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• Fabricate PES hollow-fiber by a steam/dry/wet phase inversion method
• Analysis effects of various spinning conditions on PES properties
• The PWP increases about 300%, keeping BSA rejection above 99% with PEG concentration
• The mechanical properties were depending on the PEG, bore fluid type and flow rates.
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A steam/dry/wet phase inversion method was used to fabricate hollow-fiber membranes for ultrafiltration (UF)
applications from polyethersulfone (PES) as a polymer material, gamma butyrolactone (GBL) as a solvent and
polyethylene glycols (PEGs) as a pore-former additive. Pure water, 30 wt.% ethanol and 30 wt.% isopropanol
were used as bore fluids. The effect of PEG concentration, type of bore fluid, and bore fluid flow rate (BFR) on
the structure, permeability, separation performance and mechanical properties of PES hollow fiber was studied.
The PES hollow-fiber membranes were characterized by scanning electron microscopy (SEM), capillary flow
porometer and porosity measurement. From the results it was found that all PES hollow fibers have a sponge-
like structure in the cross-sectional area. Using 30% ethanol as a bore fluid produced fiber with pore density
higher than that produced using water or 30% isopropanol. With an increase of the bore fluid rate from 7.67 to
23.06 g/min, the pore density and the PWP increased from 14,698.6 to 29,440.2 (pores/mm2 × 102) and from
45.2 to 107.4 l/m2·h·bar respectively, with a minor change in protein rejection. The mechanical properties in
terms of Young's modulus, tensile strength and elongation at break were dependent on PEG concentration,
and bore fluid type and concentration.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

It is well known that the morphology, separation performance and
mechanical properties of the polymeric membranes fabricated by
phase inversion technique depend upon various factors such as poly-
mer type and composition, type and concentration of the additives, de-
sign of the spinneret, type, composition and temperature of the internal
and external coagulants, bore liquid flow rate, gas gap type and length,
dope flow rate (dope extrusion pressure), fiber take-up velocity,

humidity and so on. The most important factor among them is the
type of the additives. Many researchers have focused their studies on
the effect of water-soluble polymers as additives, using different poly-
mer solvents and composition, on the properties and performance of
the membranes [1–10].

Kim and Lee [1] investigated the effect of PEG additive as a pore-
former on the structure formation of polysulfone (PSF) membranes
and their permeation properties. The membranes were prepared by
using N-methyl-2-pyrrolidone (NMP) as a solvent. Poly(ethersul-
fone) (PES) hollow-fiber membranes were prepared by using NMP
as a solvent and water, poly(vinylpyrrolidone) (PVP) and poly(eth-
ylene glycol) (PEG) as a non-solvent additives [2]. Wang et al. [3]
prepared poly(vinylidene fluoride) (PVDF) hollow-fiber membranes
by wet and dry/wet phase inversion methods. Dimethylacetamide
(DMAc) and poly(vinyl pyrrolidone) (PVP) were used as a solvent
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and an additive respectively. The effects on the permeation proper-
ties and membrane structures of polymer composition, air-gap dis-
tance, PVP molecular weight, PVP composition in the dope solution,
and the internal coagulant were examined. It was concluded that
highly permeable PVDF hollow fiber could be prepared from a poly-
mer dope containing PVP with low molecular weight.

Liu et al. [4] prepared (PES) hollow-fiber membranes using NMP
as a solvent, and PEG 400 and water as non-solvents, respectively.
It was observed that membranes prepared from a solution with an
NMP/PEG ratio of 1:1 resulted in higher fluxes than when a ratio of
1:4 was used. Using a different bore liquid composition with the
components NMP, PEG 400 and water was shown to be a powerful
method of controlling the pore size of the inner surface. Xu and
Alsalhy investigated the effects of PEG molecular weights and PEG
Mw600 concentrations, as well as the combination of PVP and PEG
Mw600 in the dope solution, on the separation properties, morphol-
ogy, and mechanical properties of PES hollow-fiber membranes [5].

Yoo et al. [6] obtained a macrovoid-free, porous membrane with a
sponge-like structure of a polyimide (PI)/(GBL)/water system, whereas
a membrane with a finger-like structure was obtained from a PI/NMP/
water system. The effect of the molecular weight of PVP additive in
two systems on membrane morphology was investigated through the
differences in phase separation rates and compatibility. Chakrabarty
et al. [7] prepared flat-sheet asymmetric polymeric membranes from a
solution of PSF by the phase inversion method. PEG of three different
molecular weights such as 400, 6000 and 20,000 Da respectively, was
used as the polymeric additive in the casting solution. It was found
that the pore number as well as pore area increase with an increase in
PEG molecular weight. Membranes with PEG of higher molecular
weights have higher pure water permeation flux (PWP) and higher hy-
draulic permeability.

Saljoughi et al. [8] investigated the effects of cellulose acetate (CA) and
PEGcomposition in the casting solution and coagulationbath temperature
(CBT) on the morphology of the prepared membranes. It was found that
increasing thePEGcomposition in the casting solution andCBTaccelerates
the exchange rate of solvent (NMP) andnon-solvent (water) and then ex-
pedite formation of macrovoids in the membrane structure. Pure water
flux through the prepared membranes is strongly dependent on the size
and density of macrovoids in the membrane structure.

Simone et al. [9] preparedmicroporous hydrophobic poly(vinylidene
fluoride) (PVDF) hollow fibers by the dry/wet spinning method. Water
and (PVP)were used as pore-forming additives.Mixtures of DMF or eth-
anol in water were used as bore fluids. The study focused on the PVP
concentration and the composition of the bore fluid. The prepared fibers
exhibited good structure, goodmechanical properties, high porosity and
an average pore size ranging from 0.12 to 0.27 μm. Culfaz et al. [10] fab-
ricated hollow-fiber membranes with microstructured inner surfaces
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 flow rate, air gap and take-up speed on the microstructure
and shape of the pore and its deformation was investigated.

