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ABSTRACT: Poly(vinyl alcohol) was employed for the
preparation of hemodialysis membranes with and without
the addition of acetic acid and poly(ethylene glycol) with
the phase-inversion process. Aqueous solutions of sodium
sulfate and sodium hydroxide were chosen as coagulant
baths. The performances of the membranes were esti-
mated by the measurement of the removal of uremic tox-
ins (urea, uric acid, and creatinine) from human blood
serum. The morphologies of the membranes were investi-
gated and correlated to the membrane performance.
Increasing the poly(ethylene glycol) concentration in the
polymer solutions resulted in porous, spongelike struc-

tures because of the higher polarity of the polymer solu-
tions and the enhancement of the diffusion rate of the
nonsolvent (sodium sulfate and sodium hydroxide) into
the polymer solutions. The porous structures of the mem-
branes enhanced the removal of uremic toxins. The pres-
ence of acetic acid, with greater ionization strength,
resulted in higher electrostatic interactions between posi-
tive and negative ions in the coagulation baths and poly-
mer solutions. © 2007 Wiley Periodicals, Inc. ] Appl Polym Sci
104: 2490-2497, 2007
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INTRODUCTION

Synthetic polymeric membranes are used for a wide
variety of applications, such as the purification of
liquids, desalination of saline water, food and diary
applications, and medical applications, including
blood hemodialysis."” Semipermeable membranes
are the most important part of hemodialysis devices
for removing certain uremic toxin substances from
the blood of kidney patients.>” Several polymeric
materials such as polyamide, polysulfone, cellulose
acetate, poly(ether sulfone), and regenerated cellu-
lose'*™"® are widely employed for the preparation of
hemodialysis membranes. Because of its superior per-
meability and blood compatibility, poly(vinyl alcohol)
(PVA) is used as a basic material for a variety of
biomedical applications. These include skin-replace-
ment materials, contact lens materials, articular carti-
lage replacement, and reconstruction of vocal cords,
and in recent years, different attempts have been made
to use PVA for hemodialysis membranes.'®>
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DISCOVER SOMETHING GREAT

Phase inversion is a common procedure for the
fabrication of flat and hollow-fiber PVA membranes
with symmetric and asymmetric structures. For flat
membranes, wet phase inversion is carried out by
the immersion of a thin layer of PVA dissolved in
an appropriate solvent into a concentrated coagula-
tion bath, in which an exchange of the solvent and
nonsolvent takes place.” ™ Because of the weak
mechanical strength of PVA, coagulation processes
are normally followed by the chemical crosslinking
and/or heat treatment of the membranes. Further-
more, special properties can be obtained by the
dissolution of additional additives into the casting
solution.**2¢

In this study, PVA was employed as the main
polymer for the preparation of hemodialysis flat
membranes. Polymer solutions were prepared from
PVA in double-distilled water as a solvent with and
without acetic acid (AcOH) and poly(ethylene glycol)
(PEG) as additives. An aqueous solution of sodium
sulfate (NaySOy4) and sodium hydroxide (NaOH) was
chosen as a coagulant bath solution. The fixation of
the membranes was carried out in an aqueous solu-
tion of sulfuric acid (H,SO,), Na,SO,, and glutaral-
dehyde [HCO(CH;3)CHO]. Hemodialysis membranes
were fabricated with different components with wet
phase inversion. The performance of the membranes
was estimated by the measurement of the removal
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TABLE I
Compositions of the Casting Solutions for the Preparation
of the PVA Hemodialysis Membranes

Membrane solution composition (wt %)

Membrane PVA PEG600 PEG400 AcOH H,O
8.5 wt % PVA 8.5 0 0 0 91.5
8.5 wt % PVA, 8.5 wt % PEG600 8.5 8.5 0 0 83
8.5 wt % PVA, 12.75 wt % PEG600 8.5 12.75 0 0 78.75
8.5 wt % PVA, 8.5 wt % PEG400 8.5 0 8.5 0 83
10.5 wt % PVA 10.5 0 0 0 89.5
10.5 wt % PVA, 10.5 wt %, PEG600 10.5 10.5 0 0 79
10.5 wt % PVA, 10.5 wt % PEG400 10.5 0 10.5 0 79
12 wt % PVA 12 0 0 0 88
12 wt % PVA, 12 wt % PEG600 12 12 0 0 76
12 wt % PVA, 12 wt % PEG400 12 0 12 0 76
10.5 wt % PVA, 10.5 wt % AcOH 10.5 0 0 10.5 79
10.5 wt % PVA, 21 wt % AcOH 10.5 0 0 21 68.5
10.5 wt % PVA, 42 wt % AcOH 10.5 0 0 42 47.5

of uremic toxins (urea, uric acid, and creatinine) from
human blood serum.”””® The morphology and per-
formance of the membranes were investigated, and
their relationships were correlated.

