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SiC membranes are used in many industrial fields with high performances and good retention efficiency in the
filtration of loaded liquids such as wastewater, oil or wine. Technologies allow to characterise membrane’s
surface but few allow the characterisation of its depth. This paper proposes the combination of results obtained
by the usual techniques of porous materials and by 3D X-ray tomography characterisation. A morphological
analysis of solid and porous phase is carried out on the total thickness of the membrane. Combination of results

on all layers is relevant for the study of SiC membranes, showing not only the SiC surface properties but also the
3D description of the porous material (i.e. support, layer and skin). The definition of essential parameters to
define the efficiency of a filtration such as hydrophobicity, porosity and tortuosity allows to justify the use and
superior performance of SiC membranes for the filtration of loaded liquids.

1. Introduction

Silicon carbide (SiC) is increasingly used for membrane
manufacturing because SiC membranes are more stable than polymeric
membranes, they have a much longer lifetime, and the cleaning-
sterilising process is better due to higher temperature resistance [1,2].
Therefore, these membranes can filter different types of loaded fluids
with low pressure and minimal fouling. SiC membranes have relevant
characteristics such as higher porosity (> 40%), lower tortuosity [3],
which could allow them to achieve increased permeate fluxes for
filtration of loaded liquids as wine and residue sediments. Moreover, SiC
is known to have a complex surface chemistry when it comes to its hy-
drophobic or hydrophilic behaviour. Indeed, as demonstrated by King
et al. [4] in 1999, pure SiC has a hydrophobic behaviour. On the other
hand, as oxygen links to the surface of the material, silicon carbide tends
to behave closer to that of silica (SiO2), which is hydrophilic. The
membranes used in this work are purposely produced with as low levels
of silica as possible, since this impurity leads to a reduction of the ma-
terial’s chemical resistance. As a consequence, they are primarily hy-
drophobic rather than hydrophilic and the chemical cleaning cycles may
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strip part of the extrinsic oxygen out again. So, one should expect the
behaviour of the SiC material of the present study to oscillate between
hydrophobicity and hydrophilicity throughout the different phases of
the clarification processes. As a result of these characteristics, SiC has
become, since 2010’s, a material of choice for the manufacture of min-
eral membranes used in the filtration of loaded liquids [5-8]. Indeed,
these membranes are already commonly used in water purification [9]
and wastewater treatment [10-12] but also for wine purification where
experimentations showed production flows up to 1 log higher than other
ceramic membranes used in the field and a good retention efficiency
[13]. The successful development of membrane processes is limited by
the understanding of the membrane fouling mechanisms and/or the
modification of the porous structure. For a better understanding, the
characterisation of membrane structure is of particular importance and
many studies have been undertaken in this direction [14,15]. There has
been a wide range of complementary techniques used for this purpose,
such as: Scanning Electron Microscopy (SEM), measure of angle contact,
mercury intrusion porosimetry and X-ray CT-tomography [16]. These
tools permit the characterisation of membrane properties such as hy-
drophobicity, porosity, tortuosity and pore size and morphology
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distribution. However, the major application of these techniques only
concerns the characterisation of the membrane surface; it in no way
concerns the different porous layers of the membranes having different
characteristics. For this reason, this study proposes to go further by
analysing, in addition to the usual descriptive methods for porous ma-
terials, the complete microstructure (all three layers) of SiC membranes
by 3D reconstruction. This reconstruction is based on stacks of images
obtained by X-ray tomography and then reconstructed using the com-
puter tool iMorph [17]. In this study, surface properties and micro-
structure of the three layers of SiC membranes was determined by
several descriptive techniques for porous media (SEM, measure of angle
contact, mercury intrusion porosimetry and tomography by X-ray).
These analyses were made on two of the different layers composing the
SiC membrane in order to have an overview of the filtration process. All
the following parameters could be obtained and cross-referenced be-
tween the different methods used: hydrophobicity, porosity, pore size
distribution, grain size distribution, throats size and morphology, and
tortuosity. Thus, a better understanding of the differences of filtration
performances is expected.

2. Materials and methods
2.1. Microporous media

The analysed microporous media come from a SiC membrane Crys-
tar® 0.6 pym (Saint-Gobain) membrane. It made up with 2 different
layers deposited on a support:

— The mechanical support or substrate (average pore size ~ 25 um)

— 1 Intermediate layer (pore size d50 1.5-4 um). It can be used on its
own as filter media or as support layers for the active filtration
membrane if a thinner layer is deposited on its surface.

