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[0001] The present invention relates to a method for manufacturing a monolithic

inorganic porous support, which can in particular be used in a filtration membrane,
and particularly a tangential filtration membrane. More specifically, the porous
support is prepared by a technique proceeding with the addition of material.

[0002] A filtration membrane constitutes a selective barrier and allows, under the

action of a transfer force, the passage or the stopping of some components of the
medium to be treated. The passage or the stopping of the components can result
from their size relative to the size of the pores of the membrane which then
behaves like a filter. Depending on the size of the pores, these techniques are

called microfiltration, ultrafiltration or nanofiltration.

[0003] A membrane consists of a porous support on which one or more separation

layer(s) is/are deposited. Conventionally, the support is first manufactured by
extrusion. The support then undergoes a sintering so as to achieve the required
solidity, while maintaining an open and interconnected porous texture. This
method requires obtaining rectilinear channels inside which the separating layer(s)
is/are then deposited and sintered. The thus made membrane therefore undergoes
at least two sintering operations. The organic binders added during the
preparation of the paste, before its extrusion, completely burn off during the
sintering of the support.

[0004] The Applicant has described in the application FR 3 006 606 the preparation of

a filtration membrane whose porous support is made by an additive technique, by
repeated deposition of a continuous powder bed followed by localized
consolidation according to a predetermined pattern. This technique allows
preparing filtration membranes that are mechanically resistant and suitable for use
in tangential filtration. However, this technique has the disadvantage of requiring
adjusting the fluidity of the powder to allow its perfect flow during the deposition
of the powder bed. In addition, this technique requires removing the
unconsolidated powder, to also possibly recycle it, which can be tricky, time-
consuming and expensive, in particular when said unconsolidated powder is

present in non-rectilinear channels of the porous support.

[0005] Within the framework of the invention, there is proposed a new method for

preparing a porous support which does not have the drawbacks of the prior art,
and particularly which is rapid, easy to implement, which allows obtaining a
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mechanically resistant porous support whose shape and in particular that of the
non-rectilinear channels, is easily varied. For that, the method uses the technique
of the 3D printing allowing obtaining a manipulable three-dimensional raw
structure, followed by a sintering step. The porous support obtained is
homogeneous, mechanically resistant and has a porosity suitable for use in
filtration, that is to say a porosity comprised between 10 and 60% and which is
open and interconnected with an average pore diameter ranging from 0.5 um to
50 pm.

[0006] The method according to the invention also has the advantage of allowing the

preparation of a large-dimension monolithic porous support (that is to say a height
greater than 1 m), and particularly greater than the preparation possible using an
additive technique of depositing a continuous powder bed followed by a localized
consolidation achieved with the machines currently on the market, and in
particular described in the application FR 3 006 606.

[0007] In addition, the method according to the invention allows the preparation of a

support with tilts without requiring the use of supporting means.

[0008] In this context, the present invention relates to a method for manufacturing at

least one monolithic inorganic porous support having a porosity comprised
between 10% and 60% and an average pore diameter ranging from 0.5 pm to 50
Km, using a 3D printing machine including at least one extrusion head movably
mounted in space relative to and above a fixed horizontal plate, said 3D printing
machine allowing the deposition of a string of inorganic composition to build, from
a 3D digital model, a manipulable three-dimensional raw structure intended to
form the monolithic inorganic porous support(s), the method consisting of:

- having the inorganic composition including a first powdery solid inorganic phase
in the form of particles with an average diameter comprised between 0.1 um and
150 um, and a second phase in the form of a matrix, comprising at least one hot-
melt polymer,

- supplying the extrusion head of the 3D printing machine with the inorganic
composition, said extrusion head being at a temperature allowing the extrusion of
the inorganic composition to form the string,

- building, using said string on said horizontal plate, the manipulable three-
dimensional raw structure in accordance with the 3D digital model,
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- placing this manipulable three-dimensional raw structure in a heat treatment
furnace in order to carry out a sintering operation at a temperature comprised
between 0.5 and 1 times the melting temperature of at least one material forming
the powdery solid inorganic phase.

[0009] Within the framework of the invention, the monolithic inorganic porous support

can in particular be used as a filtration membrane support, and particularly as a
tangential filtration membrane support.

[0010] The method according to the invention includes either or both of the following

additional characteristics:

- the consolidation of the manipulable three-dimensional raw structure is
accelerated as said string is extruded using a consolidation device;

- the consolidation device is a controlled cooling device causing the solidification of
at least one hot-melt polymer contained in the matrix;

- the manipulable three-dimensional raw structure is made with a tilt without
implementing a supporting means;

- the powdery solid inorganic phase comprises one or more oxides, and/or
carbides and/or nitrides, and/or metals, preferably chosen among titanium oxide,
aluminum oxide, zirconium oxide, magnesium oxide, silicon carbide, titanium and
stainless steel, and particularly titanium oxide;

- the rheology of the inorganic composition is adjusted thanks to at least one of
the following characteristics: the granularity of the powdery solid inorganic phase,
the nature, and/or the proportion of the hot-melt polymer(s), the temperature of
the inorganic composition;

- the manipulable three-dimensional raw structure is made in the form of several
three-dimensional sub-structures detachable from each other;

- the manipulable three-dimensional raw structure is made in the form of several
three-dimensional sub-structures connected and held together by at least one
breakable bridge made using the string of inorganic composition;

- several extrusion heads mounted secured to each other are moved to
simultaneously make several independent three-dimensional structures each
constructed by an extrusion head.

- the inorganic composition is in the form of a filament or in the form of a pellet.

[0011] The invention also relates to a monolithic inorganic porous support obtainable

by the method according to the invention.
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[0012] The invention also relates to a method for preparing a tangential filtration
membrane comprising the preparation according to the invention of a monolithic
inorganic porous support in which is arranged at least one channel for the
circulation of the fluid medium to be treated, followed by a step of creating one or
more separating layer(s). Finally, the invention relates to a tangential filtration
membrane obtainable by such a method.

