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We have investigated the macromolecular structure and rheological behavior of both linear and
hyperbranched polyethersulfone (PES) materials. It was found that the hyperbranched PES material has
a higher molecular weight and a wider molecular weight distribution than its linear analogue. Rheo-
logical studies disclose that polymer solutions made from the HPES/polyvinylpyrrolidone (PVP)/N-
methyl-2-pyrrolidone (NMP) ternary system have a longer relaxation time than their linear counterparts.
The less relaxation characteristics of the HPES dope not only result in a more pronounced die swelling
during hollow fiber spinning, but also produce hollow fiber membranes with smaller pore sizes, nar-
rower pore size distribution, and a smaller molecular weight cut-off (MWCO). In addition, elongational
viscosity characterizations indicate that HPES possesses a more strain hardening effect than LPES. As
a result, films made from the former tends to break easier and quicker under high extensional strains
than those made from the latter.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Over the last few decades, synthetic polymeric membranes
made from linear polyethersulfone (LPES) materials have been
widely used for microfiltration, ultrafiltration, gas separation and
many other separation applications. Among these applications, the
LPES material has emerged as the most popular material for the
fabrication of kidney dialysis membranes via phase inversion
process due to its excellent stability under sterilization, superior
biocompatibility after chemical modification, minimal degradation
in dialysis performance over extended period of time, and easy
fabrication [1–3]. Polymers with hyperbranched structure have also
witnessed gaining interests recently due to their unique functional
groups, high surface reactivity, and potentially greater biocompat-
ibility in contrast to their linear analogues [4–6]. The knowledge of
various synthetic approaches and characterization methods for
hyperbranched polymers has been well established. However, the
fundamental study of the relationship among material chemistry,
physiochemical properties, membrane formation, and separation
performance of these hyperbranched polymers is still in infancy [7].
nd Biomolecular Engineering,
Crescent, Singapore 119260,

All rights reserved.
Generally, the hyperbranched polymers possess intrinsic higher
solubility, lower melt or solution viscosity that favor easy spinning
[8] and enhance manufacturing throughput. The purposes of this
study are to explore the rheology of LPES and HPES polymer
materials as well as their polymeric solutions, and to identify the
effects of hyperbranched structure on membrane’s formation and
macromolecular morphology. A comprehensive rheology study on
both molten LPES and HPES materials was firstly conducted to
characterize their macromolecular structure in terms of molecular
weight, polydispersity, molecular entanglement, etc. Then rheo-
logical investigations were carried out for both polymers in their
solution forms in order to correlate the relationship among their
rheolog-ical characteristics, membrane morphologies and separa-
tion performance.
2. Experimental

2.1. Materials

Linear polyethersulfone (Ultrason� E6020P, Ultrason is a regis-
tered trademark of BASF SE) with 100 mol% linear unit and
hyperbranched polyethersulfone with 2 mol% branched unit and
98 mol% linear unit (thereafter abbreviated as LPES and HPES,
respectively) were kindly supplied by BASF Company, Germany.
The chemical structures of both linear and branched poly-
ethersulfone units were provided by BASF Company and are shown
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Fig. 1. The chemical structures of (A) linear polyethersulfone (LPES) unit, (B) hyperbranched polyethersulfone (HPES) unit and (C) polyvinylpyrrolidone (PVP).

Table 1
Experimental parameters for hollow fiber membrane spinning.

