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Abstract- Nano-materials such as nanosilica (NS), nano-
calcium hydroxide {Ca(OH)2}, and nano-aluminum hydroxide 
{Al(OH)3} have been synthesized using a suitable method. In 
addition, gypsum has been prepared by precipitation method. The 
as prepared nano materials are characterized using x-ray 
diffraction (XRD), transmission electron microscopy. The 
average particle sizes are 15 nm, 49 nm and 25 for NS, Ca(OH)2 
and Al(OH)3, respectively. These nano-materials are mixed with 
gypsum in a stoichiometric ratio to form ettringite as well as 
monosulphate mixes. NS was added to these mixes and hydrated 
at room temperature up to 28 days. All hydrated samples were 
characterized by performing chemical methods, XRD, differential 
thermal analysis, and thermal gravimetric analysis techniques. It 
was found that, the disappearance of Ca(OH)2 due to its 
consumption during the reaction with NS stabilizes ettringite 
formation.  

      Keywords: Etrringite, ettringite+NS, hydration time, 
characterization techniques. 

I.  INTRODUCTION 

     Nano-particles (NPs) have attracted more attention and 
applied in many fields to fabricate new materials with novel 
functions, due to their unique physical, chemical and 
mechanical properties. Addition of NPs, even at a very small 
amount, to cement-based material enhances its workability, 
strength gain, and durability [1]. The role of NPs in cement 
can be summarized as follows: i) they act as fillers in the 
empty spaces as well as crystallization centers of hydrated 
products to increase cement hydration. ii) NPs assist towards 
the formation of small sized CH crystals and homogeneous 
clusters of C-S-H. iii) They improve the structure of 
interfacial transitional zone (ITZ) [2, 3]. During the last 
decade, different NPs have been used in concrete such as 
SiO2, CaCO3, TiO2, ZnO2, Al2O3, and Fe2O3. Among of 
them, nano-SiO2 (NS) has been extensively used in 
cementitious system [4–9]. This is mainly due to that, NS-
particles enhance the compressive strength and reduces the 
permeability of hardened concrete because of its pozzolanic 
properties, which result in finer hydrated phases and 
densified microstructure (nano-filler and anti-Ca(OH)2-
leaching effect) [10–13]. Ji [14] demonstrated that, 
nanosilica (NS) can react with lime and reduce its size as 
well as amount, thus decreasing ITZ between aggregates and 
therefore the cement paste becomes more dense.  
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In addition, the NS–particles act as nuclei to fill the voids of 
the CSH structure and tightly bond with CSH particles. This 
means that, NS reduces the calcium leaching rate of cement 
pastes, and therefore increasing their durability [15, 16]. 
Ettringite, Ca6Al 2(OH)12(SO4)3.26H2O, is a naturally 
occurring mineral found in Germany for the first time [17]. 
This mineral is characterized by a high content of water. 
Molecules and is important for cement technology, because 
it appears as an early stage hydrated product of Portland 
cement (PC). Also, it has a wide application range to 
another types of cement called “regulated set cement” [18, 
19] and “calciumsulphoaluminate cement” [20, 21], in 
which ettringite plays a crucial role on the early strength 
development of these novel cements. Another application is 
to grout in which quick setting of slurry is required [22]. 
Others are to paper coating commercially called “Santi 
White,” in which whiteness and impermeability are 
requested [23, 24].  
     Monosulfate (3CaO.Al2O3.CaSO4.12H2O) is related 
sulfoaluminate compound. In cement nomenclature, 
ettringite is also referred to as AFt and monosulfate as AFm. 
The formation of ettringite while the concrete is in a plastic 
state contributes the initial setting of concrete. Alternatively, 
ettringite formation after concrete has been set into a rigid, 
solid mass can be deleterious and can cause the loss of 
structural integrity. This dual character is due to the increase 
of solid specific volume accompanied with ettringite 
formation. In the literature, the expansion is attributed to 
ettringite formation with needle like structure [25]. AFm 
incorporates only 1 mole of sulfate and exhibits a plate like 
microstructural morphology [26]. The formation of 
monosulfate in hardened concrete is generally not 
considered deleterious, since its formation causes less 
expansion than does that of ettringite. There is, however, 
evidence in the literature which indicates that,  monosulfate 
formation also causes expansion [27]. Ettringite can be 
synthesized by heating an aqueous suspension containing its 
constituent powders. There are two proposed methods for 
ettringite synthesis; One of them is the heating of suspension 
containing both calcium hydroxide (CH) and Al2(SO4)3.The 
second includes heating of suspension containing CH, 
Al(OH)3 in presence of gypsum (CH2).  Especially in the 
second case in which gypsum is used as a source of SO4

