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The objective of this study was the synthesis of a1 -C,S (Ca,SiO4) belite cement, starting from fly-ash of
system Ca0-Si0,-Al,03-S0s, and using the hydrothermal method in alkaline solution. The lime deficit in
these ashes was compensated by the addition of slaked lime from lime bagging workshops. The hydrother-
mal treatment of the mixture was carried out in demineralized water, NaOH or KOH solution, continually
stirred at a temperature below 100 °C and atmospheric pressure. The dehydration and calcination of the
mixtures at temperatures between 800 and 1100°C allowed «';-C,S-rich cement to be obtained. The

Iéﬁ}; V]ngS: optimization of the synthesis parameters (temperature and time of stirring, pH of solution, temperature
Belite and duration of mixture burning) was also studied. The phase formation during various synthesis stages
Fly-ash was studied by X-ray diffraction (XRD). Other techniques, such as SEM and EDX, were used to characterize
Hydrothermal treatment the cement minerals. The results obtained showed that these ashes could form belite cement composed
Eco-cement of only one dicalcium silicate phase (a1 -C;S).

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The use of significant amounts of fuel and carbonates in cement
manufacture is one of the great environmental and economic con-
cerns of the present day. The cement industry consumes large
amounts of energy (3100-3600 k]/kg clinker) and produces signif-
icant quantities of carbon dioxide, which contribute to the global
atmosphere heating by increasing the greenhouse effect [1]. The
world cement industry produces around 1.4 billion tons of CO,
per year, with an average of 0.83 ton of CO,/ton of cement, which
presents about 8% of the global quantity of CO, emitted into the
atmosphere [2-4].

One approach for reducing energy consumption in cement pro-
duction is to decrease the lime saturation factor (LSF) of the raw
mixture. The substitution of a high-lime cement by a low-lime one
should lead to energy savings and to reduction in the CO, emis-
sions resulting from the decarbonation of CaCOs3. The reduction of
the lime saturation factor leads to an increase in the amount of
belite (Ca,SiO4 or C,S in cement chemistry notation) and a decrease
in the alite (Ca3SiOs or C3S in cement chemistry notation) phase
content in the clinker [5,6]. It also decreases the energy consump-
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tion because the formation of C,S! (65.1% Ca0) occurs at a lower
temperature than that for C5S (73.7% Ca0) [1,5,6].

However, C;Sis known to be less reactive than C3S so, to produce
low energy cement with adequate strength development, belite
must be either activated or synthesized in a more highly reactive
form [5,6]. Dicalcium silicate (C,S) exists in several polymorphic
forms (o, ot, o'y, B, 7y), that are stable in different temperature
ranges. Contrary to the situation in the C3S phase, the arrangement
of C,S crystalline particles changes from one phase to another, thus
leading to different hydraulic properties. In the (3-C,S form, the
polyhedra of Ca%* ion coordinations are irregular (the distances
vary from 2.30 to 3.56 A). The longer chemical bond of Ca-O facili-
tates the hydration. The y-form is considered as inert and has poor
hydraulic properties [7]. This inertia is related to the symmetrical
coordination of Ca ions and to the great bonding strength of Ca-0,
due to the low coordination of Ca%*. o1 -C,S is assumed to be more
reactive than 3-C,S. However, the actual reactivity depends on the
kind and amount of dopant employed [7-10]. The reactive forms of
dicalcium silicate (o’y and (3-C,S) in the belite clinker can be stabi-
lized by quick cooling, at least 500 °C/min in the temperature range
1300-700°C, or by inclusion of an appropriate mineralizer. Foreign
oxides, such as MgO, K,0, BaO and SO3, improve the formation of
o/1-C,S and increase its hydraulic properties [1,7].

