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The structure and solubility of hydrothermally prepared 11 A Al-tobermorite with Al/(Al + Si) = 0.1 has been
studied. NMR and FTIR data indicated the formation of a cross-linked, well crystalline 11 A Al-tobermorite and
preferential uptake of Al in the branching sites of the silicate chains. The incorporation of Al in branching sites of
11 A tobermorite increased the basal spacing of the 11 A Al-tobermorite by ~0.18 A. Solubility experiments
indicated little effect of temperature on the solubility of 11 A Al-tobermorite and a weak stabilization of 11 A Al-
tobermorite with regard to 11 A tobermorite. The experimental data confirmed the strong similarity in structure,

Al-uptake, and solubility with poorly ordered C-A-S-H gel, although C-A-S-H gels showed a lower degree of
ordering, the absence of cross-linking, an increased basal spacing, and a higher solubility.

1. Introduction

Reducing of the CO, emissions associated with cement production,
which are around 800 kg per metric ton of manufactured cement, is
currently one of the most important and urgent research topics within
the cement community. A promising strategy to lower these CO, emis-
sions is to reduce the clinker content by partially replacing Portland
cement with supplementary cementitious materials (SCMs) such as blast
furnace slags, fly ashes or calcined clays [1-4]. The use of such SCMs
affects the composition, structure and properties of the main hydrate
phase, calcium (alumino) silicate hydrate (C-(A-)S-H) gel, by increasing
the SiO3 and Al;O3 content in the hydrated cements. The solubility of C-
S-H and its ability to bind aluminum are key parameters for predicting
the stable phase composition of hydrating cements. The changes in
thermodynamic properties and structure of C-A-S-H have received
considerable attention due to their relevance for Portland cement (PC)
and PC blended with SCMs [5-9].

The structure of the poorly ordered C-S-H gels is related to a defec-
tive tobermorite structure. Thus, much of the knowledge about C-S-H
structure as well as modern thermodynamic models for describing C-A-
S-H solubility are based on the knowledge about the tobermorite min-
eral group [10-12]. The main building blocks in C-A-S-H and in tober-
morite are the so-called “dreierketten” (alumina)silicate chains, which
are flanked on one side by the interlayer and on the other by calcium

oxide sheets. The main differences between the hydrothermally syn-
thesized 11 A Al-tobermorite and poorly crystalline C-A-S-H gels pre-
pared at room temperature are the degree of ordering, an increased
basal spacing and the absence of cross-linked silica sites in the C-A-S-H
samples. Hence, an improved understanding of crystalline 11 A tober-
morite minerals in terms of structure and solubility and the effect of Al
substitution can significantly contribute to the scientific understanding
of calcium (alumino) silicate hydrate gels.

Calcium silicate hydrate minerals belonging to the tobermorite
group can be characterized by a basal spacing of approximately 11 A and
an orthorhombic sub-cell symmetry, which is the case for the 11 A Al-
tobermorite synthesized in this study [15]. Note, not all minerals in
the tobermorite group have orthorhombic symmetry and a basal spacing
of 11 A [16]. For the synthesized tobermorite in this study, the word
tobermorite is used in reference to 11 A tobermorite. Aluminum can
replace silicon in the bridging sites of the silicate chains [15]. In the case
of partial substitution of silicon by aluminum the charge balance is
restored through substitution of 02 by OH™ in the silicon tetrahedron
[13]. Hence, a general formula of tobermorite can be written as
Cagx(AlySip.y)O01542x.y(OH)2.2x+y-5H20 [15]. Consequently, the crys-
tallochemical formula corresponds to Cas[SigO17]-5H20 for a tober-
morite without Al substitution and a Ca/Si ratio of 0.83, while a
tobermorite with a Ca/Si ratio of 0.83 and Al/(Al + Si) = 0.1 as syn-
thesized in this work, would be described as Cas(AlggSis.4)
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016.4(0OH)p6:5 HyO or in the correct crystallochemical formula as
Cas[Ho.6Sis.4Al0.6017]-5H20.

The structure of 11 A tobermorite (double chain tobermorite,
orthorhombic subcell), consists of infinite layers of CaO polyhedra, with
tetrahedral silicate chains on both sides of such layers. The silicate
chains are made of repeating units of two pairing silicates connected to
the CaO main layer and a bridging silicate linked to the next pairing
silicates forming long silica chains as illustrated in Fig. 1. The silicate
chains are negatively charged, which is compensated by additional Ga*
in the interlayer, where in addition water is present. Compositional
variation caused by different calcium and water contents in the inter-
layer gives tobermorite group end-members of CasSigO15(0OH)2-5H20
and CasSigO17-5H20. The differences in the chemistry result in a
different thermal behavior. According to Mitsuda and Taylor [17],
tobermorites with a low Ca/Si ratio (e.g. 0.66 for CasSigO15(0OH)2-5H20)
show an “anomalous” behavior, i.e. showing no decrease in basal
spacing if heated, while increasing Ca content would lead to a so called
“normal” behavior. It was additionally observed, that “anomalous” 11 A
tobermorite contained a significant Al component as well as alkalis [17].

The Carich endmember of 11 A tobermorite is characterized by a Ca/
Si molar ratio of 0.8333 and a cross-linking between adjacent silicate
chains [13]. Based on the Loewenstein rule of Al-O-Al link avoidance
[18], only one of two cross-linking sites can be occupied by Al, resulting
in a maximum Al occupancy of 1/¢ of the tetrahedral sites of the silicate
chain (Al/Sipax = 0.2, Al/(Al + Si)max = 0.17). In contrast, for poorly
ordered C-A-S-H gels, where cross-linked bridging sites are largely ab-
sent [7], a higher maximum Al-uptake of up to 1 3 of the tetrahedral sites
of the silicate chain (Al/Sipmax = 0.5, Al/(Al + Si)max = 0.33) could
theoretically be possible in an infinite silicate chain [19]. The presence
of aluminum accelerates the formation of tobermorite under hydro-
thermal conditions [20,21] and leads to a stabilization of Al-tobermorite
relative to tobermorite [22]. The substitution of silicon by aluminum
leads to an increase in the basal spacing (lattice parameter c) and
decreased crystal domain size in the a-direction, which can be detected
by applying an anisotropic crystallite size model combined with Rietveld
refinement, as observed in numerous XRD and NMR studies [20,23-30].
In addition, at high aluminum dosage (Al/(Al + Si) > 0.15) the presence
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of crystalline katoite (CagAl,(OH);5) is observed [31], where Al is pre-
sent in octahedral coordination.

Only a few thermodynamic data sets [5,32,33] and solubility mea-
surements for tobermorite [33,34] have been reported in the literature.
The solubility products for tobermorite reported in the literature vary
considerably from 10 to 102 (Table 1) or 107 1087 if scaled to
contain 1 mol of silicon, while for amorphous C-A-S-H gels with Ca/Si
between 0.8 and 0.85, solubility products of ~1078 are reported in the
absence and presence of Al [35-38]. No measured solubility data are
available for Al-containing tobermorite.

