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The presence of pores larger than a micron, known as macrovoids, in polymeric membranes is
particularly detrimental for membrane structural integrity and mechanical properties. The theoretical
modelling and physical understanding of the mechanisms of initiation and growth of the macrovoids,
notably in order to determine processing conditions that would allow to make macrovoids-free
membranes, have been the subject of a vast literature and are still controversial. However, experi-
mental data on macrovoids, that could help to discriminate between several ideas are scarce and have
been essentially obtained using 2D imaging systems. A very large number of observations are then
needed to obtain statistically significant results and the limitation to 2D images does not permit to
access to an accurate description of the macroporous structure. In this work, an X-ray tomography
system was used to image the 3D porous structure of hollow fibre membranes with a spatial resolution
of one micron. Image analysis tools have been developed to accurately characterise the macrovoid
shapes and spatial distribution on the membrane outer and inner skins as a function of some of the
spinning process conditions (concentration of solvent into the bore and air gap length). The main
purpose is therefore to quantify effects of some processing conditions on the macroporous structure of
a hollow fibre membrane. Also, such an accurate characterisation of the macrovoids spatial distribution
and 3D shape, as well as their variations with the process experimental conditions, help to shed light on

macrovoids initiation and growth mechanisms.

1. Introduction

Polymeric membranes are widely used in filtration processes.
These applications require well-controlled porous structures.
Most of the organic membranes are usually obtained by the
well-known phase inversion process. This process consists in
triggering a separation between a polymer-rich phase, which
forms a continuous matrix of material, and a polymer-lean phase
which develops into pores. Phase separation can be achieved by
wet-casting (a polymer solution is immersed in a non-solvent
bath), dry-casting (solvent is evaporated from a polymer solution)
or thermal precipitation. The obtained porous structure is highly
dependent on both the phase separation kinetics and the thermo-
dynamical equilibrium.

Some process conditions promote the formation of pores
larger than a micron also known as macrovoids. They are
particularly detrimental for the structure integrity and for the
mechanical resistance to the pressures usually applied during
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filtration. Macrovoids have commonly pear shape but their
geometry may be finger-like or spherical. They have been identi-
fied in all phase inversion systems, in flat sheet membranes as
well as in the hollow fibre configuration. The mechanisms of
initiation and growth are still debated [1-14]. In the case of
hollow fibre membrane obtained by wet-casting process, the
compositions of the casting solution, the coagulation bath as well
as the spinning parameters are known to significantly impact on
macrovoid occurrence. Indeed, an increase in polymer concentra-
tion [15,16] or solution viscosity, an addition of surfactants [17]
or inorganic particles [4] into the casting solution, as well as an
addition of solvent into the bore liquid solution [15] may deeply
decrease the amount of macrovoids. Spinning velocity [16], air
gap [18,19] or spinneret geometry may also significantly influ-
ence number, shape and location of macrovoids [18].

These observations are essentially based on the analysis of 2D
images of membrane cross sections obtained by scanning electron
microscopy or transmission electron microscopy. Coupled with
image analysis methods, microscopic techniques enable to get
accurate pore size distribution, porosity profile or tortuosity in
microfiltration membranes [20,21]. However, this requires a very
large number of observations to obtain statistically significant



results. Moreover, these techniques do not give access to the
actual 3D shape of macrovoids and to their spatial distribution.
Such data can be provided by 3D imaging methods such as the
X-ray microtomography [22,23] or 3D reconstruction applied to a
set of 2D images [24]. In addition to the three-dimensionality, the
large volume that can be observed using X-ray microtomography
(around 1 mm?) allows obtaining statistically significant data.
Using this technique, Remigy et al. [23] characterised qualita-
tively the macrovoids 3D shape and dimensions.

Besides the obvious interest of getting images of the mem-
brane internal structure for a posteriori process optimisation by
trials and errors, this kind of data can also supply precious
information on the physical phenomena involved in macrovoid
initiation and growth leading to a better understanding which
could, a priori, help to optimise the process.

The precise physical mechanisms at play leading to macro-
voids initiation and growth is a long standing and still contro-
versial issue in the field of membrane formation by phase
inversion processes.

Most of the theoretical ideas on macrovoids initiation and
growth have been developed for wet-casting as it is the most used
process to make membranes for water filtration. A distinction is
usually made between the mechanisms at the origin of the
macrovoids formation (macrovoid initiation) and those involved
during their growth.

