
Hollow fiber spinning of block copolymers: Influence of spinning conditions on
morphological properties

Maryam Radjabian, Joachim Koll, Kristian Buhr, Ulrich A. Handge, Volker Abetz*

Institute of Polymer Research, Helmholtz-Zentrum Geesthacht, Max-Planck-Strasse 1, 21502 Geesthacht, Germany

a r t i c l e i n f o

Article history:
Received 22 November 2012
Received in revised form
19 January 2013
Accepted 21 January 2013
Available online 28 January 2013

Keywords:
Hollow fiber membrane
Polystyrene-b-poly(4-vinylpyridine)
Microphase separation

a b s t r a c t

The self-assembly of block copolymers proposes interesting strategies for design and fabrication of or-
dered nano/microdomain structures. Recently, large attention has been given to the preparation of
integral asymmetric flat sheet membranes with cylindrical domains forming an isoporous top layer. In
this work, this strategy is extended to the formation of nanoporous hollow fiber membranes from
polystyrene-block-poly(4-vinylpyridine) (PS-b-P4VP) solutions via phase inversion process. In this way,
the self-assembly of block copolymers into an ordered morphology via solvent evaporation is combined
with microdomain alignment by shear flow in the die. The influence of the experimental parameters on
the morphology of the hollow fiber is discussed, such as solution concentration and viscosity, extrusion
pressure within the spinneret and air gap distance between the spinneret and the precipitation bath
(evaporation time). The evaluation of the surface morphology of the membranes by scanning electron
microscopy (SEM) confirms the strong effect of shear flow and solution viscosity on the formation of
nanoporous structures in hollow fiber spinning.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

New materials and procedures have been developed to present
alternative routes for the preparation of well-ordered nano-
structured membranes [1]. The self assembly of block copolymers
offers an attractive strategy to fabricate nanoporous membranes by
choosing appropriately designed block chemistries, compositions
and processes [2]. Recently, block copolymer based membranes
with nanoscale pores, high porosity, narrow pore size distributions,
highly selective separation and tunable chemical and mechanical
properties have received large attention both from the scientific
and the application viewpoint [1]. Block copolymers consist of two
or more chemically incompatible blocks that are covalently joined.
They can self-assemble into a variety of periodic arrays of spherical,
cylindrical, or lamellar microdomains depending on the volume
fraction of the blocks [1e3]. In solution, microphase separation can
also occur and the block copolymers assemble into micellar struc-
tures, depending on the thermodynamic incompatibility between
their chemically dissimilar segments, the selectivity of the solvent
and the polymer concentration [3].

From a nanotechnological viewpoint, the self-assembly of block
copolymers into regular crystal-like structures is very interesting as

length scales can be obtained, which are not so easy to achieve by
other methods. Many techniques have been developed to induce
the alignment and control of the arrangement of microdomains in
block copolymer films by coupling with external fields [4]. Solvent
evaporation is one of the strong directional fields to kinetically
freeze nanostructures under proper preparation conditions. Cylin-
drical microdomains vertically orientated to the film surface are
a result of the maximized solvent concentration gradient along the
direction perpendicular to the surface [5e7]. The typical domain
sizes of cylinders or gyroidal networks formed by block copolymers
make them interesting candidates not only as templates for
nanolithographic applications, but also for ultrafiltration mem-
branes. Cylinders vertically aligned to the plane of a substrate are
useful to fabricate nanochannel structures and isoporous mem-
branes, while those parallel aligned to the plane of substrate are
also motivating in nanolithography [8].

Thin film morphologies have been widely studied for numerous
block copolymers and post treatment effects such as thermal or
solvent vapor annealing to remarkably improve the ordering of
block copolymer morphologies [5,9e12]. However, large scale
defect-free block copolymer morphologies with perfect periodic
domain ordering are difficult to obtain without the application of,
for example, external forces or a well-designed surface topography.
Researchers have applied external force for alignment of cylindrical
phase block copolymer bulk materials to achieve defect-free ori-
entations and to control lateral ordering of the nanoscopic domains
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[13]. Recently, a few studies have focused on the effect of shear flow
[14e16], solution extrusion [17], and solvent evaporation coupled
with flow through a channel [7] to align cylindrical block copoly-
mer domains in solution.

One of the straight forward and most important industrial pro-
cedures for fabrication of integral asymmetricmembranes is the non-
solvent-induced phase separation (NIPS), where a cast film of a pol-
ymer solution is immersed in a precipitation bath. Combined self-
assembly of block copolymers with non-solvent induced phase sep-
aration, now referred to as the SNIPS method, directly enhances
formation of uniform pore sizes in the selective layer of membranes
[18]. This one step novel procedure was established a few years ago
[19] to prepare a nanoporous asymmetricmembranes of a PS-b-P4VP
diblock copolymer. The well-ordered nanoporous structure on the
top layer of the block copolymer membranes is achieved by con-
trolling the kinetic factors influencing self-assembly prior to reaching
the thermodynamic equilibrium state. More studies on integral
asymmetric block copolymer membranes from the same type of
block copolymer (PS-b-P4VP) have been reported since then [11,12]
and the concept could be extended to other stimuli-responsive
membranes like PS-b-P2VP [12] and also postfunctionalized block
copolymer membranes [20].

