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Polycrystalline single-phase bulk hydrogrossulars (CazAly(SiO4)z_(OH)4, (0 < x < 3)) of various compo-
sitions were synthesized for the first time utilizing hydrothermal treatment at 200 °C of the phyllosilicate
stratlingite (CayAlLSiO(OH)19-2.25H,0) in its mother liquor. The reproducibility of previously reported
synthetic methods for both Si-free katoite and hydrogrossulars was evaluated. Analysis of the thermal be-
havior of hydrogrossulars based on TG-DTA and variable-temperature XRPD showed a significant increase
in thermal stability upon silicon incorporation due to the reinforcement of the lattice with SiO4 tetrahedra.
By tracking changes in the lattice parameters upon heating, we showed that the linear thermal expansion
coefficients decrease with higher degrees of Si substitution (17.19 x 107® K™ and 14.20 x 107® K™ for
CazAl(OH);2 and CazAlx(SiO4)128(2)(OH)e gs(s), respectively). Temperature-induced partial dehydration of
the SiO4-stabilized lattice results in the formation of tetrahedral Al sites as defects due to the removal of
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two oxygen atoms from the initial octahedral environment. Near-complete dehydration (450-850 °C)
leads to the loss of the long-range structure, which later on crystallizes at 900 °C as a mixture of different
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minerals, e.g. calcio-olivine

rsc.li/dalton (Ca1pAl14033).

Introduction

Silicates and aluminosilicates are omnipresent both in the
geosphere, as minerals within the Earth’s crust, and in the
anthroposphere as integral parts of concrete. Cement pro-
duction consumes a large amount of energy and has been
responsible for 8% of the total industrial CO, emissions in
2023." Due to the change in global climate, which is becoming
more and more visible, there is an increasing pressure on the
industry to curtail its CO, emissions, either by energy savings,
CO, sequestration, or by simply making the cement more
durable against weathering and earthquakes. The latter
approach requires a detailed understanding of the chemical
and mechanical properties of the multicomponent cement
matrix. The garnet-type group of aluminosilicates, namely,
hydrogrossulars, is formed not only during the hydration of
modern Ordinary Portland Cement (OPC),” but has also been
found in several Roman cement samples along with other
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(y-Ca,SiOy),

gehlenite (CayAl,SiO), krotite (CaAlO,), or mayenite

important phases (e.g., stritlingite).” Hydrogrossulars and
their dehydrated forms are also common in places like the
Hatrurim Complex, Israel and Jordan as low-temperature
altered and high-temperature pyrometamorphic phases,
respectively.® Given that Roman buildings have remained
mostly intact for almost two millennia, despite exposure to
moderate magnitude earthquakes, their cement is considered
extremely CO,-efficient and thus attractive.

The term “hydrogrossular”, introduced by Hutton (1943),’
seems to be the most accurate for the definition of the hydro-
garnet mineral family. Hydrogrossulars have a cubic garnet-
type structure with the space group Ia3d (#210). The hydroxide-
free endmember is called grossular with the respective chemi-
cal formula CazAl,(SiO,);, and its silica-free analogue katoite
with the formula CazAl,(OH),, is the other endmember of this
series (Fig. 1). The general chemical formula of hydrogrossu-
lars could be written as CazAly(SiO4)3_(OH)4, (0 < x < 3),
where tetrahedral (SiO,)*” units can be substituted by four
hydroxyl anions. In geology, scientific interest initially arose
from the possible role of these minerals as water binders in
the upper mantle throughout the evolution of Earth, making
them one of the possible minor sources of water in the first
place.®” Knowledge about their stability with respect to temp-
erature and pressure could give valuable insights into the con-
ditions of the Earth’s mantle at the point of mineral formation
and after. Afterwards, in many geological and mineralogical
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Fig. 1 Comparison of the crystal structures of katoite (a) and partially Si-substituted hydrogrossular (b), where 1/3 of (OH), groups are replaced by
SiO4. The positions of the four hydroxyl groups are highlighted by blue tetrahedra, and yellow tetrahedra represent the SiO4 units. A close-up of the
local structure of the (OH)4 unit with a "dummy” atom highlighting the position for silicon incorporation is presented in (c). The local structure of the

Al atom is depicted in (d).

studies, minerals like hibschite (CazAl,(SiO4)(OH),) and plazo-
lite (CazAl,(Si0,),(OH),) were also found as naturally occurring
intermediate members of the series.>° However, at all times,
the purity of naturally occurring samples was insufficient for a
precise determination of the chemical formula by means of
chemical analyses, and the preliminary purification included
hand-picking of visually pure crystals or aggregates under an
optical microscope.®''™** Therefore, accurate examination of
physical properties that could only be determined from the
pure material becomes almost impossible. Even the hydroxide
content, x, was often initially deduced from the measured
lattice parameters using Vegard’s law,*'>'® which was later
shown as not very precise for the hydrogrossular series. In
some studies using synthetic hydrogrossulars, only single-
crystal diffraction was utilized most likely because of the impu-
rities in the hand-picked crystals."””'® Due to the extremely
poor solubility of these minerals'® and the required preser-
vation of OH groups in the crystal structure, synthesis of inter-
mediate members of the solid solution series is rather challen-

12158 | Dalton Trans., 2025, 54, 12157-12168

ging. So far, only hydrothermal synthesis from lime, amor-
phous Al,O; and SiO, or Ca3Al,06 and SiO, has shown promis-
ing results, but the samples were contaminated by unreacted
S$i0,.?° Another approach with alternative chemical homogen-
ization included hydration of glasses of the respective CaO-
Al,03-Si0, composition, but it also yields either various bypro-
ducts or an inhomogeneous range of hydrogrossulars.>* For
synthetic and phase-pure Si-free hydrogrossular, which is also
called katoite, a rather detailed study was conducted using its
deuterated analogue and neutron powder diffraction.*?
However, even for the relatively simple endmember, the syn-
thesis procedure was reported to be time-consuming and extre-
mely difficult, in particular the solid-state synthesis of a trical-
cium aluminate (CazAl,O¢) precursor that took one month in
total including iterations with regrinding and pressing a pellet
every 4 days. A few years later, a comparative neutron scattering
study was performed on the Sr analogue.>?

