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This study presents the peculiarities that occur during the hydrothermal synthesis of 1.13 nm tobermorite from granite
sawing powder waste and CaO. The molar ratios of the primary mixtures were CaO/SiO, = 0.83 and 1.0; a hydrothermal
curing temperature of 180 and 200 °C; a duration of 4, 8, 12, 24, 72 h. The instrumental analyses (XRD, STA, SEM, TMA)
data showed that this industrial by-product is a suitable material to synthesise of 1.13 nm tobermorite. Traces of the
aforementioned mineral together with semi-amorphous C—S—-H(I) were detected after 4 h at 180 °C. The crystallinity of
the target mineral in the products grows steadily throughout the entire duration of the synthesis (up to 72 h at 180 °C).
By increasing the temperature of the hydrothermal curing to 200 °C, the highest crystallinity of the 1.13 nm tobermorite was
identified after 8 h of isothermal curing. Due to the chemical composition of the granite sawing powder waste, the 1.13 nm
tobermorite remains stable and does not recrystallise into xonotlite even after 72 h at 200 °C in mixtures with CaO/SiO, = 1.0.

INTRODUCTION

The calcium silicate hydrate (CSH) family consists
of approximately 40 different amorphous and crystalline,
natural and synthetic minerals formed in the system of
Ca0-Si0,—H,0. The diversity of these compounds is
determined by the molar ratio of CaO/SiO, which varies
from 0.44 to 3.0 [1, 2]. Many of calcium silicate hydrates
are important for cement science and technology
because they form during hydration of OPC (Ordinary
Portland cement) and hydrothermally in autoclaved
dense and aerated products or hot-pressed materials [3].
Tobermorite is the most common representative mineral
in the C—S—H family; it may be both natural and synthetic
[4, 5]. Due to the low density, porosity and moderate
refractoriness of the 1.13 tobermorite products, it is a
favourable heat-insulating material [6, 7].

There are three main polymorphs of tobermorite
which are classified according to their hydration degree:
1.4 nm tobermorite (Ca;SicO,,(OH),-7H,0) is the most
hydrated member of the group [4]. The second member,
0.93 nm tobermorite (Ca;SisO,,(OH),), does not have
any crystallographic water in its structure [5] and is
produced by heating other polymorphs of tobermorite in
a certain thermal mode. The third polymorph, 1.13 nm
tobermorite (CasSisO,4(OH),"4H,0), is one of the major
phases found after the hydrothermal synthesis or in
autoclaved concrete and during the evaporation of silica
bricks [6-8].

The crystallisation of 1.13 nm tobermorite, as
well as formation of the intermediate compounds, their
stability intervals, purity, crystallinity, and crystal lattice
parameters significantly depend on the hydrothermal
synthesis conditions (temperature, duration, stirring
intensity, water to solid (w/s) ratio, etc.). However, the
chemical composition, purity, and dispersion of the raw
materials have no less impact on the rate of formation,
mineral composition and structure of the resulting
products. The quality of the raw materials is particularly
important when using natural rocks and industrial by-
products as the external ions from the impurities very
often determine the kinetics of the synthesis [9-11].
Numerous studies of the hydrothermal synthesis of
1.13 nm tobermorite have been carried out using diffe-
rent sources of Si0, and CaO. Quartz, amorphous SiO,,
and limestone are the best examples of these materials
that have been thoroughly examined by H.F.W. Taylor,
T. Mitsuda, J.D.C. McConnell and others [12-14]. These
researchers have formulated the main conclusions about
the hydrothermal synthesis using mixtures made from
different raw materials. The field of study was further
developed and additional data using new silica sources:
silica fume Elkem, silica fume Grace Davison, silica sand
Dorsilit [15], and marble [16] were published. Therefore,
researchers have started to look for raw materials con-
taining a more reactive part of the silica or containing
additives, which accelerate the synthesis of 1.13 nm
tobermorite. Some unconventional materials: kaolinite
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and metakaolin [17], K-feldspar [18], the igneous rocks
trachyte [19] and fuka [20], the sedimentary rock opoka
[8, 21] were used for these goals. A great amount of data
in the literature supports the idea that tobermorite family
minerals can be synthesised from industrial by-products
and wastes: coal fly ash [22], biomass ash [23], high
alumina fly ash [24], blast furnace slag [25], steel slag
[26], oil shale fly ash [27], and newsprint recycling waste
[28].

