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ABSTRACT: Poly(vinyl chloride) (PVC)/polyacryloni-
trile (PAN) blend hollow-fiber membranes were prepared
by a phase-inversion method with water as inner and
outer coagulations. The influence of the compatibility of
the two polymers on the formation of interfacial micro-
voids (IFMs) in the PVC/PAN blend hollow-fiber mem-
branes was investigated by the theory of thermodynamics
and examined by Fourier transform infrared spectroscopy,
dynamic mechanical analysis, viscometry, and scanning
electron microscopy. All of the results show that good
compatibility did not exist in the PVC/PAN blend sys-

tems; this led to the formation of IFMs between the two
polymers. Also, the performance of the experimental
results showed that the addition of PAN contributed to
the enhancement of the permeability of the blend mem-
branes; this laid the foundation for further study of PVC/
PAN blend hollow-fiber membranes with antifouling
properties after hydrolysis. VC 2011 Wiley Periodicals, Inc. J
Appl Polym Sci 124: E9–E16, 2012
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INTRODUCTION

Blending for polymeric membrane preparation is a
useful method for obtaining novel membrane mate-
rials with special structure and new desirable prop-
erties and is also the least expensive, and it has also
put much attention on the ultrafiltration, microfiltra-
tion, and pervaporation membrane fields.1–6 As the
most industrialized polymer, poly(vinyl chloride)
(PVC) is fit for membrane materials, such as halo-
gens, oxidants, inorganic acids, alkalis, and solvents,
because of its mechanical performance, low cost, and
excellent physical properties and chemical resist-
ance.7 However, the poor hydrophilicity of PVC
remains a main problem and limits its wide applica-
tion; thus, the hydrophilic modification of PVC
membranes is one of the hotspots in membrane sci-
ence. Several blend systems in PVC membranes,
such as PVC/ethylene vinyl acetate (EVA), PVC/
polyvinylidene fluoride (PVDF), PVC/chlorinated
polyvinyl chloride (CPVC), PVC/polyvinylbutyral
(PVB), PVC/polyacrylonitrile (PAN), and PVC/SiO2,
have been investigated in the preparation of blend

membranes to improve the performance of PVC
membranes.8–15 PAN is a kind of polymeric material
for making ultrafiltration membranes. It possesses
good hydrophilicity and other advantages.16–18 Some
researches have indicated that ethanol exposure per-
manently alters the ultrastructural morphology and
the transport properties of PAN/PVC hollow-fiber
membranes.19 Although the morphology of a PAN/
PVC blend system has been studied, a compatible
relationship between PVC and PAN, which introdu-
ces interfacial microvoids (IFMs) and subsequently
affects the performance of the PVC/PAN blend hol-
low-fiber membranes, has rarely been reported.
In this study, PVC/PAN blend hollow-fiber mem-

branes were prepared with the phase-inversion
method. The compatibility between PVC and PAN
was analyzed by the theory of thermodynamics and
examined with dynamic mechanical analysis (DMA),
Fourier transform infrared (FTIR) spectroscopy, vis-
cosity measurements, and scanning electron micros-
copy (SEM). The effect of IFMs on the performance
of the PVC/PAN blend hollow-fiber membranes
was also studied.

EXPERIMENTAL

Materials

PVC resins, whose average degrees of polymerization
were 1000 and 1100, respectively, were purchased from
Tianjin Dagu Chemical Plant (Tianjin, China). PAN
(5000), kindly provided by Shandong Qilu
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Petrochemical Engineering Co., Ltd. (Shandong, China),
was dried for 24 h in a vacuum oven before use. N,N-
dimethylacetamide (DMAc; >99%), from the Institute
of Membrane Science and Technique, Tianjin Polytech-
nic University, was used without further purification.

Preparation of the PVC/PAN blend hollow-fiber
membranes

The PVC/PAN blend hollow-fiber membranes were
prepared by the phase-inversion method. PVC and
PAN were dried directly in a vacuum oven for
approximately 20 h at 70�C to remove the water con-
tent. Then, dope blend spinning solutions were pre-
pared from the dissolution of the polymer in DMAc
at various ratios of PVC to PAN. The total polymer
content was 17 wt %. With strong stirring for 12 h at
80�C, the resulting homogeneous solution was trans-
ferred to a stainless steel reservoir and was then
degassed overnight at 60�C in vacuo to remove the
bubble. After that, it was cast into a hollow fiber
under a spinning apparatus; detailed spinning proce-
dures were described elsewhere. In spinning, outer/
inner diameters of the spinneret of 2500/1000 lm
were used. The dope solution was extruded under a
pressure of 0.3–0.4 MPa. Here, all of the ratios of
dope solution rates and bore fluid rates were constant
in the spinning processes. Water was used for internal
and external coagulation baths. After the formation
process, the PVC/PAN blend hollow-fiber membranes
were stored in water for 2 days to remove solvents
and were then immersed into a tank containing a 60%
glycerol solution for 1 day and examined.

