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Abstract
This study focuses specifically on the β-C2S polymorph hydrated in deionized water and with the presence of  Na2CO3 (2 M) 
and of water glass. Dicalcium silicate was prepared from calcium carbonate and gel silica. The salts’ activators were dis-
solved in water and then added to synthesized dicalcium silicate. Hydrated samples after different curing time (from 2 to 
90 days) were characterized by X-ray diffraction, infrared spectroscopy, isothermal conduction calorimetry, and scanning 
electron microscopy, whereas the compressive strength was operated after 28 and 90 days. The results showed that the con-
tact of belite with liquid phase during hydration is strongly influenced by the existence of alkalis. The early hydration was 
accelerated and this can be clearly viewed during the dissolution of  C2S which becomes more fast with a decrease of  C2S 
peaks and the increase of calcium silicate hydrates C–S–H product as well as calcium silicate hydrates containing sodium 
C–(N)–S–H gel-like. This influence is mainly manifested on the mechanical properties of samples by enhancement in early 
compressive strength.
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Introduction

Portland cement (PC) is considered as the excellent build-
ing material. This is due to its high performance, its good 
mechanical proprieties and also to good quality/price ratio, 
because it is possible to find the raw materials almost any-
where around the world (Sánchez-Herrero et al. 2017). The 
PC consisting mainly of clinker minerals:  C3S,  C2S,  C3A, 
and  C4AF and a little portion of gypsum (Intararit Nilo-
bon et al. 2017). The formation of alite  (C3S) phase needs 
high energy to be burned which is the reason why cement 
factories are considered one of the industries that release 
larger amounts of carbon dioxide into the environment over-
all; the manufacturing process release about 900 kg of  CO2 

for every tonne of cement produced (Sánchez-Herrero et al. 
2017; Intararit Nilobon et al. 2017; Aleksandar Nikolov 
and Nugteren 2017; Martuscelli et al. 2018; Okoye 2017; 
Paiste Päärn et al. 2016, RAABSe 2017). The increase of 
energy cost and necessity of raw materials reinforce the 
requirement for the development of alternative types of 
eco-friendly cement. Recently, the elaboration of dicalcium 
silicate cement has gotten much consideration because of 
lower carbonate content and consuming energy due to the 
low burning temperature bringing a decrease of  CO2 outflow 
(Intararit Nilobon et al. 2017).

Dicalcium silicate is one of the major phases which 
accounts for about 15–30% by weight of PC. This phase can 
be elaborated by heating the raw materials at 800–1100 °C 
which needs less power than alite (Intararit Nilobon et al. 
2017; Aleksandar Nikolov and Nugteren 2017). Actually, the 
preparation of dicalcium silicate at low temperature utilizing 
more friendly raw materials has taken high interest of many 
kinds of research such as rice husk ash, lignite fly ash, and 
silica fume (Intararit Nilobon et al. 2017) and also recycled 
rubber particles (Martuscelli et al. 2018). The main goal 
of the utilization of these alternative materials is a waste 
diminution which decreases its environmental impact, on 
the other hand, a valorization of these raw materials in the 
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elaboration of dicalcium silicate (Intararit Nilobon et al. 
2017).

Among the improved research in the alkali activation 
field, the development of hydration kinetics of belite cement 
becomes possible with the utilization of activators and also 
in some new kind of cement according to many researches 
(Aleksandar Nikolov and Nugteren 2017; Martuscelli et al. 
2018; Okoye 2017; Paiste Päärn et al. 2016). Certain of these 
cement alternatives are those subsequent from the chemical 
interaction between high alkaline solutions or amorphous 
aluminosilicates, which can be an industrial by-product or 
natural waste such as fly ash or blast furnace slag (Okoye 
2017; RAABSe 2017; Rie 2016; RMKe 2016). The alkaline 
solutions used in this process are usually alkaline metal or 
alkaline-earth hydroxides (ROH, R(OH)2), weak acid salt’s 
 (R2CO3,  R2S, RF), strong acid salt’s  (Na2SO4,  CaSO4·2H2O), 
and  R2O(n)SiO2-type siliceous salts, where R is an alkaline 
ion such as Na, K, or Li (Paiste Päärn et al. 2016). From the 
viewpoint of mechanical proprieties of the final elaborated 
products, the best effective solutions are NaOH,  Na2CO3, 
and hydrated sodium silicates or water glass solutions (Tor-
res-Carrasco et al. 2015).