The impurities present in the raw materials, for
example, aluminium, sodium, potassium, and sulfate
ions have a huge influence on the formation of tober-
morite. According to the literature data, aluminium
ions interrupt in the crystal structure of the 1.13 nm
tobermorite and have a great influence on the CSH
transformation to tobermorite [29]. N.Y. Mostafa et al.
reported that aluminium impedes the crystallisation of
tobermorite in the early stages of the synthesis [30].
Subsequently, the aluminium improves the conversion
of the semi-crystalline C—S—H into a more structured
and well-developed crystalline forms. Moreover, the
literature indicates that aluminium additives inhibit the
tobermorite conversion to xonotlite [31].

The alkaline additives accelerate the formation
and further transformation of the crystalline forms
of calcium silicate hydrates [29, 32, 33]. Sodium ions
have an influence on the final mineral composition of
the autoclaved products. If the molar ratio C/S = 0.83 is
constant and only the NaOH/SiO, ratio varies (from 0.05
to 0.63), C-S-H(I), tobermorite, pectolite, and xonotlite
form, respectively [34].

Some authors have attempted to synthesise 1.13 nm
tobermorite at near room temperature [35]. It was deter-
mined that this method of synthesis is only suitable for
scientific purposes unlike its application in production.
The temperature increase has had a significant impact
on the reaction kinetics; the synthesis durations have
decreased from a hundred days to hours. Many researchers
have started to focus on the temperature between 180 and
200 °C [36]. Nevertheless, the synthesis of tobermorite
is a complex process where the temperature affects the
stability of the compound. Depending on the impurities
in the raw materials used, 1.13 nm tobermorite may
lose stability at 200 °C [37] and start to recrystallise to
xonotlite [38]. However, the published data imply that,
under certain conditions, tobermorite can be synthesised
at 200 °C or even at higher temperature [39]. The
intensity of the characteristic to the 1.13 nm tobermorite
peaks in the X-ray diffraction patterns has a tendency
to augment when the synthesis temperature is increased.
A higher temperature leads to the better conditions
of this mineral synthesis, even though other calcium
silicate hydrates were formed together. Summarising
the research findings in the literature, the hydrothermal
synthesis is usually carried out at 180 °C [40, 41]. Under
these conditions, 1.13 nm tobermorite crystals form at
an appropriate speed and reach a sufficient crystallinity
degree.

The aim of this research is to adapt new natural
rocks for cost-effective 1.13 nm tobermorite synthesis
and to ensure the reuse of secondary raw materials.
According to its mineral and chemical composition,
one of the possible options is granite sawing powder
waste. On the other hand, this type of waste contributes
to environmental problems. In the production of granite
products, about 25 % of the materials turn into dust, the
main constituents of which are SiO,, Al,O,, FeO and
CaO, with minor impurities of Mg, Ti, Mn and K com-
pounds [42]. This may cause environmental problems,
for example, soil and water contamination unless
efficiently bounded in unreactive compounds [43].

EXPERIMENTAL

Materials and methods

The granite sawing powder waste was taken from
JSC Granitas (Lithuania), dried in an air chamber at 100 +
£ 1 °C for 24 h and milled in a ball mill (S, = 900 m*kg™).
Loss on ignition — 4.31 %; oxide composition by X-ray
fluorescence analysis (Bruker S8 Tiger WD spectrome-
ter, Germany): SiO, — 58.4 %; Al,O; — 15.4 %; Fe,O; —
—7.17 %; CaO — 3.95 %; K,0 — 3.86 %; Na,O — 3.56 %;
MgO — 2.87 %; others — 0.48 %. The main component of
the granite waste is SiO,. The XRD analysis (Figure 1)
shows one-crystal modifications of this oxide: quartz
(PDF No. 00-005-0490). Moreover, after a deep chemical
composition analysis was identified, the other minerals
are listed in random order. Annite KFe;AlSi;0,,(OH),
(PDF No. 00-002-0045) — a phyllosilicate mineral from
the mica family. Albite (PDF No. 00-009-0466) — a pla-
gioclase feldspar mineral. Anorthite CaAl,Si,04 (PDF No.
04-015-4238) — the other mineral member of albite. Ac-
tinolite K, NaysCa, Mg; Mny  Fe, 5Al),S1;60, ,(OH),
(PDF No. 04-013-2277) — is an amphibole class

A — annite

Ac — actinolite
An — anorthite
La Al — albite

Al La — labradorite
Q —quartz

Intensity (a.u.)

