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Abstract

Many industrial processes generate large amounts of waste. Typical examples include the fertiliser industry (phosphogypsum), ferro-alloy
and steel producers (slag), as well as the power generating industry (fly ash). Although some waste products are currently used to a limited
extend (e.g. fly ash and cement in cement), there is a constant need to find more uses and new applications for these. This investigation describes
work done to develop a novel ceramic body, which can potentially be used as a ceramic filter for purification of waste water and potable water.
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. Introduction

Typical examples of industrial waste include materials
rom the ferro-alloy and steel industries (slag or iron-rich
aste) and the power generating industry (fly ash). These
aste products are currently used in limited amounts. It is
ell known that coal is the main fuel of South Africa. In
985, 124 million tons of coal were consumed by the local
arket.1 Coal is used not only used to generate steam and
lectricity, but also to produce liquid fuels and chemicals.
rom an environmental viewpoint, such applications gen-
rate large quantities of ash, which mostly end up as large
umps near the points of use, and emissions of combustion
roducts.2

This investigation was launched to find alternative appli-
ations for these materials. One such possible application is
o manufacture water filters from them. The supply of clean
rinking water is an urgent priority in South Africa, and a

∗ Corresponding author. Tel.: +27 12 3186123; fax: +27 12 3186286.

successful development of such a filter could contribute
nificantly to assist with the supply of clean drinking wate
especially disadvantaged communities. Some of the mo
portant criteria for such a filter will be, amongst others, s
cient porosity, mechanical strength to withstand handling
a reasonable head pressure of water, ease of cleanabili
ease of manufacturing. The materials used in this inves
tion will, therefore, be employed in various combination
try and achieve as many of these objectives/desirable pr
ties. In this specific paper only the physical properties o
filters will be addressed while the operational performa
of the filters will follow in subsequent papers.

Several waste products have been identified for pos
incorporation with clays in novel ceramic bodies inten
for a water filter application. These include fly ash, ball c
bentonite, phosphogypsum and iron-rich waste.

1.1. Fly ash

Fly ash is largely composed of glassy, spherical parti
The finest ashes are coarser than typical clays, with the
E-mail addresses:jonkera@tut.ac.za (A. Jonker),

ermanp@prme.wits.ac.za (J.H. Potgieter).
1 Tel.: +27 11 7177546.

age particle size of ash and clay somewhat above and below
two microns, respectively. Shrinkage of clay bodies can be
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Table 1
Chemical composition of waste materials

Percentage Lethabo fly ash Iron-rich waste

SiO2 52.59 2.71
TiO2 1.68 11.96
Al2O3 34.59 3.70
Fe2O3 3.15 75.91
MnO 0.04 0.35
MgO 1.06 0.98
CaO 4.08 0.56
Na2O 0.17 2.10
K2O 0.60 <0.01
P2O5 0.28 <0.01
Cr2O3 0.04 0.27
NiO 0.02 0.02
V2O5 0.04 0.45
ZrO2 0.08 <0.01

LOI 1.4 0.07
Total 99.82 99.09

lowered by fly ash additions.3 Fly ash has a typical chemical
composition as indicated inTable 1.

1.2. Ball clay

The ball clay used consists essentially of kaolinite with
small amounts of mica and quartz and has a high organic con-
tent. Ball clays are used extensively in the whiteware ceramic
industry as an ingredient in clay bodies composed largely of
non-plastic materials, in order to impart the required plastic-
ity and green and dry strengths.4,5

1.3. Bentonite

Bentonite refers to clay of volcanic origin, and it con-
sists mainly of montmorillonite. Bentonite is used in bod-
ies, glazes and enamels to improve plasticity and increase
thixotropy.6 The reactivity of bentonite arises from the crystal
structure and small particle size.6,7 The high working mois-
ture of bentonite results in high drying shrinkage, thus the
content should be restricted to no more than five percent.

Table 2
Physical properties of starting materials fired at different temperatures

P Fly ash par

S 2.35
S 6.32
W 17.63
S 2.38
S 4.33
W 17.53
S 2.23
S 11.85
W 16.63

S ssed in ated as
a

1.4. Phosphogypsum

Phosphogypsum8 is a by-product resulting from the phos-
phoric acid process for fertilizer production. It consists
mainly of CaSO4·2H2O with further impurities such as P2O5,
F- and organic substances. Only 15% of the worldwide pro-
duction of phosphogypsum is utilized while the remaining
85% causes an environmental problem and needs large dis-
posal areas. Attempts have, therefore, been made to use phos-
phogypsum in applications such as road and rail works fills,
stabilization of base course, and building products.8

The particle size of this gypsum is usually below 200�m.
Gypsum has low strength and poor adhesive properties, but
is added to bodies to assist in setting.9

1.5. Iron-rich waste (Fe-rich waste)

The iron-rich waste used was a byproduct from a vanadium
manufacturer (Vametco Mineral Co). Little information is
recorded in literature on this material. Given the iron-rich
composition, it can be used as a flux. A chemical analysis
was performed on this material and is given inTable 1.