Given all these rather segmental studies on the crystal struc-
tures of the hydrogrossular series (excluding endmembers),

This journal is © The Royal Society of Chemistry 2025
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even less is known about their thermal behavior and stability.
In the 1960s, several groups studied synthetic hydrogrossulars
with different Si substitutions as well as Si-free katoite by con-
ducting thermogravimetric measurements.>*>® For the latter,
according to in situ variable-temperature powder X-ray diffrac-
tion (VI-XRPD), they have ascertained that katoite’s decompo-
sition takes place at 275 °C with the formation of mayenite
(Ca;,Al14053)*” and possibly Ca(OH), (its diffraction peaks
were not identified) that later decomposes into CaO and water,
which explains a second step in the TG curve. However, TG
curves recorded for other Si-substituted hydrogrossulars lacked
distinct features and showed rather a monotonic decline,
which made them hard to analyse. Since then, only a few
similar experiments have been conducted utilizing state-of-the-
art instruments,"®*® and the thermal stability data for the Si-
substituted katoite series remain mostly incomplete. This type
of data as well as knowledge about thermal expansion and
chemical transformations at higher temperatures is crucial for
understanding the mechanical stability of cement under real-
world conditions (exothermicity of hydration and sunlight)
and in geological research. In this study, we present a new
approach for the preparation of (chemically) pure, polycrystal-
line hydrogrossulars with different degrees of substitution and
characterization of their composition, morphology, average
crystal structure and thermal behavior by VI-XRPD, solid-state
NMR, TG, FTIR, SEM and EDX spectroscopy.

Experimental
Katoite synthesis

For evaluating known methods for synthesizing Si-free katoite,
we reproduced several procedures described in the literature.

Katoite synthesis - approach 1 (ref. 18). The simplest
method is based on a hydrothermal reaction between stoichio-
metric amounts of elemental Al (as foil) and lime (CaO) at
200 °C (Ca:Al = 3:2 molar ratio). Lime was prepared separ-
ately by calcium carbonate calcination (Fisher Scientific, 98%)
at 1000 °C for 5 hours. 270 mg of lime and 90 mg of Al foil
(30 pm thickness, Carl Roth GmbH, 99%) were filled into a
100 ml Teflon-lined stainless steel autoclave with 60 g of pre-
boiled deionized water to minimize the amount of dissolved
CO,. The temperature program included heating up to 200 °C
and keeping it for three days in a closed oven. After three days,
the autoclaves were cooled down naturally for 24 hours in the
oven. Then, the powders were washed on a paper filter with
pre-boiled deionized water and acetone and dried at room
temperature under dynamic vacuum (~0.1-1 mbar).

Katoite synthesis - approach 2. The second approach
involved hydrothermal synthesis using soluble sodium alumi-
nate (NaAlO,, 95%, Aldrich) and lime in stoichiometric
amounts, mixed and put in an autoclave with 60 ml of pre-
boiled water. The rest of the synthesis was identical to
approach 1.

Katoite synthesis — approach 3 (ref. 15). The third approach
involved preparation of tricalcium aluminate (CazAl,O4) as a

This journal is © The Royal Society of Chemistry 2025
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precursor with its subsequent hydration under hydrothermal
conditions. For the preparation of Ca;Al,06, we utilized con-
ventional solid-state synthesis®® starting from a mixture of
a-Al,O; (Aldrich, 99.9%, 100 mesh) and CaCO;. After manual
homogenization in a mortar and pressing a pellet, it was
annealed at 1200 °C for 5 hours, and then reground, pressed
again and annealed for an additional 5 hours. The purity of
the resulting CazAl,0¢ was controlled by XRPD (Fig. 1st). After
obtaining pure tricalcium aluminate, its powder was hydro-
thermally treated in the same fashion as in approaches 1 and
2. The formed powder was filtered off on a paper filter, washed
with pre-boiled deionized water and acetone and dried under
dynamic vacuum.

Hydrogrossular syntheses

For Si-substituted katoite, an analogous, hydrothermal two-
component approach is not viable due to the formation of
inert oxide phases (e.g., gehlenite and anorthite). Synthesis
approaches employing amorphous SiO, and other soluble or
partially soluble sources of Ca®* and AI** tend to yield by-pro-
ducts and inhomogeneities in the final product, including Si
incorporation.’®?' Therefore, we compare three different syn-
thetic methods of Si-bearing hydrogrossular, involving a purely
heterogeneous reaction, a reaction with semi-soluble reactants,
and a completely new approach employing a precursor.

Hydrogrossular synthesis - approach 1. The first approach
was based on a heterogeneous reaction between amorphous
silica as the source of (SiO,); groups, whereas Ca®* and Al**
were provided by lime and sodium aluminate or by pre-syn-
thesized tricalcium aluminate (CazAl,O¢). In our first set of
experiments, we decided to use freshly prepared lime, sodium
aluminate and amorphous silica (BASF, 99.8%), respectively.
After manually mixing the reactants in a mortar, the powders
were transferred into a Teflon-lined stainless-steel autoclave
with 60 g of pre-boiled deionized water. Hydrothermal treat-
ment was performed for two days at 200 °C. The autoclaves
were slowly cooled in a closed oven for 24 h. After cooling, the
powders were filtered on a paper filter, washed with deionized
water and acetone and then dried under dynamic vacuum. The
described heating and cooling protocols were identical for all
later described hydrothermal treatments as well.

