MATERIALES DE CONSTRUCCION

Vol. 67, Issue 328, October-December 2017, €140
ISSN-L: 0465-2746
http://dx.doi.org/10.3989/mc.2017.10816

Preparation of B-belite using liquid alkali silicates

P. KoutnikD><

Unipetrol Centre for Research and Education, (Usti nad Labem, Czech Republic)
P<Apetr.koutnik@unicre.cz

Received 19 September 2016
Accepted 7 February 2017
Available on line 19 October 2017

ABSTRACT: The aim of this study is the preparation of B-belite by a solid-state reaction using powdered lime-
stone, amorphous silica and liquid alkali silicates. The raw materials were blended, the mixtures were agglom-
erated and then burnt. The resulting samples were characterized by X-ray diffraction analysis and scanning
electron microscopy. Free lime content in the B-belite samples was also determined. The effects of CaO/SiO,
ratio (1.6-2.1), burning temperature (800-1400 °C), utilization of different raw materials (silica fume, synthetic
silica, potassium silicate, sodium silicate, potassium hydroxide) and burning time (0.5-16 h) on free lime content
and mineralogical composition were investigated. The purest B-belite samples were prepared from a mixture of
powdered limestone, silica fume and liquid potassium silicate with a ratio CaO/SiO, = 2 by burning at tempera-
tures between 1100 and 1300 °C for more than 2 h. Decreasing of the CaO/SiO,ratio led to rankinite formation
and lower a burning temperature led to the formation of wollastonite.
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RESUMEN: Preparacion de B-belita usando silicatos alcalinos liguidos. El objetivo de este estudio ha sido la pre-
paracion de B-belita por reaccion en estado sélido usando caliza, silice amorfa y silicatos alcalinos liquidos. Las
materias primas se mezclaron y posteriormente, se aglomeraron y calcinaron. Los productos se caracterizaron
mediante difraccion de rayos X y microscopia electronica de barrido. Se determiné el contenido de cal libre en la
B-belita. Se ha estudiado el efecto de la relacion CaO/SiO, (1.6-2.1), temperatura de combustion (800-1400 °C),
utilizacion de diferentes materias primas y el tiempo de combustion sobre el contenido de cal libre en el producto.
La B-belita mas pura se prepard a partir de la mezcla de piedra caliza en polvo, humo de silice y silicato de potasio
liquido con relacion CaO/SiO, = 2 a temperaturas entre 1100 y 1300 °C durante mas de 2 horas. La disminucion
de la relacion CaO/SiO, produjo rankinita y una temperatura de combustion mas baja produjo wollastonita.
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1. INTRODUCTION

Cement production is associated with high
energy consumption and CO, emissions, therefore
the cement industry is facing challenges to reduce
them. One of the routes is the manufacturing of
clinkers based on dicalcium silicate (C,S—belite).

Belite formation generates reduced amounts of CO,
and also energy consumption is lower in compari-
son with tricalcium silicate (C;S — alite), the main
component of Portland cement (1,2).

Dicalcium silicate exists in several polymorphic
forms at ordinary pressures: a, o'y, o'r, p and y (3).
The y form is thermodynamically stable at room
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temperature, but it has a lower degree of hydrau-
licity than the other forms. a, o'y, o’ and B forms
are not stable in the pure state at room temperature
(4,5). Chemical stabilization of these reactive belite
forms can be carried out by the addition of many
elements (K, Na, Fe, Mg, S, Ba) in various com-
pounds, e.g. BaCl,, Na,SO,, NaF, K,CO;, Na,CO;,
FeSO, (3,5,6-11). Stabilization of the reactive belite
structure was also achieved by the rapid cooling of
clinker (3,8).

Although B-belite hydratation is much slower than
that of alite, the later strength of the belite-rich and
alite-rich cement pastes can be similar (3,12). Lower
reactivity of belite is enhanced by the production of
belite-rich cements, also containing other hydrau-
lic phases and/or pozzolans. Belite sulfoaluminate
cements and belite sulfoferroaluminate cements can
contain whichever of the phases C,S, C,A,, CA,
C,A;S, CLA;S, CLAF, CS, depending on clinker chemi-
cal composition (3,12-16). Roman cements, key build-
ing material in the nineteenth century, are produced
by burning of limestones rich in clay minerals, below
their sintering point. Mineralogical compositions of
Roman cements are variable, strongly depending on
raw material composition. Roman cements typically
contain phases C,S, quartz, free lime and amorphous
aluminosilicates. Other phases can be CS, C;S,, C;A,
C,AS and C,AF; C,S is excluded because of the
low temperature during burning. Currently, Roman
cements are especially manufactured for repairing
historical monuments (17-21).