Dope solution composition Polymer/PVP/NMP (16/10/74 wt%)

Dope flow rate (ml/min) 2
Internal coagulant NMP/water (55/45 wt%)
Bore flow rate (ml/min) 1.5
Length of air gap (cm) 20
External coagulant IPA (1st), tap water (2nd)
Spinneret dimensions (mm) 0.86/0.5 (OD/ID)
Length of capillary channel (mm) 30
Spinning temperature (�C) 26
Spinning humidity (%) 60
Take-up speed (m/min) 5.16 (free falling)
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in Fig. 1. N-Methyl-2-pyrrolidone (NMP) and dichloromethane
(CH2Cl2) (Merck, Singapore) as the solvents, isopropanol (IPA)
(Merck, Singapore) as the non-solvent and polyvinylpyrrolidone
(PVP) (Merck, Singapore) with an average Mw of 360 kDa as an
additive were employed for hollow fiber kidney dialysis membrane
spinning. Polyethyleneglycol (PEG) (Aldrich, Singapore) with
molecular weights from 600 up to 35,000 Da was used as model
solutes to measure the ultrafiltration separation performance for
the as-spun hollow fiber membranes. Methanol (Merck, Singapore)
and n-hexane (Merck, Singapore) were utilized to conduct solvent
exchange for as-spun hollow fiber membranes.

2.2. Preparation of membrane films

For dynamic mechanical analyses (DMAs), dense membrane
films were prepared as follows: thin LPES or HPES films (30–50 mm)
were cast from 2 wt% HPES or LPES in CH2Cl2 solutions, respectively
on a silicon wafer at room temperature for 4–5 days. The resultant
films were further dried under vacuum with temperature gradually
increased to 250 �C and then held for another 1–2 days to remove
any residual solvents.

For extensional viscosity (hu) measurements, asymmetric
membrane films were prepared as follows: the dried LPES or HPES
polymers were completely dissolved in NMP to make a final
composition of 32 wt%. The polymer solutions were degassed
overnight before casting onto a glass plate by a w280 mm thick
casting knife. The nascent films were immediately immersed into
a water bath and left overnight. The films were then immersed in
fresh methanol for three times with half an hour each and
continued with fresh hexane immersing within the same period of
time to remove water and residual solvents. After solvent exchange,
the membranes were dried naturally in the air.

2.3. Thermal characterizations of LPES and HPES polymer materials

The decomposition temperatures (Tds) of dried LPES and HPES
granules were determined using a Thermo-Gravimetric Analysis
(TGA, TA Instruments version 2050) at 5% weight loss. The DMAs for
LPES and HPES dense films were performed with DMA2980 from
TA instruments. One rectangular slice from LPES or HPES dense
films was loaded in a tension-film clamp, respectively and heated
from�80 �C to 270 �C at a heating rate of 3 �C/min with a frequency
of 1 Hz and an amplitude of 20 mm. The loss tangent (tan d) peak
temperature was chosen for both polymer materials as the
preferred indicator of glass transition temperature (Tg). These
thermal properties were essential for the subsequent rheology
tests.
2.4. Rheological characterizations of LPES and HPES polymeric
materials

To characterize LPES and HPES macromolecular structures, their
rheological properties at the molten state were obtained using
a Physica Rheometer (Model: MCR 501, Anton Paar, Germany) with
a convection temperature device (Model: CTD 450, Anton Paar,
Germany) consisting of a thermostat chamber equipped with
a thermosensor. Parallel-plate geometry fixtures with a diameter of
25 mm were chosen for the steady shear rotation and dynamic
frequency sweep tests. The granular LPES or HPES polymer material
was placed onto the lower plate and heated to 370 �C inside the
convection device. The measuring cell was purged with nitrogen gas
as inert atmosphere to avoid the degradation of the molten samples.
Approximately two minutes later the polymer granules were molten
and tested. Special care has to be taken to avoid air bubbles during
tests. Finally, the measuring position of 0.75 mm between two
parallel plates was established.

