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Abstract: One of the most important hydration phases of Portland cement is ettringite, a calcium
sulfo-aluminate mineral (Ca6Al2(OH)12(SO4)3·26H2O) showing a great capacity of adsorbing ra-
dionuclides and other contaminant cationic and anionic species, or incorporating them into its crystal
structure. In this work, the X-ray diffraction pattern and infrared spectra of a synthetized ettringite
sample are recorded and simulated, employing theoretical methods based on Density Functional
Theory. Despite the complexity of this phase, the calculated structure, X-ray diffraction pattern
and infrared spectrum are in excellent agreement with their experimental counterparts. Since the
calculated and experimental spectra are consistent, the main infrared bands are assigned using a
normal coordinate analysis, some of them being completely reassigned with respect to other experi-
mental works. The good agreement found provides strong support for the computational methods
employed towards their use for studying the surface adsorption properties and the incorporation
of contaminations in its structure. The density of reactive groups at the surfaces of ettringite is
reported, and the surface adsorption of water molecules is studied. These surfaces appear to be
highly hydrophilic, in agreement with the experimental finding that the ettringite structure may
include more water molecules, at least up to 27, one more than in its standard formula.

Keywords: cementitious materials; density functional theory methods; Ettringite; crystal structure;
X-ray diffraction; infrared spectra; thermogravimetry; surface adsorption

1. Introduction

Cement paste is intended to be used for the immobilization of processed low and
medium radioactive waste and for the construction of engineered barrier systems in deep
nuclear repositories [1–3]. Therefore, the understanding of the interactions of radionuclides
with solid cement phases is crucial for ensuring the long-term confinement of radioactive nu-
clear waste and optimizing the performance and properties of barrier solid materials [4–11].
Since cements are complex materials containing a large number of different phases [12]
and evolve chemically with time, the understanding of the radionuclide retention mech-
anisms is still an issue. The contact of cement with water is a hazard due to the disso-
lution/precipitation processes leading to the transport of chemical species by diffusion
and chemical reactions, leading to material degradation [3,13–15]. Understanding hydra-
tion and adsorption mechanisms in cement [16,17] is crucial in materials science since if
the barrier systems are degraded, water may be the vehicle leading to the transport of
radionuclides from the repositories to the biosphere. However, since cements are complex
multi-component assemblages, their description requires knowledge of the properties of
the individual phases. Another important issue, which may be tackled, is the simultaneous
interaction of cement materials with organic molecules since their presence may facilitate
or inhibit the adsorption of contaminants [18–20].

Several techniques have been employed in order to study the charge surface and adsorption
properties in cementitious materials, such as electrophoretic measurements (ζ-potential), geochemi-
cal modeling, EXAFS and other types of spectroscopy techniques [4,5,21–30]. These studies have
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allowed for the development of different empirical sorption models [5,16,31–33]. In a latter
work [34], the surface potential (ζ-potential) of solid ettringite was measured by laser
Doppler electrophoresis, in different alkaline waters with varying pH, calcium and sulfate
contents. These measurements together with the theoretical results obtained in this work
have been the basis for developing a simple geochemical model capable of reproducing
the charging behavior of ettringite [34]. However, while the use of these empirical models
is very useful in interpreting the sorption of radionuclides and predicting their behavior
under variable chemical conditions, the application of mechanistic sorption models is still
limited. An alternative to these models is the use of theoretical methods to investigate
radionuclide adsorption mechanisms. These theoretical methods have long been used to
study the surface adsorption or incorporation mechanisms and adsorbate molecules or
ions in different absorbents [35–43]. However, their application for cements has been quite
limited and restricted to the use of force field methods [44–52]; the use of higher-accuracy
theoretical methods has only been employed scarcely [48,53–55]. Among the individual
components of Portland cements [56], ettringite (Ca6Al2(OH)12(SO4)3·26H2O) [57–60] is
an important component because its structure includes abundant structural water and
hydroxyl groups, and therefore, ettringite has the capacity to incorporate anionic species
in the structure via substitution for sulfate (SO2−

4 ), such as pertechnetate (TcO−
4 ), chro-

mate (CrO2−
4 ), iodate

(
IO−

3
)
, selenate (SeO2−

4 ), arsenate (AsO2−
4 ) and others [55,61–66].