The present work is focused on hydrothermally synthesized 11 A Al-
tobermorite as a crystalline proxy for calcium (alumina) silicate hydrate
(C-A-S-H). The structure of 11 A Al-tobermorite and its solubility are
investigated between 3 and 60 °C based on experimental data and
thermodynamic modelling.

2. Materials and methods
2.1. Synthesis procedure

The raw materials used for the synthesis of Al-tobermorite included
quartz flour (> 99.5 % SiOs, verified by XRF analysis, from Rotilab),
calcium hydroxide (synthesized from CaCOs > 99.95 %, from Alfa
Aesar), aluminum hydroxide (> 99.9 %, from Alfa Aesar) and deionized
water. Thermogravimetric analysis (TGA) confirmed the absence of
additional water in calcium hydroxide and aluminum hydroxide and the
presence of <0.5 wt% of COz in calcium hydroxide. The weight pro-
portions of the solid raw materials were calculated and conformed to the
molar ratios Ca/(Si + Al) = 0.83 and Al/(Al + Si) = 0.1, thus correspond
to a 11 A Al-tobermorite: Cas[Hg ¢Si5.4Alg 6017]-5H50.

The solid raw materials were first weighed and later homogenized in
a laboratory mill. The water-to-solid ratio was fixed at 3 and the slurry
was prepared by manual stirring for 1 min at 23 °C. A PTFE-lined
stainless steel autoclave was used for the hydrothermal treatment.
After 20 h at 180 °C and 1.1 MPa autogenous steam pressure, the
autoclave was cooled to ambient temperature and the sample was
removed for drying. After drying at 60 °C for 12 h, the sample was
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Fig. 1. The arrangement of (a) cross-linked (based on the tobermorite structure from Merlino et al. [13]) and (b) non-cross-linked tobermorite-like structures. Blue,
gold, turquoise, red and white spheres represent Si, Al, Ca, O and H, respectively and dashed circles vacancies in bridging sites. Q™ n indicates the numbers of Si
tetrahedral neighbors, b: bridging position, p: pairing position. Visualization realized with VESTA [14]. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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Table 1
Thermodynamic properties of tobermorite, SiO», Al,O3 and structural water at 298 K and 1 bar pressure.
log Kso* AG® AH° S° Cp Vol Reference
kJ/mol kJ/mol J/mol/K J/mol/K em®/mol
11 A-tobermorite: CasSig017-5.5H0 —49.46 —9889.25 —10,680.92 692.55 764.91 286.2 [5]
—49.25 —9880.31 —10,695.56 611.49 698.52 [32]
—44.8 to —52.4 [33]
SiO, (quartz) —856.287 -910.70 41.46 44.60 22.69 [39,40]
Al,03(corundum) —1582.26 —1675.70 50.92 79.03 25.59 [39,40]
structural H,O 40.2 40.0 13.7 [41]

2 Kso,tobermorite = 1Ca>"}°-{HSi03 }*-{OH }*.{H,01}%%; {} denotes activities. Scaled to 6 mol of silicon.

ground using an agate mortar.

2.2. Solid phase characterization techniques

2.2.1. XRD

The XRD data of the synthesized sample was measured with a D8
DaVinci diffractometer (Bruker AXS; CuKay o; 0.5° divergence slits; 2.5°
soller slits; elimination of CuKp by Lynx Eye Detector). The measure-
ments were recorded from 5° to 75°26 with a step size of 0.02°20 and
0.5 s/step. After 120 days, the sample was measured again with equal
parameters following storage at 60 °C in aqueous solution. The XRD data
was evaluated using the Rietveld analysis [42] combined with an
external standard method [43,44]. Rietveld refinement was done using
Topas V.5 from Bruker AXS applying the fundamental parameters
approach [45]. Crystallographic structures of tobermorite (ortho-
rhombic sub-cell), quartz and calcite were used for Rietveld refinement
respectively [46-48].

The domain morphology of Al-tobermorite was verified based on
anisotropic peak broadening [25,49]. The synthesized tobermorite was
heat treated at 300 °C for 2 h and measured again applying the same
parameters in order to investigate whether the tobermorite synthesized
is a “normal” or an “anomalous” tobermorite [17].

2.2.2. TGA

Thermogravimetric analysis (TGA) was performed on about 50 mg of
the powder using a NETSCH STA 449 F1 Jupiter under nitrogen atmo-
sphere with a heating rate of 5 °C/min between room temperature and
1000 °C. Both the curve for relative weight change and the differential
mass loss were plotted and used for qualitative assignment of the mass
loss during drying.

2.2.3. %Al and #°Si NMR

29gi MAS NMR single-pulse experiments were recorded using a
Bruker Advance III NMR spectrometer with a 7 mm CP/MAS probe and
applying 79.5 MHz. Additionally, 4500 Hz was used for the sample
rotation rate and a minimum of 3072 scans were recorded. 30° 2°Si pulse
of 2.5 us was used and 20 s relaxation delays. The RF field strength was
33.3 kHz during SPINAL64 proton decoupling. The chemical shifts
recorded were referenced using tetramethylsilane (TMS, d29Si = 0.00
ppm). The deconvolution of the recorded data was done by least squares
fitting applying Lorentzian and Gaussian functions (50/50), considering
the structural restraints imposed by the tobermorite structure, i.e. the
presence of two Qg pairing sites for each bridging Qf site: Qg* = 2Q?
(where Q;* equals to ij pairing corrected for cross-linked sites: Qp* =
Qg - 2(Q3 + Q3(1Al)) and the presence of at least two Qg(lAl) pairing
sites for each cross-linked Q3(1Al) site: Qg(lAl) >2 Q3(1Al) as detailed
in Myers et al. [7,10]. The discussion is based on Q" classification of the
Si tetrahedron, where n varies from 1 to 4 giving the number of further
connected Si or Al tetrahedrons.

27 A1 MAS NMR measurements were carried out using a 2.5 mm CP/
MAS probe. The single-pulse experiments for 27Al MAS NMR were
recorded with 104.26 MHz. The parameters used in the present study are
20 kHz spinning speed, 4000 scans, n/12 pulses of 1 ms without 1H

decoupling, and 1 s relaxation delays. In order to reference the chemical
shifts of the Al MAS NMR spectra, 1.0 mol/1 AlCl3-6H20 solution was
used at 0 ppm. The discussion is based on q" classification of the Al
tetrahedron, where n varies from 1 to 4 giving the number of connected
Si tetrahedrons.

2.2.4. FTIR

ATR-FTIR (attenuated total reflectance Fourier-transform infrared)
spectra were measured using a Bruker Tensor 27 FTIR spectrometer with
a diamond ATR crystal. 32 scans were recorded and averaged focusing
on the transmittance between 340 cm ™! and 4000 cm ™! with a resolu-
tion of 4 cm ™. Approximately 5 mg of powder were used. The software
package of Bruker (OPUS 8.2 SP2) was used for baseline correction. The
recorded spectra were normalized to the intensity of the peak around
960 cm ™.

