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Effect of additive on the formation of polyacrylonitrile membrane
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Abstract: The effect of additives CaCl, and CaCl,/H, 0 on the properties of polyacrylonitrile{ PAN) ulirafiliration{ UF)
membranes prepared by phase inversion process was studied. The dissolving capacity of the casting solution for
CaCl, was enhanced by the addition of H,O. The membranes are characterized in terms of the pure water flux and
molecular weight cut-off{ MWCQ) . The addition of CaCl, or CaCl,/H,Q to the casting solution increases the resulting

membrane permeability .
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Introduction

Polyacrylonitrile{ PAN} is one of the versatile polymers
that are widely used for making membranes due to its
mechanical strength, thermostability, stability against
chemicals and gbod solvent resistance . PAN has been used as
a substrate for ultrafiltration (UF), nanofiltration { NF) and
reverse osmosis { RO ) { Kim, 2002; Schamag, 2001;
Chandorikar, 1983 ). The structure of PAN membrane
prepared by phase inversion process is asymmetric. The
typical asymmetric structure ( Lin, 1998) is composed of a
thin and dense skin layer and a porous bulk that contains
independent finger-like cavities enclosed in a porous solid
matrix. The skin layer is responsible for the permeation or
rejection of solutes whercas the porous bulk acts as a
mechanical support. Koenhen et al. ( Koenhen, 1977)
suggested that the characteristic of the skin layer is influenced
by the structure of the casting solution because of the rapid
exchange of solvent and nonsolvent when a casting solution is
immersed in a coagulation bath containing a nonsolvent .

The addition of a fourth organic or inorganic component
to a polymer/solvent/nonsolvent system is a well-known
technigue to enhance the properiies of membranes prepared
by phase inversion process ( Wang, 2000; Kim, 1996;
Petrov, 1996; Tsai, 2000; Machado, 1999; Torrestiana-
Sanchez, 1999; Aers, 2000). Inorganic salt additives in
casting solution are considered to change the solvent
properiles and/or the interaction between the macromolecule
chains. In practice, the addition of inorganic salts to casting
solutions was reported 1o be very effective to prepare
membranes with higher performance ( Lai, 1992; Botino,
1988). Tt is a common practice to add inorganic halide
additives ( most often LiCl, ZnCl, ) to polyacrylonitrile
solution in order to fabricate membranes or filters with better
performance (Kulkami, 1996; Noboru, 1999). Cho et of .
(Cho, 1994 ) found that addition of ZnCl, in the dope
solution retards the coagulation rate in waler; consequently,
the spun fibers have a denser and finer structure. Shinde et
al .{Shinde, 1999} examined the effect of various inorganic
halides{ LiCl, ZnCl, and AlCl;) added to a casting solution
of PAN in N, N-dimethyl formamide{ DMF) . They found that
the addition of di- and trivalent salts resulted in membranes
with a mode pore size similar to the membrane prepared
without any additive, but significantly fewer number of large
pores/defects and consequently higher rejection for E. coli.
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In this paper, the effect of CaCl, and CaCl, agqueous solution
on the performance of PAN membrane was studied.

1 Experimental

1.1 Materials

Polyacrylonitrile { PAN ) was purchased [rom Shanghai
Jinshan Chemical Industry Factory and dimethylacetamide
{DMAC) from Shanghai Organic Chemical Industry Factory.
Calcium chloride(CaCl, } was obtained from Beijing Chemical
Industry Factory.  Lysozyme(14400 Dalion, Shanghai
Lizhu) , Pepein(35000 Dalton, TBO, Tokyo), Albumin egg
(45000 Dalton, Sigma) and Bovine Serum Albumin ( BSA)
{67000 Dalton, Beijing Shuangxuan) were used in the
rejection test.

1.2 Viscosity determination

Viscosities of 12 wt. % PAN in DMAC containing
various content of additives were delermined with a falling
Ball viscometer{ Thermo Haake) at 20°C .

1.3 Preparation of membranes

In airtight glass bottle, calculated quantities of additives
were mixed with a definite amount of DMAC. The solution
was kept agilated for several hours for complete dissolution.
A specified guantity of PAN was subsequently added and the
solution was homogenized and kept for deairation.

The casting solution thus obtained was allowed to stand
overnight before casting and then cast al room temperature on
a smooth glass plate by a glass knife. The thickness of the
membranes was controlled by the diameter of adhesive metal
wires (0.195 mm) at the sides of the glass knife. No
deliberate solvent evaporation period was allowed. The glass
plate was immediately immersed in demineralized water at
20°C. Immediately phase inversion starts and after few
minutes thin PAN membrane separated out from the glass.
The membranes were rinsed with demineralized water
repeatedly and wet stored until lested.

