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ABSTRACT: Chlorinated poly(vinyl chloride) (CPVC)/
poly(vinyl pyrrolidone) (PVP) membranes were prepared
by using the solvent system tetrahydrofuran (THF)/n-butyl
alcohol (n-BA) to investigate the possibility of pore size and
pore-size distribution control. The coagulation of CPVC/
PVP solution was induced by the exposure to water vapor at
25 (�0.5)oC. The average pore diameter, dp, and the size
distribution of pores on the surface of the membrane were
quantified through the image analyzer from the images
visualized by field emission scanning electron microscope
(FE-SEM). Surface pore size and distribution of the prepared
CPVC/PVP membrane were strongly affected by the rela-
tive humidity (RH) in the environment and the content of

PVP used as an additive. Particularly, in the case of CPVC
membrane without PVP, the mean pore size was 0.15–0.2
�m, depending on the RH. The pore distribution became
broad with the increase of the RH. The membranes had open
pores as confirmed by the hydraulic permeation experiment.
In addition, the water flux and membrane resistance (Rm)
were greatly affected by the composition of polymer solu-
tion and the RH. © 2002 Wiley Periodicals, Inc. J Appl Polym Sci
86: 1195–1202, 2002
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INTRODUCTION

Microfiltration, which covers the pore size ranging
between 0.1 and 10 �m, has been widely used to
separate liquid/liquid or liquid/solid mixtures.1 Dif-
ferent membrane separation processes require differ-
ent membrane structures to bring about good separa-
tion performance.2 Also, separation property of micro-
porous membranes is mainly determined by the pore
diameter in the membrane surface as well as the sur-
face chemical properties.3–5 Therefore, it is important
to fabricate membranes with pore size suitable for the
specific application.

Scanning electron microscopy is a tool used for
direct observation of objects down to several microns
in scale. Some tools, based on the image analysis, have
already been developed to characterize porous media,
especially in the field of metallurgy,6 ceramic and
polymeric membranes,7,8 and other materials. In
membrane technology, the observation of the surface
or the cross-sectional morphology is common. The
method presented here allows the treatment and the
analysis of digital images by means of the image anal-

ysis program, which allows the pore size and fre-
quency measurement.

Generally, it is a well-known fact that the pore
sizes are affected by the concentration of the poly-
mer solution and the relative humidity (RH) in the
environment.9,10 However, this trend has not been
consistent. In addition, no investigation has been
reported for the combined effects of RH and poly-
meric additive on the pore size and distribution of
membrane surface in the case of the water vapor
induced phase separation.

The addition of organic components as an additive
to a casting solution has been one of the important
techniques used in membrane preparation. However,
the role of various organic additives such as methyl
cellulose, glycerin, poly(vinyl pyrrolidone) (PVP), and
poly(ethylene glycol) in casting solution has been re-
ported as a pore-forming agent enhancing permeation
properties.11–16 Therefore, the surface morphology
and permeation performance of membrane as func-
tions of PVP concentration was observed at a given
RH. Also, chlorinated poly(vinyl chloride) (CPVC),
which had better mechanical and thermal properties
than poly(vinyl chloride) (PVC), is a new microfiltra-
tion membrane material.

The objective of the present study is to investigate
the effects of RH and the amount of PVP on the
variation of average pore diameter, dp, and the size
distribution of pores on the surface of the membrane
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by using a field emission scanning electron micros-
copy (FE-SEM) and analysis program. The phase-in-
version process was guided by coagulating the poly-
mer dope solution with the water vapor. The topology
of microporous CPVC membrane was controlled upon
varying the amount of PVP (MW, 10 kDa) in the
solution of CPVC in the solvent system [tetrahydrofu-
ran (THF)/n-butyl alcohol (n-BA) 70 : 30 wt %], as
well as by water vapor concentration. In addition,
because the hydraulic flux is important in the filtra-
tion, the pure water flux was measured by using a
dead-end filtration apparatus. The membrane resis-
tance (Rm) was calculated from the hydraulic flux.

EXPERIMENTAL

Materials

A CPVC (Nippon Carbide Ind. Co. Inc., Tokyo, Japan)
with a chlorine content of about 63–68% was obtained
and used as the membrane-forming polymer. PVP
(Mw, 10 kDa, Aldrich Chemical Co., Milwaukee, WI)
was used as the additive polymer. CPVC and PVP
were dried under vacuum at 50°C for 2 h to minimize
the presence of water in the polymer prior to the
preparation of the solution. THF and n-BA were used
as received without further purification.