26 (%)

Figure 1. The XRD curves of the raw granite grinding waste.
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mineral. Labradorite Ca,s,Na,4(Si,Al),O5 (PDF No.
05-001-0013) — is a feldspar mineral. Therefore, granite
is a poly-mineral rock, which contains 15.4 % AlO,
and a large amount of alkalis, which may accelerate the
hydrothermal synthesis.

The granulometry of the milled granite sawing pow-
dersis Dyy<17.41 pm, D5, <3.99 pm, and D,; < 0.85 pm.
The average particle size is 10.33 pm (Figure 2).
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Figure 2. The particle size distribution of the granite sawing
powders by the CILAS 1090 LD analyser.

CaO was obtained by calcination (1000 °C, 2 h;
Nabertherm LV 15/11/P330, Germany) of Ca(OH),
(Stanchem, Poland, analytic grade) and milled until
S. = 600 m*kg'. The activity of the lime (CaOyg,, =
= 93.09 %.) was determined by a standard procedure
(ASTM C114-11b).

The homogenous raw materials (CaO/SiO, = 0.83
or 1.0) were diluted with water (W/S = 10.0) and put
in 25 ml volume PTFE (polytetrafluoroethylene) cells,
which were placed in a Parr Instruments (USA) autoclave.
The parameters of the hydrothermal treatment: 180 or
200 °C for 2, 4, 8, 12, 24, and 72 h; without stirring. The
synthesis products were prepared as follows: filtered and
washed with acetone (to reduce the CO, uptake from the
atmosphere); dried at 100 = 1 °C for 24 h and sieved
through an 80 pm mesh.

The products of the syntheses were characterised
by powder X-ray diffraction (XRD; Bruker D8 Advance
diffractometer, Germany), the simultancous thermal
analysis was performed in a nitrogen atmosphere, at
a heating rate of 10 °C'min’'; the temperature ranged
from 40-940 °C (STA; Linseis PT1000 instrument,
Germany), and scanning electron microscopy (SEM;
JEOL JSM-7600F microscope, Japan).

The linear thermal expansion analysis of the pow-
der samples was performed by Linseis 75PT 1600 dila-
tometer (Germany) using a corundum Al,O; support
tube (temperature interval 30 - 1100 °C, heating rate —
10 °C'min™, N, flux — 20 cm*min™).

The particle size distribution of the materials was
measured using a laser particle size CILAS 1090 LD

analyser with a sensitivity range from 0.04 to 500 Im,
accuracy < 3 %, repeatability < 3 %. The detailed de-
scriptions of hydrothermal synthesis and instrumental
analysis procedures are available in ref [8].

RESULTS AND DISCUSSION

The XRD analysis showed that in the granite-lime
mixture with the molar ratio of CaO/SiO, = 0.83 at
180 °C, 1.13 nm tobermorite (PDF No. 04-011-0271)
was obtained after hydrothermal synthesis as the main
compound. Nevertheless, during 4 h of synthesis, only
traces of 1.13 nm tobermorite were identified in the
product (Figure 3, curve 1) and the other minerals did
not react except for labradorite. Furthermore, the low
peak intensity of tobermorite and the rather intense
peaks of quartz were determined, this implies that not all
of the CaO content was involved in the formation of the
calcium silicate hydrates where the rest of the calcium
oxide was hydrated to produce portlandite, which was
identified in the XRD curve (Figure 3, curve 1) [44].
This is also supported by the XRD analysis where calcite
(PDF No. 00-002-0623) was identified and the thermal
analysis showed a thermal effect of decarbonisation
at 747 °C, due to the remaining carbonates from the