1.4 Flux and separation experiments

A common permeation test apparatus was used to
measure pure water flux and protein separation of PAN
membranes. The pure water flux and protein rejection were
measured at 1 atm (Ap) and room temperature. The pure
water flux is defined as,

Pure water flux (L/{m’ « h)) = Q/(A x t). (1
Where, (L) is the volume of the permeation; A (m’) is
the area of the membrane and f(h) is the permeation time.
The protein retention is defined as,
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R(%) = (1-C,/C,) x 100, (2)

Where, C, is the concentration of protein in the permeation
and €, Is the concentration of protein in the bulk solution.

The molecular weight cut-off { MWCO) was defined as

the molecular weight of the “substance” which can be

rejected with above 90% retention. And the MWCO profiles

were constructed by measuring the retention values of four

proteins : lysozyme, Pepsin, Albumin egg, and Bovine Serum

Albumin(BSA) . Protein rejection values were obtained using

UV at 280 nm( Model UV-120-02, Shimadzu).
2  Results and discussion

2.1 Effect of CaCi,

Table 1 shows the viscosities(7) of the solutions in both
neat DMAC and DMAC containing various additives. The
addition of CaCl, 10 PAN/DMAC solution causes a decrease in
7, and the viscosily is lowest {651 mPa-s) when CaCl,
concentration is 2 wt. % . This indicates that the CaCl, as
additive would increase the diffusien rate between solvent and
nonsolvent { Shinde, 1999 ), Reuvers ( Reuvers, 1987)
designated instantaneous and delayed demixing as a cause of
porous and dense skin membranes, respectively.
Instantaneous demixing should have a quick exchange rate of
solvent and non-solvent, and delayed demixing have a slow
rate. Some researchers have attempted to control the
membrane morphology by adjusting the exchange rate of
solvent and non-solvent{ Cabasso,1976; 1977).

The effect of the concentration of CaCl, in the casting
solution on the flux of the resulting membranes could clearly
be observed with a series of PAN membranes prepared under
identical conditions( Table 1) . It is clear from the data shown
in Table 1 that an increase in the concentration of CaCl, in
the casting solution leads to an increase in membrane pure
water flux and the pure water permeability rate increases
almost linearly. When the concentration of CaCl, is 3 wt. %,
the pure water flux of PAN membrane is 681 L/(m’+h) and,
all of PAN membranes prepared from CaCl, have considerably
higher flux than metnbranes prepared from neat DMAC.

Table 1 Effect of CaCl, on pure water permeability of PAN membranes
without water

Composition of

. Selution  Flux of the .
casting L Retention of
Membrane i viscosity,  pure water,
solution , wFar /(2 ) BSA, %
wt. % e m
P 5 A
PANla 12 88 - 1399 248 93
PANZa 12 87 1 963 450 93
PAN3a 12 86 2 651 540 92
PAN4a 12 85 3 708 681 92
Notes: P. polyacrylonitrile; S. DMAC; A. CaCly; coagulation bath-

demineralized water a1 20°C

The molecular weight cut off (MWCO) profiles are
constructed for PAN membranes by measuring solute
separation for four proteins of molecular weight .ranging from
14400 to 67000 Dalton. For the various membranes prepared
from CaCl, as additive, the molecular weight cut off{ MWCO)
profiles(Fig. 1) are superposed at molecular weight of protein
higher than 35000 Dalion and the molecular weight cut off is
found to be around 60000 Dalton. The results indicated that
CaCl, as additive can increase the pure water flux of PAN
membrane and does not change the average pore size

signtlicantly compared with the PAN membrane prepared
without any additive in the casting solution. Shinde et ol .
(Shinde, 1999) reached the same conclusion by examining
the effect of various inorganic halides ( LiCl, ZnCl, and
AlCl,) added to a casting solution of PAN in N, N-dimethyl
formamide( DMF) .
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Fig. 1 MWCO profile of PAN membranes prepared from different
concentrations of CaCl, (wi. % ). CaCl, concentration: a=0; b=1; e =2
and d=3.

