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In this review, thermally induced phase separation (TIPS) and electrospinning methods for preparation of fluoropolymer
membranes are assessed, particularly for the polyvinylidene fluoride (PVDF) and polyethylene chlorotrifluoroethylene
membranes. This review focuses on controlling the membrane morphology from the thermodynamic and kinetic perspec-
tives to understand the relationship between the membrane morphology and fabrication parameters. In addition, the cur-
rent status of the nonsolvent induced phase separation (NIPS) method and the combined NIPS-TIPS (N-TIPS) method,
which is a new emerging fabrication method, are discussed. The past literature data are compiled and an upperbound
curve (permeability vs. tensile strength) is proposed for the TIPS-prepared PVDF membranes. Furthermore, the key
parameters that control and determine the membrane morphology when using the electrospinning method are reviewed.
Exploiting the unique advantages of the electrospinning method, our current understanding in controlling and fine-
tuning the PVDF crystal polymorphism (i.e., -phase) is critically assessed. © 2015 American Institute of Chemical

Engineers AIChE J, 62: 461490, 2016
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Introduction: Current Membrane Technology
Status

In the field of separation technology, the demands for
improved processes are always high due to the needs to meet
stricter quality requirements and environmental regulations
without compromising the overall unit efficiency. A simple
and innovative way to improve a process is to use a hybrid
configuration combining two or more unit operations. In that
sense, membranes are ideal for such hybrid processes due to
their high modularity and flexible operation that can be inte-
grated with many existing unit operations.

The core concept of membrane processes lies in the use of a
membrane as a barrier to selectively transport solutes of inter-
est. The driving force for separation may be a pressure gradi-
ent, temperature gradient, and/or concentration gradient. The
separation mechanism could be due to the difference in solute
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sizes or solute interactions with the membrane, where the sep-
aration efficiency depends on many different parameters. Dif-
ferent types of membrane processes and typical solutes of
interest are summarized in Figure 1.

Membrane technology is now a well-established technology
in industrial processes with applications ranging from desali-
nation' and wastewater treatment,” to biotechnology,” textile
manufacturing,® gas separation,” and food processing.® The
field of membrane technology is also growing rapidly. The
new desalination plants coming online are mostly membrane-
based, new wastewater treatment plants are increasingly
adopting the membrane bioreactor (MBR) technology because
of its high efficiency, and at least one or two membrane-based
unit operations are typically used in dairies and breweries.’

Membrane technology, from the chemical engineering per-
spectives, has many unique advantages such as high modular-
ity and easy integration into existing unit operations such as
distillation,8 adsorption,9 extraction,'® and crystallization.”
Membranes can be utilized not only to replace existing unit
operations but to improve and synergistically supplement
them. The compact design and easy operation of membrane

February 2016 Vol. 62, No. 2 461



Solution Pore
Diffusion  Transition Flow

@

o 200

-

o 100

<

o

(=}

g

@ 10

2

=]

[

w

o 1

o

(=]

£

o o4

2 00001  0.001 0.01 0.1 1 10 100
o

Solute Size / pm

Type of Solutes

Figure 1. Different types of membrane processes.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

processes meet the basic principles of process intensification
strategies. 12

The market prospects for membrane technology are also
promising. The current market size is approximately $20 bil-
lion, with a fast growth rate of 8% expected to 2018."*> With
water and energy shortages being two of the main challenges
of the future, it is likely that membrane processing will con-
tinue to be an important technology.

To meet the growing market demands, decades of mem-
brane research have produced many interesting new materials
and diverse methods to fabricate high performance membranes
along with advanced module fabrication technology and opti-
mized process operation. There exists an in-depth understand-
ing of membrane formation mechanism from the
thermodynamic and kinetic perspectives, and it is now possi-
ble to fine-tune the final membrane morphologies including
the pore size, pore interconnectivity, presence of macrovoids,
and porosity, to maximize the membrane performance. Apart
from the membrane formation techniques, module fabrication
and process operation are two key aspects for successful com-
mercialization of membrane technology. Two of the com-
monly used membrane modules are spiral wound modules and
hollow fiber modules. There have also been many break-
throughs in terms of process operation such as the adaptation
of pressure exchangers to reduce energy consumption,'
constant-flux operation mode to minimize fouling,'* and inno-
vative process schemes to maximize process productivity.'>®

