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Abstract

In this study, vitrified ceramic tiles were made by sintering a mixture of recycled waste container glass powder (RWGP)
and kaolinite clays sourced from Nigeria. Initially, waste container glass (transparent color) was obtained from a
municipal waste deposit, washed, and crushed before fine milling and sieving to obtain RWGP of approximately 75 um.
Prior to use, the as-received kaolinite clays were also beneficiated and sieved. Three body mixes (VT1, VT2, and VT3)
containing 80 - 90 wt. percent RWGP with kaolinite clays and feldspar were homogeneously blended and compacted in
a steel mould measuring 200 x 180 x 10 mm. The green compacts were allowed to dry at room temperature before
sintering at 1200°C for 2 hours. To evaluate the properties of the developed vitrified tiles, physical, mechanical, phase,
and microstructure investigations were carried out. The results showed that bulk density increases across the series,
while porosity was 0.5 percent for all tested samples, which is in accordance with ISO 13006. VT2 had higher hardness
(6.71 MPa) and compressive strength (2.44 MPa). Quartz and wollastonite were the major phases identified by XRD,
with albite, orthoclase, and calcite also present. The microstructure revealed a densified morphology typical of a clay-
quartz structure, with little glassy phase resulting from the limited reaction of glass with the clay during sintering.
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1. Introduction

Annually, approximately 11 billion tons of municipal solid waste (MSW) are generated, implying a ton per person, and
this value is increasing globally. Among these MSW, more than 130 million tons of waste glasses are generated globally
each year, with only 21% recycled despite the fact that glass is 100% recyclable [1].

As of today, Nigeria generates more than 32 million tons of MSW per year, with waste glasses and agro-wastes
accounting for more than 70 percent of that total. Given the dangers and threats posed by these wastes to both life and
the environment, it is critical to find alternative uses for them through recycling and valorization [2]. As a result, efforts
are now being made to incorporate recycled waste glass, either as particles or fine milled powder, into the development
of new and useful ceramic products such as tiles, bricks, and porcelains.

Several studies on the use of glass particles as a partial substitute for aggregates [3-5] and cement [6, 7, 5] in concrete
have been published. Recently, recycled glass has been used in road construction to replace sand in asphalt mix [8].
Some studies have also shown that waste glass, due to its high silica (Si02) content and the presence of alkaline earth
oxides, can be used as a fluxing agent in the preparation of traditional ceramics [9 - 12, 2]. Assis et al. [13] investigated
the use of crushed glass as a cement replacement in mortar and found that the addition of waste glass powder improves
sulphate resistance without compromising strength. The use of waste glass as a partial substitute for sodium feldspar
in the production of sanitary wares was also investigated [14], with results showing that mullite growth was accelerated
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in the glass substituted feldspar while energy consumption was reduced. Despite numerous reported works on the
incorporation of waste glass in the development of ceramic wares, very few studies have been conducted on the reaction
of kaolinite - type clays with glass [15, 16], and glass - clay based ceramics are frequently described without reference
to the type of clay [17].

In this regard, the current study aimed to prepare and characterize vitrified tiles made from a kaolinite clay - waste
container glass mixture using the sintering method. Bulk density, porosity, compressive strength, hardness, phase, and
microstructure characteristics were investigated.

2. Material and methods

2.1. Starting materials

In this study, the starting raw materials for the preparation of vitrified tiles were kaolin, white ball clay, feldspar, and
waste container glass (transparent color), in that order. Other raw materials (kaolin, white clay, and feldspar) were
obtained in their as-received raw state from their respective deposits in Nigeria, with the exception of waste container
glass, which was sourced from a municipal dumpsite. These raw materials were crushed, ground, and wet-sieved to
obtain 75 pm particles before being oven dried at 105°C. Energy Dispersive X-ray Fluorescence was used to investigate
the chemical composition of the processed materials (EDXRF).

2.2. Sample preparation

In this work, three body mixes of vitrified tiles were developed, as shown in Table 1. Before batch mixing, the materials
were processed and weighed separately. Each body mix was precisely weighed and semi-dry mixed, with 5% water
added to the total body mix to ensure bindability during pressing. Each body mix was then pressed into samples in a
200 x 180 x 10 mm steel mold using a laboratory hydraulic press at 75MPa pressure. The pressed samples were first
allowed to dry at room temperature for 24 hours before being oven dried for 12 hours at 105°C. The dried samples were
sintered in an electric kiln at 1200°C for 2 hours after soaking. Before offloading, the sintered samples were allowed to
cool to room temperature.