Macrovoids initiation is often thought to be promoted by an
instability occurring at the casting solution-coagulation bath inter-
face, once the membrane is immersed. Several scenarios have been
proposed, which differ from one another by the description of the
destabilising mechanisms and also of the overall system (for
instance, hydrodynamic instability at the interface between two
immiscible fluids, with diffusion of a third component through the
interface [10,11], or mechanical instability involving the shrinkage
stress induced by solvent synaeresis [9]). Even if the macrovoids
growth, following the initial destabilization of the interface, is a
highly non-linear phenomenon, their spatial distribution should
reflect the physics of the underlying initial instability, and thus be
related to the most unstable wavelength that can be obtained
through a linear stability analysis. Several studies aimed to detect
such a critical wavelength through planar membrane image analysis
and confronting its value to the prediction of a stability analysis
[12,13]. Interestingly, it must be mentioned that the interfacial
instability mechanisms have recently been put forward to explain
the formation of hollow fibre membrane with a wavy grooved
internal skin [14].

The mechanisms at play during macrovoid growth are also
debated. Smolders et al. [3] suggested that macrovoids initiate
from nucleation of the polymer-lean phase by liquid/liquid
demixing when the composition is located between the binodal
and spinodal boundaries on the phase diagram (note that this
mechanism does not require an instability of the type mentioned
earlier to be triggered). The growth of macrovoids then occurs by
diffusion of solvent from the polymer solution to the macrovoid
nuclei, when this flow is higher than the non-solvent flow from
the nuclei to the polymer solution. However, according to several
authors, macrovoid growth cannot be purely diffusive on account
of their explosive growth, particularly in dry-casting process [5,6].
McKelvey and Koros [5] suggested that the demixing front
velocity governs the macrovoid growth, generating osmotic
pressure across the nucleus wall. The arrival of the front may
lead to a vitrification at the back side and a pressurisation of the
front side, which may explain the characteristic teardrop shape of
macrovoids. Paulsen et al. [6] proposed that the diffusion
mechanism was helped by a Marangoni force generated by sur-
face tension gradients between the trailing edge and the leading
edge of the nascent macrovoid, known as solutocapillary

convection. This mechanism was widely accepted [7] and corro-
borated by experiments using video-microscopy flow-
visualisation technique [8]. This technique also enabled the
detection of coalescence of micro-droplets with the emerging
macrovoids, which is considered by some authors as the pre-
dominant phenomenon of the macrovoid growth [23]. Obviously,
the final shapes of the macrovoids that can be accurately
measured on 3D images are going to reflect the physics involved
during their growth.

In this paper, the aim is to characterise quantitatively the 3D
distribution of macrovoids as well as their 3D shape and dimen-
sions using X-ray tomography and image analysis techniques. The
final purpose is to quantify effects of some processing conditions
on the macroporous structure of a hollow fibre membrane. As
seen above, such an accurate characterisation of the macrovoids
spatial distribution and 3D shape, as well as their variations with
the process experimental conditions may help to support one or
other of the theoretical mechanisms for macrovoid initiation and
growth. This study is organised as follows. The technical aspects
related to the processing conditions of the tested hollow fibre
membranes, as well as to the X-ray tomography set-up are first
presented in Section 2. Then 3D images are exhibited. Methods of
detection and characterisation of spatial distribution and 3D
shape of macrovoids are then detailed. Results are presented in
Section 3: the effect of solvent addition into the bore liquid
solution and the influence of the air gap distance are investigated.
In the last section, the observed effects are discussed based on the
existing theories of macrovoids initiation and growth.

2. Material and methods
2.1. Hollow fibre membrane and process conditions

The hollow fibre membranes were prepared using a dope
solution of polyvinylidene fluoride (PVDF) and N-Methyl-2-
pyrrolidone (NMP) as solvent. Water was used as coagulant. The
nascent hollow fibre extruded from the tip of the spinneret (with
an outer diameter of 1.2 mm, a wall thickness of 0.1 mm and an
inner diameter of 0.3 mm) and passed into an air gap zone before
entering into the a first coagulation bath. The take up speed was
set to 11 mmin~!. After their elaboration, the hollow fibre
membranes were stored into a second water bath to end coagula-
tion for 24 h. Casting solution and bore fluid temperatures were
80 °C while the temperature of the first coagulation bath was
50 °C.

