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Abstract Polyvinylchloride (PVC) membranes were modi-
fied by blending with polyacrylonitrile (PAN) as a second
polymer. The miscibility of PVC/PAN blend was examined
using an incompressible regular solution (CRS) model in no
need to make a membrane. The results showed that the PVC/
PAN blend was immiscible for all compositions at a tem-
perature range of —25 to 225 °C. Furthermore, the prediction
of the phase behavior of a PVC/PAN/DMF ternary system
showed that the blend of two polymers was highly incom-
patible even in their common DMF solvent. However, this
incompatibility led to a remarkable increase in the poros-
ity of the blend membrane and pure water flux compared
to those for pure PVC membrane. The pure water flux of
the PVC membrane (37.9 + 1.5 L/m? h) increased about 41
and 76% by adding 10 and 20 wt% PAN, respectively. The
blend membranes also showed an enhanced flux recovery
ratio (FRR) compared to a pure PVC membrane, although
the PVC membrane rejection for Bovine serum albumin
(BSA) was decreased after blending with PAN. The PVC/
PAN (90/10) blend membrane was subjected to hydrolysis
with NaOH alkaline solution at three different concentra-
tions and contact times to further enhance its performance.
The membrane, which was hydrolyzed with a 0.5 mol/L
NaOH solution for 0.5 h, showed a highest pure water flux
of 75.6 + 7.2 L/m? h due to its increased hydrophilicity.
This membrane also revealed an improved FRR and better
thermal and mechanical properties compared to an unmodi-
fied membrane.
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Introduction

The features of polyvinylchloride such as low cost, good
physical and mechanical properties as well as resistance to
abrasion, acid, base, and microbial corrosion are attractive
for some applications, especially membrane fabrication.
Polyvinylchloride has been used in the fabrication of nano-
filtration and heterogeneous ion-exchange membranes [1,
2] as well as ultrafiltration [3, 4] and microfiltration [5] for
wastewater treatment. Nevertheless, the hydrophobicity of
PVC hampers its application in wastewater treatment due to
its reduced permeation and increased fouling on the mem-
brane surface. In fact, this drawback of PVC gives rise to
hydrophobic interactions between the membrane surface
and molecules of dissolved substances including proteins,
resulting in protein adsorption on the membrane surface.
Therefore, it reduces the efficiency of PVC membrane for
filtration of aqueous solutions.

Polymer blend membranes represent an effective
approach to improve the physical and chemical properties
of membranes. They represent some improved membrane
characteristics such as permeability, selectivity, hydrophi-
licity, fouling resistance, and mechanical strength [6]. Poly-
mers such as polyvinyl butyral (PVB) [7], chlorine-modified
polyvinylchloride (CPVC) [8], cellulose acetate (CA) [1],
polyvinyl formal (PVF) [9], polyvinyl pyrrolidone (PVP)
[10], polyethylene glycol (PEG) [11], poly(methyl meth-
acrylate-b-methacrylic acid) (P(MMA-b-MAA)) [12], car-
boxylated polyvinylchloride (CPVC) [13], poly acrylonitrile
(PAN) [14-16], and polycarbonate (PC) [17] have been used
to modify filtration membranes based on polyvinylchloride.
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Previous studies on modification of PVC-based membranes
by various polymers are summarized in Table 1.

In the given polymers, PAN is more promising for its
unique characteristics such as hardness, strength, and resist-
ance to most chemicals and solvents, originating from its
polar nature. It should be noted that acrylonitrile homopoly-
mer cannot be applied alone due to its high melting point,
high melt viscosity, and poor thermal stability. Therefore,
acrylonitrile is usually modified through copolymeriza-
tion with other comonomers such as vinyl acetate, methyl
acrylate, methyl methacrylate, vinyl chloride, etc. [18].
Due to its good chemical resistance, PAN is used in aque-
ous filtration processes as a membrane material [19]. In the
preparation of membranes, PAN is an alternative to common
polymers such as polysulfone (PS) and polyether sulfone
(PES) for the features such as higher hydrophilicity, excel-
lent solvent stability, and low price [20]. PAN has also been
used as the second polymer to modify pure membranes.

Zhang et al. [21] and Amirilargani et al. [22] used PAN
to modify the hydrophilicity and performance of ultrafil-
tration membrane using PS and PES, respectively. Gu [14]
used the blend of PVC/PAN to fabricate flat ultrafiltration
membranes. He investigated the miscibility of PVC/PAN
blend using DSC analysis, indicating that the PVC/PAN
blend was immiscible for all compositions. Thus, he used
P(VC—-co-AN) as a compatibilizer to enhance the membrane
formation and performance. Mei et al. [15] used PVC/PAN
blend for the fabrication of hollow fiber membranes. Using
viscosity measurements, they found that the two polymers
formed miscible blends when PAN content was in the range
of 20-80 wt% PAN. They found that the immiscibility of
PVC/PAN blend for PAN contents below 20 wt% or above
80 wt% led to the formation of interfacial microvoids and
increased pure water flux compared to pure membranes.
They also showed a maximum pure water flux for 50/50
composition, whereas no experimental data were reported
for this composition. Rabiee et al. [16] also added PAN to
PVC for fabrication of ultrafiltration membranes. They found
that the PVC/PAN blend membrane with a blending ratio of
70/30 (PVC/PAN) exhibited the highest pure water flux and
flux recovery ratio. However, the membrane pure water flux
was dropped by further addition of PAN due to disappear-
ance of finger-like pores in the membrane structure.

Another feature that makes the PAN an appropri-
ate choice for membrane fabrication is its nitrile groups
that can be simply hydrolyzed and converted to carboxyl
or amide groups which are hydrophilic by nature. The
hydrolysis may increase the hydrophilicity and surface
charge of polyacrylonitrile membrane, improving the per-
formance of membrane and fouling resistance. Inherent
properties of polyacrylonitrile membrane (structure and
surface properties) indicate that hydrolysis can affect the
membrane surface in terms of hydrophilicity and pore size
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[23]. Reddy and Patel [24] modified a PES/PAN ultra-
filtration blend membrane using an alkaline solution at
different concentrations at ambient temperature for 24 h.
According to their results, the modified membranes exhib-
ited greater recovery flux compared to the non-modified
membrane due to the increase in hydrophilicity. Zhang
et al. [21] hydrolyzed a PSf/PAN blend membrane using
8% NaOH solution at 75 °C for 1 h. Their results dem-
onstrated an increase in the pore size and pure water flux
passing through the membrane. In addition, the recov-
ery ratio of water flux increased from 49.2 to 79.5% by
hydrolysis reaction. Mei et al. [25] also modified a PVC/
PAN/Si0, composite hollow fiber blend membrane using
a NaOH solution of varying concentrations at 80 °C for
70 min. Their results revealed greater water flux and
anti-fouling properties of hydrolyzed membranes due to
enhanced hydrophilicity. They reported that hydrolysis
reaction was only observed on the membrane surface and
interfacial microvoids grew larger at low concentrations of
NaOH. However, with an increase in NaOH concentration,
both membrane surface and body were hydrolyzed and
interfacial microvoids disappeared only to be converted
into micropores. In the previous studies, a decrease in the
pore size of PAN ultrafiltration membranes caused by high
concentrations and prolonged hydrolysis times was also
reported [20, 26, 27].