A — annite

Ac — actinolite

An — anorthite

Al — albite

T C — calcite

T - 1.13 tobermorite
A 5 Q - quartz

Ac
T, A T

.
TIrT 7] TT 1

Intensity (a.u.)
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Figure 3. The XRD patterns of the synthesis products at 180 °C
after 4 (1), 8 (2), 12 (3), 24 (4) and 72 h (5), when CaO/SiO,
=0.83.
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raw materials and some quantity of portlandite was
carbonated after the sample preparation. The intensity of
the 1.13 nm tobermorite peaks after 8 h of isothermal
curing significantly increased, but still, the quartz and
other granite minerals peaks remained in the XRD pattern
(Figure 3, curve 2). The 1.13 nm tobermorite peaks
gradually increased while the intensity of the quartz
peaks continuously decreased, prolonging the duration
of the hydrothermal synthesis to 72 hours. (Figure 3,
curves 3-5). Annite and actinolite were not involved in
the synthesis as the intensity of their peaks during the
synthesis practically remained unchanged (Table 1).

Table 1. The dependency of the intensity of the main diffraction
peaks (a.u.) of annite, Actinolite and quartz on the synthesis
duration at 180 °C.

Duration of hydrothermal synthesis (h)

4 8 12 24 72
Annite 19.94 22.72 21.53 23.29 23.02
Actiniolite 19.74 19.92 20.57 22.61 18.29
Quartz 25.98 18.22 10.02 9.72 9.52

The results of the simultaneous thermal analysis
confirmed the above statements: the endothermal effect
at40 - 200 °C temperature is associated with the dehydra-
tion of 1.13 nm tobermorite together with semi-crystalline
C-S—-H(I); however, it is very broad and vaguely ex-
pressed (Figure 4a). Other authors obtained similar results
during the synthesis of 1.13 nm tobermorite from na-
tural rocks and industrial waste materials with Al-con-
taining impurities [45, 46]. According to the TGA (ther-
mogravimetric analysis) data, the mass loss between
40 °C and 190 °C is 4.28 % and may be associated with
the dehydration of the weakly bound molecular water
from the crystal structure of 1.13 nm tobermorite and
other C—S—H(I). The second endothermal peak at 747 °C
corresponds to the decomposition of the carbonates
in the products. The TGA data also indicate that the
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mass loss during the decarbonisation is 3.65 %. The
exothermic effect of the recrystallisation of C—S—H(I)
into wollastonite is double and consists of two peaks,
the maximum at 872 and 902 °C. This means that the
synthesised semi-amorphous calcium silicate hydrates,
without a clear crystal structure consist of two phases:
C—S-H(I) and C—S—H(II). The obtained results are well
in line with the data in the literature, since the reduced
molar ratio of C—S—H reduces their recrystallisation
temperature [47, 48].

The STA data of 72 h hydrothermal synthesis
product is shown in Figure 4b. The main dehydration
effect at 40 - 219 °C is broader and the mass loss is
greater (6.0 %) than in the case of the 4 h synthesis.
Unfortunately, the removal of the absorbed and 1.13 nm
tobermorite crystalline water overlaps in one effect.
The tight thermal effect in the DSC curve at 717 °C
indicates the existence of some amount of a carbonate in
the product after 72 h of the synthesis. The weight loss at
this temperature is about 1.25 %. This is explained by the
fact that portlandite was not obtained in these conditions,
which easily carbonates when preparing the samples for
analysis and a high degree of crystallinity of 1.13 nm
tobermorite is more resistant to CO, exposure. Moreover,
the exothermic effect at 882 °C is clearly sharper and
bigger in the DSC curve after the prolonged duration of
the hydrothermal synthesis. This means, when increasing
synthesis duration, more SiO, reacts and calcium silicate
hydrates, with a stoichiometric composition close to the
molar ratio of the starting mixtures (CaO/SiO, = 0.83),
are formed.

