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ABSTRACT: Phenolphthalein poly(ether sulfone) (PES-
C) hollow-fiber ultrafiltration (UF) membranes were fabri-
cated by wet spinning and dry-jet/wet spinning (10-cm air
gap) processes with polyvinylpyrrolidones (PVPs) of dif-
ferent molecular weights as additives. Light transmittance
experiments were performed to obtain insight into the pre-
cipitation kinetics of PES-C/PVP/N-methyl-2-pyrrolidone
(NMP) dope solutions. The morphology and permeation
performance of the prepared PES-C hollow-fiber mem-
branes were well characterized and elucidated with scan-
ning electron microscopy and UF experiments in addition
to the precipitation kinetics. The thermal and mechanical
properties of the membranes were also studied. Experi-
ments demonstrated that all PES-C/PVP/NMP dope solu-
tions experienced instantaneous demixing with pure water
as the coagulant, and the precipitation rate decreased as
the molecular weight of PVP increased. A double, finger-
like structure occurred in the PES-C hollow-fiber mem-
branes spun with PVPs of low molecular weight (10,000,
24,000, or 58,000) as additives; however, a spongelike

structure occurred in the PES-C membranes with PVP
with a molecular weight of 1,300,000 because of its very
low precipitation rate. The pure water permeation (PWP)
flux decreased and the rejection of lysozyme increased for
the prepared PES-C membranes as the molecular weight
of PVP increased. The largest PWP flux of 149 L m�2 h�1

bar�1 was acquired for dry-jet/wet-spun PES-C mem-
branes with PVP with a molecular weight of 10,000 as an
additive. The rejection of bovine serum albumin for the
prepared PES-C membranes was greater than 98%, and
the rejection of lysozyme ranged from 47.1 to 89.4%; this
indicated typical UF membranes. The decomposition tem-
perature of the PES-C membranes containing PVP was
lower than that of the original polymer and decreased as
the molecular weight of PVP increased. The break strain
and the elongation at break were enhanced as the PVP
molecular weight increased. VC 2011 Wiley Periodicals, Inc.
J Appl Polym Sci 121: 1961–1971, 2011
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INTRODUCTION

Ultrafiltration (UF) is an attractive separation pro-
cess because it is simple, energy-saving, and easy to
operate. With the exigent demands of energy
savings and emission reductions, UF membrane
technology has been highly valued in recent years.
Many polymers, including polysulfone (PSf), poly
(ether sulfone) (PES), polyacrylonitrile (PAN), and
poly(vinylidene fluoride), have been involved in

the fabrication of UF membranes by non-solvent-
induced phase separation.1,2

Phenolphthalein poly(ether sulfone) (PES-C) is a
relatively newly developed engineering thermoplas-
tic.3 Its chemical structure is shown in Figure 1. As
can be seen from its chemical structure, PES-C can
be considered a PES modified by the introduction of
rather bulky and polarizable phenolphthalein groups
in place of oxygen atoms. In comparison with PES
and PSf polymers, PES-C has better hydrophilicity,
thermal stability, and mechanical properties for the
introduction of phenolphthalein groups. Because of
its excellent performances, it has been sulfonated
and used as a membrane material for gas permea-
tion,4 UF/nanofiltration,5 and fuel cells6 and has
been blended with other polymers for membrane
preparation.7,8

For a specific membrane material, an effective
method for adjusting the membrane structure and
fine-tuning its performance involves the introduction
of an additive into a dope solution and the
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regularization of the phase-separation process via
the tuning of the thermodynamics and precipitation
kinetics of the dope solution.9–17 Many researchers
have investigated the addition of an organic or
inorganic, small- or large-molecule constituent as the
third component in a polymeric dope/cast solution.
Xu and Qusay13 investigated a small alcohol as a
nonsolvent additive for the preparation of a single-
skin PES hollow-fiber membrane. The experimental
results illustrated that the PES membrane morphol-
ogy changed slowly from a long and wide, fingerlike
structure to a spongelike structure with some macro-
voids as the ethanol concentration in the dope solu-
tion increased. Li et al.14 and Chakrabarty et al.15

