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Abstract
This short letter summaries the latest research on the structure and thermodynamic modelling of the magnesium silicate hydrates (M‐S‐H) phases. M‐S‐H
structure is comparable to hydrated clays, with a smaller and rounder microstructures compared to clay platelets. Similar to clay minerals, M‐S‐H can
incorporate ions such as aluminium and hydrated exchangeable cations to compensate the negative surface charge. This fundamental understanding of
M‐S‐H structure allowed to develop structure‐based thermodynamic models, which can further help to optimise the conditions for M‐S‐H formation and
its use as cementitious materials. Optimized binders containing M‐S‐H have the advantages of presenting: i) good mechanical properties, ii) dense
microstructure and potentially good resistances to leaching and iii) low pH values. These types of binders could therefore be used for cement products
with non‐steel reinforcement, for the encapsulation of specific wastes, for products containing natural fibres or for the clay stabilisation, etc.
Keywords: Magnesium silicate hydrate (M‐S‐H); Structure; Surface charges; Low pH cements

Introduction
Magnesium enrichment is often observed during the natural
degradation processes of concrete in contact with river or
saline waters (see e.g. [1‐10]). Although this Mg enrichment
has often been attributed to the precipitation of Mg(OH)2
(brucite) solely, also magnesium silicate hydrate (M‐S‐H) can
precipitate. The leaching of Ca‐phases, which is one of the
main degradation mechanism of cementitious materials,
leads to the dissolution of calcium silicate hydrate (C‐S‐H) and
the release of amorphous silica [11]. C‐S‐H, with its
characteristic silicate chains as the typical dreierketten
structure [12] is stable at pH values down to 9.5‐10.0.
Depending on the availability of Mg2+ and the pH values of the
environment, M‐S‐H forms from the amorphous silica and
from the available Mg2+ [13]. M‐S‐H has long been considered
to be similar to C‐S‐H [14], and as a non‐cementitious product
of the seawater degradation of Ca‐based cement [15‐18].
However, M‐S‐H phases have a layered silicate structure [19],
fundamentally different to the silicate chain structure of C‐S‐
H [20]. In addition, M‐S‐H is stable over a larger pH range and
at significantly lower pH values [21].
M‐S‐H is the sole hydrate of reactive MgO and silicate
cements. Phosphates can used as superplasticizer reducing
the amount of water needed to achieve a good workability
[22]. Additionally, the phosphates act as accelerator to the
reaction resulting in faster M‐S‐H formation [22, 23] and help
to obtain good compressive strength to the M‐S‐H matrix
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after 28 days (~50‐80 MPa) [22, 24]. The interest in M‐S‐H as
the main component of cementitious materials grew in the
last decades due to the low pH of the cement [25, 26]. Such
low pH cements are of interest for radioactive waste
management for radionuclide retention [27‐29], or to deal
with radioactive wastes as the encapsulation of nuclear
magnox sludges [30] and problematic nuclear aluminium
wastes [31]. Moreover, it is also interesting for other
applications where low pH binders are required, e.g. for the
use of natural fibres [32, 33].
Reactive Mg‐cements based on Mg‐rich materials derived
from common Mg silicate rocks (MOMS) have the potential
to sequester CO2 in the form of stable carbonates [34],
meaning such cements can exhibit a net negative CO2
emission (i.e., capable of CO2 mineralisation). This type of
cements are still at an early research‐state. They are mainly
composed of hydrated magnesium carbonates (HMC) and
feature good mechanical properties (20 MPa to 50 MPa) [26,
35]. If SiO2 as a by‐product of separating reactive MgO from
the Mg silicate minerals, is added the formation of M‐S‐H is
observed [36]. The formation of the interconnected HMC and
M‐S‐H should lead to a denser microstructure [37, 38] and
therefore better mechanical performance, but this requires
more investigations.
A detailed knowledge on the performance and specifically the
durability in different environments of such binders
containing different amount of M‐S‐H and HMC cements are
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mandatory for further development of such binders. Because
of the long timescales needed to carry out durability tests,
thermodynamic calculations might be used to predict the
long‐term stability of these phases in different environment
conditions.
This short letter summaries the latest research on the
structure of M‐S‐H and recent thermodynamic data,
complemented by new thermodynamic calculations and
highlights potential applications of such layered‐type phases.

