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A B S T R A C T

The diffusion of chloride critically affects the durability of reinforced concrete in exposure environments. 
Hydrocalumite-like (AFm) phases can bind chlorides to form Friedel's salts, retarding chloride ingress. However, 
the stability and structural parameters of Friedel's salts with mixed-anion interlayers are not fully understood. 
First principles computation was performed to provide the energy-minimum crystal structures for Friedel's salt 
and AFm phases with various substitutions and water contents. It shows that the mixing of Cl− and OH−

significantly changes the lattice parameters. However, the mixing of 1/2CO3
2− and Cl− anion presents little effect 

on structural parameter. It is energetically favourable and hardly measurable by XRD but decreases chloride 
binding capacity. The interlayer hydroxide ions show considerable flexibility in terms of occupied sites, which 
may be a key factor for the stability of AFm phases. The modelling results align with the the structural changes of 
Friedel's salts reported in previous experiments.

1. Introduction

Cementitious construction materials are durable when utilized in 
normal conditions, but due to their intrinsically weak tensile strength 
and cracking sensitivity they require steel reinforcement in most appli-
cations as structural concrete. The hydrated cementitious matrix is 
porous, which makes the steel reinforcements vulnerable to the ingress 
of aggressive ions from the exposure environment. In particular, chlo-
rides from seawater or de-icing salts can initiate corrosion, which is one 
of the most frequent causes of degradation in structural construction 
materials [1,2]. Therefore, the mechanism of chloride ingress is an 
important research topic for durability design of sustainable concrete. 
Transport of chloride ions in the pores of hydrated cementitious mate-
rials is a coupled diffusion-binding process. The concentration gradients 
between the surrounding solution and the pore solution drives chloride 
ions inward. Some of the chloride ions are incorporated into hydration 
products in the cementitious matrix through chemical binding and some 
are absorbed on particle surfaces, i.e., physically bound. It is desirable to 
formulate concretes to maximize binding by either type of mechanisms. 
With incorporation of supplementary cementitious materials (SCMs) 
one can expect varying hydrate phase assemblage, pore solution 
composition and consequently pH levels depending on the type, amount, 

and reactivity level of the utilized SCM [3–5]. There has been much 
discussion on different possibilities for the chemical binding in cemen-
titious systems in ettringite, AFm as well as calcium alumino-silicate 
hydrates (CASH); the state-of-the-art research implies that neither 
ettringite nor C-A-S-H accounts for the chemical binding of chlorides, 
and only AFm phases take part in chemical binding [6].

The general formula of an AFm phase is [Ca2(Al,Fe)(OH)6]⋅Y⋅xH2O, 
where Y represents a monovalent anion or 0.5 of a divalent anion and x 
is the number of water molecules. AFm phases have a crystalline layered 
structure with a positively charged main layer, [Ca2Al(OH)6]+, where 
portion of of Al3+ can be replaced by Fe3+ [7]. The resulting charge is 
compensated by the Y anions, which occupy space between the cationic 
layers together with the water molecules [8,9]. Several previous work 
proposed that interlayer anions can be substituted for one another 
[10–12]. In particular, sulfate- or carbonate-containing AFm phases can 
transform into a chloride-containing phase known as Friedel’s salt (FS), 
[Ca2Al (OH)6] Cl⋅2H2O, and thus sequester chloride ions [13], The low- 
temperature stable structure (< 34–35 ◦C [14,15]) is illustrated in Fig. 1. 
Such a pure-chloride phase is, however, an idealization. More typical are 
solid solutions with more than one species of anion in the interlayer. For 
the most relevant anions that would influence the chloride binding of 
AFm phases, there would be putative ternary solid solutions forming 
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between SO4
2− , CO3

2− and OH− , as well as Cl− , OH− , CO3
2− and even 

formate anions are known to exist in AFm phases and their phase 
assemblage depends on the temperature and pH of the environment 
[10,11,16]. However, there is no clear understanding of how the mixing 
of interlayer ions alters the crystal structure of these phases. This causes 
challenges for building a correct quantitative model for description of 
chemical chloride binding in modern concretes.

Several analytical techniques, e.g. Nuclear magnetic resonance, in- 
situ and synchrotron x-ray diffraction, have been employed to charac-
terize and understand the structure of FS [6,14,15,17]. The octahedral 
coordination of aluminum in the structure of FS is distinguishable from 
the tetrahedral coordination in AFt phases by 27Al Solid State NMR 
Spectroscopy. The previous investigations stated that XRD provided 
crystallographic information that is useful for distinguishing FS from 
other AFm phases, particularly the basal spacing between planes. Ac-
curate quantitative measurements are possible using synchrotron radi-
ation [14,17,18]. However, the interlayer structure of FS and AFm 
phases is affected by several factors, including the anion types and the 
moisture content. Georget et al. [19] demonstrated that the basal 
spacing of the hemicarbonate-Friedel’s salt solid solution can be used to 
calculate its stoichiometry only when measured in wet conditions.

