Journal of Membrane Science 389 (2012) 137–147

Contents lists available at SciVerse ScienceDirect

Journal of Membrane Science
journal homepage: www.elsevier.com/locate/memsci

The development of novel micro-capillary ﬁlm membranes
Sina Bonyadi ∗ , Malcolm Mackley
Department of Chemical Engineering and Biotechnology, University of Cambridge, Pembroke Street, Cambridge CB2 3RA, UK

a r t i c l e

i n f o

Article history:
Received 10 March 2011
Received in revised form 18 October 2011
Accepted 21 October 2011
Available online 25 October 2011
Keywords:
Micro-capillary ﬁlm membrane
Filtration
Ethylene vinyl alcohol
Membrane geometry
Ultraﬁltration

a b s t r a c t
This paper reports the experimental results for the processing of micro-capillary ﬁlm (MCF) membranes.
MCFs are ﬁlms with embedded multiple hollow capillaries and can be considered as a hybrid geometry between ﬂat sheet and hollow ﬁbres. Compared to the conventional membrane geometries, MCFs
potentially provide a higher surface area per unit volume, better mechanical strength, ease of handling
and more efﬁcient module fabrication. MCF membranes were fabricated out of ethylene vinyl alcohol
(EVOH) copolymer through a solution extrusion followed by a nonsolvent induced phase separation
process (NIPS). Single capillary EVOH membranes were also fabricated prior to the fabrication of MCFs
to establish a base process. Fluid ﬂow observations were carried out at different regions in the process in order to better understand the dynamics of extrusion and phase inversion. It was observed that
polymer solution and bore ﬂuid rheology as well as processing conditions including air-gap distance
and take up rate have signiﬁcant effects on the ﬂow dynamics and consequently the macrostructure
of the membranes. Furthermore, the ﬂow observations led to the identiﬁcation of an extrudate expansion phenomenon in the external coagulation bath which strongly inﬂuenced the membrane formation
process. The micro-structure characterization of the fabricated membranes showed the formation of a
highly porous, interconnected and macrovoid-free microstructure in the membranes. MCF membranes
can be applied with a potentially promising performance in a variety of membrane applications such as
micro and ultraﬁltration, membrane bioreactors (MBR), porous microﬂuidic devices as well as membrane
contactors for process intensiﬁcations.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
Membranes for separation processes are commonly produced
in two types of geometries: ﬂat sheets and circular single capillaries (sometimes called tubular membranes or hollow ﬁbres
depending on their internal diameters). Flat sheet membranes
are usually stacked in parallel to form plate-and-frame modules
or rolled around a central tube to form spiral wound modules,
while capillary membranes are normally formed into shell and
tube-like conﬁgurations. However, in addition to ﬂat sheets and
circular single capillaries other geometries can also be imagined
for membranes, which could provide advantages over the conventional ones. Recently there have been a few developments in
this area. Inge watertechnologies GmbH patented and commercialized Multi-bore® membrane technology that combines seven
single capillaries in a ﬁbre. The multi-bore structure provides an
improved mechanical strength required for applications such as
ultraﬁltration with backwash cleaning [1]. In another development,
Nijdam et al. [2] produced single capillary membranes in noncircular forms using dies with micro-engineered oriﬁce and annulus. In
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this process characteristic patterns were formed in the inner and
outer surfaces of the capillaries which improved the separation performance of the membranes in comparison to the circular ones. The
authors attributed the improved performance to the higher surface
area provided by the patterned capillaries [2].
This paper is concerned with the development of a different and potentially advantageous geometry for membranes called
micro-capillary ﬁlm (MCF). MCFs are ﬁlms with embedded multiple hollow capillaries and can be considered as a hybrid geometry
between ﬂat sheets and hollow ﬁbres. Compared to ﬂat sheet membranes, MCFs are self supported and provide a higher surface area
per unit volume. Compared to single capillary membranes, MCFs
provide an improved mechanical strength, ease of handling and
more efﬁcient module fabrication.
The concept of solution processed microporous membranes
with an MCF type geometry was disclosed through a Japanese
patent by Toray Ind. Inc. in 1999 [3]. Later, the melt processing
of MCFs was developed by Hallmark et al. [4] which led to the
fabrication of non-porous MCFs applied for micro-ﬂuidics in ﬂow
chemistry [5], heat exchange [6,7] and ﬂuid delivery systems [6].
The manufacture of MCFs was achieved by entraining air within
a molten polymer from injection nozzles during the extrusion of
polymer out of a slit die followed by drawing down the extrudate in an air-gap and ﬁnally cooling it down between chilled rolls.
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Fig. 1. Cross-section of a melt extruded polyethylene MCF [4].

