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Abstract Hydration of tricalcium silicate in hydrother-
mal conditions in the presence of magnesium oxide has
shown changes in the formation of CSH gel structure
(Calcium silicate hydrates). The new CSH incorporates
magnesium ions, brucite, but a weak presence of portlan-
dite. The magnesium oxide would hinder the precipitation
of portlandite. The characterization of CSH gel by *Si
MAS-NMR with various CaO/SiO, ratios would point out
that: (1) A dreierketten structure of the CSH for low CaO/
Si0, < 1, with some defects (Q* defect and Q%) in its
structure is confirmed. Some magnesium ions are incor-
porated in the octahedral sites, in the interlayer space of
the dreierketten pattern. (2) For the CSH gels with CaO/
SiO, ratios > 1, magnesium ions would be incorporated in
the silicate chains of the CSH gel in a tetrahedral coordi-
nation. Although, the low MgO/CaO ratios of CSH gels
indicate that the magnesium incorporation in CSH chain is
low.

Introduction

Calcium silicate hydrates (CSH) are natural minerals that
appear in a variety of geological settings, but also are the
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main components resulting from cement hydration.
Amorphous CSH gel is formed during hydration of tri-
calcium silicate (C3S) [1] which follows a slow kinetic
process at room temperature, (after 28 days only
approximately 70% of C3S has reacted with water);
meanwhile, in hydrothermal conditions at 100 °C and
after 14 days, the C3S is almost completely transformed
into CSH gel [2].

The CSH gel has a poor crystalline structure of variable
composition [1], which is controlled by the CaO/SiO, (Ca/
Si) ratio and [Ca2+] [3]. Its stoichiometry ranges from
0.66 < Ca/Si < 1.7 [3-8]. A large amount of Portlandite
(Ca(OH),) precipitates simultaneously with CSH formation
for CaO/SiO, > 1.5.

The more accepted structure for CSH gel from cement
hydration was proposed by Taylor [1] who considered two
forms, CSH (I) and CSH (II), similar to tobermorite and
jennite, respectively; although other structural models for
CSH has been proposed more recently [9, 10]. A model
structure of CSH gel is considered in Fig. 1, which presents
some analogy with tobermorite.

For Ca/Si = 0.66, linear chains of silicate tetrahedral
sheets of SiO, associated to an octahedral sheet of CaO
with a Te—Oc-Te structure, but with some defects [11-13]
are formed. The SiO, chains are constituted of dimers,
(Si(Q%), connected by bridging tetrahedron (Si(Q*P)),
(dreierketten pattern). Silicate tetrahedron (Si(QzP)) are
balanced by ions of H" in the interlayer space. As the Ca/Si
ratio increases above 0.8, the H' ions are substituted by
Ca™ ions into the interlayer space.

For Ca/Si ratio from 1.5 to 1.7 and (Ca>") > 22 mM/L,
Ca(OH), (Portlandite) precipitates in equilibrium with the
CSH gel, a shortening of the silicate chains takes place as
Ca content increases [14, 15], and the structure of this CSH
is mainly constituted by silicate dimers.
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Fig. 1 The structure of the
CSH gel for CaO/SiO,
ratios < 1 [12]
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The presence of other compounds, such as Mg, during
the hydration of C3S can induce modification in the
hydrated product, for instance the incorporation of Mg*™
into the structure [16—19]. Pytel [17] and Fernandez et al.
[16] identified the possible incorporation of magnesium into
the CSH structure and observed a new phase attributed to
the formation of a magnesium silicate hydrate (MSH), but
its structure is still unknown. Fernandez et al. [16] found
that the CSH was constituted by two main phases, with
different content in Mg, using SEM and EDAX analysis,
areas of CSH rich in magnesium, attributed to MSH, with
other mainly composed by CSH gel but with less magne-
sium content. MSH gel formation is only considered into
the CSH gel of low CaO/SiO,, while in the CSH of high
CaO0/SiO, a four-fold coordination of Mg inserted in the
silica chains of the C—S—H gel has been proposed.

The aim of present paper is to corroborate the incor-
poration of magnesium into the CSH gel structure as C3S is
hydrated in presence of MgO. High-resolution solid-state
NMR of *°Si MAS-NMR, X-ray diffraction, and thermo-
gravimetric analyses were performed to verify the chemical
substitution and the modification introduced by the pres-
ence of Mg in the equilibriums of the pore solution and
hydrated phases.
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Experimental section
Samples preparation

Solid samples of different CaO/SiO, ratio were hydrated in
the presence of magnesium oxide. The synthesis was car-
ried out by mixing synthesized C3S with silica gel to obtain
various CaO/SiO, ratios, as indicated in Table 1.