Hollow fiber membranes are generally used in many membrane
applications ranging from gas separation to microfiltration. Com-
pared to other membrane configurations, the main advantage of
hollow fiber geometry is that it provides a high ratio of membrane
area to module volume, and therefore higher productivity per
membrane module. However, formation mechanism for hollow
fiber membranes in which the polymer solution is extruded
through a spinneret into a nonsolvent bath is more complex than in
the case of integral asymmetric flat sheet membranes because of
a larger number of morphology controlling factors during pro-
cessing and phase inversion. The hollow fiber membranes fab-
ricated via phase inversion by two internal and external coagulants
have an asymmetric structure with a thin separating layer on the
both inner and outer surface. The internal coagulant controls the
inner skin morphology, while the external coagulant controls the
outer skin morphology [21,22]. The addition of another evaporation
step prior to precipitation in wet-phase inversion processes (dry/
wet phase inversion) improves preparation of defect-free and ul-
trathin skinned asymmetric membranes [23].

However, in dry-jet wet-spinning processes, other factors such
as extrudate swell, relaxation, gravitation and spinning-line stress
in the air gap region along the distance between spinneret and
precipitation bath can influence the membrane morphology and
performance. Two dominant factors, elongational and shear
stresses have a dramatic effect on the polymer segmental ori-
entation and relaxation at the outer surface of the fiber [24e28].
The rheology of many polymer solutions is associated with a non-
Newtonian behavior such as shear-thinning [27]. The segmental
orientation induced by the shear flow within the spinneret relaxes
in the short air gap region if the elongational stress caused by
gravity along the spin line is small. However, the elongational stress
caused by gravity becomes more prominent with increasing air gap
distancewhichmight enhance the spin line orientation [24,28]. The
defect-free thin skin with nanoscale pores in narrow-sized distri-
bution can develop the performance of the resultant membranes in
selectivity and permeability. Block copolymers are able to imple-
ment this superior facility by self-assembly of well ordered nano-
scale domains on top of the skin layer.

In the present work, we focus on the self-assembly of asym-
metric PS-b-P4VP diblock copolymers (where P4VP forms cylinders
in the bulk morphology) during hollow fiber spinning. To our
knowledge, our experiments for the first time establish the man-
ufacturing of nanostructured hollow fiber membranes by phase

inversion dry-wet jet spinning of diblock copolymers which form
cylindrical morphology. In this way, the self assembly of block co-
polymers into an ordered morphology induced by solvent evapo-
ration is coupled with the alignment of cylindrical domains
through shear flow. The hollow fibers are spun from the con-
centrated solutions of PS-b-P4VP in different mixtures of solvents
(THF and DMF). The block copolymer undergoes microphase sep-
aration at a certain solution concentration and composition during
solvent evaporation. The influence of effective parameters of shear
stress, solution viscosity and evaporation time on the formation of
regular nanoporous structures in hollow fiber was evaluated by
variation of the block copolymer concentration, the pressure gra-
dient within the spinneret and air gap distance between the
spinneret and the precipitation bath.

2. Experimental section

2.1. Material

ULTEM� 1000 Polyetherimide (PEI) resin purchased fromGeneral
Electric Company, USA, was used in this study. The weight average
molar mass,Mw ¼ 5.8 � 104, andMw/Mn ¼ 1.92 were determined by
gel permeation chromatography (GPC) (Waters 2410 refractive-index
detector) at 50 �C calibrated against polystyrene standards.
N. N-dimethylformamide (DMF) and tetrahydrofuran (THF) were
used as received.

2.2. Synthesis of PS-b-P4VP

PS-b-P4VP diblock copolymers with two different compositions
were synthesized by sequential anionic polymerization following
the procedure described elsewhere [19]. The polymerization of
styrene as the first block was initiated with s-butyl lithium sus-
pended in cyclohexane. After 2 h, 4-vinylpyridine monomer was
added and the temperature of �62 �C was maintained for a further
period of 2 h. The polymerization was quenched with argon satu-
rated methanol. After the addition of a few crystals of 2, 6-di-tert-
butyl-4-methyl-phenol (to prevent thermal decomposition), half of
the THF was removed by distillation at reduced pressure. The block
copolymer was obtained by precipitation of the solution into a 10-
fold excess of a 1:1 (v/v) methanol/water mixture with a typical
yield of 60e70% [19].

The PS-b-P4VP compositions were determined by means of 1H
NMR spectroscopy in deuterated chloroform as solvent. 1H NMR
spectra were recorded on a Bruker advance 300 NMR spectrometer
at 300MHzwith internal standard DMSO-d6. Themolecularweights
of the precursors and molecular weight distributions were meas-
ured by GPC at 30 �C calibrated against polystyrene standards. Two
different types of PS-b-P4VP diblock copolymers were used in this
studywhich we refer to “PSP4VP-A” and “PSP4VP-B”. Themolecular
characteristics of the block copolymers are listed in Table 1.

2.3. Production of hollow fiber membranes

The copolymers were dissolved in mixtures of DMF and THF at
room temperature for about 24 h under agitation with a magnetic

Table 1
PS-b-P4VP block copolymers characteristics.

Block copolymer
code

Block copolymer
type

Molecular
weight
(kg/mol)

Polydispersity
index

P4VP
content
(wt %)

PSP4VP-A PS83.3-b-P4VP16.7 198 1.07 16.7
PSP4VP-B PS81-b-P4VP19 167 1.06 19.0
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