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a b s t r a c t

Porous flat ceramic-metal composite (Cermet) membrane supports were elaborated from
kaolin and aluminum powder mixtures by the press dryingesintering process. The evo-
lution of structure and surface properties was followed by water permeation, tensile
strength, mercury porosimetry, surface charge and contact angle measurements. These
characterizations have demonstrated that the addition of aluminum to the kaolin matrix
has a beneficial effect on the membrane support properties. In particular, the water
permeability and mechanical strength increased gradually in the presence of aluminum. In
addition, the hydrophilicity of the cermet supports was found to increase gradually with
the aluminum load. However, the surface charge was not affected by the aluminum
introduced into the cermet composition. Filtration experiments were carried out with the
support containing 4% wt of aluminum. The results have indicated that this support could
be used to purify dye-containing water.

© 2015 Acad�emie des sciences. Published by Elsevier Masson SAS. All rights reserved.
r é s u m é

Des supports membranaires plans poreux c�eramiqueem�etal (cermets) ont �et�e �elabor�es par
pressage d’une poudre s�eche �a partir d’un m�elange de kaolin et d’aluminium. L0�evolution
de la structure et des propri�et�es de surface a �et�e suivie par des mesures de perm�eabilit�e �a
l'eau, de r�esistance �a la traction, de porosim�etrie au mercure, de charge de surface et
d'angle de contact. Ces caract�erisations ont d�emontr�e que l'addition d'aluminium dans la
matrice kaolinitique a un effet b�en�efique sur les propri�et�es des supports membranaires. En
particulier, la perm�eabilit�e �a l'eau et la r�esistance m�ecanique ont augment�e progressive-
ment en pr�esence d'aluminium. En outre, l’hydrophilicit�e des supports c�eramiqueem�etal a
saoui).
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Table 1
Chemical composition of the used kaolin (wt %).

oxides SiO2 Al2O3

wt % 47.85 37.60

a Loss on ignition.
augment�e progressivement avec la teneur en aluminium. Toutefois, la charge de surface n'a
pas �et�e affect�ee par la pr�esence de l’aluminium dans la composition du cermet. Les
exp�eriences de filtration ont �et�e r�ealis�ees avec le support contenant 4% en masse
d'aluminium. Les r�esultats ont montr�e que ce support peut être utilis�e pour purifier l'eau
contenant un colorant.

© 2015 Acad�emie des sciences. Published by Elsevier Masson SAS. All rights reserved.
1. Introduction

A cermet is a composite material composed of ceramic
(cer) and metallic (met) materials. It controls thermal
expansion mismatch between the substrate and the func-
tional coating. It acts as an intermediate coating material
between the metallic bond coat and the ceramic top coat
[1,2]. It presents several advantages, such as working under
extreme conditions of temperature and chemical attack
[3,4]. Cermets are used for instance as thermal barriers and
thick clearance control coatings for turbine applications
[1,2]. These composite materials, formed by using an
insulating ceramic matrix and metallic particles, have
recently received particular attention due to the singular
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Fig. 1. Particle size distributions of the used kaolin and aluminum.
combination of their mechanical and microstructural
properties. Compared to their polymeric counterparts,
porous ceramic composite membranes exhibit many
excellent properties in the separation process, such as
thermal and chemical stability [5]. As a consequence, the
investigation on clays as membrane materials has attracted
much attention.

In previous studies, composite membranes were
generally manufactured from metallic oxides such as
titania (TiO2), alumina (Al2O3) [6] and Ni-alumina by
different preparation methods, including soaking-rolling,
electroless plating and impregnation [7,8]. Some efforts
have been made to elaborate the porous ceramic support
using kaolin as the main raw material [9,10]. This material
which belongs to clay minerals has the advantage to be one
of the most abundant minerals all over the world, which is
cheap and easily accessible.