2- 

instead of Al2(SO4)3, the reaction becomes much difficult to 
proceed. Although ettringite can be partly formed by heating 
the mixture of Ca(OH)2, Al(OH)3 and  gypsum.  Most of 
gypsum still remains and an intermediate compound, i.e., 
monosulphate is formed. A novel technique is strongly 
required to synthesize ettringite monophase from these 
aqueous suspensions under atmospheric pressure [28]. In 
addition, Clark and Brown [29] reported on the formation of 



Effect of Nanosilica on The Formation of Calcium sulphoaluminate Hydrates Prepared from 
Nanomaterials 

14 
Published By: 
Blue Eyes Intelligence Engineering 
& Sciences Publication Pvt. Ltd. 

the ettringite and monosulfate from tricalcium aluminate 
(3CaO.Al2O3), gypsum (CaSO4.2H2O), and sodium 
hydroxide (NaOH) solutions. It was found that hydration in 
deionized water produced ettringite and monosulfate as the 
dominant crystalline phases, regardless of temperature. 
Thermal analysis and XRD data indicated that, U-phase 
formation becomes the dominant reaction with the increase 
of NaOH concentration. El Didamony et al. [30] synthesized 
C4A3 , monosulphate mix (C4A ) and active β-C2S from 
nano-materials at ~1250°C. The hydration mechanism was 
studied by XRD and DSC techniques as well as the 
determined from chemically combined water contents 
(Wn,%) of cement pastes with curing time. The results 
revealed that, the ettringite as hydration product is first 
formed in the monosulphate mix, which then converted into 
monosulphate hydrate. On the other side, the rate of 
hydration of active β-C2S increases linearly with hydration 
time from 3 up to 90 days, whereas, the traditional β-C2S 
hydration increases with lower rate up to 90 days, due to the 
thermodynamic stability of traditional belite structure. More 
interest, the formation of active belite and sulphoaluminate 
phases from nano-materials has lower energy requirements 
and lesser formation of Ca(OH)2 [31 ]. Since the ettringite is 
expansive in the presence of lime so that it has special 
applications such as shrinkage-resistant and self-stressing 
cements. On the other hand, the formed ettringite in the 
absence of lime is non-expansive and generates high early 
strength in cementitious system. This last property was 
exploited to develop a concrete with high early strength 
[32]. In this work, it was aimed to throw light on the effect 
of nanosilica on the ettringite as well as monosulphate mixes 
that prepared from nano-materilas as an extension of our 
previous work [30]. Accordingly, the preparation of 
sulphoaluminate phases was carried out by using nano-
materials. The prepared samples were characterized using 
X-ray diffraction (XRD), differentional thermal analysis 
(DTA), and thermal gravimetric analysis (TGA) techniques. 