Structure and formation of M‐S‐H
Structure of M‐S‐H
The silicates in the M‐S‐H phases are arranged in tetrahedral
layers as in phyllosilicate minerals as observed by 29Si MAS
NMR studies by the presence of Q2 and Q3 signals while
magnesium is present in octahedral layers as commonly
observed in Mg(OH)2 (brucite) [19]. The phyllosilicates
present 3 typical arrangements of the tetrahedral Si‐O layers
and the octahedral Al‐O, Fe‐O or Mg‐O layers:
i.

T:O i.e. one tetrahedral layer over one octahedral
layer corresponding to a 1:1 layer silicate structure
as in the serpentines (e.g. chrysotile, antigorite,
lizardite),

ii.

T:O:T corresponding to a 2:1 configuration, i.e. two
tetrahedral layers sandwiching an octahedral layer
as in talc or

iii.

T:O:T‐O corresponding to a 2:1 configuration with
an extra positively charged brucite layers as in
chlorite.

48

nano crystallite hydrated of talc [19, 40], ill‐defined chemical
hydrated antigorite [40, 41], lizardite [30, 42], stevensite [40]
or saponite [9, 19, 41].
Although M‐S‐H presents similarities with hydrous
phyllosilicates, the coherent particle size of M‐S‐H is much
smaller. X‐rays diffraction (XRD) patterns of M‐S‐H indicate
that the M‐S‐H has only nanometer‐sized coherent scattering
domains (1.5 nm in the ab plane, and 2.4 nm along c axis),
which causes the broad reflections in the XRD pattern [19]
(see Fig. 1a and b). The mean basal spacing (Fig. 1a and c)
gradually decreases from 12 Å to 10 Å with the increase of the
Mg/Si from 0.9 to 1.3 indicating potentially that the solid
solution is an intermix of T:O and T:O:T nanocrystallite
depending on the Mg/Si ratio.
X‐ray pair distribution function (PDF) calculations confirmed
that M‐S‐H phases have a relatively short coherence length
(1.2 nm) [41]. Similarly, Chiang et al. [43] suggested a spherical
structure for M‐S‐H with an average radius of 1.7±1 nm based
on SAXS measurement. Finally, also N2‐sorption
measurements suggested a very small particle size with
surface area calculated by BET above 200 m2/g on samples
synthesised in suspension [41] and in pastes [44].
As much as M‐S‐H has similarities to phyllosilicates, it is rather
a precursor of them presenting a variable composition and a
variable structure (mixture of T:O and T:O.T), i.e. a solid‐
solution with Mg/Si ratios ranging from 0.75 to 1.5 [40, 45]. A
schematic sketch for the structure of M‐S‐H is given in Fig. 2.

M‐S‐H seems to include all of the above arrangements and its
structure is comparable to hydrated precursors sepiolite [39],

Figure 1. a) and b) XRD patterns (indexed following the crystal structure of talc (=t), serpentine (=s) and Mg‐swelling clays (=M)), c) Mean basal
spacing (layer‐to‐layer distance) measured from XRD patterns as a function of Mg/Si in M‐S‐H. Freeze dried=freeze dried samples and re‐
equilibrated to 34RH% over CaCl2, desiccator vacuum=directly dried over CaCl2 34RH% in a vacuumed desiccator.
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and/or dioctahedral smectite as montmorillonite:
(NaCa0.5∙nH2O)x(Al,Mg,□)2 [Si4O10](OH)2∙mH2O,
where □ is a vacant site, contain a much larger amount of
water and swell depending on the relative humidity. This is
due to the uptake of hydrated cations in the interlayers to
compensate the negative surface charge, as typical for
smectites. The negative surface charge usually originates
from the substitution of Si and/or Mg by Al in the tetrahedral
and/or octahedral sheets. Saponite and montmorillonite are
typical trioctahedral and dioctahedral smectites, where Al is
incorporated only in the silicate tetrahedral or only in the
magnesia octahedral layers, respectively. Only vermiculite
contains aluminium in both octahedral and tetrahedral layers:
(Ca0.5Mg0.5Na∙nH2O)x(Mg,Al,□)3 [(Al,Si)4O10](OH)2∙ mH2O,
Figure 2. Potential schematic sketch for the structure of M‐(A‐)S‐H
based on the structural information from [9, 19, 21, 41‐43, 46]. Details
on the surface of M‐S‐H is given in Fig. 4.

