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Abstract

The manufacture and dextran-rejection properties of asymmetric poly(vinyl alcohol) (PVA) membranes have been described in this study.
Membranes were prepared from a casting solution of PVA, water as solvent, and water-soluble polymeric additive by immersing them in
Na2SO4/KOH/H2O as coagulant medium. Experiments showed that the dextran and poly(vinyl pyrrolidone) (PVP) additives exerted a
different influence on the structure and permeability of membranes. Especially, the structure of skin layer strongly depended on the polymeric
additives in the casting solution. The addition of dextran additives in the system could induce pores in the top layer. Conversely, the PVP
additives effectively blocked the interstitial cavities within the top layer to generate a more compact structure. A mechanism describing that
the affinity between additive and casting solution as well as between additive and coagulant medium was proposed to investigate the effect of
dextran and PVP additives in the formation of PVA membranes. The results presented here offer a better understanding of relationships
between the membrane formation mechanism and the skin structure when designing an asymmetric membrane by the addition of polymeric
additives in the casting solution.q 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Since the development of asymmetric type membrane by
Loeb and Sourirajan [1], considerable progress has been
made in various aspects of membrane-related fields [2].
The interest in studies of membranes is due to the necessity
of membranes with different separation properties. An
asymmetrical membrane is characterized by a thin and
dense top layer, commonly recognized as the skin layer,
and underneath which is a porous solid matrix. It is well
known that the skin layer provides major resistance to the
permeation of solute through the membrane, whereas the
porous region functions exclusively as a mechanical
support. The capability of an asymmetric membrane to
reject or to admit a certain solute species is, therefore, deter-
mined by the morphology, the pore size and the dense
degree of the skin layer. Accordingly, it is necessary
to prepare asymmetric membranes with controllable

structure of skin layer to achieve the required perfor-
mance.

Being a material with good chemical stability, thermal
stability and high water permeability, poly(vinyl alcohol)
(PVA) seems an attractive material for producing
membranes [3]. In order to control the membrane structure,
low molecular weight component or the secondary polymer
is frequently used as the additive in the membrane forming
system [4] because it offers a convenient and effective way
to develop membranes with high performances. We have
reported that the applicability of PVA membranes for the
separation of proteins by the addition of poly(ethylene
glycol) in the casting solution to control the structure of
skin layer [5,6]. This article is a continuation of publications
to obtain more information about the effect of polymer
additives on the structure and the permeability of PVA
membranes. Instead of poly(ethylene glycol), a series of
asymmetric membranes were prepared by adding dextran
and poly(vinyl pyrrolidone) (PVP) to the casting solution.
Experiments showed that the dextran and PVP additives
exerted a different influence on the structure and perme-
ability of membranes. Thus, a mechanism describing the
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affinity between additive and casting solution as well as
between additive and coagulant medium in the membrane
formation was proposed for a better understanding of the
role played by the polymeric additives.

2. Experimental

2.1. Materials

All reagents used in the experiment were of reagent
grade, unless otherwise described. The membrane material,
PVA having an average molecular weight of 74,800 was
purchased from Chang Chun (Taiwan). Dextran with an
average molecular weight of 12,000 (Sigma) and PVP
with an average molecular weight of 10,000 (Fluka) were
employed as additives. Water was double distilled and
de-ionized before use.

2.2. Membrane preparation

Membranes were prepared by the immersion–precipi-
tation technique. The polymer solution was prepared by
dissolving 1.4 g of dried powder samples of PVA in 8.6 g
of water at 908C. Subsequently, different amounts of addi-
tives were added to the PVA solution, as shown in Table 1.
All membranes were cast from PVA solution at 258C on a
glass plate with an uniform thickness of about 100mm
followed by precipitating the casting solution in a coagu-
lation bath with Na2SO4/KOH/H2O� saturate/75 g/1000 ml
[3].

2.3. Scanning electron microscopy

The morphologies of different faces of the membranes
were examined using scanning electron microscopy
(SEM). The membranes were freeze dried, then frozen in
liquid nitrogen and fractured to expose the cross-sectional
areas. The dried sample were gold coated and viewed with
SEM (S-800, Hitachi, Japan) at 10 kV.