2.2 Effect of CaCl, aqueous solution

Inorganic salis additive as pore-forming regent can be
used te increase the permeability of porous membrane,
however, it is usually impossible to increase the concentration
of a salt in the polymer solution beyond a certain value
because of solubility limitations. Kraus et al. { Kraus,
1979) found that the salt concentration may be increased
further by adding a different salt, preferably one having no
common ion with the first salt. Here, the addition of H,0
can increase the solubility of solvent, and then increase the
inorganic salt concentration. The effect of water on the PAN
membrane performance was used as the second additive with
CaCl, additive.
2.2.1 Properties of PAN/CaCl,/H, O/DMAC solution

The introduction of water as a non-solvent additive
(NSA) into the polymer solution increases the polarity of
solvent{ DMAC) and the concentration of CaCl, in casting
solution can be increased to 9 wt. % (Table 2). The n of
casting solution increases with the addition of water, and the
increase is directly proportional to water concentration ( Table
3). Wang e al.{ Wang, 2000a; 2000b) used water as
additive and found that the viscosity increased too.

Table 2 Effect of CaCl, concentration on pure water permeability of
PAN membranes with water

Solution  Flux of the

Membiane Cnmposi‘tion of casting viscosity, pure water. Retention
solution, wi, % mPas s Li(w?+h) of BSA, %
P 5 Lally H;0
PAN1b 12 84 3 1 765 785 97
PANZL 12 82 5 l 968 857 86
PAN3b 12 80 7 1 1205 906 86
PAN4b 12 78 9 1 1450 1050 70

Notes: P. polyacrylenitrile; $. DMAC; coagulation bath-demineralized water at
20°C

2.2.2 Effect of CaCl, concentration
The polymer dope with 12 wit.% PAN and 1 wit. %
H, O was used to study this effect. The concentration of CaCl,

is increased from 3 wt. % to 9 wi. % . The permeability and
protein retention of the PAN membranes is shown in Table 2.
Tt can be seen that increase in CaCl, concentration gives PAN
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membranes with higher water permeation rates in all cases,
but decreased protein retention .
2.2.3 Effect of H;O concentration

The effect of H,O concentration in the casting selution
on membrane performance is studied by changing the amount
of H,0 in casting solution, without changing the polymer and
CaCl, concentration in the dope. Table 3 shows the pure
water [lux and protein retention of PAN membranes. The pure
water flux increases with the increase of H, O conceniration in
the dope, while the protein retention keeps unchanged. From
Table 2 and 3, it can be seen that the pure water flux of PAN
membrane is related to the amount of additive ( CaCl, and
H,0} in the dope, and has no matier with the CaCl, and the
H,0 concentration respectively. However, the protein
retention of PAN membrane is conirolled by the CaCl,
conceniralion in the dape.
increasing the Call,

concentration was

It would be decreased by
while the H,O
unchanged. The unchanged protein
setention with higher concentration of H,O can be goiten,
Wang et of . ( Wang, 1996) found that suilable small
molecular non-solvent additives is useful in eliminating the
large macroveid formation. Fig. 2 shows that H;0 as non-
solvent increases the protein retention of PAN membrane,
which means the pore size of PAN membrane becomes small.

concentrailon

Table 3 Effect of H,; O concentration on pure water permeability of PAN
membranes

.- . Solutien  Flux of the X
Compwosition of casiing . | Retention of
Membrane solution. wi T viscosity, — pure water, BSA. %
SEUReR, Wl mPa+ s Li{m®+h) R
P 8§ Call;, WO
PANIe 12 84 3 1 765 785 97
PAN2c 12 81 3 4 964 1054 97
PAN3c 12 79 3 6 1156 988 95

Notes: P. polyacrylonitrile; S. DMAC; coagulation bath-demineralized water at
2%
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Fig.2 Effect of Hy O concentration on MWCO profile of PAN membranes H, O
concentration: a=1%; b=4%: c=6% .

3 Conclusions

Membranes with high permeaiion can be prepared from
polyacrylonitrile polymer with CaCl, or CaCl, squeous solution
as additive, DMAC as solvent and water as the coagulaiion
bath. The permeation of PAN membrane can be controlled by
the amount of additives.

Changing concentration of CaCl, from I wi.% to 3
wl.% increases the membrane permeation and has little
influence on the average pore radius.

The CaCl, concentration in the PAN/DMAC system can
be increased to 9 wt. % as the addition of H;Q in casting
solution

The pure water flux of PAN membrane is controlled by
the amount of additives. The more additives, the higher pure
water {luxes.

The protein retention of PAN membrane is controlled by
the content of CaCl, in the casting solution. The higher the
CaCl, content, the lower the protein relention.

References:

Aerts P, Hoof E V, Leysen R et ol., 2000. Polysulfone-aerosil composite
membranes Part 1. The influence of the addition of aerosil on the formation
process and membrane morphology[ 11, ] Membr Sci, 176: 6373,

Botino A, Capannelli . Munari S et al., 1988. High performance ultrafiltration
membranes cast from LiC] doped solutions| J]. Desalination, 68: 167-—177.