In addition, ettringite may adsorb cationic elements via substitution for Ca2+, such as
Sr2+, Zr4+, Cr3+, Cd2+ and Co2+ [64,67–69]. The ettringite mineral phase is normally
found in Portland cements, and its formation conditions are well known [70,71]. Calcium
sulfate compounds, such as gypsum, added deliberately to Portland cement to control
hydration reactions, improve its strength and reduce drying shrinkage, or when present
in supplementary cementitious materials, react with calcium aluminate in the cement to
form ettringite. Ettringite is a minor mineral phase in cement whose presence and amount
depends on the composition of cement and its degradation state. The physical properties
of this phase as the mechanical and thermodynamical ones have been extensively investi-
gated both experimentally and theoretically [7,28,72–79]. The purpose of this work is the
theoretical description of ettringite towards its use for modeling its surface properties and
reactivity. The first step in this study is the computation of the structure of ettringite and
the associated X-ray diffraction pattern and infrared spectrum to assess the accuracy of
the model. From the computed structure, the analysis of the mineral surfaces allows for
correlating the structural properties of their surface hydroxyls and adsorption sites with
the ettringite reactivity.

The ultimate objective of this study is to determine the type and relative density
of surface functional groups as fundamental information for the application of sorption
models. Additionally, the adsorption of water molecules in the material has also been
calculated, showing the highly hydrophilic character of the material.

2. Materials and Methods
2.1. Experimental

Due to the importance of ettringite, the synthetic methods of this phase are well-
known [80]. In this work, the experiments were performed with a crystalline powder
sample of ettringite synthesized in CIEMAT laboratories using a modification of the meth-
ods described by Odler and Abdul-Maula [81] and Warren and Reardon [82]. The synthesis
was performed by mixing aluminum sulfate Al2(SO4)3·18H2O and calcium hydroxide
Ca(OH)2 and NaOH solutions inside an anoxic glove box and heating the suspension
under stirring to 60 ◦C for 48 h. The precipitate was filtered, dried and stored at room
temperature in the glove box.

The powder X-ray diffraction (XRD) pattern of the synthetized ettringite was recorded
using a Philips X’Pert–PRO diffractometer and an anticathode Cu-Kα at 45 kV and 40 mA,
equipped with a fixed divergence slit (0.1245◦ size), Scientific X’celerator detector and R-T
Spinner PW3064. The samples were investigated from 2◦ to 80◦ 2θ with a step size of
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0.017◦ 2θ and a scan rate of 50 s per step. The identity of the material was confirmed by
XRD analysis using the Power Diffraction File database from the International Center for
Diffraction Data (ICDD) [83].

The Fourier-transform infrared (FTIR) spectrum of ettringite was measured in the
middle-IR region (4000–400 cm−1) using a Nicolet iS50 spectrometer with a DTGS KBr
detector (resolution 4 cm−1, 32 scans) on KBr-pressed discs in the transmission technique
in an atmosphere continuously purged from water and atmospheric CO2. Two milligrams
of the powdered air-dried sample were dispersed in 200 mg of KBr and pressed to a clear
disc. The pressed samples were analyzed at room temperature and then heated in an
oven overnight at 110 ◦C. All spectral manipulations were carried out using Omnic 9
software [84].

The thermal behavior of the synthetized mineral was studied using Setaram Themys
TG-DSC equipment at a heating rate of 10 K/min, under dynamic argon flow (20 mL/min),
at temperatures between 20 and 1100 ◦C. The termogravimetric analyzer and the DSC
calorimeter were calibrated on temperature and enthalpy values based on the melting
points of standard reference metals (In, Sn, Pb, Zn, Al, Ag, Au, Ni). The temperature
was measured accurately to ±0.1 ◦C. The calorimetric precision was ±1%. The mass of
ettringite was ~35 mg.

2.2. Theoretical

The crystal structure and infrared spectrum of ettringite were modeled by employing
the CASTEP program [85], a component of the Materials Studio program suite [86]. The
theoretical treatment employed is based on Periodic Density Functional Theory using plane
wave basis sets and pseudopotentials [87]. The computations were carried out using the
Perdew–Burke–Ernzerhof [88] density functional complemented with Grimme’s dispersion
correction (DFT-D2) [89]. The specific pseudopotentials utilized were norm-conserving
pseudopotentials [90] included in CASTEP code.

The ettringite unit cell, Ca6Al2(OH)12(SO4)3·26H2O[58], is trigonal with sides of
a = b = 11.2 Å and c = 21.4 Å and contains 256 atoms. Since the unit cell of ettringite is
quite large, supercells have not been employed in the calculations. Some trial calculations
performed using a 2 × 2 × 1 supercell have produced nearly the same results as those
performed using a single unit cell. The unit cell parameters and atomic positions were
optimized by means of the BFGS technique. A plane wave kinetic energy cut-off parameter
of ε = 900 eV and a Monkhost-Pack κ-mesh of 2 × 2 × 2 [91] were employed. The initial
reference structure for the calculations was that of Hartman and Berliner [58], obtained by
the refinement of X-ray diffraction data from a synthetic ettringite sample.