1 Cement chemistry notation: Ca,SiO, in terms of its oxides is 2Ca0-SiO,. The CaO

term is shortened to C and the SiO; to S. The compound thus becomes C,S.
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In recent years, researchers have begun to study the use of
industrial wastes and by-products as secondary raw materials in
the synthesis of reactive belite cement at low burning tempera-
ture. They have used the hydrothermal treatment as a synthesis
method, since silica has a high solubility under these conditions
[11-15]. This kind of cement has also been synthesized by other
researchers [16] by replacing the hydrothermal treatment by an
ultrasound process, which is equally effective. Some researchers
have studied the synthesis of reactive belite by a hydrothermal
calcination method using coal combustion fly-ash of low-lime con-
tent and fly-ash from municipal solid waste incineration [17-23].
The dehydration of various mixture phases, by controlled heating,
leads to the formation of reactive belite ([3-Ca,SiO4), mayen-
ite (Caj2Al14033) and calcite (CaCOs). Other researchers have
used the same method but with coal fly-ash of high-lime con-
tent [19,21,22,24]. During the hydrothermal treatment under high
pressure (200°C, 1.24 MPa), the pozzolanic reaction of fly-ash is
strongly activated, thus leading to the formation of hydraulic pre-
cursors. After dehydration of the precursors at 1000 °C, a mixture
of B-C5S, o’ -C;,S, mayenite and calcite is formed. The compressive
strength of this cement at 28 days reaches similar values to those
for Portland cement CEM [-32,5 [19]. This cement also has good
resistance to sulphate attack [25].

The contribution of the present work concerns the production of
reactive belite cement containing only o’ -C5S as the highly reac-
tive belite phase, starting from a fluidized bed fly-ash of system
Ca0-Si0,-Al;03-S03, by using the hydrothermal method in an
alkaline solution at relatively low temperature (100°C max) and
under atmospheric pressure, unlike other studies found in the lit-
erature, for which the temperature and pressures were higher. The
synthesis parameters were also optimized, namely: temperature,
pressure and time of stirring, nature of liquid solution and its con-
centration, and temperature and duration of mixture burning.

2. Experimentation
2.1. Sample testing

The chemical compositions of the raw materials, mixture and
synthesized clinkers were determined by X-ray fluorescence (PW
1404X). A scanning electron microscope (Philips XL30) and EDX
analysis were used to study the belite phase. The crystallized
phases were identified by X-ray diffraction with a Siemens D5000
diffractometer equipped with a variable slit opening and using
Co Ka radiation. It should be noted that silicon was used as
the external standard in this study. Chemical analysis using the
“glycerin-alcohol” method was performed to determine the free
lime content in the burned mixtures.

2.2. Material used

The raw materials used to prepare the mixtures were indus-
trial wastes: fluidized bed fly-ash and slaked lime dust recovered
from lime bagging workshops. The fly-ash resulted from the calci-
nation at 850 °C of a mixture of different coals. Contrary to classical
round-shaped coal fly-ash which are commonly used in cement-
based materials, this kind of fluidized bed fly-ash is very difficult
to reuse due to its particular morphology and high SO3 content. Its
specific surface area was 880 m?/kg. The chemical compositions of
these materials were determined by X-ray fluorescence (Table 1).
The mineralogical composition of the fly-ash is given in the XRD
pattern (Fig. 1). This fly-ash was mainly composed of anhydrite,
quartz, free lime, hematite, and traces of calcite, portlandite and
micas. The presence of glass was also confirmed by a small diffusion
hump. The slaked lime dust (industrial waste from lime bagging

Fig. 1. XRD pattern of fluidized bed coal fly-ash.

workshops)was mainly composed of portlandite but also contained
calcite, resulting from the lime carbonation during stocking.

2.3. Synthesis procedure

In order to obtain global belite cement, the lime/silica molar
ratio must be equal to 2. The lime deficit in the ash was compen-
sated by the addition of slaked lime. The hydrothermal method
was used to produce o';-C,S-rich cement. The synthesis process
was divided into two stages: the first stage was the hydrothermal
treatment, which produced hydrated precursors. The raw mixture,
composed of fly-ash and slaked lime dust with CaO/SiO, molar ratio
of 2, was put either in demineralized water, or in a solution con-
taining NaOH or KOH at various concentrations, with a liquid to
solid ratio of 5. NaOH and KOH were used to allow the production
of precursors favouring the synthesis of o’ -C5S.

The liquid mixture obtained was stirred for a fixed time between
0 and 24 h under atmospheric pressure and activated at 3 different
temperatures (20, 50 and 100°C). After hydrothermal treatment,
the suspension was vacuum filtered to eliminate the excess of alka-
lis, and then dried in a drying oven at 105 °C. The second stage of
the synthesis process was the burning of the dry sample in a muffle
furnace at a temperature ranging between 600 and 1100 °C, with a
heating rate of 5 °C/min, followed by fast air-cooling.

Table 2 is used as the reference for the identification of the vari-
ous phases in this study. It gives compounds, chemical formulas and
ICDD card numbers of the minerals contained in the raw materials,
hydrothermal mixtures and synthesized cements.

