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Thermochemical data and phase equilibria of halide (Cl-, 
Br-, I-) containing AFm and hydrotalcite compounds 

 

Marie Collin (*,†), Dale P. Prentice (*,†), Dan Geddes (‡), John L. Provis (§), Kirk Ellison (**), 

Magdalena Balonis (††), Dante Simonetti (†,‡‡), Gaurav N. Sant (*,†,§§,***) 

ABSTRACT  

Layered double hydroxides (LDH) phases that form during cement hydration can incorporate a 

variety of interlayer anions in their interlayer positions. Here, a range of phases of general 

formula [MII
(1-x)MIII

(x)(OH)2][An-]x/n·zH2O were synthesized, where MII = Mg2+ (hydrotalcite) or 

Ca2+ (AFm), MIII = Al3+ such that [MII/Al] = 2 (Ca and Mg, atomic units) or 3 (Mg only), and A = Cl-, 

Br-, or I-. All the synthesized phases were characterized to assess their composition, density, and 

crystal structure. By approach from undersaturation, the solubility data of these compounds 

was measured at 5, 25, and 60 °C. This thermochemical data was used to successfully model 

their formation using thermodynamic modeling, and to infer the fields of stability of these 

compounds for conditions of relevance to cementitious systems. It is seen that halide-

containing hydrotalcites phases strongly compete with hydroxide-containing hydrotalcite, with 
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the later prevailing at high pH. In contrast, halide-containing AFm compounds are more stable 

compared to hydroxide-containing AFm compositions.  

 

Keywords: AFm; hydrotalcite; LDH; equilibrium constant; thermodynamic modeling 

 

INTRODUCTION 

Cementitious materials based on Portland Cement (PC) present unique advantages for waste 

immobilization, such as, among others, solid nuclear wastes,1–4 or concentrated liquid wastes 

(brines) produced by industrial operations.5 Often, PC is blended in the binder fraction of a 

concrete by Supplementary Cementitious Materials (SCMs) to improve properties, including 

durability, and to reduce the embodied carbon footprint of the concrete binder. As the range of 

prevalent SCMs expands, so will the types of cementitious hydrates that could form. Typical 

cementitious hydrates include: calcium-silicate-hydrate (C-S-H), portlandite (Ca(OH)2), ettringite 

(AFt: alumino-ferrite trisubstituent), or AFm (alumino-ferrite monosubstituent, e.g., 

monosulfoaluminate) compounds which make up ~90 mass % of a hydrated cementitious 

formulation.6,7 Other (non-traditional) hydrated compounds that could form include a range of 

layered double hydroxide (LDH) compounds. LDH phases are recognizable by their brucite-like 

structure where a cation located at the center of an octahedron with six hydroxyl groups may 

be substituted by another cation of a higher valence, inducing the formation of a slightly 

positively charged layer that requires charge compensation by anions located in the interlayer 

positions. As such, a typical LDH compounds is represented by the formula [MII
(1-

x)MIII
(x)(OH)2][An-]x/n·zH2O. When MII = Ca2+ and MIII = Al3+ with Ca/Al = 2, these phases are 
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commonly referred to as AFm phases and can incorporate a range of anion(s) in their interlayer 

positions such as SO4
2- (e.g., monosulfoaluminate), CO3

2- (e.g., mono- and hemi-

carboaluminate), or Cl- (e.g., Friedel’s and Kuzel’s salt).6,8 When MII = Mg2+ and MIII = Al3+, with 

Mg/Al ranging from 2 to 4,9 the phases belongs to the hydrotalcite-group minerals.10 Similar to 

AFm phases, hydrotalcites can incorporate a large range of interlayer anion (e.g., halide anions, 

carbonates, sulfates, etc.).9,11–15 

LDH compounds are of interest for anion immobilization in the context of waste management, 

particularly of liquid wastes.5 For example, the formation of Friedel’s salt during the pozzolanic 

reaction between a fly ash, portlandite, and Cl-enriched brines was shown to retain a significant 

fraction of the Cl- in the solids formed.16,17 As such, LDH phases could be of interest to retain 

other less common anions (e.g., other halide anions present as salts in brines or as 

radionuclides in radioactive wastes). Halide anions may display a competitive behavior: they 

have been observed to compete for uptake in hydrotalcite phases following in the order F- > Cl- 

> Br- > I- 18 or Br- > Cl- >I- 19. The stability range of these phases is also dependent on the aqueous 

environment which may induce the formation of other phases instead (e.g., ettringite).16 It is 

thus necessary to assess how the presence of halide anions in the interlayer positions of LDH 

phases affects their solubility and their range of chemical stability. Therefore, in this study, AFm 

and hydrotalcite (with Mg/Al = 2 and 3) phases containing Cl-, Br-, and I- were synthesized, and 

characterized compositionally and structurally, using X-ray diffraction, and thermogravimetric 

(TGA) analysis. In addition, their thermochemical properties (solubility, density) were assessed 

at 5, 25, and 60 °C. This data assemblage was used to assess the formation and persistence of 

halide-containing AFm and hydrotalcite-group (henceforth referred to as "hydrotalcites") 
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compositions in cement-based materials, wherein halide uptake/retention is a matter of 

importance.  

MATERIALS AND METHODS 

Hydrotalcite synthesis: For all experiments detailed below, decarbonized deionized water (DIW) 

was prepared by bubbling N2 into DIW for an hour prior to using the solution. Hydrotalcite 

phases (HT) were synthesized in regular atmosphere using a co-precipitation under 

supersaturation method,15,18–23 wherein 45 mL of Solution A containing MgX2 and AlX3 (where X 

= Cl, Br, or I) was prepared using pure reagents (>99%) in decarbonated deionized water (DIW) 

at room temperature under agitation. The target concentrations were 0.8 M MgX2 and 0.4 M 

AlX3 to form hydrotalcites with Mg/Al = 2, and 0.9 M MgX2 and 0.3 M AlX3 to form hydrotalcites 

with Mg/Al = 3. Solution B was prepared at 70 °C using a heating plate by dissolving NaOH in 

decarbonated deionized water (DIW) so that initial pH 70 °C = 11. Solution A was then added 

dropwise into 50 mL of Solution B at 70 °C and, and the pH 70 °C was maintained in the range 11-

12 by periodic introduction of 10 M NaOH over the course of the reaction. The final slurries 

were aged under agitation for 1 hour at 70 °C in hermetically sealed Pyrex glass bottles to 

prevent carbonation. The solids were separated from the solutions by centrifugation and 

washed multiple times with hot decarbonated DIW until the pH of the leachate stabilized at a 

near-neutral value. The solids were then vacuum filtered and carefully dried in an inert 

atmosphere (N2) at 50 °C. Note that, due to the impossibility to perform the synthesis and to 

separate the solid from the solution in an inert atmosphere, some carbonation of the slurries 

may have occurred prior to the drying step.  
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AFm synthesis: AFm phases were synthesized in regular atmosphere following a typical 

protocol,6,8,24–26 Ca3Al2O6 (C3A – synthesized by thoroughly grinding a 3:1 molar ratio mixture of 

pure reagent grade CaCO3 and Al2O3 and heating the powder at 1350 °C for 3 hours)25 was 

mixed with pure (>99%) CaX2 (where X = Cl, Br, or I) on a 1:1 molar ratio in decarbonated DIW 

at a liquid-to-solid (l/s, mass basis) of 10. The slurries were agitated for 28 days at 25 °C in 

hermetically sealed Polytetrafluoroethylene (PTFE) bottles to prevent carbonation. The solids 

were separated from the solutions after 28 days by vacuum filtration, rinsed with DIW, vacuum 

filtered, and then carefully dried in an inert atmosphere (N2) at 50 °C. As was the case for the 

HT phases, some carbonation of the slurries may have occurred prior to the drying step. 

