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Porous ceramics from Saudi mineral materials
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ABSTRACT: One of the 2030 Vision goals of the Kingdom of Saudi Arabia (KSA) is industrial development through
the exploitation of local resources. Local bauxite ore and alumina extracted from aluminum workshop wastes were
used to prepare several porous ceramic bodies by adding a constant percentage of fly ash as a pore-forming agent.
Correspondence mixes of dense ceramic bodies were prepared without the addition of fly ash for comparison. Studying
the sintering (bulk density and apparent porosity), mechanical strength (cold crushing strength), electrical resistivity,
and thermal conductivity of the fired ceramic bodies indicated that the porous ceramic bodies prepared from 60 wt%
bauxite and 40 wt% alumina with the addition of 10 wt% fly ash exhibits a good combination of sintering (bulk density;
3.70 g/cm?®, apparent porosity 10.11%), mechanical strength (290 kg/cm?), electrical resistivity (5.00x 10° chm.m) and
thermal conductivity (0.051 W.m™!.K™!) properties due to its outstanding assemblage of mineral compositions (mullite-
cristobalite-anorthite) which enable their use as promised materials in a wide range of traditional and advanced

applications.

KEYWORDS: porous ceramics, fly ash, bauxite ore, mineral wastes, mechanical properties

INTRODUCTION

The issue of energy conservation is one of the most
important issues on the economic and social levels. Un-
til now, the criterion by which energy conservation in
buildings is measured as the development of thermally
insulating ceramic materials [1].

The term porous ceramics is applied to ceramic
materials with a porosity between 20 and 95% in
which two phases can be recognized: solid phase and
porous phase. Because of their unique properties
involving good mechanical strength and abrasion resis-
tance, high permeability, low-density, and low thermal
conductivity as well as good thermal and chemical
stability, porous ceramics have attracted the attention
of researchers and industrialists in the last two decades
[2,3].

The combination of these properties in porous
ceramics enables their utilization in numerous wide-
ranging applications, such as filters for dust collectors,
thermal insulators, absorbents, bioreactors, hot gas
collectors, and car engine components, as well as
ceramic membranes. The quality of porous ceramics
depends on several factors, some of which are the ma-
terials used in their manufacturing, pore size, pore size
distribution, particle size, particle size distribution,
surface, shape, manufacturing techniques, sintering
effect, pore connections, type of binder used, etc.

Chen et al [4] prepared porous ceramics from
aluminum borate and studied the effect of the alu-
minum/boron molar ratio on their properties. The
effect of composition on the thermal conductivity of
porous ceramics based on calcium hexa-aluminate
was studied [5,6]. Saloma et al [7] prepared

porous alumina-spinel ceramics for use in high-
temperature applications.  Several authors [8,9]
studied the physico-mechanical properties of alu-
mina and magnesium aluminate spinel-based ceram-
ics. Dhara et al [10] and many authors [11-13]
succeeded in preparing an outstanding ceramic foam.

Other authors pay attention to mullite-based ce-
ramics as promised materials for electronics and high-
temperature applications [14-18]. Han et al [19]
investigated the high energy storage performance of
(1—x)Ba0.9Ca0.1Ti03-xBaSn0.1TiO_903 ceramics. There
are several research works on manufacturing refrac-
tory materials from raw minerals and industrial waste
[20-23]. Wahsh et al [24] studied the technological
properties of porous ceramics based on the forsterite-
spinel-zirconia system. Several recent research works
have been published that deal with the classification,
various techniques and methods used for the prepara-
tion of porous ceramics [25-27]. Bin Xia et al [28]
studied the performance and mechanical properties
of fly ash-based porous ceramics. A recent study by
Jaita et al [29] reported improved apatite-forming abil-
ity of nano-hydroxyapatite bioceramics when modified
with Bij o (Nay ¢,K 50) 5 TiO5.

The world, in general, and the Kingdom of Saudi
Arabia, in particular, suffer from air pollution problems
due to the emission of hot gases from various min-
ing industries. Therefore, there is a global trend to
reduce the emission of gases that cause air pollution
problems by promoting clean sectors. Researchers
worldwide have explored various ideas, including the
development of ceramic filters to reduce these harmful
gases. One of the vision goals, in line with trends of
the Kingdom of Saudi Arabia, through Vision 2030,
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is to maximize the utilization of its natural mineral
wealth in the development of industries, to prepare
porous ceramics. These ceramics can be used as filters
for harmful gases, thereby contributing to environ-
mentally friendly industrial processes. This work thus
aims at the exploitation of vast quantities of aluminum
scraps wasted from aluminum workshops together
with local bauxite ore to manufacture mullite-based
porous ceramics.