Although immiscible polymer blends could form mem-
branes with enhanced pure water flux, the high incom-
patibility between the blend components might suppress
the formation of a homogenous film. Therefore, the phase
behavior of the polymer blend plays a crucial role in con-
trolling the membrane structure and performance. In this
study, we focused on PVC/PAN blend membranes, for
which the disparity between phase behaviors has been
reported [14-16]. Here, the miscibility of PVC/PAN blend
was examined using a simple thermodynamic theory based
on the compressible regular solution (CRS) model and
viscosity measurements. Then, the blend membrane char-
acteristics and performances were evaluated using Fou-
rier transform infrared spectroscopy (FTIR), scanning
electron microscopy (SEM), thermogravimetric analysis
(TGA), contact angle, surface roughness, porosity, pure
water flux, and rejection measurements. Furthermore, to
modify the prepared membranes, the PVC/PAN (90/10)
blend membrane was selected and hydrolyzed using an
alkaline solution of NaOH at a constant temperature of
70 °C. As far as we know, the previous studies have only
considered the hydrolysis of PAN at a constant concentra-
tion with varying modification time, or at a given specific
time with varying concentration. In this study, however,
we conducted the hydrolysis tests at three different con-
centrations and at different time periods to determine the
proper hydrolysis condition.
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Table 1 Summary of the previous studies of modification of PVC-based membranes with different polymers

References Polymers used for Type of membrane/separation process Results
modification of PVC
membranes
Gholami et al. [1] (CA) Nanocomposite nanofiltration mem-  Increase in pure water flux by increas-
brane ing CA content from 2.5 to 10 wt%

due to increase in hydrophilicity

Peng and Siu [7] (PVB) Flat sheet membrane/ultrafiltration Increase in pure water flux from 7.8 to
394.7 L/m? h by increasing PVB con-
tent from 0 to 10 wt% due to increase
in hydrophilicity. Reduction of the
pure water flux by further increase
of PVB content over 10 wt% due to
morphological changes

Liu et al. [8] (CPVC) Flat sheet membrane/ultrafiltration Increase in pure water flux from 142.5
to 292.3 L/m? h by increase in CPVC
content from 0 to 100 wt% due to
increase in membrane hydrophilicity.
(20 wt% Pluronic F127 was used as
pore forming agent)

Fan et al. [9] (PVF) Flat sheet membrane/ultrafiltration Increasing pure water flux from 52.1 to
323.6 L/m*h by increase in PVF con-
tent from 2 to 8 wt% due to increase
in membrane hydrophilicity, pore size
and porosity

Babu and Gaikar [10] (PVP) Flat sheet membrane/ultrafiltration Increase in pure water flux from 174.1
to 645.5 L/m*h with increase in PVP
content from 0 to 2 wt % at a constant
concentration of PVC (11 wt %).

Davood Abadi Farahani [11] (PEG) Flat sheet membrane/ultrafiltration Increase of the membrane pure water
flux from 125 to 166 kg/m> h by
increasing PEG content from O to
6 wt% for 13 wt% PVC in casting
solution, due to increase in hydrophi-
licity and porosity. Reduction of the
membrane pure water flux from 183
to 120 kg/m? h by increasing PEG
content from 0 to 6 wt% for 15 wt%
PVC in the casting solution due to
higher solution viscosity and hence
formation of a dense top layer

Liu et al. [12] (PMMA-b-MAA)) Flat sheet membrane P(MMA-bH-MAA) induced proper
hydrophilic properties in the mem-
brane. With increase of PMAA arm
length, the pure water flux, foulant
solution permeability and water flux
recovery of the blend membranes
enhanced

Babu and Gaikar [13] (CPVO) Flat sheet membrane/ultrafiltration Increasing the membrane pure water
flux from 156.54 to 207.68 L/m* h
by increase in CPVC content from 0
to 10 wt% due to higher membrane
porosity. Reduction of pure water flux
by increasing CPVC content by above
10 wt% due to enhanced intermolecu-
lar interactions

Gu [14] (PAN) Flat sheet membrane/ultrafiltration The pure water flux of the membrane
increased from 493 to 554 L/m? h by
changing the PVC/PAN ratio from
9 to 4 due to higher immiscibility
between PVC and PAN
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Table 1 (continued)

References Polymers used for Type of membrane/separation process Results
modification of PVC
membranes
Mei et al. [15] (PAN) Hollow fiber membrane The pure water flux and porosity of
PVC/PAN blend membrane were
better than pure PVC membrane due
to the enhanced membrane hydro-
philicity and formation of interfacial
microvoids by adding PAN to PVC,
because of the immiscibility of PVC/
PAN blend
Rabiee et al. [16] (PAN) Flat sheet membrane/ultrafiltration The pure water flux increased from

Pacharasakoolchai and Chinpa [17] (PC)

Flat sheet membrane/ultrafiltration

213 kg/m? h (pure PVC membrane) to
343 kg/m? h (70/30: PVC/PAN mem-
brane) due to higher hydrophilicity
and change in membrane morphology
caused by addition of PAN to PVC

Increase in pure water flux and reduc-
tion of rejection by increasing PC
content beyond 1.5 wt% due to the
immiscibility of PVC and PC. The
blend membrane with 0.75 wt% PC
had higher water flux and mechani-
cal strength compared to pure PVC
membrane

* All flux measurements were carried out under a transmembrane pressure of 100 kPa, except for Refs. [7] (200 kPa) and [11] and [16] (300 kPa)

Experimental
Materials

PVC (S70) was purchased from Bandar Imam Petro-
chemicals Co., Iran. PAN consisted of 92% acrylonitrile
(by weight) and 8% vinyl acetate as the comonomer, with
an average molecular weight of 75000 g/mol, was kindly
provided by Polyacryl Co., Iran. N,N-Dimethylformamide
(DMF) (Merck, Germany) and distilled water were used as
a solvent and non-solvent, respectively. Bovine serum albu-
min (BSA, M, 66 kDa) (Sigma Aldrich, Canada) was used
for the evaluation of rejection and anti-fouling properties of
the membranes. Sodium hydroxide (Dr. Mojallali, Iran) was
adopted for the hydrolysis reaction.