The hydration behavior of the cement-based material 
is one of the most essential properties for a useful utiliza-
tion (Okoye 2017). Several studies investigate the hydra-
tion product such as calcium silicate hydrates C–S–H gel in 
which it interacts with the alkaline oxides present in cement. 
These researches carried out also the effect of alkalis on 
cement and observed that the presence of ‘soluble’ alkalis 
hastened the initial  C2S hydration reactions, promoting the 
formation of portlandite and C–S–H gel (Sánchez-Herrero 
et al. 2017; ÁgdlT et al. 2009; Yanagisawa Kazumichi et al. 
2006; Wang et al. 2018). The findings revealed that the pres-
ence of alkalis does indeed expedite  C2S and  C3S hydration 
kinetics. An analysis of the precipitating gel in such condi-
tions revealed the existence of calcium silicate hydrates con-
taining sodium C–(N)–S–H-like gels in which  Na+ replaces 
the calcium in the structure, compensating the charge on the 
 OH− groups (Sánchez-Herrero et al. 2017; Intararit Nilobon 
et al. 2017).

In this work, the hydration behavior of synthesized  C2S 
in the presence of the two activators  Na2CO3 and water 
glass is carried out as well as the most significant micro-
structural changes provoked in the formed products.  C2S 
was prepared using calcium carbonate and gel silica as raw 
material. The changes in C–S–H gel due to the presence of 

 CaCO3
2− anions and its possible interaction with the  Na+ 

present in the medium are followed by DRX and SEM/EDS.

Materials and methods

Dicalcium silicate  (C2S) was synthesized by solid-state reac-
tion using calcium carbonate and silica gel as starting mate-
rials (Bouregba and Diouri 2016; Bouregba et al. 2018). The 
raw materials are mixed with specific proportions (77% and 
23%, respectively) then treated slowly at different tempera-
tures from 500 to 1050 °C.

The hydration reaction was performed on belite cement 
pastes. Dicalcium silicate samples were mixed with  Na2CO3 
or water glass as activators. Water/Solid ratio of 0.5 was 
used for all mixtures. The  Na2CO3 activator was prepared by 
dissolving 20 g of  Na2CO3 in 100 ml of distilled water. The 
water glass is obtained by adding 100 ml distilled water on 
100 g of glass powder; after mixing, the mixture is followed 
by filtration of the obtained solution which can be used as 
activator. The chemical composition of glass powder before 
and after water drainage obtained by the Fluorescent X-ray 
analysis is shown in Table 1.

The prepared activators’ solution was added into the 
ground sample. The hydrated samples were cured at 2, 7, 28, 
and 90 days. The changes in the properties of the hydrated 
samples were monitored by several techniques such as X-ray 
diffraction (XRD) using a Siemens D5000 diffractometer 
operating with 40 kV and 20 mA, equipped with a copper 
anticathode and a secondary monochromator (λ = 1.5406 Å), 
Fourier Transform Infrared (FT-IR) spectroscopy using a 
JASCO FT-IR-4600 in the region 400-4000 cm−1, and Scan-
ning Electron Microscopy/energy-dispersive X-ray spectros-
copy (SEM/EDS) using JEOL JSM-IT100. The development 
of compressive strength is evaluated on cylindrical speci-
mens (1.50 × 0.75 cm) at 28 and 90 days. Three values of 
compressive strength are obtained for each sample and the 
averages are listed.

