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Abstract

In this research, a high belite cement is synthesized by using industrial
by-products as starting materials.  There are two pathways; firing so called
“clinkerization” and hydrothermal processes used for the synthesis.

Clinkerization process; the studied parameters are firing temperature, heating rate,
cooling rate and types of mineralizer. The clinkers are investigated in term of phase
composition. As a result, the clinkers mostly consist of larnite and gehlenite phases and
compressive strength at 28 days and 45 days of belite rich cement mortar are 16.15 and
18.90 kg/cm?, respectively.

Hydrothermal process; the synthesis is studied by wusing different alkali
concentrations and different temperatures of calcination. The calcined phases are
investigated in terms of phase composition and microstructure. The hydrothermal
products are katoite and afterwards transformed into belite cement by calcination. The
compressive strength at 28 days of belite rich cement mortar giving a 49-93 kg/cm?,

Keywords: Belite rich cement, Fly ash, Clinkerization process, Hydrothermal process,
Dissolution-precipitation
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HIGH BELITE CEMENT

clinkerization

(solid state reaction)

!

raw materials

Ca: fly ash, CaCO,, FGD-gypsum
Si : fly ash

hydrothermal

(dissolution and precipitation reaction)

!

raw materials
Ca : fly ash, Ca(OH).
Si : fly ash

XRF, XRD

characterization of raw materials:

pH, particle size distribution,

XRF, XRD

mixing and grinding

- pot mill

DTA

particle size distribution,

\
chemical reaction

- electrical furnace

!

characterization of clinkers

mechanical property
instrument

characterization of raw materials:

pH, particle size distribution,

- stiring

™ DTA

Y

chemical reaction

- autoclave

'

chemical reaction

- calcination

characterization of clinkers

- XRD

- setting time

mechanical property

- compressive strength

l

compared with OPC

I

environmental impact

(leaching test)

instrument

- setting time
XRD

- compressive strength

'

compared with OPC

!

environmental impact

(leaching test)
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U U

) Aouuaa’len (1) unalandi 750°C (@) uaa'lnii 850°C (1) una'lanii 950°C

[P:portlandite (Ca(OH),), C:calcium carbonate (CaCOs3), Q:quartz (SiO,), F:magnetite (Fe;Oy,),
O:calcium oxide (CaO), M:mayenite (Ca,,Al4,033), K:katoite (Ca;Al,SiHgO5),
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Wouaa laiulian 750 oerwaiFoa tld katoite nlaguilu ladole
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Synthesis of Belite Bearing Cement from Mae Moh Fly Ash
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Abstract: Belite cement is friendly environmental material as it can be produced at low temperature in the range of
750-950°C leading to energy saving and low carbon dioxide emission. The synthesis of belite bearing cement is studied
by using different alkaline concentrations and heat treatment temperatures. The synthesis is based on the hydrothermal -
heat treatment-route. The intermediate and final products are investigated in terms of phase composition and
microstructure. The hydraulic and mechanical properties of belite bearing cement mortar are studied using setting time
and 28 days compressive strength as indicators. As a result, the final product is belite rich cement giving a 1-10 hrs. of
final setting time and a 5-9 MPa of 28 days compressive strength.

Keywords: Belite rich cement, Fly ash, Hydrothermal process, Dissolution-precipitation

1. Introduction

The Portland cement manufacturing industry has been
facing the pressure to reduce energy consumption and
CO, emissions [1]. Some estimates put the cement
industry total as high as 5% of total global CO; emissions
that is only a minor part of the larger issues of the role of
the construction industry in the sustainable development
of our civilization [2]. This rescarch. however. is carried
out to reduce the global CO; emission as well as energy
saving related to cement manufacture. Cement that
contains high proportion of belite (C,S) has been
accepted to be one of the interests because the belite-rich
cement can be manufactured by using lower LSF (Lime
Saturation Factor), lower carbonate content and lower
burning temperature resulting in a less CO; emission than
Portland cement (PC). The belite cement phase (Ca,S10y)
of dicalcium silicate i1s a component of the Portland
cement, which does not contribute to the early strength
owning to its very low hydraulic activity [3]. However,
the long-term strength of belite based materials can reach
the same level of that of PC. The belite cement obtained
from firing technique has several drawbacks such as low
specific surface area and slow hydration. In order to
improve both disadvantages, the dissolution-precipitation
method at high temperature so called "hydrothermal
process" 1s considered because the belite cement is
formed through the pathway of gellation which can
provide very fine particles. Another way for dissolving
the latter drawback is adding a reactive component such
as calcium sulfoaluminate. CyA3S* in the hydrothermally
belite-rich cement as the hydration of this phase
contributes the ecarly strength due to ettringite
(CsAS;*H;,) formation. Such sulfoaluminate cement is
produced at the temperature around 1100°C and thus low
energy 1s consumed in the production.