Membrane preparation

PVC/PAN blend membranes were prepared by phase inver-
sion method. For this purpose, PVC/PAN blend solutions
containing 12 wt% total polymer were prepared with vari-
ous PAN contents (0, 10, 20, 30, 40, 50, 60, 70, 80, 90,
and 100). However, as discussed in the following sections,
the membranes could not be fabricated from PVC/PAN
blends containing more than 20 wt% PAN and pure PAN.
To obtain homogeneous solutions, they were stirred for
48 h at 65 °C and an ultrasonic bath was used for 30 min
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to remove entrapped air bubbles. The solutions were cast
on a glass plate with a thickness of 200 pm and immersed
immediately into a bath of distilled water. For complete
removal of the solvent, the membranes were placed in a
freshwater bath for 24 h.

Modification of membranes

To modify the blend membrane, the PVC/PAN blend 90/10
membrane was selected and hydrolyzed at different con-
centrations of NaOH (0.5, 1, and 1.5 M) at three different
time periods (0.5, 1, and 1.5 h) and at a constant tem-
perature (70 °C). After hydrolysis, the membranes were
washed with sufficient water to neutralize the unreacted
NaOH.

Characterization
Scanning electron microscopy (SEM)

The surface and cross-sectional morphology of the mem-
branes were examined using scanning electron microscopy
(LEO1450VP model, Zei Co., Germany). The membranes
were frozen and then broken in liquid nitrogen and finally
coated with gold—palladium.
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Water contact angle

The contact angle of water and membranes surfaces was
measured using an optical microscope (OlympusSZH10,
Japan) to investigate the hydrophilicity of the membranes.
The mean contact angle of each specimen was measured at
three locations on each sample.

FTIR spectroscopy

Fourier transform infrared spectroscopy is a useful way to
identify different functional groups present in polymers and
to characterize the changes in the chemical structure of a
membrane surface during modification by chemical agents
such as NaOH. Fourier transform infrared spectrometer
(FTIR Avatar 370 Nicolet Spectrometer, USA) was used to
investigate the chemical structure of the membranes.

Atomic force microscopy

Atomic force microscopy (AFM) was performed with an
AFM (Full model, Ara research Co., Iran) to evaluate the
membrane surface roughness. The surface roughness was
reported in terms of the root mean square (RMS) roughness
based on the scan size of 5 x 5 um”. Image acquisition and
processing were performed by an Imager software (Version
1.00 Ara Research CO).

Thermogravimetric analysis

Thermal stability of the membranes was studied using a
TGA device (TGA-50 model, Shimadzu Co, Japan). In this
experiment, the membrane samples were heated at a constant
rate of 10 °C/min from 25 to 800 °C and their weight loss
was recorded.

Evaluation of mechanical strength

To evaluate the mechanical properties of fabricated mem-
branes, a tensile test machine (Zwick Z250, Germany) was
used. For this test, samples were cut into pieces with a width
of 70 mm and a length of 10 mm. Each membrane was then
held at a distance of 1 cm from the edge and placed in the
machine. The crosshead velocity was assumed to be 5 mm/
min.

Membrane porosity

Membrane porosity was calculated based on the weights
of wet and dry membranes. Each membrane was placed
in distilled water for 24 h, and after removing the excess
water from the surface, the weight of the wet membrane was
measured. The weight of the dry membrane was measured

after being dried at ambient temperature. The porosity of
the membrane was measured using the Eq. 1 as follows [9]:

(%) W= Wa o 100 1
&%) = ————— ,

p WASO ( )
where &(%) is the porosity of membrane, W, (g) and W, (g)
represent the weight of wet and dry samples, respectively, p,,
(g/crn3) is the density of pure water, and A (cm?) and 6o (vm)
are the area and thickness of wet membranes, respectively.

Evaluation of pure water flux, rejection, and pure water
Sflux recovery ratio (FRR)

A cross-flow test cell was used to measure the pure water
flux. All measurements were carried out at ambient tempera-
ture at 100 kPa pressure. The membranes were compressed
under a pressure of 150 kPa for half an hour to stabilize the
measurement conditions, and then, the pressure was reduced
to the operating pressure (100 kPa). The pure water flux
value was calculated using the Eq. 2 as follows [8, 9]:

\%
Jy = ——,
Yo AAr )

where J, (L/m?h) is the pure water flux, V (L) is the volume
of water passing through the membrane, A (m?) is the effec-
tive area of the membrane, and At (h) is the permeation time.

In the next step, the rejection (r) of membranes was meas-
ured with 0.5 g/L of BSA. The rejection of BSA was calcu-
lated from the following equation [8, 9]:

1 S
r=< _F> x 100, 3)

f

where Cp and C; (g/L) are the BSA concentrations in the
permeate and feed solutions, respectively. The concentration
of BSA was measured by a UV spectrophotometer (CECIL
SERIES 9000, United Kingdom) at a wavelength of 278 nm
[9, 14].

To study the anti-fouling properties of membranes, the
recovery ratio of pure water flux was measured. After meas-
uring the rejection of BSA, membrane was washed with dis-
tilled water at a pressure of 2 bar for 20 min. The pure water
flux of the washed membrane was measured again until it
became steady. The recovery ratio of pure water flux of the
membrane was calculated using the following equation [8]:

J
FRR = 22 x 100%, 4)
le

where FRR, J,,;, and J,, are the flux recovery ratio and
pure water flux of membrane before and after washing,
respectively.
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Dilute solution viscometry (DSV)

The study of the intrinsic viscosity of a ternary sys-
tem including two polymers and a solvent has attracted
growing attention due to the simplicity and reliability of
investigating the intermolecular interactions between two
different polymers in a solvent. According to the dilute
solution viscometry (DSV) method, the attractive inter-
action between the chains of two polymers in a solution
leads to the expansion of polymer coils and augmentation
of intrinsic viscosity. This intrinsic viscosity is larger than
the value computed by the additivity law, with the reverse
applying to repulsive interactions [28].