prepared flat PES and PSf membranes, respectively,
with poly(ethylene glycol)s (PEGs) of different
molecular weights as additives. Li et al.’s experimen-
tal results revealed that PES membranes prepared
with PEG400 (i.e., PEG with a molecular weight of
400 Da) and PEG600 as additives had no micro-
spores on the top surface, but the membranes pre-
pared with PEG200 as an additive had microspores.
Chakrabarty et al.’s results showed that the pore
number and the pore area of the membranes
increased with increasing PEG molecular weight.
The membranes prepared with high-molecular-
weight PEG as an additive had high pure water per-
meation (PWP) flux and hydraulic permeability.
Idris et al.16 also prepared flat PES UF membranes
with PEGs of different molecular weights as addi-
tives, and results similar to Li et al.’s observations
were obtained. Susanto and Ulbricht17 prepared flat
PES UF membranes with polyvinylpyrrolidone
(PVP), PEG, and poly(ethylene oxide)-b-poly(propyl-
ene oxide)-b-poly(ethylene oxide) as macromolecular
additives, and the effects of the different additives
on the membrane structure and permeation perform-
ance were investigated.

PVP is an important pore-forming agent in mem-
brane formation.9,10,18–20 The molecular weight
and content of PVP in the dope solution have a
great influence on the morphology and permeation
performance of the resultant membrane. Yang and
coworkers18–20 investigated the preparation of PES
hollow-fiber membranes for hemofiltration with

PVPs of different molecular weights as additives
and found that macrovoids in the PES membrane
cross section could not be eliminated when the
membranes were spun without PVP or with a low-
viscosity dope containing PVP of a low molecular
weight. The PES hollow-fiber membrane changed
from a three-layer structure to a double, fingerlike
structure to a spongelike structure when the concen-
tration of PVP (molecular weight ¼ 360,000) was
increased from 0 to 5 to 10% in the dope solution.
Ochoa et al.21 found that the addition of small quan-
tities of PVPs of different molecular weights to PES
casting solutions resulted in an increase in the
permeability without a significant change in the
selectivity. Jung et al.22 prepared flat PAN mem-
branes with PVPs of different molecular weights as
additives; they found that the top layers were
thicker when more PVP was added, and the macro-
voids gradually disappeared. Also, the thickness
of the top layer increased when a PVP of a higher
molecular weight was added.

Even though PES-C has excellent mechanical and
thermal properties, to the best of our knowledge,
work about membranes directly prepared from PES-
C has been rarely reported, and even less has been
reported about hollow-fiber UF membranes. It is
well known that the hollow-fiber membrane configu-
ration is the most favored membrane module. In
comparison with flat and tubular membranes,
hollow-fiber membranes have a larger membrane
area per unit of volume of the membrane module,
and they offer higher productivity per unit of
volume. However, the preparation of hollow-fiber
membranes involves more factors than flat-sheet
membranes during membrane fabrication, such as
internal/external coagulation solutions and a large
number of spinning parameters (e.g., the structure
and dimensions of the spinneret, the polymer dope
viscosity, the flow rate of the bore fluid, the dope
extrusion rate, the length of the air gap, and the
take-up speed). Therefore, an attempt was made to
fabricate PES-C hollow-fiber UF membranes with
four PVPs of different molecular weights as addi-
tives. The aforementioned descriptions indicate that
PVP is a fine additive and hydrophilizing and pore-

Figure 1 Chemical structures of (A) PES-C and (B) PVP.
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forming agent for polymeric membranes. It has been
verified that PVP and PES-C are miscible over the
entire composition range.23 This provides the basis
for fabricating PES-C membranes with PVP as an
additive in this research.

In this case, wet spinning (wet/wet) and dry-jet/
wet spinning (dry/wet; 10-cm air gap) were used in
the preparation of PES-C hollow-fiber membranes.
The evolution of the precipitation kinetics, morpho-
logy, and permeation performance of PES-C hollow-
fiber membranes with PVPs of different molecular
weights as additives were investigated in detail.
The thermal and mechanical properties were also
studied.

EXPERIMENTAL

Materials

PES-C (specific viscosity/concentration ¼ 0.9, glass-
transition temperature ¼ 260�C) in a powder form
was purchased from Xuzhou Engineering Plastic Co.,
Ltd. (Xuzhou, People’s Republic of China). PVP K15
[weight-average molecular weight (Mw) ¼ 10,000],
PVP K25 (Mw ¼ 24,000), PVP K30 (Mw ¼ 58,000), and
PVP K90 (Mw ¼ 1,300,000) were purchased from
Shanghai Jinchun Chemical Agent Co., Ltd. (Shang-
hai, People’s Republic of China). Bovine serum albu-
min (BSA; Mw ¼ 67,000) and lysozyme (Mw ¼ 14,400)
from Shanghai Bio Life Science and Technology Co.,
Ltd. (Shanghai, People’s Republic of China), and the
solvent N-methyl-2-pyrrolidone (NMP) from Shang-
hai Chemical Agent Co. Ltd. (Shanghai, People’s
Republic of China) were obtained.