3. Results and discussion
3.1. Parametric study of hydrothermal treatment

This section aims to evaluate the effect of different parameters
on the composition of mixtures after the first stage (solid obtained
from the hydrothermal treatment) and the second stage (cement
obtained after burning of the hydrothermal solid) of the synthe-
sis. The parameters studied included the type and concentration of
chemical activation, the temperature of activation and the stirring
time.

3.1.1. Type of chemical activation

According to the previous works, fly-ash can be activated by
mechanical treatment (fine crushing) [26-30], chemical treat-
ment (addition of chemical activator such as NaOH) [31-34], or
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Table 1

Chemical compositions of the raw materials used for the synthesis of belite cement.
Material SiOZ A12 03 F8203 Cao MgO 503 Kzo NaZO TiOZ P205 LOI
Fly-ash 239 11.1 5.6 29.52 1.1 14.7 14 0.1 0.4 0.4 9.6
Lime dust 1.8 0.2 0.4 734 0.9 - 0.02 0.03 - - 23.0

LOI: loss on ignition.
2 Including free lime (9.2%).

hydrothermal treatment [19,20,22,25]. In our study, chemical and
hydrothermal processes were combined to improve the chemical
reactivity of the fly-ash. The conditions of hydrothermal treatment
were fixed at a maximum temperature of 100 °C and atmospheric
pressure, in contrast to other studies found in the literature, for
which the temperature and pressures were higher. The continuous
mechanical stirring and its duration (5 h) were selected on the basis
of preceding work on fly-ash activation [18,23,35-38].

The minerals found in the mixtures, after hydrothermal treat-
ment in H,0, NaOH (1 M) and KOH (1 M) but before calcination, are
given in Fig. 2. This figure also presents the mixture of fly-ash and
lime homogenized in water at 20 °C for 1 h (taken as the reference
here).

The only common change for all mixtures was the disappear-
ance of free lime. Compared to the reference mixture (20°C-1h),
the hydrothermal treatment of 5h in 100°C H,O0 led to a partial
dissolution of anhydrite and a precipitation of kuzelite, a cal-
cium aluminium hydroxide sulphate (CazAl;(OH)12(SO4)-6H50).
Aluminium came from either the micas or the amorphous phase.
Part of the portlandite was carbonated to form calcite. Otherwise,
no significant changes were detectable for this treatment, including
in the quartz phase of the fly-ash.

The hydrothermal treatments in a basic environment
(100°C-5h) induced other significant modifications in the
mineralogy of the mixtures, such as the complete dissolution
of anhydrite and the partial consumption of quartz. Anhy-
drite was consumed by NaOH and KOH according to the
following reactions: CaSO4+2NaOH — Ca(OH), +NaySO4 and

Table 2
Identification of the various phases of crystalline compounds contained in raw mate-
rials, hydrothermal mixtures and synthesized cements.

Compound Formula ICDD no.

Q  «-Quartz Si0, 46-1045
C Calcite CaCOs3 05-0586
H Hematite Fe,03 33-0664
M  Mica (e.g. muscovite) KA, (Si3Al)O10(OH), 02-0055
L Lime Cao 37-1497
P Portlandite Ca(OH), 04-0733
A Anhydrite CaSO4 37-1496
Cs  Calcium sulphite CaS0s3 44-0517
T Thenardite Na, S04 01-1009
Ar  Arcanite K>S04 24-0703
G Gypsum CaS04-2H,0 76-1746
Ge Gehlenite CayAl;SiO7 35-0755
89-5917

o’ (X']_—Czs OL']_—C&zsiO4 36-0642
B B-C.S 3-Ca,SiO4 33-0302
29-0371

W  Wollastonite CaSiO3 76-0186
27-1064

19-0248

Ma Mayenite CajpAl14033 09-0413
Y Yeelimite CasAlgSOq6 16-0440
B Ettringite CagAly(S04)3(0H)12-26H20 41-1451
CSH C-S-H Ca;5Si035-xH, 0 33-0306
K  Katoite CazAl,(SiO4)(OH)s 38-0368
Ku Kuzelite CasAly(OH)12(S04)-6H,0  83-1289
Ka Kaliophilite KAISiO4 33-0989
Te Ternesite Cas(Si04)2S04 70-1847
Si  Silicon (used as external standard) Si 27-1402

