Available online at www.sciencedirect.com

SCIENCE@DIRECTO Egsas

ot LS
ELSEVIER Journal of the European Ceramic Society 25 (2005) 1895-1903

Vi

www.elsevier.com/locate/jeurceramsoc

Preparation and characterization of tubular ceramic
membranes for treatment of oil emulsions

J.M. Benito, A. Conesa, F. Rubio, M.A. RdgueZ

Instituto de Ceamica y Vidrio (CSIC), 28049 Cantoblanco, Madrid, Spain

Received 20 January 2004; received in revised form 31 May 2004; accepted 4 June 2004
Available online 17 August 2004

Abstract

Multilayer membranes for the treatment of oily waters have been prepared from ceramic materials. Alumina and cordierite supports have
been prepared as well asAl,O3; intermediate layersy-Al,O3 top layers with very high porosities were prepared by the sol-gel method
and a detailed study has been performed because of the importance of this layer in the filtration process. A structural study by means of
nitrogen adsorption—desorption, nitrogen permeability and scanning electron microscopy has been carried out on unsupported and supportec
top layers membranes. The effect of the sol concentration and calcination temperature on the structure of the membrane was studied to get
an appropriate pore size and porosity. Also, the necessary amount of PVA as binder/plastizier to get defect-free membranes was investigated.
Top-layer membranes in tubular configuration with an average pore diameter around 4 nm and porosities of 72% have been obtained.
© 2004 Elsevier Ltd. All rights reserved.