Preparations of the dope solutions and
hollow-fiber membranes

PES-C and PVP were first dried at 70�C for more
than 48 h. Then, the acquired amounts of dried PES-
C and PVPs of different molecular weights were
added to the solvent in a glass bottle. The PES-C/
PVP/NMP mixtures were stirred at 70�C until
homogeneous solutions were obtained.

PES-C hollow-fiber membranes were fabricated by
wet/wet and dry/wet processes at room temperature.
The prepared spinning dope solution was first kept in
a tank overnight for degassing before spinning. The
dope solution and bore fluid passed through a spin-
neret (orifice diameter ¼ 0.9 mm, inner diameter of
the tube ¼ 0.5 mm) at the pressure of N2 and through
a constant-flow pump, respectively. The ratio of the
dope flow rate to the bore fluid flow rate was constant
in all spinning processes. The nascent fibers were not
drawn (no extension); that is, the take-up velocity of
the hollow-fiber membranes was nearly the same as
the falling velocity in the coagulation bath. The PES-C
membranes were stored in a water bath for 24 h to
remove residual NMP. After this period, the fibers
were posttreated in an aqueous solution of 50 wt %
glycerol for 24 h to prevent the collapse of porous
structures and were dried in air at room temperature
during the making of the test modules. The dope solu-
tion compositions, bore fluids, and spinning condi-
tions for the preparation of the PES-C hollow-fiber
membranes are summarized in Table I. The prepared
membranes were coded by the type of PVP, with WW
and DW representing fibers spun by the wet/wet and
dry/wet processes, respectively.

Light transmittance measurements

The precipitation kinetics of PES-C solutions with
PVPs of different weights as additives was studied
with light transmittance experiments. A schematic
diagram of this equipment is shown in Figure 2. The
PES-C dope was first cast onto glass and then imme-
diately immersed into a water bath, which acted as a
coagulation fluid. The water bath temperature was
room temperature (20�C). The light source of a laser
was directly exposed to a cast dope approximately 20
cm above it. The transmitted light was detected with
an optical detector. The accepted signal was then
analog to digital (A/D)-converted, amplified, and
recorded by a computer. The intensity of the transmit-
ted light through the cast dope was measured as a
function of time.

TABLE I
Spinning Conditions for the PES-C Hollow-Fiber Membranes

No. Membrane Dope solution composition Viscosity (Pa s)
Inner/external

coagulation fluid
Air gap

(cm)

1 K15-WW 18/5/77 PES-C/PVP (K15)/NMP 19.5 H2O/H2O 0
2 K15-DW 10
3 K25-WW 18/5/77 PES-C/PVP (K25)/NMP 23.6 H2O/H2O 0
4 K25-DW 10
5 K30-WW 18/5/77 PES-C/PVP (K30)/NMP 25.6 H2O/H2O 0
6 K30-DW 10
7 K90-WW 18/5/77 PES-C/PVP (K90)/NMP >100 H2O/H2O 0
8 K90-DW 10
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Membrane characterization

Membrane morphology of the PES-C UF
hollow-fiber membranes

The morphology of the hollow-fiber membranes was
examined with scanning electron microscopy (SEM;
JSM-6380 LV, JEOL, Tokyo, Japan). The fibers were
first immersed into liquid nitrogen for a few minutes
and were then broken and deposited onto a copper
holder. All samples were coated with gold in vacuo
before the testing.

Permeation and separation performances of the
PES-C hollow-fiber UF membranes

The permeation and separation performances of the
prepared PES-C membranes were measured with UF
experiments. BSA and lysozyme solutions (500
ppm), respectively, were chosen as the feed fluids.

All experiments were conducted at room tempera-
ture with a feed pressure of 1.0 bar with a self-made
UF experiment setup, which is shown in Figure 3.
The concentrations of the permeate and feed of BSA
and lysozyme were determined at 280 nm with a
UV spectrophotometer (UV-3000, Shimadzu, Kyoto,
Japan). The PWP flux and rejection of the mem-
branes for different solutes are defined as follows:

PWP ¼ Q

DP � A (1)

R ¼ 1 � CP

CF

� �
� 100% (2)

where PWP is the permeation flux of the membrane
for pure water (L m�2 h�1 bar�1); Q is the volumet-
ric flow rate of pure water (L/h); DP is the trans-
membrane pressure (bar); A is the effective area
of the membranes (m�2); R is the rejection of the
membrane for different solutes; and CP and CF are
the permeate and feed concentrations, respectively.

