and metakaolin containing composite 

cement pastes, this correlation between Mg/Al ratio in the 

main layer and chloride content in the interlayer could not 

be confirmed [86]. A potential explanation could be the 

fact that chlorides are not only incorporated in the inter-

layer of hydrotalcite but can also be adsorbed on their sur-

face as shortly discussed in chapter 4. 

Similarly, as described for Cl-AFm (see chapter 3.1), the 

chloride binding of hydrotalcite is affected by several fac-

tors. The various implications of this for concrete produced 

with Mg- and Al-rich SCMs are described in the following 

chapter. 

4 Implications for practical applications and fur-

ther research 

The results summarized so far aid the fundamental under-

standing of chloride-binding mechanisms of LDH phases 

during chloride exposure of cementitious materials. This 

knowledge allows to improve predition of chloride ingress 

and therefore chloride resistance in concrete [15,16]. 

Based on results from concrete containing fly ash that was 

exposed to sea water for 16 years [90], De Weerdt et al. 

[23] showed that the majority of the total chloride content 

in a concrete is actually bound by solids (AFm or C-S-H). 

The amount of bound chlorides considerably depends on 

the chloride binding, and therefore the composition, of the 

LDH phases. 

Friedel’s salt is known to contribute significantly to the 

chloride binding capacity of hydrated cementitious mate-

rials. Similarly, hydrotalcite was shown to be able to bind 

considerable amounts of chloride. In order to estimate the 

contribution of hydrotalcite to the overall chloride binding 

capacity of the cement paste, not only its composition as 

amount of chloride per mol or per g, but also the amount 

of hydrotalcite formed in the sample needs to be taken 

into account, as done in the simplified mass balance cal-

culation reported in [86]. Figure 7 shows the distribution 

of bound chlorides in C-S-H, Friedel’s salt and hydrotalcite 

in well hydrated paste samples containing 40 wt.% dolo-

mite or limestone exposed to 2 mol/L chloride solution 

(NaCl or CaCl2). The comparison to the limestone-contain-

ing sample allows the classification of the impact of hy-

drotalcite on the chloride binding of the overall paste. 

Though it should be noted, that a direct quantitative com-

parison is not possible nor intended as the samples have 

been cured at different temperatures (60C40D: 60°C, 

60C40L: 38 °C). 

 

 

Figure 7 Amount of chlorides bound in C–S–H, Friedel's salt, and hy-
drotalcite calculated for well-hydrated paste samples that contain 
40 wt.% of dolomite (60C40D) cured at 60°C and corresponding ref-
erence samples containing 40 wt.% limestone (60C40L) cured at 38 °C 
exposed to a 2 mol/L chloride solution (NaCl or CaCl2). Data from [86]
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Nevertheless, the estimations in Figure 7 show that hy-

drotalcite formed by the reaction of dolomite in composite 

cements, can contribute to the chloride binding of the ce-

ment paste to an extent similar to the Friedel’s salt formed 

in equivalent samples containing limestone [86]. In ce-

mentitious systems containing slag, hydrotalcite has been 

predicted to bind even more chlorides than Friedel’s salt 

[91].  

It should also be noted that chlorides are not just incorpo-

rated into the interlayer of LDH but are also reported to 

adsorb on their surface due to the formation of an electric 

double layer [19,91]. To which extent chlorides are bound 

in the interlayer of LDH or adsorbed on their surface could 

not be quantified with the experimental set-up of the pa-

pers discussed here. Several insights into the interaction 

of LDH and chlorides are potentially also valid for other 

charged compounds. 

Another important aspect not finally concluded on is the 

stability of chloride-containing LDH.  These phases should 

be investigated with regard to their ability to retain the 

chlorides in their crystal structure upon various attacks on 

the concrete during its service life, e.g. during leaching or 

carbonation. This is especially important, as the pH and 

ion availability in the pore solution are different for differ-

ent types of cement. In addition, these characteristics of 

hydrated cement may be altered during its service life re-

sulting in a change in the chloride binding-capacity of the 

hydrated cement paste.  

The results summarized in the present contribution also 

have an implication for chloride ingress resistance testing 

in the laboratory [81,82]. The leaching conditions in the 

laboratory set-ups are commonly drastically reduced com-

pared to e.g. exposure to the sea, which represents an 

unlimited reservoir of leachate. Hence, a sample that 

showed reasonably good resistance to chloride ingress in 

the lab, can potentially perform much poorer once it is 

placed out in the sea. As a first step, procedures for labor-

atory testing that mimic realistic scenarios should be pre-

ferred, e.g. sufficiently high ratios between the volume of 

the exposure solution and the exposed surface, and rou-

tines for regularly replacing the exposure solution. 

5 Conclusions 

Chloride binding considerably affects the chloride 

transport and thereby the chloride ingress resistance of 

cementitious materials, e.g. concrete. Fundamental 

knowledge on chloride binding can aid the sustainable 

transformation of the construction sector, as it helps un-

derstanding and limiting chloride ingress in concrete. 

Within this contribution, selected parameters affecting the 

chloride binding by various LDH phases (AFm and hy-

drotalcite) were discussed based on various previous re-

search projects. 

The Cl/Al ratio in Cl-AFm, depends not only on the chloride 

concentration but also on the pH of the liquid phase. With 

increasing chloride concentration and decreasing pH 

(down to approx. pH 12), the Cl/Al ratio of AFm was shown 

to increase. These observations on bulk analyses of ce-

ment pastes could be confirmed also in mortar samples 

exposed to unidirectional chloride diffusion. However, as 

not only the composition but also the amount of AFm 

phases changes with changing pH, it is not straightforward 

to determine the total contribution of each effect to the 

overall chloride binding capacity of the system.  

Similarly, hydrotalcite (Ht) is also able to incorporate chlo-

ride ions into the interlayer and may exert a similar chlo-

ride-binding capacity as stoichiometric Friedel’s salt (Fs). 

However, the chloride-binding capacity of hydrotalcite de-

pends on the activity of carbonate ions in the pore solution 

determined by the calcium concentration.  

These findings aid the fundamental understanding of chlo-

ride-binding mechanisms during chloride exposure of ce-

mentitious materials. This is especially important, as the 

pH and calcium availability in the pore solution of hydrated 

cement may be altered during its service life. In addition, 

these results help in identifying important parameters and 

conditions in laboratory performance tests, with the goal 

to depict the reality of deterioration mechanisms and pre-

dict the durability performance of concrete in field as reli-

ably as possible. 
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