Preparation of dope solution

CPVC/PVP dope solutions were made by dissolving
CPVC/PVP in the solvent system. The composition of
solvent system was 70 (THF) to 30 (n-BA) (%w/w).
Polymer dope solutions were prepared by increasing
the concentration of PVP while the total concentration
of CPVC in the solution was maintained at 9 wt %. The
microporous flat membranes were prepared by expos-
ing the casting solutions at RH of 45, 60, and 80%,
respectively. The compositions of polymer solution
were summarized in Table I.

Preparation of microporous CPVC membrane

Membranes were prepared inside a glove box (model
SK-G001, JEIO Tech., Seoul, Korea) capable of control-
ling both the RH and the temperature in the accuracy
limit of �2%. The dope solution was cast on a poly-
ester fabric with a casting knife of 150 �m thickness
inside the glove box, with the humidity kept in the
range of 35–88% at 25 � 0.5°C. The CPVC/PVP solu-
tion deposited on the polyester fabric was kept for 2 h
in the glove box to dry and then moved into the

Figure 1 Schematics of dead-end filtration apparatus.

TABLE I
Characterization of CPVC Membranes and Their

Permeation Properties

Sample
code

RHa

(%)

Content of
PVPb

(wt %)

Flux
(L/m2 h)

Resistance
(1010 m�1)

Jw
c Rm

d

CP9045

45

0 240 75.0
CP9145 1 1080 16.7
CP9245 2 3470 0.52
CP9345 3 4570 0.39
CP9060

60

0 550 32.7
CP9160 1 3221 0.56
CP9260 2 4104 0.44
CP9360 3 5800 0.31
CP9080

80

0 1790 10.1
CP9180 1 3530 0.51
CP9280 2 4830 0.37
CP9380 3 7262 0.25

a Automatically controlled with error range of �2%.
b Poly(vinyl pyrrolidone).
c Deionized water flux.
d The membrane resistance (Rm) was calculated by the

measured deionized water flux (Jw) by using the classical
resistance model (J � �P/�Rm).
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convection oven at 30°C to eliminate the residual THF
and solidify the membrane structure. This method of
preparing membrane is a combined process of solvent
evaporation technique and water vapor induced
phase inversion. Therefore, the mechanism of mem-
brane formation is complicated more by water–vapor
adsorption and the solvent desorption (evaporation)
on the surface of polymer solution.

Field emission scanning electron micrographs

The top surfaces of the membranes were observed by
using FE-SEM (JEOL-6340F, Kyoto, Japan) at an accel-
erating voltage of 15 kV. The dried membrane was
treated under cryogenic conditions by using liquid
nitrogen to maintain the surface structure. The mem-
brane specimens were coated with gold before FE-

Figure 2 Photographs of the surface of CPVC membranes at a magnification of �9000. CP90 series without PVP: (a) CP9045;
(b) CP9060; (c) CP9080; CP91 series with 1 wt % PVP: (d) CP9145; (e) CP9160; (f) CP9180; CP92 series with 2 wt % PVP: (g)
CP9245; (h) CP9260; (i) CP9280; CP93 series with 3 wt % PVP: (j) CP9345; (k) CP9360; (l) CP9380.
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SEM photographs were taken. The average pore di-
ameter, dp, and the pore-size distribution at the surface
of the membranes were investigated and determined
from the image analyzer (BumMi Universe Co., Ltd.,
Ansan, Korea)

Optical observation

To investigate the formation of surface pores, optical
microscopy was used to observe developments at the
surface of casting solution during the formation of
microporous membranes. The promotion of surface
structure for cast solution was measured with an op-
tical microscope (Nikon, Model Fax, Japan) which was
installed in a glove box and taken at different time
intervals.

Measurement of pure water flux and Rm

A dead-end stirred cell filtration system was used to
measure the flux of deionized water of the mem-
branes. Figure 1 shows the permeation apparatus. This

apparatus consisted of a 50-mL filtration unit (model
8050, Amicon Corp., W. R. Grace Corp., Beverly, MA),
a 4000-mL feed reservoir, a permeate collection reser-
voir, a pressure gauge, and an electronic balance con-
nected with a computer. The active membrane area
was 13.4 cm2. All filtration experiments were carried
out at a constant transmembrane pressure of 0.05 MPa
and a system temperature of 25 � 1°C. All membranes
were initially immersed into an isopropyl alcohol/
H2O (20/80 wt %) mixture at 0.3 MPa for 10 min
before the test. The weight of permeate was measured
every 30 s with an electronic balance and then auto-
matically recorded on an on-line computer.