Thermal analysis

The thermal properties of the prepared PES-C mem-
branes were evaluated by thermogravimetric analy-
sis (TGA; DSCQ100, TA Co., New Castle United
States). The TGA measurements were carried out
under a nitrogen atmosphere at a heating rate of
10�C/min from 25 to 700�C.

Mechanical property test

To investigate the mechanical properties, the break
strain and elongation at break of the prepared PES-C
hollow-fiber membranes were tested with an AG-1
material test machine (Shimadzu) at a loading

Figure 2 Schematic diagram of the setup for coagulation
kinetics.

Figure 3 Schematic diagram of the UF experiment.
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velocity of 50 mm/min. Each fiber sample was
tested 10 times, and the mean values and error were
presented.

RESULTS AND DISCUSSION

Precipitation kinetics of the PES-C/PVP/NMP
dope solutions

On the basis of different delay times, precipitation
processes can be divided into instantaneous demix-
ing and delayed demixing. A process involving
instantaneous demixing is characterized by an
instantaneous decrease in the light transmission,
which indicates the generation of many scattering
nuclei.1,24,25 Light transmittance experiments were
applied to measure the precipitation kinetics of PES-
C/PVP/NMP dope solutions. Deionized water was
used as the coagulation fluid. The results are
displayed in Figure 4.

In Figure 4, general instantaneous demixing can
be observed for four PES-C/PVP/NMP dope solu-
tions containing PVPs of different molecular
weights. In addition, it can be seen that the precipi-
tation rate of PES-C/PVP/NMP decreased with the
PVP molecular weight increasing. The strong affinity
between the solvent (NMP) and the nonsolvent
(water) was the cause of the instantaneous demixing
of the PES-C/PVP/NMP dope solutions. Further-
more, PVP moved toward the external surface and
improved the hydrophilicity during non-solvent-
induced phase separation. The improved hydrophilic
surface sped the diffusion of the nonsolvent (water)
into the dope and led to the instantaneous demixing.
Some researchers have also found that the coagula-
tion rate of other polymer dope solutions decreases
as the molecular weight of PVP increases.18–20,25 This
can be explained by the thermodynamics and
kinetics of the precipitation process. First, as the
molecular weight of PVP increases, the nonsolvent
tolerance of the dope solution increases.25 That is, a
small nonsolvent variation will cause phase separa-
tion for a dope containing a low-molecular-weight
PVP. Second, the precipitation rate is mainly con-
trolled by the kinetics.14 Generally, the viscosity of a
dope solution increases with the molecular weight of
the polymer. The viscosities of four PES-C/PVP/
NMP dope solutions were measured in this case and
are listed in Table I. The viscosity of the dope solu-
tion increased with the molecular weight of PVP.
The different viscosities of the four dope solutions
caused the distinct differences in the precipitation
rates of the four dopes. The increased viscosity of
the dope solution resulted in a decrease in the
exchange rate between the solvent and the non-
solvent during the precipitation process. According
to this description, it can be accepted that a low-

molecular-weight PVP is favorable for phase separa-
tion and precipitation rates both thermodynamically
and kinetically. This is the reason that the dope
solution containing PVP of a higher molecular
weight had a lower precipitation rate. This result
accorded with the findings by Kang and Lee25 for
PAN dope solutions containing PVPs of different
molecular weights.

The exchange rate of the solvent and the non-
solvent between the dope solution and the coagula-
tion fluid plays an important role in determining the
morphology and permeation performance of the
resultant membranes. Generally, typical instantane-
ous demixing leads to a fingerlike structure, and
delayed demixing leads to a spongelike structure.1

The relationship between the precipitation kinetics,
membrane morphology, and permeation perform-
ance for PES-C is discussed later.

Morphologies of the PES-C
hollow-fiber membranes

SEM images of the cross-sectional morphologies,
external surfaces, and internal surfaces of the pre-
pared PES-C hollow-fiber membranes are displayed
in Figures 5–7, respectively.

