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ABSTRACT: Polyacrylonitrile (PAN) supports useful for the formation of nanofiltration
(NF) composite membranes were prepared from PAN solutions in N-methylpyrrolidone
(NMP), using a phase-inversion method. The compositions of the PAN/NMP solutions
used were as follows: 10/90, 15/85, and 20/80 (in wt %). The PAN supports were treated
with various concentrations of NaOH aqueous solutions (0.1, 0.5, 1, and 2 mol) for
certain periods of times (0.5, 1, 2, and 3 h) in order to modify their surface chemically
and morphologically. The characteristics of the supports, modified or unmodified, were
carefully studied. The morphology of those were observed with field-emission scanning
electron microscopy (FESEM) and atomic force microscopy (AFM). The change of the
chemical structure of those by the NaOH treatment was studied using FTIR-ATR
spectroscopy and ESCA. The permeation properties of those were also determined at
1-5 bar of operation pressure using a PEG 35,000 aqueous feed solution. © 2001 John

Wiley & Sons, Inc. J Appl Polym Sci 80: 1854-1862, 2001
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INTRODUCTION

For nanofiltration (NF), several types of compos-
ite membranes have been used. They are usually
composed of thin active layers and microporous
supports. Among the polymers most often used
for the formation of the supports of NF composite
membranes are polysulfone (PSf), polyethersul-
fone, polyimide, and polyetherimide. They have
been known to have good mechanical and chemi-
cal properties. However, the supports prepared
from those polymers are usually hydrophobic and
do not have any functional groups that can react
with active layers to form chemical bonds such as
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a hydrogen bond, ionic bond, or covalent bond.
Generally, active layers of composite membranes
just physically adhered to the support.

The hydrophobicity of the supports is some-
times troublesome in the formation of NF compos-
ite membranes with hydrophilic materials such
as poly(vinyl alcohol) (PVA). For instance, the
formation of a thin PVA active layer on the hy-
drophobic PSf support without defects is not easy
because of the very different surface properties of
both materials. So, the thickness of the active
layers of the PVA composite membranes is usu-
ally thick and their flux is low.'®

In this article, it was considered that the sup-
ports with hydrophilic functional groups such as
—COOH would be good for the formation of NF
composite membranes that have very thin active
layers and good permeation performances. The
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hydrophilic surfaces of the supports could be fa-
vorable for the formation of active layers on it
with hydrophilic and chemically stable materials
such as PVA to fabricate chemically stable com-
posite membranes. Such functional groups as
—COOH on the support will increase the physical
and chemical stability of the resulting composite
membranes through the formation of chemical
bonds with the active layers.

To realize the purpose of this study, polyacry-
lonitrile (PAN) was used as a support material.
PAN has been often used for the formation of
ultrafiltration (UF) membranes.®” In addition,
the surface morphology of the PAN support can be
also controlled by the modification with NaOH
without loss in its porosity, since the —CN groups
of PAN can be transformed into —COOH groups
by NaOH and the molecules that have —COOH
groups can be swollen by water and move to de-
crease the pore size.>? The decrease of the pore
size without loss in the porosity would be favor-
able for the formation of thinner active layers,
which will be good for the higher flux of the com-
posite membrane.

In this study, various PAN supports were fab-
ricated from different PAN/NMP compositions
and modified with NaOH. The PAN supports,
modified or unmodified, were characterized with
various methods with respect to their morphol-
ogy, chemical structure, and permeation proper-
ties.

EXPERIMENTAL

Materials

PAN (M = 168,000 daltons) was kindly sup-
plied by the Hanil Synthetic Fiber Co. (Ulsan,
South Korea) and used for the formation of the
PAN supports. Sodium hydroxide purchased from
the Showa Chemical Co. (Tokyo, Japan) and hy-
drochloric acid from the Junsei Chemical Co. (To-
kyo, Japan) were used for the modification of the
PAN supports. Poly(ethylene glycol) with 35,000
g/mol of molecular weight (PEG 35,000) bought
from the Fluka Co. (Buchs, Switzerland) was used
for the formation of a feed solution.