[0013] Various other characteristics emerge from the description given below with
reference to the appended drawings which show, by way of non-limiting examples,
embodiments of the object of the invention.

[0014] Figure 1 is a diagram illustrating the 3D printing machine used within the

framework of the invention.

[0015] Figure 2 is a sectional view of the deposition of a string of inorganic
composition on the horizontal plate.

[0016] Figure 3 is a perspective view of the deposition of a first string on the

horizontal plate.

[0017] Figure 4 is a sectional view of the deposition of a string of inorganic

composition on a first stratum of inorganic composition
[0018] Figure 5 is a sectional view along the axis AA of Figure 4.

[0019] Figure 6 is a perspective view schematically showing two strata each
composed of juxtaposed strings and deposited at 90° from one stratum to
another, the strings of the first stratum being continuous and the strings of the

second stratum being discontinuous to create a rectangular void.

[0020] Figure 7 is a sectional view of a raw structure excluding the invention for
which a collapse phenomenon is observed.

[0021] Figure 8 is a sectional view of a raw structure according to the invention for
which no collapse phenomenon is observed.

[0022] Figure 9 is a sectional view of the deposition of a string of inorganic

composition using an extrusion head integrating a convective consolidation device.

[0023] Figures 10A and 10B are sectional views along the axis A of Figure 8 of the
extrusion head, with a tapered annular slot (Figure 10A) or inclined orifices
(Figure 10B).
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[0024] Figure 11 is a sectional view of the deposition of a string of inorganic
composition using an extrusion head associated with a radiative consolidation
device.

[0025] Figure 12A is a sectional view illustrating one embodiment for which the

three-dimensional structure has a tilt without supporting means.

[0026] Figure 12B is a sectional view illustrating one embodiment for which the
three-dimensional structure has a tilt without supporting means, and in which each
stratum is formed by the juxtaposition of several strings.

[0027] Figure 13 is a sectional view illustrating one embodiment excluding the
invention for which the three-dimensional structure has a tilt with a supporting

means.

[0028] Figure 14 is a perspective view of a manipulable raw structure under

construction, in accordance with the invention.

[0029] Figure 15 is a perspective view of a monolithic inorganic porous support in

accordance with the invention.

[0030] Figure 16A is a sectional view of a monolithic inorganic porous support
including a rectilinear central channel and seven helical channels wrapped around
said central channel. Figure 16B is a perspective view of the channels of the
support of Figure 16A, a central channel and seven helical peripheral channels
according to Figure 16A.

[0031] Figure 17 is a perspective view of two distinct manipulable three-dimensional

raw structures constructed in parallel.

[0032] Figure 18 is a perspective view of a manipulable three-dimensional raw
structure formed of two detachable three-dimensional sub-structures connected by
breakable bridges.

[0033] Figure 19 is a perspective view of a manipulable three-dimensional raw
structure in the form of three detachable three-dimensional sub-structures
connected by breakable bridges.

[0034] The invention relates to the preparation of a monolithic inorganic porous
support 1, as well as a filtration membrane including the monolithic inorganic
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porous support 1 according to the invention comprising channels on the walls of
which one or more separating layer(s) are deposited.

[0035] Within the framework of the invention, the aim is to manufacture monolithic

inorganic porous supports for fluid filtration membranes, and more particularly for
tangential filtration membranes. Such porous supports are generally of tubular
geometry and include at least one channel or path for the circulation of the fluid to
be filtered. These circulation channels have an inlet and an outlet. In general, the
inlet of the circulation channels is positioned at one of the ends of the porous
support, this end playing the role of inlet zone for the fluid medium to be treated
and their outlet is positioned at another end of the porous support playing the role
of an outlet zone for the retentate. The inlet zone and the outlet zone are
connected by a continuous peripheral zone at which the permeate is recovered.

[0036] In a filtration membrane, the walls of the circulation channel(s) is/are

continuously covered by at least one separating layer which filters the fluid
medium to be treated. The separating layer(s) is/are porous and have an average
pore diameter smaller than that of the support. The separating layer can be
deposited either directly on the porous support (case of a single-layer separation
layer), or on an intermediate layer with a smaller average pore diameter, itself
deposited directly on the porous support (case of a multilayer separation layer).
Thus, part of the fluid medium to be filtered passes through the separating
layer(s) and the porous support, so that this treated part of the fluid, called
permeate, flows through the external peripheral surface of the porous support.
The separating layers delimit the surface of the filtration membrane intended to be
in contact with the fluid to be treated and in contact with which the fluid to be
treated circulates.

[0037] The porosity of the monolithic inorganic support 1 is open, that is to say it

forms a network of pores interconnected in all three dimensions, which allows the
fluid filtered by the separating layer(s) to pass through the porous support and to
be recovered at the periphery. The permeate is therefore recovered on the
peripheral surface of the porous support.

[0038] The monolithic inorganic porous support 1 has an average pore diameter

ranging from 0.5 pym to 50 um. The porosity of the monolithic inorganic porous
support 1 is comprised between 10 and 60%, preferably between 20 and 50%.
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[0039] By "average pore diameter” is meant the value d50 of a volume distribution for

which 50% of the total volume of the pores correspond to the volume of the pores
with a diameter smaller than this d50. The volume distribution is the curve
(analytical function) representing the frequencies of the volumes of the pores as a
function of their diameter. The d50 corresponds to the median separating into two
equal parts the area located under the frequency curve obtained by mercury
penetration. Particularly, the technique described in standard ISO 15901-1: 2005
can be used with regard to the mercury penetration measurement technique.

[0040] The porosity of the support, which corresponds to the total volume of the

interconnected voids (pores) present in the considered material, is a physical
quantity comprised between 0 and 1 or between 0% and 100%. It conditions the
flow and retention capacities of said porous body. In order for the material to be
used in filtration, the total interconnected open porosity must be a minimum of
10% for a satisfactory filtrate flow rate through the support, and a maximum of
60% to guarantee a suitable mechanical resistance of the porous support.