 

Solid composition analysis: A small fraction of each solid (5 mg) was dissolved in acidic media 

(200 mL, pH 0-3) to determine the composition of the synthesized phases. 0.01 vol% sulfuric 

acid (ACS grade) was used for anion (Cl-, Br-, or I-) concentration measurement using ion 

chromatography (IC) (Dionex™ Integrion™ HPIC™ System equipped with a Dionex IonPac AS19 

Column). 5 vol% nitric acid (trace-metal grade) was used for cation (Mg2+ or Ca2+) measurement 

using inductively coupled plasma - optical emission spectrometry (ICP-OES) using a Perkin Elmer 

Avio 200 instrument. 5 vol% nitric acid (trace-metal grade) was used for Al3+ measurement 

using inductively coupled plasma – mass spectrometry (ICP-MS) using a Perkin Elmer NexION 

2000 instrument. All results were converted to molar concentration units from a calibration 

curve prepared with standard solutions (Inorganic Ventures) and combined to estimate the 

elemental composition. In all cases, a blank sample corresponding to pure 0.01 vol% sulfuric or 

pure 5 vol% nitric acid was analyzed to assess the level of contamination of the acids.   
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Thermogravimetric analysis: Thermogravimetric analysis (TGA) was performed using a Perkin 

Elmer STA 6000 and/or a Perkin Elmer TGA4000 under a flow of ultrapure nitrogen in an 

aluminum oxide crucible. A heating ramp of 10 °C/min was used between 35 and 950 °C, after 

5 min equilibration at 35 °C for temperature consistency. The thermogravimetric mass loss (TG) 

and the derivative mass loss (DTG) were both used to quantify the amount of physically and 

chemically-bound water.27,28  

 

X-Ray diffraction: XRD analysis was performed using a PANalytical X’Pert pro diffractometer (θ-

θ configuration, CuKα radiation, λ = 1.54 Å) on powdered samples provided with textured 

surfaces to minimize the potential for preferred orientation. Scans were acquired between 5° 

and 70° with a step-size of 0.02° using an X’Celerator 2 detector. The crystal unit cell 

parameters were refined using Celref for powder samples spiked with ~10 mass % of ZnO 

(99.999%) as a reference to ensure accurate peak positions.29  

 

Multipycnometry: The solid density was measured using helium pycnometry (AccuPyc II 1340, 

Micrometrics). Around 0.5 g of sample was used for each measurement. A cyclical helium flush 

procedure was set to repeat until stable vacuum pressure (degas stage) was achieved, at which 

point ten data points were collected via additional helium purges. 

 

Solubility measurements: ~300 mg of the solid was dispersed in 10 mL of DIW and left under 

agitation in tightly closed PTFE containers to prevent carbonation for 4 months at 5, 25, and 
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60 °C in environmental chambers and in regular atmosphere. The final pH of the slurry was 

measured prior to solid-leachate separation. The AFm-containing slurries were passed through 

a 0.2 µm nylon filter to separate the solid from the solution. The HT-containing slurries were 

filtered using centrifugal ultrafiltration (polyethersulfone membrane for concentration, 100 kDa 

molecular weight cutoff: MWCO) to separate the very fine particulates (d50 = 0.17 ± 0.04 µm) 

from the solution. In both cases, part of filtrate was diluted in a 5 vol% nitric acid matrix to 

ensure the stability of the solution prior to Mg, Ca, and Al measurement as detailed in the Solid 

composition analysis section. The rest of the filtrate was diluted in a 0.01 vol% sulfuric acid 

matrix to ensure the stability of the solution prior to anion (Cl-, Br-, or I-) measurement as 

detailed in the Solid composition analysis section. The filtered solids were dried in an inert 

atmosphere at 60 °C for 24 h and analyzed using XRD as noted above to evaluate the phase 

composition/structure. 

 

Calculation of the solubility constants and thermochemical data: The solubility constants 

(logKSO) of the phases of interest were calculated at 5, 25, and 60 °C based on: (1) the solid 

composition and (2) the leachate composition using Equation 1 (AFm phases) or Equation 2 (HT 

phases) as appropriate: 

𝐾𝑠𝑜 = 𝑎𝐻2𝑂
𝑦

∙ 𝑎𝐶𝑎2+
𝑚 ∙ 𝑎𝐴𝑙𝑂2

−
𝑎 ∙ 𝑎𝑋−

𝑥 ∙ 𝑎𝑂𝐻−
ℎ  (X = Cl-, Br-, or I-) Equation 1 

𝐾𝑠𝑜 = 𝑎𝐻2𝑂
𝑦

∙ 𝑎𝑀𝑔2+
𝑚 ∙ 𝑎𝐴𝑙𝑂2

−
𝑎 ∙ 𝑎𝑋−

𝑥 ∙ 𝑎𝑂𝐻−
ℎ  (X = Cl-, Br-, or I-) Equation 2 
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where 𝐾𝑆𝑂 is the solubility constant, 𝑎𝐻2𝑂
𝑦

 is the activity of water with 𝑦 as its stoichiometric 

coefficient, and 𝑎𝑖
∗ is the activity of a given ionic species and * its stoichiometric coefficient 

(where * represents y, m, a, x, or h). 