The geometry optimizations of the ettringite structure with and without adsorbed
water molecules were performed by employing the Broyden–Fletcher–Goldfarb–Shanno
scheme (BFGS) [92]. The software REFLEX included in the MaterialsStudio software pack-
age was used to derive the X-ray powder diffraction patterns [93] from the computed and
experimental crystal structures [94]. The computation of the infrared spectrum of ettringite
was performed by means of density functional perturbation theory, as implemented in the
CASTEP program [95,96]. The initial determination of the most stable adsorption sites for
water molecules inside the ettringite structure were performed using Monte Carlo simula-
tions employing the Adsorption Locator module [97] implemented in the Materials Studio
program suite. Monte Carlo simulations were employed to randomly sample the energy of
different water–surface configurations in order to find the most stable ones. In these initial
simulations, the COMPASSIII [98] force field was employed. This force field was chosen
because it is optimized for condensed-phase applications [99]. The results of these force
field-based simulations were then improved using full geometry DFT optimizations of et-
tringite with adsorbed water molecules at different initial adsorption sites. For this purpose,
the (1 0 0), (0 1 0) and (0 0 1) surfaces were created using Materials Studio by cleaving or cut-
ting a surface along these specific planes and a vacuum slab space on top of these surfaces
with a length of approximately 10 Å. Then, the water molecules were placed near the ad-
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sorption sites and the geometry was fully optimized using stringent convergence thresholds
in the variation of the total energy, maximum atomic force, maximum atomic displacement
and maximum stress of 2.5 × 10−6 eV/atom, 0.005 eV/Å, 2.5 × 10−4 Å and 0.0025 GPa,
respectively. All the located adsorption sites were probed. Only the adsorption of single
water molecules was investigated.

3. Results and Discussion
3.1. Crystal Structure

The computed crystal structure of ettringite from the [0 0 1] direction is shown in
Figure 1. The crystal structure of ettringite [57–60] contains columns with the formula
[Ca 3Al

(
OH)6·12H2O]3+ expanding along the direction of the c axis, which are composed

of Al(OH)6 octahedra alternating with triangular groups of edge-sharing CaO8 polyhedra.
Four of the oxygen atoms coordinating the Ca atom are from H2O molecules, which form
the cylindrical surface of the column (see Figure 1). The columns delimitate channels con-
taining sulfate ions and zeolitic water. The different columns are linked through the sulfate
ions via hydrogen bonds. The structural formula is [Ca6Al2(OH)12·24H2O]6+[(SO4)3·2H2O]6−,
where the first and second bracket correspond to the columns and the channels, respectively.
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Figure 1. Computed crystal structure of ettringite from the [100] direction. Color code: Ca—violet;
A—green; O—red; S—yellow: H—white.

Ettringite has trigonal symmetry and crystallizes in the P31c space group. The com-
puted unit cell parameters are given in Table 1, together with the experimental ones ob-
tained in previous investigations. While the parameters reported by Moore and Taylor [57],
Hartman and Berliner [58] and Goetz-Neunhoeffer and Neubauer [59] are deduced from
synthetic samples, those given by Gatta et al. [60] and Scholtzová et al. [76] were deter-
mined from natural mineral samples. As can be observed, the differences between the
different parameter sets are relatively small. The values obtained for the lattice parameters,
a = b = 11.21 Å and c = 21.14 Å, are in excellent agreement with the experimental ones
a = b = 11.17 Å and c = 21.35 Å [58]. The computed unit cell volume differs from the
experimental one by only 0.3%. The structure of ettringite was also computed by Scholtzová
et al. [76], and the corresponding lattice parameters are shown in Table 1 for comparison.
These authors also experimentally studied a natural mineral from Wessels Mine, Northern
Cape Province, South Africa by single-crystal X-ray diffraction spectroscopy and FTIR
spectroscopy. As can be seen, the computed DFT parameters provided by these authors
are in worse agreement with the experiment than the DFT-D2 parameters obtained in this
work. DFT-D2 parameters represent an improvement in the accuracy of prediction. For
example, the unit cell volume is overestimated by 3.4% with respect to the experimental
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value of Hartman and Berliner [58]. In the work by Scholtzová et al., the VASP code to-
gether with the projector-augmented-wave (PAW) method were employed with an energy
cut-off of 500 eV and a κ mesh of 1 × 1 × 1. In the present work, we used the CASTEP
program with norm-conserving pseudopotentials with an energy cut-off of 900 eV and
a κ-mesh of 2 × 2 × 2. Thus, while the comparison is quite difficult due to the different
kinds of methods employed and both calculations should be accurate enough, our DFT-D2
calculation parameters should be of a higher quality, since they include Grimme’s disper-
sion correction, which, generally, significantly improve the computed crystal structures of
materials containing a high number of water molecules.