2.4. Dextran permeation experiment

Solute rejection and permeation flux were determined

using a 43 mm dia. Amicon Stirred Ultrafiltration Cell
(Model 8050). The solutes used in this work were dextrans
with various molecular weights in the range of 6× 103–2×
106 (Sigma). In the filtration process, low concentration feed
dissolved in water (1000 ppm) under a low pressure of
0.2 kgf/cm2 with vigorous agitation (600 rpm) is to mini-
mize the effect of concentration polarization [7,8]. After the
permeating flux reaches a stable constant value (ca. 30 min.
after operation), samples of permeate were collected for
subsequent chromatographic analysis by gel permeation
chromatography (GPC) using a Waters 510 pump (USA)
coupled with Ultrahydrogel SEC columns and a Waters
410 refractive index detector. The experimentally obtained
rejection,R, was defined asR� �Cb 2 Cp�=Cb; where Cb

and Cp denote the concentration of bulk and permeated
solutes, respectively.
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Table 1
Composition of casting solution and permeation flux of membranes

Membrane PVA
(g)

H2O
(g)

Dextran
(g)

PVP
(g)

Permeation flux
( × 107) (m/s)

M-1 1.4 8.6 0 0 0.56
D-1 1.4 8.6 0.1 0 0.66
D-2 1.4 8.6 0.2 0 0.77
D-3 1.4 8.6 0.3 0 1.07
D-4 1.4 8.6 0.4 0 2.28
P-1 1.4 8.6 0 0.1 0.54
P-2 1.4 8.6 0 0.2 0.52
P-3 1.4 8.6 0 0.3 0.50
P-4 1.4 8.6 0 0.4 0.48

Fig. 1. SEM photographs of M-1 membrane: (a) top surface and (b) cross-
section.



2.5. Light transmission experiment

Light transmission experiments were performed to
measure the precipitation rate of the immersion–precipita-
tion process. The principle of light transmission experi-
ments is that the light transmittance of the casting solution
would decrease with the appearance of optical inhomoge-
neous. Therefore, the time that the light transmittance
begins to drop can be used to represent the time of the
onset of precipitation [9]. To carry out the light transmission
experiment, an UV-lamp with green light was placed above
the coagulation bath as light source and a light detector
beneath the coagulation bath was used to measure the
light transmittance. For detailed experimental set-up and
procedures, one can refer to the work of Reuvers [10].

3. Results and discussion

3.1. Membrane characterization

Fig. 1 shows SEM photographs of M-1 membrane. The
membrane was prepared from 14 wt% of PVA solution in
the absence of polymeric additive. It is obvious that the
membrane had an asymmetrical structure consisting of a
dense skin layer and a porous sublayer that was occupied by
cellular morphologies enclosed in polymer matrix. The skin
layer is responsible for the permeation or rejection of solutes,
whereas the porous bulk acts only as a mechanical support.

Membrane structure may be regulated by a variety of
methods [2], one of which is the addition of the second
polymer to the casting solution. As shown by Boom et al.
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Fig. 2. SEM photographs of top surface of: (a) D-1; (b) D-2; (c) D-3; and (d) D-4 membranes.



[11], the addition of PVP to the poly(ether sulfone)
membrane system could suppress the formation of macro-
voids in the sublayer, while the toplayer consisted of a
closely packed layer of nodules. In this work, the effect of
polymeric additive on the membrane morphology was
investigated, especially on the membrane surface. After
adding dextran to the casting solution, it could be observed
that pores occurred in the skin layer (Figs. 2 and 3). The size
of the pores increased with the increase in the amount of
dextran in the casting solution. It should be noted that a
small amount of dextran was enough to initiate the for-
mation of pores in the skin layer. Since the skin layer
dictates the permselectivity of a membrane, it is probable
to have a strict control of the membrane performance by the
addition of dextran in the casting solution, as will be
described in the next paragraph. In addition, the change of
the porous structure in support with the addition of dextran

was observed as shown in Fig. 3. As compared with the
cross section of membranes without the additive, the pore
size appeared to somewhat swell in the support.

