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a b s t r a c t

The thermally induced phase separation (TIPS) method is regaining momentum as a competitive plat-
form to fabricate highly porous microporous membranes. In membrane technology, there has been an
active search for more sustainable ways to fabricate polymeric membranes using green solvents. Rho-
diasolv PolarCleans is a recently identified environmentally friendly TIPS solvent that shows high po-
tential for the preparation of microporous PVDF membranes. Interestingly, its high miscibility with water
induces a nonsolvent-induced phase separation (NIPS) effect on the membrane surface and this si-
multaneous NIPS-TIPS effect is referred to as the combined NIPS-TIPS (N-TIPS) method. In this work, a
thorough investigation was carried out to understand the underlying phenomena in the membrane
formation kinetics during the N-TIPS process. It was found that the NIPS and TIPS morphology can be
tailored to control the mechanical properties, pore size distribution, and flux of the prepared membranes.
For instance, increasing the coagulation bath solvent concentration facilitated the formation of a
spherulitic morphology, whereas increasing the bath temperature induced the formation of a bi-
continuous morphology free of macrovoids. It was determined that by controlling the phase separation
kinetics, the mechanical properties of the prepared PVDF membranes could be remarkably improved
from 0.9 MPa to 6.1 MPa. Several pore-forming additives including polyvinylpyrrolidone, Pluronics F-127,
LiCl, and glycerol were employed to induce surface pores and their effects were thoroughly characterized.
The membranes prepared with Pluronic additives exhibited high water permeabilities up to
2800 L m�2 h�1 bar�1 with narrow pore size distributions.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

As the $32 billion membrane market continuously advances in
terms of membrane fabrication and process systems, polymeric
membranes steadily hold the dominant position in most of ap-
plication fields. Among the available polymeric membranes, poly
(vinylidene fluoride) (PVDF) provides outstanding performances
based on its excellent inherent properties such as high thermal
stability, great chemical resistance, and good processability [1].

The market share for MF and UF membranes is nearly half
of the membrane market [2] with a wide application spectrum
covering food and dairy industries, wastewater treatment,
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hemodialysis, and RO pretreatment [3,4]. MF and UF are pressure-
driven processes where the morphology of the membrane plays a
critical role in determining the final performance (flux and se-
lectivity). Generally, hydrophilic membranes with a high porosity,
strong mechanical properties, and narrow pore size distribution
are preferred. More recently, however, hydrophobic membranes
are becoming important for new emerging applications such as
membrane distillation (MD) and membrane crystallization (MCr)
[5,6]. Notably, PVDF is intrinsically hydrophobic and hence, it is
one of the promising candidates for contactor applications [7].
Rationally, controlling the membrane morphology with respect to
the desired application is the key factor in developing successful
membranes [8].

Polymeric membranes can be fabricated via several routes and
the phase inversion method is currently the mainstream technique
used for most membrane applications. Among the different phase
inversion methods, two techniques are frequently used:
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nonsolvent induced phase separation (NIPS) and thermally in-
duced phase separation (TIPS). The NIPS method has three com-
ponents (polymer, solvent, and nonsolvent) and membranes are
fabricated by controlling the interaction between the polymer and
solvent(s) of interest. The membranes prepared by NIPS typically
show a dense surface with an asymmetric morphology, suitable for
RO and NF processes [9]. On the other hand, the TIPS method is
typically employed with semi-crystalline polymers and the main
driving force is induced by removing the thermal energy from the
dope solution [10]. The membranes prepared via the TIPS method
exhibit a highly porous and symmetric structure which is suitable
for MF and membrane contactor applications [11]. Notably, as the
TIPS method is composed of only two components (polymer and
solvent), membranes fabricated by the TIPS method are inherently
more reproducible and less prone to defects [12]. In addition, the
elevated working temperatures in the TIPS method allow a wider
selection of solvents and polymers, albeit with higher energy
consumption [12].

One of the pressing challenges faced in membrane technology
is the high toxicity of the solvents used during membrane fabri-
cation. For instance, common NIPS solvents such as NMP (N-Me-
thyl-2-pyrrolidone) and DMF (N,N-dimethyl formamide) [13,14]
have encountered increasing regulations due to concerns over
potential health issues [15]. Similarly, DEP (diethyl phthalate), DBP
(dibutyl phthalate), and DOP (dioctyl phthalate), which are com-
mon phthalate-based TIPS solvents, are also drawing concerns
from industries due to their bioaccumulation tendency and high
toxicity [16]. DBP, in particular, was found to damage human or-
gans and has been banned by U.S. federal regulations for use in
cosmetics and childcare products [17].

As a result of the environmental concerns, there have been
many active research efforts to replace toxic solvents with en-
vironmentally friendly alternatives. Cha et al. employed γ-butyr-
olactone (GBL) in a modified TIPS process for the preparation of
MF membranes [18] and Rajabzadeh et al. evaluated glycerol
triacetate (triacetin) as a new TIPS solvent [19,20]. Sawada et al.
and Kim et al. carried out thorough analyses of the effects of ci-
trate-based non-toxic solvents (e.g. Citroflex A4) in PVDF mem-
brane preparation via the TIPS process [21,22]. Cui et al. also
identified a new environmentally benign solvent, TEGDA (trie-
thylene glycol diacetate), which induced an interesting fibrillar
morphology [23].

