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Ceramic supports from bentonite have become a hot research topic because of their low
cost and abundance in many countries. This article describes the development and the
characterization of a microfiltration support elaborated using an extrusion method fol-
lowed by sintering at different temperatures (950, 1000, and 1100 �C). X-ray fluorescence,
X-ray diffraction, Fourier transform infrared, scanning electron microscopy, transmission
electron microscopy, and differential thermal analysis were used for the characterization of
the raw material. The resulting support was characterized by scanning electron micro-
scopy, mechanical and chemical resistance, and water permeability. Each tube was
150 mm in length, with an external diameter of 8 mm and an internal diameter of 5 mm.

© 2018 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
1. Introduction

More then ever, theworld demand for clearwater, which
requires better water treatment technology. According to
the World Health Organization, 2.2 million people die of
diarrhea-related disease every year most often caused by
waterborne infections [1]. Membranes are recommended
over other technologies forwater treatment like distillation,
disinfection, or media filtration. The use of organic mem-
branes is more promoted; unfortunately, they are too
expensive as economic applications in depollution control.

To treat great volumes of wastewater we need high
fluxes and low costs. Ceramic membranes present,
compared with polymeric membranes, enhanced me-
chanical, thermal, chemical stability, and long life time.
Herein, we present a brief overview (see Table 1) of the
advantages and disadvantages of ceramicmembranes. Over
the past decades, their applications have been fixed for
small-scale industrial application, which is not suitable for
polymeric membranes.
d by Elsevier Masson SAS. A
These inorganic membranes are suitable for a water
purification process, such as oilewater separation, haz-
ardous waste treatment, and industrial wastewater [3]. The
commercial membrane technology is accessible for hard-
ness, heavy metals, bacteria removal (microfiltration, MF),
for virus and colloid removal (ultrafiltration, UF), and dis-
solved organic matter removal (nanofiltration), for desali-
nation, and for ultrapure water production (reverse
osmosis) [4,5]. Materials of this kind are the most suitable
future challenging to produce an efficient, reliable, and
selective separation with significant permeate flux for the
treatment of considerable volumes of wastewater.

As recognized in the literature, many researches are
target to produce less expensive ceramic membranes from
abundant natural materials such as dolomite, pyrophyllite,
apatite, fly ash, phosphate, pozzolan, clay mineral, and so
forth. Uddin [6] described the production of tubular
ceramic support from pyrophyllite clay via extrusion
method for MF applications. Bouzerara et al [7] described
the manufacturing of membrane support from doloma and
kaolin mixtures proposed for MF and UF processes.
Mamoudi et al [8] described the development of tubular
porous support from natural apatite recommended for UF
ll rights reserved.
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Table 1
Advantages and disadvantages of ceramic membrane [2].

Advantages Disadvantages

Able to resist high temperatures up to 280 �C. A special development onto
modules and system could reach up to 700 �C

Brittle. Need a careful handling

Excellent corrosion resistance (toward organic solvent and a wide pH range)
Suitable for cleaning and steam sterilization high mechanical strength Most ceramic membranes are in disc or tubular shape;

possess low surface
Area/volume ratio

Able to endure in harsh condition, e.g., high acid or alkaline solution
Possess long life time The investment cost of ceramic membrane is very high
High membrane flux for porous membrane

Table 2
Chemical analysis of fractions < 2 mm of smectite clay.

Chemical
composition

SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Na2O TiO2 Cl�

Raw clay,
weight %

70.5 14.31 5.15 2.4 2.89 0.21 0.52 2.52 0.2 0.01
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and MF applications. Saffaj et al [9e11] elaborated MF and
UF membranes from natural Moroccan clay as a support
and cordierite. Archiou et al [12] proposed a flat ceramicMF
membrane elaborated from natural Moroccan pozzolan.
Fang et al [13] manufactured a new ceramic membrane
spherical fly ash for MF of rigid particle suspension and oil-
in-water emulsion. Barrouk et al [14] developed ceramic
membranes from natural and synthetic phosphate for the
treatment of textile effluent. Sayehi et al [15] proposed the
formation of a flat membrane from kaolin and potassium
phosphate with appropriate elaboration parameters and
the effect of their separation performance.

