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ABSTRACT

Incorporation of waste into ceramics can be an eco-friendly alternative for modification of
their microstructure and related properties such as porosity, pore size and, therefore, per-
meability and mechanical properties. In this work, two wastes are added to a common clay
mixture traditionally used for porous ceramics manufacturing: Screen Glass, G, from moni-
tors and TV panels, and Diatomaceous Earth, D, from oil-filtering processes. Processing of the
reference clay-based material (R) and two waste-containing formulations (10 wt.% of Screen
Glass, R10G, and 10 wt.% of Diatomaceous Earth, R10D) was carried out through vacuum
extrusion shaping and firing of test specimens at three maximum temperatures: 850, 950,
and 1,050°C. Final sintered specimens were characterized to determine density, bending
strength, and water absorption. Microstructure was observed by SEM while pore size distri-
bution was determined by mercury intrusion porosimetry. Permeability coefficient was cal-
culated from these experimental parameters. Materials containing Glass waste have lower
porosity and larger pore size due to partial melting of glass. As a consequence, mechanical
strength of R10G increases around 10% due to the lower porosity while, contrary to
expectations, permeability also increases due to the larger pore size. In the case of R10D
materials, extra porosity created by oil combustion during sintering also leads to larger
permeability values although a significant decrease of mechanical strength and reliability is
observed.
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1. Introduction

Using ceramic materials as filtering media offers a
unique combination of properties such as high strength
and hardness, wear and corrosion resistance, and ther-
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mal stability. In addition, control of porosity in these
materials is of great interest in terms of selectivity and
permeate flux for a wide range of applications [1-5]. In
particular, porous clay-based ceramics, traditionally
used as building materials [6,7] have lower cost and a
high potential for their configuration as membranes,
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especially for fabrication of porous ceramic substrates
to support intermediate and top layers [4,8-10].

Concerning ceramics processing, there is a global
trend in this materials industry to consider the recy-
cling of wastes as a new source of raw materials. In
particular, clay-based ceramics can tolerate the
presence of different type of waste since they are
produced from natural raw materials with a very
wide-ranging chemical and mineralogical composition.
Thus, a wide variety of waste materials has been stud-
ied as alternative resources for their incorporation into
clay ceramics [11-20].

In this context, reviews [11,12] on main experiences
in waste valuation into ceramics allow identifying two
groups of waste: organic ones, mainly biomass, and
those with an inorganic nature. Organic waste release
their calorific value during the combustion produced in
the firing process for manufacturing ceramics. This
combustion produces a more porous microstructure in
the final ceramic products, diminishing their density
[13-17].

On the other hand, inorganic wastes mostly
formed by variable proportions of SiO,-Al,O;—CaO,
and some other minor metallic oxides, show a compo-
sition similar to that of clay raw materials. Some
examples of inorganic wastes are glasses, slags, or
ashes (fly or bottom) from different metallurgical
industries, quarries dust, or sludge from cutting
different kind of minerals like marble or granite
[11,12,18-20]. These wastes can constitute the matrix
of ceramic materials due to the formation of crystalline
phases or to vitrification during the firing process and,
thus, give rise to inertization of the waste. In this way,
it is possible to get a wide range of ceramic products
with very different porosities, covering from glass-
ceramics to refractory ones [18-20]. Besides, valuation
of these inorganic wastes allows raw materials savings
and, sometimes, a lower energy consumption to obtain
requested mechanical properties.

This work evaluates the addition of two kind of
waste with a high SiO, content on the porosity and
microstructure of a clay-based material with potential
application as support layer in ceramic membranes.
Selected waste types are Screen Glass from TV and
monitor panels and wasted Diatomaceous Earths from
the filtration of vegetable oils. The addition of these
wastes was performed on a material containing com-
mon clays from Bailén (Southern Spain). A prelimin-
ary characterization of these ceramics comprises the
determination of their main technological properties
(density and mechanical strength) as well as their
microstructure features and related porosity and per-
meability coefficients to establish their suitability for
different applications.
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2. Experimental

Chemical composition of selected raw materials is
shown in Table 1 and has been determined by X-ray
Fluorescence, Horiba XGT-5000WR for both kind of
residues and Axios PW4400 in the case of the clay mix-
ture. The Screen Glass waste has been encoded as G
while the oil-impregnated Diatomaceous Earths residue
has been called D. Meanwhile, the clay-based ceramic
material used as a reference has been coded as R.