Hydrogrossular synthesis - approach 2. In the second
approach, we used sodium = metasilicate  hydrate
(Na,SiO3-5H,0, Aldrich, 95%) as the silicon source. The other
precursors remained the same as in the first method and the
elemental ratios in this row of experiments were Ca:Al:Si =
3:2:0.1; 3:2:0.25; 3:2:0.35; and 3:2:0.5. To avoid the for-
mation of carbonate impurities following successful katoite
synthesis (see section synthesis, Fig. 2sf), we have conducted
another analogous experiment with freshly prepared trical-
cium aluminate admixed with sodium silicate by manual
grinding. The precursor ratio used (CazAl,Og : Na,SiO3-5H,0 =
1:1) was aimed to reach a composition of the naturally occur-
ring mineral hibschite.

Hydrogrossular synthesis - approach 3. Finally, the last
method for synthesizing Si-substituted hydrogrossular was dis-

Dalton Trans., 2025, 54,12157-12168 | 12159
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Table 1 Relative precursor ratios for the Si-hydrogrossular synthesis
through stratlingite crystallization

# CaO: NaAlO, : Na,Si03-5H,0, rel. mol.
1 2:2.5:1

2 2:2.5:0.75

3 2:2.5:0.5

4 2:3:1

covered serendipitously during attempts to obtain crystalline
stritlingite (Ca,Al,SiO,(OH);(-2.25H,0) under hydrothermal
conditions.®® Typical stritlingite synthesis employed a similar
reaction between mixed lime, sodium aluminate and silicate.
Due to the different ionic compositions of the two minerals,
the precursor ratios listed in Table 1 differed from those used
in the HG synthesis approaches. Stritlingite formation was
performed in an aqueous medium (water/solid = 20: 1) under
ambient conditions for 1-3 days in closed Teflon autoclave
liners to minimize carbonization. Afterwards, a small part of
the formed suspension was filtered and washed on a paper
filter with pre-boiled deionized water and later with acetone
for preliminary characterization. Hydrothermal treatment of
the already formed strétlingite in its mother liquor at 150 °C
for 2 days yielded pure, single-phase hydrogrossular (Fig. 6).

Hydrogrossular dehydration

To study the local environments of Al and Si upon dehydration
of hydrogrossular, samples were kept at 170, 200, 230, and
280 °C in an oven for 2 h. After cooling, some of the de-
hydrated samples were stored in a desiccator at 100% relative
humidity to explore the ability to rehydrate the sample.

Characterization of samples

XRPD patterns under ambient conditions were recorded on a
Stoe STADI-P diffractometer operating in Debye-Scherrer geo-
metry with monochromatic Cu Ka, (Ge (111), 4 = 1.5406 A) and
a triple MYTHEN 1K detector setup. The typical scan time was
one hour, and the samples were sealed in borosilicate glass
capillaries of 0.5 mm in diameter, which were spun during the
measurements.

Variable-temperature XRPD (VI-XRPD) was carried out on a
Rigaku SmartLab with Cu Ka radiation and a HyPix-3000 detec-
tor operating in 1D mode. Heating of the sample was provided
by a closed high-temperature Anton Paar HTK1200N oven under
an air atmosphere. Parallel-beam reflection geometry (260/w
scan) ensured lower zero error and defocusing effects on the
recorded patterns. The sample was kept in a corundum sample
holder with a 0.4 mm cavity. The scan range and speed were
typically 10-120° and 1.5° min~", and each scan was recorded
during isothermal temperature steps as shown in Table 1s.}

Refinements of the XRPD data were performed using
TOPAS software (Bruker AXS).>® The background was modelled
using Chebyshev polynomials of the 8-th order, and the peak
profile was defined using the Fundamental Parameters (FP)
approach implemented in TOPAS.*® Rietveld refinements®' of

12160 | Dalton Trans., 2025, 54, 12157-12168
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all as-prepared samples were carried out by refining lattice and
microstructural parameters (crystallite size and strain). In the
case of multiphase samples, Rietveld-based quantitative phase
analysis (QPA) was performed. Sequential Pawley refine-
ments®® to track the evolution of lattice parameters were
performed on VT-XRPD datasets. The crystallographic data
have been deposited in the CDCC, deposit numbers:
2452733-2452736.7

Scanning electron microscopy (SEM) with energy-dispersive
X-ray (EDX) spectroscopy was carried out on a Zeiss Merlin elec-
tron microscope with 10 kV acceleration voltage and an Ultim
Max semiconductor detector. Samples were coated with 5 nm of
carbon before characterization. For each sample, probing was
made from at least three different crystallites. The illuminated
spots were chosen to be as flat as possible by chance and per-
pendicular to the electron beam to minimize geometric absorp-
tion effects. The results from multiple spots were averaged after
the removal of obvious outliers and are presented in Table 2s.}

Thermogravimetric (TG) analysis was carried out on a
Netzsch STA 449 F5 Jupiter in a vertical oven under a dynamic
Ar atmosphere (flow rate: 100 ml min~"). Samples were kept in
corundum crucibles; the temperature range was 25-1000 °C
with a 5 K min™" ramp rate.