Clays, especially bentonite, have attracted much atten-
tion for numerous researches because of their high sorption
properties, their high surface area, and high porosity
[16,17]. The cost of these materials remains to be signifi-
cantly low and they are abundant in many countries.

Our challenge is the elaboration of a low-cost support
made of a natural and abundant new clay from Gabes,
south of Tunisia. This region was discovered as a potential
source of clay minerals. Several researchers addressed their
investigation to develop supports of natural clay such as
kaolin [18,19], cordierite [20], and zeolite [21].

The main objective of this study was the elaboration of
tubular ceramic support by extrusion, using local bentonite
as a starting material. The second part was to evaluate
flexural mechanical strength, chemical resistance, and
water permeability of our samples.

2. Materials and methods

2.1. Materials

2.1.1. Starting material
The raw material is bentonitic clay from Gabes (south-

ern Tunisia). It was crushed for 20 min with the assistance
of a motor crusher (Retsh, France), and then sieved to a fine
powder with mesh size 100 mm.

2.1.2. Elaboration of porous support
The elaboration of tubular support was done in three

stages: the first one is the preparation of paste mixed from
powder clay with a plasticizer and binding additives in an
aqueous solution, the second stage involves the extrusion
of the sample, and the third one is based on the consoli-
dation by thermal treatment of the obtained tube. The
process used to produce tubular support is similar to that
already described in detail in this previous work [29] to
elaborate mineral support from Tunisian clay. The opti-
mized formulation of the ceramic support contains (values
are given in wt %) as follows:

� smectite clay: 84;
� plasticizer: amijel (Cplus 12076, Cerestar): 4;
� binder: methocel (Dow Chemical Company, France): 4;
� porosity agent: starch (RG 03408, Cerestar): 8.

The paste was synthesized from a mixture of raw
bentonite powder and organic additive in an optimal
formulation, and the mixture was homogenized with pro-
gressive addition of water. A block appeared at the end of
this phase. After aging for 2 days, the paste was extruded
with a screw speed of 0.02 m min�1. Each tube obtained
had 150 mm of length, an external diameter of 8 mm, and
an internal diameter of 5 mm. The tubes were set on stems
at room temperature for 2 days to ensure a homogeneous
drying and to prevent twisting and bending. Finally, the
sintering schedule had been carried out at different final
temperatures to improve the porosity, the quality, and the
mechanical properties of the support.

2.1.2.1. Sintering programs. The preparation of porous
ceramic supports for membranes requires a programma-
ble furnace at different final temperature. In accordance
with this idea, we have used two temperature plates. In
the first part, the sample was heated with a speed of 2 �C/
min until 250 �C and was maintained for 120 min at this
temperature of decomposition to remove organic addi-
tives such as methocel, amijel, and starch. Careful work is
needed at the second part of sintering to avoid the for-
mation of cracks in the samples. The firing temperature
was fixed at 950, 1000, or 1100 �C for 3 h. The detailed
program is explained in Fig. 6.

2.1.2.2. Visual characterization. The variation in sintering
temperature changes the coloration of supports from
yellowish to dark gray (see Fig. 7). This transformation of
color is because of the oxidation of Fe. Table 4 tracks the



Table 3
XRD “d” values of clay fraction.

d (Å) Possible minerals

3.34 Quartz
3.03 Calcite
12.62 Smectite
7.14 Kaolinite

Table 4
Variation in support diameter with different sintering temperatures.

Different sintering

Temperature (�C) External diameter Internal diameter

950 3.7% 2%
1000 5% 4%
1100 8.75% 5.2%
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size of external and internal diameter during the sintering
process. After thermal treatment, the diameter of each
support decreases, which is due to the presence of
shrinkage phenomena.
2.2. Characterization methods

Clay was subjected to X-ray fluorescence (XRF) to
analyze the chemical composition or elements present in
the sample. XRF measurements were performed using a
commercial instrument (ARL 9900 of Thermo Fisher) with
monochromatic radiation Kal of cobalt (l ¼ 1.788996 Å).
Phases present in the powder composition were analyzed
by an X-ray diffractometer using Panalytical X’Pert High-
score plus diffractometer with Cu Ka radiation (l ¼
1.5406 Å).

