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ABSTRACT: The effects of different solvents (dimethyl formamide: DMF and dimethylsulfoxide: DMSO) on the solubility of polyacry-
lonitrile (PAN) were investigated by the phase diagrams of H,O/DMF/PAN and H,O/DMSO/PAN ternary systems through cloud-
point titration method at low polymer concentration. The influences of polymer concentrations and temperatures on the morpholo-
gies of PAN ultrafiltration membranes were elucidated. The morphologies of fabricated UF membranes were characterized by scan-
ning electron microscopy (SEM) and atomic force microscope (AFM), and the basic performance of ultrafiltration including pure
water flux and rejection of BSA were explored. At 25°C, the pure water flux of ultrafiltration membranes at the lower PAN content
(16 wt % PAN in 84 wt % DMSO) reached 213.8 L/m/bar and the rejection of BSA was 100%. Interestingly, the water flux of UF
membranes dramatically decreased to 20.6 L/m/bar (20 wt %) and 2.9 L/m/bar (24 wt %) when increasing PAN concentrations in
DMSO. On the other hand, the hydrophilicity of membranes can be enhanced by increasing coagulation temperatures and polymer
concentrations which were characterized by static contact angle, fitting well with the variation tendency of roughness. Although there
are many works concerning on the effects of phase inversion conditions on the performance of PAN UF membranes, to our best
knowledge, there is seldom works focusing on investigating the membrane hydrophilicity trend by adjusting phase inversion condi-
tions. To disclose the reason of the enhanced hydrophilicity, the water and glycol contact angles of various membranes were measured
and the surface tensions were presented. The results illustrated that the enhanced hydrophilicity of PAN UF membranes fabricated at
higher temperatures or higher polymer concentrations was due to the higher polarity on membrane surface. Since the vast majority
of ultrafiltration membranes in labs and in industrial scale have been fabricated by immersion phase inversion method, this work can
provide a guidance to obtain hydrophilic PAN UF membranes by adjusting the process of phase inversion. © 2015 Wiley Periodicals, Inc.
J. Appl. Polym. Sci. 2015, 132, 41991.
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INTRODUCTION

such as NMP and DMSO to obtain a homogeneous doping
solution firstly, consisting of polymer-rich phase and a liquid
polymer-lean phase.'* After casted on a suitable and smooth
support, the system is immersed in a non-solvent bath for the
phase inversion forming separation membrane. During this pro-
cess, the membrane is formed from the polymer-rich phase and

Membrane technology is considered to be one of the most
promising high-techs typically applied in the chemical and
petrochemical industry, food industry, pharmaceutical industry,
and other industrial fields."™'*> When separating liquid-based
mixtures, membrane separations can be typically classified as
microfiltration (MF), ultrafiltration (UF), nanofiltration (NF),

and reverse osmosis (RO) according to the size of pores.
Among the various membrane processes, UF has been consid-
ered as the important one because of the broad usages.
Currently, most of the industrially used polymeric UF mem-
branes are fabricated by immersion phase inversion method."
Therefore, the polymer should be dissolved in polar solvents

plenty of pores are produced from the polymer-lean phase.

There are several reports'>™’ studying the influence of the

kinetics and thermodynamics of phase separation process on
the membrane structure. According to the report by Zhang
et al,'® the rate of solvent exchange was different for water or
ethanol as the non-solvent. Kang et al.'® explored the effects of
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Figure 1. The device for measurement of pure water flux and BSA rejec-
tion. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

the molecular weight of polyvinylpyrrolidone (PVP) on the pre-
cipitation kinetics during the formation of an asymmetric PAN
membrane and the resulting membrane morphology was investi-
gated. The increase of the viscosity of the polymer solution upon
the addition of PVP hindered the intrusion of the non-solvent,
resulting in a decrease of the phase-separation rate. Tan et al.*°
manufactured membranes with the immersion phase inversion
method and studied the thermodynamics in phase separation of
water/dimethylformamide/polyacrylonitrile ternary systems. They
found that the experimental phase diagrams at low polymer con-
centration fits the theory phase diagram well. Madaeni et al.'
fabricated membrane with phase inversion method, studied the
kinetics of phase separating process of water/dimethylsulfoxide/
polyethersulfone ternary system, and predicted the membrane
microstructure of different polymer concentrations. The sponge-
like membranes with relatively dense skin layer were formed at
the lower precipitation rate. Chung et al.>>>* made plenty of
work on membrane formation and morphology. They have
reviewed the limitations of using Flory-Huggins theory to
describe the Gibbs free energy for the states of solutions during
hollow-fiber formation. They explored the effects of fabrication
conditions such as different solvents and different precipitation
bath components on membrane morphology. It was found that the
membrane morphology strongly depends on the membrane thick-
ness. A critical structure-transition thickness, Lc, was observed, indi-
cating the transition of the membrane morphology from a sponge-
like to a finger-like structure with an increase in membrane thick-
ness. It has been widely known that the morphology of membrane
has the great effect on membrane performance. Thus, it is impor-
tant to understand kinetics and thermodynamics of membrane-
forming systems for obtaining the high-performance membranes.