Solid-state nuclear magnetic resonance (ssNMR) measure-
ments were conducted on a Bruker Avance III 400 MHz in a 9.4
T magnetic field with 10-22 kHz magic-angle spinning (MAS),
high-power dipolar decoupling and cross-polarization for *°Si
and *’Al nuclei. A higher rotation frequency of 50 kHz was
achieved for >’Al and 'H on a Bruker Avance Neo 600 MHz in
the 14.1 T magnetic field. Before the measurements, devices
were calibrated with tetramethylsilane for >°Si and with 0.1 M Al
(NO,); solution for 2’Al spectra. For 2°Si spectra with proton
decoupling, samples were excited using 4.5 ps pulses with a
relaxation time (d1) of 30 seconds and averaging of 2048
spectra. In the cross-polarization spectra, ©/2 6.9 ps pulses were
used with the same 2048 spectra averaging. For *’Al proton-
decoupled spectra, d1 was 1 and 2 seconds for 10 kHz and 22
kHz, respectively, the pulse length was 1 ps, and the number of
scans was 64. Respective cross-polarization spectra had a
contact time of 2 ms, the n/2 pulse length was 1.9 ps, and the
number of averaged scans was 64. Multiple-quantum MAS
(MQMAS) >Al spectra were recorded to resolve two octahedral
Al positions. All chemical shifts are reported with respect to the
external calibrants: 0.1 M solution of Al(NO;); for >’Al and tetra-
kis(trimethylsilyl)silane (TTSS) for *°Si and "H spectra.

Fourier-transform infrared (FTIR) spectroscopy measure-
ments were performed using a PerkinElmer Spectrum Two
spectrometer in attenuated total reflection (ATR) geometry.

The range of wavenumbers was 400-4000 cm ™.

Results and discussion
Katoite synthesis

The reaction between Al foil and CaO in water yielded neither
a pure product nor large single crystals, as described in the

This journal is © The Royal Society of Chemistry 2025
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work by Lager.'® Instead, the resulting mixture contained both
katoite and aluminum oxyhydroxide (y-AlOOH). The mor-
phology of the aluminum oxyhydroxide aggregates was strongly
templated by the initial form of the Al foil strips; therefore,
manual separation of these strips from the remaining powder
can be employed to purify the desired product (Fig. 1st).
Probably different thicknesses of Al foil, its purity, or the thick-
ness of passivation layers limited the reproduction of the
reported results.

The second method that employed soluble NaAlO, was par-
tially successful. In addition to katoite as a the major phase,

Table 2 Calculated and experimental weight loss values during the
thermal analyses (Fig. 3b) for each step of katoite decomposition in the
TG experiment

Step Theor. weight  Exp. weight
# Chemical reaction loss, % loss, %
1 7CazAl(OH)y, — 9Ca(OH), +  22.5 22.3
CaypAl 055 + 33H,01
2 Ca(OH), — CaO + H,01 6.1 6.2

Fig. 2 SEM micrographs of katoite prepared by the hydration of trical-
cium aluminate (CazAl,Og¢) under hydrothermal conditions. Panels (a)—(d)
show different magnifications (as shown by scale bars).
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all samples contained a small amount of a rather rare, layered
carbonate phase (Ca,Al,(CO;3)(OH);,(H,0)5, PDF number: 04-
011-4223), indicating that at some point of the synthesis a sig-
nificant influx of carbon dioxide occurred (Fig. 2st).>*

After several runs of similar experiments and varying
different conditions (precursor ratios, decarbonization pro-
cedures of the water used for the synthesis and filtration), we
identified the precursor, sodium aluminate, as the main source
of carbonate due to its high hygroscopicity and reactivity with
atmospheric CO,. Hence, sodium aluminate freshly calcined
under a moisture-free atmosphere might be suitable for katoite
synthesis. According to XRPD, the sample prepared by the third
method - hydration of CazAl,0s under hydrothermal conditions
- results in highly crystalline, Si-free katoite (CazAl,(OH);,)
without traces of carbonation, most likely due to the lower hygro-
scopicity of freshly calcined Ca;Al,O¢ compared to sodium alu-
minate (Fig. 3a). In addition, in the TG analyses, both calculated
and measured mass losses match perfectly, and no low-tempera-
ture (below 200 °C) decomposition step is observed, which is
characteristic of carbonate impurities (Fig. 3b and Table 2).
However, our synthesis did not yield suitable single crystals for a
single-crystal diffraction experiment; instead, small crystallites -
typically in the form of tetragonal trisoctahedra, 2-10 pm in dia-
meter — were formed (Fig. 2a-d).

Synthesis of hydrogrossulars

The hydrothermal reaction between a Ca- and Al-bearing alka-
line solution and amorphous silica turned out to be the least
successful - for all precursor variations, the quality of the
formed hydrogrossulars was poor. According to the XRPD pat-
terns containing reflections of multiple HG phases with dis-
tinct Si contents (Fig. 4st), all samples showed an inhomo-
geneous distribution of silicon among multiple phases in the
bulk, which is a clear indication of an incomplete reaction.
Other attempts with larger amounts of soluble precursors or
with prolonged hydrothermal treatment did not yield a better
product. Therefore, we assume that the most significant factor
responsible for the completeness of the reaction is the reactiv-
ity of silica as a precursor.

¥ T T T L) T T T T Y T i I. ¥ T 100 fF——c 1.0
(a) Experimental

Calculated 951 105
> Difference 2 00 |-
£ ° £
G 5 053

— 85_ A
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Fig. 3 XRPD pattern with Rietveld fit (a) and TG-DTA curves (b) of pure katoite prepared by hydration of tricalcium aluminate (CazAl,Og) under

hydrothermal conditions.
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In contrast, switching to sodium metasilicate as a soluble
source of silicon showed good potential for the preparation of
hydrogrossular with very low degrees of substitution.
According to XRPD, the whole series of experiments with
gradually increasing sodium metasilicate content (Ca:Al:Si =
3:2:0.1; 3:2:0.25; 3:2:0.35; and 3:2:0.5) showed the for-
mation of hydrogrossulars with gradually decreasing lattice
parameters, which proves different degrees of substitution.
However, the greater the amount of metasilicate used as a pre-
cursor, the more inhomogeneous the final product became.
The peak splitting in the XRPD patterns (Fig. 5st) of all
samples indicates the presence of multiple hydrogrossular
phases, although the precursor ratio was designed so as to stay
below the recently reported miscibility gap.*® Besides the mul-
tiphase hydrogrossular mixture, in this series, carbonate
anions from sodium aluminate lead to the formation
of another carbonate phase (Ca,Al,(CO;3)(OH),,(H,0)s, PDF
number: 04-011-4223), which was found in every sample.