The identification of functional groups present in clay
was performed by the Fourier transform infrared (FTIR)
Fig. 1. Infrared spectra
spectroscopy. FTIR spectrum was collected using a Perkin
Elmer 783 dispersive spectrometer in the range of
4000e400 cm�1. The sample was prepared as KBr pellet.

A scanning electronmicroscopy (SEM) and transmission
electron microscopy (TEM) were used to determine the
sample morphology and the microstructure formed before
and after sintering the materials.

The mechanical test was obtained using a machine EZ50
(50 kN). Samples were analyzed three times using tensile
tests with NEXYGEN Plus software.

The differential thermal analysis (DTA) and thermog-
ravimetric analysis (TGA) were carried out at temperature
ranging between 0 and 1000 �C at a rate of 5 �C/min under
nitrogen.

3. Results and discussion

3.1. Characterization of the raw clay

3.1.1. XRF characterization
It was necessary to know the chemical compositions

of the minerals that are present in the clay. In XRF
technique, fluorescent X-rays are emitted from a material
that has been excited by bombarding with high-energy X-
rays. The data given in Table 2 show that the clay was
made up of silica, alumina, calcium, sodium, magnesium,
and iron oxides in major quantities and other elements
in trace amounts.

3.1.2. FTIR characterization
To investigate the surface characteristics of bentonite,

vibrational spectra by means of FTIR spectroscopy have
been investigated (Fig. 1). The fundamental stretching vi-
brations of different -OH groups present in MgeOHeAl,
AleOHe Al, and FeeOHeAl units in the octahedral layer
were observed at 3412 cm�1 with a large band [22]. A broad
of raw smectite.



Fig. 3. SEM micrographs of raw smectite with different magnifications.

Fig. 4. TEM of raw smectite.
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band at 3412 cm�1 corresponds to OH frequencies (silanol
groups (SieOeH)). The band that arises at 1650 cm�1 in the
spectrum of clay suggests the presence of the characteristic
band of the interlayer hydrogen. In case of bands corre-
sponding to AleAleOH, bending vibrations are observed at
918 cm�1. An intense peak appears at 3638 cm�1, which
indicates the possibility of the hydroxyl linkage [23,24]. The
bending mode of SieO is strongly evident in the silicate
structure, showing absorption bands at 1012, 1111, 525, and
466 cm�1 arising from the stretching and bending vibra-
tions of SiO2

� tetrahedral [22e25]. A very strong band in
the range of 1111e1012 cm�1 appeared to be similar to SieO
stretching vibrations of the tetrahedral layer. The peaks at
525 cm�1 and the weak band at 466 cm�1 are due to
MgeOeSi and AleOeSi bending vibrations, respectively.
SieO stretching vibrations were observed at 796 cm�1,
which supports the presence of quartz. The presence of
calcium combined with carbonate species reveals the ex-
istence of calcite as confirmed by FTIR at 1434 cm�1 and
fluorescent X-ray.

3.1.3. X-ray diffraction characterization
Clay is composed mostly of silica, alumina, and water,

frequently with appreciable quantities of iron, alkalis, and
alkali earths [26]. X-ray diffraction (XRD) analysis was
applied to understand and define the mineralogical
composition of the raw clay (Fig. 2). The composition of clay
was identified by comparing “d” values. Results indicate the
presence of smectite, kaolinite, quartz, and calcite phases
(Table 3) and the sodic character of this clay.

3.1.4. SEM analysis
SEM provides information related to morphology and

texture of our materials. The SEM pictures (Fig. 3) with
Fig. 2. XRD pattern of the pure smectite (Sm ¼ smectite, Ka ¼ kaolinite, Q ¼ quartz, and Ca ¼ calcite).



Fig. 5. DTA and TGA curves of smectite (AB-b).

Fig. 6. The different sintering programs of t

Fig. 7. Tubular support after sintering at differe
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different magnifications indicated the presence of diverse
size of particles with a diameter of the range of 1.5 mm.