Keywords: Membranes; AlO3; Sol-gel process; Permeability

1. Introduction the largest pore diameter), which provides the mechanical
strength to the system, an intermediate layer, whose roles are
There is much current interest in the application of to reduce any inherent defects of the support and to prevent
membranes in separation procedures because of theithe infiltration of the top layer material into the pores of the
application in the treatment of big amounts of wastewaters, support, and the top layer, which is the true membrane of the
and in places where the available space is small. In the lastsystem. In this layer is necessary a comprehensive control of
years, the volume of research and development of ceramicthe pore sizé:
membranes has undergone a big advarisecause of their Alumina, silica, titania or zirconia are considered as the
applications in filtration environments where polymeric main ceramic materials for the formation of the asymmetric
membranes suffer changes in their structure. These are sepstructures:®
arations in chemically aggressive environments and at high  The main synthesis route for the preparation of top lay-
temperatures, in applications requiring a long life-time (low ers is the modification of intermediate layers using a sol-gel
fouling rate), a good mechanical strength and cost-effective method*® The advantages of sol-gel derived films include
production. a lower densification temperature, a narrow pore size distri-
Ceramic membranes with high permeability can only be bution with nanometer pore-scale, a high degree of chemical
obtained in an asymmetric configuration, which consists homogeneity and the possible production of multicomponent
in a multilayer system with a macroporous support (with films.”8
Different techniques of characterization are used cur-
* Corresponding author. Tel.: +34 917355840; fax: +34 917355843, rently inthe structural study of ceramic membrafiéaeth-
E-mail addressmar@icv.csic.es (M.A. Rodjuez). ods such as mercury porosimetry and nitrogen adsorption
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porosimetry are very useful for the characterization of unsup- 2. Experimental
ported membranes, however, these methods are not suitable
for the study of the supported layers because of the asymmet2.1. Materials and methods
ric structure. In this case, other types of methods can be used,
such as the bubble-point, the bubble-point with gas perme-  The forming process of the supports has been extrusion.
ation, permporometry and the permeability metfod. Two different ceramic materials have been chosen for the
In the present study, the preparation and characterizationpreparation of the supports of these systems. One is alumina
of a tubular ceramic system for the treatment of oil/water is because of its chemical stability and the possibility to get a
discussed. For this, it will be necessary to obtain a membranenarrow pore size distributiohThe other one is a reactive mix,
with an average pore diameter below 10 nm. Oil emulsions in which sinters to form cordierite (2Mg@AIl,03-5Si0,). The
wastewaters can be separated by ceramic membranes becauseactive mix is chosen because of its excellent plastic behav-
of the hydrophilic properties of oxide membrar&s'® The ior in extrusion step, since it is formed by talc, kaolinite and
top layer has been obtained from a boehmitegaA\lOOH). magnesite (Cordierita MG300-PO, Vicar S.A.). The interme-
Leenaars and Burggrddf published the preparation and diate layer and the top layer are alumina.
characterization of unsupported and supportedl,O3 The particle size and the sintering temperature for each
top layers from boehmite sols. Later, Uhlhorn et'&l. layer have been optimized to get a suitable pore size for the
demonstrated that the addition of a polyvinylalcohol (PVA) deposition of the next layer.
(molwt.: 72,000g motl) to the colloidal suspension in a
proportion of 0.25 g PVA/g AlOs is necessary to make films  2.1.1. Membrane support
more reproducible and to avoid the appearance of cracks dur-  Alumina and cordierite pipes have been obtained starting
ing drying. Also, it was demonstrated in this work that with  from their corresponding pastes with an external diameter of
the addition of PVA, the structure remains almost constantin 8 mm and an internal diameter of 4 mm.
unsupported and supportgedAl.O3 membranes, therefore, Alumina pastes have been prepared usingyl 203 (Alu-
the structure of non-supported membranes can be used tanina DK-206, Martinswerk), 2wt.% of colloidal SyO
predict that of supported membranes. These membranegProsider S.A.), 0.5wt.% of polyethylene glycol with a
have to be repaired to get a membrane without pinholes andmedium molecular weight (mol.wt.: 1000 g md) (Car-
cracks, as demonstrated in several wdfks$? Also it has bowax PEG1000, Union Carbide) which acts as plastificant,
been demonstrated in the literatéfrehat the transition of 1.5wt.% of carboxymethylcellulose of high viscosity (Op-
v-AlIOOH to y-Al,03 takes place at about 40Q, so it is tapix C1000G, Zschimmer & Schwarz) which acts as binder,
necessary to reach this temperature to obtainmytidd,O3 1wt.% polyethylene glycol with a low molecular weight
membrane. (mol. wt.: 200 g mot 1) (Carbowax PEG200, Union Carbide)
However, these membranes suffer from a low liquid per- which acts as lubricant and 40 wt.% of distilled water. The
meability because its small pore size, therefore, a high fil- extrudate was dried for 24 h at ambient temperature and sin-
tration pressure is needed across the membrane. To improveered vertically in a furnace at 160Q for 2 h using a heating
the permeability will be necessary an increase of the pore and cooling rates of 360C/h.
size or the porosity of the membrane. For the application  The paste starting from the one, which will be obtained
of these membranes in separations of oil emulsions from the cordierite support, is formed by the reactive mix (Vicar
wastewaters, is necessary to increase the porosity withoutS.A.) plus 30wt.% of distilled water. The extrudate was
the pore size suffers big changes. According to Uhlhorn et dried for 24 h at ambient temperature, and sintered verti-
al18 and de Lange et 3P these membranes have a card- cally at 1200°C for 2 h using a heating and cooling rates of
pack structure of around 55% porosity. Recently this result 300°C/h.
has also been obtained by Kikkinides ef#ln the present
work, a higher amount of PVA has been added with respect2.1.2. Intermediate layer
to other authors with the object to increase the porosity of  Deposition of aa-AloO3 intermediate layer was per-
these membranes. This increase will cause the apparition offormed with a colloidal process. This involves the prepara-
agglomerates between the boehmite particles and the PVAtion of a stable suspension, which has been prepared using
because the high molecular weight of this additive (mol. wt.: «-Al>203 (Alumina Condea HPAO5), 0.75wt.% of defloc-
72,000 g mot 1) 8182324 These agglomerates will produce culant (Dolapix CE64, Zschimmer & Schwarz) and 1 wt.%
defects during drying in the membrane and will increase the of carboxymethylcellulose of low viscosity (Optapix C12G,
average pore size, so a PVA with alower molecular weight has Zschimmer & Schwarz). The obtained suspension has a
been used to decrease the sol viscosity and the agglomeratio8 wt.% solids content.
level. Unsupported intermediate layers were obtained by slip-
In this study, mercury porosimetry, nitrogen adsorp- casting of the suspension on plaster molds. Intermediate lay-
tion, permeability measurements and scanning electron mi-ers were obtained by pouring the suspension on the internal
croscopy (SEM) have been used for a total characterizationside of the support and allowing to stand for 1 min. The sys-
of the system. tem was dried vertically for 24 h at ambient temperature and
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was sintered vertically at 110C (kept for 2 h) with heating The structural study of the supported top layer was per-
and cooling rates of 200C/h. formed using the permeability method developed by Uhlhorn

etal2and later by Conesa et & which can be summarized
2.1.3. Top layer as follows.

