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Abstract This work focuses on the thermal characteriza-
tion of a calcium silicate-based material synthesized with
different solid wastes (chamotte and marble) for use as
thermal insulation material. Thermal and structural chan-
ges occurring during heating were accompanied by dif-
ferential thermal analysis, thermogravimetric analysis,
dilatometric analysis, open photoacoustic cell technique,
X-ray diffraction (XRD), and scanning electron micro-
scopy. An endothermic event at 823.2 °C was interpreted
as decomposition of carbonates. An exothermic event
around 900 °C is associated with the crystallization of
calcium silicate phases mainly wollastonite. The themo-
physical properties of the calcium silicate-based material
(thermal diffusivity, thermal conductivity, specific thermal
capacity, and thermal effusivity) are influenced by the
synthesis temperature. The thermal analysis results agree
well with the XRD. The calcium silicate pieces presented
low thermal conductivity values (0.227—0.376 W m~' K™1).
These results suggest that the calcium silicate-based
materials produced essentially with chamotte and marble
wastes has high potential to be used as thermal insulation
construction material.
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Introduction

Thermal insulators are materials employed in buildings to
primarily reduce the heat flow. In particular, a good ther-
mal insulation material exhibits low thermal conductivity
value in order to reduce the heat transmission. The main
thermal insulation materials used in buildings are hydro-
carbon polymers, asbestos, perlite, fly ash, wood, mineral
fiber, fiber glass, refractories, cotton, cement, and calcium
silicate [1-4], which differ in terms of thermal properties
and cost.

Calcium silicate is one of the most widely used inor-
ganic lightweight thermal insulation material. It is applied
in a wide temperature range (40-950 °C) [5, 6]. Calcium
silicates are in the SiO,—CaO system [7], with special
emphasis on wollastonite. The usual route used for pro-
duction of calcium silicate materials is based on solid-state
chemical reactions at high temperature. In addition, dif-
ferent Si and Ca sources could be used to synthesize cal-
cium silicate materials such as diatomaceous earth, silica,
silica fume, colloidal silica, hydrated lime, and quick lime
[8]. During the synthesis process, the Si and Ca sources
undergo a series of chemical transformations, which are
accompanied by thermal reactions and mass transfer pro-
cess. The knowledge about the thermal reactions makes
easier the control of the thermal and physical properties of
the calcium silicate-based materials produced.

The Brazilian industry produces high amounts of solid
waste materials, including chamotte and marble wastes.
Chamotte waste is rich in SiO, [9, 10], and is produced
during the clay brick processing. Nowadays only a small
amount is used, resulting in environment impact. The
ornamental rock industry produces high amount of marble
waste rich in CaO, which is potentially pollutant [11, 12].
Technological alternatives to disposal of these solid waste
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materials need to be found and reuse is an option that meets
current environmental, economical, and social concerns.

This study focuses on the thermal and structural char-
acterization of calcium silicate-based material synthesized
with different solid wastes as alternatives Si and Ca sour-
ces. The thermal properties of the calcium silicate-based
materials have been also determined. A wide range of
techniques are used to evaluate the transformations and
properties: differential thermal analysis (DTA), thermo-
gravimetry (TG), dilatometric analysis, open photoacoustic
cell technique (OPC), X-ray diffraction (XRD), and scan-
ning electron microscopy (SEM/EDS).

Experimental
Materials

Calcium silicate material was prepared using chamotte and
marble wastes. The chamotte waste sample (defective fired
clay brick) was collected in a clay ceramic plant located in
southeastern Brazil (Campos dos Goytacazes-RJ). The
marble waste sample was collected in an ornamental rock-
cutting plant located in southeastern Brazil (Cachoeiro do
Itapemirim-ES). Table 1 gives the chemical compositions
of the raw materials determined by using energy-dispersive
X-ray spectrometer. Table 2 presents the particle size dis-
tribution and particle density data of the raw materials.

Table 1 Chemical compositions of the raw materials/mass%

Compounds Raw materials

Chamotte waste Marble waste
SiO, 46.52 0.90
Al,O4 36.37 -
CaO 0.64 52.41
MgO - 9.62
Fe,03 9.09 -
K,O 2.40 0.56
MnO 0.11 -
SrO 0.01 0.01
SO; 1.97 0.40
LOI"™ 1.20 36.10

LOI" loss on ignition

Table 2 Particle size and real density of the raw materials

Methods

In this work two solid wastes were used to produce calcium
silicate-based materials. The chamotte waste was used as
source of silica (Si0,), and the marble waste was used as
source of calcium oxide (CaO). Initially, the chamotte and
marble waste samples were crushed to a particle size below
150 mesh (<106 pm, ASTM). Then, the samples were
mixed and homogenized by using a laboratory mixer dur-
ing 2 h in a molar ratio of Si0,:CaO (1:1) [13]. Finally, the
chamotte/marble mixture was fired at 1000, 1050, and
1100 °C in a laboratory electrical kiln at 20 °C min~"' to
obtain calcium silicate material via solid-state reactions.
For each firing temperature, a soaking time of 24 h was
applied.