3.1.5. TEM analysis
TEM photomicrographs of raw clay show (Fig. 4) the

distribution of platelets per stack.

3.1.6. Thermal analysis
DTA curves (Fig. 5) were acquired by heating raw clay

from 27 to 1000 �C at a constant rate of approximately 5 �C.
The bentonite shows two endothermic peaks: the first peak
at 95 �C corresponding to the loss of water held between
the basal planes of the lattice structure (swelling water)
[27], and the second peak at 513 �C corresponding to the
dehydroxylation of its minerals. These two endothermic
peaks are followed by another peak, which takes place at
921 �C characteristic of aluminum ferifere [28]. An
emperatureetime used in this study.

nt temperatures: 950, 1000, and 1100 �C.



Fig. 8. Flexural strength of the sample versus sintering temperature.

Fig. 9. Weight loss versus time of supports sintered at 950 (a), 1000 (b), and 1100 �C in acidic and basic solutions.
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Fig. 10. SEM micrographs of a membrane sintered at different temperatures. Two magnifications, �1000 and �10.000 are shown.
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Fig. 11. Water flux permeability versus pressure of support sintered at
1000 �C.

Table 5
Mechanical resistance results of different sintering temperature.

Sintering temperature (�C) 950 �C 1000 �C 1100 �C

Force (N) 10.93 25.81 72.89
Elongation (mm) 0.11 0.15 0.17
Flexural strength (MPa) 9.28 24.06 67.61
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endothermic reaction appears at 561 �C, which can be
attributed to the transformation of quartz. Finally, the
decomposition of carbonate occurred at 711 �C with a
medium intensity.

The curves of TGA (Fig. 5) permit us to estimate the
weight loss of sample. The curves present three mass los-
ses: the first one is between 100 and 300 �C, because of the
moisture and water interlayer. The second mass loss be-
tween 513 and 512 �C relates to the loss of water content.
Finally, the third mass loss takes place at 561 �C, which
corresponds to the decarbonization of clay.

3.2. Characterization of the support

For the development of high-quality supports, me-
chanical and chemical properties and hydraulic perme-
ability are the most important variables.

3.2.1. Mechanical strength
The mechanical resistance test was carried out by using

the three-point bending strength. The length, width, and
thickness of the sample were 4.5, 1.5, and 3 mm, respec-
tively. Results of mechanical properties (Fig. 8 and Table 4)
confirm the hypothesis that the sintering temperature
leads to a variation in flexural strength of the tubular
support. An increase in the sintering temperature caused a
rise in the mechanical strength. Densification phenomena
occurred at 1100 �C, which provides 67.61 MPa as a flexural
strength due to the growth of grain boundaries. These re-
sults are in good agreement with other supports with
different materials [30e33].

3.2.2. Chemical resistance
Chemical resistance tests were carried out by the use of

HCl (0.2 M) and NaOH (0.5 M) at the ambient temperature
(27 �C). The results are reported in Fig. 9, giving an expla-
nation to the variation in sintering temperature at 950,
1000, and 1100 �C with the acidic and basic solutions under
the same conditions of time and temperature. The weight
loss of a sample placed in soda and chloride acid solution
for more than 96 h was insignificant. As a final point, no
phenomena such as color change, degradation, or aging of
sample were detected.

3.2.3. SEM analysis
SEM examined evolution of the densification phe-

nomenon and changes in surface quality. Fig. 10 shows the
internal surface of tubular supports heated at 950, 1000,
and 1100 �C. These micrographs prove the absence of any
cracks and reveal homogeneity of the surface. Further-
more, the sintering process causes an increase in the pore
diameter. This is because of the generation of a vitreous
mass by fused silica and some impurities present in the
clay. The phenomenon of fusion was seen clearly beyond
1100 �C. The values of pore size estimated from SEM im-
ages are 0.8, 1.7, and 2.3 mm for 950, 1000, and 1100 �C,
respectively.