2.2.5. Raman

Raman spectra were acquired using a WITec Alpha 300 R confocal
Raman microscope in backscattering geometry. A diode-pumped green
laser with a wavelength of 532 nm laser was used in combination with a
50 x objective lens. The Rayleigh scattered light was blocked by an edge
filter. The backscattered light was coupled to a 300 mm lens-based
spectrometer with a grating of 600 g/mm equipped with a cooled
deep-depletion CCD. Back- illuminated CCD chip with 1024 x 127 pixel
format, pixel size 26 x 26 pm. The laser output power was set to 20 mW,
the integration time was 10 s and each spectrum was recorded 10 times.
The tobermorite samples showed strong efflorescence. Spectral analysis
was conducted using Spectragryph and the spectra have been normal-
ized to the most intensive band at ~ 670 cm™! [50].

2.3. Solubility experiments

The synthesized and ground sample was stored in aqueous solutions
in four batches at 3, 23, 40, and 60 °C for 120 days in order to reach the
respective equilibria. All of the vessels were sealed with Parafilm. The
samples were shaken once per week. After 30, 60, 90, and 120 days of
storage, a small amount of solution (approximately 2 ml) was taken to
determine pH and aqueous concentrations and filtered through a 200
nm filter in order to remove any solid particles.

The pH values were determined from a small aliquot of the undiluted
solutions equilibrated to 20 °C due to practical reasons (pH meter
Mettler Toledo SevenCompact, equipped with pH electrode N6000bc
from SI Analytics; calibrated with pH 7.0 (Roth, A518.2), 9.0 (Roth,
A519.1), and 12.0 (Roth, T189.2) standard solutions). ICP-MS analyses
were performed on acidified (HNO3 Suprapur) and diluted solutions, in
order to avoid any precipitation between sampling and measurement.
The total concentrations of Ca, Si, and Al were measured quantitatively
using quadrupole inductively coupled plasma mass spectrometry,
applying the standard addition approach for Si (Q-ICP-MS).

The solid fraction of the sample stored at 60 °C for 120 days was oven
dried at 40 °C and investigated by XRD analysis in order to verify the
phase composition and the basal spacing of 11 A Al-tobermorite.
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2.4. Thermodynamic modelling

Thermodynamic modelling was carried out using the Gibbs free en-
ergy minimization program GEMS [51,52]. GEMS is a broad-purpose
geochemical modelling code which computes equilibrium phase
assemblage and speciation in a complex chemical system from its total
bulk composition. Thermodynamic data for aqueous and solid species
were taken from the GEMS-PSI thermodynamic database [53,54]. The
measured total concentrations of Ca, Si and Al in the solution were used
to calculate ion activity and the solubility of Al-containing tobermorite
(downscaled to contain 0.9 mol of silicon and 0.1 mol of aluminum)
Cag g3Ho.1S10.9Al0.102.83 (H20)0.83 according to Eq. (1):

KSO.A]—tobermorite = {Ca2+ }0.833 . {HSIO3 - }0.9. {A1027 }U.l . {OH_ }OAGGG' {HZOO }OAI
(€8]

The activity of Ca™? HSiO3, AlO3, OH™, and H,0°, {i} was calcu-
lated with the help of GEMS using the measured total concentrations of
Al, Ca and Si and considering the formation of different aqueous com-
plexes. The activity of a species, {i}, equals {i} = y;-mj, where v; is the
activity coefficient and m; the concentration of the species or complex in
mol/kg HyO. The dimensionless activity coefficients (—), y;, were
computed with the extended Debye-Hiickel equation according to Eq.
(2):

—A, 221
L\/_er_

Vi @
1+Bavl

logy;, =

A common ion-size parameter a; of 3.72 A for NaCl solutions and
common third parameter b, (~0.64 for NaCl electrolyte at 25 °C) as
integrated in GEMS are used. z; denotes the charge of species i, I the
effective molar ionic strength, and A, and B, are P,T-dependent co-
efficients. This activity correction is applicable up to approx. 1 mol/kgy
ionic strength [55].

The measured total concentrations in the solution were also used to
calculate the saturation index (SI) of gibbsite and quartz: SI = log;o(IAP/
Kso). IAP is the ion activity product calculated from the measured total
solution concentrations and Kgp is the equilibrium solubility product
from the GEMS-PSI thermodynamic database [53,54].

The thermodynamic data for (Al)-tobermorite at temperatures other
than 25 °C was calculated using the temperature dependence of the
apparent Gibbs free energy of formation from the element, A,G°, ac-
cording to Eq. (3):

T T
C{)
A,Gh = &Gy — 87 (T —To) — //%deT
To To
0 0 T 2
= AGY, — S5 (T —To) — ap T =T+ Ty | = 0.5a (T —To)
0

2
(T-T)° (ﬁ - ﬁ")
—dy 5 T 4d3
2T T, VT,

3

where ag, aj, as, and ag are the empirical coefficients of the heat capacity
equation C°p = ap + aiT + a T2 + a3T'0‘5, T (K) the experimental
temperature, while 298.15 K corresponds to the reference temperature
To. The apparent Gibbs free energy of formation, A,G°r, corresponds at
298.15 K to the Gibbs free energy of formation, A¢G°rg. The above
calculation is integrated in the GEMS-PSI code. A more detailed
description of the derivation of the temperature dependence of the Gibbs
energy is given in the online documentation of GEMS [56], or in [57].

No measured entropy or heat capacity data are available for Al-
containing tobermorite, thus these data were estimated from the en-
tropy and heat capacity data of 11 A-tobermorite, corundum(C), struc-
tural water (H) and quartz(Q), as summarized in Table 1 following the
procedure outlined in Helgeson et al. [41]. The entropy of Al-
tobermorite, Cag g3Hp 1Sip.9Alp 102.83-0.83H20, was estimated form 11
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A tobermorite, Cag g3Si02 g3-0.83H20, according to Eq. (62) in [41]: Sa)-
Tob = (Stob - 0.1Sg + 0.05S¢ + 0.05Sy)-(V°rop - 0.1Vg + 0.05Vc +
0.05Vy + V°aLtob)/2/(Voreh - 0.1Vg + 0.05Vc+ 0.05Vy), taking into
account the effect of molar volume. The C; was calculated from the heat
capacity of the different solids C, a1.Tob = (Cp,Tob - 0.1Cp o + 0.05C;, ¢ +
0.05C;, 1), assuming AC,» = 0 following Eq. (78) in [41].

3. Results
3.1. Solid-phase analysis

3.1.1. XRD

The results of powder XRD analysis are given in Fig. 2 and show that
Al-tobermorite was successfully synthesized along with minor amounts
of calcite and quartz. The quantification of the sample using the external
standard yields 81 wt% of crystalline sample and 19 wt% amorphous
phase. The amorphous content is most likely due to the presence of some
non-crystalline C-A-S-H. The refinement of the synthesized 11 A Al-
tobermorite shows good agreement with the orthorhombic sub-cell
symmetry reported for the tobermorite group.