II. Materials and Experimentals 

II (A). Preparation of sulphoaluminate phases 

The materials used in this work were nano- SiO2, nano-Al 
(OH)3, nano–Ca(OH)2, and gypsum. The nano-Al(OH)3 was 
prepared from Al-dross after leaching with HCl, then 
precipitated by ammonia solution at pH=8 [33]. NS was also 
synthesized by acidic hydrolysis of sodium silicate 
(Na2SiO3) using (0.5N) HCl and slowly stirred at 60°C                
at pH range 1-2 [34]. 
 Nano CH was prepared by separately dissolving 
Ca(NO3)2.4 H2O (0.5 M) and NaOH (0.7 N) in 50 mL 
distilled water (DW), then stirred for 10 min at room 
temperature. The prepared mix was irradiated by microwave 
energy using domestic microwave oven (frequency 2.45 
GHz and maximum power 800 W) in ambient atmosphere 
for 10 min. After this, the solution was allowed to cool in 
air; the resulting precipitate was collected by vacuum 
filtration, washed with DW and absolute ethanol and dried 
in vacuum at 80oC for 1h [35]. C H2 was prepared by 
precipitation method through the reaction between calcium 
acetate and ammonium sulphate.  

The NPs were characterized using XRD and transmission 
electron microscopy (TEM), to be used for the preparation 
of sulphoaluminate phases (Ettringite and Monosulphate). 
The mix composition of Ettringite + NS and Monosulphate 
+ NS mixtures has molar ratios of 3CaO.Al2O3.3CaSO4.NS 
and 3CaO.Al2O3.CaSO4.NS, respectively. The dry 
constituents for each mix composition were mechanically 
mixed in a ball mill for 30 min. to achieve complete   
homogeneity, and then hydrated for 28 days. The four 
mixtures (ettringite as well as ettringite + NS and 
monosulphate as well as monosulphate + NS) were mixed 
with the water of consistency according to ASTM 
designation C191 [36]. The hydration kinetics of the pastes 
was studied up to 28 d. At each testing time, the hydration 
was stopped as in previous works [37, 38]. Some selected 
samples were analyzed using XRD, DTA, and TGA 
techniques. Also, the combined water contents of the 
investigated samples were determined on the ignited weight 
basis after firing at 1000°C. Also, the free gypsum was 
determined as in a previous work [39]. 

II (B). Characterization of the starting materials 

Figure 1 (a, b and c) shows TEM photographs of the 
prepared NS, nano-Al(OH)3 and nano-Ca(OH)2. It was 
reviled that, the particle size of NS, nano-Al(OH)3 and nano-
Ca(OH)2 is about 15, 25 and 49 nm respectively. XRD 
patterns revealed that, NS and Al(OH)3 show amorphous 
structure. On the other hand, both CH2 and CH have 
crystalline structure as shown in Fig.2 (b & d). 

III. Results and Discussion 

III (A). Effect of NS on the hydration of ettringite mix with 
curing time 

X-ray diffraction analysis 

Figure 5 (a-c) depicts the XRD patterns of the ettringite mix 
with curing time. It is obvious that the ettringite and gypsum 
are the major phases with the appearance of CH up to 28 d 
of hydration. The monosulphate phase has no reflection 
peaks within the accuracy of X-ray experiment [31].The 
presence of gypsum up to 28 d is mainly due to the 
retardation of the hydration reaction by the formation of a 
coating layer of ettringite on the surface of the reactants. 
This retardation proceeds with the diffusion of SO4

2- through 
the coating layer in the earlier stages forming more ettringite 
than that of latter hydration periods [40-44]. It can be 
concluded that the ettringite formation increases at early 
ages of hydration up to 3 d, whereas gypsum decreases with 
time, due to the partial consumption of free gypsum. 
      In addition, the decrease in the peak heights of ettringite 
phase at later ages may be related to the partial conversion 
of the formed crystalline ettringite into an amorphous phase. 
Also, the CH peaks are still present up to 28 days. 
     The XRD patterns of ettringite + NS as a function of 
hydration time is shown in Fig. 3 (a-c). The XRD patterns 
illustrate the presence of ettringite and gypsum in addition to 
Portlandite at all curing times. The Portlandite is completely 
consumed after 28 d. It is concluded that, NS reacts with CH 
to give CSH gel [14], which can not be detected by XRD 
technique. It is clear that, the intensity of ettringite peaks 
increases up to 2 d, and then decreases at  28 d. On the other 
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side, the peak height of gypsum decreases with hydration 
time. This may be due to the same reason as mentioned 
previously discussed. The CH peak intensities decrease with 
curing time, due to its consumption during the formation of 
CSH and ettringite. 