Processing of the reference ceramic material (R)
and the two waste-containing formulations (10 wt.%
of Screen Glass, R10G, and 10 wt.% of Diatomaceous
Earth, R10D) was carried out through vacuum extru-
sion. First, all raw materials (clay and waste) were dry
ground by hammer mill (sieve 3 mm). Then, the
obtained power was mixed with water until achieving
a consistency of 1.5 kg/cm® (measurement performed
with a manual penetrometer, ST 207, Italy). Shaping of
bars (12 cm x 2.5 cm x 1.6 cm) was carried out through
vacuum extrusion (Verdés, Monobloc 050-C/OR,
Spain). Sintering of these test specimens was per-
formed in electric chamber furnace (Kittec, CBN-50,
Germany) at three maximum temperatures: 850, 950,
and 1,050°C, 3 h dwell.

Fired specimens were first characterized to deter-
mine bulk density and water absorption capacity
according to standard test UNE-EN ISO 10545-3. A
minimum of three samples were analyzed. Mechanical
properties were also determined by three point bend-
ing strength tests (Hoytom, CM-C, 100 mm span) car-
ried out using a displacement rate of 5 mm/min. A
minimum of five samples were tested.

Concerning the porous microstructure, open poros-
ity, and pore size distribution were determined by
mercury intrusion porosimetry. Three specimens were
analyzed. Permeability coefficient was calculated as
described in [6] from laws of Darcy and Poiseuille
according to the following equation:

1)

where K,—coefficient of permeability (m?); r—capil-
lary mean radius (m); and e—open porosity.

In addition, microstructure was observed by SEM in
order to evaluate pore distribution along the specimens.

3. Results and discussion

Composition of both clay mixture and incorporated
wastes is shown in Table 1. All raw materials are rich
in silica and, in the case of the clays mixture is also
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Chemical composition of both types of raw materials: clay mixture and incorporated wastes

LO*
10.8

P205 ZI'OZ C802 Sb203 SrO BaO 503
0.7

TiO,

MnO MgO CaO Na,O KO

F9203

5.0
0.6
0.9

ALO;

SiO,
56.1
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0.7
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0.1
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0.1

7.7
0.2

3.1
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0.2
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7.1

Clay mixture, R

0.2 0.3 7.9 8.5 0.1

1.6

0.1

6.5
0.6

59.0

Screen glass, G

40.0

0.1

0.2

16.2

0.1

24

36.1

Diatom. earth, D

*Loss on ignition.

important to note the calcium content, associated with
the presence of carbonates. As has been described
elsewhere [21] for relatively similar clay and waste
compositions, incorporation of these wastes is feasible
for the formulation of waste-bearing porous ceramic
materials. In particular, Diatomaceous Earth, D, presents
a high organic fraction (loss on ignition~40 wt.%,
Table 1) due to oil retention during filtering processes.
Therefore, combustion of such relatively big amount
of organic matter during the firing of the ceramic
pieces is expected to produce more porous and lighter
materials. In the case of Screen Glass waste, G, it is
characterized by relatively high SrO and BaO contents,
resulting in a moderate melting capacity at usual tem-
peratures for porous ceramic production [22] and thus,
only a moderate sintering promotion is expected from
their incorporation into clay mixtures.

In this sense, Table 2 shows main technological
properties of specimens sintered at 850, 950, and
1,050°C. First, it is noted that Glass waste incorpora-
tion causes a slight increase in density and mechanical
strength of RI0OG specimens in relation to reference
values of the clay mixture. For RI0D materials, as
expected, a significant density and mechanical
strength decrease is observed due to the combustion
of the incorporated organic matter (oily fraction). Con-
versely, an inverse trend is shown for the water
absorption capacity of the materials (Table 2), which
represents an indirect measure of their open porosity.
In addition, for each composition, it should be also
noted that the bulk density remains practically con-
stant with the firing temperature and only a slight
increase in density is observed for thermal treatments
at 1,050°C. Similarly, the water absorption capacity
undergoes very small variations (about 5%) with the
firing temperature, showing a slight higher value at
around 950°C.