CaSO4 +2KOH — Ca(OH); +K5S0y4. The treatment in 1 M NaOH led
to total disappearance of portlandite (and free lime) and a signif-
icant increase in the amount of calcite (Ca(OH);, + CO, — CaCO3).
The sulphates made available by the dissolution of anhydrite
were found as thenardite (Na,SO4). The presence of katoite
(Ca3Aly(SiO4)(OH)g) was also observed. The sources of aluminium
and silicon came from the dissolution of the amorphous phase of
the fly-ash (and probably from quartz for Si). The 1M KOH treat-
ment produced small amounts of kuzelite, katoite and arcanite
(K5S04), and probably also C-S-H, as confirmed by the presence of
the hump in the 2.33-3.56 A (29-45° 26 Ko Co) region.

The compounds obtained after burning of the reference and
hydrothermal mixtures at 1100°C were identified by their XRD
patterns (Fig. 3). C;S was present in all four cements, but the poly-
morphic forms differed depending on the treatment used. Fig. 4
highlights the differences of the principal XRD peaks of both o’ and
[ forms, characterized by a small but significant shift in the range of
lattice spacing 2.69-2.78 A. As shown in this figure, only hydrother-
mal treatments in NaOH (HT-NaOH) and KOH (HT-KOH) led to
the formation of o’ -C,S. HT-NaOH gave both forms of C,S, while
o'y, seemed to be the exclusive form in HT-KOH mixture. Inten-
sities of the characteristic peaks of o/ -C;S were much stronger
in the case of KOH treatment. For this reason, KOH was selected

Fig. 2. XRD patterns of mixtures after the first stage of synthesis. Hydrothermal
treatment at 100°C and 5 h stirring, in different solvents (H,O, 1 M NaOH, 1 M KOH).
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Fig. 3. XRD patterns of hydrothermal mixtures after the second stage of synthe-
sis. Mixtures burned at 1100°C to form belite cements (hydrothermal conditions:
heating temperature of 100°C, stirring time of 5h, solvents: H,O, 1M NaOH, 1M
KOH).

Fig. 4. XRD patterns showing the types of C,S obtained after the two stages of
synthesis. Mixtures burned at 1100°C after hydrothermal treatments (conditions:
heating temperature of 100°C, stirring time of 5h, solvents: H,0, 1M NaOH, 1M
KOH).

as the most appropriate solvent for the hydrothermal synthesis of
belite cement in the rest of the study. It seemed that the synthesis
of o’ -C,S was favoured by the presence of portlandite, probably
because of the lower temperature of decomposition of portlandite
compared to anhydrite.

Mixtures without HT treatment and with HT treatment in H,O
gave only the B-form of C,S. The small shift of the main peaks
observed for 3-C,S around 2.73 A was probably due to the presence
of foreign elements in the structure of the compounds.

In addition to C,S, the synthesized cements contained other
minerals (Fig. 3): free lime and small amounts of wollastonite
(CaSiO3), showing an incomplete combination of calcium. More-
over, gehlenite (CayAl;Si0O7) was formed in all cements. This
mineral is poorly reactive and can be considered as inert compared
to o/t or B-C,S. To avoid the synthesis of this compound, it would
be necessary to use raw materials with no available aluminium,
which is quite rare for coal fly-ashes since their amorphous phases
always contain this element.

Almost all mixtures contained arcanite (K;SO4), a mineral
known to be a setting accelerator of cement. A significant amount
of anhydrite was still present in the reference mixture (without HT
treatment). H,O HT treatment also left a small quantity of anhy-
drite.

Some particular minerals were found in the different mixtures:
kaliophilite-type mineral (KAISiO4) in KOH HT cement and terne-
site (Cas(Si04)2S04) in cements obtained with and without H,O
HT treatments. A small quantity of yeelimite (CazAlgSO46) was also
detected in the reference mixture.

To decrease the concentration of the hydrothermal solution, a
test was carried out with a concentration of 0.6 M KOH. This mixture
was subjected to a hydrothermal treatment at 100°C for 5 h, fol-
lowed by burning at 1100 °C and rapid air-cooling. The comparison
of the belite cements obtained using KOH solutions at 0.6 and 1M
showed that liquid solution of 0.6 M KOH was sufficient to obtain
cement containing o't -C, S without 3-C,S.

