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Abstract

This paper describes the synthesis of cements, chemically and structurally related to Ca,SiO,4. Silica was obtained from rice hull after
heating at 600 °C. Calcium oxide and small amounts of barium chloride were mixed in order to obtain a final (Ca/Si) or (Ca+Ba)/Si ratio
equal to 1.95, 1.90, and 1.80, which is lower than in the conventional cement. The solids were mixed and ultrasonically treated for 1 h with a
water/solid ratio of about 20. After drying and grinding, the mixtures were heated up to 1100 °C. It was possible, in some cases, to obtain a
cementitious material. These cements are structurally related to 3-Ca,SiO,4 and the lower (Ca+ Ba)/Si ratio obtained was 1.95. The initial
chemical compositions of these cements are: (Ca; g3+ Bag 12)SiO4 and (Ca; 79+ Bag 16)Si04. A further lowering in the (Ca+ Ba)/Si ratio

changes the nature of the silicates.
© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

There is a growing interest in the synthesis of 3-Ca,SiOy4
to be used as a cementitious material motivated by eco-
nomic implications and environmental concerns. The total
or partial replacement of conventional Portland cement by
Ca,Si0,4 presents many positive aspects, such as energy and
raw material savings as well as the possible higher durability
[1—4]. Also, according to Davidovits [5], the cement
industry is responsible for approximately 6% of total CO,
emissions. In order to minimize this problem, recent works
presented alternative cements containing higher amounts of
B-Ca,SiOy in its composition. The use of by-products or
residues generated from other activities seems to be a good
approach to solve both economic and environmental issues
related to cement production [6—8]. Recently, the use of rice
hull ash as raw material for the synthesis of Ca,SiO,4 has
been presented [9—11]. In these works, the synthesis of
B-Ca,SiO4 was achieved at relatively low temperatures and
it was observed that the replacement of small amounts of
Ca by Ba into the crystalline structure was needed to stab-
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ilize the 3-phase. A more detailed discussion is presented
in Ref. [9].

On the other hand, it is well known that (3-Ca,SiO4
hydrates much slowly than Ca;SiOs, and this is the probably
the most significant limitation for the use of this kind of
cement [12,13]. This hydration behavior may be related to
the cell unity volume of both silicates (2.280 and 0.387 nm?
for Ca3SiOs and (3-Ca,SiOy, respectively). Of course, the
overall hydration is strongly affected by many other import-
ant experimental conditions, such as the water/cement ratio,
particle size distribution, presence of admixtures, temper-
ature, etc.

It is well known that the presence of defects in crystalline
structures can modify physical and/or chemical property
[14]. In fact, many important technological applications
arise from defects in crystalline structure. Although the
presence of structural defects is almost inevitable, these
defects can be artificially introduced during the material
preparation [15]. Vacancies, the absence of atoms or a group
of atoms in the crystal structure, play a very important role
in the structure/properties relationship.

This work describes the synthesis of cements with
variable chemical composition. These cements are chem-
ically and structurally related to 3-Ca,SiO4. However, two
major differences should be stressed: (1) the partial re-
placement of Ca by Ba atoms, in progressive amounts, in
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Table 1
Nominal chemical composition of the desired silicates prepared with a
Ca/Si or (Ca+Ba)/Si ratio of 1.95

Table 3
Nominal chemical composition of the desired silicates prepared with a
Ca/Si or (Ca+Ba)/Si ratio of 1.80

Chemical composition Chemical composition

Chemical composition Chemical composition

Ca1,955i04
(Cayg1 +Bag,04)Si0O4
(Cay g7+ Bag,08)Si04

(Cay 33+ Bayg,12)Si04
(Cay.79 +Bayg,16)Si04
(Ca 75+ Bag20)Si04

Cal_gSiO4
(Cay 76+ Bag 04)SiO4
(Cay 72+ Bag,08)Si04

(Ca g3+ Bag12)Si04
(Cay g4+ Bag, 16)Si04
(Cay 60+ Bag 20)Si04

order to facilitate the formation of the cementitious mater-
ial, and (2) the preparation of cements with Ca/Si or
(Ca+Ba)/Si ratios <2.0. The subtraction of CaO from
the original stoichiometry is expected to modify some
physical and chemical properties. The viability of the syn-
thesis of cements with calcium and oxygen-deficient non-
stoichiometry is studied. The subtraction of such atoms
may lead to crystalline structures that are more “open”
than found in usual cement, which is expected to accelerate
the hydration. Of course, there is a limit to the synthesis of
these cements, regulated by the energy cost of creating
excess holes.

