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In this study, the effect of substitution of feldspar by soda-lime glass waste (SLGW), on
rheological behavior, thermal, physical-mechanical and structural properties of sanitary-
ware vitreous china (VC) bodies, has been evaluated. The findings show a positive effect
on the rheological behavior of the slip, to viscosity, thixotropy, density and casting
process. Indeed, during the firing stage at 1230<C, the use of 20 wt. % of SLGW in the
composition of VC bodies, improved Bulk density (2 to 2.52 g/cm?), reduced water
absorption (0.35 to 0.02%), and increased flexural strength (33 to 51 MPa). The fired
samples were characterized using X-ray diffraction, SEM and FTIR analysis; results
indicate that Mullite and Quartz are the major phases, with a little presence of anorthite
phase formed by SLGW additions. From TGA/DTG analysis, it was found that the use
of SLGW (15 wt. %) reduces mass loss of VC bodies (8.83 to 8.53%). These positive
results open new horizons for using this waste, as a sound environmental, technological
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and economic solution.

1. INTRODUCTION

Evidently, among ceramics, Sanitary ceramic is one of the
most significant types of ceramics due to its high technical
characteristics; it is mainly used in the building industry [1].
Indeed, demand for various ceramic products is increasing [2].
Mostly, the production of sanitary-ware VC bodies, is based
on the preparation of slip; the raw materials used in slip
formulation are in general a mix of kaolin (25-35%), clay (20-
28%), feldspar (15-23%) and quartz (17-31%). In the
manufacturing process of sanitary VC bodies, a series of
parameters must be respected; in particular, we must ensure
good rheological properties to allow the casting: Gallenkamp
viscosity of about 300-330 °G, thixotropy after 1 min at about
20-30 °G, and a thickness, after 60 min, of at least 0.7cm [3].
Following this, the ceramic bodies are dried and spray-glazed
in order to enhance their various chemical-mechanical
properties [4-6]. Finally, they are fired in the kiln. During the
firing cycle, the ceramic bodies undergo physical-chemical
changes, as demonstrated by many studies conducted by
several authors [7, 8]. The quality of final product of course,
depends on the properties of raw materials and the firing
conditions [9, 10]. Generally, the principal phases in VC
bodies are: glassy phase, mullite and residual quartz. Mullite
is the main constituent it has a low expansion coefficient and
a high strength; this allows improvement in the technical
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characteristics of the ceramic products [11-13].

Recently, the increase in ceramic bodies production
worldwide, warns about the depletion of raw materials
resources over time. For these reasons, the research
community is attempting to find new resources that satisfy the
standards of the ceramic industry; as an example, they are
focusing on the study of the possibility of recycling and
incorporating industrial waste into various ceramic
formulations. The recycling of these wastes can help reduce
the depletion of natural raw materials and reduce pollution. In
this context, many types of ceramics have been prepared from
various industrial wastes. These are mainly: blast furnace slag
[14, 15], solid ceramic waste [16], fly ash [17-19], red mud
[20], Glass Frit [21] and glass waste [22-25].

SLGW has a similar chemical composition as feldspar and
present the same behavior during the firing process [26]. From
previous studies, the partial or total replacement of feldspar by
SLGW accelerates the densification process, and reduces the
firing temperature from 1340°C to 1240°C, without affecting
the slip casting parameters [27, 28]. Also, the plastic
deformation is reduced when 6wt. % of feldspar are replaced
by SLGW, in porcelain stone ware tile body; this helps to close
the pores and reduce water absorption to 0.2% at 1080°C [26].
On the other hand, mullite growth kinetics, become faster by
the substitution of feldspar by SLGW (from 7 to 30 wt. %) in
vitreous ceramics. The reduction of the firing temperature by
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70 to 100°C, mentioned previously contributes to energy
saving and the reduction of carbon dioxide emissions [29].

