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Abbreviations 

CSH – calcium silicate hydrate 

C-S-H – semicrystalline type compounds C-S-H(I) and/or C-S-H(II) 

C/S – the molar ratio of CaO and SiO2 

CA – calcium aluminate silicate and/or calcium aluminate 

α-C2SH – α-dicalcium silicate hydrate (2CaO·SiO2·H2O) 

α-C2SH –α-dicalcium silicate hydrate sample without γ-Al2O3 additive 

α-C2SH-Al – α-dicalcium silicate hydrate sample with γ-Al2O3 additive 

BM – binder material 

OPC – ordinary Portland cement 

EFCM – environmentally friendly cementitious material 

BM-α – binder material based on α-C2SH 

BM-α-Q – binder material based on α-C2SH and quartz 

BM-α-Al – binder material based on α-C2SH-Al 

BM-α-Al-Q – binder material based on α-C2SH-Al and quartz 

BM-k-Q – binder material based on kilchoanite and quartz 

BM-e – binder material based on hydroxiledgrewite and granite cutting waste 

C2S – dicalcium silicate (2CaO·SiO2) 

XRD – X-ray diffraction analysis 

QXRD – quantitative X-ray diffraction analysis 

FT-IR – Fourier-transform infrared spectroscopy 

STA – simultaneous thermal analysis  

DSC – differential scanning calorimetry 

QDSC – quantitative differential scanning calorimetry analysis 

TG – thermogravimetry 

w/s – water to solid ratio 

SEM – scanning electron microscopy 

TEM – transmission electron microscopy 

CP – specific heat capacity 

Sa – surface area 
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Introduction 

According to scholarly literature, in 2016, the global greenhouse gas emission 

reached about 49 Gt, and it still continues to grow, while the largest part (~65 %) of 

the greenhouse gas emitted through human activities is carbon dioxide. In fact, the 

cement industry accounts for approximately 4–6 % of global CO2 emissions. This 

gas is released during limestone calcination and fuel combustion. Also, while 

manufacturing cement, a considerable quantity of energy (4.7–6.3 GJ/t) is used. For 

these reasons, the cement industry and the scientific community have been looking 

for alternative approaches in order to reduce the harmful effects on the environment. 

Seeking these goals, the cement industry not only uses alternative fuels, various 

additives and waste but also focuses on the development of new production 

technologies. However, the application of the above mentioned technologies can 

only partially reduce the negative effects on the environment. Thus it is generally 

recognized that, in order to reduce CO2 emission and energy consumption, a new 

technologies for the development of environmentally friendly cementitious materials 

(EFCM) should be created and applied worldwide. The main feature of EFCM 

(“Celitement”, “Solidia cement”, “Calcium sulfoaluminate cement”, “Magnesia-

based cements,” etc.) is that the energy consumption and the CO2 emissions 

associated with cement production can be reduced within the range of 30–70 %. One 

of the most attractive ways to obtain EFCM is the production in a three-step process: 

1) hydrothermal synthesis of higher basicity calcium silicate hydrate or calcium 

silicate (CaO/SiO2 ratio from 1.25 to 2.0); 2) mechanochemical or thermal treatment 

of hydrothermal products together with siliceous raw materials such as sand, blast-

furnace slag, glass, etc. or silica (usually 1:1); 3) cement curing in the water or CO2 

atmosphere. It is known that the properties of environmentally friendly cementitious 

materials depend on the mineral composition of products obtained during 

hydrothermal treatment. For these reasons, the synthesis, structure and chemistry of 

the above mentioned compounds have been studied by many scientists, yet their 

opinions seem to differ. 

Recently, the synthesis and properties of dibasic calcium silicate hydrate –  

α-C2SH –have regained interest because on its basis a new hydraulic cementitious 

material has been created. The synthesis of α-C2SH is possible from lime and 

quartz/amorphous silica/silica acid mixtures or from dibasic calcium silicate (C2S) 

polymorphs. According to several sources, α-C2SH forms quite easily under 

hydrothermal conditions from CaO and silicic acid as the starting materials in the 

temperature range of 150–200 °C. Crystallization from quartz is very slow with the 

best results being obtained while using C2S polymorphs as the starting material. 

Kilchoanite, a polymorph of rankinite, can be used for the manufacturing of 

carbonatable calcium silicate cements. This compound could be prepared from 

mixtures of lime and quartz at 280–600 °C temperature and at 50–100 MPa pressure. 

In addition, by using the rapid heating method, γ-dicalcium silicate was formed as an 

initial product from mixtures of lime and silica acid, and it was replaced by 

kilchoanite and a small amount of 8CaO∙5SiO2 at 220–250 °C temperature.  
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Hydroxyledgrewite is the hydroxyl analogue of edgrewite, approved in 2012. 

Hydroxyledgrewite belongs to the nesosilicates or orthosilicates group; these 

silicates possess the lowest degree of polymerization possible, namely C-S-H phases 

with isolated silicon tetrahedra (Q0). Due to the similarities of the structures of 

hydroxyledgrewite and α-C2SH, it may be possible to use it in alternative 

cementitious materials. 

As a matter of fact, in the context of reducing environmental issues, 

economically attractive technologies for the synthesis of calcium silicates and/or 

calcium silicates hydrates, which can be used for the production of EFCM, are in 

great demand.  

 

The aim of this work is to create an innovative preparation technique for the 

production of an environmentally friendly cementitious material which will combine 

the hydrothermal synthesis of calcium silicates and/or calcium silicates hydrates and 

their solid-state sintering at a low temperature. 

 

The goals of this work are: 

1) to investigate the influence of primary mixtures composition 

(CaO/(SiO2+Al2O3)=1.5–2.25) and hydrothermal synthesis parameters on 

the formation processes of calcium silicates and calcium silicates hydrates; 

2) to determine the effect of mechanochemical and thermal activation on the 

stability of synthesis products and their derivative physical and chemical 

properties; 

3) to investigate the hydration mechanism and strength properties of binding 

materials prepared by using synthetic α-C2SH, kilchoanite, 

hydroxyledgrewite and quartz. 

 

Statements presented for defense: 

1) the thermal activation conditions of quartz and α-C2SH, kilchoanite or 

hydroxyledgrewite samples have a critical influence on the properties of 

created binding materials; 

2) the developed conditions of hydrothermal treatment allow producing 

calcium silicates and/or calcium silicates hydrates from a non-

stoichiometric initial mixture. 

 

Scientific novelty of the research: 

1) a new methodology for the formation of anhydrous calcium silicate – 

kilchoanite – under hydrothermal conditions was developed.  

2) for the first time, a dibasic calcium silicate hydrate, hydroxyledgrewite 

(Ca9(SiO4)4(OH)2), was synthesized under hydrothermal conditions 

(CaO/SiO2=2.25; 48 h; 200 °C), its physical and chemical properties were 

investigated, and this compound was used for the production of an 

environmentally friendly cementitious material. 
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Practical significance of the scientific research: 

An innovative preparation technique for the production of environmentally 

friendly cementitious materials which combines the hydrothermal synthesis of 

precursors and their solid-state sintering at a low temperature is developed. The 

properties of the created materials correspond to the requirements of belite and 

special low-heat cements. The obtained environmentally friendly cementitious 

materials can be used as an alternative for the ordinary Portland cement. The 

preparation technique of the above mentioned materials requires a 600–1000 °C 

lower calcination temperature as well as a lower quantity of calcium carbonate, 

which leads to lower CO2 emissions.  

 

Approval and publication of the research results: 

The results of the dissertation were published in 6 scientific publications 

included in the Clarivate Analytics Web of Science database: 4 of them were 

published in the Journal of Thermal Analysis and Calorimetry; 1 in Scientia Iranica 

C and 1 in the Journal of the American Ceramic Society. In addition, the results 

were presented in one scientific publication included in the Scopus database (Solid 

State Phenomena), and one patent was registered at the National Patent Office.  

The results were presented in 7 conferences, 6 of which were international: 

“BaltSilica 2018” (2018, Latvia), “International Conference of Thermal Analysis 

and Calorimetry in Russia (RTAC-2016)” (2016, Russia), “18
th
 international 

Conference-School Advanced Materials and Technologies” (2016, Lithuania), 

“BaltSilica 2016” (2016, Lithuania), “Particulate Solids in Science, Industry and the 

Environment 2015” (2015, Slovakia), “3
rd

 Central and Eastern European Conference 

on Thermal Analysis and Calorimetry” (2015, Slovenia).  

 

Structure and contents of the dissertation: 

The dissertation consists of the introduction, literature overview, experimental 

part, results and discussion, conclusions and the list of references and publications 

on the dissertation topic. The list of references features 188 bibliographic sources. 

The main results are discussed on 110 pages and illustrated in 14 tables and 67 

figures. 

 

The contribution of the author and co-authors: 
The author synthesized and described all the dibasic calcium silicate hydrates 

which are mentioned in the thesis, examined the peculiarities of early hydration of 

the obtained environmentally friendly cementitious material, determined the 

compressive strength of the binder material and performed thermodynamic 

calculations. Kęstutis Baltakys advised on the progress of the experiment and the 

preparation of the manuscripts. Anatolijus Eisinas consulted on the synthesis and 

thermodynamic calculations. Raimundas Šiaučiūnas advised on the hydrothermal 

synthesis of calcium silicates. Jelena Škamat and Andrius Kudžma consulted on 

microcalorimetry technique. 
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1. Literature Review 

1.1 Classification of calcium silicate hydrates 

Calcium silicate hydrates (C-S-H) whose formula is expressed by the molar 

ratio of constituent components xCaO·ySiO2·zH2O (where indexes x, y, z stand for 

the number of moles) are a silicic acid salt (1, 2). Many of these compounds are 

found as natural minerals while others can be produced either by air curing, e.g., 

cement or concrete (2, 3), or hydrothermally by high pressure steam treatment in an 

autoclave (4). The production processes for fiber cement, calcium silicate boards and 

autoclaved aerated concrete cover the whole range of calcium silicate hydrates from 

poorly crystallized to well crystallized ones(3, 5). The hydration products of 

Portland cement are primary calcium silicate hydrate gels which are a mixture of 

poorly crystallized particles. 

The ternary CaO-SiO2-H2O system includes more than 40 calcium silicate 

hydrates ranging from amorphous to crystalline compounds with various 

compositions in a wide range of CaO/SiO2 ratio between 0.44–3.0 (1, 6–8). They 

can be used as fillers, as adsorbents, as bioactive materials, as environmentally 

friendly cementitious materials and in other fields (9–18). It is known that the 

crystallization reaction and the peculiarities of C-S-H depend on many factors, such 

as the type of silica, CaO/SiO2 molar ratio, the curing conditions, the surface area of 

materials, the amount of water and the type of lime, and the pollution of raw 

materials(1, 19–25). For these reasons, C-S-H is the subject of numerous scientific 

studies. However, the literature concerning the formation and peculiarities of C-S-H 

is not unequivocal. The most recognized classification of C-S-H was presented by 

H. F. W. Taylor and R. M. Roy which was supplemented in 1996 by W. Kraus and 

G. Nolze and in 2008 by I.G. Richardson (1). This classification consists of 

wollastonite, tobermorite, jennite, gyrolite, γ-C2S, and other groups of C-S-H (Table 

1.1). 
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Table 1.1. Classification of calcium silicate hydrates(1) 

Name Formula CaO/SiO2 

Wollastonite group 

Foshagite Ca4(Si3O9)(OH)2 1.33 

Hillebrandite Ca2(SiO3)(OH)2 2.0 

Nekoite Ca3Si6O15·7H2O 0.5 

Okenite [Ca8(Si6O16)(Si6O15)·2(H2O)6]
4–[Ca2(H2O)9·3H2O]4+ 0.56 

Pectolite Ca2NaHSi3O9 1.0 

Wollastonite 1A Ca3Si3O9 1.0 

Xonotlite Ca6Si6O17(OH)2 1.0 

Tobermorite group 

Clinotobermorite Ca5Si6O17·5H2O 0.83 

Clinotobermorite 9 Å Ca5Si6O16(OH)2 0.83 

Oyelite Ca10B2Si8O29·12.5H2O 1.25 

9 Å tobermorite (riversideite) Ca5Si6O16(OH)2 0.83 

Anomalous 11 Å tobermorite Ca4Si6O15(OH)2·5H2O 0.67 

Normal 11 Å tobermorite Ca4.5Si6O16(OH)·5H2O 0.75 

14Å tobermorite (plombierite) Ca5Si6O16(OH)2·7H2O 0.83 

C-S-H(I) 

 

<1.5 

Jennite group 

Jennite Ca9Si6O18(OH)6·8H2O 1.5 

Metajennite Ca9Si6O18(OH)6·8H2O 1.5 

C-S-H(II) 

 

>1.5 

Gyrolite Group 

Fedorite (Na,K)2(Ca,Na)7(Si,Al)16O38(F,OH)2·3.5H2O 0.56 

Gyrolite NaCa16Si23AlO60(OH)8·14H2O 0.71 

K-phase Ca7Si16O38(OH)2 0.44 

Reyerite Na2Ca14Si22Al2O58(OH)8·6H2O 0.67 

Truscottite Ca14Si24O58(OH)8·2H2O 0.58 

Z-phase Ca9Si16O40(OH)2·14H2O 0.56 

γ-C2S group 

Calcium chondrodite Ca5(SiO4)2(OH)2 2.5 

Kilchoanite Ca6(SiO4)(Si3O10) 1.5 

Pavlovskyite or C8S5 Ca8(SiO4)2(Si3O10) 1.6 

Other calcium silicate phases 

Afwillite Ca3(SiO3OH)2·2H2O 1.5 

α-C2SH Ca2(HSiO4)(OH) 2.0 

Cuspidine Ca4(F1.5(OH)0.5)Si2O7 2.0 

Dellaite Ca6(Si2O7)(SiO4)(OH)2 2.0 

Jaffeite Ca6[Si2O7](OH)6 3.0 

Killalaite Ca6.4(H0.6Si2O7)2(OH)2 1.6 

Poldervaartite Ca(Ca0.67Mn0.33)(HSiO4)(OH) 2.0 

Rosenhahnite Ca3Si3O8(OH)2 1.0 

Suolunite CaSiO2.5(OH)·0.5H2O 1.0 

Tilleyite Ca5Si2O7(CO3)2 2.5 

Y-phase Ca6(Si2O7)(OH)6 2.0 

Other high temperature cement phases 

Bicchulite Ca2(Al2SiO6)(OH)2 0.67 

Fukalite Ca4(Si2O6)(CO3)(OH)2 2.0 

Katoite Hydrogarnet Ca1.46AlSi0.55O6H3.78 0.94 

Rustumite Ca10(Si2O7)2(SiO4)Cl2(OH)2 2.0 

Scawtite Ca7(Si6O18)(CO3)·2H2O 1.17 
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Wollastonite group minerals arewidely used in the industry. Xonotlite is an 

ultra-light insulation material which has a number of beneficial properties: low 

thermal conductivity, wide application temperature range, environmental 

friendliness and low density (26, 27). This compound can be easily synthesized 

under hydrothermal conditions at 190–400 °C when the molar ratio of the primary 

mixture is C/S=1.0 (28, 29). Meanwhile, wollastonite is a white glassy silicate 

material formed as a deposit or as tabular crystals of metamorphosed limestone (30). 

It has wide application and is used in concrete, as a coating material, in porcelain, 

etc. Due to the special properties, such as biocompatibility, bioactivity, 

degradability, low shrinkage and good strength properties, wollastonite has been 

used widely in biomedicine (9–11, 30–32). In practice, for the synthesis of 

wollastonite, various raw materials and methods, such as using diatomite, SiO2 dust 

from filters, slag, synthesizing at low temperature, a solid state reaction, fusion and 

the hydrothermal process are applied (9, 33). Recently, more and more interest has 

been paid to hillebrandite because its basis environmentally friendly cementitious 

materials have been created (2, 15, 34). The formation of this hydrate is related to 

the reactivity and homogeneity of the starting materials mixture as well as the 

concentration of the aqueous suspension. By the thermal dissociation of 

hillebrandite, at temperatures ranging from 500 °C to700 °C, β-C2S can be obtained, 

which is stable at room temperature and highly reactive (35, 36). 

Tobermorite group minerals. Tobermorite is a type of crystalline calcium 

silicate which occurs in the nature where it was formed in an alkaline environment 

under hydrothermal condition. Many studies have shown that tobermorite fibers 

exhibit several excellent characteristics, such as light weight, flame-retardant and 

high compressive strength, which makes it very efficient as a heat insulating and 

fire-resistant building material (37–41). The most important type is 11 Å tobermorite 

which is the major phase found in aerated autoclaved concretes (39). Tobermorite 

can be synthesized by hydrothermal synthesis in the CaO–SiO2–H2O system, but 

other different approaches, such as microwave-assisted synthesis or 

mechanochemical synthesis, have also been successfully applied (37–39). However, 

many variable factors exert influence on the obtained amount and morphology of 

synthesized tobermorite. For this reason, natural tobermorite is usually more highly 

crystalline than synthetic tobermorite. 

Jennite group minerals. Jennite is a rare natural mineral usually found in 

contact with 14 Å tobermorite. It can be synthesized hydrothermally in a CaO and 

SiO2 mixture within the 60–100 °C temperature range (1, 23, 42, 43). Jennite is an 

important structural prototype of C–S–H gel that is a major component of cement 

hydrate. For this reason, the structure, dynamics, and the mechanical properties of 

jennite have been investigated by many authors (1, 23, 42, 43, 44). The crystal 

structure of jennite is composed of tilleyite ribbons of edge-sharing calcium 

octahedral, Si–O dreierketten chains running along [010], and additional calcium 

octahedral sitting in between the chains.  

Gyrolite group minerals. The compounds of this group are commonly found in 

volcanic and basaltic rocks, voids or gaps; they exist only together with related 

minerals (24, 45, 46). Gyrolite group compounds can be synthesized under 
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hydrothermal conditions (150–350 °C) in CaO and SiO2 mixtures (with the molar 

ratio of CaO and SiO2 being equal to ~0.66). However, the outlined synthesis route 

is a very complex and time consuming process. In recent years, the interest in 

gyrolite has grown considerably because this mineral can be used as an adsorbent 

(24, 45, 46). Gyrolite is commonly synthesized under hydrothermal conditions from 

amorphous silica, but, according to the studies when crystalline quartz is used as the 

SiO2 source, it is impossible to obtain this compound even after 168 h of 

hydrothermal treatment at 200 °C (7, 45, 47). Synthesis of gyrolite strongly depends 

on the SiO2 source; due to the low quartz solubility rate, the solution contains 

significant excess of Ca ions (46). It is associated with forming compounds featuring 

a higher Ca/SiO2 ratio (tobermorite, xonotlite) than it was expected under 

stoichiometric composition of the starting materials. In the case of amorphous silica, 

pure gyrolite can be synthesized at 175 °C after 72 h and at 200 °C after 32 h (24, 

25, 45–49). 

γ-C2S group minerals. Literature data on the minerals of this group is fairly 

limited. Kilchoanite and C8S5 belong to sorosilicates with [Si3O10]
-8

 and [SiO4]
-4

 

groups. These minerals have both isolated tetrahedra (Q0) and finite triple chains. 

The silicon tetrahedra are connected to 6 and 8-fold coordinated calcium atoms (44).  

Other calcium silicate hydrate phases. Most of these compounds are less 

significant for the cement and binding materials chemistry; however, they are widely 

used elsewhere. 

Afwillite is denoted by low density, heat-insulating and incombustible 

properties. It is known that afwillite is usually synthesized by the hydrothermal 

reaction of lime and silica under hydrothermal conditions at temperatures above 200 

°C. Nevertheless, it was reported that afwillite can be obtained by mechanochemical 

synthesis or during the hydration of tricalcium silicate. Horgnies et al. (50) describe 

that, under mechanochemical synthesis conditions, the afwillite content in the (dry) 

solids exceeds 54% after 2 days, which represents about 90% of the theoretical 

maximum possible. Also, these authors found that afwillite during C3S hydration can 

be used as a dry powder or as an accelerator, and that hydrated C3S pastes with an 

afwillite additive have much lower drying shrinkages than their analogues.  

Cuspidine is a rare mineral which is usually obtained as a hydrothermal or 

solid-state reactions product. Cuspidine is used as a mold flux which plays the 

decisive role in a casting mold during commercial continuous casting of steels: it 

controls the horizontal mold heat transfer and lubricating the solidified steel shell 

from the oscillating mold (51–55). 

α-C2SH is a fairly common compound formed during the hardening of 

autoclaved calcium silicate products; it has gained new interest because on its basis a 

family of new hydraulic cementitious materials has been created (56–59). 

Other high temperature cement phases. These compounds are less significant 

for the industry, and only katoite hydrogarnet is widely used in ordinary Portland 

cement and aluminate cement. 

The synthesis, properties and structure of the compounds with molar ratio  

C/S = 0.8–1.0 (11 Å tobermorite, xonotlite) have been analyzed in detail (26, 29, 

60–65). Recently, the synthesis, properties and the structure of dibasic calcium 
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silicate hydrates have recovered major interest because, on its bases, 

environmentally friendly cementitious materials (EFCM) which are not only less 

costly energy-wise but also less harmful to the nature (13, 15, 56, 57, 66, 67) have 

been developed. However, the properties and the crystallization reaction of the 

precursors (calcium silicate hydrates)for EFCM depend on many factors, such as the 

type of silica, CaO/SiO2 molar ratio, the curing conditions, the surface area of 

materials, the amount of water, the type of lime, and the pollution of raw materials 

(23–25, 59). In order to successfully use calcium silicates hydrates in the EFCM 

technologies, it is necessary to determine the crystallization reactions and the 

properties of the above mentioned compounds. 

 

1.2 Synthesis, properties and structure of high basicity calcium silicates and 

calcium silicate hydrates 

α-C2SH (Ca2(SiO3OH)(OH)) is dibasic calcium silicate hydrate which does 

not exist in the natural environment and forms during hydrothermal synthesis (56).  

α-C2S hydrate was first discovered in steam-cured Portland cement mortars by 

Thorvaldson and Shelton who also described its optical properties. It has since been 

prepared under hydrothermal conditions either from calcium oxide and silica gel or 

from anhydrous dicalcium silicates (68). α-C2SH is produced primarily in the 

process used to form 11 Å tobermorite when a suspension of calcium hydroxide and 

fairly large size quartz is hydrothermally treated at about 155 °C. The thermal and 

spectroscopic properties of this phase have been reported in (69, 70). Whereas the 

reassignment of powder diffraction peaks has been reported, the crystal structure has 

not been refined since Heller’s original study (71). Heller (71) discovered that, under 

the conditions studied (100–200 °C; up to 7 days), the initial product was usually 

calcium silicate hydrate (I). Further treatment yielded α-C2SH and finally 

hillebrandite and/or afwillite. α-C2SHwas synthesized from mixtures of lime slurry 

and quartz in compositions with 1.8 to 2.4 CaO/SiO2 molar ratios (72). However, 

this series of compounds, free of all contaminants, showed X-ray patterns containing 

many or nearly all lines of crystalline Ca(OH)2. Synthesis is possible from lime and 

quartz (73-75) or amorphous silica (76) or silica acid (77, 78) mixtures or from 

dibasic calcium silicate (C2S) polymorphs (77, 79). According to several sources 

(77, 78), α-C2SH forms quite easily under hydrothermal conditions from CaO and 

silicic acid as the starting materials in the temperature range of 150–200 °C. 