Table 1. Computed unit cell parameters of ettringite. In the table, ∆V(%), represents the percentage
difference of the unit cell volume with respect to the reference parameters from Hartman and
Berliner [58].

Parameter a (Å) b (Å) c (Å) α(deg) β(deg) γ(deg) Vol. (Å
3
) ∆V(%) ρ (g/cm3)

Exp. 1 11.203 (2) 11.203 (2) 21.467 (4) 90.0 90.0 120.0 2333.0 (8) 1.17 1.784
Exp. 2 11.166881 (82) 11.166881 (82) 21.35366 (22) 90.0 90.0 120.0 2306.039 (3) 0.0 1.791
Exp. 3 11.1710 11.1710 21.3640 90.0 90.0 120.0 2308.858 0.12 1.831
Exp. 4 11.26 11.26 21.48 90.0 90.0 120.0 2358.53 2.28 1.759
Exp. 5 11.229 (1) 11.229 (1) 21.478 (3) 90.0 90.0 120.0 2345.34 (6) 1.70 1.777

DFT-D2 11.2152 11.2152 21.1403 90.0 90.0 120.0 2298.419 −0.33 1.811
DFT 1 11.223 11.223 21.867 90.0 90.0 120.0 2385.401 3.44 1.146

1 Scholtzová et al. [76]; 2 Hartman and Berliner [58]; 3 Gatta et al. [60]; 4 Moore and Taylor [57]; 5 Goetz-
Neunhoeffer and Neubauer [59].

3.2. X-ray Diffraction Pattern

From the structure of ettringite calculated theoretically, the X-ray powder pattern was
derived. The resulting pattern is compared with the experimental one in Figure 2. The posi-
tions of the main reflections are given in Table 2. As can be seen, both patterns are highly con-
sistent. The five main reflections are calculated at ◦2θ = 9.15, 15.85, 22.98, 18.95 and 35.02◦,
which may be compared with the experimental positions at ◦2θ = 9.12, 15.83, 23.16, 19.14
and 35.36◦.

Table 2. Most intense reflections in the X-ray diffraction pattern of ettringite derived from the
(a) experimental and (b) calculated crystal structure in this work.

(hkl)
2θ(deg)

∆(2θ)
(a) Exp. (b) Calc.

(0 1 0) 9.149 9.121 −0.028
(−1 2 0) 15.848 15.833 −0.015
(−1 2 4) 22.976 23.159 0.183
(0 1 4) 18.950 19.142 0.192
(1 2 6) 35.021 35.361 0.340
(0 3 4) 32.315 32.484 0.169
(2 2 6) 40.895 41.210 0.315

(−1 2 6) 29.180 29.991 0.811
(1 2 2) 25.682 25.734 0.052

(−1 2 2) 17.894 17.936 0.042
(1 3 6) 41.984 42.298 0.314

(−1 4 2) 34.328 34.417 0.089
(0 3 0) 27.563 27.602 0.039
(0 1 1) 10.073 10.039 −0.034
(0 0 8) 33.404 33.962 0.558
(0 2 4) 24.758 24.937 0.179
(0 0 2) 8.324 8.374 0.050

(−1 4 4) 37.364 37.537 0.173
(0 1 3) 15.452 15.557 0.105
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Figure 2. X-ray diffraction patterns of ettringite obtained from the computed and experimental
synthetized crystal structures of ettringite.

In order to assess the differences between the X-ray diffraction pattern of the syn-
thetized sample, the pattern derived from the crystal structure reported by Goetz-Neunhoeffer
and Neubauer [59] and obtained from a synthetized sample was derived. Likewise, to eval-
uate the differences between the X-ray diffraction patterns of synthetized and natural
samples, the pattern obtained from the crystal structure reported by Gatta et al. [60] and
obtained from a natural mineral sample was also computed. The results are compared with
that measured in this work in Figures S1 and S2 of the Supplementary Materials. As can be
observed, all patterns are quite similar, irrespective of the nature of the sample.