The scanning electron microscopy (SEM) data of
the 4 h synthesis sample (Figure 5a) shows that most of
the new compounds are obtained as large agglomerates
which are likely to be composed of semi-amorphous
calcium silicate hydrates. The unreacted starting mate-
rials from the granite sawing waste raw material are also
clearly visible in this image. Summarising the results
from the SEM, XRD, and DSC analyses data after 4 h
of isothermal curing at 180 °C, the 1.13 nm tobermorite
crystallisation processes are in their initial stage.
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Figure 4. The DSC and TG curves of the synthesis products at 180 °C after 4 h (a) and 72 h (b), when CaO/SiO, = 0.83
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a)4h
Figure 5. The SEM images of the hydrothermal synthesis products at 180 °C after 4 h (a) and 72 h (b), when CaO/SiO, = 0.83.

After prolonging the synthesis duration up to
72 hours, the unreacted raw materials are not detected
in the products and the amorphous agglomerates are
significantly smaller (Figure 5b). The accumulation of
two morphologies of 1.13 nm tobermorite crystals can be
noticed in the SEM image: 1 - 2 pm length needle-shaped
crystals and 2 - 4 um size plates. These data are very
similar to the results presented by other authors [15, 19],
who have noticed that 1.13 nm tobermorite crystals can
be of two types: in the shape of needles and plates. This
may lead to a conclusion that, after 72 h of hydrothermal
synthesis at 180 °C, a high crystallinity 1.13 nm tober-
morite is formed and its crystals are distributed over the
entire volume of the product.

It was determined that the semi amorphous com-
pounds C—S—H(I) and C—S—H(II) were found at a short
synthesis duration. These compounds consume most of
the Ca®" ions in the reaction medium and the required
mixture stoichiometry for the synthesis of 1.13 nm
tobermorite may be decreased. For this reason, a new
mixture with a raised molar ratio up to CaO/SiO, = 1.0
was prepared in order to increase the formation of the
tobermorite rate at 180 °C.

The XRD analysis data shows that, when the CaO
content was increased, the intensity of the main peaks
of 1.13 nm tobermorite after 4 h of synthesis are low
(Figure 6, curve 1) and large amounts of unreacted
minerals remain in the product. After prolonging the
hydrothermal curing duration, the 1.13 nm tobermorite
peak intensity increases (Figure 6, curves 2-5) but,
in all the cases, it is significantly lower compared to
the intensity using mixtures with a lower molar ratio
(Ca0O/Si0, = 0.83). Due to a slower reaction, 1.13 nm
tobermorite was identified as the main compound in
the product only after 72 h of the synthesis (Figure 6,
curve 5). It can be assumed that tobermorite was obtained
at a lower degree of crystallinity together along with the
semi amorphous C-S-H and are carbonised during the

b)72h

samples’ preparation for analysis. Moreover, the XRD
analysis showed much more intensive calcite peaks
in these products (Figure 6). The TG analysis showed
(Figure 7) that, when CaCO; decomposes, the mass losses
are 5.11 % (4 h synthesis) and 2.12 % (72 h synthesis).
A much larger number of carbonates was obtained than
from the mixture with a molar ratio of CaO/SiO,= 0.83.
Another difference that was noticed after 4 h of synthesis,

A — annite
Ac — actinolite
An — anorthite
T Al — albite
c C — calcite
T T — 1.13 tobermorite
Apc Q - quartz

Ac
Ta @l gt TrTTeTT pT oo

TrrT TTTT

Intensity (a.u.)

3 12 21 30 39 48 57 66
26 (%)

Figure 6. The XRD patterns of the synthesis products at 180 °C
after 4 (1), 8 (2), 12 (3), 24 and 72 h (5), when CaO/SiO, = 1.0.
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only calcium silicate hydrate of the C-S-H(II) type was
formed (Figure 7a, curve 1), while in the product with
Ca0/SiO, = 0.83, this compound was detected together
with C-S-H(I). Moreover, the 1.13 nm tobermorite
remained stable and did not transform to xonotlite with
the increased molar ratio up to CaO/SiO,= 1.0.

The obtained dilatometry analysis data from the
powders after 4 - 72 h of synthesis (Figure 8) confirms
and supplements the previously collected data from the
XRD and STA analysis. Moreover, the literature indicates
[47] that the semi-amorphous C—S—H type of the calcium
silicate hydrates do not have a clear crystalline structure
and shrink when they recrystallise into wollastonite. It
means that the more crystalline structures (in this case
tobermorite) have been obtained during hydrothermal
synthesis in the products, the fewer changes in the
volume will occur. Therefore, prolonging the synthesis
duration from 4 h up to 72 h, the shrinkage of the sample
decreases by nearly 7.07 % (Figure 8).