Crystallization from quartz is very slow, with the best results being obtained when 

using C2S polymorphs as the starting material (79, 80). As indicated by Taylor (68), 

seeding aids the formation of α-C2SH under hydrothermal conditions.  

Hong and Glasser (23) constructed phase relations in the lime-rich (>50% 

Ca(OH)2) portion of the CaO–SiO2–H2O system at saturated steam pressures 

(Ca/Si=0.83–3.0; 55–220 °C; 360 days). It should be underlined that α-C2SH was 

always formed together with portlandite.  

Kalousek et al. (72) studied the effects of two forms of silica, quartz and silicic 

acid, the methods of mixing, and autoclaving conditions on the formation of the 

lime-rich crystalline calcium silicate hydrates designated as alpha-, beta-, and 

gamma-type hydrates. α-C2SHwas synthesized from mixtures of lime slurry and 
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quartz in compositions with 1.8 to 2.4 CaO/SiO2 molar ratios. However, this series 

of compounds, free of all contaminants, showed X-ray patterns containing many or 

nearly all lines of crystalline Ca(OH)2. 

Black et al. (40) prepared by hydrothermal treatment a number of crystalline 

calcium-silicate-hydrate (C-S-H) phases with calcium–silicon ratios varying from 

approximately 0.5 (K-phase) to 2.0 (hillebrandite and α-dicalcium silicate hydrate). 

They showed that X-ray photoelectron spectroscopy (XPS) can be used to obtain 

valuable structural information for C-S-H phases. Thus the formation of α-C2SH 

from different mixtures (with molar ratio C/S=2) is a complex and long-term process 

because of a low solubility of CaO-containing compounds and/or reactivity of raw 

materials. In order to accelerate the interaction between intermediary compounds in 

the CaO–amorphous SiO2–H2O system and to avoid unreacted portlandite in the 

products, the molar ratio (C/S) of the initial mixture was reduced to1.75.  

Hu et al. (81) determined that α-C2SH is stable at low temperatures and starts 

to decompose at 180 °C to form Ca-rich jaffeite and finally dellaite at 350 °C for 8 

days. Hillebrandite was a stable phase at lower temperatures than 350 °C, but was 

transformed directly to dellaite at temperatures higher than 350 °C within 1–2 days. 

Dellaite was reversibly transformed to hillebrandite at lower temperatures below 300 

°C with the formation of a small amount of the C-S-H compounds with a C/S ratio 

of 1.5. Meanwhile, hillebrandite is stable only over a short range of temperature 

between 160 °C and 210 °C whereas at higher temperatures it decomposes to  

α-C2SH and portlandite after a very long term hydrothermal treatment when the 

reactions of intermediary compounds formation have been completed (23). 

 

Ishida et al. (77) showed that the thermal treatment of α-C2SH (synthesized in 

the mixtures with CaO/SiO2 molar ratio 2) between 390 °C and 490 °C in air leads 

to the formation of anhydrous phase Ca2SiO4. The crystallographic data of this 

phase, called x-C2S, was provided by Miyazaki et al. (82), and the crystal structure 

was determined by Toraya and Yamazaki (83). Also, these authors proposed a 

mechanism of transformation of α-C2SH into x-C2S with further heating up to  

920–960 °C leading to the formation of a'L-C2S, which transforms into β-C2S upon 

subsequent cooling (Fig. 1.1). According to Garbev et al. (78), NaOH and quartz 

clearly reduces the transformation temperature of α-C2SH into x-C2S by about 50 °C 

compared with the alkali-free synthesized sample. Also, these authors showed that 

dellaite transformation into x-C2S depends on the starting materials being at 560 °C 

and 620 °C for alkali-activated and alkali-free syntheses, respectively. Meanwhile, 

the transformation of x-C2S to a'L-C2S also occurred at a lower temperature in the 

presence of alkali during synthesis. The end product after cooling down from 900 °C 

to room temperature was β-C2S. Nevertheless, the transformation mechanism, the 

exact reaction sequence and the nature of the corresponding products in the course 

of dehydration remain a controversial issue (16). 
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Fig. 1.1. Phase relationship of C2S polymorph(83) 

α-C2SH with isolated silicate tetrahedrons possesses the lowest degree of 

polymerization, and is one of members of the neosilicates (16, 44, 78, 79, 81). The 

crystal structure of α-C2SH was first described by Heller. It consists of isolated 

acidic SiO3(OH) tetrahedral sharing edges with Ca(O,OH)6 and Ca(O,OH)7 

polyhedra. Of interest are strong hydrogen bonds, first believed to interconnect the 

SiO3(OH) tetrahedra and the Ca(O,OH)n polyhedra. Conversely, Pampuh and 

Swiderski suggest that hydrogen bonds interconnect the SiO3(OH) tetrahedra. The 

complete crystal structure was solved by Marsh(84).  

α-C2SH consists of [HSiO4]
3-

 anion groups connected with the hydrogen bond, 

and silicon in this structure is coordinated with three oxygen atoms and one 

hydroxyl group (Fig. 1.2) (16, 44). The calcium atoms are six and sevenfold 

coordinated. The space group of α-C2SH is P212121 with an orthorhombic lattice and 

the following parameters: a=0.9476 nm, b=0.9198 and c=1.0648 nm. The hydrogen 

atom fully occupies crystallographic sites at 0.238, 0.438, 0.110 and 0.406, 0.413, 

0.339 (85). 

   
 a b 

Fig. 1.2. Structure of α-C2SH presented in different literature: a – (44) b – (16). Bottom right 

(b): α-C2SH structure after Marsh along {001} showing zig-zag chains of hydrogen-bonded 
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silicate tetrahedra parallel to b; the rectangles represent unit cells. The morphology of α-

C2SH crystal is visualized schematically in the respective orientation. Top right (b): 

Polarized IR spectrum of α-C2SH with E||b. Bottom left (b): Polarized IR spectrum of α-

C2SH with E||a. Top left (b): Detail of the α-C2SH structure illustrating the m1-O–H(Si) and 

d-O–H(Si) vibrations 

Kilchoanite Ca6(SiO4)(Si3O10), (C/S=1.5), a polymorph of Ca3Si2O7, was 

reported as a natural mineral by Agrell and Guy (86). This mineral is typically 

formed during the pyrometamorphism of siliceous limestones (87). The formation of 

kilchoanite at relatively low temperatures depends on the nature of the starting 

materials and hydrothermal conditions. Kilchoanite was first synthesized as a new 

phase by Roy who called it Phase-Z and considered it to have the composition 

9CaO∙6SiO2∙H2O (88). 

Mitsuda (89) and Taylor (90) reported that kilchoanite could be prepared from 

mixtures of lime and quartz at 280–600 °C temperature and 500–1000 MPa 

pressure. With further results, Mitsuda et al. (91) revealed that, by using the rapid 

heating method, the γ-dicalcium silicate was formed as an initial product from 

mixtures of lime and silica acid and was replaced by kilchoanite and a small amount 

of 8CaO∙5SiO2 at 220–250 °C temperature. Speakman et al. (92) reported 

hydrothermal reactions of γ-dicalcium silicate with or without added lime or silica at 

150–600 °C and showed that kilchoanite formed readily from mixtures containing  

γ-dicalcium silicate at 180–220 °C. Taylor (90) found a close structural relation 

between kilchoanite and γ-dicalcium silicate. This suggests topotactic hydrothermal 

reaction between the starting material and the products. Mitsuda et al. (91) 

discovered that kilchoanite was formed in fine quartz or silicic acid and lime 

suspension when the molar ratio of CaO/SiO2 was equal to 1.5. 

According to Yanagisawa et al. (93), β-dicalcium silicate can be used as a 

precursor for kilchoanite synthesis. These authors also determined the metastable 

phase of C8S5 recrystallization to kilchoanite and reinhardbraunsite by long time 

reactions at higher temperatures than 200 °C. After 1 day at 350 °C, C8S5 was 

completely decomposed to kilchoanite and reinhardbraunsite. Having treated  

β-dicalcium silicate at 400 °C up to 5 days, dellaite was obtained together with 

kilchoanite and reinhardbraunsite. The same tendency was observed by Hu et al. 

(81), kilchoanite and reinhardbraunsite were formed by the hydrothermal treatment 

of β-C2S at temperatures above 260 °C for 24 h. These compounds were stable even 

at higher temperatures, and, only after 5 days of hydrothermal treatment at 400 °C, 

traces of dellaite were formed. Thus, these authors stated that the formation of 

kilchoanite (C/S = 1.5) from compounds with C/S = 2.0 at lower temperatures can 

be explained by the increase in solubility of Ca(OH)2 at lower temperatures. 

Furthermore, Garbev et al. (44) described that the set afwillite-killalaite-kilchoanite 

with C/S ratio of 1.5 has a direct relationship between the degree of polymerization 

and the temperature of formation, and a higher synthesis temperature is required 

reading from left to right. The synthesis, structure and chemistry of kilchoanite were 

also studied by other scientists, yet their opinions seem to differ (40, 85, 94, 95, 96, 

97).  
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Kilchoanite belongs to the sorosilicates group with [Si3O10]
-8

 and [SiO4]
-4

. The 

crystal system is orthorhombic with parameters a = 1.142 nm, b = 0.509 nm,  

c = 2.195 nm. Also, kilchoanite recrystallized into two space groups, each of which 

could be in either of two orientations; Imam or Imcm (centrosymmetric) and Ima2 or 

I2cm (non-centrosymmetric) (1, 44, 85, 87, 90). Kilchoanite was the first mineral 

found with both isolated tetrahedra (Q0) and finite triple chains (Fig. 1.3) (44, 85). 

The silicon tetrahedra are connected to 6 and 8-fold coordinated calcium atoms. The 

triple chains (also called kilchoanite chains) contain one Q2 tetrahedron and two Q1 

tetrahedra. The number of chains and isolated tetrahedra is equal in kilchoanite, thus 

there are ¼Q0, ½Q1 and ¼Q3 tetrahedra in the structure (44). Roy et al. (88, 98) 

showed that kilchoanite made hydrothermally at 715 °C was essentially anhydrous, 

but Speakman et al. (92) obtained evidence that specimens obtained at lower 

temperatures contained combined water. 

 

    
 a b 

Fig. 1.3. Structure of kilchoanite presented in different literature: a – (44), b – (85) 

Petschnig (87) obtained single crystals of kilchoanite during the hydrothermal 

treatment (100 MPa and 800 °C) of rubidium calcium silicate glass and determined 

the crystal structure from single-crystal X-ray diffraction data. This author 

calculated the following unit-cell parameters: a=2.19641 nm, b=0.50841 nm, 

c=1.14403 nm, V=1.27751 nm
3
, Z=2. It was determined that the structure belongs to 

the group of mixed anion silicates consisting of isolated tetrahedra ([SiO4]
-
) and 

trimers ([Si3O10]
-
) at the ratio of 1:1, and the crystallochemical formula can be 

written as Ca6[SiO4][Si3O10] (Fig. 1.4). 

 

 

Fig. 1.4. A single ‘horseshoe-like’ [Si3O10]
-
group in kilchoanite (87) 
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Cuspidine (3CaO·2SiO2·CaF2) was first described by Scacchi in the ejected 

blocks of metamorphosed limestone at Vesuvius, but a detailed and systematic 

morphological description of well-terminated crystals was given first by Rath from 

material at Cozzolino in Resina, Vesuvius (51–55, 99). Cuspidine is a member of the 

sorosilicates (Si2O7 group) and can contain additional O, OH, F and H2O (55). It is a 

rare mineral and is usually obtained as a hydrothermal treatment product in 

experiments designed to substitute fluoride for hydroxyl ions in calcium aluminum 

silicate hydrate (55). Cuspidine is easily formed by solid-state reactions in the 

system CaF2–CaSiO3–Ca2SiO4 and is stable till 1450 °C; above 1450 °C, the 

decomposition and formation of CaF2 and Ca2SiO4 is observed (54, 55). 

Martín-Sedeño et al. (51) determined that minerals of the cuspidine group can 

be described with the general formula A4(Si2O7)X2, where A is a large divalent 

cation, and X is a monovalent or divalent anion (OH
−
, F

−
, O

2−
). The authors state that 

the archetype compound of the cuspidine family is Ca4(Si2O7)(OH)2 which 

crystallizes in the space group P21/c. Also, it was determined that the cuspidine 

framework is built up from ribbons of edge sharing CaO7/CaO8 polyhedra running 

parallel to the a-axis with tetrahedral disilicate groups, Si2O7, interconnecting theses 

chains through vertexes. Martín-Sedeño et al. (51) suggested writing the structural 

formula of cuspidine as Ca4(Si2O7□1)(OH)2, where the square shows the empty site 

in between the disilicate group.  

Cuspidine is generally used as mold flux which plays the decisive role in a 

casting mold during commercial continuous casting of steels: controlling the 

horizontal mold heat transfer and lubricating the solidified steel shell from an 

oscillating mold (51–55). Romo-Castañeda et al. (99) stated that cuspidine is one of 

the most important compounds crystallized in mold flux film during the thin slab 

casting process. 

Jung et al. (100) noted that cuspidine is a key ingredient in the continuous 

casting process to improve the quality of the cast slabs. These authors determined 

that cuspidine precipitation occurs at ~1200 °C, and that 40–50 % of the liquid 

remains till 1000 °C. It is worth noting that the melting temperature of pure 

cuspidine is ~1400 °C.  

 

Hydroxyledgrewite (Ca9(SiO4)4(OH)2) is the hydroxyl analogue of edgrewite 

(Ca9(SiO4)4F2) approved by The Commission on New Minerals, Nomenclature and 

Classification (CNMNC) of the International Mineralogical Association (IMA) in 

March 2012 and September 2011, respectively. Edgrewite was named in honor of 

Edward S. Grew, a well-known scientist in the areas of mineralogy and petrology 

(101). These minerals were discovered in one of the seven large xenoliths of 

carbonate silicate skarn within the Upper Chegem caldera, Northern Caucasus, 

Kabardino-Balkaria, Russia (101, 102). According to Galuskin et al. (103), the 

xenoliths are interpreted to be terrigenous-carbonate rocks metamorphosed to calc-

silicate skarn under conditions of the sanidinite facies (T > 900 °C and  

P ~100–200 MPa). Edgrewite and hydroxyledgrewite formed at somewhat lower 

temperatures during retrogression following crystallization of larnite skarns (101). 
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Bultfonteinite, hillebrandite, jennite, and chegemite-fluorchegemite are the most 

widespread minerals associated with edgrewite and hydroxyledgrewite. 

Galuskin et al. (101) also described the physical and optical properties, the 

chemical composition and the crystal structure of natural edgrewite and 

hydroxyledgrewite. The outlined minerals show combinations of pinacoids and 

rhombic prisms. Edgrewite and hydroxyledgrewite form a solid-solution 

Ca9(SiO4)4(F,OH)2, in which the proportion of the edgrewite end-member 

Ca9(SiO4)4F2 ranges from 31% at F = 1.52 wt% to 74% at F content = 3.64 wt%.  

Hydroxyledgrewite belongs to the nesosilicates or orthosilicates group; these 

silicates possess the lowest degree of polymerization possible, namely C-S-H phases 

with isolated silicon tetrahedra (Q0) (44). The humite group (104) is a subgroup of 

nesosilicates with the general formula An(SiO4)m(F,OH)2 (A shows n moles of 

cation, m – the moles of SiO4). Meanwhile, the given group formula for calcium 

members can be written as n·Ca2SiO4+Ca3(SiO4)(F,OH)2, where Ca2SiO4 presents 

the ‘calcio-olivine’, and Ca3(SiO4)(F,OH)2 the hypothetical ‘calcio-norbergite’. 

When n = 3, the formula of edgrewite Ca9(SiO4)4F2 and hydroxyledgrewite 

Ca9(SiO4)4(OH)2(Ca/Si=2.25:1) is obtained(101, 105).According to Galuskin et al. 

(101), the structure projection of edgrewite along {100} (Fig. 1.5, a) is similar to 

clinohumite. Meanwhile, hydrogen bonds of hydroxyledgrewite (Fig. 1.5, b) are 

related/connected with O9 and/or F9. 

 

          
 a b 

Fig. 1.5.a – Polyhedral drawing of the edgrewite structure projected along a in P21/c11 

setting. The small gray spheres at octahedral corners represent F9/O9 sites. SiO4 groups are 

black with white rims, CaO6 octahedra are gray with black rims. b – Hydrogen bonding in 

edgrewite and hydroxyledgrewite(101) 

C8S5 – pavlovskyite (Ca8(SiO4)2(Si3O10)) was first synthesized by Funk and 

wrongly named as γ-C2SH (103). C8S5was reported as a natural mineral by Galuskin 

et al. (103), and the mineral name pavlovskyite was approved by The Commission 

on New Minerals, Nomenclature and Classification (CNMNC) of the International 

Edgrewite 

Hydroxyledgrewite 
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Mineralogical Association (IMA) (CNMNC IMA) in January 2011. Speakman et al. 

(92) determined that C8S5 formed from γ-C2S under hydrothermal conditions at  

150–600 °C and 15–350 bars. These authors summarized the formation and 

recrystallization process of C8S5: 

 

9Ca2SiO4 + 2H2O → Ca8Si5O18 + 2Ca5(SiO4)2(OH)2 (Eq. 1.1) 

4Ca8Si5O18 + H2O → 4.5Ca6(SiO4)(Si3O10) + Ca5(SiO4)2(OH)2 (Eq. 1.2) 

1.5Ca6(SiO4)(Si3O10) + 3Ca5(SiO4)2(OH)2 → 4Ca6(Si2O7)(SiO4)(OH)2 (Eq. 1.3) 

 

Reaction 1.1 was complete after 72 h at 180 °C (2MPa); during this reaction, 

C8S5 (analog of the mineral pavlovskyite) and calcium chondrodite (analog of the 

mineral reinhardbraunsite) were formed. It should be underlined that the above 

mentioned compounds are related to the olivine structure. Reaction 1.2 was 

complete after 168 h at 250 °C (4 MPa); C8S5 becomes metastable and recrystallized 

to kilchoanite and calcium chondrodite. Finally, after 72 h at 600 °C (20 MPa), 

dellaite was formed (Reaction 1.3). It is worth mentioning that Speakman et al. (92) 

concluded that C8S5 is not a stable compound at any condition, and that the structure 

of C8S5 composed of alternate layers of kilchoanite and γ-Ca2SiO4. 

Meller et al. (24, 37) described the hydrothermal reactions of the CaO–Al2O3–

SiO2–H2O system at temperatures from 200 °C to 350 °C. Meller et al. (24) found 

that C8S5 formed when 11% to 33% of silica flour was added in oil well cement. 

These authors noted that it is also absent from the Taylor’s diagram and assumed 

that C8S5 is a metastable phase in the CaO–Al2O3–SiO2–H2O system either because 

of the short curing period or because the impurities in the cement alter the phase 

boundaries of the pure system. 

    
 a b 

Fig. 1.6. The structure of synthetic (44) (a) and natural (103) C8S5. Modules of Ca2SiO4 

(calcio-olivine) and Ca4Si3O10 are in yellow and in brown, respectively. 

The structure of C8S5 is poorly documented in the literature, and no crystal 

structure refinement currently exists (24). According to Garbev et al. (44), the 

structure of C8S5, (C/S=1.6) is similar to that of kilchoanite. The number of isolated 

tetrahedra is twice that of the triple chains, thus there are 2/5 Q0, 2/5 Q1 and 1/5 Q3 

silicon tetrahedra in the structure (Fig. 1.6, a). Galuskin et al. (103) refined the 

structure of C8S5(Fig. 1.6, b) and obtained that its structure consists of kilchoanite 

and calcium olivine (γ-Ca2SiO4) modules. These authors determined that the 
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projection along c calcium polyhedra is connected by SiO4 and Si3O10 (Fig. 1.6, b), 

while the projection along b mentioned polyhedral and Si tetrahedra build up layers 

parallel to {010} (103). 

 

1.3 The application of calcium silicates and calcium silicate hydrates on 

environmentally friendly cementitious materials 

According to Olivier et al. (106-108), in 2016, the global greenhouse gas 

emission reached about 49 Gt, and it continues to grow, while the largest part (~65 

%) of greenhouse gas emitted through human activities is carbon dioxide. In fact, the 

cement industry accounts for approximately 5–7 % of global CO2 emissions (66, 

106, 107, 109–113). The presently mentioned gas is released during limestone 

calcination and fuel combustion (15, 109, 114–118): every tone of ordinary Portland 

cement (OPC) emits 0.89 to 1.1 tonne of carbon dioxide. Also, while manufacturing 

cement, a considerable quantity of energy (4.7–6.3 GJ/t) is used (119–124). 

According to literature (66, 106, 107, 109, 111-113), the cement industry has to 

reduce CO2 emissions by more than 60% in order to help limit global temperature 

rise to 2–3 °C by 2050. However, over the same period, cement production is 

expected to grow some 43% to 73% (109, 112, 125–129). Hence, the current 

industry strategies which include the use of energy-efficient process technologies, 

alternative fuels and the development of environmentally friendly cementitious 

materials may help reduce greenhouse gas emission [124, 129]. 

Nowadays, intensive research and development is being carried out on the 

environmentally friendly and economically attractive synthesis technology of higher 

basicity calcium silicates, because, on its basis, environmentally friendly 

cementitious materials have been created (Celitement, Solidia, β-C2S rich cement, 

etc.) (2, 15, 17, 56–58, 66, 67, 78, 129–132). The commonly used synthesis 

technologies of the outlined compounds are expensive and complex because solid-

state sintering requires a high reaction temperature (1100–1450 °C) while the  

sol–gel method involves not only calcination at elevated temperatures (1000–1250 

°C), but also very pure starting materials(131, 133–139). Another more promising 

approach is the production in a three-step process: 1) hydrothermal synthesis of 

higher basicity calcium silicates or calcium silicate hydrates (CaO/SiO2 ratio from 

1.25 till 2.0); 2) mechanochemical or thermal treatment of the hydrothermal 

products together with siliceous raw materials like sand, blast-furnace slag, glass, 

etc., or silica (usually 1:1); 3) cement curing in the water or CO2 atmosphere. The 

main feature of this technology is that the energy consumption and the CO2 

emissions associated with cement production can be reduced up to 30–70%(13, 15, 

56, 66, 67, 130, 140).  

‘Celitement’ is mostly developed environmentally friendly cementitious 

material based on hydraulic calcium silicates, while ‘Solidia cement’ is based on 

non-hydraulic calcium silicates (15, 56, 57, 66, 67, 109, 130, 140). According to 

literature, ‘Celitement’ can be produced while using dibasic calcium silicate 

hydrates obtained by hydrothermal synthesis (α-C2SH, hillebrandite) (15, 56, 57, 67, 

130), meanwhile, ‘Solidia cement’ can be produced by using non-hydraulic calcium 
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silicate with CaO/SiO2 at a molar ratio from 1 till 1.5 (kilchoanite, rankinite, 

wollastonite) (15, 66, 109, 130). 