The effect of pH on chloride content of the FS had not been quantified 
in the literature until recently. According to a study by Hemstad et al. 
[20] and reported results by Avet and Scrivener [21], the chloride 
content of the FS, is influenced by the pH, and the actual phase almost 
never has a composition close to the ideal FS stoichiometry. The struc-
ture and composition of AFm phases are interrelated in subtle ways. 
Wilson et al. [22] concluded that the correlation between the chloride 
content of the Friedel's salt solid solution and the water-soluble chloride 
content suggests a dependence on several factors. These include the 
chloride contents in the exposure solution, the presence of competing 
ions like HO− and SO4

2− , the C-A-S-H content, and its reversible binding 
capacity within the pore solution. This highlights the strong dependence 
of FS chloride content on the surrounding pore solution conditions. 
Moreover, minor structural differences in the crystals of AFm phases can 
significantly affect their chemical binding capacity during the phase 
transition to FS, but these changes are difficult to detect using XRD. 
These discoveries have revealed a huge knowledge gap in the area of 
chloride binding in cementitious materials. Some previous investigation 
proposed new “proof-of-concepts” models for two of the solid solutions 
(CO3-SO4-OH AFm and CO3-Cl-OH) [19]. In addition to gathering more 
solubility data, it also requires detailed information of the crystal 
structure with correct description of the interactions between water, 
chloride and carbonates in the AFm interlayer.

In this study, first-principles computations were carried out by 
optimizing the electronic structure to investigate the effect of ion sub-
stitutions on the local structure of the Friedel's salt (FS) interlayer. The 

primary focus is on the mixed interlayer ion system, exploring the 
atomistic structure of Friedel's salt and AFm phases with different 
combinations of carbonate, chloride, and hydroxide ions, as well as 
varying water contents. The implications of these findings for chloride 
binding, particularly in relation to carbonate and hydroxide sub-
stitutions, will be discussed and compared with previously reported 
experimental data from literature. These insights enhance the under-
standing and quantification of chloride binding in low-carbon binder 
systems, supporting the design of more durable cementitious materials.

2. First principles computation

2.1. Electronic structure calculations

All atomic positions along with the unit cell parameters were opti-
mized using the Broyden–Fletcher–Goldfarb–Shanno (BFGS) algorithm 
[23] to give a minimum energy structure. The crystal system, however, 
was not allowed to change during optimization. The convergence 
criteria for structure optimization were that the maximum atomic 
displacement was 0.003 a0 and that the maximum force on any atom 
was 0.00045 Eh/a0, as well as that the root mean square value of these 
quantities were <0.0015 a0 and 0.0003 Eh/a0, respectively. The pressure 
tolerance in the cell optimization was 100 bar. In cases where arbitrary 
modifications were done to the composition and/or structure to create a 
starting guess for the structure, a constrained minimization with fixed 
unit cell parameters was always carried out before the full minimization. 
The energy of the periodic system was calculated using Kohn-Sham 
density functional theory using the Perdew-Burke-Ernzerhof (PBE) 
exchange-correlation functional in the Generalized Gradient Approxi-
mation (GGA) framework with the D3 dispersion correction scheme 
applied to all non-cation atoms [24,25]. Following [26], which argues 
that metal cations have such low polarizability that their dispersion 
interactions are negligible, no dispersion correction was applied for 
atom pairs that include a metal cation. A hybrid Gaussian and plane 
wave basis set was used with the TZVP-MOLOPT-PBE basis set for the 
Gaussian part and a plane wave cut-off of 300 Ry. Only valence electrons 
were represented explicitly; core electrons were replaced by Goedecker- 
Teter-Hutter (GTH) pseudopotentials [27]. The Quickstep module of the 
CP2K program package, version 9.1, was used for all calculations. This 
code is highly optimized for rapid calculations in condensed phases 
[28].

2.2. System compositions and starting structures

The focus of this work is coexistence of different anions within the 
same interlayer, instead of completely alternative layers such as Kuzel 
salt or U-phase [9,29,30]. Therefore, the Friedel's salt was selected as a 
starting structure for mixing ions interlayers. We determined the mini-
mum energy structures of FS with composition variations summarized in 
Table 1. The structures considered here are hypothetical compounds 

Fig. 1. Crystal structure of chloride-rich Friedel's salt. Bonds between Al and O 
are drawn in polyhedron to show the octagonal coordination.

Table 1 
Summary of ion substitutions considered for FS and abbreviations.

Abbreviations Interlayer composition

FS(10) Cl− ⋅2H2O
OH-AFm(11) OH− ⋅2H2O
Cl-OH-AFm(10.5) 0.5Cl− ⋅0.5OH− 2H2O
OH-AFm(13) OH− ⋅3H2O
Cl-OH-AFm(11.5) 0.5Cl− ⋅0.5OH− 2.5H2O
Monocarbonate(11) 0.5CO3⋅2.5H2O
Cl-CO3-AFm(10) 0.5Cl− ⋅0.25CO3

2− ⋅2H2O
Cl-CO3-AFm(10.5) 0.5Cl− ⋅0.25CO3

2− ⋅2.25H2O
Na-FS(10) 0.5Cl− ⋅2H2O
Na-FS(11) 0.5Cl− ⋅2.5H2O
Na-FS(12) 0.5Cl− ⋅3H2O

Note: numbers in parentheses represent the chemical bound water 
amount.
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that may be conceptualized as purified defects in the FS structure, 
though they may share their stoichiometry with a known phase. This is 
the case for the hydroxide and hydroxide-water substitutions, which 
give the same stoichiometries as OH-AFm(11) and OH-AFm(13). When 
deemed necessary, additional starting structures were tried to check for 
the existence of lower-lying local minima than those previously found. 
Note that no systematic way to ensure that the minimum global energy is 
found in a high-dimensional system; the minimum energy structure re-
ported is in all cases the structure corresponding to the lowest known 
energy. The total energy (Et) of crystal structures is calculated with Eq. 
(1). 