As mentioned above, these new green solvents can only dis-
solve the polymer of interest (i.e. PVDF) at elevated temperatures.
Hence, upon casting the membrane at a high temperature, the
crystallization temperature (TC) and cooling rate of the cast
membranes are the key parameters which determine the final
membrane morphology [24]. However, if there is reasonable affi-
nity between the solvent and coagulation medium, the coagula-
tion medium itself can be another parameter in membrane pre-
paration, as it is in the NIPS process [25]. For example, when water,
a common coagulation medium, is employed for cooling the cast
membrane, the water and solvent could diffuse into each other
affecting the phase separation. Therefore, when a water-soluble
TIPS solvent is used, both the NIPS and TIPS effects can co-exist.
Such phenomenon is referred to as the combined NIPS and TIPS
(N-TIPS) method [12] and has been gaining interest as an attractive
candidate for controlling the morphology and performance [12].
For instance, combining the advantages of NIPS and TIPS could
yield highly permeable membranes with strong mechanical
properties [12]. Since Matsuyama et al. first pioneered the N-TIPS
method in 2002 [26], there have been many studies to understand
this new emerging method by employing a co-solvent [27] or by
controlling the system temperature [28]. However, due to its
complexity, fabricating membranes with desired structures and
performances have not been fully elucidated.
Recently, Hassankiadeh et al. conducted studies using a water-
soluble green solvent called PolarCleans (methyl-5-(dimethyla-
mino)-2-methyl-5-oxopentanoate) and interestingly, both NIPS
and TIPS morphologies were observed [29]. PolarCleans is an
ecofriendly biodegradable solvent with no reported health hazards
[29]. In addition, it has a high boiling point (280 °C) with a low
vapor pressure, meeting the basic requirements for a TIPS solvent.
However, due to the high affinity of PolarCleans towards water, a
dense outer layer was observed on the prepared membranes and
hence, different pore-forming additives were employed to induce
surface pores. However, the study was limited to high polymer
concentrations (above 30 wt%) without conducting a detailed
analysis to understand the detailed correlation between the NIPS
and TIPS effects on the membrane performance.

In solution thermodynamics, the interaction between a semi-
crystalline polymer and solvent determines the binodal and crys-
tallization curves [30]. In addition, since the binodal and crystal-
lization curves are also affected by the temperature and non-solvent,
it is well accepted that both curves are functions of temperature and
the interactions between the polymer, solvent, and nonsolvent [31].
Therefore, it is necessary to fully understand the formation of the
phase diagram to interpret the resulting NIPS and TIPS effects.

In general, three-dimensional binodal surfaces of a certain
polymer/solvent/nonsolvent system at different temperature can
be represented as shown in Fig. 1a. If the polymer has a semi-
crystalline property, the crystallization should be taken into ac-
count (Fig. 1b). When Fig. 1b is projected into the Temp-Polymer
plane (Plane 1), a typical TIPS phase diagram can be obtained, as
shown in Fig. 1c. On the other hand, when Fig. 1b is projected into
Plane 2 (at a fixed temperature), a typical NIPS phase diagram is
obtained (Fig. 1d).

As discussed previously, the location and size of the binodal
curve is a strong function of polymer-solvent-nonsolvent interac-
tion. If the polymer-solvent interaction is poor, i.e. bad solvent, the
size of the binodal curve expands outward, as shown in Fig. 1e.
Naturally, when Fig. 1e is projected into the Temp-Polymer plane
(Plane 3), another typical TIPS phase diagram can be obtained with
a distinct binodal line (Fig. 1f). On the other hand, if the interaction
between the polymer and solvent is strong, i.e. good solvent, the
size of the binodal is relatively small and an L-L separation region
is not observed in the TIPS plane (plane 1 and 3), which is the case
with the PVDF/NMP system [3].

It is important to note that phase diagrams only represent the
system thermodynamics and it is crucial to take kinetic aspects
into account when analyzing the membrane formation mechanism
[32,33]. For example, the driving force for phase separation in the
TIPS process primarily results from the decrease of the polymer
solubility in a solvent as the temperature is lowered at a controlled
rate [34]. Therefore, the cooling rate has a dominant influence on
the final membrane morphology. Indeed, most TIPS solvents
usually have poor interactions with the polymer and follow the
phase diagrams shown in Fig. 1e and f. In such cases, the dope
composition and cooling kinetic determines whether the system
will undergo liquid-liquid separation (L-L separation) or simulta-
neous solid-liquid (S-L)/liquid-liquid separations [12]. On the other
hand, if the TIPS solvent has a good interaction with the polymer,
i.e. good solvent, the crystallization rate at a certain temperature
becomes significantly slow or even disappears at a lower polymer
concentration (Fig. 1c). In this case, a nonsolvent is required to
induce crystallization, as shown in Fig. 1d. Therefore, the solvent-
nonsolvent diffusion kinetics as well as the cooling rate should be
carefully controlled [31].