The literature surveyed above includes rare work using gamma-
butyrolactone (GBL) as a polymer solvent in preparation of the
membrane. In this work, polyethersulfone (PES) hollow-fiber mem-
branes were prepared by steam/dry/wet spinning process using
gamma-butyrolactone (GBL) as a solvent for the first time with
PES. GBL has several advantages for using in membrane preparation
such as water soluble, non-volatile solvent, good dissolving proper-
ties of polymer and lower toxicity than other solvents such as NMP,
DMAC, DMF, and DMSO [11]. Khayet et al. [12] prepared PES hollow
fibers using different gas gaps, namely, air, oxygen, nitrogen, carbon
dioxide and argon. In this effort, a steam gap was used as a gas gap
during the spinning process in order to achieve the goal of preparing
a hollow fiber with a sponge-like structure regardless of the effect of
any other variables such as bore fluid type, flow rate and additive
concentration. Moreover, the effects of poly(ethylene glycol) (PEG)

concentration, type of bore fluid, and bore fluid flow rate (BFR) on
membrane morphology, permeability, separation performance,
pore size, pore size distribution, porosity and mechanical properties
were investigated. The prepared hollow fibers were characterized
using scanning electron microscopy (SEM), whereas the pore size
and pore size distribution of the PES hollow fibers were measured
using a PMI capillary flow porometer. Ultrafiltration experiments
were conducted using bovine serum albumin (BSA) as a solute.
Moreover, in this work it is desirable to confirm our goal, to establish
that the bore fluid type, composition and flow rate do not affect the
structural morphology of the membrane, and that the polymer concen-
tration and type of additives in the dope solution are the only factors
controlling the structural morphology of the membranes when the vis-
cosity of the polymer solution is higher than 1250 cp in the presence
of steam gap distance. Therefore, this study focused on the effects of
the chemistry of polymer solution, coagulation bath, and bore fluid
flow rate on membrane properties.

2. Experimental work

2.1. Materials

Poly(ethersulfone) (PES) in powder form of Mw = 30,000 Da and
density of 1.37 g/cm3 (Sigma Aldrich Company, Germany) was selected
as a membrane material because of its commercial availability, process-
ing ease, favorable selectivity permeability characteristics and goodme-
chanical and thermal properties. Gamma butyrolactone (GBL) (Sigma
Aldrich Co., Germany) was used as a solvent in the preparation of the
dope solution. Distilled water, ethanol with purity of 99.8% (Georgia
Gulf Co., USA) and isopropanol with purity of 99.99% (Georgia Gulf Co.,
USA)were used as internal coagulants (bore fluid). Polyethylene glycols
(PEGs) of Mw = 12,000 Da, supplied by Sigma Aldrich Co., Germany,
were used as an additive. Bovine serum albumin (BSA, Mw =
68,000 Da), supplied by AFCO, India, was used as a solute.

Fig. 1.Hollow fiber membrane spinning setup unit. 1— nitrogen gas cylinder. 2— a regu-
lating pressure valve. 3 — pressure gauge (in the range of 10 bar). 4 — jacketed vessel of
the dope solution (750 ml). 5 — dope solution valve. 6 — bore fluid container. 7 — bore
fluid valve. 8 — bore fluid pump. 9 — spinneret. 10 — steam channel. 11 — hollow fiber
membrane. 12— external coagulation bath. 13— electric evaporator.
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2.2. Preparation of PES hollow-fiber membranes

Poly(ether sulfone) (PES) powder and poly(ethylene glycol)
(PEG) were dried separately in an oven for about 5 h at 70 °C to re-
move their moisture content. PEG 12,000 Da was mixed with the
gamma butyrolactone (GBL) in glass flask using a magnetic stirrer
at 55 °C. Then, PES was added to the PEG/GBL solution and mixed
until a homogeneous dope solution was obtained. Hollow-fiber PES
membranes were spun by using the steam/dry/wet spinning method
in the experimental rig shown in Fig. 1. The composition and spinning
parameters of the PES hollow-fiber membranes are summarized in
Table 1. The PES dope solutionwas loaded into a stainless-steel jacketed
reservoir at a temperature of 55 °C. Then the dope solution was pres-
surized with pure nitrogen (N2) at a flow rate of 11 g/min to the
tube-in-orifice spinneret, which had an inner diameter (ID) of 600 μm
and an outer diameter (OD) of 1600 μm. The bore fluid was simulta-
neously pumped to the inner tube of the spinneret at different flow
rates using a peristaltic pump. The steam gap distance was 15 cm,
whereas the air gap distance was 10.5 cm. All hollow fibers were spun
at a temperature of 22 °C inside a steam channel, allowing circulation
of the steam. All nascent fibers were not drawn (free falling velocity),
which means that the take-up velocity of the hollow-fiber membrane
was nearly the same as the falling velocity in the coagulation bath. All
experiments were conducted at laboratory temperature (~22 °C),
while the coagulation bath was maintained at ~20 °C and the bore
fluid at 50 °C. The fabricated PES hollow-fiber membranes were rinsed
in water for 24 h to remove the residual solvent GBL. Then, the hollow-
fiber membranes were kept in an aqueous solution of 40% glycerol (by
volume) for 8 h, to prevent the collapse of porous structures. Finally
the fibers were dried in air at room temperature to perform themodule
test.