As shown in Figure 5, double, fingerlike layers
were observed for the PES-C hollow-fiber mem-
branes with PVP K15, PVP K25, and PVP K30 as
additives for both spinning processes. This was
supported by precipitation curves (Fig. 4). Water,
acting as a strong nonsolvent, was used for both
internal and external coagulation fluids. The fast
precipitation rates of the dope solutions led to a
fingerlike structure for the resultant membranes. Fig-
ure 5 also shows that the fingerlike cavities in
the sublayers of the PES-C membranes were

Figure 4 Effects of the molecular weight of PVP on the
precipitation kinetics of PSE-C/PVP/NMP dope solutions
(with pure water as the coagulation fluid at room
temperature).
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significantly suppressed with an increase in the
molecular weight of PVP in both processes. In
particular, the fingerlike cavities and macrovoids
disappeared in the PES-C membranes with PVP K90
as an additive.

The morphology of a polymeric membrane made
by non-solvent-induced phase separation is affected
by many factors: the polymer concentration, the
solvent, the additive type and concentration, and the

fabrication conditions (including the air humid-
ity).18,26–28 Investigating PES nanofiltration mem-
branes, Boussu et al.26,27 found that voids in the
cross section were evidently suppressed, and a more
spongelike structure formed.26,27 Li et al.’s investi-
gation of PES membranes indicated that the cross-
sectional morphology changed from a fingerlike
structure to a spongelike structure when the preci-
pitation rate decreased.14,28 This decrease in the

Figure 5 SEM images of the cross-sectional morphologies of the PES-C hollow-fiber membranes.
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precipitation rate was due to the increase in the
dope viscosity with the addition of PEG and diethy-
lene glycol to the PES dope solution. Peng et al.29

also claimed the existence of a critical concentration
and a corresponding absolute viscosity value in the
evolution of macrovoids in the formation of poly-
meric membranes. Therefore, below the critical
point, polymer chains possess a high degree of free-

dom and are loosely packed, and the nonsolvent can
easily penetrate the chain spaces of the polymer so-
lution via a diffusional and convective moving front
and form macrovoids. As the polymer concentration
exceeds the critical value, the polymer chains
become closely packed enough to form entangle-
ments. Such an entangled network structure
impedes the nonsolvent intrusion and hence lowers

Figure 6 SEM images of the external morphologies of the PES-C hollow-fiber membranes.
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the precipitation rate of the corresponding dope
(Fig. 4). In this case, the spongelike structure of the
membranes containing PVP K90 should be the result
of the ultrahigh viscosity of the dope solution
and the very low precipitation rate. According to
this discussion, it can be concluded that an increase
in the viscosity of the dope solution will lower its
precipitation rate during non-solvent-induced phase

separation and will be favorable for the suppression
of macrovoids and the formation of a spongelike
morphology. Spongelike structures were also found
for PES and PSf membranes when a PVP of a very
high molecular weight was used as an additive by
Yang et al.18 and Chakrabarty et al.,30 respectively.

The effect of the air gap on the membrane mor-
phology can also be observed in the SEM images of

Figure 7 SEM images of the internal surfaces of the PES-C hollow-fiber membranes.
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Figure 5. The lengths of the double, fingerlike cav-
ities of the wet/wet-spun PES-C membranes were
almost equal, but the internal fingerlike cavities
were significantly longer than the external ones of
the dry/wet-spun PES-C membranes. Meanwhile,
this difference was enhanced as the molecular
weight of PVP decreased. During the wet/wet pro-
cess, precipitation immediately occurred for both
surfaces when the dope solution was extruded from
the spinneret. This caused the formation of double,
fingerlike cavities of almost equal lengths. However,
during the dry/wet process, the onset of precipita-
tion for internal and external surfaces occurred at
different times. The precipitation process of the
internal surface immediately occurred after the dope
solution was extruded from the spinneret, but the
external surface went through an air gap and
intruded into the external coagulation fluid; then,
phase separation occurred. Therefore, the fingerlike
cavities of the internal layer were longer than those
of the external layer of the PES-C hollow-fiber mem-
branes, as shown in the cross-sectional images of
Figure 5. According to optical microscopy observa-
tions of the formation of polymer membranes in the
literature,25,31 the end and length of the fingerlike
cavities can be regarded as the precipitation front
and precipitation distance, respectively. Because of
the increases in the nonsolvent tolerance and viscos-
ity of a polymer solution with an increase in the
PVP molecular weight, a dope solution containing
PVP of a higher molecular weight has a lower pre-
cipitation rate. This was verified by the coagula-
tion kinetics of different dope solutions shown in
Figure 4. Therefore, the length of the internal finger-
like cavities was much longer than the length of the
external ones for the dope solution containing PVP
of a lower molecular weight.