Knowing 𝐾𝑆𝑂 at 298.15 K, the Gibbs energy of formation at standard conditions (∆𝑓𝐺298
°  defined 

at 298.15 K and 1 bar) of the phases of interest was calculated using Equation 3:30  

Δ𝑓𝐺298
0 +  ∑ 𝑣𝑖Δ𝑓𝐺𝑇

0

𝑖

 =  −𝑅𝑇𝑙𝑛(𝐾𝑆𝑂) Equation 3 

where 𝑣𝑖  is the stoichiometric reaction coefficient, Δ𝑓𝐺𝑇
0 is the Gibbs energy of formation of 

the ionic species detailed in Equation 1 (refer to Table S1 for the values)31,32, R is the gas 

constant (8.314 J/(mol·K)), and T is the temperature in K. The standard absolute isobaric heat 

capacity (𝐶𝑝298
° ) and the entropy of reaction (𝑆298

° ) were estimated following the reference 

reactions (see Table S1)31,33–39 and assuming that Δ𝑟𝑆 = 0 (see equation 62 detailed by 

Helgeson)34 and Δ𝑟𝐶𝑝 = 0 (see equation 78 detailed by Helgeson)34:9,15,34,40  

AFm phases  

Ca4Al2(SO4)(OH)12 · 6H2O + 0.5CaSO4 + CaX2  
→ Ca4Al2X2(OH)12 · 3H2O + 1.5CaSO4 · 2H2O 

 
X = Cl-, Br-, or I- 

Equation 4 

HT phases  

7.71Mg0.74Al0.26(CO3)0.13(OH)2 · 0.39H2O + [
(z + 2a − 21.38)

2
] Mg(OH)2 + [

y

2
] MgCl2 

→ MgxAl2Xy(OH)z · aH2O + MgCO3 + [x − 5.69 −
(z + 2a − 21.38)

2
−

y

2
− 1] MgO 

 
X = Cl-, Br-, or I- 

Equation 5 
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The enthalpy of reaction (Δ𝑟𝐻𝑇0

0 ) and the entropy of reaction (Δ𝑟𝑆𝑇0

0 ) are interdependent via the 

Gibbs free energy:30 

𝛥𝐺 = 𝛥𝐻 − 𝑇𝛥𝑆  Equation 6 

 

Thermodynamic modeling: Thermodynamic modeling was carried out using GEM‐Selektor v.3.6 

(GEMS)41,42 which incorporates the slop98.dat and Cemdata18 thermodynamic 

databases.32,35,43,44 To represent the non-ideality of the solutions, the activity coefficients were 

calculated using the Truesdell-Jones extension to the Debye-Hückel equation that is applicable 

for Im ≈ 2 mol/L (i.e., an ionic strength range encompassing all the systems studied herein):45  

log10𝛾𝑖 =  
−𝐴𝛾𝑧𝑖

2√𝐼

1 +  𝑎̇𝐵𝛾√𝐼
+  𝑏𝛾𝐼 + log10

𝑋𝑗𝑤

𝑋𝑤
 Equation 7 

where 𝛾𝑖 is the activity coefficient and 𝑧𝑖 the charge of the ith aqueous species, 𝐴𝛾 and 𝐵𝛾 are 

temperature, and pressure-dependent coefficients, 𝑋𝑗𝑤 is the molar quantity of water, 𝑋𝑤 is 

the total molar amount of the aqueous phase, and 𝐼 is the molal ionic strength. A common ion 

size parameter (𝑎 = 3.72 Å) and a short-range interaction parameter (𝑏𝛾 = 0.64 kg mol-1) were 

used, assuming NaCl is the background electrolyte.45,46  

RESULTS AND DISCUSSION 

Phase characterization:  

The X-ray diffractograms of the synthesized solids, displayed in Figure 1a, are characteristic of 

the rhombohedral structure typically observed for hydrotalcite-group phases,15,47,48 and some 

AFm phases (e.g., hemicarboaluminate, “high temperature” Cl-AFm, etc.).8 In contrast, the Cl-

AFm structure is monoclinic: the transition from monoclinic to rhombohedral is observed 
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around 35 °C,49 i.e., in between the temperature of synthesis and drying used here, which 

indicates that the phase formed during synthesis either remained stable during the drying, or 

reverted back to a monoclinic structure when stored at room temperature. No crystalline 

Mg(OH)2, Ca(OH)2, or Al(OH)3 was detected. The three AFm phases show a much higher degree 

of crystallinity compared to the hydrotalcite phases: the AFm phases display very narrow, well-

defined peaks, while those of the hydrotalcites are much broader, indicative of poor 

crystallinity. In all cases (AFm and HT), a shift in the first peak position to lower 2Ɵ values is 

observed with increasing intercalant anion size – considering nanoconfined anions with one 

hydration shell50 – following the order Cl- (3.19 Å)51 < Br- (3.37 Å)51 < I- (3.65 Å)51 (Figure 1b). 

This shift is related to an increase of the interlayer spacing to accommodate the hydrated 

anion, which affects the entire crystal structure (Figure 1c).19,52 In addition, a broadening of the 

peaks (i.e., decreasing crystallinity) is observed with increasing anion size and, in the case of the 

I-HT phase, a peak slitting is observed, with the second peak observed at ~11.5 °2Ɵ for both the 

I-HT2 and I-HT3 phases. Similar splitting has been observed in the literature for poorly 

crystalline phases and is typically attributed to carbonate impurities.9 However, little to no 

carbonate is incorporated in these phases, as confirmed by TGA analysis (Table 2). The split 

observed here likely indicates the presence of mixed OH-HT and I-HT phases instead, as the 

003-peak position for OH-HT2 phase has been observed at 11.52 °2Ɵ in the literature.9 This 

suggests that, while a solid solution may form between I-HT and OH-HT phases, there is a 

miscibility gap at high I/(I+OH) ratio. A solid solution is typically favored when the anions are 

similar in size, shape, and form.8,53 Here, I- is the largest of the three anions studied, and the 

one that most differs from OH- in terms of bare ionic radius (1.32 to 1.37 Å depending on the 
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coordination number for OH-,54 2.20 Å for I- 55). This may indicate a phase separation rather 

than the formation of a highly non-ideal solid solution at high I/(I+OH) ratio, such that a mixture 

of OH-HT and I-HT shows a 2-peak signal. 

 
Rhombohedral phases display a cell structure where a = b ≠ c, and α = β = 90° and γ = 120°. 

Here, a (and b) remains constant within error regardless of the intercalant anion (Table 1). This 

is consistent with previous observations that showed that a is not affected by the anion type for 

both AFm56 and hydrotalcite phases15 and, for hydrotalcites, is minimally affected by the Mg/Al 

ratio. In contrast, the c parameter shows a constant increase with increasing anion radius 

(Figure 1c). Such an increase is consistent with previous observations across monovalent and 

divalent anions such as halides, carbonates, sulfates, nitrates, etc.9,15,18,52 Of note, the c 

parameter of hydrotalcite phases shows a slight variation as a function of the Mg/Al ratio, as 

the larger ionic radius of Mg2+ compared to Al3+ results in a larger unit cell;57 but this variation is 

negligible compared to the effect induced by the intercalant anion. All values observed (a and c 

parameters, Table 1) are consistent with previous observations in the literature.9,19,47,56,58–64  
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(a) (b) (c) 

