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Abstract. This work focuses on the synthesis of f—Wollastonite and utilized as
reinforcement filler for ceramic tile. B—Wollastonite was synthesized by taking the
raw limestone as a lime precursor and rice husk as a source of silica. The lime and
silica powders were mixed with 1:1 w/w ratio and then calcined at 900 °C for 4 h.
The ceramic tiles were prepared by solid slip casting method for a wide range of
B—wollastonite to clay ratio (5, 15 and 25%), particle size of 63, 75 and 125 pm
at firing temperature of 950, 1000 and 1050 °C. The results show that a minimum
linear shrinkage of 1.25% was recorded at 25% B—wollastonite-clay ratio with a
particle size of 125 wm at a temperature of 950 °C. The ceramic tiles fabricated
were exhibited minimum water absorption of 1.35% and maximum compressive
strength of 38.35 MPa at 25% of f—wollastonite to clay ratio, particle size of
63 wm and 1050 °C firing temperature. Similarly, the maximum acid resistance
of 99.985% was found on 75 and 125 pm particle sizes with a 25% ratio of
B-Wollastonite and 950 °C firing temperature.
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1 Introduction

Ceramic tiles are a thin slab, having a full cross-section, made from clays and/or other
inorganic raw materials and an important construction material used in almost all con-
struction sectors. The production of ceramic tiles starts from raw material, grinding and
mixing and usually shaped at room temperature, then dried and subsequently fired at a
temperature sufficient to develop the required properties [1]. The quality and cost of the
final product of ceramic tiles depend on the composition of raw materials, firing cycle
[2], mixing proportions [3] and particle size of the starting materials [4].

In developing countries, there is a great shortage of ceramic tile materials. For exam-
ple, local materials are often used, like soil, stone, grass and palm leaves for roofs.
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These roofs are characterized by their weak strength and have a low resistant to harsh
environmental conditions such as rain. Currently, materials like corrugated iron sheets
and asbestos cement sheets have replaced the traditional construction materials. The
corrugated iron sheet roofs in tropical areas give a poor indoor climate and make a lot of
noise when it rains and needs a lot of energy during their production. Asbestos cement
sheets should not even be thought-about, due to health hazards [5].

Ceramic tiles are characterized by their weak plastic deformation properties, as a
result, catastrophic failure takes place and also minor crack propagate quickly to critical
sizes. Besides, ceramic tiles surfaces can allow water and contaminants to enter into and
exit which often permeating into cavities behind the tiles, corroding the bonding agent,
the substrate itself or perhaps the ceramic tile. It is very difficult to clean, over time they
become dirty and have to be removed physically or mechanically; laborious and costly
undertaking [6].

During the production of ceramic tile high amount of feldspars is added [7]. However,
feldspar particles tend to stick to each other like socks with static cling from the dryer.
Tiny bits of feldspar adhere to one another and resist being mixed into the clay body as
individual particles. Therefore, replacing the existing material formulation of tiles and
their properties by incorporating natural fibrous into its starting materials is a key step.
Thus, in this research work the potential application of f—wollastonite as reinforcement
filler for clay-based ceramic tile was investigated. B—wollastonite is composed of CaO
and SiO; with the chemical formula of f—CaSiO3 [8].

2 Materials and Methods

2.1 Materials and Chemicals

The primary raw materials were rice husk, limestone and clay. Rice husk was collected
from local rice producers and millers located at Fogera Woreda, South Gonder, Ethiopia,
where there is a high production of rice. Limestone and clay were collected from Abbay
Gorge and Addis Zemen, Ethiopia, respectively. HCI1 (35.4%) was used for soaking of
rice husk to remove soluble minerals. NaOH (97%) and H>,SO4 (98%) were used for
extraction of silica from rice husk ash and to extract silica gel from sodium silicate
solution.

2.2 Methods

Extraction of Silica from Rice Husk (RH): Silica was extracted from RH by using
alkaline extraction followed by acid precipitation [9]. RH was sieved and washed with
water to removes dirties or impurities. Then, it was soaked in a solution of 1N HCI for
8 h to remove impurities attached on it and to make easy for calcination. After leached
with HCI, it was washed again with distilled water until the pH became neutral. Then
dried by sun light for about 48 h and calcined in an electric furnace at 700 °C for 6 h.
10 g of Rice Husk Ash (RHA) was dispersed in 60 ml, 2.5 M solution of NaOH for 2 h
at 60 °C [10]. The silica content of the RHA leached out to the aqueous phase of the
dispersion in the form of soluble sodium silicate according to Eq. 1 [11].