Cabasso 1, Kiein E, Smith J K, 1976. Polysulione hollow fibers. 1. Spinning and
properties[J1. J Appl Polym Sei, 20: 2377—23%4.

Cabassa T, Klein E, Smith J K, 1977. Polysulfone hollow fibers. 1T, Morphology
13). J Appl Polym Sei, 21: 165—180.

Chandorikar M V, Bhavsar P C. 1983. Evaluation of polyacrylonitrile and poly
({methyl methacrylale) as membrane materials for reverse osmasis[ J] . Indian
¥ Tech, 21: V24—125.

Cho SH, Park J S, Jo SM et al., 1994. Influence of ZnCly on the structure and
mechanical properties of poly (acrylonitrile } fibres[ J]. Poly Imt, 34. 333—
337.

Kim I €, Yun H G, Lee K H, 2002. Preparation of asymmetric polyacrylonitrile
membrane with small pore size by phase inversion and post-treatment process
[3). T Membr Sei, 199: 75—84.

Kim S R, Lee K H, Jhon M S, 1996. The effect of ZnCl, an the formation of
polysulfone membrane[ J]. T Membr Sci, 119: 59—é4.

Koenhen D M. Mulder M H, Smolders € A, 1977. Phase separstion phenomena
during the formation of asymmetric membranes[ J1. ] Appl Polym Sc¢i, 21:
199—215.

Kraus M A, Nemas M, Frommer M A, 1979, The effect of low molecuar weight
additives on the properties of aromatic polyamide membranes[J]. T Appl
Polym Sci, 23: 445—452.

Kulkami $ S, Shinde M H, Musale D A, 1996. An improved process for the
manufacture of ultrafiltration membranes hased on poly ( acrylenitrile) and its
copolymers! P] . Indian Pat Appl.1311/DEL/96.

lai J Y, Huang S J, Chen S H, 1992. Poly{ methylmethaerylate }/( DM/ meial
salt) complex membrane for gas separation[J]. § Membr Sei, 74: 71-—82.

Lin DT, Cheng L P, Kang Y J et af.. 1998, Fffects of precipitation conditions
on the membrane morphology and permeation charartenisties [ J 1. § Membr
Sci, 140; 185—194.

Machado P S T. Habert A C, Borges C P, 1999. Membrane formation mechanism
based on precipitaiion kinetics and membrane morphology: fiat end hollow
fiber polysulfone membranes[ J]. ] Membr Sci, 155; 171—183.

Noboru K, Teruhiko O, 1999. Polyacrylonitrile-base hellow-fiber fltration
membranel P1, AU Pai AUTI5033.

Petrov S P, 1996. Conditions for obtaining ultrafiltration membranes from a
solution of polyacrylonitrile in dimethylformamide in the presence of formamide
[3}. 3 App! Polym Sci, 62: 267271,

Reuvers A J, 1987, Membrane formation[ D]. Ph.D. Thesis. University of
Twente, Fnschede, The Netherlands.

Schamag P N, Buschaz H, 2001. Polyrerylonirile{ PAN) membranes for ultra-
and microfiliration| J] . Desalination, 139: 191—198.

Shinde M H, Kulkamni S S, Musale D A et af. . 1999, Improvement of the water
purification capability of pely(acrylonitile) . ultrafiltration membranes] J]. J
Membr Sc1, 162: 9—22.

Torrestiana-Sanchez B, Ortiz-Basurto R I, Fuente E B 1., 1999_ Effect of
nonsolvents on properties of spirming solutions and polyethersulfone hellow
fiber ultrafiltration membranes[J], J Membr Sci, 152: 19—28.

Tsai H A, LiL D, Lee K R et al., 2000. Effect of surfactant addition on the
morphology  and  pervaporation performance of asymmetric  polysullone
membeanes[ 1], T Membr Sci, 176: 57—103.

Wang D, Li K, Teo W K, 1996. Polyethersulfone hollow fiber gas separation
membranes prepared from NMP/aloohol solvent systems|)]. J Membr Sci,
115: 85—108.

Wang D, Li K, Teo W K, 2000. Porous PVD¥ asymmetric hollow fiber
membranes prepared with the use of small molecular additives{J]. I Membw
Sei, 178: 13-—23.

Wang I, Li K, Teo W K, 2000. Highly permeable polyethersulfone hollow fiber
gas separation membranes prepared using water as non-solvent additive[ 1]. T
Membr Sci, 176: 147—158.

{ Keceived for review December 12, 2002, Accepied January 26, 2003)