Preparation of PAN Supports

PAN supports were prepared by casting PAN so-
lutions in NMP on nonwoven polyester fabrics
(NWPF) followed by solidification in water. The

compositions of the PAN/NMP solutions were as
follows: 10/90, 15/85, and 20/80 in weight percent.
The thickness of the supports was controlled to
about 50 um, adjusting the gap of the casting
knife (Model YBA-5, Yoshimitsu, Japan). Imme-
diately after casting the PAN solution on the NW-
PFs, they were plunged into the water controlled
at 20°C. After complete phase inversion in the
water, the PAN supports were kept in hot water
(50°C) for 2 h to remove any remaining NMP.

Modification

The PAN supports were modified chemically and
physically, using NaOH solutions. Different con-
centrations (0.1, 0.5, 1, and 2 mol) of the NaOH
solutions were prepared. For the modification, the
PAN supports were heated in the NaOH solutions
at 40°C for certain periods of times such as 0.5, 1,
2, and 3 h, after which they were immersed into a
HCI solution (2 mol) at room temperature for 30
min. The PAN supports were then washed with
an excess amount of distilled water three times to
remove any remaining chemicals.

Characterization

For the characterization of the PAN supports be-
fore and after the modification, various analytical
methods were used. The morphology of the sup-
ports before and after modification, prepared from
different concentrations of the PAN solution in
NMP, was observed with field-emission scanning
electron microscopy (FESEM) (X130, Philips Co.,
USA) and atomic force microscopy (AFM) (Nano-
Scope Il1a, DI Co., USA). The change of the chem-
ical structure of the surface of the PAN supports
by the reaction with NaOH was studied using
FTIR-ATR spectroscopy. An ESCA (ESCALAB
MK-II, VG Scientific Ltd., UK) was also used to
confirm the degree of the reaction (from the —CN
group to the —COOH group) of PAN with NaOH.

Permeation Test

The permeation properties of the PAN supports,
modified or unmodified, were determined from
the tests with a 1000 ppm PEG 35,000 aqueous
solution, using a general NF test setup. The op-
erating pressure ranged from 1 to 5 bar, con-
trolled by using back-pressure regulators. Other
test conditions were as same as in the previous
report.* Flux was measured by weighing the per-
meate penetrated through the supports per unit
time and solute rejection was calculated from the
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Figure 1 Reaction mechanism of PAN with NaOH.

concentrations of the feed solution and permeate
using the following equation:

c, X 100

Rejection (%) =

where C; and C, are the concentrations of the
feed solution and the permeate, respectively. Cy
and C, were measured using a high-performance
liquid chromatograph (HPLC) (Model Waters
501) that was attached to a differential refractom-

eter R401 as a detector.

RESULTS AND DISCUSSION

Preparation of PAN Supports

To prepare PAN supports suitable for the forma-
tion of NF composite membranes, PAN mem-
branes with an ultrafiltration performance were
prepared by the phase-inversion method from dif-
ferent compositions of PAN/NMP. The composi-
tions of the PAN/NMP solutions used were 10/90,
15/85, and 20/80 (in weight percent). All the mem-
branes had an asymmetric structure consisting of
a dense skin layer and a supporting layer with a
fingerlike structure. The thickness of those was
about 50-55 um.

Modification with NaOH Solutions

The PAN supports prepared were chemically
modified with NaOH solutions to control their
surface morphology and hydrophilicity. As ex-
plained in the Introduction, the —CN group of
PAN can be converted into a—COO Na™ group
by the reaction with NaOH. The modified PAN
molecules with a certain content of the —COO Na*
group will be definitely more hydrophilic and be
swollen by water during the reaction process. The
swollen molecules then become more mobile and
enable one to move toward the pores to decrease
the pore size, making the surface of the mem-
brane smoother.

The possible reaction scheme of PAN with
NaOH is as shown in Figure 1, in which the
—COO " Na* group produced in the NaOH solu-
tion was transformed into a —COOH group by
treatment with HCl. The —COOH group formed
on the surface of the membrane will be used for
the formation of ionic bonds with piperazine
(PIP) during the formation of polyamide (PA)
composite membranes and for the formation of
an ester linkage with PVA during the formation
of PVA composite membranes. To optimize the
reaction condition for the formation of proper
morphology and hydrophilicity, the modifica-
tion reaction was carried out under different
concentrations of NaOH for different reaction
times.
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Figure 2 FTIR-ATR spectra of PAN membranes
modified with a 2M NaOH solution at 40°C for different
reaction times: (a) 0, (b) 0.5, (¢) 1, and (d) 3 h, after their
formation from a 15 wt % PAN solution.
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Figure 3 FTIR-ATR spectra of PAN membranes
modified with various NaOH concentrations: (a) 0, (b)
0.1, (¢) 0.5, (d) 1, and (e) 2M for 1 h at 40°C, after their
formation from a 15 wt % PAN solution.

