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Highly reactive belite and calcium sulphoaluminate as well as monosulphate mix were prepared from nano-materials at lower
temperatures ~1250°C. The crystal size of these materials was 25, 16 and 27 nm as determined from the X-ray analysis. The
sulphoaluminate belite cement is a recent type of cement prepared at lower temperature with good properties. The aim of the
present work is to synthesize C,4;S, monosulphate mix C,AS and active belite -C,S. The hydration mechanism was studied
by XRD and DSC techniques as well as by the determination of chemically combined water contents of cement pastes with
curing time. The results reveal that ettringite is first formed hydrates in the monosulphate mix, which then converted into
monosulphate hydrates. The results of DSC and XRD are in good agreement with those of combined water contents. On
the other side, the rate of hydration of active belite increases linearly from 3 up to 90 days, whereas, the traditional belite
hydrates increase with lower rate up to 90 days, due to the thermodynamic stability structure of traditional belite.

INTRODUCTION

Nano-materials show unique physico-chemical pro-
perties can be lead to the development of more effective
materials than once which are currently available [1].
It was found that nano-particles uniformly dispersed
in a cement paste will accelerate cement hydration due
to their activity [1]. Additionally, nano-particles will
fill the open pores to increase strength and improve the
microstructure of cement and the interface between the
cement paste, mortar and aggregates in concrete [2].
Application of nano-materials into the production of
cement and concrete can lead to improvements in civil
infrastructure because the mechanical strength and life of
concrete structures are determined by the microstructure
and by the mass transfer in nano-scale [2]. Additional
studies have also concluded that nano-SiO, added to
high-volume fly ash strength concrete (HFAC) could
improve short and long term strengths [3].

Ginebara et al., [4] reported that particle size can
greatly affect the kinetics of cement hydration. It was
indicated that a reduction in particle size can lead to
a more rapid setting and hardening of cement due to
stronger electrostatic attractive forces and a greater
specific surface.

In addition, the nano-particles will fill pores and
increase the strength which lead to improve the micro-
structure of cement pastes and the boundary between the

cement pastes and aggregates in concrete [1]. The major
problem is with B-C,S cement that reacts very slowly and
gives very little strength at the early ages of hydration.
Lower reactively of f-Ca,SiO, is due to its higher ther-
modynamic stability and dense packing structure [5, 6].
In order to enhance the hydraulic hardening capacity of
belite cements to produce highly reactive B-dicalcium
silicate. It has been prepared using nano-materials such
as Ca(NO,), and nano-silica at lower temperature up to
1250°C [7].

Calcium sulphoaluminate cements are seen as
a very attractive high—performance material. Rapid
strength and durability in aggressive environments make
it appropriate to civil engineering requests. It achieves
self desiccation more readily than OPC compositions
and affords protection against corrosion to embedded
steel, evening cyclic exposure to seawater. Its high
sulfate content tends to increase the resistant to seawater
attack, because its constituent phases are fully sulfated
[8].

In the present paper highly reactive -Ca,SiO, have
been prepared from nano-SiO,, and nano-Ca(NO;),.
Also, C,A;S and C,AS are prepared from nano-materials
such as nano-Al(OH), and nano-Ca(NO,), with pure
gypsum. The rate of hydration of B-C,S, C,A,S and
C,AS can be studied by the determination of free lime,
insoluble residue contents as well as by the aid of DSC
and XRD techniques.
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EXPERIMENTAL

The materials used in this work were nano-Ca
(NO,),, nano-Al(OH);, nano-silicaand CaSO,-2H,0 from
Prolabo Company. The nano-Al(OH), was prepared
from Al-dross after leaching with HCI then precipitated
by ammonia solution at pH = 8 [9]. Nano-silica was
also synthesized by acid hydrolysis of sodium silicate
Na,Si0O5using 0.5N HCI and slowly stirred at 60°C at pH
between 1 and 2 [10]. Ca(NO,), was freshly prepared by
the addition of nitric acid (1:1) to CaCO, to complete
reaction then evaporated at 60°C until solidification. The
powder of Ca(NO,) was dried at 50°C for 24 hours [11].