X-ray diffraction analysis of the raw materials and cal-
cium silicate materials were performed with a Shimadzu
XRD-7000 conventional diffractometer, using monochro-
matic Cu-Ko radiation (4 = 0.154059 nm) at 40 kV and
40 mA. The scanning speed was set to 1.5° (26) min~".
The interpretation of the X-ray diffraction data was carried
out by comparing the Bragg peak positions and intensities
with reference data listed in the ICDD cards.

The morphology of the calcium silicate powder was
observed using a Shimadzu SEM SSX-550 scanning elec-
tron microscope, coupled with an energy-dispersive spec-
troscopy equipment, at 15 kV after platinum coating.

TG/DTA of the chamote/marble mixture in a molar ratio
of Si0,:Ca0 (1:1) was carried out with a Netzsch Instru-
ment STA 409E. The measuring parameters are summa-
rized in Table 3. Dilatometric analysis of the
chamote/marble mixture was done with a Netzsch CIL
402C dilatometer within the 25-1100 °C temperature

Table 3 Measuring parameters of the thermal analysis data

Parameters Conditions
Temperature range/°C 25-1100

Reference sample (Al,03) Alumina oxide (Al,O3)
Balance sensivity/mg 1

Atmosphere Air

Heating rate/°C min~"' 10

Sample mass/mg

Chamotte/marble mixture 59.70

Raw material Fraction/%

Density/g cm

<2/pm 2 < x < 63/pm >63/um
Chamotte waste 9.0 69.0 22.0 2.79
Marble waste 4.5 95.0 0.5 2.96
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range using a heating rate of 10 °C min™
atmosphere.

The thermal diffusivity (o) measurements at room
temperature were done by the open photoacoustic cell
technique (OPC) [14], using disk samples of 10 mm
diameter and thickness between 350 and 450 pm of the
calcium silicate materials. The thermal diffusivity was
determined according with the model proposed by
Rosencwaig and Gersho [15] of an optically opaque and
thermally thick sample. The specific heat capacity (pC,)
measurements were done using the photothermal technique
of temperature rise under continuous light illumination of
the calcium silicate sample in vacuum [14]. The thermal
conductivity (k) was determined according to k = apC,, in
which p is the material density. The thermal effusivity (¢)
of the samples was determined according to ¢ = (kpCp)” 2,

Calcium silicate pieces with 25 mm in diameter and
10 mm in height were produced by pressing at 82 MPa,
cured by immersing them in water (5 min per day for
1 week), and then dried at 110 °C for 48 h. The water
absorption and apparent density of the silicate pieces were
determined according to the ASTM C373 standard. The
water suction was determined according to the UNE
67-031 standard. Microstructural analysis of the fracture
surface of calcium silicate pieces was done by SEM using a
Shimadzu SEM SSX-500 at 15 kV after platinum coating.

Results and discussion
Structural and morphological characterization
XRD patterns of the chamotte and marble waste samples

are presented in Fig. 1. The marble waste presented peaks
that are mainly characteristic of calcite (CaCOs; ICDD

1 1 - quartz, 2 - illite, 3 - hematite
8000+ 4 - calcite, 5 - dolomite
12 )
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2
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Fig. 1 X-ray diffractograms of the solid wastes

card: 05-0586), with a small amount of dolomite
(CaMg(COs3),; ICDD card: 05-0622). In the chamotte
sample characteristic peaks of quartz (SiO,; ICDD card:
46-1045), illite ((K,H30)Al,Si3A10;3(OH),; ICDD card:
26-911), and hematite (Fe,O3; ICDD card: 33-0664) were
identified. An amorphous band between 26 = 10° and 30°
could be observed. This is caused by the dehydroxylation
of the kaolinite structure with formation of amorphous
metakaolinite [16—18]. In fact, the chamotte used in this
work is a solid waste material from fired clay brick pro-
duced with kaolinitic clays [19].