On the other hand, membrane fouling problem restricts the appli-
cation and development of PAN UF membrane® because of the
decaying performance of membrane after fouling. There are lots
of methods modifying the hydrophilicity of PAN membrane by
introducing special functional groups or polymer layers onto
membrane surface.”**® Ulbricht et al. have carried out a series of
study.®*® They investigated the heterogeneous surface modifica-
tions of PAN membranes with either simultaneous or sequential
UV irradiation-initiated graft polymerizations of monomers. The
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membrane with sufficient degree of modification (grafting) dem-
onstrated the lower contact angles, lower protein adsorption, and
almost no fouling to BSA.*® Although works concerning on
enhancing the hydrophilicity of UF membranes have been
reported, seldom works focus on exploring the hydrophilicity
trend of PAN membrane by adjusting phase inversion conditions.

In this study, the cloud-point curve was determined by the titra-
tion method*"*! for experimentally establishing ternary phase dia-
grams of H,O/DMF/PAN and H,O/DMSO/PAN systems. The
solubility of different solvents for PAN can be obtained from the
experimental phase diagrams. The experimental phase diagrams of
H,O/DMSO/PAN at higher temperatures were explored and the
UF membranes were fabricated by PAN/DMSO at the same tem-
peratures for comparison. Besides, the influence of preparation
conditions on the membrane morphology (characterized by scan-
ning electron microscopy and atomic force microscope) and sepa-
ration performance were investigated in detail. The hydrophilicity
of PAN UF membranes was investigated by adjusting the coagula-
tion bath temperature and polymer concentration.

EXPERIMENTAL

Materials

The polyacrylonitrile (PAN) was provided by Qilu
Petrochemical Company. Dimethyl formamide (DMF) and
dimethylsulfoxide (DMSO) (Tianjin Guangfu Fine Chemical
Research Institute) were used as received. Bovine serum albu-
min (BSA, M, = 68,000) was purchased from Beijing Aobo Star
Biotechnology Co., Ltd. Deionized water was used in this study.

Membrane Preparation

The immersion phase inversion method was utilized to fabricate
the membranes.””>* Homogeneous PAN/DMSO solutions (PAN
contents of 8 wt %, 12 wt %, 16 wt %, 20 wt %, and 24 wt %)
were cast on glass plates with the thickness of 150 pum. The glass
plates were immediately immersed in a coagulation bath contain-
ing distilled water at 25°C for 24 h. Then, the nascent membranes
were moved to a second bath under the same conditions about
24 h. After coagulation was completed, the obtained membranes
can be used for basic performance of ultrafiltration. The
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Figure 2. The plots of ny/c vs. ¢ and Inn,/c vs. c. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 3. The phase diagram for H,O/DMF/PAN and H,O/DMSO/PAN system obtained by experiments at room temperature (the left is the enlarged

figure for eye-guidance).

membranes were dried at the room before physicochemical char-
acterization. For investigating the temperature effects, membranes
were fabricated at 50°C and 70°C (coagulation bath temperature).

Relative Molecular Weight of PAN

The relative molecular weight of commercial PAN was not pro-
vided by the supplier, so the viscosity method was used to deter-
mine the relative molecular mass of PAN. Ubbelohde viscometer
with the diameter of 0.8-0.9 was used to measure the flowing
time of PAN/DMSO dilute solutions at 25°C. In order to assure
the accuracy, the measurement at each temperature had been car-
ried out more than three times and the error of flowing time was
less than 0.4 s. The viscosity of the polymer solution (1) was gen-
erally larger than the viscosity of solvent (17,), specific viscosity
(11sp) can be expressed as the following equation:

=g _

Mo

Ny 7,1 M
where 17, is the relative viscosity. Two straight lines of #,/c vs. ¢
(¢ is the solution concentration) and Inz/c vs. ¢ can be
obtained, respectively.”® In theory, the two lines can reach one

1.0. \ \ LN
by 7
0.00 0.25

point in the y axis, which was the intrinsic viscosity (17). There
was the empirical formula as the following:

[]=K-M; (2)

where K is the proportionality constant for the determined
polymer/solvent system at the stipulated temperature, o is a
parameter related to the morphology of polymer solution,
which is typically between 0.5 to 1.7.