— The active microfiltration layer (average pore size ~ 0.6 um)

The Saint-Gobain SiC membrane is consolidated by recrystallisation
at high temperature by sublimation of the finest particle fractions, which
recondense to form bridges between the larger grains. The recrystalli-
sation temperature strongly depends to the SiC particle size, from
1600 °C for particle size near 500 nm up to > 2200 °C for particle size
higher than 50 pm. The mechanical carrier is first manufactured by
preparing a mixture containing SiC powders with two differents grain
size by using a coarse grains d50 on thin grain d50 ratio set at 20. Coarse
on thin powders weight ratio used is 3. Suitable additives for paste
formation and extrusion like methylether cellulose and oil are used with
a ratio additives on powder repectivly set at 10 and 2. Deionized water is
used keeping a ratio water on powder in the range 0.18-0.25. The paste
is then extruded in the form of a tubular structure with a certain number
and geometry of channels. The part is then sintered at a temperature
higher than 2000 °C under argon atmosphere during 1 h to create a
homogeneous microstructure by recrystallisation.

Once the manufacture of the mechanical support is complete, SiC-
based slurries with defined grain sizes are prepared and deposited by
enduction on the walls of the mechanical support. The intermediate
layer is prepared by using two differents grain size by using a coarse
grains d50 on thin grain d50 ratio set at 4 and keeping d50 of coarse
grains slightly above the pore size d50 of the membrane support to be
coated. Coarse on thin powders ratio used is 1.5. The final layer is
prepared by using only grain size having a particle size d50 below 5 um.
Suitable additives for slurry formation and enduction process like binder
and dispersing agent are used with a ratio additives on powder are
repectivly 1:10 and 2:10000. Deionized water is used keeping a ratio
water on powder in the range 0.9-1.1. The final sintering step at 1600 °C
under argon during 1 h creates a homogeneous microstructure of the
membrane with a fine and controlled pore size distribution.

For this study, the samples from the different layers of the SiC
membranes are cut into cylinders of different diameter and height for

analysis by micro- and nanotomography. For the mechanical support
and the intermediate layers (microtomography), the SiC membranes
were cored from two membranes to obtain separate samples. For the
active microfiltration layer (nanotomography), it was necessary to cut a
sample using a TESCAN S9000 (Zeppelin 3D Metrology) which is a FIB
(Focused Ion Beam) Xenon coupled with a SEM-FEG (Scanning Electron
Microscopy-Field Emission Gun). This coupling allows a configuration
where the focal points of the electrons and ions coincide, allowing im-
aging with the SEM during FIB machining, which allows a very high
level of precision and the fabrication of nanostructures.

2.2. Pore size distribution by mercury intrusion porosimetry

Mercury intrusion porosimetry uses the property of mercury, which
is non-wetting and does not spontaneously penetrate into the porosity,
to obtain the pore size distribution and porosity of the analyzed mate-
rial. A pore size distribution can be obtained from 4 nm up to about 350
um. Consequently, mercury intrusion porosimetry is particularly suit-
able for materials with a wide pore size distribution, such as SiC mem-
branes. For all layers of the SiC membrane, the mercury porosity
measurements were carried out using an AutoPore IV 9500 V1.06
micrometer at the Saint-Gobain Research Provence laboratory. The
volume of mercury entering the porous medium was measured at
different pressures and a porosity versus pore size curve was defined
according to the Washburn relationship:

Dp = —4 X y X cosO M
Pc

with Dp (m), y (N.mfl), 0, and Pc (Pa) respectively constrictions

diameter, mercury surface tension, solid/liquid contact angle and

pressure [18].

For ease of reading in this study, the 25 pm support, the 4 ym layer
and the 600 nm filtration layer are respectively called mechanical sup-
port, intermediate layer and active microfiltration layer.

2.3. Contact angle measurement

The contact angle measurement technique aims to determine the
wettability (hydrophobic/hydrophilic) of the membrane material. Sur-
face energy is a good indicator of how easily molecules can adhere to the
surface of the material. Materials with high surface energy are easier to
wet than materials with low surface energy [19]. The experimental
device used is a Digidrop Contact Angle Meter (GBX Scientific In-
struments) in the Saint-Gobain Research Provence laboratory. A drop of
water from 20 pL was placed on a SiC disc and the contact angle was
measured. These tests are carried out on SiC discs, giving a good indi-
cation of the hydrophilic/hydrophobic character of the cylindrical
membranes used. An image analysis system integrates the angle as a
function of time and determines whether the drop penetrates the
material.

2.4. SEM

SEM is an electron microscopy technique capable of producing high-
resolution images of the surface of a sample using the principle of
electron-matter interaction. The apparent microstructure of SiC mem-
branes has been studied by high-resolution SEM (SEM Zeiss Geminisem
300).