XRD patterns of the calcium silicate materials synthe-
sized at different temperatures are shown in Fig. 2. Note
that the chamotte/marble mixture in a molar ratio SiO,:
CaO (1:1) underwent a series of phase transformations as
temperature raised from room temperature up to
1000-1100 °C. The diffraction peaks of calcite, dolomite,
quartz, illite, and hematite have disappeared during the
synthesis process. The mineral phases identified in all
synthesized materials are wollastonite (CaSiOsz; ICDD
card: 02-0689) as major calcium silicate material, and
minor amounts of larnite (Ca,SiO,4; ICDD card: 24-0037)
and rankinite (CazSi,O7; ICDD card: 02-0323). The pres-
ence of ferrobustamite [(Ca,Fe,Mn);SizOq; ICDD card:
29-0336), gehlenite (2Ca0.Al,05.Si0,; ICDD card:
01-0982), anorthite (CaAl,Si,Og; ICDD card: 02-0523),
and diopside (Ca,Mg(Si03),; ICDD card: 02-0656] has
been also observed. A comparison of the XRD patterns
indicates changes in the intensities of diffraction peaks
with increasing synthesis temperature.

Figure 3 shows the morphological aspects of the syn-
thesized calcium silicate powder. Figure 3a shows that the
calcium silicate powder is composed mainly of irregular-
shaped particles with a wide particle size range. The
stacking of calcium silicate particles to form agglomerates

4000
1 - wollastonite, 2 - larnite, 3 - rankinite, 4 - gehlenite
. 5 - anorthite, 6 - diopside, 7 - ferrobustamite
3000 s (35 21 1000 °C
47,3 A * | Il l' "3 | |
s
S 20004
2
& 1050 °C
i 1
=]
1000
1100 °C
0 1
T T T T T T T T T
0 10 20 30 40 50 60 70 80 90
26/°
Fig. 2 X-ray diffractograms of the calcium silicate materials
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is evident. The EDS analysis of the synthesized powder is
shown in Fig. 3b. Ca, Si, O, Al, Mg, Fe, and C were
detected. This is in accordance with the X-ray diffraction
analysis (Fig. 2).

Thermal characterization

The TG/DTA curves of the chamotte/marble mixture in a
molar ratio of Si0,:Ca0O (1:1) are shown in Fig. 4. Two
endothermic events are seen in the DTA curve within the
150.0 and 823.2 °C temperature ranges, respectively. The
first endothermic event concerns to the evolution of the
physically adsorbed water on the solid waste particles. The
second endothermic event observed at 823.2 °C is related
to the carbonate decomposition to form mainly calcium
oxide (CaO) and CO, degassing. In fact, X-ray diffraction
(Fig. 1) showed that the marble waste used is rich in calcite
(CaCOs;), with dolomite as the accessory mineral. This
event was accompanied by an intense process of mass
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Fig. 3 SEM/EDS micrograph of the calcium silicate powder synthe-
sized at 1100 °C: a particle morphology; and b EDS spectrum
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transfer in the chamote/marble mixture as shown in TG
curve. The reactions related to the carbonate decomposi-
tion are [20-22]: (1) CaMg(COs5), - MgO + CaCO; +
1CO,; and (2) CaCO3; — CaO + 1CO,. The chamotte/
marble mixture presented a total mass loss of 18.14%
during heating. An exothermic event around 900 °C could
be observed. This event is probably related to a series of
thermal reactions that could exist simultaneously and pro-
gressively in this temperature range to form new calcium
silicate-based crystalline phases [7, 13, 23], mainly wol-
lastonite given by CaCO5; + SiO, — CaSiOs. This is in
agreements with the X-ray diffraction results (Fig. 2).

The dilatometric curve of the chamotte/marble mixture
in a molar ratio Si0,:CaO (1:1) is shown in Fig. 5. The
dilatometric behavior involved in the chamotte/marble
mixture could be described as follow. Initially, a slight
expansion up to ~400 °C was observed, which is caused
by the thermal expansion of the solid particles of the
starting materials. Between ~400 and 500 °C a small
inflexion occurred, which is mainly attributed to the o — f§
quartz transformation. A new expansion within the
500-800 °C range could be due to the carbonate decom-
position to form mainly CaO and CO, degassing. At
~ 838 °C a sharp shrinkage in the dilatometric curve was
observed. Such behavior is associated with two events that
take place simultaneously: the formation of calcium silicate
phases via solid-state reactions and sintering. The shrink-
age rate (dL/d¢) reaches its maximum at 885.2 °C. These
results are in accordance with the XRD (Fig. 2), SEM
(Fig. 3) and TG/DTA (Fig. 4).

