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Abstract

The development and the characterisation of new supports for microfiltration and ultrafiltration membranes from apatite applied to filtration are
presented. The choice of this material is based primarily on its low cost (considering its abundance in the Tunisian ores).

The support, with tubular configuration, was prepared from natural apatite: apatite powders were crushed for 30 min and sieved to 200 wm. The
resulting powders, mixed with organic additives and water, could be extruded to elaborate a porous structure. The firing temperature of the support
is 1160 °C. The morphologies of the surface and the cross-section observed on scanning electron microscope (SEM) are homogeneous and do not
present any macro defects (cracks, etc.). The mean pore diameter, measured by mercury porosimetry, is 6 wm and the pore volume is 48%.

© 2005 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

In most cases, inorganic membranes employed in separation
processes are prepared with alumina, titania or zirconia. They
are asymmetric and present a composite structure: a porous
support which gives the mechanical resistance and thin layers
successively deposited on it.

The use of ceramic membrane has advantages such as high
thermal and chemical stability, pressure resistance, long
lifetime, and catalytic properties from their intrinsic nature
[1,2]. Until now, the production of industrial membrane uses a
limited choice of materials. As a consequence, the price of
ceramic membranes is high and a significant effort was
provided in these last years in membrane technology field in
order to find new porous ceramic materials [3—5] with clays and
apatites. These materials are in abundance and need lower firing
temperature than metal oxide materials.

Apatites, present interesting physicochemical properties. So
they make it possible in particular to trap heavy or radioactive
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metals [6-8]. They are also interesting biomaterials [9,10] or
used for environmental applications [11-13].

Apatites are often identified by the general formula
M;o(XO4)sY>, with M: Ca, Sr, Ba, Pb, etc.; X: P, As, Si, etc.;
Y: various anions, suchas OH ™, F~, Cl™ or other groups [14—19].

In nature apatites are very abundant; they are found in
phosphate mines where they form the principal constituent. In
the biological environment, they constitute the major part of the
mineral matter of the vertebra skeleton. These apatites are used
as a raw material in many processes of chemical industries,
such as for the preparation of artificial fertilisers [20], for the
manufacture of catalysts or for osseous prostheses [21,22].

Apatite crystallizes in the hexagonal system with the space
group P65/m. The almost compact assembly of orthophosphate
ions PO437 has two types of tunnel. The narrow one (tunnel I)
contains cations localised in site (I) with the symmetry 4f,
corresponding to a coordination number of nine and the wider
one (tunnel II) with cations in site (II), with the symmetry 6 h,
and a coordination number of six or seven. One of the main
characteristics of the apatitic structure is to allow various
substitutions for both cations and anions [23].

This study is related to the elaboration of porous supports
using raw apatite. The choice of this material is based on its low
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temperature of sintering, thermal stability and good chemical
resistance particularly to bases.

2. Experimental
2.1. Characterisation of the apatite powder

Apatite powder is coming from Metlaoui in the south of
Tunisia. Different techniques were used for the characterisa-
tion.

The chemical composition of the apatite powder was
determined by spectroscopic techniques, as X-ray fluorescence
for metals and by atomic absorption for alkaline earth metals.
The loss of ignition was obtained at 1000 °C.

The powder morphology as well as the microstructure of
samples were obtained using a HITASHI scanning electron
microscope (SEM).

Purity of the apatite powder was tested by IR spectral
analysis. An IR transmittance spectrum of the ground sample
was obtained in the 4000-400 cm ™' range with a SHIMATZU
IR 470 spectrometer.

The spectra were taken from thin KBr pellets prepared by
compacting an intimate mixture obtained with 1.5 mg of apatite
and 300 mg of KBr [24].

Phases present in the powder compositions were analysed
using an X-ray diffractometer (Siemens, Germany) with Cu Ka
radiation (A = 0.154 nm).

The apatite particle sizes were calculated on the basis of
specific surface areas, measured using a BET surface area
analyser (ASAP 2010 MICROMERITIC).

Thermogravimetric analysis (TGA) and differential scan-
ning calorimetry (DSC) (DSC-TGA 2960 de TA Instruments)
were carried out with approximately 22 mg of apatite.
Temperature varied from 0 to 1000 °C at a rate of 5 °C/min,
under air.

