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An assembled asymmetric alumina microfiltration membrane with high performance was prepared by com-
bining freeze and tape casting techniques followed by two sintering steps. Freeze casting was used for manu-
facturing of the porous support layer with a highly interconnected pore network. Tape casting was applied on the
top layer to form a pre-membrane with smaller pore size and controlled thickness, which was set on the sintered
support. Morphology influences were investigated for different solid loadings, additives content and the as-
sembled layer membrane structures. No delamination among the layers was observed. The assembled ceramic

membrane had an average pore size between 30 and 50 um together with a top surface layer around 0.35 pm,
which is suitable to the microfiltration separation process. Porosity in the range of 26-50 % and water flux of
11-32m®m~2h~ ! bar ! were reached for samples prepared with two sintering steps at 1600 and 1300 °C for

2h.

1. Introduction

Microfiltration (MF) is a well-known pressure-driven separation
process, applied for concentrating, purifying or separating macro-
molecules, colloids and particles with a size range of 0.1 —10 pm from a
suspension [1,2]. Membranes for microfiltration processes are typically
made of polymers, metals, ceramics or a combination of those materials
depending on costs or desired specific application [3].

Many microfiltration membranes are produced by simple technol-
ogies whereby the most suitable pore size is selected to ensure the
desired separation depending on the membrane shaping and material
[3]. Ceramic membranes are widely studied [4,5], and generally
manufactured from alumina, zirconia, silica, mullite, perovskite, and
cordierite [5,6]. In comparison to conventional polymeric membranes,
ceramic membranes exhibit advantages due to their chemical and
thermal stability [6,7] but still have the drawbacks of brittleness,
shaping complexity and high production costs [7].

Researchers have long been interested in investigating high-per-
formance ceramic membranes for environmental applications, desiring
to improve permeability, selectivity, and reliability [8]. Controlling the
ceramic membrane morphology could be a good strategy to make them
very profitable and productive [9-11]. The asymmetric membrane
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configuration is a good strategy to improve the cost-effectiveness of the
membrane [12]. Briefly, a top thin layer, or separation layer, is de-
posited on an intermediate layer or directly on a bottom porous sup-
port, whose pore size gradually increase from the top surface to the
bottom side. Typically, an asymmetric membrane for microfiltration
processes is comprised by two to three different layers [12].

Aiming a high flux, top layers generally are very thin (< 200 um)
because the fluid mass flow through a membrane is inversely propor-
tional to the membrane thickness. However, this decrease of thickness
makes the material mechanically weak and a highly porous support to
provide mechanical strength and robustness to the membranes is
mandatory [13].

Ice templating, or freeze casting [14], has become a popular shaping
route for all kinds of macroporous materials [15]. The possibility of a
green manufacturing process avoiding the use of organic solvent and
pore former together with a particular morphology, highly inter-
connected pore network, and controlled pore size of the samples
[15,16] make freeze casting very promising to produce a macroporous
support for microfiltration membrane. The process is based on freezing
the solvent of a ceramic slurry and growing crystals in an emulsion, and
the subsequent sublimation of the solvent. The resulting materials have
been increasingly studied as macroporous support structures for many
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applications like biomaterials, filtration membranes, pharmaceuticals,
energy devices, among others [17-20].

Conversely, the tape casting is one of the main methods not only to
produce dense, thin ceramics, and lately also for obtaining porous
ceramic bodies [21]. The most common application of tape-cast struc-
tures is in the electronic industry [22,23], but nowadays their use in
membrane manufacturing, especially in microfiltration became widely
investigated [24-26]. The tape casting process consists of casting an
appropriate ceramic slurry with the aid of a doctor blade, followed by a
drying step [21].

The ceramic suspension suitable for the tape casting process con-
tains binders and plasticizers, usually long-chain polymers, to promote
pseudoplastic behavior of the slurry and suitable rigidity and flexibility
of the green tape [27-29]. The casting of the ceramic suspension occurs
on a flat support (normally a polymeric sheet) and the produced tape is
then subjected to controlled drying in a chamber inside the tape caster
[21]. The thickness of the tape is a function of the inorganic content,
viscosity, casting speed and height of the doctor blade. All these para-
meters must be adjusted to obtain reproducible tapes. The final thick-
ness of the tape also depends on the shrinkage that occurs during the
sintering process [30].