Thermal Analysis 

Figure 5 (a,b) represents the DTA and TGA thermogrames 
of ettringite mix. As seen from the figure, there are three 
pronounced endothermic peaks that located at 102, 146, and 
417°C for 6h of hydration. The first two endothermic peaks 
are mainly related to the dehydration of ettringite and 
gypsum, respectively. It is also clear that, the peak intensity 
of ettringite increases with the hydration time because of the 
formation of some amorphous ettringite (as indicated from 
the XRD patterns). On the other hand, the peaks intensity of 
gypsum peaks decreases. The results of DTA are in a good 
agreement with those of XRD. In addition, the third 
endothermic peak that located around 417°C, is related to 
the dehydroxylation of Ca(OH)2 and its intensity slightly 
decreases with hydration time, indicating its consumption, 
produces ettringite. There is another broad endothermic 
peak located nearly at 700oC after 28 d, due to the partial 
formation of crystalline CaCO3 [45, 46]. One noticed that, 
each change in the TGA thermogram corresponding to the 
identified endothermic peaks in DTA data. The main weight 
loss of this system is occurred at lower temperatures up to 
200oC, owing to the excessive formation of ettringite and 
residual gypsum as well as Portlandite. The TGA results are 
consistent with those of  DTA. 

  DTA and TGA thermograms of ettringite and 
(ettringite + NS) mixes hydrated at 28 d are graphically 
displayed in Fig. 6 (a,b). The results show that, the first 
endothermic peak at 102oC for ettringite + NS mix is more 
pronounced than that of ettringite mix. Also, the 
endothermic peak intensity of gypsum becomes lower with 
time as previously seen in the XRD patterns. Adding NS to 
the ettringite mix, the CH endothermic peak disappears. 
This is mainly attributed to the pozzolanic reaction of NS 
with CH, forming CSH or C2ASH8. In addition, the CSH 
peak is not observed in the ettringite + NS mix, because it 
overlaps with those of ettringite peaks. The increase of the 
first endotherm in the presence of NS can be ascribed to the 
formation of CSH, which located at the same temperature of 
ettringite. However, the endothermic peak of CH at 417oC is 
present in the ettringite mix without NS. The intensity of 
calcium carbonate peak that is observed around 647oC in the 
hydrated ettringite is higher than that in the hydrated 
ettringite + NS mix, due to the depletion of free CH that is 
easily carbonated. The results of DTA are consistent with 
those of TGA.  

Combined water content 

The variation of combined water contents (Wn, %) of 
ettringite as well as ettringite+NS mixes with hydration time 
are plotted in Fig. 7. The results indicated that the Wn, % 
increases gradually with time up to 28 days for the all 
hydrated samples. This behavior can be explained according 
to the rapid ettringite formation, which has high water 
content. The variation of the Wn, % is pronounced up to 48 
h due to the formation of more amount of ettringite in 

addition to the residual gypsum, which have a high Wn, %. 
It can be noted that, the Wn, % of ettringite mix is higher 
than that of ettringite + NS, especially at the first 24 h. This 
may be due to the high pozzolanic reactivity of NS with CH 
[14]. From 24 h up to 28 d of hydration, the Wn, % of 
ettringite mix becomes lower than that of ettringite + NS 
mix because the CSH formation is accompanied with the 
ettringite phase as well as the residual gypsum. As the 
hydration time proceeds, the CH decreases due to the 
consumption of CH in the formation of ettringite and CSH 
phases. 

Free gypsum  

The free gypsum contents of ettringite and ettringite+NS 
mixes are plotted as a function of hydration time in Fig. 8.  
It is noticed that, the free gypsum decreases sharply either 
for ettringite or ettringite+NS mixes up to 28 d due to the 
consumption of free gypsum through the hydration reaction, 
forming ettringite. The free gypsum of ettringite + NS mix is 
lower than that of pure ettringite at any hydration time. This 
is mainly attributed to the decrease of free gypsum content 
in the mix composition. On the other hand, the behavior of 
the free gypsum is nearly the same, but with different values 
up to 28 d probably, NS accelerates the ettringite formation 
in the two hydrated mixes.  