Fig. 1 shows the cross-section of a melt extruded polyethylene
MCF. Recently, Chung et al. [8] reported preliminary studies on
the potential manufacture of rectangular membranes with multiple
holes using a similar die design used by Hallmark et al. [4]
In this paper the development of nonporous melt-extruded
MCFs is extended into porous membranes using a solution extrusion followed by nonsolvent induced phase separation (NIPS)
process. NIPS developed by Loeb and Sourirajan in 1963 [9] is still
a common technique in industry for fabrication of asymmetric
membranes. It is a versatile process that provides the possibility for fabrication of a wide variety of membrane microstructures
for applications ranging from microﬁltration to gas separations
through the control of the processing parameters [10]. This paper
particularly describes the experimental results on the solution processing of ethylene-co-vinyl alcohol (EVOH) MCF membranes. The
solution processing of single capillary EVOH membranes is also
reported to establish base conditions for processing MCFs and
obtain a base for comparison.
Section 2 of this paper describes the materials, equipment and
procedures used in the development of single capillary and MCF
membranes. Section 3 details the experimental results and discussions followed by the conclusions. Rheological characterization of
the polymer solutions used in this paper has been included as an
Appendix.
2. Experimental
2.1. Materials
Ethylene-co-vinyl alcohol (EVOH) was used as an example polymer to form the membrane matrix and supplied by Kuraray. EVOH
was chosen due to the growing interest in this polymer in ﬁelds of
biomedical science and water treatment because of its good biocompatibility and considerable hydrophilicity. To prepare EVOH
polymer solutions as a processing liquid, N-methyle-2-Pyrrolidone
(NMP) was used as the solvent. NMP is a polar solvent which is
commonly used for solution processing of membranes by NIPS
due to its relatively strong polymer solubility as well as its high
water miscibility and relatively benign properties related to environment. Polyvinylpyrrolidone (PVP) with an average molecular
weight of 360,000 Da was used as a processing aid and a pore
forming agent. Glycerol was used as the bore ﬂuid as well as a postprocessing agent. NMP, PVP and glycerol were all purchased from
Sigma–Aldrich and were used as received. The chemical structures
of the materials are shown below.

2.2. Preparation of polymer solutions
Polymer solutions were prepared by adding polymer (EVOH)
pellets and additive (PVP) powders into a three-neck round bottom
ﬂask containing the solvent while the solvent being mechanically
agitated by an overhead stirrer at room temperature. Afterwards,

Fig. 2. (A) Schematic diagram of the membrane processing platform, (B) photograph
of the Cambridge membrane processing platform.

the dispersion was heated up to 80 ◦ C and agitated for 24 h to
form a homogeneous solution. Initially a polymer solution with a
composition of EVOH/NMP (20/80 wt%) was prepared. however, for
reasons which are elaborated later, another solution containing PVP
as an additive (15/10/75 wt%, EVOH/PVP/NMP) was prepared and
adopted for membrane fabrications.
2.3. Rheological characterization
In order to establish the processing properties of the polymer
solutions, steady shear and linear viscoelastic dynamic frequency
sweep behaviour was obtained using an Advanced Rheometric
Expansion System rheometer (ARES-LC model 5450DT).
2.4. Experimental platform for solution processing of membranes
An experimental platform suitable for systematic optical interrogation of the spinning process shown schematically in Fig. 2(A)