The dilatometry study was led with a dilatometer type TMA
92 SETARAM, in a large temperature range under a controlled
atmosphere of argon. The dilatometry analysis was carried out
with apatite powder at a heating rate of 10 °C/min, from room
temperature to 1200 °C.

The characterisation of crude pastes was conducted using a
texturometer TEC TO04, ETIA. A cone was used for the
penetration tests and two successive experiments were
conduced. Penetration stress o, was calculated from the
penetration force F using the following formula [25]:

F
% T TEtan? U
where E: penetration depth =30 mm; p: angle of the cone
probe = 15°.

Cohesiveness is defined as the ratio of the compression work
during the second cycle over the compression work during the
first one; adhesiveness is the area of the feed back curve when
the probe moves back to initial position. Elasticity is the ratio of
the compression time during the first cycle over that during the
second cycle.

2.2. Elaboration of porous support

The elaboration of a ceramic macroporous support implies
the following sequence of operations:

e preparation of a plastic ceramic paste;
e shaping by extrusion;
e consolidation by thermal treatment.

In Fig. 1, the process of the ceramic preparation is
described.

Elaboration of a synthetic ceramic powder requires a
specific ageing and also use organic additives. In general, these
additives favour the powder dispersion and the adjustment of
the paste rheology. They also ensure a significant mechanical
resistance before the final consolidation by sintering. The
principal advantage of the organic additives is that they are
eliminated by combustion during the thermal treatment.

The optimised composition of the paste is (values are given
in wt%):

e apatite powder: 84;

e organic additives: methocel (The Dow Chemical Company):
2.5 amijel (Cplus 12076, Cerestar): 2.5, porosity agent: starch
(RG 03408, Cerestar): 9, PEG: 2.

Before the preparation of the paste, the powder was
grounded at 250 tr/min during 30 min and sieved at 200 pm.
Necessary water for the pugging was added, up to the quantity
of 53 ml/200 g of mixed powder.

Before extrusion stage, an ageing stage of the paste is
necessary to obtain a good homogeneity and to favour the
hydration of the cellulose binders. The time necessary for this
stage is 24 h. Shaping was performed by extrusion. The drying
of the extruded pieces was conducted in air at room temperature
during 24 h. Sintering was performed at a temperature ranging
from 1150 to 1200 °C.

Apatite powder

Organic additives

Mixing + pugging i
Water

Ceramic paste

Extrusion l

Wet tubes

Tubular shape

Thermal treatment l

Ceramics supports

Fig. 1. Various steps of macroporous ceramics preparation.
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Table 1
Chemical analysis of apatite powder

Elements

P,05 CaO Si0, AlLO3 Fe,03 MgO CO, SO; C org ClI™ F~
Wt (%) 28.92 49.14 3.10 0.58 0.26 0.70 0.90 321 0.90 0.10 0.10

Fig. 2. SEM image of the apatite powder at different magnitudes.

3. Results and discussion
3.1. Characterisation of the apatite powders

The chemical analysis of apatite powder is shown in Table 1.
The result shows that the major phase contains calcium and

phosphate.

The powder morphology determined by SEM at different
magnifications is presented in Fig. 2. The natural apatite has not
a particular shape even the grain size distribution remains

homogeneous.
The IR spectrum of the sample is shown in Fig. 3.
Recorded IR spectrum of the sample shows bands relative to
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Fig. 3. IR spectrum of the apatite sample.

apatite. The bands at 3570 and 630 cm ™' are characteristic
for stretching and vibrational modes of the OH™ ions
respectively [24,25]. The strongest peaks of apatite at 1037,
1110 and 964 cm ™! are attributed to PO43_ [26,27], the peaks
at 565 and 607 cm~! were assigned to P-O mode [28].
469 cm ™' band results from the v, phosphate mode [29]. In
addition, the bands relative to COs>~ ions (876-1420—
1463 cm™') are present.

Fig. 4 represents the X-ray diffractogram of the apatite
sample. It shows characteristic peaks of apatite. The main phase
crystallises in the hexagonal system, in the space group P6s/m
[30].

2 theta (°)

Fig. 4. X-ray diffractogram of the apatite sample.
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Fig. 5. Thermal analysis curve: DSC and TGA for apatite powder with organic
additives.

