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Introduction
Global demand of cement is increasing year by year in a factor 

of 25; therefore, greenhouse gas emissions from this industry 
are growing in significant amounts. Nowadays, CO2 emissions for 
cement production correspond almost to 5-8% worldwide, which 
is a motivation to find solutions to reduce the environmental 
impact. Some ways to attack this problem are applying new 
technologies, improving current technology, and using alternative 
cement substitutes and alternative fuels [1].

Ordinary Portland Cement (OPC) is a popular construction 
material traditionally obtained by the combination of limestone 
and clays. The main component formed during its fabrication is 
the clinker, which is composed by four main phases, alite (Ca3SiO5 
or C3S), belite (Ca2SiO4 or C2S), celite (Ca3Al2O6 or C3A) and ferrite 
(Ca4Al2Fe2O10 or C4AF). The calcium silicate phases, alite and belite, 
are responsible of the development of mechanical properties, 
such as compressive strength in construction structures, while 
aluminate phases, celite and ferrite, play a role in the setting time 
of cement and durability of concrete [2,3]. 

Pure cement phases with nanometric size have been obtained 
by non-conventional methods such as Pechini, sol-gel and self-
propagating combustion, which showed good results to the 
formation of the cement matrix. The first work in the study of 
pure cement phases was done by R. Roy and Oyefebesi in 1977 
using the sol-gel method [4]. Since then, different research have  

 
been done in the study of the process effects on the formation 
of cement polymorphs and their reactivity, considering the 
anhydrous and hydrated compounds [5-12].

The study of cementitious materials, such as pure cement 
phases, allows the understanding of phenomena related to 
hydration chemical reactions of clinker, enabling the improvement 
of cement properties in macroscopic systems and providing more 
information about the influence of atomic position on the level of 
reactivity of the structure in single crystal systems [3,13]. 

Production and performance improvements of cementitious 
materials allow the reduction of energy consumption and mitigate 
the negative impacts of cement industry. Most strategies are 
focus onthe improvement of clinker performance and alternative 
processes for its production. Hence, this paper shows a review 
of research focused on the synthesis of cementitious phases, 
especially the calcium silicates alite and belite, through non-
conventional methods.

Calcium Silicate Phases of Portland Cement 
Calcium silicates, corresponding to approximately 75% of the 

Portland cement, are a group of compounds formed by complex 
reactions between calcium and silicon oxides, with or without 
the presence of foreign ions. The crystal structure of calcium 
silicate compounds change with the starting stoichiometry and 
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temperature, giving rise to the formation of polymorphs, which 
show different features as hydration behavior [14]. 

Alite
Tricalcium silicate, named alite (C3S), is the main active 

component in clinker, which has high hydration rates and is the 
responsible of strength development during ages up to 28 days 
[15-17]. This compound has a nesosilicate structure, which 
means that is composed by the binding of a silicon atom with four 
oxygen atoms to form a tetrahedral structure by covalent bonds, 
[SiO4]4-, and it could have ionic bonds with metals as calcium, 

magnesium, iron, among others [18]. Alite presents a large grade 
of polymorphism, which depends mainly of temperature and 
impurities, having an effect on the silicate tetrahedral orientations. 
The reported structures are in triclinic (T), monoclinic (M) 
and rhombohedral (R) lattice systems, which have reversible 
transformations. During the cooling process to room temperature, 
the pure compound TI is obtained at 620 °C corresponding to the 
triclinic system, other transformations for monoclinic system 
occur at 980 °C and finally at 1070 °C for rhombohedral (Figure 
1), where the last one presents the smallest unit cell and the 
highest symmetry [19-22].

Figure 1: Tricalcium silicate polymorphic transformations.