According to Garbev et al. (141), in order to transform α-C2SH and other 

calcium silicates hydrates in a hydraulic state, the hydrogen bonds must be 

destroyed. The activation can be done by mechanical (milling) and thermal 

treatment. These authors state that, depending on the primary mixtures, carbon 

dioxide emitted during the production of environmentally friendly cementitious 

material can be reduced up to 47 % (16, 56, 141). 

Link et al. (142) synthesized α-C2SH (purity ~90 %) under hydrothermal 

conditions at 200 °C temperature for 16 h. Later on, the obtained products were 

calcined in the 400–800 °C temperature range. The authors determined that the 

calcination of the main synthesis product leads to a multiphase of dicalcium silicates 

consisting of an amorphous material, x-C2S, γ-C2Sand β-C2S. These authors also 

stated that the most reactive phase is of amorphous content, while x-C2S is the most 

reactive crystalline phase (142). It was determined that α-C2SH calcined at  

400–450 °C temperature is hydraulic active, and, after 3 days of reaction with water, 

the degree of hydration was approximately equal to 89 %. 

The technology for producing environmentally friendly cementitious materials 

based on dibasic calcium silicates hydrates was investigated by other authors (18, 

58, 77, 132, 143–147). Siauciunas et al. (58, 132, 144–146) determined that by 

milling synthetic α-C2SH with quartz sand, α-C2SH partially decomposed while 

quartz partially amorphized. Also, the authors found out that, during alternative 

binder material hydration, the induction and acceleration periods lasted 45–48 min 

and 4–4.5 h, respectively. Also these authors determined the mechanical properties 

of obtained binder material: the bending and compressive strength after 28 days of 

hydration were equal to 5.22 and 20.45 MPa, respectively.  

 

************************ 

 

According to literature, ordinary Portland cement will be produced for at least 

the next 100 years, however, in order to reduce CO2 emissions and energy 

consumption, it is necessary to developed new cementitious materials as well as 

touse renewable energy and carbon capture technologies. Environmentally friendly 

cementitious materials (‘Celtement’, ‘Solidia cement’) with low carbon emission 

can be produced in a three-step process: 1) synthesis of higher basicity calcium 

silicate hydrates or calcium silicates (CaO/SiO2 ratio from 1.25 till 2.0); 2) 

tribochemical activation of the hydrothermal products (‘Celitement’); 3) cement 

curing in the water or CO2 atmosphere. As it was mentioned above, the first step of 

the referenced EFCM technologies is the synthesis of calcium silicates or calcium 

silicate hydrates. However, the crystallization reaction of these materials depends on 

many factors, such as the type of silica, CaO/SiO2 molar ratio, curing conditions, the 

surface area of materials, the amount of water, the type of lime, and the purity of raw 

materials. Also, there is little data about the influence of precursors on the properties 

of EFCM. Thus the synthesis, structure and chemistry of these compounds were 

studied by many scientists, yet their opinions seem to differ. 
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α-C2SH is commonly used for the synthesis of EFCM which is based on 

reactive dibasic calcium silicate forms (x-C2S, β-C2S). Calcium silicate hydrate can 

be synthesized under hydrothermal conditions from the mixtures of lime slurry and 

quartz/amorphous silica/silica acid in which CaO/SiO2 molar ratios vary from 1.8 to 

2.4. Meanwhile, kilchoanite forms from mixtures of lime and silica source at  

200–600 °C under hydrothermal conditions. This compound is non-hydraulic, 

however, it interacts with carbon dioxide and can be used for manufacturing of 

carbonation-hardening cements.  

Thus, there is little data (and it is not comprehensive) in the references about 

the synthesis and properties of α-C2SH, kilchoanite and hydroxyledgrewite as well 

as on its application for the manufacturing of EFCM.  
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2. Materials and Methods 

The following reagents were used:  

1) calcium oxide which was produced by burning Ca(OH)2 (Reaktiv, Russia) at 

550 °C temperature for 1 h, ground for 30 s in a vibrating cup mill Pulverisette 9 

(speed: 600 rpm).Sa = 2071 m
2
/kg (by CILAS LD 1090 granulometer),  

CaO = 98.7 . 

2) SiO2·nH2O (Reaktiv, Russia) was ground for 2.5 min in a vibrating cup mill 

(speed: 850 rpm), Sa = 1291 m
2
/kg, purity – 94.81 .  

3) -Al2O3 (Sigma-Aldrich, Germany) was produced by burning aluminum 

hydroxide at 475 °C for 5 hours (Sa = 1130 m
2
/kg,purity 99 %). 

4) quartz sand (Anykščių kvarcas) (SiO2>95 %, Sa = 28.7 m
2
/kg) was sieved 

through a sieve with a mesh width of 400 μm.  

Hydrothermal synthesis 

The synthesis of calcium silicate hydrates and calcium silicates was based on 

the hydrothermal method. Due to the higher basicity of calcium silicates and calcium 

silicates hydrates formation peculiarities (1, 23, 24, 89, 91, 142), the primary 

mixtures whose compositions correspond to the molar ratios CaO/(SiO2+Al2O3) = 

1.5; 1.75 or 2.25 and Al2O3/(SiO2+Al2O3) = 0; 0.025 or 0.05 were prepared (Table 

2.1). Later on, the primary mixtures were mixed with water to reach the water/solid 

ratio of the suspension equal to 10.0. The hydrothermal synthesis was carried out in 

unstirred suspensions in 25 ml volume PTFE cells which were placed in a stainless 

steel autoclave (Parr Instruments, Germany), under saturated steam pressure in a 

175-220 °C temperature range for 4; 8; 16; 24; 48; 72 hours by applying extra argon 

gas (1 MPa). Temperature was reached within 2 h. After hydrothermal treatments, 

the autoclave was quenched to room temperature. Having performed the synthesis, 

the suspensions were filtered, products rinsed with acetone to prevent carbonization 

of materials, dried at ~50 °C temperature for 24 h, and sieved through a sieve with 

an 80 μm mesh.  

Table 2.1The composition of primary mixtures 

Molar ratio 

CaO/(SiO2+Al2O3) 
1.5 1.75 2.25 

Molar ratio 

Al2O3/(SiO2+Al2O3) 
0 0.025 0.05 0 0.025 0 

The quantity of CaO, % 57.35 56.95 56.58 61.07 59.74 66.86 

The quantity of SiO2, % 42.65 41.33 40.00 38.93 37.16 33.14 

The quantity of Al2O3, % 0 1.72 3.42 0 3.09 0 

 

Manufacture of binder material 

The binder material (BM) was prepared by mixing synthesis products and 

quartz sand or granite cutting waste (1:1 by mass) in a homogeniser (Turbula) at  

34 rpm for 30 min. Later on, a BM sample was ground in a vibrating cup mill 

(Pulverisette 9) at 950 rpm for 4–5 min and burned at 100–1000 °C for 0.5–1 h (56–

59, 141–143).  
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The X-ray diffraction analysis was performed on: 

1) D8 Advance diffractometer (Bruker AXS, Germany) operating at the tube 

voltage of 40 kV and tube current of 40 mA. The X-ray beam was filtered with Ni 

0.02 mm filter to select the CuKα wavelength. Diffraction patterns were recorded in 

a Bragg-Brentano geometry by using a fast counting detector Bruker LynxEye based 

on the silicon strip technology. The samples were scanned over the range 2θ = 3–70° 

at a scanning speed of 6°/min using a coupled two theta/theta scan type. 

2) DRON–6 diffractometer (Bourevestnik, Russia) operating at the tube 

voltage of 30 kV and tube current of 20 mA was used. The X-ray beam was filtered 

with Ni 0.02 mm filter to select the CuKα wavelength. Diffraction patterns were 

recorded in a Bragg-Brentano geometry using a graphite monochromator. The 

samples were scanned over the range 2θ = 3–70° in steps of 2 = 0.02
o
. 

 

Calculation of crystallinity and crystallite size 

XRD software Diffrac.Topas 4.2 was used for the calculation of crystallinity 

and the crystallite size. The full width half maximum (FWHM) values were 

measured by fitting a SPV function to the peaks using Diffrac.Topas software. The 

percentage of crystallinity was determined by Eq. (2.1): 

𝑋𝐶 =
𝐴𝐶

𝐴𝐶+𝐴𝐴
, (Eq. 2.1) 

where AC is the area under the curve for the crystalline peak and AA is the area 

of the amorphous material. 

The mean crystallite size was determined following the Scherrer equation (Eq. 

2.2) (148, 149, 150): 

𝐷ℎ𝑘𝑙 =
𝑘ℎ𝑘𝑙∙𝜆

𝛽ℎ𝑘𝑙∙𝑐𝑜𝑠𝜃
, (Eq. 2.2) 

where λ is the wavelength of the Cu Kα radiation, θ is Bragg’s diffraction 

angle, βhkl is the full width at half maximum intensity, and k is a shape factor (the 

value used in this study was 0.94)(148, 150). 

Quantitative XRD analysis 

The amount of unreacted portlandite was calculated by quantitative XRD 

analysis (QXRD). For this reason, a calibration curve was plotted by using 

portlandite and quartz mixture. The amount of portlandite in the mixture varied from 

0 % to 30 % by mass. The porlandite quantity was calculated from the intensity 

change of the basic reflection (0.262 nm) (Fig. 2.1). Each calculation was done five 

times, and it was determined that their data declined no more than 3 % from the 

mean. The calculated values were taken as a function of the amount of portlandite in 

the mixture (Fig. 2.2). The straight line correlation coefficient R
2
 was equal to 

0.9978; thus the calibration curve was reliable. 
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Fig. 2.1. The change of the main diffraction peak intensity of portlandite (d-spacing —  

0.262 nm) in mixtures with quartz 

 

 

Fig. 2.2. Relationship between the diffraction peak (d-spacing — 0.262 nm) area and the 

quantity of portlandite in mixtures with quartz 

The measurements of the thermal stability and phase transformation were 

prepared with:  

1) Linseis PT1000 instrument (Linseis, Germany): a heating rate of 15 °C/min, 

the temperature range from 30 °C up to 1000 °C, nitrogen atmosphere and the 

sample mass was equal to ~13 mg. Ceramic sample handlers and crucibles of Pt 

were used. 

2) Netzsch instrument STA 409 PC Luxx (Netzsch, Germany): a heating rate of 

15 °C/min, the temperature range from 30 °C up to 1000 °C, nitrogen atmosphere 

and the sample mass was equal to ~13 mg. Ceramic sample handlers and crucibles 

of Pt-Rh were used. 

3) Netzcsh Polyma DSC 214 instrument (Netzsch, Germany): a heating rate of 

10 °C/min, the temperature ranged from 30 °C up to 600 °C under nitrogen 

atmosphere. Ceramic sample handlers and aluminum crucibles were used. 

4) In-situ XRD analysis was made with a high-temperature camera MTC-

hightemp (Bruker AXS, Germany). The measurements were carried out with a step 
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width of 0.02 2θ and 0.6 s/step at a heating rate of 50 °C/min after equilibration for 

5 min at the desired temperature.  

Determination of specific heat capacity 

Differential scanning calorimetry was applied for measuring the specific heat 

capacity (CP) of samples at a heating rate of 10 °C/min, the temperature ranged 

between 25 – 600 °C under air atmosphere. The measurement was carried out on a 

Netzcsh Polyma DSC 214 instrument by using ceramic sample handlers and 

aluminum crucibles. CP values at different temperatures were calculated according 

to the following equation (Eq. 2.3):  

𝐶𝑃 = 
𝑚𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑

𝑚𝑠𝑎𝑚𝑝𝑙𝑒
∙
𝐷𝑆𝐶𝑠𝑎𝑚𝑝𝑙𝑒−𝐷𝑆𝐶𝑏𝑎𝑠

𝐷𝑆𝐶𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑−𝐷𝑆𝐶𝑏𝑎𝑠
∙ 𝐶𝑝𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 (Eq. 2.3) 

where CPstandard is the value of the specific heat of the standard, J/(g·K); 

mstandard is the mass of the standard, mg; msample is the mass of the sample, mg; 

DSCsample is the value of the DSC signal at the temperature from the sample curve, 

mW; DSCstandard – value of DSC signal at temperature from the standard curve, mW; 

DSCbas is the value of the DSC signal at the temperature from the baseline, mW. 

Fourier Transform Infrared Spectroscopy was carried out with the help of a 

Perkin Elmer FT–IR Spectrum X system (PerkinElmer, USA). Specimens were 

prepared by mixing 1 mg of the sample with 200 mg of KBr. The spectral analysis 

was performed in the range of 4000–400 cm
-1

 with a spectral resolution of 1 cm
-1

. 

Scanning electron microscopy was performed by using JEOL JSM-7600F 

(JEOL, Japan) instrument at an accelerating voltage of 10 kV, and a working 

distance of 8.6 mm. 

Transmission electron microscope was performed by using Tecnai G2 F20 

X-TWIN instrument (FEI, Netherlands) with a Schottky type field emission electron 

source. The accelerating voltage was 200 kV. In order to take TEM images, a high 

angle annular dark field detector (HAADFD) were used. 

Isothermal calorimetry 

An eight channel TAM Air III isothermal calorimeter (TA Instruments, UK) 

was used to investigate the heat evolution rate of the binder materials samples. Glass 

ampoules (20 ml) each containing 3 g dry cementitious material were placed in the 

calorimeter and the injection units for each ampoule filled with amounts of water 

equivalent to a w/s ratio of 0.5. After a steady temperature of 25 °C had been 

reached, the water was injected into the ampoules and mixed inside the calorimeter 

with the dry material for 20 s (frequency 2-3 s
-1

). The heat evolution rate was then 

measured over a period of 72 h. Repetition of the measurements showed deviations 

in total heat below 3 % for samples of a similar type. Apart from the first minutes of 

water additive and mixing, the heat evolution rates were essentially identical. 

The compressive strength test of the samples was performed with automatic 

cement compression machine EL39-1501/01 Autotest250 (ELE International, USA). 

Samples (20×20×20 mm) were formed of the BM when the ratio of water to BM 

was equal to 0.35. During the first day, the samples were kept in molds at 20 ± 1°C 

and 100 % humidity. After 24 h of formation, the samples were transferred into 

distilled water and stored there for 2, 6, 13 and 27 days at 20±1 °C. The data of the 

compressive strength test was calculated as the arithmetic mean of the six individual 
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results. The samples (for instrumental analysis) were crushed to powder, dried at a 

temperature of 50±5 °C and sieved through a sieve with a mesh width of 80 μm. 

The surface area and particle size distribution were measured by using: 

1) CILAS 1090 LD grain-size analyzer (CILAS, France), which featured a 

sensitivity range from 0.04 to 500 μm. The particles were dispersed by ultrasound 

for 2 min while the obscuration of particles in water reached 14%. The ultrasound 

duration during the measurement was 70 s. The standard operating procedure in use 

was the Fraunhöfer method. 

2) A BET surface area analyzer KELVIN 1042 Sorptometer (Costech 

Instruments, USA) was employed. The specific surface area was calculated by the 

BET equation using the data of the lower part of N2 adsorption isotherm 

 (0.05 < p/p0 < 0.35): 
1

𝑋(
𝑝0
𝑝
−1)

=
𝐶−1

𝑋𝑚∙𝐶
∙
𝑝

𝑝0
+

1

𝑋𝑚∙𝐶
 (2.4) 

where X is the mass of adsorbate adsorbed on the sample at relative pressure 

p/p0 (p is the partial pressure of adsorbate and p0 is the saturated vapor pressure of 

adsorbate); Xm is the mass of adsorbate adsorbed at a coverage of one monolayer; C 

is a constant which is a function of the heat of the adsorbate condensation and the 

heat of adsorption (CBET). 

The BET equation yields a straight line when 
1

𝑋(
𝑝0
𝑝
−1)

 is plotted versus 
𝑝

𝑝0
. The 

slope of 
𝐶−1

𝑋𝑚∙𝐶
 and the intercept of 

1

𝑋𝑚∙𝐶
 was used to determine Xm and C:  

𝑆 = 𝑠𝑙𝑜𝑝𝑒 =
𝐶−1

𝑋𝑚∙𝐶
and 𝐼 = 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 =

1

𝑋𝑚∙𝐶
. Solving for Xmyields 𝑋𝑚 =

1

𝑆+𝐼
.The 

BET plot is usually found to be linear in the range p/p0 = 0.05–0.35. The total 

surface area of the sample St was determined by the equation 𝑆𝑡 =
𝑋𝑚∙𝑁∙𝐴𝑐𝑠

𝑀
, where 

M is the molecular mass of the adsorbate, N is Avogadro constant, Acs is the cross-

sectional area occupied by each nitrogen molecule (16.2·10
−20

 m
2
). The specific 

surface area was obtained by the equation 𝑆𝐵𝐸𝑇 =
𝑆𝑡

𝑚
, where m is the mass of the 

synthesis product sample.  

The total pore volume and the pore size distribution were calculated according 

to the corrected Kelvin equation and Orr et al. scheme (157) using the entire N2 

desorption isotherm at 77 K. The Kelvin equation relates the adsorbate vapor 

pressure depression to the radius of a capillary which was filled with adsorbate: 

𝑙𝑛
𝑝

𝑝0
= −2

𝛾∙𝑉𝑚∙cos𝜃

𝑅∙𝑇∙𝑟𝑘
,  (2.5) 

where p is the saturated vapor pressure in equilibrium with the adsorbate 

condensed in a capillary or pore, p0 the normal adsorbate saturated vapor pressure, γ 

is the surface tension of nitrogen at its boiling point (γ = 8.85 ergs/cm
2
 at  

(-195.8 °C)), Vm is the molar volume of liquid nitrogen (Vm = 34.7 cm
3
), θ is the 

wetting angle (usually taken 0° and cos θ = 1), R the gas constant is  

(R = 8.134·10
7
 ergs deg

-1
 mol

-1
), T the absolute temperature is (T = 77 K) and rK is 

the Kelvin radius of pore. 

Thermodynamic calculations 
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For the thermodynamic calculations of the hypothetical reaction parameters, 

the values of enthalpy (∆rH298
0, f
), entropy (∆rS298

0, f
) and molar specific heat capacities 

(Cp) of the formed compounds are applied and given in Table 2.2. For the 

estimations, a method of absolute entropies was used; according to this method, the 

change of reaction standard free Gibbs energy ∆rGT
0 was calculated with the 

equation: 

∆rGT
0=∆rHT

0-T∙∆rST
0, (Eq. 2.6) 

where ∆rHT
0 and ∆rST

0 are the changes of reaction enthalpy and entropy in 

temperature. Enthalpy and entropy for the reaction can be calculated from the 

equations: 

∆rHT
0=∆rH298

0 +∆rCP(Tr-298) (Eq. 2.7) 

∆rST
0=∆rS298

0 +∆rCP (
Tr

298
) (Eq. 2.8) 

where ∆rH298
0  is the standard enthalpy change of the reactions, J/mol; ∆rS298

0  is 

the standard entropy change of the reactions, J/mol. The standard molar 

thermodynamic properties values at 25 °C and 1 bar (Table 2.2) were taken from the 

literature (151–154). 

Table 2.2 Standard molar thermodynamic properties at 25 °C and 1 bar (151–154) 

Material 
∆H298

0, f
, 

kJ/mol 

∆S298
0, f

, 

J/(mol·K) 

∆G298
0, f

, 

kJ/mol 

∆CP, 

J/(mol·K) 

H2O(g) -241.8 188.7 -228.6 33.2 

SiO2 -903.0 41.0 -915.2 44.4 

CaO -635.1 38.1 -603.5 43.1 

Ca(OH)2 -985.1 83.4 -897.5 87.4 

γ-Al2O3 -1662.0 51.0 -1568.3 118.3 

α-C2SH -2634.9 122.4 -2430.9 111.9 

C2S -2308.0 128.0 -2193.2 162.1 

C2SH -2662.5 179.7 -2482.0 177.5 

C3S2 -3973.0 192.2 -3790.3 205.0 

C3S2H3 -4682.9 312.3 -4305.3 328.5 

C-S-H(I) -1916.0 80.0 -1744.4 - 

C-S-H(II) -2723.0 140.0 -2480.8 - 

AS2H2 -4119.8 205.0 -3799.8 146.1 

C2AH7.5 -5277.6 450.0 -4695.5 - 

C2AH8 -5433.0 440.0 -4812.8 558.4 

C3AH6 -5537.3 422.0 -5008.2 446.0 

C4AH13 -8302.0 700.0 -7326.56 930.3 

C4AH19 -10018.0 1120.0 -8749.9 1382.0 

CAH10 -5288.2 610.0 -4623.0 - 

C2A2S2H -6239.6 263.6 -5855.1 323.4 

C2AS3H -6193.6 292.8 -5816.66 331.1 

C2ASH8 -6360.0 546 -5705.12 602.1 

C3AS0.8H4.4 -5855.0 369.0 -5368.0 423.4 

C3AS0.41H2.59 -5699.1 399.0 5192.9 430.0 

C3AS0.84H4.32 -5847.5 375.0 -5365.2 413.0 

C4ASH12 -8750.0 821.0 -7778.5 942.1 
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3. Results and Discussion 

3.1. Formation of α-C2SH in 1.5CaO–(1-x)SiO2·nH2O–xAl2O3–H2O 

suspensions at 175 °C and application as a precursor for binder material 

3.1.1. Hydrothermal synthesis of α-C2SH and α-C2SH–Al 

It was determined that in unstirred CaO–SiO2·nH2O–H2O suspensions when 

the molar ratio (CaO/SiO2) of the primary mixture was equal to 1.5, within 4 hours 

of isothermal curing at 175 °C dicalcium silicate hydrates – α-C2SH (PDF 04-009-

6343; d-spacing–0.422; 0.326; 0.266; 0.241 nm) and semi-crystalline calcium 

silicate hydrates C-S-H were formed (PDF 00-033-0306; d-spacing – 0.304; 0.279; 

0.182 nm and PDF 00-034-0002; d-spacing – 0.307; 0.280; 0.183 nm) (Fig. 3.1, 

curve 1). Also, a broad basal reflection typical to amorphous structure compounds 

was identified in the interval of 26–37° diffraction angles. It should be noted that 

under these synthesis conditions, the basic reflections (PDF 04-012-0489;  

d-spacing–0.493; 0,262; 0.193 nm) of partially unreacted portlandite was observed 

in X-ray diffraction patterns. Meanwhile, the synthesis products were carbonated 

because the diffraction peaks characteristic to calcium carbonate (PDF 04-012-0489; 

d-spacing – 0.304; 0.228; 0.191 nm) were detected in the XRD patterns. 

 

Fig. 3.1.XRD patterns of synthesis products when the duration of hydrothermal synthesis at 

175 °C temperature is 4 h. The molar ratios of primary mixtures were equal to: 

CaO/(SiO2+Al2O3)=1.5 and Al2O3/(SiO2+Al2O3)=0 (curve 1), 0.025 (curve 2) or 0.05 (curve 

3). Indexes: c – C-S-H; α – α-C2SH; p – Ca(OH)2; A – hydrogrossular; k – CaCO3 

STA analysis data confirmed XRD results: in DSC curve, the first endothermic 

effect can be assigned to the removal of crystallization water in calcium silicate 

hydrates. Meanwhile, an endothermic effect at ~459 °C temperature can be 

attributed to the dehydration of α-C2SH as well as to the decomposition of 
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portlandite (Fig. 3.2, a, curve 2). However, due to the small amount of portlandite, 

the above mentioned thermal effects cannot be distinguished in the STA curves and 

their derivatives. Above 800 °C temperature, two exothermic effects reflecting to  

C-S-H(I) (~849 °C) and C-S-H(II) (~879 °C) recrystallization to wollastonite (Fig. 