Results and discussion

Characterization of synthesized dicalcium silicate

Synthesized dicalcium silicate was characterized by SEM, 
XRD, and FT-IR, as shown in Fig. 1. The SEM image shows 

Table 1  Chemical composition 
of glass powder before and after 
water drainage (wt.%)

LOI loss on ignition

Glass powder SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O TiO2 Na2O P2O5 LOI

Before drainage 71.42 2.68 0.47 10.97 0.69 0.31 0.33 0.07 2.96 0.01 12.46
After drainage 67.26 2.60 2.80 0.38 1.28 0.04 0.19 0.02 0.05 0.02 10.00



859Asian Journal of Civil Engineering (2019) 20:857–867 

1 3

that the grain has a form of pellet with the occupation of 
crystallized particles on the surface in which corresponds to 
the crystalline belite. The ß form of belite was present with 
the highest percentage of larnite  Ca2SiO4 according to the 
ICDD-Card No. 01-070-0388 (JCPDS) with short peaks of 
wollastonite  CaSiO3 (JCPDS card No. 00-027-0088).

The FT-IR spectra of the powder synthesized at 1050 °C 
introduces the main bands corresponding to the silicate 
groups which are attributed to the  SiO4

4− tetrahedral. 
According to Puertas and al. (Puertas and Trivino 1985), the 
absorption bands of different  C2S polymorphs corresponding 
to (υ1) (symmetric stretching) located around 800–900 cm−1 
and (υ3) (antisymmetric stretching) are typically located 
around 800–1000 cm−1 and those of (υ4) (the triply degen-
erated out of plane bending) located around 400–500 cm−1 
(Puertas and Trivino 1985).

Effect of  Na2CO3 and water glass

After synthesizing  C2S, we have processed the hydration 
of samples with  Na2CO3 or water glass as activators. The 
hydration with distilled water was used as reference test.

Isothermal calorimetry

Figure 2 shows the calorimetric curves for  C2S pastes with 
and without alkalis. The curves show a strong similarity 
mainly between the water-hydrated paste and those hydrated 
with water glass (WG).

We note a little difference when the  Na2CO3 activator was 
used. We note the presence of a single peak at the beginning 
of the measurement, whereas the amount of heat released 
equal to 6.4 mW/g for the  C2S with  Na2CO3 and 1.2 and 
1.0 mW/g for  C2S with water and water glass, respectively. 
Moreover,  C2S is known to react very slowly and we use 
a range of periods less than 70 h, so it is so hard to see 
the influence of alkalis during the early age. According to 
Maria José and al. (Sánchez-Herrero et al. 2017), in the 
water-hydrated  C2S pastes, a calorimetric peak was detected 
30 days after the start time; however, in this work, the dical-
cium silicate hydration was facilitated and accelerated with 
the presence of  Na2CO3.

Hydration properties

Figures 3, 4, and 5 show the XRD patterns of hydrated prod-
ucts obtained at the room temperature by mixing  C2S pow-
der with different liquid mediums (w/b = 0.5).

In all samples, it is noted that the solubility of  C2S is 
more intense when the activator are used. Slow hydration 
of  C2S without activator (Fig. 3) can be seen by the slow 
decrease of  C2S peaks which correspond to the late dissolu-
tion. This dissolution induces the formation of small amount 
of C–S–H phases which may be considered to be gel-like, 
but it is not necessary amorphous and it can be defined in 
diffraction pattern (Nonat 2004). We note also the presence 
of portlandite (Fig. 3) which becomes more intense with the 
increasing hydration time.
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Fig. 1  SEM, XRD, and FT-IR pattern of synthesized  C2S
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When the hydration was occurred with a solution of 
 Na2CO3 or water glass (Figs. 4 and 5), a fast dissolution of 
 C2S with precipitation of large amounts of C–S–H phases 
and portlandite was observed. The present phases occurred 
during the hydration are not identical. For the hydrated sam-
ples with water glass, we note the presence of portlandite 
phase after 2 days of hydration with small amount of rosenh-
anite  [Ca3Si3O8(OH)2]. On the other side, the hydrated sam-
ple with  Na2CO3 presents large peaks of rosenhanite after 
2 days of hydration. For both hydrated samples, we note the 

presence of tobermorite phase  [Ca5(Si6O16)(OH)2] which 
become more intense with the increasing hydration time.