The polymorphic structures are T1, T2, T3, M1, M2, M3 and 
R. Polymorphs M1 and M3 are commonly found in clinker due to 
the incorporation of foreign ions as Mg2+ and could be identify by 
birefringence measurements while the polymorph T2 is rarely 
found; at room temperature pure tricalcium silicate present 
the triclinic structure T1 [3,18,20,23]. The knowledge of crystal 
structure of alite polymorphs is a complex topic and still requires 
more studies. The crystal structure of the polymorphs T1, M3 and 
R have been determinated and there are models for T2, T3, M1 
and R, however, there is not even a model for M2 [18]. To study the 
polymorphs, researchers have used impure alite by the addition 
of foreign ions as zinc, phosphorus, aluminum, magnesium and 
others, getting different stabilization effects depending of the 
amount and type of foreign ion [18,23]. Also, the models used to 
get information about the crystal structure of polymorphs, take 
into account the shape of the unit cell and the space group, based 
on metric relation and the deformation of unit cell, considering 
vector directions and planes [20]. For example, using XRD data 
of polymorphs, Regourd et al. [24], studied the evolution of the 
cell parameters. They found the existence of an average unit cell 
or superstructures. Based on it, they could propose structures 

for triclinic and monoclinic polymorphs, considering the 
displacements of calcium atoms and the orientations of silicon-
oxygen tetrahedral [20-22,25]. 

Belite
Dicalcium silicate or belite (C2S) is a clinker phase that 

provides slow reactivity in early ages with a slow setting time, 
however this compound plays an important role in the final 
compressive strength of the structures. Also, the presence of C2S 
in cements improves the resistance to chemical attack, drying 
shrinkage and, as a consequence allows the elaboration of most 
durable of the Portland cements [26]. The melting point of this 
phase is 2130 °C. From room temperature until melting point, 
belite presents several phase transformations, giving place to 
five polymorphs, (α, β and γ families) where the most common 
polymorph is β-C2S.The α and β families of polymorphs present a 
close crystal structure, while γ polymorph is noticeably different. 
The polymorph γ-C2S is not desired during the clinker formation, 
since it is the only phase that is non-reactive with water [3,27]. 
Figure 2 shows the polymorphic transformations of dicalcium 
silicate [17,28]. 

Figure 2: Dicalcium silicate polymorphic transformations.
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To produce better cementitious materials with lower 
footprint, reactivity of belite has been strongly studied during the 
last decades [18]. Research show two polymorphs with higher 
reactivity than alite, with the same composition of the others 
polymorphs. One of them, called x-C2S, presents a different crystal 
structure in comparison with the other polymorphs, and has the 
presence of “tunnels” which could be the responsible of the high 
reactivity [18]. Similarly than alite, C2S allows the incorporation 
of foreign ions in order to modify its activity. Foreign ions as 
phosphorous, aluminum, boron, sulfur, etc., have been studied 
to know the effect on the reactivity of the impure belite. In the 
case of sulfur,e.g., some investigations showed an increase in the 
hydraulic activity, while others report a decrease in the reactivity 
[18].

Traditional Synthesis Process
Cementitious phases have been commonly made by solid state 

reaction or fusion process. The main advantage of this method is 
the simplicity of the process, however, it presents some important 
difficulties as the high energy consumption and the slow diffusion 
process which leads to non-homogeneous phases [5,29].

This decomposition method presents highly complex 
reactions, since physical and chemical processes as solid state 
decomposition, gas-solid reactions, desorption, diffusion, 
sublimations and others, are involved simultaneously. The 
presence of crystal defects is fundamental because the solid 
reactivity increase as a consequence of these high energy 
regions [30,31]. Therefore, the chemical transformations take 
place in restricted zones of the solid, generating local reactivity 
areas where the mobility of the ions and molecules controls the 
reactivity [32-34].

Research about the production of simple cement systems by 
solid state reaction method were done by Hasen (1928), Carlson 
(1930), Philips (1959) and Welch (1977), where are reported 
the formation and decomposition processes of tricalcium and 
dicalcium silicate, the stability of chemical systems and the 
thermodynamic behavior of pure phases of cement [35-38]. 
Looking for improvement of the synthesis of powders by solid 
state reactions, it has been used strategies as the addition of 
mineralizers, wet milling and additional energy resources as 
microwaves. F. A. Rodrigues et al., [39], evaluated the effect of 
different compositions of barium additions in the formation 
of dicalcium silicate, using wet milling and ultrasonic bath to 
improve the precursors interaction, obtaining be lite at 800 °C 
without the presence of residual CaO. Similarly, Quéméneur et 
al., Shizong Long et al., and Haoxuan Li et al., applied microwaves 
during the sintering to improve the interaction between the solid 
starting materials and decrease the temperature and duration of 
the process, achieving temperature reductions close to 100 °C 
[40-44].