There are several approaches for the fabrication of
porous ceramics. They can be produced by adding pore-
forming agents into the starting powders, such as
sawdust, starch, carbon or organic particulates [11], which
after vaporization form homogeneous pores. Besides, the
mixing of the ceramic powders with a bubble former was
investigated. Generally, the obtained supports showed a
number of shortcomings such as low porosity, small pore
size, lower flow resistance, and high shrinkage [10]. It has
been demonstrated that powders containing aluminum are
cemented into a robust macroporous monolith during the
hydrothermal oxidation [12]. Particularly, porous alumina
ceramics are considered as reference supports for several
mineral ultrafiltration membranes [13].
2. Materials and methods

2.1. Materials and chemicals

The raw materials were kaolin and aluminum powders
obtained from BWW Minerals and Merck companies,
respectively. After heating at 150 �C, the chemical analysis
of kaolin was performed by using the X-ray fluorescence
(XRF) technique using a PANalytical Magix model. The
chemical composition given in weight percentages of ox-
ides is listed in Table 1, in which the main impurities are
Fe2O3, K2O, MgO and CaO. For the aluminum powder,
purity is more than 99%. All the materials were used as
received.
The particle size distributions of kaolin and aluminum
were determined using a Particle Sizing SystemMastersizer
Model 3000. The obtained results illustrated in Fig. 1 pre-
sent an average particle size in the order of 8 mm and
121 mm, respectively.
2.2. Elaboration of aluminum-kaolin membrane supports

The used procedure for the elaboration of aluminum-
kaolin supports is as follows: several flat disks were pre-
pared in a dry route, starting from kaolin powder homo-
geneously mixed with different ratios of aluminum powder
(from 4 to 16 wt %) without the addition of water. The
mixed powders were pressed uniaxially until 66 MPa with
a compression rate of 2 mm.mn�1, to get flat disks (30 mm
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in diameter � 6 mm in thickness), which were then sin-
tered using a programmable furnace at 1250 �C for 1 h with
a heating rate of 5 �C min�1.
2.3. Characterization techniques

Different techniques were used for the characterization
of the raw materials and the prepared cermet supports
namely: thermal analysis (DTA/TGA), mercury porosimetry,
scanning electron microscopy (SEM), and water perme-
ability, mechanical strength, surface charge and contact
angle measurements.

The differential thermal analysis (DTA) and thermog-
ravimetric analysis (TGA) were carried out from ambient
temperature to 1300 �C at a rate of 10 �C min�1 under air,
using a Setaram instrument (SENSYS EVO 3D, Sensor
Inside).

The mean pore size and pore size distribution of the
sintered tubular supports were measured by mercury
intrusion porosimetry, using an AutoPore IV Series 9500
from Micromeritics. This technique is based on the pene-
tration of mercury into the solid pores as a function of
pressure; the intrusion volume is recorded versus the
applied pressure and then the pore size is determined. The
pore size diameter D (nm) was determined using the
Washburn [14] (Eq. (1)):

D ¼ �4g cos q
P

(1)

where g (dyn cm�1) is the surface tension, q (�) is the
contact angle and P (MPa) is the applied pressure. A contact
angle of 130� and surface tension of 485 dyn cm�1 were
used. Porosities were calculated from Hg intrusion data.

SEM micrographs were taken from different samples
using a PHILIPS XL30 apparatus, with an accelerating
voltage of 7 kV. The samples were coated with a thin layer
of gold before microscopy examination.

The open porosity of the sintered flat supports was
measured by a water absorption test. The dry samples were
weighed before thewater absorption test, thenwiped clean
of all surface water after the water absorption test and
weighed again. The open pore volume Vop (cm3) corre-
sponds to the volume of water absorbed by the sample.
Since the density of water is 1 g cm�3 at 4 �C, the difference
in weight (g) of the sample before and after saturation
corresponds to the open pore volume:

Vop ¼ ms �md (2)

where ms and md are the mass (g) of the saturated and the
dry samples, respectively. The percentage of the open
porosity was calculated using the following formula:

% Open porosity ¼ 100
�
Vop

Va

�
(3)

where Vop and Va are the open pore and the apparent vol-
ume of the samples (cm3), respectively. This method has
the advantages to measure only the accessible pores which
are relevant to membrane transport, and to be a non-
destructive technique.
The water permeability of the flat supports was char-
acterized using a dead-end filtration apparatus (which will
be described below) under transmembrane pressure (TMP)
in the range from 1 to 6 bar at room temperature. Before
each test, the concerned support was conditioned by im-
mersion in distilled water for 24 h to reach a stable flux at
the beginning of the experiment. The determination of the
liquid permeability Lp (m3 m�2) was performed with
distilled water, and calculated with Eq. (4) derived from
Darcy’s law [15, 16].