Figures 6-9 present the thermophysical properties of the
calcium silicate materials synthesized at different temper-
atures. The thermal diffusivity is an important thermo-
physical property that measures how quickly heat
propagates within a material. It is very sensitive to the
material structure and synthesis conditions. The calcium
silicate materials presented thermal diffusivity values
within the 0.00389-0.00649 cm? s~' range (Fig. 6). These
values are consistent with those for wollastonite
(0.00270-0.00310 cm? s~ ") [24]. As shown in Fig. 7, the
synthesized materials also presented low values of thermal
conductivity (0.457-0.714 W m~' K™'). The results in
Fig. 6 also showed that the thermal diffusivity values were
reduced with the increasing synthesis temperature. This
lower thermal diffusivity reflects the change in the
diffraction peak intensities as observed in the XRD data
(Fig. 2). In fact, between 1000 and 1100 °C, a series of
solid-state reactions are in progress to form new crystalline
phases mainly calcium silicates (wollastonite, larnite, and
rankinite). The thermal diffusivity behavior is quite cor-
related with all the other studied thermophysical properties.
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Fig. 6 Thermal diffusivity of the calcium silicate-based material

calcium silicate material) and pores filled by air. The
thermal conductivity (k;,,) of this two-phase system could
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be determined by the equation suggested by Kingery et al.
[25] given by

ki ~ ks [(1=V,) /(1 +Vy)] (1)

in which k; is the thermal conductivity of the synthesized
calcium silicate material and V}, is the volume fraction of
the porosity. Equation (1) is valid when the thermal con-
ductivity of the solid skeleton (k;) is higher than that of the
porous phase (air — k = 0.026 W m~' K™'). The ceramic
pieces presented porosity values within the 30.99-33.81%
range.

The thermal conductivity values of the calcium silicate-
based material pieces, as calculated by the Eq. (1), water
absorption (WA), apparent density (AD) and water suction
(WS) are presented in Table 4. As may be observed, the
ceramic pieces presented small differences in the thermal
conductivity values. This could be explained by the dif-
ferences in the mineral phase composition as observed in
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Fig. 9 Thermal effusivity of the calcium silicate-based material

Table 4 Technological properties of the calcium silicate-based
material pieces

Temperature/°C ~ Technological properties

k! WA/% AD/ WS/

Wm™' K™ g cm™? g cm ™2 min~!
1000 0.376 13.45 1.96 0.0037
1050 0.227 17.54 1.85 0.0487
1100 0.276 17.58 1.85 0.0488

the X-ray diffraction analysis (Fig. 2), apparent density,
water absorption, and water suction of the produced cera-
mic pieces. In fact, SEM micrographs of the fractured
surfaces of the ceramic pieces were compared to each other
in Fig. 10. All pieces had a porous microstructure with
only small differences in texture and porosity.

The calcium silicate-based material pieces exhibited
thermal conductivity values within the 0.227-0.376
W m~!' K™' range. According with the UNE-EN 1745
standard [26], the specified value of thermal conductivity
for thermal insulation ceramic materials is lower than
0.430 W m~ ' K~'. Thus, all calcium silicate-based mate-
rial pieces presented thermal conductivity values lower
than the reference value. The thermal conductivity of dif-
ferent insulation materials has been reported in the litera-
ture. It is in the (0.313-0.418 Wm™' K™ range for
insulation material of coal fly ash, perlite, clay, and linseed
oil [2], (0.800-1100 W m~"' K™") for clay building brick
[27], and (0.300-3.000 W m~! K1) for kaolin bricks [28].
This means that the calcium silicate-based materials syn-
thesized with solid wastes (chamotte and marble) via solid-
state reactions has high potential to be used as thermal
insulation material of high quality.
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Fig. 10 SEM micrographs of the fracture surfaces of calcium
silicate-based materials synthesized at different temperatures:
a 1000 °C; b 1050 °C; and ¢ 1100 °C

Conclusions

In this work, thermal and structural characterization of
calcium silicate-based material produced with different
solid wastes and synthesis temperature has been analyzed.

XRD analysis indicated that the marble waste used is
rich in calcite, whereas the chamotte waste is rich in quartz.
On heating, the chamotte/marble mixture in a molar ratio
Si0,:Ca0 (1:1) underwent a series of solid-state reactions
at high temperature, resulting in the formation mainly of
wollastonite.

DTA curve has shown endothermic and exothermic events
in the chamotte/marble mixture related to carbonate decom-
position and phase transformations, respectively. The dilato-
metric behavior corroborates the DTA-TG and XRD results.
It was found that the thermal properties are influenced by the
synthesis temperature. The calcium silicate-based materials
synthesized between 1000 and 1100 °C presented low values
of thermal diffusivity and thermal conductivity.

It was found that all the calcium silicate-based material
pieces presented values of thermal conductivity
(0.227-0.376 W m~' K™') compatible with those speci-
fied for use as thermal insulation construction material.
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