3.2, a, curve 2) were detected. Furthermore, an endothermic effect at ~723 °C 

temperature can be assigned to the decomposition of calcium carbonate (Fig. 3.2, 

curve 2).  

It was determined that, in the mixtures with CaO/(SiO2+Al2O3) = 1.5 and 

Al2O3/(SiO2+Al2O3) = 0.025 or 0.05 molar ratio, Al2O3 additive changes not only the 

sequence of the formed compounds but also their stability during the synthesis. It 

was obtained that portlandite reacted slower because, after 4 h of isothermal curing, 

more intensive diffraction maximums (d-spacing – 0.493 and 0.262 nm) 

characteristic to the latter compound were identified in the XRD patterns (Fig. 3.1, 

curves 2 and 3). On the other hand, under these synthesis conditions, Al2O3 additive 

negatively results in the formation of α-C2SH: a decrement of integral intensity of an 

individual Bragg peak (d-spacing–0.326 nm) from 342 cps (Al2O3/(SiO2+Al2O3) = 

0) to 270 cps (Al2O3/(SiO2+Al2O3) = 0.05) was observed (Fig. 3.1, curves 1 and 3). 

This fact was confirmed by thermal analysis: due to a higher quantity of unreacted 

portlandite, the endothermic effect characteristic to mentioned compound at 420 °C 

temperature can be distinguished from dehydration of α-C2SH (469°C) (Fig. 3.2, c, 

curves 2 and 3). It is worth mentioning that due to α-C2SH crystals orientation, the 

diffraction peaks whose d-spacing is 0.533 nm from planes {002} and 0.266 nm 

from planes {004} are more intensive comparing with etalon PDF 04-009-6343. The 

same result was obtained in other authors’ works (58, 132, 143). 

It should be noted that in the mixtures with Al2O3additive, it is probable that 

part of Al
3+

 ions incorporated into the calcium silicate hydrates structure whereas 

another part reacted with calcium oxide and/or silica dioxide. Thus the small amount 

of calcium aluminum silicate hydrates or calcium aluminum hydrates 

(Ca3Al2(SiO4)3-x(OH)4x) can be formed in the synthesis products. However, the 

formed compounds cannot be clearly distinguished because the peaks of diffraction 

maximums of the mentioned compounds are small and interplanar distances d  

(d-spacing – 0.508; 0.438; 0.330; 0.277; 0.226; 0.202 nm) overlapped (Table 3.1; 

Fig. 3.1, curves 2 and 3). For this reason, these compounds were named in generally 

hydrogarnets, where the number of SiO2 moles varied from 0 to 3.  
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Table 3.1.The interlayer distances of calcium aluminum silicate hydrates 
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The formation of hydrogarnets was confirmed by STA analysis: in the DSC 

curve, an endothermic effect at ~356 °C temperature can be attributed to the 

dehydration of mentioned compound (in DDSC~311 °C) (Fig. 3.2, b, curves 2 and 

3). In addition, a larger amount of Al2O3 additive in the initial mixture (the molar 

ratio of Al2O3/(SiO2+Al2O3) = 0.05) stimulates the formation of calcium aluminum 

silicate hydrates. The STA analysis data showed that, after 4 h, the heat flow of the 

endothermic effect at 352 °C increased (Fig. 3.2, c, curves 2 and 3).  
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 a b 

 
c 

Fig. 3.2. STA curves of the synthesis products formed in the mixtures with the molar ratios 

of CaO/(SiO2+Al2O3)=1.5 and Al2O3/(SiO2+Al2O3)=0 (a), 0.025 (b) or 0.05 (c), when the 

duration of hydrothermal synthesis at 175 °C temperature is 4 h.  

1 – TGA; 2 – DSC; 3 – DDSC 

The interaction degree between raw materials is greater in a pure mixture 

when the duration of isothermal treatment is prolonged to 8 h: the initial formed 

compound – portlandite – has fully reacted, thus typical diffraction peaks for this 

compound are not detected on the XRD pattern. It should be noted that a significant 

increase in the intensity of α-C2SH diffraction maximums is observed; while a broad 

basal reflection without peaks in 26–37° diffraction angles range disappeared. Also, 

STA analysis data showed that, at ~470 °С, the amount of the adsorbed heat 

attributed to dehydration of α-C2SH was increased to 62.13 J/g (Table 3.2).  

It was observed that in the mixtures with an Al2O3 additive, the formation of 

synthesis products is quite complicated. For this reason, even after 16 h of 

isothermal curing, quite intensive diffraction peaks of unreacted portlandite were 

observed in X-ray diffraction patterns. When hydrothermal synthesis is extended to 
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24 hours, Ca(OH)2 reacts, and dibasic calcium silicate hydrates dominate in the 

products. Besides, the amount of adsorbed heat attributed to the dehydration of  

α-C2SH was increased to 98.97 J/g (Table 3.2). It should be underlined that after  

24 h of isothermal curing, in all the investigated samples, semi-crystalline C-S-H(II) 

becomes metastable because an exothermic effect at ~885 °C was not observed. 

Table 3.2.The thermal characteristics of α-C2SH formed at different duration of 

hydrothermal synthesis in the mixtures with the molar ratios of 

Al2O3/(SiO2+Al2O3)=0, 0.025 or 0.05 

The heat of thermal effect in a 400–500 °C temperature range, J/g 

The molar ratio 

(Al2O3/(SiO2+Al2O3)) 

of primary mixtures 

0 0.025 0.05 

Hydrothermal 

synthesis duration, h 

Heat of thermal 

effect, J/g 

Heat of thermal 

effect, J/g 

Heat of thermal 

effect, J/g 

4 50.12 47.43 112.4 

8 62.13 108.20 95.20 

16 79.55 74.84 69.14 

24 85.55 104.40 98.97 

48 64.71 75.63 72.01 

72 68.25 67.40 62.24 

 

It was determined that by prolonging the duration of hydrothermal synthesis to 

72 h, α-C2SH still remains stable in both pure and with Al2O3 additive mixtures 

because no visible changes in the intensity of the basic reflections typical to the 

mentioned compound are detected (Fig. 3.3); meanwhile the heat flow of 

dehydration is decreased to 68.25 and 62.24 J/g, respectively (Fig. 3.4, Table 3.2). It 

is worth mentioning that due to the increased amount or crystallinity of 

hydrogrossular few diffraction peaks corresponding to this compound were clearly 

distinguished in the XRD pattern (Fig. 3.3). 
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Fig. 3.3. X-ray diffraction patterns of synthesis products when the duration of hydrothermal 

synthesis at 175 °C temperature is 72 h. The molar ratios of primary mixtures were equal to: 

CaO/(SiO2+Al2O3)=1.5 and Al2O3/(SiO2+Al2O3)=0 (curve 1) or 0.05 (curve 2).  

Indexes: c – C-S-H; α – α-C2SH; k – CaCO3; A – hydrogrossular 

Moreover, the thermal effect intensity of C-S-H(I) recrystallization to 

wollastonite at ~849 °C increased (Fig. 3.4). In the mixtures with Al2O3 additive, an 

endothermic effect at ~353 °C temperature typical to the dehydration of 

hydrogrossular was observed (Fig. 3.4, b).  

 

 
 a b 

Fig. 3.4. STA curves of the synthesis products formed in the mixtures with the molar ratios 

of CaO/(SiO2+Al2O3)=1.5 and Al2O3/(SiO2+Al2O3)=0 (a) or 0.05 (b) when the duration of 

hydrothermal synthesis at 175 °C temperature is 72 h. 1 – TGA; 2 – DSC 

Thus, after 72 h of synthesis, the intensities of diffraction peaks and the values 

of α-C2SH dehydration heat were close, suggesting that Al2O3 additive as well as 

hydrothermal treatment duration have no influence on the quantity of formed α-

C2SH (Fig. 3.4, curve 2; Table 3.2).  
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3.1.2. Thermal stability of α-C2SH and α-C2SH–Al 

The literature concerning thermal stability and other parameters of synthetic  

α-C2SH with Al2O3 additive is scarce. For this reason, the influence of calcination 

temperature on the thermal stability of α-C2SH and α-C2SH–Al (Al2O3/(SiO2+Al2O3) 

= 0.05) samples synthesized after 24 h (Fig. 3.5.) was investigated. 

 

Fig. 3.5. XRD patterns of the synthesis products formed in the mixtures with the molar ratios 

of CaO/(SiO2+Al2O3) = 1.5 and Al2O3/(SiO2+Al2O3) = 0 (1 curve) or 0.05 (2 curve), when 

the duration of hydrothermal treatment at 175 °C temperature is 24 h. Indexes: α – α-C2SH; k 

– calcite; c – C-S-H; A – hydrogrossular 

It was estimated that in the pure system, α-C2SH is stable in a 25–400 °C 

temperature range although the intensity of diffraction peaks characteristic to this 

compound slightly decreased (Fig. 3.5, curve 1, Fig. 3.6, a). It should be noted that 

under these calcination conditions, the dehydration of semicrystalline C-S-H type 

compounds proceeded, thus a broad basal reflection in 26–37° diffraction angles 

range was increased and can be assigned to amorphous structure compounds (Fig. 

3.5, curve 1, Fig. 3.6, a). It was calculated that the quantity of the crystallinity phase 

decreased 1.78 times from 83.95 % to 47.13 % (Fig. 3.7). Meanwhile, in the higher 

temperature of calcination (450 °C), α-C2SH fully recrystallized to anhydrous C2S 

phases: x-C2S (PDF 00-055-0591; d-spacing – 0.345; 0.326; 0.303; 0.293 nm) and 

calcium olivine (PDF 04-006-8894; d-spacing – 0.301; 0.275; 0.273; 0.191 nm) 

(Fig. 3.6, a). It should be underlined that amorphous phases dominated in the 

products because the quantity of crystallinity phase decreased to 29.75 % (Fig. 3.7). 

Furthermore, when the temperature of calcination increased to 750 °C, x-C2S 

becomes metastable and recrystallized into two new C2S modification: α'-C2S (PDF 

00-036-0642; d-spacing – 0.276; 0.275; 0.269; 0.220 nm) and β-C2S (PDF 00-033-

0302; d-spacing – 0.279; 0.278; 0.275; 0.219 nm) (Fig. 3.6, a). The difference 

between these results and those of literature(77, 78) which observed that x-C2S are 

stable up to 800 °C and α'-C2S formed up to 900–1000 °C could be due to the 

differences in the synthesis method, especially the molar ratio of primary mixtures. 

It is worth mentioning that the crystallinity of calcination products at 750 °C 

increased more than two times: from 29.75 to 68.07 % (Fig. 3.7). At 900 °C, 
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diffraction peaks characteristic to calcium olivine disappeared, meanwhile, the 

intensity of diffraction peaks characteristic to β-C2S increased (Fig. 3.6, a). Also,  

C-S-H(I), which is represented in the sample (Fig. 3.5), becomes metastable, 

consequently reflections of wollastonite (PDF 04-010-2581; d-spacing – 0.352; 

0.332; 0.309; 0.298 nm) are visible. Unexpected results were obtained after 

calcination at 1000 °C temperature because in the product traces of kilchoanite (PDF 

00-029-0370, d-spacing 0.355; 0.305; 0.288; 0.267 nm) and C8S5 (PDF 00-029-

0368; d-spacing 0.361; 0.305; 0.284; 0.269 nm) were formed. It should be 

mentioned that these data values are in good agreement with the calculations of the 

quantity of crystallinity phases which increased to 91.43 % (Fig. 3.7). 

 
 a b 

Fig. 3.6. XRD patterns of calcined α-C2SH (a) and α-C2SH-Al samples (b). Indexes:  

α – α-C2SH; x – x-C2S; o – calcium olivine; u – CA/CAS; α' – α'-C2S; β – β-C2S;  

g – gehlenite; w – wollastonite; d – kilchoanite; F – C8S5 

It was determined that γ-Al2O3 additive changes not only the sequence of the 

formed compounds but also their stability during the calcination. XRD analysis data 

showed that, after calcination at 400 °C, the crystallinity of α-C2SH-Al sample is 

1.45 times higher than that of the pure samples (Fig. 3.7). Therefore, based on the 
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current observation, it is hypothesized that α-C2SH formed in the mixtures with 

Al2O3 additive is more stable. On the other hand, under these calcination conditions, 

hydrogrossular samples are metastable and recrystallized to calcium aluminate (CA) 

(PDF 01-078-2975; d-spacing – 0.490; 0.268; 0.245; 0.219 nm) and/or calcium 

aluminate silicate (CAS) (PDF 00-055-0709; d-spacing – 0.489; 0.299; 0.67; 0.244 

nm) (Fig. 3.6, b). The present results are consistent with literature data (155, 156, 

157). Meanwhile, after calcination at 450 °C there are no significant changes on the 

products of calcination comparing with the pure sample (Fig. 3.6), although the 

crystallinity of α-C2SH–Al sample is 1.37 times higher (Fig. 3.7). Significant 

differences between α-C2SH and α-C2SH–Al samples were observed after 

calcination at 750 °C. It was estimated that in α-C2SH–Al sample, x-C2S and 

calcium olivine remained stable, however, small intensity diffraction peaks of β-C2S 

were observed. It should be noted that under these calcination conditions, in the pure 

system, x-C2S was recrystallized into intermediary compounds and α'-C2S was 

formed (Fig. 3.6, a). After increasing the temperature (900 °C), β-C2S dominated in 

the products. Meanwhile, CA or/and CAS was fully recrystallized to gehlenite (PDF 

01-089-6887; d-spacing – 0.371; 0.306; 0.284; 0.175 nm). It is worth mentioning 

that, in the products, high intensity diffraction peaks of kilchoanite and wollastonite 

were identified. Meanwhile, in the pure samples, traces of kilchoanite were 

identified only after calcination at 1000 °C. It was estimated that, after calcination at 

1000 °C, products remain unchanged, although the crystallinity increased to 95.71% 

(Fig. 3.7). 

 

Fig. 3.7.Changes of crystallinity at 25-1000 °C temperature 

 

3.1.3. Hydration properties of BM based on α-C2SH or α-C2SH–Al 

It is known that the product of hydrothermal synthesis does not exhibit 

hydraulic activity because it is stabilized by hydrogen bonds in which silanol groups 

are involved. In order to achieve hydraulic activity, the mixture of this product must 

be activated by milling with or without another inert component containing SiO2, 

such as quartz, and subsequently thermally treated. In this case, the hydrogen bonds 

are destroyed, and the reactive fragments are deposited in a disordered state on the 

0

20

40

60

80

100

2
5

1
0
0

2
0
0

4
0
0

4
5
0

5
0
0

6
0
0

7
5
0

8
0
0

9
0
0

1
0
0

0

C
ry

st
al

li
n
it

y
, 

%

Temperature, °C

α-C SH

α-C SH-Al2

2



40 

silicate surfaces (8, 13). For these reasons, in order to create a hydraulically active 

BM sample, α-C2SH and α-C2SH-Al (A/(S+A) = 0.05) samples were milled in a 

vibrating cup mill at 950 rpm for 5 min and thermally treated at 100–750 °C for 1 h. 

The reactivity of the prepared α-C2SH samples was evaluated through the 

microcalorimetric analysis, and the results are presented in Fig. 3.8 and Fig. 3.9. The 

hydration curves of α-C2SH samples prepared with the use of prior milling with 

subsequent thermal treatment at 400, 450 and 500 °C temperatures exhibit two 

distinctive peaks (Fig. 3.8), where the first one is associated with the initial wetting 

and dissolution of components after the first contact with water (the first exothermic 

effect), and then, after the initial reaction, the period of slow reaction (induction 

period) starts followed by a speed-up reaction (acceleration period), mainly 

controlled by nucleation and growth of hydrates (second exothermic effect) (6, 158–

163). The curves of the above mentioned samples (Fig. 3.8) are characterized by 

similar initial peaks with the heat flow slight above 0.02 W/g, indicating a weak 

influence of the applied activation temperature (400–500 °C) on the initial reaction. 

The earliest (after 2.2 h) maximum of the heat release related to a speed-up reaction 

was obtained with α-C2SH samples treated at 400 °C temperatures (Fig. 3.8). The 

peak heat flow was ~3.25 mW/g, which is comparable to the heat release of ordinary 

cement; the quantity of heat released after 70 h of hydration was 139.02 J/g (Fig. 

3.9). The raised activation temperature (up to 450 °C) resulted in a more intensive 

exothermic effect with the maximum (~4.25 mW/g) which appeared after ~4.5 h 

(Fig. 3.8), and increased the cumulative heat (188.92 J/g) (Fig. 3.9, curve 2). The  

α-C2SH samples reactivity was reduced when the treatment temperature was 

increased up to 500 °C, however, the maximum heat flow still reached ~2.8 mW/g 

(Fig. 3.8) and only a slight reduction of the total amount of heat was observed 

(178.73 J/g) (Fig. 3.9) as compared to that of α-C2SH samples treated at 450 °C, 

which indicated that the hydration process was extended. After milling and treating 

at 750 °C temperature, the α-C2SH sample showed poor reactivity at the initial stage; 

the induction period was prolonged up to ~15 h (Fig. 3.8) and followed by a very 

slow increase in the heat rate with a further very slow reaction resulting in the total 

heat of 88.45 J/g after 70 h (Fig. 3.9), which likely may be associated with the 

delayed dissolution and very slow reaction rate of β-C2S (35, 93, 158). The 

comparison of the results discussed and the crystallinity of the investigated α-C2SH 

samples (Fig. 3.7 and Fig. 3.8) show strong direct dependence of α-C2SH samples 

reactivity on the level of its amorphisation. Such observation is consistent with the 

research of Link et al. (142), where it was also shown that the amorphous phase is 

the most reactive constituent. Under the 450 °C temperature, the most amorphisized 

material was obtained (crystallinity – 29.75 %). On the sample, thermally treated at 

450 °C temperature without prior milling (Fig. 3.8), the most intensive initial 

exothermic effect was determined. Despite the fact that at this stage its heat flow 

(~0.9 W/g) exceeded that of the other samples more than three times, no evidence of 

hydration was observed in the further heat flow evolution (Fig. 3.8), which indicated 

the key role of the milling for the BM activation.  
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Fig. 3.8. Heat evolution rate of unground and ground α-C2SH samples at different 

temperatures of calcination 

 

Fig. 3.9. Cumulative heat of unground and ground α-C2SH samples at different temperatures 

of calcination 

The addition of Al2O3 during synthesis did not influence significantly the 

initial hydration stage of α-C2SH–Al samples treated at 450 °C temperature with 

prior milling (Fig. 3.10, a). The first exothermic peak was found to be analogous to 

that of the pure system (Fig. 3.8) with a slightly decreased maximum heat flow close 

to 0.02 W/g. However, in the further heat flow evolution, the two-step hydration 

process was observed clearly indicated by two distinctive exothermic effects. The 

first weak peak (~1.0 W/g) appeared after ~4 h of hydration and was followed by the 

second acceleration of reaction rate after ~5.5 h (Fig. 3.10, a). Probably, the second 

exothermic reaction occurs due to the hydration of calcium aluminate and/or calcium 

aluminate silicate, while the third one due to calcium silicates hydration. It was 

obtained that the cumulative heat after 5 h of hydration was 30.36 J/g (Fig. 3.10, b), 

which is two times lower as compared to a pure system within the same duration 

(61.44 J/g) (Fig. 3.9). The following main exothermic effect in α-C2SH–Al samples 
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was accompanied by a more intensive peak (~2.5 mW/g); it appeared after ~11.5 h 

(Fig. 3.10, a). After 30 h of hydration, the total amount of the released heat was 

162.34 J/g for the α-C2SH sample and 148.14 J/g for the α-C2SH–Al sample; after 

70 h of hydration the total heat was found to be fairly similar: 188.92 J/g and  

186.52 J/g, respectively (Fig. 3.10, b and Fig. 3.9). 

 
 a b 

Fig. 3.10. Heat evolution rate (a) and cumulative heat (b) of α-C2SH–Al samples 

When summarizing the above outlined results, it can be stated that α-C2SH 

sample reactivity strongly depends on the level of its amorphisation. The best results 

were obtained after calcination at 450 °C: an intensive exothermic effect with the 

maximum (~4.25 mW/g), appeared after ~4.5 h, and cumulative heat after  

70 h – 188.92 J/g. 

It is known, that in order to produce products (bricks, beam), cementitious 

materials are always mixed with filler such as sand. Thus in the next stage of the 

experiments, binder material was prepared by milling synthesis products and quartz 

sand. 

 

3.1.4. Hydration properties of BM based on α-C2SH or α-C2SH–Al and quartz 

sand 

In this part of the work, the binder material was prepared by milling synthetic 

α-C2SH or α-C2SH-Al (24 h, 175 °C, A/(S+A) = 0 or 0.05) and quartz sand (the ratio 

of components was equal to 1:1 by mass) and thermally treated at 450 °C for 1 h. 