Several methods of the preparation of belite
cement or pure belite have been studied closely in
laboratory scale. The most common process, cor-
responding to industrial production, involves the
blending of powdered raw materials eventually fol-
lowed by agglomeration, and final burning of the
mixture (8,12,22-25). Better homogenization can
be achieved by dispergation of the raw materials in
water or ethanol (5,9-11), especially under ultra-
sound treatment (6,26). A hydrothermal method
for belite cement or pure belite preparation is more
sophisticated and is also often applied. This method
is based on hydrothermal synthesis of hydrated
precursors (one or more items among C,SH, CSH,
C;ASH, etc.) and on their subsequent burning
(1,7,9,27-36). The described conditions of hydro-
thermal synthesis (temperature, pressure and time)
are various; extending from ambient temperature
and pressure and a long time (up to one month)

(7) to high pressure and high temperature at short
times (17 bar, 250°C, 4 h) (28). The hydrothermal
process can be carried out not only in water but also
in alkaline solutions (NaOH, KOH) (1,9,31,36).
Other methods for pure belite preparation are based
on a sol-gel process, using calcium nitrate tetrahy-
drate and silica sol to produce gel. The gel is dried
and calcined (37-43). Zeng (44) prepared belite by
the co-precipitation of calcium silicate in CaCl,-
Na,Si0;-NaOH solutions and subsequent calcina-
tion of the formed hydrated precursor.

The present work is focused on the preparation of
B-belite by a solid-state reaction, using raw materials
produced in high volumes in industrial scale: powdered
limestone, amorphous silica and liquid alkali silicates
(water glasses). These alkali silicates were used here for
their ability to bind effectively powdered raw materials,
and as a natural source of reactive SiO, and of alkali
ions, the latter having been reported as f-belite struc-
ture stabilizers. Systematic investigation was carried
out to determine the influence of C/S ratio, reaction
temperature and the sort of silica and alkali ions used
on phase composition and free lime content.

2. MATERIALS AND METHODS
2.1. Materials

The raw materials used for dicalcium silicate
preparation were partly powdered, such as syn-
thetic silica (VP4; AV EKO-COLOR, s.r.0., Czech
Republic), silica fume (Ceské lupkové zavody, a.s.,
Czech Republic) and limestone (Omyacarb 5VA;
Omya), partly liquid, such as potassium silicate
(Z. Ch. Rudniki S.A., Poland) and sodium silicate
(Vodni sklo, a.s., Czech Republic).

The chemical compositions of powdered raw
materials, determined by X-ray fluorescence, are
presented in Table 1. The specific surface area
obtained by the BET method, specific gravity and
bulk density of powdered raw materials are shown

TABLE 2. Physical properties of powdered raw materials

BET Specific gravity  Bulk density

(m’fg) (kg/m’) (kg/m®)
Limestone 6.77 2658 787
Silica fume 15.32 2204 303
Synthetic silica 142.4 2111 174

TABLE 1. Chemical composition (wt. %) of powdered raw materials

LOF' SiO, ALO; Fe, 0, CaO

MgO K,O Na,O TiO, P,0; ZrO, Cl SO;

Limestone 43.7 0.50 0.27 - 55.1
Silica fume 0.68 95.6 0.23 0.30 1.34
Synthetic silica 4.23 92.3 0.22 0.06 0.16

- - 0.44 1.14 - 0.11
0.01 0.47 0.06 - - 0.02 0.38

“LOI = Loss on ignition
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FIGURE 1. XRD patterns of powdered raw materials.
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FIGURE 2.  Particle size distributions of powdered raw materials.

in Table 2. The mineralogical compositions are
given in XRD patterns in Figure 1. Particle size
distributions are shown in Figure 2 and pore size
distributions in Figure 3. The chemical compo-
sitions of liquid alkali silicates are presented in
Table 3.

Analytical grade potassium hydroxide (Lachner)
and distilled water were used to prepare a 25% KOH
solution.

2.2. Analytical and testing methods

The chemical compositions of powdered raw
materials were determined by X-ray fluorescence
(BRUKER S8 Tiger).

A BRUKER D8 Advanced X-Ray diffraction
system (XRD) equipped with BRUKER SSD 160
detector and operating with Cu-Ka radiation at

pore size diameter (nm)

FIGURE 3. Pore size distributions of powdered raw materials.