Utilization of tricalcium aluminate as a CO,-insensitive
source of both calcium and aluminum was rather unsuccess-
ful. Qualitative phase analysis using the PDF4+ database
showed two major phases in the resulting product: hydrogros-
sular and highly disordered tobermorite. Thus, the utilization
of either tricalcium aluminate or lime and sodium aluminate
separately for hydrogrossular synthesis does not yield a pure
product, but instead either promotes the formation of another
crystalline phase or forms a mixture of inhomogeneous
hydrogrossulars.

The last method that involves stratlingite as a precursor
and a subsequent hydrothermal treatment step turned out to
be the most efficient in hydrogrossular synthesis.

It must be noted that mother liquor’s presence during the
hydrothermal recrystallization is imperative for the ion
exchange, since dry strétlingite mixed with deionized water
does not yield hydrogrossular under the same conditions
(Fig. 6st). An excess of sodium aluminate was used for the
stritlingite synthesis to ensure the complete conversion of
lime into hydrogrossular. The only soluble components left in
the solution are Na*, SiO;>~, and [AI(OH),]- or [Al(OH)¢]>~, and
soluble residues ensure an easy and complete purification of
hydrogrossular during the filtration and washing steps. This
method has the clear advantage that it yields high-purity
hydrogrossular and homogeneous incorporation of SiO, units
in the crystal lattice of a single bulk phase in contrast to the
others. The first factor that seems to ensure a proper chemical
homogenization is the distribution of SiO, tetrahedra through-
out the bulk of the stritlingite precursor. The second factor is
the peculiar platy form of stritlingite crystals that are less than
100 nm wide (Fig. 4a), which makes them easily accessible to
the solution during the hydrothermal recrystallization process.
Since the elemental compositions of stritlingite (Ca,Al(AlSi)
0,(OH);p-2H,0) and hydrogrossular (CazAl,(Si04);_x(OH)ay)
are noticeably different, some ion uptake from the solution
occurs during the conversion. Results from EDX spectroscopy
taken from hydrogrossulars and their respective precursor
stratlingite samples (Table 2st) also align with this fact. It
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Fig. 4 SEM micrographs of stratlingite crystallites used as the precursor
(@) and final hydrogrossular particles prepared by the hydrothermal
treatment of strétlingite in its mother liquor (b).

must be noted that the spread in the elemental content of Si-
hydrogrossular detected by EDX spectroscopy was significantly
larger than that in stritlingite, due to the pronounced differ-
ence in morphology compared to the model of ideally flat and
thick samples. The elemental ratios were normalized to
calcium content to match the chemical formula of the respect-
ive mineral. Hydrothermal treatment leads to an increase in
Ca:Al and Ca: Si ratios, which therefore proves the role of the
mother liquor as a reactant.

The transformation of stritlingite plates into hydrogrossu-
lar crystals most likely proceeds through either complete dis-
solution or aggregation. The morphology exhibited by the
hydrogrossular crystals does not represent the typical garnet-
type crystal morphology.*® Instead, they crystallize in the form
of distorted spheres, which could originate from the aggrega-
tion of strétlingite plates or from their seeding effect (Fig. 4b).

To sum up, the overall scheme of syntheses employed in
this work with the above-mentioned conditions and their
results is depicted in Fig. 5.

Characterization and properties of Si-hydrogrossulars

The pure Si-hydrogrossular samples obtained from the trans-
formation of stritlingite were subjected to a detailed structural
analysis. A visual comparison of FTIR spectra of katoite and Si-
hydrogrossulars shows that upon Si substitution, the low-
energy lattice vibrations change significantly (Fig. 7st). The
incorporation of SiO, units adds multiple overlapping bands
that typically consist of symmetry-specific lattice vibrations
that overlap with each other.>”*® Due to their high degree of
overlap, the bands between 850-1000 cm™" and 420-630 cm ™"
are tentatively assigned to stretching »(SiO) and bending §(SiO)
vibrations, respectively. According to Kolesov et al.,*® the spec-
trum of pure katoite should consist of (1) Ca motions (charac-
teristic wavenumbers around 150-320 cm™"); (2) translational
(T-) and rotational (R-) or librational modes of (OH), tetra-
hedral structural fragments (also around 180-390 cm™"); and
(3) internal stretching of OH groups. Therefore, two broad
bands at 500 and 780 cm™" should correspond to individual
T(OH) and rotational R(OH) modes. However, both T(OH) and
R(OH) modes strongly depend on the point symmetry of the
site, which in turn depends on the ordering of Si atom posi-
tions. In the case of severe disorder in Si-hydrogrossulars, one
should expect significant broadening of the lattice bands;
therefore, a detailed analysis of these vibrations requires even

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 A scheme of all katoite and hydrogrossular syntheses presented in this work. The best results are highlighted in green.

