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a b s t r a c t

Hollow fiber membranes with microstructured inner surfaces were fabricated from a PES/PVP blend
using a spinneret with a microstructured needle. The effect of spinning parameters such as polymer dope
flow rate, bore liquid flowrate, air gap and take-up speed on the microstructure and shape of the bore
and its deformation was investigated. It was found that when a high bore liquid flowrate was used, the
microstructure in the bore surface was destroyed. The bores were deformed to an oval shape when the
fiber walls were thick. This was attributed to buckling of the fiber shell as a result of the coagulation and
shrinkage of the outer surface. Fibers were also fabricated with a round-needled spinneret for comparison.
The intrinsic pure water permeabilities (based on the actual bore surface areas) of fibers with structured
orrugated membrane
kin layer

and round bores were found to be similar. On the other hand, the structured fibers have larger pores in
the skin layer. Smaller pores on the round fibers are considered to form when the inner surface coagulates
and the skin layer is pulled inwards due to the shrinkage caused by phase separation. When the bore
is structured, the wavy shape can damp this contraction effect resulting in larger pores. The skin layer
thickness of the fibers was investigated using a colloidal filtration method. It was shown that fibers with
microstructured bores which have mostly uniform skin layer thickness and reasonably narrow pore size
distribution can be fabricated.
. Introduction

Channels with microstructured surfaces are interesting for
any applications. For asymmetric membranes, microstructuring

he skin surface can enhance area-to-volume ratio and increase the
roductivity of the membrane [1–4]. Furthermore, the microstruc-
ure can create secondary flows that improve liquid mixing and
herefore reduce concentration polarization [5–9]. Other appli-
ations include cell culturing for tissue engineering, where the
icrostructure or micropattern helps cell attachment and orienta-

ion [10–13], and microfluidic channels, where grooves on channel
alls can improve mixing [14–16].

In the literature there are a number of studies illustrating that
ntroducing corrugations that lie normal to the feed flow direction
n flat sheet membranes can promote secondary flows and reduce
oncentration polarization [7–9,17,18]. Although microstructuring

at sheet membranes has been done more often, microstructuring
ubular membranes is more rare. Broussous et al. reported the fab-
ication of ceramic tubular membranes with helical grooves on the
nner surface. They observed significant flux improvement com-
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pared to tubular membranes with smooth walls and attributed
this improved fouling performance to the flow disturbance by the
helical structure [5,6]. Ceramic microfiltration membranes with
star-shaped channels are also commercially available [19,20].

Several researchers reported that when spinning hollow fiber
membranes, under some conditions the bore becomes corrugated
[21–25]. While this was mostly seen as an undesired irregularity
in membrane research, for tissue engineering this phenomenon
was exploited to fabricate porous fibers with well-aligned grooves
which facilitate cell orientation in scaffolds [10,11,13].

Hollow fiber membranes with microstructured surfaces can also
be fabricated using microstructured spinnerets. Fabrication of hol-
low fibers with microstructured outer surfaces has been reported
for gas separation and ultrafiltration applications [1,3]. The spin-
neret used contains an insert with a microstructured hole in the
middle, which transfers its shape to the membrane during phase
separation. Nijdam et al. demonstrated that it is also possible to
make fibers with microstructures on the bore side using a spin-
neret with a microstructured needle made by electroplating on an

outside-structured fiber template [3].

In this study, we use a spinneret with a microstructured needle
fabricated by laser ablation to make hollow fibers with microstruc-
tured bore for ultrafiltration applications. The parameters affecting
the replication of the microstructure and deformation of the bore

dx.doi.org/10.1016/j.memsci.2010.11.063
http://www.sciencedirect.com/science/journal/03767388
http://www.elsevier.com/locate/memsci
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Table 1
Fiber spinning parameters.

Fiber Needle Dope flowrate
(ml/min)

Bore flowrate
(ml/min)

Take-up speed
(m/min)

Air gap
(cm)

Residence time
in air gap (s)a

SN1 Structured 5.35 1.76 4.0 11 1.7
SN2 Structured 2.28 1.76 4.0 11 2.3
SN3 Structured 2.28 1.76 2.0 11 3.6
SN4 Structured 2.28 1.76 4.0 5 1.1
SN5 Structured 5.35 1.76 4.0 35 5.2
SN6 Structured 5.35 1.76 8.0 35 3.5
SN7 Structured 5.35 1.76 8.0 11 1.1
SN8 Structured 5.35 2.81 4.0 11 1.6
SN9 Structured 2.28 2.81 4.0 11 2.3
RN1 Round 2.28 1.76 4.0 11 2.3
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RN2 Round 2.28 2.81

a To calculate the residence time in the air gap, the velocity in the air gap was est
elocity.

hape are investigated. The fibers were characterized with respect
o permeability, pore size distribution and skin layer thickness and
ompared to round hollow fibers with inner skin.