This difference can be clearly viewed in the SEM micro-
graphs of the hydrated dicalcium silicate using various solu-
tions (deionized water,  Na2CO3, and water glass) at the age 
of 2, 7, 28, and 90 days, as shown in Figs. 6, 7, 8, and 9. The 
control samples without activators at the age of 2 and 7 days 
(Fig. 6) revealed spherical and irregular shaped particles; 
furthermore, we note also the presence of some thin layer at 
the age of 28 days.

Fig. 2  Isothermal calorimetry 
of hydrated samples with water, 
 Na2CO3, and water glass

Fig. 3  XRD pattern of hydrated 
 C2S with deionized water
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For the hydrated sample with  Na2CO3, we note the pres-
ence of the spherically shaped particles and some fine hex-
agonal like crystals of Ca(OH)2 appear at the age of 7 days 
(Fig. 6), and subsequently some tiny fibrous crystals were 
precipitated on the surface of the 28-day sample. This 
clearly enhanced from the age of 28–90 days. We observed 
also the presence of a small thin gel-like in the surface of 
the hydrated sample which grows up and becomes more 

scattered and covers the entire surface (Wang et al. 2018; 
Janotka 2001). This gel-like is assigned to the C–N–S–H 
gel-like such as pectolite  NaCa2Si3O8(OH). For the 
hydrated sample with water glass, spherical and irregular 
shape particles with a gel-like were observed at the age of 
28 days which follow the polymerization in the surface at 
the age of 90 days.

Fig. 4  XRD pattern of hydrated 
 C2S in active solution with 
 Na2CO3
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These observations were confirmed by EDS analyses on 
the 90-day samples. The percentages of the following ele-
ments: Ca, Si, O, C, and Na in the sample with deionized 
water are strongly similar in all zones for every type of acti-
vators (Figs. 8 and 9). This finding proves the above results 
obtained by XRD patterns of hydrated paste with and with-
out activators after 2, 7, 28, and 90 days of hydration. The 
sample without activator presents portlandite, larnite, and 
C–S–H phases such as rosenhahnite and reinhardbrannsite. 
The occurrence of peaks from the samples with activators 
is similar to that of the control sample. However, the inten-
sity of portlandite peak decreased with the addition of water 
glass and  Na2CO3. The relative intensity of the portlandite 
peaks is lower in the mixtures with  Na2CO3, but it is pre-
sent in all mixtures. This demonstrates that the development 
of amorphous C–S–H phase was limited by the presence 
amount of soluble silicate in the mixture and the excess cal-
cium was precipitated as portlandite phase in the sample 
hydrated with water glass (Fig. 5) (Paiste Päärn et al. 2016).

Compressive strength

Figure 10 illustrates the compressive strength values for  C2S 
pastes hydrated with deionized water,  Na2CO3, and water 
glass at 28 and 90 days. The obtained results after 28 days 
show that the mechanical strength reached low values for 

hydrated sample with water. However, these values increase 
for the activated samples from 28 to 90 days, but both sam-
ples present a poor mechanical strength compared to control 
sample at that age.

Discussion

The findings described above show that the two alkaline 
activators used in this case  (Na2CO3 and water glass) do 
not affect dicalcium silicate  (C2S) hydration in the same 
way. While  Na2CO3 expedited hydration, the calorimet-
ric behavior of the  C2S pastes hydrated in the presence 
of water glass was similar to the performance of water-
hydrated pastes. Maria José and al., (Sánchez-Herrero 
et al. 2017) attributed these dissimilar results to the dif-
ference of the initial pH values (in our case: 9.25 and 
11.50 for water glass and  Na2CO3, respectively) and more 
specifically to the nearly neutral pH of the sodium sulfate 
medium. Nevertheless, the findings suggest that they may 
be due to the synergies generated by the reactions during 
the hydration of calcium silicate in the presence of alka-
line salts. More explanation was given by Janotka (2001). 
These differences might be caused by the precipitation of 
 CaCO3 furthered by the presence of sodium carbonate in 
the first 24 h of hydration which is not our case according 