2.5. Micro and nanotomography

X-ray micro or nanotomography is an imaging technique by ab-
sorption of X-rays which allows the object analysed to be reconstructed
in three dimensions, rotating through 360°, from radiographic pro-
jections [20]. The rays transmitted after interaction with the material



are recorded by a detector placed after the sample. The samples are
prepared upstream and positioned inside the conical beam constituted
by the X-rays emitted from their emission focus towards the detector.
The X-rays passing through the sample are attenuated by absorption and
impregnate the detector to form an X-ray projection. These projections
are recorded for a complete rotation of the specimen from 0° to 360°.
The greyscale X-ray image obtained at the detector is then recorded.
Based on all these projections, a Back-Projection algorithm is used to
provide volume density information (3D reconstruction) where the grey
levels of the reconstructed image reflect a local density. We can then
access the differences in composition, as well as the presence of het-
erogeneities (pores, inclusions, etc.) within the sample. The difference
between micro- and nanotomography lies in the resolution related to the
focal spot size of the electron beam. Depending on the device, laboratory
microtomographs can achieve a voxel size ranging from 0.25 to 400 um,
making it suitable for the first two layers of the SiC membrane. The
nanotomograph with a resolution of 50 nm enables the structure of the
active microfiltration layer to be analysed. For the characterisation of
the mechanical support and the intermediate layer of the SiC mem-
branes, microtomography was carried out at the IMI (Institut Mécanique
et Ingénieurie, Aix Marseille University) with an EasyTomXL150 "Me-
chanic Ultra" microtomograph (RX-Solution France). The characterisa-
tion of the active layer of the SiC membrane was carried out in the
CEREGE laboratory (Aix-Marseille University), by nanotomography
with the UltraXRM-L200 apparatus (Zeiss, U.S.A.) equipped with a
rotating anode X-ray source (Cu, Ka, 8048 keV, 40 kV acceleration
voltage, 30 mA current).

3. Results and Discussion

The SiC membrane is a porous medium, therefore composed of two
phases: porous and solid, each with a different absorption coefficient for
incident X-rays. The result is a distinct grey level in the images: the solid
phase has a lighter grey level than the darker porous phase. The 3D
reconstruction is therefore carried out by separating the different phases
of the structure by binarization of the image stack according to the grey
levels composing the image and highlights the numbers of voxels (3D)
(pixel for the 2D) belonging to the poral phase (black) and the solid
phase (white). the binarization or phase segmentation is obtained by
selecting a threshold to separate voxels according their grey values. This
threshold is determined from the analysis of the histogram of grey levels
composing the image (Fig. 1).

Fig. 1, Figs. 2 and 3 were systematically filtered with a "Non local
mean" (nlmean) filter [21]. Fig. 1.1, Fig. 2.1 and Fig. 3.1 show the grey
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level distribution of the original images and the distribution of the
filtered images. With the filter, a systematic enhancement of the images
is obtained which allows an easier binarisation (phase separation). For
all these samples, the classes are roughly balanced (as many voxels in the
pore phases as in the solid phases). The first case (Fig. 1.1) is the most
classical with two Gaussian curves having a large overlap area. In this
case, the filter allowed a better separation of the two Gaussian curves. A
similar behaviour can be observed in the second case (Fig. 2.1) even
though in the original images the Gaussian curves were already well
separated with a large intermediate area between the two peaks. In the
case of Fig. 2.1, the filter further deepens the overlap area and refines the
two Gaussians a bit. The third case (Fig. 3.1) is the most difficult case
where the two Gaussians are completely merged.

Fig. 1.2, Fig. 2.2 and Fig. 3.2 show the cumulative grey level distri-
butions of the filtered images. The display of the cumulative grey levels
(%) allows us to know, for a given grey level value, the percentage of
voxels with a grey level lower than the chosen value. The binarisation
consists in finding the grey level value or threshold which separates the
two phases of the medium. When the Gaussians are well separated, the
ideal threshold is the one that best separates the Gaussians (125 and 75
for the active microfiltration layer and the mechanical support). The
choice of the threshold is more delicate in the case of the intermediate
layer. For this layer, the porosity should be close to 40% (thus balanced
phases). However, only one Gaussian is observed. This can be explained
by the fact that the pores are smaller and that a large part of the voxels
concern voxels at the interface between the pore and the solid, leading to
a drift of the values towards the intermediate grey levels. This is
explained by a resolution (voxel size) that is too low compared to the
size of the pore cells. In this case, the pores are small (6 um) compared to
the voxel size (2 um), therefore the number of voxels at the interface
between the pore phase and the solid phase is of the same order of
magnitude as the number of voxels in the pore phase. Also, the large
number of voxels at the interface (i.e. including both void and solid) fills
the space between the Gaussian. This, does not allow for a good sepa-
ration. In this case, the threshold is chosen here to obtain the known
porosity value (40%) obtain by mercury intrusion porosimetry. The
slope of the cumulative distribution indicates the sensitivity of the
porosity estimate to the choice of threshold. Figs. 1.2, 2.2 and 3.2 show
in grey an uncertainty zone of 10 values around the selected thresholds.
Thus, we obtain a porosity of 46.5% =+ 2.4%, 43.8% =+ 1.6% and 40.8%
+ 6% respectively for the active microfiltration layer, the intermediate
layer and the mechanical support. The low resolution explains the high
sensitivity for estimating the porosity in the latter case. In this last case,
the pores are too small for microtomography but too large for
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Fig. 1. Variation of (1) the grey level distribution of the original images and (2) the cumulative grey level distributions of the filtered images (active micro-

