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ABSTRACT

The objective of this study was to prepare low-cost macroporous ceramic membranes using
natural kaolin and natural lignite, as porogen agent, both from Tunisia. The characteristics
of this membrane have been defined to be used in filtration processes and as a support for
multilayer ceramic membranes. This study includes the characterization of the raw
materials in order to define optimal processing parameters to obtain the membranes. A
study of the effect of lignite content has been carried out. Porosity, density and mechanical
strength were the considered parameters to be optimized. A lignite percentage of 20% and
a sintering temperature of 1,050°C were chosen. Obtained membranes show good porosity
above 43% but with a slightly low mechanical strength that does not exceed 20 MPa. These
membranes can be considered as efficient regarding the results shown in the gas permeation

tests.
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1. Introduction

Ceramic membranes have been widely studied for
energy and environmental applications due to its
unique advantages especially such as high thermal,
chemical and mechanical stability, environmentally
friendly, and low energy-consumption [1]. However,
because ceramic membranes have higher cost than
polymeric counterparts, their applications have been
limited in some traditional industries such as food,
beverage, and pharmaceutical. Also, limited types of
membrane materials (such as Al,Os, ZrO,, TiO,, and
their composite oxides) hinder their further
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applications [2-4]. With increased needs of massive
liquid effluent treatment and low-cost catalysis-separa-
tion supports, it is of great importance to develop
low-cost ceramic membranes.

A significant effort has been provided in mem-
brane technology field in order to find new low-cost
ceramic materials [5-7].

Porous ceramic materials have been wused in
numerous applications, including filters and mem-
branes [8,9], fuel cell electrodes [10,11], catalyst sup-
ports for bio-materials [12], piezoelectric materials
[13,14], and thermally or acoustically insulating bulk
materials [15].

Several processing routes to produce porous ceram-
ics have been reported [16,17]. In order to produce
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high porosity level, porogen agents have shown
potential results. The principle is that organic particles
are burnt out during heating to the firing temperature,
leaving voids in the ceramic body. The morphology of
these voids will depend on the selected pore-forming
agent, and thus can be controlled through suitable
incorporation content and particle size distribution
[18]. Numerous porogen agents have been investi-
gated, including starch [19-25], graphite [26-30], lyco-
podium [31-33], sucrose [34,35], among others [36-38].

In this study, the objective is to prepare macrop-
orous membranes using a Tunisian kaolin with lignite
as a porosity agent in order to decrease the cost of
preparation and to improve the competitiveness of the
low-cost ceramic membranes.

2. Experimental procedure
2.1. Raw material

The raw materials used in this study are kaolin
and lignite.

The kaolin is extracted from the region of Tabarka
located on the northwest of Tunisia. In order to deter-
mine the composition of the clay, its thermal behavior,
and its morphology, a characterization was carried out
[39]. The main characteristics are shown in Table 1,
including the values of the specific surface, the tem-
perature transformation gap, and the particle size. It
has also been necessary to determine the curve of
pressure vs. density of the clay in order to define the
best pressing pressure to obtain the membranes.

This curve describes the evolution of the density as
a function of pressure. It was plotted using a universal
testing machine with a cell of 50,000 N (Instron, UK).

The lignite was extracted from a deposit located in
the region of Nabeul, Tunisia. In order to determine
its mineralogical composition, X-ray diffraction was
carried out with a Pan analytical Xpert High
Score Plus diffractometer (UK) equipped with a Cu
anticathode.

In order to know the thermal behavior of the lig-
nite sample and more information about its composi-
tion, a thermogravimetry has been performed between
100 and 550°C.

To be able to estimate the pore size and to know
the particle size distribution, the lignite was analyzed

Table 1
Main characteristics of the kaolin
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by laser scattering in aqueous suspension (Mastersizer
S, Malvern. England).

2.2. Membranes

After the characterization of the raw material, the
second step was the preparation of flat supports. Dif-
ferent compositions of kaolin and lignite were studied.
The shape forming of the flat support was carried out
by pressing the composition at the chosen pressure
using an electro-mechanical pressing machine with
displacement control (Tonindustrie GmbH, Germany).