After milling, the mean diameter of the particles of BM-α-Q and BM-α-Al-Q 

samples was equal to 10.11 and 10.21 μm, respectively. It was determined that, after 

the outlined process, the sample is significantly amorphized because the intensity of 

the diffraction peaks characteristic to α-C2SH (d-spacing – 0.327; 0.242; 0.288; 

0.422 nm) significantly decreased (Fig. 3.11. curve 2). It should be noted that 

milling also results in the destruction of quartz: a decrement of integral intensity of 

quartz individual Bragg peak (d-spacing–0.335 nm) was observed from 695 cps to 

548 cps. Thus the structure of the hydrothermal synthesis products is partially 

destroyed during the milling but a large quantity of crystallization water remains in 

0

0.001

0.002

0.003

0.004

0.005

0 10 20 30 40 50

H
ea

t 
fl

o
w

, 
W

/g

Time, h

0

0.02

0.04

0 0.15 0.3H
ea

t 
fl

o
w

, 
W

/g

Time, h

0

40

80

120

160

200

0 10 20 30 40 50 60 70

H
ea

t,
 J

/g

Time, h



43 

the milled product preventing more active reaction during the hydration. For that, 

the mixture was thermally treated at 450 °C for 1 h. As expected, after calcination, 

x-C2S and calcium olivine were formed in the products (Fig. 3.11). However, the 

low intensity diffraction peak (d-spacing 0.327 nm) of α-C2SH was still presented in 

the samples. Also it was observed that the intensity of quartz main peak  

(d-spacing0.335 nm) decreased from 548 to 461 cps (Fig. 3.11. curves 2–3), 

presumably during calcination part of quartz reacted with calcium ions. As a result, 

CaO/SiO2 ratio decreases and the formation of semicrystalline calcium silicate 

hydrate C-S-H is possible. The effectiveness of the discussed method was tested by 

microcalorimetry analysis. 

 
 a b 

Fig. 3.11. XRD patterns of prepared BM samples based on: a – α-C2SH; b – α-C2SH-Al, 

before milling (curve 1) after milling (curve 2) and burning (curve 3). Indexes: α – α-C2SH; 

Q – quartz; c – C-S-H; x – x-C2S; o – calcium olivine; A – hydrogrossular 

Data on the rates of heat evolution (W/g) of BM samples is presented in Figure 

3.12. As in the previous case (Fig. 3.8 and Fig. 3.10, a), the heat release curves 

obtained during the hydration of BM-α-Q and BM-α-Al-Q samples show two and 

three distinctive peaks, respectively (Fig. 3.12). According to literature (6, 159–

163), the first exothermic reaction is caused by the dissolution of the sample 

constituents, which results in the development of surface hydrates on the sample 

particles. It was determined that the BM-α-Al-Q sample shows a slightly higher 

maximum heat release rate (0.0106 W/g) compared with the BM-α-Q sample 

(0.0095 W/g). Thus the results shown in Figure 3.12 indicate that there is no 

significant effect from type of α-C2SH component at this stage. Therefore, based on 

the current observation, it is hypothesized that the α-C2SH component does not 

noticeably contribute to or influence chemically the initial reactions. 
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The further hydration showed a period of slow reaction (the induction period) 

followed by a speed-up reaction (the acceleration period). The above mentioned 

stage of hydration is widely thought to be nucleation and growth controlled (6, 159–

163).It was determined that the γ-Al2O3 additive changed both the heat flow and the 

total quantity of the heat released during hydration. It was determined that the 

induction period in the BM-α-Q sample lasts ~1.5 h while in the BM-α-Al-Q sample 

it was shortened to 40–50 min (Fig. 3.12, a).It was observed that the second 

exothermic reaction in the BM-α-Q sample proceeded from 2 to 9 h (Fig. 3.12, a, 

curve 1), and, during this process, the total amount of heat was increased to  

51.92 J/g (Fig. 3.12, b, curve 1). Meanwhile, in the BM-α-Al-Q sample, the quantity 

of the heat released within the same duration of hydration was two times lower and 

equal to 25.47 J/g (Fig. 3.12, b, curve 2). The prime reason is that, during the same 

period, only the second exothermic reaction which can be related with calcium 

aluminate and/or calcium aluminate silicate hydration, proceeded. It is worth 

mentioning that the main hydration reaction (the 3
rd

 exothermic reaction) ended only 

after 18 h; during this process, the released amount of heat was equal to 56.81 J/g.  

At the later stages of hydration, the calorimetric curve of BM showed the 

slower continued reaction because the rate of heat evolution decreased. It can be 

seen in Figure 3.12, b, that the total heat (90.53 J/g) for the BM-α-Q sample after  

60 hours is not significantly different to that of the BM-α-Al-Q sample (96.27 J/g). 

This is consistent with the nucleation hypothesis whereby no chemical reaction 

(exothermic or not) occurs, so that the total heat release after 60 hours should be 

fairly similar for all BM samples. 

 
 a b 

Fig. 3.12. Heat evolution rate (a) and cumulative heat (b) of BM samples based on:  

1 – α-C2SH; 2 – α-C2SH-Al  

The reactivity of the primary mixture components is one of the most important 

factors which predetermine the mineral composition of the products. In order to 

evaluate the quantity of the reacted quartz and the heat of the formed compounds 

(calcium silicate hydrate) during the hydration of BM samples, the experiments 

performed in the framework of microcalorimetric analysis were repeated under 
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laboratory conditions in a thermostat at a temperature of 25 °C, when the reactions 

were repeated at different time periods: 0, 2, 4.5, 9, 11.5, 18 h and halted by using 

acetone. Later on, the samples were crushed to powder, dried at a temperature of  

50 ± 5 °C and put through a sieve with an 80 μm mesh. The selected durations of the 

halted reactions coincide with the duration interval of the second exothermic 

reaction, when different compositions of BM samples were used. 

 

Fig. 3.13. DSC curves of the BM-α-Al-Q sample when the duration of hydration,  

h is: 1 – 0; 2 – 18 

Firstly, the quantity of unreacted quartz was determined by QDSC (Fig. 3.13. 

and Fig. 3.14, a). The quantity of quartz was calculated from the heat change of the 

endothermic effect at 573 °C. The quantity of quartz in the BM samples (before 

hydration) was equal to 100 % (Fig. 3.14, a, curve 1–2). As it stems from the data 

shown in Figure 3.14, only 5 % of quartz reacts during the first 4 hours of hydration 

in both BM samples, and the further reduction of its quantity depends on the 

duration of process. In the BM-α-Q sample, quartz reacts considerably quicker, and 

about 28–30 % of it is bound during 11.5–18 hours of hydration (Fig. 3.14, a). 

Meanwhile, in the BM-α-Al-Q sample, within 11.5 h of hydration, quartz reacted  

2.5 times less, and within 18 h by 1.4 times less. 

The quantity of the dehydration heat (due to the loss of water from C-S-H) 

depends on the duration of hydration. It was observed that, in the BM-α-Q sample, 

the largest difference between the absorbed heat (10.66 J/g) of dehydration reactions 

within the temperature range of 50–150 °C after 4.5 h of hydration is due to the loss 

of water from the formed C-S-H compounds. It was determined that the heat of the 

dehydration process slightly increased when the experiment was prolonged to 18 h. 

Meanwhile, in the BM-α-Al-Q sample, the same amount of heat (10.66 J/g) was 

absorbed within 11.5 h of hydration (Fig. 3.14, b). This data agrees with the results 

of the heat evolution rate and confirms that the quantity of calcium silicate hydrates 

compounds increases during the hydration of BM samples. 
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 a b 

Fig. 3.14. The quantity of unreacted quartz (a) and the heat of dehydration reactions due to 

the loss of water from C-S-H (endothermic peak at 50–150 °C) (b) during the hydration of  

BM-α-Q (curve 1) and BM-α-Al-Q (curve 2) samples 

As expected, when the duration of hydration was extended, the amount of the 

formed products (variable composition and structure calcium silicate hydrates) was 

increased. It is clearly seen in XRD patterns (Fig. 3.15): the prolongation of the 

duration from 2 to 18 h led to the increase in diffraction peak area (d-spacing – 

0.303 nm) from 45.65 to 164.46 a. u. Moreover, it was observed that, in the BM-α-

Al-Q sample after 2 h of hydration, the latter diffraction maximum area was larger 

than in the pure system (55.08 a. u.). However, after 18 h of reaction, the area was 

smaller comparing to the BM-α-Q sample and equal to 140.12 a. u. The results of 

XRD analysis were in a good agreement with the DSC data (Fig 3.14 and Fig.3.15).  

 
 a b 

Fig. 3.15. The change of the main diffraction peak of C-S-H (d-spacing–0.303 nm) in BM-α-

Q (a) and BM-α-Al-Q (b) samples after hydration, h:1 – 2; 2 – 18. Indexes:  

A –hydrogrossular; Q – quartz; c – C-S-H 

50

60

70

80

90

100

0 2 4 6 8 10 12 14 16 18

Q
u
an

ti
ty

 o
f 

u
n
re

ac
te

d
 q

u
ar

tz
, 

%

Hydration time, h

1

2

0 2 4 6 8 10 12 14 16 18

0

4

8

12

16

20

Hydration time, h

1

2

H
ea

t 
o

f 
d

eh
y
d

ra
ti

o
n
 r

ea
ct

io
n
, 

J/
g

28 30 32 34

In
te

n
si

ty
, 

cp
s

Diffraction angle 2,°

2

1

c

Q Q

28 30 32 34

In
te

n
si

ty
, 

cp
s

Diffraction angle 2, °

2

1

c

Q A



47 

Interestingly, during the hydration of the BM-α-Al-Q sample, calcium 

aluminates and/or calcium aluminate silicates react with water, and hydrogrossular 

family compounds form in the products (d-spacing – 0.269 nm) (Fig. 3.15, b). This 

data agrees with the DSC results because the small endothermic effect at ~410 °C 

temperature which can be assigned to the decomposition of the hydrogrossular 

substance was identified (Fig. 3.13). Moreover, this data agrees with the results of 

the microcalorimetric analysis data and confirms that the formed compounds with 

Al
3+

 ions during hydrothermal synthesis have a crucial effect on the hydration 

mechanism of BM. 

It is known that the formation of calcium silicate hydrates depends not only on 

the used additives, but also on the calcium oxide and silicon dioxide molar ratio (1, 

23–25, 56–59, 88–92, 142). Thus, in order to examine the influence of C/S molar 

ratios on the crystallization reaction of α-C2SH under hydrothermal conditions, in 

the next stage of the experiment, the synthesis of the above mentioned compound in 

1.75CaO–(1-x)SiO2·nH2O–xAl2O3–H2O suspensions at 175 °C was performed. 
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3.2. Formation of α-C2SH in 1.75CaO–(1-x)SiO2·nH2O–xAl2O3–H2O 

suspensions at 175 °C 

It was determined that in 1.75CaO–SiO2nH2O–H2O suspensions, within 4 

hours of isothermal curing at 175 °C -C2SH and semicrystalline calcium silicate 

hydrates were formed (Fig. 3.16, a, curve 1). It is worth mentioning that the intensity 

of diffraction peaks of unreacted portlandite was~4 times higher compared to the 

1.5CaO–SiO2nH2O–H2O system (Fig. 3.1, curve 1). 

 
 a b 

Fig 3.16.XRD patterns of the synthesis products when the molar ratio of the primary 

mixtureswere equal to CaO/(SiO2+Al2O3)=1.75 and Al2O3/(SiO2+Al2O3)=0 (a) or 0.025 (b).  

Duration of hydrothermal synthesis at 175 °C temperature, h: 1 – 4; 2 – 24; 3 – 72.  

Indexes: c – C-S-H; α – α-C2SH;p – Ca(OH)2; k – CaCO3 

The previous results were confirmed by STA analysis data. As expected, the 

dehydration of α-C2SH as well as the decomposition of portlandite overlaps each 

other within the 400–500 °C temperature range (Fig. 3,17, a). More information was 

obtained from a derivative of the TGA curve (DTGA): the decomposition of 

portlandite was observed within the 410–435°C temperature range while the 

dehydration of α-C2SH took place at higher temperatures (435–486 °C) (Fig. 3.17, a, 

curve 3). Moreover, it was estimated that, during the decomposition of portlandite, 

the synthesis products lose ~2.23 % of mass, which is equivalent to 7.19 % of 

portlandite (Fig. 3.17, a, curves 1, 3; Table 3.3). Meanwhile, within the 435–486 °C 

temperature range, the mass loss is equal to 1.43 %, resulting in 15.09 % of the 

formed α-C2SH. It should be underlined that the mentioned data is in good 

agreement with QXRD results (Table 3.3). It is worth mentioning that in the mixture 

with a lower CaO/SiO2 molar ratio (1.5), due to the small quantity of portlandite, it 

was not possible to distinguish the thermal effect of the latter compound from  
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α-C2SH (Fig. 3.2). Also, two very small exothermic effects at ~834 °C and ~869 °C 

characteristic to recrystallization of C-S-H(I) and C-S-H(II), respectively, were 

identified (Fig. 3.17, a, curve 2). In addition, the decomposition of calcium 

carbonate was observed at ~719 °C (Fig. 3.17, a, curve 2), while TGA analysis data 

showed that 14.59 % of the latter compound is present in the synthesis products 

(Fig. 3.17, a, curve 1). 

 
 a b 

Fig 3.17. STA curves of the synthesis products when the molar ratio of the primary mixtures 

was equal to CaO/(SiO2+Al2O3)=1.75 and Al2O3/(SiO2+Al2O3)=0 (a) or 0.025 (b).  

Duration of hydrothermal synthesis at 175 °C temperature is 4 h.  

1 – TGA; 2 – DSC; 3 – DTGA 

Table 3.3. The quantity of α-C2SH, Ca(OH)2 and CaCO3 (%) in the products 

The molar ratio of 

Al2O3/(SiO2+Al2O3) in the 

primary mixtures 
Compound 

Quantity according to the TGA method, % 
Synthesis duration, h 

4 8 16 24 48 72 

0 

α-C2SH 15.09 - 49.35 63.44 62.91 59.32 

Ca(OH)2 7.19 - 1.42 0 0 0 

CaCO3 14.59 - 9.55 2.96 3.11 3.32 

0.025 

α-C2SH 8.97 30.93 38.32 45.74 62.91 65.66 

Ca(OH)2 10.89 5.97 3.51 1.62 0 0 

CaCO3 25.07 16.36 8.45 7.11 5.77 4.58 

  Quantity according to the QXRD method, % 

0 Ca(OH)2 7.54 3.56 1.12 0 0 0 

0.025 Ca(OH)2 11.04 6.37 3.75 1.29 0 0 

 

As expected, in the mixtures with CaO/(SiO2+Al2O3) = 1.75 and 

Al2O3/(SiO2+Al2O3) = 0.025 molar ratio, Al2O3 additive changes the stability of the 

formed compounds. XRD analysis data showed that portlandite reacted slower, 

because, after 4 h of isothermal curing, more unreacted portlandite was observed in 

the synthesis products (Table 3.3). For this reason, lower intensity diffraction peaks 

of α-C2SH were obtained in the system (Fig. 3.16, b, curve 1). It should be noted 
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that only 1.7 % of Al2O3 was added to the initial mixture, therefore, the diffraction 

peaks characteristic to hydrogrossular were not identified in the XRD curve (Fig. 

3.16, b, curve 1). 

The previous data was additionally confirmed by STA and DSC analysis. It 

was estimated that, after 4 h of synthesis, about 11 % of portlandite is present in the 

products, and only 9 % of α-C2SH is formed (Table 3.3). It should be noted that 

under all experimental conditions, in the mixtures with the Al2O3 additive, an 

endothermic effect at ~300–400 °C temperature range typical of the dehydration of 

hydrogrossular was not observed (Fig. 3.17 and Fig. 3.19). In order to confirm the 

obtained data, the samples were characterized by DSC analysis with E thermocouple 

which is more sensitive. As expected, DSC analysis data confirmed the above 

mentioned results that all Al
3+

 ions were incorporated in the structure of the 

synthesis products (Fig. 3.18). Moreover, at higher temperatures, C-S-H(I)  

(~842 °С) and C-S-H(II) (~888 °С) recrystallization processes are observed (Fig. 4, 

b, curve 2). It was determined that the quantity of the formed calcium carbonate in 

the mixtures with CaO/(SiO2+Al2O3) = 1.75 and Al2O3/(SiO2+Al2O3) = 0.025 was 

~1.7 times higher than in the pure system (Table 3.3). Probably, the difference 

stemmed from a higher quantity of unreacted portlandite which has a lower 

resistance to carbonization (41, 60, 164–166).  

 

 

Fig 3.18. DSC curves of the synthesis products when the molar ratio of the primary mixture 

was equal to CaO/(SiO2+Al2O3)=1.75 and Al2O3/(SiO2+Al2O3)=0.025. Duration of 

hydrothermal synthesis at 175 °C temperature is, h: 1 – 4; 2 – 24; 3 – 72 

By continuing the synthesis (24 h), in a pure system, the intensity of the 

diffraction maximums characteristic to α-C2SH were increased, meanwhile, 

Ca(OH)2 fully reacts (Fig. 3.16, a, curve 2). According to the TGA data (Table 3.3), 

it was calculated that the quantity of formed α-C2SH was equal to 63.44 %, 

meanwhile in the mixtures with CaO/SiO2 = 1.5, the quantity of the above 

mentioned compound was 1ower (~51 %). It should be underlined that, under these 

synthesis conditions, C-S-H(II) became metastable because the exothermic effect at 

~885 °C was not observed (Fig. 3.19, a). As expected, the heat flow of C-S-H(I) 
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recrystallization to wollastonite was increased up to 13.42 J/g (Fig. 3.19, a). 

Meanwhile in the mixtures with Al2O3 additive, quite intensive diffraction peaks of 

unreacted portlandite as well as thermal effect of its decomposition at 443 °C were 

observed (Fig. 3.16, b, curve 2 and Fig. 3.19, b).  

 

 
 a b 

Fig 3.19. STA (1 – TGA; 2 – DSC) curves of synthesis products when the molar ratio of the 

primary mixtures were equal to CaO/(SiO2+Al2O3)=1.75 and Al2O3/(SiO2+Al2O3)=0 (a) or 

0.025 (b). The duration of hydrothermal synthesis at 175 °C temperature was 24 h.  

Thus, after 48–72 h of synthesis, the intensities of the diffraction peaks and the 

quantity of α-C2SH were close, suggesting that the Al2O3 additive has no influence 

on the quantity of the formed α-C2SH (Fig. 3.16, Table 3.3). 

It is thus possible to assume that, when curing the mixture of CaO and 

amorphous SiO2 at 175 °C temperature under the saturated steam pressure, the 

reactions of the new compounds formation occurred in the following sequence: 

 

1.75CaO+SiO2∙nH2O+H2O
4-16h
→  

portlandite

C-S-H(I)

C-S-H(II)

α-C2SH

24-72h
→   

C-S-H(I)

α-C2SH
 

 

It was determined that the additive of Al2O3 changes the stability duration 

intervals of the primary and intermediates compounds: 

 

1.75CaO+SiO2∙nH2O+H2O+0.025Al2O3

4-24h
→  

portlandite

C-S-H(I)

C-S-H(II)

α-C2SH

48h
→ 

C-S-H(I)

C-S-H(II)

α-C2SH

72h
→ 

C-S-H(I)

α-C2SH
 

 

By summarizing the results discussed in Sections 3.1 and 3.2, it can be stated 

that the optimal synthesis duration for α-C2SH is 24 h because portlandite fully 
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reacts, and the amount of α-C2SH is the highest. Also, it is recommended to use 

mixtures with a lower molar ratio (C/S=1.5) because it requires a lower amount of 

CaO; consequently, the emission of CO2 is reduced up to ~16 %.  

In order to increase the reaction rate and avoid the formation of intermediate 

compounds, in the next stage of the experiment, hydrothermal synthesis was carried 

out in 1.5CaO–(1-x)SiO2·nH2O–xAl2O3–H2O suspensions at 200 °C temperature. 
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3.3. Formation of α-C2SH in 1.5CaO–(1-x)SiO2·nH2O–xAl2O3–H2O 

suspensions at 200°C and application as a precursor for binder material 

3.3.1. Hydrothermal synthesis of α-C2SH in a pure system 

It was determined that in 1.5CaO–SiO2∙nH2O–H2O suspensions at 200 °C 

temperature, the calcium containing compound – portlandite – reacted heavily 

because after 4 h of isothermal curing, quite intensive characteristics of the latter 

compound diffraction maximums (d-spacing – 0.493 and 0.262 nm) were identified 

in the XRD curve (Fig. 3.20, curve 1). For this reason, only a fair amount of α-C2SH 

and semicrystalline C-S-H were formed in the products. It should be underlined that 

the intensities of the diffraction peaks characteristic to portlandite were 3 times 

higher, whereas those of α-C2SH were 20 times lower in comparison with the results 

obtained after synthesis in a pure system at 175 °C temperature (Fig. 3.1). Also, a 

broad basal reflection common in amorphous structure compounds was identified in 

the interval of 26–37° diffraction angles. 
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Fig. 3.20. XRD patterns of the synthesis products when the molar ratio of the primary 

mixture was equal to CaO/SiO2=1.5. Duration of hydrothermal treatment at 200 °C 

temperature, h: 1 – 4; 2 – 8; 3 – 16; 4 – 72. Indexes: c – C-S-H; α – α-C2SH;  

p – Ca(OH)2; d – kilchoanite; k – CaCO3; F – C8S5 

STA analysis data is in good agreement with XRD results (Fig. 3.21). In the 

DSC curve, the first endothermic effect (30–210 °C) can be assigned to the 

dehydration of crystallization water in calcium silicate hydrates. The second 

endothermic effect at ~ 459 °C temperature can be attributed to the dehydration of  

α-C2SH as well as to the decomposition of portlandite (Fig. 3.21, curves 2 and 3). 

Moreover, during these reactions, the estimated amount of the heat flow (22.54 J/g, 

Table 3.4) confirmed that only a small quantity of dibasic calcium silicate hydrate 

was formed in the synthesis products (Fig. 3.21, curve 2). Meanwhile, above the  

800 °C temperature, two exothermic effects were identified: at ~842 °C and ~877 °C 

temperatures characteristic to C-S-H(I) and C-S-H(II), respectively, reflecting their 

recrystallization to wollastonite (Fig. 3.21, curves 2 and 3). It was calculated that, 

during the process, the quantity of the heat flow is equal to: 1.53 J/g for C-S-H(I) 

and 5.61 J/g for C-S-H(II) (Table 3.4). Furthermore, an endothermic effect at  

~714 °C temperature can be assigned to the decomposition of calcium carbonate 

(Fig. 3.21, curve 2). According to the TGA analysis data, it was calculated that 8 % 

of the latter compound is present in the synthesis products.  
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Fig 3.21. STA (1 – TGA; 2 – DSC; 3 – DDSC) curves of synthesis products when the molar 

ratio of the primary mixture was equal to CaO/SiO2=1.5. Duration of hydrothermal synthesis 

at 200 °C temperature was 4 h. 

Table 3.4.Dependence of pH value of medium and the heat of thermal effects 

typical of α-C2SH, C-S-H(I) and C-S-H(II) on the duration of synthesis 

Synthesis 

duration, h 

pH value of 

liquid medium 

Heat of thermal effect, J/g 

Temperature range, °C 

400-500 830-850 850-880 

α-C2SH C-S-H(I) C-S-H(II) 

4 12.39 - 1.53 5.61 

8 12.37 58.55 0.11 7.32 

16 12.25 94.03 0.8 6.72 

24 12.15 16.97 6.39 0 

72 11.90 0 3.59 0 

 

The FT-IR spectrum of the synthesis products obtained after 4 h of treatment is 

presented in Figure 3.22. In the bending vibrations range, intensive triplet at ~454, 

~514 and ~559 cm
-1

, which can be assigned to δ(Si-O-Si) and δ(O-Si-O) signals, 

were observed. Also, a broad absorption band at 965 cm
-1

 can be attributed to 

symmetrical νs(O-SiO-) stretching vibrations. Meanwhile, the bending δ(OH(Si)) 

signals were observed at 1281 cm
-1

 (Fig. 3.22). The identification of dibasic calcium 

silicate hydrates absorption bands of ν(OH
-
) and ν(H2O) stretching vibrations is 

complicated. The bands at 3642 and 3538 cm
-1

 prove that clearly distinguished OH
-
 

positions exist in the structure of samples which are connected only with Ca atoms 

and are not influenced by hydrogen bridge links. It should be noted that the 

absorption band at 3642 cm
-1

 confirms that the initial compound – portlandite – 

remains unreacted. ν(OH
-
) and ν(H2O) vibrations within a low frequency range 

(from 1700 to 3300 cm
-1

) indicates that molecular water forms strong hydrogen 

bridge links in the interlayers. It was determined that small amounts of water of 

absorption and crystallization exist in the structure of the synthesis products 

regarding the observed absorption bands at 1638 cm
-1

 (bending δ(H2O) vibrations) 

and 3466 cm
-1

 (stretching ν(OH
-
) vibrations). In addition, the absorption signals at 
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752 and 667 cm
-1

can be attributed to ν(OH
-
) vibrations (78). It should be noted that 

under these experimental conditions ν(C-O3
2-

), vibrations at 874 and 1424 cm
-1

 are 

clearly visible in the FT-IR spectrum due to the apparent carbonation when the 

products were dried in an air-conditioned chamber. 