MATERIALS AND METHODS
Materials

Bauxite mineral, sourced from the eastern region of
KSA (Zubiera region), was processed and used as a
source of alumina (Al,0,). Alumina was extracted
from aluminium scrap wastes. Industrial fly ash wasted
from the Rabigh electricity plant was used as a pore-
forming agent.

Chemical composition of the starting materials

Chemical analyses of the starting materials were de-
tected using the X-ray fluorescence technique (XRE
Bruker, Germany). As given in Table 1, the used baux-
ite contains considerable contents of Al,O, (77.10%)
and relatively lower content of SiO, (6.50%) with
lower contents of other oxides as impurities. Loss
on ignition (LOI) of bauxite determined by firing was
10.68% while in fly ash it reaches 89.01%. The table
below indicates the high purity of the alumina used
(99.80% Al,O,). Considering the chemical compo-
sitions of the starting materials, the mineral mullite
(3Al,0, - 2Si0,) with unique thermomechanical prop-
erties is expected to be formed after firing [18,20].

Methods
Ceramic batches preparation

Based on the chemical composition of the starting
materials, ten batches were composed of different con-
tents of bauxite and alumina, for five of which 10 wt%
of fly ash was added as a pore-forming agent to prepare
porous ceramic bodies (this percentage was chosen
based on a previous published work [30]), others were
designed without fly ash addition to prepare dense
ceramic bodies for comparison (Table 2). The mixtures
were separately processed through manual mixing,
followed by 1 h in an alumina ball mill to ensure
homogeneity. The individual batches were well mixed
in a ball mill for 2 h and then shaped into cylindrical
bodies through uni-axial semi-dry pressing at 150 MPa.
The obtained green bodies were dried overnight at
110°C and then fired at 1500°C with a firing rate of
10°C/min and a soaking time of 2 h [31].

Characterization

X-ray diffraction (D8-Advance, Bruker; monochro-
matic beam with Kal Cu, 40 kV, 40 mA) was used to
investigate the phase composition of a selected sample
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Processing of the starting materials
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Mixing
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Testing the sintering, mechanical, thermal conductivity and electrical resistivity
properties

4

XRD and SEM investigations

Fig. 1 Flowchart illustrating the preparation and testing steps
of ceramic bodies.

of the fired ceramic bodies. The microstructure of the
selected sample was depicted with a scanning electron
microscope (SEM-JEOL JAX-840A electron microana-
lyzer, Japan). Bulk density and apparent porosity were
determined using the boiling water method according
to ASTM C373 [32]. Cold crushing strength (CCS)
was measured using a hydraulic pressing machine
following ASTM C133 [33]. Thermal conductivity was
determined using a modulated temperature differen-
tial scanning calorimeter method in accordance with
ASTM E1952 [34]. Electrical resistivity was measured
at room temperature using a standard two-probe tech-
nique [35].

The preparation and testing steps are summarized
in the following flowchart.