2.3. Scanning electron microscopy (SEM) observations

SEM is a powerful technique for analyzing the structure of the
prepared membranes. The membranes morphology was observed
using a scanning electronmicroscope (Quanta FENG 200, FEI Company)
at the Institute of Membrane Technology, University of Calabria, Italy.
To study the cross-sections of the fibers, samples were prepared by
freeze fracturing in liquid nitrogen, to produce a clean, brittle fracture.
To study the inner and outer surfaces, the fibers were carefully cut in
half in the direction of length and fixed on a sample holder. After drying
under vacuum, the samples were coated with a thin gold layer using a
sputter apparatus.

2.4. Preparation of PES hollow-fiber membrane modules

To test quantitatively the hollow-fiber separation performance in
terms of permeation flux and solute rejection, PES modules were pre-
pared. Each module consisted of five fibers with an effective length of

22 cm, which were put inside a glass tube, which was epoxy glued at
both ends, and then left overnight to cure.

2.5. Measurements of membrane dimensions

The inner andouter diameters of the prepared PEShollowfiberswere
measured using a digital micrometer with a precision of ±0.0001 mm.
Five fibers were used for each membrane.

2.6. Porosity measurements

Membrane porosity can be defined as the volume of the pores divided
by the total volume of themembrane. In order to evaluate the porosity of
themembrane, hollow fibers not previously treatedwith the glycerol so-
lutionwere dried for 4–5h at 50 °C andweighedwith a precision balance,
then impregnated with kerosene for about 24 h and weighed again after
wiping away superficial kerosene with filter paper [13]. It is worth
to mention here that the use of kerosene instead of water in poros-
ity measurement is due to the lower surface tension which making
it more pervasive within the pores of the membrane. The porosity
of the fiber membrane (ε) was calculated using the following
formula [14].

ε% ¼
w1−w2ð Þ

Dk
w1−w2ð Þ

Dk
þ w2ð Þ

Dp

8>>><
>>>:

9>>>=
>>>;

� 100 ð1Þ

where

w1 is the weight of the wet membrane.
w2 is the weight of the dry membrane.
Dk is the kerosene density (0.82 g/cm3).
Dp is the polymer density (1.37 g/cm3).

2.7. Pore size and pore size distribution

The mean pore size, density and distribution in hollow-fiber mem-
branes were determined using a capillary flow porometer (Porous Ma-
terials Inc., CFP 1500, A6XL, USA). Fibers not treated with glycerol were
immersed in a pore wick (surface tension 16 dyn/cm) overnight to en-
sure completewetting before using. The fiberswere analyzedwithwet-
up/dry-up method.

2.8. Mechanical properties

The tensile strength of the prepared fibers was measured by
means of a Zwick/Roell Z 2.5 test unit. Each sample was stretched
unidirectionally at a constant rate of 5 mm/min, the initial distance
between the clamps being 50 mm. Five specimens were tested for
each sample. Tensile strength, elongation at break and Young's
modulus were determined.

2.9. Ultrafiltration (UF) experiments

Pure water flux experiments were performed using deionized
water. Each module was immersed in deionized water for 24 h, and
run in the test system for 1 1/2 h, to eliminate the effect of the resid-
ual glycerol on the hollow-fiber membranes before any sample
collection.

A UF experimental unit designed to evaluate the PWP and protein
rejection is shown in detail elsewhere [15]. At a transmembrane
pressure of 1 bar and feed solution temperature of 20 °C, all

Table 1
Composition and spinning parameters of the PES hollow fiber membranes.

Fiber no. Polymer solution
(20 wt.% PES)

Bore fluid (wt.%) Bore rate
(g/min)

PEG Solvent H2O ETOH ISOP

I 5 75 100 12.84
II 10 70 100 12.84
III 15 65 100 12.84
IV 10 70 30 12.84
V 10 70 30 12.84
VI 15 65 100 7.67
VII 15 65 100 23.06
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experiments were performed in hollow-fiber modules with cross-
flowmode. Twomodules were prepared for each hollow-fiber sam-
ple. Pure water permeation fluxes (PWP) were obtained as follows:

Jw ¼ Qw

ΔP As
ð2Þ

where

Jw is the permeation flux of membrane (l/m2·h·bar).
Qw is the volumetric flow rate of the permeate (l/h).
ΔP is the transmembrane pressure drop (bar)
As is the membrane surface area (m2).
As ¼ n π D L ð3Þ

where
Fig. 3. Effect of PEG concentrations on the viscosity of the PES dope solution.

Fig. 2. SEM images of cross-section of the PES hollow fibers: (magnification 120 and 1000×); I) 5 wt.% PEG; II) 10 wt.% PEG; III) 15 wt.% PEG.
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n is the number of fiber in the module.
D is the outside diameter of the fiber (m).
L is the effective fiber length (m).

To measure the solute rejection, a BSA solution with 500 ppm was
prepared and used for each hollow-fiber module. The filtration experi-
ments were carried out at the applied transmembrane pressure of
1 bar. Themembrane rejection R (%) was calculated using the following
equation:

R %ð Þ ¼ 1−
Cp

C f

 !
� 100% ð4Þ

where Cf and Cp are the solute concentration in feed and permeate solu-
tion respectively. The concentration of BSA was determined based on

absorbency in a UV-spectrophotometer (Shimadzu-UV160 A, Japan) at
a wavelength of 280 nm.

3. Results and discussion

3.1. Effect of PEG concentration

3.1.1. Effect of PEG concentration on morphological structure
Three dope solutions containing 20 wt.% PES were prepared with

different concentrations of PEG as additive (i.e. 5, 10 and 15 wt.%). The
bore fluid was pure water with a flow rate of 12.84 g/min.