The rich content of SiO,, Na>O3 and CaO in soda-lime glass
waste (SLGW), as industrial waste, the limited knowledge
about its use in the sanitary ceramics industry. The novelty in
this study is the potential use of SLGW as a partial substitute
for two types of feldspar (Na + K) in the sanitary ware body
composition. The first part of this work aims at controlling the
rheological behaviour of the slip ceramic by the use of Na-
electrolytes. The purpose of the second part is to define the
optimum composition (from 5 up to 20 wt. %) for obtaining
better physical-mechanical and structural properties of fired
ceramics. This investigation contributes to compensating for
the depletion of natural raw materials, leads to significant
economic by getting a less expensive ceramic body and
reducing environmental pollution with various technical
benefits (improving the physical-mechanical properties,
decreasing the firing temperature).

2. MATERIALS AND METHODS
2.1 Raw materials

Table 1. Formulations (in wt. %) of batch compositions VC,
C2,C3,C4and C5

Raw material VC C2 C3 C4 C5
Clay (Hycast VC) 28 28 28 28 28
Par Kaolin 12 12 12 12 12
kaolin RMB 12 12 12 12 12
Na- feldspar 12 95 7 45 2

K- feldspar 11 85 6 35 1
Quartz 25 25 25 25 25
SLGW 0 5 10 15 20

Table 2. Chemical analysis of the raw materials

. Clay Par kaolin Na K

Oxides v yaolin RMB feldspar feldspar Q"% SLGW
Si0, 52 48 48 7074 69.5 9635 7025
ALOs 31 37 37 1792 173 052 171
Tio 1 006 005 026 0 005 0
CaO 2 007 007 0.5 05 1.19 1343
MgO 04 03 0.3 0.2 02 008 052
K0 21 19 175 0.4 9 017 028
Na0 02 0.1 0.1 9.6 35 008 1343
Fe0s 12 0.9 0.8 008 016 024 033
LOI 12 118 121 0.5 04 12 0.1

Table 3. Chemical analysis of slip modified by SLGW

Oxides VC C2 C3 C4 C5
Si0; 7021 7021 7022 70.22 70.23
ALO; 2415 2335 2256 21.76 20.97
TiO: 037 037 036 035 035
CaO 0.49 1.14 1.79 243  3.08
MgO 027 029 030 032 033
K20 224 2.02 1.80 1.58 1.36
Na2O 1.77  2.11 246 280 3.14
FexO0s  0.61 0.62 0.63 0.64 0.65

The raw materials used for the preparation of the VC bodies:
Hycast VC ball clay from UK. Two types of kaolin were used;
the first, kaolin Remblend denoted as RMB (IMERYS
Ceramics, Austell, UK) and the second type named Parkaolin
(IMERYS Minerals Ltd, UK). Quartz is derived from deposits

in Bir el-Ater (Tebessa, Algeria). Sodium and potassium
feldspar are from Cine (Aydin, Turkey). SLGW powder comes
from the factory of the African Glass Company (Jijel, Algeria).
In a tunnel kiln, small quantities of SLGW and feldspar were
fired at 1230°C in order to investigate their melting behavior.
Loss of ignition (L.O.I) was determined by firing at 1000°C
for 2 hours. Five compositions of VC bodies were prepared,
we have a reference sample, which is SLGW free, defined as
VC (0 wt. % SLGW). Concerning the following four, we have
the gradual replacement of feldspar by SLGW. The
compositions of ceramic bodies, are presented in Table 1 (in
weight %). The chemical compositions of the raw materials,
were obtained by an X-ray fluorescence spectrometer Rigaku
ZSX Primus IV (see Table 2). The slips compositions are
summarized in Table 3.

2.2 Samples preparation

To prepare sanitary VC bodies, the first step is to prepare
the slip by diluting clay with 15wt. % water in a mill equipped
with alumina balls; then, the quartz is ground up to obtain
particles with a diameter under 63pum. Crushed sand and
diluted clay are mixed with feldspar and kaolin with an
adequate amount of water. The mixture is then, milled in a
ceramic jar for 4 hours at 120 rpm, to obtain the residue on a
sieve of 63 um (less than 2%). To improve the milling
efficiency, small quantities of deflocculating agents: sodium
carbonate and sodium silicate (high Purity: 99.9%, grade ACS
reagent), were added to the slip before mixing.