was designed and made for solution extrusion of membranes
followed by nonsolvent induced phase separation process. The
platform consisted of an extrusion die held on a vertical traverse
above a coagulation tank. The coagulation tank was made out of
glass in order to make it possible to visualize the extrusion line
both in the air-gap region as well as inside the external coagulant.
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The polymer solution was contained in a ﬂanged vessel and fed to
the die by applying nitrogen gas pressure into the vessel, while its
ﬂow rate controlled by a needle valve. The bore ﬂuid was contained
in a metallic syringe and injected to the bore side of the die using
a Chemix Nexus 6000 high pressure syringe pump that provided
a ﬂow rate with an accuracy of 1%. Depending whether a single
capillary or an MCF die was used in the extrusion, the discharged
polymer solution and the bore ﬂuid formed a two-phase or a
multi-phase ﬂow, respectively. The extrudates passed through an
air-gap region (ranging from 0 to 18 mm) and entered into the
external coagulation bath afterwards. Inside the coagulation bath,
nascent single capillary or MCF membranes were formed as a result
of solvent–nonsolvent exchange between the polymer solution
and the internal (bore ﬂuid) and external coagulants followed by
phase separation of the polymer solution. For more information
on the basic principles of membrane formation by phase inversion
one can refer to references [11–13]. The formed membranes
were collected on a haul off drum driven by a controllable speed
electrical motor. Fig. 2(B) shows a photograph of the platform.
As a post-treatment, the produced membranes were immersed
in fresh water for a few days to complete the solvent–nonsolvent
exchange process and minimize the coarsening phenomenon [14]
in the membranes microstructure. Later, in order to prevent the
shrinkage of the wet membranes during drying which leads to
collapse of the membrane pores, some of the membranes were
freeze dried using a Heto Lyolab 3000 freeze drier and used for
microscopy. The rest of the membranes were immersed in a 50 wt%
aqueous glycerol solution for 24 h and then dried in air.
2.5. Fluid ﬂow observations and image analysis
Fluid ﬂow observations were carried out using a QICAM Fast
1394 camera with a “LEICA mono zoom 7” lens to better understand the dynamics of the extrusion and membrane formation
processes. Obtained images from ﬂow visualizations were analysed
using Image-J 1.38× and MATLAB (R2008b) software.
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2.6. Scanning Electron Microscopy
Surface and cross-section micro-structures of the membranes
were examined using an FEI Philips Scanning Electron Microscope.
In order to obtain sharp cross-sections, SEM samples were prepared
by fracturing membranes in liquid nitrogen followed by sputter
coating with platinum.
3. Results and discussion
3.1. Single capillary membrane processing
In order to establish the base processing of EVOH membranes,
single capillary EVOH hollow ﬁbres were fabricated prior to processing MCFs, using a single capillary die with a design shown in
Fig. 3. The single capillary die end consisted of an annular channel
for polymer solution and a nozzle in the middle for the bore ﬂuid.
Initially a polymer solution consisting of 20 wt% EVOH in NMP
was used as the processing ﬂuid; however, the process using this
solution resulted in the formation of surface instabilities that propagated to the ﬁnal product. Instabilities developed in the process
downstream in the external coagulant regions and led to a periodic
change in the capillary diameter as well as formation of wrinkles
on the external surface of the extrudates. The development of the
instabilities could be due to a rather low viscosity of the polymer
solution with a zero shear rate viscosity equal to 10 Pa s.
In order to suppress the undesirable instabilities a new polymer
solution composition including some PVP additive was formulated
in order to enhance the polymer solution viscosity. PVP is known
in membrane literature as a viscosity enhancer and a pore forming
agent [15,16]. Table 1 summarizes the processing conditions for
fabrication of the single capillary membranes with the new polymer
solution composition including EVOH/PVP/NMP 15/10/75 wt%.
The photograph in Fig. 4 shows the stable extrusion of the
polymer solution with PVP both in the process upstream and downstream that conﬁrms the stabilizing effect of the solution viscosity.

Fig. 3. Drawing of the single capillary die.
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Table 1
Processing conditions for fabrication of single capillary membranes.
Polymer solution
Composition
Core ﬂuid (internal coagulant)
External coagulant
Core ﬂuid ﬂow rate
Polymer solution ﬂow rate
Air gap distance
Take up rate
Post treatment

EVOH/PVP/NMP
(15/10/75 wt%)
NMP/water (80/20 wt%)
Water
0.5 ml/min
1.5 ml/min
1 cm
Free fall
Freeze drying, glycerol/water

Some extent of extrudate die swell can also be observed in the die
exit which is usually attributed to viscoelastic effects combined
with the stress history that polymer solution experiences in the die
[17].
3.2. Micro-structure of single capillary membranes
SEM images in Fig. 5 show the cross-sectional micro-structure
of the fabricated single capillary EVOH membranes. These images
show the formation of a fully sponge-like, macrovoid free and
highly interconnected bi-continuous structure in the membranes
which is normally a characteristic of phase separation by spinnodal
decomposition. On the other hand, the macrovoid-free structure
is mainly due to rather slow phase separation kinetics of EVOH