The compatibility of PVC/PAN blend was investigated
using DSV method. Viscosity measurements were per-
formed using an Ubbelohde viscometer (Fisher Scientific
Co., Germany) at 27 + 0.1 °C. For this purpose, the dilute
solutions (C < C") of PVC/PAN blend were prepared in
DMF (0, 20, 40, 60, 80, and 100 wt% of PAN). The com-
patibility of PVC/PAN blend was evaluated according to
the following equation [28]:

A[I’]] = [n]exp - [rl]cal’ (5)

where [n]., and [#]., are the experimental and calculated
intrinsic viscosities (mL/g), respectively. [#]., was calcu-
lated based on the additivity law (Eq. 6) [15, 28]:

(Mea = [mlyw; + [n]ow,, (6)
where [#]; and w; are the intrinsic viscosity and weight frac-
tion of component i in the blend solution, respectively. The
intrinsic viscosities were calculated by extrapolation to zero
concentration (c¢) according to the following equations [15,
29]:

s
f=m+@m% )

1
2l _ [+ Kyl ®)

where Ky and Ky are the Huggins and Kraemer constants,
respectively. 5, specific viscosity) and 7, relative viscosi-
ties were calculated using the following equations [15]:

sp = Hrel — L, )

t
Ml = l‘_’ (10)
0

where ¢ and ¢, are the pour times of polymer solution and
pure solvent in the Ubbelohde viscometer, respectively.
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Theoretical background of the compressible regular
solution (CRS) model

The compressible regular solution (CRS) model is a simple
theory for calculation of the free energy of mixing of weakly
interacting polymer blends. The compressibility is regarded
in this model through the reduced density parameter. Fur-
thermore, this model is merely dependent on pure compo-
nent properties such as mass density, solubility parameter,
and thermal expansion coefficient, which are available in the
literature or can be calculated or simulated in a simple way
[30]. The Gibbs free energy of mixing per unit volume of a
binary polymer blend at atmospheric pressure based on the
CRS model is as follows [30]:

NN $pPB
Ag ... = kT 1 + —1
8 mix NAVA n ¢A NB Vg n ¢B

+ baduinin (50— 5n0)” a
+ dads (ﬁA - ﬁB) (‘ﬁ - 5123)’

where ¢; is the volume fraction of polymer, N; is the
degree of polymerization, k is the Boltzmann constant,
T is the absolute temperature, v; = M /(N,, p X ;) is the
hard core (0 K, zero pressure) segment volume, in which
M ; is the molecular weight of the repeat unit, N, is the
Avogadro’s number, and p X ; is the hard core density. §;
is the solubility parameter at temperature 7, which can be
calculated by 67 = 5,67, where &, is the hard core den-
sity of component i and is calculated using the relationship
82(T) = 62(298)((:(1)) /(5:(298)) ) at T = 0 K. In addi-
tion, §;(298) is the solubility parameter of components at
298 K. The reduced density is defined as g, = p;/p X ;.
where p; = p X ;exp(—a;T) is the mass density and q; is
the thermal expansion coefficient. The parameters required
to plot the Ag,,;, curve for the PVC/PAN blend are shown
in Table 2.

Here, to predict the phase behavior of the ternary PVC/
PAN/DMF system, the spinodal curve was plotted. For a

Table 2 Parameters required to plot the curve

Component a (1074 K™!) §(298 K) (MPa)!? p, (g/cm?) v (107

cm’/

mol)
PVC? 7.4 19.9 1.79 5.798
PANP 2.518 26.508 1.264 7.318
DMF® 10.43 24.8 1.289 12.74

# P-V-T data from Ref. [30] and solubility parameter at 7 = 298 °C
from Ref. [31]

> P_V_T data from Ref. [32]

¢ P-V-T data from Ref. [33] and solubility parameter at T = 298 °C
from Ref. [34]
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ternary system, the Gibbs free energy of mixing is calculated
as follows:

where V; is the molar volume of pure components, achieved
from the following equation:

$1h, 25, b33 o 2
Agnix =KkT N, Ing, + mlnd’z + Nyvs Ing;| + ¢1¢2P1Pz(51,0 - 51,0)
L o 2
+ $102(5) — 72) (6] — 85) + 1351 53(8,0 — 63) (12)

+ i3 (5 — 73) (87 = 82) + bahsrs (620 — 830)°

+ datb3 (5, — B3) (62 - 82).

The spinodal was calculated using the material balance
equation (q’)] +¢,+ ;= 1) and the following equations [35]:

GGy = (G23)2, (13)

0*AGy,
“=\ %600, ) - (14

Vref

where EM is the Gibbs free energy of mixing on a unit
volume basis and v, is the molar volume of the reference
component (the molar volume of component 1) [35]. Thus,
G,; was calculated as the following equations:

v ) (51610 — ﬁz5z,o)2

1
G, = — + - Vi, (15)
279 Vaoy RT 1
- - 2 - - 2
1 (P151,0 - /’252,0) (P151,0 - P353,0)
O3 =5~ RT * RT !
1
- - 2
Vi (17252,0 - P3,053,0) (16)
+| — Vs,
V, RT

(51610~ /7353,0)2

L (LY (hy
w5 (3) ()

v, amn

_ Ny,

V. —
Pi

i (18)
Since the PAN used here was a copolymer of acrylonitrile
(92%) and vinyl acetate (8%), its solubility parameter was
calculated based on the mixture rule as follows [36]:

Sp(AN-CO-VAc) = OpANYPAN T OpyacpVAcs (19)
where 0p,n and Spy, . are the solubility parameters of PAN
and PVAc [31], respectively, and x; is the weight percent of
monomer i in the copolymer.

Results and discussion
Miscibility of PVC/PAN blend based on the CRS model

The curves of Ag,,;, were plotted for the PVC/PAN blend in
terms of volume fraction of PVC in the temperature range
of —25 to 225 °C (Fig. 1). The negative value of Ag, ;. is an
insufficient but necessary requirement for a miscible poly-
mer blend [31]. As shown in Fig. 1, the PVC/PAN blend is
immiscible in the given temperature range, since Ag, is
positive for all compositions. As far as we know, the phase
behavior of the PVC/PAN blend with temperature has not

Fig.1 Curves for PVC/PAN 20
blend as a function of PVC 18l
volume fraction at different tem-
peratures (°C)

T=-25
——T=25

0.3 0.4 05 0.6 0.7 0.8 0.9 1
oPVC
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been explored in the previous studies [14-16]. However,
the formation of interfacial microvoids, and hence, a higher
porosity and improved performance of their blend mem-
branes have been attributed to the immiscibility of the two
polymers [15].