Characterization
Chemical Structure

FTIR-ATR. Figures 2 and 3 show the FTIR-ATR
spectra of the PAN membranes modified under
different reaction conditions after phase inversion
of a 15 wt % PAN solution. One can see clearly
from Figure 2 that by the modification with 2M of
the NaOH solution at 40°C the intensity of the
—CN stretching peak at 2240 cm ™! decreases
slightly, while the respective intensities of the
—OH stretching peak (3300 cm ') and the
—C=0 stretching peak (1710 cm ') increase
gradually with the reaction time, indicating that
the —CN of PAN transformed into —COOH.
With an increasing reaction time, the peaks at
3300 and 1710 cm ' corresponding to the
—COOH group increased further, suggesting that
more reaction occurred with an increasing reac-
tion time.

The results shown in Figure 3, FTIR-ATR
spectra of the PAN membranes after 1 h of reac-
tion with different NaOH concentrations, show
that as the concentration increases the degree of
reaction increases. This result is very general but
confirms that the NaOH concentration is one of
the important factors for the modification of PAN
as well.

ESCA. Tables I and II present the atomic compo-
sitions of the surfaces of the PAN membranes
modified under the conditions mentioned above.

As shown in the FTIR-ATR result, Tables I and II
also exhibit a change of the chemical structure of
the surface of the PAN membrane. Table I shows
that with an increasing reaction time the oxygen
content increased and the nitrogen content de-
creased gradually from the surface of the PAN
membrane. Table IT shows a higher conversion
of —CN into —COOH at a higher concentration
of NaOH. These results also indicate that the
degree of the conversion of —CN into —COOH
is very dependent on the reaction condition
such as the reaction time and concentration of
NaOH.

Morphology

FESEM. Figure 4 shows FESEM photographs of
the surfaces of the PAN membranes prepared
from PAN/NMP compositions such as 10/90, 15/
85, and 80/20. As one can see, the surface be-
came denser and smoother as the content of
PAN in the solution increased. This result is
considered very general in the formation of mi-
croporous membranes by the phase inversion of
polymer solutions. Usually, when the concen-
tration of the polymer solution is higher, the
phase-inversion speed is faster and less porous
membranes with smaller pores in the skin layer
are formed.

To show the change in the surface morphology
by the modification with NaOH, Figure 5 was
prepared. From that, one can see that the surface
of the PAN membranes prepared from the 15 wt
% PAN solution is becomes denser with an in-
creasing reaction time (from 0.5 to 3 h) in the
modification process with a 2M NaOH solution.
From (b) and (c¢) of Figure 5, it is found that for a
substantial change in the morphology a certain
period of reaction time is required. In this case,
the critical time for the substantial change

Table I Atomic Compositions (%) of the
Surface of the PAN Membranes as a Function of
the Reaction Time in the Modification Reaction
with a 2M NaOH Solution at 40°C

Time
(h) C (0) N C/O C/N
0 75.523 2.061 22416 36.644 3.369
0.5 74.796  3.717 21487 20.123  3.481
1 74.013 5292  20.695 13.986 3.576
2 73.103 6.200 20.695 11.791  3.532
3 74.082  8.840 17.438 8.380  4.248
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Table II Atomic Compositions (%) of the Surface of the PAN Membranes as a Function
of the NaOH Concentration in the Modification Reaction for 1 h at 40°C

Concentration (M) C O N C/O C/N
0 75.523 2.061 22.416 36.644 3.369
0.1 75.140 2.366 22.494 31.758 3.340
0.5 75.033 2.731 22.236 27.475 3.374
1 75.167 3.076 21.757 24.437 3.455
2 74.013 5.292 20.695 13.986 3.576

seemed to be about 2 h. Other than this, all the
other PAN membranes prepared from other
PAN solutions also became smoother with an

Figure 4 FESEM photographs of the surfaces of PAN
membranes prepared from different PAN concentra-
tions: (a) 10, (b) 15, and (c) 20 wt %.

increasing reaction time by the reaction with
NaOH.