Table 1 Vitrified tiles body formulation (wt. %)

Samples | RWGP | Kaolin | White ball clay | Feldspar

VT1 90 - 5 5
VT2 80 - 15 5
VT3 80 5 15 -

"RWGP - recycled waste container glass powder

2.3. Characterization

Several tests were carried out using standard procedures to investigate the properties of the developed vitrified tile
samples. The bulk density and porosity were determined using the boiling method, as specified by ASTM C373.
Mechanical properties such as compressive strength were tested using an Instron Universal Testing Machine at a
strain/load rate of 5 mm/min, while hardness was tested using a Vicker's micro-hardness tester at a load of 10 kg for a
dwell time of 10 s. SEM (JSM-6100 JEOL, Japan) was used to examine the microstructure, while an X-ray diffractometer
(Rigaku miniflex 600, Japan) was used to investigate the crystalline phases.

3. Results and discussion

3.1. Materials characterization

Table 2 indicates the result of the chemical analysis of the raw materials used by EDXRF in weight percent. The results
showed that the recycled waste container glass powder (RWGP) has similar oxides constituent with other materials
used which indicate its potential use as admixture in ceramic wares preparation. However, the existence of silica (Si02),
sodium oxide (Naz0) and calcium oxide (CaO) indicates the RWGP is soda-lime-silica glass based. The chemical
constituents of the white ball clay, feldspar and kaolin respectively also showed they are alumino-silicate bearing
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materials. However, the moderate content of K20 (9.86%) observed for feldspar indicate it is an orthoclase feldspar
mineral. This result is in tandem with previous works [18, 15].

Table 2 Chemical composition of starting materials used by EDXRF (wt. %)

Materials Si0z | Na20 | MgO | CaO | Al:03 | Fez03 | K20 | P20s
RWGP 69.38 | 7.22 | 0.55 | 15.03 | 5.03 0.71 | 0.65 | 0.09
White ball clay | 51.70 - - 3996 | 0.17 2.26 | 0.58 | 0.39
kaolin 62.50 - - 0.16 | 36.04 | 197 | 0.63 | 0.46
Feldspar 66.52 0.71 | 1812 | 0.29 | 9.86

3.2. Physical properties

Table 3 displayed the physical properties of the developed vitrified tiles VT1, VT2, and VT3 in terms of bulk density and
estimated porosity. The bulk density of the samples increases as the series progresses. This increase in bulk density
indicates high compactness and pore closure caused by the glassy or vitreous phase produced by the high glass content
at elevated temperatures [19]. In terms of porosity, it was discovered that all of the vitrified tile samples had similar
porosities ranging between 0.45 and 0.55 percent. This lower porosity could also be due to the glass content's high
vitreous phase, which seals the pores [20, 2]. The observed porosity value is consistent with the ISO 13006
recommended value for vitrified tiles, as reported by Matthew and Fatile [18], because porosity has a direct relationship
with water absorption.

Table 3 Physical properties of the samples

Sample | Bulk density (g/cm3) | Porosity (%)
VT1 0.564 0.5
VT2 0.5888 0.45
VTs 0.8478 0.55

3.3. Mechanical Properties

The result of the mechanical properties in terms of micro-hardness and compressive strength is shown on Table 4. For
the compressive strength, it is observed across the series that the compressive strength obtained for all the samples is
somewhatlow, however, sample VT2 has the highest compressive strength of 2.44 MPa. In terms of micro-hardness, VT2
also showed the highest hardness value of 6.7 GPa. The better mechanical properties exhibited by VT2 could attributed
to its low porosity and high glassy phase [15].

Table 4 Mechanical properties of the samples

Sample | Compressive test (MPa) | Hardness (MPa)
VT1 2.12892 6.428
VT: 2.43767 6.708
VTs 1.88893 5.031

3.4. Microstructure characteristics

Figures 1 (a - ¢) showed the representative morphologies of the sintered VT1, VT2, and VT3 respectively. It is observed
for all the samples that the microstructure exhibited a typical clay - quartz mixtures similar to what was reported
previously [15]. It is also observed that only VTzand VTs showed good vitreous (glassy) phase on the surface with good
compactness with varying degree of open and entrapped pores at the clay-quartz interfaces. VT3 (Fig. 1c) also showed
higher densification on the surface which actually account for its high bulk density.
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C
Figure 1 Representative SE images of (a) VT1 (b) VT2 (c) VT3 samples

3.5. Phase composition

The result of the phase composition of the vitrified tile samples (VT1, VT2 and VT3) examined by X-ray diffractometer is
shown in Figures 2 (a - c) respectively. The XRD spectra indicate all the samples exhibited crystalline peaks of quartz,
wollastonite, anorthite, albite, muscovite, kaolinite and orthoclase respectively. The major peak of crystalline quartz
observed in all the samples showed that the RWGP has limited reaction with clay during sintering, even if melted.
However, the presence of anorthite, albite and muscovite in the samples indicate a limited glass - clay interaction.
Similar result has been reported by Djangang et al [15].