3.1.2. Temperature and time of activation

In order to optimize the synthesis parameters and make the
belite cement manufacture more economical, the effect of temper-
ature and stirring time on the formation of belite cement minerals,
in particular o' -C;S belite phase, were studied. The hydrothermal
treatments were carried out in a 1 M KOH solution at heating tem-
peratures of 20, 50 and 100°C for stirring times of 1, 2, 5, 12 and
24 h. The burning temperature after hydrothermal treatments was
set to 1100°C. Tables 3 and 4 give the mineral species found in
the mixture after hydrothermal treatments and burning at 1100°C,
respectively.

3.1.2.1. Treatmentat20°C. Table 3 reports the mineralogy of solids
obtained after hydrothermal treatment (1 M KOH) carried out at
heating temperatures of 20 °C for stirring times of 1, 5 and 24 h. The
mineralogical composition of the cements obtained after burning
these hydrothermal mixtures at 1100°C is given in Table 4 and
Fig. 5.

The pure fly-ash contained a significant quantity of free lime
(Ca0) and anhydrite (CaSO4) (Fig. 1), which disappeared with the
hydrothermal treatment. The continuous stirring led to the forma-
tion of arcanite, gypsum and ettringite after treatment of 1, 5 and
24 h, respectively. A small amount of calcium sulphite (CaSO3) was
also detected in the hydrothermal mixtures. Significant quantities
of portlandite and calcite were still present after 24 h of stirring.
The intensity of the hump seemed to increase slightly with the time
of treatment. This amorphous phase can probably be attributed to
C-S-H.

The samples burned at 1100 °C contained (3-C,S and other neo-
phases such as gehlenite, mayenite and yeelimite. Large quantities
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Table 3
Mineral species in mixtures after hydrothermal treatment in 1 M KOH solution (20, 50 or 100°C).
Hydrothermal 20°C 50°C 100°C
treatment -
1h 5h 24h 5h 12h 2h 5h
Q Quartz v N N v v v N
C Calcite J J i N W J i
P Portlandite o Vi Vi Vi «/ J Vi
H Hematite v N N N v v N
M Micas v v v v v v v
A Anhydrite Jtr Jtr Jtr Jtr Jtr Jtr Jtr
G Gypsum Jtr N v v N
Cs Calcium sulphite Jtr Jtr
Ar Arcanite Jtr Vi i v ¥ Vi Vi
K Katoite N J v v
Ku Kuzelite i
CSH C-S-H N J i
E Ettringite Vi
tr: trace.
Table 4
Mineral species in mixtures after hydrothermal treatment in 1M KOH solution (20, 50 or 100°C) and burning at 1100°C.
Hydrothermal 20°C 50°C 100°C
treatment =
1h 5h 24h 5h 12h 2h 5h
o o/1-C2S v v v v
B B-CoS N N N v v
L Lime N N N v v v N
Q Quartz Jtr
w Wollastonite i Jtr Jtr Jtr v v i
Ge Gehlenite J J N N J J J
Ar Arcanite Jtr v N N N J N
Ma Mayenite (Ci2A7) N N N v v
Y Yeelimite (C4AsS) J J
Ka Kaliophilite N N J

tr: trace

of free lime were present in the mixture stirred for 1h at 20°C
(Fig. 5). However, no trace of a’[-C;S was found, even for the
hydrothermal mixture stirred for 24 h. Most of the compounds
present in the hydrothermal mixtures disappeared after burn-
ing at 1100°C. Only arcanite and small amounts of quartz (for
1h stirring) were still present. The significant consumption of
quartz at relatively low temperature was probably due to the pres-

Fig. 5. XRD patterns of hydrothermal mixtures after the second stage of synthe-
sis. Mixtures burned at 1100°C to form belite cements (hydrothermal conditions:
heating temperature of 20 °C, stirring time of 1, 5 and 24 h, solvents: 1 M KOH).

ence of elements (e.g. alkalis) decreasing the fusion temperature
of the mineral. Prolongation of the stirring time without heating
decreased the free lime content and improved the formation of
B-C,S, but did not lead to the formation of o’;-C;S. Thus, it was
necessary to increase the temperature of treatment.

3.1.2.2. Effectof hydrothermal temperature. Table 3 and Fig. 6 report
the effect of hydrothermal temperature by giving the mineral-
ogy of solids obtained after hydrothermal treatment (1M KOH)
carried out at heating temperatures of 20, 50 and 100 °C for a con-
stant stirring time of 5 h. As the hydrothermal heating temperature
increased, gypsum and calcium sulphite gradually disappeared,
and the quantity of portlandite decreased. Neo-formed products
were detected, mainly kuzelite, katoite and C-S-H (crystallized
and amorphous form). These formations intensified with increasing
temperature and stirring time.