more detailed knowledge of the positional ordering of defects.
The sharp and broad peak at 3550-3670 cm ™
the stretching »(OH) vibrations of the hydroxyl groups.
According to XRPD analysis of the samples with x = 1.70,
1.72, 1.90, 2.06, and 2.53 (Table 1, Fig. 6 and 11s7), the lattice
parameter a gradually increases with decreasing sodium sili-
cate content in the precursor mixture (12.2003, 12.2032,
12.2563, 12.3112, and 12.4292 A, respectively). At the same
time, the increase in the lattice parameter is associated with a
lower Si content,*
the amount of Si in the precursor mixture and in hydrogrossu-
lar. In the complementary TG analyses, well-defined weight
loss steps are absent at temperatures below 250 °C, contrary to
pure katoite (Fig. 2b). Instead, slow dehydration takes place
between 200 and 700 °C (Fig. 7). The residual mass after TGA
was used to determine the number of OH groups in the hydro-

is assigned to

which shows a direct correlation between

grossulars’ chemical formulae. A comparison of the chemical
formulae calculated from TGA and from the XRPD patterns
obtained by refining the atomic occupancies is presented in
Table 3. In the case of sample #3, the degree of substitution
calculated from TGA falls within the miscibility gap range that
perfectly explains the presence of two hydrogrossular phases
in it. The refined silicon occupancies from the XRPD patterns
show rather close values of Si substitution compared to the
ones calculated from the TG curves, including sample #3
which contains two different hydrogrossular phases.
Decomposition temperatures, however, do not vary signifi-
cantly in the chosen range of Si substitutions, contrary to the
significantly different decomposition temperature of katoite
(250 °C). To avoid confusion in the mentioned degrees of sub-
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Fig. 6 Graphical results of Rietveld-refined XRPD patterns of hydro-
grossular samples with different degrees of Si substitution: (1) x = 1.72(2)
(CazAlx(SiO4)128(0OH)6 gs); (2) x = 1.90(2) (CazAlx(SiO4)1.10(0OH)760); (3) x =
2.53(5) & 2.06(3) (60 wt% CazAlx(SiO4)004(OH)g2a & 40 wt%
CazAlx(SiO4)0 47(0OH)10 12). The vertical dashed line illustrates the refer-
ence position of the 642 peak and its shift towards lower 20 angles with
increasing degree of substitution.

stitution, from now on, we will be using those derived from
the Rietveld refinements.

The thermal behavior of katoite and Si-hydrogrossulars was
also investigated by in situ VI-XRPD experiments (Fig. 8). A
visual comparison of the VI-XRPD plots shows that in Si-
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Fig. 7 TGA curves of four hydrogrossular samples corresponding to
those described in Table 1.

Table 3 Chemical formulae of the samples derived from TGA and from
the refinement of the atomic occupancies from XRPD patterns. Errors in
the TGA column are given based on a nominal statistical error in a TG
experiment of 0.5% weight loss. ESDs in the XRPD column are artificially
increased by an order of magnitude in order to account for the much
higher systematic error in this method

# TGA XRPD
1 CasAlz(Si04)1.24(5)(0H)7.04(20) Ca3A12(SiO4)1.28(2)(OH)6.88(8)
x=1.76(5) x=1.72(2)
2 C33A12(Si04)0.99(5)(OH)8.04(20) Ca3Alz(SiO4)1A1o(z)(OH)7A60(8)
x=2.01(5) x=1.90(2)
3 CasAlz(Si04)0.74(5)(0H)9.04(20) 60 wt% Ca3A12(SiO4)0A94(3)(OH)8A24(12)
& 40 wt%

Ca3Alz(SiO4)0A47(5)(OH)1012(20)

x =2.26(5) x=2.06(3) & 2.53(5)
4 CasAlz(SiO4)1.21(5)(OH)7.16(20) Ca3A12(SiO4)1.30(2)(OH)6.80(8)
x=1.79(5) x=1.70(2)

hydrogrossular samples #1 and #2 with x = 1.72(2) and 1.90(2)
(Fig. 8b and c), even after the loss of a significant number of
OH groups due to the thermal dehydration, long-range order
and therefore the cubic garnet lattice remains preserved up to
450 °C. This contrasts with Si-free katoite (Fig. 8a), where we
detected a structural collapse into semi- or nanocrystalline
phases already at 250 °C. This fact, on the one hand, confirms
that Si substitution provides stabilization of the garnet lattice
in comparison with Si-free katoite; on the other hand, it seems
that it does not provide increased stabilization with higher
degrees of substitution. At the same time, crystallinity must be
taken into account since it also correlates with the decompo-
sition temperature.

The same VT-XRPD experiment with the 2-phase hydrogros-
sular (Fig. 8d) reveals another factor that complicates the ana-
lysis of multiphase mixtures of isostructural species even
more. By inspecting the evolution of a single peak (e.g., the
521 reflection at 40-42° 26), one notices that at the very begin-
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ning of dehydration, two 521 reflections corresponding to two
Si-hydrogrossulars of different compositions are clearly
observed. As the temperature increases, the peak at lower diffr-
action angles (low Si hydrogrossular, x = 2.53(5)) starts to shift
to higher 26 values, and by 260 °C, two peaks completely
overlap and merge before the structural collapse occurs. This
initial shift, starting at approximately 200 °C, is a clear indi-
cator of the loss of OH groups mainly from the low Si hydro-
grossular (x = 2.53(5)). Above 260 °C, both the partially de-
hydrated low Si hydrogrossular and the Si-richer hydrogrossu-
lar show the same structural behaviour upon heating. In that
view, the analysis of naturally occurring hydrogrossulars
becomes extremely difficult without the knowledge of the pre-
ceding conditions of their existence. For example, a mixture of
two- or more-phase hydrogrossulars that were exposed to
increased temperature, resulting in their complete peak
overlap, and certain single-phase OH-saturated hydrogrossu-
lars would exhibit identical peak positions. The only main
differences between these two samples’ diffraction patterns
would be a slight variation in the peak intensity and/or broad-
ening. Therefore, without knowledge about the history of the
sample, it would be mistakenly considered as a defective
single-phase sample. This would also lead to significant errors
in Rietveld-based quantitative phase analysis.