Measurements

Viscosity method20

Viscosity measurements were made with an Ubbe-
lohde dilution viscometer at 30.00 6 0.02�C. The
intrinsic viscosities were to zero concentration (c)
according to Huggins [Eq. (1)] and Kraemer [Eq. (2)]:

gsp

c
¼ ½g� þ KH½g�2c (1)

lngr

c
¼ ½g� þ KK½g�2c (2)

where gsp is the specific viscosity, gr is the relative
viscosity, and KH and KK are the Huggins and
Kraemer constants, respectively. gsp and gr were
determined from the following eqs. (3) and (4):

gr ¼
g
g0

¼ t

t0
(3)

gsp ¼ gr � 1 (4)

where gr and g0 are the viscosities of the polymer
solution and the pure solvent, respectively, and t

and t0 are the flow times of the polymer solution
and pure solvent, respectively, through the Ubbe-
lohde viscometer (h). The flux times were recorded
with an accuracy of 60.05 s. Extrapolation from the
data obtained for five cs of the solutions was used to
evaluate the intrinsic viscosity. From the linear slope
of eqs. (1) or (2), [g] could be obtained, which repre-
sented the intrinsic viscosity.
According to the additivity law, the [g]cal was the

calculated viscosity of the polymer system and it
was got from Eq. (5):

½g�cal ¼ w1½g�PVC þ w2½g�PAN (5)

[g]PVC and [g]PAN were the viscosity of PVC and
PAN solution,which were got by Viscosity measure-
ment. The mass fractions of PVC and PAN in the blend
solutions are denoted by w1 and w2, respectively:

D½g� ¼ ½g�exp � ½g�cal (6)

Then, D[g] was obtained from Eq. (6), which was
the difference between the calculated viscosity value
([g]cal) and experimental value ([g]exp).

FTIR spectroscopy analysis

FTIR spectroscopic measurements were carried out
on a Bruker TEN-SOR37spectrophotometer (Ger-
many). There were 32 scans signal-averaged at a re-
solution of 4 cm�1 from 4000 to 600 cm�1.

DMA

The DMA curves of the membranes were obtained by
a Netzsch DMA242 (Germany). The temperature range
covered in this analysis was �50 to 150�C at a heating
rate of 5�C/min, and the stress frequency was 1.5 Hz.

SEM

The morphology of the membranes was observed with
a FEI Quanta 200 scanning electron microscope (The
Netherlands). The samples were broken during dipping
in liquid nitrogen and sputtered with gold to maintain
the cross-sectional structure of the membranes.

Pure water flux (PWF)

PWF of the membranes was measured with hollow-
fiber modules at 0.1 MPa of pressure and with a con-
stant feed at room temperature. Time was first recorded
after 15 min of running. PWF was calculated by Eq. (7):

J ¼ V

S�t
(7)

where J is the permeation flux of the membrane [L
m�2 h�1 (0.1 MPa)], V is the quantity of the permeate
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(L), and S is the membrane area (m2). Five samples
were measured, and their average result is reported.

Porosity determination

The porosity (e) of the sample was calculated
according to Eq. (8):

eð%Þ ¼ ðG1�G2Þ=D1

ðG1�G2Þ=D1þG2=D2
� 100% (8)

where G1 is the weight of the wet membrane, G2 is
the weight of wet membrane, D1 is the water density
(D1 ¼ 0.9908 g/cm3), and D2 is the density of the
blend membrane.

Mechanical performance

The mechanical performance of the PVC/PAN blend
hollow-fiber membrane was tested by an electronic
single-yarn strength tester PC-YG061 (Laizhou,
China). The length of the membrane sample and the
tensile rate were 250 mm and 250 mm/min, respec-
tively. Readings for each specimen were taken to
evaluate the average value.