This research, therefore, aims to hydrothermally
synthesis belite bearing cement from fly ash used in
specific application which has no early strength demand
such a concrete block production. The studied factors
here are alkaline concentration effect on the dissolution
of the starting material and therefore on the precipitation
of the final product (belite rich cement) and heat
treatment effect on phase development of the final
product. Fly ash generally contains glassy phase and high
silica content which possesses pozzolanic property
resulting in a formation of calcium silicate hydrate
(CSH), similar to that produced by the hydration of PC.
Other cementitious products are also formed as a result of
the pozzolanic reaction between lime and alumina or iron
oxide. Hydrothermal processing is widely used for CSH
and calcium aluminate hydrate (CAH) preparations and
the hydration products afterwards are transformed into
the final product or reacted cement by using heat
treatment process. The hydrothermal-calcination-route
was first used by Jang and Roy [4]. The latent heat
which is in charge of hydraulic property of fly ash is
mfluenced by the chemical and mineralogical
compositions, the surface area and the type of activation.
Generally, fly ash becomes more active by alkaline
activation that is affected by a high concentration of OH
in the mix. The siliceous fly ash partly therefore is
activated and dissolved resulting in silanol group
(=S1-OH) which is neutralized in the alkaline medium
and precipilated as various types of hydration products
depending on types of major and minor clements
containing in fly ash. The heat treatment process is
performed to remove chemically bound water from the
hydration products and to transform the anhydrous
products into the required belite bearing cement.
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2. Experimental

Fly ash was obtained from Mae Moh Power Plant located
in Lampang province. Hydrated lime (Ca(OH),) is a
commercial grade reagent supplied from Northern
Chemical Co., Ltd.

2.1 Synthesis of belite bearing cement

Fly ash and calcium hydroxide were used as starting
materials. They were mixed at a Ca/Si molar ratio of 2.
The chemical composition of fly ash is shown in Table 1.
Fly ash was first dissolved in hydrated lime solution and
then treated hydrothermally at 120-140°C. 1 M and 3 M
sodium hydroxides (NaOH) were used as alkaline
activators. The hydrothermal or intermediate products
were calcined at different temperatures from 750, 850
and 950°C.

Table 1 Chemical composition of fly ash

90

CaO SiOZ AlgOg FC:O-_‘ Nﬂgo KZO
1721 | 3845 | 21.32 | 1438 0.93 271
MeO Ti0, MnO P05 S0;
2.49 0.44 0.15 0.18 1.69

2.2 Analysis and measurement

Thermal analyze was recorded using a Perkin-Elmer
DTA device with a heating rate of 10°C/min in air
stream. The phase compositions of the synthesized
cement were investigated using a Philips X'Celerator
diffractometer with a Cu Ka, radiation. SEM analyzes
were carried out with JEOL JSM-3910 LV microscope
equipped with EDS  microanalysis. Fineness 1s
determined using Blaine test according with ASTM C204
[5]- Compressive strength at 28 days and setting time
tests were done according with ASTM C109 [6] and
C191 [7], respectively.

3. Results and discussions

3.1 Thermal analysis

As shown in Fig. 1, the physical and chemical reactions
of the hydrothermal reaction products were detected by
DTA in the range of RT-1100°C.

endothermic 440-600°C

0 T T ¥ T T T T ¥ T T 1

4] 10 200 300 400 SO0 600 TOO M) 900 1000 1100
Tanperature (deg C)

Figure 1 DTA-curve of hydrothermal reaction products

The used calcining temperature was followed up using
DTA-curve. The hydration or intermediate products
begin to decompose into anhydrous phase at 440-600°C,
The decomposition of Ca(OH), also takes place at that
temperature range. However, there is no exothermic peak
which is in charge of new phase development appearing
at the higher temperature. This is similar to the result
obtained from Heller mentioning the transformation of
CSH into B-C,S at 450°C [8]. It is pointed out that there
is very few of calcite (CaCO;) remaining in the sample
relating to the effective consumption of hydrated lime in
the hydrothermally chemical reaction. Ishida et al
reported that the [3-C;S was formed when the anhydrous
phases were heated further to 900-1000°C [9].