Two sets of membranes were prepared. The first set was made
up with an air gap length of 10 cm and three different amounts of
solvent added into the bore fluid. The weight percentages of NMP
added were 0 wt%, 15 wt% and 30 wt%. The second set was made
up with 30 wt% solvent into the bore and six different air gap
lengths of 1, 10, 18, 25, 32 and 50 cm, equivalent to residence
times in the air of 0.055, 0.55, 0.98, 1.37, 1.75 and 2.7s
respectively. The prepared hollow fibre membranes were washed
using RO water and dried gently at room temperature before their
characterisation.

2.2. 3D image acquisition by X-ray microtomography

X-ray tomography was performed using the nanofocus com-
puted tomography system NANOTOM® (GE Phoenix, Germany)
exhibited in Fig. 1(a). The observed hollow fibre membranes
were cylinders of 5 mm in length and around 0.8 mm in diameter,
held vertically inserting one end in a glass tube (see Fig. 1(a)).
During data acquisition an X-ray beam irradiated the sample.
Radiographs of the X-ray beam passing through the sample were



recorded for 2400 different angular positions around the fibre.
The complete acquisition time is in hour range under uncon-
trolled moisture due to the equipment limitation. This is why we
observed dry hollow fibres to avoid deformations due to drying
during the image acquisition while SRUCT allows the observation
of wet fibre [22,23].

A voxel size of around 1 um> was reached. A filtered back
projection algorithm (GE Phoenix, Germany) was applied to
reconstruct the 3D structure of the sample using scanned radio-
graphs. The reconstructed 3D volume of 900 x 900 x 300 voxels or
900 x 900 x 300 pm> represents a 3D map of the absorption
coefficients coded in 16 bits. Fig. 1(b) reveals a 2D image in grey
levels of a plane perpendicular to the fibre axis, extracted from
the 3D volume. One can appreciate on this 2D image the weak
contrast between the polymeric matrix and air.

In order to obtain quantitative descriptors of the sample
structure, the 3D image was filtered using a median filter (see
Fig. 1(c)) and segmented to distinguish porous and solid phases
using the AMIRA"™ software, (see Fig. 1(d)). White pixels represent
the solid phase and black pixels the void phase. Fig. 1(e) exhibits a
volume extracted from the segmented 3D image. It can be noticed

that, due to the spatial resolution, only pores higher than 1 pm?
(i.e. the voxel size) can be distinguished. Macroporosity can be
quantified as the ratio of the number of black pixels within the
membrane thickness to the number of white pixels, see Fig. 1(d).
Note that the image processing operation leading to a segmented
image can induce some uncertainties as far as macroporosity and
pore numbers values are concerned, depending on the values of
various numerical criteria chosen when running AMIRA® soft-
ware region-growth algorithm (namely the positions of the
“seeding points” and an homogeneity factor for the grey-levels
of neighbouring voxels). By tuning these parameters of the
region-growth algorithm, the macroporosity was found to vary
as much as 4% only, which provides a good estimate of the
uncertainty in the macroporosity determination, whereas the
number of macropores did not vary significantly.

In the following, a distinction is made between macroporosity
near the inner or outer skin. Macroporosity near the outer skin,
respectively inner skin, is simply defined as the ratio of the
number of black pixels within the outer half, respectively inner
half, of the membrane to the number of white pixels within the
corresponding half membrane.

. Sample

Fig. 1. (a) X-ray tomography set-up (nanofocus computed tomography system NANOTOM® (GE Phoenix, Germany)). (b) 2D image (900 x 900 pixels) extracted from the
imaged volume (900 x 900 x 300 voxels i.e. 900 x 900 x 300 um?>). (c) Same image after a filtering operation. (d) Same image after a segmenting operation by region
growth. (e) Volume extracted from the 3D segmented image performed with AMIRA®™ software. The cylindrical coordinate system related to the hollow fibre is noted

(e, €., €,). This image is also available as a supplementary file to the present paper.



Fig. 2. Volumes extracted from 3D segmented images of hollow fibre membranes made up with (a) 0 wt% and (b) 30 wt¥% of solvent into the bore liquid solution for
residence time in air of 0.55 s, and with a residence time in air of (c) 0.055 s and (d) 2.7 s with 30 wt% of solvent into the bore liquid. This image is also available as a

supplementary file to the present paper.