Et = Eo + Es + Ec + Eh + Ee + Ed (1) 

where Eo is overlap energy of the core charge distribution, Es is self- 
energy of the core charge distribution, Ec is core Hamiltonian energy, 
Eh is Hartree energy, Ee is exchange-correlation energy, and Ed is 
dispersion energy.

It is important to note that the minimum-energy structure only ap-
proximates the true structure at a temperature. Friedel's salt exists in a 
low-temperature and a high-temperature form, with the transition be-
tween them at about 35 ◦C [14,15]. While the two forms have different 
symmetries, the molecular-level structure is quite similar: In the high 
temperature form, each chloride ion is surrounded symmetrically by six 
water molecules, each of which also coordinates a Ca2+ ion. In the low- 
temperature form, this symmetry is broken such that the anion sits off- 
center in the distorted hexagon formed by the water molecules. Pre-
sumably, the phase transition is driven by the increasing importance of 
the entropy of the hydrogen bond network in the symmetric structure 
with higher temperature, where the symmetry allows a multitude of 
possible donor-acceptor patterns for the same overall connectivity. At 
some temperature, this contribution to the free energy comes to domi-
nate the energetic gain from having a closer optimal hydrogen bonding 
geometry in the asymmetric structure. As the system’s free energy 
(relative to some standard state) is orders of magnitude more costly to 
compute than the system energy, we focus on the energy-dominated low 
temperature form in this study. As the structural differences between the 
low- and high-temperature forms are modest, we expect that the broad 
conclusions can be generalized to the high-temperature form.

The XRD patterns of optimized structure were computed with Ma-
terials Studio under Reflex function- power diffraction mode with 
structure of primitive cell provided in Table 2. The radiation source was 
set as Cu Kα2 (λ = 1.544 Å).

3. Results

3.1. The optimized structure of Friedel's salt

The crystal cell information of the optimized structure is summarized 
in Table 2, and Fig. 2 shows the interlayer features of corresponding 
structures. Detailed information of atomic coordination for each 

structure is provided in the supplementary information (SI) as xyz files. 
The computed energy-minimum structure is very close to the low- 
temperature FS characterized by synchrotron powder diffraction [C2/ 
c; a = 9.960(4) Å, b = 5.7320(2) Å, c = 16.268(7) Å, β = 104.471(2)◦] 
[14]. The calculated values for |a| and |b| are overestimated by a few 
percentages compared to the experimental values. This probably reflects 
the intrinsic error of the electronic structure method, which is known to 
overestimate bond lengths and ion sizes [31]. The value of |c|, that 
corresponds to the basal spacing, is remarkably close to the experi-
mental value. The simulated 2θ value of the layer structure (plane (002)) 
is 11.26◦, which is also almost the same as experimental value with 
11.22◦.

Cl-OH-AFm (10.5) has an interlayer structure with the substitution of 
half chloride ions by hydroxide ions. The crystal structure reaches the 
minimum energy when the hydroxide stays in the same site as chloride 
(see Fig. 2). A full substitution of interlayer chloride with hydroxide 
forms OH-AFm(11) also has the minimum energy with anions in the 
same sites. The hydroxide substitution seems to have little influence on | 
a| and |b|; however, it decreases the |c| of the cell. This appears to be 
due to the smaller size of the hydroxide ion than the chloride ion. For the 
same reason the hydroxide ions sit even further off-center than chloride 
in the ion binding site. The ability to form mixed phases depends on the 
interaction energy between adjacent ions. Therefore, the ‘mixing en-
ergy’ to form the half hydroxide substituted system can be calculated by 
E[Cl-OH-AFm(10.5)] – (E[Friedel's salt] + E[OH-AFm(11)]). The energy 
change is found to be +20.8 kJ/mol, so it implies that the formation of 
the mixed phase from the pure ones is energetically unfavorable.

In the half carbonate substituted FS structure, Cl-CO3-AFm(10), the 
carbonate ion fits well within the empty chloride site and accepts six 
hydrogen bonds from adjacent water molecules. In each of these H-bond 
interactions the O–O distance is between 2.5 and 2.7 Å, which is a little 
shorter than the O–O distance measured in liquid water [32,33]. The 
two water molecules that would form hydrogen bonds in the empty ion 
site and hydrogen bond to the carbonate ions. This empty ion site can 
easily accommodate the extra water molecule. The unit cell parameters 
are remarkably similar to the experimental value [12,34], which is also 
very close to values for unmodified FS, allowing for the fact that the unit 
cell for the carbonate substituted structures corresponds to two primi-
tive cells in the FS structure. Most part of modelled XRD pattern for these 
two structures looks very similar, but some new peaks can be observed 
in 2θ range of 8–10◦ and 30–36◦ for Cl-CO3-AFm(10) as shown in Fig. 2. 
This is similar to the finding of new peaks caused by secondary inter-
layer ions from some recent modelling by Honorio [35]. For the full 
substitution of chloride with carbonate ions, Monocarbonate(11), the 
interlayer distance is similar to that for the half-carbonate substitutions, 
but the hydrogen bonding situation is somewhat changed. There is no 
possible arrangement that places the carbonate ions further apart while 
keeping the FS structure, though there is almost certainly a considerable 
energetic cost associated with divalent carbonate ions being so close 
together. The diffraction peak of plane (002) only has about 0.2◦

Table 2 
Information of optimized unit cell parameters for anions substitution in Friedel's salts.