Determination of the Cloud-Point Curve

The cloud-point curve was determined by the titration
method.'®**** The solutions of PAN in different solvents with
various concentrations from 1 wt % to 30 wt % were prepared by
mixing of desired amounts of PAN powder and solvents in the
sealed conical flasks. These mixtures were stirred with magnetic stir-
rer until homogeneous solutions achieved. During the titration, dis-
tilled water was slowly added into the flask using a syringe with
stirring and the polymer solution temperature was controlled at
25°C with a thermostatic H,O bath. When the turbidity appeared,
the addition of water was stopped. If the cloudy solution can be

PAN
0.00,_4 99

Figure 4. The phase diagram of H,O/DMSO/PAN system at 50°C and 70°C (The left is the enlarged figure for eye-guidance).
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Table I. The Pure Water Flux and BAS Rejection of Different UF
Membranes Fabricated by Various Concentrations of PAN in DMSO

PAN concentrations (wt %)
8¢ 12 16 20 24 18%°

1440

Water - - 2138 206 29 88 42
flux (L/m?h)
BSA - - 100 100 100 94 90

rejection ( %)

?The mechanical strength of membranes is too low to test.

kept for at least 30 min, this point was considered as the onset of
the cloud point. Otherwise, the water was added into the solutions
continuously for determination. Then, the phase diagrams were
plotted based on the obtained data.

Measurement of Pure Water Flux and BSA Rejection

Pure water flux and BSA rejection of UF membranes were
measured by a homemade dead-end filtration system (Figure 1).
The distilled water passing through UF membrane under 0.1
MPa in one minute was measured. The pure water flux (F,)
was calculated as the following equation:

\%

Fo= 5 (3)

where Vis the volume of pure water, S is effective area of mem-
brane, and ¢ is the time of measurement.

The 200 ppm BSA was used for rejection test. Both the feed and
permeate solutions were tested by UV-vis spectrometer at
280 nm. The BSA rejection (R) of the membrane was calculated
as the following:
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C
R= (1——P>x100% (4)

Cr
where Cp is the BSA concentration of filtrate and Cyis the BSA

concentration of standard solution.

Morphological Characterizations

The morphology of the fabricated membranes was characterized
by a scanning electron microscope (SEM, SEM Quanta 200F,
FEI Company). The cross-section morphologies of the mem-
branes were prepared by breaking the membranes in liquid
nitrogen to avoid destroying the pore structures of the mem-
branes. AFM machine (Solver P47 Atomic Force Microscopy,
Russia) was used to observe the surface morphology of mem-
branes fabricated with different polymer concentration at vari-
ous temperatures.

Static Contact Angle

Sessile drop method was used to measure the static contact
angle of the samples. A contact angle measuring system (G10
Kruss, Germany) was used to measure the static water contact
angle of membranes. The membranes were dried in natural con-
ditions and cut into the stipulated size (width of 0.5 cm and
length of 5 cm). The cut membranes were stuck on flat glass
surface with double side tape and placed on the sample stage. A
droplet of water or glycol drops on the membrane surface and
was quickly captured by a video camera. Then, the computer
fitted calculation and gave the results. The calculation equations
were as the following:

VSL:“/S+“/L*2(“/§?€)I/Z*Z(Vf;yf)l/z (5)

where y! is interfacial tension, y°, y¢, and % are polymer inter-
face energy, dispersion component, and polar component,

PAN-8wt.%- 25°C

PAN-12wt.%- 25°C

PAN-16wt.%- 25°C

PAN-20wt.%- 25°C

PAN-24wt.%- 25°C

Figure 5. The top surface morphology of membranes prepared from H,O/DMSO/PAN ternary systems.
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PAN-8wt.%- 50°C

PAN-12w.t%- 25°C PAN-12wt.%- 50°C PAN-12wt.%- 70°C

bl

PAN-16w.t%- 25°C PAN-16wt.%- 50°C

PAN-20wt.%- 50°C
E—

PAN-24w.t%- 25C PAN-24wt.%- 50°C PAN-24wt.%- 70°C

Figure 6. The cross section morphology of all membranes.

respectively. 7L, y¥, and y{ are liquid interface energy, dispersion RESULTS AND DISCUSSION

component, and polar component respectively. Combining eq. ~ Polymer Relative Molecular Weight

(5) and Young equation, eq. (6) can be deduced: It is well known that the molecular weight of polymer can
affect the solubility of polymer in solvent and change the