Figure 1 illustrates the manufacturing steps. The industrial
slip density is, generally, in the range of 1.77-1.79 g/cm?®. Slip
fluidity was measured by calculating the time required to pass
the slip through a ford cup 100ml (2.6 mm opening). Slip
viscosity is measured using a universal torsion viscometer
(mod.TV/30/A, Gallenkamp type). The thicknesses during
casting, were measured according to time steps of 10, 30, and
60 minutes. The obtained slip was poured into rectangular
plaster moulds, at room temperature. In each mixture 8§ test
pieces (70x20x10mm), were prepared to measure water
absorption, rectangular samples (120%x20x20mm) were
prepared to measure both linear shrinkage and flexural
strength. The samples were then dried at room temperature for
48 hours, then, at 105°C for 8 hours. The green bodies were
fired in a tunnel kiln, for 21 h, at a maximum temperature of
1230°C, under industrial conditions.

Rheological tests Gypsum molding

Figure 1. Manufacturing steps of sanitary VC bodies



2.3 Methods of characterization

The thermal behavior of green ceramics was characterized
by thermogravimetry analysis (TGA/DGA), using the
equipment (TGA-DSC, Universal V4.5A TA Instruments) for
temperatures up to 1300°C, with a heating rate of 5°C / min in
air atmosphere. Alumina powder was used as reference
material.

X-ray diffraction (XRD) was performed to determine the
crystal phases of the fired samples on a Siemens D5000
diffractometer, using Cu-ko (A = 1.5406 A) radiation in the
Bragg Brentano configuration, X-ray patterns recordings 26
range from 5 to 100 degrees, The quantitative analysis of phase
percentages was obtained, using X-Pert High Score software.

To characterize the morphology of crystal particles and the
microstructure of the samples, a Scanning Electron
Microscope (SEM) (WD S, JEOL JSM 6360LV) has been
used.

The infrared transmission spectra were extracted using
sample powder burnt into KBr pellets (purity: 99.9%, Spectral
quality). The data was registered by spectrophotometer of
Shimadzu Japan, in the interval 4000-500 cm™'.

Some physical and mechanical properties of fired bodies,
were experimentally characterized; the bulk density (Dg) was
determined by Archimedes’ procedure; the true density (D)
using the densimeter Candlot- Le Chatelier and the total
porosity P (%) is calculated by Eq. (1)

(Dr — Dg)
D

P (%) = £100 (1)

T

The water absorption (WA) is determined using the
following procedure: the dried samples are weighed (m0), and
after immersion for 2 hours in boiling water, cooled for 12
hours. Then, the surface is dried with a wet towel (m1) then,
the samples are weighed second time.

The water absorption is calculated using Eq. (2).
(m1—m0) £ 100

m0

WA (%) = (2)

The value of linear shrinkage (LS) is determined by
calculating the difference between lines inscribed on the
samples before and after firing, a specified length (10 cm)
being recorded before firing L; and after firing Ly. The linear
shrinkage is calculated by Eq. (3)

(L — Lg)

LS =
L;

* 100 3)

The flexural strength (FS) of the heated samples, was
measured with a three-point bending method using a NETSZH
global testing machine; the measurements are converted to
flexural strength by applying Eq. (4)

_3E*d

FS =—
2w * t2

“4)

where, E is the failure load (N), d is the distance between two
supports (cm), w is the specimen width (cm) and t is the
specimen thickness (cm).
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3. RESULTS AND DISCUSSION
3.1 The melting behavior of SLGW and feldspar

Figure 2 shows the difference in the melting behaviour, in a
tunnel kiln at 1230°C, between sodium and potassium feldspar
on one side, and SLGW on the other. SLGW has a fast-melting
behavior compared with both types of feldspar, because of the
high presence of the liquid phase, which reduces the sintering
process. The liquid phase formed in the matrix of ceramic
specimens with added SLGW which consist of a great amount
of diverse fluxes (such as CaO, K,O and Na,O). While each
type of feldspar has only one flux (KO, Na,O or CaO) [29].