The third step was the characterization of the
porosity using a mercury porosimeter mod. Auto pore
II 9215 (Micromeritics, USA). The density has been
calculated geometrically.

Finally, the mechanical strength has been mea-
sured through compressive tests using a universal
testing machine (Instron, UK) with a cell of 5,000 N.

To characterize the morphology, a study by
scanning electron microscopy 54700 (Hitachi, Japan)
was carried out.

The permeability of the porous samples obtained
was tested using N2 as permeate with a system
described elsewhere [40].

3. Results and discussion

Results of kaolin characterization are shown in the
Table 1. It has a relatively small particle size and a
high specific surface higher than the specific surface
expected from the particle size, this is due to the
agglomeration of clay particles. The most important
phases found were kaolin and quartz. From
TGA-DTA study (not shown in this work), the main
thermal transformations takes place between 800 and
1,100°C.

In order to complete the characterization and to
define the optimal pressing pressure, it was necessary
to determine the curve of the density as a function of
the pressing pressure of the clay powder,

Observing this curve (Fig. 1), it has been concluded
that the best pressure for pressing this clay is between
19 and 26 MPa. Because it is the region of the intersec-
tion between the two virtual linear tangents of the
curve that defines the compressible region of the clay

Main phases Particle size (um)

Specific surface (m*/g)

Transformation zone (DTA-TGA) (°C)

Kaolin and Quartz 3 18

880-1,100
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Fig. 1. Density vs. pressure curve.

in order to get a resistant material that keep its
porosity. In this study, the selected pressure has been
23 MPa.

The X-ray diffraction pattern of the raw lignite is
shown in Fig. 2. Two diffraction peaks’ characteristics
of the quartz to 3.34 and 2.26 A show the impurity of
the sample. A wide diffraction peak corresponding to
an amorphous phase defining lignite can be also
observed which is in agreement with Flogeac [41].

Through the evolution of the loss of mass (Fig. 3),
two steps can be described as follows: a weight loss
between 25 and 100°C, corresponding to 14% of loss
due to water evaporation and a linear variation
between 200 and 450°C, until a value of about 73%
corresponding to the loss of the major organic part of
the sample. A 13% of inorganic impurities remain
after thermal treatment.

Hence, it can be concluded that the natural lignite
is composed of 14% water, 73% organic, and 13% inor-
ganic material (quartz mainly).

The control of the particle size is an important
factor for the homogeneity of the pore diameters on

Amorphous phase

Position [“2Theta]

Fig. 2. X-ray diffraction of the lignite,
patterns corresponding to the main phases.

describing the
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Fig. 3. Evolution of mass loss of lignite with the
temperature.

the membrane. The particle size of the lignite has to
be, theoretically, between one-sixth and one-third of
the particle size of the clay sample in order to gener-
ate similar pore size as originally generated by the
kaolin.

The particle size distribution curve (Fig. 4) shows a
distribution with a single population with a maximum
around 1 pm which means that the sample has the
adequate particle size.

3.1. Membrane preparation

In order to study the effect of the percentage of
pore-forming agent on the membrane characteristics,
five mixtures have been prepared with a different per-
centage of lignite (Table 2). Using the results obtained
from the analysis of the pressure curve and those of
the thermal behavior of the clay, the applied pressure
was 23 MPa and the sintering temperature was 950°C
for 2 h with a heating rate of 5°C/min. The mem-
branes were shaped as disks of 2.5cm in diameter
and 4 mm thicknesses.
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Fig. 4. Lignite particle size distribution.
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Table 2
Mixtures composition

Mixture Lignite content (wt.%) Kaolin (wt.%)
MO 0 100
M1 5 95
M2 10 90
M3 15 85
M4 20 80
Table 3
Properties of membranes sintered at 950°C for 2 h
Density Porosity Compressive
Mixture (g/cm”) (vol.%) strength (MPa)
MO 1.8 30 57
M1 17 38 30
M2 1.6 42 18
M3 15 43 13
M4 14 46 8

The characteristics of the obtained membranes are
described in Table 3.