RESULTS AND DISCUSSION

Compatibility study of PVC with PAN

Miscibility based on the thermodynamic
compatibility

The solubility parameter is one of most common cri-
teria used to adjudge the compatibility of blend
polymer systems.4,19,20 Hansen found that molecular
interaction was composed of dispersive interaction,
dipolar interaction, and hydrogen bonding. There-
fore, the respective solubility parameters (dd, dp, and
dh) could be expressed by Eq. (9):

d2 ¼ d2d þ d2p þ d2h (9)

Hildebrand thought that the thermodynamic com-
patibility among polymers could be represented by
the solubility parameter (d), and it is given as the en-
tropy of mixing (DHm) by Eq. (10):

DHm ¼ u1u2½ðdd1 � dd2Þ2 þ ðdp1 � dp2Þ2

þ ðdh1 � dh2Þ2� ð10Þ

where / is the volume fraction of the blend compo-
nent and the subscripts 1 and 2 refer to the two
polymers.

On the basis of solution theory, the compatibility
of two polymers is mainly determined by DHm. The
lower the value of DHm is, the better the compatibil-
ity of the two polymers will be. The solution param-

eter difference between PVC and PAN, shown in Ta-
ble I, was obtained, and the DHm value of the PVC/
PAN blend system is higher. Therefore, it could be
seen that PVC and PAN were partly incompatible.
However, analyzing the structure of PVC and PAN,
we found that both PVC and PAN were polar poly-
mers; one had two ACl groups, and the other con-
tained a strong polar CBN group. With the provi-
sion that a proper solvent is chosen, they should be
miscible at some composition and temperature.
DMAc is a polar nonproton solvent and a proper
one for the polar polymer and mixed these two
blend polymers together well. When the phase sepa-
ration occurred, the system was unstable, and IFMs
were formed because of the far difference between
d1 and d2 of the two polymers.

Viscosity method

The viscosity study of the compatibility of the blend
polymer is an attractive method because of its sim-
plicity and effectiveness. The blend solutions of PVC
and PAN were prepared in DMAc at 30�C with dif-
ferent contents of PAN (0, 10, 20, 30, 70, 80, 90, and
100). It has been reported that attractive interaction
between the chains of two different polymers in so-
lution may result in an expansion of the polymer
coils and an increase in the intrinsic viscosity. The
intrinsic viscosity ([g]) represents the effective
hydrodynamic volume of a polymer molecule in
solution.
Figure 1 shows the plots of the reduced intrinsic

viscosity (gsp/c) versus c for the PVC/PAN blends
in DMAc solution at 30�C. All of the plots were lin-
ear in the whole range of c. On extrapolation to zero
c, the intrinsic viscosity of the PVC/PAN blend solu-
tion in DMAc was obtained. It is noted that the
intrinsic viscosity of PVC in DMAc solution was
variable with the addition of PAN. Figure 2 shows
the D[g] values for the PVC/PAN blend solution
with various PAN amounts in DMAc at 30�C. This
showed that the D[g] values of the PVC/PAN
blends were not equal to zero. Negative deviation
was demonstrated at W2 � 20% and W2 � 80%; this
reflected the expansion of both the PAN and PVC

TABLE I
Solubility Parameters of the PVC and PAN Polymers

and the Solvent DMAc

Substance
dd

(MPa)1/2
dp

(MPa)1/2
dh

(MPa)1/2
d

(MPa)1/2

dPVC 18.7 10 3.1 21.43
dPAN 16.47 23.25 7.27 29.41
dDMAc 16.8 11.5 10.2 22.7
|dPVC–dPAN| 2.37 13.25 4.17 7.98
|dPVC–dDMAc| 1.9 1.5 7.1 1.33
|dPAN–dDMAc| 0.47 11.75 3.07 4.71
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coil dimensions due to strong intermolecular interac-
tion or compatibility between them, and positive
deviation was displayed in the region of W2 from 20
to 80%. This meant that the shrinking of both PAN
and PVC coil dimensions occurred because of
incompatibility between them. The regions of com-
patibility at both sides were probably dependent on
higher c values of functional groups of chloride or
nitrile in the blends.

FTIR spectroscopy

FTIR spectroscopy has been proven to be a useful
technique for detecting the characterization of spe-
cific intermolecular interactions between the groups
in different polymer molecules and conformational
changes occurring in compatible blend systems. Fig-
ure 3 shows the FTIR spectra of the pure PVC, PAN,
and PVC/PAN blend membranes.