With the advent of better membrane fabrication methodolo-
gies, (i.e., advanced materials with improved control of mem-
brane morphologies), the applications of membrane
technology are continuously becoming wider. For instance,
the emergence of organic solvent nanofiltration'”'® and perva-
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poration'®?® technology now allows for nonaqueous mem-
brane systems for use in pharmaceutical, fine chemical, and
petrochemical industries where organic media are commonly
used to handle their products. As separation of chemical proc-
esses accounts up to 70% of the total production cost,>! the
impact that membrane technology can bring to such industries
is likely to be significant.

Another very interesting and emerging application field is
the membrane contactor technology.22 The membrane in this
application does not act as a selective barrier but as a layer
that separates two phases, and the membrane facilitates the
transport of solutes from one side to another in a controlled
manner. Several commercial scale membrane contactor units
exist now in operation in aromatic recovery and selective
removal of heavy metals from a galvanic process bath.*>**
Some of the developing applications include membrane distil-
lation (MD), membrane crystallization (MCr), membrane con-
densers, and membrane emulsifiers. The interesting feature
about the membrane contactor technology is that hydrophobic
microporous membranes are used, which is rather unconven-
tional because hydrophilic membranes are generally preferred
in conventional applications due to their higher flux and low
fouling tendency.

As illustrated in Figure 2, MD utilizes a hydrophobic mem-
brane that prevents transfer of liquids while allowing the vapor
phase to permeate due to a vapor pressure gradient. As no
osmotic gradient can act between the two opposite phases,
MD offers an alternative method to further desalinate brine
solutions without pressurizing the liquid, and has 100% theo-
retical rejection of nonvolatile compounds. As the membrane
should not be wetted during continuous operation, high hydro-
phobicity and narrow pore size distribution are critical surface
parameters that must be controlled to achieve stable long term
performance. Hence, the basic requirements for suitable MD
membranes are high porosity with narrow pore size distribu-
tion, low thermal conductivity, and good mechanical and ther-
mal stabilities.

The concept of MCr is similar to that of MD. That is, a
microporous hydrophobic membrane is used to concentrate a
solution via vapor pressure gradient in a controlled manner.
Crystallization is a common unit operation and is well estab-
lished in the chemical industries. However, with the market
trend shifting from base chemicals toward life-science prod-
ucts, there are still high demands for better crystallization
processes with finer control and higher product quality.22 A
unique feature of MCr is that the membrane provides
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[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Table 1. Main Fluoropolymers Used to Prepare Membranes’
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heterogeneous nucleation sites which allow delicate control of
the crystal purity, size, nucleation kinetics, and importantly,
polymorphism.25 For instance, previous works have shown
that the polymorphic structures of crystalline materials can be
tailored using membranes by controlling the supersaturation
state.”®

For most of the emerging membrane contactor applications,
the key hurdle that limits their commercialization is the mem-
brane itself. As most membrane developments until now have
been focused on other applications, there is an urgent need to
develop suitable membranes that can push such processes to
the industrial level. To keep pace with new developing appli-
cations, more advanced materials and methodologies need to
be developed.

Currently, the main fabrication platform is the nonsolvent
induced phase separation (NIPS) method which is versatile,
convenient, and scalable.”” However, with the advent of new
emerging applications, different methods such as the thermally
induced phase separation (TIPS) and electrospinning methods
are gaining momentum due to their unique ability to fabricate
tailored membranes. More recently, a new method combining
the advantages of NIPS and TIPS (N-TIPS) has been reported
by several researchers. This emerging method deserves special
attention as it may allow fabrication of highly porous skin
layers with mechanically robust supports.”®*’ In this review,
we assess the current understanding of membrane fabrication
knowledge with a particular focus on controlling the mem-
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brane morphology and surface chemistry using the TIPS and
electrospinning methods for potential application in membrane
contactor applications.