Figure 1. XRD analysis of the phases synthesized. (a) Their XRD reflections, and (b) a 
magnification of the first peak. (c) The calculated c parameter for all synthesized phases of 
interest as a function of the anionic radius (Cl- = 1.81 Å, Br- = 1.96 Å, I- = 2.20 Å)65,55. Note that, 
for the I-containing hydrotalcite phases, only the major phases (highlighted with the * symbols 
in figure b) were considered for the crystal structure parameters calculation as displayed in 
figure c and Table 1. The error bars associated to the c parameters (Table 1) are smaller than 
the size of symbols used and are not displayed here. The c parameter of the rhombohedral 
form of Cl-AFm (46.849 Å) is taken from Renaudin et al.49  

 

   
(a) (b) (c) 

Figure 2. Thermogravimetric analysis data obtained for all synthesized solids. (a) The mass loss 
as a function of temperature for all phases. (b) A comparison between the mass loss and the 
H2O and CO2 signals detected by GC-MS during the analysis of the gas generated during I-HT2 
phase decomposition. (c) The differential mass loss as a function of temperature for all phases 
and their attribution.  
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Table 1. The density and unit cell parameters of the samples within the rhombohedral symmetry (R3c, a = b ≠ c, α = β = 90 °, 
γ = 180 °) or the monoclinic symmetry (C2/c, a ≠ b ≠ c, α = γ = 90 °).  

Rhombohedral structures  
The c parameter values marked with * were calculated assuming a rhombohedral structure where c = 3 x interlayer spacing. 

 a-parameter c-parameter Density 

Phase This study Literature This study Literature This study Literature 

Cl-HT2 3.05 ± 0.02 3.04 (58) 23.4 ± 0.1 ~23.5 *(9) 1.98 ± 0.01 - 

Cl-HT3 3.07 ± 0.02 3.06 (59), 3.07 (47) 24.0 ± 0.2 23.90 (47) 1.94 ± 0.01 - 

Br-HT2 3.05 ± 0.02 3.04 (58) 23.8 ± 0.1 - 2.14 ± 0.01 - 

Br-HT3 3.07 ± 0.02 3.06 (59), 3.07 (47) 24.6 ± 0.1 ~24.4 *(19) 2.11 ± 0.01 - 

I-HT2 3.05 ± 0.02 3.04 (58) 24.7 ± 0.2 - 2.17 ± 0.01 - 

I-HT3 3.06 ± 0.02 3.06 (59), 3.07 (47) 25.2 ± 0.1 ~25.2 *(19) 2.15 ± 0.01 - 

Br-AFm 5.76 ± 0.02 5.76 (66,67) 49.0 ± 0.1 48.108 (61), 49.12 (66) 2.22 ± 0.01 - 

I-AFm 5.78 ± 0.02 5.77 (61,63) 53.2 ± 0.1 
26.538 (R3) (61), 53.10 (R3c) 

(63) 2.31 ± 0.01 - 

Monoclinic structure 

 a-parameter b-parameter c-parameter β-parameter Density 

Phase This study Literature This study Literature This study Literature This study Literature This study Literature 

Cl-AFm 9.97 ± 0.05 9.979 (68) 5.75 ± 0.02 5.751 (68) 16.32 ± 0.06 16.320 (68) 104.7 ± 0.6 104.53 (68) 2.05 ± 0.01 2.06 (60) 
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All HT and AFm phases show two major mass losses below 250 and 450 °C (Figure 2a), and I- 

and Br-containing phases show additional mass loss above 450 °C. Mass spectrometry of the 

evolved gas shows that the first two mass losses are related to water loss (see Figure 2b for the 

I-AFm signals as an example). The additional mass losses are uncorrelated to H2O, and CO2 

removal is minimal in all cases (Table 2), thus the additional mass losses can be attributed to 

the intercalant anion vaporization (note that the anion could not be analyzed with the device 

used here).63,69 The first water mass loss (<250 °C, Figure 2c) is typically attributed to poorly 

bound water molecules that are removed from the interlayer spacing, while the second water 

mass loss (250 < T < 850 °C) is associated to tightly bound water molecules, and recondensation 

of hydroxyl groups. The second water loss peak has been observed to overlap with the removal 

of some interlayer anion species.9,63 Here, the water signal from MS analysis was used to 

separate the water contribution from the anion contribution to the mass loss around 450 °C.70 

The mass losses related to poorly and tightly bound water molecules, and hydroxyl group 

recondensation, are compiled in Table 2. The total water content recorded for the AFm phases 

is consistent with the content expected from the theoretical formulas and previously measured 

experimentally.27,61,62,66 The total water content recorded for the HT-phases follows the trend 

of increasing water amount with increasing Mg/Al ratio typically observed for hydrotalcite 

(Figure S1).  
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Table 2. The mass loss established via TGA analysis of the synthesized solids (hydrotalcite and AFm) following a careful drying 
procedure in an inert atmosphere (N2) at 50 °C to prevent phase carbonation. 

Content (mass %) 

Phase 
H2O molecular 

(Mass loss 1: 50-250 °C) 
H2O hydroxyl groups 

(Mass loss 2: 250-450 °C) 
Total water mass loss 

(50-450 °C) 
CO2 mass loss 
(450-850 °C) 

Anion mass loss 
(250-450 °C) 

Cl-HT2 13.7 23.7 37.4 0.7 5.2 

Cl-HT3 13.2 25.0 38.2 0.8 5.2 

Br-HT2 11.6 21.8 33.4 0.8 14.4 

Br-HT3 11.1 25.4 36.5 0.8 11.7 

I-HT2 11.4 23.6 35.0 0.9 15.6 

I-HT3 10.4 22.7 33.0 1.2 17.8 

Phase 
H2O molecular 

(Mass loss 1: 50-200 °C) 
H2O hydroxyl groups 

(Mass loss 2: 200-450 °C) 
Total water mass loss 

(450-850 °C) 
CO2 mass loss 
(450-850 °C) 

Anion mass loss 
(450-850 °C) 

Cl-AFm 12.8 16.8 29.6 0.5 N.D. 

Br-AFm 11.1 14.3 25.3 0.6 0.7 

I-AFm 9.9 12.5 22.4 0.6 15.5 
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The elemental composition, as determined via solid dissolution (acid digestion), was combined 

with the water quantity as determined by TGA to establish the composition of the solids as 

detailed in Table 3. The AFm compositions are perfectly consistent with the expected 

stoichiometry (Ca4Al2(OH)12X2·3H₂O with X = Cl-, Br-, or I-). The Mg/Al ratios of the hydrotalcite 

phases are noted to be higher than expected from the starting solution composition. This is 

because hydrotalcite phase stability changes with pH: higher Mg/Al ratio are favored at higher 

pH, as will be discussed below. In addition, in the case of the I-containing hydrotalcite phase, 

the I/Al ratio is lower than the expected value of 1, while for the other phases the anion/Al ratio 

is in the range of 1. This is consistent with the split 003 peak observed in Figure 1b attributed to 

the formation of mixed I/OH-containing hydrotalcite phases. 
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Table 3. The solid compositions determined for each phase, and the dissolution reactions used to calculate the solubility constants 
of the hydrated phases.  