SEM images of the external and internal surfaces
of the prepared PES-C hollow-fiber membranes are
shown in Figures 6 and 7, respectively. Because
water acting as a strong nonsolvent was involved as
an internal and external coagulation bath, a dense
skin was observed on both surfaces. Another phe-
nomenon was that both the external and internal
surfaces became rougher when the molecular weight
of PVP increased in the PES-C membranes. This
can be explained as follows: the high viscosity of the
dope solution caused by the addition of high-molec-
ular-weight PVP restricted the relaxation and orien-
tation of the molecular chains of the polymer.21,32,33

Permeation and separation performances
of the PES-C membranes

The PWP flux and rejection for two proteins (BSA
and lysozyme) for the prepared PES-C hollow-fiber
membranes are listed in Table II. The PWP flux

decreased and the lysozyme rejection increased as
the molecular weight of PVP increased. This is
supported by the membrane morphologies shown in
Figures 5–7 and other researchers’ experimental
results.18,25,30,34 According to the SEM images in
Figure 5, the PES-C membranes prepared with low-
molecular-weight PVPs as additives had large,
fingerlike cavities and thin skin layers on both the
external and internal surfaces, and this was favor-
able for water permeation. The results are similar to
those for PAN membranes reported by Kang and
Lee.25 During precipitation, PVP is difficult to wash
out completely from the membrane matrix. In partic-
ular, high-molecular-weight PVP is easily entrapped
by the PES-C matrix.18,30 The PVP remaining in the
polymer matrix blocks pores and impedes the per-
meation of water through the membrane. In addi-
tion, the investigations of Yang and Chung18 and
Kang and Lee25 revealed that the mean effective
pore size of PES and PSf membranes decreases as
the molecular weight of PVP increases. This decrease
also can explain the decrease in the PWP flux and
the increase in lysozyme rejection with the PVP mo-
lecular weight increasing. The results shown in
Table II reveal that the BSA rejection values for the
prepared PES-C membranes were all greater than
98%, and the lysozyme rejection values ranged from
47.1% to 94.5%. This illustrates that typical PES-C
hollow-fiber UF membranes were fabricated in this
case. Generally, permeation and separation perform-
ances are determined by the membrane structure
and material properties. In this research, increasing
the PVP molecular weight led to increased thickness
and a reduction of fingerlike structures, as verified
by the SEM images in Figures 5–7. This is similar to
the effects on the evolution of the morphology and
permeation performances of poly(vinylidene fluo-
ride) membranes.35

Moreover, the dry/wet-spun membranes had
higher PWP flux values and lower lysozyme rejec-
tion values than the wet/wet-spun membranes. This
phenomenon was also observed in PES hollow-fiber

TABLE II
Permeation Flux and Rejection of Solutes of the

PES-C Hollow-Fiber Membranes

Membrane
PWP

(L m�2 h�1 bar�1)

Rejection (%)

BSA Lysozyme

K15-DW 149.0 6 3.4 99.4 6 0.2 59.8 6 3.2
K15-WW 86.6 6 1.7 99.5 6 0.4 71.0 6 4.5
K25-DW 44.2 6 0.1 99.2 6 0.1 57.9 6 3.7
K25-WW 35.7 6 3.3 99.4 6 0.2 89.4 6 4.1
K30-DW 30.6 6 1.8 99.3 6 0.3 82.9 6 1.6
K30-WW 26.6 6 0.8 99.3 6 0.3 94.5 6 1.7
K90-DW 6.5 6 0.1 98.1 6 1.1 86.4 6 2.2
K90-WW 2.5 6 0.2 98.4 6 0.2 47.1 6 9.0
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membranes by Xu and Qusay13 and Qin et al.36

Qin et al. claimed that with the air-gap distance
increasing, the shear-induced orientation at external
surfaces relaxed and loosened its tight structure; this
yielded membranes with low rejection but high flux.
All PES-C membranes in this case followed this rule,
except for the lysozyme rejection of the K90-DW and
K90-WW membranes. The much lower PWP flux of
the membranes with PVP K90 as an additive should
be the result of the spongelike structure, the much
greater pore blocking of retained PVP, and the
thicker skin layer.