2. Methods

Rice hull ash was obtained by heating the rice hull at
600 °C in an open furnace. The resulting material is white
powder with a surface area of 21 m® g~ !, identified as
cristobalite [16].

CaO (analytical grade reagent; Mallinckrodt) was heated
to 1000 °C prior to use. In some preparations, CaO was
obtained by a thermal decomposition of CaCO5 at 1000 °C.
BaCl,-2H,O (Synth), an analytical grade reagent, was used
without further purification. After hand mixing, water was
added to the solids, creating a suspension that was ultra-
sonically treated for 60 min in an ultrasonic cleaner (25
kHz; Thornton) at room temperature. The water/solids ratio
was kept approximately 20:1. After this treatment, an inter-
mediate silicate was obtained, with a Ca/Si ratio ~ 1.6,
along with the hydroxides. The suspension was dried and
ground. The solid mixtures were heated from 500 to 1100
°C. The process was followed by FT-IR spectroscopy
(Perkin-Elmer Spectrum One) and X-ray diffraction (pow-
der method; Shimadzu).

Tables 1-3 list the nominal chemical composition of
the cements. For the sake of simplicity, they are presented

Table 2
Nominal chemical composition of the desired silicates prepared with a
Ca/Si or (Ca+Ba)/Si ratio of 1.90

Chemical composition
CamSiO4

(Ca, g6+ Bag 04)S104
(Ca, g5 +Bag 03)SiO4

Chemical composition
(Cay 75+ Bayg.12)Si04

(Cay.74+Bayg.16)S104
(Cay 70+ Bag20)SiO4

in the form of the desired silicates, although in many cases
the synthesis was not fully completed. Three possible
“families” of cements were investigated, with Ca/Si or
(Ca+Ba)/Si ratios of 1.95, 1.9, and 1.80. The composi-
tions presented take into account the original Ca,SiO4
stoichiometry.

3. Results and discussion

The samples were divided into three “families” accord-
ingly to the Ca/Si or (Ca+ Ba)/Si ratio. The results presented
here are limited only to some samples belonging to each
family. However, they do represent the general behavior,
unless otherwise stated. These families were prepared in
order to have Ca/Si or (Ca+ Ba)/Si ratios of 1.95, 1.9 and
1.8.

After ultrasonic treatment, the intermediate silicates
were heated up to 1100 °C and the effect of heating was
followed by FT-IR spectroscopy. The spectra are shown in
Figs. 1-3.

The broad bands at around 1440 cm ~' in the FT-IR
spectra are due to the presence of CaO. Its disappearance
indicates that temperature induces chemical modifications,
although not necessarily the formation of the desired calcium
silicate. In fact, in most of the cases, there is a formation of
two or more components. However, FT-IR spectra are very
useful as a first check of the synthesis, since they are a fast
and reliable technique.

The main peaks attributed to 3-Ca,SiO, are the stretch-
ing modes of Si—O located at 900 and 1000 cm ~ ', and the
Si—O bending mode at 460 cm ~ ' [17-19]. As expected,
for samples with a (Ca+ Ba)/Si ratio of 1.80, the peak at
460 cm ~ ' is absent or it presents a very small relative inten-
sity, indicating that at this stoichiometry, the desired silicate
is not obtainable or its concentration is very small. The other
peaks are usually present in calcium silicates. These obser-
vations are valid to this family, regardless of the amount of
barium used in the synthesis.