Table 2
Processing conditions for fabrication of MCF membranes.
Polymer solution
Composition
Core ﬂuid (internal coagulant)
External coagulant
Core ﬂuid ﬂow rate
Polymer solution ﬂow rate
Air gap distance
Take up rate
Post treatment

EVOH/PVP/NMP
(15/10/75 wt%)
Glycerol
Water
0.5 ml/min
2 ml/min
Varied
Varied
Freeze drying, glycerol/water

polymer combined with the high viscosity of the EVOH/PVP
polymer solution.
Cross-sectional images with higher magniﬁcations in Fig. 5 suggest that different ring-like regions with distinct pore size exist
in the membrane cross-section. The outermost region consists
of a rather dense skin with underlying pores (in the range of
0.1–0.5 m), which has the smallest pore size compared to the
other regions. The skin at this layer is responsible for the membrane
sieving selectivity due to its small pore size, while the underlying layers function as a support for the selective layer. By moving
toward the inner regions of the membrane wall, pore size increases
to 2–3 m and then decreases to around 1 m in the middle section. The innermost region is associated with very large pores in
the range of 10–20 m which could be formed due to coarsening phenomenon caused by coalescence of polymer lean regions
in the nascent membrane to form large voids [14]. Formation of
these layers with different microstructures is due to different phase
separation kinetics that each region experiences during the whole
membrane formation process [18,19].
3.3. Processing micro-capillary ﬁlm (MCF) membranes
After processing of single capillary membranes was established
as a base process, micro-capillary ﬁlm membranes (MCFs) were
fabricated through the same process apart from using an MCF die
with a design shown in Fig. 6 instead of the single capillary die.
The MCF die consisted of 19 injector nozzles placed in the middle of a slit. The polymer solution was extruded through the slit
region while the bore ﬂuid was co-extruded through the injector
nozzles.
As shown in Table 2, almost all processing conditions were
kept similar to the single capillary processing apart from using
glycerol instead of water/NMP mixture as the bore ﬂuid. The
reason for changing the bore ﬂuid to glycerol was the fact that
low viscosity bore ﬂuids such as water or water-NMP mixtures
(app = 0.001–0.002 Pa s) were not uniformly distributed among the
MCF die nozzles during membrane processing due to the existence
of a different pressure gradient across different nozzles. In other
words, the bore ﬂuid was channelled into some of the nozzles
through which it experienced the least ﬂow resistance. This led to
the formation of MCF membranes with missing capillaries. In order
to overcome this problem a bore ﬂuid with a higher viscosity such
as glycerol (app = 1.2 Pa s) was applied to generate a higher pressure drop in the MCF die nozzles that could lead to a more uniform
distribution of the bore ﬂuid among the nozzles.

Fig. 4. Photographs showing the stable extrusion of EVOH/PVP/NMP (15/10/75 wt%)
solution with NMP/water (80/20 wt%) through an annular single capillary die into
water as an external coagulant.

3.3.1. Fluid ﬂow observations
The ﬁrst aspects of interests in processing of MCF membranes
are the geometry and ﬂuid mechanics of the extrusion in the
process upstream and downstream. For this reason ﬂuid ﬂow observations were carried out both at process upstream (die exit and the
air-gap region) and downstream (inside the external coagulation
bath).

S. Bonyadi, M. Mackley / Journal of Membrane Science 389 (2012) 137–147
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Fig. 5. Scanning Electron Microscope images showing the cross-sectional microstructure of EVOH single capillary membranes.

The photographs in Fig. 7 show the front and side elevations of
MCF extrusion in the process upstream and downstream. The front
elevation photograph in Fig. 7(A) clearly shows the multi-phase
ﬂow of bore ﬂuid jets discharged from the 19 injector nozzles,
within the polymer solution phase discharged from the die slit.
This elevation shows a nonlinear reduction in the extrudate width
(lateral neck-in) from the die exit to the water level in the air-gap
region (15 mm). The MCF extrusion in the process upstream is
very similar to the cast ﬁlm process apart from the fact that MCF

extrusion involves a multi-phase ﬂow rather than one phase ﬂow
in ﬁlm casting. The neck-in and decrease of thickness behaviour of
polymeric ﬂuids in ﬁlm casting processes is a complicated problem
that depends on rheological properties of the ﬂuid as well as the
processing conditions. Agassant et al. have extensively studied
these behaviours in ﬁlm casting of homogeneous polymer melts
[20–23]. Some water rise on the extrudate at the water–air interface can be seen as well which is due to the hydrophilicity of the
extrudate.