Identifier Mg/Al Anion/Al Dissolution reaction (of synthesized molar compositions) 

Cl-HT2 2.5 1.1 Mg5.0Al2(OH)13.8Cl2.2·5.2H₂O ⇌ 5.0Mg²⁺ + 2AlO₂⁻ + 2.2Cl⁻ + 5.8OH⁻ + 9.2H₂O 

Cl-HT3 3.6 1.1 Mg7.1Al2(OH)18.0Cl2.2·6.4H₂O ⇌ 7.1Mg²⁺ + 2AlO₂⁻ + 2.2Cl⁻ + 10.0OH⁻ + 10.4H₂O 

Br-HT2 2.7 1.1 Mg5.4Al2(OH)14.6Br2.2·6.0H₂O ⇌ 5.4Mg²⁺ + 2AlO₂⁻ + 2.2Br⁻ + 6.6OH⁻ + 10.0H₂O 

Br-HT3 3.9 0.9 Mg7.8Al2(OH)19.8Br1.8·7.7H₂O ⇌ 7.8Mg²⁺ + 2AlO₂⁻ + 1.8Br⁻ + 11.8OH⁻ + 11.7H₂O 

I-HT2 3.2 0.7 Mg6.4Al2(OH)17.4I1.4·7.2H₂O ⇌ 6.4Mg²⁺ + 2AlO₂⁻ + 1.4I⁻ + 9.4OH⁻ + 11.2H₂O 

I-HT3 4.0 0.6 Mg8.0Al2(OH)20.8I1.2·5.1H₂O ⇌ 8.0Mg²⁺ + 2AlO₂⁻ + 1.2I⁻ + 12.8OH⁻ + 9.1H₂O 

Identifier Ca/Al Anion/Al Dissolution reaction (of synthesized molar compositions) 

Cl-AFm 2.0 1.0 Ca4Al2(OH)12Cl2·3H₂O ⇌ 4Ca²⁺ + 2AlO₂⁻ + 2Cl⁻ + 4OH⁻ + 7H₂O 

Br-AFm 2.0 1.0 Ca4Al2(OH)12Br2·3H₂O ⇌ 4Ca²⁺ + 2AlO₂⁻ + 2Br⁻ + 4OH⁻ + 7H₂O 

I-AFm 2.0 1.0 Ca4Al2(OH)12I2·3H₂O ⇌ 4Ca²⁺ + 2AlO₂⁻ + 2I⁻ + 4OH⁻ + 7H₂O 
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Solubility measurements  

The proposed dissolution reactions are compiled in Table 3. Note that, in all cases (HT and 

AFm), the dissolution reaction after 5 months of equilibration in DIW at 5, 25, and 60 °C was 

incongruent due to the precipitation of Al(OH)3, as attested by (1) the solution composition 

(Supplementary Information: Figure S2a and Table S2), and (2) post-dissolution XRD analysis of 

the solids (Supplementary Information: Figure S3). However, no Ca(OH)2 or Mg(OH)2 were 

detected in the post-dissolution XRD solid patterns, and all Mg (Supplementary Information: 

Figure S2b) and Ca concentrations (Supplementary Information: Figure S2c) are below the 

solubility limit of Ca(OH)2 or Mg(OH)2 at their respective temperature. The activities and 

speciation of the aqueous components were calculated using GEMS from the solution 

compositions detailed in Supplementary Information: Table S2 and used to calculate logKSO 

using Equation 1 (AFm phases) or Equation 2 (HT phases), respectively. 

 

The logKSO values of the three AFm phases synthesized here are similar to prior observations8,63 

(Figure 3a). Note that here, the error associated with the solubility constants was calculated via 

error propagation analysis (EPA: refer to Table S3 for more information) in addition to simply 

considering the uncertainty arising from the solution concentration measurements, which is 

approximately ± 1.2 log units. Unsurprisingly, the uncertainty estimated by the EPA is much 

larger than the values typically reported in the literature. The logKSO increases with 

temperature as typically observed in the literature.6,8,30 The Δ𝑟𝑆𝑇0

0 values calculated with 

Equation 4 (marked as “Additivity” in Figure 3) do not provide a perfect fit to the temperature 
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dependence of the experimental logKSO values gathered here, but the fit lie well within the 

uncertainty of the measurements.  

   
(a) (b) (c) 

Figure 3. The solubility constants (logKso) of the synthetic AFm phases synthesized herein or 
from the literature8,63 as a function of temperature. The lines represent conditions where 
Δ𝑟𝑆𝑇0

0 is calculated using the additivity equation (Equation 4). The uncertainty in the solubility 

constants calculated via error propagation analysis is substantial (see Table S3). More 
practically, the uncertainty in the solubility constant based on the uncertainty in solution 
concentrations alone is more modest, and on the order of ±1.2 log units. 

 

For hydrotalcite phases, the logKSO values follow a linear relationship as the function of the 

Mg/Al ratio regardless of the temperature (Figure 4a to c), as previously observed in the 

literature.9 As is the case with the AFm phases, the Δ𝑟𝑆𝑇0

0 values calculated with Equation 5 do 

not provide a perfect fit of the experimental logKSO data (Figure 5), although it remains in the 

uncertainty of the measurement. In general, the solubility constants diverge from the 

calculated trends with increasing higher temperature, especially for HT3 phases (Figure 5d to f). 

As per literature observations, the solubility of hydrotalcite phases remains relatively flat across 

the 0-to-60 °C temperature range.9 Contrastingly, for the Br, I and Cl-HT phases studied herein 

logKSO increases substantively with temperature, indicating a higher solubility of HT at higher 

temperatures. The discrepancies observed between the trends observed here and that of the 
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literature may be because Mg concentrations in the literature have inferred from the solubility 

limit of brucite – Mg(OH)2
 – as the experimental concentrations were lower than the 

instrumental detection limit.9 This may induce uncertainty in the logKSO values calculation as 

Mg(OH)2 solubility is strongly affected by temperature.  

   
(a) (b) (c) 

Figure 4. The linear relationship observed between the experimental logKSO and the Mg/Al 
ratio of the HT phases measured here and from the literature9,18,48 at (a) 5, (b) 25, and (c) 50 °C. 
The uncertainty in the solubility constants calculated via error propagation analysis is 
substantial (see Table S3). More practically, the uncertainty in the solubility constant based on 
the uncertainty in solution concentrations alone is much more modest, and on the order of 
±0.9 (HT2) and ±1.2 (HT3) log units. 
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(a) (b) (c) 

   
(d) (e) (f) 

Figure 5. The experimental logKso of the synthetic HT phases – plotted as symbols in the figures 
– as a function of temperature. The lines represent conditions where Δ𝑟𝑆𝑇0

0 is calculated using 

the additivity equation (Equation 5). The uncertainty in the solubility constants calculated via 
error propagation analysis is substantial (see Table S3). More practically, the uncertainty in the 
solubility constant based on the uncertainty in solution concentrations alone is much more 
modest, and on the order of ±0.9 (HT2) and ±1.2 (HT3) log units. 
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Thermodynamic modeling of hydrated phase formation  

The tabulated thermochemical data are displayed in Table 4. In general, the 𝑆298
°

 values and the 

𝐶𝑝298
°  values derived from Equation 4 (AFm phases) or Equation 5 (HT phases) are well 

correlated to the experimental molar volume of the phases derived from the experimental 

molar mass and the experimental density, following a trend consistent with that observed for 

similar type of phases (Figure S4). The thermochemical data was used to model the solubility of 

all phases of interest.  