Within the linear viscoelastic range, a strain of 10% was chosen
for frequency sweep tests at various temperatures with angular
frequency varying from 0.1 s�1 to 628 s�1. The time–temperature–
superposition (TTS) technique was applied so that all curves were
shifted towards a predefined reference temperature to obtain the
master curve that covers a much wider frequency range up to
w100,000 rad/s compared to a single frequency sweep. A flow
curve was then derived from the frequency sweep data utilizing the
master curve via the empirical Cox–Merz rule [9–12] in which the
shear rate ð _gÞ dependence of the steady state shear viscosity (h) is
equal to the angular frequency (u) dependence of the complex
viscosity (h*) as follows:

h*ðuÞ ¼ h
�

_g
�

with u ¼ _g (1)

The Carreau–Yasuda regression [13] was then applied to the
above flow curve of shear viscosity vs. shear rate to obtain



Fig. 2. Schematic of hollow fiber kidney dialysis membrane spinning process via dry-jet wet phase inversion approach.
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additional rheological parameters such as power law exponent (n),
relaxation time (l), and width of transition (a) from the Newtonian
to Non-Newtonian flow behavior.

h ¼ ðh0 � hNÞ
h
1þ

�
l _g
�a
in�1

a þhN (2)

The RheoPlus software package (Version 3.11, Anton Paar,
Germany), the latest sophisticated molar mass distribution (MMD)
method, was utilized to calculate molecular weight (Mw) and
polydispersity index (PDI) of LPES and HPES based on data from
frequency sweep tests, zero-shear viscosity and crossover point.

Furthermore, a film fixture was chosen for performing the
extensional viscosity (hu) measurements on LPES and HPES asym-
metric flat membranes at a constant extensional rate of 0.001 s�1

and at an isotherm temperature of 150 �C.
The rheological properties of both LPES and HPES polymeric

solutions were also performed using an Advanced Rheometric
Expansion System (ARES) (Rheometric Scientific, USA) using
a 25 mm cone-and-plate fixture with a cone angle at 0.04 rad.
Firstly, the dynamic frequency sweep tests were conducted on
polymer ternary systems of polymer/PVP/NMP (16/10/74 wt%), the
typical compositions for dialysis membrane spinnings [14,15]. A
strain of 1% was chosen for frequency sweep tests within the linear
viscoelastic range with angular frequency varying from 0.1 s�1 to
100 s�1. Thixotropy tests, the time dependent flow behavior for
both polymer solutions, were then conducted with a loop shear rate
from 0 / 50 / 0 s�1, each segment for 5 min. The resulting curves
were used to evaluate the hysteresis and relaxation performances
for both polymer solutions after a progressively changed shear rate.
Both tests were conducted at 25 �C provided by a thermostat oven.

To further investigate the rheology and temperature depen-
dence of both polymer solutions, alternative measurements on
zero-shear viscosity were conducted as follows: A series of dynamic
frequency sweep tests were conducted at different temperatures
with a constant shear strain of 1% within the linear viscoelastic
region. Within the small amplitude oscillatory tests, the zero-shear
viscosity h0 was determined by the characteristic modulus (Gc) and
Table 2
Summary of LPES and HPES polymer materials’ properties.

Polymers Molecular
weight (Mw)

Polydispersity
index (PDI)

Tg

(�C)
Td at 5% weight
loss (�C)

LPES 207,000 2.293 244.92 526.85
HPES 529,000 3.331 238.47 579.72
the characteristic frequency (uc) at the crossover point (COP) as
follows [16,17]:

h0 ¼
Gc

2puc
(3)

2.5. Fabrications of hollow fiber membranes and modules’
preparation for ultrafiltration tests

Asymmetrical hollow fibers were spun from LPES and HPES
polymer solutions at a composition of 16/10/74 wt% polymer/PVP/
NMP by the dry-jet wet spinning process with detailed spinning
conditions listed in Table 1. The schematic of hollow fiber spinning
process is shown in Fig. 2 and more details have been described
elsewhere [14,15]. The produced fibers were firstly contacted with
bore fluid as well as air at an air-gap distance of 20 cm before
immersed in the external coagulation bath. The external dual-
coagulation bath was filled with IPA first followed by tap water. All
nascent fibers were not drawn, that is, the take-up velocity (5.16 m/
min) of the hollow fiber membrane was nearly the same as the free
falling velocity in the coagulation bath. The nascent fibers exiting
from the spinneret were snapshot by a Canon EOS 350D digit
camera equipped with a microlens. Initial dimensions at a die swell
range were measured in pixel value by an image processing soft-
ware package (Image-Pro Plus 6.0, Media Cybernetics Inc.). The die
swelling ratio was defined as the ratio of the biggest outer diameter
of the nascent fiber to the outer diameter of the extrudate exiting
from the spinneret.