3.2 The effect of SLGW on the rheological parameters of
slip

According to the results given in Table 4, the rheological
parameters of slip (such as viscosity, thixotropy and density)
are consistent with the known existing ranges of values of VC
ceramics; also, the sieve residue and thickness values are in
the reported range. Generally, the slip does not need most of
the used deflocculates agents, when incorporating SLGW in
ceramic composition; The viscosity of the slip greatly affects
the surface charge of the ceramic particles, therefore, allowing
a change in the pH [30]. So, the addition of SLGW contributes
to the formation of sodium and calcium hydroxides by the
excessive amount of Nat and Ca+ cations in the medium,
which reduces the thickness of the diffusion layer [31].

! 1230°C \
¥ h . »
5/
fe u
Na o r SLGW

Figure 2. Melting of feldspar and SLGW at 1230 °C

Table 4. Rheological properties of slip compositions

VC cC2 C3 C4 C5
Slip density (g/cm?) 1.77 178 178 1.77 1.78
Fluidity (s) 16 14 11 12 11
Residue on sieve (63pum) 1.7 1.9 1.8 1.5 1.9
Viscosity (°G) 300 305 309 299 300
Drying shrinkage (%) 411 7.19 7.87 798 8.30
Thlxotropzl after 5 min 52 32 9 15 10
. ( G) .
ThlxotropzfO ét;ter 15 min 37 55 29 19 17
Thickness after 1 h (mm) 6.7 78 650 680 6.10
Sodium silicate 01
deflocculated (%) ’
Sodium carbonate
deflocculated (%) 0.075




3.3 The effect of SLGW on the physical properties of fired
ceramics

Figure 3 and Figure 4 present the results for the bulk density,
total porosity, water absorption and firing shrinkage of fired
ceramics. The addition of SLGW to the composition of
ceramic bodies contributed to a significant reduction in the
porosity of industrial VC ceramic, which has a higher total
porosity of>10% compared to the sample containing 20 wt. %
SLGW (2.8%). While the increase in density (up to 2.52
g/cm?), is due to the liquid phase formation from various
fluxes of SLGW (CaO and Na,O). The liquid phase fills the
voids between the substance's particles and leads to the
decrease in the pores in the ceramic structure; this contributes
to the conversion of the remaining open porosity to closed
porosity, causing a decrease in the total volume of the sample
(increase in the linear shrinkage) and reduction in the water
absorption [32]. According to ASTM C 373-88 [33], all
samples have a final shrinkage smaller than 12%. It must be
noted that low water absorption (<0.5%) is essential to
guarantee hygiene all along the product's lifetime. These
results confirm that density is related to properties such as
porosity, water absorption and linear shrinkage [34].
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Figure 3. Bulk density and total porosity of the sintered
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Figure 4. Water absorption and firing shrinkage of the
sintered samples

3.4 Effect of SLGW on flexural strength of fired samples

Figure 5 shows the flexural strength variation of fired
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samples. The sample C5 has a high strength (51 MPa)
compared to standard VC ceramic (33 MPa). We can notice,
also, slight increase in the flexural strength of samples C2, C3
and C4, where we have SLGW incorporation. This increase
can be explained by the difference in thermal expansion
coefficient between glass matrix, mullite, quartz and grains of
anorthite formed; as they contribute to a higher prestressing
during the cooling process [7, 35]. In the C4 samples, the
flexural strength decreased compared to C3; which can be
attributed to the presence of a high amount of low-density
liquid phase that leads to a bulging of the ceramic samples.
These results are consistent with SEM analyses, which show a
relatively higher porosity in C4 compared to C3 [32].
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Figure 5. Evolution of the flexural strength of samples fired
at 1230°C

3.5 X-ray diffraction analysis

Figure 6 presents the XRD analysis of samples fired at
1230°C. Mullite and quartz appear to be the main phases.
SLGW incorporation in ceramic formulations leads to the
formation of the anorthite phase. The presence of a sharp point
in all samples is attributed to the presence of quartz as the
predominant element in a crystalline state. The five ceramic
samples contain an amount of SiO, >70% (Table 3) from
undissolved quartz in raw materials [16]. The combination of
alkaline and alkaline earth, contribute to the formation of
mullite and glass phase while, the presence of CaO >13% in
SLGW powder, leads to anorthite formation [36, 37].
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Figure 6. XRD pattern of heated samples. (m: mullite, Q:
quartz, A: anorthite)