The synthesized 11 A Al-tobermorite was heated up to 300 °C and
measured again in order to show whether the tobermorite can be
assigned to a “normal” tobermorite or “anomalous” tobermorite. Ac-
cording to Merlino et al. [15], a tobermorite that shows a decrease in
basal spacing from 11.3 A to 9.3 A can be assigned to the structure of a
“normal” tobermorite, while a “anomalous” tobermorite shows no
decrease in basal spacing after heating. As shown in Fig. 3, the tober-
morite synthesized in this study shows a decrease in basal spacing and
consequently can be described as a “normal” tobermorite. These findings
are also in line with the literature, where it is reported that replacing
silicon with aluminum leads to a “normal” tobermorite, while higher
amounts of alkalis would lead to an “anomalous” one [21,29,58]. The
synthesized tobermorite shows “normal” behavior, which points to-
wards the Ca-rich endmember Cas[Hg ¢Sis 4Alg.017]1-5H20 [17].

For the synthesized 11 A Al-tobermorite, a basal spacing of 11.3 A
was determined for the (002) reflection, as well as a unit cell volume of
474 A for the Cas[Ho 6Sis5 4Alp 6017]-5H20 composition. The refinement
was done based on the structure suggested by Hamid et al. [46]. The
increase of the basal presence and lattice parameter ¢ (22.8 A) complies
with values reported in previous studies on Al-tobermorite [59]. In
accordance with the results in previous studies [44,49], the anisotropic
peak broadening indicated that the presence of Al in tobermorite
resulted in a reduced crystallinity in a direction (perpendicular to the
silicate chains).

Fig. 4 summarizes reported basal spacing for synthesized tobermor-
ites with and without Al and illustrates that the 11 A Al-tobermorite
synthesized in this study shows a basal spacing comparable to the
spacings reported in the literature for Al-tobermorite. The presence of Al
in tobermorite clearly increases the basal spacing due the substitution of
Si in the bridging sites by Al, as Al—O bonds are about 8-10 % longer
than Si—O bonds [31,60]. Thus, the increase of the basal spacing
determined by means of X-ray diffraction and Rietveld analysis is a
reliable indicator for the incorporation of Al in the structure of the
synthesized Al-tobermorite.

Rietveld analysis was also used to assess possible changes during the
equilibration in aqueous solutions to determine the solubility of 11 A Al-
tobermorite (Fig. 5). No new phases appeared and no significant disso-
lution was observed to occur during the solubility experiments. Slightly
more calcite was present in the stored sample, most likely due to
carbonation during the second drying step. The basal spacing did not
change during the experiments, as seen in the constant position of (002)
reflection (Fig. 2), indicating that the original 11 A Al-tobermorite
species remained structurally intact during the solubility experiments.

3.1.2. Water content
TGA results are shown in Fig. 6, where the differential mass loss as
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Fig. 2. XRD patterns of the synthesis product before and after storage for 120 days at 60 °C with calculated fits of crystalline phases therein.
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Fig. 3. Shift of (002) reflex of 11 A Al-tobermorite after heating to 300 °C,
indicating that the synthesized 11 A Al-tobermorite is a “normal” tobermorite.

well as the relative sample mass are plotted against temperature. The
weight loss between 80 °C and 150 °C can be assigned to the weight loss
due to loosely bound and interlayer water of the Al-tobermorite, com-
parable to the temperature region where the water loss of tobermorite
[27,64] and of C-A-S-H [7] is observed. An additional weight loss is
present between 400 °C and 600 °C. A comparable weight loss was
described for tobermorite by Yu et al. [65], who assigned it to an
amorphous phase. This weight loss was also reported by Myers et al. [7]
for C-A-S-H samples prepared at 80 °C, but not for samples prepared at 5,

12.0
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o W Komarneni et al. 1982 I
g 1187 ¥ Yimetal. 2005 |
o A Matsui et al. 2011 I
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d(A) = 1.468 * (A/(AI+Si)) + 11.26 A
I
110 T T T T L T
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Al/(AI+Si)

Fig. 4. Basal spacing (d) in c-direction vs Al/(Al + Si) as reported in literature
and from synthesized 11 A Al-tobermorite (assuming complete Al uptake in
tobermorite; all reported Ca/Si ratios between 0.8 and 0.9). Theoretical
maximum Al occupancy 1/¢ in silicate chain: Al/(Al + Si)max = 0.17. Data from
[22,24,26,29,61-63].

20, or 50 °C. They reported this weight loss only for samples where
cross-linking between the silicate chains was observed by 2°Si NMR,
while [37] observed this signal also for C-A-S-H samples at 20 °C, where
no cross-linking was reported. Together this could indicate that cross-
linked C-A-S-H and 11-A tobermorite loses a part of the interlayer
water at a higher temperature than non-cross-linked C-A-S-H samples or
the formation of an un-identified amorphous phase. The weight loss
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Fig. 5. Rietveld results of the 11 A Al-tobermorite synthesized before and after
equilibration in water at 60 °C for 120 days.

between 600 and 650 °C is due to the presence of some calcite in the
sample (as also observed by XRD, Fig. 2), while the signal at 800 °C is
associated with loss of the OH group due to destabilization of tober-
morite to wollastonite at this temperature [7,27].

The total measured weight loss is 15 wt% of the sample, which can be
separated into around 12 wt% of water loss from the dehydration of the
Al-tobermorite (up to 600 °C), 3 wt% of CO5 loss due to the decarbon-
ation of calcite present in the sample and a little weight loss of OH
groups due to wollastonite formation. The observed weight loss of
around 12 wt% is in line with the expected weight loss of 12.32 wt%
expected for 11 A tobermorite, Cas[SigO17]-5H20 [13], indicating a
comparable  water content in 11 A Al-tobermorite:
Cas[Ho 6Sis 4Alp 6017]1-5H20 (with a theoretical weight loss of 12.33
wt%). The measured weight loss of Al-tobermorite is lower than the
weight loss of ~ 20 wt% observed for poorly ordered C-A-S-H gels with a
comparable composition [35,37].

Formation of 9A tobermorite

Cement and Concrete Research 159 (2022) 106871

3.1.3. Siand AI-NMR

The 2°Si MAS NMR spectra of Al-tobermorite shows several bands,
which can be assigned to an Al-substituted cross-linked tobermorite
structure (Fig. 1, Fig. 7). Bands at —80.2 ppm, —82.7 ppm, —84.2 ppm
and — 85.8 ppm are visible, which were assigned to Q, Qg(lAl),
Q?(bridging), and an (pairing) silica species [66,67], respectively,
indicating the presence of Al in the silicate chain. Another Qﬁb band can
be detected at —88.5 ppm [68]. In addition, cross-linked Q3(1Al) and Q3
(see Fig. 7 and Table 2) sites can be detected at —91.9 ppm and -96.6
ppm as previously reported in [7,69], indicating that both Si and Al are
present in the branching sites (Q% in Al-tobermorite, supporting pre-
vious observations [10,18,70] that aluminum is not present in pairing
Qg and/or Q! sites. The presence of roughly 2.2 times as much QS(IAI)
as Q3(1A) sites indicates that most of the Al is present in the cross-linked
branching sites and little (20 % or less) in non-cross-linked bridging Q2
sites. This is in agreement with mesoscale Monte Carlo simulations and
first-principle calculations, which showed that Al is more likely to sub-
stitute for Si at cross-linking sites than at bridging sites [19,71].