In this study, we investigated the N-TIPS phenomena in the
PolarCleans/PVDF system in detail to fundamentally understand
the competitive behavior of NIPS and TIPS during the membrane
formation process. In addition, we optimized the membrane



Fig. 1. 2-D and 3-D phase diagram illustrations of hypothetical polymer-solvent systems: (a) 3-D phase diagram at different temperatures, (b) 3-D phase diagram with a
semi-crystalline polymer and a good solvent, (c) a 2-D binary phase diagram of a polymer and a good solvent system, (d) a 2-D ternary phase diagram of a polymer and a good
solvent system, (e) 3-D phase diagram with a semi-crystalline polymer and a bad solvent at different temperatures, and (f) a 2-D binary phase diagram of a polymer and a
bad solvent system.
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performance by controlling the two effects in tandem with in-
dependent parameters such as the dope composition, coagulation
bath composition, and bath temperature. The effects of each
parameter on the membrane morphology (and respective me-
chanical properties), water permeability, and porosity were ana-
lyzed in detail.



Fig. 2. Phase diagram of the PVDF/ PolarCleans system. The crystallization points
were determined by DSC.
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2. Experimental

2.1. Materials

PVDF (Solefs 1015) and Rhodiasolv PolarCleans (Methyl-5-
(dimethylamino)-2-methyl-5-oxopentanoate) were kindly pro-
vided by Solvay Specialty Polymers (Bollate, Italy). Pluronic F-127,
LiCl, glycerol, and polyvinylpyrrolidone (PVP, Mw¼10 kDa) were
purchased from Sigma-Aldrich. Analytical grade ethanol (EtOH)
and hexane were purchased from Daejung Chemicals (Siheung,
South Korea).

2.2. Determination of the binary phase diagram

The crystallization temperatures of the PVDF/PolarCleans sys-
tem were determined using a differential scanning calorimeter
(DSC Q20, TA Instruments, New Castle, DE, USA). Homogeneous
PVDF/PolarCleans solutions were prepared under different con-
centrations and then placed in tared sample pans (Tzero Hermetic
pan, TA Instruments). Each sample was heated at a rate of 10 °C
per minute to 200 °C and then held for 10 min to exclude any
thermal history of the sample. The sample was then cooled at a
rate of 1 °C per minute to �50 °C. The crystallization temperature
was determined to occur at the maximum exothermic peak. To
determine the degree of crystallinity of membranes, the first DSC
melting point peak was integrated and compared to the theore-
tical melting enthalpy of PVDF (104.5 J g�1).

2.3. Preparation of flat sheet membranes

The general preparation method is described below. A dope
solution of a known concentration (15–30 wt% polymer) was pre-
pared by mixing the PVDF powder and PolarCleans (sonicated) at
140 °C until the solution became homogeneous. For the membranes
prepared with additives, 5 or 10 wt% of either PVP10k or Pluronic
F-127, or LiCl (0.5 wt%)þGlycerol (4 wt%) was added to the dope
solution. The homogeneous dope solution was degassed for 1 h and
then cast onto a glass plate using a casting knife (Elcometer Ltd.,
Manchester, UK) set at a thickness of 200 mm. The cast membrane
was subsequently immersed into a coagulation bath. The compo-
sition and temperature of the coagulation bath were varied to study
their effects. The tested compositions of the coagulation bath were
water and PolarCleans:water (vol:vol) ratios of 2:6, 4:6, and 6:4.
The tested temperatures were 5, 20, 40, and 60 °C. The membranes
were kept in the coagulation bath for 30 min and then washed in a
washing bath (water, 2073 °C) overnight. Then, the membranes
were washed with EtOH three times to extract any remaining sol-
vents, washed with hexane three times to remove residual EtOH,
and then dried from hexane to preserve the pores.

2.4. Characterization of the prepared membranes

The microscopic morphologies of the membranes were ob-
served using a scanning electron microscope (FE-SEM S-4800,
Hitachi, Tokyo, Japan) at 10–15 kV. The membranes were sampled
in liquid nitrogen and then sputtered with platinum for 90 s at
15 mA using a platinum sputter (E-1045, Hitachi).

The overall porosity of the membrane was calculated using the
following equation:

ρ
ε = −

× × ( )
M

w l t
1

/
1

p P

where Mp and ρp represent the polymer mass and density
(1.75 g cm�3), respectively, and w, l, and t are the width, length,
and thickness of the prepared membranes, respectively.
The mechanical properties of the prepared membranes were
measured using a universal testing machine (AGS-J 500N, Shi-
madzu, Kyoto, Japan). The sample gauge length was 20 mm and
the elongation rate was 10 mm min�1.

Water permeation tests were performed by first wetting the
membranes with EtOH for at least 30 min to open the permeation
pathway. They were then placed in a water permeation cell with
an effective surface area of 6.23 cm2 (Sepratek Ltd., Daejeon, South
Korea) and pressurized with N2 to 0.5 bar. The water flux was
measured every 30 min until three consecutive values converged
(approximately 5 h). A significant flux decline was observed in the
beginning due to compaction. The pore size distributions of the
membranes were analyzed using ImageJ software.
3. Results and discussion

3.1. Phase diagram of the PVDF/PolarCleans system

Understanding the solution thermodynamics of a polymer/
solvent system using a phase diagram is very important to explain
the observed phase separation phenomena. Phase diagrams can
reflect thermodynamic properties such as the mutual affinity be-
tween a polymer and solvent, which is an essential parameter in
membrane fabrication via phase inversion. In the PVDF/Polar-
Cleans system, PolarCleans cannot solvate PVDF at ambient
temperature and hence, a high temperature environment is re-
quired to use PolarCleans for PVDF membrane fabrication via TIPS.
As discussed in the Introduction section, a TIPS system is usually
described using a binary phase diagram since the parameters that
can affect the phase separation are the polymer content and the
temperature of the system, as shown in Fig. 2 for the PVDF/Po-
larCleans system.