Lafarge Society prepared the synthesized C3S. Its
chemical composition was 24.92% (SiO,) and 62.49%
(Ca0), which gives a Ca0/SiO, molar ratio 2.7.

Silica gel of 99.5% of purity was previously dehydrated
at 100 °C for 8 h. Magnesium oxide was also added to the
mixture in a MgO/CaO molar ratio = 0.49. Magnesium
oxide was obtained from magnesium hydroxycarbonate
(99.5% purity) previously decarbonated and dehydroxy-
lated at 1000 °C for 14 h. The homogeneity of the
reactants was guaranteed by stirring in acetone.

Hydration process and composition of components
The hydration reaction was performed in hydrothermal

conditions at 100 °C (autoclave) for 23 days in the pres-
ence of decarbonated water at a water/solid ratio of 5.
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Table 1 Mass of each chemical

component mixed for the Samples C3S (g) Silica gel (g) MgO (g) (Ca0)/(Si0,) (MgO)/(CaO)
synthesis of the samples. The CaO (62.49 wt%) SiO, (24.92 wt%)
CaO/SiO; ratio of C3S is 2.7

S1 1.5 1.575 0.332 0.53 0.49

S2 1.5 1.0412 0.332 0.72 0.49

S3 1.5 0.604 0.332 1.04 0.49

S4 1.5 0.302 0.332 1.52 0.49

After hydration, solid and liquid phases were separated
by filtration. The moist solid samples were dried with
acetone to stop further hydration. Chemical analysis of
Mg, Si, and Ca were performed in the residual liquids
and the precipitated solids. Microstructural characteriza-
tion of the solids was also performed. Before the
chemical analyses, the samples were dissolved by an acid
treatment. Chemical compositions were obtained by
Atomic Absorption Spectrometry (AAS, Perkin—Elmer
1100B).

Techniques for characterization of solid phase

X-ray diffraction (XRD) technique was used to identify the
crystalline phases, which were formed during the hydro-
thermal synthesis. XRD data of the C3S and hydrated solids
were recorded using a Phillips PW 1820, powder diffrac-
tometer with CuKo radiation. The goniometer speed was
0.020°/s. Software from Phillips was used to characterize
the mineralogical crystalline phases.

For the thermogravimetric (TG) and differential ther-
mogravimetric analyses (DTA) of hydrated solids, a
Netzsch simultaneous analyser, model STA 409 was used
with a heating ratio of 4 K min~' under a nitrogen flow of
100 cm® min~"'. The analyzed mass per sample was about
50 mg.

29Si MAS-NMR spectra were recorded at the *°Si res-
onance of 59.572 MHz using a Varian VXR 300S
spectrometer, with a spinning speed of 4 kHz in a double
bearing 7 mm ZrO, rotor. Spectra were accumulated using
Bloch decay pulse sequences of I1/2 and high power 'H

Table 2 Chemical analyses of the liquid and the solid phases

decoupling with a 60 kHz radio frequency field. A recycle
time of 59 s was used. The number of scans was 1,000.
Tetramethylsilane (TMS, Si(CH3),) was used as a refer-
ence. The spectra were simulated using a modified version
of the Winfit program [20].

Results
Chemical analysis of the solid and of the liquid phases

In Table 2, the composition of the liquid phase obtained
after the hydrothermal hydration is included for S1-S4
samples. Calcium and silicon ions are present in the lig-
uids, and an increasing content of calcium ions in solution
is detected as the CaO/SiO, ratio of the solid increases,
whereas with silicon ion a decrease is measured. Magne-
sium ions are detected into the liquids but at trace levels.
The pH of the liquid phase increases as it does with the
Ca0/Si0, ratio.

Thermogravimetric analysis of the samples

Thermogravimetric analysis is used to quantify the bound
H,O0, brucite, Ca(OH),, and carbonates, (TG and DTA
curves, Fig. 2a and b). The quantitative weight losses from
TG are given in Table 3. The second derivatives of ther-
mogravimetric analyses (DTG) are presented in Fig. 2a, to
better identify the endothermic peaks related to chemical
transformations of hydrated solids taking place in hydro-
thermal hydration.

