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ABSTRACT: Poly(vinyl chloride) (PVC) hollow-fiber
membranes were spun by a dry/wet phase-inversion tech-
nique from dopes containing 15 wt % PVC to achieve
membranes with different pore sizes for ultrafiltration
(UF) applications. The effects of the N,N-dimethylaceta-
mide (DMAc) concentration in the internal coagulant on
the structural morphology, separation performance, and
mechanical properties of the produced PVC hollow fibers
were investigated. The PVC membranes were character-
ized by scanning electron microscopy, average pore size,
pore size distribution, void volume fraction measurements,
and solubility parameter difference. Moreover, the UF
experiments were conducted with pure water and aqueous
solutions of poly(vinyl pyrrolidone) as feeds. The mechani-
cal properties of the PVC hollow-fiber membranes were

discussed in terms of the tensile strength and Young’s
modulus. It was found that the PVC membrane morphol-
ogy changed from thin, fingerlike macrovoids at the inner
edge to fully spongelike structure with DMAc concentra-
tion in the internal coagulant. The effective pores showed
a wide distribution, between 0.2 and 1.1 lm, for the mem-
branes prepared with H2O as the internal coagulant and a
narrow distribution, between 0.114 and 0.135 lm, with 50
wt % DMAc. The results illustrate that the difference in
the membrane performances was dependent on the DMAc
concentration. VC 2011 Wiley Periodicals, Inc. J Appl Polym Sci
124: 2087–2099, 2012
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INTRODUCTION

The preparation of hollow-fiber membranes involves
many different variables, such as the structure and
dimension of the spinneret, the composition and
flow rate of the internal coagulant, the polymer
dope viscosity, the fiber windup speed, and the air-
gap distance. Furthermore, by changing one or more
of these variables, which are dependent on each
other, one may affect the membrane structure and
performance quite significantly. The composition of
the internal coagulant is one of the most important
parameters affecting the membrane morphology and
separation performance.1

In previous studies, the effect of the internal coag-
ulant composition on the performance of the hollow-
fiber membranes has been investigated.2–13 For

example; Yan and Lau2 prepared polysulfone hol-
low-fiber ultrafiltration (UF) membranes with the
dry/wet spinning process. With a mixture of water
and N-1-methyl-2-pyrrolidone (NMP) in various pro-
portions as the internal coagulant, the demixing
rates of the polymer in the spinning solution can be
adjusted to yield a more open surface structure in
the fiber inner surface layer and a more porous sub-
layer in the fiber wall to reduce the total transmem-
brane resistance. The rate of polymer demixing can
be related to the difference between the solubility
parameters (Dd) of the internal coagulant and that of
the polymer. This difference can serve as a scale to
indicate the coagulation power of the internal coagu-
lant. At a low coagulation rate, fibers with a more
open structure, both in the fiber wall and in its inner
surface, can be made; these yield a higher membrane
flux because of their lower transmembrane
resistance.
Wang and coworkers.3,4 fabricated poly(ether sul-

fone) (PES) and polysulfone asymmetric hollow-fiber
membranes with excellent gas separation properties
from spinning solutions containing PES, NMP/
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water, and NMP/ethanol solvent systems. They
found that the use of internal coagulants, such as
water, EtOH, i-PrOH, EtOH/water, and i-PrOH/
water, with a moderate nonsolvent strength
improved the hollow-fiber integrity and suppressed
macrovoid formation.

Poly(vinylidene fluoride) (PVDF) hollow-fiber
membranes were prepared by dry/wet and wet
phase-inversion methods.5–8 The effects of water,
ethanol, ethanol–water, dimethylacetamide, and N,N-
dimethylacetamide (DMAc)–water and different
ratios of NMP–water mixtures as internal coagulants
on the structure and performance of the PVDF hollow
fibers were studied. The examination of the mem-
brane cross sections indicated that the composition of
the internal coagulants had a significant impact on
the thickness and morphology of the inner skin layer.

Also, UF hollow-fiber membranes of poly(acrylo-
nitrile-co-maleic acid) (PANCMA) were prepared by
a dry/wet phase-inversion process. The morpholo-
gies of the inner surface and cross section for these
hollow fibers were analyzed with scanning electron
microscopy (SEM). It was found that with an
increase in the amount of the solvent dimethyl sulf-
oxide in the internal coagulant, the number and size
of macrovoid underneath the inner surface
decreased. The water flux of the hollow-fiber mem-
branes also decreased, and the bovine serum albu-
min rejection increased minutely.9

Liu and Bai10 investigated the effects of chitosan
(CS) and cellulose acetate (CA) concentrations in the
spinning dope solutions and the compositions of the
external and internal coagulants on the structures
and morphologies of CS and CA blend hollow fibers
as adsorptive membranes to achieve highly porous
and macrovoid-free structures with different pore
sizes. Water, a weaker coagulant, could be used as
both an external and internal coagulant in the fabri-
cation process, and the resultant CS/CA blend hol-
low fibers showed spongelike, macrovoid-free, and
relatively uniform porous structures, which are de-
sirable for adsorptive membranes.