Abbreviations Chemical formula Cell volume/Å3 Density g/cm3 Crystal parameters

a (Å) b (Å) c (Å) α (◦) β (◦) γ (◦)

FS (10) Ca4Al2Cl2(OH)12(H2O)4 930.29 2.00 10.11 5.87 16.21 90 104.86 90
Cl-OH-AFm (10.5) Ca4Al2Cl(OH)13(H2O)4 910.46 1.98 10.03 5.90 15.93 90 105.21 90
OH-AFm (11) Ca4Al2(OH)14(H2O)4 880.73 1.98 10.08 5.89 15.37 90 105.08 90
OH-AFm (13) Ca4Al2(OH)14(H2O)6 935.38 1.99 10.03 6.02 16.09 90 105.53 90
OH-AFm (13) he* Ca4Al2(OH)14(H2O)6 929.44 2.00 9.97 6.03 16.04 90 105.61 90
Cl-OH-AFm (11.5) Ca4Al2Cl(OH)13(H2O)5 929.33 2.00 10.07 5.96 16.02 90 105.07 90
Cl-OH-AFm (11.5) he* Ca4Al2Cl(OH)13(H2O)5 920.12 2.02 10.06 5.94 15.94 90 104.99 90
Monocarbonate (11) Ca4Al2CO3(OH)12(H2O)5 1869.92 1.95 10.20 11.68 16.15 90 103.60 90
Cl-CO3-AFm (10) Ca4Al2Cl(CO3)0.5(OH)12(H2O)4 1870.29 1.97 10.13 11.71 16.26 90 104.07 90
Cl-CO3-AFm (10.5) Ca4Al2Cl(CO3)0.5(OH)12(H2O)4.5 1875.90 2.00 10.10 11.72 16.33 90 103.84 90

Note: he* represents a crystal structure with a bit higher total energy.
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difference in 2θ of Cl-CO3-AFm(10) and FS structure, which can barely 
be detected by normal XRD test. The adsorption of one more water 
molecule in structure will lower the energy of Cl-CO3-AFm. As shown in 
Fig. 3, the mixing energy of Cl-CO3-AFm(10.5) can be calculated and the 
value is − 27.5 kJ/mol. The negative energy value implies that this kind 
of transformation is energetically preferable. The effect of interlayer 
water numbers on the crystal structure will be discussed in the next 
section.

3.2. Effect of interlayer water molecules

The dehydration of AFm phases will cause a change in the structure 
of solid solution, especially the interlayer configuration and space 
[17,19]. The AFm phases with different water molecule numbers are 
compared in Fig. 4 and the mixing reaction energy of the crystal struc-
ture is compiled in Fig. 3. An integration of induces an increase in the |b| 

and |c| of the cell parameters (see Table 1). The change of interlayer 
spacing causes a shift of diffraction peak from 11.9◦ to 11.4◦ as shown in 
Fig. 4. One more water in the interlayer of Cl-OH-AFm(11.5) will form a 
cell structure closer to FS with a lower total energy than Cl-OH-AFm 
(10.5). The mixing energy of FS and OH-AFm(13) to form Cl-OH-AFm 
(11.5) is 13.5 kJ/mol, which implies the chloride-hydroxide hybrid 
structure has a little higher energy than the separate pure ion structures. 
Comparing with Cl-OH-AFm(10.5), this transition is more energetically 
favourable. The difference in layer space of these two structures is very 
minor. The uptake of one more water in Cl-OH-AFm causes almost no 
changes in the cell structure, density and cell volume in comparison with 
FS. For the Cl-CO3-AFm, the effect of adding 0.5 water in primitive cells 
is negligible for cell parameters, so an overlapping of diffraction peak 
can be observed in XRD patterns.

As shown in Fig. 5, for the hydroxide-water substitution, two struc-
tures with similar energy were found, with the difference being only 

Fig. 2. Illustration of the energy minimum structure with different cation substitutions and the modelled XRD patterns, and the red circle marks the site with 
replacement of various anions. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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6.66 kJ/mol per ion. In the higher energy structure, the ion is in the FS 
chloride site like in the hydroxide substituted structure. In the lower 
energy structure, the hydroxide ion is in a water site. The FS ions site is 
occupied by two water molecules, favorably positioned to form 
hydrogen bonds between themselves, to surrounding water molecules 
and to the hydroxide ion. Presumably, it is this favourable hydrogen 
bonding situation that stabilizes the hydroxide ions in the water sites. 
With more interlayer water, the structure with the hydroxide ions 
occupying water sites is still more energetically preferable than with the 
hydroxide ions in an ion site, but only by 1.59 kJ/mol per ion. It may 
thus be more accurate to describe the structure with a partial occupancy 
of both sites. The hydroxide ions get quite close to the chloride ions, 
which can be explained by the fact that the hydroxide ions coordinate 
calcium ions.