Samples Liquid phase

Solid phase

pH  Ca®" (ppm) Si*T (ppm) Mg”>" (ppm) CaO (wt%) SiO, (wWt%) MgO (wt%) L.O.I (wt%) (Ca0)/(Si0O,) (MgO)/(CaO)

S1 9.76  81.9 7.28 0.2 28.41
S2 11.98 164.3 1.74 0.2 29.31
S3 12.58 540.1 0.37 0.2 37.61
S4 12.72 692.6 0.63 0.2 43.83

45.80 8.33 20.60 0.66 0.41
35.21 8.72 22.47 0.88 0.42
31.56 10.92 27.88 1.26 0.40
25.64 12.70 23.57 1.81 0.41

The uncertainty on the weight percentages of the solids and the concentration of the liquids are given with a precision of +10%

L.O.I: Loss of Ignition
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Fig. 2 Thermogravimetric analysis of the samples S1-S4

Most of the free water, still present in the samples, is
removed until 100 °C. In the range of 100-300 °C, a large
endothermic peak is observed due to the loss of water from
CSH. The amount of binding water is less for S4, probably
due to a lesser CSH formation or due to a CSH structure
containing less water molecules. The decomposition of the
brucite gives the characteristic endothermic peak at about
320400 °C that increases in size as CaO/SiO, ratio of the
mixture also does. The endothermic peak of the calcium
hydroxide is not well identified, even in the S4 sample with
CaO/Si0, = 1.81. These results suggest that the presence
of magnesium oxide during hydration of C3S hinders the
precipitation of Ca(OH),. Finally, a small endothermic
peak between 620 °C and 700 °C is formed due to the
decomposition of the carbonates. The presence of the

carbonates has been attributed to the reaction of the sam-
ples with the CO, of the air into the autoclave atmosphere
or during sample preparation for characterization tests
forming calcium and magnesium carbonates.

X-ray diffraction results

XRD diffractogram of the anhydrous synthesized C3S is given
in Fig. 3. Low intensity reflections attributed to C,S impuri-
ties are detected, but the main reflections are due to CsS.
The good resolution of the XRD diffractogram of sample
S4 allows to identify the presence of traces of unhydrated
material as, C3S and probably C,S. The same is detected in
samples (S2 and S3), but the reflections overlap with crys-
talline phases of CSH. Only sample S1 does not show any
anhydrous phases after 23 days in hydrothermal hydration.
All hydrated samples show the presence of calcium
carbonates as calcite, aragonite, or vaterite. The presence
of magnesite is detected in S1, S2, and S3, but the
peaks overlaps with those of CaCOs;; the presence of
Ca; 551035 - xH,O is only detected in S1. Tobermorite,
plombierite, and CaO - SiO, - H,O are also identified in
the sample S1. Portlandite is probable in samples S3 and S4
but the reflections are low. The formation of crystallized
brucite is detected in S2, S3, and S4. The most intense
reflection of brucite, at 37.983°, increases from S2 to S4 as
it does in the thermogravimetric analysis. No crystalline
magnesium silicates have been identified by XRD.

29Si MAS-NMR results

For the interpretation of °Si MAS-NMR spectra, the sili-
cate tetrahedra are designated as Q", where Q represents
the silicon tetrahedron bonded to four oxygen atoms and n
the connectivity, i.e., the number of other Q units attached
to one specific SiO, tetrahedron. Thus, Q0 denotes the
monomeric orthosilicate anion SiOi’ (nesosilicate), Q'
represents an end group of a chain, Q? a middle group, Q> a
chain branching site, and Q* a three-dimensionally fully
cross-linked group. The isotropic chemical shift (6°°) of
the Si nuclei allows to obtain information concerning the
organization of the tetrahedral links [21, 22].

Table 3 Weight losses at

different temperature ranges Samples Weight loss (%)
Temperature range (°C)
100-250 bound H,O 320400 Mg(OH), 500-600 Ca(OH), 620-700 carbonates
S1 5.1 1.4 None 1.6
S2 6.3 2.2 None 1.4
S3 5.3 3.2 Traces 1.3
S4 35 4.6 Traces 1.0

@ Springer
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Fig. 3 X-ray diffractograms of C3S and the samples S1-S4. Key to
phases: C3S, @; C,S, *; Tobermorite 11A, ¥; CaO - SiO; - H,0, &;
Plombierite, O; Ca; 5SiO55 - xH,O, @; Brucite, 0; Portlandite, A;
Magnesite, l; Calcite, %; Vaterite, ¥; Aragonite, 3