The BET surface area is 23.16 m*/g (+0.06 m*/g) and the
adsorption average pore radius (BET) is in the order of 45.7 A,
value which corresponds to mesopores range.

The DSC-TGA data of apatite powder are represented in
Fig. 5. Three endothermic peaks are detected [31]:

e one peak with a significant intensity appears at 68 °C,
corresponding to a weight loss of 1.8%. This peak is due to
the loss of residual water (moisture);

e one less intense peak which appears at about 194.30 °C,
accompanied by a weight loss of 2.2% which corresponds to
the dehydration of HPO,>~ ions according to the following
reaction:

2HPO,>~ — P,0;* +H,0 (1)
e simultaneously the reduction of COs;*~ ions (present in

phosphate rock) content occurs, (reaction with ions HPO427)
according to the reaction:

CO;>~ +2HPO,>~ — CO, + 2P0, + H,0O )
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Fig. 7. Evolution of the adhesion force with time.

e another weak intensity peak at about 733.53 °C is accom-
panied by a weight loss of 9.4%. It is due to the reduction of
OH ™ and CO5”~ contents following equations:

P,0,* +20H" — 2P0O,*” + H,0 (3)

P,0;* +CO;2~ — 2P04* 4+ CO, 4)

Another peak at 319.6 °C was obtained during the analysis
of apatite powder with organic additives. The three peaks
already described are related to natural apatite and apatite with
organic additives. The new peak corresponds to the elimination
of added organic materials.

For the dilatometry analysis, the time—temperature sintering
profile used in the experiments is given in Fig. 6. The shrinkage,
which attains about 20%, begins at about 700 °C.

3.2. Characterisation of the ceramic paste

The negative peak obtained during the extraction of the cone
provided various information on the adhesion, the elasticity and

DEPL. (%)
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Fig. 6. Dilatometry analysis curve.
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Fig. 8. Evolution of the force applied vs. time.

the plasticity of the paste. We observe three types of peaks
(Fig. 7). The decreasing part of the curve and the value of the
minimum are related to the hardness of the paste. The
increasing part of the negative peak shows different properties
according to the profile type:

e Profile type 1: the main characteristic of this profile is the
discontinuity observed at the end of the probe ascent. This
indicates that the deformation and the plasticity degree of the
paste are conserved.The curve inflection observed between
the minimal value and the break can be related to the paste
elasticity degree.

e Profile type 2: we observe a continuous evolution of the force
(with an inflection point), during the withdrawal of the cone.
This behaviour is observed with intermediate hard pastes, not
much sticking and not much plastic. Such deformation curve
can be related to the elastic character of the paste.

e Profile type 3: in this last case, there is no inflection in the
evolution force during the withdrawal of the cone. This is due
to the very adhesive character of the paste.

In our case (profile type 2, Fig. 8), a continuous evolution of
the force (with an inflection point) during the withdrawal of the
cone is noted. This behaviour is observed with harder pastes
that are not sticking and not plastic. This regular deformation of
the paste can be due to its elastic character.

Cohesiveness, adhesiveness and elasticity were also
recorded (Table 2).

The increase of o, and o, with the ageing time (Table 2)
corresponds to the increase of the hardness of the paste and
results are presented in Fig. 9. It is noted that the values of the
cohesiveness and adhesiveness after an ageing time of 0 and
48 h are very similar. At these ageing times, pastes lose their
necessary extrusion characteristics. Thus, a 24 h ageing time
was chosen.

25 60
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—=— penetration stress 1 (MPa)
20 4 —a— Adhesiveness (mj)

w8 ow
(=] < o
Adhesiveness (mj)

Penetration stress (MPa)
.
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0 T T T T T 0
0 10 20 30 40 50 60
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Fig. 9. Evolution of the textural parameters against the ageing time of paste.

3.3. Characterisation of the membrane supports

3.3.1. Scanning electron microscopy (SEM)

The micrographs relating to the evolution of the micro-
structure of apatite membranes with the increasing sintering
temperature are shown in Fig. 10. It can be seen the surface of
tubular supports sintered at temperatures ranging from 1100 to
1220 °C.