It can be noted that the porosity increases with the
percentage of lignite to reach up to 46% with 20% of
lignite addition. On the other hand, the mechanical

Table 4
Evolution of membrane’s properties with temperature
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strength has an opposite behavior and it decreases
with the percentage of lignite up to 8 MPa with 20%
of lignite.

These results were expected, and the loss of the
organic material at higher temperatures than 570°C is
the origin of the porosity. The higher porosity that fol-
lows the increase of the percentage of lignite makes
the membrane less resistant mechanically.

These results suggest a compromise to obtain
macroporous support with high porosity but also with
a good mechanical strength. It was so necessary to
increase the sintering temperature to get a higher
mechanical strength.

Observing the dilatometry of the kaolin, it has
been decided to increase the sintering temperatures
up to 1,050 and 1,100°C using 20% of lignite addition.
The results of membranes prepared under these condi-
tions are shown in Table 4.

It can be noted that porosity decreases with the
temperature which is due to the transformation of
the clay and the formation of the glassy phase.
Nevertheless, and due to the pore coalescence, the
pore diameter increase significantly. On the other
hand, the mechanical strength has been improved
with the temperature because of the transformation of
the kaolin and the presence of glassy phase at high
temperature.

Temperature (°C) Density Pore diameter (um) Porosity Compressive strength (MPa)
1,050 1.33 0.5 43 20
1,100 1.41 10 21 24

W )
[ ’\1‘\‘\—I\I .I I I I
10.0um

S4700-ICV 20.0kV 12.0mm x5.00k SE(M) 11

i
S4700-ICV
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Fig. 5. Image SEM of the membrane 20% 1,100°C (a) and 20% 1,050°C (b).
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Fig. 6. Flow evolution with the pressure for samples
heated at 1,050 and 1,100°C.

Observing the pore size, a big difference can be
noted between the two temperatures, which could
have a direct effect on the permeability. This differ-
ence of pore size and volume is also confirmed by the
microstructures observed by scanning electron micro-
scopy shown in Fig. 5.

It can be concluded that the increase of the heating
temperature closes the porosity and also induces the
pore coalescence which engage a bigger pore size.

Results of permeation evaluation are shown in
Fig. 6. A near linear evolution of the flow vs. pressure
can be noted with both of the sintering temperature.
The permeability was around 3 cm®/din/s under a
pressure of 1.6 bar for the membrane sintered at 1,100°C
and a value of permeability of around 2 cm?/din/s
under a higher pressure (2.5 bar) for the membrane sin-
tered at 1,050°C; these values of permeability are differ-
ent from the expected results observing the porosity
because they are directly related to the bigger pore size
generated by the a higher sintering temperature. This
result confirms that the pore size is more important for
the permeability than the total pore volume. The effect
of the use of lignite can be clearly observed comparing
the results obtained for these membranes with those
obtained previously with a membrane made only from
kaolin [39]. In this case, the permeability is much higher
than the permeability of samples without lignite; this is
due to the lower volume of porosity and the smaller
pore size.

The selection of the optimal sintering temperature
needs to be related to the processing, because the big
pore size can lead to the use of intermediary layers,
increasing the complexity of the process. So the choice
is to use the membrane sintered at 1,050°C.
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4. Conclusions

The study of the possibility of preparing low-cost
ceramic membrane from regional kaolin and lignite
leads to prepare porous membranes with a good
porosity that reach 43% (vol.) and a good mechanical
strength of about 20 MPa using 20% of lignite addi-
tions and a sintering temperature of 1,050°C. The
evaluation of the performance of the membranes has
been made through gas permeation tests. The obtained
values show an increase of permeability with the
increase of the sintering temperature. These results
suggest that membranes could also be tested to evalu-
ate their performance for liquid permeation.

The mechanical strength is still insufficient if the
membrane is designated for an industrial use which
suggests the introduction of some additives in order
to improve the mechanical strength without impacting
the porosity.
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