Fig. 2 shows how the SEM images of the cross-section of the PES
hollow-fiber membrane were prepared by using different PEG concen-
trations (i.e. 5, 10 and 15 wt.%) as a pore-former additive. It will be no-
ticed that the PES hollow-fibermembranes prepared fromdifferent PEG

Fig. 4. Inner and outer surface of PES hollow fibers (magnification 50,000×), I) 5% PEG; II) 10% PEG; III) 15% PEG.

25Q.F. Alsalhy et al. / Desalination 345 (2014) 21–35
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concentrations have a sponge-like structure with two dense skin layers,
and that some macro-voids have appeared in the middle of the cross-
section of the hollow-fiber membrane prepared from 5 wt.% PEG as ad-
ditive (see Fig. 2: fiber no. I). An increase of PEG concentration in the
dope solution has the result of repressing the macro-voids, as shown
in Fig. 2: II and III. This is due to the increase in dope solution viscos-
ity, as shown in Fig. 3. The presence of PEG in the PES dope solution
results in an increase in the viscosity of the polymer solution, and
this leads to a reduction in the exchange rate between the solvent
and non-solvent in the polymer solution, possibly delaying the liq-
uid–liquid demixing process and forming a sponge-like struc-
ture [16]. The addition of a low concentration of PEG in the
polymer solution may result in a fast formation of nuclei (i.e. PEG-
rich phase) and high solvent composition, thus enhancing the
macrovoid structure. A high concentration of PEG in the polymer so-
lution, on the other hand, slows the formation of nuclei (i.e. polymer-
rich phase), and the low solvent composition results in the formation
of a sponge-like structure [17,18].

The SEM images of the inner and outer surfaces of PES hollow-fiber
membranes spun from different concentrations of PEG are shown in
Fig. 4. It can be seen that the inner and outer surfaces have a dense
skin layer, and that no pores are visible on the surfaces until a magnifi-
cation of 50,000 is reached. This is attributed to the steam effect during
the passage of the nascent hollow-fiber throughout the 15 cm steam
gap length. When the PES dope solution leaves the nozzle of the spin-
neret, evaporation of the GBL will start from the external surface of
the nascent hollow fiber in thewater vapor channel. Therefore coagula-
tion of the skin external surface of the nascent hollow-fiber membrane
will be rapid on account of the higher heat transfer rate from the water
vapor to the external polymer surface. Moreover, the internal surface of
the nascent hollow fiber will be brought into contact with the bore fluid
(water) as soon as the nascent fiber escapes from the nozzle of the spin-
neret, so that the solidification of the skin internal surface will be rapid.

3.1.2. Effect of PEG concentration on membrane thickness and porosity
Fig. 5 shows the thickness of the PES hollow fibers using different

PEG concentrations in the dope solution. It can be observed that the
thickness of the PES hollow fiber increased significantly with an in-
crease of the PEG concentration in the dope solution. This behavior is at-
tributed to the increase in the PES dope solution viscosity. It is expected

that the increase of the viscosity of the polymer solutions will reduce
the effect of gravity on the nascent fiber while it moves through steam
and air gaps towards the external coagulation bath; it is well known
that the presence of an air gap tends to reduce the dimensions of the na-
scent fiber and increase its porosity [14,19]. This increase in thickness
can be observed in the SEM image in Fig. 2. Torrestiana-Sanchez et al.
[2] reported that the viscosity of the polymer solution affects physical
membrane features and found that the membrane thickness increases
as the polymer solution viscosity increases.

Table 2 and Fig. 6 show the porosity of PES hollow-fibermembranes
prepared fromvarious PEG concentrations. It is noticed that the porosity
of PES hollow-fiber membranes increases from 66.11% to 76.49% with
an increase of the PEG concentration in the PES dope solution from 5
to 15 wt.%. This result is expected because PEG is a hydrophilic (pore-
former) additive that is combinedwith the polymer to promote the for-
mation of porous structure [20,21].

3.1.3. Effect of PEG concentration on pore size, pore size distribution and
pore density

Table 2 and Fig. 7 show the influence of PEG concentration on the
pore size, pore size distribution and pore density of the PES hollow-
fiber membrane. For the hollow fiber prepared with 5 wt.% PEG, the
effective pores showed a distribution between 0.13 and 0.39 μm
[see Fig. 7 I]. The frequency of the pores having an average size of
0.15 μmwas≈20% and that of 0.37 μmwas≈80%, while pore densi-
ty was 4034.4 (pores/mm2 × 102). For hollow fiber prepared with
10 wt.% PEG concentration, the effective pores showed a narrow dis-
tribution, mainly between 0.37 and 0.41 μm, with a frequency of
≈94%, as shown in Fig. 7 II. The pore density of this fiber was
17,063.3 (pores/mm2 × 102), as shown in Table 2. The effective
pores for the fibers prepared with 15 wt.% PEG showed a narrow dis-
tribution, between 0.41 and 0.45 μm, with a frequency of more than
97% and a density of 16,822.6 (pores/mm2 × 102) as depicted in Fig. 7
III. From the above results, it can be concluded that with increasing
PEG concentration in the dope solution, the pore size increased and
the pore size distribution became narrower, and the same behavior
was obtained by Sinha and Purkait [22]. However, pore density in-
creased with an increase of the PEG concentration up to 10 wt.%. Fur-
ther increase in the PEG concentration to 15 wt.% resulted in a
decrease in pore density, however, the increase in pore size and
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Fig. 5. Thickness of PES hollow fiber membranes with different PEG concentrations.
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density can be related to the nature of PEG, a hydrophilic additive
that controls the exchange rate between the solvent in polymer solu-
tion and nonsolvent (water) in the coagulation bath during the
phase inversion process. Moreover, the decrease in pore density
with an increase of PEG concentration up to 15 wt.% is due to the in-
crease in polymer solution viscosity.