The effects of DMAc as a solvent additive in bore
fluid (BF) and acetic acid as a nonsolvent additive in
dope solution on the morphologies and performan-
ces of poly(ether imide) (PEI) hollow-fiber UF mem-
branes were investigated by Xu et al.11 SEM studies
indicated that the addition of DMAc to the internal
coagulant changed the inner fiber surface from a
dense skin layer to a porous structure, and the pure
water flux of the membrane decreased with increas-
ing DMAc content.

Polymeric solutions of a modified poly(ether ether
ketone) and poly(vinyl pyrrolidone) (PVP) in dime-
thylformamide were spun to prepare hollow-fiber
membranes by the dry/wet spinning method.12

The influence of RAOH BFs with R¼¼H, CH3, C2H5,

n-C3H7, or n-C4H9 on the morphology, transport, and
mechanical properties was studied by SEM and by
measurements of water permeability, dextrane rejec-
tion, tensile strength, and elastic modulus. The results
were discussed on the basis of ternary phase dia-
grams and Hildebrand solubility parameters (d’s).
The use of n-alkyl alcohols as BFs produced microfil-
tration (MF) membranes with water permeabilities
increasing from about 600 to 1200 L h�1 m�2 bar�1

with increasing alkyl chain length and with a low
dextrane rejection.
In a previous work, the effects of the ethanol con-

centration in the internal coagulant on the morphol-
ogy and separation performance of PES hollow-fiber
UF membranes were investigated.13 It was found
that the crack phenomenon appeared on the internal
surfaces of the PES hollow-fiber membranes with
increasing ethanol concentration from 60 to 100 wt
% (pure ethanol). The pure water permeation fluxes
(PWPs) decreased from 39 to 23.3 (L/m2 h bar), and
the solute rejection increased with ethanol concentra-
tions of less than 50 wt % in the internal coagulant.
Then, PWP increased up to 65.4 (L/m2 h bar), and
the solute rejection decreased with additional
increases in the ethanol concentration.
Xu and Xu14 prepared asymmetric poly(vinyl chlo-

ride) (PVC) hollow-fiber UF membranes by using
PVP (molecular weight ¼ 40,000) or poly(ethylene
glycol) (PEG) with different molecular weights (600,
800, and 1000) as additives and DMAc as a solvent.
It was found that the use of PVP or PEG as addi-
tives increased the PVC hollow-fiber porosity,
enhanced the permeation flux, decreased the solute
separation factor, and induced lower mechanical
properties.
Khayet et al.15 prepared PVC hollow-fiber mem-

branes by the dry/wet and wet/wet spinning tech-
niques and investigated the effects of different air-
gap distances on the morphology, properties, and
UF performance of the produced fibers. They found
that with increasing air-gap length, the fiber inner
diameter (ID) and outer diameter (OD) decreased
because of the gravitational force effect; the outer
pore size and PWP both increased, whereas the sol-
ute separation factor decreased.
It is worth noting that to the authors’ best knowl-

edge, a systematic study of the solvent concentration
effect of the internal coagulant on the morphological
structure of the PVC hollow-fiber membranes had
not yet been performed.
In this work, the effects of the DMAc concentra-

tion in the internal coagulant on the morphology,
mechanical properties, and separation performances
of PVC hollow-fiber membranes, fabricated with a
dry/wet spinning technique, were investigated. The
objective was to prepare PVC hollow fibers with dif-
ferent pore sizes for UF applications. The PVC
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hollow fibers were characterized by their membrane
void volume fraction (em), Dd, pore size, pore size
distribution, and SEM, whereas UF experiments
were conducted with pure water and PVP K90 (code
of the poly (vinyl pyrrolidone) (PVP) molecular
weight in Sigma-Aldrich Chemical Company which
is equal to 360000 KDa) as feeds.

EXPERIMENTAL

Materials

The hollow-fiber membrane material was PVC resin
[weight-average molecular weight (Mw) ¼ 65 kg/
mol] with an average degree of polymerization of
1040 and obtained from Georgia Gulf Co. (Atlanta
GA, USA). The solvent, N,N dimethyl acetamide
(DMAc), was purchased from Sigma-Aldrich Chemi-
cal Co. PVP K90 (molecular weight ¼ 360 KDa) was
purchased from Sigma-Aldrich and was used for the
preparation of the UF feed aqueous solutions.

Preparation of the PVC solution

To prepare the dope solution, PVC was dried over-
night at 70�C. Solutions of PVC in DMAc were pre-
pared by the mixture of the solvent and the polymer
in a glass flask under magnetic stirring until the so-
lution became homogeneous. The solution was then
filtered on a 40-lm stainless steel filter and left
standing for at least 24 h to remove air bubbles. The
PVC solution was then loaded in a vertical vessel
with a 6 cm ID, and the temperature throughout the
entire spinning run was 25�C.