Fig. 6. (A) Drawing of the MCF die, (B) image showing the MCF die exit, (C) image showing the MCF die injector.

142

S. Bonyadi, M. Mackley / Journal of Membrane Science 389 (2012) 137–147

Fig. 7. Photographs showing the extrudate ﬂow proﬁles during the processing of MCF membranes. (A) Upstream front elevation, (B) downstream front elevation, (C) upstream
side elevation, (D) downstream side, (E) extrudate thickness increase in the coagulation bath elevation.

The front elevation photograph in Fig. 7(B) shows the extrudate
inside water in the external coagulation bath. This elevation shows
an almost linear reduction in extrudate width which is not as steep
compared to the width reduction in the process upstream (air-gap
region). This is due to a rapid increase in polymer solution viscosity
in the process downstream as a result of polymer solution phase
inversion caused by the external coagulant.
The photographs in Fig. 7(C) and (D) show the side elevations
of the extrudate in the process upstream and downstream, respectively. It can be observed that the extrudate thickness is reduced
in the air-gap region; however it is surprisingly increased in the
process downstream (external coagulant). The extrudate thickness
increase which is called “extrudate expansion phenomenon” hereafter is possibly due to hoop stresses acting on the curved edges of
the extrudate that leads to the compression of the deformable ﬂuid
like inner regions. The hoop stress is generated by the shrinkage of

the polymer at the outer surface of the extrudate when the extrudate comes into contact with the external coagulation bath. The
compressive force at the edges induces a circumferential and radial
ﬂow in the extrudate, which leads to a thickness increase as well
as a width decrease in the extrudate. In other words the shrinked
layer at the outer surface of the extrudate acts like a rubber band
trying to deform the inner deformable ﬂuid in the nascent MCF.
Fig. 8 schematically demonstrates the proposed mechanism for the
extrudate expansion in the process downstream. The combined
effects of neck-in in the air-gap region and the extrudate thickness
increase in the external coagulation bath can lead to the formation
of deformed capillaries with oval or irregular shapes. The formation of deformed shape capillaries is evidenced by cross-sectional
images and further discussed in the next sections. It is also worth
noting that during dynamic deformation of the extrudate in the
external coagulant the extrudate cross-section may freeze into

Fig. 8. Schematic diagram explaining the expansion phenomenon in the external coagulation bath.
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Fig. 9. Front elevation photographs showing the effect of air-gap distance on the extrudate ﬂow proﬁle. (A) Air-gap = 15 mm, (B) air-gap = 10 mm, (C) air-gap = 5 mm, (D)
air-gap = 0.

some transitional geometries and hence lead to the formation of
different membrane cross-sections. Based on the proposed mechanism the transitional and ﬁnal shape of the MCF cross-section
highly depends on the rate and extent of polymer shrinkage in the
external coagulant, the rheology of the polymer solution as well
as the processing conditions such as air-gap distance and take-up
rate which are elaborated in the following sections.

3.3.2. Effect of air-gap distance on the ﬂow proﬁle and product
macrostructure
Flow observations were carried out for different air-gap distances to investigate the effect of air-gap distance on the extrudate
ﬂow proﬁle in the process upstream. Fig. 9 shows the front elevation images for air-gap distances equal to 15, 10, 5 and 0 mm.
It can be observed that by lowering down the air-gap distance,
the extrudate width at water level increases from 9 mm at 15 mm
air-gap to 12, 16 and 20 mm corresponding to air-gaps equal to
10, 5 and 0 mm, respectively. This behaviour led to fabrication of
wider MCF membranes at lower air-gaps as shown in Fig. 10. It
can be observed that at lower air-gaps the cross-sections of the
membranes shown in Fig. 10(A–C) are quite uniform in the middlesection with circular capillaries formed in the membrane matrix.
However, the cross-sections are slightly thicker in the regions near
the two edges and capillaries are deformed into oval or irregular shapes in these regions. This is mainly due to the formation
of edge beads surrounding a central area of constant thickness in
the process upstream (air-gap region) combined with the thickness
increase of the extrudate (expansion phenomenon) in the external
coagulation bath. The formation of edge beads in the air-gap region
is known in the polymer processing literature as “dog bone defect”
[20,23]. In the melt processing industry the edge beads are trimmed
after the production [20,23]. At higher air-gaps the ﬂow neck-in is
more signiﬁcant and leads to the deformation of almost all capillaries into oval shapes. These results suggest that the air-gap distance