The deconvolution model of the different phases in the
spectra has been carried out considering Gaussian lines: Q'
and Q? tetrahedra to simulate CSH phases, Q° attributed to
the non-hydrated phases C3S and C,S, and Q* and Q*
associated with silica gel [11, 14, 15, 23-31]. However, the
deconvolution of the spectra by using solely Q°, Q', Q% Q°,
and Q* groups, led to a deficient fitting of all NMR signals.
In the present model, the results of dipolar correlation
model of CSH have been used [12, 13, 32] for the decon-
volution and better interpretation of the NMR spectra. This
model establishes for CSH gel with CaO/SiO, ratio < 1 the
following assignments: (1) Si(Ql) at —78.9 ppm, (2)
Si(Q?P) at —82.1 ppm, (3) Si(Q?) at —85.3 ppm, (4) Si(Q*")
(—87.3 ppm), and (5) Si(Q3defect) (—91.5 ppm). After-
wards, for each CaO/SiO, ratio used the details of the model
are developed. In all samples, the NMR signal shows excess
of silica gel.

The spectra of the different samples are given in Fig. 4
and the quantitative values of the different assignments
from the deconvolutions are presented in Table 4.

@ Springer
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Fig. 4 *°Si MAS-NMR spectrum of the samples S1-S4. The
isotropic chemical shifts are referenced to the T.M.S (Si(CH;),).
The thick solid line represents the experimental spectrum. The other
solid lines are the Gaussian components of the silicate tetrahedra Q"
and the deconvolutions

NMR identification of samples with CaO/SiO; ratio < 1
(S1 and S2)

The deconvolution of the NMR spectra of samples S1 and
S2 with CaO/SiO; ratios < 1, has been performed taking
into account the following assumptions [12]:

(1) The structure of CSH gel is similar to that of the
tobermorite.

(2) A Dreierketten structure of CSH gel is accepted, what
implies that the intensity of the resonance of the
bridging tetrahedra (Q?P) is about half of the intensity
of Q2 resonance (non-bridging tetrahedra), i.e., Qz/
Q* =2.

(3) The appearance of Q3 defects, due to the connection
between two bridging tetrahedra (Q*), which mod-
ifies the Si—O-Si angle between the non-bridging
tetrahedral, denoted as sz tetrahedral, as referred by
[12, 13]. The intensity of the resonance of Q3 defect is
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Table 4 Deconvolution results of the *’Si MAS-NMR spectra for the samples S1-S4
Samples 5(*°Si) and integration (%)
New resonance Anhydrous CSH Silica gel
QMg  Q*™Mgy  Q Q' Q” Q’ Q" Querect  Q° Q'
S1 - =77.1 (5) - —80.3 —83.3(15) —853(30) —86.2(10) —926(5) —96.2(35 -
S2 - =775 (5) - —79.7 (10) —82.7(15) —853(30) —86.7(10) —924(5) 94625 -
S3 - —78.8 (10) =737 —-79.9 (10) —82.3(20) —854(40) - - -93.0 20) -
S4 =731 (5) - —74.7 (5) —-80.5 (30) - —85.8 (50) - - -93.7 (10) -

The isotropic chemical shifts are in ppm and the integrations are given inside of the parenthesis

about half of the Q%

sz/Qgefect =2.

The deconvolutions of the NMR spectra by using the
suggestions of bibliography on the structure of CSH related
to Q! and Q? did not allow to obtain a satisfactory result.
Additional information is observed in RMN spectra that
could confirm the presence of magnesium sites in CSH gel
[16]. The number of studies published on this topic show
that the choice of a CSH model is not obvious, indeed the
debate on the structure of CSH gel is open and several
publications appear, as the review from Nonat [9, 10]. There
exist several models that try to describe the disordered
structure of CSH gel using the Defect Tobermorite Model
[11-13]. This model is based on the conclusions of previous
papers using NMR technique for solids, such as NMR
Cross-Polarization (CP) measurements [33], Double Quan-
tum Si-Si correlation [32], 2D H-Si HECTOR experiments
[32], and Molecular Dynamics calculations [34, 35].

The Klur model [11-13] supports a structure for CSH
gel similar to that of tobermorite, with significant con-
centrations of different types of defects. The CSH spectra
of present work fit well using the Defect Tobermorite
Model. Although, the first adjustment to the model showed
that the spectra were not fully fitted; however, the addition
of new resonances improved the final fitting. These new
resonances will be used to discuss the addition of new
Gaussian lines.