In order to establish a difference in the mineral
composition of the powders synthesised at the different
durations, the samples, after combustion at 940 °C for
0.5 h, were examined by XRD analysis (Figure 9). It
was determined that, regardless of their molar ratio
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(Ca0/Si0,= 0.83 or 1.0) and the duration of isothermal
curing (4 or 72 h), the qualitative composition of
products is the same: wollastonite (PDF No. 00-066-
-0271), gehlenite (PDF No. 04-014-4683), larnite (PDF
No. 00-049-1673), annite and actinolite are formed.
Nonetheless, the peak intensity of these compounds is
highly dependent on the duration of the hydrothermal
synthesis. The peaks of wollastonite, after calcination of
the synthesis product with CaO/SiO, = 0.83 for 72 h are
significantly intensive, meanwhile the peaks of gehlenite
much lower (Figure 9, curve 2) in comparison with the 4
h synthesis product (Figure 9, curve 1). In our opinion,
with the prolongation of the hydrothermal treatment, the
Al-bearing compounds decompose and the Al*" ions in-
terrupt the crystal lattice of the calcium silicate hydrates.
The more of these compounds that are in the synthesis
product, the more wollastonite is formed during the
combustion. The sample from the CaO/SiO,= 1.0 mixture
in comparison with 0.83 one after 72 h hydrothermal
curing reveal the significantly lower intensity of the
wollastonite peaks (Figure 9, curve 4). This is due to the
lower amount of the 1.13 nm tobermorite and C—S—H(I)
formed (Figures 3 and 6, curves 5). This is also confirmed
by the dilatometric analysis curves: the product with
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Figure 7. The DSC and TG curves of the synthesis products at 180 °C after 4 h (a) and 72 h (b), when CaO/SiO, = 1.0.
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Figure 8. The dilatometric curves of the synthesis products at 180 °C, when CaO/SiO, = 0.83 (a) and 1.0 (b).
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CaO/SiO, = 1.0 has less shrinkage, indicating that it
contains less C—S—H(I). (Figure 8b). By increasing the
synthesis duration, the amount of gehlenite is practically
unchanged in the mixtures with CaO/SiO, = 1.0.
The highest intensity of larnite peaks was identified after
combustion of the sample obtained from a mixture with
CaO/SiO, = 1.0 within 4 h. This is due to the higher
molar ratio of the initial mixture and the higher amount
of C—S—H(II) formed. The annite and actinolite from the
granite sawing powder waste remained after calcination,
but only traces of these minerals were identified.
Summarising the collected data, it can be stated that
the composition of the CaO and granite sawing powder
waste mixture for the production of 1.13 nm tobermorite
should be CaO/Si0,=0.83.In general, many hydrothermal
reactions accelerate with the increasing temperature
of the saturated water vapour. Since the synthesis of
1.13 nm tobermorite at the temperature of 180 °C was
slow enough, it was decided to investigate its synthesis
at 200 °C. It was determined that 1.13 nm tobermorite
forms within the first 4 h of the hydrothermal curing
from a mixture of CaO/SiO,= 0.83 (Figure 10, curve 1).
However, based on the intensity of these compound
peaks, its content seems to be low. In addition, there
are intensive peaks of quartz and other raw materials in
the XRD curve, these minerals are just starting to react.
Thus, a temperature increase from 180 °C to 200 °C does
not significantly affect the formation of new compounds
at the beginning of the synthesis. A noticeable difference

A — annite
Ac — actinolite
An — anorthite
Ge — gehlenite
Ge Lr — larnite

Lr w
wLrW w WWGeW

Lr
wW w W WGeW

C/S=1.0;4h

Intensity (a.u.)
=

C/S=0.83;4h
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3 12 21 30 39 48 57 66
26 ()

Figure 9. The XRD patterns of the synthesis products at 180 °C
after calcination at 940 °C.