By tracking the evolution of the lattice parameters upon
heating, we derived the linear thermal expansion coefficients
(LTECs) of katoite and several hydrogrossulars in the range
before dehydration (below 175 °C). We used Pawley refinement
to track the lattice parameter a both before and after dehydra-
tion starts, since it is accompanied by the incorporation of
defects in the crystal structure, where Rietveld refinement fails
to adequately describe the observed intensities. Both LTECs
and their standard deviations were calculated using PASCal
software®® and are presented in Table 4. There is a clear trend
showing the decrease of thermal expansion with increasing
silicon content in hydrogrossulars. This is attributed to the
fact that the incorporation of covalently bonded SiO, tetrahe-
dra instead of OH groups into the garnet framework decreases
the flexible response of the lattice upon heating. The fact that
the long-range structure is preserved after dehydration takes
place is in line with this observation.

The evolution of defects in the oxygen sublattice, intro-
duced by migration of the water molecules upon heating, can
severely change the lattice expansion behaviour. For sample #1
(CazAly(SiOy4)1.252)(OH)6.55(s), X = 1.72(2)), after pre-heating of
the hydrogrossular until 125 °C (still on the linear part of
thermal expansion), the trend of the lattice expansion does not
change after cooling followed by a second heating cycle to
higher temperatures (Fig. 8g). However, heating to the temp-
eratures at which dehydration starts affects lattice expansion
in a peculiar way. In our experiment, the first heating cycle
stopped at 260 °C, where a considerable amount of water is
released according to TGA and refined lattice parameters
(Fig. 8h). During the second cycle, a linear expansion below
175 °C still exists with a similar LTEC (13.76(22) x 107° K™),
but upon subsequent heating, the lattice expansion continues

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 VT-XRPD plots of pure katoite (a), hydrogrossular samples with x = 1.72 (b) and 1.90 (c) and a two-phase sample with x = 2.06 and 2.53 (d) from
Table 2. Evolution of 521 peaks in 2-phase hydrogrossular samples upon heating (e); evolution of the unit cell parameter from the samples with x = 1.72
and 1.90 (f); the sample with x = 1.72 before and after pre-heating to 125 °C (g); the sample with x = 1.70 before and after pre-heating to 260 °C (h).

Table 4 Linear thermal expansion coefficients of katoite and hydro-
grossulars in the temperature range between 30 °C and 175 °C and
respective standard deviations derived from Rietveld refinements of
VT-XRPD data

Sample a,x107° K* 6, x10°K™*
Ca,AlL(OH),, 17.19 0.22
Ca3A12(SIO4)O 47(3)( H)lo,lg(go)* 15.02 0.68
Ca;AlZ(SIO4)() 94(3)( H)3A24(12)* 15.53 0.26
Ca3A12(8104)1 10(2)(OH)7.60(8) 15.03 0.18
CagAlz(S104)1 28(2)(0H)6.88(8) 14.20 0.14

Two hydrogrossulars marked with an asterisk originate from the two-
phase sample and thus have significantly higher expected systematic
errors compared to the others.

to 260 °C, whereas during the first heating cycle the lattice
already started to shrink at 200 °C. This means that the
binding energy of the OH groups overall is broadly distributed.

This journal is © The Royal Society of Chemistry 2025

Thus, in our case, the completeness of dehydration is defined
by the maximal temperature to which the sample was exposed
and not by the time of exposure. On top of that, removal of
two water molecules from the (OH), tetrahedron results in a
strong local structural distortion of its environment and recon-
nection of the remaining oxygen atoms with a closely located
cation.

Local structural distortions that take place upon elimin-
ation of hydroxyl groups were studied by ex situ solid-state
NMR based on 'H, >’Al and *°Si spectra of the hydrogrossular
sample with x = 1.9. To study the local structure upon de-
hydration, the samples were annealed at 170, 200, 230 and
280 °C, and then they were measured at room temperature
ex situ.

According to 'H NMR, there are generally two types of
proton positions in the as-synthesized hydrogrossular:
adsorbed water (sharp peak at 5y = 4.8 ppm) and protons from
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the OH groups within (OH), units (broad peak centered at &;; =
2 ppm). Given the relatively high surface area of hydrogrossu-
lar particles and the specifics of their synthesis, a strong
signal from the adsorbed water is expected, which is then
reduced upon heating (Fig. 9a).

*°Si spectra show a single strong peak (§s; = —80 ppm)
corresponding to the Q° configuration that agrees with the
closest analogue found in the literature, grossular garnet
(Fig. 9b).*° Weak signals overlapping with the base of the
main peak are most likely caused by local distortions from
the (OH), units in close proximity. Overall, the coordination
of silicon stays unchanged until 230 °C, and only at
280 °C, one can notice the relative increase in intensities of
the satellites, which is the consequence of more defects
introduced into the structure. The *>’Al spectrum of the as-
prepared hydrogrossular showed a sharp (65 = 4.8 ppm),
but asymmetric peak that corresponds to octahedral Al
(Fig. 9¢). This asymmetry originates from the distorted octa-
hedral Al position, which was resolved by implementing the
multiple-quantum magic-angle spinning (MQMAS) tech-
nique. The origin of the octahedral distortion is, indeed,
due to Si substitution, which, in turn, is reported to be the
reason for the splitting of the oxygen atom positions in
one of the previous crystallographic studies.'” "H->’Al cor-
relation spectra show only the correlation between the crys-
tallographic protons from the (OH), units, which excludes
the presence of water itself in the structure (Fig. 8st).
Sample annealing at temperatures up to 230 °C does not
influence the chemical environment of aluminum, but
above 280 °C, a tetrahedral Al position appears in the spec-
trum. This insight allows us to propose two possible
mechanisms of dehydration. The formation of tetrahedral
aluminum could be achieved either by the migration of
AP’ cations into the center of the former (OH), tetra-
hedron, which appears to be unlikely, or by the removal of
two oxygens from the AlOg octahedron during the dehydra-
tion process. Since in the case of our sample, on average,
1/3 of all (OH), tetrahedra are substituted by SiO, units,
only four neighboring (OH), positions could potentially be