The Ql resonance is observed for S1 (less than 5%) and
S2, given in Table 4. Q* and Q" signals appear in SI and
S2 samples. The Q%/Q? ratio of the intensities confirms the
dreierketten pattern of CSH for S1 and S2, with one
bridging tetrahedra for every two non-bridging ones. Also,
the Q° defect with the associated resonance corresponding
to Q%' tetrahedra appears from the deconvolution of NMR
spectra for S1 and S2.

resonance [12], i.e.,

NMR of samples with CaO/SiO; ratio > 1 (S3 and $4)

The typical Q' and Q? resonances from CSH are also
observed. The intensity of the Q' resonance increases for

higher CaO/SiO, ratios, indicating the rupture of silicate
chains.

Q? and Q?" signals appear clearly in S3. The Q%Q*
ratio of the intensities confirms the dreierketten pattern of
CSH also for S3 sample, with one bridging tetrahedra for
every two non-bridging ones. From the deconvolution of
S3, the Q3 defect and the associated resonance corre-
sponding to Q" tetrahedra do not appear.

Sharp peaks typical of the monomeric orthosilicate
anion (nesosilicate) and characteristic of a crystalline
phase, denoted as QO, and attributed to anhydrous (C3S) are
observed in the samples S3 and S4. Infact, in the region of
QO, the bottom of the signal is different for S4 in com-
parison with the same region in the spectrum of S3 (see
Fig. 4). The sample S3 displays just the sharp resonance of
unreacted CsS, but it is clear for S4 that a new resonance
appears at downfield shift from the resonance of C3S. This
new resonance appears at —73.1 ppm. Some authors for the
fitting of C3S NMR spectrum used 12 [36] and 8 [37]
Gaussian and/or Lorentzian peaks. The number of Gauss-
ian and/or Lorentzian peaks should depend on the number
of the non-equivalent Si sites in the crystalline C3S phase.
As there exists various crystal structures for C3S [1], an
accurate identification of the crystalline structure should be
previously performed. There are some publications on
Rietveld refinements applied to different crystalline phase
of tricalcium silicate (C3S) [38—42] in which the number of
the non-equivalent Si sites is high. As the intensity and the
resolution of the anhydrous part of the *°Si MAS-NMR
spectra (S3 and S4 in Fig. 4) are relatively low, therefore,
an adjustment by various Gaussian peaks should imply to
fix some parameters such as the isotopic chemical shift and
the line-widths. Hence, it would seem non adequate for the
purpose of this paper to perform an adjustment through this
way which could give a truncate information. Thus, the
anhydrous part has been fitted by only one Gaussian peak
and it is attributed to C5S.

In summary, the NMR results show that new resonances
in samples S1 to S4, appear at —77.1 ppm (S1),
—77.5 ppm (S2), —78.8 ppm (S3), and —73.1 ppm (S4).

@ Springer
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These resonances were not previously described for CSH
structure in the literature [11, 13, 14, 23-26, 43].

Discussion

The chemical analyses of the liquid phases after hydration
show similarities with the results of Cong [11] without the
presence of magnesium and it also shows some differences:

e pH of the liquids increases with the increasing CaO/
SiO, ratio [11], but in the presence of Mg, they lead to
higher pHs, as it is shown in Fig. 5 (left).

e The evolution of Ca*" vs. CaO/SiO, ratio also repre-
sented in Fig. 5 (right) describes the same tendency
with and without Mgpr [11]. The main difference is the
change in the slope of the curve of the present work,
which occurs for [Ca’"] = 12 mM/L, instead of
17 mM/L found by [11]. The slope change is associated
with the precipitation of portlandite [11]. In the present
study, the precipitation of portlandite is not well
identified neither by TG nor by XRD. The formation
of brucite during C;3S hydration in hydrothermal
conditions in the presence of Mg is favored. For all
the samples, the MgO/CaO ratio of the solids is
constant and there are approximately two calcium ions
per each magnesium ion.

By using SEM-EDAX, Fernandez et al. [16] showed the
presence of magnesium into the C—S—H gels. The chemical
balance of magnesium has been done to confirm that:

(1) The total magnesium content is given in Table 2.

(2) For each sample, the amount of magnesium in the
form of brucite can be calculated using thermogravi-
metric analysis (Table 3).

= SFCUM
e SEWCS
4 Present results
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Fig. 5 Observed relationships between solution pH and C/S (CaO/

Si0,) of the solid CSH (left) and solution Ca>" concentration and C/S
ratio of the solid CSH (right) for SEWCS and SCFUM series [11] and
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(3) Thermogravimetric analysis also shows the presence
of some carbonates. In this case, it is assumed that all
are fully constituted by magnesite although the XRD
shows the presence of CaCO;. From these calcula-
tions, some magnesium appears to be incorporated
into the C—S—-H gel. The MgO/CaO ratios of C—-S-H
gels demonstrate that the magnesium incorporation is
weak.