The preparation methods of asymmetric structures may be limited
to minimize the number of sintering steps but not to decrease perfor-
mance. The conventional way of producing asymmetric membranes —
such as pressing or extrusion for the support (flat or tubular config-
uration) and slip casting or dip coating of layers with smaller pore size —
possess many drawbacks [31]. For example, pressed supports require
organic burnout, which may lead to a non-uniform pore distribution;
conversely, extrusion demands an adjustment of the rheology, which
can be challenging [31]. The processing of asymmetric membranes can
be further complicated by anisotropic shrinkage and cracking or dela-
mination. All these shaping drawbacks can affect the final membrane
permeability and selectivity [31].

In an asymmetric structure for microfiltration, the support is re-
quired to allow a considerable permeate flux and mechanical strength
while matching the shrinkage of support and separation layer. Hence,
to completely explore the advantages of high permeable supports, a
more appropriate method should be employed to prepare asymmetric
ceramic membranes. Taking this into account, Rachadel et al. (2017)
[32] developed an innovative route for the preparation of asymmetric
structures combining freeze and tape casting, by lamination of a freeze-
cast support with a dense perovskite (BSCF) ceramic separation layer
for oxygen permeation. Regarding microfiltration applications, it
therefore seems promising to create a porous separation layer with
adjusted material and porosity characteristic that can subsequently be
combined with a suitable support.

This work investigates a novel application of a shaping route for
porous asymmetric structures by combining tape and freeze casting.
Moreover, the new approach includes a separation layer adapted to the
requirements of microfiltration and to connect it with a porous support.
Alumina was chosen as source material for the porous freeze-cast sub-
strate and for the tape-cast separation layer to form asymmetric struc-
tures with the same material in order to facilitate adhesion between the
layers.

Thus, this work investigates the influence of the porous support
morphology on the pore size of the separation layer and the influence of
the process layers on the assembled asymmetric membrane mor-
phology. In addition, water permeability is measured to determine the
effect of support and separation layer morphology on the performance
of the sintered membrane for microfiltration application.

2. Experimental
2.1. Materials

The starting materials used for the membrane production were

Table 1
Overview of materials used.

Component Function Freeze Casting Tape Casting
(Support), wt% (Separation layer), wt

%

Al,05 Ceramic Powder 60—75 40-60

H,0 Liquid, Solvent 25-40 40-60

Dolapix Dispersant 1° 1°

Mowilith LDM Binder - 20/30"

PVA Binder 1-5° -

Diethanolamine  Surfactant - 0.5"

Y-30 Antifoaming - 0.5"

agent

2 relative to the amount of Al,03.

selected according to their respective preparation process, freeze
casting for the support and tape casting for the separation layer, as
displayed in Table 1. Commercial alumina powder with an average
particle size of 0.7 um (CT 3000 SG, Almatis) was used as received. The
solvent for both processes was deionized water (Milli Q) and the dis-
persant tested was a carbonic acid-based polyelectrolyte (Dolapix CE-
64, Zschimmer & Schwarz). Poly(vinyl alcohol) (PVA) (Mw 20 kDa,
fully hydrolyzed, Sigma-Aldrich) was used as a binder for some samples
of the support layer. For the tape casting, an acrylic binder (Mowilith
LDM 6138, Clariant) was used, as well as some small quantities (< 1%
wt.) of surfactant (diethanolamine, Sigma-Aldrich) and anti-foaming
agent (Y-30, Sigma-Aldrich).

The samples were labeled according to the forming process: Freeze
Casting (FC), Tape Casting (TC) or Assembled Asymmetric Membrane
(AAM). The second and third positions describe the weight percent of
alumina or binder used (e.g. AAM_60A_5B1). An overview of all com-
pounds used is shown in Table 1, whereas all samples produced from
them are shown in Tab. S1