Table 3 shows the change of cell parameters of hemicarbonate in 
various hydration states compared with FS as the start structure. Two 
optimized structure were found for Hemicarbonate(12) that differed in 
energy by only 1.1 kJ/mol per ion substitution. As this difference is so 
small that one should expect a significant population of the higher- 
energy structure at equilibrium, both are discussed. The presence of 
several structures of similar energy points to a limitation of the current 
methodology where a single minimum is seen as representative of the 
structure. The case of hemicarbonate should be revisited with a method 
that allows for proper thermal averaging and the conclusions about 
hemiacarbonate must be seen as preliminary. The predicted XRD peaks 
positions of plane (002) are close to those for FS, see Table 3. Though 
there may be lower energy structures yet to be found that more closely 
correspond to the structure of the pure phases [19], this suggests that 
hemicarbonate-like structures incorporated into FS may not be readily 
detectable by powder XRD. This observation may also rationalize the 
finding that the XRD peaks of AFm changes only modestly down to a 
chloride fraction of 0.5 [36]. The mixing energy of forming hemi-
carbonate was calculated according to the assuming reaction: 1/4E[OH- 
AFm(13)] + 1/8E[Monocarbonate(11)] → 1/8E[Hemicarbonate(12)]. 
It turns out that this process is slightly exothermic with ΔmixE = − 2.4 
kJ/mol. As a complete exploration of the Hemicarbonate(12) configu-
ration space may uncover even lower-lying energy minima, the ther-
modynamic driving force to form Hemicarbonate(12) from the “pure” 

phases may be even greater.
The interlayer structures for the various hemicarbonates are shown 

in Fig. 6. There is not enough water sites in the structure of Hemi-
carbonate(9) to create hydrogen bonding opportunities (HB) network. 
The HB displayed in figure is calculated based on a typical length of 2.74 
Å [37]. Both hydroxide ions and the carbonate ions occupy HB sites in 
Hemicarbonate(10.5), but it is still not sufficient to build hydrogen bond 
networks to connect all water molecules. This is in close analogy to the 
situation of OH-AFm(11), in which the water content is insufficient to 
form a system-spanning hydrogen bonding network. In Hemicarbonate 
(12), both hydroxide ions occupy HB sites in the lower energy structure, 
but one hydroxide ion is in a calcium coordinate (CC) site in the higher 
energy structure. This illustrates that the site preference of hydroxide 
ions depends on the chemical environment, in particular the hydrogen 
bonding network. In both structures, the carbonate ion was found in a 
HB site as expected from the calculations for Monocarbonate(11). 
Structures where the carbonate ion occupies a CC site were considered 
but invariably resulted in a much higher energy, implying a rather un-
stable structure.

3.3. Possible cation substitution with Na

Previous investigations found that pH had varying effects on the 
chemical binding of chloride in pastes, depending on whether calcium or 
sodium was present as the cation [19,22]. Sodium and calcium are 
similar in size but differ in charge. Substitution of Ca2+ with Na+ would 
thus change the charge balance such that one fewer chloride ion would 
be needed in the interlayer for each such substitution. We performed 
calculations where Ca2+ in one position was replaced by Na+ and the Cl−

ion nearest to the substitution site was deleted from the interlayer. While 
we expect that this corresponds to the lowest energy structure, we note 
that charge balance is satisfied regardless of which chloride ion is 
deleted. The deviations of the unit cell parameters from the starting 
structure are shown in Table 4.

The XRD diffraction peak of FS with Na cation substitution is pre-
sented in Fig. 7. One sodium substitution will cause an increase of the 
diffraction intensity in 2θ range of 9–10◦ and peak shifts in 2θ range of 
20–25◦, however the inclusion of one more water molecule in the 

Fig. 3. Mixing energy of the optimized structure for AFm family with different interlayer anions.
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structure makes all peaks similar to those of the original FS. Further-
more, two more water molecules in solid solution produce a structure 
with a stronger diffraction in 2θ range of 20–35◦. These features may be 
useful for identifying the Na-FS in later experimental studies. Although 
there are no existing experimental results in literature that reported on 
the occurrence of sodium substituted FS structure, as sodium ions are 
similar in size to calcium ions, it seems plausible that sodium ions may 
substitute calcium ions in the crystal lattice. This is relevant to chloride 
binding as this substitution would decrease the need for chloride ions in 
the interlayer to neutralize the positive charge of the Al-Ca-OH layers. A 
further experimental investigation of the pure phase is meaningful to 
verify this modelling result.

Table 4 shows that the substitution of Ca by Na with different 

interlayer water numbers induces only minor deviations in the a and b 
vectors compared to the starting structure of FS. The c vector, corre-
sponding to XRD of 2θ(002), however, does vary between these compo-
sitions. A substitution of Na gives a positive shift in 2θ of approximately 
0.21◦. The Na-FS (11) shows a negative shift, while the substitution of 
Na + 2H2O to form Na-FS (12) shows practically no effects on the peak 
position. Thus, Ca–Na substitutions may go unnoticed if XRD is the only 
technique employed.