Even when cement phases are successfully obtained by 
solid state reactions, the high energy demand and CO2 emissions 

resulting during this process, lead researchers to propose new 
alternatives. To overcome these problems, alternative batch 
methods as Pechini, sol-gel, solution combustion, have been 
used and to a lesser extent continuous processes as aerosol 
methodologies, as it will be shown below. 

Alternative Synthesis Processes 
Materials science and nanotechnology advances have had 

a strong influence in the material synthesis processes. The use 
of nanoscale systems in cement industry allows to develop 
a fundamental understanding which could be transferred 
to macroscopic systems, and at the same time, allows the 
development of stronger, durable and environmentally friendly 
materials by use of novel synthesis methods [45].

Cement pure phases have been obtained by non-conventional 
methods in nanometer size. Methods as Pechini and sol-gel show 
good results, since hydration products are part of the synthesis 
process, allowing the formation of C-S-H gel, which gives place 
to cement matrix. Sol-gel has been one of the most widely used 
alternative methods, which can be performed by gelation of a 
solution of colloidal particles, hydrolysis and polycondensation 
of alkoxides or nitrates followed by a hypercritical drying of the 
gel or by hydrolysis and polycondensation of an alkoxide followed 
by curing and drying of gel at atmospheric temperature [46]. The 
first work in sol-gel was developed for R. Roy and Oyefebesi in 
1954, giving rise to the study of pure phases of cement made 
by alternative methods. They studied the mechanical behavior 
of highly reactive belite showing increases of around 20MPa in 
compressive strength compared to powders produced by high-
temperature sintering, since this method starts from precursors 
in solution or colloidal form allowing a close interaction between 
the ions and, as a consequence, the production of particles with 
high surface area and a defined composition [4]. Researchers 
as Stephan et al. [5], Anikó Meiszterics [6,7] and R. Chrysafi et 
al. [8] evaluated process parameters as pH, concentration and 
temperature, over the specific surface area and their effects 
on the reactivity and G. Laudisio y F. Branda [47] studied the 
crystallization behavior of 3CaO.2SiO2 during the synthesis. Other 
research focused in biomaterials presented by Zhougru Gou et al. 
[48,49], Wenyuan Zhao et al. [50,51] and Chun-Cheng Chen et al. 
[52], used dicalcium silicate polymorphs and tricalcium silicate 
to study the behavior during the sintering process, mechanical 
properties and in vitro bioactivity using simulated body fluid 
(SBF).Additionally by Pechini method, I. Nettleship et al. [9] and 
Seong-Hyeon Hong et al. [10], prepared different polymorphs 
of dicalcium silicate by changing the process temperature and, 
in a similar way, they evaluated the products reactivity [53]. I. 
Nettleship et al. studied the β→γ transformation to Ca2SiO4 while 
Seong-Hyeon Hong et al. prepared the α’L-Ca2SiO4, β-Ca2SiO4 and 
γ-Ca2SiO4 polymorphs by changing the process conditions. Both 
studies conclude about the increment in the reactivity because 
of the increment in the specific surface area. Besides, calcium 
aluminate phases related with setting time in Portland cement 
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systems have also been done by alternative methods. A. Gaki 
et al. [2] and G. Voicu et al. [13] prepared calcium aluminate 
phases using Pechini method while D. A. Fumo et al, [53] and A. 
CüneytTas et al. [11] prepared the same family of compounds 
by a close methodology called solution combustion synthesis 
(SCS) starting from metal nitrates and urea as fuel, analyzing the 
relation oxidants/fuel and decreasing considerably the synthesis 
temperature [54]. 

During self-combustion or solution combustion synthesis, 
a redox reaction is produced, heating a solution containing 
metal nitrates, pH stabilizers and a fuel up to the auto ignition 
temperature, resulting in a quick reaction in a self-produced 
flame. Researchers as Xiang-Hui Huang et al. [11] and Restrepo 
et al. [12,55], prepared β-Ca2SiO4 using colloidal SiO2 and calcium 
nitrate as precursors and, glycine, citric acid and other organic 
compounds as fuels, resulting in the formation of products with 
different reactivity rates because of the changes in the specific 
surface area of the powders which is influenced by the energy 
given by the fuel. This method allows the production of calcium 
silicates without hydrate products in the structure, but when it 
comes into contact with water, the reaction occurs resulting in the 
formation of C-S-H gel [12].