The preparation of the top layer was performed via a  The gas flow equation through a membrane is given by
sol-gel process to obtaif-Al,O3 membranes. For this,
the process developed by Yoldas has been follof9&8. NRT _ ko | BoPm
This starts from aluminium secbutoxide, which has been hy- VAP L~ Lnv
drolized totally with water above 9@ in a proportion of
21 H2O per mole alcoxide. The resulting precipitate was
peptized with 0.07 mol HN@ per mole alcoxide. The sus-
pension was maintained at reflux conditions for 16 h and
at 90°C.

After previous studies in flat sheet configurations, it has
been decided that the addition of an amount of 33wt.% of
polyvinylalcohol (PVA) (Optapix PAF 35, Zschimmer &
Schwarz, mol. wt.: 10,000-20,000 g mé) is necessary to
obtain a defect-free supported membrane with a boehmite

1)

whereN is the gas flow per unit are®, gas constantT,
temperature A P, pressure difference; = «/8RT/nM the
mean molecular velocityM the gas molecular weighk,
= (2¢/31)rp the term corresponding to Knudsen diffusion,
¢ the porosity;z, tortuosity;rp, pore radiusi, membrane
thickness;B, = (s/8r)r§ the term corresponding to viscous
flow, P, is the mean pressure angdgas viscosity.

The permeability F) of a gas through a membrane is de-
fined as the gas flow per unit area and per unit of the pressure

concentration 0.5 M. Now, in tubular configurations, sol con- difference
centrations of 0.5 and 0.72M have been used, and the sol , ﬁ @)
viscosity was adjusted by addition of three differentamounts ©= — AP

(33, 40, and 45 wt.%) of PVA (Optapix PAF 35, Zschimmer
& Schwarz) used by Agrafiotis and Tsetsekbto adjust the
viscosity of boehmite sols. Non-supported membranes were
prepared gelling the sol in a climate chamber at@®and
60% relative humidity. The deposition of this membrane on

the intermediate layer has been optimized in flat sheet con-yhereF is the permeabilitya, constant corresponding to
figurations, and consists of three pouring steps: depositionknudsen diffusionb, constant representing viscous flow and
by pouring the sol into the system for 455, first recycle by Pm, Mean pressure.

pouring the sol for 30 s and second recycle for 30s. Between  knydsen diffusion is the transport mechanism when the
step and step the membrane has been dried and calcined. Thgore diameters are smaller than the mean free paths of the
drying was performed at 4@ and 60% relative humidity in  molecules and it becomes importantin membranes with small

a climate chamber. The resulting gels were calcined at four pore diameterd (¢ < 10 nm)32 In this case the permeability
different temperatures: 450, 550, 600, and 85(kept for || not be function of the mean pressure.

Substituting thé&q. (2)in the Eq. (1) is obtained afirst degree
equation

F=Cl+me (3)

3h) at a heating and cooling rates of €'h in an electric The transport by viscous flow (Poiseuille flow) arises when
furnace. the pore diameter is bigger than the mean free paths of the

moleculed! yielding a pressure dependence on the perme-
2.2. Characterization techniques ability.

If the membrane displays only Knudsen diffusion, it will
Mercury porosimetry with a PORO SIZER 9300 was used have only pore diameters below 10 nm and no major defects
for the determination of the pore size and porosity of the (this is the case of these membran®s)t the transport is
supports and intermediate layers unsupported. produced both by Knudsen diffusion and by viscous flow,

The structural study for non-supported top layers was this indicates pore diameters bigger than 10 nm or defects in
performed with Nitrogen adsorption—desorption using a the membrane.

Micromeritics Tristar. The pore _size distribution has peen FromEq. (3) a pore radius can be calculated by
calculated from the desorption isotheéffrand the Kelvin

equation. Slit-shaped pores were assumed because ofthe spe- 16y [8RT

cial stacking, which s produced by the plate-sh@pedrod- "0 = 3.7\ 77 (4)
shaped® boehmite crystallites. Also cylinder-shaped pores _ _ _ _
were assumed for comparison with the conducted permeabil-In asymmetric structures is necessary a previous characteri-
ity measurements. The desorption isotherm has been usedation of the material on which is going to deposit the mem-
because during adsorption, the meniscus produced by conbrane, since the pore sizes are different. These measurements
densed M cannot be formed in slit-shaped pores, however, are subtracted of the total characterization of the asymmetric
during desorption a cylindrical meniscus is presénithe ~ System, obtaining the characterization of the membrane.
porosities of the samples were calculated using the Gurvitsch’  Finally, the thickness of layers was examined with a scan-
rule with a value of true density for-Al ;03 of 3.7 g cnr 3.2 ning electron microscopy Carl Zeiss (DSM-950).
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3. Results and discussion 3.3. Top layer