12



Global Journal of Engineering and Technology Advances, 2022, 11(03), 009-015

Path: C 2 02-2022\A1 BLESSING Sols 1 Solution
Phase Data View
2500 )
Al
BLESSING_20220215_091009_G
02_502_M02
— Quartz
~——— Wollastonite
2000~ Kaolinite
————— Anorthite
Albite
Muscovite
——— Orthoclase |
1500

Intensity, cps

2 Kaolinite

§ ; ? § 5 3 E §
o»-mﬁ&\“ L 1 E i A’Lll TN A | /’\ 6
Wollastonite [N ] el | | (5 B ) ] | I | \I‘HI o rurn | (W] IIII'l II|H‘ 1] \IIL i M‘IIIIII‘I IE“I tl llllh EIJIII

Kaohnit: | I n | l 1} I’ ‘ (IR (i} lI I lhllll IJ III'I I, I‘Illl III'I IJIIIIIIJ‘P[I‘II‘IHIIF Pl|l I!Ilmla‘#’hé\llll! i

Anorthit
Oﬂhcldase R o] (9 ()| I\”l " 11 n Illl lh\llll |$ IIIIIIH" 'l"+ llllllll l||I:!lhllll?lfhhll!llll=|ll\' l“*lﬁ"l“"“
I ' 2 3'0 40 50 - 80 y 70
20,
(A;d zt:::;nc_zozznz|s_09|oos_coz_soz_uuzvmlunmupon Page 2012
Path: CAWaliPapen\15.02-2022\A2 BLESSING Solution rmrsin Solution
Phase Data View
- _— =
BLESSING_20220215_091009.G
03.503_ M03
20001 s
Wallastonite
— Kaolinite
Anorthite
Muscovite
4 Albite
1500~ {=———Onthoclase
g
=
z
g 1000
: i
500
i
£ - W
] 2
A R }é\h} R} iA /‘k e A\ A |
o ot o U0 Il“ ||r|| IIILHPIIllﬂllrl“lllllll‘lllﬁ lﬁllvl'lnldn!l
Kaolinite | | oy llllllll I Ilhll nuwnw IIH- lllllI||II|I|J.I|I(|‘|"|1||J .l.llllﬂllllllll&‘ll“l-
e £y u'. AIUTLTE g |
1 ‘|° 1
2,
gzﬁ::ﬁs:na_zozznzas_wm_mx.so;,uoa Ealustion report T

13



Global Journal of Engineering and Technology Advances, 2022, 11(03), 009-015

Path: CAWallPaper\15-02-2022\C2 BLESSING Sciutionsmrsin Solusion

Phase Data View

Q
BLESSING_20220215_091009_G

- Anorthite
30001 Kaolinite

Intensity, cps

[ ]
el ol VN l.,,x#‘,\ BN el L

| | |
(I IR ‘I | '|“ Loy F IR mn g »]WIU ‘IH 1)) I|IIIH!H"II¥I\ Illllll&!ll\llllw I
| [ | I |

| ) | | | | | B B A |

Kagling ! | A 1 I 1 | L] L
T T 1 T 1 T 1
A > ) ) % o ”

20"

€2 BLESSING_20220215_091009_GO3_S01_MO1-Evaluation report e
x Page 20f2

{Solution!

Figure 2 XRD Phase composition of (a) VT1 (b) VT2 (c) VT3 samples

4., Conclusion

The present work has dealt with preparation and characterization of vitrified tiles from kaolinite clay - waste container
glass mixture using conventional sintering method. The following conclusions are drawn within the limit of this work:

. Glass wastes can be successfully recycled and used in glass - clay mixture for development of ceramic
components like vitrified tiles.

. The physical properties tested showed that the bulk density increased across the series (VT1, VT2 and VT3)
while the porosity did not exceed 0.5% indicating a well compact structure.

e  The compressive strength and hardness values are somewhat low when compared with previous work which
is attributed to less viscous content arising from the limited reaction of the glass with clay during sintering
which is confirmed from the phase composition.

. The microstructure showed a typical clay - quartz mixture with little glassy/vitreous phase arising from
limited reaction of the glass with clay during sintering.

The phase composition by the XRD affirmed the microstructure with little phase content of anorthite, muscovite and
albite while the main crystalline phase is quartz.

Compliance with ethical standards

Acknowledgments

The authors wish to acknowledge Mr Isa Yakubu of the department of chemical engineering, Ahmadu Bello University,
Zaria, Nigeria for running the analyses undertaken in this study.