The combinatorial mixing entropy of polymer blends
is usually negligible owing to the high molecular weight
of polymer blend components. Therefore, a negative mix-
ing enthalpy is required to induce miscibility. This can be
obtained through strong specific interactions of blend com-
ponents. In the absence of these interactions, the miscibil-
ity is dependent on temperature, composition, and additives
such as compatibilizers or solvents [37]. Therefore, in this
paper, the effect of solvent on the miscibility of PVC/PAN
blend was investigated using the CRS ternary model in the
following sections.

Phase behavior prediction of PVC/PAN blend in DMF
(solvent)

The ternary spinodal curve of PVC/PAN/DMF system was
plotted using Eqgs. 12—17, as shown in Fig. 2. As can be seen,
miscibility is not attained unless the solvent content in the
polymer solution is above ~ 99.4%, where the combinato-
rial entropy due to the presence of small molecules domi-
nates the free energy. Therefore, PVC and PAN may form
an immiscible blend even in a common solvent like DMF.
It was observed that all PVC/PAN blend solutions contain-
ing 12 wt% total polymer with different ratios were opaque
(Fig. 2), which confirmed the incompatibility of PVC/PAN
blend in DMF, as shown with the CRS ternary model. How-
ever, the polymer solution containing 0.5 wt% of the total
polymer (99.5 wt% solvent) was transparent, which implies
that the PVC/PAN blend is miscible in this case.

Fig. 2 Ternary spinodal curve of PVC/PAN/DMF at T = 25 °C, as
well as transparent and opaque solutions made with total polymer
concentrations of 0.5 (left) and 12 wt% (right)
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Compatibility study of PVC/PAN blend using DSV
method

Figure 3 shows the A[n] values obtained from Eq. 5 for
the PVC/PAN blend solutions with different PAN contents
in DMF at 27 °C. As can be seen, the A[#] valuesfor the
blend of PVC and PAN are non-zero due to deviation from
the additivity law. A positive deviation is observable at
Wpan > 0.2, which shows the expansion of PVC and PAN
coils, possibly due to their increased compatibility, and
the negative deviation is evident at Wp,y < 0.2, meaning
that the shrinking of PAN and PVC coils is caused by their
incompatibility. According to these results, the DSV method
showed miscibility or compatibility for higher values of
PAN in the polymer blend (> 20 wt%), which could be an
indication of the increased inherent tendency between two
polymers caused by specific interactions between polymer
segments.

According to the results of CRS model (Fig. 1), Ag,; val-
ues rise with an increase in temperature, which confirms the
existence of some favorable enthalpic interactions that dis-
appear at higher temperatures. However, these interactions
are weak, because no LCST behavior was observed for the
PVC/PAN blend. Moreover, the comparison of the results of
CRS model and DSV method revealed the discrepancies in
determining the miscibility range of the PVC/PAN blend. As
discussed earlier, the CRS model predicted complete immis-
cibility for the whole range of blend composition, while the
DSV method showed positive A[#] values for PAN contents
beyond 20 wt%, which was an indication of the miscibility
or compatibility of these compositions. It should be noted
that the DSV method is based on dilute polymer solutions,
where according to the ternary phase diagram, miscibility is
expected at infinite dilution and a clear solution is observed
experimentally (Fig. 2). However, when it comes to higher
concentrations, thermodynamic instability increases and
phase separation occurs, irrespective of the blend composi-
tion. On the other hand, the high molecular weight of the

A[n] (ml/g)

o
~¢

0.2 04 0.6 0.8

PAN (Wt%)
10

Fig. 3 Variation of PAN content (wt%) in PVC/PAN blend
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blend components results in negligible entropy of mixing,
though this term is not accounted for in the DSV method.
Therefore, it seems that the CRS model gives a more com-
plete description of the system thermodynamics.

Membrane formation from PVC/PAN blend
with different ratios

During the preparation of PVC/PAN blend solutions in DMF
with different ratios, it was observed that membranes could
not be obtained from PVC/PAN blends containing more than
20 wt% PAN. For compositions containing up to 40 wt%
PAN, the cast solution was instantly converted to a hetero-
geneous film at the time of immersion into the coagulation
bath. This was ascribed to the high incompatibility of PVC
and PAN, which was intensified by immersion into the non-
solvent bath. In addition, membranes could not be formed
by increasing the PAN content beyond 40 wt%, despite the
formation of a homogeneous film, which was due to the lack
of sufficient mechanical strength. Similarly, fabricated mem-
branes from pure PAN lacked the proper strength required
for a membrane. Therefore, it appeared that for higher val-
ues of PAN in the PVC/PAN blend membrane (> 40 wt%),
PVC represented the dispersed phase in the PAN matrix,
and hence, the membranes were not be attainable due to the
absence of appropriate mechanical properties. According to
the above points, in this study, the composition of PVC/PAN
blend membranes was limited to 20 wt% PAN. Therefore,
in the following sections, membrane characteristics are only
reported for these compositions.

Gu [14] has made similar observations about problematic
membrane formation from PVC and PAN, using a compati-
bilizer to improve their compatibility and mechanical prop-
erties. However, in the study of Mei et al. [15], the blend
membrane was reported for all compositions of PVC and
PAN, despite the fact that they were reported as incompat-
ible for PAN contents out of 20-80 wt% range.

Contact angle and porosity of PVC/PAN blend
membranes

Figure 4 shows the contact angle and porosity of PVC/PAN
blend membranes. It can be seen that the contact angle of
pure PVC membrane drops by adding 20 wt% PAN from
71.9° + 0.7° to 64.4° + 5°. This reduction of contact angle
by adding PAN to PVC corresponds to improved hydrophi-
licity of PVC membrane. The overall porosity of pure PVC
membrane is 6.5 + 3.3%. However, the membrane porosity
increases to 63.7 + 4.2% by adding 20 wt% PAN to PVC.
The immiscibility of PVC/PAN blend is a major cause of
substantial increase in the membrane porosity, achieved by
adding PAN to PVC.
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Fig. 4 Contact angle and porosity of PVC/PAN blend membranes

During the phase inversion process, two rich and dilute
phases were formed. In addition to the polymer-lig-
uid demixing, the separation of polymer—polymer phase
occurred as a result of different interactions of polymer
blend components with solvent. When two polymers are
immiscible, the intensity of polymer—polymer phase separa-
tion in the rich phase is increased; resulting in the formation
of interfacial microvoids, and thus, the membrane poros-
ity is enhanced. Hydrophilicity of PAN is another reason
for the improvement of blend membrane porosity. Conse-
quently, during the first moments of membrane formation,
the hydrophilicity of PAN stimulated the diffusion of water
into the sublayer, leading to the formation of more pores and
increased overall porosity [9].