The solid line in Fig. 2 represents the crystallization tempera-
tures of the corresponding polymer concentration and the dotted
line shows the estimated (extrapolated) crystallization tempera-
tures. As illustrated in Fig. 2, neither a cloud point nor distinct
crystallization temperature was detected below 25 wt% polymer
from the DSC data, which implies that the compatibility between
PVDF and PolarCleans is very high, slowing down the crystal-
lization kinetics.

To investigate this phenomenon further, 20 wt% dope solutions
(in PolarCleans) were prepared and placed under different tem-
peratures (60 °C, 40 °C, 20 °C, 5 °C, and �20 °C, see Supporting
information). The prepared solutions were checked every 8 h for



Table 1
Hansen solubility parameter and Ra values of the solvent and nonsolvent for PVDF.

δd δp δh Ra
(MPa0.5)

Ref.

Polymer PVDF 17.2 12.5 9.2 – [39]
TIPS solvents Polarcleans 15.8 10.7 9.2 3.3

Dibutyl phthalate
(DBP)

17.8 8.6 4.1 6.5 [40]

Triethylene glycol dia-
cetate (TEGDA)

16.4 2.1 9.8 10.5 [23]

Acetyl tributyl citrate
(ATBC)

16.02 2.56 8.55 10.2 [22]

NIPS solvents N-methyl-2-pyrroli-
done (NMP)

18 12.3 7.2 2.6 [35]

N,N-dimethylforma-
mide (DMF)

17.4 13.7 11.3 2.5 [35]

Dimethylsulfoxide
(DMSO)

18.4 16.4 10.2 4.7 [35]

Nonsolvents Water 15.6 16 42.3 33.4 [39]
Ethanol 15.8 8.8 19.4 11.2 [35]
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any visible phase separation. Even after 24 h, all of the solutions
remained in the solution state without any visible phase separa-
tion or crystallization. This observation is very similar to that of
homogeneous PVDF/NMP and PVDF/DMF systems [30,35,36]. After
4 days, the solutions prepared at 20 °C, 5 °C, and �20 °C became
partially opaque, indicating that crystallization occurred.

The mutual affinity between a polymer and solvent can be
estimated using the solubility parameter approach. The distance
between the Hansen parameters in Hansen space (Ra) can describe
the polymer-solvent compatibility [37,38], which can be calculated
via the Hansen solubility parameters using Eq. (2), as listed in
Table 1 [37].

( )( ) ( )= δ − δ + δ − δ + δ − δ ( )Ra 4 2d1 d2
2

p1 p2
2

h1 h2
2

here, δd, δp, and δh represent the dispersion, polar, and hydrogen
bond interactions, respectively.

A polymer-solvent system with a low Ra value is considered to
have good compatibility and is likely to have a small binodal curve
(wide solvation range). Therefore, a system with a low Ra value is
likely to undergo solid-liquid separation at high polymer con-
centrations but no liquid-liquid separation (demixing) at low
polymer concentrations due to the small binodal curve (see Fig. 1
in Section 1). It can be seen that the Ra value of the PVDF/Polar-
Cleans system (3.3 MPa0.5) is very close to that of PVDF/NMP
(2.6 MPa0.5)) and PVDF/DMF systems (2.5 MPa0.5). Notably, the TIPS
binary phase diagrams for both the PVDF/NMP and PVDF/DMF
systems show neither a binodal curve nor a crystalline tempera-
ture below a polymer concentration of 25 wt%, indicating that the
system is thermodynamically stable [30,36]. Therefore, the low Ra
value calculated for the PVDF/PolarCleans system supports the
missing binodal curve observed in Fig. 2. It also suggests that it is
difficult to achieve membrane fabrication via the TIPS process
alone in the PVDF/PolarCleans system, especially at low polymer
contents (below 25 wt%).

Unlike typical TIPS solvents such as phthalate-based or citrate-
based solvents [11,41,42], PolarCleans has a high miscibility with
water. Hence, when the cast membranes from PVDF/PolarCleans

are immersed into a coagulation water bath at 5 °C, not only
polymer crystallization but also mutual diffusion between the
solvent in the dope solution (PolarCleans) and the nonsolvent in
the coagulation bath (water) occurs, yielding the NIPS-TIPS mor-
phology, as shown in Fig. 3.

It can be seen that regardless of the initial polymer con-
centration, a dense surface and macrovoids are clearly observed on
the upper part of the membrane, which is a common phenomenon
in nonsolvent induced phase separation (NIPS). Also, higher frac-
tion of macrovoids are observed with lower polymer concentra-
tion. On the other hand, a spherulitic TIPS morphology can be
observed on the lower part of the membrane, particularly for high
polymer content membranes (20–25 wt%). Accordingly, it can be
deduced from Figs. 2 and 3 that the NIPS and TIPS effects show a
competitive behavior depending on the membrane fabrication
conditions. Hence, it is essential to also study the NIPS effect
during a TIPS phase inversion process for the optimization of
membrane morphology and performances, particularly when
using a water-miscible solvent.