PVC hollow-fiber spinning methods, apparatus,
and posttreatment

The PVC hollow-fiber membranes were spun with the
dry/wet spinning technique with various DMAc con-
centrations of the BF, from 0 to 80 wt %, and with all
other spinning conditions kept constant. The spinneret
used had an ID of 500 lm and an OD of 900 lm. The
hollow-fiber PVC membranes were spun at room tem-
perature with the dry/wet spinning method described
elsewhere.16,17 Tables I and II summarize the composi-
tion and spinning conditions of the fabricated hollow-

fiber PVC membranes. The ratio of the dope flow rate
to the BF flow rate was constant in all of the spinning
processes. All nascent fibers were not drawn (no
extension), which meant that the take-up velocity of
the hollow-fiber membrane was nearly the same as
the free-falling velocity in the coagulation bath. The
coagulation bath and BF were both maintained at
room temperature. The fabricated PVC hollow fibers
were stored in a water bath for 24 h to remove the re-
sidual DMAc. Then, the fibers were kept in a 40 wt %
glycerol aqueous solution for 48 h to prevent the col-
lapse of porous structures and dried in air at room
temperature before we prepared the membrane mod-
ules for the UF tests.

SEM observations

The membrane morphology was observed with a
scanning electron microscope (Quanta FENG 200, FEI
Co., Hillsboro, Oregon USA). The fiber cross sections
were prepared by the freeze-fracturing of the samples
in liquid nitrogen to produce clean brittle fractures.
The internal and external surfaces were also observed.

Dd

d’s of the solvents, nonsolvent, and PVC were
obtained from Brandrup and Immergut’s Polymer
Handbook.18 The solubility parameter difference
between PVC and a nonsolvent (DdP-NS) and the sol-
ubility parameter difference between a solvent and a
nonsolvent (DdS-NS) could be calculated, respectively,
from the following equations:

DdP�NS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dd;P � dd;NS

� �2 þ dp;P � dp;NS

� �2 þ dh;P � dh;NS

� �2q

DdS�NS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dd;S � dd;NS

� �2 þ dp;S � dp;NS

� �2 þ dh;S � dh;NS

� �2q

where the subscripts d, P, and h represent the dis-
persion, polar, and hydrogen-bonding components,
respectively, of the d of the pure component and the
subscripts S and NS represent the solvent and non-
solvent, respectively.

TABLE I
Experimental Parameters Used in the Hollow-Fiber

Spinning Process

Dope composition 15 : 85 (PVC/DMAc)

Extrusion pressure 0.75 (bar)
BF flow rate 6.65 (mL/min)
Air-gap distance 0.5 (cm)
External coagulant Tap water
External coagulant temperature Room temperature
Internal coagulant temperature Room temperature
Spinneret dimensions 900/500 (OD/ID; lm/lm)

TABLE II
Experimental Parameters of the Hollow-Fiber Spinning

Experiments under Different Internal Coagulant
Concentrations

Fiber no.

Dope composition

BF composition
(wt %/wt %)

Polymer
(wt %)

Solvent
(wt %)

1 15 85 0.0–100 (DMAc/water)
2 15 85 40–60 (DMAc/water)
3 15 85 50–50 (DMAc/water)
4 15 85 60–40 (DMAc/water)
5 15 85 80–20 (DMAc/water)
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Mechanical properties

The tensile strengths of the fibers were measured by
a Zwick/Roell (Ulm, Germany) Z 2.5 test unit. Each
sample was stretched unidirectionally at a constant
rate of 5 mm/min; the initial distance between the
clamps was of 50 mm. Five specimens were tested
for each sample. The breaking elongation and elastic
or Young’s modulus were determined.

Bubble point and average pore size measurements

A PMI capillary flow porometer (Porous Materials,
Inc., Ithaca, NY USA) was used to measure the bub-
ble point and the pore size distribution. The fibers
were immersed in a porewick (surface tension ¼ 16
dyne/cm) overnight to ensure complete wetting.

Themeasurements were based on Laplace’s equation:

dP ¼ 4 c cos h=P (1)

where dP is the pore size diameter, c is the surface
tension of the liquid, y is the contact angle of the liq-
uid, and P is the external pressure.

The fibers were analyzed with the wet-up/dry-up
method. Capwin software was used to calculate the
pore size distribution, which was exported as an Excel
file with Caprep software (Porous Materials, Inc.,
Ithaca, NY USA).

em measurements

em can be defined as the volume of the pores di-
vided by the total volume of the membrane. The
overall porosity was calculated according to the fol-
lowing formula, as reported in the literature:19

em ¼ ð1� qfiber=qPVCÞ (2)

where qfiber is the fiber density and qPVC is the PVC
density (1.4 g/cm3).18

Measurements of the permeation flux and solute
rejection

To quantitatively test the hollow-fiber separation
performance in terms of the permeation flux and
rejection, permeation modules were prepared. Each
module consisted of five fibers with a length of 24
cm. The shell sides of the two ends of the bundles
were glued into two stainless steel tees with a nor-
mal-setting epoxy resin. These modules were left
overnight for curing before they were tested. To
eliminate the effect of the residual glycerol on the
module performance, each module was immersed in
water for 1 day and run in the test system for 1.5 h
before any sample collection.
Figure 1 shows a schematic diagram of the solute–

water separation membrane unit. Experiments were
carried out with hollow-fiber modules at a trans-
membrane pressure of 1 bar and at room tempera-
ture. Three modules were prepared for each hollow-
fiber sample. The PWPs were obtained as follows:

Jw ¼ Vw

DPS
(3)

where Jw is the permeation flux of membrane (L
m�2�h�1�bar�1), Vw is the volumetric flow rate (L/h),
DP is the transmembrane pressure drop (bar), and S
is the membrane surface area (m2). An aqueous solu-
tion of PVP (K90, Mw ¼ 360 KDa) with a concentra-
tion of 1000 ppm was used for the measurement of
solute rejection of each hollow-fiber module. The
membrane rejection (R; %) is defined as

R %ð Þ ¼ 1� CP

Cf

� �
� 100 (4)

where Cf and CP are the solute concentrations in the
feed and the permeate solution, respectively. The
concentration of PVP was determined by the mea-
surement of the optical density at a wavelength of
212 nm with an ultraviolet–visible spectrophotome-
ter (Shimadzu UV160 A, Kyoto, Japan).

RESULTS AND DISCUSSION

Effect of the DMAc concentration in the internal
coagulant on the structural morphology

As already reported in the Introduction, the internal
coagulant plays an important role in the preparation
of hollow-fiber membranes; it affects both the mem-
brane morphology and the separation performance.
In literature, there are several works that have
already reported the internal coagulant composition
effects on the structure and properties of polymeric
hollow fibers2–13 but not with PVC as the polymer
material.

Figure 1 Schematic diagram of the UF experiments unit.
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Figure 2 shows SEM images of the cross-sectional
structures of the PVC hollow-fiber membranes pre-
pared with different DMAc concentrations as the in-
ternal coagulant (i.e., 0, 40, 50, 60, and 80 wt %). All
of the PVC hollow fibers were composed of three
layers; however, the membrane morphology was
found to change when the DMAc concentration of
the internal coagulant was varied from 0 to 80 wt %.

Figure 2(a) shows the cross section of one of the
PVC hollow fiber prepared with pure water as the in-
ternal coagulant. It could be noticed that there was a
small, fingerlike structural layer at the outer edge,
whereas a large, fingerlike macrovoid layer, having a
thickness equal to 58.5 lm, was situated at the mid-
dle of the cross section of the PVC hollow fiber. Thin,
fingerlike macrovoids were noticed at the inner edge
with a very small sponge structure situated between
them. Although, with 40 and 50 wt % DMAc solu-
tions as the internal coagulant, it could be seen that
the thin, fingerlike structure at the inner edge became
wider, and some sponge structure could be observed
between them, as shown in Figure 2(b,c). A further
increase in the DMAc concentration in the internal
coagulant to 60 wt % changed the morphology of the
layer near the inner edge of the PVC hollow fiber to
a spongelike structure with small macrovoids concen-
trated near the inner edge, whereas the large, finger-
like macrovoids situated at the middle of the cross
section extended toward the inner layer [Fig. 2(d)].
Figure 2(e) shows that with a DMAc concentration
equal to 80 wt %, the configuration of the layer near
the inner edge was fully changed to a spongelike
structure, whereas under the inner skin layer, there
were many circular macrovoids with a size of 1.9 lm,
and a more extended layer (thickness ¼ 98.47 lm) of
large, fingerlike macrovoids was noticed toward the
inner layer. The morphology of the layer near the
inner edge of the PVC hollow fiber changed from a
fingerlike to a spongelike structure with increasing
DMAc concentration in the internal coagulant; this
was attributed to the decrease of Dd between PVC–
nonsolvent and the solvent–nonsolvent, and strong
interaction between the solvent and nonsolvent,
which caused delayed nonsolvent penetration into
the PVC solution, as shown in Table III.

For PVC, water is a strong nonsolvent, which
means that coagulation occurs rapidly when the
polymer solution is brought into contact with water.
Several researchers have reported that during mem-
brane coagulation, the strong interaction between
the nonsolvent (water) and the solvents determines
an instantaneous liquid–liquid demixing, which
forms the fingerlike structure.1,16,20 Smolders et al.21

reasoned that under the top layer of the membrane,
locally nuclei containing quite a high solvent concen-
tration could be created, and as long as the solution
remains stable, no new nuclei deeper in the mem-

brane could be formed, and the nucleus then could
grow to form a fingerlike structure. However, the
delayed liquid–liquid demixing in the membrane
formation process happened using 80 wt % DMAc
as the internal coagulant and resulted in a porous
spongelike structure near the inner edge of the PVC
hollow fibers.1