For analysing the water structure at the interlayer, the Na- 
substituted Al-Ca-OH layer of the minimum energy structure for the 
Na + H2O, Na-FS(11), is shown in Fig. 8. The average distance from the 
sodium ion to the six nearest-neighbor oxygen atoms is 2.48 Å. This 
value is similar to the typical sodium‑oxygen distance in aqueous 

Fig. 4. The interlayer properties of AFm phases with various water amounts and the corresponding XRD peak of the layer structures.
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solution, 2.43 Å, computed with a similar methodology [26], which is 
slightly larger than the experimental value of 2.38 Å [38]. The corre-
sponding distance for the calcium ions is 2.45 Å in the minimum energy 
structure of Na-FS (11) and 2.44 Å in the starting structure. Thus, the 
calculations support the supposition that the ionic radii of sodium and 
calcium are sufficiently similar that one can replace the other with a 
minimal introduction of strain into the crystal lattice. The Al – O dis-
tances adjacent to sodium ions are a few hundredths of an Å shorter than 
those adjacent to only calcium ions. However, because nuclear magnetic 
resonance (NMR) spectroscopy is a sensitive reporter of chemical 
structure, this may be relevant to the small chemical shift differences 
between AFm exposed to NaCl and CaCl2 solutions, as shown in Fig. 5 of 
previously reported work [39].

4. Discussion

In the pursuit of more sustainable concrete, modern binders will 
incorporate higher amounts of SCMs and limestone in composite binders 
such as limestone calcined clay cement or other ternary systems with 
incorporation of slag. The use of SCMs and limestone will not only 
modify the Al availability in the binder system to influence the phase 
composition of CASH and AFm phases [39–41], but more importantly 
for this research, it will alter the structure of AFm phase which is crucial 
for the accurate design and prediction of chloride binding capacity in 

low-carbon concretes.
There is a consensus that chloride only has a weak physical inter-

action with CASH and is mainly reserved in the diffuse layer the 
colloidal surface, which means these chlorides can reversibly transform 
back into free chlorides under certain conditions [42]. In contrast, AFm 
has a strong chemical interaction with chloride usually presented in the 
form of chloride-rich AFm phases. However, this binding capacity is 
strongly influenced by the chemical environment of the pore solutions. 
Fig. 9 presents a summary of findings from various experimental studies 
conducted by other researchers on the effects of pH and exposure so-
lution composition on the structure and chloride binding in the AFm 
phase. The curves depicted are not exact representations of the data but 
rather simulated peak positions, estimated in part through back calcu-
lations based on the data presented in previous studies. They are 
designed to enhance visualization and facilitate comparison between the 
different reported data sets (for the original data, please refer to the cited 
references). The data presented on the top part of the curve in red (Red 
series) are extracted from the study of Georget et al. [19], which depicts 
synthesized FS samples with varying chloride content. Synthesis is 
conducted with excess Ca(OH)2, resulting in high pH across all produced 
systems. However, a slight decrease is noticeable in systems with higher 
chloride content. Peak positions indicate that FS samples with the 
highest chloride content (Cl/Al = 1) exhibit peak positions similar to 
those of high-temperature FS. As the Cl/Al ratio decreases, the peaks 

Fig. 5. Two configurations of hydroxide in Cl-OH-AFm and OH-AFm with minor difference in energy states.

Table 3 
Summary of the simulated hemicarbonates and the change of structural parameters.

Abbreviations Chemical formula Change of cell parameters Δ2θ(002)

Δa (Å) Δb (Å) Δc (Å) Δβ (◦)

Hemicarbonate(9) Ca4Al2(CO3)0.5(OH)13(H2O)2.5 − 0.01 − 0.09 − 0.47 0.97 0.39
Hemicarbonate(10.5) Ca4Al2(CO3)0.5(OH)13(H2O)4 − 0.04 − 0.04 − 0.06 0.51 0.07
Hemicarbonate(12) Ca4Al2(CO3)0.5(OH)13(H2O)5.5 − 0.01 0.00 − 0.08 0.52 0.08
Cl-CO3-AFm (10.5) Ca4Al2Cl(CO3)0.5(OH)12(H2O)4.5 0.02 − 0.03 − 0.03 − 0.26 0.03
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shift to higher diffraction angles, with a sharp decline in slope was 
observed between Cl/Al ratios of 0.5 and 0.25. However, aside from 
chloride concentration and the pH of the pore solution, Wilson et al. [22] 
found that the cation in solution also plays a pivotal role in mediating 
the formation of Friedel's salt (FS) in cementitious systems. Calcium ions 
serve as essential components of FS, providing anchoring sites for water 
molecules within the interlayer space, while aluminum contributes to its 
overall structure and stability.