3.2. Morphological study of the solvent/nonsolvent diffusion rate in
PVDF/PolarCleans membranes

A significant limitation of the phase diagram is that it only
reflects the thermodynamic stability and neglects kinetic factors
such as the solvent/nonsolvent diffusion rate and polymer crys-
tallization rate, which are considered to be more important
parameters in membrane fabrication [12]. Since the NIPS process is
driven by the solvent/nonsolvent exchange, one of the effective
ways to control the NIPS effect is to slow the exchange rate by
changing the coagulation bath concentration [24]. Adding the
system solvent (PolarCleans) in the coagulation bath decreases
the concentration gradient which leads to a slower diffusion rate
of PolarCleans from the dope into the coagulation bath and hence,
the NIPS effect is expected to diminish. The SEM images of the
membranes (15 wt% PVDF) prepared using different coagulation
bath concentrations are shown in Fig. 4.

At a fixed polymer concentration (15 wt% PVDF), Fig. 4 illus-
trates the changes of the membrane morphology in different
coagulant environments. As the driving force for the polymer
crystallization (TIPS) remained the same (5 °C coagulation bath),
the change of the membrane morphology was primarily due to the
change of the NIPS effect. It can be seen that the NIPS morphology
(macrovoids) is replaced by the TIPS morphology (spherulites)
with increasing solvent concentration in the coagulation bath. This
observation is due to the reduced mass exchange rate (slower
solvent-nonsolvent transfer). In general, slower solvent-non-
solvent transfer induces delayed demixing and the resulting
membranes show a dense skin and a bicontinuous support layer
[43], accompanied by the suppression of macrovoids. [44] Inter-
estingly, Fig. 4 shows that the macrovoids were suppressed but
instead of the expected bicontinuous structure, spherulites were
observed. This observed membrane morphology can be explained
by kinetic factors during the membrane preparation.

First, the TIPS effect was maximized and the NIPS effect was
minimized by keeping the coagulation bath temperature at 5 °C to
slow down the mass diffusion rate. Minimizing the NIPS effect, by
definition, leaves more time for TIPS (crystallization) to occur and
an upward trend of crystallinity was observed, as shown in Fig. 5a.
It can be seen that the crystallinity of the membrane increased
from 57 to 69% as the PolarCleans fraction in the coagulation bath
increased from 0 to 60 wt%. It should be noted that a PolarCleans

fraction above 60 wt% was also attempted to completely remove
the NIPS effect but no phase separation was observed. Notably, as
shown in Fig. 4, all of the prepared membranes showed a dense
skin layer on the top surface regardless of the coagulation bath
concentration and low or no water permeability was observed at
1 bar (see Supporting information).

It has been widely reported in the literature that the presence
of macrovoids weakens the mechanical properties of a membrane
[43] and that the TIPS-prepared membranes show high mechan-
ical strengths [45]. Since the prepared membranes exhibited both
a macrovoid morphology and spherulitic morphology (TIPS), their



Fig. 3. SEM images illustrating the effect of the polymer concentration on PVDF/PolarCleans membranes: (a) top surface, (b) cross-section, (c) magnified cross-section, and
(d) bottom surface. The bottom surface refers to the membrane surface that is in contact with the glass.
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overall mechanical properties were measured as a function of the
PolarCleans fraction, as shown in Fig. 5b.

Contrary to our expectation, the mechanical properties of the
membranes decreased gradually with increasing TIPS morphology
(i.e. decreasing macrovoids). As observed in Fig. 5b, both the ten-
sile strength and elongation at break of the membranes decreased
from 2.5 MPa to 0.9 MPa and 143 to 56%, respectively, with in-
creasing PolarCleans content in the coagulation bath. Although
these trends do not match what is reported in the literature, it can
be explained from the phase separation mechanism perspective.

In a typical NIPS phase separation process, a homogeneous
dope solution is exposed to an environment (coagulation bath)
where the solution becomes thermodynamically unstable. The
unstable solution then passes through a binodal curve where
phase demixing occurs (liquid-liquid phase separation) into a
polymer-rich and polymer-poor solution which eventually be-
comes the membrane matrix and pores, respectively [46]. The rate
and extent of phase demixing determines the overall membrane
structure and mechanical properties.

On the other hand, spherulites develop from solid-liquid phase
separation via the nucleation-growth mechanism of polymer
crystals [47] rather than passing through a binodal line. Hence, the
spherulites grow independently from each other and they do not
form an interconnected polymer-rich matrix found in liquid-liquid
phase separation. Naturally, membranes with spherulitic structures
(disconnected) are weaker than membranes with a bicontinuous
(cellular) structure formed from liquid-liquid phase separation [48].
In addition, spherulites typically nucleate from a dope solution
with a high polymer content, typically above 25 wt%, where
polymer crystallization by thermal solubility becomes the major
driving force for phase separation [10]. Hence, membranes with a
spherulitic structure have been considered as strong membranes
due to the high polymer concentration rather than the effects of
spherulites. Therefore, an interesting conclusion can be deduced in
which the spherulitic morphology results in mechanically fragile
membranes, possibly worse than membranes with macrovoids.
Hence, much of the recent TIPS research has focused on inducing a
bicontinuous structure while minimizing spherulite formation
[48,49].

It can also be seen in Fig. 5a that, as expected, the overall
porosity of the membranes remained the same at 80.272.4%,
which implies that the overall porosity is mainly affected by the
initial dope concentration and not by the resulting membrane
morphology. In addition, the degree of crystallinity was initially
expected to have positive effect on mechanical properties. How-
ever, as the crystallinity increased from 57–69%, the respective



Fig. 4. Effect of the PolarCleans fraction in the coagulation bath on 15 wt% PVDF/ PolarCleans membranes at 5 °C.