Morphology and surface roughness of PVC/PAN blend
membranes

SEM micrographs of the surface and cross section of the
PVC/PAN blend membranes are shown in Fig. 5. As shown
in Fig. 5a, the surface pores in pure PVC membrane are
not obvious, but the surface of PVC/PAN blend membranes
has some pores (Fig. 5b, ¢), which might be due to the high
immiscibility of PVC/PAN blend. Moreover, the number and
size of surface pores rise with an increase in PAN content
from 10 to 20 wt%. The cross-sectional morphology of pure
PVC and PVC/PAN (90/10) blend membranes is an asym-
metric structure consisting of a top layer and a porous sub-
layer (Fig. 5d, e). The cross section of pure PVC membrane
exhibits a sublayer of a finger-like structure with a sponge-
like structure at the bottom. However, by adding 10 wt%
PAN to PVC, the finger-like pores are grown further and the
morphology of bottom surface changes from sponge-like to
the macropores (Fig. 5e). This might be due to the fact that
the solidification of the polymer-rich phase is delayed by
adding PAN to PVC, and hence, the finger-like pores grow

gslppl @ Springer



842

Iran Polym J (2017) 26:833-849

Signal A = SE1 Date :17 Oct 2015

EHT = 20.00 kV WD= 10 mm

T 5] - T <
TE. ) o
: s s //

JE Y AR i
Signal A = SE1

Date :17 Oct 2015

EHT =20.00 kV WD= 11 mm

Signal A = SE1 Date :17 Oct 2015

EHT = 20.00 kV WD = 13mm

Signal A = SE1 Date :27 Feb 2016

EHT = 20.00 kV WD= 9mm

Sy

Signal A = SE1 Date :17 Oct 2015

EHT =20.00 kV WD= 14mm

Signal A = SE1 Date :17 Oct 2015

EHT = 20.00 kV WD= 13mm

Fig. S SEM micrographs of the surface (left) and cross-section (right) of PVC/PAN blend membranes with different PAN contents in the PVC/

PAN blend a and d 0 wt%; b and e 10 wt%; ¢ and f 20 wt%

further. Furthermore, during membrane formation, the weak
interaction of PVC/PAN blend creates larger gaps between
PVC and PAN in the rich phase. The rapid movement of sol-
vent and non-solvent through these gaps may lead to the for-
mation of finger-like macrovoids. When the content of PAN
in the PVC/PAN blend membrane is increased to 20 wt%,
the structure of pores collapses and an irregular structure is
formed (Fig. 5f). The formation of this structure may be due
to the immiscibility intensity of PVC/PAN blend caused by

gslppl @ Springer

increasing the PAN content. As mentioned earlier, further
increase of PAN content (> 20 wt%) led to the formation
of highly heterogeneous films, which could not be used as
membranes.

As shown in Table 3, the RMS roughness of pure PVC
membrane increases from 1.93 + 0.42 to 9.18 + 2 nm by
adding 20 wt% PAN. This increased surface roughness
caused by the addition of PAN to PVC could be attributed
to the formation of larger pores on the membrane surface



Iran Polym J (2017) 26:833-849

843

Table 3 Separation performance, mechanical properties, and root mean square (RMS) roughness of membranes

Membranes Pure water flux ~ Rejection (%) FRR (%) Elongation (%) Tensile strength RMS roughness (nm)
(L/m? h) (MPa)
Pure PVC 379+ 1.5 98.8 +1.7 45.6 43.6 3.5 1.93 +0.42
PVC/PAN (90/10) 535+5.1 94 +0.7 57.6 45.3 1.9 54+142
PVC/PAN (80/20) 66.7 +5.8 914 +£4.2 57.8 50.2 1.7 9.18+2
Hydrolized PVC/PAN  75.6 +7.2 92.4 +3.8 71.6 52.2 2.6 10.1 +1.96
(90/10)"
* Hydrolyzed at a concentration of 0.5 mol/L and modification time of 0.5 h
(Fig. 5) and increased membrane porosity, as shown in 70
Fig. 4. Panda and De [38] also indicated increased surface 60.
roughness due to the larger pore size and membrane porosity
induced by the addition of polyurethane to PAN. 50
L 40
Performance of PVC/PAN blend membranes =
% 30
Table 3 shows pure water flux and rejection of PVC/PAN
blend membranes. As can be seen, the PVC/PAN blend 20
membranes have higher pure water flux and lower rejec- 10
tion compared to the pure PVC membrane. The pure water
flux of the PVC membrane is 37.9 + 1.5 L/m? h, while its 0 0 " 10 " 20
values for the PVC/PAN blend membranes containing 10 PAN (Wt%)

and 20 wt% PAN are 53.5 + 5.1 and 66.7 + 5.8 L/m> h,
respectively. One reason for the enhanced pure water flux
is the greater hydrophilicity of PAN compared to PVC. The
formation of interfacial microvoids due to the immiscibil-
ity of PVC/PAN blend is another reason for improvement
of the blend membrane pure water flux [15, 21]. The BSA
rejection of pure PVC membrane was reduced by adding 20
wt% PAN to PVC from 98.8 + 1.7 to 91.4 + 4.2. Since the
dependence of rejection on the morphology of membrane
surface is greater than that on the structure of the cross sec-
tion [39], this reduction in the rejection probably accounts
for the change in the membrane surface morphology caused
by adding PAN to PVC as revealed by SEM analysis.

Effect of PAN on membrane anti-fouling properties

Figure 6 presents the FRR values of membranes. As can be
seen, the values of FRR in both 90/10 and 80/20 PVC/PAN
blend membranes are higher than that of PVC membrane. It
can be noted that the addition of PAN to PVC increases the
membrane hydrophilicity and surface roughness, which the
hydrophilicity is responsible for a lower interaction between
the membrane surface and foulant. This results in more
convenient washing of the membrane surface and hence the
higher pure water flux recovery of the membranes. It has
been shown that increasing the surface roughness makes the
membranes especially prone to fouling [40], but the higher
FRR values with increased surface roughness have also been

Fig. 6 FRR of PVC/PAN blend membranes

reported, which may be attributed to the higher hydrophilic-
ity [38] or amplified turbulence near the membrane surface
[40].