 

Fig. 3.22. FT-IR spectrum of the synthesis products when the molar ratio of the primary 

mixture was equal to CaO/SiO2=1.5, and the duration of hydrothermal treatment at 200 °C 

temperature was 4 h 

Within 8 h of hydrothermal synthesis, Ca(OH)2 fully reacts because there was 

no evidence of diffraction peaks characteristic to this compound in the XRD patterns 

(Fig. 3.20, curve 2). This fact was confirmed by FT-IR data because the absorption 

band at 3642 cm
-1

 disappeared. It was determined that the intensity of α-C2SH 

diffraction peaks increased several times as well as heat flow of its dehydration 

(from 22.54 J/g to 58.55 J/g) (Fig.3.21, curve 2; Figure 3.23, curve 2, Table 3.4). 

Meanwhile, the heat flow of C-S-H(I) and C-S-H(II) recrystallization to wollastonite 

does not appear to change.  
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Fig. 3.23. STA (1 – TGA; 2 – DSC; 3 – DDSC) curves of the synthesis products when the 

molar ratio of the primary mixture was equal to CaO/SiO2=1.5. The duration of hydrothermal 

synthesis at 200 °C temperature was 8 h 

It was calculated that, after 8 h of isothermal treatment, the mass loss during α-

C2SH decomposition was equal to 4.45 wt. %, resulting in 48.95 % of the formed 

above mentioned compound (Table 3.5). It should be underlined that this value is in 

good agreement with the data obtained by Ishida et al. (77).  

Table 3.5.The quantity of α-C2SH and CaCO3 in the products 

Synthesis 

duration, h 

Data according to the TGA method 

Mass losses 

at 400-500°C, % 

Quantity, % Mass losses 

at 650-750°C, % 

Quantity, % 

α-C2SH CaCO3 

4 - - 3.23 7.34 

8 4.45 48.95 3.01 6.84 

16 4.37 48.07 3.73 8.48 

24 1.96 21.56 1.27 2.89 

72 0 0 2.01 4.57 

 

It was determined that by prolonging the duration of hydrothermal synthesis to 

16 h, the intensity of diffraction maximums characteristic to α-C2SH increased (Fig. 

3.20, curve 3). DSC data confirmed that a larger amount of the main synthesis 

product – α-C2SH – is formed due to the observed increase in the dehydration heat 

flow (1.6 times). It was estimated that, after 8–16 h of synthesis, about 49 % of α-

C2SH is formed (Table 3.5). 

Unexpected results were obtained after 24 h of hydrothermal treatment: 

recrystallization of α-C2SH to kilchoanite (PDF 04-009-7055, d-spacing – 0.355; 

0.304; 0.288; 0.267), which does not contain water (Ca6(SiO4)(Si3O10)), was 

observed. The XRD data was supported by STA analysis results. In the DSC curve, 

an endothermic effect reflecting the removal of crystallization water was not 

observed in the 70–150 °C temperature interval (Fig. 3.24, curve 1). Meanwhile, the 

heat flow of α-C2SH dehydration decreased from 94.03 J/g to 16.97 J/g (Table 3.4), 
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although the latter compound was not identified in the XRD patterns. It should be 

underlined that, in the synthesis products, the amount of calcium carbonate 

decreased (2.9 wt. %) as well. This fact can be explained by the kilchoanite 

resistance to carbonization. Moreover, an exothermic effect typical of C-S-H(II) 

recrystallization to other compounds was not identified. 

The present results are in good agreement with the data obtained by Black et 

al. (40). The authors determined that, during hydrothermal synthesis of α-C2SH at 

200 °C, kilchoanite also formed in the products. In this case, α-C2SH was prepared 

from β-C2S which was treated mechanochemically in an agate ball mill for 24 h and 

followed by hydrothermal treatment. The same tendency was observed in N. Meller 

et al.’s work (24), in which the hydrothermal reactions of an oil well cement with 

added silica and alumina during hydration (200 to 350 °C) was examined, and it was 

estimated that kilchoanite is formed in the samples at 200 °C. 

 

Fig. 3.24. STA (1 – TGA; 2 – DSC) curves of the synthesis products when the molar ratio of 

the primary mixture was equal to CaO/SiO2=1.5. The duration of hydrothermal synthesis at 

200 °C temperature was 24 h. 

Furthermore, after extending the duration of isothermal curing to 48 and 72 h, 

α-C2SH is fully recrystallized to kilchoanite and C8S5 (PDF 00-029-0368; d-spacing 

– 0.360; 0.305; 0.284; 0.269 nm) due to undetected diffraction maximums 

characteristic to α-C2SH in XRD patterns (Fig. 3.20, curve 4). 

It is possible to assume that, when curing the mixture of CaO and amorphous 

SiO2 at 200 °C temperature under the saturated steam pressure (~27 atm), the 

reactions of new compounds formation occur in the following sequence: 

 

1.5CaO+SiO2·nH2O+H2O
4h
→

portlandite

C-S-H(I)

C-S-H(II)
α-C2SH

8h
→

C-S-H(I)

C-S-H(II)
α-C2SH

24h
→ 

C-S-H(I)
α-C2SH

kilchoanite

48-72h
→   

C-S-H(I)
C8S5

kilchoanite

 

 

The results of Section 3.1 showed that the addition of γ-Al2O3 has influence on 

the reactivity of primary compounds at 175 °C temperature. Thus, in the next stage 
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of the experiments, the influence of the presently mentioned additive on the 

formation of calcium silicates hydrates in 1.5CaO–xSiO2·nH2O–(1-x)Al2O3–H2O 

system at 200 °C temperature was investigated. 

 

3.3.2. The influence of γ-Al2O3 on dibasic calcium silicates hydrates 

crystallization at 200 °C  

It was determined that in the mixtures with CaO/(SiO2+Al2O3) = 1.5 and 

Al2O3/(SiO2+Al2O3) = 0.025 molar ratio, the primary compounds reacted heavily 

because, after 4 h of isothermal curing, α-C2SH did not form, and only a modest 

amount of semi-crystalline calcium silicate hydrates was identified (Fig. 3.25, curve 

1). It should be noted that, under these experimental conditions, dibasic calcium 

silicate (C2S) (PDF No. 00-049-1672; d-spacing – 0.301; 0.275; 0.273 nm) was 

formed. The present results are in good agreement with the data obtained by Mitsuda 

et al. (89, 91). Also, alongside the presently mentioned maximums, a broad basal 

reflection in 26–37° 2θ range was noticed and can be assigned to compounds of 

amorphous structure. 

 

Fig. 3.25. XRD patterns of the synthesis products when the duration of hydrothermal 

treatment at 200 °C temperature was 4 h. The molar ratios of the primary mixtures were 

equal to: CaO/(SiO2+Al2O3)=1.5 and Al2O3/(SiO2+Al2O3)=0.025 (curve 1) or 0.05 (curve 2). 

Indexes: c – C-S-H; p – Ca(OH)2; k – CaCO3; o – 2CaO·SiO2; A – hydrogrossular 

XRD analysis data was additionally confirmed by STA analysis: in the DSC 

curve, the first endothermic effect (30–200 °C) reflects the removal of crystallization 

water in C-S-H; the second endothermic effect at 442 °C can be attributed to the 

decomposition of portlandite (Fig. 3.26, a, curve 2). Moreover, it was computed that, 

during the decomposition of portlandite, the synthesis products lost ~3.19 % of 

mass, which is equivalent to 13.11 % of portlandite (Fig. 3.26, a, curve 1). 

Meanwhile, two exothermic effects at ~842 °C and ~862 °C characteristic to  

C-S-H(I) and C-S-H(II), respectively, reflecting their recrystallization to 

wollastonite, were observed (Fig. 3.26, a, curve 2). Furthermore, an endothermic 

effect at ~723 °C can be assigned to the decomposition of calcium carbonate. 

According to TG analysis data, it was calculated that 9.07 % of the latter compound 
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is present in the synthesis products. In addition to this, STA analysis data confirmed 

that Al
3+

 ions were incorporated in the structure of the synthesis products because 

the endothermic effect within the 300–400 °C temperature range typical of the 

dehydration of hydrogrossular was not observed (Fig. 3.26, a). 

 
 a b 

Fig. 3.26. STA curves (1 – TG; 2 – DSC) of the synthesis products when the duration of 

hydrothermal treatment at 200 °C temperature was 4 h. The molar ratios of primary mixtures 

were equal to: CaO/(SiO2+Al2O3)=1.5 and Al2O3/(SiO2+Al2O3)=0.025 (a) or 0.05 (b) 

It was observed that, in the initial mixtures with a larger amount of Al2O3 

additive (the molar ratio of Al2O3/(SiO2+Al2O3) = 0.05), more intensive diffraction 

maximums characteristic to C2S and portlandite were observed (Fig. 3.25, curve 2). 

Moreover, TG analysis data showed that 14.6 % of portlandite did not react (Fig. 

3.26, b, curve 1). It should be noted that a larger amount of Al2O3 additive stimulates 

the formation of hydrogrossular. As in the previous case, the basic reflection 

intensities of the mentioned compounds in the X-ray diffraction patterns are rather 

small as 3.4 % of Al2O3 was added to the initial mixture, and that is why it is very 

difficult to assign products to particular compounds (Fig. 3.25, curve 2). It is worth 

noting that STA analysis confirmed the formation of hydrogrossular because an 

endothermic effect characteristic to its dehydration at 337 °C temperature was 

identified (Fig. 3.26, b, curve 2). 

While continuing the synthesis (8 h), it was observed that the formation of 

calcium silicate hydrates proceeds quite complicatedly. For this reason, quite 

intensive diffraction peaks of unreacted portlandite were observed in XRD patterns 

(Fig. 3.27). Moreover, C2S and hydrogrossular remained stable. It is worth 

highlighting that in a pure system (1.5CaO–SiO2·nH2O–H2O), after 4 hours of 

isothermal curing at 200 °C, dicalcium silicate hydrates – α-C2SH, C-S-H(II) and a 

low basic semi-crystalline C-S-H(I) were formed (Fig. 3.20). It should be underlined 

that in the presently mentioned system, α-C2SH without impurities of portlandite is 

formed after 8 h; it remained stable till 24 h of hydrothermal treatment. 
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Fig. 3.27. XRD patterns of the synthesis products when the duration of hydrothermal 

treatment at 200 °C temperature was 8 h. The molar ratios of the primary mixtures were 

equal to: CaO/(SiO2+Al2O3)=1.5 and Al2O3/(SiO2+Al2O3)=0.05. Indexes: c – C-S-H;  

p – Ca(OH)2; k – CaCO3; o – 2CaO·SiO2; A – hydrogrossular 

The FT-IR spectrum of the synthesized product after 8 h of isothermal curing 

is presented in Figure 3.28. The silicate vibration regions of C-S-H spectra resemble 

those of C2S, and all of them contain a characteristic set of bands in the bending 

vibrations range at ~453 and ~514 cm
-1

 (δ(Si-O-Si) and δ(O-Si-O)) and in the 

symmetrical stretching vibration range at ~969 cm
-1

 (νs(O-SiO-)) (167, 168, 169). 

However, the absorption band at 666 cm
-1

 can be attributed to symmetrical δ(Si-O-

Si) stretching vibrations in the semi-crystalline C-S-H structure (170). Meanwhile, a 

duplet at ~875 and 857 cm
-1

, which can be attributed to symmetrical νs(O-SiO-) 

stretching signals in the C2S structure, was observed(167, 168). Also, the identified 

absorption band at 3654 cm
-1

 belonging to HO
-
 groups supports the STA and XRD 

analysis data which indicates that portlandite does not fully react. It was observed 

that, under these experimental conditions, ν(CO3
-2

) vibrations at 1428 cm
-1

 are 

clearly visible in the FT-IR spectrum. 
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Fig. 3.28. FT-IR spectra of the synthesis products; duration of hydrothermal treatment at 

200 °C temperature was, h: 1 – 8; 2 – 16; 3 – 24; 4 – 72. The molar ratios of the primary 

mixtures were equal to: CaO/(SiO2+Al2O3)=1.5 and Al2O3/(SiO2+Al2O3)=0.05 

When hydrothermal synthesis is extended to 16 hours, portlandite reacts fully, 

therefore, the typical diffraction peaks, the exothermal effect and the absorption 

band at 3630–3660 cm
-1

characteristic to this compound are not detected (Fig. 3.28 

curve 2, Fig. 3.29). On the other hand, dicalcium silicate hydrate – -C2SH – was 

identified in the synthesis products. Also, the diffraction peaks whose d-spacing is 

0.532 nm from planes (002) and 0.266 nm from planes (004) are more intensive and 

can be associated with the crystals of the α-C2SH orientation. The decomposition of 

α-C2SH is observed in the 400–500 °C temperature interval (58, 78); during the 

decomposition of α-C2SH, the synthesis products lost ~2.68 % of mass, which is 

equivalent to 28.29 % of α-C2SH (Fig. 3.29, b, curve 2). Also, the exothermic effect 

at ~851 °C and the shoulder at 859 °C characteristic to the recrystallization of semi-

crystalline C-S-H(I) and C-S-H(II) type compounds to wollastonite were identified 
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(Fig. 3.29, b, curve 2). Furthermore, TG analysis data showed that ~2.2 % of 

calcium carbonate is present in the synthesis products (Fig. 3.29, b, curve 1). While 

continuing, the FT-IR spectrum significantly changes concerning Si-O vibrations 

(Fig. 3.28, curve 1–2). In the interval of 600–800 cm
-1

, the absorption maximums 

are assigned to symmetrical νs(O-SiO-) stretching vibrations; in this particular 

region, a triplet at ~673, ~714 and ~750 cm
-1

 is detected. Also, a strong band at 1282 

cm
-1

 typical of an OH
-
 bending vibration of a hydroxyl bonded to SiO4δ(OH(Si)) can 

be attributed to the vibrations in the α-C2SH structure(78). Moreover, the intensity of 

the absorption band at ~1479 cm
-1

, which is assigned to ν(CO3
-2

), decreases 2 to 3 

times.  

 

 
 a b 

Fig. 3.29. XRD patterns (a) and STA curves (b) (1 – TG; 2 – DSC) of the synthesis products 

when the duration of hydrothermal treatment at 200 °C temperature was 16 h. The molar 

ratios of the primary mixtures were equal to: CaO/(SiO2+Al2O3)=1.5; 

Al2O3/(SiO2+Al2O3)=0.05. Indexes: c – C-S-H; α – α-C2SH;  

k – CaCO3; o – 2CaO·SiO2; A – hydrogrossular 

Furthermore, after 24 h of hydrothermal treatment in both mixtures 

(Al2O3/(SiO2+Al2O3) = 0.025 or 0.05), α-C2SH is fully recrystallized to kilchoanite 

and C8S5(Fig. 3.30, a). The present results are in good agreement with the literature 

data (24, 40). Also, it was observed that in the mixtures with a larger amount of 

Al2O3 additive, hydrogrossular remained stable, but the amount of the adsorbed heat 

attributed to the dehydration of hydrogrossular slightly changed (from 11.66 to 

10.36 J/g). Remarkable changes were noticed in the FT-IR spectrum of the synthesis 

products (Fig. 3.28, curves 2–3). The significant decrease in the intensity of the 

absorption bands attributed to OH
-
 and H2O vibrations is observed. Meantime, the 

complex group of bands in the range of 800–1000 cm
-1

, corresponding to the 

asymmetric and symmetric stretching vibrations of Si–O bonds, was observed. The 

presently mentioned bands can be attributed to vibrations in kilchoanite and the C8S5 

structure (167, 168, 169). Besides, an absorption band assigned to asymmetrical 

νas(Si-O-Si) stretching vibrations was identified at ~1043 cm
-1

; the latter one shows 
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that [SiO4]
4-

 tetrahedron forms triple chains in the structure of the synthesis 

products.  

 
 a b 

Fig. 3.30. XRD patterns (a) and DSC curves (b) of the synthesis products; the duration of 

hydrothermal treatment at 200 °C temperature was 24 h. The molar ratios of the primary 

mixtures were equal to: CaO/(SiO2+Al2O3)=1.5 and Al2O3/(SiO2+Al2O3)=0.025 (curve 1) or 

0.05 (curve 2). Indexes: k – CaCO3; o – 2CaO·SiO2; A – hydrogrossular;  

F – C8S5; d – kilchoanite 

It was determined that by prolonging the duration of hydrothermal synthesis to 

48-72 h, kilchoanite and C8S5 remain stable in both mixtures because the intensities 

of the basic reflections typical of the presently mentioned compound increased (Fig. 

3.31). However, in the synthesis products, small intensity diffraction peaks of 

scawtite (PDF No. 04-011-9710; d-spacing – 0.320; 0.302; 0.299 nm) were 

identified. The XRD data was supported by STA analysis results: in the mixtures 

with Al2O3/(SiO2+Al2O3) = 0.025, in the DSC curve, the first endothermic effect 

(30–200 °C) reflects the removal of crystallization water in C-S-H. The second 

endothermic effect at 715 °C can be attributed to the decomposition of scawtite and 

calcium carbonate (Fig. 3.32, a, curve 2). Meanwhile, in the mixtures with 

Al2O3/(SiO2+Al2O3) = 0.05, the endothermic effect at 342 °C temperature can be 

attributed to the dehydration of hydrogrossular (Fig. 3.32, b, curve 2). Moreover, it 

was estimated that the synthesis products within the 30 – 900 °C temperature 

interval lost ~12.28 % of its mass, and it is about 1.8 times more than in the mixtures 

containing Al2O3/(SiO2+Al2O3) = 0.025. The FT-IR spectrum showed no significant 

changes, only the multiplicity of absorption maximums is shifted, and the absorption 

band at 1400-1500 cm
-1

 attributed to ν(CO3
-2

) vibration decreases 2 to 3 times  

(Fig. 3.28, curves 3–4). 
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Fig. 3.31. XRD patterns of the synthesis products when the duration of hydrothermal 

treatment at 200 °C temperature was 48 h. The molar ratios of the primary mixtures were 

equal to: CaO/(SiO2+Al2O3)=1.5 and Al2O3/(SiO2+Al2O3)=0.025 (curve 1) or 0.05 (curve 2). 

Indexes: k – CaCO3; A – hydrogrossular; F – C8S5; d – kilchoanite; s – scawtite 

 
 a b 

Fig. 3.32. STA curves (1 – TG; 2 – DSC) of the synthesis products when the duration of 

hydrothermal treatment at 200 °C was 48 h. The molar ratios of the primary mixtures were 

equal to: CaO/(SiO2+Al2O3)=1.5 and Al2O3/(SiO2+Al2O3)=0.025 (a) or 0.05 (b) 

It is reasonable to assume that, when curing the mixture of CaO, amorphous 

SiO2 and 3.4 % Al2O3 additive at 200 °C under saturated steam pressure, the 

formation of new compounds occurs in the following sequence: 

 

1.5CaO+SiO2·nH2O+0.05Al2O3+H2O
4-8h

→  

2CaO∙SiO2

C-S-H(I)

C-S-H(II)
hydrogrossular

16h

→ 

C-S-H(I)

C-S-H(II)
α-C2SH

2CaO∙SiO2

hydrogrossular

24-72h

→   

kilchoanite
C8S5

2CaO∙SiO2

CASH
C-S-H(I)

C-S-H(II)
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The experimental data and the theoretical hypothesis were also supported by 

thermodynamic calculations. Crystallization reactions of C-S-H in the mixtures with 

CaO/(SiO2+Al2O3) = 1.5 and Al2O3/(SiO2+Al2O3) = 0.025 molar ratio that are 

possible during the hydrothermal synthesis at 200 °C are given below: 

 

1.5CaO + 0.975SiO2 + 10H2O + 0.025Al2O3 → 0.975(0.83CaO∙SiO2∙1.3H2O-Al) + 

0.69Ca(OH)2 + 8.04H2O (Eq. 3.1) 

1.5CaO + 0.975SiO2 + 10H2O + 0.025Al2O3 → 0.90(1.67CaO∙SiO2∙2.1H2O-Al) + 

0.05SiO2 + 8.11H2O (Eq. 3.2) 

1.5CaO + 0.975SiO2 + 10H2O + 0.025Al2O3 → 0.75(2CaO∙SiO2-Al) + 0.2SiO2 + 

10H2O (Eq. 3.3) 

1.5CaO + 0.975SiO2 + 10H2O + 0.025Al2O3 → 0.75(2CaO∙SiO2∙H2O-Al) + 0.2SiO2 

+ 9.25H2O (Eq. 3.4) 

Note: the water/solid ratio of the suspension was equal to 10.0; the molar 

number of the specific compound was rounded to two decimal places. 

 

Crystallization reactions of CASH in the mixtures with CaO/(SiO2+Al2O3) = 

1.5 and Al2O3/(SiO2+Al2O3) = 0.025 molar ratio are given below: 

 

1.5CaO+ 0.95SiO2 + 10H2O + 0.05Al2O3 → 0.05(Al2O3·2SiO2·2H2O) + 1.5CaO+ 

0.85SiO2 + 9.9H2O (Eq. 3.5) 

1.5CaO+ 0.95SiO2 + 10H2O + 0.05Al2O3 → 0.05(2CaO·Al2O3·4H2O) + 1.4CaO+ 

0.95SiO2 + 9.8H2O (Eq. 3.6) 

1.5CaO+ 0.95SiO2 + 10H2O + 0.05Al2O3 → 0.05(2CaO·Al2O3·3.75H2O) + 1.4CaO+ 

0.95SiO2 + 9.81H2O (Eq. 3.7) 

1.5CaO+ 0.95SiO2 + 10H2O + 0.05Al2O3 → 0.05(3CaO·Al2O3·3H2O) + 1.35CaO+ 

0.95SiO2 + 9.85H2O (Eq. 3.8) 

1.5CaO+ 0.95SiO2 + 10H2O + 0.05Al2O3 → 0.05(4CaO·Al2O3·6.5H2O) + 1.3CaO+ 

0.95SiO2 + 9.68H2O (Eq. 3.9) 

1.5CaO+ 0.95SiO2 + 10H2O + 0.05Al2O3 → 0.05(4CaO·Al2O3·9.5H2O) + 1.3CaO+ 

0.95SiO2 + 9.525H2O (Eq. 3.10) 

1.5CaO+ 0.95SiO2 + 10H2O + 0.05Al2O3 → 0.05(CaO·Al2O3·5H2O) + 1.45CaO+ 

0.95SiO2 + 9.75H2O (Eq. 3.11) 

1.5CaO+ 0.95SiO2 + 10H2O + 0.05Al2O3 → 0.025(CaO·2Al2O3·2SiO2·H2O) + 

1.48CaO+ 0.9SiO2 + 9.98H2O (Eq. 3.12) 

1.5CaO+ 0.95SiO2 + 10H2O + 0.05Al2O3 → 0.05(2CaO·Al2O3·3SiO2·H2O) + 

1.4CaO+ 0.8SiO2 + 9.95H2O (Eq. 3.13) 

1.5CaO+ 0.95SiO2 + 10H2O + 0.05Al2O3 → 0.05(2CaO·Al2O3·SiO2·4H2O) + 

1.4CaO+ 0.9SiO2 + 9.8H2O (Eq. 3.14) 

1.5CaO+ 0.95SiO2 + 10H2O + 0.05Al2O3 → 0.05(3CaO·Al2O3·0.8SiO2·2.2H2O) + 

1.35CaO+ 0.93SiO2 + 9.89H2O (Eq. 3.15) 

1.5CaO+ 0.95SiO2 + 10H2O + 0.05Al2O3 → 0.05(3CaO·Al2O3·0.41SiO2·2.59H2O) 

+ 1.35CaO+ 0.93SiO2 + 9.87H2O (Eq. 3.16) 
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1.5CaO+ 0.95SiO2 + 10H2O + 0.05Al2O3 → 0.05(3CaO·Al2O3·0.84SiO2·2.16H2O) 

+ 1.35CaO+ 0.91SiO2 + 9.89H2O (Eq. 3.17) 

1.5CaO+ 0.95SiO2 + 10H2O + 0.05Al2O3 → 0.05(4CaO·Al2O3·SiO2·6H2O) + 

1.3CaO+ 0.9SiO2 + 9.7H2O (Eq. 3.18) 

 

It should be noted that crystallization reactions of C-S-H and CASH in the 

mixtures with CaO/(SiO2+Al2O3) = 1.5 and Al2O3/(SiO2+Al2O3) = 0.025 or 0.05 

proceeded in a similar way, thus equations 3.1–3.18 are presented only with one 

molar ratio. Calculations were done for both mixtures, and the results of the 

calculations of the thermodynamic properties of C-S-H and CASH formation 

reactions are presented in ∆rGT
0=ƒ(T) plot (Fig. 3.33). 

 
 a b 
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 e f 

Fig. 3.33.∆rGTdependence on temperature for reactions 3.1–3.18 at 373–573 K. The molar 

ratios of primary mixtures were equal to: CaO/(SiO2+Al2O3)=1.5 and 

Al2O3/(SiO2+Al2O3)=0.025 (a-c) or 0.05 (d-f). 