is an important parameter to control the product macrostructure
and especially product width.
3.3.3. Effect of take-up rate on the ﬂow proﬁle and product
dimensions
The photographs in Fig. 11 show the side elevation of the
MCF extrusion in the process upstream and downstream for three
different take up rates at constant polymer solution and bore
ﬂuid ﬂow rates. It can be observed that for all three cases the

Fig. 10. Cross-sectional images of as-extruded EVOH MCFs processed at different
air-gap distances with a free fall take-up rate (A) air-gap = 0 mm, (B) air-gap = 5 mm,
(C) air-gap = 10 mm, (D) air-gap = 15 mm, (E) air-gap = 18 mm.
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Fig. 11. Side elevation photographs showing the effects of take up rate on the ﬂow proﬁles in the process upstream and downstream. (A-1) Side elevation of process upstream
at take up rate = 6.3 mm/s, (A-2) side elevation of process upstream at take up rate = 8.0 mm/s, (A-3) side elevation of process upstream at take up rate = 11.7 mm/s, (B-1) side
elevation of process downstream at take up rate = 6.3 mm/s, (B-2) side elevation of process downstream at take up rate = 8.0 mm/s, (B-3) side elevation of process downstream
at take up rate = 11.7 mm/s.

extrudate thickness decreases in the air-gap region and then
increases in the external coagulation bath. However, the extrudate thinning behaviour is more signiﬁcant at higher take up rates.
Although the expansion phenomenon occurs at higher take up rates
as well, a smaller thickness of the extrudate at the air–water interface ultimately leads to the fabrication of thinner MCF membranes
as shown in Fig. 12. The diagram in Fig. 13 obtained by analysing
the images in Fig. 11 quantitatively shows the effect of take up rate
on the extrudate thickness.
In some extrusion processes higher take up rates (draw ratios)
might be desirable to achieve a higher product throughput or
to alter product properties such as dimension and microstructure. However, processes are usually prone to instabilities such as
draw resonance and ﬁlm breakage at high take up rates. The MCF
extrusion process in particular was identiﬁed to be prone to ﬁlm
breakage at the air–water interface as the minimum thickness of
the extrudate occurs at this point.

Fig. 12. Cross-sectional images of as-extruded EVOH MCFs processed at different
take-up rates (A) take-up rate = 6.3 mm/s (B) take-up rate = 11.7 mm/s.

It should be mentioned that MCF membranes were also fabricated out of polyvinyledene ﬂuoride (PVDF) polymer using
the same process and very similar trends were observed
on the effects of processing conditions on ﬂow dynamics in

Fig. 13. Diagram showing the effect of the take up rate on the MCF extrudate ﬂow proﬁle in the process upstream and downstream.
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Fig. 14. Scanning Electron Microscope images showing the cross-sectional microstructure of EVOH MCF membranes.

Fig. 15. Scanning Electron Microscope images showing surface microstructure of EVOH MCF membranes (A) outer surface, (B) inner capillary surface.

the process and consequently the macrostructure of PVDF
membranes.

3.3.4. Microstructrue of micro-capillary ﬁlm membranes
The SEM images in Figs. 14 and 15 show the cross-sectional
and surface microstructure of the fabricated micro-capillary ﬁlm
membranes. It can be observed that rather similar macrovoidfree, bi-continuous and interconnected microstructure as single
capillary membranes has formed in the cross-section of the MCF
membranes. Regions with distinct microstructure in the MCF crosssection include (1) the region close to the membrane outer surface
with a skin on top of small pores in the range of 0.1–0.5 m, (2)
the middle region with bigger pore sizes in the range of 2–3 m
and (3) regions in the vicinity of the capillaries with smaller pore
sizes in the range of 0.3–0.5 m. The main difference in microstructure between single capillary and MCF membranes is related to the
region in the vicinity of capillaries. This is due to the fact that different bore ﬂuids were used for the two processes, i.e. NMP/water
mixture for single capillary and glycerol for MCF processing. Different bore ﬂuids induced a different phase separation in the polymer
solution and hence led to the formation of different microstructure
in the region near the capillaries which is mainly inﬂuenced by the
bore ﬂuid.