Fibre length (um)

Fig. 3. (a) Porous inclusions in a plane perpendicular to the fibre axis. (b) Inclusions near the inner skin with the nearest points from the fibre centre noted in blue.
(c) Representation using the cylindrical coordinate system of these points for the set of 2D images. The local minima are noted by a red circle and correspond to the
coordinates of initiation points. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

As shown in Fig. 1(e), several macrovoids are connected to
each other and appear to be lined up along the e, direction in
some regions. Some of them are also connected to the membrane
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outside through their initiation points. Fig. 2 presents the top
view of the same kind of volumes of hollow fibre membranes
obtained with different spinning conditions. Fig. 2(a) and (b)

50 0

a



reveals membrane volumes made up without and with 30 wt% of
solvent into the bore liquid solution, respectively. Fig. 2(c) and (d)
shows membrane volumes at the lowest and the highest resi-
dence time in air respectively (with 30 wt% of solvent into the
bore). Differences in macrovoids distributions and shapes
between the membrane inner/outer skins and for different
process conditions are clearly seen and will be discussed in
details in the following, see § 3. Macrovoids with very different
sizes can be observed. However, almost all of them appear to have
a more or less elongated teardrop (or pear) shape. Widjojo and
Chung [18] have also identified similar types of macrovoids using
SEM images. The distinction they made between a teardrop shape
and a spherical shape (not observed in the present study) may be
an artifact due to the 2D visualisation used in their study. In fact, a
3D teardrop shape macrovoid can rather display an elliptical/
spherical cross-section, depending on the 2D slice location.

The tools used in this study order to accurately quantify
the spatial distribution of the macrovoids on the inner and
outer skins of the membrane and their shape, from the 3D images,
as a function of some process conditions, are presented in the
following.

2.3. Initiation points detection by image analysis

The method to detect initiation points consists of using the set
of 2D images perpendicular to the fibre axis. In each image,
inclusions belonging to the porous phase are individualised.
Fig. 3(a) depicts these inclusions for one 2D image. To detect
the initiation points of macrovoids on the inner skin, the nearest
point from the fibre centre is found in each inclusion using the
“Image processing Toolbox” of MATLAB®. These points are noted
in blue in Fig. 3(b). Thereafter, they are plotted for all 2D images
in a graph using the cylindrical coordinate system (e;, e,, e,)
presented in Fig. 1(c), as seen in Fig. 3(c). The points that belong
to connected inclusions are grouped and marked with a same

local colour. Here, an inclusion in the ‘k’ image is considered to be
connected with another inclusion in the ‘k+1’ image if the 2D
coordinates of the gravity centre of the inclusion in the ‘k’ image
corresponds to a location included in the inclusion of the ‘k+1’
image. As shown in Fig. 3(c), the local minimum in each set of
grouped points is identified and defined as the macrovoid initia-
tion point (noted with a red circle).

Note that the same procedure was applied to detect the
initiation points of macrovoids on the outer skin by finding the
farthest points from the fibre centre of 2D inclusions of the outer
skin. Algorithms were implemented in MATLAB®,

2.4. Characterisation of initiation points spatial distribution

Fig. 4(a) displays an example of the initiation point distribu-
tion on the outer skin of a hollow fibre membrane. Here, the
perimeter (um) is used instead of 6. In order to characterise this
distribution, the radial distribution function (r.d.f), g(h), was
computed. The r.d.f. g(h) represents the probability to find an
initiation point in a ring with a width of dh, at a distance h from
another initiation point chosen as a reference point. By dividing
the physical surface into rings with a width of dh (see Fig. 4(b)) it
is possible to compute the number of initiation points dn(h) at a
distance between h and h+dh from a given initiation point and to
write:

_ S dn(h
8 = §orhdn M

where N represents the total number of initiation points and S the
skin area. In order to have a statistically significant measurement
of g(h), the r.d.f. was computed for all the initiation points
detected and then averaged. Note that to avoid any finite size
effects, initiation points that were not positioned sufficiently far
away from any of the field of view borders were not taken into
account during the average value calculation. Fig. 4(c) exhibits the
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Fig. 4. (a) Example of spatial distribution of the initiation points on the outer skin of a hollow fibre membrane made up without solvent into the bore liquid solution.
(b) Scheme of the surface discretisation for the evaluation of the radial distribution function (r.d.f.). (c) Radial Distribution Function (r.d.f.) applied to the distribution of
initiation points: evolution of the density g(h) as a function of the distance h from an initiation point. The minimum characteristic length hp,;, detected is around 13 pm
(red dashed line). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. (a) Circular shape, (b) elliptical shape and (c) teardrop shape with values of concavity Co, circularity Ci and teardrop shape index 4 (distance between the midpoint
(green crosses) of the major axis length and the gravity centre (red circles) over the major axis length d). (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)

Table 1

Shape indexes for macrovoids of a hollow fibre membrane made up without
addition of solvent into the bore (cf. §2.1 and Fig. 2(a)): convexity (Co), circularity
(Ci), teardrop shape index (4) and relative length (L). The shape indexes values are
obtained by averaging over all the macrovoids detected on the image. The
standard deviation of these average values can be considered as the incertitude
on the measurements, and are given in parenthesis.