2.2. Membrane preparation

The preparation of the porous alumina support was based on non-
directional freeze casting. In that case, the freezing speed was not
constant and the sample froze in all directions. Briefly, alumina powder
was dispersed in deionized water with 1 wt% dispersant and a total
solid loading varying between 60 and 75 wt% to produce samples with
varying degrees of porosity. To the sample containing 60 wt% Al,Os3,
PVA was added as a binder with 1 or 5wt% relative to the Al,O3
amount. The suspension slurries were ball milled for 1 h, and then the
slurry was poured into a cylindrical PTFE mold and transferred to a
freezer (Sanyo MDF1155, Japan) at —150 °C for 1 h. During this step,
the water froze, and the ice crystals grew to form the later pores in the
micrometer scale. Subsequently, after demolding, the samples were
freeze-dried for 24 h at —30°C and 1.0 x 10~ 2 pbar for complete sol-
vent sublimation. The green bodies were sintered at 1600 °C in air,
starting at room temperature with a heating rate of 60 °C/h up to 500 °C
followed for a dwell time of 1 h for debinding, and then heated up at
100 °C/h to reach 1600 °C. The dwell time at the target temperature was
kept constant for 2 h. A cooling rate of 60 °C/h to 1000 °C was followed
by a rate of 100°C/h down to room temperature. The heat-treated
samples were then ground and polished to obtain a disk-cylindrical
structure (2 cm in diameter and 1 mm thick). The porous support was
washed with water and air dried to remove residues.

The separation layers were produced using the tape-casting tech-
nique. The alumina powder was milled with water and dispersant in a
planetary ball mill (Retsch PM100) at 400 rpm for 4 h using alumina
beads. In the sequence, the acrylic binder (Mowilith LDM 6138,
Clariant) was added to the slurry, which was further mixed in the ball
mill for 30 min. The concentration of alumina powder was set at 40 and
60 wt% relative to the total slurry, while the amount of dispersant and
binder was calculated considering a solid loading of 1 and 20 or 30 wt
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Fig. 1. Process scheme of asymmetric membrane manufacturing.

%, respectively, as presented in Table 1.

Small amounts (0.5wt% relative to solids loading) of the anti-
foaming agent (antifoam Y-30) and the surfactant (diethanolamine)
were also added in the third step of milling/mixing to help to remove
air bubbles from the slurry and to facilitate the removal of the cast tape
after drying, respectively. Tape casting was carried out at room tem-
perature using a manual doctor blade on a moving silicon-coated
polyethylene terephthalate carrier (Mylar, G10JRM, Richard E. Mistler,
Inc.). The gap between blade and carrier was adjusted to a constant
value of 150 pm, and the casting speed was set on 1 mm/s.

About 30min after casting, the pre-sintered porous carrier was
placed on the partially dried tape. The assembled prepared asymmetric
membranes were dried in air at room temperature for 24 h and then cut
and removed from the Mylar film for the sintering step. Subsequently,
the assembled asymmetric samples were thermally treated with the
same heating rate and dwell times as the porous support, only changing
the highest temperature to 1350 °C. All preparation steps of the mem-
branes are illustrated in Fig. 1.

2.3. Characterization

The microstructure of the single porous freeze-cast support, single
tape-cast separation layer and assembled asymmetric membranes were
analyzed by Scanning Electron Microscopy (SEM, 20kV; Series 2,
Obducat CamScan; Supra 40-Carl Zeiss). For this purpose, the samples
were sputtered with gold (K550, Emitech, Judges Scientific). To eval-
uate the pore sizes observed on the top surface and morphologies in the
cross-sectional view of the single structures and sintered membranes
top surface, SEM images were processed and analyzed by an image
processing software (ImageJ). The number of pores detected from the
SEM images varied from around 500 up to 700 data points. Tukey's
mean separation test was applied as a statistical analysis for the average
mean of the structures.

Open porosity and pore size distribution of the tapes, freeze-cast and
assembled composite structures were determined using mercury intru-
sion porosimetry (Pascal 140/440, Porotec). The shrinkage of the
porous support during sintering was calculated considering the sample

diameter dimension before and after the heat treatment.

Specific surface area (SSA) was determined by nitrogen adsorption
and desorption isotherms measured at 77 K (Belsorp-Mini, Bel Japan)
and calculated according Brunauer-Emmet-Teller (BET). The samples
were degassed at 120 °C for 3 h prior to measurement. Small pieces of
sample were taken for the measurements.

Water permeation tests were performed using a homemade setup in
a dead-end configuration (Fig. S3). The membranes were cut into a
circular shape (diameter: 1 cm) and tested in triplicate at 0.5, 1.0 and
2.0 bar, which are relevant for microfiltration processes. The structures
of FC and TC samples present a relatively symmetric structure, so that
the membrane sides were not distinguishable. AAM samples were
measured with the separation layer in contact with the water reservoir.
The permeation flux was calculated according to the Eq. (1):

J=1/A (dv/dt) (@)

where J is the membrane permeation flux (m3m_2h_1); A is the ef-
fective transverse area of the ceramic membrane (m?); dV and dt re-
present the variation in volume (m>) and time (h), respectively.