To estimate the performance of PVA membranes having
a molecular sieve effect, the filtration experiment of a
dextran solution through prepared membranes was carried
out. Fig. 4 shows the rejection (or permeation) behaviour of
PVA membranes with and without dextran additives in the
casting solution. It could be observed that the rejection
increased monotonically with the molecular weight of the
solute, as in ordinary filtration processes. Furthermore, the
rejection curves markedly shifted toward a high molecular
weight side of dextran with the increase in the amount of
dextran in the casting solution. In addition, the permeation
flux of PVA membranes (Table 1) increased with increasing
the amounts of the dextran additive in the casting solution.
These results were consistent with qualitative observations
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Fig. 3. SEM photographs of cross-section of: (a) D-1; (b) D-2; (c) D-3; and (d) D-4 membranes.



of SEM, suggesting that the dextran additives played a role
of pore former in the skin layer to increase the permeability
of the PVA membranes.

Young et al. [5] and Kobayashi et al. [12] proposed a
formation mechanism of pores in the skin layer by water-
soluble additives. After the membrane is formed, water-
soluble additives are dissolved to create pores, which were
originally occupied by additives in the incipient membrane.
To examine if the pore-forming mechanism can be applied
to other water-soluble additives, instead of dextran, PVP
was added to the casting solution to prepare PVA
membranes. Figs. 5 and 6 show the membrane structure
made with varying concentrations of PVP additive. Since
both dextran and PVP are water-soluble polymers, it is
reasonable to expect that they have the same influence on
the structure of PVA membranes. However, it appears that
the addition of 1–4 wt% of PVP in the casting solution
resulted in the absence of pores in the membrane surface,
contradictory to our expectation. Similar to M-1 membrane,
the obtained membranes with the PVP additive in the cast-
ing solution had a dense skin layer. Therefore, it seems that
the formation of pores in the skin layer by the dextran
additive cannot be explained by its water-soluble property.

Based on the above result, the rejection of dextran
through membranes with PVP additives in the casting
solution would be larger than that with dextran additives.

The effect of PVP additives on the filtration of a dextran
solution is shown in Fig. 7. The rejection of dextran through
membranes with PVP additive was not only larger than that
with dextran additives but also larger than the M-1
membrane. This suggests that the membranes with PVP
additives markedly restricted the permeation of dextran. In
addition, with the increase in the PVP content in the casting
solution, there was a tendency for the rejection of dextran
through membranes to become large. Likewise, the perme-
ation flux of PVA membranes (Table 1) decreased with
increasing the amounts of the PVP additive in the casting
solution. These indicate that the skin layer of the membranes
became denser with the increase in the amount of PVP added.
On basis of the above observation, it can be concluded that the
dextran and PVP additives exerted a different influence on
the structure and permeability of PVA membranes.

Another interesting characteristic of the effect of dextran
and PVP additives is their precipitation rates during
membrane formation were different as shown in Figs. 8 and
9. For each profile, the time at which light intensity began to
rapidly decrease was identified as the onset point of precipita-
tion. It appears that the so-called delayed precipitation took
place in all the immersion cases. However, the role of PVP
and dextran is contrary. The precipitation rate decreased with
increasing the amount of PVP in the casting solution. Con-
versely, the addition of dextran in the casting solution
caused a faster precipitating rate. In general, membranes
with instantaneous precipitation rate often show macrovoids
[2,9]. This implies that the PVA membrane with dextran
additives in the casting solution had a tendency toward
forming large pores by accelerating its precipitation rate.
This can be related to the effect of the polymeric additives
on the diffusivity of coagulant into the polymer solution
[13,14]. Thus, the membrane formation mechanism may
be changed and will be described in the next section.

3.2. Membrane formation mechanism

In order to understand the asymmetric membrane for-
mation mechanism, it is convenient to analyze the
membrane as a two-layer structure: the dense top layer
and the porous sublayer [15]. Clearly, the top layer and
the sublayer have different formation mechanism, leading
therefore to different morphologies. With the casting solu-
tion immersed into the coagulation bath, the toplayer was
formed first at the casting solution-coagulant interface. Due
to the salt effect of sufficiently high concentration of ions in
the coagulant bath, water in the casting solution rapidly
desolvated into the coagulation bath when the casting solu-
tion and coagulant medium came to contact. Consequently,
high polymer concentration resulting from water outflow
was gradually set up. Such a high polymer concentration
is expected to produce a dense skin layer on the M-1
membrane surface. Hence, the surface of the M-1 membrane
was very hard and stiff so as to preclude the possibility of
any porous morphology.
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Fig. 4. Rejection curves of PVA membranes having various amounts of the
dextran additive.