The calcium sulphoaluminate phase (C,A,S), mono-
sulphate (C,AS) and active belite (B-C,S) were prepared
from the stoichiometric amounts of nano-Ca(NO,),,
nano-Al(OH),, nano-SiO, and precipitated CaSO,.2H,0O
[12]. Figures 1, 2 show TEM micrograph of nano-silica
and AI(OH); with crystal size 13 and 38 nm.

The traditional belite was synthesized from tra-
ditional reagent grade CaCO; and SiO, quartz in the
proper molar ratios by firing the mixture twice at1450°C
for one hour using B,0; (0.5 %) as stabilizer. The fired
belite contains 0.15 % free lime then ground to the
surface area 3500 cm*/g [13]. The chemical analysis of
the fired materials is seen in Table 1.

Each mix of calcium sulphoaluminate (C,A;S),
monosulphate (C,AS) and active belite (B-C,S) phase
was mixed with the suitable amount of water of con-
sistency [14], then pressed in one inch cubic moulds.
The moulds were cured in humidity chamber at 100 %
RH at room temperature 23 + 2°C for 24 hours, then
demoulded and cured in the humidity chamber for

7 days in the case C,A;S and C,AS, whereas cured up
to 90 days for B-C,S. At the end of any curing time, the
hydration was stopped as described elsewhere [15, 16].
The combined water content of the dried sample was
determined on the ignited weight basis after firing at
1000°C. The hydration products were studied by using
XRD and DSC techniques.

RESULTS AND DISCUSSION

Hydration mechanism of calcium
sulphoaluminate (C,A;S)
X-ray diffraction analysis

The XRD patterns of hydrated sulphoaluminate
phase as a function of curing time are illustrated in Figu-
re 3. The hydration products formed were C,A,S.32H,0
(ettringite) and C,AS.12H,0 (monosulphate). The type
and the amount of hydrated products depend on the
chemical constitutes of the clinker phases and the curing
conditions. The XRD patterns indicate that calcium
sulphoaluminate C,A,S hydrated up to 6 hours shows
the presence of ettringite (AFt) and unhydrated calcium
sulphoaluminate phase. The intensity of ettringite is highly
increased while that of unhydrated C,A;S (yelimite)
decreases and the appearance of monosulphate hydrate
AFm with the curing time for 48 hours [17, 18]. This is
mainly related to the fast hydration of sulphoaluminate
C,A,S at early ages forming ettringite and amorphous
AI(OH); as well as monosulphate hydrate AFm [19].
The AH, and monosulphate hydrate AFm are certainly
amorphous or microcrystalline as it was not observed
in any XRD spectrum. As the curing time proceeds up

Table 1. Chemical oxide composition of the fired materials (wt. %).

Materials Si0, ALO, Fe,0, Ca0 MgO SO, Na,0 L.O.I
C.AS 273 34.27 1.18 47.95 0.20 11.5 0.22 1.5

C.AS 1.60 22.12 0.40 54.02 0.20 17.5 0.31 4.05
B-C,S 34.70 0.45 0.07 62.70 0.32 - 0.68 1.92

Figure 1. TEM micrograph of nano-SiO,.

Figure 2. TEM micrograph of nano-aluminum hydroxide.
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to 72 hours, the peak of ettringite increases strongly
indicating that ettringite is the main hydration product of
sulphoaluminte phase (8, 20).

The pattern shows the appearance of small peak
of monosulphate hydrate at all curing times in a steady
state. This may be due to the partial conversion of
ettringite (AFt) to monosulphate hydrate (AFm) [19].
The transformation of ettringite to monosulphate hydrate
may take place as follows [20]:

C,A,S + 18H — C,ASH,, + 2AH,
C,AS;H;, — C,ASH,, + 2CSH, +16H

The hydration products depend on type of CSA ce-
ment used and on the amount of calcium sulphate added
as well as the water to cement ratio [21]. The hydration
mechanism in the presence of calcium sulphate is well
characterized. If calcium is present, AFt is the first
phase to form within the first hours in association with
aluminum hydroxide [8], due to the reaction between
C,A;S and calcium sulphate. The beginning of the AFt
formation and of the yeelimite C,A,S hydration is rela-
ted to the reactivity of the added calcium sulphate [22].
When the calcium sulphate depleted and/or in the absen-
ce of Ca(OH),, ettringite transformed into monosulphate
hydrate (C,ASH,,, AFm) and with AH, [19].