Below 1150 °C, we detect the presence of intergranular
contacts which are large enough to ensure the ceramics
cohesion (beginning of sintering).

We observe that the formation of grain boundaries is
achieved within a narrow temperature range of 1150-1170 °C.
The aspect of the surface is homogeneous and does not present
any macro defect (cracks, etc.). We also observe the occurrence
of a smooth surface with a low roughness, which will be able to
allow the deposit of a homogeneous layer.

Beyond 1180 °C, the densification process (shrinkage)
dominates and a relatively open structure is still observed.

3.3.2. Mercury porosimetry

The evolution of support characteristics (pore diameter and
pore volume) is presented in Fig. 11. We note that the average
pore diameter decrease with the ageing time. However, the
porous volume increases for 24 h ageing and decrease slightly
for 48 h ageing, to attain a value of 41%.

The evolution of the average pore diameter, dp (nwm) and of
the pore volume, vp (%), against the temperature of sintering
reveals that vp decreases from 50 to 45% between 1150 and
1200 °C, while dp increasing from 5 to 8 pm (Fig. 12). In the
1150-1170 °C temperature range, ceramics presents a dp value

Table 2
Values of the textural paste parameters (F: penetration force; o.: penetration stress; C: cohesiveness; A: adhesiveness; E: elasticity)
Ageing time (h) F1 (N) F2 (N) oe; (MPa) x 10* 02 (MPa) x 10* C A (ml]) E

0 24.22 21.15 11.930 10.421 0.413 44.15 2.36
24 26.95 23.83 13.275 11.742 0.382 33.96 2.47
48 28.64 25 14.108 12.315 0.402 54.95 2.70
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X

Fig. 10. Micrographs (SEM) of internal surface of tubular supports at various sintering temperature.

of 5-6 wm with an average porosity of 48%. This high porosity
value is a necessary condition to ensure a negligible flow
resistance during microfiltration.

3.3.3. Mechanical resistance

The measurement of the mechanical resistance of supports
was carried out by the three point bending method (LLOYD
Instrument) applied to sintered parallelepipedic test bars. The
size of samples was 40 mm X 10 mm x 2 mm. Crosshead
speed used was 0.25 mm/s and the width between supports is
24 mm. Fig. 12 shows the evolution of the maximum fracture
stress, o (MPa), according to the temperature, using a sintering

temperature range between 1150 and 1180 °C. The increase of
o with the temperature indicates a progressive increase in the
material mechanical resistance. Furthermore, sintering above
1200 °C does not increase the mechanical resistance. This
result agrees with the texture observation by SEM and it is
comparable with other observations obtained with membrane
support manufactured with Moroccan clay [32].

3.3.4. Corrosion resistance

The support, sintered at 1160 °C, was soaked at 80 °C using
nitric acid and soda solutions. The pH was equal to 1 and 13,
respectively. The results reported on Fig. 13 shows that apatite
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Fig. 11. Variation of pore diameter and pore volume as a function of ageing
time of the paste.
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function sintering temperature.
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Fig. 13. Weight loss of support in nitric acid and soda solutions at 80 °C as a
function of time.

supports resist better in basic medium than in acid medium: The
weight loss does not exceed 5 wt% in 8 days at pH 13. However,
in acid medium (pH 1), the weight loss exceeds 25 wt%. These
results are comparable with those presented by El Moudden
et al. [32] especially in basic medium. However, in acid
medium, supports made with clays have a better resistance than
those from apatite. The weight loss attains 6 wt% at 40 °C and
20 wt% at 80 °C.

4. Conclusions

This study reports the development and the characterisation
of new tubular supports based on sintered natural apatite. They
can be used for tangential microfiltration and ultrafiltration.

The analysis of the material powder confirmed the presence
of the apatite structure. The choice of the paste composition and
of the sintering temperature favours the increase of the
mechanical resistance while maintaining an important porous
volume (porosity greater than 40%) as well as a good chemical
resistance essentially in basic solution.

The obtained ceramic support has a mean pore diameter of
about 6 pm with an average porosity of 47%.

Then, apatite materials are appropriate for the development
of membranes supports for microfiltration or ultrafiltration that
can be applied at pH >4 for the industrial liquid waste
processing.
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