The pure water flux through the membrane is di-
rectly proportional to the applied hydrostatic pres-
sure:

Jw �
�P

�Rm
(1)

where Jw is the hydraulic flux, Rm is the hydrodynamic
resistance of the membrane, �P is the pressure differ-

Figure 3 The effect of RH on the average number of pore size and distribution.
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ence between the feed and the permeate side of the
membrane, and � is the viscosity of water (� 1 cp). Rm

can be calculated from the hydraulic flux (Jw), which is
the intrinsic property related to the geometry of the
membrane.

RESULTS AND DISCUSSION

Surface morphology of CPVC membranes

The SEM images of surface morphology of CPVC
membranes, solidified by drying at 30°C in a convec-
tion oven after quenching in water vapor, were shown
in Figure 2. Membranes produced by coagulating the
polymer solution in a liquid nonsolvent media exhib-
ited in general a more or less dense surface morphol-
ogy, whereas the membranes made by water vapor
induced phase separation showed a microporous sur-
face morphology. Considering that the activity of wa-
ter in a vapor phase is similar to that in a liquid phase,
membrane through the water vapor induced phase
separation should show a similar morphology with
one coagulated by liquid water because the thermo-
dynamic state of all the other components are the
same. Therefore, the difference in the two cases seems

not to be originated from the differences of thermody-
namic terms, but from the differences of kinetic terms.
Up to now the mechanism of the formation of surface
morphology has not been completely understood.

Only recently it was reported that when the hydro-
phobic polymer solution containing the hydrophilic
additives was exposed to air containing water vapor,
the pore size of membrane surface could be tailored by
controlling the growth of the nuclei of emulsion drops
generated according to whether the water vapor was
drawn onto the surface of casting solution.17

As shown in Figure 2, the pore size of the top
surface morphology of the membrane was strongly
affected by the RH in the environment as well as the
content of PVP used as an additive. It was clear that
the pore size increased as both the RH and the content
of PVP increased. It could be seen from the vertical
comparison of the surface morphologies in Figure 2
that the polymer-casting solution with a higher con-
tent of PVP always resulted in the larger pores at the
same RH and showed the coarser porous surface
structure, although the decrease of PVP content
brought about the small pore size (�0.8 �m) and fine
surface structure. The detailed description for the vari-
ation of pore size and distribution would be presented
in the next section.

Effect of the RH on the pore size and distribution

The average pore diameter, dp, and the size distribu-
tion of pores on the surface of the membrane were
quantified through the image analyzer from image
visualized by FE-SEM. It was very clear that when the
RH increased, the pore size of membrane top surface
increased and the pore-size distribution broadened.
Similar trends were observed in all the experimental
results. Note that for polymer solution without PVP as
shown in Figure 3(a), the mean pore size varies within
a narrow range of 0.15–0.22 �m when the RH in-
creases to 45, 60, and 80%, respectively. However, for
polymer solutions with PVP as shown in Figure 3(b–
d), as the RH increased, the mean pore size became
larger than that of membranes prepared from polymer
solution without PVP (CP90 series). For example,
when the membranes were prepared from the CPVC
solution containing 3 wt % PVP at different RH con-
ditions of 45, 60, and 80%, the mean pore size of CPVC
membrane surface was about 0.8, 1.2, and 1.4 �m,
respectively. Meanwhile, the pore-size distribution be-
came broad with the increase of the RH, regardless of
the addition of PVP.

It was reported that membranes with microporous
surface pores can be fabricated by evaporating the
polymer solution.18 Because THF has higher volatility
than n-BA in the used cosolvent, the n-BA/THF ratio
increases during the evaporation stage. Therefore, it
might be suspected that an increase of the n-BA/THF

Figure 4 Evolution of the surface of casting solution during
the formation of membranes with surface pores. The CPVC
solution with 2 wt % PVP was investigated under RH 80% at
24°C. (a) 0 s; (b) 5 s; (c) 8 s; (d) 15 s; (e) 34 s.
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ratio during solvent evaporation causes phase separa-
tion in casting solution and generates the pores on the
membrane surface. However, in the present case, the
membrane-formation mechanism is not simply eluci-
dated because of the combined process of solvent
evaporation and water vapor adsorption.

To investigate more clearly the formation process of
surface pores, optical microscopy was used to observe

the surface of casting solution during the formation of
microporous membrane. It was found that when the
RH in air was � 30%, the generation of crumples on
the surface of casting solution (CPVC solution with 2
wt % PVP) was observed after at least 2 min. Mean-
while, crumples appeared within several seconds at a
RH of 80%, as shown in Figure 4. Obviously, the
introduction of a large amount of water vapor into the

Figure 5 The effect of the amount of PVP on the average number of pore size and distribution.
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surface of polymer solution caused the polymer solu-
tion to be readily separated into two phases, and as a
result, the pore size of membrane surface formed in-
creased. Moreover, the hydrophilic additive (PVP in
this case) was required to draw water vapor onto the
casting solution to initiate spontaneous phase separa-
tion. Therefore, the formation of surface pores is
strongly related to the content of water vapor in air.
This suggests that the increase of PVP content in poly-
mer solution caused the fast phase separation and the
formation of large pore size on the membrane surface.