L (ydod\ /2 o (P, PY1/2
(1+cos O)y"=2(y5v7) "~ +2(v571) (6)  phase diagram. To measure polymer relative molecular weight
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PAN-8w.t%- 25C PAN-8wt.%- 50°C PAN-8wt.%- 70°C

\.\_./ -

PAN-12w.t%- 25C PAN-12wt.%- 50°C PAN-12wt.%- 70°C

PAN-16w.t%- 25°C PAN-16wt.%- 50°C PAN-16wt.%- 70°C

*-/T—

PAN-20w.t%- 25C PAN-20wt.%- 50C PAN-20wt.%- 70C

PAN-24w.t%- 25 PAN-24wt.%- 50°C PAN-24wt.%- 70°C

Figure 7. Analysis of AFM images of the PAN membranes. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

by viscosity, polymer dilute solutions with different concentra-  obtained viscosity average molecular weight of PAN is 5.8 X
tions were prepared for probing the flowing time of solution  10* g/mol.

at 25°C. The results were shown in Figure 2. According to

the results, the inherent viscosity can be obtained by the Phase Diagrams

extrapolation method. Theoretically, the two straight lines  Figure 3 shows the experimental cloud-point data for H,O/DMF/
should cross into one point on the y axis. Therefore, the PAN and H,O/DMSO/PAN systems at room temperature. The
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Figure 8. The average surface roughness of PAN membranes fabricated at
the different PAN concentrations and coagulant bath temperatures.

comparison between H,O/DMF/PAN and H,0/DMSO/PAN
reveals that DMSO is the better solvent for dissolving PAN than
DME Therefore, DMSO is chosen as the typical solvent for the
further study. To explore the temperature effects on PAN solubil-
ity, the cloud-point curves of H,O/DMSO/PAN system at 50°C
and 70°C have been demonstrated in Figure 4. According to
Figure 4, the solubility is slightly better at higher temperature
possibly due to the enhanced polymer—solvent interactions.

Pure Water Flux and BSA Rejection

The results of pure water flux and BSA rejection are listed in
Table I. The water flux of PAN membrane fabricated at the lower
PAN concentration is much larger than that fabricated at the
higher PAN concentration. It indicates that porosity of PAN
membranes fabricated at the lower polymer concentration is
larger. These results are consistent with the results of the cross-
section morphology examination of the membranes by SEM. All
membranes can achieve a high level of BSA rejection (100%).
Compared to other reported results,”** the developed membrane
in this study demonstrate the better comprehensive performance
with both higher flux and rejection. For example, the membrane
fabricated with 16 wt % PAN solution has the high flux reaching
213.8 L/m/bar with the BSA rejection of 100%. However, when
concentration of PAN was 8 wt % and 12 wt %, the mechanical
strength of membranes is too low to determine the water flux of
the membrane, which is due to the highly developed pore struc-
ture existing in the membranes. Therefore, the water flux and
BSA rejection cannot be measured. Besides the high porosity of
the membranes, the hydrophilicity and the pore microstructure
may also contribute to the higher flux and BSA rejection fabri-
cated at the lower polymer concentration and higher temperature.
However, the hydrophilicity and the pore microstructure seem to
have the less effect on the separation performance of membranes
when comparing to the porosity in this study.

Membrane Morphology

Figure 5 illustrates the top surface morphology of membranes
prepared by H,O/DMSO/PAN ternary system. The pores can be
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observed clearly in Figure 5. When increasing the polymer con-
centration, the amount of pores on membranes decreases. The
very large pores exist on the surface of membrane fabricated at
the PAN concentration of 8 wt %. However, there are no such
large pores observed on PAN membranes prepared by PAN con-
centrations of 12 wt %, 16 wt %, 20 wt %, and 24 wt %. Figure 6
shows the cross-section morphologies of membrane developed at
different PAN concentration and various temperatures. The com-
parison of cross-section morphologies of membranes fabricated
at different concentrations indicates that the pores in membranes
prepared at the lower polymer concentration have channel-like
structures with open ends. It is well known that spinodal separa-
tion and nucleation/growth separation are the two kinds of sepa-
ration for membrane formation during phase inversion. Such
membranes formed at the lower polymer concentration are
almost typical membranes formed by spinodal separation.*' It
can also be explained that the viscosity of system increases when
increasing the polymer concentration, reducing the exchange rate
of non-solvent and solvent at the phase separation stage. There
are other reports®®**™° demonstrating that the non-solvent and
solvent exchange rate is the most important factors in determin-
ing the final structure of membranes. The structure changes from
channel-like to finger-like, tear-like, and sponge-like with increas-
ing of polymer concentration. During the phase separation pro-
cess, the homogeneous polymer solution is separated into two
phases: a solid, polymer-rich phase that forms the matrix of the
membranes and a liquid, polymer-lean phase that forms the
membrane pores.*” Besides, viscosity of casting solution, temper-
ature of polymer solution and coagulation bath can also affect the
exchange rate and the final structure.”*' The tendency of mor-
phological evolution of membranes fabricated by varying poly-
mer concentrations at the higher temperature is similar to that at
room temperature. When comparing the structures of mem-
branes prepared at the same polymer concentration under differ-
ent temperatures, it can be confirmed that the pores formed at
the higher temperature are looser.