Lp ¼ m:v

DP:Dt:s
(4)

where m (Pa.s), v (m3), DP (Pa), Dt (s) and s (m2) are the
dynamic viscosity, the runoff volume of liquid during the
timeDt, the hydraulic pressure and the disk surface contact,
respectively.

The tensile strength of the different cermet supports
was calculated using a LLOYD EZ50 Instrument, measured
by the Brazilian test applied to sintered flat disks with a
displacement rate of 0.5 mmmin�1. The maximum rupture
strength sr (MPa) was determined following the elasticity
theory [17]:

sr ¼ 2Pmax

pLD
(5)

where L (mm) and D (mm) are the sample length and the
diameter, respectively. Pmax (N) is the maximum applied
load at failure. Three samples of each composition elabo-
rated under the same conditions were tested and an
average value was then calculated.

Zeta potential measurements were conducted using a
Malvern Nanosizer instrument. The interest of these mea-
surements lies in the determination of the IEP, where the
permeation flux is maximal. It is also very useful to deter-
mine the sign of the surface charge at a given pH, allowing
the measurement of the surface charge by absorbing the
polyelectrolyte of the opposite charge (see SIP measure-
ments described below). During these measurements,
20 mg of the powder of each support were dispersed in
50 mL of a 10�3 M NaCl solution. The pH of the suspension
was adjusted using 10�1 M NaOH and/or HCl solutions and
stirred for 24 h until ionic equilibrium was reached. Four
measurements of the zeta potential (xmV)were performed
with each suspension and an average value was then
calculated. Zeta potential measurements were achieved for
pH values ranging from 3 to 11. For each support, the
evolution of x versus the pH was represented.

Streaming induced potential measurements were per-
formed with a particle charge detector (PCD 03) mMütek
device. The interest of this measurement is to observe the
effect of different amounts of aluminum added inside the
kaolin on the surface charge of the cermet. As an example,
the modification of the surface charge may induce the
adsorption of solutes on the surface of the cermet. During
this characterization, 20 mg of each support (powder form)
was dispersed in 50 mL of consequent polyelectrolyte
(anionic/cationic) and stirred overnight. Then, 5 mL of each
obtained suspension was introduced into the cylinder of
the mMütek device. When the piston moved, it produced a
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flowing potential that can be measured and displayed on
the screen of the device.

In order to neutralize the excess of charge, the collected
volume was directly titrated with a polyelectrolyte of
reverse charge (10�3 N polydiallyldimethylammonium chl-
oride (Polydadmac: cationic polyelectrolyte) or sodium
polyethylenesulfate (PesNa: anionic polyelectrolyte) solu-
tions) to a streaming potential of 0 mV [18]. The net surface
charge q (mequiv g�1) of the support was calculated using
Eq. (6):

q ¼ ðV2 � V1Þ,C,1000
W

(6)

where V2 is the required volume of the polyelectrolyte 2 to
neutralize 5 mL of the polyelectrolyte used for the sample
contact; V1 is the volume of the polyelectrolyte 1 added for
the background measuring out; C is the concentration of
the sample introduced into the initial 5 mL of solution used
for the background measuring out; W is the weight of the
sample introduced into the initial 5 mL of solution used for
the background measuring out.

The wettability character of the different supports was
checked bymeasuring the contact angles of awater drop on
the surface samples using an OCA 15EC Dataphysics goni-
ometer. The angle is defined geometrically as the angle
formed by a liquid at the three phase boundary where a
liquid, gas and solid intersect. One advantage of this
method is to be a non-destructive method for measuring
the wetting of a solid by a liquid.
2.4. Compositions and sample designations

The compositions in wt % and the designations of the
different membrane supports elaborated in this study are
reported in Table 2.
Table 2
Compositions and sample designations of the supports.

Kaolin (wt %) Aluminum (wt %)

Support 0 100 0
Support 4 96 4
Support 8 92 8
Support 12 88 12
Support 16 84 16

Fig. 3. TGA curves of the kaolin (a), aluminum (b) and kaolin/aluminum
mixture (10 wt %, loose contact) (c).