As shown in Fig. 9, the increase of pH regulated by NaOH induces a 
decrease of Cl/Al in FS, and the shifts to lower diffraction angles, which 
is an inverse tendency in comparison with results from Georget et al. 
[19]. As demonstrated in Fig. 4, since the moisture state of the AFm 
phases affects the cell structure of the solid solution due to changes of 
hydrogen bond length in the layered structure, the differences in sample 
preparation are one of the important variables when comparing results 

from different studies. However, since Wilson et al. [22] and Georget 
et al. [19] used similar methods to dry their studied samples, the 
observed variations in peak positions cannot be solely attributed to 
moisture differences in the studied samples. Given that changes in 
chloride content alone should not influence interlayer spacing, other 
factors may be contributing to the variations. Even in high alkalinity 
condition, Appelo [43] concluded that pure OH-AFm is unstable and 
converts into hydrogarnet and portlandite, depending on the precipi-
tation rate of hydrogarnet. The solubility of AFm is correlated with the 
charge of the anion, and inversely with the thickness of the anion-layer, 
in agreement with Coulomb's law. According to the mixing energy 
shown in Section 3.2, Cl-OH-AFm(11.5) is energetically stable in water- 
rich environments. The simulated peak shifts from ion substitution are 
summarized in Fig. 10. A substitution of Cl in FS by OH will push the 
peak of plan (002) toward a higher diffraction angle, which is consistent 

Fig. 6. Visualization of the interlayer in a) Hemicarbonate(9), b) Hemicarbonate(10.5), c) Hemicarbonate(12) (lower energy structure) and d) Hemicarbonate(12) 
(higher energy structure).

Table 4 
Information of optimized unit cell parameters for possible cation substitution in FS.

Abbreviations Chemical formula Cell volume/Å3 Density g/cm3 Crystal parameters Δ2θ(002)

a (Å) b (Å) c (Å) α (◦) β (◦) γ (◦)

Na-FS (10) Ca3NaAl2Cl(OH)12(H2O)4 919.09 1.84 10.18 5.85 15.96 90 104.90 90 0.21
Na-FS (11) Ca3NaAl2Cl(OH)12(H2O)5 940.84 1.86 10.12 5.86 16.41 90 104.78 90 − 0.12
Na-FS (12) Ca3NaAl2Cl(OH)12(H2O)6 943.03 1.92 10.08 5.96 16.17 90 103.83 90 0.00
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with findings in the experimental work of Georget et al. [19].
The blue series depicts ordinary Portland cement (OPC) systems 

exposed to chloride-containing solutions of NaCl, CaCl2, and HCl [20]. 
Results indicate the highest Cl/Al ratio in HCl-exposed samples at a pH 
of about 10.5, followed by the system exposed to CaCl2 with a pH around 
11.7. The study reveals that with HCl and CaCl2 exposure, higher con-
centrations of the solution led to a greater decrease in pH and conse-
quently, a higher chloride content in FS. However, in the case of the 
lowest pH obtained in the HCl-exposed series, the Cl content of FS 
appeared to decrease due to leaching of the AFm. Conversely, exposure 
to NaCl showed negligible effects on pH or XRD peak shift, with only 
minor changes observed in the chloride content of FS. Even in this 
instance, systems with lower chloride content of FS showed a greater 
peak shift to the higher angle.

Based on these experimental findings, it appears that pH may not be 
the only determining factor for chloride binding. FS structures with high 
chloride content can be created in higher pH environments, while lower 
contents of chloride in FS have also been detected in high pH systems. 

The cations in solution also play a crucial role, the presence of additional 
calcium could result in the increase of FS amount, enhancing the 
chemically bound chlroide content. Additionally, it can increase the 
chloride concentrationin the diffusion layer of the CASH [42]. The 
possible cation substitutions in the FS structure by Na+ typically results 
in the reduction in chloride binding of structure, which also shifts the 
diffraction peak to a higher angle when the water molecule numbers 
remain the same as FS (see Table 4 and Fig. 10b). In a water rich envi-
ronment, an uptake of one or two more water in the cell structure will 
create stable hydrogen bond system as shown in Fig. 8 to reduce the total 
energy, thus stabilizing the cell. The substitution of Ca with Na and 
additional water will cause a peak shift to the lower angle zone. Ming 
et al. [44] used ab-initio modelling to reveal the effect of NaCl on AFm 
structures. They found that chloride ions mainly distributed in the 
electric double layer of positively charged surface ([Ca2Al(OH)6]+) 
through electrostatic interactions with calcium ions and protons, while 
sodium ions were mainly confined within the interface region between 
the negatively charged surface ([Cl⋅2H2O]− ) and hydrocalumite main 

Fig. 7. The computed XRD diffraction peaks of Na-FS.

Fig. 8. Visualization of the Al-Ca-OH layer of the minimum energy structure for the Na-FS (11) composition. Na is magenta, Ca is cyan, Al is pink, O is red, and H is 
white grey. Solid atoms represent the content of the primary unit cell. Distances are given in Å. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)
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Fig. 9. Correlation between XRD peak shift and chloride content in FS - Experimental data re-plotted from referenced studies [19,20,22,49], the vertical dashed lines 
represent the location of the XRD peaks for the pure phases of Hemicarbonate (12), low and high temperature FS as well as Monocarbonate (11), showcasing the 
intricate relationship between pore solution conditions and chloride content in FS. The depicted curves are not exact representations of the data in terms of intensity 
but are simulated peak positions, designed to provide better visualization and facilitate comparison between the different reported data in literature. For the original 
data, please refer to the cited references.