SiO2(RHA) 4 2NaOH — Na;SiO3 + H,O (1)
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The resulting sodium silicate solution was filtered using 110 mm filter paper in a
vacuumed filtration condition. The filtrate was allowed to cool to room temperature and
then acidified with 2N H>SOy4, which precipitated the dissolved silicate in the form
of white gelatinous solid with constant stirring to neutral pH. The precipitation using
H>SO4 occurred according to Eq. 2 [12].

Na,SiO3 + HySO4 — SiO; + Na»SO4 4+ H,O )

Silica gels started to precipitate when the pH decreased to less than 10 followed by aging
for 20 h. The gels were then dried at 80 °C for 12 h.

Experimental Procedure for Preparation of Lime (CaO): Limestone was soaked for
three days in distilled water. Then, it was removed and washed again to avoid unwanted
impurities that attached on the surface and dried at 105 °C in an oven for 24 h. The dried
limestone was subjected to a disk mill for size reduction (0.1 mm). Then, it was washed
using distilled water to remove the remain and water-soluble components and dried at
105 °C for 24 h. and calcined at 950 °C in an electric furnace for 5 h [13].

Synthesize of p—Wollastonite (3—CaSiO3): p—wollastonite was synthesized by mixing
of CaO and SiO; with 1:1 w/w ratio [14]. Distilled water was added to the mixtures under
vigorous mixing at 500 rpm and temperature of 70 °C for 4 h. The resulting solution
was kept at room temperature for 24 h and then decanted to obtain a precipitate. The
precipitate was dried in an oven for 20 h at a temperature of 100 °C and then calcined in
an electric furnace at a temperature of 900 °C for 4 h [15]. The prepared materials are
kept in an inert atmosphere for subsequent characterization and manufacturing of the
ceramic tile.

Manufacturing of Ceramic Tiles: Clay was separated manually from its impurities and
soaked in water for three days and washed to remove unwanted matter. Then, it was dried
for overnight in an oven at 105 °C and then introduced into disk mill followed by Ultra
centrifugal mill. The powdered clay was then passed through a sieve with a nominal
aperture of 75 pm whereas the B-wollastonite was sieved with the nominal aperture of
63, 75 and 125 wm. B-wollastonite was blended with clay at three different proportions
(weight percentage) (5%, 15% and 25%). Then, water was poured into the mixture under
vigorous mixing until the mixtures were easy to work by hand and allowed to stand for
16 h. The mixtures were cast into rectangular (120 x 65 x 8 mm?) formwork (mold) and
compacted by applied uniform force. The green tiles formed were then covered and kept
in the cupboard for two days in an open air to slowly loss its moisture content. After this,
the tiles were opened and then dried at 105 °C in an oven for 24 h. The dried tiles were
loaded into the furnace and heated at 5 °C/min until 250 °C and hold at this temperature
for 30 min. Then, the temperature was gradually increased to 950, 1000 and 1050 °C at
a heating rate of 10 °C/min and allowed for 1 h to ensure complete firing. The tiles were
then allowed to cool inside the furnace to room temperature and kept carefully for final
characterization and testing.
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2.3 Characterization and Material Testing

Fourier Transforms Infrared Spectroscopy (FTIR): FTIR spectroscopic tool is
employed to identify the key functional groups of the extracted and synthesized prod-
ucts. Structural changes within the samples. A sample of 1 mg (<63 wm) was mixed
with 100 mg of KBr and then pressed to prepare the pellets. The FTIR spectrum was
recorded over a wavenumber range of 4000-400 cm~! with a 4 cm™! resolution and
ordinate unit of transmittance (%).

Powder X-ray Diffraction (XRD): The crystalline structure of the synthesized material
was characterized via XRD. The X-ray patterns were taken from radiation source Cu-
Kal (A = 1.540593 A) by supplying 40 kV to X-ray generator. Spectra were observed
from O to 60° at a step size of 0.02°.

Linear Shrinkage (LS) Test: The linear shrinkage test was determined for fired ceramic
tile samples. The tiles length of the green body and the fired body was measured and
determined using ASTM C356-03 method [16].