The waste materials have been characterized with the aim
to incorporate these in novel ceramic products. The present
study describes the development of such a product for possi-
ble use as a ceramic water filter, to replace sand filters in the
p
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roperty Temperature (◦C) Kaolin

hrinkage (%) 800 3.84
trength (MPa) 800 5.22
ater absorption (%) 800 25.61
hrinkage (%) 850 3.74
trength (MPa) 850 5.01
ater absorption (%) 850 25.21
hrinkage (%) 900 3.94
trength (MPa) 900 11.13
ater absorption (%) 900 0.64

ome raw materials such as the kaolin, lime and feldspar are not discu
dditives to the mixtures, which in the end did not prove necessary.
Lime Gypsum Fe-rich waste Felds

3.58
16.14
8.05

3.54 4.03 3.88
2.32 11.59 3.63

63.34 7.85 15.76
5.59 5.21 4.30 2.18
2.93 3.50 18.38 5.22

57.43 8.20 16.03

the text as they are not waste materials. These materials were evalupossible

urification of waste and potable water.

. Methods

Three ceramic bodies were formulated with the follow
ompositions:

80% fly ash; 15% ball clay and 5% bentonite (FCB);
80% fly ash; 15% ball clay and 5% iron-rich waste (FC
80% fly ash; 5% gypsum and 10% iron-rich waste and
over-burden bentonite (FPIB).

The method used to manufacture the samples for the
ulated bodies were casting. The samples were prepare

he optimum amount of deflocculant, and then cast in a
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Fig. 1. Fluidity of ceramic clay bodies.

ter of Paris mould to extract most of the water from the slurry
and to end with samples of a square nature.

The properties of the materials were determined according
to the methods as explained in the Appendix.

3. Results and discussion

The chemical and physical properties of the respective
starting materials are provided inTables 1 and 2.

3.1. Flow properties of ceramic bodies

The fluidity and thixotropy of ceramic bodies as mea-
sured by torsion viscometer are graphically represented in
Figs. 1 and 2. From these Figures, it can be seen that the
amounts of sodium polyacrylate utilised to reach the turning
point of the fluidity are high for all the mixes. This can be at-
tributed to the high amounts of fine material in the mixtures.
The FCB material shows better flow properties compared to
the others, indicating that it can be deflocculated with less
difficulty.

3.2. Ceramic properties of clay bodies
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Fig. 3. Shrinkage of ceramic bodies fired at various temperatures.

Fig. 4. Strength of ceramic bodies fired at various temperatures.

available as the samples broke during firing. However, it was
possible to determine the water absorption and bulk density
on the broken pieces. The iron-rich waste contributed to a high
shrinkage by acting as a flux as can be seen inFigs. 3 and 4.
The shrinkage of FCB has a maximum at 950◦C and then
decreases by increasing the temperature due to the high clay
content in the mix and the kaolin change to meta-koalin at
±950◦C, which results in an increase in volume.

The modulus of rupture of the materials is presented in
Fig. 4. In all cases the strength of the cast samples improved
dramatically. The strength of FPIB is low and this can be
attributed to the relatively large amount gypsum in the mix-
ture. The high amount of Ca in gypsum is known to in-
crease the vitrification temperature of the body into which it is
incorporated.6 However, all samples have sufficient strength
for handling. At 1050◦C the Fe-rich waste begins to act as a
flux and improved the strength of the mixtures due to ceramic
bonding taking place.

Fig. 5presents the water absorption of the materials. Wa-
ter absorption is an indication of the porosity of the mixture
or body. This parameter was the primary determinant to as-

ures.
The results obtained on the fired samples are graph
resented inFigs. 3 and 4. Fig. 3presents the firing shrinka
f the bodies investigated. All the materials show relati

ow shrinkage at 1050◦C. The FPIB mixture shows the hig
st shrinkage, which can be attributed to the high clay co
bentonite) as well as the relatively high amount of iron-
aste. The shrinkage and strength of the FPIB body wer

Fig. 2. Thixotropy of ceramic clay bodies.
 Fig. 5. Water absorption of ceramic bodies fired at various temperat
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Fig. 6. Bulk density of ceramic bodies fired at various temperatures.

sess the potential of the manufactured bodies for possible
use as filter material. The rationale not to measure pore size
distribution in the initial phase of the investigation, was to
first identify the most promising body from this suite of sim-
ple evaluations. The water absorption is low for FCB and FCI
bodies, which is to be expected from the high shrinkages (see
Fig. 3). Conversely, FPIB shows a high water absorption, as
can be expected from the low shrinkage. A low shrinkage
indicates that little vitrification took place, while high water
absorption indicates that pores are not yet isolated through
vitrification.