M‐S‐H contains also a large amount of water, between 1.5
and 4 H2O/Mg based on numerous TGA measurements [19,
25, 40, 41, 47]. An example of a typical TGA is given in Fig. 3.
This water is present both as i) poorly bound water, i.e. water
molecule physically sorbed on the surface (monolayer,
multilayers and/or in the interlayer) and ii) within the
structure as a water molecule and hydroxyl groups bound to
silicon and magnesium, in inner and surface positions [41].
While the amount of hydroxyl groups is constant at different
relative humidity [41], the content of water in the M‐S‐H
varies with the poorly bound water and is strongly related to
the relative humidity [41, 48].

Figure 3. Thermogravimetric analysis on typical M‐S‐H (adapted from
[41]).

The large amount of water, particularly the poorly bound
water, and the swelling (see Fig. 1c) in the particles
distinguishes the M‐S‐H from typical hydrous phyllosilicates
such as talc, antigorite or sepiolite but related the M‐S‐H to
the smectite mineral group. Trioctahedral smectite as
saponite:
(Ca0.5Mg0.5Na∙nH2O)x Mg3[(Si,Al)4O10] (OH)2∙mH2O),

where □ is a vacant site. SEM/EDS data of the surface of
degraded cement pastes tend to indicate that aluminium can
be present either in the M‐S‐H similar to smectites or bound
in hydrotalcite [7, 9, 49]. Laboratory experiments confirm that
magnesium silicate hydrate containing aluminate or
magnesium alumino silicate hydrate (M‐A‐S‐H) can form from
co‐precipitation of MgO, SiO2 and metakaolin or NaAlO2 with
rather low aluminium content (maximum Al/Si ≈ 0.15). The
incorporation of Al in tetrahedral SiO2 layers and potentially
in the octahedral layers in M‐S‐H has been established by 27Al
MAS NMR [46, 50]. On the same co‐precipitated samples,
Vespa et al. [51] confirmed by X‐ray absorption near‐edge
spectroscopy the presence of Al in the tetrahedral and
octahedral layers of M‐S‐H.
A limited amount of Al can be taken up in M‐S‐H resulting in
the formation of M‐(A‐)S‐H. In the presence of more
aluminium, in addition Mg‐Al layered double hydroxide
phases are observed for instance in a PC blended with
reactive MgO/SiO2 [52]. Similarly, hydrotalcite precipitates
together with the N‐A‐S‐H gel (or zeolitic precursors) in alkali
activated slags rich in Mg and Al (see e.g. [53‐57]).
Hydrotalcite and zeolites were also observed in MgO and SiO2
cements containing a high NaAlO2 content [57], while at low
amounts of NaAlO2 and pH values below 10, no zeolites were
observed, only hydrotalcite/Al(OH)3 [50]. In any cases, the
presence of extra Al‐containing phases limited the Al
incorporation in M‐S‐H. Also Jia et al. [58] observed a
limitation of Al/Si (< 0.05) in M‐A‐S‐H in the presence of
aluminium nitrate in the MgO‐SiO2 system. In most of the
cases, the exact incorporation of Al in M‐A‐S‐H is extremely
difficult to quantify due to the nanocrystallinity of the Al‐
containing phases, either Al‐hydroxides, hydrotalcite‐like
phases, N‐A‐S‐H gels or M‐A‐S‐H.
The similarities with saponite, one of the trioctahedral
smectites containing exchangeable cations, indicates that
also M‐S‐H should have exchangeable cations in the interlayer
or at the surface of the silicate layers. In fact, M‐S‐H and M‐A‐
S‐H show a negative surface charge [41, 46], but a rather low
cation exchange capacity (CEC) of about 30‐40 meq/100g at
pH between 8 and 10.5, compared to smectites with 80‐200
meq/100g [59]. Usually, the CEC of smectite is related to the
incorporation of Al in the tetrahedral layers (Al3+ replacing Si4+)
or in the octahedral layer (Al3+ and vacant site replacing Mg2+).
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Therefore the CEC is directly related to the amount of Al in the
smectite structure. The CEC in M‐(A‐)S‐H is independent of
the presence of Al in the structure, which could be related to
the incorporation of Al in both octahedral and tetrahedral
layers without vacant site or a CEC mainly related to the
external surface charge of the M‐(A‐)S‐H particle [46].
However, the CEC of M‐S‐H increases strongly with the pH
and can reach 150 meq/100g for pH values of ~12.5 [21]. This
indicates that the CEC in M‐S‐H is more related to the
deprotonation of the structural hydroxyl groups than to the
incorporation of Al in the structure. The deprotonation of the
surface of M‐S‐H with increasing pH and its charge
compensation by hydrated cations is schematically
represented in Fig. 4. M‐S‐H takes up also monovalent cations
[21, 29], although mainly at the exchangeable sites and not
within the main layer [21, 51]. The uptake of Mg on
exchangeable surface site is very small due to the low Mg
concentrations in solution at pH values above 10.5 [41].
However, the presence of carbonates in solution leads to the
formation of aqueous Mg‐carbonate complexes, which
increase the Mg concentration as well as the Mg uptake at the
exchangeable surface sites [45].
Natural montmorillonite and saponite usually have a
significant fraction of Ca2+ at the cation exchange sites (e.g.
[60]). Ca2+ uptake is preferred over the uptake of K+ or Na+ due
to the better affinity of the surface sites for divalent cations,
but also due to the often low Mg concentrations in the
environment when the clay minerals are forming. The
presence of Ca on the cation exchange sites was also
observed for synthetic M‐S‐H [61, 62]. M‐S‐H showed also a
strong immobilization capacity for the secondary metal
cations [28, 29], although the long‐term uptake and stability
has not been investigated.