3.2 Mineralogical analysis

The starting fly ash contains calcium aluminate
(CapAl14Os3). mullite (AlgSi;Oy3). anhydrite, quartz.
magnetite, lime and glassy phase which is identified by
hump peak as reported by XRD curve in Fig. 2.
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Figure 2 XRD-pattern of as-received fly ash
Note : A=CaS0,, Q=S5i0,. F=Fe;0, 0O=Ca0. I=AlsS5i;0y3.
M=CayAl 4O

30 &0

Mineralogical compositions of the hydration products
and the final cement products prepared from the mixture
of fly ash and hydrated lime arc recorded as XRD-
patterns as shown in Fig. 3. As a result of hydrothermal
synthesis, new hydration phases: katoite (CazAl,SiHzO,,)
which is a cubic crystallographic variety of hydrogarnet
series is formed and CSH gel (Ca, 58105 5. xH,0) is also
developed identified by a small hump peak as
demonstrated in Fig. 3 (a). The reflections of caleite and
portlandite show that the fly ash pozzolanic reaction
under steam is not completed. With heat treatment at
750°C, katoite is entirely changed into alpha and
beta-belite (o' & P-CayS10,) as shown in Fig. 3 (b).
In addition, mayenite (Ca;pAlLOs;).  portlandite,
magnelite and calcile are decreased indicating the
transformation of those minerals into belite phase. With
increasing caleining temperatures from 750°C to 950°C,
the mtensities of the belite are increased and a new phase
so called "gchlenite" (CayAlSi105) 18 formed when the
caleining temperature is raised up to 950°C. Gehlenite is
not desirable due to its small hydraulic property but can
give Ca and Al ions with the presences of strong base [3].
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Figure 3 XRD-patterns of the mixtures made of fly ash-
hydrated lime-water (a) noncalcined (b) calcined at
750°C (c) at 850°C (d) at 950°C
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Figure 4 XRD-patterns of the mixtures made of fly ash-
hydrated lime-1 M NaOH-water (a) noncalcined
(b) calcined at 750°C (c) at 850°C (d) at 950°C
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Figure 5 XRD-patterns of the mixtures made of fly ash-
hydrated lime-3 M NaOH-water (a) noncalcined
(b) calcined at 750°C (c) at 850°C (d) at 950°C

Note : P=Ca(OH),, C=CaC(O3, Q=Si0., F=Fey04 O=CaO,
M=CayAl14O3, K=Cas Al S1HgOn,, X=a-Ca 510y,
L=B-Ca;S10,, G=CayAlLSI104,
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Mineralogical compositions of the hydration products
and the final cement products prepared from the mixture
of fly ash and hydrated lime activated by 1 M and 3 M
NaOH are recorded as XRD-patterns as shown in Fig. 4
and 5, respectively. Generally, XRD-patterns of both 1M
and 3 M NaOH activated mixtures are similar. In
addition, they are similar to the patterns of non-activated
mixtures for all ranges of calcining temperatures but the
intensities and the amount of gehlenite. In fact, pH
significantly controls solution speciation and dictates the
form and mechanism by which the various complexes
precipitate [10]. The dissolution of pozzolanic material
can be, therefore, accelerated when pH of a sysiem is
over 13 [11.12]. From the above results. it is pointed out
that the activations using both 1 and 3 M NaOH slightly
affect the belite preparations. It possibly means that most
of silica containing in fly ash can be hydrothermally
dissolved. The alkaline activations can slightly enhance
the quantitics of the belite cement. XRD powder
evidences show that the obtained belite cements are the
mixture of «;'-C,S and B-C;S. In addition, a small
amount of portlandite still remains afler the calcinations
for all temperature ranges. This must be strictly taken
into consideration as lime can produce expansion during
hydration.

3.3 Microstructure analysis

SEM analyses were carried out on the belite bearing
cements obtained from the hydrothermal-calcination-
route with both non-activated and NaOH activated
systems. The results reveal that with a non-activated
synthesis there are rounded and irregular particles at the
surfaces of fly ash particles after 750, 850 and 950°C
calcinations as shown in Fig. 6 (b), (¢) and (d). The
hydrothermal products have no such particles as shown in
Fig. 6 (a). A very common shape of belite cement in the
form of -C,8 mixed with some oy '-C5S is rounded. For
the B-C,8 to ay-C,S transformation, the shape of those
grains 1s typically irregular [13]. Therefore, these
photomicrographs confirm the existences of both oy '-C,S
and [(-C,S. The particle size of the belite rich cement
increases with an increase of calcining temperature due to
a grain growth. In the presence of 3 M NaOH, the particle
shape of belite cement is about out-rounded after 750°C
calcination and becomes irregular when the calcining
temperature is up to 850°C as shown in Fig. 7 (b), (c) and
(d). It can be said that the NaOH activated fly ash
resulting in the oy '-C,S phase rather than p-C,S phase.
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Figure 6 SEM-photomicrographs of the mixtures made  Figure 7 SEM-photomicrographs of the mixtures made

of fly ash-hydrated lime-water (a) noncalcined of fly ash-hydrated lime-3 M  NaOH-water