filtration layer).
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Fig. 2. Variation of (1) the grey level distribution of the original images and (2) the cumulative grey level distributions of the filtered images (Support).

1.

0.006 0,008
0,007
0,005
= 0,006
£
oo
20,004 0,005
K=
§ 0,003 0,004
Y
= \
3 0,003
& 0,002
0,002
0,001 l 0,001
0,000 0,000
0 50 100 150 200 250
grey levels

- = = int. layer (original) int. layer (nImean)

100
90
80
70
60
50 o
40
30
20
10

frequency (nlmean)
cumulaed frequency (%)

0 25 50 75 100 125 150 175 200 225 250
grey levels

int. layer (nlmean)

Fig. 3. Variation of (1) the grey level distribution of the original images and (2) the cumulative grey level distributions of the filtered images (Intermediate layer).

nanotomography.

In a two-phase medium (poral and solid), the classes to which these
different voxels belong result in two Gaussian lines whose peaks corre-
spond to the average intensity of the phases. The threshold, calculated
from the grey level distribution of all the stack, is chosen by the Li
method [22] and then applied to all slices. This threshold could also be
selected in order to obtain the same porosity as the experimental one.
Thus, based on this phase segmentation, all the above-mentioned
morphological parameters can be calculated using algorithms and cal-
culations defined and developed by the iMorph software. These pa-
rameters are calculated on a ROI (for Region Of Interest) (Fig. 4) defined
by the user as being the most representative of the sample. In this study,
the direction of fluid flow through the porous medium is always repre-
sented by the z axis, the horizontal slices corresponding to the axis x, y.

3.1. Pore size distribution by mercury intrusion porosimetry

The Crystar® 0.6 um membrane consists of several layers with very
different pore sizes (Fig. 5): a mechanical support at 25 uym, the inter-
mediate layer (not very visible) at 1.5 um and the active microfiltration
layer at 600 nm.

Fig. 5 shows (i) the average pore diameters of the different layers
analysed and (ii) their respective porosity, which is > 40% for all layers.
It is difficult to isolate the intermediate layer at 1.5 um because (i) it is

very thin and (ii) it is overlapping the active microfiltration layer at
600 nm.

Also for this analysis an intermediate layer of 4 um (using as the skin
for another membrane) will be studied in order to see the potential of the
measurement techniques used with respect to this size. Fig. 6 shows the
pore size distribution of the 4 um filtration material.

This makes it possible to study three layers with a log difference in
terms of pore size and thus obtain a good overview of the Crystar®
0.6 um membrane.

3.2. Hydrophobicity of SiC

By integrating the evolution of the contact angle and volume over
time, the hydrophobic/hydrophilic nature of the SiC material can be
determined and the results obtained show that SiC has a higher hydro-
phobicity (Owater = 85.5°) than the materials of some existing ceramic or
organic membranes [23,24], Table 1 e.g. 1.1, 1.3 and 5.4 times more
hydrophobic respectively for PVDF, alumina and the ceramic mem-
branes TiO (surface), Aly03, TiO3, ZrO5 (support).

3.3. SEM measurement

Fig. 7.1 shows all three layers of the Crystar® 0.6 ym membrane
from right to left: from the support (25 um) to the active microfiltration



Fig. 4. Example of binarization for one image (Active layer) by nano-
tomography and selection of ROI (red square).
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Fig. 5. Differential mercury intrusion as a function of pore size for Crystar® SiC
membrane 0.6 pm.

layer (600 nm). A magnification in Fig. 7.2 shows the intermediate layer
at 1.5 um and the active microfiltration layer at 600 nm as well as their
junction. Fig. 7.3 shows the consolidation of the SiC grains at high
temperature. Finally Fig. 7.4 shows the grain size for the active micro-
filtration layer, where the grain size is approximately 400-800 nm.
Fig. 7.5 represents the SEM pictures of the Crystar® SiC membrane with
pore size d50 at 4 um (Fig. 7).