[0041] The porosity of a porous body can be measured by determining the volume of

a liquid contained in said porous body by weighing said material before and after
prolonged residence in said liquid (water or other solvent). Knowing the respective
densities of the material considered and of the liquid used, the mass difference,
converted into volume, is directly representative of the volume of the pores and

therefore of the total open porosity of the porous body.

[0042] Other techniques allow accurately measuring the total open porosity of a

porous body, including:

- mercury intrusion porosimetry (aforementioned ISO 15901-1 standard): injected
under pressure, the mercury fills the pores accessible to the implemented
pressures, and the volume of mercury injected then corresponds to the volume of
the pores,

- small-angle scattering: this technique, which uses either a neutron radiation or X-
rays, provides access to physical quantities averaged over the entire sample. The
measurement consists of the analysis of the angular distribution of the intensity
scattered by the sample,

- the analysis of 2D images obtained by microscopy,

- the analysis of 3D images obtained by X-ray tomography.
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[0043] The monolithic inorganic porous support 1 according to the invention is

prepared by the sintering of a manipulable three-dimensional raw structure 2,
which is constructed in accordance with a 3D digital model M by the superposition
of strata 3iof an inorganic composition 4 using a three-dimensional printing
machine I including in particular a horizontal, optionally removable, plate 5 above
which at least one extrusion head 6 is disposed (Figure 1).

[0044] By "three-dimensional raw structure" 2 is meant a three-dimensional structure

obtained from the superposition of strata 3; of an inorganic composition 4 and
which has not yet undergone a sintering. The shape and the dimensions of this
raw structure are determined stratum after stratum by the 3D digital model M.
This three-dimensional raw structure 2 is qualified as "manipulable™ because it
does not deform under its own weight, and may even have tilts, thanks to an
accelerated consolidation which gives it a stable mechanical rigidity over time, as
will be explained below. This three-dimensional raw structure 2 can thus be
detached from the horizontal plate 5 to be moved without deformation or break, in
particular to subsequently undergo a heat treatment operation necessary to obtain
a monolithic porous support in accordance with the invention.

[0045] Within the framework of the invention, a "stratum" 3i is defined by a set of

strings 7, whether continuous or discontinuous, juxtaposed or not juxtaposed,
which are extruded at the same altitude z in accordance with the 3D digital model
M predefined for said altitude z (with i being an integer ranging from 1 ton, n
being an integer representing the total number of strata forming the manipulable
three-dimensional raw structure 2 in accordance with the 3D digital model M). For
reasons of clarity, most of the figures represent strata composed of a single string.
However, very often within the framework of the invention, a stratum 3; is formed

by the juxtaposition of several continuous or discontinuous strings 7i;.

[0046] Within the framework of the invention, a "string" 7i; corresponds to a strip of

inorganic composition 4 which takes shape at the end of the extrusion head 6
(with 1 being an integer ranging from 1 to n, n being an integer representing the
total number of strata forming the manipulable three-dimensional raw structure 2,
and j representing an integer corresponding to the string considered within the
stratum to which it belongs, j ranging from 1 to m, m representing the total
number of strings in the considered stratum).
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[0047] The 3D digital model M is determined by computer design software, in order to

construct the three-dimensional raw structure 2. This 3D digital model M
corresponds to a virtual structure divided into successive strata 3i thanks to a
slicing software which allows, if necessary, when the three-dimensional structure
has tilts, defining the need for and the position of pillars to ensure a supporting
means for the three-dimensional raw structure under construction and prevent it

from collapsing.

[0048] The extrusion head 6 of the three-dimensional printing machine I is supported

by a displacement mechanism (not represented in the figures), such as a robot,
allowing its displacement along at least three axes (x, y and z). Thus, the
extrusion head 6 can be moved along a horizontal plane (x and y axes) and
vertically (z axis), thanks to the displacement mechanism which is driven by a
computer R of all types known per se. This computer R controls the movements of
the displacement system and consequently of the extrusion head 6, along a
predetermined path in accordance with the 3D digital model M from which the
three-dimensional raw structure 2 is made which allows obtaining the monolithic

inorganic porous support 1 after a heat treatment operation.

[0049] The extrusion head 6 includes an inlet for the inorganic composition 4 (not

represented in the figures). As represented in the figures, the extrusion head 6
also includes a calibrated flow orifice 8, such as a nozzle, movable in accordance
with said 3D digital model M. According to the method for the invention, the
inorganic composition 4, preferably in the form of a filament or a pellet, is
introduced into the extrusion head 6 of the machine through an inlet in order to
supply the flow orifice 8. A mechanical action can be applied to introduce the

inorganic composition 4 into the head 6 through this inlet.

[0050] Within the framework of the invention, by "pellet" is meant a small solid

element whose largest dimension can vary from 1 mm to 1 cm, depending on the
obtaining mode and on the dimensioning of the extrusion head. A pellet is made
up of the various materials composing said hot-melt composition and in a
proportion consistent therewith. A pellet can be obtained, after an appropriate
premixing of the various components, either by hot extrusion, or by compaction,
or by dehydration or more generally evaporation of a liquid phase having served
for said premixing. The shape of the pellets can vary depending on their obtaining

mode:
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- small cylinders in the case of the hot extrusion,
- small spherical-shaped tablets (pellets) or the like, in the case of the compaction,
- small shapeless blocks in the case of the evaporation of a liquid phase (crushing

of a dry "cake").

5 [0051] Within the framework of the invention, by "mechanical action" is meant the
application of a pressure by any known technical means, such as, for example, a
piston, @ pump or an extruder. This step can be carried out in the usual way by

those skilled in the art and will not be detailed here.

[0052] The flow orifice 8 is placed opposite and in the vicinity of the horizontal plate
10 5. The flow orifice 8 is movable, vertically (i.e. along the z axis) and horizontally
(i.e. along the x and y axes), relative to the horizontal plate 5 which is fixed. The
vertical and/or horizontal displacement of the flow orifice 8 relative to the fixed
horizontal plate 5 allows the construction in accordance with the 3D digital model
M of the manipulable three-dimensional raw structure 2 bearing on the horizontal
15 plate 5 following the extrusion of the string 7;; of inorganic composition 4 through

the flow orifice 8.