Formation of M‐S‐H, stability
competition with brucite formation

and

In geology, the occurrence of M‐S‐H is observed due to the
serpentinization of olivine‐rich rocks. This weathering
phenomenon leads to brucite formation and to a high pH of
the equilibrium solution, which leads to a partial dissolution
of quartz and results in dissolved Mg and Si, ready to react
into M‐S‐H [63].
Similar dissolution‐precipitation reactions due to an increased
pH happen also at the interaction zone of clayey and
cementitious materials: i) the clayey materials release some
Mg, either from the cation exchange sites of the clays or by
partial dissolution of dolomite [10], ii) the low pH of the clayey
pore solution leads to the dissolution of C‐S‐H and of silica [11,
64], iii) the pH at the interface between clay and cements
provides the right medium for the precipitation of M‐S‐H [7,
65], which occurs even at very low Mg concentrations.

The same mechanism is also occurring during the hydration
of MgO and silica fume (in concrete or suspension), with first
the formation of Mg(OH)2 from MgO, which subsequently
reacts with the amorphous silica to M‐S‐H phases [25, 66].
Many laboratory experiments observed a very slow M‐S‐H
formation over months to years [25, 47, 66, 67]. The
magnesium hydroxide dissolves slowly in the presence of
M‐S‐H, potentially slowed down by the presence of silicon in
the solution which kinetically hinders brucite dissolution [66,
68]. It takes up to 6 months for initially precipitated
magnesium hydroxide to completely react to M‐S‐H at
Mg/Si=1 [47] and two years to obtain M‐S‐H with Mg/Si=1.3
[66]. Reaction kinetics accelerate with increasing
temperature, also due to the slightly lower stability of brucite
at elevated temperature [39, 47, 66].
The Mg concentration calculated by thermodynamic
modelling in the presence of carbonates or phosphates is
presented in Fig. 5. It was recently observed that dissolved
carbonates also speed up the formation of M‐S‐H [69] by
increasing the concentration of Mg due to the formation of
aqueous complexes [45], as detailed in Fig. 5. Additionally,
higher Mg/Si ratios of up to 1.5, as in serpentine group
minerals, can be observed in presence of carbonates [45],
which were not reached otherwise, not even after a 3‐year‐
equilibration at 20°C, or 2‐year‐equilibration at 50°C [41].
Promising mechanical properties can be reached with
carbonates as accelerator [45].
Also the formation of M‐S‐H in hydrated cement paste in the
presence of phosphate was studied in [22, 23, 30, 70],
showing faster precipitation of M‐S‐H than in suspension
without phosphates. Jia et al. [70] suggested that the
phosphate hinders the formation of Mg(OH)2 during the
hydration of MgO by forming protective layers composed of
6(MgOH)+(PO3)66‐ on the MgO surface. They also observed a
strongly increased Mg concentration in the presence of
phosphate [70]. It can be seen in Fig. 5 that both carbonate
and phosphate increase the dissolved magnesium for pH
values above 9.5. For pH above 11‐11.5 the presence of
phosphate leads to stronger complex formation, increasing
the total Mg concentration in solution. This would lead to a
faster formation of M‐S‐H, while at lower pH (between 9.5
and 11) the carbonate complexes increase the dissolved Mg
and results in higher Mg concentration for the faster
formation of M‐S‐H. Note that the model predicts the
precipitation of Bobierrite (Mg3(PO4)2‐8H2O) for pH below
11.8. In Fig. A1 a model is given where its formation was
prevented. The presence of organic as acetate showed a
faster reaction of brucite into hydrated magnesium
carbonates phases (HMC) [71, 72], although the organics do
not significantly change the Mg concentrations [73].
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Figure 4. Schematic sketch for the surface of M‐S‐H where defects are occurring. With the increase of pH, the hydroxyl groups (green) are
deprotonated (yellow) and more exchangeable cations are in the surrounding of the layers.