The bulk densities (Fig. 6) of all the bodies are high in
the extruded state, with FPIB showing lower values than the
other two mixes. This can be linked to the amount of bonding
achieved in the fired material. The cast samples showed lower
bulk densities than the extruded ones. The method of shaping
also plays a role, since the FPIB was hand extruded. The FPIB
mixture would be preferred due to its low bulk density. Low
bulk density indicates less use of material, which implies
lower costs. Furthermore, the low bulk density is indicative
of a high porosity, which is favourable for a material intended
as filtering medium.

4. Conclusion
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properties are more suited for use in high-pressure sys-
tems, where the filters need to have good integrity.

(iii) Organic materials that burn out on firing may be used to
increase porosity of all the mixtures. It is recommended
that all three mixes should be mixed with an organic ma-
terial such as polystyrene and then evaluated, to deter-
mine the water filter properties. The influence of such an
approach on the physical properties of mixtures should
be undertaken. These aspects are currently under inves-
tigation and will be reported on in subsequent commu-
nications.

(iv) Casting seems to be the best method of manufacturing
for the FPIB mixture, while extrusion will be more suit-
able for the FCB and FCI material mixes.
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The aim of this project was to identify a potential prom
ng filtering medium from waste materials, which can w
tand physical handling and a head pressure without ru
r breakage, have sufficient water absorption (which was
s an indication of porosity) and can be manufactured e
nd cheaply. Three material mixtures were investigated

he following conclusions reached:

(i) The FPIB mixture shows favourable water absorp
and shrinkage for employment as a filter, but
strength. Strength may be increased by the incorpor
of more Fe-rich waste, or a reduction of gypsum c
tent, which seem to have a remarkable effect on stre
This mixture should be investigated further to see if
ter strength than that of the current body can be obta
without losing the desirable properties of low bulk d
sity and high water absorption.

(ii) The FCB and FCI materials show lower water absorp
and better strength, but appreciable shrinkage. T
ppendix A. Physical properties

Bulk density: The Doulton densometer was used to de
ine the bulk densities. A standardised test method p
usly developed in-house was used.4

The density was calculated using the following formu

ulk density (BD)= m1

m2
BDHg (g · cm−3)

herem1 is the mass of sample in air (g);m2, mass of samp
n mercury (g); BDHg, density of mercury at the releva
emperature (g·cm−3).
Shrinkage: The shrinkage of samples was determined

er drying at 110◦C (green shrinkage) and after firing
00–1050◦C with 50◦C increments (fired shrinkage). T

otal shrinkage, which is the shrinkage from the wet s
o the fired state, was also determined. The shrinkage
etermined by making 100 mm marks on the samples
easuring the distance between the marks after drying

ring.
Strength: A Lloyds 200 three-point flexion bend test ap

atus was used to determine the strength of samples at
emperature. A standardised test method developed
usly in-house was used.4 The distance between the kn
dges was 100 mm. The samples were approximately 13

ong. The samples were prepared by casting, and wer
roximately 25 mm× 25 mm, while extruded samples we
2 mm in diameter.
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The modulus of rupture (MoR) was calculated for samples
of rectangular cross-section as

MoR = 3P�

2bd2 (MPa)

and for samples of round cross-section as

MoR = 8P�

πφ3 (MPa)

whereP is the force (N);�, distance between knife edges
(mm);b, breadth (mm);d, depth (mm);φ, diameter (mm);π
= 3.14; MoR, modulus of rupture (MPa).
Water absorption: Fired samples were boiled in water for

3 h prior to determination of water absorption. A standard-
ised test method as developed previously in-house was used.4

Water absorption was calculated as

Water absorption (WA)= m2 − m1

m1
× 100 (%)

wherem1 is the dry mass (g);m2, soaked mass (g).

Appendix B. Chemical analysis

Chemical analysis of fly ash and iron-rich waste was per-
formed by XRF using a Bruker MPS 400 instrument with
s
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and the fluidity was determined by measuring the degree of
overswing after the fly wheel was rotated through 360◦. The
thixotropy of the material was determined after leaving the
sample for 3 min in the torsion viscometer.

Appendix D. Sample preparation

The physical properties of the different waste materials
were determined as the mean values of 10 samples. The ma-
terials were prepared with 20% addition of ball clay to facili-
tate forming of the samples. The samples were extruded with
a hand extruder.
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