[0053] According to the embodiment illustrated in the figures, the extrusion head 6 is
provided with a flow orifice 8 of circular section. When the flow orifice 8 is of
circular section, its diameter D is advantageously from 0.1 mm to 10 mm,

20 preferably from 0.1 mm to 1 mm and preferably from 0.1 to 0.7 mm. However, the

flow orifice 8 is not necessarily of circular section, and another shape could be

envisaged.

[0054] The inorganic composition 4 is advantageously ceramic and/or metallic in
nature. The inorganic composition 4 is composed of a powdery solid inorganic

25 phase and a solid matrix at room temperature. The inorganic composition 4 is

therefore not a powder, but is advantageously in the form of a filament or a pellet.

[0055] The powdery solid inorganic phase of the inorganic composition 4 comprises
one or more solid inorganic material(s), each in the form of particles with an

average diameter comprised between 0.1 pm and 150 pm.

30 [0056] The notion of average diameter is associated with that of particle distribution.
Indeed, the particles of a powder have rarely a single or monodisperse size and a
powder is therefore most often characterized by a size distribution of its particles.
The average diameter then corresponds to the average of a distribution of the
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sizes of the particles. The distribution can be represented in different ways, such
as a frequency or cumulative distribution. Some measurement techniques directly
give a number-based (microscopy) or mass-based (sieving) distribution. The
average diameter is a measurement of the central tendency.

[0057] The mode, the median and the average are among the most widely used

central trends. The mode is the most frequent diameter in a distribution: it
corresponds to the maximum of the frequency curve. The median represents the
value where the total frequency of the values above and below is identical (in
other words, the total number or volume of particles is the same below and above
the median). The average must for its part be calculated and it determines the
point where the moments of the distribution are equal. For a normal distribution,
the mode, the average and the median coincide, while they differ in the case of a

non-normal distribution.

[0058] The average diameter of the particles constituting an inorganic powder can be

measured in particular by:

- laser light diffraction for particles ranging from 3 mm to approximately 0.1 pm,
- sedimentation/centrifugation,

- dynamic light scattering (DLS) for particles ranging from 0.5 um to 2 nm,

- analysis of images obtained by microscopy,

- small-angle X-ray diffraction.

[0059] Most often, the inorganic composition 4 comprises as powdery inorganic

material(s), alone or as a mixture, an oxide and/or a nitride and/or a carbide
and/or a metal. As examples of oxides which may be suitable within the
framework of the invention, mention may in particular be made of metal oxides,
and particularly titanium oxide, zirconium oxide, aluminum oxide and magnesium
oxide, the titanium oxide being preferred. As examples of carbides, mention may
in particular be made of metal carbides, and particularly silicon carbide. As
examples of nitrides which can be used, mention may in particular be made of
titanium nitride, aluminum nitride and boron nitride. As examples of metals which
may be suitable within the framework of the invention, mention may in particular
be made of titanium and stainless steel. According to one preferred embodiment,
the inorganic composition 4 comprises at least one metal oxide as powdery
inorganic material, and preferably titanium oxide.
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[0060] The matrix of the inorganic composition 4 consists of one or more hot-melt

polymer(s). The matrix is organic in nature.

[0061] By "hot-melt polymer" is meant a polymer which softens under the effect of
heat.

[0062] As examples of a hot-melt polymer that may be suitable within the framework
of the invention, mention may be made of the following polymers or family of
polymers, optionally functionalized, used alone or as a mixture in the matrix:
polylactic acid (PLA), polyvinyl alcohol (PVA), acrylonitrile butadiene styrene (ABS),
polyprolylene (PP), polyethylene, polyethylene terephthalate (PET), thermoplastic
polyurethane (TPU), polyolefins, thermoplastic elastomers (TPE), polyolefin-based
elastomers (TPE-O) and polycarbonate.

[0063] The mass content of powdery inorganic material(s) in the inorganic
composition 4 can range from 40 to 95%, preferably between 70 and 90% by
weight, relative to the total weight of the inorganic composition 4.

[0064] Within the framework of the invention, the inorganic composition 4 has a
suitable rheology in terms of fluidity for its extrusion through the calibrated flow
orifice 8.

[0065] Within the framework of the invention, the inorganic composition 4, preferably
in the form of a filament or a pellet, is heated in the extrusion head 6 so that the
hot-melt polymer(s) soften(s). Usually, only the flow orifice 8 of the extrusion
head 6 is heated to soften the hot-melt polymer(s) at the flow orifice 8, then
allowing the extrusion of the inorganic composition 4. The temperature of the flow
orifice 8 can be adjusted depending on the hot-melt polymer(s) present in the

inorganic composition 4.

[0066] Within the framework of the invention, it is possible to adjust the rheology of
the inorganic composition 4 thanks to its temperature in the extrusion head,
and/or the granularity of the powdery solid inorganic phase, and/or thanks to the
nature of the hot-melt polymer(s) and/or thanks to their proportions.

[0067] By "granularity of the powdery solid inorganic phase" is meant the dimensions
of the particles making up the powdery solid inorganic phase. The granularity is
characterized by the concept of average diameter which is described above.
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[0068] As represented in Figure 2, a string 71,1 of inorganic composition 4 is formed

following the passage of the inorganic composition 4 through the calibrated flow
orifice 8 thanks to a mechanical action on the inorganic composition 4 to ensure
the pressure necessary for the extrusion of the inorganic composition 4.

[0069] At the outlet of the calibrated flow orifice 8, the temperature of the string 7;;

of inorganic composition 4 decreases (possibly down to room temperature), and
therefore its rigidity increases, which can allow ensuring the stability of the three-
dimensional raw structure. But, depending on the geometry of said three-
dimensional structure, collapse phenomena may appear during building. The
invention in this case provides for accelerating the stiffening of the string and of
the three-dimensional structure using a device that allows a controlled cooling as

will be explained later.