Thermal analysis

The DSC curves of hydrated calcium sulphoalumi-
nate C,A,S as a function of curing time are shown in
Figure 4. The figure shows the existence of endothermic
peaks at 130, 180 and 270°C at all curing times of

CSA-72h
2 1 3 3 1

CSA-48h

10 20 30 40 50 60
26 (%)
Figure 3. The XRD patterns of the hydrated calcium sulpho-

aluminate phase as a function of curing time (1 - AFt, 2 - AFm,
3 - C,A,S, 4 - Mayenite).

hydration. The endothermic peaks at 130 and 180°C are
related to the dehydration of the lattice water of ettringite
and the monosulphate hydrate respectively. These peaks
increase with the curing time up to 3 days due to the
continuous hydration of calcium sulphoaluminate phase
[19, 23, 24]. The endothermic peak located at 270°C is
mainly related to the dehydroxylation of Al(OH); The
peak of AI(OH); increases from 6 hours and still constant
up to 72 hours. The formation of monosulphate hydrate
is due to the conversion of ettringite attributed to the lack
of sulphate. It is clear that there is no thermal effect at
460°C indicating the absence of Ca(OH),. On prolong
hydration, the endothermic peak of monosulphate hydra-
te increases with the presence of ettringite and Al(OH),
and/or C,AH;. The intensity of monosulphate has the
same intensity from 24 up to 72 hours. In the presence of
portlandite, monosulphate-hydroxy-AFm-solid solution
can be formed [22]. When the CSA (C,A,S) is hydrated
in the absence of gypsum and lime the hydration is
ettringite at early hours of hydration as follows:

3(C,A;S) + 74 H — C,AS;H,, + 3C,AH, + 6AH,

The hydration product after one day up to 48 hours
is the formation of monosulphate hydrate with libration
of AH, _ _
C,A;S + 18H — C,ASH,, + 2AH,

The ettringite can be converted to monosulphate
after its formation. Monosulphate hydrate AFm is cer-
tainly amorphous or microcrystalline as it is not observed
in any XRD spectrum, but detected by DSC technique.

C,AS,H,, — C,ASH,, + 2CSH, + 16H

_CSA-24h

AFt

0 100 200 300 400 500 600 700

Temperature (°C)

800 900

Figure 4. The DSC patterns of the hydrated calcium sulpho-
aluminate phase as a function of curing time.
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Hydration characteristics of C,AS
X-ray diffraction analysis

The XRD patterns of the hydrated calcium alu-
minum monosulphate mix as a function of curing time
are represented in Figure 5. XRD patterns of anhydrous
aluminum monosulphate C,AS hydrated for 6 hours
shows the appearance of ettringite, very small peak
of monosulphate hydrate and portlandite as well as
unhydrated calcium sulphoaluminate C,AS. The results
reveal also that the intensity of ettringite is highly
increased with curing time up to 24 hours. This illustrates
that anydrous calcium aluminum monosulphate is exten-
sively hydrated forming ettringite and this is sustain
with the consumption of unhydrated calcium aluminum
monosulphate as well as and the reduction of portlandite
after 24 hours. As the curing time proceeds up to 48 hours,
the ettringite peak is decreased with the appearance of
monosulphate hydrate peak. This is mainly attributed
to the partial conversion of ettringite to monosulphate
hydrate and amorphous AH; due to a lack of calcium
sulphate [19]. When Ca*" and SO,*ions are insufficient
for the formation of ettringite in the hydration system,
the decomposition of ettringite and the transformation
to monosulphate hydrate occur [20]. The hydration of
calcium aluminum monosulphate goes according to the
following equation:

C,AS + 8CSH, + 6CH + 10H — 3C,AS,H,,

It can be concluded that whatever the molar ratio
of the anhydrous phase such as C,A,S or C,AS the
ettringite is the first hydrated phase formed in the early
age of hydration [19].
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Figure 5. XRD patterns of the hydrated calcium aluminum
monosulphate phase with curing time (1 - AFt, 2 - AFm,
3 - Ca(OH),, 4 - C,AS).