Fig. 5. The effects of the coagulation bath concentration on the PVDF/PolarCleans membranes: (a) overall porosity and crystallinity, and (b) tensile strength and elongation
at break.
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mechanical properties rather diminished supporting that the
spherulitic TIPS morphology are unfavorable from the mechanical
properties point of view.

3.3. Effect of the concentration and temperature on PVDF/Polar-
Cleans membranes

When preparing polymeric membranes, water is almost uni-
versally used as the coagulation media due to its availability and
low cost. As discussed in previous sections, PolarCleans has a high
miscibility with water and hence, the NIPS effect is unavoidable
during the membrane fabrication process. The NIPS effect can be
controlled by changing the coagulation bath but it is not feasible
on the large scale as a significant amount of solvent is required. A
more practical and widely practiced method is to control the
polymer concentration [47] and coagulation temperature [50], and
to employ additives [50–52].

Fig. 6 exhibits the effects of the polymer concentration and
coagulation bath temperature on the final membrane morphology.
Several interesting trends are clear from the data. In order to in-
terpret the observed morphology transformation, a detailed
understanding of the membrane formation mechanism is neces-
sary. In general, a NIPS process generates a dense skin and porous
sub-layer. The dense surface is formed due to the solidification of
the polymer top layer induced by a fast solvent outflow, and the
porous sub-layer is induced from the liquid-liquid demixing where
the solution phase separates into a polymer lean phase and a
polymer rich phase [53,54]. The fast solvent outflow from the
membrane top surface occurs as soon as a cast membrane comes
in contact with a coagulation bath and hence, a dense skin is
generally unavoidable during the NIPS process. On the other hand,
the porous sub-layer morphology is governed by the solvent-
nonsolvent diffusion rate and also by the solidification rate [43].

If the solvent-nonsolvent mutual diffusion rate is high, in-
stantaneous demixing occurs with the formation of a macrovoid
structure and if the mutual diffusion rate is low enough to go
through delayed demixing, a bicontinuous structure is observed
[34,55].

It can be seen in Fig. 6 that macrovoids progressively disappear
with increasing polymer concentration and increasing coagulation
bath temperature (TCB). The effect of a higher polymer con-
centration is often observed. In this case, a higher polymer
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Fig. 6. The morphologies of membranes prepared with PolarCleans under different coagulation temperatures and polymer concentrations of (a) 15 wt%, (b) 20 wt%, and
(c) 25 wt%.
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concentration increases the solution viscosity which lowers the
mutual diffusion and in turn, causes delayed demixing. More-
over, when the polymer concentration increases, especially for
25 wt% polymer membranes, approximately two thirds of the
membrane cross-section showed a TIPS morphology (spher-
ulites), indicating that the phase separation occurred primarily
via the TIPS route. Such a result was expected from the phase
diagram shown in Fig. 2, where the crystallization temperature
(Tc) is 22 °C. In addition, as expected, the size of the spherulites
increased with increasing TCB as the spherulites have more time
to grow [56].

While the high polymer concentration expectedly dampened
the macrovoid structure, a high TCB also induced the transition of
the macrovoid structure into a bicontinuous structure, which is
opposite to the widely accepted bicontinuous structure formation
theory [55]. It is known that the bicontinuous structure results
from spinodal decomposition and delayed demixing is considered
as one of the ways to achieve a bicontinuous structure [24].
However, spinodal decomposition via fast penetration through the
binodal region has been reported to also yield a bicontinuous
morphology [57,58]. Understandably, this phenomenon is ob-
served when the intrinsic mutual diffusion is very fast, which is
the case with a higher TCB.

To confirm this hypothesis, membranes were prepared at dif-
ferent coagulation temperatures with 15 wt% PVDF in NMP, as the
characteristics of NMP are very similar to those of PolarCleans

when it comes to membrane preparation via phase inversion. The
resulting membrane structures also showed a transition from a
finger-like structure into a bicontinuous structure, demonstrating
the same trend observed in membranes prepared with Polar-
Cleans (See Supporting information).

Fig. 7 summarizes the membrane characterization data for the
membranes shown in Fig. 6. As expected, the disappearance of
macrovoids is strongly correlated with a clear increase of the
tensile strength. Particularly, the tensile strength of the 20 wt%
membrane increased 3-fold from 2 MPa to 6 MPa. Such a drastic
improvement may be attributed to the disappearance of macro-
voids but also to the formation of a bicontinuous morphology with
a well-connected membrane matrix [48]. On the other hand, there
was no clear correlation between the TCB and respective mem-
brane elongation at break values (Fig. 7b).

Interestingly, the tensile strength of the 25 wt% polymer
membrane also showed an increasing trend with increasing TCB.
Such a trend was unexpected as large spherulites formed at a
higher TCB and large spherulites have been shown to adversely
affect the mechanical properties of membranes [56]. However,
this argument is only appropriate if membranes are prepared
employing only the TIPS process. As the membranes in this study
were fabricated by the N-TIPS method, the NIPS effect must also
be taken into account. As mentioned above, the nonsolvent pe-
netration thickness is dependent on the temperature. Therefore,
a high mutual diffusion rate is also expected in 25 wt% polymer
membranes with the high TCB environment, promoting more of a
NIPS effect. However, compared to the lower polymer con-
centration (15 wt%), the higher polymer concentration (25 wt%)
yields higher viscosity solutions which prevents nonsolvent pe-
netration, resulting in the formation of a dense structure [34]. It
can be seen clearly in Fig. 6 that the densified region on the top
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Fig. 7. PVDF/PolarCleans membrane characterization data for different coagulation temperatures: (a) tensile strength, (b) elongation at break, (c) crystallinity, and
(d) overall porosity.
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side of the 25 wt% membrane increased from 0.4–35% with a
higher TCB.