TABLE 3. Chemical composition (wt. %) of liquid alkali
silicates

H,0 SiO, ALO; K,0 NaO
Potassium silicate  69.02  21.29 0.03 8.18 0.70
Sodium silicate 64.59 22.59 0.07 0.26 12.75

40 kV and 25 mA was used for analysis of raw
materials and prepared dicalcium silicates. XRD
scanning was taken at the 20 = 0.02 step over an
angular range from 5° to 70° with 1 s counting
time.

A Mastersizer 2000 laser diffraction particle size
analyser (MALVERN Instruments) was used to
determine size distribution of powdered raw mate-
rials. Agglomerates were disrupted by ultrasound
treatment.
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TABLE 4. Compositions of raw materials mixtures (wt. %)

Raw material M1 M2 M3 M4 M5 M6 M7 M8 M9 M10
Limestone 58.73 59.73 60.65 61.49 62.27 62.99 61.54 62.53 69.49 68.37
Silica fume 17.27 16.27 15.35 14.51 13.73 13.01 - 13.48 21.36 21.02
Potassium silicate 24.00 24.00 24.00 24.00 24.00 24.00 24.00 - - -
Synthetic silica - - - - - 14.46 - -

Sodium silicate - - - - - - - 24.00 - -
H,O - - - - - - - - 9.14 -
KOH - 25% solution - - - - - - - - - 10.61
CaO/SiO, (mol/mol) 1.60 1.70 1.80 1.90 2.00 2.10 2.00 2.00 2.00 2.00

Pore size distributions of powdered raw materi-
als were determined using AutoPore 9510 mercury
intrusion porosimeter (Micromeritics), which oper-
ates with pressures from 0.01 MPa to 414 MPa.

A gas sorption analyser Autosorb iQ from
Quantachrome was used for the determination of
specific surface area by the Brunauer-Emmett-Teller
method (BET).

Free lime content in dicalcium silicate samples
was determined by a glycerine-alcohol test.

The morphology of silica fume and synthetic
silica was studied by a scanning electron microscope
Mira 3 from (TESCAN).

An inductively coupled plasma optical emission
spectrometer OPTIMA 8000 (Perkin Elmer) was
used to determine the content of micro-elements
and K/Na ratio in liquid alkali silicates. Total con-
tent of alkali metals (Na, K) and content of SiO,
in alkali silicates were determined by conventional
acid-base titration methods; the reason for their
application being higher accuracy at higher concen-
trations compared with other methods.

Specific gravity was determined by the pycno-
metric method.

2.3. Procedure

Ten mixtures M1-M10 were prepared by hand
stirring in a vessel. Compositions of these mixtures,
which are given in Table 4, were determined by cal-
culation according to the required C/S ratios. The
M8 mixture was a plastic material that was divided
into amounts of about 20 g and dried at 120 °C. The
others mixtures were compacted into tablets (diame-
ter 40 mm, weight 20 g) under 20 kN using a hydrau-
lic press. All agglomerated mixtures were burnt at a
designed temperature in an electric muffle furnace
for the required time, and then allowed to cool very
slowly (overnight) inside the furnace. The heating
rates were the maximum possible, which comprised
the interval 8-12 °C/min. Twenty B-belite samples
B1-B20 were obtained under the conditions shown
in Table 5. Chemical compositions of the B-belite
samples were found out by the calculation are given
in Table 6.

TABLE 5. Conditions of B-belite preparation
Burning  Burning
temperature  time
Sample Mixture  Agglomerates (°0) (h)
Bl Ml
B2 M2
B3 M3
Tablets 1100 8
B4 M4
B5 M5
B6 M6
B7 800
B8 950
B9 M35 Tablets 1250 8
B10 1 300
B11 1 400
B12 M7 Tablets
B13 M8 Plastic
material 1100 8
B14 M9 Tablets
B15 M10 Tablets
B16 0.5
B17
BI18 M5 Tablets 1100 2
B19
B20 16

3. RESULTS AND DISCUSSION
3.1. Effect of CaOI/SiO, ratio

All the samples B1-B6 with C/S ratio from
1.6 to 2.1 were white. Figure 4 shows their XRD
patterns. The sample B5 (C/S = 2) contained
mostly B-belite (larnite, ICDD 330302) and a
small amount of lime (ICDD 821690). Sample B4
(C/S = 1.9) also included C;S, (rankinite, ICDD
701138), whose content increased (while B-belite
content decreases) with decreasing C/S ratio. The
rise of the C/S ratio above 2 led to the increase in
lime content.
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TABLE 6. Chemical composition (wt. %) of B-belite samples