III (B). The hydration of Monosulphate Mix in presence 
and absence of NS 

 X-ray diffraction analysis 

Figure 9 shows the XRD patterns of the hydrated 
monosulphate mix. It is clear that, the ettringite is formed 
after 6h and its intensity slightly increased or still constant 
up to 28d, owing to the continuous hydration of the mix 
constituents, forming ettringite. The gypsum peak intensity 
decreases with time and completely disappeared after 2 d, 
due to its consumption during hydration reaction forming 
ettringite. Also, the intensity of the CH peak decreases with 
time as mentioned above. The CH is present up to 28 d in 
contrast with free gypsum, which depleted after 2 d since 
monosulphate mix exhibits a high CH content according to 
the molar ratio. It can be concluded that the monosulphate 
phase is not formed and the ettringite phase is mainly 
present in the monosulphate mix. 
  The X-ray diffraction patterns of the hydrated 
monosulphate + NS mix as a function of hydration time is 
depicted in Fig. 10. The results show the presence of 
ettringite phase and free gypsum as well as CH at 6 h. The 
intensity of ettringite peaks increases with curing time, 
while that of gypsum decreases. The peak of gypsum 
disappears completely after 6 h and this is not observed in 
the ettringite + NS mix because of the fast hydration of the 
mix constituents. The calcium hydroxide is also completely 
consumed during the first few 6h. This is essentially due to 
the pozzolanic reaction of NS with CH, forming CSH gel in 
addition to its reaction during the formation of ettringite 
phase.  

Thermal Analysis 

Figure 11 represents the DTA/TGA thermograms of 
monosulphate mix. The broad endothermal effect at 130oC 
is mainly caused by the presence of ettringite and the small 
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endothermal effect at 180oC due to the dehydration of the 
gypsum after 6 h. As the hydration proceeds, the ettringite 
peak intensity increases and that of gypsum decreases until 
completely disappears at 28 d. The TGA peaks 
corresponding to the different hydration products behave in 
the same manner of DTA peaks. The endothermic peak at 
310oC after 6h may be ascribed to the dehydroxylation of 
Al(OH)3 [45,46]. The last thermal effect at 460oC is related 
to the dehydroxylation of Ca(OH)2, and its intensity slightly 
decreases with curing time, indicating its consumption, 
producing the hydrated sulphoaluminate phases, or some 
carbonation as seen from TGA curves. One noted that, the 
TGA loss increases with curing time, due to the increase of 
ettringite formation.  
    Figure 12 illustrates the DTA and TGA thermograms of 
the hydrated monosulphate and monosulphate+NS mixes at 
28 days. The DTA results show the appearance of some 
endothermic peaks at 120, 460 and 650–700oC. The 
endothermic peak located at 120oC is principally due to the 
ettringite dehydration and calcium silicate hydrates; this 
endotherm appears with a higher intensity in monosulphate 
+ NS mix, which form excessive amounts of hydrated 
products, as compared with the monosulphate mix. The 
endotherm located at about 460oC is related to the Ca(OH)2 

dehydroxylation. It is clear that, such endothermic peak 
appears only in the monosulphate mix. The disappearance of 
CH in presence of NS stabilizes the ettringite formation. 