Co Gi 2 L
Inner skin 0.85 (0.08) 0.47 (0.14) 0.10 (0.04) 0.27 (0.08)
Outer skin 0.82 (0.11) 0.44 (0.17) 0.07 (0.04) 0.23 (0.12)

evolution of g(h) as a function of h for the initiation points
distribution shown in Fig. 4(a). The r.d.f. g(h) reaches a value
fluctuating around 1 as soon as h > hyin With hyin ~ 13 pm. This
shows that the initiation point distribution is homogeneous
beyond this distance. Also, the absence of discernible periodic
variations of g(h) around 1 shows that this distribution is random.

2.5. Characterisation of macrovoid shape and dimensions

In order to characterise the various shapes of the macrovoids,
and to allow a quantitative and unambiguous study of their
evolution as a function of some processing conditions, several
shape indexes have been used. Fig. 5(a, b and c) shows respec-
tively a circular, an elliptic and a pear shape with the correspond-
ing shape indexes used in the present study and defined below.

The first index is the convexity, noted Co, which is the ratio of
the form area over the area into the convex hull. As revealed in
Fig. 5, the three shapes are convex. The second index is the
circularity, noted Ci, which is the ratio of the minor axis length
over the major axis length when a shape is fitted by an ellipse. It
enables to distinguish an elongated convex shape from a circular
convex shape. The ellipse shape and the teardrop shape have
circularities lower than 1, attesting that they are elongated forms.
The third index is the ratio of the distance between the midpoint
of the major axis length (d) and the gravity centre of the shape
over the major axis length (d). The midpoint and the gravity
centre are plotted as green crosses and red circles respectively in
the shapes of Fig. 5. As this index is non-zero for a teardrop shape
(see Fig. 5(c)), it enables to distinguish an elliptical shape from a
teardrop shape. Thus it is named the teardrop shape index and is
noted /.

The relative macrovoids dimensions have been characterised
using the ratio of the major axis length (d) over the thickness of
the membrane wall. This index, named relative length, is noted L. In
order to characterise macrovoids shapes, shape indexes are calcu-
lated on each 2D inclusion which contains an initiation point.

The shape indexes defined above have been calculated for the
hollow fibre membrane made without addition of solvent into the
bore (see Fig. 2(a)) and are given in Table 1 for macrovoids of the
inner and outer skins. It is seen that macrovoids have elongated
pear shape and their lengths represent around 25% of the whole
wall thickness of this hollow fibre membrane. This corresponds
quite well to what can be observed with an unaided eye in
Fig. 2(a), which shows the relevance of these indexes to char-
acterise the macrovoids shape. Note that the wall thickness in this
case is around 130 um; thereby macrovoids have an average
length of 32 pum.

3. Results
3.1. Influence of solvent addition into the bore fluid

3.1.1. On macroporosity and spatial distribution of initiations points

Fig. 6(a) depicts the evolution of the macroporosity near the
inner skin, near the outer skin and for the whole membrane when
the solvent ratio into the bore liquid solution varies from O to
30 wt%. Fig. 6(b) exhibits the evolution of the surface density of
initiation points on the inner skin and on the outer skin for the
same variations of solvent content.

It appears that the whole macroporosity decreases regularly.
The macroporosity close to the inner skin drops from 0.3 to
almost 0. Quite surprisingly, the macroporosity close to the outer
skin is also affected, varying from 0.42 to 0.35 with the addition of
solvent. The outer skin properties (permeability and selectivity)
are thus probably also affected by a change of the bore fluid
composition. To our knowledge, this is the first time that this
observation is reported.

The density of initiation points is almost three times higher on
the outer skin than on the inner skin without solvent addition. It
can be noticed that the density of initiation points (i.e. macro-
voids) is one thousand times lower than the density of pores
(smaller than a micron) commonly measured for that kind of
membranes (around 10'2 m~2) [25]. The evolution of the initia-
tion point density on the outer skin almost follows the same
evolution as macroporosity. However, the macroporosity near the
inner skin shows a 15% decrease while the density of initiation
points on the inner skin is divided by 4 as the solvent ratio varies
from O to 15 wt%: the macrovoids are then larger and fewer when
the solvent ratio increases from 0 to 15 wt% before almost
disappearing with a further increase of the solvent concentration
up to 30 wt%.