3.4. Tomography

This section presents the morphological results obtained on the
layers analysed with the micro tomography (the mechanical support and
the intermediate layer) and nano tomography (the active microfiltration
layer). Same algorithms have been applied to micro and nano tomog-
raphy images.

3.4.1. Porosity estimation and variations toward filtration direction
The selection of the threshold value, therefore, allows to differentiate
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Fig. 6. Differential mercury intrusion as a function of pore size for Crystar® SiC
membrane 4 pm.

Table 1

Measurement of the contact angle with water for several materials constituting
ceramic membranes. With Al,O; = alumina; ZrO, = zirconium oxide; TiOy
= titanium oxide; PVDF = polyvinylidene fluoride and PC = polycarbonate.

Material Water angle contact Oyeer (°)
SiC 85.5
Al,O3 72.4
ZrOq 71.8
PVDF 69.3
Y.03 68.3
PC 53.5
TiO, (surface), Al,O3, TiO3, ZrO, (support) 15.6

between the two phases (porous and solid) and naturally allows to es-
timate the porosity of the samples.

The automatic threshold selection gives a mean porosity of 45% for
the mechanical support, 40% for the intermediate layer (Fig. 8.1) and
47% (Fig. 8.2) for the active layer. These values are confirmed with
those obtain with mercury intrusion porosimetry (Table 3) (Fig. 8).

For each sample, the porosity variations along the filtration direction
(z-axis) shows a homogeneity of porosity along the ROI with fluctuations
that may be related to grain size and arrangement through layers. This
analysis has highlighted the difference in resolution between the sam-
ples and justifies the choice of different techniques for all the layers of
the membrane. Figs. 1.2, 2.2 and 3.2 can be used to quantify the sen-
sibility of the binarization step to the threshold value. This sensibility is
depending on the grey level contrast of the images (depends on the X-ray
absorption contrast inside the porous media and the x-ray acquisition
parameters), but also on the partial volume effect which is related to the
voxel size (Table 2) compared with the sizes of the structures (pores or
grain) observed (0.6 um/4 pm/25 um) and to the specific surface value.

Fig. 8.2, at the threshold value chosen between the two Gaussian
(119), the porosity of the active microfiltration layer is 41%. Table 3
summarise the mean porosity obtained by mercury intrusion. These
results show a porosity in correlation with the other two layers of the SiC
membrane and in correlation with those obtained by mercury intrusion
porosimetry (Table 3).

3.4.2. Granulometry of the poral phasis and throats size morphology

To estimate a pore size distribution, morphological operations on
binary images such as granulometric opening can be used to directly
retrieve the pore size distribution (PSD). Another method to access the
PSD is to determine the map of aperture diameters. The local aperture
diameter [25] is defined for any point P of an object as the diameter of
the largest ball totally included in the object and containing the point P.
The volume distribution (number of voxels) of these aperture values
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Fig. 7. SEM characterisation of (1) the 3 layers of the Crystar® 0.6 um membranes, (2) the intermediate layer (1.5 um) and the active microfiltration layer (600 nm),
(3) SEM magnification of the consolidated SiC grains at high temperature, and (4) SEM characterisation of the active microfiltration layer (600 nm) for which the
grain sizes are approximately 400-800 nm.(5) SEM picture of Crystar® SiC membrane 4 pym.
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Table 2
Sample characteristics and ROI for all membrane layers (L = with; 1 = length and h = height of the sample).

Sample Cylindrical sample (sxh pmxpm) Voxel size (um) Initial volume to be processed (LxIxh; voxels) ROI dimensions (LxIxh; voxels)
Mechanical support 1000 x 1000 2.28 964 x 902 x 948 500 x 500 x 500
Intermediate layer 1000 x 500 2.07 1099 x 1119 x 1121 450 x 450 x 270
Active layer 77.5 x 16 0.0163 894 x 874 x 908 540 x 540 x 330

Table 3

Summary of the characteristics obtained by mercury intrusion porosimetry on
the different layers of the SiC membrane. The values for the mechanical support
and the "intermediate layer" from the front microfiltration membrane are given
as an order of magnitude. The layers shown in red are the different layers
analysed in this study.