3.2.4. Water permeability
To evaluate the performance and the presence of de-

fects in the ceramic supports, water flux characterization
was used with transmembrane pressure between 0 and
3 bar. The permeability of the support was determined
using the variation in distilled water flux Jw (L h�1 m�2)
with transmembrane pressure (bar) according to the
Darcy law (Eq. 1)):

Jw ¼ Lp � DP (1)

Sintering temperature and mechanical resistance are
the key parameters to make decision about the optimal
temperature. The formation of grain boundaries begins at
950 �C; however, a low mechanical strength (see Table 5)
has been noted at this temperature. At 1100 �C the phe-
nomenon of fusion starts (see Fig. 11) because of the for-
mation of vitreousmass by fused silica and some impurities
present in the clay. Eventually the best conditions are
established to 1000 �C, with an average pore diameter
1.7 mm and 24.06 MPa as a flexural strength.

The tubular support was immersed in pure distilled
water for a minimum of 24 h before filtration tests at room
temperature. The experiments show that the increase in
the pressure causes a linear increase in the water flux. The
support permeability (Lp) was equal to 525 L h�1 m�2 bar�1.

Smectite in tubular configuration with a mean pore size
1.7 mm, 24.06 MPa as a flexural strength, and permeability
525 L h�1 m�2 bar�1 seems to be favored compared with
different results summarized in Table 6 from 2009 until
2018. It is interesting to mention that the mixing of
methocel, amijel, starch, and water with different amounts
proved to be effective.

The development of ceramic membrane supports based
only on natural materials using the most abundant and
cheaper additives in nature was investigated to attend the
economic advantages.



Table 6
Summary of different ceramic membrane support.

References,
years

Materials Sintering
temperature
(�C)

Mean pore
size (mm)

Water
permeability
(L h�1 m�2

bar�1)

Mechanical
strength
(MPa)

Applications

[34], 2012 Perlite with organic additives:
methocel (as a plasticizer),
amijel (as a binder), starch
(as a porosity agent),
PEG (as a binder)
Two layers of perlite with
different granulomeres
Plane support

Macroporous
support
of perlite

1000 6.6 _ _ Wastewater treatment
(effluent)

Thin layer
of perlite

930 0.27 815

[35], 2010 Smectite, kaolin, cornstarch, STTP
Tubular configuration

1000 1.04 360e430 19 Filtration of bovine
serum albumin
Intercalation of
support toward
proteins issued
from milk

[36], 2011 Perlite used in this study from Morocco
Organic additives: methocel, amijel,
starch, and PEG
Flat membrane

1000 6.64 1797 _ Used to clarify a
suspension of
baking powder

[37], 2012 Clay with calcium carbonate
tubular configuration
Organic additives: amijel,
methocel, and starch

1250 3.4 e e Effluent treatment

Thin layer with zirconia
Support

1050 2.5 1000

[38], 2013 Kaolin with calcium carbonate
Tubular configuration

1150 1.3 12,244 25 Effluent treatment

[39], 2017 Bentonite
The powder used with micronized
phosphate (30 wt %)

950 1.8 725 14.6 The use of a thin layer
with TiO2 improved
the permeability of the
membrane (33) with
mean pore diameter,
72 nm
This membrane was
applied for dye removal

[40], 2018 Natural perlite (5 wt %) starch
as porosity
agent
Flat membrane

950 1.7 1433.46 21.68 Effluent treatment
(agro-food and
tannery)

This work,
2018

Natural bentonite from Tunisia
Organic additives: amijel, methocel,
and starch
Tubular configuration

1000 1.7 525 24 e

[41], 2009 Support 700 4.5 _ _ Dying effluent
(textile industry)Active layer 800 0.25 475

STTP: sodium tripolyphosphate; PEG: polyethylene glycol.
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4. Conclusion

In this study, a low-cost support made of Tunisian clay
was developed. The support was prepared by extrusion of
the clay paste and sintering at different temperature for 3 h.
The mechanical and chemical properties of the support are
satisfying in terms of pore diameter. The elaboration of
ceramic support has exhibited higher water permeability,
equal to 525 L h�1 m�2 bar�1. These supports should find
application for economic treatment of wastewater con-
taining bacteria and/or microbes in emergent countries.
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