3.6 Scanning Electron Microscopy (SEM)

The microstructure of samples fired at 1230°C is shown in



Figure 7. Usually, VC bodies consist of mullite, quartz, and a
liquid phase from molten clay-feldspar; SLGW has various
fluxes (such as CaO, MgO, K»O and Na,O) which lead to the
formation of a great amount of liquid phase that fills the voids
between the particles leading to a reduction in porosity of C2,
C3, C4 and C5 samples. It is, also, found that the grain
distribution in bodies containing SLGW, is similar to that of
the standard VC sample [2]. According to the X-ray diffraction
pattern shown in Figure 5, these samples contain also the
anorthite phase formed by CaO oxide from SLGW powder.
These results are consistent with physical parameters recorded
previously such as density and water absorption.

3.7 Thermal analysis

From TGA curves in Figure 8, Figure 9 and Figure 10, in
three samples we can see a first mass loss in the interval 20°C
- 100°C, corresponding to water elimination. The second mass
loss between 400 and 600°C, is due to the dehydroxylation of
the hydroxyl groups in kaolin resulting to form metakaolin
(A1,03.28i0y); that is confirmed by DTG analysis showing
the apparent peaks at 480°C for VC sample and 500°C for
samples containing 5 and 15 wt. % SLGW [38]. The mass loss
continues as the temperature is raised; indeed, DTG analysis
shows three small peaks at 1099, 1047 and 1107°C for 0, 5 and
15 wt.% SLGW, respectively. This is related to mullite
formation by crystallization [7]. The total mass loss values in
the mixtures 0, 5, and 15 wt. % SLGW are: 8.83, 8.12 and
8.56%, respectively. SLGW reduces mass loss in sanitary VC
bodies by the formation of the liquid phase from the SLGW
component. This mechanism has to do with the dissolution of
the solids in the liquid phase and growth of crystalline phases
(mullite) [29, 39].
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Figure 8. TGA/DTG analysis of the mixture, with 0% of
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Figure 9. TGA/DTG analysis of the mixture, with 5% of
SLGW

Figure 7. SEM micrographs of VC body and C2, C3, C4 and
C5 ceramics
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Figure 10. TGA/DTG analysis of the mixture, with 15% of
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3.8 FTIR spectroscopy

In Figure 11, the FTIR spectra of the studied ceramics are
presented. It shows that most bands are narrow, confirming the
regular structure of the ceramic samples. The peak at 715
cm! can be attributed to the bending vibration mode of (Al-O-
Si) bonds [40]. The band appearing near 1079 cm™!, could be
due to Si-O vibrations and (Si-O-Si) asymmetric stretching
vibration of siloxane bonds [41]. The small band at 1580cm™!
could be caused by the C=O0 stretching frequency [42, 43]. The
sharp bands at 2352cm! could be ascribed to Si-C stretching
[41]. The very small bands that appear at 3232cm™! in samples
containing SLGW, indicate the absorption of calcium silicate
hydrate compounds (Ca-Si-H) [44].
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Figure 11. FTIR analysis of the mixtures with 0, 5, 10, 15and
20 % SLGW

4. CONCLUSIONS

Sanitary VC ceramics have been produced from soda-lime
glass waste using the slip method. SLGW powder has been
found enhance the rheological behavior of the slip. The use of
SLGW (20 wt. %) has improved physical properties such as,
bulk density (2 -2.52 g/cm?), reduced water absorption (0.35
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to 0.02%), and enhances the flexural strength (33-51 MPa).
FTIR and XRD results, identified mullite and quartz as major
crystalline phases with a little presence of anorthite following
SLGW additions. SEM analysis shows a high density in
samples rich in SLGW and a higher growth speed of mullite;
this leads to the decreasing of porosity and water absorption.
From TGA/DTG analysis, the substitution of feldspar by
SLGW, has reduced the mass loss (8.83 to 8.53%) in VC
ceramics containing 15wt. % SLGW. Finally, the results of
this research, suggest that it is possible to produce sanitary
ceramic VC bodies at a low cost from waste glass, as an
alternative to feldspar, with many technical, environmental
and economic benefits.
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