Figure 3 shows the SEM images of the PVC hol-
low-fiber membrane internal surfaces prepared at
different DMAc concentrations. The internal surface
of the PVC hollow fibers spun with pure water as
the BF had an open and large pore size with a low
pore density [Fig. 3(a)]. Hollow-fiber membrane 2,
coagulated with DMAc 40 wt %, showed a very thin
skin covering large pores; in some regions, the skin
was interrupted, and pores were open on the surface
[Fig. 3(b)]. The internal surface of PVC fibers pro-
duced with DMAc 50 wt % as an internal coagulant,
having large pores beneath the surface, was covered
by a skin having a lacy structure [Fig. 3(c)]. In Fig-
ure 3(d), it can be noticed that fibers spun with
DMAc 60 wt % as a BF exhibited very well-distrib-
uted interconnected pores. PVC hollow fibers pro-
duced with DMAc 80 wt % as the internal coagulant
showed some valleys over the internal surface [Fig.
3(e)]. These were not true interconnected pores. In
fact, as shown in Figure 2(e), the fiber inner layer
had a closed-cell structure. As reported in the litera-
ture,22 when a strong coagulant, such as water, is
used, it induces a rapid phase inversion in the nas-
cent fiber and, consequently, leads to the formation
of a dense skin. This can happen both at the inner
and outer layer of the fiber and can lead to a low
surface porosity. Mixtures of solvents and nonsol-
vents can be used as coagulants to induce a delayed
demixing and, hence, to create a porous surface.
Indeed, the morphology of the hollow-fiber mem-
brane inner surface can be tailored by the adoption
of a suitable composition of BF, such as a mixture of
solvent and nonsolvent.
Figure 4 shows the SEM images of the external

surfaces of PVC hollow fibers prepared under differ-
ent DMAc concentrations in the internal coagulant.
It can be seen that the external surface of the PVC
hollow fiber looked dense, and no pores were
observed, even at a high magnification (20,000�).
This was in agreement with what was observed in
literature.22 When water was used as the coagulation
bath, a dense skin layer was formed because of the
instantaneous liquid–liquid demixing process.

Effect of the DMAc concentration on the
dimensions and �m

The internal and external diameters and the thick-
ness of the PVC hollow fibers prepared under differ-
ent DMAc concentrations in the internal coagulant
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Figure 2 Cross-sectional structures of PVC hollow fibers prepared under different DMAc compositions in bore liquid
(magnification ¼ 500�): (a) 0, (b) 40, (c) 50, (d) 60, and (e) 80 wt % DMAc. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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TABLE III
d’s and Their Differences [(MPa)1/2]

Component dd (MPa)1/2 dP (MPa)1/2 dh (MPa)1/2 DdP-S (MPa)1/2 DdP-NS (MPa)1/2 DdS-NS (MPa)1/2

PVC 18.7 10.0 3.1
Water 15.5 16.0 42.4
DMAc 16.8 11.5 10.2
DMAc/water (0 : 100) 7.501 39.884 32.539
DMAc/water (40 : 60) 7.501 14.78 7.374
DMAc/water (50 : 50) 7.501 12.67 5.25
DMAc/water (60 : 40) 7.501 11.164 3.735
DMAc/water (80 : 20) 7.501 8.97 1.513

Figure 3 Internal surface structures of PVC hollow fibers prepared under different DMAC compositions in bore liquid
(magnification ¼ 20,000�): (a) 0, (b) 40, (c) 50, (d) 60, and (e) 80 wt % DMAc.
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are summarized in Table IV. It can be seen that the
internal diameters increased and the external diame-
ters decreased with the increase in the DMAc con-
centration. The delayed liquid–liquid demixing pro-
cess left the internal layer softer or not completely
coagulated; this allowed the pressure of the bore liq-

uid to increase the diameter. When the coagulation
was fast, the layer was formed immediately, and the
internal diameter was immediately fixed. Tasselli
et al.23 ascribed this mainly to the inflation of the
fiber caused by the much higher flow rate of the BF
compared to that of the dope solution. The degree of

Figure 4 External surface structures of PVC hollow fibers prepared under different DMAc compositions in bore liquid
(magnification ¼ 20,000�): (a) 0, (b) 40, (c) 50, (d) 60, and (e) 80 wt % DMAc.

TABLE IV
Dimensions, Porosity, and Pore Density of the Dry-/Wet-Spun Fibers at Different DMAc Concentrations in the

Internal Coagulant

Fiber no. ID (mm) OD (mm) Membrane thickness (mm) em Pore density (pores/cm2)

1 0.683 6 0.014 1.011 6 0.019 0.164 6 0.004 0.620 4,487
2 0.725 6 0.016 1.084 6 0.037 0.180 6 0.022 0.608 a

3 0.739 6 0.033 1.107 6 0.020 0.184 6 0.021 0.599 12,868
4 0.768 6 0.021 0.942 6 0.023 0.087 6 0.003 0.602 93,531
5 0.888 6 0.031 1.087 6 0.030 0.099 6 0.017 0.543 2,696

a Not measured.

2094 ALSALHY ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



inflation and, hence, the fiber dimensions depended
on the internal coagulant composition through the
mechanical strength of the forming fiber: a strong
coagulant such as pure water instantaneously cre-
ated a rigid polymer skin that was difficult to
inflate, whereas a poor coagulant such as the 50/50
DMA/water mixture led to a delayed onset of liq-
uid–liquid demixing and, hence, a slower gelation;
this allowed a stronger inflation of the fiber.