RESULTS AND DISCUSSION
Sintering parameters

Fig. 2 shows the bulk density and apparent porosity of
the prepared dense and porous ceramics. The result
shows a steadily increase in the bulk density values of
either dense or porous ceramic bodies corresponded
with a decrease in the apparent porosity percentages
as we proceed from C1 to C4 (3.41-3.7 g/cm?, 12.40-
10.11%) or from PC1 to PC4 (2.87-3.01 g/cm?, 18.50-
16.02%) beyond which (in C5 or PC5) a noticeable
decrease in bulk density (3.4 g/cm®, 2.85 g/cm?)
corresponded with a marked increase in the appar-
ent porosity (10.96%, 17.12%) was observed. This
behavior is related to the decrease in the alumina
content and the increase in bauxite content rich in
silica that enhances the chance of mullite mineral
(3AlL,0, - 25i0,) formation, which interlock together
with cristobalite (SiO,) and the glassy phases (anor-
thite; 2Ca0-Al,O, - Si0,) resulting in the matrix of
dense and porous ceramics — an increase in density
and a decrease in porosity. However, a further increase
in bauxite content (C5 or PC5) results in the formation
of a relatively higher content of glassy phases that
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Table 1 Chemical constitution of the used materials.
Material Fe,O, MgO Na,O K,0 SO, Sio, CaO Al,O, TiO, Cr,0, LOI
Bauxite 1.20 0.80 - - - 6.50 0.80 77.10 2.12 0.80 10.68
Fly ash - - 0.13 0.07 1.61 6.08 0.40 2.70 - - 89.01
Alumina 0.05 - - - - 0.08 0.05 99.80 0.02 - -
Table 2 Green Ceramic Batches. w0
Sample  Batch % wt % wt % wt 500
No. No. Bauxite = Alumina  Porous-forming §
(AL,O,)  agent (fly ash) < 400 h % 5% %
& RS SR I < ¢
1o s 70 0 L
2 c2 40 60 0 g S SR T < S
3. G 50 50 0 A
T . 0 S w A
5 cs 70 30 0 s . B % 3 o8 %
6 PC1 30 70 10 c6C @ @ 4 5 Pl PC2  PC3 PCA  PCS
7 PC2 40 60 10 Batch Symbol
8 PC3 50 50 10
9 pc4 60 40 10 Fig. 3 Cold crushing strength of the prepared ceramic bodies.
10 PC5 70 30 10
ceramic mixes that mostly lost as released as gases on
a firing (LOI of fly ash is 89.01%, as given in Table 2)
35 leaving a porous matrix [27].
3
§os L& B g
g Lj g g g g Eg Mechanical properties .
s HOoH O # 8 § Fig. 3 shows the cold crushing strength of the prepared
. SSI: < T ¢ S * S -4 porous ceramics compared with the dense ones. The
a4 @ @ @ P PR PG PCA PGS result shows a gradual increase in the cold crushing
Batch Symbol strength values of either dense or porous ceramics as
- the bauxite content increases at the expense of alumina
content, reaching their maximum values at the mix
R0 i C4 in dense or PC4 in porous ceramics containing
240 33 ;;3 {; 60 wt% bauxite and 40 wt% alumina, beyond which
E ) g g §§ f‘ ;L (C5 or PC5) a marked decrease in the values or cold
2 S B - B * S < 3 crushing is observed. Further increase in the bauxite
g% S I R content to more than 60 wt% results in the formation
-8 e red *9 * e . .
< i S R+ S ¢ S of relatively higher content of glassy phases as a re-
i ' i i i i OH O H OB B sult of the impurities of bauxite mineral which affect
° c1 c2 o] ca G PCL P2 PC3  PC4  PCS adversely the mullite mineral formation leading to a
Batch Symbol noticeable decrease in the cold crushing strength val-

Fig. 2 Bulk density and Apparent porosity of the prepared
ceramic bodies.

affect adversely the mullitization process and hence the
decrease in density and increase in porosity [36]. Gen-
erally, the porous ceramics (PC1-PC5) show relatively
lower values of bulk density and a higher percent of
apparent porosity compared with the correspondence
dense ceramic bodies (C1-C5) due to the presence of
10 wt% fly ash in the green composition of porous

ues [22,27]. The figure shows also a relative decrease
in the values of cold crushing strength of the porous
ceramic mixes compared to their counterparts of dense
mixes that is due to the relatively higher porosity and
lower density of the porous ceramic mixes. However,
they could maintain reasonable cold crushing strength
values (170-230 kg/cm?) as we proceed from PC1 to
PC4 compared with C1-C4 ( 230-290 kg/cm?) i.e.,
the porous ceramics could attain 73.91-79.31% of
the corresponding dense ceramic bodies’ strength due
to good assemblage of mineral system (mullite-glassy
phases) either in dense or in porous samples.
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Fig. 4 Electrical resistivity and thermal conductivity of the
prepared ceramic bodies.

Increasing in bauxite content

g

Increasing in the content of glassy phases with lower viscosities

Decreasing in open porosity and increasing in bulk density and cold crushing strength

{

Increasing the electrical resistivity

0

Excess of impurities results in dissolving of metals in glassy phases increasing their
viscosities

0

Increasing in open porosity, decreasing in bulk density and cold crushing strength

Decreasing the electrical resistivity

Fig. 5 Schematic diagram for sintering, mechanical and elec-
trical properties behavior for the prepared ceramic bodies.