Samples with (Ca+ Ba)/Si ratios of 1.90 and 1.95 show a
different picture. According to the composition and temper-
ature, it is possible to identify all the peak characteristics of
the desired calcium silicate. However, it should be pointed
out that for a sample with a ratio of 1.95, the synthesis
appears to be complete at 800 °C, while for a ratio of 1.90,
the temperature is higher at 1000 °C.

Some selected X-ray diffraction patterns for each family,
after heating at 800 °C, are presented in Figs. 4-7.



FA. Rodrigues / Cement and Concrete Research 33 (2003) 823-827 825

%T

4000.0 3000 2000

1500 1000 400.0

Fig. 1. Silicates with a (Ca+ Ba)/Si ratio of 1.95. FT-IR spectra of the sample (Ca; 75+ Bag 5)SiOy after heating at 500, 600, and 800 °C (from the top to the

bottom).

The diffraction patterns presented in Figs. 4 and 5 show
that cements with a (Ca+ Ba)/Si ratio of 1.90 or 1.80 cannot
be obtained at 800 °C using the methodology described. In
both cases, a mixture of silicates was obtained, without the
presence of a crystalline structure similar to (3-Ca,SiOy.
Also, this behavior is similar to samples within the same
families but having different chemical compositions.

For better visualization, Figs. 6 and 7 present the X-ray
diffraction for the family having a Ca/Si or (Ca+Ba)/Si
ratio of 1.95, after heating to 800 °C.

%T 1

In Fig. 6, where the samples were prepared with a small
addition or no addition of barium chloride, the X-ray dif-
fraction patterns show that the cement is not present. Similar
results were obtained earlier, although in that case the
heating temperature was 700 °C.

A different picture is observed when higher amounts of
barium chloride are added to the initial mixture of solids.
Three samples were selected (Fig. 7); as a general trend,
it was possible to synthesize cements with a (Ca+Ba)/Si
ratio of 1.95. The samples (Ca, g3 + Bag 1,)SiO4 and (Ca; g7 +

4000.0 3000 2000
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Fig. 2. Silicates with a (Ca+ Ba)/Si ratio of 1.90. FT-IR spectra of the sample (Ca, ;5 + Bay.1,)SiOy after heating at 500, 600, 700, and 1000 °C (from the top to

the bottom).
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Fig. 3. Silicates with a (Ca+ Ba)/Si ratio of 1.80. FT-IR spectra of the sample (Ca; 43+ Bag 1,)SiOy after heating at 500, 600, and 700 °C (from the top to the

bottom).

Bay 03)Si0,4 show a structure very close to (3-Ca,SiO4 (in
agreement with file 9-351, [-33-B3 from JCPDS) without the
presence of other phases in appreciable amounts. Also, a
further addition of barium in the structure leads to the
formation of residual CaO.

4. Conclusions

This paper describes the synthesis of cements related to
B-Ca,SiO4. The major difference is the possibility of syn-
thesizing cements with a (Ca+ Ba)/Si ratio <2. The nominal
chemical composition is described by (Ca; g3+ Ba 15)SiO4
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Fig. 4. X-ray diffraction for samples with a (Ca+ Ba)/Si ratio of 1.90 after
heating to 800 °C. Upper: (Caj 74+ Bag 16)SiO4; lower: (Ca; 7+ Bago)
SiOy4.

and (Ca; g7+ Bag 0g)Si04. These cements were obtained at
800 °C, without the presence of residual CaO. The synthesis
of structurally modified cements, as presented in this paper,
opens the possibility for new studies on the relationship
between structure and property in the cement chemistry.
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Fig. 5. X-ray diffraction for samples with a (Ca+ Ba)/Si ratio of 1.80 after
heating to 800 °C. Upper: (Cay ¢+ Bag 12)SiO4; middle: (Ca; g4+ Bag 16)
SiOy; lower: (Cay 6o+ Bag20)SiOy.
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Fig. 6. X-ray diffraction for samples with a (Ca+Ba)/Si ratio of 1.95 after
heating to 800 °C. Upper: Ca; 95SiO4; lower: (Ca; g; +Bag 04)SiOy.
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Fig. 7. X-ray diffraction for samples with a (Ca+ Ba)/Si ratio of 1.95 after
heating to 800 °C. Upper: (Ca; 79+ Bag 16)Si04; middle: (Ca; g3 +Bag 12)
SlO4, lower: (C31_87 +Ba()_()g)si04.