Liu et al. [4] showed that, in the proper concentration, PEG can be
used as a polymeric additive to improve PES dope solution viscosity
while at the same time enhancing the pore size and pore interconnec-
tivity of the membrane.

On the other hand, Zheng et al. [23] found that when PEG concentra-
tion is less than 12 wt.%, the pore density of the membranes increases
with increasing PEG concentration. They attributed this phenomenon
to the increase in the exchange rate between solvent in the dope solu-
tion and non-solvent in the coagulation bath, whereas the pore density
of membranes decreases when PEG concentration is increased to more
than 12 wt.% on account of the increased dope viscosity.

3.1.4. Effect of PEG concentration on pure water permeability and solute
rejection

The pure water permeability (PWP) and bovine serum albumin
(BSA) rejection of the PES hollow fibers prepared from various PEG con-
centrations is illustrated in Table 2. Itwill be noticed that the purewater
permeability of the PES hollow-fiber membranes increased from 19.18
to 76.68 (l/m2·h·bar) with an increase in the PEG concentration from
5 to 10 wt.%. Further increase of the PEG concentration up to 15wt.% re-
sults in a decrease in the pure water permeability to 54.4 (l/m2·h·bar).
It will also be noticed from Table 2 that the PWP is highly improved,
with no significant decrease in solute (BSA) rejection with an increase
of PEG concentration in the PES dope solution. It is well known that
membrane performance is affected by different factors such as mem-
brane morphology, pore size, pore density, membrane thickness and
porosity. In this case, the PWP and solute rejection trends obtained
with an increase in PEG concentration are mainly generated by the
pore density of the hollow fibers. Kim et al. [24] reported that the

pure water permeability should be related to pore intensity on the
membrane surface. The literature reports that a certain value of the ad-
ditives in the dope solution results in a positive effect on the perfor-
mance of the membranes [4,5].

3.1.5. Effect of PEG concentration on the mechanical properties
Young's modulus, tensile strength and the elongation at break of

the PES hollow-fibermembranes prepared from various PEG concen-
trations are summarized in Table 3. As can be seen from Table 3,
the elongation at break decreases from 45.33% to 37.51%, whereas
the tensile strength and Young's modulus decrease from 8.78 to
2.91 N/mm2 and 223.95 to 62.92 N/mm2 respectively with an in-
crease in the PEG concentration in the dope solution from 5 to
15 wt.% (fiber nos. I, II and III). This reduction in mechanical proper-
ties with the increase in PEG concentration can be related to the in-
crease in porosity of the PES hollow fibers. Xu and Xu [21] found
that the hollow-fiber membranes present higher mechanical prop-
erties with lower porosity.

3.2. Type of bore fluid

Three dope solutions containing 20 wt.% PES and 10 wt.% PEG as ad-
ditives were spun with different types of bore fluid such as pure water,
30 wt.% ethanol solution and 30 wt.% isopropanol solution. The bore
fluid flow rate is constant at 12.84 (g/min) during the preparation pro-
cess of the PES hollow-fiber membranes.

3.2.1. Effect of bore fluid type on morphological structure
Fig. 8 illustrates the SEM pictures of the cross-sections of the PES

hollow fibers prepared from different types of bore fluid. It can be
noticed that the cross-sections of the hollow-fiber membrane show
a sponge-like structure for all hollow fibers, and that there is no sig-
nificant effect of the type of the bore fluid on the morphological
structure of the PES cross-section. This behavior confirms our goal of
establishing that bore fluid type does not affect the structural morphol-
ogy of the PES hollow-fiber membranes when the viscosity of the poly-
mer solution is higher than 1250 cp with the effect of the presence of
steam gap distance during the spinning of PES hollow-fiber membranes.
From the SEMpictures of the PES hollow-fiber surfaces in Fig. 9, it can
be observed that the outer surfaces of the hollow fibers prepared
from different PEG concentrations have dense skin texture. More-
over, no pores can be observed on the inner surfaces of the hollow fi-
bers prepared from water or 30 wt.% isopropanol solution as a bore
fluid, even at a magnification of 24,000×. Whereas there are both
huge and very small pores on the inner surface of the hollow fiber
prepared from 30 wt.% ethanol solution as a bore fluid. This differ-
ence between the effects of the bore fluid types is related to their
ability to coagulate the dope solution; water and isopropanol, for ex-
ample, are strong coagulants compared to ethanol. As reported by
Bonyadi and Chung [13], when a strong coagulant such as water is
used, it induces formation of a dense skin layer. Deshamukh and Li
[25] reported that ethanol, on the other hand, is not a strong non-
solvent like water, which means that the addition of ethanol will

Table 2
Dimensions, porosity, pore size and pore density of the PES hollow fiber membranes.

Fiber no. O.D. (mm) I.D. (mm) Thickness (mm) Porosity (%) Average pore size (μm) Pore density (pore/mm2) × 102 PWP (l/m2·h·bar) R (%)

I 1.359 1.04 0.159 66.11 ± 0.36 0.326 4034.4 19.2 100.0
II 1.495 1.10 0.198 74.24 ± 0.67 0.383 17,063.3 76.7 99.2
III 1.629 0.99 0.320 76.49 ± 0.18 0.432 16,822.6 54.4 100.0
IV 1.507 1.18 0.163 74.17 ± 0.90 0.382 41,041.4 236.4 84.6
V 1.638 1.40 0.119 75.68 ± 0.67 0.390 21,902.5 143.0 93.2
VI 1.555 0.87 0.343 75.64 ± 0.03 0.328 14,698.6 45.2 98.1
VII 1.707 1.24 0.233 77.54 ± 0.30 0.387 29,440.2 107.4 92.3
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Fig. 6. Porosity (%) of PES hollow fiber membranes with different PEG concentrations.
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delay the coagulation process and eliminate the skin layer. More-
over, Alsalhy [26] observed that using ethanol solution as bore fluid
results in a cracking phenomenon on the inner surface of PES
hollow-fiber membranes.