Based on the structural arrangement of the silicate chains in so-called
“dreierketten” (see Fig. 1), the mean chain length (MCL,, the average
number of aluminosilicate tetrahedral in a cross-linked, as indicated by
the subscript ., tobermorite-like chain) as well as the molar Al/Si, ratios
were calculated using Egs. (4) and (5) for the cross-linked C-A-S-H
structures as detailed in Myers et al. [7,10] and Richardson [72]:

410" + Q* + Q*(Al) + Q° + 20°(AD) ]

MCL, — o )
. 0’ (Al)
Al/ S = T O Al + O OAD ®)

A mean chain length of 23 was calculated for the synthesized 11 A Al-
tobermorite, comparable to a MCL. of 23 to 28 calculated from the Si
NMR data for hydrothermally prepared Al-tobermorite [27,64,73], but
somewhat shorter than the MCL, of ~70 calculated for an Na-containing
Al-tobermorite using the data reported by [69]. Note that the Al-
tobermorite has more Q1 sites (=20 %), Q% (=5 %) sites and a lower
MCL thanl1 A tobermorite without Al, where MCL > 100 have been
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Fig. 6. Differential mass loss and relative sample mass of the synthesized 11 A Al-tobermorite measured by TGA.
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Fig. 7. 2°Si MAS NMR results and fitted spectra for the Al-tobermorite syn-
thesized in the present study.

Table 2
Results from 2°Si MAS NMR of 11 A Al-tobermorite.

Band position (ppm) Silicate species Fraction® (%)

—80.2 Q! 19.6
-82.7 Q3(1A1) 23.7
—84.2 Q? 4.6
-85.8 Q& 34.2
-88.5 Q¥ 2.6
—-91.9 Q3(1AD) 10.6
—~96.6 Q3 4.6
Mean chain length” 22.6
Al/Si 0.106

* Q¥ = 208 (Q* = Q7 - 2(Q% + Q°(1AD) and QF(1AD > 2 Q*(1AD), see [7].
b Calculated using Eq. (4).
¢ Calculated using Eq. (5).

reported [73], indicating that Al in tobermorite lowers the degree of
polymerization in agreement with the observations of [27,59,73]. This
decrease in polymerization in the presence of aluminum seems to indi-
cate that a (minor) part of the bridging Al and Si sites in Al-tobermorite
are not cross-linked.

In addition, the MCL of C-S-H and C-A-S-H samples synthesized at
room temperature is with 20 to 27 comparable [35,74]. The main dif-
ference between the hydrothermally synthesized 11 A Al-tobermorite
and poorly crystalline C-A-S-H gels prepared at room temperature is
the absence of cross-linked silica sites in the C-A-S-H samples, which,
however, does not significantly lower the calculated MCL. For C-A-S-H
samples prepared at elevated temperature (50 °C in the presence of al-
kali, at 80 °C without alkalis) in addition to C-A-S-H, the formation of
some 11 A tobermorite and the presence of cross-linked Q3(1Al) and Q3
sites has been observed as well as an increase in the MCL [7,75].

The calculated Al/Si value of the sample is 0.106, which is in
agreement with the weighed initial amounts. The high Al/Si also con-
firms a complete uptake of Al in the tobermorite structure, in agreement
with preparations of Al-tobermorite reported in literature, where Al/Si
up to ~0.2 has been observed [27,69].

The %Al MAS NMR spectrum for the 11 A Al-tobermorite sample as
given in Fig. 8 shows a main signal at ~62-66 ppm indicating the
presence of tetrahedrally coordinated Al(IV). The position of this band
agrees with previous studies on Al-tobermorite, where signals at ~ 64
ppm have been reported for Al-tobermorite [27,59,62,64,76,77]. In
many cases, a second band at ~ 56 ppm with varying intensities has also
been reported. The sites had previously been assigned to Al in bridging
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Fig. 8. Al MAS NMR of the 11 A Al-tobermorite synthesized in the present
study. The dashed lines indicate the main band at 64 (Al;;, = 66) and a minor
band at 56 (Al, = 56) ppm (both assigned to branching Al: q3(3Si)) with a
different chemical environment and a shoulder at ~72 assigned to a minor
amount of bridging Al: q*(2Si).

(qZ(ZSi)) at ~ 64 ppm and branching (or cross-linking) q3(SSi) sites at
~56 ppm [64,69,78]. Based on our 295i NMR data (Table 2), which
generally showed that most Al is present in branching sites, the
assignment of the band at ~64 ppm to Al in bridging (q%(25)) sites
appears questionable. At 64 ppm, the signal is at a frequency that is
around 5 to 10 ppm lower than the signals at 76 and 68 ppm assigned to
Al connected to two silica in the bridging sites, q*(2Si), in G-A-S-H
[68,78]. With increasing numbers of bridging oxygen connected to Al,
an increase in the shielding and a lower shift is expected [79] and thus
the band at 64 is tentatively assigned to a branching (or cross-linking)
q3(35i) site. The band at ~ 56 ppm reported in some preparations of
Al-tobermorite was not clearly observed (<10 %) in the 11 A Al-
tobermorite prepared in the present study (Fig. 8). This minor band at
56 ppm might be also assigned to a q>(35i) either in the vicinity of Ca (or
Na), which can lower the isometric shift by several ppm, [80] or to a
q>(35i) further away from the next Al as an increase of SiO content in
glasses results in a low-frequency shift of the Al resonance [81-84]. Only
a minor amount of Al in bridging position (signal at 68-76 ppm [68,78])
is observed, in agreement with the Si NMR data. No significant bands
can be seen for (’Al coordination at 25 ppm or for VPAl between 20 ppm
and O ppm, in agreement with previous studies on Al-tobermorite
[27,62,69,76,77].

In C-A-S-H samples with Ca/Si = 0.8 prepared at ambient tempera-
tures, generally tetrahedral VIA] coordination sites at ~76 ppm and
~68 ppm have been observed, which both have been assigned to Al in
the unbranched bridging sites, q%(2Si), of the C-A-S-H silicate chains
[35,68,71,78,85,86].

3.1.4. FTIR and Raman

The FTIR and Raman spectra of 11 A Al-tobermorite, of a C-S-H
sample with Ca/Sics.y = 0.88 and of a C-A-S-H sample with target Al/Si
= 0.1 and Ca/(Si + Al) = 0.73 are compared in Fig. 9. The second de-
rivative spectra of FTIR are added to read overlapping bands and make
the band position easier to identify. The vibrational spectra can be
divided into three types: bands due to CO% vibration, bands due to water
molecules and O-H group vibrations, and bands due to silicate (alumi-
nate) tetrahedral vibrations, those including from Al-tobermorite and
quartz.