Structure of C—S-H in the presence of MgO for CaO/
Si0, ratios < 1

Brucite has been quantified by TG in S1 sample, however,
in the XRD diffractogram, this structure does not appear,
probably due to a poor crystallization.

The *°Si MAS-NMR results of the samples (S1-S2) are
in agreement with the dreierketten pattern of C—S—H pro-
posed in the bibliography [1, 12-14, 24].

For the sample S1, the dreierketten pattern is main-
tained (Table 4); moreover, the NMR signal of C3S is not
observed in accordance with XRD results. As C-S-H gel
is in contact with a concentrated electrolytic solution of
Mngr ions, the chemical shifts are modified. Also, it is
observed as a large peak corresponding to tetrahedra
defects (Q° defect), which are associated with the Q%"
tetrahedra.

The S2 sample denotes a peak at —79.7 ppm, which
corresponds to Ql tetrahedra, i.e., silicon tetrahedra at the
end group of a chain, and an extra peak Q*"(Mg), at
—77.5 ppm (Table 4). For S1 sample, an extra peak
Q*(Mg), at —79.1 ppm is also observed, which is slightly
shifted of the extra peak Q*P(Mg) of S2 sample. Also, as in
sample S1, the NMR signal of the Q* tetrahedron shows a
higher intensity.

SFCUM
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Present results

204

»
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present results. SEWCS and SCFUM are the CSH synthesized from
two different methods
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For both the samples, following considerations have
been made:

(D

(2) The Ca*" ions of interlayer space (Ca labile) might
be substituted by the Mg ions. Klur [12] described
C-S-H gels of similar CaO/SiO, ratio, with the
interlayer space of the dreierketten pattern, containing

Fig. 6 Localization of the ca%* ca? ca

Klur [12] pointed out the appearance of a Q' peak
located at —76 ppm and assigned as Q'P (Si-O—Ca—
O-H groups, see Fig. 6¢) but Q'P tetrahedra are only
noticed if the CaO/SiO, ratio is much greater than 1.0.
However, the CaO/SiO, ratio of S1 or S2 is lower than
1.0, therefore, it is not expected that the new signal,
Q°P(Mg), could be attributed to a Q'P tetrahedra.

magnesium ions into the

“dreierketten” pattern of the

CSH gel: for a CaO/SiO,

ratio < 1.1 (a) and a CaO/SiO,

ratio > 1.1 (b). Scheme of Q'?

tetrahedra, with two oxygen are K4

linked to a non-labile calcium 'H
plane and the —Ca—O-H groups !
are localized in the interlayer
space (c) [12]

Mg?*

Q?"(SiOSi, SiOH, SiOMg)

(@)

(0

Ca”" and H', and bonded to the two terminal oxygen
of the QP tetrahedral. In order to identify the new
peak, the correlation of Janes and Oldfield [44] has
been applied. This correlation is given by the
relationship:

0%Si = —24.336ZEN + 279.27, (1)

where EN is the electronegativity: for O-Si = 3.9722,
O-Ca = 3.6058, O-Mg = 3.5048, O-H = 3.5882,
and the mean absolute deviation between theory and
experiment is 1.96 ppm [44].

In this way, the application of Eq. (1) on the two models,
with and without Mg in C-S-H, gives: 5Q2P(Ca)—

ca® ca®* ca? ca® ca®
\
\
\
‘\
\
‘\
\
\\
H H Ca®* octa.non labil
C 2+ 2+
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ca® ca®  ca* ca?'
A N
. ! Q%Mg) ",
1 ’ H 2+ BN
Q Ca .- \
. Gap of Q%(Si) '
S . . H V3 Q1
q ’
ca® ca* ca* % Ca®* 1 ca? ca®*
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dQ?P(Mg) = Q?*P(SiOSi, SiOH, SiOCa) — Q*(SiOSi, SiOH,
SiOMg) = —2.46 ppm. This value is close to the chemical
shift difference reported in Table 4 for S2, (6Q*P(Ca) =
—82.7 ppm, 5(Q*’(Mg)) = —77.5 ppm) — 5.2 ppm. Con-
sequently, the extra peaks QZP(Mg) at —77.5 ppm (S2) and
—79.1 ppm (S1) might be attributed to a Q*"(SiOSi, SiOH,
SiOMg) tetrahedron, which is bonded to magnesium. The
resonance of the extra peak [Q?P(SiOSi, SiOH, SiOMg)] is
relatively close to the chemical shifts of the Q tetrahedra of
enstatite [21]. The structure of enstatite contains single
chain silicates with magnesium ions in octahedral sites.