is that, in contrast to 180 °C, more C—S—H(I) and no
C-S—-H(II) semi-amorphous calcium silicate hydrates
are formed (Figure 11). However, the situation changes
significantly when prolonging the isothermal curing
duration to 8 h. The intensity of the 1.13 nm tobermorite
peaks obtained at 200 °C (Figure 10, curve 2) is much
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Figure 10. The XRD patterns of the synthesis products at

200 °C after 4 (1), 8 (2), 12 (3), 24 (4) and 72 h (5), when

Ca0/SiO, = 0.83.
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Figure 11. DSC and TG curves of the synthesis products at
200 °C after 4 h, when CaO/SiO, = 0.83.
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higher than that obtained at 180 °C (Figure 3, curve 2).
Thus, when the synthesis is carried out at 200 °C, 1.13 nm
tobermorite becomes the dominant compound after 8 h
and its peaks’ intensity equals the product synthesised
at 180 °C within 72 h. By prolonging the duration of
the synthesis (Figure 10, curves 3—5), no significant
changes occur, and the intensity of the tobermorite peaks
remains almost unchanged. This means, the resulting
1.13 tobermorite is completely crystallised and becomes
a dominant compound. It may be concluded that the 1.13
tobermorite of the highest crystallinity degree is formed
during 8 h of synthesis, i.e., 9 times faster than in the
case of the hydrothermal synthesis at 180 °C.

Furthermore, the peak intensity of the granite mine-
rals such as annite (¢ = 1.01 nm) and actinolite (d =
= (.845 nm) is gradually, but constantly, decreasing with
the prolonged hydrothermal synthesis durationup to 72 h.

For the mixture with a molar ratio CaO/SiO, = 0.83,
it was found that 1.13 nm tobermorite is stable at 200 °C
and does not recrystallise to other calcium silicate
hydrates even within 72 h. In order to determinate the
impact of the mixture’s molar ratio on the stability
of this compound, the mixture with a molar ratio of
Ca0/Si0,= 1.0 was examined at 200 °C as well. Already
after 4 h of isothermal curing, 1.13 nm tobermorite
becomes the dominant mineral (Figure 12, curve 1).
Even after 72 h of hydrothermal curing, xonotlite is not
detectable in the product (Figure 12, curve 2).

Moreover, the 1.13 nm tobermorite does not begin
to recrystallise under these conditions into a thermo-
dynamically stable calcium silicate hydrate (xonotlite).
The composition of which is described by the molar
ratio CaO/SiO, = 1.0, corresponds to the stoichiometric
composition of the initial mixture. Presumably, this is due
to the 15.4 % of Al,O, contained in the granite sawing
powder waste. There are a lot of data in the literature
indicating that AI** ions isomorphically interrupt the
1.13 nm tobermorite crystal lattice, stabilise it, and pre-
vent its recrystallisation into other compounds.
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C — calcite
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Figure 12. The XRD patterns of the synthesis products at

200 °C after 4 (1) and 72 h (2), when CaO/SiO, = 1.0.

CONCLUSIONS

e Granite sawing powder waste is a suitable material
for fast 1.13 nm tobermorite synthesis. The amount
of this compound in the products increases gradually,
but constantly, by prolonging the isothermal curing
duration at 180 °C to 72 h. By increasing the hydro-
thermal treatment temperature to 200 °C, a 1.13 tober-
morite of a very high crystallinity degree forms during
8 h.

e At the beginning of the 1.13 nm tobermorite syn-
thesis, semi-amorphous, without a clear crystal struc-
ture, calcium silicate hydrates form and consist of
two phases: C—-S—H(II) and C-S—H(I). When pro-
longing the hydrothermal curing duration, more and
more SiO, reacts and calcium silicate hydrates with
a stoichiometric composition close to the initial
mixture’s molar ratio (CaO/SiO, = 0.83 - 1.0) form.

e The formation of 1.13 nm tobermorite in the lime—
granite sawing powder mixture goes much faster
when the molar ratio CaO/SiO, is 0.83 than 1.0.
This mineral is durable and does not transform into
a thermodynamically stable calcium silicate hydrate,
xonotlite, even at 200 °C with CaO/SiO, = 1.0,
which corresponds to the stoichiometry of the latter
compound.
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