The effect of the DMAc concentration as an inter-
nal coagulant on the em (porosity) of the PVC hol-
low-fiber membranes is shown in Table IV. It was
found that with an increase in the DMAc concentra-
tion from 0 to 80 wt %, em diminished gradually
from 0.62 to 0.54. This may have been due to the
structural change of the hollow-fiber membrane
from the fingerlike structure of the layer near the
inner edge to a complete spongelike structure.

Effect of the DMAc in the internal coagulant on
the pore size and pore size distribution

To improve the separation performance of the hol-
low-fiber membranes, the pore size and pores size

distribution needed to be controlled. Figures 5–8
show the influence of the DMAc concentration on
the pore size and pore size distribution of the PVC
hollow-fiber membranes prepared from PVC/DMAc
(15 : 85) solutions. As shown in Figure 5, the effec-
tive pores showed a wide distribution between 0.2
and 1.1 lm for hollow fibers prepared with pure
water as the internal coagulant. The frequency of
pores having an average size of 0.235 lm was 10%;
the one of 0.34-lm pores was over 35%, that of 0.44-
lm pores was found to be over 32%, and that of the
1.1-lm pores was over 12%. The maximum pore size
was 1.1 lm, as obtained from the bubble-point data.
The pore density of this hollow-fiber membrane was
also measured and was equal to 4487 pores/cm2, as
shown in Table IV. For hollow fibers prepared with
50 wt % in internal coagulant, the effective pores
showed a narrow distribution, mainly between 0.1
and 0.2 lm, as shown in Figure 6. The maximum
pore size was 0.868 lm, with a very low frequency
(0.42%). The pore density of this hollow-fiber mem-
brane was 12,868 pores/cm2, as shown in Table IV.
As shown in Figure 7, the effective pores showed a
very narrow distribution, between 0.105 and 0.11

Figure 5 Pore size distribution of the PVC hollow-fiber
membrane fabricated with 100 wt % pure water as an internal
coagulant. [N (%) defined as the frequency of pores size].

Figure 6 Pore size distribution of the PVC hollow-fiber
membrane fabricated with 50 wt % DMAc as an internal
coagulant. [N (%) defined as the frequency of pores size].

Figure 7 Pore size distribution of the PVC hollow-fiber
membrane fabricated with 60 wt % DMAc as an internal
coagulant. [N (%) defined as the frequency of pores size].

Figure 8 Pore size distribution of the PVC hollow-fiber
membrane fabricated with 80 wt % DMAc as an internal
coagulant. [N (%) defined as the frequency of pores size].
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lm, with a maximum pore size of 0.154 lm for hol-
low fibers prepared with a 60 wt % DMAc concen-
tration in the internal coagulant. The pore density
was equal to 93,531 pores/cm2. Figure 8 shows the
pore size distribution of the PVC hollow fibers pre-
pared with an 80 wt % DMAc concentration in the
internal coagulant. It can be seen that the effective
pores showed a wide distribution, between 0.1 and
0.6 lm. The maximum pore size was 0.557 lm. The
pore density of the PVC hollow-fiber membranes
prepared with an 80 wt % DMAc concentration in
the internal coagulant was 2696 pores/cm2. From
the previous results, it could be observed that with
increasing DMAc concentration in the internal coag-
ulant, up to 60 wt %, the pore size decreased, and
the pore size distribution become very narrow, with
a high pore density on the surface of the PVC hol-
low-fiber membranes. This was due to a decrease in
the DdP-NS and the Dd of DMAc and the nonsolvent,
as shown in Table IV. In the case of the PVC system,
the decrease in DMAc–nonsolvent Dd led to a reduc-
tion in the diffusion of water into the inner surface
of the PVC solution; therefore, it needed more time
to complete the phase-inversion process of the mem-
brane sublayers; this resulted in a delayed liquid–
liquid demixing process. Chun et al.24 reported that
a lower pore size of membranes was observed for
with decreasing DdP-NS and the DdP-S. They
explained the result by the diffusion exchange
rate between the solvent and nonsolvent, the small
DdS-NS meant that the diffusion activation between
the solvent and nonsolvent was not efficient because
of the mass-transfer disturbance of the additive sol-
vent. Hence, because of the addition of solvent to
the coagulation bath, the DdS-NS value was small,
and delayed demixing occurs. Also, the addition of
a greater amount of DMAc (i.e., 80 wt %) in the in-
ternal coagulant led to highly reduced pore density
and the formation of a full spongelike structure at
the inner edge of the PVC hollow fiber, as explained

earlier.11 It was expected that the polymer solution
would form a less porous membrane in coagulation
baths with higher amounts of DMAc. This indicated
that a very slow phase-inversion process happened
between the PVC solutions and nonsolvents because
of higher amounts of DMAc, and the sharp decline
in em of the PVC hollow fibers with 80 wt % DMAc
in the internal coagulant shown in Table IV sup-
ported our expected. Thus, the physical and chemi-
cal properties of the internal fluid and those of the
coagulation bath could have been a very important
factor in the formation of the pore structure and the
pore density.