Mechanical Intermediate Active layer
support layer (Crystar® 0.6 pm)
Thickness (um) > 1 mm <1mm 40 pm
Average pore 24.5 ym 4 um 0.6 ym
diam.
Porosity (%) 45 39 51

gives an overview of the most representative diameter value and makes
it possible to determine the pore diameter of the porous medium in a
first estimation [15]. Fig. 9 shows the aperture values distribution of the
poral phase of the 3 different layers.

For each maximum ball size class, the number of voxels concerned is
plotted on ordinates. It should be noted that this measurement is not

8 active layer 60 -
7 & g
==& == intermediate layer \\ 50 ®©
E 6 == mecanical support ‘\‘ 0 ‘é
@ \ o
o ¢ s
> \ +
54 ! 30 g
o \ Q
33 \ 20 3
c \
2 \ )
g \ 10§
L1 =]
w N g
0 0 &
0.1 0.4 1.6 6.4 25.6

Pore size diameter (um)

Fig. 9. Aperture values distribution of the poral phase of the 3 different layers:
intermediate layer, mechanical support; mean diameter 670 nm, 6 um, 26 pm
respectively.

representative of local constrictions of the pore topology as maximal
included ball are principally located at pore centres and more rarely at
constriction centres. For the mechanical support the average pore size is
26.5 ym, 5-6 um for the intermediate layer and 662 um for the active
microfiltration layer. (Fig. 9). These values are close but systematically
slightly higher to the pore sizes obtained by mercury intrusion (Table 3).
It is noteworthy that the pore size estimation by mercury intrusion is
also sensible to the passage diameters between pores (throats or con-
strictions). Fig. 10.

The throats that are the passage windows between pores correspond
to the topological constrictions where the particles suspended in the
solution to be filtered will have to pass through the membrane. There-
fore it is interesting to know their size and morphology. From an auto-
matic pore segmentation using maximal balls identification and
watershed labelisation [26], voxels located at the passage window be-
tween two neighbour pores constitutes a surface called constriction or
throats (see part 3.4.3 for additional details on cells and throats iden-
tifications) Fig. 11.
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Fig. 10. Grain size distribution as a function of grain size. [Solid phase of the
active microfiltration layer (600 nm)].



0,16 0,07
0]
0, 14 0,06
o)

0,12 0,05
0,1 e S
0,04 =
o
0,08 <
0,03 &
0,06 g

@)
0,04 % 0,02
0,02 0,01
0 00 0
0,01 0,1 1 10 100

constrictions equivalentdisk diameter (um)

O intermediate layer ——support —active layer
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662 nm, 5.9 ym, 26.4 um respectively.

The shape analysis of this surface is obtained from the analysis of the
inertia matrix of the voxels composing each constriction. eigenvalues
and eigen vectors of the inertia matrix give the dimensions and orien-
tations (major and minor axis of the throat equivalent ellipsoid). The
diameter of the disc with the same surface area is also calculated. Pore
and grain size as well as morphological characteristics of throats are
presented in Table 4.

3.4.3. Calculated Molecular Weight Cut-Off (MWCO), penetration depth
and accessible volume

The cut-off size determination method from 3D images presented in
this paper uses a decomposition of the pore space into interconnected
cells linked together by constrictions. This technique using a pore
network approach is a faster variant of the method published in the
article by Nathan et al. [16] and which also makes it possible to define
different passage diameters from the morphological data of the con-
strictions and cells. The cells are obtained from the calculation of the
aperture map used previously and which allows to identify the set of the
maximum spheres within the pore space. The centres of these spheres
are then used as foci of cells whose final shape is obtained by a water-
shed markers-based method [27]. This segmentation ensures that all
cells contains a single maximum sphere and are necessary surrounded by
constrictions (throats) that connect other cells.

Voxels that belong to constrictions can be easily obtained by scan-
ning the labelised watershed map. The gravity centre of constrictions
voxels, and of cells voxels constitutes the constrictions nodes and cells
nodes of the pore network respectively. To complete this network, we

Table 4
Summary of the dimensions of the constrictions for the set of ROI of each ana-
lysed samples. With s = standard deviation.