3. Results and discussion
3.1. Microstructure analysis

The morphologies of sintered (a) tape-cast alumina separation layer,
(b) freeze-cast alumina porous support, (c) and (d) assembled asym-
metric membranes were analyzed through SEM micrographs (Fig. 2).
The pore structure characteristics of single tape-cast material show an
average pore size around 0.27 pym determined by ImageJ, which is
suitable for microfiltration. The porous freeze-cast support exhibited a
highly interconnected pore network with lamellar structured pores
larger than 10 um, which are typical for water-based freeze casting
[20].

The micrographs of the assembled asymmetric membranes show
two defined structures (skin separation layer on the right and porous
support on the left) in the two different porous support used but in the
same separation layer. Delamination of the separation layer or crack
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Fig. 2. Typical SEM micrographs: (a) Top view of the tape-cast layer for sample TC_60A_30B, sintered at 1350 °C; (b) Cross-sectional view of porous support material
of the sample FC_60A_5B, sintered at 1600 °C; (c) and (d) longitudinal cross-sections of assembled asymmetric membranes AAM_60A 5B, sintered at 1350 °C in two

different magnifications; 13500 x, 40000 X .

formation were not observed for the assembled asymmetric mem-
branes.

3.2. Pore structure of separation layer

The pore size distribution of single and assembled membrane was
investigated by ImageJ analysis of SEM micrographs shown in Fig. 2a
(TC_60A_30B,) and in Fig. S.1. The resulting average pore sizes are
summarized in Table 2. The mean average pore sizes of the same se-
paration layer on different support structures of the assembled asym-
metric membranes are similar (0.31 —0.37 pym) and within the desired
range of microfiltration membranes [1,2]. The increase on overall
average pore size was expected, since the sintering temperature of the
2" sintering step is lower than the temperature of the 1 sintering step

Table 2
Mean pore size of the separation layer (TC_60A_30B,), single
and assembled analyzed from SEM pictures by ImageJ.

Sample Mean pore size (um)”*
TC_60A_30B, 0.27 * 0.14%
AAM_60A 0.37 + 0.238
AAM _60A_1B, 0.31 = 0.17"
AAM _60A 5B, 0.32 * 0.198
AAM_70A 0.36 + 0.20%Y
AAM_75A 0.35 = 0.265Y

& Average values. Within-line values distributed with dif-
ferent letters (a, B, y) are significantly different (p < 0.05) for
Tukey's mean separation test.

used for support production, as observed by Voigt et al. (2014) [33].
The average pore size of the separation layer was only slightly changed
by the support structure, but it is larger than the pore size of the in-
dividually sintered single tape-cast layer (0.27 pum).

3.3. Pore structure of support, separation layer and assembled structures

Pore size distribution was further analyzed by mercury intrusion
porosimetry, which allows to measure open porosity and average pore
size. Fig. 3 presents the results for the single prepared structures: (a)
single tape-cast sintered at 1350°C; (b) single freeze-cast sample
without binder sintered at 1600 °C; (c) single freeze-cast sample with
binder sintered at 1600 °C; and (d) single freeze-cast sample with and
without binder (two sintering steps: at 1600 °C and 1350 °C). The values
of average pore size, open porosity and the shrinkage of the samples
during sintering are summarized in Table 3.

The pore size distribution (Fig. 3(a)) of the separation layer sintered
at 1350 °C is not strongly affected by the solid loadings tested, showing
an average pore size around 0.20 um for all samples. This is due to the
intrinsic characteristics of tape casting process, in which the solvent
does not act as a pore-forming agent [25]. The pore size values are
similar to those estimated with ImageJ for the single separation layer
TC_60A_30B, (0.27 um).

For the cast tapes, the open porosity is more related to the type and
amount of the binder. In this case, 45.4 % was the highest open porosity
with a lower number of smaller pores for TC_60A_30B,. Therefore, this
separation layer has been chosen for the preparation of the assembled
asymmetric membrane.
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Table 3

Open porosity and average pore size obtained from mercury intrusion as well as shrinkage after sintering.