3.2.2. Effect of bore fluid type on pore size and pore density
Fig. 10 shows the pore size distribution of PES membrane produced

with different types of bore fluid. It can be seen that themembrane pre-
pared from 30 wt.% ethanol, 30 wt.% isopropanol and pure water as a

Fig. 7. Pore size distribution of fiber no. I; no. II; and no. III.
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bore fluid had narrow pore size distribution between 0.37 and 0.41 μm,
while the pore frequency was in the following sequence

88% 30 wt:%ethanolð Þb94% pure waterð Þb100% 30 wt:%isopropanolð Þ:

The pore size distribution of the membrane prepared from
pure water as a bore fluid is shown in Fig. 7 and mentioned in
details in Section 3.1.3. Thus, it is worth noting that using an
isopropanol solution as a bore fluid has a strong effect on the
distribution of the pores on the surface of the hollow-fiber
membranes.

The obtained pore density of the prepared PES fibers with different
bore fluid types is presented in Table 2. It will be noticed that the fibers
prepared using 30wt.% ethanol as a bore fluid had the highest pore den-
sity (41,041.4 pores/cm2), while the pore density of the hollow fiber
prepared by using 30 wt.% isopropanol as a bore fluid was 21,902.5
(pores/mm2 × 102). Moreover, the pore density of PES fiber using
pure water as a bore fluid was 17,063.3 (pores/mm2 × 102). This phe-
nomenon is attributed to the diffusion rate between solvent in dope so-
lution and non-solvent in bore fluid. A bore fluid of 30% ethanol solution
has a weaker effect on the coagulation process of the dope solution,

Table 3
Mechanical properties of PES hollow fiber membranes.

Fiber no. Young's mod.
(N/mm2)

Tensile strength
(N/mm2)

Elongation at
break (E %)

I 223.95 ± 17.80 8.78 ± 0.40 45.33 ± 12.74
II 89.47 ± 1.30 3.55 ± 0.08 43.54 ± 5.34
III 62.92 ± 2.43 2.91 ± 0.04 37.51 ± 2.37
IV 92.18 ± 4.87 3.28 ± 0.15 23.83 ± 7.86
V 80.03 ± 3.24 3.09 ± 0.34 30.32 ± 13.69
VI 91.46 ± 2.86 4.2 ± 0.14 38.55 ± 5.04
VII 73.87 ± 2.87 3.41 ± 0.08 36.94 ± 3.10

Fig. 8. Cross-section of PES hollow fibers (magnification 120 and 1000×), II) pure water; IV) 30 wt.% ethanol; V) 30 wt.% isopropanol.
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which results in the formation of a membrane with high pore density
and more open pores in the skin layer, as shown in Fig. 9.

3.2.3. Effect of bore fluid type on dimensions and porosity
Table 2 shows the dimensions and porosity of the spun fibers with

different bore fluid types (nos. II, IV and V). It is worth noting that the
hollow fiber prepared with pure water as a bore fluid has a larger thick-
ness compared to those prepared from 30 wt.% ethanol and 30 wt.%
isopropanol solutions. This is due to the difference in the diffusion pro-
cess between the polymer solution and the various internal coagulants.
With pure water as internal coagulant the diffusion process is faster
than with the other two internal coagulants, 30 wt.% ethanol and
30 wt.% isopropanol solutions, because water is a strong solvent, and
therefore as soon as the nascent fiber emerges from the spinneret
nozzle, the inner surface coagulates directly, so the dimensions of the

membrane maintain values closer to those of the spinneret, as shown
clearly in Table 2. The diffusion velocity of the internal coagulant
through the polymer solution was in the sequence listed as follows:

Pure waterN30 wt:%ethanolN30 wt:%isopropanol:

3.2.4. Effect of bore fluid type on pure water permeability and protein
rejection

Table 2 shows the effect of the bore fluid type on the PES hollow-fiber
membrane permeability and BSA rejection. The highest permeability of
PES membranes was 236.4 (l/m2·h·bar), achieved with 30 wt.% ethanol
solution as a bore fluid, while the lowest was 76.7 (l/m2·h·bar), using
pure water as a bore fluid. Moreover, the pure water permeability of
PES hollow-fiber membrane was 143 (l/m2·h·bar), using 30 wt.%

Fig. 9. Inner and outer surfaces of the PES hollow fibers (magnification 2400×), II) pure water; V) 30% isopropanol.
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isopropanol as a bore fluid. This behavior can be attributed to the effects
of pore density for each type of bore fluid, where the pore density of
the PES membrane was 41,041.4 (pores/mm2 × 102) using 30 wt.%
ethanol, compared with 21,902.5 and 17,063.3 (pores/mm2 × 102)
using 30 wt.% isopropanol and water respectively as a bore fluid. In
Table 2 (fibers II, IV and V), it can also be seen that the solute rejec-
tion of the bovine serum albumin (BSA) of the PES hollow-fiber
membrane was 99.23, 93.21 and 84.62% using water bore fluid,
30 wt.% isopropanol and 30 wt.% ethanol respectively. It is obvious
that there are several parameters that control the separation perfor-
mance of the membranes, for example, porosity, membrane thick-
ness, pore size, and pore density. From Table 2, it can be seen that
membrane thickness, pore size and porosity of PES hollow fiber
membranes do not pursue the same trend as that obtained for sepa-
ration performance. While, the pore density of the PES membranes is
the only parameter which controls the separation performance of
the membranes, therefore, the increase in the pore density of the
membrane results to the increase in the water permeability and de-
crease in solute rejection as shown in Table 2. In general, the increase
in the pure water permeability is accompanied by a decrease in the
solute rejection. In addition, it was found from the literature that
the pure water permeation flux and solute transport are related to
the pore size, pore size distribution, pore density, thickness and po-
rosity of the membranes [15,27].