Effect of the DMAc concentration in the internal
coagulant on the hollow-fiber performance

Figures 9 and 10 show PWP and PVP K90 rejection
of the PVC hollow-fiber membranes prepared with
different DMAc concentrations in the internal coagu-
lant. As shown in Figure 9, the pure water flux was
in the following sequence: 80 < 0 < 50 < 40 < 60 wt
%. The rejection of PVP (Mw ¼ 360,000) for the dry-/
wet-spun PVC hollow fibers decreased from 95.6 to
60% with increasing DMAc concentration in the in-
ternal coagulant from 40 to 80 wt %, whereas the
PVP rejection with pure water as the internal coagu-
lant was 67.1%, as shown in Figure 10. In general,
there are five major factors affecting hollow-fiber
membrane performance: pore size, pore density,
pore size distribution, porosity, and membrane
thickness. In this work, the measured thickness of
the PVC hollow-fiber membranes shown in Table IV
did not follow the same trend as that observed for
PWP and solute rejection compared with the other
factors. This indicated that the pore size, pore size
distribution, and pore density controlled the PVC
hollow-fiber membrane performance, as shown in
Figure 3 and Table IV. Therefore, the results could
be explained by consideration of the pore size, pore

Figure 9 Effect of the DMAc concentration in the internal
coagulant on the PWP.

Figure 10 Effect of the DMAc concentration in the inter-
nal coagulant on the PVP rejection.
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size distribution, and pore density of the produced
PVC hollow-fiber membranes; this and the morphol-
ogy of the fiber inner layer was described earlier.
The fibers spun with pure water as the BF had a
wide pore size distribution but a low pore density.
As a result, the pure water permeability was low, and
the rejection to PVP was low as well. Fibers spun
with 50–60 wt % DMAc as the BF had a sharp pore
size distribution; therefore, rejection improved. How-
ever, fibers spun with 60 wt % DMAc had a much
higher pore density; as a consequence, the pure water
permeability increased dramatically. Fibers spun with
80 wt % DMAc as the BF had a wider pore size distri-
bution with respect to fibers produced with a lower
DMAc concentration but a very low pore density and
a closed-cell structure of the inner layer, as shown in
Figures 2(e) and 3(e). As a result, both the rejection
and the pure water permeability decreased. Xu and
Alsalhy17 reported that both PWP and the solute rejec-
tion were affected by the membrane pore size and
pore density. The effect of the pore size on the solute
rejection was obvious; solutes larger than the pore
size were rejected, and smaller particles passed
through the membrane surface. In practice, there was
not a sharp distinction in size between the rejected
particles and those that passed through the membrane
surface. This reason was as follows. Membranes do
not have pores of a single size; instead, there is a dis-
tribution of pore sizes, and for a particular particle,
rejection will depend on whether it approaches a
small or a large pore. However, even if the pores
were of a uniform size, there would still not be a
sharp cutoff, as hydrodynamic and shape effects
would ensure that some particles, which are smaller
than the pore size, would still be rejected by the mem-
brane. This indicates that the solute transport may be
governed by the respective pore size and pore size
distribution, as explained in Figures 5–8.

To summarize, a comparison of the hollow-fiber
UF membranes performance for the PVC membranes
prepared in this work with selected literature values

for various membranes prepared from different
polymeric materials is shown in Table V. It was
observed that a hollow-fiber membrane prepared
from PVC as a membrane material had a higher flux
than most membranes.
With this method, PVC hollow-fiber membranes

with a high PWP could be prepared, whereas the
molecular weight cutoff of PVC hollow-fiber mem-
branes was approximately 300,000. Because of the
molecular weight cutoff of the UF membranes rang-
ing from 1000–500,000, we concluded that this type
of hollow fiber is suitable for UF applications.

Effect of the DMAc concentration in the internal
coagulant on the mechanical properties

In industrial applications of membranes, the
mechanical properties are very important for mem-
brane performance. Therefore, the tensile strength and
the elongation at break were measured and are shown
in Table VI. The breaking load increased from 0.042 N
m for the hollow fibers prepared from 60 wt %
DMAc in the internal coagulant to 0.050 N m for the
hollow fibers prepared from 40 wt % DMAc in the in-
ternal coagulant. Within experimental error, the tensile
strength at break, the elongation at break, and the
Young’s modulus of the PVC hollow-fiber membranes
seemed to be dependent on the DMAc concentration
in the internal coagulant. As shown in Table VI, the
elongation at break increased with increasing DMAc
concentration in the internal coagulant, and the high-
est elongation at break was obtained for the hollow
fibers prepared from 60 and 80 wt % DMAc concen-
trations (membranes 4 and 5). The tensile strength
also increased with increasing DMAc concentration in
the internal coagulant, and the highest tensile strength
was obtained for the hollow fibers prepared from 80
wt % DMAc concentration in the internal coagulant
(membrane 5). Also, the Young’s modulus of the PVC
hollow-fiber membranes increased with increasing
DMAc concentration in the internal coagulant, and

TABLE V
Hollow-Fiber UF Membrane Performance in Membranes Prepared from Different Membrane Materials in Terms of