Electrical resistivity and thermal conductivity

As shown in Fig. 4, the porous ceramics show rela-
tively higher electrical resistivity compared with their
correspondence in dense ceramic bodies. The figure
shows also an improvement in electrical resistivity of
either dense or porous ceramic as we proceed from C1
to C4 (3 x 10°-5 x 10° ohm.m) or PC1 to PC4 (6.5 x
10°-8.5 x 10° ohm.m) i.e., as the content of bauxite
mineral increases in the green mix at the expense
of the alumina content reaching its maximum value
with C4 (5 x 10° ohm.m) and PC4 (8.5 x 10° ohm.m)
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Fig. 6 XRD patterns of PC5 ceramic body.

Spectrunr 2

C

i 60pm " Granular: Mulliates Porosity Particle

Fig. 7 SEM photomicrograph of PC5 ceramic body (G: Glassy
phase; C: Cristobalite, M: Mullite, P: Pores).

but decrease again with C5 (4 x 10° ohm.m) or PC6
(7 x 10° ohm.m).

Fig. 4 also shows the thermal conductivity of
the prepared dense and porous ceramic samples.
The result shows a gradual decrease in the val-
ues of thermal conductivity as we proceed from C1
to C4 (0.016-0.091 Wm™'.K ™) and from PC1 to PC4
(0.088-051 Wmt.K™!). Beyond them, ie., in C5
and PC5, the thermal conductivity is increased (0.098,
0.081 Wm 'K™). It was found that the PC4
mix shows the lowest value of thermal conductivity
(0.051 W.m 1.K™!) among the samples investigated.
An explanation of this behavior is illustrated in the
scheme shown in Fig. 5. The increase in electrical
resistivity and the decrease in thermal conductivity as
the bauxite content increases in the green mix at the
expense of the alumina content, i.e., from C1 to C4
or PC1 to PC4 is correlated with the mullite mineral
formation together with cristobalite and the anorthite
glassy phases with lower viscosity. This leads to better
electrical resistivity, the positive effect is reversed on
over-increasing in the content of the glassy phases in
which metals dissolve leading to decreasing viscosity
of the glassy phases and hence decreasing the electrical
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resistivity which is the case in C5 and PC5 [28, 36-38].
Based on the previous evaluations, mix PC4 was chosen
as optimum sample and selected for further XRD and
SEM investigation. Fig. 6 shows the XRD patterns of
PC4 samples in which the lines characterizing mullite
predominates, also some lines characterizing cristo-
balite and anorthite glassy phases could be detected.

Fig. 7 shows the microstructure of PC4 that in-
dicates rod-like crystals characterizing mullite (M)
spread in the matrix with the presence of glassy phases
(G) and cristobalite (C) with considerable contents
of pores among these crystals. The improvement
in the physico-mechanical properties of ceramic bod-
ies prepared from mix 4 is correlated with its out-
standing assemblage of minerals (mullite-cristobalite-
anorthite). The high content of mullite characterized
by high mechanical, low electrical conductivity, and
low thermal conductivity [35] reflects its advantages
on ceramic bodies of mix 4. The presence of some
content of low melting cristobalite and anorthite leads
to the formation of some liquid phases that fill voids
and cavities resulting in an improvement in sintering
and hence mechanical properties. The presence of
considerable contents of pores among the rod-like
mullite, cristobalite, and anorthite crystals shown in
the SEM photomicrograph (Fig. 6) is another factor
added to the lower electrical conductivity of mullite
causing the relatively high electrical resistivity of such
sample compared with the published data for porous
ceramics prepared using other types of pore forming
agents [2,13,39,40]. The superior performance of
this composition is attributed to the formation of an op-
timized mineralogical assemblage comprising mullite,
cristobalite, and anorthite, as confirmed by XRD and
SEM analyses. Mullite’s high mechanical strength and
low thermal/electrical conductivity, combined with
the glassy phase’s densification effect and controlled
porosity, result in a well-balanced multifunctional ce-
ramic material. Compared to globally reported porous
ceramics, the present materials demonstrate competi-
tive or superior properties, with the added advantages
of cost reduction, sustainability, and alignment with
national industrial development goals.

CONCLUSION

Porous ceramic bodies could be prepared from 60% lo-
cal bauxite and 40% alumina using 10 wt% of fly ash as
a pore-forming agent. This is an efficient assemblage of
minerals (mullite-cristobalite-anorthite) which leads
to a good compromise between good sintering, high
mechanical, high electrical resistivity, and low thermal
conductivity, enabling their use in a wide range of
various traditional and advanced applications, e.g., in-
sulating refractories, pottery, porcelain, IR transparent
window, car engine component, electronics.
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