Effect of PAN on mechanical and thermal properties
of membranes

The tensile strength of pure PVC membrane dropped
(decline in break stress) by adding PAN to PVC (Table 3).
This can be attributed to the change in the membrane struc-
ture caused by adding PAN to PVC. Macrovoids and porous
walls observed in the cross section lead to a reduction in the
strength of the membrane [41]. In particular, the high incom-
patibility of the blend components resulted in a remarkable
deterioration of the membrane strength. On the other hand,
the membrane elongation was enhanced by adding PAN to
the PVC perhaps, due to an increase in the membrane flex-
ibility. This flexibility might be due to the high incompat-
ibility of PVC and PAN, which tends to lower Tg of the PVC
amorphous phase compared to pure PVC [14, 42]. There-
fore, higher elongation-at-break was obtained along with
lower tensile strength [42], which was more pronounced
when the PAN content was increased.
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Fig. 7 TG curves of PVC/PAN blend membranes (pure PVC, 90/10,
80/20) and PVC/PAN blend membrane hydrolyzed (90/10H) with
0.5 mol/L NaOH for 0.5 h

Figure 7 shows the results of TGA for PVC and its blend
membranes. As can be seen, a substantial weight loss
(~ 60%) occurs in the temperature range of 270 to 310 °C,
where the PVC polymer chains are degraded thermally. The
material was carbonized over 450 °C [43]. Significant ther-
mal degradations for the pure PVC, PVC/PAN (90/10), and
PVC/PAN (80/20) blend membranes are started at 302, 285,
and 284 °C, respectively. As reported in the literature, PAN
thermal degradation starts at a lower temperature compared
to PVC [44]. Hence, it can be inferred that the thermal sta-
bility of the pure PVC membrane is decreased with the addi-
tion of PAN to PVC. However, the blend membranes display
lower weight loss (between 300 and 450 °C) compared to
pure PVC.

Structure of modified membranes

As discussed previously, the PVC/PAN (90/10) blend mem-
brane was subjected to hydrolysis in the NaOH alkaline solu-
tion to modify its performance. The hydrolysis reaction was
provoked at three concentrations and modification times
owing to the importance of the effect of these variables on
the final membrane properties. Since the cross section of
80/20 (PVC/PAN) blend membrane was irregular, the 90/10
(PVC/PAN) blend membrane was chosen for the modifi-
cation process. Figure 8 displays the FTIR spectra of the
unmodified membrane and hydrolyzed membrane at three
concentrations (0.5, 1, and 1.5 mol/L) and three modifica-
tion times (0.5, 1, and 1.5 h). As shown in the spectrum of
the unmodified membrane, the peaks at 2243 and 1736 /
cm are due to the stretching vibration of nitrile (-CN) and
carbonyl (-C=0) groups in acrylonitrile and vinyl acetate
monomers, respectively [21, 45, 46]. A new peak (at 1561 /
cm) is created by hydrolysis in the spectra of the membranes,
which is due to stretching vibration of —C=0 present at the
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ified membrane (UN), and membrane hydrolyzed at three concentra-
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carboxyl or amide groups [45]. This peak grows in inten-
sity by increasing the hydrolysis concentration (at a given
constant time) and the hydrolysis time (at a given constant
concentration). The highest intensity of this peak is observed
at a concentration of 1.5 mol/L and modification time of
1.5 h. The intensity of 1736 /cm peak declines by hydrolysis
which could be due to the hydrolysis of acetate groups pre-
sent in vinyl acetate monomer. Since the characteristic peak
of nitrile groups (2243 /cm) did not change remarkably, it
could be concluded that only some of the —-CN groups were
hydrolyzed in contact with the NaOH solution.

Contact angle and pure water flux of hydrolyzed
membranes

The contact angle and pure water flux of hydrolyzed mem-
branes at modification times of 0.5, 1, and 1.5 h and con-
centrations of 0.5, 1, and 1.5 mol/L are shown in Figs. 9
and 10. As can be seen, the contact angle of membrane is
reduced as a result of hydrolysis. This decrease is attributed
to the formation of hydrophilic groups such as carboxyl or
amide by hydrolysis, as illustrated in the previous section.
The contact angle of membranes is reduced with an increase
in modification concentration and time. The lowest contact
angle (44 + 0.9°) belongs to the membrane hydrolyzed at
NaOH concentration of 1.5 mol/L and modification time of
1.5 h. This could be explained in terms of increased degree
of hydrolysis at higher concentrations of NaOH and longer
contact times.

Furthermore, the pure water flux of membrane (Fig. 10)
increases by hydrolysis at concentration of 0.5 mol/L and
modification time of 0.5 h, from 53.5 + 5.1 L/m? h (for
unmodified membrane) to 75.6 + 7.2 L/m? h, which is
mainly due to increment of membrane hydrophilicity (i.e.,
decline in contact angle from 67.5° + 1.9° to 65° + 1.1°).
However, the membrane pure water flux drops with an
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Fig. 9 Contact angle of PVC/PAN (90/10) blend membrane hydro-
lyzed at modification times of 0.5, 1, and 1.5 h
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Fig. 10 Pure water flux of PVC/PAN (90/10) blend membrane
hydrolyzed at modification times of 0.5, 1, and 1.5 h

increase in the modification concentration and time despite
increased membrane hydrophilicity. The lowest membrane
pure water flux (21.6 + 5.9 L/m? h) is obtained by hydroly-
sis at the concentration of 1.5 mol/L and the modification
time of 1.5 h. Since hydrolysis affects both hydrophilicity
and pore size of the membrane surface, increased hydrol-
ysis concentration and time can reduce the pore size and
subsequently the pure water flux. During hydrolysis with
alkaline solutions, the swelling of unstable chains occurs
due to the repulsive interactions between the chains carrying
COQ™ ions and adsorbed water. Carboxyl functional groups
in the form of COO™Na' create a pure negative charge on
the membrane surface. These groups cause repulsive inter-
actions between unstable chains, and the chains swell on
the pores of membrane surface and hence reduce the pore
size and pure water flux [20]. Moreover, the pure water flux
of hydrolyzed membrane at the concentration of 0.5 mol/L
and the modification time of 1 h shows a minor change
(from 53.5 + 5.1 t0 53.9 + 12.3 L/m? h) compared to that
of unmodified membrane, suggesting that increased hydro-
philicity and reduced pore size balance the effect of each
other somewhat. Nevertheless, it seems that the pore size
reduction dominates hydrophilicity with further increase of
hydrolysis concentration or contact time.

Effect of hydrolysis on membrane morphology

To study the effect of hydrolysis concentration and time
on membrane morphology, SEM images were taken from
the membranes hydrolyzed at a constant concentration of
0.5 mol/L with different modification times of 0.5, 1, and
1.5 h, and constant time of 1.5 h at 0.5, 1, and 1.5 mol/L
concentrations (Fig. 11). As can be observed, the cross
section of the membranes hydrolyzed at the concentra-
tion of 0.5 mol/L and the modification times of 0.5 and 1 h
(Fig. 11a, b) have not changed significantly compared to
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the cross section of unmodified membrane (Fig. 5e). These
results reveal that the hydrophilicity resulted from hydrolysis
has been dominant in the morphological changes occurred
at the concentration of 0.5 mol/L and the hydrolysis times of
0.5 and 1 h. As a result, compared to pure water flux of the
unmodified membrane, the pure water flux increased under
this hydrolysis condition, as demonstrated in the previous
section.