Asymmetric stretching of C-O appears on the FTIR as a broad band
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Fig. 9. (a) FTIR finger-print region, (b) FTIR -OH region, and (c) Raman of Al-tobermorite (this paper), C-S-H (Ca/Sic.s.u = 0.88, without Al, equilibrated for 3
months, from [74]) and C-A-S-H (target Al/Si = 0.1, Ca/(Si + Al) = 0.73) equilibrated for 2 years, from [37]).

for C-A-S-H and several small peaks at 1350-1570 cm™'. The bands at
715 and 877 cm ™! in Al-tobermorite are due to the in-plane and out-of-
plane bending of CO%, due to the presence of some calcite in the sample
as observed by XRD and TGA. The presence of calcite is also visible in the
band at 1086 cm™L.

The intensive, broad FTIR band located at 2500-3700 cm ! indicates
the asymmetric stretching modes of O-H from water [74,87,88]. A
narrow band at 2981 cm ™! from the C-A-S-H can be assigned to the O-H
stretching from ethanol, used to wash the C-A-S-H samples [37]. The

scissoring bending signal of water appears at 1632 cm ™!, The band at
670 cm ™! can be partially attributed to water librations [88].

The FTIR bands in the region of 800-1200 cm ! are due to stretching
vibration of O-Si—O and/or O-Al-O, while SiO4 and/or AlO4 deforma-
tion, bending vibrations of the O-Si-O and/or O-Al-O groups in the
dreierketten chains and from water liberations [74,87] are visible from
400 cm ™! t0 800 cm™'; the band at 670 cm ™! is related to O-Si—O and/or
0O-Al-O bending and water librations. In general, Al-tobermorite shows
better resolved and defined O-Si and/or O-Al vibration bands than
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those of C-A-S-H, in agreement with the crystalline structure of the Al-
tobermorite and poorly crystallite feature of C-A-S-H structure.

The most intense FTIR peak in Al-tobermorite and the C-A-S-H ap-
pears as a complex group of bands in the range of 900-1100 cm !,
attributed to asymmetrical stretching vibrations of Si-O. The second
derivative of transmittance indicates the presence of two signals, a main
band at ~920 cm ™! and a shoulder at 1050 cm ™}, which are assigned to
the Si-O stretching of Q2 silicate (aluminate) tetrahedra [74,88,89].
Also the Raman band at 950-1010 cm ™! has been assigned to symmet-
rical stretching Q2 [90-93], and the shoulder at 950 cm’l, observed for
Al-tobermorite, to Si-OH stretching vibrations [73]. The Q?® bands in
Raman are expected at slightly higher wavenumbers (1050-1100 cm 1)
[91,94,95], which overlaps with the carbonate signal. For C-S-H an
additional SS Q' band at ~870-900 cm ™! is present. Additional Raman
bands are present at 800-900 cm ! and 1200-1400 cm ™!, which have
been reported in previous studies in C-A-S-H and Al-tobermorite
[26,93], but not assigned. Part of the signal at around 800 cm~ ! and
1080-1170 cm ™! could be due to the presence of quartz [96,97].

The intense bands from 400 to 550 cm™! in FTIR and Raman are
assigned to deformations of Si tetrahedra [69,74,89] or to O-Si-O
bending [70]. The band located at 438 cm ™! in FTIR and at 445 cm ™! in
Raman is assigned to deformations of Si tetrahedral and the FTIR bands
at 484 and 524 cm ™! to the bending vibration of 0-Si-O and/or O-Al-O
and Si—O-Si and/or Si—O-Al [98]. The Raman bands between 200 cm ™'
to 400 cm™!, are due to Ca®>" motions and Ca-O lattice vibrations
[91,92]. The peak at 480 cm™ ! is assigned to O-Si-O bending from
quartz [96].

The band at ~1170 em ™! in FTIR is characteristic of Al-tobermorite
and assigned to Si-O and/or Al-O stretching of Q® silicate (aluminate)
tetrahedra [59,89,98]. Also the Raman spectra in Fig. 9c highlights some
characteristics of Al-tobermorite. The main Si-O-Si bending peak in
Raman at 676 cm ™' and the main Si-O stretching peak in FTIR at 957
cm ! of Al-tobermorite is broader than the one of C-A-S-H, due to the
presence of an additional Al(Si)- OH band, at slightly lower wave-
numbers than the Si—- OH band [73]. In addition, a broad shoulder at
~560-620 cm ! in Al-tobermorite indicates the presence of Q3 sites,
symmetrical bending of Si-O-Si and/or Si-O-Al [26,73,91].

The presence of aluminum in the tetrahedral sites of Al-tobermorite
has been reported to result in a lowering of the wavenumber of the
stretching Q2 vibrations in FTIR at 1200 cm ™! as well as of the
stretching O—Si and/or O—Al at 970 cm ! [27,64,98]. The band posi-
tion of Q% and of the most intensive O—Si and/or O—Al stretching at ~
970 cm™! were plotted versus Al/Si in tobermorite and C-A-S-H in
Fig. 10. A clear linear decrease of the wavenumber with increasing Al
content is found for Q% O-Si and/or O-Al stretching band. Similarly, a
lowering of the wavenumber for general O-Si(Al) stretching modes is
observed with additional Al, but associated with more scattering as the
position of the stretching band at 970 cm™! is influenced by the incor-
porated Al in two different ways. The replacement of silica by alumina in
tobermorite lowers the (vs;_ o) [871, while a lower Ca/(Si + Al) and thus
a higher polymerization degree shifts the signal to a higher wavenumber
[89]. This opposing trends explain why in the case of C-A-S-H, where the
addition of Al decreases the Ca/(Si + Al), no clear shift has been
observed, while in the case of tobermorite, where Si has been replaced
by Al at a constant Ca/(Si + Al), a decrease of (vo_sicar) is observed (see
e.g. dataset of Liao et al. [27] in Fig. 10 (b)), although some scatter is
observed between the different literature sources [27,64,89,98]. The
linear correlation of the Q® signal suggests that FTIR can be used simi-
larly as XRD to assess the Al/Si in tobermorite or cross-linked C-A-S-H
based on the O-Si(Al) stretching Q3 band position.