. Experimental

.1. Fiber fabrication

The fibers were fabricated with the polymer dope 16.6% PES,
.91% PVP K30, 4.91% PVP K90, 7.18% H2O, 66.32% NMP. Water at
oom temperature was used as bore liquid. The external coagula-
ion bath was water at 57 ± 5 ◦C. The spinning conditions for the
abrication of different fibers are summarized in Table 1. The spin-
eret used for fibers with microstrucured bore is shown in Fig. 1.

he needle was fabricated by laser ablation (Ligtmotif, Enschede-
etherlands). The dimensions of the microstructured spinneret and

he round-needled spinneret used to spin round-bore fibers are
iven in Table 2.

able 2
pinneret dimensions.

Microstructured
spinneret

Round-bore
spinneret

Aneedle,in (mm2) 0.22 0.20

Aneedle,out (mm2) 0.44 0.50

Adope (mm2) 1.33 1.27

Fig. 1. The spinneret and the m
4.0 35 7.2

as the average of the polymer dope velocity exiting the spinneret and the take-up

After spinning, the fibers were washed in water for 24 h. Then
they were placed in 4000 ppm NaOCl solution for 48 h. After wash-
ing in water overnight, they were kept in 10% glycerol solution for
24 h and then dried under ambient atmosphere.

2.2. Fiber characterization

The morphology of the fibers was examined using Scanning
Electron Microscopy (JEOL JSM 5600LV). The dimensions of the
fibers were measured from the SEM images using ImageJ software.

The pure water permeabilities were measured using MilliQ
water with 3-fiber modules of 20 cm length and under trans-
membrane pressure differences of 0.5 and 1.0 bar. Three modules
were tested for each fiber batch. The permeabilities reported for
the structured fibers were calculated using the actual convoluted
surface area. In other words, the intrinsic permeabilities of the
membranes, in units of L/h m2 bar, are reported for both structured
and round fibers.

The pore size distribution of the fibers was measured by
permporometry [1]. For skin layer thickness determination the
colloidal gold filtration method was used [1]. Colloidal solu-
tions of 20 nm gold particles were purchased from Sigma–Aldrich.
Membrane modules of 3 cm2 area (corresponding to single-fiber
modules of ca. 10 cm) were prepared and 15 ml of 25 ppm gold
solution was filtered from the shell side towards the bore under a
transmembrane pressure difference of 1.5 bar. After filtration, the

membranes were dried overnight in vacuum at 30 ◦C and fractured
in liquid nitrogen. No further coating was applied on the cross
section of the samples which were examined with the backscat-
tered electron detector in the JEOL JSM 5600LV Scanning Electron
Microscope under low vacuum (20–25 Pa).

icrostructured needle.
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Fig. 2. The outer surface (a) and cr

Table 3
Membrane area per fiber volume for fibers with structured and round bore as an
indicator of surface area enhancement.

Fiber Bore
perimeter
(mm)

Cross-
sectional
area (mm2)

Membrane area
per fiber volume
(m2/m3)

SN1 2.90 1.33 2.18
SN2 2.53 0.95 2.67
SN5 2.67 1.34 1.99

3

3

t
s

t
t

F

SN6 2.60 1.26 2.06
SN7 2.65 1.22 2.18
RN1 2.15 0.93 2.31
RN2 2.09 0.90 2.31

. Results and discussion

.1. Fiber morphology

Fig. 2 shows the outer surface of fiber SN2. The outer surface of

his fiber and all the other fibers are highly porous while the inner
urfaces have a denser skin.