Thermal Analysis

DSCthermogrames ofthe hydrated mix ofanhydrous
monosulphate C,AS illustrate four endotherms located at
170, 200, 250 and 450°C as well as weak endotherm at
700°C as shown in Figure 6). The first peak is mainly
due to ettringite, whereas the second endothermic at
200°C is related to the monosulphate hydrate [19]. The
third and fourth peaks are due to the dehydroxylation
of C,AH,; and/or C,AH; as well as portlandite
Ca(OH), .The appearance of C,AH,; and/or C,AHj is
mainly due to the deficiency of anhydrite CaSO, to give
ettringite. Therefore, the detection of ettringite with
monosulphate hydrate leads to the presence of hydrated
aluminate phases such as C,AHg and/or C,AH,;. On other
side, the endotherm at 700°C is due to the calcination
of CaCO;. The ettringite and portlandite formed after 6
hours up to 24 hours. After 48 hours the monosulphate
hydrate is appeared from the conversion of some
ettringite with the release of AI(OH); [19]. The C,AH,;
and/or C,AH; are appeared at 48 hours. After 7 days
some hydrated phases are present. The transformation
of ettringite to monosulphate is ascribed to the lack of
gypsum [19]. In a previous work [25] the mole ratio
of monosulphate was prepared from CaCOj;, alumina
and gypsum then fired at 1350°C and hydrated up to 7
days. DTA of the hydrated mix illustrates the formation
of ettringite and monosulphate hydrate with residual
Ca(OH), after 6 hours. The endotherm of monosulphate
hydrate decreases with the increase of ettringite. After 7
days of hydration, the main hydration product is ettringite
with the increase of portlandite. These results are not in

AFt
0 100 200 300

400 500 600 700 800 900
Temperature (°C)

Figure 6. The DSC patterns of the hydrated calcium aluminum
monosulphate phase as a function of curing time.
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agreement with those of our present investigation. This
may be due to the low reactivity of monosulphate because
this mix was prepared from traditional materials whereas
the present mix was prepared from nano-materials, with
highly reactive nano-C,AS.

Hydration characteristics of reactive
belite (C,S) phase

X-ray diffraction analysis

The XRD patterns of the hydrated belite phase as a
function of curing time are seen in Figure 7. The Figure
illustrates the presence of belite and calcium silicate
hydrate as well as portlandite. The results indicate
that the intensity of C,S is slightly decreased with the
curing time up to 7 days. On the contrary, the intensity
of calcium hydroxide and calcium silicate hydrate peaks
are slightly increased. This is due to the slow rate of
hydration of belite at early ages [26]. As the hydration
proceeds, the intensity of C,S is highly decreased at 28
days of curing time indicating the low rate of hydration
of belite.

Thermal analysis

The DSC curves of hydrated belite phase as a func-
tion of curing time are represented in Figure 8. The
DSC curves illustrate the presence of endothermic
peaks at about ~100 and 465°C as well as 730°C. The
endothermic effect at 100°C is caused by the dehydration
of the bound water from amorphous calcium silicate
hydrate phase (CSH). Meanwhile, the endothermic peak

10 20 30 40 50
26 (°)

Figure 7. XRD patterns of the hydrated belite phase as a func-
tion of curing time (1 - Ca(OH),, 2 - C,S, 3 - CSH).

at 450°C is related to the dehydroxylation of Ca(OH),
The area under characteristic peak of CSH increases with
the curing time attributed to the continuous hydration of
C,S forming CSH and Ca(OH), [27].