Water Absorption (WA) Test: The fired ceramic tiles were weighed, immersed in water
and boiled for 2 h. Then, it was cooled to room temperature and stand for 12 h. The
tiles then removed and the surface water wiped off and weighed. The absorption was
determined using ASTM C373-88 method [17].

Acid Resistance Test (ART): To analyze the ceramic specimen’s acid resistance test,
the specimens were crushed and sieved in 2 mm sieve. Then, weigh a 10 g of crushed
tile samples and immersed into 25 ml of acidic solution (0.5 M H,SO4) at 80 °C for
48 h. After this treatment, the specimens were successively washed with distilled water,
dried at 80 °C for 24 h and weighed [18];

) Intial weight — Final weight
Weight Loss (%) = - - x 100 3)
Intial weight

Compressive Strength (CS) Test: The compressive strength tests of the ceramic tiles
were carried out using the compressive testing machine (Model: BN62223/2000). The
compressive strength of the ceramic tiles determined using Eq. 4 [19];

Crushig load

Compressive strength (CS) = “4)

Effective surface area of tile

3 Results and Discussions

3.1 Characterization of the Precursor Materials and p-Wollastonite

FTIR Spectra Analysis: The major functional groups present in silica powder were
identified by the FTIR spectra as shown in Fig. 1(a). The broadband at 3440 cm™! is
due to silanol hydroxyl groups (responsible for the surface OH groups of —Si—~OH).
The absorption peak at 1638 cm™! is attributed to the adsorbed water (HOH) bending
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vibration mode. The water has no substantial effect on the structure of the silica powder.
The peak at 1103 and 620 cm™! are associated with Si-O-Si asymmetrical and sym-
metrical stretch vibration mode, respectively. The peak at 486 cm™! is attributed to the
asymmetric bending vibration mode of a Si-O-Si bond [20, 21].

Figure 1(b) shows the FTIR spectra of lime. The broadband at 1426 cm™! shown
the vibrational stretching of Ca-O. The sharp peak at 874 cm™! was assigned to the
characteristic vibration bending of the Ca-O groups. [22]. The $-Wollastonite (Fig. 1(c))
exhibited characteristic absorption bands for the vibrational bending mode of Si-O-Si and
0-Si-0 at 567 cm™ !, the vibrational stretching mode of O-Si-O at 825 cm~ !, vibrational
mode of Si-O-Ca appeared at 1026 cm™! and the vibrational stretching modes of Si-O-Si
at 1115 cm~!. The peak at around 1456 cm™! is due to the existence of Ca-O in the
structure. The broadband at about 3440 cm ™! in the product can be assigned to stretching
vibration of Si-OH group [23].
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Fig. 1. FTIR spectra of (a) silica, (b) lime and (c) f—wollastonite

Powder X-ray Diffraction (XRD): The silica powder contained both the crystals
(quartz) and an amorphous phase as shown in Fig. 2a. The sharper strong broad peaks
were observed at 20 = 19.68°, 20.18°,20.92°, 21.4°, 27.7°, 29.38°, 31.34°, 33.1°, 33.98°,
36.68° 37.78° and 40.86°. The major peaks of crystalline quartz occur at 26 angles of
21.40° (d = 4.15 A) which corresponds to a crystalline structure [24]. Figure 2b shows
the powder X-Ray Diffraction pattern of lime. The lime was in the crystalline phase
with one strong sharp peak and many low-intensity peaks. As can be seen in the figure,
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the peaks are observed at 26 of 23.30°, 28.32°, 31.76°, 34.66°, 39.36°, 41.28°, 44.68°,
48.46°,52.72°,53.76° and 56.08°. The major peak was observed at 20 equal to 34.66° (d
=259 A).
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Fig. 2. X-Ray Diffraction of silica (a), lime (b) and p—wollastonite (c)

The phase formation behavior of B-wollastonite during calcination process was inves-
tigated using XRD as shown in Fig. 2c. It seems that almost all peaks were related to
triclinic B-wollastonite of maximum relative intensity (98.8%) at a diffraction angle of
26 equal to 34.5° (d = 2.6 A), with the small amount of amorphous phase. The peaks
obtained for B-wollastonite from XRD results at 26 are 16.56°, 18.3°,29.1°,31.2°,32.51°,
33.01°, 34.5°, 41.62°,45.93°, 47.63° and 51.22°.