The FTIR spectrum of pure PVC was characterized
by strong absorption peaks at 1430, 1330, and 1250
cm�1, which were attributed to CH2 deformation
vibration bands and CH stretching vibrations [Fig.
3(a)]. The peaks at 1099 and 966 cm�1 were due to
the in-plane and out-of-plane CH bending modes,
and the band at 692 cm�1 in pure PVC [Fig. 3(a)]
was assigned to CACl stretching vibrations. The
spectrum of PAN had a very strong absorption peak
at 2245 cm�1, which was attributed to CBN stretch-
ing vibrations [Fig. 3(e)]. The absorbencies at
2941and 2943 cm�1 resulted from the asymmetric
stretching vibration of CH2, and the peaks at 1730
and 1654 cm�1 were assigned to the second and
third monomer by stretching vibrations of C¼¼O and
C¼¼C. To a certain extent, this may have partly
improved the hydrophilicity of the PVC membrane.
Compared with the PVC membrane, there were new
appearances of wide bands over the 2244–2245, 1730,
and 1654-cm�1 range in the PVC/PAN blend mem-
brane; these resulted from the stretching vibrations
of CBN, C¼¼O, and C¼¼C, respectively [Fig. 3(b–d)].
The spectrum of the blend membranes had hardly
any shift compared with the spectrum of the two
individual components; thus, the interaction between
PVC and PAN was weak. Then, interface microvoids
may have been produced during the phase separa-
tion in the PVC/PAN blend process.

DMA

The measurement of the glass-transition temperature
(Tg) of a polymer blend is often used as a criterion for
determining its compatibility. A miscible polymer
exhibited a single Tg between two components. With
increasing miscibility of a blend polymer, there is a
broadening of the transition, whereas incompatible
blend systems would be marked by separate

Figure 1 Plots of gsp/c versus c for the PVC/PAN blends
in DMAc solution at 30�C.

Figure 2 Variation of D[g] with WPAN in the PVC/PAN
blend.

Figure 3 FTIR plot of (a) PVC, (b) PVC/PAN (90/10), (c)
PVC/PAN (70/30), (d) PVC/PAN (10/90), and (e) PAN.
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transitions of the polymer component in the blends.
In DMA curves, Tg can be denoted by the x coordinate
of the tangent peak. To ascertain the miscibility of the
PVC/PAN blend, Tg was measured by DMA in Fig-
ure 4. It can be seen from Figure 4 that Tg of the PVC/
PAN blend membranes was higher than that of pure
PVC and lower than that of PAN. There are several
classical equations that correlate Tg of a blend misci-
ble system with its composition. These equations

were used to interpret both positive and negative
deviations from the role of the mixtures and the S-
shaped Tg versus blend composition curves. Figure 5
shows the curve predicted from the Tg composition,
which was obtained from the Fox equation [Eq. (11)]:

1=Tg ¼ w1=Tg1 þ w2=Tg2 (11)

where Tg, Tg1, and Tg2 are the glass-transition tem-
peratures of the blend membrane, PVC membrane,

Figure 4 DMA plot of (a) PVC, (b) PVC/PAN (90/10), (c)
PVC/PAN (70/30), (d) PVC/PAN (10/90), and (e) PAN.

Figure 5 Effect of the content of PVC/PAN on Tg.

Figure 6 SEM photographs of the cross sections of the (a) PVC membrane and (b) PVC/PAN (70/30) blend membrane:
(1) 100, (2) 600, and (3) 5000�.
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and PAN membrane, respectively. Tg of the blend
membrane from the calculated equation turned out
to have a similar negative deviation in the region of
W2 from 20 to 80%; however, Tg of membrane was
much different between the experimental value and
the calculated one, from which we obtained many
more interfacial macrovoids during the phase
separation.

Morphology of the PVC/PAN blend hollow-fiber
membrane

The morphologies of PVC and the PVC/PAN blend
hollow-fiber membranes are depicted in Figure 6. As
can been seen, the cross-sectional structures of all of
the membranes were similar. Near the out and inner

walls, fingerlike pores were obtained, and sponge-
like structures were present in the middle of the
membranes. Figure 6(a) shows that the pores in the
PVC membrane had two-layer fingerlike structures
going through the middle-side membrane to the end
side of the membrane and spongelike structures in
the middle of the cross section. Because pure water
was used as both the inner and outer precipitants,
asymmetric membrane structures could be easily
formed. In a comparison made between the mor-
phologies of the PVC and PVC/PAN blend mem-
branes, the cross section of the PVC/PAN blend
membrane consisted of large voids in the shape of
spheres or ellipsoids, and there was a transparent
IFM structure between these voids. In Figure 6(b),
the cross-sectional structure of the PVC/PAN blend

Figure 7 Outer surface of the (a) PVC membrane and (b)
PVC/PAN (70/30) blend membrane.