Thermal properties

TGA curves of the wet/wet-spun PES-C hollow-fiber
membranes are illustrated in Figure 8. There were
three weight-loss stages for all the PES-C hollow-
fiber membranes. This was similar to the thermal
decomposition process of PES membranes.37 The
first weight loss below 100�C was attributed to the
evaporation of water in the membranes. The second
stage from 160 to 230�C was assigned to the loss of
water or residual solvent in the membranes. The
weight losses of the first stage (to 100�C) and
the second stage (to 230�C) are listed in Table III.
The weight loss of these two stages increased with

the molecular weight of PVP in the PES-C mem-
branes. More PVP was retained in the membrane
matrix when its molecular weight increased. Much
more PVP was retained in the membrane matrix;
more water was absorbed into the membranes, and
greater weight loss occurred in the first two decom-
position stages. The third stage from 360 to 450�C
corresponded to the decomposition of the polymer.
The values of the decomposition temperature (Td),
which is defined as the temperature at 3% weight
loss (from 230�C), are also listed in Table III. The Td

values of the prepared PES-C membranes were all
below the Td value of the virgin polymer (460�C),
and this was due to the existence of PVP in
the membrane matrix. The deviation of Td from the
value of the virgin polymer was related to the
molecular weight of PVP. Td of the prepared PES-C
membranes decreased when the molecular weight of
PVP increased.

Mechanical properties

The mechanical properties of the wet/wet-spun PES-
C hollow-fiber membranes were evaluated with the
break strain and the elongation at break. The values
are listed in Table IV. After consideration of the
experimental error, the mechanical strain and elon-
gation at break of the PES-C hollow-fiber mem-
branes seemed to depend on the molecular weight
of PVP. Both the break strain and the elongation at
break increased when the molecular weight of PVP
increased. The reason should be the suppression of
the fingerlike cavities and the increasing thickness of
the skin layers for the membranes prepared with
high-molecular-weight PVP.33

In comparison with the mechanical properties of
PES hollow membranes,38 the elongation at break of
the PES-C hollow-fiber membranes was evidently
low; on the contrary, the break strain was high. This
resulted from differences in the molecular chains
due to the introduction of rather bulky phenol-
phthalein groups for PES-C.

CONCLUSIONS

PES-C hollow-fiber membranes were fabricated by
wet/wet and dry/wet (10-cm air gap) processes

Figure 8 TGA curves of PES-C hollow-fiber membranes
with different PVPs as additives.

TABLE III
Weight Loss and Td Values of the PES-C

Hollow-Fiber Membranes

Membrane

Weight loss (%)

Td (�C)100�C 230�C

K15-WW 3.21 7.31 440.7
K25-WW 3.90 6.97 395.3
K30-WW 4.56 8.58 389.5
K90-WW 8.53 10.87 365.1

TABLE IV
Mechanical Properties of the PES-C Hollow-Fiber

Membranes

Membrane Break strain (MPa) Elongation at break (%)

K15-WW 5.08 6 0.35 9.19 6 1.03
K25-WW 7.75 6 0.05 12.60 6 0.51
K30-WW 7.62 6 0.09 18.57 6 0.67
K90-WW 8.88 6 0.16 29.30 6 8.33
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with PVPs of different molecular weights as addi-
tives. The results revealed general instantaneous
demixing phenomena, and the precipitation rate
decreased as the PVP molecular weight increased.
SEM images indicated that a double, fingerlike struc-
ture occurred in the PES-C hollow-fiber membranes
containing PVP K15, PVP K25, or PVP K30 with in-
stantaneous phase demixing. However, the PES-C
membranes containing PVP K90 revealed a sponge-
like structure because of the high viscosity of the
dope solution and the low precipitation rate. The
PWP flux decreased, but the lysozyme rejection
increased for the PES-C membranes when the molec-
ular weight of PVP in the membranes increased. The
largest PWP flux of 149 L m�2 h�1 bar�1 was
acquired for the PES-C membrane with PVP K15 as
an additive. The BSA rejection values for PES-C
membranes were all greater than 98%, and the lyso-
zyme rejection values ranged from 47.1% to 89.4%.
Td of the PES-C membranes decreased with the mo-
lecular weight of PVP increasing. The break strain
and elongation at break were enhanced as the PVP
molecular weight increased.

The authors thank Yang Hu and Yang Qian for
their helpful suggestions.
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