In Table 3, the inner perimeter and total cross-sectional area of
he fibers with structured and round bores are given. The ratio of
hese two values, which is equivalent to the membrane area per

ig. 3. Structured fibers SN1, SN5, SN6 and SN7 fabricated using a dope flowrate of 5.35 m
oss-section (b) of fiber SN2.

membrane volume, is shown in the last column. The structured-
bore fiber SN2 has 16% higher membrane area-to-volume ratio than
the round fiber RN1. The replication of the needle structure is sim-
ilar for all structured fibers. Since the other four structured fibers
(SN1, SN5, SN6 and SN7) shown in Table 3 have thicker walls, and
therefore higher volume, the area-to-volume ratios are lower.

Among the fibers spun with the microstructured spinneret, dif-
ferent bore structures were observed. The fibers SN1, SN5, SN6 and
SN7, shown in Fig. 3 were spun using the same dope and bore
flowrates (Table 1). The fibers SN1 and SN7 were spun with an 11 cm
air gap and take-up speeds of 4.0 and 8.0 m/min, respectively. SN5
was spun with a 35 cm air gap and take-up speed of 4.0 m/min, and
SN6 was spun with a 35 cm air gap and take-up speed of 8.0 m/min.
In all of these fibers, the microstructure of the bore is retained,
however the bore shape is oval. In SN7, the bore is deformed the
most and in SN5 the least. The bore of the fiber SN5 was observed
to be round after spinning and even after a few hours of washing
in water. The oval shape set in after the overnight washing.
On the bore of the fibers, coagulation starts the moment the
dope and the bore liquid exit the spinneret. Then, when the fibers
enter the water bath, the outer surfaces also coagulate. Although
the vapor in the air gap can already initiate phase separation, it
is in the water bath that phase separation on the outer surface is

l/min, a bore liquid flowrate of 1.76 ml/min with varying take-up speed or air gap.
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Fig. 4. Structured fibers SN1, SN2, SN8 and SN9 fabricated using a take-up speed of 4 m/min, air gap of 11 cm and varying dope or bore liquid flowrates.
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ig. 5. Structured fibers SN2, SN3 and SN4 fabricated using a dope flowrate of 2.2
peed, (b) 11 cm air gap, 2 m/min take-up speed and (c) 5 cm air gap, 4 m/min take-

omplete. When the outer surface coagulates, it is pulled inwards
ue to the shrinkage after the solvent-nonsolvent exchange [26,27].
his pulling can deform the shape of the bore if the skin and the
ber shell are soft. A similar explanation was suggested by Bonyadi
t al. who investigated the irregularity of fiber bores spun using a
tandard spinneret with a round needle [21]. They attributed the

orrugations or irregularities in the bore to buckling of the elastic
kin on the inner surface of the fibers. Among these four fibers, SN7
pends the least time in the air gap, and therefore by the time it
nters the water bath, the skin formed on the inner surface of the

Fig. 6. The fibers RN1
in, a bore liquid flowrate of 1.76 ml/min and (a) 11 cm air gap, 4 m/min take-up
eed.

fiber is the softest and the polymer dope constituting the fiber shell
is still of relatively low viscosity. There had been little time for non-
solvent liquid induced phase separation from the inside and vapor
induced phase separation from the outside. As a result, coagula-
tion of the outer surface of the fiber deforms the bore of this fiber
the most. For the fibers that spend more time in the air gap, the

skin becomes more rigid, the polymer dope in the shell becomes
more viscous and there is less deformation. The least deforma-
tion is seen in the fiber SN5, which spends the longest time in the
air gap.

(a) and RN2 (b).
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Fig. 7. Pure water permeability of fibers SN2, SN5, SN7, RN1 and RN2.
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(Fig. 8). The broadness of the pore size distributions is mostly simi-
Fig. 8. Pore size distribution of fibers SN2, SN5, SN7, RN1 and RN2.

The fiber SN2 (Fig. 4) was spun with a lower dope flowrate than
he fiber SN1 (Table 1) and the bore of this fiber is round, with
he microstructure retained. The wall of the fiber is thinner and
herefore by the time the fiber enters the water bath, the part of the
hell that has undergone phase separation forms a higher fraction
f the total. So when the outer surface coagulates, the shell is more
iscous compared to SN1 and does not deform.

The fibers SN8 and SN9 were spun with a higher bore liq-
id flowrate than the fibers SN1 and SN2, respectively (Table 1,
ig. 4). The deformation of the bores are similar in SN1–SN8 (oval),
nd SN2–SN9 (round). However, for the fibers SN8 and SN9 spun
ith high bore flowrates, the microstructured shape of the bore is
estroyed. A higher bore liquid flowrate exerts a higher pressure

owards the outer radial direction. This pressure can destroy the
tructure before the skin can solidify and become rigid.