Fig. 4. DTA curves of the kaolin (a), aluminum (b) and kaolin/aluminum
mixture (10 wt %, loose contact) (c).
2.5. Experimental device used for the filtration tests

The filtration device used in this study was represented
in a home-made pilot plant (Fig. 2). A disk-shaped support
was sealed in a stainless steel module using O-rings. The
purpose is to ensure a perpendicular direction of the liquid
to the support surface (a dead-end filtration). The useful
area of the membrane support is 5.54 cm2. The
transmembrane pressure (TMP) ranging between 1 and
10 bar was controlled by an adjustable valve at the outlet of
the compressor. The liquid flux through the membrane
support was measured as a function of time at different
TMP values.
3. Results and discussion

3.1. Characterization of the starting materials

Both TGA and DTA characterizations were carried out
simultaneously with the same device. The TGA-DTA curves
recorded during the compact heating of the kaolin,
aluminum, and kaolin/aluminum mixture are presented in
Figs. 3 and 4.
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The TGA curve of kaolin (Fig. 3a) shows a total weight
loss of about 16%, which consists of two distinct stages.
The first one between room temperature and 180 �C is
due to the loss of physisorbed water. The second one in
the temperature range of 400e800 �C is mainly caused by
the dehydroxylation of the kaolinite. The DTA thermo-
gram displayed in Fig. 4a shows two endothermic peaks
at 70 �C and 540 �C associated with these two weight
losses. The exothermic peak at 980 �C without any weight
loss might be attributed to the crystallization of spinel or
mullite [19].

From the DTA curve of the pure aluminum powder
used in this study (Fig. 4b), it can be seen that the
aluminum melting endotherm appears at a temperature
around 660 �C, without significant modifications in the
associated TGA (Fig. 3b). A weight gain of about 3.22% was
observed from 660 �C to 1200 �C, which can be assigned
to the liquid-state oxidation of aluminum characterized
by an exothermic peak at 1030 �C in the DTA curve
[20,21].

The addition of aluminum powder to the clay slightly
modified its thermal behavior as it can be seen in the TGA-
DTA curves of the mixture (kaolin/10 wt % aluminum)
displayed in Figs. 3c and 4c, respectively. The total weight
loss was reduced to about 10% compared to the one of the
pure kaolin which was about 16%. Two steps are also
observed, corresponding in this case to 3 phenomena: loss
of physisorbed water in the 20e200 �C range, loss of water
upon dehydroxylation in the 400e800 �C and gain of
matter upon oxidation of aluminum in the 660e1200 �C
range. The exothermic transformation of metakaolin is still
observed at 980 �C.

3.2. Characterization of the elaborated cermet supports

The main properties of the fabricated porous cermet
supports were characterized, including water permeability,
mechanical strength, pore size distribution, SEM surface
micrographs, surface charge and contact angle
measurements.

3.2.1. Mercury porosimetry and scanning electron microscopy
Mercury intrusion porosimetry was used initially to

determine the influence of the aluminum content on the
final pore size distributions of the elaborated cermet sup-
ports for membranes.

The cumulative pore volumes versus pore diameter
curves for the ceramic supports with and without
aluminum are presented in Fig. 5. The cumulative pore
volume was found to increase with increasing percentage
of aluminum, showing an increase in the pore size of the
membrane supports. Such behavior is probably attributed
to the exothermic oxidation reaction of aluminum which
may provide energy for the germination of the a-alumina
phase. The latter reacts with metakaolin to form the porous
mullite phase. This reaction gives rise to bigger voids and
pores [20]. The sample with 16 wt % Al showed higher
porosity by exhibiting the highest cumulative pore volume
compared to those elaborated with a lower percentage of
aluminum. Consequently, this sample showed the highest
intrusion mercury volume of about 0.3 mL g�1.
The curves of the log differential pore volume calculated
from the Washburn equation versus the mercury pressure
of the samples are reported in Fig. 6. The curve enables to
show that the flat ceramic support for the membrane
prepared from kaolin alone displays a monomodal pore-
size distribution corresponding to macropores with an
average diameter of about 470 nm. This monomodal pore
size distribution is usually obtained for samples having a
uniform pore size distribution.
The addition of aluminum leads to broader pore size
distributions shifted to larger pores. The pore size distri-
bution is multi-modal in the cermet samples with mean
diameters of approximately 950, 1100, 1700 and 2000 nm
for disks containing 4%, 8%, 12% and 16% of aluminum,
respectively. The addition of aluminum in the kaolinitic
matrix has a positive effect on void formation.