3.3. Infrared Spectra

The experimental infrared spectrum of ettringite was recorded from the synthesized
sample. The spectrum was also determined by using first-principles methods employing
density functional perturbation theory. The infrared spectrum determined theoretically
compared with the experimental infrared spectrum is shown in Figure 3, and as can be
observed, both spectra are in good agreement. However, the six high-frequency bands
found in the theoretical spectrum are not resolved in the experimental one, where only
a broad band is observed. The large number of hydroxyl groups from Al octahedra and
water molecules is the main cause of the broadening of the corresponding bands in the long
wavenumber region of the measured spectrum. Since the agreement of the theoretical and
the experimental spectrum was very good, a normal mode analysis was performed to assign
the most intense bands in the infrared spectrum. The experimental and computed infrared
band vibrational frequencies and the corresponding calculated intensities and assignments
are given in Table 3. For a comparison of the results, we found in the literature an infrared
spectrum measured from a natural mineral sample, which was assigned by Scholtzová,
Kucková, Kozísek and Tunega [76] (SKKT). Previous infrared spectra measurements of
ettringite were also performed by Frost et al. [100] and Myneni et al. [101].
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Figure 3. Computed and experimental infrared spectra of ettringite.

Table 3. Experimental and calculated infrared band wavenumbers of ettringite and calculated
intensities and assignments.

Band Name
Vibrational Frequency (cm−1)

Assignment
Exp. Theor.

a 3637 3676 νOH

b
- 3622 νOH
- 3594 νOH
- 3560 νOH

c 3426 3482 νOH
d - 3411 νOH
e - 3241 νOH
f - 3121 νOH
g 2117 2355 δ(AlOH)
h 1683 1685 δ(H2O)
i 1635 1651 δ(H2O)
j 1473 1579 δ(H2O)
k 1114 1157 ν(AlO6) + δ(SO4) + T(H2O)

l 1011 1067 ν
(

SO2−
4

)
m 988 922 ν

(
SO2−

4

)
n 873 882 l(H2O)

854 863 l(H2O)
o 667 660 l(H2O)
p 615 606 τ(H2O)
q 542 497 ω(H2O)
r 418 403 ω(H2O)

In the higher wavenumber region [3700–3000 cm−1], the theoretical spectrum has
a higher resolution and displays the inner structure of the experimental spectrum. The
high-wavenumber region of the experimental infrared spectrum of ettringite is very broad
due to the thermal motion of the atoms in the unit cell, which produces that the different
OH stretching vibrational bands overlap in a single convoluted band. DFT vibrational
spectrum calculations are performed at the most stable configuration at 0 K, and, there-
fore, the bands do not overlap and are deconvoluted. In this region, the bands a and c
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located at 3637 and 3426 cm−1 correspond to the theoretical bands at 3672 and 3482 cm−1,
respectively. These two bands are assigned to OH bond stretching vibrations (νOH). These
bands were found by SKKT at 3637 and 3432 cm−1, respectively. Similarly, the band
g at 2117 cm−1 was not found by SKKT and is placed in the theoretical spectrum at
2355 cm−1. This band is assigned to Al − OH bending vibrations (δ(Al − OH)). The bands
in the experimental spectrum at 1683 and 1635 cm−1 (h and i) are calculated to be at
1685 and 1651 cm−1 and assigned to H2O bending vibrations (δ(H2O)). These bands were
found at 1667 and 1633 cm−1 by SKKT. The band j at 1473 cm−1, also assigned to H2O
bending vibrations, was found at 1579 cm−1. This band was not found by SKKT. The
bands k, l and m at 1114, 1011 and 988 cm−1 were found to be placed theoretically at
1157 and 1067 and 922 cm−1 (SKKT only found the bands k and m at 1113 and 989 cm−1

and calculated them at 1143 and 1011 cm−1). The first is assigned to Al − O stretching and
sulfate bending vibrations and water molecule translations (ν(AlO6) + δ(SO4) + T(H2O)),
and the second and third ones are assigned to sulfate stretching vibrations ν(SO2−

4 ). SKKT
assigned these k and m bands differently, to asymmetric and symmetric sulfate stretching
vibrations. As can be seen, for example, in Figure 4A, where the atomic motions associated
with the vibrational mode ν = 1011 cm−1 are shown, the vibrations in ettringite are neither
symmetric nor antisymmetric.
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Figure 4. Computed and experimental infrared spectra of ettringite. Picture of the atomic motions
associated with the infrared active vibrational normal modes of ettringite with (A) ν = 1157 and
(B) ν = 403 cm−1. The green arrows in the figures represent the direction and amplitude of atomic
vibrational motions. Color code: Ca—violet; Al—green; O—red; S—yellow; H—white.