EXPERIMENTAL
Materials

The following materials were employed for the pre-
paration of the membranes: PVA (weight-average
molecular weight = 72,000 g/mol, hydrolysis degree
= 98%) provided by Aldrich Chemical Co. (St. Louis,
MO) as the membrane matrix, PEG [H(OCH,CH,),,OH;
weight-average molecular weight = 600 g/mol] sup-
plied by Merck Co. (Darmstadt, Germany) AcOH
(i.e., CH3;COOH; purity = 99%) provided by Merck
as an additive, and double-distilled water as a sol-
vent. Na,SO, and NaOH aqueous solutions were
used as nonsolvent baths. A Na,SO,;, H,SO,, and
HCO(CH3)CHO solution was used as a crosslinking
medium for the final fixation of the membrane struc-
ture; all were provided by Merck.

Membrane preparation

Homogeneous casting solutions of PVA with and
without PEG and AcOH (additives) dissolved in
distilled water were prepared via refluxing in a
round flask connected to a condenser at 85°C for
12 h. The different compositions of the membrane
casting solutions were obtained through changes in
the percentages of PVA, PEG, and AcOH, as listed
in Table L

The polymer solutions were kept for 6 h at room
temperature for the removal of air bubbles. The
resulting homogeneous solutions of the membranes
were cast onto a smooth glass plate by a film appli-
cator at room temperature with a uniform speed.

The glass plates were immediately immersed into a
coagulation bath containing an aqueous solution of
Na,SO4 (300 g/L) and NaOH (60 g/L) for 30 min at
25°C. After coagulation, the membranes were stored
in an aqueous solution of H,SO, (1.5 g/L), Nay,SO,
(300 g/L), and HCO(CH3)CHO (2.5 g/L) for final
membrane fixation.

Scanning electron microscopy (SEM)

The cross sections and bottom sides of the prepared
membranes were inspected with a Philips XL30 (Eind-
hoven, The Netherlands) scanning electron micro-
scope. For cross-section studies, the samples of the
membranes were frozen in liquid nitrogen and frac-
tured. The bottom sides and cross sections of the
membranes were transferred into the microscope with
a sample holder after sputtering with gold.

Membrane performance

The hemodialysis capability of the membranes was
investigated on the basis of the removal of uremic
toxins, that is, urea, uric acid, and creatinine, from
human blood. The details of the dialysis instrument
and the calculation of the membrane performance
have been illustrated elsewhere.” The batch dialyzer
consisted of two horizontal chambers and stirrers.
The feed chamber was filled with human blood
serum, and the strip chamber was filled with dis-
tilled water. The hemodialysis flat membrane was
clamped between the two chambers. The uremic
toxin concentration gradient at the two sides of the
hemodialysis membranes was the driving force. The
toxin concentrations in human blood serum before
and after the trials were measured by sampling
and testing according to the standard methods in a
medical laboratory. The membrane performance,
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Figure 1 SEM micrographs of the cross sections and bottom sides of hemodialysis membranes as functions of the
PVA percentage: (a) 8.5 wt % PVA cross section, (b) 10.5 wt % PVA cross section, (c) 8.5 wt % PVA bottom side, and (d)

10.5 wt % PVA bottom side.

that is, the concentration reduction (CR) of the ure-
mic toxins, was calculated as follows:

CR =100 x (C; — G,)/C; 1)

where C; and C, are the uremic toxin concentrations
in blood before and after the trials, respectively.

RESULTS AND DISCUSSION
Membrane morphology

Micrographs of the cross sections and bottom sides
of the membranes prepared from PVA/water/
NaOH/Na,SO, systems are presented in Figure 1.
The SEM micrograph of the membrane prepared
from 8.5 wt % PVA [Fig. 1(a)] indicates an asymmet-
ric structure with a thick layer on top of the mem-
brane and a thinner, porous-sponge structure under-
neath. In the case of the membrane prepared with a
10.5 wt % PVA concentration [Fig. 1(b)], a dense
structure and a very thin, porous layer can be ob-
served from the top to the bottom of the membrane
and underneath, respectively. A comparison of the

Journal of Applied Polymer Science DOI 10.1002/app

membranes with 85 wt % PVA [Fig. 1(a)] and
10.5 wt % PVA [Fig. 1(b)] indicates that the porous-
sponge structure area in the membranes decreases
and turns into a dense structure when the PVA
concentration increases in the polymer solution.
Figures 1(c,d) indicates that, with an increase in the
PVA concentration, the pores of the membrane in
the bottom side decrease in size and number. Similar
observations of structure compaction with increasing
polymer concentration have been reported by
Stropnik et al.,” Barth et al.,*° Kaiser and Stropnik,31
Barzin and coworkers,”'*!*> and Kim et al.* for poly-
amide, poly(methyl methacrylate), polysulfone, poly
(ether sulfone), and PVA flat-sheet membranes.