Membrane Materials

In the past several decades, several membrane materials
have been researched including: polymeric, ceramic, metal,
and carbon membranes.'* Among the materials, polymeric
membranes currently dominate most of the markets due to

« Hydrogen
* Fluorine
® Carbon
a-phase
B-phase
v-phase

Figure 3. Representation of PVDF conformation and a,
B, and y phases.®”

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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their low cost and easiness of module fabrication. Extensive
reviews for membrane polymeric materials can be found in the
literature.*? Among the polymeric membranes, fluoropoly-
mers have been widely used since the 1980s due to their excel-
lent mechanical strength, chemical and thermal stabilities, and
chemical diversity, as summarized in Table 1. Although the
main focus of membrane research has been on hydrophiliza-
tion of fluoropolymers for use in water applications,33 fluoro-
polymers are intrinsically hydrophobic, making them
excellent candidates for membrane contactor applications.

Polyvinylidene fluoride (PVDF) is one of the most widely
used fluoropolymers for membrane applications. Initially,
PVDF was used due to its chemical inertness and good solubil-
ity in aprotic solvents (DMF, NMP, DMAc), which makes it
an excellent material for membrane preparation. More
recently, many unique intrinsic features of PVDF are being
exploited for membrane applications. PVDF is a semicrystal-
line polymer with a typical crystallinity between 35 and
70%.** The glass transition and melting temperatures of the
polymer are in the ranges of —40 to —30°C and 155 to 192°C,
respectively. The crystalline phase of PVDF has three differ-
ent molecular conformations and the polymer can exhibit a
combination of five distinct crystal polymorphs: o, f3, 7, J, and
e-phases depending on its thermal mechanical history.?~°
Among the possible polymorphs, o, f, and y-phases are the
most common phases, as shown in Figure 3.

Previous works have shown that the polymer intrinsic prop-
erties such as dielectric constant, ferroelectric properties, and
polarity are significantly affected by the polymorphism.37
Also, among the three common phases, the - and y-phases
exhibit interesting electroactive properties with the fS-phase
showing the highest dipolar moment per unit cell (8 X 10°
C m).3 8 In most PVDF membranes, the o-phase form is the
most frequently observed phase as it is a kinetically favorable
phase,39 whereas the f-phase is thermodynamically more sta-
ble and is seldom observed in membranes.

Although not fully elucidated yet, such drastic differences in
polymorphism may have a significant effect on the final mem-
brane performance in terms of membrane fouling and mem-
brane wetting. For instance, Coster et al.***? fabricated PVDF
membranes with piezoelectric properties by inducing a f-phase
polymorph and reported enhanced antifouling properties in
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these membranes. Unfortunately, the polymorphism effect has
largely been neglected in the membrane literature and many of
the studies on PVDF membranes lack detailed characterization
of the PVDF phases (Table 2). Nevertheless, polymorphism is
now being highlighted as an important factor, and recent publi-
cations have started to include the polymorphism data of the
fabricated membranes (Table 2).

In the field of polymer chemistry, different methods have
been developed to control and tailor the PVDF polymorphism
to the f-phase via specific procedures and the inclusion of spe-
cific fillers and nucleating agents, as illustrated in Figure 4.
With respect to the membrane fabrication, Yu et al.** induced
p-phase in PVDF/CNT composite membranes using a sonica-
tion method. Gregorio et al.** found that crystallizing PVDF
from DMF or DMAc at temperatures below 70°C results in the
formation of the f-phase. Also, techniques like corona charg-
ing or electrical poling also converted PVDF from o- to f3-
phase.*>™*” Stretching PVDF membranes at 50—145°C has also
shown to be a simple and effective technique to realign the
polymer to f-phase.*® However, it is still difficult to fine-tune
the polymer polymorphism because the crystallization kinetics
are sensitive to different parameters.

Apart from the PVDF homopolymer, different PVDF
copolymers have also been developed with different proper-
ties. A recent review summarizes different PVDF copolymers
for membrane applications.31 Among the possible copolymers,
PVDF-HFP, first reported in 2007, is particularly promising
because the fluorine groups in the HFP increases the overall
hydrophobicity of the material while maintaining its solvent
solubility.49’50 Other PVDF copolymers for membrane appli-
cations include PVDF-co-TFE>' and PVDF-co-TrFE. >