The band n consists of two component sub-bands at 873 and 854 cm−1. These bands
are found theoretically at 882 and 863 cm−1, and both are assigned to water librations
(l(H2O)). For comparison, SKKT encountered these bands at 885 and 839 cm−1. However,
these authors assigned them to Al − OH bending vibrations. Finally, the bands o, p, q and r
at 667, 615, 542 and 418 cm−1 were found theoretically at 660, 606, 497 and 403 cm−1 (SKKT
only found the last three bands at 616, 542 and 418 cm−1 in the experimental spectrum
but obtained all of them theoretically at 645, 582, 550 and 424 cm−1). Band o is assigned
to water librations; band p is assigned to water twisting ( τ(H2O)) vibrations and bands q
and r are assigned to water wagging vibrations. SKKT, however, assigned band q to S − O
stretching vibrations and the remaining ones to Al − OH bending vibrations. The atomic
motions associated with the vibrational mode ν = 403 cm−1 are displayed in Figure 4B.
The vibrational frequencies and assignments performed in this work and from SKKT
are compared in Table S1 of the Supplementary Materials. In Table S1, the vibrational
frequencies reported by Frost et al. [100] are also given. The range of frequency covered by
Frost et al. (4000–800 cm−1) is smaller than that covered in the present work. It should be
noted that both Scholtzová et al. [76] and Frost et al. [100] observed a band near 1410 cm−1

and they attributed it to a carbonate impurity in their natural ettringite samples. However,
this band is not observed in our spectrum from a synthetic sample. We observed only a
band at 1473 cm−1, which is theoretically assigned to H2O bending vibrations in this study.
Therefore, the band observed at 1410 cm−1 by Scholtzová et al. [76] and Frost et al. [100]
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is probably due to H2O bending vibrations, as calculated in this work, rather than to a
carbonate impurity.

3.4. Surface Adsorption
3.4.1. Density of Reactive Functional Groups

An important parameter determining the reactivity of a given material is the density of
reactive functional groups at their edge surfaces, since it determines the surface charge [102].
In this work, the investigated edge surface sites of ettringite are the −CaOH and −AlOH
groups at the (0 1 0), (0 1 0) and (1 0 0) surfaces. The two types of groups are equivalent in
ettringite since the OH− groups belong simultaneously to the coordination polyhedra of Ca
and Al (Figure 5). As shown in Figure 6, at the (1 0 0) surface, there are 8 −CaOH/ −AlOH
groups (two per Al atom in the surface). As a result, the corresponding surface density is
calculated as 0.033 OH− sites/Å

2
= 3.3 OH− sites/nm2. The (0 1 0) surface is the same as

the [100] surface due to the space symmetry of ettringite. In the case of the (0 0 1) surface
(Figure 7), there are 3 −CaOH/ − AlOH groups, and the corresponding surface density
calculated is 0.024 OH− sites/Å

2
= 2.4 sites/nm2. While the density of reactive groups

is not a new result in the sense that the crystal structure of ettringite is known, the data
about surface charge density have not been previously reported. The density of surface
sites available for sorption processes is essential for cationic and anionic radionuclide
retention processes, and these data have been the basis for developing a geochemical
surface model capable of reproducing the evolution of ettringite charge under different
cement degradation stages and porewater compositions [34].
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3.4.2. Water Adsorption on the Surfaces of Ettringite

The surface adsorption of neutral molecules for ettringite has been studied over time.
The adsorption of comb-shaped polycarboxylates (PCE) with different numbers of grafted
sidechains on ettringite surfaces and aqueous media was analyzed by means of force-field
molecular dynamics methods [48]. The backbones of PCE molecules are chemisorbed to the
surfaces of ettringite, and the sidechains are extended to the aqueous phase. The adsorption
of superplasticizers, such as polycarboxylic acids, naphthalene sulfonate, amino sulfonate
and aliphatic compounds, was also investigated experimentally (Shi et al. [103]). Superplas-
ticizers can change the crystal morphology and stability; polar groups of superplasticizers
bond with Ca2+ ions to form calcium complexes. The diffusion of several species as Cs+

and Cl− along the nanopores of ettringite [44] and the ionic adsorption of sodium sul-
fate (Na2SO4) from an aqueous solution on the ettringite surfaces [50] have also been
investigated. Great effort has been devoted to the atomistic simulation of applications of
cement-related materials [104]. However, except for some recent investigations [53–55,66],
these studies were mostly performed using force field methods [52]. Only the incorpo-
ration of iodate, IO−

3 [55], and arsenate, AsO−
4 [62], anionic species into the structure of

ettringite has been investigated using density functional theory methods. Therefore, the
adsorption at the surfaces of ettringite of different cations, anions and neutral molecules
using accurate density functional methods should be studied in depth to disentangle the
adsorption mechanisms.

