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ABSTRACT: The predominant method to prepare polymer
membranes is based on phase inversion. However, this
method always leads to a dense skin with low porosity when
normal polymers are used. Using the self-assembly of certain
block copolymers, it is possible to prepare uniform pores with
high porosity, but the prices of these polymers are too high to
be afforded in practical applications. Here, we report a novel
strategy to prepare highly porous and asymmetric polymer
membranes using the widely used poly(vinylidene fluoride)
(PVDF) as a prototype. The method combines spinodal decomposition with phase inversion utilizing mixed solvents that have
the unique upper critical solution temperature phase behavior. The spinodal decomposition generates a thin surface layer
containing a high density of relatively uniform pores in the mesoporous range, and the phase inversion generates a thick bulk
layer composed of macrovoids; the two types of structures are interconnected, yielding a highly permeable, selective, and
mechanically strong porous membrane. The membranes show an order of magnitude higher water permeance than commercial
membranes and efficient molecular sieving of macromolecules. Notably, our strategy provides a general toolbox to prepare
highly porous membranes from normal polymers. By blending PVDF with cellulose acetate (CA), a highly porous PVDF/CA
membrane was prepared and showed similarly high separation performance, but the higher hydrophilicity of CA improved the
membrane flux in the presence of proteins.
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■ INTRODUCTION

Polymer membranes with hierarchical porous structures have
found broad applications in filtration, adsorption, catalysis,
tissue engineering, and nanotechnology.1−3 A pore size in the
range of 2−100 nm is particularly attractive because it is on the
scale of many important species such as macromolecules,
viruses, bacteria, colloidal particles, and nanoparticles.
Membranes in such a pore size range are named as
ultrafiltration (UF) membranes and have found applications
in various industrial processes such as hemodialysis, food and
beverage, pharmaceutical, chemical, and petrochemical, as well
as in municipal water treatments.4,5 The UF market is
projected to reach USD 20 billion by 2023 with an annual
growth rate of 15%.5

The predominant methods to prepare polymer membranes
include non-solvent-induced phase separation (NIPS) and
temperature-induced phase separation (TIPS).6−13 Both
methods are based on phase inversion between a solvent, in
which the polymer is soluble, and a nonsolvent, usually water,
in which the polymer is insoluble. The solvent and the
nonsolvent are miscible with each other so that when the

polymer/solvent solution is brought in contact with the
nonsolvent, the nonsolvent will replace the solvent to induce
phase inversion and as a consequence lead to the precipitation
of the polymer to generate an asymmetric membrane structure
with a dense skin layer and a macroporous bulk layer in one
step. The generation of the asymmetric membrane structure is
one of the most important milestones in membrane develop-
ment because the membrane performance is primarily
determined by the structure of the skin layer, while the thick
bulk layer provides enough mechanical strength.14 However, to
the best of our knowledge, which is also supported by other
reports,6,15 all of the reported polymer membranes prepared
out of normal polymers have either high porosity but large
pore size (>250 nm) or low porosity (<2%) in the UF pore
size range. The low porosity has greatly limited the water
permeance of UF membranes, which is typically less than 100
LMH/bar. The only reported efficient way to prepare highly
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porous UF membranes is to use the self-assembly of block
copolymers (SABCP) that contain blocks with different
properties.16−26 The SABCP method can generate an almost
ideal membrane structure, i.e., high porosity, uniform pore size,
and thin skin. It can also combine with the phase inversion
process to prepare UF membranes in large scale. However,
block copolymers are expensive, and their stability is poor.
Furthermore, the porous structure of block copolymer
membranes is strongly dependent on many factors such as
the type of polymer blocks, the total molecular weight, the
ratio of the blocks, and polydispersity.19−23 All of these
requirements pose significant challenges in polymer design and
synthesis.