The open porosity in the materials has been
determined by intrusion porosimetry (Table 3). When
the three analyzed compositions are compared, it is
possible to distinguish a different behavior for each
of the used residues, as expected from the technolog-
ical properties analysis (Table 2). Thus, materials
with Screen Glass waste, R10G, have a lower open
porosity than the reference material, R, (Table 3)
resulting in slightly higher bulk density values and
lower water absorption capacity (Table 2). Mean-
while, the materials containing wasted Diatomaceous
Earth, R10D, show the opposite behavior, with a
higher porosity than the reference R material. In
addition, open porosity experiences relatively low
variations with firing temperature for the three
studied compositions, as also described above for
technology properties.
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Table 2
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Technological properties (density, water absorption, and bending strength) of materials sintered at different materials

Material Firing temperature (°C) Density (g/cm?) Water absorption (% H,O) Bending strength (MPa)
R 850 1.84+0.01 (4) 15+1 (4) 13+1 (6)
950 1.84 +0.01 (3) 17+0 (3) 14 +1 (6)
1,050 1.86 +0.02 (3) 162 (3) 16 +1 (6)
R10G 850 1.90+0.01 (4) 15+0 (4) 14 +1 (6)
950 1.90+0.01 (3) 15+0 (3) 17 +1 (6)
1,050 1.93+0.01 (3) 13+0 (3) 17 +1 (6)
R10D 850 1.65+0.02 (3) 22+1(3) 101 (6)
950 1.64 +0.03 (3) 23+4 (3) 10£1 (6)
1,050 1.66 £0.02 (3) 22+1(3) 12+1 (5)

Note: Number of tested samples is shown in brackets.

Table 3
Porosity-related properties (open porosity, mean pore radius, and permeability coefficient) of materials sintered at different
materials
Open porosity, Mean pore radius, Permeability coefficient,

Material Firing temperature (‘C) e (vol. %) r (m x 10° K, (m*x10')
R 850 32+1(3) 04+0.0(3) 0.5+0.0 (3)

950 32+1(3) 04+0.1 () 0.6+0.2 (3)

1,050 31+1(3) 0.6+0.1 (3) 14+0.3 (3)
R10G 850 30+2 (3) 0.4+0.0(3) 0.5+0.1 (3)

950 31+1(3) 0.5+0.0 (3) 0.9+0.2 (3)

1,050 29+1(3) 0.8+0.1 (3) 2.2+0.6 (3)
R10D 850 37+2(3) 0.3+0.0 (3) 0.5+0.1 (3)

950 38+1(3) 0.4+0.0 (3) 0.8+0.1 (3)

1,050 38+1(3) 0.6+0.2 (3) 1.6+1.3 (3)

Note: Number of tested samples is shown in brackets.

The above results are mainly explained taking into
account the different behavior of the waste during the
firing step [21]. In the case of the Glass waste, this
material undergoes partial melting during heat treat-
ment, resulting in a viscous phase that can fill, at least
partially, smaller pores in the ceramic matrix. In the
case of Diatomaceous Earth, the combustion of oil
impregnated in this residue generates additional
porosity to that present in the reference material, R.

The fact that material properties undergo low
changes with firing temperature is typical of refractory
compositions, in which increasing the sintering tem-
perature usually results in crystallization of new
phases with little formation of molten material. These
new crystalline phases lead to an increase in the
mechanical strength of the ceramic pieces with
increasing temperatures (Table 2), whereas the low
content of melting material justifies the maintenance
of the total porosity and density in the material, as

has been analyzed in [23,24] for common calcium
containing clays. This refractory behavior usually
ensures a good chemical and thermal stability for cor-
rosive or hot effluents treatment.

A Dbetter interpretation of these results can be set
from the microstructures of the materials shown in
Fig. 1. Firstly, the observation of the reference material
R treated at 1,050°C (Fig. 1(a)) shows that open poros-
ity in this material is mainly composed of elongated
pores of cylindrical type, located randomly, but uni-
formly distributed along grain boundaries of the dif-
ferent mineral phases. In addition, there is usually a
large interconnection between these pores, a character-
istic feature of open porosity.