Fig. 6  SEM observation of different hydrated samples at 2, 7, and 28 days (W deionized water, N  Na2CO3, WG water glass)
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to XRD patterns. This compound significantly modifies the 
microstructure and porosity of the material, thereby affect-
ing its mechanical strength. The same author observed also 
that mechanical strength decrease progressively over time 
due to subsequent carbonation.

From the 28-day materials, the highest strength values 
for the analyzed calcium silicates were observed for pastes 
with  Na2CO3. The justification of this discovering lies essen-
tially with C–S–H gel characteristics. According to many 
works, cementitious properties are closely associated with 

Fig. 7  SEM/EDS analysis of  C2S with deionized water after 90 days
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the forces on the C–S–H gel surface. Cement particles bond 
together due to the formation of a lattice C–S–H gel nano-
particles. During hydration, the C–S–H gel precipitation sets 
off at the same time with portlandite formation. The latter 

enhanced the pH in the medium, provoking the ionization 
of the silanol groups in the gel. The C–S–H particles carry 
negative charges, compensated by attaching to calcium ions. 
This increase of the charge density at the surface induces 

Fig. 8  SEM/EDS analysis of  C2S with  Na2CO3 after 90 days
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Fig. 9  SEM/EDS analysis of 
 C2S with WG after 90 days
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a strong attraction among the C–S–H nanoparticles, thus 
increasing cement paste cohesion. The presence of ions in 
the medium may alter C–S–H gel characteristics. Many stud-
ies have addressed the effect of the  CO3

2− anion on C–S–H 
gel. Gel stability is modified by the presence of carbonates 
requiring  Ca2+ to balance the negative charge. Therefore, 
the interaction of the  CO3

2− anion with the surface of the 
C–S–H gel induces the formation of more polymerized 
(tobermorite-like) C–S–H gels and hence better mechanical 
strength. An analysis of gel precipitating in such conditions 
revealed the existence of C–(N)–S–H-like gels in which  Na+ 
replaces the calcium in the structure, offset the charge on the 
 OH− groups (Sánchez-Herrero et al. 2017; Intararit Nilobon 
et al. 2017).

Those results infer that  C2S behavior in the presence of 
 Na2CO3/water glass was considerably modified. The con-
tact of the belite cement with liquid medium during the 
hydration is strongly influenced by the existence of alkalis. 
This influence is mainly manifested in the early hydration 
that becomes more quickened which can be clearly viewed 
in the mechanical properties of cement pastes. In general, 
an enhancement in early strength and a decrease in final 
strength are viewed (Torres-Carrasco et al. 2015; Skalny 
1978; Venkateswara et al. 2006).

Conclusions

This study focuses specifically on the synthesized β-C2S 
hydrated in deionized water and with the presence of 
 Na2CO3 (2 M) and water glass. Dicalcium silicate was pre-
pared from commercial calcium carbonate and gel silica. 
The salts activators were dissolved in water and added to 
grained cement, then hydrated at different periods from 2 to 

90 days. The hydrated sample was characterized by X-ray 
diffraction (XRD), infrared spectroscopy (FT-IR), isother-
mal calorimetry and scanning electron microscopy (SEM), 
whereas the mechanical strength of some samples was oper-
ated at 28 and 90 days.

The results show that the contact of belite cement with 
liquid medium during hydration was strongly influenced by 
the existence of alkalis. Mostly, early hydration is quick-
ened when the activator is added. This influence is mainly 
manifested in the mechanical properties of cement pastes 
by showing. In general, an increase in early strength and a 
decrease in final strength are viewed.
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