3.2. Solubility
3.2.1. Aqueous phase composition

At all temperatures studied, a moderate increase in the concentra-
tions of Al, Ca, and Si over time was observed between 30 and 60 days as
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Fig. 10. Correlation between (a) wavenumber of Q3 stretching vibrations (O-Si
(AD) in FTIR and Al/Si ratio in tobermorite (Al/Si = (1209-vo3 [em™])-
0.00352) and (b) wavenumber of O-Si(Al) stretching vibrations in FTIR and Al/
Si ratio in tobermorite and C-A-S-H gels. Solid symbols: tobermorite from
[27,64,89,98] and this study; empty symbols: C-A-S-H from [37]. Note that Yu
et al. [89], Mostafa et al. [98] and Liao et al. [27] used transmission FTIR, while
Guo et al. [64], Barzgar et al. [37] and this study used ATR FTIR.

shown in Fig. 11 and Table 3, while no significant differences were
observed between 60 and 120 days, indicating a slow dissolution of the
synthesized 11 A Al-tobermorite such that equilibrium was reached only
after 2 months and longer. Similar to our observations, Dickson et al.
[33] reported a slow equilibration for pre-synthesized tobermorite. The
solutions were moderately undersaturated with respect to gibbsite and
quartz (Table 3).

In most cases, somewhat higher calcium concentrations than silicon
concentrations were measured, which could indicate a slightly increased
availability of calcium in the tobermorite. At 60 °C, however, an in-
crease in silicon and a decrease in calcium concentration is observed at
longer equilibration times as well as a slight decrease in Al concentration
after >60 days. This could indicate some dissolution of quartz at 60 °C,
as those solution became slightly less undersaturated with respect to
quartz after 90 and 120 days (Table 3) or a possible re-arrangement in
the Al-tobermorite structure over time. This change, however, is only
visible at the elevated temperature of 60 °C and not associated with any
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Fig. 11. Measured total concentrations of Ca, Si and Al at 3, 23, 40, and 60 °C as a function of time.

Table 3
Measured total concentrations of Ca, Si and Al at 3, 23, 40, and 60 °C GEMS calculated and measured pH values, and saturation indices (SI) of quartz and gibbsite as a
function of time.

Equilibration time (days) Ca (mmol/1) Si (mmol/1) Al (mmol/1) pH" pH" pH® SI gibbsite! SI quartz?
3°C

30 0.38 0.26 0.017 11.5 11.3 10.7 0.0 -0.8
60 0.46 0.27 0.016 11.6 11.3 10.7 -0.2 -1.0
90 0.47 0.28 0.018 11.6 11.3 10.7 —0.1 -0.9
120 0.47 0.26 0.017 11.6 11.3 10.7 —0.2 -1.0
23°C

30 0.44 0.32 0.023 10.8 10.7 10.9 —0.2 -0.7
60 0.56 0.31 0.023 10.9 10.7 10.8 -0.4 -0.9
90 0.56 0.31 0.023 10.9 10.5 10.7 —-0.4 -0.9
120 0.56 0.31 0.023 10.9 10.6 10.8 —-0.4 -0.9
40 °C

30 0.45 0.30 0.026 10.3 10.3 10.9 -0.4 -0.8
60 0.56 0.29 0.027 10.4 10.1 10.7 —0.6 -0.9
90 0.56 0.30 0.028 10.4 10.1 10.8 -0.5 -0.9
120 0.56 0.32 0.025 10.4 10.1 10.8 —0.6 -0.9
60 °C

30 0.46 0.28 0.028 9.8 9.8 10.9 -0.7 -0.8
60 0.53 0.31 0.026 9.9 9.5 10.7 -0.8 -0.8
90 0.48 0.53 0.013 9.8 9.5 10.6 -0.9 -0.5
120 0.51 0.56 0.008 9.8 9.4 10.6 -1.2 -0.5

2 pH calculated based on measured total concentrations.

b pH corrected from 20 °C to 3 °C (+0.65), to 23 °C (—0.10), to 40 °C (—0.63) and to 60 °C (—1.14); effect of temperature on pH calculated by GEMS.
¢ pH measured at 20 °C.

4 Calculated saturation indices (SI) with respect to quartz and gibbsite.

obvious decrease of the amount of quartz as shown in Fig. 2 and Fig. 5. agreement with experimental observations in C-A-S-H gels, where much
The total Al/Si used in the experiments corresponded to 0.11, while lower Al than Si concentrations were observed [7,9,35-37,99] as well as
the Al/Si in the aqueous phase varied between 0.05 and 0.09, indicating with molecular calculations, which indicate a moderate stabilization of

a slight preference of tobermorite to incorporate Al over Si. This is in Al compared to Si in the bridging sites of C-A-S-H gels [71,100].
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The temperature had relatively little effect on the measured con-
centrations, in agreement with the observations reported for tober-
morite [33,34] as well as for C-A-S-H [7,38,75].

3.2.2. Solubility product of the synthesized 11 A Al-tobermorite

Based on the measured elemental concentrations of Ca, Si and Al, the
solubility product of 11 A Al-tobermorite (Kso,Al-tobermorite = {Ca%*}0833
. {HSing}O'9 . {AIOQ}O'1 . {OH}0-6%6 . {H20°}°'13) was calculated and
the data are summarized in Fig. 12. At all temperatures studied, a
moderate increase in the solubility product of Al-tobermorite by = 0.2
log units was observed between 30 and 60 days, while no significant
differences were observed between 60 and 120 days, again underlining
that the synthesized Al-tobermorite was close to equilibrium within the
first 60 days. Note although the concentrations of Ca and Si are reversed
at 60 °C between 60 and 90 days, there is no significant effect on the
calculated solubility product.

The solubility products calculated at 23, 40, and 60 °C showed
comparable values of ~1078%*01 while at 3 °C a lower solubility
product of 10%7% was obtained. A comparable behavior has been
observed for C-A-S-H, where no significant difference was observed
between 20 and 80 °C, while a lower value was observed for C-A-S-H
with Ca/Si = 1.0 at 5 °C [7]. In contrast to those observations, Glasser
et al. [38] reported for C-S-H a moderate decrease in solubility with
temperature. However, this could be related to the observed formation
of crystalline tobermorite at 85 °C after 4.5 months [38].

In Fig. 13, the mean of the solubility products calculated for 11 AAl-
tobermorite after 60, 90, and 120 days are compared to the solubility
products of 11 A tobermorite based on the few available experimental
data in literature [33,34,38] as well as compared to the solubility
product calculated for C-S-H and C-A-S-H with Ca/Si = 0.8 or 0.85
[35-38]. Most of the solubility products for 11 A tobermorite (di-
amonds) are comparable or only slightly higher than the solubility
product of Al-tobermorite (circles), with the exception of the tober-
morite solubility product at 25 °C from Dickson et al. [33,101] (note that
the solubility products calculated based on the values reported at 25 °C
by [33,101] vary largely between 103® to 1072, indicating a significant
scatter in that set of experiments). In contrast, the solubility product of
10785 measured by Hong [34] for tobermorite at 25 °C is only slightly
higher than the value obtained here for Al-tobermorite. At higher tem-
peratures, very similar solubility products were also measured for
tobermorite and Al-tobermorite [33,38], indicating an only weak

837 Al - tobermorite
-8,4 O 3°C
+ 23°C
a5 | X 40°C
’ Y 60°C %« o v
3 \V4
5 -8,6 = v
=
2 871 >§
& o o
-8,8 1
894 ©O
_910 ¥ T L T L T T T
20 40 60 80 100 120

Days equilibrated

Fig. 12. Calculated solubility product of 11 A Al-tobermorite (Ks0,Al-tobermorite
= {Ca®*"}*8%3 . {HSi05}%? - {Al03}%! - {OH }%%%¢ . {H,0°}%'3) as a function
of equilibration time.