The modeled results for the AFm phases are compared to experimental results obtained here 

and from the literature8,63 in Figure 6a-d. In general, a good agreement of the trends is 

observed between the model and experimental solubilities (Figure 6d). Note that the solubility 

of the I-AFm phase studied herein does not cover the range observed by Nedyalkova et al.63,64 

wherein I-AFm is still observed to form up to pH 13 – alongside katoite – within a solid solution: 

increasing OH- incorporation is observed in the I-AFm phase with increasing pH. The existence 

of a solid solution needs to be accounted for to fully assess the stability of the I-AFm phase at 

higher pH. A similar increasing OH- incorporation with increasing pH has been reported for the 

Cl-AFm,71 and may thus be expected for the Br-AFm phase, highlighting potential limitations of 

the solubility products proposed here at higher pH. The modeled results for the HT phases are 

compared to experimental results obtained here and from the literature in Figure 7a-d. A 

reasonable agreement is observed for most systems, between the model and experimental 

solubilities. The differences observed (see Figure 7d) implicate datasets with uncertain pH 

values due to the limited availability of solution data (e.g., Figure 7c), and low anion 

concentrations. This suggests that, in the experimental systems, anion leaching may have 
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occurred from the solids, in addition to hydrotalcite dissolution. Thus, the simulations may 

over-predict anion uptake into the solid phase(s). Nevertheless, the good agreement between 

experimental and modeled Mg and Al concentrations still validates the thermodynamic 

attributes calculated here.  

  
(a) (b) 

  
(c) (d) 

 Figure 6. The experimental and modeled solubilities at 25 °C for: (a) Cl-AFm (additional 
experimental data was taken from Balonis et al.8), (b) Br-AFm, and (c) I-AFm phases (additional 
experimental data was taken from Nedyalkova et al.63) synthesized here. Shown herein are the 
modeled aqueous compositions, including those for the CaO-Al2O3-H2O system comprising 
katoite (C3AH6), Ca(OH)2 and Al(OH)3 (microcrystalline) as implemented in GEMS. (d) Direct 
comparison between experimental and modeled concentration for a temperature range of 5-to-
60 °C. The black dashed line is y = x. The area in red signifies 10±1 of y = x. The error bars 
associated to the standard deviation of the elemental concentrations are smaller than the size 
of symbols used and are not displayed here. 
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(a) (b) 

  
(c) (d) 

 Figure 7. The experimental and modeled solubilities at 25 °C for: (a) Cl-HT (Additional 
experimental data was taken from Bernard et al.9), (b) Br-HT, and (c) I-HT phases synthesized 
herein. Shown herein are the modeled aqueous compositions, including those for Mg(OH)2 and 
Al(OH)3 (microcrystalline) as implemented in GEMS. (d) Direct comparison between 
experimental and modeled concentration for a temperature range of 5-to-60 °C. The black 
dashed line is y = x. The area in red signifies 10±1 of y = x. The error bars associated to the 
standard deviation of the elemental concentrations are smaller than the size of symbols used 
and are not displayed here. 
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Table 4. Thermochemical data of the different AFm and H-T compounds at T = 25°C and p = 1 bar. V°(1) is calculated from the experimental 

density (Table 1) and phase composition. V°(2) and its corresponding density are estimated from the crystal cell parameters inferred from the 

XRD pattern (Table 1). The  ∆𝑓𝐻298
° , 𝑆298

° , and 𝐶𝑝298
°  values were inferred from Equation 4 (AFm phases) or Equation 5 (HT phases). The 

estimated error for all attributes is ± 10%. 

Identifier Chemical Formula V°(1) V°(2) Density (2) logKSO ∆𝒇𝑮𝟐𝟗𝟖
°  𝑪𝒑𝟐𝟗𝟖

°  ∆𝒇𝑯𝟐𝟗𝟖
°  𝑺𝟐𝟗𝟖

°  

  (cm3/mol) (cm3/mol)   (kJ/mol) (J/mol/K) (kJ/mol) (J/mol/K) 

Cl-HT2 Mg5.0Al2(OH)13.8Cl2.2·5.2H₂O 293.3 260.5 2.2 -56.4 -7629.8 806.0 -8607.2 720.9 

Cl-HT3 Mg7.1Al2(OH)18.0Cl2.2·6.4H₂O 373.7 270.1 2.7 -81.0 -9668.8 1016.3 -10862.7 896.9 

Br-HT2 Mg5.4Al2(OH)14.6Br2.2·6.0H₂O 335.2 266.0 2.7 -63.5 -8107.8 871.3 -9035.7 805.5 

Br-HT3 Mg7.8Al2(OH)19.8Br1.8·7.7H₂O 408.7 277.1 3.1 -87.3 -10512.2 1125.6 -11878.2 1007.8 

I-HT2 Mg6.4Al2(OH)17.4I1.4·7.2H₂O 375.3 279.0 2.9 -74.4 -9192.8 999.4 -10392.4 897.8 

I-HT3 Mg8.0Al2(OH)20.8I1.2·5.1H₂O 393.4 285.1 3.2 -93.0 -10051.7 1039.2 -11250.0 916.3 

Cl-AFm Ca4Al2(OH)12Cl2·3H₂O 265.0 363.9 1.49 -27.7 -6575.9 791.8 -7236.7 658.8 

Br-AFm Ca4Al2(OH)12Br2·3H₂O 285.1 324.6 1.95 -28.1 -6523.9 793.9 -7123.7 684.2 

I-AFm Ca4Al2(OH)12I2·3H₂O 313.8 351.6 2.07 -26.7 -6411.6 796.1 -6977.7 699.5 
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The thermochemical data were used to further study the stability of the various systems (hydrotalcite 

and AFm). The hydrotalcite phases all display a similar trend where lower Mg/Al ratios are favored at 

lower pH (see Figure 8a for an example within the Cl-HT system, and Supplementary Information: 