While developing M‐S‐H cement, it was shown that sodium
phosphate was an excellent dispersant and acted as
superplasicizer [30]. Although the phosphates are limited and
expensive, the use of carbonates to accelerate M‐S‐H
formation will be cheaper and more sustainable. Additionally,
Walling et al. [30] observed a retarded formation of M‐S‐H
above 2 wt% of phosphate. This could be due to i) the
passivation of the MgO surface by phosphates, which limits
the dissolution of MgO, and therefore the dissolved Mg to
form M‐S‐H or due ii) strong Mg‐phosphate complexes that
slow down the formation of Mg‐silicate as precursors of
M‐S‐H.

Thermodynamic databases
Thermodynamic modelling approaches have been used for at
least 15 years to understand phase formation and the
reaction processes involved in cement paste hydration [74].
In 2015, Roosz et al. [19] presented thermodynamic data
assuming the formation of two single M‐S‐H phases with
Mg/Si= 0.6 and 1.2, while Nied et al. [40], in 2016, published
the first solid solution model for M‐S‐H with Mg/Si between
0.75 and 1.5 more appropriated to the experimental data.
The ion activity product of M‐S‐H observed in the solution
decreases with time due to the slow formation of M‐S‐H [75]
and approaches the solubility products of talc or serpentine in
the long‐term [66]. In this letter, the thermodynamic
modelling was carried out using the Gibbs free energy
minimization program GEMSelektor [76] combined with the
GEMS‐PSI thermodynamic database [77] and the
cemdata2018 database [78]. These databases were
completed with thermodynamic data from [40, 46, 62] to
describe the Ca and Al uptake in M‐S‐H: (C‐)M‐(A)S‐H, the
uptake of different anions in hydrotalcite from [79], the
possible formation of (hydrated) magnesium carbonates [45]
and Mg‐phosphates phases and complexes from [80]. The
modelling were used to predict the stability domains of M‐S‐H
and M‐A‐S‐H in the absence and presence of carbonates.