3.2 Effect of Operating Conditions on Ceramic Tile Properties

Effect of Operating Conditions on Linear Shrinkage

Asitcan be seen in Fig. 3a, the linear shrinkage of ceramic tile is increased with the firing
temperature. The average values are 3.47%, 4.54% and 6.06% for firing temperature of
950 °C, 1000 °C and 1050 °C, respectively. A similar result have been reported elsewhere
[25, 26] that the linear shrinkage of ceramic tiles is increased with the firing temperature.
In contrast, linear shrinkage is decreased as the particle size increased (Fig. 3a) because
coarse particle requires more energy and time to complete densification. Besides, a coarse
particle has a small specific surface area which limit the densification process [27]. The
average values are 5.32%, 4.77% and 3.98% for the particle size of 63, 75 and 125 pm,
respectively.

The average linear shrinkage values are 6.53%, 4.68% and 2.87% for 5%, 15% and
25% of B-Wollastonite concentration, respectively (Fig. 3b). It seems that the ceramic
tiles with high B-wollastonite concentration exhibited low linear shrinkage because of
the low shrinkable tendency of f-wollastonite mineral [28, 29]. The linear shrinkage is
decreased when the ratio of B—wollastonite to clay increased even at high firing tem-
perature (1050 °C). Since, the formation of calcium aluminosilicates seems to involve
a smaller amount of liquid phase during sintering, thereby resulting in a smaller firing
shrinkage [30]. One of the methods for controlling firing shrinkage is the use of various
calcium-containing materials [31].
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Fig. 3. Effect of firing temperature and particle sizes (a) and ratio of f—Wollastonite and firing
temperature (b) on the linear shrinkage of ceramic tiles for different

Effect of Operating Conditions on Water Absorption

The result of water absorption of ceramic tiles is shown in Fig. 4(a) and (b). As it can be
seen in Fig. 4(a), the water absorption of ceramic tiles decreased from 23.57% (15.47%
to 11.82%) to 64.15% (11.82% to 4.24%), when the temperature increases from 950 °C
to 1050 °C. The pore present in ceramic bodies during ceramic processing is filled due
to the grain starts growing in the hole part of the ceramic body. The lower temperature
used was insufficient to promote densification and consequently, promote substantial
closing the porosity.
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Fig. 4. Effect of firing temperature and ratio of p—Wollastonite (a) and particle size of
B—wollastonite and firing temperature (b) on the water absorption of ceramic tiles

The water absorption of ceramic tiles is directly related to porosity and decreased
when the firing temperature is increased [32]. Similarly, the water absorption is reduced
by 30.6% (12.4, 10.53 and 8.6%) when the ratio of B-wollastonite increased from 5 to
25% (Fig. 4(a)). The presence of B—wollastonite in a high concentration increases the
green body density during pressing and reduces the formation of pinholes in the firing
stage, as a result, water absorption is decreased [33].
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The average water absorption of ceramic tiles is 9.43%, 10.48% and 11.62% for par-
ticle size of 63, 75 and 125 pm, respectively (Fig. 4(b)). The water absorption increased
with the particle size because of the coarse particle are less compacted and encourage the
formation of voids in casting and pressing stages, as a result, it is easy to create pinholes
at firing stage. Vieira and Monteiro were found that the water absorption of ceramic tiles
is increased with the particle size of starting materials [34]. When the firing tempera-
ture raised from 950 to 1050 °C the water absorption of ceramic tiles is decreased from
14.12% to 3.55%, 15.69% to 4.15% and 16.59% to 5.02 for particle size 63 pm, 75 pm
and 125 pm, respectively. During firing stage, fine particle accelerates the densification
process, decreasing the open porosity as compared to ceramic tiles contained coarse
particles of p—wollastonite.