Figure S5 for the Br-HT and I-HT systems). The formation of the anion-containing hydrotalcites is 

predicted to be suppressed by the formation of OH-HT phases at higher pH due to the decreasing 

anion/OH ratio in the solution. This may suggest that HT3 phases have a narrow range of stability, but 

may also suggest a need for reconfirming thermochemical data for the OH-HT compounds. The phases 

synthesized here are not perfectly aligned with the initial target composition (Mg/Al = 2 and 3) and the 

range of stability of each anion-containing hydrotalcite varies: e.g., Br-HT phase stability is observed to 

prevail over Cl-HT and I-HT when anions are introduced in equimolar content in solution (total anion 

concentration = 1 M, Figure 8b), and all phases are dominated by OH-HT at higher pH. Nonetheless, the 

solid solutions obtained here still show a competitive effect as a function of anion ratio at fixed pH 

(total anion concentration = 1 M at pH 11.5 – approaching a cement pore solution46 – Figure 8c). All HT 

phases form, but the Br-HT phase is prevalent even when Br is the minor anion in solution as compared 

to Cl and/or I. The order of preferential phase formation thus is Br > Cl > I, which is similar to the order 

of preferential incorporation observed by Bontchev et al.19 However, in contrast with the results of 

Bontchev et al., here, very little to no mixed-phase formation is observed in Figure 8c (i.e., a mixed-

halide system). This suggests that hydrotalcite phases may not be the most appropriate type of 

cementitious phases to encapsulate mixed-anion wastes containing multiple halides, particularly where 

the primary anion of interest is present at lower concentration than a less-hazardous anion (e.g., 

radioiodine at low concentrations in a chloride brine). In addition, the stability of the phases presented 

above is valid within a simple MgO-Al2O3-MgX2-H2O system (where X = Cl, Br, and/or I). In more 
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complex cementitious systems where excess Ca content (e.g., as portlandite) is typically present, 

hydrotalcite phases are in competition with other hydrates such as C-S-H and/or AFm and AFt phases 

that are more likely to form,15 while hydrotalcite phases usually form in systems with high Mg and Al 

content (e.g., slags containing cement system, alkali activated slags, etc.).72,73 

 
For AFm phases, all of the halide-containing phases are observed to be more stable than solely OH-

containing calcium aluminate phases (e.g., OH-AFm, C3AH6)36 up to very high pH (see Figure 8d for an 

example within the Cl-AFm system, and Supplementary Information: Figure S5 for the Br-AFm and I-

AFm systems). In contrast to hydrotalcite phases, Cl- and Br-AFm phases coexist when anions are 

introduced at equimolar content in solution, but I-AFm formation is still suppressed (total anion 

concentration = 1 M, Figure 8e). This is further observed in Figure 8f where Br-AFm forms 

preferentially over I-AFm and Cl-AFm in a mixed-anion solution at pH 12, while I-AFm appears to be the 

least stable AFm phase in mixed-anion solutions. This trend follows the ordering of the logKSO values 

for the AFm phases: Br-AFm < Cl-AFm < I-AFm (i.e., a more negative logKSO indicates more 

thermodynamically stable phase formation) and is consistent with the trend observed for hydrotalcite 

phases. Regardless, AFm phases show a higher propensity to encapsulate mixed anions, e.g., brines 

containing multiple halide elements, although iodide may remain a challenge if its content is too low 

vis-à-vis other halide species. In complex cementitious systems, AFm phases may compete with other 

Ca-containing hydrate phases, notably C-S-H and AFt phases,74–77 yet they have been observed to form 

alongside these phases.8,16,17 It is thus likely that the phases studied herein may form alongside typical 

cement hydrates, provided that sufficient excess Ca and Al is available from clinker reaction over time.  
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Cl-HT All HT All HT 

   
(a) (b) (c) 

Cl-AFm All AFm All AFm 

   
(d) (e) (f) 

 Figure 8. Thermodynamic modeling of a 0.01 M Al2O3 + 0.05 M MgO system with (a) a 1 M NaCl 
solution as a function of pH, (b) a 1 M equimolar [NaCl + NaBr + NaI] solution as a function of pH, (c) 
various NaX concentration (X = Cl, Br, and/or I) at pH 11.5. The dotted areas highlight the 
concentration range where OH-HT was also observed to form. The thermodynamic modeling of a 
0.1 M Al2O3 + 0.4 M CaO system with (d) a 1 M NaCl solution as a function of pH, (e) a 1 M equimolar 
[NaCl + NaBr + NaI] solution as a function of pH, and (f) various NaX concentration (X = Cl, Br, and/or 
I) at pH 12.0. 

 
SUMMARY AND CONCLUSIONS 

The thermochemical data of synthetic LDH compounds of general formula [MII
(1-x)MIII

(x)(OH)2][An-

]x/n·zH2O were determined. Solids were synthesized with A = Cl-, Br-, or I-, MIII = Al, and MII = Mg 

(hydrotalcite) or Ca (AFm). The target compositions were [MII/Al] = 2 (Ca and Mg, atomic units) or 3 
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(Mg only). The composition, crystallinity, and water content of all phases were determined from a 

combination of acid digestion, XRD, and TGA analysis. The solubility constants of hydrotalcite phases 

were found to be sensitive to the Mg/Al ratio for hydrotalcite phases, following a linear relationship. A 

limited effect of the anion is observed on the solubility value, with differences observed to be less than 

± 2 log units. For AFm phases, where the experimental composition is similar to the target 

composition, the solubility constants at 25 °C of these phases were found to decrease in the order Br- < 

Cl- < I-. The solubility data were used to calculate the stability fields of these phases versus other 

phases of interest. In general, the anion-containing hydrotalcite’s range of stability is at lower pH (9 to 

11.5) than the AFm phases (11 to 15). Hydrotalcite phases have to compete with meixnerite (hydroxy-

hydrotalcite) at higher pH, while AFm phases are shown to be stable even with increasing pH. In 

general, for both HT and AFm phases, the preferential order of formation of the phases is Br > Cl > I, 

which is consistent with previous observations. This work provides new insights regarding hydrotalcite 

and/or AFm phases formation in carbonate-free cementitious systems, that may be used in 

management of halide-containing liquid wastes.  
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SUPPLEMENTARY INFORMATION 

 

Table S1. Thermodynamic properties of the solid and aqueous constituents used to calculate ∆𝑓𝐺298
° , 

∆𝑓𝐻298
° , ∆𝑓𝑆298

°  and 𝐶𝑝298
°  for the hydrotalcite phases. Reference state of 298.15 K and 1 bar. 