Thermodynamic calculations showed that during the reaction in the mixtures 

with CaO/(SiO2+Al2O3) = 1.5 and Al2O3/(SiO2+Al2O3) = 0.025 molar ratio at 200 

°C, the greatest possibility that C-S-H(I) and C2S will crystallize because the 

changes of Gibbs free energy of reactions 3.1 and 3.3 are the lowest (∆rGT=-80.3 kJ 

and ∆rGT=-104.5 kJ) (Fig. 3.33, a–c). On the other hand, the possibility of CASH 

formation is less probable (Fig. 3.33, a–c), so Al
3+

 ions will be incorporated in the 

structure of calcium silicate hydrates. Meanwhile, in the mixtures with a larger 

amount of aluminum, there is a greater possibility that 4CaO·Al2O3·9.5H2O and 

4CaO·Al2O3·6.5H2O will be formed (Eq. 3.9 and Eq. 3.10) because the values of the 

above mentioned reactions ∆rGT are much more negative than those of other 

reactions (Fig. 3.33, d–e). It should be noted that, during hydrothermal synthesis, 

when the thermodynamically most probable reactions (Eq. 3.9 and Eq. 3.10) 

proceed, a large amount of unreacted calcium oxide and amorphous silica dioxide 

will remain in the system. For this reason C-S-H(I) and C2S will crystallize in the 

products (Fig. 3.33, d).  

The changes of Gibbs free energy dependence on the molar ratios of primary 

mixtures Al2O3/(SiO2+Al2O3) are presented in Figure 3.34. The calculations show 

that 4CaO·Al2O3·9.5H2O and 4CaO·Al2O3·6.5H2O will be formed in the products 

(Eq. 3.9 and Eq. 3.10) when the molar ratio of primary mixtures Al2O3/(SiO2+Al2O3) 

increases to more than 0.025 and 0.05, respectively (Fig. 3.34). Otherwise, Al
3+

 ions 

will be incorporated in the structure of calcium silicate hydrates. 
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Fig. 3.34. ∆rGT dependence on the molar ratios of primary mixtures Al2O3/(SiO2+Al2O3) at 

473 K 

It should be underlined that these thermodynamic calculations are in good 

agreement with the experimental data because in the mixtures with 

Al2O3/(SiO2+Al2O3) = 0.025 molar ratio, after 4-72 h of isothermal curing Al
3+

 ions 

were incorporated in the synthesis products. Meantime, in the mixtures with 

Al2O3/(SiO2+Al2O3) = 0.05 molar ratio, after 4 h of synthesis, hydrogrossular was 

formed and remained stable under all experimental conditions. 

 

3.3.3. Hydration peculiarities of α-C2SH and quartz sample 

In order to determine the possibility to use α-C2SH synthesized at 200 °C in 

the production of the binder material, samples were prepared by grinding α-C2SH 

(16 h) and quartz sand (Fig. 3.25, a). As expected, after grinding, the BM-α-Q 

sample is significantly amorphized because the intensity of diffraction maximums 

characteristic to α-C2SH and quartz (Fig. 3.35, a, curve 2) as well as the area of the 

endothermic effect at 480 °C temperature decreased (Fig. 3.35, b). Later on, the 

sample was thermally treated at 450 °C for 60 min under air atmosphere. After 

calcination, the complete destruction of α-C2SH took place. 
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 a b 

Fig. 3.35. XRD patterns (a) of the mixed (curve 1) and ground (curve 2) samples. DSC (b) 

curve of ground sample. Indexes: c – C-S-H; α – α-C2SH; Q – quartz 

The heat evolution curves showed two exothermic reactions (Fig. 3.36). The 

initial reaction – wetting and hydrolysis (first exothermic reaction) – proceeds within 

the first 1–2 min, and the heat flow was equal to 0.0036 W/g. Meanwhile, the next 

reaction, which proceeds from 0.2 h till 0.5 h, is primarily associated with the heat 

released due to hydration reactions (Eq. 3.19) (Fig. 3.36, a, 2). It was measured that 

the total heat released during the presently mentioned process was equal to 2.85 J/g 

(Fig.3.36, b). The maximum cumulative heat (39.75 J/g) was released by the third 

exothermic reaction which occurs between 3 h and 18 h (Fig. 3.36, a). Later on, the 

calorimetric curve of BM-α-Q showed the slow continued reaction because the rate 

of heat evolution decreases. Meanwhile, the amount of the total cumulative heat 

grows with the increasing hydration time, and, after 72 h of hydration, it was equal 

to 75.44 J/g (Fig.3.36, b). 

 
 a b 

Fig. 3.36. Heat evolution rate (a) and cumulative heat (b) of BM-α-Q sample 
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By summarizing the hydration data (Fig. 3.35, Fig. 3.36 and Section 3.1.4), the 

fundamental process of chemical hydraulic reactions between BM-α-Q and water 

can be described by this hypothetical reaction: 

C1.5S1 + xQ + H2O → C1.5S(1+y)H + (x-y)Q + ΔH (Eq. 3.19) 

where: C1.5S1 – the products of synthesis after grinding and burning; Q – 

quartz; C1.5S(1+y)H – the products of hydration; ΔH – heat; x – the molar content of 

quartz in the binding material; y – the molar content of the reacted quartz in 

hydrated cement. 

In order to evaluate the mechanical properties of the BM-α-Q samples, the 

compressive strength properties were determined (Fig. 3.37). After three days of 

hydration, the compressive strength of BM was equal to 6.7 MPa. As expected, the 

tendency of the strength increment was observed after 7–28 days of hardening: the 

compressive strength increased to 15.5 MPa and 24.0 MPa, respectively (Fig. 3.37). 

It is worth mentioning that the obtained values are close to those of the most popular 

environmentally friendly brands of cement Celitement and Solidia Cement and 

match requirements of the belite and special low-heat cements (BS EN 1971-1:2000 

and BS EN 14216-1:2004(171, 172)). 

 

Fig. 3.37. Compressive strength of BM-α-Q samples 

In order to explain the nature of the strength properties of the samples, XRD 

and STA analyses of the hydrated products were carried out. In the XRD analysis 

curve, after 28 days of hydration, peaks of calcium silicate hydrates (d-spacing: 

0.303; 0.280; 0.184 nm) was observed (Figure 3.38, a). It should be noted that the 

intensity of the diffraction peaks (d-spacing: 0.426; 0.335; 0.182; 0.154 nm) 

characteristic to quartz were identified. 
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 a b 

Fig. 3.38. XRD pattern and STA ((1 – TGA; 2 – DSC) curves of BM-α-Q sample at 20 °C 

for 28 days. Indexes: c – C-S-H; Q – quartz 

The XRD results were confirmed by the DSC data. The first endothermic peak 

at 50–150 °C is the result of dehydration reactions due to the loss of water from the 

C-S-H structure. The endothermic peak at 579 °C shows the α-β transition of quartz. 

The exothermic peak (850 °C) is associated with the recrystallization of C-S-H into 

wollastonite (Fig.3.38, b). 

When summarizing the above mentioned results, it can be stated that α-C2SH 

after activation can be used as an environmentally friendly cementitious material 

because the heat flow after 72 h of hydration was equal to 75.44 J/g, while the 

compressive strength after 28 days was 24.0 MPa, which matches the requirements 

set upon the belite and special low-heat cements (BS EN 1971-1:2000 and BS EN 

14216-1:2004 (171, 172)). 
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3.4. Hydrothermal synthesis of kilchoanite and application as a precursor for 

binder material 

3.4.1. Hydrothermal synthesis 

As in Section 3.1.1 it was shown in 1.5CaO–SiO2·nH2O–H2O suspensions, 

after 72 hours of isothermal curing at 175 °C, kilchoanite was not formed (Fig. 3.3). 

In order to increase the reaction rate and avoid the formation of undesirable calcium 

silicate hydrates, hydrothermal synthesis was carried out at higher temperatures. 

After 24 hours at 190 °C of synthesis, α-C2SH, C-S-H(I) and the traces of 

kilchoanite were formed (Table 3.6). It should be noted that by prolonging the 

duration of hydrothermal synthesis to 48 h, the formed calcium silicate hydrates 

become metastable and recrystallized into kilchoanite. Meanwhile, after 72 h of 

hydrothermal synthesis, together with kilchoanite, small intensity diffraction peaks 

of C8S5 and scawtite were identified (Fig. 3.39). The present results are in good 

agreement with the data obtained by Black et al. (40) and N. Meller et al.(24). 

 

Fig. 3.39. XRD patterns of the synthesized products when the duration of hydrothermal 

treatment at 190 °C temperature was 72 h. Indexes: d – kilchoanite; s – scawtite; F – C8S5 

It was examined that α-C2SH dominates in the synthesis products after 4–16 h 

at 200 °C temperature (Table 3.6). Meanwhile, having extended the duration of of 

isothermal curing to 24 h, α-C2SH becomes metastable and starts to recrystallize into 

kilchoanite, which dominates in the products after 48 h of synthesis (Fig. 3.40, a). It 

is worth noting that, together with kilchoanite, traces of scawtite were identified. 

Further, after 72 h of hydrothermal synthesis, among the synthesis products, C8S5 

was identified (Table 3.6).  
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Table 3.6. Formation and stability of calcium silicate hydrates at different 

synthesis conditions 

Synthesis condition 
Compounds 

p
o

rt
la

n
d

it
e 

C
-S

-H
(I

) 

C
-S

-H
(I

I)
 

α
-C

2
S

H
 

k
il

ch
o

an
it

e 

C
8
S

5
 

sc
aw

ti
te

 

x
o

n
o

tl
it

e 

Temperature, °C Duration, h 

175 

4 • • • •     

8  • • •     

16  • • •     

24  •  •     

48  •  •     

72  •  •     

190 

4 • • • •     

8  • • •     

16  • • •     

24  •  • ?    

48  ?  • • ?   

72  ?   • • ?  

200 

4 • • • •     

8  • • •     

16  • • •     

24  ?  • •    

48  ?   •  ?  

72  ?   • • ?  

210 

4  •  •     

8  •  • • • •  

16  ?   • • •  

24  ?   • • ?  

48  ?   • • ? • 

72  ?   • • ? • 

220 

4  •  ? • • •  

8  •   • • •  

16  ?   • • •  

24  ?   • • ?  

48  ?   • • ? • 

72  ?   • • ? • 

? – the traces of compound could be present in the products 

 

The previous results were confirmed with data from STA analysis. It was 

proved that kilchoanite does not contain crystallization water as thermal conversions 

attributed to the latter compound were not observed in the DSC curve (Fig. 3.40, b, 

curve 2). It should be underlined that these results are in good agreement with the 

data obtained by Garbev et al. (44), Meducin et al. (85) and Taylor (90). The mass 

losses (~0.7 %) estimated within the 80–150 °C temperature range can be ascribed 

to the dehydration of C-S-H(I). It should be noted that the decomposition of calcium 

carbonate as well as the decomposition of scawtite overlaps at ~675 °C temperature. 
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Additionally, it was estimated that the synthesized product loses ~0.11 % of its mass 

during the decomposition of recent compounds. 

The FT-IR spectrum of kilchoanite after 48 h of isothermal curing is presented 

in Figure 3.40 c. In bending δ(Si-O-Si) and δ(O-Si-O) vibrations range, two 

absorption bands at ~435, ~583 cm
-1

 and the duplet at ~498, ~517 cm
-1

 were 

identified (167, 168). Meanwhile, a duplet at ~842, ~854 cm
-1 

and five absorption 

bands at ~896, ~930, ~952, ~978, ~994 cm
-1

, which can be attributed to symmetrical 

νs(O-SiO-) stretching signals, were observed. Two absorption bands assigned to 

asymmetrical νas(Si-O-Si) stretching vibrations were identified at ~1045 cm
-1

; the 

latter one shows that [SiO4]
4-

 tetrahedron forms a triple chains in the structure of 

synthesized products. It should be considered that a significant increase in the 

intensity of the absorption signal at ~710 cm
-1

 was observed as well, reflecting the 

symmetrical νs(Si-O-Si) stretching vibrations. 

 
 a b 

 
c 

Fig. 3.40. XRD pattern (a), STA curves (b) (1 – TG; 2 – DSC) and FT-IR spectrum (c) of the 

synthesized products when the duration of hydrothermal treatment at 200 °C temperature 

was 48 h. Indexes: d – kilchoanite; s – scawtite 
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Furthermore, the increase of the temperature positively affects the formation of 

calcium silicates: these compounds were obtained at 210 °C after 8 hours, while at 

220 °C after 4 hours (Fig. 3.41). It should be noted that, under these hydrothermal 

conditions, pure kilchoanite was not obtained (Table 3.6). In addition, by prolonging 

the duration of the hydrothermal synthesis to 48–72 h, a new synthesis product – 

xonotlite (PDF 04-016-1649; d-spacing – 0.324; 0.308; 0.282; 0.270 nm) was 

formed (Table 3.6). 

 

Fig. 3.41. XRD patterns of the synthesized products when the duration of hydrothermal 

treatment at 220 °C temperature was 4 h. Indexes: d – kilchoanite; s – scawtite; F – C8S5 

 

3.4.2. Thermal stability 

The literature concerning thermal stability and other parameters of synthetic 

kilchoanite is scarce. Thus the thermal stability of kilchoanite synthesized after 48 h 

at 200 °C was examined in detail. It was estimated that kilchoanite is stable till 1100 

°C because the typical diffraction maximums characteristic to kilchoanite remain 

unchanged (Fig. 3.42, curve 2). Meanwhile, at a higher temperature (1200 °C), the 

latter compound is fully recrystallized to rankinite (PDF 04-015-0709; d-spacing – 

0.317; 0.301; 0.289; 0.271 nm) (Fig. 3.42, curve 3). It was observed that scawtite 

and C-S-H(I) recrystallized to wollastonite, respectively, at 700 °C and 800 °C. 
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Fig. 3.42. XRD patterns of calcined products for 3 h. Indexes: R – rankinite;  

w – wollastonite; d – kilchoanite 

The data of in situ XRD experiments confirmed the thermal behavior of the 

formed compounds (Fig. 3.43). It was estimated that kilchoanite is stable till  

1120 °C and at higher temperatures (1180 °C) the latter compound is fully 

recrystallized to rankinite. It should be mentioned that scawtite recrystallized to 

wollastonite at 680 °C temperature, and C-S-H(I) recrystallized at 850 °C. 

 

Fig. 3.43. In situ XRD patterns of the sample when the temperature of calcination  

is 25–1200 °C 
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absorption bands attributed to ν(C–O3
2-

) vibrations are not detected, which refers to 

to scawtite and calcium carbonate (Fig. 3.44) (167, 169). Whereas having carried out 

calcination at 1100 °C, the FT-IR spectrum showed no significant changes; only the 

multiplicity and intensity of the absorption maximums are shifted. Remarkable 

changes are observed in the FT-IR spectrum of products when the temperature of 

calcination is 1200 °C. In the bending δ(Si-O-Si) and δ(O-Si-O) vibrations range, 

the absorption band at ~422 cm
-1

 and the triplet at ~489, ~539, ~561 cm
-1

 were 

identified (167, 168, 169, 173). It should be noted that, also, an absorption signal at 

~710 cm
-1

, reflecting the symmetrical νs(Si-O-Si) stretching vibrations, a significant 

shift till 656 cm
-1

, was noticed. Meanwhile, adsorption signals at ~854, ~908 cm
-1

 

and a duplet at ~953, ~987 cm
-1

, which can be attributed to symmetrical ν(O-SiO-) 

stretching signals, were observed. The absorption band assigned to asymmetrical 

νas(Si-O-Si) stretching vibrations were identified at ~1004 cm
-1

 (Fig. 3.44).  

 

Fig. 3.44. FT-IR spectrum of calcined products 

The previous results were in good agreement with the data of SEM analysis. It 

was determined that irregularly shaped crystals of globules are attributable to 
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kilchoanite (Fig. 3.45, a). This data corresponds with Meducin et al.’s (85) results. 

After calcination at 1200 °C, roughly equiaxed grains similarly sized and shaped 

with an average size of 2–10 nm of rankinite were detected. 

 
 a b 

Fig. 3.45. SEM micrographs: a – after hydrothermal treatment at 200 °C (x10000),  

b – after calcination at 1200 °C (x5000) 

3.4.3. Hydration properties 

In order to obtain a hydraulically active cementitious binder material, 

synthesized kilchoanite was mixed with quartz sand (the ratio was equal to 1:1 by 

mass), and the mixture was milled (950 rpm, 5 min) and thermally treated (450 °C,  

1 h). The calcination temperature was chosen according to the previous results 

(Section 3.1.3) and literature data (15, 18, 56). 

 

Fig. 3.46. XRD patterns of BM-k-Qbefore milling (curve 1), after milling (curve 2) and 

burning (curve 3). Indexes: Q – quartz; d – kilchoanite 
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It was determined that tribochemical activation has no influence on the BM 

structure. This fact was confirmed with XRD analysis: the intensity of diffraction 

peaks characteristic to both kilchoanite (d-spacing – 0.355; 0.304; 0.288; 0.267 nm) 

and quartz remained unchanged (Fig. 3.46, curves 1-2). In addition to this, the 

calorimetric curves of BM-k-Q differ from the one of OPC (159, 160, 174, 175, 176, 

177, 178). The heat release curves obtained during the hydration of the BM-k-Q 

sample produced with kilchoanite show two distinctive peaks (Fig. 3.47, a). In 

cement hydration, the rate of heat evolution first starts with an initial reaction caused 

by the exothermic dissolution of the cement constituents. It was observed that in the 

initial exothermic reactions, there is a rapid evolution of the heat culminating in a 

peak within the first 1–2 min, and the heat flow is equal to 0.0038 W/g. 

 
 a b 

Fig. 3.47. Heat evolution rate (a) and cumulative heat (b) of BM-k-Q sample after 

tribochemical activation 

Having performed the initial reaction, the calorimetry curves comprise a 

period of a slow reaction (induction period) followed by a speed-up reaction 

(acceleration period) (Fig. 3.47). It was observed that the induction period was 

prolonged to 2 h in the BM-k-Q sample. Equally important is the second exothermic 

reaction proceeding from 2 to 15 h (Fig. 3.47, a), and, during this process, the total 

amount of heat increased only to 5.3 J/g (Fig. 3.47, b). At the later stages of 

hydration, the calorimetric curve of BM-k-Q showed a slower continuous reaction as 

the rate of heat evolution was decreased. Meanwhile, the amount of the total 

cumulative heat after 60 hours of hydration was equal only to 7.97 J/g. Thus it can 

be stated that kilchoanite and the quartz sand sample after activation do not exhibit 

any hydraulic activity. 
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3.5. Hydrothermal synthesis of hydroxyledgrewite and its properties 

In the first part of Section 3.5, the mineralogical composition of the synthesis 

products was examined. It was determined that in the mixture (CaO/SiO2 = 2.25), 

after 8 hours of isothermal curing at 200 °C, the starting materials hardly reacted: 

intensive diffraction maximums characteristic to portlandite and a broad basal 

reflection, in the 26–37° diffraction angles range, typical to dibasic semicrystalline 

type compounds were identified (Fig. 3.48). By prolonging the duration of the 

synthesis to 16 h, the interaction degree between the raw materials increased because 

hydroxyledgrewite (PDF No. 04-019-1437; d-spacing –0.303; 0.282; 0.191 nm) 

formed in the products (Fig. 3.48). It is worth mentioning that together with 

hydroxyledgrewite, the quite intensive diffraction peaks of unreacted portlandite 

were observed.  

 

Fig. 3.48. XRD patterns of the synthesis products when the duration of the hydrothermal 

treatment at 200 °C temperature was, h: 1 – 8; 2 – 16; 3 – 48; 4 – 72. 

Indexes: p – portlandite; c – C-S-H; e – hydroxyledgrewite 

After 48 h of synthesis, only the traces of unreacted portlandite were observed 

(Fig. 3.48). Meanwhile, the main peak characteristics of synthesized 

hydroxyledgrewite also correspond to the PDF-4+ 2016 entry PDF No. 04-019-1437 

(Table 3.7). It was calculated that the mean crystallite size of hydroxyledgrewite is 

equal to 52±3 nm (Rexp – 6.43, Rwp 11.06, GOF – 1.72). It was determined that 

even after 72 h of hydrothermal treatment, the traces of unreacted portlandite are 

present in the synthesis products (Fig. 3.48). In brief, it can be stated that the optimal 
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synthesis conditions for hydroxyledgrewite are CaO/SiO2, 48 h and 200 °C. For this 

reason, in the further work, the hydroxyledgrewite synthesized under the optimal 

conditions was used to determine its properties. It is worth mentioning that the 

obtained results differs from the data presented in literature (1, 23, 24, 45, 58, 93); 

there, the hydrothermal synthesis of dibasic calcium silicates hydrates was examined 

in detail. In these works (1, 23, 24, 45, 58, 93), afwillite, hillebrandite, α-C2SH and 

other C-S-H where synthesized; however, hydroxyledgrewite was not obtained. 

Presumably, the differences between the obtained results of the present thesis and 

those of literature arose due to the nature and reactivity of the used raw materials. 