Notably, it can be seen in Fig. 7c that the crystallinity of the
membranes were relatively similar, indicating that the differences
of the mechanical properties are not due to the polymer crystal-
linity but to the macroscopic morphology. Also, the overall
membrane porosity (Fig. 7d) decreased with increasing membrane
polymer content but was not significantly affected by TCB, again
confirming that the final membrane porosity is mainly affected by
the initial dope composition.

3.4. Morphology control in PVDF/PolarCleans membranes with
additives

As shown in Figs. 4–7, varying the coagulation bath con-
centration, bath temperature, and polymer concentration all af-
fected the membrane morphology and mechanical properties
significantly but did not noticeably affect the overall porosity and
crystallinity. Also, importantly, controlling the aforementioned
parameters did not induce surface pores, resulting in a very low or
no water permeability. Such a dense skin layer is an inevitable
outcome from the high PolarCleans affinity towards water, re-
sulting in a thin solidified layer during immersion precipitation. As
the main objective of this work was to fabricate microporous
membranes using an environmental friendly solvent and one of
the effective ways to generate surface pores is to employ pore-
forming additives [50–52], we evaluated three different sets of
additives in this study: Pluronics F-127, PVP 10k, and LiCl &
glycerol, in an attempt to fabricate microporous membranes. The
Pluronics F-127 additive is gaining wide interest among mem-
brane researchers with its excellent pore forming ability and un-
ique amphiphilic properties [59]. Hassankiadeh et al., [29] in-
vestigated the effects of various additives on PVDF/PolarCleans

hollow fiber membranes and concluded that PVP showed the
highest performance improvement. Lee et al. [52] employed a
mixture of LiCl and glycerol in PVDF/GBL hollow fiber membranes
which showed a significant flux enhancement with a slight decline
of the mechanical properties. For all of the prepared membranes
with additives, the polymer concentration was fixed at 15 wt% as it
exhibited the highest porosity with mechanical properties com-
parable to the 20 wt% membranes. A screening study was first
conducted on the three sets of additives, as shown in Figs. 8 and 9.

The surface and cross-sectional SEM images in Fig. 8 clearly
reveal that the addition of additives induces surface pores and the
formation of macrovoids. Such phenomenon is well documented
in the membrane literature, where additives move the initial dope
composition closer to the binodal line, inducing instantaneous
demixing to yield macrovoids. Simultaneously, as the additives
themselves also have a reasonable affinity towards water, they also
mix with water upon immersion, forming surface pores at the top
surface.

The formation of macrovoids, as expected, weakened the
membranes significantly. As shown in Fig. 9a, the tensile strength
of the membranes with Pluronic F-127 and PVP 10K fell sig-
nificantly from 5.1 MPa to 1.7 MPa. On the other hand, the addition
of glycerolþLiCl did not induce macrovoids as much and hence,



Fig. 8. The surface and cross-sectional morphologies of the membranes prepared with PolarCleans at 60 °C employing different additives.
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the decrease of the tensile strength was lower (3.18 MPa). The
elongation at break values also decreased with additives, con-
firming that the existence of macrovoids certainly deteriorates the
mechanical properties.

Interestingly, although all of the membranes prepared with
additives showed a macrovoid structure, there was a clear differ-
ence of the surface porosity between the employed additives.
Among the additives, it can be seen in Fig. 9 that Pluronic F-127
induced the highest surface porosity and overall porosity. Pluronic
F-127 is a type of poloxamer which is an amphiphilic copolymer of
hydrophobic propylene oxide and hydrophilic ethylene oxide
functional groups. When the prepared membranes were char-
acterized using ATR-FTIR for residual additives, it was determined
that Pluronic F-127 was completely removed from the PVDF ma-
trix (see Supporting information). On the other hand, approxi-
mately 10% of the PVP10k (relative to the initial amount) remained
in the PVDF membranes (see Supporting information). Previous
studies have shown similar results where the PVP additive re-
mained in the PVDF membranes and different chemical treatments
(e.g. NaOCl) were not effective in removing the residual PVP [29]. It
is now well accepted that PVP has a high affinity with PVDF
polymer and the two polymers physically intertwine together in
solution. In this respect, the use of the PVP additive is one of the
effective hydrophilic modification techniques of fluoropolymers,
but not an effective pore former as it tends to intertwine with
PVDF [60]. On the contrary, it has been reported that the high



Fig. 9. Membrane characterization data at 60 °C: (a) tensile strength and elongation at break, and (b) surface porosity and overall porosity.
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micelle forming ability and the aggregation behavior of Pluronic
F-127 helps to induce surface pores [61,62]. Hence, it can be de-
duced that Pluronic F-127 is a more effective pore former as it does
not intertwine with PVDF like PVP and hence, is more easily re-
moved from the membrane.