Sample Characteristics Open Porosity (%) Average Pore Size (um) Shrinkage (%)"
TC_40A_20B, Single Tape Layer 26.1 0.2

TC_40A_30B, Single Tape Layer 30.1 0.2

TC_60A_20B, Single Tape Layer 28.0 0.2

TC_60A_30B, Single Tape Layer 45.4 0.2

FC_60A Single Freeze Layer 55.7 19.7 17
FC_70A Single Freeze Layer 30.1 24.4

FC_75A Single Freeze Layer 28.0 16.1 15
FC_60A_1B, Single Freeze Layer 59.1 24.9

FC_60A_5B, Single Freeze Layer 57.9 19.0 17
FC_60A Freeze Layer (two sintering steps) 52.4 57.4 0.1
FC_60A_5B; Freeze Layer (two sintering steps) 47.7 57.0 0.4
FC_75A Freeze Layer (two sintering steps) 26.0 37.9 0.1
AAM_60A Assembled Structure 46.9 39.8

AAM_70A Assembled Structure 37.4 34.1

AAM_75A Assembled Structure 26.2 37.0

AAM_60A_1B, Assembled Structure 49.7 49.3

AAM_60A_5B, Assembled Structure 43.7 37.0

2 Blank spaces were not measured.

24 ]
22

AAM 604
8 AAM _60A_1B;
AAM 604 5B,
AAM_70A

AAM 754

Relative volume (%)

1E-3 0,01 0,1

- 55
< 50
+ 45
< 40
435
4 30

-1 25

Open porosity (%)

-1 20
1 15

- 10

Pore size distribution (um)

Fig. 4. Pore size distributions and open porosity of the assembled asymmetric membranes with different solid loading and binder content.

In contrast to the pore generation mechanism in tape casting, in
freeze casting the solvent is mainly responsible of the pore morphology,
size and amount [15]. Fig. 3(b—c) and Table 3 present the results for the
freeze-cast samples after the first sintering step at 1600 °C. Here it can
be seen that the open porosity of the system decreases as the solid
loading increases, because the open porosity is related to the volume of
solvent released. The binder content does not show a significant impact
on the open porosity, which reached values of 55.7-59.1 % at the
binder conditions tested. Despite the influence on the open porosity, the
pore size distribution does not seem to be strongly influenced by the
solid load or binder quantity. A greater influence on the average pore
size is likely to be exerted by the type of solvent and the freezing rate or
temperature [34], which have been kept constant in this work.

The analysis of the single porous freeze-cast support sintered two
times, at first at 1600 °C and secondly at 1350 °C (Fig. 3 (d)), shows that
the pore size distribution of the support is strongly affected by the
second sintering step, which promotes a significant increase in the
overall pore size. However, during the second sintering step, the
shrinkage values were only 0.1 —0.4% (Table 3), so that the shrinkage
is almost not affected.

An increase on average pore size was expected mainly because of
the known influence of the dwell time during sintering [35,36]. The low
second shrinkage indicates that the structure is already consolidated
after the first heat treatment. However, when the second sintering

starts, the heat treatment promotes an increase in grain size and con-
sequently a decrease in open porosity by 2-12 % and in the average
pore size is doubled or tripled (37.9-57.4um). Thus, the sintering
process was not complete finished after the first heat treatment.

The open porosity and pore size distribution of the support after the
second sintering step are like the corresponding values of the assembled
asymmetric membranes (Fig. 4 and Table 3). For this reason, double-
sintered support structures were defined for evaluation of permeability
in comparison to AAM membranes. However, the presence of the tape
layer produces a decrease in open porosity of 4-5.5 %, and average pore
size goes to 34.1-49.3 um, except for the sample FC_75A.

The isotherms obtained from nitrogen adsorptions measurements
(Fig. S.2) indicate a macroporous structure with almost no micropores.
The SSA of the single tape-cast layer shows a value of 1.3 m?/g for the
tape-cast separation layer exhibiting the smallest pores. In contrast, the
freeze-cast support and the assembled structures as well show SSA va-
lues of 0.1—0.6 m?/g, what confirms the absence of micropores and
makes high permeabilities likely.