Fig. 10. The modelled shift of diffraction peaks from AFm phases due to the ion substitution in solid solution: a-anion substitution, b-possible cation substitution.
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layer, forming various ionic complexes that would probably exists in the 
solid system. It should be noted that the substitution of Ca by Na in AFm 
phases is a documented phenomenon, as the U-phase, where sodium is 
present as Na(H2O)6

+ oxy-cations in the interlayer. This phase requires 
an increase in interlayer anions, typically sulfates, for charge compen-
sation [9,30]. However, in our study, the focus is on Na-FS, where sul-
fates are not considered, therefore, some further experimental research 
should be carried out to confirm the structure of Na-FS.

For low-carbon binder systems with limestone and carbonation ef-
fect, chloride binding is more complex but valuable for modern concrete 
mixtures. According to Wilson et al., when subjected to NaCl solution, 
the FS of the LC3–50 (limestone-calcined clay system, with 50% cement 
substitution) demonstrates the lowest chloride content, and the white 
cement system unexpectedly exhibits a comparatively high chloride 
content in its FS [22]. Andrej et al. also found that [45] at higher 
alkalinity (pH of about 13.5) chloride binding capacities of limestone 
blended cements are significantly lower if compared with limestone-free 
cements. It is known to influence mineralogical composition of alumi-
nate phases in a hydrated binder with the CO3-AFm stabilization. Ming 
et al. [46] demonstrated that the carbonation process deteriorated the 
chloride binding capacity of C3A pastes through producing more cal-
cium mono/hemicarboaluminate phases (Mc/Hc) or forming a solid 
solution between Mc and Cl-AFm. Shi [47] and Chang [48] stated that 
AFm phases and Friedel's salt will be carbonated before the portlandite 
and C-A-S-H to form monocarbonate, thus reducing the chloride binding 
capacity. It is of great importance to identify the phase changes in the 
low-carbon binder hydration, especially for FS and mono/hemi-
carbonate so that the chloride binding capacity can be correctly pre-
dicted according to the stoichiometries of crystal structures. A clear 
understanding of cells with various “Cl-CO3-OH-H2O” combinations is 
the basis for creating quantitative models.

The solid solution [Ca2Al(OH)6]⋅[Cl1-x⋅(CO3)x/2⋅(2 + x/2) H2O] in 
AFm phases was synthesized by Adel et al. [11,12], which confirmed 
that the existence of Cl-CO3 hybrid interlayer solid structures. According 
to our computational results, the substitution of half Cl in the FS with 1/ 
2CO3

2− has little effect on the diffraction peaks which is barely detectable 
by normal XRD measurement (see Fig. 10a). The difference between Cl- 
CO3-AFm and monocarbonate is also more or less negligible. Therefore, 
the method of using XRD measurement to evaluate the chemical binding 
of chloride should be used with care when it comes to the limestone 
mixed or carbonated system.

5. Concluding remarks

Chloride diffusion determines the durability of reinforced concrete in 
marine and de-icing environments. A clear understanding of 
hydrocalumite-like (AFm) phases is significant for the prediction and 
design of a better chloride binding in sustainable concretes. First- 
principles computations were performed in this study to assess how 
ion substitutions affect the cell structure of Friedel's salt. The key find-
ings are summarized as follows:

The optimized crystal structures of Ca2Al(OH)6(Cl,CO3,OH)⋅mH2O 
with various ion substitutions have been established for atomistic 
modelling. Water plays a critical role in the stability of AFm phases. 
Varying substitution degrees of chloride with hydroxide ions, likely 
together with hydration water, is energetically possible and can occur 
with little change in the unit cell parameters. The flexibility of interlayer 
hydroxide ions in terms of occupied sites may be a factor for the phase 
transition of AFm family. The mixing energy change of forming Cl-OH- 
AFm(10.5) is found to be 20.8 kJ/mol, which implies that the formation 
of the mixed phase from the pure ones without additional water is 
energetically unfavorable.

The substitution of half Cl ions in the FS with 1/2CO3
2− , forming the 

mixed ions layer, has little effect on the diffraction peaks which is barely 
detectable by normal XRD measurement. The difference of structure 
parameter between Cl-CO3-AFm and monocarbonate is also more or less 

negligible. Therefore, the method of using XRD measurement to eval-
uate the chemical binding of chloride should be used with more care 
when it comes to the limestone mixed or carbonated system.

The possible Ca2+ substitutions in the FS structure by Na+ would 
result in a reduction in chloride binding in the structure, which also 
shifts the diffraction peak to a larger angle when the water molecule 
numbers remain the same as FS, but the structure is energetically un-
stable. In a water-rich environment, the uptake of one or two more water 
molecules in the structure will stabilize the cell. However, some further 
experimental research should be carried out to confirm the existence of 
Na-Friedel's salts structure.

Taken together, these results highlight the need for detailed 
consideration of interlayer structure. Dynamic simulations of large-scale 
models, which can give not only structural but also thermodynamic 
information at finite temperatures, are likely needed to further improve 
our understanding of the phases and solid solutions that may form. The 
structures generated in this work are valuable basis for further model-
ling. While this study focused on the CO3-Cl-OH system, similar in-
vestigations into CO3-SO4-OH AFm phases could provide further insights 
into sulfate incorporation and its impact on chloride binding.
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