This result strongly indicates that the modified
surface became more hydrophilic and some of the
molecules that have —COOH groups were capa-
ble of being swollen in water and to move to make
the surface smoother. The pore size of the surface
naturally became smaller. This explanation was
confirmed from the permeation tests with those
membranes which will be described in the follow-
ing part of this article.

AFM. Figure 6 shows AFM pictures of the sur-
faces of the PAN membranes modified for 1 h with
different NaOH concentrations at 40°C after
phase inversion of a 15 wt % PAN solution. In this
case, AFM was used instead of FESEM to deter-
mine the small morphological differences more
clearly.

From Figure 6, one can see the difference in the
surface morphology between those membranes
modified with different NaOH concentrations. As
in the case of different reaction times, the surface
became smoother as the concentration of NaOH
increased.

From these morphology studies by FESEM and
AFM, it is suggested that for a substantial change
in the surface morphology the reaction time is
more important than is the concentration of
NaOH, even though the critical reaction time for
a substantial morphological change is a function
of the NaOH concentration. This is because the
molecules of modified PAN take some time to
move to cause a morphological change.

Permeation Properties
Effect of PAN/NMP Compositions

Figure 7 shows the permeation properties of the
PAN membranes prepared from different compo-
sitions of PAN/NMP. The permeation properties
appeared to be closely related to the concentra-
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(©)
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Figure 5 FESEM photographs of the surfaces of PAN membranes modified with a 2M
NaOH solution for different reaction times: (a) 0.5, (b) 1, (¢) 2, and (c) 3 h, after their

formation from a 15 wt % PAN solution.

tion of the PAN in the solutions. As expected from
the results obtained from the morphology study
with FESEM, the flux decreased and rejection
increased with increasing concentrations of PAN.
For this permeation test, a 1000 ppm PEG 35,000
aqueous feed solution was used and the operating
pressure was varied from 1 to 5 bar.

When the PAN content in the solution was 10
wt %, the respective flux and rejection at 1 bar
were about 2.5 m® m 2 day ! and 20%. As the
content of PAN increased, the flux decreased and
rejection increased. They were about 0.8 m® m ™2
day ! and 70%, respectively, at 15 wt % of PAN
content and 0.4 m® m 2 day ' and 90% at 20 wt %
of PAN content.

From this result, it was considered that the
optimum PAN content for the formation of the
membranes useful as a support of the composite
membranes would be 15 wt % in the consider-
ation of their pore sizes (rejections) and fluxes.
Even though the membrane from 20% PAN con-

tent has a high rejection, the flux is too low to
form an NF composite membrane with a flux
over 2.5 m® m 2 day ! at 200 psi.® A further
permeation study was then carried out with the
PAN membranes prepared from the 15 wt %
PAN solution.

Effect of Reaction Times

Figure 8 shows the permeation performance of
the PAN membranes as a function of the reaction
time for the modification. From these graphs, one
can see the effect of the modification on the per-
formance of the membrane. First, it was found
that by the modification for more than 1 h both
the flux and rejection were increased. When com-
pared with the data, 0.8 m® m 2 day ! of lux and
70% of rejection at 1 bar, which were obtained
from the unmodified membrane, the membrane
after 2 h of modification showed much better re-
sults such as 1.5 m® m ™2 day ! of lux and 80% of
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Figure 6 AFM photographs of PAN membranes treated for 1 h with different NaOH
concentrations: (a) 0.1, (b) 0.5, (¢) 1, and (d) 2M, after their formation from a 15 wt %

PAN solution.

rejection. The flux increased almost twice and the
rejection increased by 10%.

This result could be explained by the combi-
nation of the increased hydrophilicity and de-
creased pore size of the surface of the PAN
membrane as explained above with the results
from FTIR-ATR and FESEM. The increased
hydrophilicity due to the formation of —COOH
by the modification could make the resistance
that occurs at the interface between the feed
solution and the membrane surface decrease,
resulting in increased flux. The decreased pore
size observed with FESEM could act positively
to increase the rejection of the solute (PEG
35,000).