2’Al HPDEC
MAS

|
won | poc

2
'Si CP © ’

N VA
ﬂ

,,7/ ~ - - —
JL 230°C J 230°C

W 2 o 2 40 40 60 40 0 2 | w0 0 20 100 0 00 200 30
Chemical shif, ppm Chemical shift, ppm Chemical shift, ppm

Fig. 9 Ex situ solid-state NMR spectra of thermally treated hydrogros-
sular (x = 1.90(2)), showing signals from *H, 2°Si and #Al nuclei (a—c
respectively). Spinning sidebands in *H and #’Al spectra are marked with
asterisks.
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dehydrated. Dehydration of a single site would result in
removal of two water molecules from it, and thus, two
oxygen atoms, one from each of the two neighboring AlOg
octahedra.

A minor rearrangement of the remaining oxygen atoms in
the first coordination shell of aluminum would result in its
(distorted) tetrahedral coordination and in increased micro-
strain, which is partially reduced by the shrinkage of the
lattice parameter (Fig. 10). The proposed mechanism also
explains how lowering the number of “dehydration centers”
around AlOg octahedra by Si incorporation plays a key role in
stabilization of the garnet lattice. It is worth noting that rehy-
dration attempts of thermally treated samples at 100% relative
humidity at room temperature did not result in any meaning-
ful changes in solid-state NMR spectra (Fig. 9st), which points
out the irreversibility of dehydration.

Finally, thermal decomposition products were investigated
depending on the degree of Si substitution. In the case of Si-
free hydrogrossular, crystalline mayenite (Ca;,Al;,03;) forms
immediately after decomposition of katoite. The increased
intensity of diffuse scattering suggests the presence of
another amorphous or nanocrystalline phase. This phase
could be nanocrystalline calcium hydroxide, which then
decomposes at ~400 °C forming lime (CaO), which corres-
ponds to the second weight loss on the respective TG curve
(Fig. 3b). Starting at 400 °C, only very broad peaks from
lime are present in the diffractogram, but at higher tempera-
tures, they become more visible due to recrystallization.
Quantitative phase analysis of the residues after calcination
at 1000 °C (Fig. 10st) confirms the theoretical chemical reac-
tion of katoite decomposition into 72.9(1) wt% mayenite
(theoretical — 73.3 wt%) and 27.1(1) wt% lime (theoretical -
26.7 wt%).

In the case of Si-containing hydrogrossulars, decompo-
sition involves the formation of an amorphous phase after
450 °C. Above 900 °C, the sample significantly shrinks on a
macroscopic scale (characteristic corundum peaks from the
sample holder become visible) and, depending on the compo-
sition, different crystalline phases appear: calcio-olivine
(y-Ca,Si0,), gehlenite (Ca,Al,SiO;), krotite (CaAlO,) or maye-
nite (Ca;,Al,4033) (Fig. 11s7).

dehydration

@ ca <

¢ A ®
®o *

eH ®

¢ si

Fig. 10 Local environment of the AlOg octahedron in Si-substituted
hydrogrossular and its transformation into a tetrahedron upon dehydra-
tion. Red spheres highlight the new oxygen positions.
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Conclusions

An entirely new approach for synthesizing chemically
pure and homogeneous Si-bearing hydrogrossulars using
stratlingite as a precursor, followed by hydrothermal treat-
ment in the mother liquor, has been demonstrated. The first
part of the synthesis results in chemical homogenization at
the atomic level for the hydrogrossulars as a result. Unlike
the other approaches that could provide a very limited
amount of pure hydrogrossular in the form of hand-picked
single crystals, our method allows bulk synthesis of phase-
pure samples instead. The synthesis of the polycrystalline
hydrogrossular offers the opportunity to study the phase
closer to its real state of existence in cements, since binder
phases rarely exist in the form of large single crystals. The
main limitation of this method is the limited field of exist-
ence of stritlingite in terms of the Ca:Si:Al ratio and the
previously discovered miscibility gap in hydrogrossular com-
positions.>®> From the comparison of the different synthetic
approaches, it appears highly likely that in conventional
cement setting processes, the different hydrogrossular forms
would be highly inhomogeneous.

The hydrogrossulars’ thermal behavior was studied by
in situ laboratory VI-XRPD and TG. Silicon incorporation
leads to the stabilization of the garnet-type structure, allow-
ing it to maintain the long-range order upon dehydration
up to 450 °C, contrary to Si-free katoite. Solid-state NMR
spectroscopy revealed that after dehydration, the coordi-
nation sphere of aluminum changes from octahedral to
tetrahedral, which induces defects and microstrain into the
garnet lattice. Partial dehydration of inhomogeneous or
multiphase hydrogrossulars, on the other hand, results in
higher peak overlap, which makes their analysis extremely
challenging given the irreversible nature of dehydration.
Linear thermal expansion coefficients for hydrogrossulars
with different silicon contents were determined between
30 °C and 175 °C.
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