CaOISiO,

Sample SiO, ALO; Fe, 04 CaO MgO K,O Na,O P,0;s 7Zr0O, TiO, (mol/mol)
Bl 38.08 0.34 0.09 56.85 0.42 3.42 0.29 0.13 0.34 - 1.60
B2 36.70 0.34 0.09 58.22 0.43 3.45 0.30 0.13 0.32 - 1.70
B3 35.41 0.34 0.08 59.50 0.44 3.47 0.30 0.12 0.31 - 1.80
B4 34.22 0.34 0.08 60.68 0.45 3.50 0.30 0.11 0.29 - 1.90
BS, B7-B11, B16-B20  33.10 0.35 0.07 61.79 0.46 3.52 0.30 0.11 0.28 - 2.00
B6 32.06 0.35 0.07 62.83 0.47 3.54 0.30 0.10 0.26 - 2.10
B12 32.99 0.35 0.02 61.56 1.00 3.56 0.42 - - 0.01 2.00
BI13 32.53 0.34 0.07 60.74 0.45 0.11 5.37 0.10 0.27 - 2.00
Bl14 34.34 0.38 0.11 64.10 0.47 - - 0.16 0.40 - 2.00
B15 33.13 0.37 0.10 61.85 0.46 3.52 - 0.15 0.39 - 2.00
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RB 8 gg R E} BRRB R - rankinite
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XRD patterns of samples B1-B6 with different CaO/SiO, ratio.

Free lime assessments (Figure 5) agreed with
the results of XRD analysis described above. Free
lime content was lower than 1 % up to C/S = 1.8;
further increase of C/S ratio led to increasing free
lime content. When the C/S ratio was 2, which is
the stoichiometric ratio of these components in
B-belite (sample B5), free lime content was 4.19 %,
which means that approximately 93 % of CaO was
bound.

3.2. Effect of burning temperature

The samples BS5, B7, B8 were white in colour,
while samples B9, B10 were light green. The sam-

1.6

FIGURE 5.

1.8

1.9

2.0 2.1

Ca0/SI0, ratio (molimol) ple B11 was amorphous green glass, obviously

because of the applied temperature 1400 °C, which

Effect of CaO/SiO, ratio on the free lime content. was higher than the melting point of mixture MS5.
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FIGURE 6. XRD patterns of samples BS and B7-B11 with different burning temperatures.
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The development of phase composition with burn-
ing temperature is shown in Figure 8. B-belite was
present in all the samples burnt at temperatures from
800 °C to 1300 °C; its content rose up to 1100 °C,
then held at 1300 °C. Another form of dicalcium
silicate (ICDD 310297) was formed above 1250 °C.
The sample B8, burnt at 950 °C also contained wol-
lastonite (ICDD 431460) and probably pseudowol-
lastonite (ICDD 896463), while the sample B7 burnt
at 800 °C did not. B-belite is thus formed either by
direct reaction of two molecules of CaO with an
Si0, molecule (sample B7) or by reacting one mol-
ecule CaO with CaSiO; (wollastonite, sample BS),
which is under certain conditions an intermediate
of B-belite formation. Both of these mechanisms of
B-belite formation were described (22,44) and the
presence of wollastonite in the samples of B-belite
or belite cements was documented (9, 22, 28, 44).

FIGURE 8. Morphology of sample B8 treated at 950 °C.

The XRD patterns (Figure 6) did not present any
a-belite and y-belite peaks.

The effect of burning temperature on the free
lime content is shown graphically in Figure 7. Free
lime rapidly diminished to the value 4.19 % up to the
temperature 1100 °C. Further temperature increase
brought about only moderate decrease in the free
lime content.

Typical morphologies of the samples prepared at
different temperatures are shown in Figures 8-10.

The samples B7 and B8 are not homogenous.
Spherical particles of silica fume are clearly visible
in Figure 8. SEM morphologies of the samples BS,
B9 and B10 are similar — materials are homogenous
and particles are sintered (Figure 9). Figure 15
shows a glassy surface (sample B8), which was
formed at temperatures exceeding the melting point
of the mixture M5.
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FIGURE 9.

FIGURE 10.

FIGURE 11.

Morphology of sample B5 treated at 1 100.