PTFE, well known under the trademark Teﬂon®, exhibits
remarkable chemical stability, mechanical strength, and ther-
mal resistance. PTFE also has a lower surface energy and a
higher hydrophobicity compared to other fluoropolymers,
making it an ideal candidate for membrane contactor applica-
tions. However, as no known solvent dissolves PTFE at room
temperature, it is very difficult to process into a membrane.
PTFE membranes are typically fabricated using melt process-
ing techniques but its high melt viscosity has made it difficult
to produce reliable membranes.”® Conventional techniques
include extrusion of polymer blends followed by sintering to
obtain PTFE membranes, yet the performance is unexpectedly
lower than that of membranes prepared using other conven-
tional materials.>>>’ Nevertheless, there has been interesting
breakthroughs in PTFE membrane fabrication techniques®®
where a PTFE emulsion was made into a handleable paste at
high shear rate with subsequent extrusion at low temperatures
(~90°C) without any additives.

Polyethylene chlorotrifluoroethylene (ECTFE) (trademark
Halar®) is a new emerging type of polymer with interesting
properties and is relatively unexplored as a membrane mate-
rial. The melting point of ECTFE is between 200 and 260°C,
and it has excellent chemical and thermal stability, allowing
continuous operation at temperatures higher than 150°C in
harsh chemical conditions.* ECTFE is also very hydrophobic
and has potential for membrane contactor applications. In
addition, like PTFE, ECTFE does not dissolve in any known
solvent at ambient temperatures; however, ECTFE becomes
soluble in certain solvents at elevated temperatures, allowing
it to be fabricated into membranes via the TIPS method.
Hence, selecting the right solvent is the key factor in ECTFE
membrane research. There are relatively few research papers

DOI 10.1002/aic 465


http://wileyonlinelibrary.com

on ECTFE membranes™ % (Table 3) but with the advent of
g < e membrane contactor applications, this is likely to increase in
o o] 3 $ = ;5 the future.
3|4 5 S Hyﬂ0n® AD is a hydrophobic amorphous glassy fluoropoly-
§ D= cs mer with exceptionally high fractional free volume and high
a gas permeability. It has excellent chemical stability and high
solubility in perfluorinated solvents (i.e., Galden® HT 55), ren-
> - o dering the polymer suitable for membrane fabrication. In addi-
g § ﬁ :I tion, its hydrophobicity and high free volume make it
£ %N promising for membrane applications. It has been coated onto
PVDF membranes with narrow pore size distribution and high
overall porosity.”* " Like ECTFE, not much work has been
s done on this unique polymer, and future research activity is
g g L - likely to be focused on membrane contactor applications.
et o de &
Ef E 4n 2 Membrane Fabrication Methods
2 A
E‘ @ Polymeric membranes can be fabricated using several dif-
= ferent methods including phase inversion, melt extrusion, con-
- trolled stretching, electro-spinning, and track etching.'*®°
S |s Currently, the phase inversion method is the most common
g ;30 s = §’ type due to its versatility and scalability. The phase inversion
o | BT A A method is also referred to as the phase separation or polymer
= precipitation method. Phase inversion is a demixing process
t where a polymer dope solution is first phase separated into a
s |, _ - polymer rich and polymer lean phase with subsequent solvent
s |z = o removal to form a solid membrane. To control the final mem-
B S = lL hE brane morphology, one needs to have an in-depth understand-
§ ing of solution thermodynamics and demixing Kinetics.
8 Abundant literature is available on the theoretical foundations
E 2 of phase inversion including descriptions of phase diagrams
2 o2 2 g < 5 and demixing paths; however, in practice, this process is
£ 2|2 2 T% 2 E E largely empirical with a heuristic approach being adopted.
2 g,% ‘d:; %%% 23 There are four main types of phase inversion methods:
g 2 v % TIPS, NIPS, vapor induced phase separation (VIPS), and sol-
= @ vent evaporation. Among the phase inversion methods, TIPS
E and NIPS are the most widely used methods. As the NIPS
S o method has been extensively reviewed recently,””®” it will not
= % é é E = é be covered in detail in this review. Apart from the phase inver-
S ) sion methods, the electrospinning method has been gaining
ﬁ considerable interests from researchers for membrane contac-
o tor applications. The electrospinning technique is being widely
% i 2 applied to many different polymers due to its ability to prepare
S 2 E a é 5 highly porous rpembranes with narrow pore size distributions
é 04 5z and low tortuosity.
< < g = In this review, the TIPS and electrospinning methods are
o % discussed, as these two methods have the potential to meet the
needs of the emerging membrane applications in terms of mor-
phology and surface chemistry control. In addition, the NIPS
e method is also briefly covered to discuss the combination of
5|85y & =3 the NIPS and TIPS method (N-TIPS method).
s|ldanAz ©vA
= Thermally Induced Phase Separation
TIPS was first introduced and researched in the 1980—
2 90s%%7% to fabricate microporous membranes, but it has not
= gained much attention as NIPS was deemed as a more conven-
o - %% g ient and versatile method to prepare polymeric membranes.
g “% 3 E:c_q Recently, however, with the advent of membrane contactors,
% B % -5 TIPS research is regaining its momentum due to many unique
5 :ovéj §§ advantages such as process sirpplicity, _high reproduc'il?ility,
sl oo 3w low tendency to form defects, high porosity, and the ability to
S1S 828 88 form interesting microstructures with narrow pore size distri-
bution. In addition, the ability to control the polymer
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polymorphism using solvents and process parameters is being
highlighted as a unique feature.
The basic procedure for the TIPS method is as follows’’:

1. Dissolve a polymer of interest in a high-boiling, low
MW solvent at an elevated temperature, typically near or
higher than the melting point of the polymer to form a
homogeneous melt-blend.

2. Cast the dope solution into the desired shape, for exam-
ple, flat-sheet or hollow fiber.

3. Cool the cast solution in a controlled manner to induce
phase separation and precipitation of the polymer.

4. Extract the diluent, often via solvent extraction, to yield
a membrane.

As described, the membrane is formed from a homogeneous
dope solution by removing the thermal energy to induce phase
separation. Hence, the phase inversion process is a delicate
balance between the polymer—solvent interaction, cooling rate,
cooling media, and thermal gradient. As pointed out by Lloyd
et al.,’” one of the distinct advantages of the TIPS method is
the ability to fabricate membranes from semicrystalline poly-
mers that are not usually soluble in solvents at ambient tem-
peratures (e.g., ECTFE). In addition, the TIPS process is
usually a binary system, as compared to the ternary NIPS sys-
tem, rendering the TIPS process inherently simpler than the
NIPS with fewer variables to be controlled. Conversely, the
TIPS method is relatively more energy intensive compared to
the other phase inversion methods. And the simplicity of the
TIPS method could limit the possible application range of the
fabricated membranes (e.g., not applicable to reverse osmo-
sis); however, it will be shown in later sections that the combi-
nation of NIPS and TIPS (N-TIPS) could offer viable
solutions to overcome such limitations by offering greater
degrees of freedom in fabrication parameters.

Theoretical development

All of the phase inversion processes (NIPS, TIPS, and
VIPS) can be described using the same thermodynamic princi-
ples: a thermodynamically stable dope solution is exposed to
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an unstable environment where it is demixed and ultimately
precipitates into a solid membrane. Hence, the compatibility
between the polymer and the solvent, or the thermodynamic
stability, is a critical factor for the phase inversion processes.

As most TIPS polymers are semicrystalline (e.g., polypro-
pylene, polyethylene, and PVDF), the starting point for theo-
retical consideration is melting point depression theory
together with the Gibbs free energy of mixing. Depending on
the compatibility between the polymer and the solvent, the
melting point can decrease, or depress, which can be related to
the phase stability via thermodynamic relationships. The melt-
ing point depression equation can be described using the
Flory—Huggins theory as follows

1

RV, (Ba=1253) g
AH,V, T

m

Tn= ey

where T, and T, are the melting temperatures of the polymer in
the dope solution and the pure crystalline polymer, respectively,
and V,; and V,, are the molar volumes of the solvent and the poly-
mer repeat unit, respectively. AH,, represents the heat of fusion
for the repeat unit, (§; is the volume fraction of the solvent, and
y represents the Flory—Huggins interaction parameter.