SEM images corresponding to the elaborated flat
ceramic supports for membranes with and without
aluminum are presented in Fig. 7. They show a broad dis-
tribution of voids and pores around a few microns, con-
firming themercury intrusion data. These images should be
taken with caution since they are not representative of the
pore distribution presented above. These images demon-
strate only that the presence of alumina leads to the for-
mation of voids after sintering.



Fig. 7. Pore top-view SEM images of the flat supports with and without aluminum, sintered at 1250 �C for 1 h.
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3.2.2. Open porosity
Fig. 8 shows the influence of the introduced aluminum

in the open porosity of the ceramic supports with and
without aluminum, sintered at 1250 �C for 1 h. The open
porosity increases gradually with increasing amounts of
metal in the kaolinitic matrix and reaches about 28.5% for
the mixture with 16 wt % of aluminum. This can be due to
bigger voids and pores created during the exothermic
oxidation reaction of aluminum [20].

3.2.3. Water permeability and mechanical strength
For practical applications of the ceramic membranes,

hydraulic permeability should be as high as possible and
mechanical strength should be adjusted to the process
specification. Therefore, in order to evaluate the influence
of the added metal on the water permeability and me-
chanical characteristics of the cermet supports, samples
were tested and results are shown in Fig. 9. As it can be
seen, the water permeability of the supports elaborated
with different wt % of aluminum increases slightly between
0 and 12%, but then increases sharply between 12 and 16%.
It is clear that an increase of metal contents to the kaolinitic
supports causes a higher flux. This is probably due to the
exothermic oxidation reaction of aluminum which can
produce germination of the a-aluminum phase that can
react with the metakaolin to produce porous mullite. This



Table 3
Surface charge of the samples sintered at 1250 �C for 1 h according to the
pH with different wt % of aluminum.

Aluminum content 0% Al 4% Al 8% Al 12% Al 16% Al

pH 7.18 7.17 7.26 7.34 7.44
Surface charge (mequiv.g�1) �3.5 þ7 þ10.5 þ14.7 þ4.1

y = 0,9525x + 13,22
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Fig. 8. Impact of the aluminum content inside the elaborated flat ceramic
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reaction gives rise to bigger voids and pores in the elabo-
rated cermet supports [22].

Good mechanical properties will also be necessary to
withstand operating stresses. The rupture strength changes
arbitrarily with the variation of the percentage of
aluminum. The best mechanical properties are obtained for
4 wt % of metal doping in the kaolin matrix.
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3.2.4. Surface charge

3.2.4.1. Qualitative determination of the surface charge. The
variation of zeta potential x of the elaborated flat supports
for membranes as a function of pH is shown in Fig. 10. As it
can be seen, the surface charge of all elaborated supports
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Fig. 10. Variation of x with the pH for samples containing different wt % of
aluminum and sintered at 1250 �C for 1 h.
for membranes decreased with the increase in pH. For
those prepared from kaolin alone, an IEP (isoelectric point)
was reached at a pH close to 4. The addition of aluminum
powder to the clay shifts the IEP to higher pH values, which
were more than 7 for all samples containing the metal
ranging from 4 to 16 wt %. This evolution corresponds to a
change in the surface nature of cermet samples due to the
presence of aluminum that tends to make the surface more
basic. Cermets behave like Al2O3 and an impregnation with
an anionic compound such as PES-Na is possible.

3.2.4.2. Quantitative determination of the surface charge. After
having specified the sign of the surface charge of the elabo-
rated supports for membranes, the surface charge values
were estimated using the streaming induced potential
methodology. The surface chargewas calculated using Eq. (6)
and the results are presented in Table 3.
The membrane supports have very low surface charges
even in the presence of aluminum. They are positively
charged due to the incorporation of the aluminum powder.
A low surface charge leads to the minimization of the
electric and the dielectric effects, and then to the optimi-
zation of the flux of permeation. It may also avoid the for-
mation of a polarization layer in the presence of ionic
solutes.