Effect of Operating Conditions on Acid Resistance

Figure 5a shows the weight losses of ceramic tile samples are increased with firing
temperature. The average weight losses of ceramic samples are 0.031%, 0.043% and
0.063% for firing temperature of 950 °C, 1000 °C and 1050 °C, respectively. The firing
temperature raised from 950 to 1050 °C the internal structure of ceramic tiles was started
deformation and phase change. As a result, the amorphous phase easily attacked by acid
solution than the crystalline phase. The acid resistance of ceramic tiles is decreased
when the firing temperature increased. This is due to the phase of the ceramic starting
materials have a tendency to form the amorphous phase [18].
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Fig. 5. Effect of firing temperature and ratio of B-wollastonite (a) and particle size of
B—wollastonite and firing temperature (b) on the acid resistance of ceramic tiles

During acid etching, the alkaline metal (Ca**) ion replaced by H* ion and more
silica-rich layer formation on the ceramic specimens. However, the concentration of
B-wollastonite increased directly implies the Ca>* ion concentration in the ceramic tile
fabrication gives protection from the acidic condition. Because, if there is an excess
alkaline metal ion present in the samples the H* ions are saturated and no more reaction
takes place. The average weight losses of ceramic tile samples are 0.064%, 0.043% and
0.029% for 5, 15 and 25% concentration of B—wollastonite, respectively. The amount
of pB-wollastonite in the ceramic tile’s compositions played a great role in both acid
resistance and cleanability by alkaline detergent solutions [35].
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Figure 5b shows the variation of the weight loss within the particle size of B-
wollastonite. This test was conducted with the same particle size of ceramic tile samples
(2 mm). However, the starting materials of ceramic tiles were in three different particle
size of B-wollastonite (63, 75 and 125 wm). Therefore, this small variation in the acid
resistance test result is due to the variation of the particle size of starting materials. The
fine particles are easy to attack by acid solution compared to coarse particle since fine
particle has a large specific surface area [36].

Effect of Operating Conditions on Compressive Strength

The average values are 17.21, 20.86 and 26.54 MPa for the firing temperature of 950,
1000 and 1050 °C, respectively (Fig. 6a). When the firing temperature increased the
porosity of the specimens decreased for inorganic reinforcement fillers. The previous
study confirms that the ceramic tiles which contain inorganic reinforcement filler, the
compressive strength increased with firing temperature due to better densification [31].
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Fig. 6. Effect of firing temperature and ratio of P—Wollastonite (a) and particle size of
B—Wollastonite and firing temperature (a) on the compressive strength of ceramic tiles

Moreover, there is no thermal transformation of clay to mullite below 1050 °C,
mechanical strength decreases as a result of the presence of mullite [37]. On the other
hand, anorthite forms from f—wollastonite and alumina at a temperature of 1025 °C.
Anorthite (CaAl;Si;Og) is considered the most effective mineral in increasing the
mechanical strength of ceramic materials [38]. Consequently, the formation of anorthite
is responsible for increasing the strength after adding 25% of B—Wollastonite. The aver-
age values of compressive strength for addition of 5, 15 and 25% ratio of f—Wollastonite
is 19.24, 21.28 and 24.09 MPa, respectively (Fig. 6a). This implies that the compressive
strength of ceramic tile is increased with the ratio of f—Wollastonite which densifies the
microstructure of the ceramic tile matrix [39].

The compressive strength of ceramic tiles is decreased when the particle size of
B—Wollastonite increased from 63 to 125 pwm (Fig. 5b). The average values are 25.8,22.08
and 16.73 MPa for 63, 75 and 125 pm particle size of B—Wollastonite, respectively. Many
researchers agreed that the particle size and particle-size distribution directly influence
the porosity which influences the compressive strength [40]. The similar finding also
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reported as the possibility of increasing the compressive strength (or decreasing porosity)
by using a fine particle size or an optimized combination of different particle sizes is
well known from other technical fields [41].

The fine particles under the influence of high temperature bonded by the particle-
dissolving action and the grain grow between the particles and ultimately bond the parti-
cles together. As the boundaries between grains grow, porosity progressively decreases
and pores close off.

4 Conclusion

In this study B—wollastonite was synthesized from lime and silica obtained from rice
husk was tested as filler for ceramic tile production. It was found that silica as a pre-
cursor material for B—wollastonite was successfully extracted from rice husk by using
alkaline extraction followed by acid precipitation with a yield of 91.34%. The synthe-
sized p—wollastonite material with different proportion of clay was used to fabricate the
ceramic tiles. Besides, the effect of particle size and firing temperature on the quality of
final product was investigated. It was observed that percentage of B—wollastonite, firing
temperature and particle size have an important effect on the quality of the fabricated
ceramic tile. It was fond that the fabricated ceramic tiles reinforced with f—wollastonite
have an acceptable material property for the intended application.
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