References

[1] A.K. Chatterjee, High belite cements—present status and future tech-
nological options: Part I, Cem. Concr. Res. 26 (8) (1996) 1213—1235.

[2] AK. Chatterjee, Future technological options: Part II, Cem. Concr.
Res. 26 (8) (1996) 1227-1237.

[3] W. Kurdowski, S. Duszak, B. Trybakska, Belite produced by means of
low-temperature synthesis, Cem. Concr. Res. 27 (1) (1997) 51-62.

[4] A. Guerrero, S. Goii, A. Macias, Durability of new fly—ash—Dbelite
cement mortars in sulfated and chloride medium, Cem. Concr. Res. 30
(8) (2000) 1231-1238.

[5] J. Davidovits, Global Warming Impact on the Cement and Aggregates
Industries, 5th International Global Warming Conference, San Fran-
cisco, 6 (2) (1994) 263-278.

[6] P. Arjunam, R. Silsbee, D.M. Roy, Sulfoaluminate—belite cement
from low-calcium fly ash and sulfur-rich and other industrial by-prod-
ucts, Cem. Concr. Res. 29 (8) (1999) 1305—-1311.

[7] A. Oztiik, Y. Suyadal, H. Oguz, The formation of belite phase by
using phosphogypsum and oil shale, Cem. Concr. Res. 30 (6)
(2000) 967-971.

[8] A. Guerrero, S. Goii, A. Macias, M.P. Luxan, Hydraulic activity and
microstructural characterization of new fly ash—belite cements synthe-
sized at different temperatures, J. Mater. Res. 14 (6) (1999) 2680—2687.

[9] F.A. Rodrigues, Low-temperature synthesis of cements from rice hull
ash, Cem. Concr. Res. (submitted for publication).

[10] F.A. Rodrigues, P.J.M. Monteiro, Hydrothermal synthesis of cements
from rice hull ash, J. Mater. Sci. Lett. 18 (1999) 1551—1552.

[11] F.A. Rodrigues, Synthesis of cements from rice hull, Symposia Papers
Presented Before the Division of Environmental Chemistry, vol. 39
(2), American Chemical Society, New Orleans, 1999, pp. 30—31.

[12] H.F.W. Taylor, Cement Chemistry, Academic Press, New York, 1990.

[13] J.F. Young, S. Mindess, Concrete, Prentice-Hall, New Jersey, 1981.

[14] B. Henderson, Defects in Crystalline Solids, Edward Arnold, London,
1972.

[15] J. Oviedo, M.J. Gillan, The energetics and structure of oxygen vacan-
cies on the SnO,(110) surface, Surf. Sci. 467 (2000) 35-48.

[16] A. Proctor, X-rays diffraction and scanning electron microscope stud-
ies of processed rice hull silica, J. Am. Oil Chem. Soc. 67 (9) (1990)
576—584.

[17] M.Y.A. Mollah, W. Yu, R. Schennach, D.L. Cocke, A Fourier trans-
form infrared spectroscopic investigation of the early hydration of
Portland cement and the influence of sodium lignosulfonate, Cem.
Concr. Res. 30 (2) (2000) 267—-273.

[18] M.Y.A. Mollah, F. Lu, D.L. Cocke, An X-ray diffraction (XRD) and
Fourier transform infrared spectroscopy (FT-IR) characterization of
the speciation of arsenic (V) in Portland cement type-V, Sci. Total
Environ. 224 (1998) 57—-68.

[19] W. Eitel, Silicate Science, Academic Press, New York, 1964.



	Synthesis of chemically and structurally modified dicalcium silicate
	Introduction
	Methods
	Results and discussion
	Conclusions
	Acknowledgements
	References