Disclosure of conflict of interest

The authors declare no conflict of interest.

14



Global Journal of Engineering and Technology Advances, 2022, 11(03), 009-015

References

[1]

Ferdous W, Manalo A, Siddique R, Mendis P, Zhuge Y, Wong HS, Lokuge W, Aravinthan T, Schubel P. Recycling of
landfill wastes (tyres, plastics and glass) in construction - A review on global waste generation, performance,
application and future opportunities. Resources, Conservation & Recycling. 2021; 173: 105745.

Owoeye SS, Toludare TS, Isinkaye OE, Ukoba K. Influence of waste glasses on the physico-mechanical behavior of
porcelain ceramics. Boletin De La Sociedad Espanola De Ceramica y Vidrio. 2019; 58: 77 - 84.

Hajimohammadi A, Ngo T, Kashani A. Glass waste versus sand as aggregates: The characteristics of the evolving
geopolymer binders. . Cleaner Prod. 2018; 193: 593-603.

Rashad AM. Recycled waste glass as fine aggregate replacement in cementitious materials based on Portland
cement. Constr Build Mater. 2014; 72: 340-357.

Taha B, Nounu G. Properties of concrete contains mixed colour waste recycled glass as sand and cement
replacement. Constr Build Mater. 2008; 22: 713-720.

Islam GS, Rahman M, Kazi N. Waste glass powder as partial replacement of cement for sustainable concrete
practice. Int ] Sustain Built Environ. 2017; 6: 37-44.

Kashani A, Ngo TD, Hajimohammadi A. Effect of recycled glass fines on mechanical and durability properties of
concrete foam in comparison with traditional cementitious fines. Cem Concr Compos. 2019; 99: 120-129.

Cheng A. Council trials recycled glass roads, governmentnews.com.au, Australia. 2020.

Sonjida M, Ahsan M, Hamid A, Ahmed S. Effect of waste glass powder on physico-mechanical properties of ceramic
tiles. Bangladesh ] Sci Res. 2011; 24: 169-180.

Youssef NF, Abadir MF, Shater MAO. Utilization of soda glass (cullet) in the manufacture of wall and floor tiles. ]
Eur Ceram Soc. 1998; 18: 1721-1727.

Martin-Marquez ], De la Torre AG, Aranda MAG, Ma. Rincén ], Romero M. Evolution with temperature of
crystalline and amorphous phases in porcelain stoneware. ] Am Ceram Soc. 2009; 92: 229-234.

Sahar MR, Hamzah K, Rohani MS. The microstructural study of cullet-clay ceramics. International Conference on
physics science and technology (ICPST 2011), Physics Procedia. 2011; 22: 125-129.

Assis SRH, Lira BB, Rego SABC. Desenvolvimento ecaracterizacao de pecas ceramicas utilizando vido
recicladocomo alternativa de reaproveitamemto de residues, in: 21CBECIMAT - congresso Brasileiro de
Engenharia e ciencia dosMateriais, Cuiaba, MT, Brazil. 2014.

Marinoni N, D’ Alessio D, Diella V, Pavese A, Francescon F. Effects of soda-lime-silica waste glass on mullite
formation kinetics and microstructures development in vitreous ceramics. ] Environ Manag. 2013; 124: 100-107.

Djangang CN, Kamseu E, Elimbi A, Lecomte GL, Blanchart P. Net-shape clay ceramics with glass waste additive.
Mater Sci Appl. 2014; 5: 592-602.

Abuh MA, Agulanna CA, Chimezie PE, Bethel-Wali JU. Implications and characterization of waste glass cullet -
kaolinite clay ceramics. ] Appl Sci Environ Manag. 2019; 23: 513.

Costa FB, Teixeira SR, Souza AE, Santos GTA. Recycling of glass cullet as aggregate for clays used to produce roof
tiles. Rev Mater. 2009; 14: 1146-1153.

Matthew GO, Fatile BO. Characterization of vitrified porcelain tiles using feldspar from three selected deposits in
Nigeria. Res ] Recent Sci. 2014; 3: 67 - 72.

Abuh MA, Idenyi NE, Etukudoh AB, Ituma CG, Obioha CI, Asadu CO. Ceramics application of Mgbom Clay:
Characterisation and micro-structural studies. Leonardo Elec. ] Prac Technol. 2018; 33: 105 - 122.

[tuma CG, Etukudoh AB, Abuh MA, Akpomie KG, Obioha CI. Utilization of Nkpuma-Akpatakpa clay in ceramics:
characterization and microstructural studies. ] Appl Sci Environ Manage. 2018; 22: 47-53.

15