It is clear that there are different forms of CSH up
to 7 days whereas at 28 days CSH is detected at ~100°C.
This is due to the decrease of other forms of CSH which
can be easily decomposed at lower temperature. The
endothermic at ~700°C is due to the decomposition
CaCO; which increases with curing time on the expense
of Ca(OH), [28].

Chemically combined water contents

Sulphoaluminate phase

The chemically combined water contents of (CSA
and MS) as a function of curing time are graphically
plotted in Figure 9. The results indicate that the che-
mically combined water contents increase gradually with
curing time for hydrated CSA and MS mixes. The Figure
shows that the chemically combined water content for
hydrated CSA (C,A;S) phase increases sharply at the
early hours up to 48 hours and increases with lower
content up to three days [23]. This is mainly attributed to
the rapid formation of ettringite which has a high content
of water. This indicates that there is small variation in
the hydration products after 72 hours. As curing time
increases up to 24 hours chemically combined water
content of CSA is sharply enhanced. At latter ages the
rate of increase of chemically combined water content is
diminished up to 72 hours.

Sample hydrated of MS for 48 hours gives higher
chemically combined water content than that at 24 hours.
This is related to the formation of higher amount of

T
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T
200 300 400 500 600 700 800 900
Temperature (°C)

Figure 8. DSC patterns of the hydrated belite phase as a func-
tion of curing time.
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ettringite in addition to monosulphate which have
higher combined (lattice) water. On the other side, the
chemically combined water content of sample hydrated
for 72 hours shows lower rate of combined water than
that from 24 up 48 hours. This is mainly due to that there
is small difference in the hydration products from 48
hours to72 hours.

The chemically combined water content of MS
pastes is higher than that of CSA after 6 hours of hyd-
ration. This is mainly attributed to the formation of
ettringite in addition to portlandite, therefore, the che-
mically combined water content increases. The mono-
sulphate mix gives higher chemically combined water
content than those of CSA phase. This is due to that
the hydration of MS gives ettringite, monosulphate in
addition to portlandite theses phases give higher water
content.

Traditional and active belite phases

Figure 10 illustrates the chemically combined water
contents of traditional B-dicalcium silicate prepared
from CaCO; and gypsum. Chemically combined water
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Figure 9. Chemically combined water contents C4A3S and
C4AS.
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Figure 10. Chemically combined water contents of traditional
and active belite as a function of curing time.

contents shows a very little increase up to 28 days, this is
attributed to the low reactivity of traditional B-dicalcium
silicate at early ages. The low hydration of this phase
is due to its microstructure form [5, 6]. This has been
attributed to the higher thermodynamic stable structure
of traditional B-dicalcium silicate.

The active belite phase with 27 nm crystal size
gives higher chemically combined water contents in
comparison with that of traditional B-dicalcium silicate.
Singh [26] studied the hydrothermal synthesis of B-C,S
from rice husk and fly ashes. Results have shown that
hydrothermally prepared B-C,S is also, highly reactive.
The high reactivity of belite may be due to nano-
crystal size and higher surface area. Active belite phase
hydrated to form nano-size CSH which might have a
porous structure and does not hinder the approach of
water molecules to the fresh belite. In this work of the
active belite was synthesized from nano-Ca(NO;), and
nano-silica which has the crystal size of 27 nm.

CONCLUSION

From the above findings it can concluded that:

1. The rate of hydration of active belite is higher than
that of traditional belite phase as shown from the
higher chemically combined water contents up to 90
days of hydration.

2. The hydration of C,A;S gives ettringite at early ages
of hydration in spite of low content of CaSO, which
converts to monosulphate, monosulphate hydrate AFm
is certainly amorphous or microcrystalline as it is not
observed in any XRD spectrum. The monosulphate is
very small in comparison with ettringite. The sulpho-
aluminate phase remains free up to 72 hours and
cannot be completely hydrated.

3. The hydration of monosulphate mix shows ettringite
as the main hydrated sulphoaluminate up to 24 days.
As the hydration proceeds the monosulphate hydrate
appeared at 48 hours and still constant at 72 hours in
addition to appreciable amount of ettringite.
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