The experimentally determined number of H2O molecules in the unit cell, Ca6Al2(OH)12
(SO4)3·nH2O, varies between 24 and 27, with 26 being the most common number [57–60,105].
This water content is associated with systems at equilibrium between 10 and 96% relative
humidity (RH) at ambient temperature [28,106]. Thus, ettringite’s water content is variable
with (n + 6) = 30–33, where n stands for molecular water and 6 stands for water arising
from the 12 OH- groups in the column (6CaO·Al2O3·3CaSO4·(n + 6)H2O). Most of the
researchers agree on a maximum value of (n + 6) = 32 (Ca6Al2(OH)12(SO4)3·26H2O or
6CaO·Al2O3·3CaSO4·32H2O), 30 fixed in the columns and 2 H2O more loosely bound in
the channels as zeolitic water. The dependence of the unit cell parameters on the amount
of water present is insignificant, as shown by DFT calculations [105] and in some experi-
ments [107], but below (n + 6) = 30, etrringite undergoes a series of structural changes in
the cell size and crystallinity (<10% RH at 25 ◦C) [28,57,106]. Therefore, water sorption
processes play a critical role in ettringite’s volume stability. The hysteresis behavior under
sorption/desorption due to relative humidity and temperature variations (wetting/drying)
is still under debate [28,50,106,108–110].

Analyzing the water desorption/dehydration process of this synthesized ettringite
mineral (see Figures S2 and S3 in Supplementary Materials) by thermogravimetry (TG-
DSC), the number of water molecules is 24.4 (n + 6 = 30.4), so there are 0.4 zeolitic water
molecules (Table S2). This is in agreement with that found in [28,106], where it is shown
that only 30 H2O molecules take part in the formation of the crystal structure of ettringite
between 5 and 85–90% RH. Thus, a problem arises concerning the arrangement of molecules
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above 30 H2O regarding whether they are located in the channels as zeolitic water, a solid
solution, in lattice defects or adsorbed on the surface of the crystals [57,106].

In this work, we analyzed the adsorption of a single water molecule at the (1 0 0), (0 1 0)
and (0 0 1) surfaces of this crystal structure: Ca6Al2(OH)12(SO4)3·26H2O, as described in
the Methods Section. After the water molecule was placed near the adsorption sites, the
geometry was fully optimized. All the located adsorption sites were probed. Our DFT
calculations indicate that the water molecule remained adsorbed to the (0 0 1), (0 1 0) and
(0 0 1) edge surfaces by hydrogen bonding, as shown in Figure 8 for the case of the (0 0 1)
surface. Thus, surface water adsorption on surfaces is accompanied by the formation
of hydrogen bonds from H2O molecules to the surface sites belonging to the Ca- and
Al-polyhedra.
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The adsorption energies of a single water molecule on the (0 0 1) and (1 0 0) (equivalent
to (0 1 0)) surfaces were determined using the following equation:

∆Eads =
[
ESLAB@H2O −

(
ESLAB + EH2O

)]
(1)

where ESLAB@H2O and ESLAB are the energies of the system with and without the adsorbed
water molecule and EH2O is the energy of a single water molecule. The adsorption energies
are in the range from −1.7 eV to −2.7 eV, which indicates that the surfaces are considerably
hydrophilic and that water adsorption is energetically favorable. These adsorption energies
are higher than those found by Wang et al. [111] for the adsorption of water molecules on
the surfaces of β-dicalcium silicate (β–C2S) (from −0.78 to −1.48 eV).

The adsorption calculations were performed with and without ettringite surface
geometry optimization (fixed surface), and similar results were obtained. In addition,
the distortion of the ettringite structure due to water adsorption when a full geometry
optimization was performed in the presence and absence of water molecules was found
to be relatively small. For example, for the adsorption of one water molecule at one
of the surface sites belonging to the (1 0 0) surface, the optimized lattice parameters
were a = 21.3537 Å, b = 11.1669 Å and c = 22.5292 Å; whereas for those of bulk ettringite,
without any water molecule adsorption, the optimized lattice parameters were 21.2152,
11.2152 and 21.1403 Å, respectively (the vacuum slab space was considered by increasing
the lattice parameter by 10 Å).