The NMR results for CaO/SiO, ratios < 1 show that
some magnesium ions would substitute calcium ions in
octahedral sites of a C—S—H structure as it is plotted in
Fig. 6a. The presence of magnesium into the samples has
also been confirmed by SEM-EDAX studies [16].

Structure of C—S—H in the presence of MgO
for CaO/SiO, ratios > 1

The NMR signal corresponding to the defects (Q* defect)
which are observed for the lower CaO/SiO, ratios, disap-
pear in sample S3, and it is in agreement with the NMR
results of Klur [12]. The intensity of the NMR signal from
Q1 tetrahedra increases, and it is attributed to the rupture in
the silicate chains [14, 15]. In this way, a gap the sz
tetrahedra appears.

For sample S3, a new resonance at —78.8 ppm is
detected. The new resonance is assigned to a Q*P(SiOSi,
SiOH, SiOMg) tetrahedron bonded to a magnesium, similar
to those of S1 and S2. The chemical shift of the Q*P(SiOSi,
SiOH, SiOMg) is different from 1.3 ppm in respect to the
resonance observed in sample S2. This fact might be due to
structural changes of C—-S—H that appear around CaO/
Si0, =~ 1.16, which would be the frontier between C-S-H
() and C-S-H (f) [12].

Sample S4 with the highest CaO/SiO, ratio shows the
NMR signal of a Q? tetrahedra, and a well-defined Q' peak.
The resonance of the QP tetrahedra disappears in accor-
dance with [12]. A new resonance (Qz(Mg)) has also been
identified in this sample. This new resonance is observed in
the region of the nesosilicates (Q°% and coexists with the
resonance peak of the unreacted anhydrous part of C;S.
The new resonance in S4 (Fig. 4) does not seem to corre-
spond to a crystalline phase. The linewidth at half-height of
this one is slightly larger with respect to the Q° signal from
the anhydrous crystalline Cs5S.

A chemical balance for the calcium content has been
calculated using the results of the chemical analyses,
thermogravimetric data, and the deconvolution of NMR
spectrum by supposing that the new signal is C3S. The
results of the chemical balance on the calcium content
seems to discard the attribution of this peak to a C3S
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residue. In the same way, a new chemical balance on the
calcium content has been achieved, but supposing that the
new signal might be C,S, the chemical balance discard this
possibility too. Moreover, Gaussian lines of unreacted
anhydrous C;3S and the new one have identical intensity,
the attribution of this one to C,S is not supported by XRD
diffractogram where C,S remains as impurities.

Other neglected hypotheses for the new resonance of
QZ(Mg) have been evaluated such as follows:

e Magnesium silicates in the range of the nesosilicates
(QO), as olivine, chondrodite, and fosterite, are dis-
carded because of their isotropic chemical shifts that
are about —60 to —62 ppm [21], which are largely
shifted from the new resonance Qz(Mg) of S4. More-
over, crystalline magnesium silicates are not identified
by the XRD here.

e The possibility of a Q®® (SiOSi, SiOH, SiOMg) is
discarded, because the new resonance is largely shifted in
comparison with the resonance of the QP tetrahedron
and, in agreement with Klur [12] the deconvolution of the
sample S4 (CaO/SiO, > 1.6) does not denote the pres-
ence of QP tetrahedral.

e The C-S—H gels of CaO/SiO, > 1.0, display a resonance
at (—76 ppm) [12], attributed to a silicon tetrahedral le
(Fig. 6¢). The new resonance (Qz(Mg)) is shifted to
3 ppm from this one, therefore the silicon tetrahedral
Q'P(CaOH) is not considered.

e In the same way, the substitution of calcium by
magnesium (Q'P(MgOH)) is discarded because follow-
ing the correlation of Janes and Oldfied [44] the
resonance of a le(OCa, OCa, OH, OMg) tetrahedral
will give a peak at —68.8 ppm.

Finally the possibility of the incorporation of magne-
sium ions into the gap of the silicon tetrahedron Q2
(Fig. 6b) has been considered. This fact involves the
incorporation of magnesium ions in tetrahedral sites.