In the formation of sublayer, precipitation of top layer
created an additional barrier to mass transfer between the
sublayer and the coagulation bath. If the top layer structure
is relatively compact, it will increase the mass transfer resis-
tance of solvent from the sublayer of casting solution to the
coagulation bath. Accordingly, after the dense top layer of
the M-1 membrane was formed, water outflow rate from the
sublayer of casting solution to the coagulation bath
declined. At this time, when the coagulant medium (ions)
diffused through the top layer to work on its neighbouring
solvent in the sublayer, the nucleus of polymer-poor phase
occurred. Nucleus grew to form a pore when coagulant
medium continually diffused into it to induce neighbouring
solvent to diffuse into it. Thus, the polymer concentration of
the polymer-rich phase surrounding the pore increased to
form the pore wall. Although the action of the salt effect is
highly localized, virtually all pores in the sublayer follow in

this manner to some extent. Consequently, cellular
morphologies occurred in the entire sublayer supporting
the dense top layer during the precipitation process.

From the above two-step mechanism model, the ratio of
coagulant medium inflow to solvent outflow is of utmost
importance for the toplayer structure. A dense top layer is
formed because solvent in the casting solution desolvates
into the coagulation bath before the coagulant medium
diffuses into the casting solution. The dense top layer
stops growing when enough coagulant medium diffuses
into the sublayer solution to create pores. On the other
hand, if the coagulant medium diffuses into the casting solu-
tion before solvent in the casting solution desolvates into the
coagulation bath, the coagulant medium may create pores in
the membrane surface. In this work, only a small amount of
dextran additive was effective to induce pore formation in
the skin layer. The dextran additives are believed to change
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Fig. 5. SEM photographs of top surface of: (a) P-1; (b) P-2; (c) P-3; and (d) P-4 membranes.



the diffusion rate of the coagulant medium. However, the
PVA membrane formation mechanism is different from
those traditional ternary systems consisting of solvent,
nonsolvent and membrane forming polymer. The non-
solvent is a mixture of water, Na1, K1, SO22

4 and OH2.
Therefore, the addition of polymeric additives in the casting
solution makes the analysis of the membrane formation
mechanism more difficult. For simplicity, we return to a
pseudo ternary system containing casting solution, coagu-
lant medium and polymeric additive. Solvent is neglected
since water is present in both the casting solution and the
coagulation bath. Now, we discuss how the affinity between
polymeric additive and casting solution as well as the
affinity between polymeric additive and coagulant medium
may explain the membrane structure based on the two-layer
formation mechanism mentioned above. At first, we
designed two experiments to measure the affinity between

polymeric additive and casting solution as well as the
affinity between polymeric additive and coagulant medium.

1. The affinity between polymeric additives and coagulant
medium was investigated by the precipitation method.
Polymeric additive (0.28 g) was dissolved in water
(1.72 g) to form a solution. Then the solution was added
to the coagulant medium (10 g). With different polymer
additives, different results were observed. Dextran could
be dissolved in the coagulant medium. Conversely, PVP
aggregated to form a yellow liquid film floating on the
coagulant medium. Apparently, dextran and coagulant
medium indicate attractive interactions and compatibility,
whereas PVP and coagulant medium indicate repulsive
interactions and incompatibility. Therefore, the affinity
between dextran and coagulant medium is higher than
that between PVP and coagulant medium.
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Fig. 6. SEM photographs of cross-section of: (a) P-1; (b) P-2; (c) P-3; and (d) P-4 membranes.



2. A specific amount of polymer additive was mixed with
PVA (1.4 g) and water (8.6 g) to determine the affinity
between polymeric additives and casting solution. The
mixture was agitated at 908C until a clear homogeneous
solution was obtained. The solution was then placed in an
isothermal thermostat, which was maintained at 258C, for a
period of 3 days. The mixture maintained a homogeneous
solution or phase-separated into a clear liquid phase

coexisting with a white solid. Phase separation easily
occurred in the case of the addition of 0.5 g of dextran in
the PVA solution. However, even though the addition of
1 g of PVP was not enough to bring about phase separation,
indicating that a homogeneous solution could be observed.
Therefore, it was concluded that PVP and dextran denotes
high and low affinities with the casting solution, respec-
tively. Of course, here the affinity between the two consti-
tuents has only relative meaning.