However, as shown in Fig. 11c, the number and size of
finger-like pores dropped with an increase in modification
time from 0.5 to 1.5 h, indicating morphological changes at
higher modification times. It takes time for PAN molecules
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EHT =20.00 kV

WD= 10 mm

to move to change the morphology. Thus, at short modifi-
cation times, when the chemical conversion from —CN to
COO™Na™ is relatively fast, the membrane surface becomes
hydrophilic, but the morphological changes remain negli-
gible [27].

Pore walls grow thicker by increasing the hydrolysis
concentration from 0.5 to 1 mol/L at constant modification
time of 1.5 h (Fig. 11d). As shown in Fig. 11e, the finger-
like pores almost disappear with the emergence of smaller
pores caused by the increase in NaOH concentration from
1 to 1.5 mol/L. As modification concentration and time are
increased to 1.5 mol/L and 1.5 h, respectively, pore walls
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Fig. 11 SEM micrographs of cross section of membranes hydrolyzed at different modification times and concentrations a 0.5 h and 0.5 mol/L; b
1hand 0.5 mol/L; ¢ 1.5h and 0.5 mol/L;d 1.5 h and 1 mol/L; and e 1.5 h and 1.5 mol/L
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are covered with a thicker layer of the swollen polymer, and
hence, the pore size decreases, leading to reduction of the
membrane pure water flux.

Comparison of rejection, fouling resistance, and surface
roughness of PYC/PAN (90/10) blend membrane
before and after hydrolysis

The membrane pure water flux was the highest for the PVC/
PAN (90/10) blend membrane hydrolyzed at the concentra-
tion of 0.5 mol/L and the modification time of 0.5 h. There-
fore, the rejection, fouling resistance, and surface roughness
were investigated for this membrane to draw a comparison
with the unmodified membrane. According to Table 3, the
FRR value increases from 57.6 to 71.6% by hydrolysis
under aforementioned conditions as a result of increase in
the hydrophilicity of the membrane. Furthermore, the BSA
rejection of hydrolyzed membrane is 92.4 + 3.8, which does
not show a significant change compared to the rejection
value of unmodified membrane (94 + 0.7). The reduction
in the BSA rejection for the membrane hydrolyzed at the
concentration of 0.5 mol/L for 0.5 h could be due to the
hydrophilicity due to hydrolysis, which was dominant for
morphological changes under these conditions. Lohokare
et al. [20] also reported a lower BSA rejection for hydro-
lyzed PAN membranes, which was due to higher surface
hydrophilicity rather than morphological changes.

The RMS roughness of hydrolyzed PVC/PAN (90/10)
blend membrane was higher than that of the unmodified one
(Table 3). This could be due to the change of some func-
tional groups on the membrane surface upon alkali treat-
ment. As mentioned in the previous section (the structure
of modified membranes), the —-CN groups in PAN could be
converted to the carboxyl or amide groups during hydroly-
sis reaction. Parashuram et al. [47] also showed a similar
increase in surface roughness for poly(acrylonitrile-co-meth-
acrylic acid) hollow fiber membrane upon treatment with
aqueous NaOH solutions at varying concentrations.

Mechanical and thermal properties of PVC/PAN
(90/10) blend membrane before and after hydrolysis

The mechanical properties of the unmodified and hydro-
lyzed membranes are listed in Table 3. As can be seen, the
hydrolyzed membrane demonstrates improved mechanical
properties compared to the unmodified one. Hence, the
break stress and elongation of the membrane increased
from 1.9 to 2.6 MPa and from 45.3 to 52.2%, respec-
tively. Before the hydrolysis, due to the lack of miscibil-
ity, the resultant weak interfaces between PVC and PAN
act as stress concentration points. However, as shown by
FTIR analysis, during hydrolysis reaction, some of the

nitrile groups present in PAN could be converted into the
carboxyl or amide groups. As a small number of these
groups situated on the pore walls are sufficient to inter-
act with PVC [13], it seems that the membrane integrity
under stress is slightly improved, and therefore, enhanced
mechanical properties are observed.

The TGA thermograms also exhibited improved ther-
mal stability after hydrolysis (Fig. 7). Furthermore, a
significant thermal degradation for the hydrolyzed PVC/
PAN (90/10) blend membrane was started at 295 °C,
which was higher than the onset degradation temperature
of the unmodified membrane (285 °C). Therefore, it can be
concluded that the thermal stability of PVC/PAN (90/10)
blend membrane was increased by hydrolyzing the mem-
brane in 0.5 mol/L NaOH solution for 0.5 h. As described
above, it appears that the higher thermal stability of the
membrane could be attributed to the enhancement of the
PVC-PAN interactions induced by hydrolysis reaction.

Conclusion

In this work, polyacrylonitrile (PAN) was used as a second
polymer to modify polyvinylchloride (PVC) membranes.
The miscibility of PVC/PAN blend was investigated using
a simple thermodynamic theory based on the compressible
regular solution (CRS) model, which for evaluation of mis-
cibility only requires the properties of blend components.
The results showed that the PVC/PAN blend was immis-
cible for all compositions in the temperature range of —25
to 225 °C. However, according to the dilute solution vis-
cometry (DSV) method, both two polymers showed some
compatibility for PAN contents greater than 20 wt%. The
pure water flux of the PVC membrane increased by about
41 and 76% by adding 10 and 20 wt% PAN, respectively.
This increased membrane flux could be attributed to both
increased hydrophilicity and immiscibility of PAN/PVC
blend, which resulted in polymer—polymer phase separa-
tion and interfacial microvoid formation. Moreover, the
hydrolysis of the 90/10 (PVC/PAN) blend membrane was
performed in sodium hydroxide solution at a tempera-
ture of 70 °C, concentrations of 0.5, 1, and 1.5 mol/L and
modification times of 0.5, 1, and 1.5 h. The results showed
that the pure water flux of the membrane was increased by
about 42% after hydrolysis in the presence of a 0.5 mol/L
solution of NaOH with a modification time of 0.5 h due
to increased membrane hydrophilicity. This modification
also led to enhanced mechanical and thermal performance
as well as higher FRR compared to those of unmodified
membranes.
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