3.4. Permeability
The water permeate flux was measured according to the applied

pressures for selected membranes and their single respective support
layer after the second sintering step as shown in Fig. 5. The permeate
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Fig. 5. Water permeate flux measured at room temperature using pressures of 0.5 and 1 bar for the porous support after two sintering steps and the assembled

asymmetric membranes.
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Fig. 6. Water permeate flux of the assembled asymmetric membrane AAM_75A,
AAM_70A, and AAM_60A_5B; measured at room temperature and pressures of
0.5, 1 and 2 bar as a function of their open porosities.

flow within a membrane is a function of various parameters: open
porosity, average pore size, material properties, pore cross-linking, etc.
[37,38]. It is possible to distinguish differences in permeability as a
function of the solid loading of the individual support. This fact is also
related to the significant reduction of the permeate flux of the as-
sembled asymmetric membrane in comparison with the individual
supporting layer. It is possible to state that the separating layer acting
as the functional membrane mainly determines the permeability.

A comparative analysis of the water permeate flux as a function of
the open porosity of the assembled asymmetric membrane (Fig. 6)
shows an approximately constant permeate flux for open porosities of
43.7 and 37.3 %, but a significant decrease in flux for sample AAM_75A
(porosity < 30 %). This behavior at lower porosities shows the im-
portance of the porosity control of the prepared membrane [38]. If the
porous support does not provide sufficient porosity for the fluid liquid
flow, the support starts to act as a barrier and may reduce the perme-
ability of the system.

In Table 4, the performances of some alumina membranes suitable
for microfiltration with water flux at 1 bar of transmembrane pressure
are summarized. Comparing the transport properties of symmetric
alumina membrane [41], the asymmetric configuration with lower top
layer thickness in the referenced works allow a higher flow, resulting in
higher permeability even at lower open porosities.

Table 4

Comparison of water flux at 1 bar of transmembrane pressure in a dead-end configuration of alumina flat ceramic microfiltration membranes.
Preparation Method Type Open Porosity (%) Average Pore Size (Top Layer) (um) Water Flux (m®*m~2h~*! Reference
Pressing Symmetric 43.1 0.350 0.165 Shaifei et al. (2013) [41]
Pressing/Tape Casting Asymmetric 36.94 0.249 5.04 Zhu et al. (2019) [24]
Extrusion/ Slip Casting Asymmetric 42 0.244 9.1 Terpstra et al. (1988) [40]
Freeze/Tape Casting Asymmetric 43.69 0.32 28 this work
Freeze/Tape Casting Asymmetric 37.39 0.36 32 this work
Freeze/Tape Casting Asymmetric 26.16 0.35 11 this work
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Furthermore, Table 4 allows a comparison according to the manu-
facturing process. Porous supports in which the pores were created by
decomposing organic templates (e.g. from extruded or pressed samples)
[40,24] show lower permeate flux than processes where the pore gen-
eration is more related to the nature of the solvent (e.g. phase inversion,
freeze casting) [39, this work] especially due to the higher inter-
connectivity pores of those samples [39,42].

The combination of a freeze-cast support with a tape-cast layer to
form an assembled asymmetric membrane, as carried out in this work,
appears to be a promising manufacturing technique for microfiltration
separation mainly due to the high water permeate flux. Moreover, this
combination presents an easy porosity control and high inter-
connectivity obtained from the support together with the control of the
thickness and pore distribution achieved for the separation layer.

4. Conclusions

In this work, assembled asymmetric alumina membranes with a
separation layer were prepared by combining a porous support shaped
by freeze casting and a separation cast tape layer. A highly porous
structure with lamellar pores suitable for microfiltration can be
achieved by freeze casting. SEM pictures show the morphology of both
layers and the assembly of the structures without delamination.

Moreover, all membranes have presented a separation layer pore
size in the microfiltration range (< 0.4 pm). The mercury intrusion
analysis suggests that the solvent plays a key role in the support por-
osity, while the separation layer is more affected by the binder content.
Both layers do not show any significant changes in pore size distribu-
tion and average pore size in all condition tested. The pore size dis-
tribution of the assembled asymmetric membrane indicates that the
structure is similar to the morphology of the porous support that has
undergone two sintering steps.

The permeability results confirm that the separation layer rules the
permeate flux mainly. The control of the morphology of the layers al-
lowed the production of an asymmetric membrane with outstanding
values of water permeate flux, which are the highest so far reported
within the ranges of open porosity and pore size.
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