This explanation can be understood more
clearly from the study on the flux and rejection as
a function of the reaction time. When the modifi-
cation time is relatively short, such as 0.5 h, the

surface of the membrane first becomes hydro-
philic due to the —COOH groups developed but
the morphology change is little, since the chemi-
cal reaction from —CN to —COOH is fairly fast,
but it takes time for the PAN molecules to move to
change the morphology, as shown in Figure 5.
This phenomenon was exactly reflected in the
permeation test. As one can see, the flux is highly
increased to 1.9 m® m ™2 day ! (almost 2.5 times
of the unmodified one) but the rejection is about
the same.

The flux highly increased after modification for
0.5 h, then decreased with a further increasing
reaction time, but the rejection increased due to
the substantial change of the morphology (de-
crease in pore size) of the membrane surface with
increasing reaction time. After 3 h of modifica-
tion, the flux became about 1.2 m® m 2 day ! and
the rejection about 83%. These results coincide
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Figure 7 Permeation properties of PAN membranes
prepared from different concentrations of PAN solu-
tions: (a) flux; (b) rejection ratio. Feed solution: 1000
ppm PEG 35000 aqueous solution.

exactly with the results obtained from the study
on the chemical structure and morphology. From
these results, it was confirmed that even though
the chemical reaction of —CN with NaOH to form
—COOH is fast, the morphology change does take
time for the movement of the PAN molecules in
the swollen state during the chemical modifica-
tion.

Effect of Concentrations

Figure 9 shows the effect of the NaOH concentra-
tions on the performance of the modified mem-
branes. For this study, the modification was car-
ried out for 1 h at 40°C.

This result shown in Figure 9 suggests that
as the concentration of the NaOH decreases the

morphological change (pore size change) of the
membrane is negligible and the hydrophilicity
change is dominant and that when the concen-
tration of NaOH is high enough the morpholog-
ical change becomes evident with increased hy-
drophilicity.

For instance, when the concentration is very
low such as 0.1M, only the hydrophilicity in-
creased with a negligible pore size change so
that the flux increased greatly, especially at
high pressure (at 5 bar), but the rejection de-
creased. Generally speaking, with increasing
hydrophilicity of the membrane surface, the af-
finity between the membrane surface and hy-
drophilic solute such as PEG increases, result-
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Figure 8 Permeation properties of the PAN mem-
branes modified with a 2M NaOH solution for different
reaction times after their formation from a 15 wt %
PAN solution: (a) flux; (b) rejection ratio. Feed solution:
1000 ppm PEG 35000 aqueous solution.



1862 OH, JEGAL, AND LEE

10

—— 01M
w0 0.5M
8 —v- 1M
—w-2M
=
3
o 6
E
B
£
x 4
=2
w
2
0 . T T T .
(@) 0 1 2 3 4 5 6
Pressure (bar)
100
—— 01M
80 o 05M
—v- 1M
:\; ~v-2M
L2 60
[
c
e
_g 40
[
4
20
b 0 : : : —
( ) 0 1 2 3 4 5 6

Pressure (bar)

Figure 9 Permeation properties of the PAN mem-
branes modified with various concentrations of NaOH
for 1 h after their formation from a 15 wt % PAN
solution: (a) flux; (b) rejection ratio. Feed solution: 1000
ppm PEG 35000 aqueous solution.

ing in the increase in flux and the decrease in
rejection. However, when the concentration is
high enough such as 2M, the change in mor-
phology, such as the pore size, is large enough
to affect the permeation performance, so the
rejection increases with decrease in the flux, as
shown in Figure 9.

CONCLUSIONS

PAN membranes with an MWCO of 35,000 that
could be used as supports of NF composite mem-
branes can be prepared by the phase-inversion
process of the PAN/NMP solutions with composi-
tions of 15/85 or 20/80, followed by the modifica-
tion with NaOH. Carboxylic acid (—COOH)
groups can be developed on the surface of the
PAN membrane by the reaction with NaOH. The
modification with NaOH not only changes the
hydrophilicity of the membrane surface but also
changes the morphology such as the pore size. In
the modification, the change of hydrophilicity is
fast but the morphological change takes time. By
the modification, both the flux and rejection of the
PAN membrane can be increased due to the in-
creased hydrophilicity and decreased pore size
compared to the unmodified one.
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