3.2.5. Effect of bore fluid type on the mechanical properties
Table 3 shows the effect of bore fluid type on the mechanical

properties of the PES hollow-fiber membranes. It can be seen that
the Young's modulus of PES hollow fiber prepared from different bore
fluid typeswas in the order: 30%ethanol N purewater N 30% isopropanol.
Whereas the tensile strength of the PES hollow fiber was in the order:
pure water N 30% ethanol N 30% isopropanol. Moreover, the elongation
at break (%) of the PES hollow-fiber membranes was in the order: pure
water N 30% isopropanol N 30% ethanol. It can be concluded that theme-
chanical properties of the PES hollow-fiber membrane prepared from
pure water as bore fluid were better than those with ethanol and
isopropanol solutions. This is mainly attributed to the thickness of the
hollow-fiber membrane, where the values of the thickness of the mem-
braneswere: purewater; 0.198mm N ethanol; 0.163mm N isopropanol;
0.119 mm. The values of all other parameters of the PES hollow-fiber
membranes, such porosity and pore size, were similar.

3.3. Bore fluid flow rate

Three dope solutions containing 20 wt.% PES and 10 wt.% PEG as
additives were spun with different bore fluid flow rates of 7.67,
12.84 and 23.06 g/min. Deionized water was used as a bore fluid in
this effort.

Fig. 10. Pore size distribution of fiber no. IV; and no. V.
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3.3.1. Effect of bore fluid flow rate on morphological structure
Fig. 11 shows the SEM pictures of the cross-section of PES hollow-

fiber membranes with different bore fluid flow rates. It can be seen
that the sponge-like structure was the dominant characteristic in the
cross-section of the PES hollow-fiber membranes at different bore
fluid flow rates. Therefore, it is worth saying here that the bore fluid
flow rate had no manifest effect on the structural morphology of the
PES membrane despite increasing the flow rate by a factor of three.
This phenomenon is due to the high viscosity of the polymer solution,
which prevented the occurrence of any change to the membrane struc-
ture. Therefore, the viscosity of the PES solution was the dominant fac-
tor affecting the properties of the hollow-fiber membrane. It is also
worth mentioning here that this behavior demonstrates the objective of
this study, which is to show that the bore fluid flow rate, even when in-
creased by a factor of three, does not affect the morphological structure of
the PES hollow-fibermembranes when the viscosity of the polymer solution

is higher than 1250 cp in conjunction with the effect of steam gap distance
during the spinning process.

Fig. 12 illustrates the SEM pictures of the inner and outer surfaces of
PES hollow-fiber membrane. From Fig. 12 it can be noticed that as the
bore fluid flow rate increased from 7.67 to 23.06 g/min, no pores ap-
peared on the inner or outer surface even at amagnification of 24,000×.

3.3.2. Effect of bore fluid flow rate on dimensions and porosity
In Table 2, the increase of bore fluid flow rate results in an increase in

the inner and outer diameters of the PES hollow fiber (VI, III and VII).
The wall thickness of the hollow fiber decreased with an increase in
bore fluid flow rate. An increase in bore fluid flow rate and all other
spinning condition constants leads to the increase in the inner and
outer diameters of the hollow fiber membrane and in turn results to
the decrease in the wall thickness. Miao et al. [28] reported that an in-
crease in bore fluid flow rate results to the reduction in the skin layer

Fig. 11. Cross-section of hollow fibers (magnification 120 and 1000×) VI) 7.67; III) 12.84; VII) 23.06 g/min.
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thickness and the size of the skin layer pores. Also, they found that an
increase of bore flow rate tended to reduce the inner, outer and thick-
ness of the membrane. This is probably due to the effect of the high liq-
uid pressure exerted towards the inner surface of the nascent hollow
fiber during its formation and while the nascent fiber passed through
the water vapor and air gap regions. This result conforms to the respec-
tivemorphologies shown in Fig. 11. Also fromTable 2, it can be seen that
there is no huge difference in the porosity with an increase in bore fluid
flow rate, and their porosities have values between 75.6 and 77.5%.

3.3.3. Effect of bore fluid flow rate on pore size, pore density and pore size
distribution

The effects of different bore fluid flow rates on the pore density of
PES hollow-fiber membranes are also presented in Table 2. With in-
creases in bore fluid flow rate from 7.67 g/min (membrane VI) to
12.84 g/min (membrane III), the average pore size increased from

0.328 to 0.432 μm, while a further increase of bore fluid flow rate up to
23.06 g/min (membrane VII) results in a reduction of the average pore
size to 0.387 μm. This phenomenon is attributed to the gradual increase
in skin solidification of the inner surface of the hollow fiber membrane,
which eventually restricts the water diffusion through the membrane
wall and results in the reduction of the pore size of the membrane.