As the value of y increases, the strength of the polymer—sol-
vent interaction decreases, and vice versa. Equation 1 reveals
several important traits. First, Eq. 1 indicates that melting point
depression increases with smaller solvent molar volumes and
smaller AH,, values. This is an important inference as it narrows
the choice of the potential solvents. Also, when Eq. 1 is plotted
against polymer volume fraction ((Jp=1— ) with different y
values (different diluents), the thermodynamic stability of a
dope solution can be clearly represented, as shown in Figure 5.

The calculated lines at three different y values roughly rep-
resent the transition temperature at which the dope solution
begins to phase separate (note T;, is higher than 7). If the y
value is small, then the dope mixture undergoes solid-liquid
phase separation via polymer crystallization. Conversely,
when the y value becomes larger a convex curvature is
observed (Figure 5). In such a polymer-solvent system, the
phase separation can proceed via liquid-liquid demixing
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[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

followed by polymer solidification, yielding highly porous
microporous membranes. As will be discussed later, control-
ling the liquid-liquid demixing kinetics is critical to fine-
tuning the final membrane morphology.

Melting point depression theory can be combined with solu-
tion equilibrium thermodynamics’' to better describe the
phase stability of dope solutions. Early researchers on TIPS
have adopted a two-dimensional phase diagram to better repre-
sent the TIPS process,’’ as illustrated in Figure 6 (y >> 0).

Once a stable dope solution (marked as start in Figure 6) at
high temperature is cooled at a controlled rate, it follows the
path shown in arrows. At high polymer fractions, typically
above 30%, the membrane passes through the crystallization
temperature boundary, and the phase separation proceeds via
solid-liquid (S-L) separation where the polymer crystallizes
directly from the dope solution. Conversely, at relatively lower
polymer fractions, the dope solution first enters the metastable
region where liquid-liquid (L-L) demixing takes place. Inside
the L-L separation region, the dope solution phase separates
into a polymer-poor phase and a polymer-rich phase along the
tieline. The polymer-rich phase forms a continuous polymer
phase, which eventually becomes the membrane, and the
polymer-poor phase becomes the pores of the final membrane.
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To understand the phase inversion process theoretically,
several researchers have applied simulation methods. Hanks
et al.’”® reported a deterministic simulation model of liquid-
liquid separation revealing the polymer matrix formation pro-
cess (Figure 7). Another work by Mino et al.”’ used phase field
separation model gives insight into the phase demixing mecha-
nism. As the phase separation phenomena is in-between
atomic and macroscopic scale, He et al.*® applied a dissipative
particle dynamics simulation to perform mesoscopic analysis
of phase separation mechanism.

The membranes formed by these two pathways show dis-
tinctly different morphologies as shown in Figure 6. Typically,
membranes formed through the L-L separation pathway
exhibit a porous honeycomb-like cellular morphology (also
referred to as bicontinuous morphology), whereas membranes
formed via the S-L separation pathway show fuzzy spherulitic
(sphere-like) structures. Apart from the macroscopic morphol-
ogy, that is, cellular and spherulitic, the size of the spherulites
is highly dependent on the fabrication conditions including
cooling rate, temperature gradient, and inclusion of additives.
It is worth noting that different morphologies result in drasti-
cally different properties in terms of flux and mechanical
properties.

February 2016 Vol. 62, No. 2 AIChE Journal
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Figure 7. Simulation of polymer solidification process during liquid-liquid phase separation. (a-d) Show the simu-
lated growth of the polymer-lean droplets (which eventually become membrane pores) with time, and (e)
shows the final polymer matrix phase at the end of the simulation.”®

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

The monotectic point shown in Figure 6 is the point at
which the binodal line meets the crystallization temperature
boundary. L-L separation is induced below this monotectic
point, and S-L separation occurs above the monotectic point.
The point where the spinodal line and the binodal line meet is
called the critical point. Identifying the critical point is impor-
tant in membrane fabrication because, if the initial polymer
content in the dope solution is lower than the critical point, the
phase separation results in a continuous solvent-rich phase and
a discontinuous polymer-rich phase, ultimately forming pow-
ders instead of a membrane. Hence, it is important to prepare
dope solutions with concentrations above the critical point.
Apart from the dope composition and the temperature, parame-
ters such as cooling rate, solvent—polymer interaction, and
choice of nucleating agent can significantly affect the mem-
brane morphology. Understanding and controlling such
effects is critical for tailoring the membrane performance
for membrane contactor applications.