The fiber SN3 (Fig. 5(b)) was spun using a lower take-up speed
han fiber SN2, with the rest of the spinning parameters the same

Fig. 9. Skin layer of fiber SN2: (a) one fin and groove
Fig. 10. Skin layer of fiber RN2.

(Table 1). The fiber has a thicker wall and the microstructure in the
bore is destroyed although the overall shape is round. With a lower
take-up speed there is expected to be more die swell, which can
push the bore towards inside and destroy the microstructure [28].

The fiber SN4 (Fig. 5(c)) was spun using a lower air gap than
fiber SN2, while the rest of the spinning parameters were kept the
same (Table 1). With a short air gap of 5 cm, the skin can be so soft
that it is both deformed to an oval shape and its microstructure is
destroyed upon the coagulation of the outer surface.

In general, it was observed that a high bore liquid flowrate can
destroy the microstructure on the inside surface. Also, when the
skin on the inner surface of the fiber has not solidified to a certain
extent, or when the fiber shell is still soft, the coagulation of the
outer surface can deform the shape of the bore.

The fiber RN1 spun with the round needle with the same spin-
ning parameters as the structured fiber SN2 has a deformed bore
(Fig. 6). This implies that although the spinning conditions are the
same, the phase separation process can be different for the fibers
spun with the round and structured needle. The fiber RN2, spun
using the round needle has a round bore and is used for further
comparison with the structured fibers.

3.2. Fiber performance

The intrinsic pure water permeability of all the fibers is similar
(Fig. 7). This indicates that the resistance of the skin layers should
be comparable, since the skin forms the main contribution to the
membrane resistance.

On the other hand, the mean pore sizes of the round fibers RN1
and RN2 are both lower than the structured fibers SN2, SN5 and SN7
lar. The full width at half maximum is ±65% of the mean for all fibers
except for SN5, for which it is ±85% of the mean. The difference
between the structured and the round fibers may be ascribed to
the shrinkage of the polymer solution in the bore side upon coagu-

, (b) corner of a fin and (c) corner of a groove.
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Fig. 11. Skin layer of fiber SN5: (

ation. When the polymer dope contacts the bore liquid and the skin
s formed, the bore is pulled inwards due to the shrinkage caused
y phase-separation [26,27]. When the bore is round, this pulling
orce can compress the pores being formed. However for a struc-
ured fiber, the wavy shape of the bore can damp the compressing
ffect of shrinkage.

Table 4 summarizes the skin layer thickness measured by the
olloidal gold filtration method for a number of structured fibers
nd the round fiber RN2. Figs. 9–11 show the SEM pictures of the
kin layers of the fibers SN2, RN2 and SN5 visualized by 20 nm gold
articles.

For the structured fibers SN2 and SN7, the skin layer is 2 �m
hick and this thickness is mostly constant throughout the surface.
nly on the corner of the fins of SN2, it is locally thicker (Fig. 9(b)).
he round fiber RN2 also has a skin layer of 2 �m (Fig. 10). On the
ther hand, for the fiber SN5, the skin is thickest on the top of the
ns (9 �m) and gradually gets thinner towards the grooves (6 �m).

n the corner of the grooves there is further thinning of the skin,
here it becomes 3 �m (Fig. 11).

For the structured fibers with deformed bore shapes, the skin
hicknesses are similar in all the grooves and fins. This supports
he previous discussion that the deformation of the bore towards
n oval shape happens due to the coagulation on the outer surface
f the fibers, by which time the pore size in the skin should have
ostly set in.
The thick skin layer of the fiber SN5 can be attributed to the

hicker fiber wall caused by the high polymer dope flowrate used
n spinning this fiber. Reuvers et al. who modelled the diffusion
rocesses that occur after the immersion of a polymer solution in
nonsolvent bath predicted that the rate of diffusion in the coagu-

ation bath and in the polymer solution is inversely proportional to
he square of the initially cast film thickness [29]. From the moment
he polymer solution is brought in contact with the nonsolvent bath
ntil phase separation starts, a top layer with a high polymer con-
entration forms as a result of the solvent–nonsolvent exchange.

ith the onset of phase separation, this layer forms the skin of the

embrane. For slower diffusion of the solvent and nonsolvent, the

op layer has more time to grow and therefore is thicker. While this
ay offer an explanation to the thick skin layer of SN5, the fiber SN7
hich has similar wall thickness, has a thinner skin layer. We must
ote that the skin layer thickness measured by the 20 nm gold col-

able 4
kin layer thickness of the fibers measured with 20 nm gold particles.