[0070] As illustrated in Figure 3, as soon as the string 71,; of inorganic composition 4

is extruded through the flow orifice 8, the latter is deposited on the horizontal
plate 5 to form a first stratum 34, in accordance with the 3D digital model M
predetermined by the computer design software, thanks to the horizontal
displacement of the flow orifice 8 above the horizontal plate 5.

[0071] The flow orifice 8 moves horizontally, and therefore parallel to the horizontal

plate 5, along a predetermined path in accordance with the 3D digital model M, to
form the first stratum 31. At this stage, a single stratum is formed on the
horizontal plate 5. In the exemplary embodiment represented in Figure 3, the
first stratum 31 has a circular shape including four orifices 9 of triangular shape
with rounded angles. This shape is illustrated by way of example but is not

limiting.

[0072] After the deposition of the first stratum 34, the flow orifice 8 moves so that the

deposited string 72,1 forms the second stratum 3. in accordance with the 3D
digital model M, as represented in Figures 4 and 5. For that, the flow orifice 8
moves vertically (that is to say along the z axis) and horizontally (that is to say
along the x and/or y axes) until the desired position. The extrusion of the
inorganic composition 4 through the flow orifice 8 can be continuous or
discontinuous. Thus, the second stratum 3 is deposited on the first stratum 31 by
the superposition of the string 72,; on the previously deposited stratum 34, in

accordance with the 3D digital model M.
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[0073] In the example illustrated in Figures 4 and 5, each stratum 3; includes only

one string 7i; of ceramic composition 4, the strings being aligned from one
stratum 3; to the adjacent stratum 3i:1. Nevertheless, preferably, each stratum 3;
can be formed of several strings 7i;. In the embodiment illustrated in Figure 6,
the strata 31 and 3. are each formed by the juxtaposition of five strings,
respectively 71,1, 71,2, 71,3, 71,4, 71,5 on the one hand and 72,1, 72,2, 72,3, 72,4, 725
on the other hand. The strings 71,1 to 71,5 and 75,1 to 725 are deposited at 90°
from one stratum to another. The strings 74,1 to 71,5 are juxtaposed and
continuous. The strings 72,1 to 72,5 are discontinuous in order to create a

rectangular-shaped void, in the illustrated example.

[0074] When the string(s) 72,; are deposited, thus forming the second stratum 3., the

previously described step of vertically and horizontally moving the extrusion head
6 is repeated as many times as necessary, in order to form the manipulable three-
dimensional raw structure 2 in accordance with the 3D digital model M,
determined by the computer design software and the "slicing" software. The
growth of the manipulable three-dimensional raw structure 2 is conducted along
the z axis. More specifically, the manipulable three-dimensional raw structure 2 is
built on the horizontal plate 5 by stacking of the strata 31 to 3. formed from the
strings 71.1 t0 7a,m in accordance with the 3D digital model M.

[0075] As represented in the figures, each stratum 3 is characterized by a thickness e

and the strings 7i; by a thickness e and a width L. The thickness e of a string 7i;
is a dimension of said string 7;,; taken between the flow orifice 8 of the extrusion
head 6 and the surface of the preceding stratum 3i.1 or that of the horizontal plate
5 on which it is deposited. The thickness of the stratum 3; is therefore identical to
that of the string 7, and each string 7;; has the same thickness e. The width L of
the string 7i; is dependent on the volume flow rate of the inorganic composition 4
extruded through the calibrated orifice 8, on the speed of displacement of the
calibrated orifice 8 and on the ratio e/D, D being the diameter of the flow orifice
8. In the exemplary embodiments represented in Figures 5 and 8, the strings 7;;

and 7i+1,§+1 have the same width L.

[0076] The Applicant has observed that the mechanical strength of the three-

dimensional raw structure could in some cases be insufficient, resulting in a
deformation of the three-dimensional raw structure resulting from its collapse. This

deformation can result from the collapse of insufficiently consolidated strata
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deforming under the weight of the strata deposited thereon. Figure 7 illustrates
this collapse phenomenon. The Applicant has observed that this deformation can
also result from a collapse of the string immediately after its extrusion: a collapse
of the string can take place directly out of the extrusion head, then generating a
deformation of the cross section of the string, and in particular a final height of the
string lower than the height planned in accordance with the 3D digital model. In
the case where the three-dimensional structure includes a tilt, the deformation can
also result from the collapse of the cantilevered string parts when the three-

dimensional raw structure is built without supporting means.

[0077] According to one embodiment, to avoid any collapse phenomenon, an

acceleration of the consolidation is achieved prior to the sintering step in order to
rapidly improve the mechanical strength of the three-dimensional raw structure in
accordance with the digital model M as illustrated in Figure 8. In this case, each
stratum 3; keeps its initial shape and its initial dimensions over time, and
particularly its initial thickness e and initial width L.

[0078] This acceleration of the consolidation can be achieved as the building of the

manipulable three-dimensional raw structure 2 using a consolidation device 10
which moves in a manner identical to the flow orifice 8. As illustrated schematically
in Figure 1, the consolidation device 10 is placed in the vicinity of the extrusion
head 6, whether or not it is carried by the extrusion head 6. More specifically, the
consolidation device 10 may or may not be secured to the extrusion head 6 or
form part of the extrusion head 6. If the consolidation device 10 is not carried by
the extrusion head 6, it follows its displacements. Thus, the acceleration of the
consolidation is achieved as the inorganic composition 4 is extruded. Preferably,
the acceleration of the consolidation is achieved as soon as the string 7;; at the

outlet of the flow orifice 8 is extruded.