The present results, being only focused on molecular adsorption, indicate the highly
hydrophilic character of the ettringite surfaces, suggesting that the surface water adsorption
may be the process for the incorporation of additional water molecules inside the structure
of this mineral, which is able to incorporate from (n + 6) = 30 to (n + 6) = 33 water molecules,
or even up to (n + 6) = 36, depending on the water vapor pressure or RH and temperature
experimental conditions [106], the number of water molecules as zeolitic water at channels
being 0, 3 and 6, respectively.

A standard formula of ettringite with 27 water molecules was found by Gatta et al. [60].
The optimized structure of ettringite including 27 water molecules, (n + 6) = 33, determined
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using their reported structure as the initial structure, is given in the Supplementary Materials
as a file with a CIF format. The additional water molecule included in the unit cell with
27 water molecules has a small impact on its size since the lattice parameters change only
slightly (see Table 1), and the unit cell volume increases by 0.17%. This additional zeolitic
water molecule located at intercolumns is highly disordered.

It is interesting to note that the structure of ettringite with 26 water molecules was de-
rived by Hartmann and Berliner [58] by the refinement of neutron diffraction data obtained
from a synthetic sample at room temperature, all the sites being modeled isotropically.
However, that derived by Gata et al. [60], including 27 water molecules, was determined
based on neutron diffraction data from a natural mineral sample at a low temperature
(20 K), all the H sites being modeled anisotropically, and the water distribution was highly
disordered. Thus, the different water content may result from the nature of the sample and
the temperature at which the refinement was made.

The adsorption of multiple water molecules is possible using the same formalism as
that used in this paper (Adsorption Locator Module followed by DFT calculations) and
should be studied in future works.

4. Conclusions

Ettringite is an important cementitious phase because its structure includes abun-
dant structural water and hydroxyl groups, and, therefore, ettringite has the capacity to
incorporate anionic species in the structure via substitution for sulfate anion and adsorb
cationic elements via substitution for calcium cation. In this work, a crystalline powder
sample of ettringite synthesized in our laboratory and the X-ray diffraction pattern and
Infrared spectrum were measured experimentally. The identity of the synthetized sample
was confirmed by XRD analysis using the Power Diffraction File database (ICDD). Towards
the study of the adsorption properties of ettringite, the crystal structure, X-ray diffraction
pattern and infrared spectrum were also determined theoretically. Since the agreement in
the X-ray diffraction pattern and IR spectrum was very good, the computed crystal struc-
ture and the methods used to compute were considered to be appropriate for performing a
study of the adsorption properties of ettringite. Therefore, the density of reactive functional
groups at their edge surfaces, an important parameter governing the material reactivity,
was determined. At both the (1 0 0) and (1 0 0) surfaces, there are 8 −CaOH/ − AlOH
groups, the corresponding surface density being 3.3 OH− sites/nm2. At the (0 0 1) surface,
there are 3 −CaOH/ −AlOH groups, with a surface density of 2.4 sites/nm2. Furthermore,
the adsorption of water molecules at the (0 0 1), (0 1 0) and (0 0 1) surfaces was studied
theoretically. In this work, it was found that water molecules remain adsorbed at these
surfaces by hydrogen bonding. The adsorption energies are in the range from −1.7 eV to
−2.7 eV, so the surfaces are considerably hydrophilic and water adsorption is energetically
favorable This suggests that the surface water adsorption may be the initial step in the
process for the incorporation of additional water molecules inside the structure of this
mineral, which is able to incorporate from (n + 6) = 30 to (n + 6) = 36 (6 H2O as zeolitic
water and/or adsorbed on surfaces), depending on the water vapor pressure or RH, and
temperature conditions [106].

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/min14080824/s1: Figure S1: X-ray diffraction patterns of ettringite:
(a) Derived from the experimental crystal structure from Goetz-Neunhoeffer and Neubauer obtained
from a synthetized sample; (b) This work (synthetized sample); Figure S2: X-ray diffraction patterns
of ettringite: (a) Derived from the experimental crystal structure from Gatta et al. obtained from a
natural sample; (b) This work (synthetized sample); Figure S3. TG-DSC curves of the synthetized
ettringite mineral (mass used = 35.511 mg); Figure S4: TG-DSC curves of the synthetized ettringite
mineral (duplicate, mass used = 35.733 mg); Table S1: Experimental vibrational frequencies and
assignments obtained in this work and in that from Scholtzová et al., referred to in the table as SKKT.
The vibrational frequencies reported by Frost et al. are also given. Table S2. Dehydration process of
synthetized ettringite based on TG-DSC analyses.

https://www.mdpi.com/article/10.3390/min14080824/s1
https://www.mdpi.com/article/10.3390/min14080824/s1
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