3.3. Effect of dextran additive

From Figs. 2 and 3, one can say that pores occur in the top
layer and sublayer. This indicates that a casting solution
with dextran additive is easier to phase separate to form
pores during membrane formation. It is reasonable to attri-
bute the fact that the coagulant medium could be attracted
by the dextran in the casting solution. Therefore, the coagu-
lant medium inflow increased to hasten the phase separation
to induce pores in the top layer. This consists of the light
transmission experiment, suggesting that the precipitation
rate increased with increasing the amounts of dextran in
the casting solution. In addition, after the coagulant medium
diffuses into the casting solution, the coagulant medium
could attract water to form the polymer-poor phase. In
fact, phase separation in such a system involves the demix-
ing of the polymer blends. Since the weak interaction
between dextran and PVA in aqueous solution but the
high affinity between dextran and coagulant medium,
dextran might disperse heterogeneous at the casting solution
and might even move to the polymer-poor phase.
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Fig. 7. Rejection curves of PVA membranes having various amounts of the
PVP additive.

Fig. 8. The results of light transmission experiments of PVA membranes
having various amounts of the dextran additive.

Fig. 9. The results of light transmission experiments of PVA membranes
having various amounts of the PVP additive.



3.4. Effect of PVP additive

Conversely, with the addition of PVP in the casting
solution, the membrane structure was similar to that of the
membrane without the additive present in the system.
Especially, we could not distinguish the apparent difference
of the structure of the top layer with or without the PVP
additive present in the system from their SEM photographs.
However, the filtration result from Fig. 7 indicates the
compactness of the skin layer increased with increasing the
amount of PVP in the casting solution. Since the dense top
layer provides major resistance to the permeation of solute
through the membrane, the microstructure of the top layer is
strongly related to the effect of PVP additive though it is
beyond the observable detection sensitivity of the SEM.

When the casting solution with PVP additive was
immersed into the coagulation bath, the coagulant medium
diffused into the casting solution with a slow rate due to the
low affinity with PVP, in comparison with PVA membranes
without PVP present in the system. This indicates that
precipitation was delayed in the presence of PVP, which
can be confirmed by the light transmission measurement.
Furthermore, Cassu and Felisberti [16] have shown that
PVA/PVP blends were miscible at every composition due
to a hydrogen-bonding interaction between the PVA
hydroxyl groups and the PVP carbonyl groups. In fact, the
Flory–Huggins PVA–PVP interaction parameters were
negative for all the compositions [17]. Therefore, strong
interaction between PVP and PVA may contribute to the
compact structure of the top surface in the membrane
because it makes chain packing in the skin layer more
probable. This fact can be associated with the larger
mobility of PVP chains due to their lower molecular weight
compared to the molecular weight of PVA, which allow
better accommodation of PVP chains. Moreover, the
precipitation rate decreased with increasing the amount of
PVP in the casting solution so the PVA/PVP blend had a
longer time to rearrange to effectively block the interstitial
cavities within the top layer to generate a lower free volume
and more compact structure before phase separation. This
agrees with the fact that the membrane with the PVP
additive restricts the permeation of dextran.

4. Conclusion

The results of the present work suggest that the addition
of a small amount of appropriate polymeric additive can
change the PVA membrane structure and permeability. A
mechanism describing the affinity between additive and
casting solution as well as between additive and coagulant
medium was proposed to investigate the membrane struc-
ture in this complex system. The addition of dextran addi-
tive in the casting solution can enhance the inflow of
coagulant medium because the affinity between dextran
and coagulant medium is strong, while the addition of

PVP additive cannot. On the other hand, dextran favours
to move the polymer-poor phase during phase separation
due to the high affinity with coagulant medium and the
low affinity with PVA in aqueous solution. Therefore, the
addition of dextran additives can enhance the phase sepa-
ration and induce pores in the top layer. Conversely, the
PVP additives effectively block the interstitial cavities
within the top layer to generate a more compact structure.
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