Effect of PVP on the pore size and distribution of
membrane surface

The surface topologies of typical membranes prepared
were investigated from FE-SEM and image analysis. It
was obvious from the observations in Figure 5 that the
pore size of the membrane top surface became large
and the pore-size distribution became broadened with
increasing PVP concentration. When the content of
PVP in polymer solution was 0, 1, 2, and 3 wt %, the
mean pore size of membrane surface prepared at RH
of 45% was about 0.2, 0.4, 0.5, and 0.8 �m, respec-
tively. Also, when the RH was 80%, the mean pore size
of the membrane surface was about 0.2, 0.8, 1.2, and
1.4 �m for the PVP content of 0, 1, 2, and 3 wt %,
respectively. Therefore, this result showed that the
content of PVP played a crucial role in the pore size of
membrane surface prepared. As already mentioned in
the previous section, the introduction of hydrophilic

PVP in CPVC solution accelerated the incorporation of
water vapor in air into the casting solution, resulting
in an increase of surface pore size due to spontaneous
phase separation.

Pure water permeation and Rm

The hydraulic permeation of pure water was mea-
sured by using the permeation apparatus shown in
Figure 1 to investigate the interconnectivity of pores
and Rm, because the final performance of membrane
was strongly affected by the geometry of the mem-
brane, which was controlled by the preparation pro-
cess. As summarized in Table I, the pure water flux
increased with the increase of RH and the content of
PVP in polymer solution. The membranes (CP9060,
CP9160, CP9260, and CP9360) prepared from CPVC
solution with PVP showed the water flux of 550, 3221,
4104, and 5800 L/m2 h (LMH) at the feed pressure of
0.05 MPa, respectively. Therefore, as the content of
PVP in CPVC solution increased, the membranes pre-
pared at a given RH exhibited increased pure water
fluxes. Also, the membranes (CP9345, CP9360, and
CP9380) prepared from CPVC solution with 3 wt %
PVP showed the water flux of 4570, 5800, and 7262
LMH with an increase of RH of 45, 60, 80%, respec-
tively.

The Rm calculated from the measured pure water
fluxes are presented in Figure 6. It is very important
that the desired membrane structure and performance

Figure 6 The conjugated effect of relative humidity and the content of PVP on membrane resistance.

MICROPOROUS CHLORINATED POLY(VINYL CHLORIDE) 1201



for microfiltration could be readily controlled through
the conjugated effect of RH and PVP content. Figure 6
shows that when the PVP content of 2–3 wt % is
utilized for the preparation of membrane, the Rm are
steeply deceased in the range of 0.25 � 1010 to 0.52
� 1010 (m�1), independent of RH. This result shows
that the addition of PVP during the preparation of
microporous CPVC membrane is more effective in
reducing the Rm. From these results, it is reasonable
that the increase of surface pore size directly affects
the increase of the flux of pure water and that the PVP
in polymer solution and water vapor in air greatly
assist pore interconnectivity, thereby reducing Rm.

CONCLUSION

Microporous CPVC membranes were prepared by wa-
ter vapor induced phase inversion technique. Note
that the amount of PVP and RH plays a significant role
in the control of surface pore size in membrane prep-
aration. When the RH increases, the pore size of the
membrane top surface increases and the pore-size dis-
tribution broadens. However, in the case of CPVC
solutions without PVP, the mean pore size varies
within a narrow range of 0.15–0.22 �m, although the
RH increased to 45, 60, and 80%, respectively. As the
amount of PVP in CPVC solution increases, the pore
size of membrane surface increases and the pore-size
distribution broadens. Therefore, hydrophilic PVP in
CPVC solution accelerates the incorporation of water
vapor in air into the casting solution, resulting in an
increase of surface pore size due to spontaneous phase
separation. From the hydraulic flux measurements, we
conclude that the increase of surface pore size directly
affects the increase of pure water flux and that the PVP
in the polymer solution and water vapor in air greatly
increases pore interconnectivity, resulting in reduced
Rm. When a PVP of 2–3 wt % is utilized for the prep-
aration of CPVC membrane, the Rm steeply decreases
in the range of 0.25 � 1010 to 0.52 � 1010 (m�1),

independent of RH. These results show that the addi-
tion of PVP during the preparation of microporous
membrane was more effective in producing submi-
cron scale surface pores.
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