The resultant fibers were solvent exchanged and freeze dried in
a Thermo Savant ModulyoD freeze dryer (Thermo Electron Corp.,
USA) for membrane module assembling. Each module was tested
from an in-to-out (i.e., from the lumen to the shell side) mode by an
ultrafiltration unit in terms of pure water permeation flux (PWP)
and solute separation performance at a trans-membrane pressure
of about 8� 104 Pa (gauge) (0.8 bar) at room temperature. The
normalized pure water permeation flux (PWP, L/m2/bar/h) was
calculated by the following equation:
Zero-shear
viscosity (h0, Pa s)

Relaxation
time (l, s)

Width of transition
range (a)

Power law
exponent (n)

5650 0.0093 0.5136 1.0001
– 1.1834 0.1942 1.1748
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Fig. 3. The DMA diagrams for LPES and HPES dense films.
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PWP ¼ Q
ADP

(4)

where Q is the permeate volume in a predetermined time period
(L/h), A is the effective membrane inner surface area (m2), DP is the
trans-membrane pressure (bar).

After the pure water permeation test, the pore size distribution
of the membrane was characterized by gradually increasing
molecular weights of the PEG solutes. The feed PEG concentration
was around 200 ppm to minimize the occurrence of concentration
polarization. Based on the obtained solute rejection data, the mean
effective pore size (mp) equal to the diameter corresponding to 50%
of solute rejection, the geometric standard deviation (sp) deter-
mined from the ratio of diameters corresponding to 84.13% and 50%
rejections, the molecular weight cut-off (MWCO) corresponding to
90% salt rejection, and the pore size (dp) distribution can be
obtained according to the solute rejection approach [18–22].

2.6. SEM and AFM characterizations of the hollow fiber membranes

For the morphological study, fiber samples were immersed in
liquid nitrogen and fractured. The cross-sections of the inner layer
(IL, close to the fiber’s lumen), outer layer (OL, close to the fiber’s
shell), inner surface (IS) and outer surface (OS) of the freeze-dried
fibers were sputtered with platinum using a JEOL JFC-1300 plat-
inum coater and then observed under a JEOL JSM-6700F Field
Emission Scanning Electron Microscope (FESEM).

Atomic force microscopic (AFM) studies were conducted at the
inner surface (IS) and outer surface (OS) of the hollow fibers also in
their dry conditions using a Nanoscope IIIA AFM (Digital Instru-
ments Inc., USA). Both inner and outer surfaces were exposed by
cutting the fibers open and fixed to a metal disk by a double-sided
tape. A crystal silicone probe cantilever was utilized in a tapping
mode and the scanning area of each sample was 5 mm� 5 mm.
2.7. Measurements of mechanical strengths of hollow fiber
membranes

Tensile properties of as-spun hollow fiber membranes were
measured using an Instron test unit (INSTRON 5542 model). All the
fiber samples were measured at a 50 mm gauge length with an
elongation speed of 50 mm/min. At least five fiber samples were
tested for each datum.
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3. Results and discussion

3.1. Thermal properties of HPES and LPES materials

Table 2 summarizes the basic thermal properties, molecular
weights and rheological properties of HPES and LPES materials. The
TGA results show that HPES is more thermally stable with a higher
Td value (579.72 �C) than LPES (526.85 �C), which is mainly due to
the branched polymer’s globular and compact structure [23]. Fig. 3
shows the Tgs measured by DMA for dense films cast from these
two polymers where the loss tangent (tan d) peak temperature is
chosen as the Tg [24]. For both polymers, their storage moduli
display a slow decline between�80 �C and 200 �C, indicating a low
energy molecular relaxation. Corresponding peaks in their loss
moduli are similarly produced at around �60 �C (g transition),
70 �C (b transition), and 230 �C (a transition): As the LPES and HPES
materials warm and expand, their free volume increases so that
localized bond movements by bending, stretching and side chain
movements may occur [25]. The Tgs identified by the tan d peaks for
both polymer analogues are quite similar with less than 3% differ-
ence. This can be explained by their same functional groups in the
polymeric matrix.