[0079] This consolidation device 10 allows accelerating the solidification of at least

one hot-melt polymer comprised in the inorganic composition 4. In other words,
the solidification of the hot-melt polymer(s) thanks to the consolidation device 10
is sufficiently rapid to impart a mechanical strength to the manipulable three-
dimensional raw structure 2, and sufficient to avoid any collapse thereof, even
when it has tilts.
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[0080] The controlled cooling is obtained by a consolidation device 10 which can be

convective or radiative.

[0081] In the case of a convective consolidation device 10, one or more air jet(s)
is/are oriented towards the string 7i;: the cooling is then carried out only by a
renewal of the atmosphere around said string 7. As represented in Figures 9,
10A and 10B, the consolidation device 10 may be integrated with the extrusion
head 6 around the flow orifice 8. The convective consolidation device 10 may be
in the form of a conical annular slot 104 disposed around the flow orifice 8
(Figure 10A), or in the form of several orifices 102 disposed around the flow
orifice 8 (Figure 10B).

[0082] In the case of a radiation-consolidation device 10, the device can be disposed
around the flow orifice 8, being secured or not secured to the extrusion head 6, as

represented in Figure 11.

[0083] The acceleration of the consolidation can be adjusted depending on the used
inorganic composition 4. Indeed, depending on the nature of the inorganic
composition 4, and in particular its rheology, the acceleration of the consolidation
will have to be more or less important to avoid any phenomenon of collapse of the
manipulable three-dimensional raw structure 2. The adjustment of the acceleration
of the consolidation can be made by adapting the air stream, and/or the radiative

energy generated by the consolidation device 10.

[0084] According to the embodiment represented in Figures 5 and 8, the strata 3i
are of the same shape and dimension and are aligned (i.e. stacked along the z
axis). Thus, a monolithic inorganic porous support 1 including one or more
rectilinear channel(s) 11 can be manufactured. This embodiment is not limiting.
For example, according to the embodiments illustrated in Figures 12A and 12B,
the different strata 3i are stacked along the z axis so that the manipulable three-
dimensional raw structure 2 has a tilt or overhang or cantilever de resulting from a
non-alignment of the string 7;; relative to the stratum 3i-1 on which it is deposited.
The overhang angle a (corresponding to Arc tg (e/de)) represents the amplitude
of the tilt: the smaller a, the greater the amplitude of the tilt.

[0085] The method of the invention, and possibly the acceleration of the consolidation
of the string 7i; at the time of its deposition, and optionally the rheology of the
inorganic composition 4, impart sufficient mechanical strength for the manipulable
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three-dimensional raw structure 2 not to deform and be mechanically stable over
time even when it has a tilt, which allows eliminating the need for supporting
means 12 which is usually necessary to avoid the collapse of a three-dimensional
raw structure presenting a tilt (see Figure 13 where a temporary supporting
means 12 of a shape complementary to the three-dimensional structure under
construction is printed simultaneously). This acceleration of the consolidation
allows, for a given inorganic composition 4 and for given printing parameters
(diameter of the flow orifice 8, speed of extrusion of the string 7, speed of
displacement of the extrusion head 6), adapting to the amplitude of the tilt. In
summary, three-dimensional raw structures 2 can be built without a collapse
phenomenon being observed, even when this structure has a tilt and in the
absence of supporting means.

[0086] The presence of at least one tilt within the manipulable three-dimensional raw

structure 2 allows the manufacture of a monolithic inorganic porous support 1
including at least one helical channel, as described in the application FR 3 060 410
of the Applicant. Such a porous support allows obtaining a tangential filtration
membrane with a suitable geometry that allows reducing the risk of clogging of
the separation layer, and therefore increasing the filtrate stream.

[0087] As illustrated in Figure 14, the method according to the invention allows

building a manipulable three-dimensional raw structure 2 by stacking of the strata
31 to 3n in accordance with the 3D digital model M.

[0088] Finally, once the manipulable three-dimensional raw structure 2 has been

obtained, it is subjected to a heat treatment in order to carry out a sintering
operation. For that, the manipulable three-dimensional raw structure 2 is placed in
a furnace whose temperature varies between 0.5 and 1 times the melting
temperature of at least one of the powdery solid inorganic materials present in the
inorganic composition 4 and for a sufficiently long period of time to allow the

sintering of this whole manipulable three-dimensional raw structure 2.

[0089] During the sintering step, the dimensions of the porous support 1 may vary

relative to the dimensions of the manipulable three-dimensional raw structure 2.
This variation depends on the nature of the inorganic composition 4 and on the
sintering conditions. The computer design software used within the framework of
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the invention allows anticipating this variation and the 3D digital model M is

determined based on it.

[0090] The method according to the invention allows obtaining a monolithic inorganic

support 1 with an interconnected porous texture suitable for use in filtration, and
particularly in tangential filtration. In addition, the thus obtained monolithic
inorganic porous support 1 has a mechanical resistance suitable for use in
filtration, and particularly in tangential filtration. More accurately, the monolithic
inorganic porous support 1 withstands an internal pressure of at least 30 bars
without bursting, and preferably at least 50 bars without bursting. A burst pressure
corresponds to the pressure at which a support bursts under the effect of an

internal pressure applied in the channels with water.

[0091] The three-dimensional structure constructed can be of any shape, and

particularly of elongated shape, having a circular transverse cross section, and
having a cylindrical external surface as illustrated in Figure 15. This shape is
nevertheless not compulsory and another shape could be envisaged according to
the desired application. Indeed, the method according to the invention allows
making monolithic inorganic porous supports 1 of various shapes. Particularly,
when the monolithic inorganic porous support 1 is intended to be used in a
tangential filtration membrane, it includes at least one channel 11 for the
circulation of the fluid to be treated, and advantageously several channels 11.
These channels 11 can be rectilinear or not rectilinear, interconnected or not
interconnected. In the example illustrated in Figure 15, the monolithic porous
support 1 includes four channels 11 formed by the superposition of the orifices 9
of the stacked strata 31 to 3a, said channels 11 being rectilinear, not
interconnected and of triangular section with rounded angles. The geometry and
the number of channels 11 are determined by the 3D digital model M chosen, and
are therefore not limited to what is illustrated in Figure 15. For example, as
illustrated in Figures 16A and 16B, the support may include a rectilinear central
channel 114, and helical channels 11,, 115, 11, 114, 11¢, 115, 11, forming a
spiral around the rectilinear central channel 11;.