Fiber Bottom of
groove (�m)

Wall of
groove (�m)

Top of fin
(�m)

Corner of
groove (�m)

SN2 2 2 2 2
SN5 6 – 9 3
SN7 2 2 2 2

RN2 2
bore and (b) one fin and groove.

loids only indicates the location of the membrane where the pores
are 20 nm in size. Considering that the mean pore diameter of the
fiber SN5 is 14 nm and that of SN7 is 18 nm, and that both fibers have
pores up to 30 nm in their skin layers (Fig. 8), the thickness mea-
sured from the SEM images should correspond to a location within
the skin layer. Looking at the pore size distributions, a higher frac-
tion of the skin layer of fiber SN7 has 20 nm pores compared to SN5,
which can be the reason for the thinner “skin” measured with the
gold colloids. In these fibers, the full skin layers, which have pores
up to 30 nm size are then thickher than that outlined by the 20 nm
colloids. The thick skin layers can explain why these fibers have
comparable permeabilities as the round fibers, although they have
larger pores.

For SN2 and RN2, the 20 nm colloids mark the full skin layer,
since the pore size distributions in these fibers are 0–20 nm and
0–5 nm for SN2 and RN2, respectively. However, although the pore
size distributions are different these fibers have comparable per-
meabilities. This implies that the porosity and/or pore connectivity
is higher in the round fibers.

Among the structured fibers, only in SN5 the “skin” layer,
or more correctly the location of 20-nm pores shows variations
throughout the surface. In our previous studies with outside-
structured fibers, we saw thinning of the skin layer locally in the
corner of the grooves or gradual thinning from the fins towards
the bottom of the grooves when we used polymer dopes of low
coagulation value [1]. This thinning was attributed to the coagu-
lant being enriched in solvent in the corner of the grooves due to
the concave curvature. With the polymer dope used in the current
study, which has 95% coagulation value, the variation in skin thick-
ness was minimized. For outside structured fibers, the coagulation
bath has constant composition since it is much larger than the fiber
moving through it. For inside-structured fibers, the bore is con-
tinuously enriched in solvent until phase separation is complete.
Parameters such as the size of the bore and the velocity profile in
the bore liquid can strongly affect the coagulation conditions and as
a result the rate and ratio of solvent and nonsolvent diffusion, and
consequently the skin layer properties. For this reason, the coag-
ulation processes can be different for inside and outside-skinned
fibers although the same polymer dope and coagulant are used.

4. Conclusions

Fabrication of hollow fiber membranes with microstructured
inner surfaces using a spinneret with a microstructured needle
was reported. Fibers were spun using different polymer dope flow

rate, bore liquid flowrate, air gap and take-up speeds. The effect
of spinning parameters on the microstructure of the surface, the
deformation of the bore and the permeability, pore size distribu-
tion and skin layer thickness of the fibers was investigated. It was
observed that using a high bore liquid flowrate can destroy the
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icrostructure in the bore. When the skin on the inner surface of
he fiber has not solidified to a certain extent, or when the fiber
hell is still soft, the coagulation of the outer surface can deform
he shape of the bore. This was attributed to buckling of the fiber
hell as a result of the coagulation of the outer surface.

The intrinsic pure water permeabilities of fibers with structured
nd round bores were found to be similar. On the other hand, the
ore size in the skin layer of the structured fibers was larger com-
ared to the round fibers. Smaller pores on the round fibers are
onsidered to form when the inner surface coagulates and the skin
ayer is pulled inwards due to the shrinkage caused by phase sepa-
ation. When the bore is structured, the wavy shape can damp this
ontraction which may result in larger pores. The skin layer thick-
ess of some of the structured fibers was observed to vary along
he surface. This variation follows the same pattern observed with
utside-structured fibers spun with low coagulation value polymer
opes. On the other hand, it was also shown that hollow fibers with
icrostructured bore can be fabricated with a uniform skin layer

hickness and reasonably narrow pore size distribution. Under opti-
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hey have enhanced membrane area-to-volume ratio, and therefore
nhanced flow per module volume.
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