Figure 8 Inner surface of the (a) PVC membrane and (b)
PVC/PAN (70/30) blend membrane.
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membrane prepared with WPAN ¼ 30% in the dope
solution looks more like IFMs, and the shape of the
spheres or ellipsoids is smaller. The experimental
results illustrate that the precipitation of the PVC/
PAN blend forming the membrane structure and the
exchange of solvents with nonsolvent (water) may
have been affected by the diffusion of the compati-
bility between PVC and PAN from the dope solution
to the water bath. All of these results were very con-
sistent with the thermodynamic analysis and experi-
ments. Figures 7 and 8 show the results of the outer
and inner surfaces of the PVC hollow-fiber mem-
brane and PVC/PAN blend hollow-fiber membrane,
respectively. As shown, compared with the PVC
membrane, the PVC/PAN blend membrane had a
rougher surface with obvious interfacial macrovoids.
This phenomenon may have been due to the incom-
patibility between PVC and PAN when phase sepa-
ration occurred.

Effect of the IFMs on the permeation of the blend
membrane

The permeation characteristics of the PVC, PAN,
and PVC/PAN blend membranes, such as PWF
and porosity, are described in Figures 9 and 10. As
shown, the PWF and porosity of the PVC mem-
brane were a little lower than that of the PAN
membrane, and the values of the PVC/PAN blend
membrane were greater than that of the PVC or
PAN pure membrane. This may be attributed to the
fact that the hydrophile of PAN was better than
PVC. Another reason for the increasing effect PAN
may have been the formation more IMFs to enhance
the porous of blend membrane. To describe the
effect of IFMs on the PVC/PAN blend membrane,
we cite the weighted average equation and differ-
ence value, which are defined by F ¼ W1F1 þ W2F2,
where F, F1, and F2 are the PWFs of the weight av-
erage of the PVC/PAN blend membrane, the pure
PVC membrane, and the pure PAN membrane,
respectively. The weighted average and difference
value curves are shown in Figure 9. Obviously, the
experimental values were all much higher than
those of the two pure membranes and also those of
the weighted averages. It is shown that the differ-
ence value, which proved the IFMs attributed much
to the PWF of the blend membrane with an increase
in the PAN content of the polymer c, turned to the
better with the W1/W2 equal to 70/30. The PVC/
PAN blend membranes showed a greater porosity,
as shown in Figure 10. With an increase in the con-
tent of PAN in the blend dope solution, the poly-
mer chains and the higher viscosity of the blend
polymer solution prohibited the exchange of the
solvent with more IFM deformation through the
phase-separated polymer solution. The membrane
morphologies in Figure 6 could also explain these
experimental results.

Figure 9 Measurement of PWF of the PVC/PAN blend
membrane.

Figure 10 Porosity of the PVC/PAN blend membrane.

Figure 11 Measurement of the mechanical performance
of the PVC/PAN blend membrane.
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Effect of the IFMs on the mechanical properties of
blend membrane

To evaluate the mechanical properties of the PVC/
PAN blend membrane in industrial applications, the
values of the tensile strength and initial strength of
blend membranes were determined. Figure 11 shows
the mechanical properties of the PVC/PAN blend
membrane. It could be seen that both the tensile
strength and initial strength of the blend membrane
decreased slightly with increasing PAN content in
the blend dope solution. This suggests that the me-
chanical properties of the PVC/PAN blend mem-
brane were mainly approximately determined by the
permeation of the blend membrane, which generated
a looser surface with many more IFMs in the blend
membrane.

CONCLUSIONS

On the basis of the compatibility of the blend poly-
mer, it was possible to produce a PVC/PAN blend
hollow-fiber membrane with a new porous struc-
ture–IFMs. The compatibility results of this PVC/
PAN system indicate that PVC and PAN were in-
compatible; therefore, IFMs were produced as a
result of phase separation. The PWF and porosity of
the PVC/PAN blend membrane were much greater
than the those of pure polymer membrane with the
IFMs’ existence. Compared to those of the PVC
membrane, the break strength and initial strength of
the PVC/PAN blend membrane decreased slightly;
this suggested that the blend membrane may have
had a looser structure. We will investigate whether
PAN can also improve the antifouling property of

PVC/PAN blend hollow-fiber membranes after hy-
drolysis in the future.
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