Membrane performance

The membrane performance, that is, the removal of
uremic toxins from blood, in different PVA concen-
trations is presented in Figure 2. A normal hemo-
dialysis process currently takes 5 h for patients with
kidney failure.** Therefore, data collection was car-
ried out for 0, 1, 2, 4, and 5 h. A comparison of the
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Figure 2 Reduction of uremic toxins as a function of the
PVA percentage with the hemodialysis membrane after 2
and 5 h (without additives): (a) urea, (b) uric acid, and (c)
creatinine.

membrane performance data for 2- and 5-h tests
indicates that urea, uric acid, and creatinine removal
from blood increases with time. Furthermore, Figure 2
indicates that the removal of all uremic toxins is
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higher for lower PVA concentrations. In other words,
the dialysis performance or passing of uremic toxins
through the membranes decreases with increasing
polymer concentration. This behavior indicates that
the permeability of urea, uric acid, and creatinine
through the membranes with a porous-sponge, asym-
metric structure (8.5 wt % PVA) is higher than that
of membranes with a thick, dense morphology (10.5
and 12 wt % PVA). However, there is a limitation
for the preparation of membranes with very low or
very high polymer concentrations. Membrane prepa-
ration with a PVA concentration less than 7.5 wt %
is not a favorable procedure. This is due to the poor
mechanical properties of the manufactured mem-
brane. Moreover, membrane handling is not an easy
task. The preparation of membranes with PVA con-
centrations higher than 20 wt % is not suggested
because of the high solution viscosity and difficulty
of the polymer processing.

Effect of PEG on the membrane morphology

Figure 3 shows the results of SEM studies of cross
sections and bottom sides of membranes prepared
from a quaternary system containing PVA, water,
PEG, and a nonsolvent. The micrographs indicate
that when PEG is added to the polymer casting solu-
tion, the structures of the membrane cross section
and bottom side are changed. For membranes pre-
pared from 8.5 wt % PVA with the addition of
8.5 wt % PEG [Fig. 3(a)], the porous, spongelike area
increases compared with that of the membrane with-
out PEG [Fig. 1(a)]. Similarly, for n 8.5 wt % PVA
membrane with 12.75 wt % PEG [Fig. 3(b)], the
porous, spongelike structure area increases com-
pared with that of the PVA membranes with 8.5 wt %
PEG [Fig. 3(a)] and the PVA membranes without
PEG [Fig. 1(a)].

In summary, increasing the PEG concentration in
a polymer solution results in a porous, spongelike
structure. The addition of a water-soluble, pore-
former polymer such as PEG to the PVA solution
results in an increment in the nonsolvent flow rate
into the polymer solution. This increases with in-
creasing the PEG concentration in the casting solu-
tion. The presence of hydroxyl groups in PEG
changes this polymer to a polar polymer, resulting
in a higher polarity for the PVA solution. The polar-
ity of the casting solution enhances the diffusion rate
of the nonsolvent (NaySO4 and NaOH) into the poly-
mer solution because of the higher interaction
between the polar solution and cations in the coagu-
lation bath. Increasing the exchange rate between the
solvent and nonsolvent results in a porous, sponge-
like structure.

The effect of PEG addition on the membrane mor-
phology can be confirmed by the investigation of the

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 SEM micrographs of the cross sections and bottom sides of hemodialysis membranes as functions of the PEG
percentage (8.5 wt % PVA): (a) 8.5 wt % PEG cross section, (b) 12.75 wt % PEG cross section, (c) 8.5 wt % PEG bottom

side, and (d) 12.75 wt % PEG bottom side.

pore sizes in the bottom sides of the membranes.
The SEM micrographs, that is, Figure 1(c) (without
PEG) versus Figure 3(c) (8.5% PEG) and Figure 3(d)
(12.75% PEG), indicate that the pore sizes are im-
proved at higher PEG concentrations.

Effect of PEG on the membrane performance

The hemodialysis performances of PVA membranes
with different PEG concentrations are presented in
Figure 4. For membranes without PEG, the removal
of urea, uric acid, and creatinine was 31, 30, and
27% after 5 h. For a membrane with an equal ratio
of PEG and PVA, the removal of the toxins was
increased to 40% for urea, 36% for uric acid, and
29% for creatinine after 5 h. Furthermore, when
the PEG/PVA percentage increased up to 1.5%, a
better membrane performance was observed. The
removal of urea was 44%, the removal of uric acid
was 38%, and the removal of creatinine was around
30% for 5-h experiments.