3.2. Rheological characterization of HPES and LPES melts

Fig. 4 shows the complex viscosities of LPES and HPES melts
against the applied dynamic angular frequency. For LPES melts,
a viscosity plateau, the so-called Newtonian plateau can be
observed at low enough angular frequencies, whereas the complex
viscosity curve of HPES melts deviates from the ideal plateau at the
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low frequency range and shows a higher viscosity compared to its
linear analogue. This is most probably due to its branched macro-
molecular structure because the side chains may bring more
pronounced shear thinning behavior. For LPES, the zero-shear
viscosity at 370 �C was extrapolated with 5650 Pa s using the Car-
reau–Yasuda regression method. This regression is suitable for
polymers with zero-shear viscosity and Power Law region. Never-
theless, for HPES no zero-shear viscosity could be found as it is
a densely branched material. Table 2 summarizes the Carreau–
Yasuda regression results obtained from the master curves of LPES
and HPES melts and indicates that the HPES material possesses
a significant longer relaxation time and a narrower Newtonian to
Non-Newtonian transition.

The dynamic frequency tests for both polymer melts at 10%
strain with storage modulus (G0) and loss modulus (G00) are shown
in Fig. 5-A and -B. For LPES melt in the range of Newtonian Plateau
(angular frequency from 0.1 to 1 s�1), the slope of its loss modulus
curve in the double logarithmic plot is equal to one, while the slope
of its storage modulus curve is equal to two. However, for HPES
melt, the slopes of its loss and storage modulus curves are quite
close, indicating more viscoelastic nature.

The storage moduli G0s of both melts at low frequencies are
lower than G00s, implying that the rheology at low frequencies is
mainly influenced by viscous portion. By increasing the frequency,
the so-called crossover point (COP) between G0 and G00 occurs,
indicating a transition from a more viscous-like deformation
behavior to a more elastic one. Therefore, COP is a criterion for melt
viscoelastic characterization and its value can provide qualitative
information about material’s average molecular weight (Mw),
degree of branching and molecular mass distribution (MMD).
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The COP shift to a lower angular frequency (i.e., uc¼ 11.56 s�1

for HPES vs. uc¼ 538.6 s�1 for LPES) is caused by an increase in
average molecular weight or branching structure for the HPES
material. This can be easily understood that even at higher
frequencies shorter molecules remain mobile, whereas longer or
more branched molecules become immobile at lower angular
frequencies. A vertical shift of the COP towards a lower modulus for
HPES melts (Gc¼ 19,980 Pa) indicates a wider molecular mass
distribution (MMD). The wider MMD could be attributed to the
interactions of polymer side chains or branches in HPES macro-
molecules. The quantitative data for materials’ molecular weight
(Mw) and polydispersity index (PDI) obtained via sophisticated
molar mass distribution (MMD) method [26–28] are tabulated in
Table 2 and are in consistent with our qualitative interpretations. It
should be noted that usually the rheo-MMD conversion is based on
the rheological theory for linear chain polymers only. As there is no
general model available for branched polymers or in general for
Fig. 8. Typical die swell images for hollow fiber membrane formations via (A) LPES/PVP/N
spinning.
technical polymers the values can only be used for a relatively
qualitative comparison between both linear and branched samples.
3.3. The rheology of polymer dope solutions and its influence on
membrane formation