Fig. 7 shows that burning the hydrothermal mixtures at 1100°C
led to the formation of C,S. Only the [3-form was present for HT
treatment at 20 °C, while a gradual appearance of the o’ -form was
observed with the increase of HT temperature. For HT heating at
100°C, B-C,S phase was completely transformed into o’(-C,S in
this cement (Fig. 7). This treatment time was sufficient for this tem-
perature but a longer time appeared necessary for the treatment at
50°C.

3.1.2.3. Combined effect of hydrothermal temperature and stirring
time. Fig. 8 gives the XRD patterns of burned mixtures at 1100°Cin
the zone allowing the identification of the two types of C;S detected
in this study. As already stated, it can be seen that hydrothermal
treatment at 20 °C only led to 3-C,S. The ot -form was obtained for
hydrothermal treatments at 50 and 100 °C. However, short stirring
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Fig. 6. XRD patterns of mixtures after the first stage of synthesis. Hydrothermal
treatment in 1M KOH at 20, 50 and 100°C and 5 h stirring.

times did not allow the formation of o;-C,S phase alone, even at
a hydrothermal heating temperature of 100°C. For 2 h of stirring,
[3-C,S belite phase was present with o/ -C5S.

In mixtures stirred for 12h at 50°C and 5h at 100°C, the -
C,S phase was completely transformed into o -C5S with a strong
increase in the peak intensities. For these conditions of HT treat-
ment, equivalent cements were obtained. So, in order to improve
the formation of o/t -C,S in the mixtures at low hydrothermal heat-
ing temperatures (e.g. when the temperature is decreased from 100
to 50°C), an extension of the stirring time at 50°C is needed. An
optimization of the process will be needed in order to highlight

Fig. 7. XRD patterns showing the types of C,S obtained after the two stages of
synthesis. Mixtures burned at 1100°C after hydrothermal treatment (conditions:
heating temperature of 20, 50 and 100°C, stirring time of 5 h, solvent: 1 M KOH).

a relation giving equivalent cement for various time-temperature
combinations in the hydrothermal treatment.

3.2. Reduction of burning temperature of hydrothermal mixtures

To decrease the temperature of cement synthesis, a mixture
which gave satisfactory results in the formation of o’ -C;,S belite
phase was chosen in order to study the effect of burning tempera-
tures, from 600 to 1100 °C. The selected mixture was that coming
from hydrothermal treatment with KOH (0.6 M) heated at 100°C

Fig. 8. XRD patterns showing the types of C,S obtained after the two stages of synthesis. Mixtures burned at 1100 °C after hydrothermal treatments (conditions: heating

temperature of 20, 50 and 100 °C, stirring time of 1, 5, 12 or 24 h, solvent: 1 M KOH).
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Fig. 9. XRD patterns of mixtures burned at different temperatures (600-1100°C),
after hydrothermal treatment in 0.6 M KOH solution (hydrothermal conditions:
heating temperature of 100 °C, stirring time of 5 h).

for 5 h of stirring. The results are illustrated by their XRD patterns
in Fig. 9. Fig. 10 gives the variation of the principal peaks of o’y and
B-C,S in the range of lattice spacing 2.69-2.78 A

At 600°C, very few reactions occurred and most of the com-
pounds in the mixture had been present in the initial materials.
Only a small amount of gehlenite was detected as a new-formed
product. The burned mixture contained significant quantities of
quartz and calcite (Fig. 9), and no trace of free lime (Fig. 9 and
Table 5). This temperature was too low to initiate the decarbonation
process and thus allow the reaction between calcium and silicon.
Arcanite, hematite and an amorphous phase were still present in
the mixture. Neither o’y nor -C,S seemed to be formed at this
temperature.

At 700°C, the presence of C,S was detectable, but mainly in the
B-form. o'y was probably also formed (Fig. 10). Thermal analyses
showed that this phase could be obtained around this tempera-
ture [39]. Calcite disappeared totally and quartz was significantly
consumed (Fig. 9), according to reactions: CaCO3 — CaO + CO,, fol-
lowed by 2CaO +SiO, — Ca;SiO4. A high free lime content was
found in this mixture, due to the decomposition of calcite (Table 5).
Other authors have found that calcite can be decarbonated around
650°C when mineralizers (e.g. alkalis, fluorite, phosphates, sul-
phates and chlorides) are used [40,41]. These mineralizers can also
decrease the temperature of formation of silicates [41].