[0092] According to a first embodiment, the method according to the invention allows

the preparation of a single manipulable three-dimensional raw structure 2 at a
time, resulting in a single monolithic porous support 1 at a time after sintering.
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[0093] According to a second embodiment illustrated in Figure 17, the method

described above allows the simultaneous preparation of two independent
manipulable three-dimensional raw structures 21 and 2, that is to say not
connected together, intended to undergo a sintering step in order to form two
monolithic porous supports 11 and 1. For that, the machine comprises two flow
orifices 81 and 82: each independent manipulable three-dimensional raw structure
2; and 2, is then prepared by stacking of strata each made respectively from a
string each from a separate flow orifice, respectively 81 and 8.. In the example
illustrated in Figure 17, the two manipulable three-dimensional raw structures 24
and 22 are of identical shape and dimensions and are constructed by an identical
displacement of the flow orifices 81 and 82 which are preferably mounted secured
to each other. However, the example illustrated is not limiting: it can be envisaged
to prepare more than two manipulable three-dimensional raw structures at the
same time, and in particular three or four, these manipulable three-dimensional

raw structures being of identical or different shape and/or dimension.

[0094] According to a third embodiment, the method described above allows the

preparation of a manipulable three-dimensional raw structure 2 in the form of
several identical or different three-dimensional sub-structures detachable from
each other. According to this embodiment, the three-dimensional sub-structures
are connected together by at least one breakable bridge 13, formed using the
string 7, of inorganic composition 4, and preferably several bridges 13 of
identical or different shape and/or dimension, spaced from each other, and
preferably aligned.

[0095] According to this embodiment illustrated in Figure 18, the method according

to the invention allows the manufacture of a manipulable three-dimensional raw
structure 2 in the form of two three-dimensional sub-structures 23 and 24

connected with several identical breakable bridges 13, over the entire height of
the three-dimensional raw sub-structures 23 and 24. The two three-dimensional
sub-structures 23 and 24 are of identical shape and dimension, and include four

rectilinear channels 11 of triangular transverse cross section with rounded angles.

[0096] As illustrated in Figure 19, this third embodiment also allows the manufacture

of a manipulable three-dimensional raw structure in the form of three raw sub-
structures 2s, 26, 27 connected in series by several breakable bridges distributed
over the height of the three-dimensional structure. As represented, the three raw
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sub-structures 2s, 26, 27 are identical and include each a rectilinear central
channel 11, of circular section and seven helical channels 11,, 115, 11¢, 114,
11, 11¢, 11, of triangular section with rounded angles and forming a spiral
around the rectilinear central channel 11;.

[0097] Alternatively, although not illustrated, the three-dimensional sub-structures can
be connected by a single breakable bridge 13, present or not over the entire
height of the manipulable three-dimensional raw structure 2, and can include
channels in varied number and shape. Likewise, although not illustrated, the
method according to the invention allows preparing more than three detachable
three-dimensional sub-structures. Although not illustrated, the three-dimensional
sub-structures prepared according to this latter embodiment may be of different
shape and/or dimensions.

[0098] Before the sintering step, the bridge(s) 13 connecting the three-dimensional
sub-structures may be broken, allowing producing monolithic porous supports after
the sintering step.

[0099] The method according to the invention has the advantage of providing
constant and uniform characteristics to the monolithic inorganic porous supports 1
in a single production step, and of allowing access to a wide variety of shapes. The
method according to the invention also allows preparing monolithic inorganic
porous supports 1 having a tilt without requiring supporting means during its

manufacture.

[0100] The invention also relates to a monolithic inorganic porous support 1 obtained
by the method according to the invention. Such a support presents the advantage
of having a homogeneous structure and is able to be used as a filtration
membrane support.

[00101] Finally, the invention relates to the method for preparing a tangential filtration
membrane, as well as a tangential filtration membrane obtained by such a
method.

[0102] In the tangential filtration membrane according to the invention, the wall of
the circulation channel(s) 11 arranged in the monolithic inorganic porous support
1 is covered with at least one separating filtration layer which is intended to be in
contact with the fluid to be treated and to ensure the filtration of the fluid medium

to be filtered. The separating layer(s) is/are created after the formation of the
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monolithic inorganic porous support 1. The method for preparing a tangential
filtration membrane in accordance with the invention then comprises the steps of
preparing a monolithic inorganic porous support 1 according to the method
described above, followed by (that is to say after the final sintering step for the
preparation of the monolithic inorganic porous support 1) a step of creating one or
more separating filtration layer(s). This method is advantageously described in
patent FR 2 723 541 in the name of the Applicant.

[0103] The creation of the separating filtration layer can be made using any technique

known to those skilled in the art. Particularly, the separating layer can be
deposited on the walls of the channels 11 of the support 1 by application of a
suspension containing at least one sinterable composition intended, after curing, to
constitute a separating filtration layer. Such a composition has a constitution
conventionally used in the production of the inorganic filtration membranes. This
composition contains at least one oxide, one nitride, one carbide or one other
ceramic material or a mixture thereof, the oxides, the nitrides and the metallic
carbides being preferred. The sinterable composition is suspended, for example in
water. To eliminate the risk of presence of aggregates and to optimize the
dispersion of the grains in the liquid, the suspension obtained is ground in order to
destroy the aggregates and obtain a composition composed essentially of
elementary particles. The rheology of the suspension is then adjusted with organic
additives to meet the hydrodynamic requirements of penetration into the channels
of the supports. The separating layer, once deposited, is dried and then sintered at
a temperature which depends on its nature, on the average size of its grains and
on the target cutoff threshold.

[0104] This separating filtration layer deposition step is repeated in the case of a

multilayer separation layer.

[0105] The membrane according to the invention has good mechanical resistance.