AFM images of PAN membranes are illustrated in Figure 7 and
the average surface roughness of various membranes are
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Figure 9. Water contact angles of PAN membranes fabricated at the differ-
ent PAN concentrations and coagulant bath temperatures.
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Table II. Contact Angles and Surface Tension of Different UF Membranes Fabricated by Various Concentrations of PAN in DMSO

PAN ) Contact angle (degree)

concentrations Temperatures

(wt %) ©c) water glycol 79 (mJ/m?) 9P (MmJ/m?3)

8 25 56.5 22.6 21.2 24.0
50 - 3.7 - -
70 - - - -

12 25 47 21.4 12.5 39.2
50 44 14.1 12.8 41.2
70 37 13.2 8.5 52.7

16 25 53.9 24.7 171 29.1
50 49.1 12.3 17.8 322
70 46.9 10.7 16.1 35.4

20 25 46 27.5 9.1 445
50 41.2 16.6 101 47.0
70 41 20.9 8.6 49.4

24 25 50.9 17.1 17.8 30.8
50 322 14.3 6.1 60.9
70 27.8 13.8 4.6 67.3

demonstrated in Figure 8. According to Figures 7 and 8, mem-
branes surfaces become smoother when increasing the polymer
concentration and coagulation bath temperature. In addition,
the larger pores of membranes formed at the lower polymer
concentration may contribute to the surface roughness as well.

Hydrophilicity

Figure 9 shows the water contact angle results of PAN mem-
branes. The membrane formed at the 8 wt % polymer concentra-
tion and 25°C coagulation bath temperature has the largest
contact angle. The contact angles of membranes formed at the
same polymer concentration decrease with the temperatures.
With the membranes fabricated at 24 wt % polymer concentra-
tion as the examples, the contact angle decreases about 20 degrees
when the coagulation bath temperature decreases from 50 to
70°C. On the other hand, the contact angles of membranes fabri-
cated at the same temperature decrease with increasing the poly-
mer concentration. When the polymer concentration is 8 wt %
and the coagulation bath temperature is 50°C or 70°C, the water
is immediately absorbed by the membranes after dropping on the
membrane because of the extremely developed pore structures
under such conditions.

To improve the hydrophilicity of membrane for enhancing the
anti-fouling performance, the most commonly used strategy is to
introduce hydrophilic structure in polymer materials or to graft
hydrophilic groups on the membrane surface.”* > There is sel-
dom report about the influence of different polymer concentra-
tions and coagulation bath temperatures on the membrane
hydrophilicity. This study indicates that the effects of different
polymer concentrations and coagulation bath temperatures on
the membrane hydrophilicity cannot be ignored. This may be due
to the possible relationship between the hydrophilicity of mem-
branes and the pore structure or surface roughness.”>>*Besides, to
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confirm the relationship of the hydrophilicity and surface tension
of membranes, glycol contact angles of membranes are also meas-
ured and the results are demonstrated in Table II. The decline of
water contact angles indicates that the surfaces of membranes fab-
ricated at the higher temperatures are much polar. Generally, the
polarity of a surface can be quantitatively characterized by the
polar component (7¥) of the surface tension. The changing of
polar component of the membranes may be due to the changing
of micro structure of the membranes by adjusting the phase
inversion conditions, which will be investigated in our future
work.

CONCLUSIONS

The phase diagram proves that DMSO is a better solvent than
DMEF for dissolving PAN. The basic performance of membrane
fabricated at 16 wt % PAN concentration (in DMSO) and 25°C is
excellent with the water flux of 213.8 L/m/bar and BSA rejection
of 100%. The membrane structures examined by SEM develop
from channel-like to tear-like and further to sponge-like struc-
tures when increasing the polymer concentration because of the
different separating routes. Higher temperature of coagulation
bath produces the pores with the much looser structure which is
due to the increased exchanging rate between non-solvent and
solvent. Roughness of the membrane surface reduces and the
membrane surface becomes smoother when increasing the poly-
mer concentration and coagulation bath temperature. The hydro-
philicity of membranes improves with increasing the PAN
concentration and temperature of coagulation bath.
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