At 800 and 900°C, ot -C,S seemed to be the main belite phase
but we cannot be completely sure that a small quantity of 3-C,S
was not formed (Fig. 10). A large decrease in the amount of quartz
and free lime (Table 5) was noted for these mixtures.

Table 5

Free lime contents in burned mixtures at various temperatures (600-1100 °C), after
hydrothermal treatment in 0.6 M KOH solution (hydrothermal conditions: heating
temperature of 100 °C, stirring time of 5 h).

Burning temperature (°C) 600 700 800 900 1000 1100

% Free lime Not detected 5.6 14 1.2 0.8 0.3

Fig. 10. Details of C;S in XRD patterns of mixtures burned at different temperatures
(600-1100°C), after hydrothermal treatment in 0.6 M KOH solution (hydrothermal
conditions: heating temperature of 100°C, stirring time of 5h).

At 1000 and 1100°C, it can be assumed that there was no [3 phase
left, since peaks of o -C,S were higher. A significant increase of the
amount of gehlenite and the appearance of KAISiO4 were observed.
At these temperatures, quartz was no longer available and the free
lime content reached values under 1% (Table 5).

To summarize, it seems that the o/ -form of belite can be syn-
thesized and stabilized at a temperature of around 700-800 °C, but
the (3-form is probably present up to 1000°C.

3.3. Characterization of synthesized cement

A temperature of 800°C was selected for the synthesis of o -
C,S. The belite cement obtained from this product also contained
small amounts of free lime and other minerals (Fig. 9). This belite
cement, rich in o/t -C5S, obtained at low burning temperature, was
selected to determine its morphological, chemical and physical
properties.

The cement morphology, determined by scanning electron
microscopy, shows that this cement is characterized by round belite
crystals of reduced size (smaller than 10 wm) (Fig. 11). The reduced
size of the o/ -C3S belite phase should improve its hydraulic reac-
tivity [20,22,42-44].

EDX analysis of this cement showed an elementary composition
containing Ca and Si with a Ca0/SiO, molar ratio equal to 1.86, and
insertion of the elements S, Al, Fe, Mg, K, Na and P (Fig. 11). The
large amounts of Al and S were due to the chemical composition of
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Fig. 11. Morphology and qualitative elementary composition by EDX analysis of C;S cement synthesized at 800°C.

the ash, rich in sulphate and alumina. According to several authors,
the presence of these elements in o/ -C,S crystalline structure and
the substitution of Ca by these elements could create disorders in
the crystal lattice, thus leading to an improvement in the hydraulic
reactivity [45-49].

4. Conclusion

This paper has focused on the synthesis of o’y -C,S-rich cement
starting from fly-ash of system CaO-SiO,-Al,03-SO3 with added
slaked lime dust. This synthesis was possible by using the
hydrothermal method in basic (alkaline) solvents at relatively
low temperatures (50 or 100°C) and under atmospheric pressure,
contrary to other studies found in the literature, for which the
temperature and pressures were higher. The KOH or NaOH liquid
solutions both allowed o/ -C;S-rich cement to be obtained but the
formation of this phase was facilitated with KOH solution. The use
of water as the solvent did not lead to the o/ -C;, S belite phase being
obtained alone.

Obtaining cement with o’ -C5S is possible if the precursors are
prepared in KOH liquid solution (0.6 M) after continuous stirring for
5hat 100°C (or 12 h at 50°C), followed by burning at a minimum
temperature of 800°C and air-cooling. At 1000 °C, the sole belite
phase formed is ot -C; S, with small amounts of free lime and other
phases such as K,SO4, known to be a setting accelerator. Some other
minerals (e.g. gehlenite and wollastonite) can also be found. The
o/ -C,S-rich cement synthesized was characterized by crystals that
were round and reduced in size. In addition to Ca and Si, this belite
phase contains other elements, such as Al, Fe, Mg, K, Na, which
probably increase the disorder of its structure.

Further work will focus on optimizing the method, on evalu-
ating and increasing the reactivity of belite cements, and on the
assessment of the environmental impact of the use of fly-ash for
the synthesis of binders.
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