To confirm this fact, the correlation of Janes and Old-
field [44] has been applied to the model that is shown
in Fig. 6b: 6Q?*(Ca) — 0Q'(Mg") = Q?*(2Si0Si, 2Si0Ca) —
Q' (SiOSi, 2Si0Ca, SiOMg) = +11.38 ppm. The chemi-
cal shift difference is close to the experimental value,
+12.8 ppm. The incorporation of magnesium ions in tet-
rahedral position should be equilibrated by calcium atoms
because the Loweinstein’s rules exclude the balance by
magnesium (Mg—O-Mg) (see Fig. 6b). In literature, there
are few examples that are related to tetrahedral magnesium
sites: MgAl,O,4 [45], MgSiN, [46], MgAISiN; [46], and
akermanite [47].

The NMR chemical shifts depend primarily on the
atomic nearest neighbor (NN) and next-nearest neighbor
(NNN) structures; then, nuclei of atoms in similar local
structure resonate at similar chemical shifts. Akermanite
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Fig. 7 Structure of akermanite
[36]. Spatial group: P421 m.
Lattice parameters: a = 7.8338
A, b =5.0082 A,

alpha = 90.00°, beta = 90.00°,
gamma = 90.00

structure is shown in Fig. 7, which corresponds to a mag-
nesium silicate, catalogued as sorosilicate Si,O; group. In
this structure, silicate tetrahedra are connected to magne-
sium tetrahedra. The *°Si MAS-NMR of akermanite is
characterized by an isotropic chemical shift at —73.7 ppm
[21], this one is very close to the Q](SiOSi, 2Si0Ca,
SiOMg) (—73.0 ppm). Looking at Fig. 7, the configuration
of the network setting around the two coordination spheres
of the tetrahedral magnesium into the akermanite structure
[48] is similar with that of the pattern of Fig. 6b and deduced
from the NMR fitting. Consequently, in the C—S—H gel with
CaO/SiO, > 1.6, magnesium ions might be incorporated
into the gap of the Q°P silicon tetrahedron, but the expected
number of magnesium tetrahedra into the C—S—H gel is low,
because there are two Q'(SiOSi, 2SiOCa, SiOMg) per each
QOp(Mg) (see Fig. 6b). The incorporation of Mg into this
sample has been confirmed by SEM-EDAX [16]. The
attribution of this peak to a silicon bonded to tetrahedral
magnesium as described in Fig. 6b might be confirmed by

AKERMANITE

Infrared spectroscopy [16], where the Mg—O vibration of the
MgO, tetrahedra has been observed. This vibration does not
correspond to akermanite because no crystalline magnesium
silicates have been identified by XRD.

In the sample S4, there exists the possibility of a co-
precipitation of C—S—-H gel and an amorphous silicate of
calcium and magnesium. The amorphous magnesium sili-
cate would have an akermanite-like structure, in which
some magnesium ions are in tetrahedral sites.

Conclusions

The aim of this paper is to support that high-resolution
solid-state NMR of *°Si MAS-NMR would be able to
identify the presence of magnesium in the C—S—H gel as
previously demonstrated by SEM-EDAX studies and
infrared spectroscopy [16]. The main conclusions obtained
in this study are:
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(1) The hydration of tricalcium silicate in hydrothermal
conditions at 100 °C in the presence of magnesium
oxide leads mainly to the precipitation of C—S—H gel,
brucite, and a weak presence of portlandite and
carbonates.

(2) The deconvolution of 2°Si MAS NMR of low C-S-H
gels would confirm the dreierketten structure with
some defects (Q° defect and Q*").

(3) From the deconvolution of NMR spectra and based on
the “defect tobermorite model”, some new reso-
nances appear that are interpreted to correspond to the
incorporation of the magnesium ions into the struc-
ture of the C-S—H gel. The coordination of
magnesium depends on the CaO/SiO, ratio.

(4) For C-S-H gels with a CaO/SiO, ratio < 1, some
magnesium ions might be incorporated into the
octahedral sites in the interlayer space of the dreier-
ketten pattern. The isotropic chemical shift of the
silicon tetrahedra bonded to an octahedral magnesium
would be about —77.5 to —79.1 ppm, and assigned as
Q*"(SiOSi, SiOH, SiOMg).

(5) For C-S-H gels with a CaO/SiO, ratio > 1, some
magnesium ions might be incorporated into the gap of
the QP silicon tetrahedron as tetrahedral magnesium.
The isotropic chemical shift of the silicon tetrahedra
Ql(SiOSi, 2S8i0Ca, SiOMg) bonded to the tetrahedral
magnesium would be about —73.0 ppm.
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