Tables 2 and 3 summarize the reported literature on fabri-
cating TIPS membranes using fluoropolymers with different
solvents, temperature profiles, and additives. Understanding
and relating the process parameters to the final membrane
morphology can be difficult and requires careful interpreta-
tion. The resulting membranes show drastically different prop-
erties in terms of pore size, flux, and mechanical strength.
Additionally, the crystal polymorphism is affected by the fab-
rication method.

There are many studies related to the effect of polymer—
solvent interactions on the final membrane morphology;
unfortunately, the majority of the reported literature provide
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the structure and mechanical analyses without reporting the
actual membrane performance (flux and rejection), and they
do not suggest a clear direction for further improvements. In
this review, we attempted to compile the literature data for flu-
oropolymer membranes prepared via TIPS to assess the cur-
rent status of TIPS-prepared membranes.

Effect of polymer—solvent interaction

Selecting the right solvent, or diluent, is one of the key cri-
teria for the TIPS process. The words “solvent” and “diluent”
are used interchangeably in this review and in the TIPS litera-
ture. As one can expect, it is rather difficult to choose an
appropriate TIPS solvent. A suitable solvent should have a
high boiling temperature, low molecular weight, low toxicity,
low environmental impact, low cost, and reasonable compati-
bility with the polymer over a wide temperature and concen-
tration range. In addition, as mentioned previously, the
thermal conductivity as well as the miscibility with the
quenching media are also important factors influencing the
final membrane morphology.

The compatibility between the solvent and the polymer
shapes the phase diagram of the system, as it determines the
location of the binodal curve and polymer crystallization tem-
perature of the mixture. For instance, the binodal curve shifts
to higher temperature with decreasing compatibility, and vice
versa. The solvent—polymer compatibility can be semiquanti-
tatively approximated using the solubility palrameter.112

In TIPS process, solvents with similar chemical functional-
ities can yield drastically different results. For instance, Yang
et al.”® proposed diphenyl ketone (DPK) solvent to prepare
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Figure 8. (Top left) Phase diagram of PVDF/DPK system,®® monotectic point is at about 30 wt %. (Top right) Phase
diagram of PVDF/DPC system,®® monotectic point is at about 50 wt%. (Bottom left) Cross sectional
structure of PVDF-DPC membranes prepared by quenching into ice water: 40 wt % PVDF showing bicon-
tinuous morphology. (Bottom right) 50 wt % PVDF showing spherulitic morphology.®*

PVDF membranes by TIPS method. The monotectic point of
the mixture was approximately 30 wt % (Figure 8). From the
same group, Lin et al.”* used diphenyl carbonate (DPC) as a
new solvent to prepare PVDF membranes by the TIPS method.
Surprisingly, the monotectic point of the mixture was deter-
mined to be 56 wt %, allowing liquid-liquid separation with
high polymer concentration. Considering that the chemical
structure of DPK and DPC are not very different, such a dras-
tic difference in the phase diagram highlights the importance
of polymer—solvent interactions. The drastic change from L-L
separation to S-L separation is clearly visible in the reported
SEM data. As expected, porosity decreased and mechanical

0176 um 0.222 ym

Intensity

T

T T
0.15 0.20 0.25

Average diameter (pm)

010 0.30

strength increased with increasing polymer concentration.
Polymorphism data were not reported.

Hassankiadeh et al.'® investigated the effect of polymer
molecular weight on the final membrane performance for a
PVDF/tributyl O-acetyl citrate (ATBC) binary system. Hollow
fiber membranes were fabricated using the TIPS process with
different PVDF molecular weights and different preparation
conditions. It was observed that the binodal line slightly
shifted down with decreasing polymer molecular weight. Con-
versely, lower molecular weight PVDF reduced the dope solu-
tion viscosity, which increased the overall membrane porosity
but decreased the mechanical strength. Interestingly, a very
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—a— 25 wi%
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Figure 9. (Left) Mean pore size distribution of HF membranes prepared using PVDF/ATBC system via TIPS.'%®