On the other hand, the widely used polymers in practical
applications are normal polymers such as poly(vinylidene
fluoride) (PVDF), cellulose acetate (CA), polysulfone, and
poly(ethersulfone).5 These polymers have good chemical and
mechanical stabilities and are cheap. However, as mentioned
above, the UF membranes prepared out of these polymers
always have a dense skin with very low porosity. Hence, it is
highly desirable to develop a new method to prepare UF
membranes out of these normal polymers with the surface
porous structure similar to that of the SABCP method. Here,
we propose a novel strategy to reach close to this goal by
combining the spinodal decomposition with phase inversion.
Our key idea is to use a mixed solvent system that has an upper
critical solution temperature (UCST). The polymer should be
soluble only in one solvent but not the other. The UCST
behavior allows the mixed solvent system and the polymer to
form a homogeneous solution at high temperatures; however,
when the temperature switches below the critical point, the
mixed solvent phase separates via spinodal decomposition to
generate regular nanodomains. During this process, the
polymer migrates to the soluble solvent domains and becomes
concentrated. The membrane is then immersed in a non-
solvent bath (e.g., water), which precipitates the polymer and
removes the solvents. Finally, a porous membrane with a high
density of surface pores is obtained. We name this process
“mixed solvent phase separation” (MSPS).

We found a common solvent used for the preparation of
polymer membranes, N,N-dimethylformamide (DMF), which
can form UCST systems with alkanes.27 Luckily, most of the
normal polymers are not soluble in alkanes. Hence, in this
study, we used DMF and octane as the prototype mixed
solvent system. We demonstrated our concept by using PVDF
as our prototype polymer. However, PVDF is hydrophobic and
known to be prone to fouling.28 Hence, we also tried to blend
PVDF with cellulose acetate (CA) to use the hydrophilicity of
CA to improve the antifouling performance and demonstrate
the adaptive capability of the method.

■ EXPERIMENTAL SECTION
Materials. Poly(vinylidene fluoride) was purchased from 3M

(Dyneon PVDF 6133). Cellulose acetate was purchased from
Eastman (CA-398-30). N,N-Dimethylformamide (DMF, >99.8),
octane (>99%), nonane (>99%), and isopropyl alcohol (IPA,
>99%) were purchased from Fisher Scientific. Bovine serum albumin
(BSA), γ-globulin (IgG), and phosphate-buffered saline (PBS) were
acquired from Sigma-Aldrich. Poly(ethylene oxide) (PEO) with
different molecular weights (10k, 35k, 60k, 100k, 180k, 230k, and
380k) was purchased from Polymer Source, Inc. All reagents and
chemicals are of analytical grade and used as received. Deionized (DI)
water is purified by a Milli-Q system (Millipore, Inc.).

Phase Diagram Determination. The phase equilibrium was
determined visually by observing the cloud points through a simple
titration method. For the DMF/octane system, a known amount of
DMF in a flask was placed in an isothermal bath with a temperature
accuracy of 0.1 °C and then titrated with octane. The amount of
octane required to bring the onset of the next turbidity point was
measured with a precision of 0.01 g. The molar fraction and the
temperature at each turbidity point represented a phase equilibrium
point. The molar fractions of the equilibrium points at different
temperatures of the DMF/octane system are listed in Table S1
(Supporting Information).

Preparation of MSPS Membranes. The MSPS PVDF
membrane was prepared by mixing 15 wt % PVDF in 55 wt %
DMF and 30 wt % octane at 85 °C to form a homogeneous casting
solution. A thin film was cast on a glass plate by a doctor blade with
200 μm air gap inside a hot chamber at 85 °C. The film was covered
by a glass container and left at room temperature. The surface
temperature was monitored by an IR thermometer. After 1 min
waiting, the membrane was immersed in a room-temperature DI
water coagulation bath until it was detached. The membrane was then
taken out and kept in another fresh DI water for 24 h to remove any
trace of solvent. The wet membranes were used directly for the
filtration tests and pore size measurements. For other character-
izations, the membranes were washed with IPA several times and then
dried at ambient conditions. The dry membrane showed white color
and was opaque. The average membrane thickness was measured at
10 different points by a micrometer. MSPS PVDF/CA membranes
were prepared in a similar way, except that the casting solution
contained 7.41 wt % PVDF, 7.41 wt % CA, 59.26 wt % DMF, and
25.93 wt % octane, and the casting temperature was 90 °C. For
comparison, PVDF and PVDF/CA membranes were also prepared by
the NIPS process in which DMF was used as a single solvent. In the
standard NIPS process, membrane casting was conducted at room
temperature. However, for better comparison, we have also followed
the same temperature process as the MSPS process to prepare the
membranes. It was found that the membranes prepared by these two
NIPS processes had almost identical membrane structures. The
reason is probably because the temperature used in the MSPS process
is quite low compared to that in the normal TIPS processes (∼200
°C).10,13

Membrane Characterization. Scanning electron microscopy
(SEM) images were obtained from a Nova Nano FESEM at an
accelerating voltage of 3 kV. The samples were sputter-coated with
iridium before observation. The water contact angle was measured by
a contact angle goniometer (FM40, KRÜSS GmbH, Germany)
equipped with a video recorder. For static and dynamic contact angle
measurements, 2 μL of DI water was dropped onto the membrane
surface and the sessile drop method was used to obtain the contact
angle values. Images of the water droplets were captured using a video
camera (Stingray model, Allied Vision Technology). To minimize the
experimental error, the contact angle was measured at least at four
random locations of the membrane, and the average values were
reported.