Combined water content 

The combined water contents (Wn, %) of monosulphate and 
monosulphate + NS mixes as a function of curing time are 
represented in Fig. 13. The results indicate that the Wn, % 
increases for the hydrated samples up to 28 d, due to the 
progress of hydration. The Wn, % of monosulphate mix are 
higher than those of ettringite mix as observed in Fig. 8. 
This is mainly due to the increase of CaO content in 
monosulphate mix than that of ettringite mix, leading to the 
formation of more CH content. By comparing the Wn, % 
contents of monosulphate mix with those of monosulphate + 
NS. It is noted that the Wn, % of monosulphate + NS mix is 
higher than that of monosulphate mix up to 15h. This can be 
explained according to higher reactivity of NS with CH 
leading to the formation of excessive CSH in addition to 
ettringite.  On the other hand, the lower Wn, % of 
monosulphate + NS than that of monosulphate mix after the 
first 15 h is attributed to the increase of the pozzolanic 
activity of NS, leading to the formation of successive and 
additional amount of CSH. Since the formation of CSH is on 
the expense of ettringite phase, the Wn, % of 
monosulphate+NS becomes lower than that of 
monosulphate mix. At later ages of hydration (beginning 
from 28 d), the Wn, % of monosulphate + NS mix is mainly 
due to the formation of more hydrated products or the higher 
efficiency of NS to absorb water.    

Free gypsum 

The free gypsum contents of monosulphate and 
(monosulphate + NS) mixes at different hydration times are 
plotted in Fig. 14. Obviously, the free gypsum decreases 
gradually with hydration time because of the continuous 
hydration of mix constituents, consuming gypsum in the 

formation of sulphoaluminate phases. In addition, its content 
is higher in monosulphate mix than that of monosulphate + 
NS mix at all curing ages. This is attributed to the presence 
of NS in the mix, which accelerates the hydration reaction. 
The reaction of NS with some of free CH decreases the 
coating effect of CH on the hydrated phases. Therefore, the 
free gypsum content of monosulphate + NS mix decreases 
sharply up to 48h, then slightly up to 28 d. On the other 
hand, the free gypum content of monosulphate mix 
decreases linearly with the time up to 28 d. The 
consumption rate of gypsum is nearly the same with the 
time. 

IV. Conclusions 

Based on the XRD, DTA, TGA and chemical methods, the 
formation of ettringite phase is enhanced after 6 h and 
increased with hydration time. Four endothermic peaks were 
observed in DTA thermograms consistent with TGA results. 
It can be predicted that, the hydration of ettringite and 
ettringite + NS mixes gives ettringite phase that increases on 
the expense of free gypsum with curing time. Similarly, the 
hydration of monosulphate mix gives ettringite only at the 
time interval (6 h up to 28 d). Generally, monosulphate 
hydrate can't be formed in the ettringite, ettringite + NS, 
monosulphate and monosulphate + NS mixes. The 
disappearance of calcium hydroxide, due to its consumption 
during the reaction with NS, stabilizes ettringite formation.  
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Figures 

 
Fig. 1: Transmission electron micrographes (TEM) 
of: (a) nano-SiO2, (b) nano- Ca(OH)2 and (c) nano-
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Al(OH) 3

 

Fig. 2: XRD of: (a) NS, (b) Ca(SO4)2.2H2O, (c) nano-Al(OH)3  and (d) nano-Ca(OH)2

 

Fig. 3: XRD patterns of hydrated ettringite mix with 
curing times 

 

Fig. 4: XRD of hydrated ettringite + NS mix at different 
times 
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Fig. 5: DTA and TGA thermo grams of hydrated 
ettringite  mix with curing time 

 

Fig. 6: DTA and TGA thermogram of ettringite and 
ettringite + NS mixes at 28 days 

 

Fig. 7: Combined water contents of hydrated ettringite 
and ettringite + NS mixes at different times 

 

Fig. 8: Free gypsum contents of ettringite and ettringite 
+ NS mixes with hydration time 
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Fig.  9: XRD patterns of monosulphate mix at different hydration times

 

Fig. 10: XRD patterns of monosulphate + NS mix at different hydration times 
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Fig. 11: DTA and TGA thermograms of hydrated monosulphate mix at different times 

 
Fig. 12: DTA and TGA of monosulphate and monosulphate + NS mixes at 28 days 

 
Fig. 13: Combined water contents of hydrated monosulphate and monosulphate + NS mixes at different times 

 
Fig. 14: The variation of free gypsum content of monosulphate and monosulphate +NS with hydration time 