3.1. Support 3.3.1. Unsupported membranes
InTable 1 the average pore diameter and porosity is shown
The obtained alumina supports have an average pore diamfor two unsupported membranes deposited from a sol con-
eter of 1.2um and 35% porosity and the obtained cordierite centration 0.5M and 0.72 M, both with 33 wt.% PVA and at
supports have an average pore diameter qirh0and 45%  different calcination temperatures. The porosities reach val-

porosity. ues around of 70% in all cases. It can be seen that at the same
boehmite concentration, the average pore size increases when
3.2. Intermediate layer the calcination temperature is higher. This gradual increment

indicates a process of coarsening of pores. This also it can be
The unsuppported intermediate layer has an average porebserved in the pore size distributiorfégs. 2 and 3 The

diameter of 90 nm and a porosity of about 40%. The deposi- distribution is displaced slightly at higher pores size when
tion of the intermediate layer on alumina and cordierite sup- the calcination temperature increases. No big changes in to-
ports has been studied. Data obtained in permeability teststal porosity are observed.
show that in both situations a pore diameter of 90 nmis ob-  In Fig. 4 the pore size distributions for two unsupported
tained, which agrees with the pore size obtained by mercury membranes are presented. In the pore size distributions cor-
porosimetry. From this affirmation, it can be concluded that responding to the unsupported membrane obtained from a
there is not influence of the support on the structure of the boehmite sol 0.5M with and without PVA and sintered at
intermediate layer and both supports can be used for the de-600°C. A narrow distribution with an average pore size of
position of the intermediate layer. The layer on cordierite and 2.9 nm can be seen for the deposited layer without PVA. When
alumina supports has a thickness of2a (Fig. 1). a 33wt.% PVA is added, changes in the distribution pore size

Fig. 1. Micrograph showing a multilayer system formed by a macroporous support of cordierite (a), an intermediatedi@yleaf (b) and a top layer of
v-Al,03 deposited from a boehmite sol 0.72 M with 45wt.% PVA (c).

Table 1
Structural characteristics of two unsupported membranes at different calcination temperatures
Concentration Calcination temperatut€f Dsp (nm) cylinder-shaped Dsp (nm) slit-shaped Porosity (%)
0.5M + 33 wt.% PVA 450 4.7 3 67
550 5.2 3.3 69
650 5.9 3.7 67
0.72M + 33wt.% PVA 450 5.8 3.6 72
550 6.3 3.9 72

650 7.5 4.6 71




J.M. Benito et al. / Journal of the European Ceramic Society 25 (2005) 1895-1903 1899

0.5 0.7 .
0.6
‘-I‘A 0.4 4 ‘_‘/‘\ . 1
1 5
= g
‘_:: '_F 1
0.3 1 | [ ]
2 T 0
£ £ |
) .3 -
~ 0.2 & 0 /o O\
5 S o] S
< < 0.24 | IVl o
> / O \ N
o 0.1 Z WOO . o~0/ 0\
0.1
1 0,
0.0 —T 0.0 [N N
0 1 7 8 0 1 2 3 4 5 6 7 8
D(nm) D (nm)

Fig. 2. Pore size distributions of three unsupported membranes preparedFig. 4. Pore size distributions of two unsupported membranes sintered at
from a boehmite sol 0.5M with 33wt.% PVA at different calcination tem-  600°C and prepared froml) boehmite sol 0.5 M,[) boehmite sol 0.5M
peratures: (-£l—) 450°C, (- - -@---) 550°C, (--{1---) 650°C. with 33wt.% PVA.

can be observed and a bimodal behavior is found. The pri- Stability. A temperature of 600C has been used to improve

mary pore size corresponds to pores between boehmite parthe thermal stability.
ticles and the secondary one to pores between agglomerates AAccording to this procedure a defect-free membrane de-

of particles. These agglomerates are formed by the presencé’OSiIEd from concentration 0.5 and 0.72 M With_amounts of
PVA between 33 and 45 wt.% develops a porosity of around

of PVA. ) .
70% (Table ), that is to say values almost a 40% higher than

Considering the influence of the sol concentratieig(5), X ; < X
it can be seen that the amount of pores corresponding to ag_the_ mhegt;ganes obtained with additives of a higher molecular
weight:**

glomerates is higher for higher sol concentration, while the
quantity of pores between the particles decreases.