Mechanical Intermediate Active
support layer layer
mean (um) £ s mean (um) £ s mean
(nm) + s
Pores Aperture 26.4+10 5.86 +2.9 662
diam. + 267
Grains Aperture 33.7+7.6 8.83 +£3.3 827.3
diam. + 305.5
Constrictions
Equivalent disk diam. 16.9 +11.5 5.6 + 2.6 370
+ 265
Major axis diam. 21.6 £15.3 6.7 +4.1 470
+ 347
Minor axis diam. 129 £9.5 3.6+28 287.8
+ 214.4

identify the pores in contact with the entry and exit faces of the simu-
lation. The centres of these faces constitute the edge nodes of the porous
network thus obtained. The morphological data of the cells, of the flat
objects such as constrictions or faces are assigned to their corresponding
network nodes. For the simulation we choose as local diameter the
inscribed spheres diameter for cell nodes and the inscribed disc di-
ameters for constrictions or faces nodes. The injection face nodes
constitute the entry points for the simulation. The largest inlet diameter
is identified first. All face nodes with a diameter greater than or equal to
this largest diameter are invaded, and the nodes connected to them are
pushed into the list of potentially invaded nodes. If their diameters are
also greater than or equal to the current maximum diameter then they
are considered as invaded nodes. We remove them from the list of po-
tentials invaded and the non-invaded nodes connected to them are
added to the list. For the current maximum diameter, the iterative
process stops when no more points in the list have diameter greater than
or equal to the current maximum diameter. the current maximum
diameter (that correspond to the maximum particle size that can reach
this node) is assigned to the nodes that have been invaded at the pre-
vious step. The next step consists of repeating this invasion procedure
using a smaller maximum diameter. The next diameter can be chosen by
searching for the next maximum diameter from the non-invaded nodes
of the entry face and from the list of potential invaded nodes, or in other
words from the border of the propagation front. We can also fix the total
number of iterations to finish the invasion algorithm. Once the number
of iterations is fixed, we deduce the size increment to be subtracted from
the current maximum diameter to constitute the new maximum
diameter.

When all the nodes have been reached then the simulation stops, and
we affect to the voxels of the different segmented objects (cells, faces,
constrictions) the values of the largest particle diameters that could
reach their items. Fig. 12 illustrates for the sake of clarity the method by
representing the pore network of a flat porous medium. Red nodes are
the cells centres, green nodes are the face or constrictions centres. In
Fig. 12 constrictions are represented by voxels walls and we can verify
that they are located at topological constrictions of the poral space. The
grey levels of the section plane at the bottom of the image correspond to
particle diameter capable of reaching the various cells in the medium
(white for big particles diameter and black for small ones).

We can calculate the accessible volume for each particle diameter by
summing the voxels which have for value an accessible diameter greater
than or equal to the considered particle size. Note that these volumes
are, by constructions of the propagation method, the volumes accessible
from the injection face only. Also, the maximum attainable depth or
penetration length for a particle size can be deduced from the accessible
volume map, by calculating the maximum depth (distance to the entry
face) of voxels with accessible volume greater than or equal to the
considered particle size. The accessible map colour refers to the biggest
particle able to reach this cell. (Fig. 12).

The analysis of the indexed map gives can be used to estimate a pure
geometrical cut-off as we can identify maximal radius that connect in-
jection and exit face, moreover we can also identify for this diameter the
volume of pores that is accessible for a particle of same diameter. The
MWCO are defined for all the studied membranes (Fig. 13) and seems in
agreement with the values obtained by mercury intrusion porosimetry.
Fig. 13 shows that for the active filtration layer the largest particle that
can pass through the entire ROI measures 707 nm but has access to only
14% of the pore volume. The cut-off value can be arbitrary chosen when
the curve of the maximal depth drops sharply and when at the same time
the accessible volume goes below 50% of the total sample depth. The
MWCO thus determined are consistent with mercury intrusion poros-
imetry but slightly above (The throats that are the passage windows
between pores correspond to the topological constrictions where the
particles suspended in the solution to be filtered will have to pass
through the membrane. Therefore it is interesting to know their size and
morphology. From an automatic pore segmentation using maximal balls



Fig. 12. Method used for MWCO determination. Visualisation of the pore to throats network (red nodes are pores centres, green sphere are throat nodes and faces
input or output) throats nodes are localised at throats voxels barycenters. The colour of the throat voxel (from black to white) represent the local dimension of the
throat (inner disk diameter). The grey level slice at the bottom of the view represent the accessible map where the grey level is related to the particle size able to reach
a pore by going through its surrounded throats. White zone corresponds to largest particles and black zones to smallest ones.
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Fig. 13. A dimensioned penetration depth and accessible volume as a function of particle diameter for (left) mechanical support and intermediate layer and (right)

active microfiltration layer.

identification and watershed labelisation [26], voxels located at the
passage window between two neighbour pores constitutes a surface
called constriction or throats (see part 3.4.3 for additional details on
cells and throats identifications). The shape analysis of this surface is
obtained from the analysis of the inertia matrix of the voxels composing
each constriction. eigenvalues and eigen vectors of the inertia matrix
give the dimensions and orientations (major and minor axis of the throat
equivalent ellipsoid). The diameter of the disc with the same surface
area is also calculated. Pore and grain size as well as morphological
characteristics of throats are presented in Table 4). We can remark that
the MWCO gives a particle size bigger than the mean constrictions
diameter showing that it is important to take the real topology of the
pore network to estimate membrane property. Moreover numerical
MWCO gives also the total volume that is theoretically (geometrically)
accessible for every particle size and in comparison with other technics,
there is no dependence on solute or solvent. We can also observe in
Fig. 13 (for support and active layer) that for particle size close to the
mean constriction diameter, the accessible volume start to decrease

while particle can cross the total sample.