(b) caleined at 750°C (c) at 850°C (d) at 950°C (a) noncalcined (b) caleined at 750°C (c) at 850°C
(d) at 950°C
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3.4 Mechanical testing and measurement

Compressive strength and setting time of non-activated
and activated mortars are shown in Table 2. After 28 days
of hydration, non-activated mortars generally have higher
compressive strength values than 1 and 3 M NaOH
activated systems. It is believed that the difference of
mineralogical compositions of those systems leads to the
strength enhancement in that non-activated system and
both activated belite cements contain beta-belite rich and
alpha-belite rich cements. respectively. In addition, the
alkaline activated systems have much lower specific
surface areas than the non-activated system.

The setting time can imply to the reactivity of hydration.
The shorter time is the higher hydration rate. The
hydration rate is functionally influenced by the reactive
sites of cement particles. Actually, non-activated cement
should have the shortest setting time. In the contrary, 3 M
NaOH activated cement which has the lowest surface
arca possesses the lowest setting time. As a matter of fact
that alkaline activated synthesis, especially with higher
concentration contains more free lime than non-activated
and low alkaline content syntheses. The fast setting time
therefore comes from the hydration of lime also. Here,
the final seiting time of the obtained belite cement is
relative short when compared to ordinary Portland
cement (OPC). This is possibly due to the difference of
their specific surface areas. The typical values of modern
OPC and rapid hardening Portland cement are about
3,000-3,500 and 4.000-4,500 cm®g, respectively [13].
Here, the surface arcas of fly ash belite cements are
averagely two to three times higher than that of those
Portland cements.

The highest compressive strength of non-activated
system is obtained from the mortar prepared by using
750°C calcined belite cement. This is in a good
agreement with the XRD analyses. where the intensity of
belite phase is practically higher for 850°C calcined belite
in comparison with that of 750°C calcined belite.
Although, the intensity of 950°C calcined belite is
slightly higher than that of 850°C calcined belite, its
compressive strength is lower at 28 days curing period.
This is possibly due to the presence of gehlenite at higher
calcining temperature. Such gehlenite can retard the
hydration. The strength obtained from this experiment is
higher than that obtained from Guerrero et. al [14] in that
the 28 days strengths of belite cements reported by
Guerrero are 4 MPa for 1 M NaOH hydrothermal
treatment and 6.7 MPa for water hydrothermal treatment.

As a result, the optimum calcining temperature of belite
preparation is about 750°C and the proper condition for
obtaining the belite rich cement is non activated system
indicated by the good mechanical propertics. However,
strength test should be investigated in long term curing in
order to follow up lately strength value and find out
whether the strength can be comparable to OPC.
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Table 2 Influence of preparation condition on the
compressive strength at 28 days and final setting time of
fly ash belite cement

Preparation Blaine Strength Final
conditions fineness | at 28 days | setting

[cm"fg] [MPa] time

| [br]

Water, 750°C 15,405 9.0 | 2.0
Water, 850°C 16,430 8.0 | 30
Water, 950°C | 11,450 7.0 | 1.0
IMNaOIL 750°C | 9,270 7.0 | 30
IMNaOILL 850°C | 11.360 8.0 |40
IMNaOH, 950°C | 9,145 7.0 | 10.5
3MNaOH, 750°C 7.990 8.0 | 1.0
3MNaOH, 850°C 9,300 8.0 | 1.5
3MNaOH, 950°C 8,215 5.0 | 8.5

4. Conclusions

1. Belite rich cement can be synthesized using Mae Moh
fly ash and a hydrothermal-calcination-route.

2. Non-activated cement is beta-C,S rich while NaOH
activated is alpha-rich in all ranges of heat treatment.

3. The optimum condition and heat treatment temperature
for the belite synthesis are non-activated and 750°C,
respectively.

4. The compressive strength at 28 days and final setting
time of the non-activated belite are approximately 7-9
MPa and 1-3 hrs., respectively.
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