Table 3.7. The main peak characteristics of synthesized 

hydroxyledgrewite and entry 

Estimated parameters PDF No. 04-019-1437 

2θ, deg. d-spacing, nm d-spacing, nm 

15.897 0.557 0.558 

21.469 0.414 0.414 

23.337 0.381 0.381 

23.690 0.375 0.375 

25.185 0.353 0.354 

29.293 0.305 0.304 

29.462 0.303 0.303 

29.644 0.301 0.300 

30.799 0.290 0.289 

31.496 0.284 0.286 

31.652 0.282 0.282 

32.363 0.276 0.276 

33.743 0.265 0.266 

35.695 0.251 0.251 

36.227 0.248 0.248 

47.577 0.191 0.191 

48.026 0.189 0.189 

 

The FT-IR spectrum of hydroxyledgrewite is presented in Figure 3.49. In 

bending δ(Si-O-Si) and δ(O-Si-O) vibrations range, the duplet at ~514, ~558 cm
-1

 

was identified (101, 167, 168). Meanwhile, four absorption bands at ~616, ~654, 

~708, ~764 cm
-1

 can be attributed to symmetrical νs(Si-O-Si) signals. In a higher 

frequency interval (800–1000 cm
-1

), the absorption maximums can be assigned to 

symmetrical νs(O-SiO-) stretching vibrations; in this particular region, a sextet is 

detected. The absorption band which can be assigned to asymmetrical νas(Si-O-Si) 

stretching vibrations was identified at ~1040 cm
-1

. The 3600–3400 cm
–1

 region 

relating to OH
-
 stretching vibrations displays a duplet in the spectrum of 

hydroxyledgrewite which consists of bands at 3471 and 3558 cm
-1

 (Fig. 3.49). It was 

observed that, under these experimental conditions, ν(CO3
-2

) vibrations at 1452 cm
-1

 

are clearly visible in the FT-IR spectrum. The presently mentioned vibrations 

appeared due to carbonation when the products were dried in an air conditioned 

chamber (50 °C, 24 h), and a small amount of CaCO3 was formed. It is worth noting 

that the diffraction peaks of the presently mentioned compound were not detected in 

the XRD curves (Fig. 3.49). 
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Fig. 3.49. FT-IR spectrum of synthetic hydroxyledgrewite 

The thermal characteristics of hydroxyledgrewite, obtained by simultaneous 

thermal analysis are shown in Table 3.8 and Figure 3.50. In the DSC curve, the first 

endothermic effect (30–250 °C) reflects the removal of adsorption/crystallization 

water in the sample (Fig. 3.50). The decomposition of unreacted portlandite is 

observed at 451 °C temperature (Fig. 3.50, Table 3.8). Moreover, it was estimated 

that, during the decomposition of portlandite, the synthesis products lose ~0.36 % of 

mass, which is equivalent to 1.60 % of portlandite. This data is in good agreement 

with the XRD results; there, traces of unreacted portlandite were observed (Fig. 

3.50). The decomposition of hydroxyledgrewite is observed within a wide 

temperature interval (620–720 °C), in which, ~2.2 % of the mass was lost. 

According to this data, it was calculated that 93.1 % of hydroxyledgrewite was 

formed. In addition, the exothermic effect at 861 °C can be assigned to the 

recrystallization of C2S polymorphs. 

 

Fig. 3.50. STA curves (1 – TGA; 2 – DSC) of synthetic hydroxyledgrewite 
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Table 3.8. The thermal characteristics of hydroxyledgrewite 

Removal of 

adsorption/crystallization water 
Decomposition of portlandite 

Peak, °C Δm*, % ΔQ*, J/g Peak, °C Δm, % ΔQ, J/g 

125 0.25 47.11 451 0.36 10.97 

Decomposition of 

hydroxyledgrewite 

Recrystallization of C2S 

polymorphs 

Peak, °C Δm, % ΔQ, J/g Peak, °C Δm, % ΔQ, J/g 

705 2.2 20.50 861 0.15 11.49 

*Δm – loss on ignition; ΔQ – heat off thermal effect 

 

The STA results were proven by an in situ XRD experiment. 

Hydroxyledgrewite was explored in a high-temperature camera MTC-hightemp 

within the 25–1200 °C temperature range (Fig. 3.51). It was estimated that 

hydroxyledgrewite is stable till 675 °C because the typical diffraction maximums 

characteristic to the above mentioned compound remain unchanged. Meanwhile, at a 

higher temperature (800 °C), the latter compound is fully recrystallized to γ-C2S. 

Due to the different molar ratio between hydroxyledgrewite (2.25) and γ-C2S (2.0), 

reflections of calcium oxide (PDF 00-043-1001; d-spacing – 0.278; 0.241 nm) are 

visible. Furthermore, when the temperature of calcination increases to 860 °C, γ-C2S 

becomes metastable and recrystallization into α'L-C2S starts.  

At 1000 °C, diffraction peaks characteristic to γ-C2S disappeared; meanwhile, 

the intensity of the diffraction peaks characteristic to α'L-C2S was increased. The 

present results are in good agreement with the data obtained by Garbev et al. (16, 

78, 164) and Toraya et al. (83). It is worth noting that α'L-C2S remained stable till 

1200 °C, and transformed into β-C2S (PDF 00-002-0843; d-spacing – 0.278; 0.274; 

0.261; 0.240) upon subsequent cooling (500 °C). 

 

Fig. 3.51. In situ XRD patterns of hydroxyledgrewite when the temperature of calcination is 

25–1200 °C. Indexes: e – hydroxyledgrewite, γ – γ-C2S; α'L – α'L-C2S; β – β-C2S; l – CaO 
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It is possible to assume that during experiments of hydrothermal synthesis and 

the calcination of hydroxyledgrewite samples, the phase formation and 

transformation occurred in the following sequence: 

 
* – traces of the compound could be present in the products 

 

One of the most important thermal parameters is the specific heat capacity 

(CP), which is the heat capacity per unit molecular weight of the substance. Thus 

specific heat is a measure of ability of materials to absorb heat from the 

surroundings (179–181). The specific heat capacity of hydroxyledgrewite at a 

constant pressure was determined as a function of temperature by the sapphire 

method (Fig. 3.52) (181). According to the sapphire method, the specific heat 

capacity was obtained in three stages (Fig. 3.52, a): (1) the baseline was obtained by 

heating two empty crucibles of the same mass; (2) the second curve was recorded 

with the sample crucible filled with Al2O3; (3) and finally the third curve was 

recorded with a crucible filled with hydroxyledgrewite. Thus the values of CP were 

calculated from equation 3.20: 

CP= (
∆y2∙m'

∆y2∙m
) ∙CP

'  (Eq. 3.20) 

where: Δy1 is the distance from the baseline curve to that of the sample; Δy2 is 

the distance from the baseline curve to the one of sapphire (Al2O3); mꞌ is the mass of 

the sapphire; m is the mass of the sample; CꞌP is the specific heat capacity of Al2O3. 

 

It was obtained that, at 25 °C, the CP value of hydroxyledgrewite is equal to 

0.928 J/(g·K) (Table 3.9). In the temperature range up to 320 °C, the specific heat 

capacities of hydroxyledgrewite increased monotonically in a continuous manner 

(Fig. 3.52, b). Meanwhile, in the higher temperature range up to 420 °C, CP grows 

rapidly (Table 3.9, Fig. 3.52, b). It is worth highlighting that CP values cannot be 

accurately determined in a higher temperature range because thermal conversions of 

portlandite (422–452 °C) still take place. In general, particles of hydroxyledgrewite 

move more vigorously at higher temperatures than at lower temperatures. Hence, a 

particular quantity of hydroxyledgrewite at higher temperatures requires more 

energy to increase the same temperature than at lower temperatures; for this reason, 

the specific heat capacity increases with temperature.  
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 a b 

Fig. 3.52. The principal scheme of the application of the sapphire method (a): 1 – the 

sapphire curve; 2 – the sample curve; 3 – the baseline curve; changes of CP (b) at 20–420 °C 

temperature 

Table 3.9. The thermal characteristics of hydroxyledgrewite 

T, °C 25 50 100 150 200 250 300 350 400 420 

CP, J/(g·K) 0.928 1.048 1.128 1.230 1.318 1.392 1.470 1.705 2.028 2.212 

 

As it was shown previously, to achieve hydraulic activity of dibasic calcium 

silicates hydrates, they must be activated by milling and, subsequently, thermally 

treated. In this case, hydrogen bonds are destroyed, and reactive fragments are 

deposited in a disordered state on silicate surfaces. For this reason, 

hydroxyledgrewite was mixed with granite cutting waste and tribochemically 

activated. In order to test the effectiveness of the presently mentioned method, 

microcalorimetry analysis was performed. The total amount of the released heat was 

calculated on the grounds of a unit weight of hydroxyledgrewite, thus the rates can 

be compared with each other or with literature data. 

Data on the heat release (J/g) of samples is presented in Figure 3.53. It was 

determined that in order to achieve hydraulic activity of samples, the calcination 

temperature of 550 °C is too low because the amount of the total cumulative heat 

after 72 hours of hydration was equal only to 17.05 J/g. Meanwhile, when the 

calcination temperature was increased to 700 °C, the amount of cumulative heat 

increased more than 4 times (74.34 J/g). The further increment of the calcination 

temperature (900 °C) yielded a negative effect on the amount of the released heat 

(Fig. 3.53). According to literature (17, 56, 58, 59, 67, 77, 142) and the previously 

obtained results, the amount of the total cumulative heat after activation of the most 

commonly used dibasic calcium silicate hydrate α-C2SH, is equal to 40–230 J/g. For 

this reason, it is probable that hydroxyledgrewite after activation can be used as an 

environmentally friendly cementitious material. 
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Fig. 3.53. Cumulative heat of hydroxyledgrewite samples after tribochemical activation 
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3.6. Microstructure of synthetic and calcined α-C2SH, kilchoanite and 

hydroxyledgrewite 

3.6.1  Microstructure of synthetic products 

The specific surface area is one of the most important characteristic of porous 

materials, while nitrogen adsorption/desorption is one of the main experimental 

techniques to determine this parameter (182–185). The N2 adsorption/desorption 

isotherms of calcium silicates hydrates are presented in Figure 3.54. According to 

IUPAC classification, adsorption isotherms of α-C2SH and hydroxyledgrewite 

correspond to the Type IV isotherm and can be described by the BET adsorption 

model (Figure 3.54, a and b) (183, 186, 187). This type of isotherm is presented in 

mesoporous materials (the pore diameter varies within the 2–50 nm range), where, at 

first, a monolayer is formed, then a multilayer and, finally, capillary condensation 

occurs. It should be noted that a characteristic feature of the Type IV isotherm is the 

hysteresis loop which is related with capillary condensation and pore filling at a 

higher relative pressure (P/P0> 0.4). In the case of α-C2SH and hydroxyledgrewite 

(Figure 3.54, a and b), the adsorption isotherms show sharp increment till P/P0 

~0.05, which is related with the existence of micropores in the structure of the 

compounds. The formation of the monolayer is manifested within the range of 

relative pressure at ~0.05-0.35, while, at higher relative pressures (P/P0> 0.35), the 

hysteresis loop occurs. It was observed that hysteresis loops do not have a plateau at 

P/P0> 0.7, thus it can be classified as type H3. The presently mentioned type of the 
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hysteresis loop shows that pores of α-C2SH and hydroxyledgrewite are slit-shaped, 

which occurs between disordered aggregates of plate-like particles. Moreover, the 

rapidly increasing adsorption isotherm above P/P0 = 0.9 shows the existence of 

macropores. 

 

 
 a b 

 
c 

Fig. 3.54. Adsorption (1) – desorption (2) isotherms of synthetic α-C2SH (a), 

hydroxyledgrewite (b) and kilchoanite (c) samples 

A different tendency was observed in the kilchoanite sample: the adsorption 

isotherm corresponds to Type II because the isotherm does not have a hysteresis 

loop (183, 186, 187). Type II isotherms typically define adsorption in mesoporous 

materials and also can be observed in nonporous or only macroporous solids (182, 

183).  
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 a b 

 
 c 

Fig. 3.55. TEM micrographs of synthetic: α-C2SH (a), hydroxyledgrewite (b) and kilchoanite 

(c) samples 

 

The obtained N2 adsorption/desorption results were confirmed by TEM 

analysis (Fig. 3.55). The TEM micrograph of the α-C2SH sample showed plate-like 

crystallites of α-C2SH and disordered uncertainly shaped crystallites of semi-

crystalline phase C-S-H (Fig. 3.55, a). It is worth noting that the micrograph of 

hydroxyledgrewite showed crystallites of a similar shape of the following size: 

width ~5–10 nm; length ~80–120 nm (Fig.3.55, b). It is clearly seen that between 

these crystallites mesopores were formed (2–10 nm), while micropores (< 2 nm) can 

be observed in the presently mentioned samples. Also, the TEM micrograph of 

kilchoanite sample showed that the crystallites of this compound are aligned, and 

only a few micropores and mesopores can be found (Fig. 3.55, c).  

The BET equation of all the samples yields a linear plot in the range of relative 

pressures 0.05 ≤ p/p0 ≥ 0.35 (Fig. 3.56). A straight line with the correlation 

coefficient R
2
=0.9997 was obtained in the BET coordination 

      PPPPX /1//1 00  . The calculated parameters are represented in Table 3.10. 
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Fig. 3.56. The isotherm of N2 adsorption at 77 K in the BET plot of α-C2SH sample 

 

According to the BET theory, constant CBET is related to the monolayer 

adsorption energy and is equal to 50–300 if no weak interaction or no chemisorption 

occurs (182, 183, 185). In general, if the value of mentioned constant is >50, the 

knee of the isotherm is sharp, and Point B is fairly well defined (182, 183, 188). If 

the value of CBET is lover than 50, Point B cannot be identified as a single point on 

the isotherm, and the calculated parameters obtained by using the BET equation 

could involve some errors. It was determined that the values of CBET are higher than 

50 only in the kilchoanite sample (Table 3.10). Meanwhile, α-C2SH and 

hydroxyledgrewite samples showed slightly lower values (43.59 and 40.93, 

respectively). It is worth noting that Type II and Type IV isotherms are valid till 

CBET> 2 (182, 188), and the BET equation can be used for surface area calculations. 

The calculation revealed that the capacity of monolayer Xm and values of SBET of α-

C2SH sample is equal to 0.0097 g and 33.81 m
2
/g, respectively (Table 3.10). 

Meanwhile, the samples of kilchoanite and hydroxyledgrewite showed ~2.2 times 

lower values of Xm (0.0044 and 0.0041 g) and SBET (15.24 and 14.30 m
2
/g). Also, 

the calculated values of the total pore volume is the highest in α-C2SH sample 

(0.206·10
-6

m
3
/g), while, in the case of hydroxyledgrewite and kilchoanite, this 

parameter is 3 and 9 times lower. 

Table 3.10. Calculated parameters of synthetic samples specific surface area (SBET) 

Sample Mass, g 
BET equation constants SBET, 

m2/g 
CBET 

constant 

Capacity of 

monolayer 

Xm, g 

Total pore 

volume, 

∆Vp, m
3/g 

Reliability 

coefficient 

R2 Slope, S = tgα Intercept, I 

α-C2SH 0.1004 100.71 2.364 33.81 43.59 0.0097 0.206·10-6 0.999 

Hydroxyl-

edgrewite 
0.1051 237.81 5.955 14.30 40.93 0.0041 0.069·10-6 0.995 

Kilchoanite 0.1064 225.08 3.605 15.24 63.44 0.0044 0.022·10-6 1.000 

 

y = 100.71x + 2.3644

R² = 0.9997
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3.6.2 Microstructure of calcined products 

It was determined that calcination exerts significant influence on the texture of 

the investigated samples (Figs. 3.55–3.58). The N2 adsorption/desorption isotherms 

showed that, due to solid sintering, the samples do not have micropores (the 

adsorption isotherms do not show sharp increment till P/P0 ~0.1) (Fig. 3.56). 

Furthermore, the calcined α-C2SH and kilchoanite samples showed fairly narrow 

hysteresis loops, which is related with the decreasing pore volume. Meanwhile, the 

calcined hydroxyledgrewite sample showed a type H2 hysteresis loop which occurs 

when pores with narrow mouths or/and relatively uniform channel-like pores are 

formed in the samples.  

 
 a b 

 
c 

Fig. 3.57. Adsorption (1) – desorption (2) isotherms of calcined α-C2SH (a), 

hydroxyledgrewite (b) and kilchoanite (c) samples 

The previous results were verified with the data of TEM analysis. It is clearly 

seen that, during calcination, the smallest units of the investigated samples sintered, 

and the size of crystallites increased to 1–2 μm in α-C2SH and kilchoanite samples 
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(Fig.3.55 and 3.58). It was also observed that the crystallites of the presently 

mentioned compounds were bounded, and only a few micropores and mesopores 

were formed (Fig. 3.58). Meanwhile, the micrograph of the calcined 

hydroxyledgrewite sample showed that particles were not fully sintered and that 

between the smallest units, micropores and mesopores were formed.  

 

    
 a b 

 
c 

Fig. 3.58. TEM micrographs of calcined: α-C2SH (a), hydroxyledgrewite (b) and kilchoanite 

(c) sample 

As mentioned above, the constant CBET which is related to the monolayer 

adsorption energy should be equal to 50–300 if no weak interaction or no 

chemisorption occurs. In the case of calcined samples, the values of the presently 

mentioned constant were 2.5–15 times lower than 50 (Table 3.11) due to a greater 

interaction force between the adsorbate molecules than adsorbent–adsorbate (182, 

183, 187, 188). Thus the multilayer formation process is unrestricted. The 

calculation revealed that the capacity of monolayer Xm and the values of SBET of the 

calcined α-C2SH sample decreased to 0.0026 g and 9.21 m
2
/g, respectively (Table 

3.10 and Table 3.11). Similar results were obtained in the calcined 

hydroxyledgrewite sample (0.0027 g and 9.53 m
2
/g), while the kilchoanite sample 

showed the lowest values of Xm (0.0019 g) and SBET (6.55 m
2
/g). It is worth noting 

that the same tendency was observed in the calculations of the total pore volume 

(Table 3.11). The decrement in the above mentioned values can be explained due to 

the sintering of the smallest units. The obtained results are in good agreement with 

the TEM data (Fig. 3.55 and Fig. 3.58). 
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Table 3.11. Calculated parameters of the calcined samples specific surface area 

(SBET) 

Sample Mass, g 

BET equation 

constants SBET, 

m
2
/g 

CBET 

constant 

Capacity of 

monolayer 

Xm, g 

Total pore 

volume, 

∆Vp, m
3
/g 

Reliability 

coefficient 

R
2
 

Slope, S = 

tgα 

Intercept, 

I 

α-C2SH 

1000 °C 
0.0996 260.20 118.11 9.21 3.20 0.0026 0.013·10

-6
 0.998 

Hydroxyl-

edgrewite 

1000 °C 

0.1027 347.04 18.716 9.53 19.54 0.0027 0.018·10
-6

 0.999 

Kilchoanite 

1200 °C 
0.0901 386.14 146.22 6.55 3.64 0.0019 0.008·10

-6
 0.998 

 

SEM analysis. SEM was applied for the visual inspection of the surface 

morphology (texture) and the crystalline structure. A synthetic α-C2SH sample 

showed plate-like crystals of the following size: width – 25 μm, length – 60 μm (Fig. 

3.59, a). Also, in the micrograph of the presently mentioned sample, the uncertainly 

shaped crystals of C-S-H(I) or/and C-SH(II) were observed. Meanwhile, after the 

calcination of the α-C2SH sample, the SEM micrograph showed a sintered particle 

of a size of a few micrometers (Fig. 3.59, d).  

    
 a b 

    
 c d 
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 e f 

Fig. 3.59. SEM micrographs of synthetic: α-C2SH (a), hydroxyledgrewite (b) and kilchoanite 

(c) and calcined: α-C2SH (d), hydroxyledgrewite (e) and kilchoanite (f) samples 

In the SEM images of synthetic hydroxyledgrewite and kilchoanite samples, 

irregularly shaped particles of an average size of 1–6 μm were observed (Fig. 3.59, b 

and c), and this data is in good agreement with the results of Galuskin et al. (101) 

and Meducin et al. (85). Furthermore, due to the formed β-C2S after calcination, the 

hydroxyledgrewite sample was found to be similar to α-C2SH particles (Fig. 3.59, d 

and e). Meanwhile, in a case of the kilchoanite sample, roughly equiaxed particles 

similarly shaped with the average size of 2–10 nm were observed (Fig. 3.59, f). 
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4. Conclusions 

1. It was determined that at 175 °C temperature in a CaO–SiO2∙nH2O–H2O 

(CaO/SiO2=1.5–1.75) system after 8–16 hours of hydrothermal synthesis, portlandite 

had fully reacted, and α-C2SH was dominating (53–64 %) in the products by 

prolonging its duration till 72 h. Meanwhile, at a higher temperature (200 °C), the 

latter compound was found to be stable till 16 h, while, after 24 h, it got 

recrystallized to kilchoanite (after 48 h, the purity exceeded 95 %). 

2. For the first time, hydroxyledgrewite was synthesized under hydrothermal 

conditions (CaO/SiO2=2.25, 200 °C); its purity after 48 h exceeded 93.1 %. It was 

determined that this compound is stable till 675 °C, and at 800 °C temperature it 

fully recrystallizes to γ-C2S. 

3. γ-Al2O3 exerted significant influence on the formation mechanism and 

stability of the synthesis products. At the beginning of the synthesis (4–8 h), the 

additive retarded the formation of calcium silicate hydrates; however, it stimulated 

the crystallization of dicalcium silicate and calcium aluminate silicate hydrates 

and/or calcium aluminate hydrates which remained stable under all experimental 

conditions. The formation of the presently mentioned compounds was supported by 

thermodynamic calculations and data of instrumental analysis. 

4. It was determined that α-C2SH and α-C2SH-Al samples are stable till  

400 °C. Despite the fact that, at a higher temperature of calcination (450 °C), the 

crystallinity of the α-C2SH–Al sample (40.76 %) was 1.37 times higher than that of 

the α-C2SH sample (29.75 %), both samples were fully recrystallized to x-C2S and 

calcium olivine. In a pure system, x-C2S recrystallized to α'-C2S and β-C2S at 750 °C 

temperature, while at 900 °C only β-C2S and wollastonite were identified. 

Meanwhile, in the α-C2SH-Al sample, β-C2S, kilchoanite, gehlenite and wollastonite 

were formed at 900 °C. 

5. It was estimated that synthetic calcium silicates and/or calcium silicates 

hydrates formed in non-stoichiometric mixtures; after mechanochemical and thermal 

activation, they can be used for the manufacturing of environmentally friendly 

cementitious materials. It was examined that the induction period lasted 1.5 h in the 

α-C2SH/quartz sample, while, in the α-C2SH-Al/quartz sample, it was shortened to 

40–50 min. It should be underlined that, after 60 hours, the total heat (90.53 J/g) of 

the α-C2SH/quartz sample was not significantly different from that of α-C2SH-

Al/quartz (96.27 J/g). 

6. The preparation technique for the production of a binder material whose 

strength values (24 MPa after 28 hydration days) match the requirements set upon 

belite and special low-heat cements was developed. This method combines the 

hydrothermal synthesis of calcium silicate hydrates and their solid-state sintering at 

a low temperature.  
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