Regarding the pore density of the PES hollow-fiber membranes at
different bore fluid flow rates, it can be seen from Table 2 that an in-
crease in bore fluidflow rate from7.67 to 12.84 mg/min results in an in-
crease in the pore density of the PES hollow fibers from 14,698.6 to
16,822.6 (pores/mm2 × 102). A further increase of bore fluid flow rate,
i.e. to 23.06 g/min, led to a significant increase in pore density i.e., to
29,440.2 (pores/mm2× 102). This increase in pore density can be attrib-
uted to a decrease in the number of closed-end pores with decreasing
wall fiber thickness because of the pressure exerted on the inner surface
of the hollow fiber [28].

Fig. 12. Inside & outside surfaces of hollow fibers (magnification 2400×) VI) 7.67, III) 12.84 VII) 23.06 g/min.
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3.3.4. Effect of bore fluid flow rate on the pure water permeability and
protein rejection

Table 2 shows the effect of bore fluid flow rate on purewater perme-
ability PWP of the polyethersulfone fiber membrane. It can be seen that
PWP flux increased with increasing the flow rate of the bore fluid. This
enhancement of the pure water permeability is a result of the increase
of the pore density and the reduction in the fiber wall thickness,
where the increase in the pore density led to the increase in the area
of permeation, and the decrease in the fiber wall thickness reduction
of the wall resistance.

From Table 2 it can be seen that the rejection ratio of PES hollow
fiber (VI, III and VII) decreased with an increase in the bore fluid flow
rate. The rejection was 100% at a bore fluid flow rate of 7.67 g/min,
then it decreased to 98.1% with a flow rate of 12.84 g/min, while a fur-
ther increase in the bore fluid flow rate to 23.06 g/min reduced rejec-
tion to 92.3%. This is can be attributed mainly to the reduction of wall
resistance due to the decrease in the wall thickness of the hollow fiber
with the increase in the bore fluid rate.

It is worth noting that the PWP and BSA separation performance be-
havior, obtained with the increase in bore fluid flow rates, is produced
by the interaction of two factors, the pore density and wall thickness
of the hollow-fiber membranes.

3.3.5. Effect of bore fluid flow rate on the mechanical properties
The mechanical properties of the PES hollow-fiber membranes as a

function of bore fluid flow rate are depicted in Table 3. It can be seen
that the tensile strength and Young's modulus of PES hollow-fiber
membranes decreases from 91.46 and 4.2 to 62.92 and 2.91 with in-
crease in bore fluid flow from 7.67 to 12.84 g/min respectively. Further
increase in bore fluid flow rate results in an increase in tensile strength
and Young's modulus of the PES hollow-fiber membranes. This phe-
nomenon is attributed to the pore size and pore size distribution of
the PES hollow-fiber membranes; for example, the pore size of the hol-
low fiber prepared from 12.84 g/min bore fluid flow rate is higher, at
about 0.432 μm, with pore size distribution between 0.42 and 0.44 μm
of the membrane. It is well known that tensile strength is the ultimate
stress that a hollow-fiber membrane can endure while being pulled be-
fore breaking. Regarding the elongation at break of the PES hollow-fiber
membranes, it can be seen from Table 3 that the elongation at break de-
creases with an increase in bore fluid flow rate. In fact, it is obvious that
the elongation at break is the ratio between changed length and original
length after fracture of the hollow-fiber membrane. Therefore, this be-
havior can be attributed to the diminution of the PES hollow-fibermem-
brane thickness.

Finally, it can be stated that the morphological results of PES hollow-
fiber membranes prepared by this method accentuate our objective,
which is to illustrate that the bore fluid type, composition and flow rate
do not affect the structural morphology of the membrane, and that the
polymer concentration and the type of the additives in dope solution
are the only factors controlling the structural morphology of the mem-
branes when the viscosity of the polymer solution is higher than
1250 cp in conjunction with the presence of steam gap distance during
the spinning process, and that all the spinning conditions can affect the
dimensions, porosity, pore size and pore size distribution, but not the
main structure of the membranes.

4. Conclusions

Polyethersulfone (PES) hollow-fiber membranes for ultrafiltration
applications were fabricated by the steam/dry/wet phase inversion
method. Polyethersulfone (PES) was used as a polymer material.
Gamma butyrolactone (GBL) and polyethylene glycols (PEG) were
used as a solvent and an additive respectively. The effect of varying

PEG concentration, type of bore fluid, bore fluid flow rate (BFR) and
PES concentration on themembrane structure, purewater permeability,
protein separation performance and mechanical properties of the pro-
duced PES fiber was studied. The following conclusions can be drawn:

1. The sponge-like structure of the cross-section of all PES hollow-fiber
membranes prepared by steam/dry/wet spinning process was ob-
served to be due to the effect of PEG concentration in conjunction
with the presence of steam gap distance. This phenomenon is due
to the high polymer solution viscosity and high thermal conductivity
of the water vapor.

2. The porosity of the PES hollow-fiber membrane increased sharply
from 66.11% to 76.49% with an increase in the PEG concentration in
the dope solution from 5 to 15 wt.%. Using different bore fluid
types and flow rates resulted in only aminor increase in the porosity
of the PES hollow fibers.

3. Comparison between the effects of different types of borefluid on the
properties of PES hollow-fiber membranes showed that high pore
density was produced using a 30 wt.% ethanol concentration, with
no significant difference in the average pore size of the hollow fibers.

4. The pure water permeation flux of PES fibers increases about 300%,
keeping protein rejection above 99% with increasing PEG concentra-
tion in the dope solution from 5 to 10 wt.%. High permeation flux
was obtained using a 30 wt.% ethanol concentration as a bore fluid.

5. The mechanical properties of PES hollow-fiber membranes in terms
of Young's modulus, tensile strength and elongation at break were
shown to depend strongly on the PEG concentration, bore fluid
type and flow rates.
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