The rheological properties of polymer dope solutions play
a paramount role in determining membrane morphology and
separation performance. Similar to the molten PES samples, the
dynamic frequency tests of the LPES/PVP/NMP and HPES/PVP/NMP
ternary polymeric solutions at 1% strain at room temperature show
that the COP of HPES dope (uc¼ 0.5225 rad/s and Gc¼ 114.71 Pa)
has lower frequency and shear modulus than those for LPES dope
(uc¼ 0.7009 rad/s and Gc¼ 234.15 Pa) (refer Fig. 6-A and -B).
Fundamentally, the frequency (uc) at the COP is related to a char-
acteristic relaxation time (sc) of a polymeric dope as follows [17]:
MP 16/10/7 wt% and (B) HPES/PVP/NMP 16/10/74 wt% polymer dopes by dry-jet wet



Fig. 9. Inner-surface SEM images of (A) LPES and (B) HPES hollow fiber membranes.

Fig. 10. Inner-surface AFM images of the (A) LP

Table 3
Summary of ultrafiltration and mechanical test results for as-spun LPES and HPES
hollow fiber membranes.

Mem.
ID

Ultrafiltration results Mechanical test results

mp

(nm)
PWP
(L/m2/bar/h)

MWCO
(Da)

Break strength
(Pa)

Load at
break (N)

LPES 2.86 5.43 8421 3.19� 0.42 1.41� 0.18
HPES 2.51 6.65 5612 2.81� 0.24 1.25� 0.11

Q. Yang et al. / Polymer 50 (2009) 524–533530
sc ¼
2p
uc

(5)

As a result, the characteristic relaxation time of the LPES ternary
dope solution (sc¼ 8.96 s) is shorter than that of HPES
(sc¼ 12.02 s). A higher sc indicates a greater memory for the HPES
polymer solution system and it would take a longer time for
HPES polymeric chains to relax and return to their original states
after experiencing strains.

Thixotropy tests, the time dependent flow behaviors for both
polymer ternary systems are shown in Fig. 7. It shows that for both
polymeric fluid systems, their shear viscosity changes with
a progressively increased shear rate are similar to the complex
viscosity changes of their corresponding molten materials over
increased angular frequencies (refer Fig. 4): LPES shows a New-
tonian fluid behavior at low enough angular frequencies, whereas
HPES shows more pronounced shear thinning and faster transition
from Newtonian to Non-Newtonian flow behavior. The relaxation
performances for both polymer solutions under a progressively
decreased shear rate are shown in Fig. 7-C. It indicates that it takes
a longer time of around 250 s for the HPES polymer solution to
resume its original viscosity (w31 Pa s), whereas for LPES it takes
only around 200 s to return to its plateau viscosity (w36 Pa s). The
rheology studies based on the polymeric solutions also reveal that
the branching structure of HPES provides it a narrower Newtonian
to Non-Newtonian transition and a higher relaxation time. Notice
should be taken that the higher viscosities for both polymer solu-
tions in the end of thixotropy tests relative to their original values
are probably due to the evaporation of the solvent during an
extended period of 15 min tests.
ES and (B) HPES hollow fiber membranes.
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Fig. 11. (A) Solute separation curve; (B) probability density function curve; (C) cumulative pore size distribution curve for as-spun LPES and HPES hollow fiber membranes.
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Fig. 8 shows the typical die swell phenomenon during the
hollow fiber formation via dry-jet wet spinning process. The die
swell can be considered as a consequence of memory effects of
polymer materials that have been investigated both experimentally
and theoretically by many researchers [29–32]. The extrudate swell
through a short channel depends on both the material character-
istics (molecular weight, molecular weight distribution and visco-
elasticity) and the die geometry. The shear stress may lead to the
disentanglement and orientation of macromolecular random coil
chains in the spinneret’s capillary channel. As shown in Fig. 8, the
HPES has a larger die swelling because of possessing higher
entanglement density and a higher normal stress [33]. The slower
relaxation development in the HPES nascent fiber could be
explained by its slower relaxation development after leaving the
spinneret due to its higher memory, longer chain re-entanglement
time or longer characteristic relaxation time.