The smaller pore size corresponds to the unsupported3.3.2. Supported membranes
membranes deposited from a sol concentration 0.5M, so  The N> permeability as a function of mean pressure for a
firstly this concentration has been chosen to prepare sup-membrane deposited from a boehmite sol 0.5 M plus 33 wt.%
ported membranes. Regarding the calcinations, itis necessary’ VA and calcined at 600C is shown inFig. 6a. In this fig-

to use a high temperature in order to improve their thermal ure, the permeabilities as functions of pressure for the sup-
port and for the intermediate layer are shown too, because
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Fig. 3. Pore size distributions of three unsupported membranes preparedrig. 5. Pore size distributions of two unsupported membranes sintered at
from a boehmite sol 0.72 M with 33 wt.% PVA at different calcination tem-  550°C and prepared fromM) boehmite sol 0.5 M with 33 wt.% PVA(D)
perature: (-£]—) 450°C, (—@—) 550°C, (---1---) 650°C. boehmite sol 0.72 M with 33 wt.% PVA.
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Fig. 6. (a) N permeability as a function of mean pressure for a supfrtiatermediate layer deposited on this suppgr( a top layer deposited on this
intermediate layer from a boehmite sol 0.5M with 33wt.% PVA and calcined atG(®). (b) N, permeability as a function of mean pressure for the top
layer of (a). Deposition®), deposition plus the first recycl€)) and deposition plus the first recycle and plus the second red®gle (

the permeability of the top layer must be calculated from the is not produced across the support, however, it is necessary
permeability of the system on which it deposited. According for the characterization of the intermediate layer.
this, a previous characterization by permeability of the sup-  The measured permeability of the intermediate layer de-
port and the intermediate layer is necessary to characterizeposited on the support shows also a dependence with the
the top layer. pressure, but now with a lower slope, which indicates less
In theFig. 6a, a support of cordierite has been used. The transport by viscous flow than that of the support. The pore
support permeability is linearly dependence on pressure, withsize obtained by permeability is 90 nm. This shows that
aslope of 2.59 10~ 12¢cn/s ding. This slope indicates the  the intermediate layer has covered totally the defects and
presence of viscous flow due to large pore sizes. The pore di-pores of the surface of the support, since the obtained pore
ameter calculated by permeability is 1800 nm, whichis notin size corresponds to the pore size obtained for the interme-
concordance with the mercury porosimetry data for supports diate layer by mercury porosimetry. If the obtained pore
of cordierite. The permeability measurement for the support size was bigger, it would mean that defects or pores of
is not valid to calculate high pore diameters (in this case the support have not still been covered by the intermediate
around of 1Qum), since the transport by Knudsen diffusion layer.
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The plot corresponding to the top layer has a slope of 0.08 that the quality of the membrane has not improved after the
x 10712 with a pore size of 34 nm. By Nadsorption, the ~ second recycle.
pore size with cylinder-shape in these conditions should be  This performance has been observed also for membranes
about 6 nm and not 34 nm. It can be concluded that this 34 nmdeposited from the sol concentration 0.5 M with amounts of
correspond to defects at the membrane. If the deposition ofadditive of 40 and 45 wt.%.
top layer is studied step by stelpi. &), it is observed that In Fig. 7a is represented the permeability as a function of
after deposition the top layer has a slope of 3:230 13 mean pressure for a membrane deposited from a boehmite
and a pore size of 127 nm. This result is not representative,sol 0.75M plus 45wt.% PVA and calcined at 6GD. The
because here the pore size is not measured but defects of theepresentation corresponding to the top layer seems to show
membrane. After 1st recycle the slope has decreased to 1.0610 dependence with the pressure of permeability, like the last
x 10~13, but after the second recycle defects still exist. This situation at lower concentration of boehmite, but now the av-
also can be observed if the slopes corresponding to the 1skrage pore size calculated by permeability is 7.6 nm, which
recycle and the second recycle are compared. It can be seeagrees with that obtained by,Mesorption. IrFig. 7b, a grad-
that the slope is practically the same. So, it can be concludedual decrease of the slope and the pore size can be observed.
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Fig. 7. (a) N permeability as a function of mean pressure for a supfrtictermediate layer deposited on this suppgm)( a top layer deposited on this
intermediate layer from a boehmite sol 0.72 M with 45wt.% PVA and calcined atG@®). (b) N> permeability as a function of mean pressure for the top
layer of Fig. 6a. Depositiorilf), deposition plus the first recycl€)) and deposition plus the first recycle and plus the second red®gle (
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Fig. 8. Top layer deposited on intermediate layer in three steps: deposition (a), first recycle (b) and second recycle (c) (detail of Fig. 7).