More specifically, the membrane according to the invention has an internal
pressure of at least 30 bars without bursting, and preferably at least 50 bars. An
internal pressure of 50 bars is commonly accepted as being necessary and
sufficient to guarantee mechanical strength of the membranes during their

operation.
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[0106] The invention is not limited to the described and represented examples

because various modifications can be made without departing from its framework.
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PATENTKRAV

1. Fremgangsmade til fremstilling af i det mindste én monolitisk uorganisk porgs beerer
(1) med en porgsitet liggende imellem 10% og 60% og en gennemsnitlig porredia-
meter liggende fra 0,5 um til 50 um, under anvendelse af en 3D printer (I) omfattende i
det mindste et ekstrusionshoved (6), som er bevaegeligt monteret i rummet i forhold til
og over en fast horisontal plade (5), hvilken 3D printer muligger udfaeldningen af en
streng (7i,j) af uorganisk sammensaetning (4) til at bygge, ud fra en 3D digital model
(M), en manipulerbar tre-dimensional ra struktur (2), som er beregnet til at danne den

eller de monolitiske uorganiske porgse baerere, hvilken fremgangsmade bestar af:

- at tilvejebringe den uorganiske sammenseaetning (4), hvilken uorganisk sam-
menseetning (4) omfatter en farste pulverformet fast uorganisk fase i form af
partikler med en gennemsnitlig diameter liggende imellem 0,1 um og 150 um,
og en anden fase i form af en matrix omfattende i det mindste én varm-
smeltepolymer,

- forsyning af ekstrusionshovedet (6) i 3D printeren (I) med den uorganiske
sammensaetning (4), idet ekstrusionshovedet (6) er ved en temperatur, som
tillader ekstrusionen af den uorganiske sammenseetning (4) for dannelse af
strengen (7i,)),

- opbygning, under anvendelse af strengen (7i,j), pa den horisontale plade (5),
af den manipulerbare tre-dimensionelle ra struktur (2) i overensstemmelse
med den 3D digitale model (M),

- anbringelse af denne manipulerbare tre-dimensionelle ré struktur (2) i en
varmebehandlingsovn med henblik pa at udfere en sintringsoperation ved en
temperatur liggende imellem 0,5 og 1 gange smeltetemperaturen for i det

mindste ét materiale, som danner den pulverformede faste uorganiske fase.

2. Fremgangsmade ifelge krav 1, hvor konsolideringen af den manipulerbare tre-
dimensionelle ra struktur (2) acceleres medens en streng (7i;) ekstruderes, under an-

vendelse af en konsolideringsindretning (10).

3. Fremgangsmade ifelge krav 2, hvor konsolideringsindretningen (10) er en styret
keleindretning, som forarsager sterkningen af i det mindste én varmsmeltepolymer

indeholdt i matrixen.
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4. Fremgangsmade ifglge krav 2 eller 3, hvor den manipulerbare tre-dimensionelle ra

struktur (2) fremstilles med et udhaeng uden implementering af en understatning.

5. Fremgangsmade ifelge ethvert af de foregadende krav, hvor den pulverformede faste
uorganiske fase omfatter ét eller flere oxider og/eller carbider og/eller nitrider og/eller
metaller, fortrinsvis valgt blandt titaniumoxid, aluminiumoxid, zirconiumoxid, magne-

siumoxid, siliciumcarbid, titanium og rustfrit stal og isaer titaniumoxid.

6. Fremgangsmade ifelge ethvert af de foregaende krav, hvor rheologien for den
uorganiske sammenseetning (4) justeres takket veere i det mindste et af fglgende
karakteristika: granulariteten af den pulverformede faste uorganiske fase, naturen
og/eller andelen af den eller de varmsmeltepolymerer, temperaturen af den uorganiske

sammensaetning (4).

7. Fremgangsmade ifelge ethvert af de foregaende krav, kendetegnet ved, at den
manipulerbare tre-dimensionelle ra struktur (2) foreligger i form af adskillige tre-

dimensionelle sub-strukturer (23, 24), som kan adskilles fra hinanden.

8. Fremgangsmade ifelge det foregdende krav, kendetegnet ved, at den manipu-
lerbare tre-dimensionelle ra struktur (2) foreligger i form af adskillige tre-dimensionelle
sub-strukturer (23, 24) forbundet og holdt sammen af i det mindste én brudbar bro (13)

fremstillet under anvendelse af strengen (7).

9. Fremgangsmade ifalge ethvert af de foregaende krav, kendetegnet ved, at den

uorganiske sammensaetning (4) foreligger i form af et filament.

10. Fremgangsmade ifglge ethvert af kravene 1 til 8, kendetegnet ved, at den

uorganiske sammensaetning (4) foreligger i form af et granulat.

11. Fremgangsmade til fremstilling af en tangentiel filtreringsmembran omfattende
fremstillingen i overensstemmelse med ethvert af de foregaende krav af en monolitisk
uorganisk porgs beerer (1) i hvilken der er anbragt i det mindste én kanal (11) for
cirkulationen af det fluide medie, som skal behandles, ved et trin med dannelse af i det

mindste ét separationslag pa vaeggene i kanalen/kanalerne (11).
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12. Monolitisk uorganisk porgs baerer (1) fremstillet i overensstemmelse med ethvert
af kravene 1 til 10, som modstar et indvendigt tryk pa i det mindste 30 bar uden at

spreenges.

13. Tangentiel filtreringsmembran fremstillet i overensstemmelse med krav 11, som

modstar et indvendigt tryk pa i det mindste 30 bar uden at spraenges.
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[Fig. 4]
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[Fig. 6]

[Fig. 7]
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[Fig. 8]
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[Fig. 11]

[Fig. 12A]
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[Fig. 12B]
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[Fig. 14]
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[Fig. 15]
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[Fig. 16A-16B]

FIG.16A

1a




DK/EP 3887337 T3

[Fig. 17]
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[Fig. 18]
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[Fig. 19]
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