Figure 5. a) Modelled brucite solubility curves in pure water and in
carbonated solution (CO32‐ = 80 mmol/L) and with phosphate (3 wt.
% of NaHMP), b) different Mg species associated to the solubility of
brucite in carbonated and phosphate solution (CO32‐ = 80 mmol/L and
3 wt. % of NaHMP). Adapted from [45].
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Stability of M‐(A‐)S‐H
Stability of M‐S‐H vs. C‐S‐H
As detailed above, M‐S‐H can form from the degradation of
the C‐S‐H in hydrated Portland cement paste. Fig. 6 shows the
stability domains of M‐S‐H (Mg/Si=1) and C‐S‐H (Ca/Si=1) in
the pH range 6 to 14. M‐S‐H is thermodynamically stable from
pH 7 to 14. Between pH 9 and 11.5, only M‐S‐H is predicted,
while at lower pH values silica forms and brucite at higher pH
values, such that the M‐S‐H composition varies from low to
high Mg/Si with pH. The formation of M‐S‐H decreases the Mg
and Si concentrations in solution compared to brucite or
amorphous silica. In contrast, C‐S‐H is only stable at high pH
values and destabilizes at pH values below ~9.
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the dissolved Al, Mg and Si as a function of the Al/Si for a)
Mg/Si ~1 and b) Mg/Si ~1.5, compared with the few
measured data available in the literature [46]. The model
predicts the total incorporation of Al up to Al/Si=0.2 in M‐(A‐
)S‐H for Mg/Si=1, while the precipitation of microcrystalline
Al(OH)3 is predicted above Al/Si=0.15 for M‐(A‐)S‐H with
Mg/Si=1.5.
In the presence of sodium carbonate (17 g/L), the models
predict the formation of hydrotalcite‐like phase containing
carbonates instead of microcrystalline Al(OH)3 and the
precipitation of zeolites, at higher Al contents. This is
consistent with the literature where the carbonated
hydrotalcite is the more stable than OH‐hydrotalcites [81, 82].
In presence of phosphate, P‐hydrotalcite might also form [83].
This indicates that the carbonates/phosphates in presence of
aluminates lead certainly to a faster formation of M‐(A‐)S‐H
but also, to the formation of hydrotalcite and in theory, a
decreased amount of M‐(A‐)S‐H in the system.

M‐(A‐)S‐H stability vs. carbonates phases
M‐S‐H together with calcite and/or gypsum has been
observed as a degradation product of Ca‐based cement [3,
16]. Under such conditions, also magnesite (MgCO3) would be
stable. However, its formation at room temperature is
kinetically hindered and unlikely, while calcite crystallises
much faster than magnesite [84]. A range of different
hydrated magnesium carbonates (HMCs) exist as summarised
in Fig. 8. Some of them are mostly likely to form at room
conditions. HMCs have gained attention as an alternative to
PC and for their potential for carbon capture [85]. Such HMC
cements are still at an early research stage, but they already
feature promising mechanical properties (compressive
strength between 20 and 50 MPa) [26, 37]. The hydration of

Figure 6. Calculated stability of M‐S‐H (Mg/Si=1) and C‐S‐H (Ca/Si=1)
and calculated Mg, Ca and Si concentrations between pH 6 to 14. The
solubility of brucite, portlandite and amorphous silica are added (as
dotted lines for comparison).

M‐(A‐)S‐H stability in presence in aluminate
In presence of Al, magnesium silicate hydrates containing
aluminate or magnesium alumino silicate hydrate (M‐A‐S‐H)
can form. However, assessing the incorporation of Al in M‐A‐
S‐H is experimentally difficult due to the nanocrystallinity of
the Al‐containing phases.
The incorporation of Al in the M‐S‐H can be approximated by
using the ion activity products (IAPs) (calculated in [46]) and
assuming an ideal solid solution with M‐S‐H [40]. Fig. 7 shows

MgO blended with hydromagnesite (Mg5(CO3)4(OH)2・4H2O)
shows the formation of HMC products, some poorly
crystalline brucite and adequate compressive strength [26,
35]. The utilisation of Mg‐acetate accelerated the formation
of HMCs, lead to a higher carbonation degree [71] and
stabilise the hydrated Mg‐carbonates phases [72].
As detailed above, the carbonates play an important role in
the formation of M‐S‐H. However, the stability of M‐S‐H
versus the stability of HMC is not really understood and only
few experimental studies have been published. It was
recently shown that MgO/SiO2 blended with hydromagnesite
forms mainly M‐S‐H and that hydromagnesite partially reacts
into M‐S‐H [45] indicating that M‐S‐H are more stable than
hydromagnesite.
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Figure 7. Calculated solubility curves for M‐(A‐)S‐H compared to the available experimental data [46, 50] for a) and c) Mg/Si ~1 b) and d) Mg/Si
~1.5, c) and d) containing Na2CO3 in the system, using M‐A‐S‐H solid solution [46] and hydrotalcite solid solution [79]. Solubility without the Al
incorporation in M‐A‐S‐H, and the formation of Al(OH)3 are indicated by dotted lines.