Hideki Ishida et al., [56], M. Georgescu et al., [57], LarbiKacimi 
et al., [58] and Nakshatra B. Singh et al., [26] prepared β-Ca2SiO4 

by hydrothermal synthesis. These studies analyzed the influence 
of process conditions such as pressure, temperature, agitation, 
concentration and heating time, in the formation of highly reactive 
belite. Hideki Ishida’s work studied the phase formation with 
temperature variations at atmospheric pressure similarly than 
LarbiKacimi but using fly ashes as starting materials instead of 
Hillebrandite as Ishida’s work, while M. Georgescu used pressures 
of 1 atm and 16 atm at constant temperature. On the other hand, 
Nakshatra B. Singh’s research considers both conditions, analyzing 
the influence of pressure and temperature. 

As noticed above, mentioned methods such as Pechini, sol-gel, 
hydrothermal and self-combustion are batch processes, which 
often require later treatments as filtration, drying and calcination, 
making them less attractive to industrial applications [59,60]. 
Considering the high cement production volumes, it is necessary 
to propose alternative scalable manufacturing processes, 
whereby aerosol technologies have a great potential since they 
are continuous processes and can be easily taken to industrial 
production, allowing the production from g/h to kg/h without 
disturbing particles features [61,62].

In aerosol flame methods, the solution is subjected under 
an energetic resource which achieves high temperatures in few 
minutes, resulting in nanopowders formation. By flame spray 
pyrolysis (FSP), S.C. Halim shows the preparation of ultra-fast 
binding cement, preparing a typical clinker formulation. Results 
show a highly reactive material as a consequence of high surface 
area by the reduction of particle size in comparison with traditional 

clinker. However, mechanical properties showed unfavorable 
results due to high porosity in the cement blocks prepared to 
make measurements [63]. Furthermore, Tobias J. Brunner et al., 
prepared bioglasses and calcium phosphates cements changing 
the stoichiometry by addition of different cations. Bioactivity was 
evaluated for medical applications and strategies to control the 
setting rate of calcium phosphate phases were proposed by the 
manipulation of process conditions [64-66]. Hongbin Zhong et al., 
also evaluated the in vitro bioactivity of β-Ca2SiO4 made through 
spark plasma sintering (SPS) in a process with high heating 
rate, high pressure, high energy activity and short sintering time 
[67]. During this process, resulting powders show a bending 
strength ten times higher than conventional made materials as a 
consequence of the quick particles densification. Shekhar Nath et 
al., [68] evaluated apatite formation in β-Ca2SiO4 in powders made 
by metallorganic chemical vapor deposition (MOCVD), achieving 
the formation of apatite in the material surface after immersion in 
Hank’s solution. 

As shown above, several research have been proposed to 
overcome the problems observed in the traditional method, 
allowing the improvement of cementitious materials, however, 
most of the studied processes present strong limitations to scale 
up to industrial applications. Therefore, it is important to give 
attention to continuous processes such as aerosol flame methods. 
One of the most promising aerosol methodologies to powders 
production is flame spray pyrolysis method, which has been 
studied during the last decades to obtain nanopowders at high 
production level [5,6]. This method seems as an efficient process 
to obtain calcium silicate phases because the reaction takes 
place in a short time, giving as a result meta stable oxide phases. 
However, the effect of the process conditions over the products 
needs to be studied in each solvent-chemical precursors system, 
because each formulation has a specific combustion environment 
[6].

Conclusion
Polymorphs of calcium silicate phases and their hydration 

activity area broad topic that is strongly studied around the 
world. The wide amounts of variables make of this topic a 
complex research, which is why there is not a single answer to 
the phenomena that occurs in cement phases formation and 
hydration. 

The use of alternative synthesis methods with control over 
the process conditions in the production of cementitious phases 
allows manipulation of products features, and therefore a better 
understanding of the crystal structure of the cement phases 
and the hydration mechanism to improve the properties of the 
cement. Alternative synthesis methods as Pechini, sol-gel and 
self-combustion are become important because of the possibility 
of reducing the energetic consumption process and produce 
nanoparticles with superior features than traditional powders. 
However, all of them are batch methods, which is a limitation to 
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scale-up the process. Therefore, it is important the implementation 
of continuous methods which allows the scale-up of the process. 
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