Morphology of sample B11 treated at 1 400 °C.
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3.3. Effect of raw materials

The samples B5 and B12-B15 were prepared
from various mixtures of raw materials, but the
C/S ratio and the calcination procedure were kept
the same. XRD patterns of these samples and the
results of free lime determination, compared in
Figure 11 and Figure 12 show differences in free
lime content. The color of the sample B13 was
light green, sample B14 was brownish and the rest
of the samples were white.

The sample BS5, prepared from a mixture of
limestone, silica fume and potassium silicate had
the lowest content of free lime. The replacement
of potassium silicate with sodium silicate (B13) or

30 - 29.2
25 A
201
R*
Q
£ 154
8 11.3
* 10 ;
5.78
4.85
5 4 4.19 l
0 J .
B5 B13 B15 B12 B14
Sample

FIGURE 12.  Effect of different raw materials utilisation on the
free lime content.
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XRD patterns of samples B5 and B12-B15 prepared from different raw materials (LS - limestone, SF - silica fume,
SS - synthetic silica, KS - potassium silicate, NaS - sodium silicate, KOH - potassium hydroxide).
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FIGURE 13.

potassium hydroxide (B15) led to a slight increase
in free lime content. A significantly higher increase
was caused by the replacement of silica fume with
synthetic silica (B12). The highest lime content in
the sample B14 demonstrates a significant influ-
ence of alkaline ions on the solid-state reaction
rate. X-ray diffraction patterns are consistent with
the results of free lime determination. All samples
contained B-belite. The samples B15, B12 and B14
contained lime, the amounts of which increased
respectively. The sample B13 probably contained
sodium calcium silicate (ICDD 731726) and the
sample B14 cristobalite (ICDD 391425). The dif-
fraction pattern of the sample B12 explains why
it contains more free lime than the sample B3,
although synthetic silica has significantly higher
specific surface area than silica fume (Table 2).
The presence of rankinite in the sample of BI12
indicates a local excess of SiO, (see Figure 4). The
reason for a higher content of free lime in the sam-
ple B12 is thus sample inhomogeneity rather than
low reactivity of synthetic silica. Synthetic silica
is less miscible with other components of the mix-
ture compared to silica fume, due to considerably
lower bulk density (Table 2).

3.4. Effect of burning time

The samples B5S and B16-B20 were prepared
from the same mixture M5 (C/S = 2) by burn-
ing at 1 100 °C for various times (0.5-16 h). All
of these samples were white. The influence of
burning time on mineralogical composition and

XRD patterns of samples B5 and B16-B20 with different burning time.

104
8.56
81
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L6l
g 4.73
= 419 441
@44 480 e
[T
24
0 - - - - - - - 2
0 2 4 6 8 10 12 14 16
Burning time (h)
FIGURE 14.  Effect of burning time on free lime content.

free lime content are shown in Figure 13 and
Figure 14. All samples contained predominantly
B-belite. The presence of lime and rankinite was
clearly visible in the diffraction patterns of sam-
ples burned for less than 4 hours. The results of
free lime content determination agreed with the
results of XRD analysis. Free lime content rap-
idly decreased within the time of calcination 2 h
to 4.80 %. Further prolongation of burning time
did not change free lime content significantly. The
presence of free lime residues in all samples indi-
cates that the cause was not an excess of lime in
the mixture (see Figure 5), neither slow reaction
rate (see Figure 7 and Figure 14), but only inho-
mogeneities in the mixture of raw materials.
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4. CONCLUSIONS

B-belite with low content of free lime (below
5 %) was prepared by burning a mixture of pow-
dered limestone, silica fume and liquid potassium
silicate (water glass) with a ratio C/S = 2 and K,O
content about 3,5 % at temperatures from 1 100 to
1 300 °C for more than 2 h. Increasing C/S ratio
above 2 led to the an increase in free lime con-
tent. Rankinite was formed at a C/S ratio under
2; its content increased (while B-belite content
decreases) with decreasing C/S ratio. A decrease in
the burning temperature to 950 °C resulted in an
increase in free lime content and formation of wol-
lastonite — an intermediate of B-belite formation.
Liquid potassium silicate in the reaction mixture
was replaced with liquid sodium silicate or potas-
sium hydroxide, without substantial deterioration
in B-belite purity. The replacement of silica fume
with synthetic silica with a low bulk density did
not prove as expected because of low miscibility
with other raw materials.

The described procedure for B-belite preparation
is very simple and uses raw materials produced in
large volumes. Therefore, it indicates high potential
for industrial application, especially if impurity con-
tent is reduced by optimizing the amount of alkali
metal in the reaction mixture.
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