The distribution of initiation points on the outer skin was
found to be homogeneous and random whatever the solvent
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Fig. 6. (a) Effect of solvent addition (wt%) into the bore on the macroporosity close to the inner skin, close to the outer skin and for the whole membrane. As mentioned in
§2.b, a maximum uncertainty of 4% on the macroporosity values can be induced, depending on the way the image segmentation is performed. This uncertainty would affect
all the data points similarly, shifting all of them to values slightly larger or smaller than those presented in this figure. (b) Effect of solvent addition (wt%) into the bore fluid

on the surface density of macrovoids on the inner skin and on the outer skin.
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Fig. 7. Spatial distribution of the initiation points on the inner skin of a hollow fibre membrane made up with 15 wt% of solvent into the bore fluid.

Table 2
Effect of solvent addition into the bore on the minimum characteristic length hmin
between initiation points on the inner and outer skins.

Apmin (Lm) 0 wt% 15 wt% 30 wt%
Inner skin 20 - -
Outer skin 13 17.5 16.5

content into the bore fluid is. For each membrane, a minimum
characteristic length can be measured. However, the distributions
of the initiation points on the inner skin are largely heteroge-
neous when solvent is added to the bore (i.e. for 15 wt% and
30 wt%). Fig. 7 shows this distribution for a 15 wt% solvent ratio.
Because of the heterogeneity of the distribution, no accurate
minimum characteristic length could be measured using the
radial distribution function on the inner skin, neither for solvent
ratio of 15 wt%, nor for one of 30 wt¥%.

However, in these cases, initiation points appear to be grouped
in some regions and sometimes lined up along the fibre length
direction e,. No alignment cannot be distinguished in the outer
skin (see Fig. 4(a)) and in the inner skin for 0 wt% solvent into the
bore. The minimum characteristic lengths between initiation
points hy,;, for the different solvent ratios are given in Table 2.

As expected, hy, is much smaller at 0 wt%, when the density
of initiation points is large, than at the two solvent concentrations
used for which the density of initiation points significantly
decreases. It is larger for initiation points on the inner skin (at
0 wt% of solvent into the bore), reaching 20 pm.

3.1.2. On macrovoid shape and dimensions

The convexity (Co) and the teardrop shape index (1) are almost
always higher than 0.8 and 0.08, respectively. This attests that
macrovoids have nearly a teardrop shape. Fig. 8(a), and (b),
presents the evolution of the mean circularity of the 2D inclu-
sions, respectively of their mean relative length, with the solvent

addition. No variation can be observed for both indexes for
macrovoids close to the outer skin. However, the circularity of
macrovoids close to the inner skin sharply increases from 0.44 to
0.80 when the solvent ratio varies from 0 to 30 wt%. However, no
variation is noticed on the macrovoids relative length. We can
observe that the relative length is almost similar, around 22%,
whatever the location (inner skin or outer skin) and the solvent
ratios are. Nevertheless, as the membrane thickness slightly
decreases with solvent addition from 140 um to 130 um, the
actual mean macrovoid length is reduced from 30 um to 28 pm.
The mean width of macrovoids near the outer skin remains
around 13 um whereas it increases from 14 pm to 24 pum for
macrovoids near the inner skin when the solvent ratio varies from
0 to 30 wt%.

It can be concluded that macrovoids close to the inner skin are
getting wider with the increase of solvent ratio into the bore fluid
as illustrated in Fig. 9. As seen previously, see Fig. 6(a and b), the
number of macrovoids decreases while increasing the solvent
concentration. From O to 15 wt%, the macrovoid volume increase
explains the small reduction of the macroporosity near the inner
skin. At 30 wt%, the macrovoids are still wider but they are very
few which explains the sharp decrease of the macroporosity.

3.2. Influence of residence time in the air (i.e. air gap length)

3.2.1. On macroporosity and spatial distribution of initiation points

Fig. 10(a) depicts the evolution of the macroporosity close to
the inner skin, close to the outer skin and for the whole
membrane when the residence time in air varies from 0.1s to
2.7 s (i.e. a variation of the air gap from 1 cm to 50 cm, cf. §2.a.).
Fig. 10(b) exhibits the evolution of the surface density of initiation
points on the inner skin and on the outer skin for the same
variation of residence time. It appears that macroporosity of the
whole membrane slightly increases. This evolution can be
ascribed to the great increase of the macroporosity close to the
inner skin from 0.08 for the minimum tested residence time
(0.055s) to 0.6 for the maximum tested residence time (2.7 s).
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A sharp increase is noticed between 1 s and 1.4 s which is related
to a sudden increase of initiation points density on the inner skin.
As shown in Fig. 10(b), the density of initiation points is close to
zero for residence times lower than 1.4 s and around 400 mm 2
beyond. This particular residence time can be considered as a
critical time for macrovoid formation. Besides, it is worth noting
that macroporosity significantly increases whereas the density of
initiation points does not change.