Species ∆𝒇𝑮𝟐𝟗𝟖
°  ∆𝒇𝑯𝟐𝟗𝟖

°  𝑺𝟐𝟗𝟖
°  𝑪𝒑𝟐𝟗𝟖

°  Ref 
 (kJ·mol−1) (kJ·mol−1) (J·mol−1) (J·mol−1·K−1)  

Solids 

Ca(OH)2 -897.01 -984.68 83.40 87.51 36 

Mg(OH)2 -832.23 -923.27 63.14 77.28 36 

Al(OH)3 (microcrystalline) -1150.99 -1288.72 70.08 93.08 36 

CaCl2 -747.70 -795.80 104.60 72.83 33 

CaBr2 -663.60 -682.80 130.00 75.00 37,38 

CaI2 -533.13 -536.81 145.27 77.16 38,39 

MgCl2 -591.80 -641.30 89.60 71.04 33 

MgBr2 -503.80 -524.30 117.20 73.16 37,38 

MgI2 -358.15 -364.01 127.70 74.81 38,39 

Aqueous constituents 

Ca2+ -552.79 -543.07 -56.48 -30.92 31 

Mg2+ -453.99 -465.93 -138.07 -21.66 31 

AlO2
- -827.48 -925.57 -30.21 -49.04 31 

OH- -157.27 -230.01 -10.71 -136.34 31 

Cl- -131.29 -167.11 58.41 -122.49 31 

Br- -104.06 -121.53 82.84 -126.63 31 

I- -51.92 -56.91 106.69 -117.57 31 

H2O° -237.18 -285.88 69.92 75.36 32 
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 Figure S1. The comparison between the total amount of hydrogen (as water molecule and 
hydroxyl species) within the HT phases synthesized herein and the Mg/Al ratio, compared to that 
measured for other phases presented in the literature. 
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(a) (b) (c) 

 Figure S2. The experimental concentration of (a) Al, (b) Mg, and (c) Ca after 5 months of 
equilibration of the synthesized solids in DIW at 25 °C compared to the solubility limit of Al(OH)3 
(amorphous and microcrystalline), Mg(OH)2, and Ca(OH)2 respectively as implemented in GEMS.  
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(a) (b) (c) 

Figure S3. XRD pattern of the solids retrieved after the solubility experiment at (a) 5 °C, (b) 25 °C, and 
(c) 60 °. The only solids identified are the phases initially introduced, and poorly crystalline Al(OH)3. 
Note that in all cases, the low amount of solid retrieved and the contamination with PTFE particulates 
scraped from the container made it challenging to obtain a satisfactory signal. 
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Table S2. Average solution composition of all phases equilibrated for 5 months at 5, 25, and 60 °C. 
Concentrations are given in mmol/L. 

Equilibrated AFm solutions 

Sample Id T (°C) Al Ca Cl I Br pH at T °C Log KSO 

Cl-AFm 

5 2.58 9.42 11.42 - - 12.06 -29.3 

25 1.65 11.92 8.43 - - 11.74 -27.7 

60 2.61 16.44 18.83 - - 11.00 -26.0 

Br-AFm 

5 2.66 9.28 - - 7.22 11.96 -30.2 

25 1.22 10.84 - - 12.50 11.78 -28.1 

60 2.42 18.78 - - 19.63 10.90 -26.3 

I-AFm 

5 2.76 11.52 - 15.90 - 12.03 -28.8 

25 2.57 13.29 - 19.82 - 11.80 -26.7 

60 2.58 25.69 - 42.67 - 10.82 -25.6 

Equilibrated HT solutions 

Sample Id T (°C) Al Mg Cl I Br pH at T °C Log KSO 

Cl-HT2 

5 2.97×10-2 24.59 51.06 - - 8.20 -61.3 

25 1.54×10-2 3.11 8.96 - - 9.27 -56.4 

60 1.96×10-2 3.02 7.18 - - 8.57 -54.8 

Cl-HT3 

5 1.72×10-2 8.11 18.61 - - 9.80 -81.2 

25 1.78×10-2 6.15 15.08 - - 9.17 -81.0 

60 1.92×10-2 6.82 16.89 - - 8.86 -74.2 

Br-HT2 

5 2.46×10-2 1.52 - - 3.02 9.80 -64.4 

25 1.91×10-2 1.41 - - 3.10 9.27 -63.5 

60 1.89×10-2 2.01 - - 4.32 8.70 -60.0 

Br-HT3 

5 1.80×10-2 4.48 - - 7.48 9.99 -90.9 

25 2.01×10-2 5.45 - - 9.13 9.50 -87.3 

60 1.65×10-2 5.35 - - 8.93 9.20 -79.9 

I-HT2 

5 1.79×10-2 0.50 - 1.04 - 10.37 -77.8 

25 2.06×10-2 3.14 - 7.30 - 8.80 -74.4 

60 1.71×10-2 3.20 - 7.14 - 9.10 -68.4 

I-HT3 

5 1.76×10-2 1.51 - 3.69 - 10.32 -94.4 

25 1.75×10-2 2.13 - 5.09 - 9.60 -93.0 

60 2.36×10-2 6.21 - 14.18 - 9.20 -82.3 
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Table S3. The error propagation analysis that is used to assess the uncertainty in the solubility 
constant that is derived from measured solution concentration data. 

 
The solubility constants of AFm phases and HT phases are calculated using the following equation: 
 

log Kso = ∑ log ax · n Equation A 

 
where 𝐾𝑆𝑂 is the solubility constant, 𝑎𝑥 is the activity of a given ionic species and n its stoichiometric 
coefficient. As a result, the associated standard deviation/uncertainty in the solubility constant may be 
calculated via error propagation considering the following equation:  
 

Δlog 𝐾𝑠o = √∑ [log 𝑎𝑥 · 𝑛√(
Δ log 𝑎𝑥

log ax
)

2

+ (
Δn

n
)

2

]

2

 Equation B 

 
The uncertainty considered for the activity and the stoichiometric coefficient are detailed below: 
 

Solids: The uncertainty associated with the solid composition, and in turn the stoichiometric 
coefficient is linked to the uncertainty in the estimated solid composition as noted below. 

 Al Ca Cl I Br OH- H2O 

All phases 10% from average error propagation observed on all solids  

Solution: The uncertainty associated with the ion activities is linked to the uncertainty in the 
measured solution concentrations as noted below. 

 Al Ca Cl I Br OH- H2O 

All phases  Standard deviation of three measurements 2.3%*  N.A. 

* based on an uncertainty in the pH measurement for a calibrated pH meter of ±0.01 units. 
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(a) (b) 

  
(c) (d) 

Figure S4. A comparison between the thermodynamic properties of the phases synthesized herein, 
and that of others calcium and magnesium aluminate mineral hydrates from the slop98.dat and 

Cemdata18 thermodynamic databases9,15,32,35,43,44,74 showing comparisons for: Entropy (𝑆298
° ) of (a) 

AFm and (b) HT phases, and Heat capacity (𝐶°𝑝298) of (c) AFm and (d) HT phases as a function of the 
experimental molar volume V°. 
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(a) (b) 

Figure S5. The thermodynamic modeling of a 0.01 M Al2O3 + 0.05 M MgO system with (a) a 1 M NaBr 
solution, and (b) a 1 M NaI solution as a function of pH. 
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(a) (b) 

Figure S6. The thermodynamic modeling of a 0.01 M Al2O3 + 0.04 M CaO system with (a) a 1 M NaBr 
solution, and (b) a 1 M NaI solution as a function of pH. 

 

 