In summary, the membrane performance or re-
moval of uremic toxins is improved by the introduc-

Journal of Applied Polymer Science DOI 10.1002/app

tion of PEG or an increase in the PEG concentration
in a polymer solution because of the larger porous
structure of the membrane, which results in a higher
capability of the uremic toxins for passing through
the membrane.
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Figure 4 Reduction of uremic toxins as a function of the
PEG/PVA ratio after 5 h (8.5% PVA).
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Figure 5 Reduction of uremic toxins with different PEG
molecular weights after 5-h trials: (a) urea, (b) uric acid,
and (c) creatinine.

Effect of the PEG molecular weight
on the membrane performance

Figure 5 represents the effect of the PEG molecular
weight on the membrane performance. This figure
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shows the removal of uremic toxins for PVA/PEG
membranes with three different concentrations of
PVA with two different molecular weights of PEG
(400 and 600) versus PVA membranes without PEG.
Figure 5 indicates that the addition of PEG with a
larger molecular weight results in an increment in
the membrane performance. The membrane contain-
ing PEG with a molecular weight of 600 exhibits
better performance for the removal of urea, uric
acid, and creatinine than the membrane with PEG
with a molecular weight of 400 and the membrane
without PEG.

The reason for the higher performance in the re-
moval of the toxins by the membranes can be ex-
plained as follows: Increasing the molecular weight
of PEG in the polymer solution increases the pres-
ence of hydroxyl groups, resulting in a higher polar-
ity of the casting solution. A higher polarity means a
higher exchange rate between the solvent and non-
solvent and a higher porosity of the membrane.

Effect of AcOH on the membrane morphology

The cross-section morphology of membranes pre-
pared from quaternary systems (PVA/water/AcOH/
nonsolvent) is presented in Figure 6. These membranes
show a typical asymmetric structure with a very thin
and compact layer on the top (skin layer) and a thicker,
porous layer on the bottom (support). The cellular
structure appears in the membrane cross section
with the addition of AcOH. The differences in the mor-
phology can be elucidated by a comparison of these
micrographs with membranes without an additive
[Fig. 1(a,b)] or membranes with a PEG additive
[Fig. 3(a,b)]. Furthermore, Figure 6 signifies that
the cellular area increases and the skin-layer thickness
decreases with increasing AcOH concentration.

Figure 7 shows the structure of the bottom side of
the membranes for different AcOH concentrations.
The micrographs indicate that with the addition of
AcOH to the polymer solutions, the morphology of
the bottom side of the membrane turns to a void
structure with large cellular pores.

AcOH shows a higher capability for electrostatic
interaction between positive and negative ions in the
coagulation bath and polymer solution. This is due
to the higher ionization strength of AcOH versus
PEG. Moreover, the higher viscosity of the PEG solu-
tion versus the AcOH solution results in a reduction
in the number of pores in the membrane prepared
from PEG.

Effect of the AcOH concentration on the
membrane performance

To elucidate the effect of the AcOH concentration,
the removal of urea, uric acid, and creatinine from

Journal of Applied Polymer Science DOI 10.1002/app
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with the addition of AcOH. The performance was
improved with an increase in the AcOH concentra-
tion. The addition of AcOH to the polymer solution
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Figure 6 SEM micrographs of the cross sections of hemo-
dialysis membranes as functions of the AcOH concentra-
tion (10.5% PVA): (a) 10.5, (b) 21, and (c) 42 wt %.

blood with PVA membranes with various AcOH/

Y ’ Figure 7 SEM micrographs of the bottom sides of hemo-
PVA compositions was performed (Fig. 8). The re- dialysis membranes as functions of the AcOH concentra-
moval efficiencies for all uremic toxins increased tion (10.5% PVA) : (a) 10.5, (b) 21, and (c) 42 wt %.
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Figure 8 Reduction of uremic toxins as a function of the
AcOH/PVA ratio after 5-h trials (10.5% PVA).

for membrane preparation resulted in an increment
in the size of the cellular structures and a decline in
the thickness of the membrane compact skin layer.
This led to higher transport of the uremic toxins
through the membranes.

CONCLUSIONS

The porous-sponge structure of membranes pre-
pared from PVA/water/NaOH and Na,SO, turns
into a dense structure when the PVA concentration
increases in the polymer solution, resulting in a lower
passage of uremic toxins through the membranes.
The addition of a water-soluble, pore-former poly-
mer such as PEG to the PVA solution leads to a
porous, spongelike structure and results in an im-
provement in the removal of uremic toxins. A cellu-
lar structure appears in the membrane cross section
with the addition of AcOH. This structure is the best
for an increment in the removal efficiencies of all
uremic toxins.
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