11

Cement and Concrete Research 159 (2022) 106871

7.6
-7.8

-8.0

tobermorite

log K

86 Al-tobermorite

-8.8

90 Tob (Blanc) Tob (Babushkin)
Tobermorite Al-tobermorite
92 © Tob Dickson ¢ TobHong
® Al-Tob A CSH/Tob Glasser
-9.4 A  CSH L'Hopital A CASH L'Hopital
A  CSH Barzgar A  CASH Barzgar
-9.6
0 20 40 60 80 100

Temperature [°C]

Fig. 13. Calculated solubility product of 11 A Al-tobermorite (Ks0,Al-tobermorite
= {Ca®"}°833.{HSi05}%9{Al05 }°1-{OH }*%6.{H,0%*, circles) measured
between 56 and 120 days compared to the solubility of 11 A tobermorite (di-
amonds, Kso,tobermorite = {Ca” " }*833.{HSi03}-{OH }*¢%%; measurements re-
ported in [33,34]), C-A-S-H (triangles, Ksocasy = {Ca>"}*8%.{HSiOz}"
X.{AlO5 }*{OH }*%%°.{H,0°}*, measurements at Ca/Si = 0.8 and 0.85 of
[35-38]) and calculated (lines) based on the thermodynamic data collected in
Table 1 and Table 4.

preference for Al uptake over Si uptake in the bridging/branching sites
of tobermorite. Thermodynamic data for tobermorite have also been
reported by Blanc et al. [5] and Babushkin et al. [32] as summarized in
Table 1; those data sets seem to overestimate the measured tobermorite
solubility products by 10%2 to 10%3 units (Fig. 13, dotted and short-
dashed lines).

At 20 to 25 °C, the solubility products of precipitated C-A-S-H gels
(triangles) are approximately 4 times (10%°) higher than the solubility
product of (Al-)tobermorite, as expected and in agreement with other
studies [5]. Also in the case of C-S-H, an uptake of Al in its structure has
only a very weak stabilizing effect on the solubility product of C-A-S-H
gels (Fig. 13, [37,75]).

Based on the measured data, the solubility products of 11 A tober-
morite at 25 °C (Ksotobermorite = {Ca>'}%833.{HSi03}-{OH }0-6%6:
1084%02)  and 11 A Al-tobermorite (Kso,Al-tobermorite =
{Ca?*1°833.(HSi03 199 {A105 }*1.{OH }*666.{H,00}01.  10858+01)
were derived as summarized in Table 4. The effect of temperature was
obtained based on Eq. (3) using entropy and heat capacity data derived
from tobermorite [5].

4. Conclusions

In this paper the structure and solubility of hydrothermally prepared
11 A Al-tobermorite has been studied. XRD, NMR and FTIR data indi-
cated the formation of a cross-linked, well crystalline 11 A Al-
tobermorite. Si NMR data indicated that all Al present (Al/Si = 0.11)
was found in the silicate chain of tobermorite structure mainly within
branching sites connected to two pairing silica sites, Q2(1Al), as well to a
branching silica, Q3(1Al), in an adjacent silicate chain. The presence of
aluminum in 11 A tobermorite lowered somewhat the degree of poly-
merization compared to Al-free 11 A tobermorite.

The uptake of aluminum in 11 A tobermorite can be quantified based
on the reduction of wavenumber of Q3 Si(Al) vibrations in the FTIR
spectra as well as on the increase of the basal spacing in XRD. The
incorporation of Al (Al/Al + Si=0.1)in 11 A tobermorite increased the
basal spacing by ~0.15 A.

Dissolution experiments indicated that (near-)equilibrium was
reached within 60 days at all temperatures. At 60 °C, however, the
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Table 4

Thermodynamic properties of tobermorite and Al-tobermorite at 298 K and 1 bar pressure.
log Kso AG° AH° S° GCp Vol Reference

kJ/mol kJ/mol J/mol/K J/mol/K cm®/mol

11 A tobermorite: Cag 35102 g3-0.83H,0
—8.45 + 0.2° ~1628.34 ~1755.35 112.5° 124.1° 46.89° This study
Al-tobermorite: Cag g3Hg 1Sip.0Alg.102.83-0.83H,0
—8.58 + 0.1° —1634.08 —1762.85 114.1¢ 125.6¢ 47.57¢ This study
11 A tobermorite: CasSigO;7-5H20
—-50.7 £ 1.2 —9770.02 —10,532.09 674.9" 744.9" 281.35° This study
Al-tobermorite: CasHo 6Sis.4Alp 6017-5H20 « {Ca®"}® - {HSi03}>* - {Al03}%° . {OH }*-{H,0°}*¢
—51.5+ 0.6 —9804.62 —10,577.21 684.5¢ 753.9¢ 285.45° This study

® Kso,obermorite = {Ca”"}#%.{HSi05}-{OH }***® and Ksotopermorie = {Ca’'}>{HSi03}°{OH }*%; Kso AL tobermorite = {Ca®'}*%%* . {HSi05}%? - {Al07}"" -
{OH }%% . {H,0°*" and Kso,aLtobermorite = {Ca®}® - {HSi03}>* - {Al07}%¢ - {OH }*. {H,0%)"°.

> S and C,, adapted from water content of CasSigAlp 017-5.5H20 from Blanc et al. [5] to “normal” tobermorite: CasSigAlg ¢017-5H20 using structural water.

¢ Molar volume calculated from the volume of 467 A3 for CasSigO1,-5H0 [24].

4 g and Cj, calculated from 11-tobermorite [5], corundum, structural water and quartz, using additive methods described by Helgeson et al. [41].

€ Molar volume calculated from the volume of 474 A3 obtained for CasHy ¢Sis.4Alo ¢017-5H20.

decrease in Al-concentration and increase in Si concentrations indicated
a possible dissolution of quartz or further structural rearrangement.

The solubility of 11 A Al-tobermorite showed little change between
23 and 60 °C, while it was slightly less soluble at 3 °C. The comparison
with solubility data reported for tobermorite indicated a small stabili-
zation of 11 A Al-tobermorite compared to 11 A tobermorite with silica
only. Both 11 A Al-tobermorite and 11 A tobermorite are more stable
than poorly ordered C-A-S-H gel.

Comparison of 11 A Al-tobermorite with data for poorly ordered C-A-
S-H gels with a comparable composition underlined the strong similarity
in structure, Al-uptake and solubility behavior between Al-tobermorite
and C-A-S-H gels. The main difference between 11 A Al-tobermorite
and C-A-S-H gels is that the latter has a lower degree of ordering, no
cross-linking between adjacent silicate chains, an increased basal
spacing, as well as a somewhat higher solubility.
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