In this situation it can be concluded that we have a defect-freeby the pores of the intermediate layer will affect more the
membrane. particles which are inside the pores than those which form
The average pore size for a supported membrane fromthe layer, so the packing will be different. Because of the dif-
sol 0.72 M has been obtained by permeability with different ferent packing, cracks will appear during calcination. In the
amounts of PVA Table 3. When the addition of PVA in-  table corresponding teig. 7b the pore size measured by per-
creases, a higher pore size is obtained. After recycling the meability is 35 nm, but this result corresponds to the defects
data of average pore size of the obtained supported mem-size produced during the calcination. The first and the second
branes show that there is no transport by viscous flow andrecycles eliminate these defects. Part of the particles of the
defect-free membranes are obtained. first recycle will eliminate the defects formed in the previous
The micrograph presentedig. 1shows this multilayer ~ deposition, and other part will be deposited; for this reason
system. It can be seen how the intermediate layer eliminatesthe thickness of the layer produced by the first recycle has
the defects of the support and provides a plane surface fordecrease until 1.am. Here, the capillary force will not be as
deposition of the last layer. IRig. 8in can be observed a high as the produced one in the intermediate layer, because
top layer deposited from a boehmite sol 0.72 M with 45wt.% now it is produced by the pores of the top layer which are
additive on intermediate layer. The total thickness of this top smaller. The difference between the packings will be smaller
layer is approximately @gm. In this top layer it can be ap- and the defects produced during the calcinations also will be
preciated the deposition (with a thickness of j2rB), the smaller as seen in the table corresponding td-ige7b. The
first (1.5wm) and the second (8m) recycle of the top layer.  second recycle is used to cover the little defects produced in
The differences between the thicknesses are produced by théhe first recycle and to provide a defect-free membrane. Here
different infiltration of the layer into the previous one. The the amount of boehmite particles used in the covering of the
deposition must fill the pores of the intermediate layer. This defects is smaller, and therefore, the thickness of this layer
implies that part of the boehmite particles are used to full this will be higher (3pm).
pores and not to form the layer. The capillary force produced

4. Conclusions

Table 2
Pore diameters (nm) obtained by permeability of a supported top layer pre- . . . .
pared from a sol boehmite 0.72 M with different amounts of PVA ) The obtained membre}ngs Ina tUbu_lar Conf'g_urat'on' gon—
, sist of a support of cordierite or alumina, one intermediate
Concentration Top layer
_ layer of a-Al 2,03 and a top layer of-Al20s.

Deposition After recycle Cordierite and alumina supports have been obtained by ex-
0.72M + 33 wt.% 12 5.9 trusion and the intermediate layer has been deposited on their
0.72M + 40wt.% 25 71 internal side. The deposition was performed by introduction a
0.72M + 45Wt.% 35 7.6

suspension af-Al 03 for 1 min and it was demonstrated that
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this intermediate layer eliminates the defects of the support 11.
by measurements of permeability. Also it has been checked
that the intermediate layer has the same structural character-%-
istics when is deposited on cordierite or alumina supports.

The unsupported and supported top layers show a different 13
structural behavior, produced by the capillary forces of the in-
termediate layer. It has been seen that the quality of top layers 14.
prepared from boehmite sols 0.5M is not good (in contrast
to that in flat sheet configuration). At least, a boehmite sol
0.72 M and with amounts of PVA between 33 and 45 wt.% are
necessary to get defect-free top layers. High amounts of PVA
with a medium molecular weight allow to prepare defect-
free membranes with high porosities. With this, membranes
with an average pore size of 4 nm and porosities above 70% ;
have been prepared in a tubular configuration, improving the
porosity of these membranes by reaching 40% more, with
respect to the published data.

Permeability measurements are a useful method to eval-
uate the quality of a supported membrane and to give an ;4
estimated result of the pore size.
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