In the case of materials incorporating the consid-
ered wastes, the following observations are high-
lighted: firstly, in the Glass-containing material fired at
1,050°C (R10G, Fig. 1(b)) appear larger pores with a
more rounded shape, characteristic of a transition to
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Fig. 1. SEM micrographs showing main microstructure
features of specimens treated at 1,050°C: (a) R material (b)
R10G material and (c) R10D material.

the formation of closed porosity, and with a relatively
homogeneous distribution. This microstructure is due
to the closure of the smaller pores by melting glass,
thanks to the contribution of melting metal oxides
[18,21,22], and the own coalescence of small pores
within the viscous molten phase, which leads to larger
pores. This partial melting process results in the
higher density and lower water absorption capacity of
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these materials (Table 2) but is not wide enough to
modify the refractory behavior of R10G specimens, as
has been described when analyzing the main
properties evolution with firing temperature. Mean-
while, in the materials that incorporate the residue of
Diatomaceous Earth (R10D, Fig. 1(c)) treated at the same
temperature (1,050°C), the first thing to note is the
presence of porous substructures, with an approxi-
mate size of 100-300 pm, which are heterogeneously
distributed throughout the sample. These substruc-
tures likely correspond with diatomite particles having
a high pore density. These pores are predominantly
rounded and due to their size and proximity have
interconnection enough to be effective in increasing
the water absorption capacity of these materials and
decreasing their density and mechanical strength
(Table 2).

Concerning pore size, Fig. 2 shows pore size dis-
tribution and Table 3 summarizes mean pore radii
determined by intrusion porosimetry. For all compo-
sitions there is an evident increased pore size from
950°C (Table 3, Fig. 2), which is in agreement with
the expected trend in refractory clay materials in
which new crystalline phases develop [21,23,24]. In
particular, materials containing Glass waste have lar-
ger pore size (up to approximately 30% at 1,050°C
in relation to reference R clay mixture) due to par-
tial melting of glass and the associated coalescence
of small pores. In the case of RIOD materials, no
significant variations of pore size are observed,
which can be attributed to the heterogeneous distri-
bution of the additional porous substructures in this
material.

As a consequence of the microstructure and prop-
erties described above, permeability coefficient
(Table 3) increases in all compositions with the firing
temperature due to the larger pore size, since open
porosity remains almost constant. So, in the case of
R10G samples, and contrary to expectations for a
denser material, permeability coefficient significantly
increases (up to 50-60% at 1,050°C in relation to R
clay mixtures, Table 3) due to the larger pore size,
while mechanical strength increases up to 10% at
1,050°C due to the lower porosity. In the case of
R10D materials, even if no significant variations of
pore size are observed, extra porosity created by oil
combustion during sintering also leads to larger per-
meability values (up to 15% at 1,050°C), although a
significant decrease in mechanical strength is
observed. However, any comparison of permeability
values from 950°C has to be considered only a first
approximation because of the large error (Table 3)
and its associated uncertainty.
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Fig. 2. Mercury intrusion porosimetry of studied materials at three firing temperatures: 850, 950, and 1,050°C.

4. Conclusions

Incorporation of waste into ceramics can be an eco-
friendly alternative for modification of their porosity
and related properties such as density and mechanical
strength. In particular, small additions (10 wt.%) of
the considered wastes: Diatomaceous Earths and Screen
Glass, into clay-based materials with a refractory
behavior, traditionally used by the ceramic industry,
keep the small variations of their technological proper-
ties with firing temperature and, therefore, let a good
control of the sintering process and final quality and
stability in the ceramic pieces.

The use of Diatomaceous Earth causes a decrease in
density and, thus, it opens the possibility of designing
lighter materials. However, this residue is poorly dis-
persed in the ceramic matrix, which may be related to
its oil fraction, being therefore necessary to optimize
its processing.

The incorporation of Screen Glass helps materials
sintering by forming additional liquid phase in a lim-
ited extension, thereby decreasing material open
porosity and water absorption capacity. An increase in
pore size is also observed and this causes a significant
increase in the permeability coefficient. This makes the
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use of this residue can be of interest for the develop-
ment of materials that combine larger pore sizes with
adequate mechanical strength.

Furthermore, the use of waste as starting materials
entails a saving of raw materials and may help to
improve the life cycle of the ceramic products, thus
reducing the environmental impact generated by their
manufacture.
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