Macroporosity near the outer skin and density of initiation
points on the outer skin show variations as the residence time
increases but no clear trend emerges. These results slightly differ
from the SEM observations of Widjojo and Chung [18] who
noticed an increase in the number of macrovoids near the inner
skin and a decrease in the number of macrovoids near the outer
skin with increasing air gaps.

The initiation point distribution on the outer skin was found to
be homogeneous and random whatever the residence time is. No
significant variation of the minimum characteristic length has
been recorded while varying the residence time. This value is
around 17 pm. Distributions of initiation points on the inner skin
are heterogeneous. As for the distribution on the inner skin of
membrane made with solvent into the bore solution, we can
distinguish some initiation points lined up along the fibre length
direction. Regarding the initiation points distributions and their
surface densities, it appears that distributions are heterogeneous
when their densities are lower than 500 mm™~2. In this case, we
can distinguish that initiation points tend to line up along the
fibre length direction. These results corroborate quite well those
obtained with the solvent ratio change (cf. §3.a.i.).

3.2.2. On macrovoid shape and dimensions

Fig. 11(a) presents the evolution of the mean circularity of the
2D inclusions which have initiation points with the residence
time in the air. Fig. 11(b) exposes the evolution of the mean
relative length. The circularity of macrovoids near the inner skin
remains around 0.7 when the residence time increases while the
relative length doubles between the minimum and the maximum

tested residence times. The circularity of macrovoids near the
outer skin increases regularly with the residence time while the
relative length decreases. Note that the mean circularity and the
mean relative length of macrovoids close to the outer skin are
lower than those of macrovoids close to the inner skin whatever
the residence time is.

One can conclude that macrovoids are always larger near the
inner skin than near the outer skin. When the residence time
increases, the membrane thickness increases too from 125 pm to
150 pm and macrovoids near the inner skin become larger as it is
represented in Fig. 12(a): their mean length and their mean width
increase from 40 pum to 90 um and from 30 pum to 60 pm,
respectively. The macrovoids close to the outer skin are shorter:
their actual mean length is reduced from 30 pim to 18 pm. On the
contrary, their mean width does not significantly evolve and
remains around 9-10 um (the increase of their circularity
is compensated for by the increase of membrane thickness).
This is represented in Fig. 12(b).

4. Discussion

4.1. Contribution to the understanding of macrovoid
initiation mechanisms

The analysis of the spatial distribution of the macrovoids
initiation points near the inner and outer skins provides some
information about the mechanisms governing macrovoids initia-
tion. The present results suggest that the spatial distributions are
directly related to the densities of initiations points on both skins.
When the density is lower than 500 mm™~2, distributions appear
to be heterogeneous and the r.d.f. is not an appropriate tool to
characterise them. However, it can be clearly seen that, in this
case, macrovoids tend to line up along the fibre axial direction.
When the density is equal or greater than 1000 mm~2, distribu-
tions appear to become quite homogeneous and random on both
skins: initiation points alignments cannot be distinguished any-
more. In this case, a minimum characteristic length between
initiation points can be measured. As expected, it decreases as the
density increases. This characteristic length is significantly larger
than the macrovoids mean width when the density is equal or
lower than 2000 mm~2 indicating that there is no contact
between macrovoids. Beyond this density, the characteristic
length is similar to the macrovoid width indicating that macro-
voids begin to be connected one to another. In particular, it is the
case for macrovoids near the outer skin of membranes made
without solvent into the bore (cf. §3.a.).

A characteristic length between macrovoids has already been
observed and measured in asymmetric 2D flat sheet membranes
by Cohen-Addad and Panine [13]. They obtained experimentally
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some scaling laws relating this length to the solvent concentra-
tion and to the diffusion coefficients near the interface between
the casting solution and the non-solvent bath, which made sense
within the framework of a qualitative instability analysis.
A similar finding, again for flat sheet membranes was obtained
by Ray et al. [12]. In the case of hollow fibre membranes, this is to
our knowledge the first time that such a characteristic length is
measured, which may serve as a reference data to be matched by
theoretical predictions related to macrovoids initiation, for
instance using the linear stability analysis framework.