However, precautions must be taken regarding representativeness of
ROI’s used for the 3D images analyzes. The used Roi’s side correspond to
approximatively to 15, 160 and 44 for active layer, the intermediate
layer and the respectively. the representativity for the support is good
and the resolution is also adapted. For the intermediate layer the
representativity is good but the resolution is low. For the active layer,
representativity is low but the resolution is good. The ROI size limitation
of the active layer is principally due to the FIB preparation. Indeed, the
3D reconstruction of the ROI studied for the microfiltration active layer
shows impacts on the edges of the ROI potentially due to the FIB
treatment which could bias the MWCO results (Fig. 14). we can also
notice for this layer that the usable depth is weak to perform MWCO
computation as only few throats may be cross toward the filtration
direction.

3.4.4. Tortuosity
Tortuosity is related to the minimal geometric path in a media to go
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Fig. 14. 3D reconstruction of the ROI of the microfiltration active layer (600 nm) showing laser impact due to FIB treatment.

from one point to another and requires the calculation of the geodetic
distances necessary to define the minimal path. The Dijkstra algorithm is
a graph search algorithm that solves the problem of the shortest path
[28]. Tortuosities are calculated in this present work from the networks
or graphs connecting adjacent cells via the centres of their respective
passes. The pore-constriction-pore graph thus imposes on the minimal
path to pass through the centre of the pores and the centre of the
constriction. Thus the shortest paths are calculated on all the arrival
points of the graph from the opposite face (Xmax, ¥max O Zmax) to the
starting or injection face (Xmin, ¥min OF Zmin) and the tortuosity can be
defined. This characteristic is studied on the three axes because it pro-
vides information on the anisotropy of the medium: if the tortuosity
value depends on the direction (differs along one axis) then the medium
is considered anisotropic, otherwise it is considered isotropic.

Table 5. shows the average tortuosity values of the different layers
according to x, y and z. Regardless of the axis, the tortuosity of the ROI is
approximately between 1.1 and 1.3. These low tortuosity values may
justify the significantly higher permeabilities of SiC membranes
compared to more tortuous ceramic oxides membranes with a tortuosity
around 3 given by the manufacturer.

4. Conclusion

The analysis of the properties of SiC and the microstructure of the

Table 5

Summary of tortuosity averages based on minimal path computed on throat
network graph. Each principal directions are computed for the ROI of each of the
samples of the three membrane layers.

Mechanical support Intermediate layer Active layer

Tortuosity meand=s mean+s mean+s

X 1.2 +£0.01 1.2 £0.01 1.3+£0.1
y 1.1 +0.01 1.1 +£0.01 1.2 £0.09
z 1.2+ 0.02 1.3 +£0.04 1.2 £0.07

10

membranes has made it possible to use various descriptive and com-
plementary technologies for porous media, including nanotomography.
The possibility to reconstruct in 3D using the iMorph software allows a
better understanding of the structure of SiC membranes with additional
information. The measurement of the contact angle of the membranes
made it possible to determine the greater hydrophobicity of SiC (Oyater
= 85.5°). The three layers of the membrane analysed by micro- and
nanotomography and then reconstructed in 3D enabled numerous
structural properties to be extracted: average pore diameter,
morphology of the constructions which are essential information for
understanding the passage of particles within the pores during filtration.
In addition, a homogeneity of the structural properties between the
three layers was observed. The porosity and pore sizes measured with
mercury intrusion porosimetry proved to be in agreement with the
values obtained in tomography. However, for the active microfiltration
skin layer, the sample preparation performed by FIB damaged the
sample by digging grooves in its depth. Thus, the region analysed by
nanotomography was slightly damaged and the representativeness of
the sample was thus reduced. For the first time an accessible map colour
refers to the biggest particle able to reach this cell is produced for each
layer to estimated MWCO. The calculated particle accessible volume
also provides new and relevant information for the use of SiC mem-
branes: what proportion of the pore space is accessible for a given par-
ticle size. The calculation of the tortuosity over the whole membrane
shows a very low tortuosity of the SiC membranes (~ 1.2) compared to
other oxide ceramic membranes.
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