Figure 8. MgO‐CO2‐H2O ternary plots based on the composition of the different magnesium carbonates and M‐S‐H phases (silica is only present
in M‐S‐H). Adapted from [45].
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Conclusions and opportunities
To sum up, M‐(A‐)S‐H forms in many geological environments
despite the small amount of Mg available in those systems
likely indicating a good stability over time. M‐(A‐)S‐H phases
have been observed to form and are calculated to be stable
at pH values between 7.5 and 12.5 [11, 21, 45, 46]. M‐(A‐)S‐H
can be considered as a precursor of hydrated Mg‐clay
minerals. The optimum conditions of M‐(A‐)S‐H formation
can be obtained from the recent thermodynamic data
available in literature.
Additionally, good mechanical properties of M‐S‐H‐based
binders can be reached in presence of phosphates or
carbonates. The use of phosphate seems problematic due to
environmental issues, but also carbonates seem to act as
efficient accelerators. Unluer 's team recently looked at using
M‐S‐H binders for 3D printed building components and
showed that specific mixes of M‐S‐H/brucite exhibited
thixotropic behaviour [86]. As such, they are usuable for this
purpose based on their rheological and mechanical
properties. M‐S‐H based mortars also show a good resistance
to penetration by chloride ions [87]. But more systematic
experimental and modelling studies on the mechanical and
durability properties are required.
The formation of M‐S‐H could also improve the mechanical
properties of hydrated magnesium carbonate (HMC)
cements. However, there is a lack of experimental studies and
the available databases do not (yet) permit the modelling of
the type of hydration/carbonation system [45].
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degradation of wastes, natural fibres or clay minerals by the
high pH environment.

Acknowledgments
I would like to sincerely thank Barbara Lothenbach, and the
Empa Team of the Laboratory for concrete and asphalt,
particularly Alexander German, Frank Winnefeld and Hoang
Nguyen for the discussion about Mg‐binders. Isabelle
Pochard, Celine Cau‐Dit‐Coumes, Alexandre Dauzères and
Fabien Le Goff for accompanying me on my journey to study
synthetic M‐S‐Hs during my PhD Work. I would like to
acknowledge Urs Mäder and Andreas Jenni (University of
Bern) for all the discussions about the interface between
cementitious materials and clays, Daniel Rentsch for NMR
discussions and analyses. Rupert Myers and Marcus Yio for
the support during my time at Imperial College. The research
leading to these results has received funding from IRSN, the
European Union's Horizon 2020 Research and Training
Programme of the European Atomic Energy Community
(EURATOM) (H2020‐NFRP‐2014/2015) under grant n◦
662147 (CEBAMA) and the Swiss National Science Foundation
(SNSF) for Postdoc mobility Fellowship under the grant n◦
P400P2_194345 and Ambizione Fellowship under the grant
n◦ PZ00P2_201697.

Appendix

The use of calcined clay instead of micro silica could decrease
the price of such building materials. Additionally, the
combination of MgO with a reactive aluminosilicate, such a
calcined clays, has been recently considered as an alternative
binder [46, 88‐92]. Clays are widely available in the Earth’s
crust [93] compared to the availability of silica fume [94, 95]
and they can be activated to produce large amount of reactive
aluminosilicates. Shah et al. [91, 92] showed that the MgO‐
metakolin presents better mechanical performance due to
the formation of hydrotalcite in addition of M‐S‐H which
lowers the porosity of the matrix. However, currently very
little is known of the chemistry involved in Al containing Mg‐
cement indicating that more research needs to be conducted
on this topic. For example, the formation of hydrotalcite is not
yet clearly understood and no data on the interaction with the
accelerators are available. The development of a consistent
and complete thermodynamic database for the Mg‐
containing phases potentially precipitating in Mg‐binders
would improve the understanding.
Although the production process of Mg‐based binders is not
yet optimized. If the environmental impact can be lowered,
Mg‐based binders have a high potential to partially replace
Portland based cement for specific purposes such as cement
products with non‐steel reinforcement where a high pH is not
mandatory for the passivation of the steel. Low pH matrices
are also more adapted for the encapsulation of specific
wastes, for products containing natural fibres (e.g. for
insulation) or for the clay stabilisation in order to avoid the

Figure A1. a) Brucite solubility curves in pure water and in carbonated
solution (CO32‐ = 80 mmol/L) and with phosphate (3 wt.% of NaHMP)
(Mg‐phosphate phase precipitations excluded) b) comparison with
data in literature ([70] after 1 and 10 days of reaction, phosphate (0.5
and 2 wt.%)).
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