Further performance optimization was carried out using
Pluronic F-127 by varying the additive concentration (5 and
10 wt%) and coagulation bath temperature (20, 40, and 60 °C).

First, it can be seen in Fig. 10a and b that no significant trends of
the mechanical properties of the membranes were observed when
varying the Pluronic concentration and coagulation bath tem-
perature (TCB). Although a higher TCB was found to suppress the
macrovoids, as presented in Section 3.4, this effect was not ob-
served when additives were used. Secondly, there were no no-
ticeable trends of the membrane elongation properties with re-
spect to the Pluronic content and TCB. Interestingly, the overall
porosity of the membranes increased from 76.27–89.9% with the
addition of Pluronic. However, there was no relationship between
the Pluronic content (5 or 10 wt%) and the overall porosity.

On the other hand, employing Pluronic F-127 additives cer-
tainly improved the membrane water flux, as shown in Fig. 10d.
More specifically, clear increasing trends of the water flux with
increasing bath temperature (TCB) and Pluronic content were ob-
served, with the water flux reaching as high as
2700 L m�2 h�1 bar�1. It should be stressed that the initial water
flux reached up to 6000 L m�2 h�1 bar�1 but the value dropped
approximately 60% on average after 5 h of compaction (See Sup-
porting information).

The SEM images shown in Fig. 11 support the observed flux
data in which a higher coagulation bath temperature (TCB) dras-
tically increased the surface porosity and pore size. With in-
creasing TCB, the surface porosity increased from 2.4% to 12.7% and
the corresponding mean pore size also increased from 23 nm to
41 nm (5 wt% Pluronic). This trend may be attributed to the faster
diffusion rate of the additive into the coagulation bath (water),
forming more and larger pores.

On the other hand, Pluronic concentration did not show dis-
tinct effect on the surface porosity nor the pore size. For instance,
the measured surface porosity data for 5 wt% and 10 wt% Pluronic
overlapped at the same TCB, within the error range (Fig. 11e). In
addition, the pore size distribution analysis indicates that the
mean pore size increased with increasing TCB but no clear trend
could be deduced with Pluronic concentration (see Supporting
information for the full distribution data). It is speculated that
above a certain Pluronic concentration, there is no additional effect
on the surface porosity and mean pore size of the membranes.

In general, the membranes prepared via NIPS exhibit an
asymmetric morphology with a gradient of the pore size along the
membrane depth, showing a wide log-normal pore size distribu-
tion. On the other hand, membranes prepared via TIPS typically
show a very narrow pore size distribution. In this work, the
membranes prepared via the N-TIPS method showed log-normal
pore size distribution (see Supporting information) and the dis-
tribution tended to become wider with increasing TCB.

It is known that the water permeability in MF/UF membranes is
determined by the surface porosity and mean pore size of the
membrane. [24] Comparing the overall porosity and surface por-
osity data with respective permeability data (Fig. 10c and d), it can
be seen that the membrane permeability is mainly affected by the
surface porosity rather than the overall porosity.

Fig. 12 compares the performance of the PVDF/PolarCleans

membranes produced in this work to the current TIPS PVDF up-
perbound. It can be seen that the membrane performance is
competitive, close to the current upper bound. It is expected that
further improvements can be achieved via hydrophilic modifica-
tion of the membranes. It should be stressed that the membranes
in this work were prepared using an environmental friendly Po-
larCleans solvent, confirming that MF and UF membranes can be
fabricated using greener alternatives. Additionally, the prepared
membranes showed an extremely high overall porosity, reaching
up to 90%, indicating their high potential for membrane distillation
applications.
4. Conclusion

In this study, we fabricated microporous PVDF membranes
using an environmental friendly PolarCleans solvent via the
N-TIPS method. PolarCleans is a water-soluble solvent which is
highly biodegradable and non-toxic. It was found that the high
affinity of PolarCleans towards the coagulation media induced a
NIPS effect during the TIPS process, resulting in an unusual N-TIPS
morphology. This interesting phenomenon was studied in detail
from thermodynamic and kinetic perspectives, and feasible ex-
planations to the observed morphology were suggested. The ef-
fects of the polymer concentration, coagulation bath composition,
and bath temperature on the final membrane morphology and
respective properties were investigated. In order to form surface
pores, three different sets of additives (Pluronic F-127, PVP10k, and
LiCl & glycerol) were screened and Pluronic F-127 was found to be
the most effective pore-former. The pore-forming additives dras-
tically improved the water permeability at the expense of the
mechanical properties. Also, it was shown that the surface pore
size and distribution can be controlled by varying the bath tem-
perature and additive content. The membranes produced in this
work demonstrated competitive performance compared to



Fig. 10. Characterization data of the membranes prepared with Pluronic F-127 additives at different coagulation temperatures: (a) tensile strength, (b) elongation at break,
(c) overall porosity, (d) water permeability, (e) surface porosity, and (f) water permeability as a function of the surface porosity.
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membranes reported in the literature and it is envisaged that the
proposed PolarClean

s

solvent offers a more sustainable and green
alternative to fabricate microporous PVDF membranes.
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Fig. 11. Surface SEM images of membranes prepared with the Pluronic F-127 additive. The numbers in the images refer to the mean pore size of the membranes for additive
concentrations of (a) 5 wt% and (b) 10 wt%.

Fig. 12. Performance comparison of the membranes fabricated in this study to
other reported PVDF membranes using the upper bound from a recent TIPS review
[12].
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