Fourier transform infrared (FTIR) spectroscopy was conducted by
a Nicolet iS10 smart FTIR spectrometer (Thermo Scientific)
equipped with a smart OMNI transmission ranging from 400 to
4000 cm−1. The XRD patterns were measured on a Bruker AXS D8
focus advanced X-ray diffractometer operated at 40 kV and 40 mA
using Cu Kα radiation of wavelength λ = 1.5406 Å. Before
measurement, the equipment was calibrated by a standard silicon
sample (Rigaku, Japan, Tokyo).

The thermal behavior of the membrane samples was characterized
by a differential scanning calorimetry (DSC) device (Q-2000, TA
Instruments) from −25 to 250 °C at 10 °C/min heating rate. From
the DSC results, the degree of crystallinity of the PVDF membranes
was calculated by the following equation

=
Δ
Δ °

×
H
H

% crystallinity 100%m

m (1)
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where ΔHm is the heat associated with melting (fusion) of the sample
and obtained from the DSC thermogram and ΔHm° is the heat of
melting if the polymer is 100% crystalline, which is 104.7 J/g for the
PVDF polymer.

The mechanical properties of the membranes were tested
according to International Organization for Standardization (ISO)
527-2, using a tensile testing machine, Instron 5882. The membrane
samples were cut into the standard dog-bone shape using a super
dumbbell cutter. The sample thickness was measured by a
micrometer. The sample was fixed at a gauge length of 30 mm and
then stretched at a constant rate of 10 mm/min. The corresponding
tensile force and elongation were recorded until breaking. At least five
samples were tested for each type of membranes.

The membrane pore size distribution was measured by gas−liquid
displacement porosimetry using a POROLUX 1000 device
(POROMETER, Belgium). The membranes were cut into certain
size and wetted with a special wetting liquid, POREFIL, which is
provided by the supplier and has a surface tension of 16 mN/m. After
loading the sample into the porometer, N2 gas was applied from one
side of the membrane sample and the pressure was increased from 0
to 34.5 bar step by step to replace the wetting liquid inside the
membrane pores. The data were recorded when both the pressure and
the flow rate were stabilized within ±1% accuracy for 2 s at each step.

The Young−Laplace equation was employed to calculate the pore size
corresponding to each operation pressure as follows

γ θ=
Δ

d
P

4 cos
(2)

where d is the diameter of the pores that contribute to the gas flow at
each operation pressure; γ is the surface tension of the wetting liquid,
which is 16 mN/m; θ is the contact angle of the wetting liquid on the
membrane surface, which is 0°; and ΔP is the specific operation
pressure. The mean flow pore diameter and pore size flow distribution
were obtained.

Flux and Retention Measurement. The pure water flux was
tested by a homemade ultrafiltration permeation cell operated in the
dead-end mode. A membrane with an effective surface area of 2.3 cm2

was placed first over a nonwoven fabric support and then over a
porous stainless steel support and sealed by O-ring. The feed side of
the cell was pressurized by N2 gas from a cylinder. The permeate
water was collected and measured by a digital balance. The water
permeance was calculated as follows

=
× × Δ

P
V

A t p (3)

Figure 1. (a) DMF and octane phase diagram. The red vertical dashed line indicates the mole fraction of DMF in the casting solution and phase
evolution during the membrane casting procedure. (b) Schematic of the MSPS membrane fabrication process. (c) Top view of the MSPS PVDF
membrane. The inset shows a magnified image. (d) Pore size distribution of the MSPS PVDF membrane. (e) Cross section of the MSPS PVDF
membrane. (f) Top view of the MSPS PVDF/CA membrane. The inset shows a magnified image. (g) Pore size distribution of the MSPS PVDF/
CA membrane. (h) Cross section of the MSPS PVDF/CA membrane.
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