Total Pure Water Flux

Membrane material
Membrane

configuration
Separation
process

Pure water flux
(l m�2 h�1 bar�1) Reference

PVDF Hollow fiber UF 152 6
PANCMA Hollow fiber UF 136 9
PEI Hollow fiber UF 23.41 11
Poly(ether ether ketone) Hollow fiber UF 158 12
PVC Hollow fiber UF 200 14
PES Hollow fiber UF 167 17
Poly(phthalazinone
ether sulfone ketone)

Hollow fiber UF 159 25

PES Hollow fiber UF 170 26
PVC Hollow fiber UF 209 This work
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the highest value was obtained for the hollow fibers
prepared with 80 wt % DMAc concentration (mem-
brane 5). This could be attributed to the change in the
fingerlike structure layer near the inner edge of the
PVC hollow fibers to a spongelike structure with an
increase in DMAc concentration in the internal coagu-
lant. Tasselli and Drioli12 reported that as the nonsol-
vent coagulant strength decreases, the slower phase
inversion, in combination with the longitudinal
stretching, allows a stronger orientation of the poly-
meric filaments before the final solidification of the
coagulated polymer, and as a result, the modulus and
tensile strength both increase. In addition, the me-
chanical properties depend on em of the hollow fibers,
increasing with decreasing em of the hollow-fiber
membranes. In agreement with our results, Xu and
Xu14 reported that PVC hollow-fiber membranes with
a lower porosity exhibited higher mechanical
properties.

The fluid pressure was uniformly distributed over
the inner surface of the hollow-fiber membrane, and
it produced stress that acted tangentially to the cir-
cumference of the membrane. As a result of the
transmembrane pressure exerted on the membrane
wall, the maximum circumferential stress (rC) could
be calculated from the following equation:

rC ¼ ðTMP� IDÞ
2t

(5)

where TMP is the transmembrane pressure exerted
on the membrane

Therefore, taking into account the data reported in
Table VI and the reported equation, we concluded
that the operating pressure should not exceed 10 bar
in all cases to protect fibers from rupture. It is worth
mentioning that UF processes usually work under
lower operating pressures. Hence, the produced
fibers are suitable for use in UF.

CONCLUSIONS

PVC hollow fibers with different pore sizes for UF
applications were successfully fabricated through a
dry/wet spinning technique. The investigation was

conducted to evaluate the effects of different DMAc
concentrations in the internal coagulant, and the fol-
lowing conclusions could be drawn:

1. The PVC hollow fibers were composed of three
layers when the DMAc concentration in the in-
ternal coagulant was varied from 0 to 80 wt %.
With an increase in the DMAc concentration in
the internal coagulant from 0 to 80 wt %, the
PVC hollow-fiber morphology changed slowly
from a thin, fingerlike macrovoid structure
formed at the inner edge to a fully spongelike
structure because of the decreases of DdP-NS

and DdS-NS, and delayed demixing process
occurs easier. There were many circular macro-
voids, with a size equal to 1.9 lm, under the
inner skin layer and a more extended layer of
large, fingerlike macrovoids, with a thickness
equal to 98.47 lm, toward the inner layer.

2. The internal diameters increased with higher
DMAc concentration in the internal coagulant
because of the delayed liquid–liquid demixing
process, which left the internal layer softer or
not completely coagulated and allowed the
pressure of the bore liquid to increase the
diameter.

3. em decreased with DMAc concentration because
of the structural change of the layer near the inner
edge from fingerlike to completely spongelike.

4. The effective pores showed a better size distri-
bution with higher pore size frequency and
higher pore density for PVC hollow fibers pre-
pared with a 60 wt % DMAc concentration in
the internal coagulant with higher PWP.

5. The mechanical properties also depended on
the DMAc concentration in the internal coagu-
lant; both the tensile strength and the elonga-
tion at break tended to increase with increasing
DMAc concentration. However, the highest
Young’s modulus was with PVC hollow fibers
prepared under a 80 wt % DMAc concentra-
tion. This was attributed to the gradual change
of the fingerlike structure layer near the inner
edge of the PVC hollow fiber to a spongelike
structure.

TABLE VI
Mechanical Properties of the PVC Hollow-Fiber Membranes Spun from Different DMAc Concentrations in the

Internal Coagulant

Fiber
Fiber breaking
load (N m)

Fiber tensile
strength (N/mm2)

Fiber Young’s
modulus (N/mm2)

Fiber breaking
elongation (%) rC (N/mm2)

1 0.044 6 0.005 2.380 6 0.153 93.316 6 5.312 57.600 6 5.041 1.59
2 0.050 6 0.000 2.720 6 0.068 110.128 6 5.354 62.275 6 3.119 1.73
3 0.048 6 0.004 2.570 6 0.075 89.220 6 3.571 71.828 6 4.513 1.09
4 0.042 6 0.004 1.978 6 0.117 75.280 6 6.348 83.778 6 4.213 1.27
5 0.048 6 0.012 3.962 6 0.368 146.076 6 14.135 69.940 6 9.952 1.21
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