3.2.5. Contact angle measurements
In order to explore the wettability properties of the

surfaces of the elaborated supports for membranes, contact
angle measurements were performed. These measure-
ments are extremely sensitive to the physical and chemical
composition of samples. They were performed by the
sessile drop method using distilled water, and the results
are shown in Fig. 11. The first observation shows that all the
contact angles of the elaborated supports are lower than
y = -2,6188x + 94,875
R² = 0,9871
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90�. They are characteristic of hydrophilic surfaces that are
capable to absorb water [23]. These results suggest that the
aluminum content in the cermet supports affects the hy-
drophilicity, and therefore the possibility of converting the
hydrophilicity of the ceramic surfaces without chemical
grafting. The addition of 4 %wt of alumina leads to a
decrease of the surface hydrophilicity of the cermet, which
favors the permeation of water through the support
(minimization of the interaction between the support and
the solvent).
Fig. 13. Results of decolorization obtained after the filtration of an aqueous
solution containing the Indigo blue dye (T ¼ 25 �C, P ¼ 6 bar): permeate
solution (at the right), retentate (in the middle), and the initial solution (at
the left).
3.3. Application to the treatment of a solution containing dyes

One of the most important industrial applications of the
membrane separation process is the clarification of colored
effluents coming out from many industrial processes [24,
25], like textile dye wastewater, which results in major
environmental problems.

Hence, these porous flat cermet membrane supports
were tested for the filtration of an Indigo blue solutionwith
an initial concentration of dye equal to 2 g L�1. All micro-
filtration experiments were carried out at a temperature of
25 �C and at a constant pressure of 6 bar, using the supports
0 and 4. Fig. 12 presents the evolution of the permeation
flux during the filtration of the solution containing Indigo
blue. As expected for the dead-end filtration process, the
permeation flux decreases continuously during the exper-
imentation and tends to stabilize at a flux close to
13 L h�1 m�2. The concentration of Indigo blue at the
interface of the cermet membrane limits the mass transfer,
leading to a decrease of the permeation flux (more than
40%). The preparation of the tubular cermet membrane will
be considered in next studies to avoid this drawback and
improve the filtration process.
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Fig. 12. Variations of permeate flux of Indigo blue solution with time
(T ¼ 25 �C, TMP ¼ 6 bar).
The results were evaluated through the observation of
the retentate and the permeate colorations obtained during
the filtration of the dyeing effluent (Fig. 13). The dead-end
filtration process operating at an intermediate pressure (6
bar) was seen to remove quite completely the color of the
parent solution (containing blue dye). It showed a signifi-
cant retention of dyes in the concentrate and a complete
discoloration of the starting solution. This final stage
reached the maximum concentration of indigo for reuse.
4. Conclusion

Porous flat cermet membrane supports, based on kaolin
and aluminum powder blends, were produced by dry
molding. By introducing different amounts of metal,
although mechanical properties, water permeability and
wettability varied, the surface charge remains practically
unalterable and low. The pure water permeability of the
prepared samples sintered at 1250 �C for 1 h increases from
4.10�15 to about 1.10�13 m3 m�2 when the amount of
aluminum was varied from 0 to 16 wt %. This modification
is very interesting for the filtration process because the
efficiency is estimated through the permeation flux.
Indeed, the more the flux is, the more this process is
profitable. The increase of metal content in the kaolin
matrix has enhanced the mechanical strength of the sam-
ple containing 4% of the aluminum precursor (support 4),
and leads to a contact angle of about 85�. The support 4 was
used for the filtration of an industrial solution containing
the Indigo blue dye. The obtained results have shown a
total rejection of the dye, but a decrease of the permeation
flux during the filtration process. This limitation of mass
transfer can be avoided by using tubular cermet mem-
branes. The first results obtained with this new type of
ceramic membrane support are very promising for several
reasons such as membrane selectivity, performances and
cost. The development of new tubular supports will be
investigated in further research studies with the possibility
to commercialize new low cost ceramic ultrafiltration
membranes.
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