On the other hand, the significantly higher relaxation time for
HPES indicates that it should take a longer time to return to its
original ball-shaped random coil chains when it is extruded through
the spinneret in the dry-jet wet spinning process. Taken into
considerations of our previous findings of the almost same phase
separation thermodynamics and kinetics for linear and hyper-
branched polymer systems [15], the less relaxation of HPES in the
hollow fiber spinning process may result in more oriented
morphology with elliptical pores rather than round pores. A
comparison of SEM pictures of the inner-surface pore structures of
LPES and HPES hollow fibers, as illustrated in Fig. 9, clearlyshows that
the HPES hollow fiber holds elliptical or slit pores. It should be noted
that the selective skins for both membranes are located in their inner
surface. A similar conclusion can be observed from the AFM study
with tapping mode, as displayed in Fig. 10, where the HPES hollow
fiber has elliptical or slit pores, while the LPES has round pores.

In addition, the ultrafiltration characterization results in Table 3
and the pore size distributions for LPES and HPES hollow fiber
membranes in Fig. 11 provide additional data supporting our
hypothesis: The as-spun HPES hollow fiber has smaller pore sizes
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and narrower pore size distribution than the LPES one. The former
also has a higher rejection rate than the latter for the same solutes.

To further explore the temperature dependence of both polymer
dope solutions, the zero-shear viscosity determined by equation (3)
is plotted against the reciprocal temperature in Fig. 12. The good
linear fit for both polymer dope solutions indicates that their zero-
shear viscosity follows the Arrhenius relationship with activation
energies of 27.40 kJ/mol for LPES solutions and 35.87 kJ/mol for
HPES solutions.

3.4. The mechanical properties of LPES and HPES materials

The measurement of extensional viscosity is a very sensitive
method for distinguishing polymer materials with different degrees
of branching, whereas traditional shear tests using rotational or
capillary rheometer are not able to detect these changes [34]. The
extensional viscosity results reveal that the LPES asymmetric film is
more resistant to high tensile strains. In contrast, the HPES asym-
metric film breaks faster (Fig. 13-A) and easier (Fig. 13-B) which
could be related to its so-called more ‘‘strain hardening effect’’ due to
its branching structure with more side chains. Our results are in line
with the elongation evaluation of high-density polyethylene (HDPE)
with different branching degree [34]. Generally a material deforms
elastically for small deforming forces but returns to its original shape
when the deforming force is removed. However for HPES films the
relatively lower deforming force applied beyond its elastic limit
could disable its resumption even when the force is removed: it
deforms plastically. The qualitative Instron data for hollow fibers
spun with these two materials in Table 3 also reveal that HPES fiber is
more mechanically weak due to its intrinsic branching structure.

4. Conclusions

Comprehensive explorations of the rheological properties of
linear and hyperbranched polyethersulfone materials were con-
ducted to identify the intrinsic causes for their differences on
macromolecular structure and processability in hollow fiber spin-
ning. The following conclusions can be summarized:

1. The rheological studies on the molten HPES and LPES materials
show that HPES has a larger molecular weight and a wider
molecular weight distribution compared to its linear analogue.

2. The polymeric solutions’ rheological behaviors reveal that the
HPES dope solution has a longer relaxation time than its linear
counterpart. Hence the HPES nascent fiber shows a more
pronounced die swell occurring at the spinneret exit. In addi-
tion, the slower chain re-entanglement and slower chain
relaxation lead the HPES as-spun hollow fiber membrane with
smaller pore sizes, narrower pore size distribution, and
a smaller molecular weight cut-off (MWCO).

3. The extensional viscosity characterizations show that HPES has
a more strain hardening effect due to its branched structure. As
a result, the HPES asymmetric film breaks more easily under
high extensional strain and HPES hollow fiber has a weaker
mechanical strength.
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