The existence of such a characteristic length can also be
understood within the framework of Prakash et al. approach [9].
According to these authors, the macrovoid initiation is caused by
the rupture of stressed necks of the gelled polymer-rich network.
This should result in a region where stresses are relaxed around
the broken neck thus giving a characteristic spacing between
macrovoids initiation points, which still needs to be quantita-
tively predicted in the framework of this theory.

The initiation points lining up (at low density) may imply that
there is an effect of the fibre motion on macrovoids formation in
hollow fibre membranes. Following again Prakash et al., we may
think that the mechanical weakness of some necks may propa-
gate, promoted by the fibre motion. The fibre motion effect on the
macrovoid initiation appears to be significant as long as the

macrovoids density remains low. However, it is worth noting
that it is no longer the case at higher density, where the initiation
point distribution is homogeneous and random.

4.2. Coherence of the present results with the current knowledge on
macrovoids growth mechanisms

As shown in the present work, solvent addition into the bore
leads to a reduction of initiation points on the inner skin and to an
increase of the macrovoids width. The reduction of initiation
points with solvent addition has been already noticed [15]. It is
viewed as the result of a delayed demixing which leads to nuclei
and then droplets that are too small to coalesce. Indeed, coales-
cence of droplets is usually thought to be a requirement for
macrovoid formation and growth [3,9]. Besides the reduced
number of macrovoids finally formed, the measured increase of
their width may be the consequence of a delayed vitrification of
the polymer-rich phase owing to a slow evacuation of solvent.

Membranes made with different residence times have been
obtained using a 30 wt% solvent ratio into the bore. As a result,
there are barely any macrovoids close to the inner skin at short
residence times. However, macrovoids are significantly more
numerous beyond a critical residence time in air (or equivalently
a critical air gap) estimated to 1-1.5 s. Before the hollow fibre falls
into the bath, phase inversion occurs almost exclusively near the
inner skin. As the solvent cannot be expelled, the solvent
concentration into the bore fluid increases more and more.
Moreover, there is no front of non-solvent migrating from the
outer skin. Thus, vitrification cannot occur before the hollow fibre
falls into the bath. For short residence times, the formed droplets
have not enough time to grow (obviously because of the sig-
nificant delayed demixing at high solvent ratio into the bore) so
as to coalesce before gelification and vitrification of the polymer-
rich phase. Beyond the critical time, droplets can grow enough to
coalesce and so to form macrovoids.



Then, it can be noticed that the size of macrovoids close to the
inner skin tends to increase with the residence time. Indeed, once
droplets have coalesced, macrovoids are free to grow before
vitrification. As a result, the formed macrovoids are larger and
larger as the residence time increases. Besides, denser regions are
created in front of the macrovoids. When the nascent membrane
enters into the coagulation bath, phase inversion occurs close to
the outer skin. The leading edges of the developing macrovoids
close to the outer skin are pressurised when meeting the dense
regions. Consequently, macrovoids close to the outer skin are
shorter in length than those created at short residence times.

5. Conclusions

In this work, the X-ray tomography technique has been used,
along with some 3D image analysis tools, in order to accurately
characterise the shape and spatial distribution of macrovoids
present close to hollow fibre membrane inner and outer skins.
These morphological characteristics are a function of the proces-
sing parameters, which impact the phase inversion phenomenon
leading to the membrane. In this study, the effects of solvent
addition into the bore and of the residence time in the air have
been investigated.

The present work demonstrates the relevance of X-ray tomo-
graphy for hollow fibre membrane 3D morphological character-
isation. For instance, the 3D nature of the data allows showing
unambiguously the existence of a range of processing conditions
for which a minimum characteristic distance between macrovoids
initiation points can be measured. This observation is in accor-
dance with several theories drawn to account for macrovoids
initiation, in particular a recent theory based on mechanical
instability of the gelled polymer phase. Besides, the 3D shape
characterisation of macrovoids enables to establish relations
between their amount and shapes, and between the demixing
and vitrification kinetics. However, this point has been only
briefly discussed. It appears necessary to study the effects of
other spinning conditions on these macrovoids parameters. Also,
it could be interesting to perform X-ray tomography imaging
during the phase inversion in order to follow the macrovoids
growth in situ to observe their formation. Finally, the 3D images
could also be used to determine the effective transport properties
(e.g. permeability tensor) of the membrane.
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