4. Conclusions
This paper has established conditions for solution processing of
microporous single capillary EVOH membranes and shows that a
novel geometry for membranes called micro-capillary ﬁlms (MCFs)
can be manufactured. It also shows that successful manufacturing
of MCF membranes is very sensitive to polymer solution and bore
ﬂuid rheology, polymer shrinkage rate as well as processing conditions such as air-gap distance and take up rate. A high viscosity
solution is desirable to dampen process instabilities and a viscous
bore ﬂuid is desirable to be uniformly distributed in the die injector nozzles and form a more uniform product. Air-gap distance and
take up rate can signiﬁcantly inﬂuence the macrostructure of the
MCFs in terms of thickness, width and uniformity. Observation of
membrane cross-sections combined with ﬂow observations in the
process led to the identiﬁcation of the extrudate expansion phenomenon (thickness increase) within the external coagulation bath.
The expansion phenomenon was speculated to be due to the hoop
stresses within the extrudate surface region as a result of polymer
shrinkage at the extrudate outer surface. In terms of microstructure, EVOH single capillary and EVOH MCF membranes with a high
porosity, high level of pores interconnectivity and permeability
can be manufactured by choosing a right polymer solution composition and processing conditions in a NIPS process. Compared

146

S. Bonyadi, M. Mackley / Journal of Membrane Science 389 (2012) 137–147

Fig. A1. Rheological characterization of polymer solutions. (A) Experimental data showing the apparent and complex viscosities of the EVOH/NMP (20/80 wt%) solution as a
function of shear rate and the frequency, respectively. (B) Experimental data showing the apparent and complex viscosities of the EVOH/PVP/NMP (15/10/75 wt%) solution as
a function of shear rate and the frequency, respectively. (C) Experimental data showing storage (G ) and loss (G ) moduli and the complex viscosity of EVOH/NMP (20/80 wt%)
solution as a function of frequency. (D) Experimental data showing storage (G ) and loss (G ) moduli and the complex viscosity of EVOH/PVP/NMP (15/10/75 wt%) solution
as a function of frequency.

to the conventional membrane geometries MCFs can potentially
provide a better mechanical strength, easier handling and more
efﬁcient module fabrication. Due to these unique advantages, MCFs
could for example be applied in a variety of applications such as
membrane bioreactors (MBR) for waste water treatment, porous
microﬂuidic devices as well as membrane contactors for process
intensiﬁcations.
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Appendix A.
A.1. Rheological characterization
Fig. A1 shows the steady shear and dynamic frequency sweep
behaviours of the polymer solutions with and without PVP. Steady
shear diagrams show apparent viscosity (app ) of the solutions as
a function of shear rate ().
˙ It can be observed that the addition of
PVP has signiﬁcantly increased the zero shear rate viscosity (˙ 0 ) of
the solution to around 300 Pa s compared to 10 Pa s for solutions
without the additive only. Furthermore, the solution containing
PVP shows a non-Newtonian shear thinning behaviour while the
neat EVOH solution is almost Newtonian in the tested range of shear
rate.
In order to check validity of Cox-Mertz rule for the solutions,
curves of complex viscosity ( *) as a function of angular frequency
(ω) obtained from dynamic frequency sweep experiments were

also plotted on steady shear graphs. It can be observed that good
agreements exist between the two curves for both solutions that
conﬁrm the validity of the Cox-Mertz rule.
The dynamic frequency sweep diagrams show the complex viscosity ( *), storage modulus (G ) and loss modulus (G ) as a function
of angular frequency (ω). It can be seen that both solutions show
levels of viscoelastic behaviour especially at higher frequencies
around 100 (Rad/s), which corresponds to relaxation times in the
order of 5–10 ms. However, the viscoelstic behaviour is much more
pronounced for the solution with PVP which has a much higher
storage modulus (G ) compared to the neat solution. These results
imply that viscoelastic effects could be important at high shear rates
in the order of 16 (1/s) during the extrusion process especially in
case of solutions containing PVP.
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