(Right) PVDF/TEGDA system via TIPS.%¢

Very narrow pore size distributions are obtained using TIPS method. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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Figure 10. Effect of DBP/DOP ratio in 30 wt % PVDF membrane structure. (Left) 9/1 ratio resulted in spherulitic
structure, (right) 4/6 resulted in cellular structure.®

sharp pore size distribution was obtained (Figure 9), and the
distribution was independent of the polymer molecular weight.
The polymorphism of the prepared membranes was primarily
a-phase regardless of the preparation conditions, indicating
that the polymer—solvent interaction is the key factor that
determines the PVDF phase in the TIPS process. More citrate-
based solvents have been reported recently.'®”

As the TIPS method is generally used in a binary system,
the degrees of freedom for structural control are rather limited.
Hence, to obtain better control of the membrane structure and
performance, many authors used solvent mixtures to prepare
PVDF membranes by TIPS. Solvent mixtures such as dibutyl
phthalate (DBP)/di-(2-ethylhexyl phthalate (DEHP),*> DBP/
dioctyl phthalate (DOP),”! dimethyl phthalate (DMP)/dioctyl
adipate (DOA),** DMP/DOP,** DOP/y-butyrolactone (GBL),'*
and triacetin/glycerol® have been reported. The works have
shown that the position of the binodal line can be changed by
introducing a third component, and this change affects the
membrane morphology (Figure 10).

It is important to stress that many of the aforementioned
TIPS solvents are phthalate-based compounds that are consid-
ered toxic and harmful to the environment.”” The membrane

industry is now faced with increasingly stringent government
regulations, and such toxic solvents need to be replaced in the
near future. Recent research, therefore, has focused on identi-
fying potential green and sustainable solvents that provide bet-

ter performance, or to treat the wastewater generated by the
113

membrane industries.

Figure 11. Fibrillar PVDF membranes prepared using 15 wt

AANY AP "

Cui et al.'® reported fibrillar PVDF membranes using a
green triethylene glycol diacetate (TEGDA) solvent. In con-
trast to other TIPS-prepared membranes, the highest mechani-
cal strength was obtained using the lowest PVDF
concentration. The authors asserted that the interconnected
fibrillar morphology gives excellent elasticity (up to 470%
strain), which quickly falls to 16% strain on increasing the
polymer concentration. This is a very unique type of TIPS
structure, and such performances have not been reported
before with PVDF polymers (Figure 11). It can be speculated
that the conversion from L-L separation to S-L separation
caused such drastic performance degradation; but further study
is needed to validate and verify the reported results.

Hassankiadeh et al.> recently reported a unique solvent for
membrane preparation: methyl-5-(dimethylamino)-2-methyl-
5-oxopentanoate, which is referred to by the trademark Polar-
Clean. This solvent provides many advantages for membrane
fabrication. First of all, the solvent is completely biodegrad-
able and environmentally friendly, and is considered to have
low toxicity over other solvents. Second, with a similar solu-
bility parameter (21.2 MPa%?) as that of NMP (22.9 MPa’?),
it has surprisingly high compatibility with the PVDF polymer
(23.2 MPa®). Also, it is readily available as a commercial
product at low cost. Last, the solvent has an extremely high
miscibility with water, and a combination of NIPS & TIPS
morphologies was observed on membrane fabrication. Such a
combined effect is an interesting topic on its own and will be
discussed in detail in the following section.

% PVDF/TEGDA via TIPS.

Such morphology gives excellent elasticity up to 470% due to the interconnected structure.'®
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Figure 12. SEM images of 20 wt % PVDF/DMSO, quenched in a water bath at 30°C to induce liquid-solid

separation.’®

(Left) Full cross section, (center) magnified cross section, and (right) top surface. Tubular pore structures formed due to the use

of a crystallizable diluent.

Liang et al.'® suggested dimethyl sulfone (DMSO,) as a
universal crystallizable diluent. DMSO, is a solid at room
temperature and has a molecular weight of 94 Da and a melt-
ing point of 106°C. The unique feature of this specific solvent
is that it crystallizes near 92°C, resulting in a tubular pore
structure on cooling the PVDF/DMSO, dope solution (Figure
12). This specific case is sometimes referred to as liquid-solid
(L-S) separation because the solvent crystallizes within a lig-
uid polymer matrix. Membranes prepared using the L-S sepa-
ration typically show a tortuous morphology with no
significant advantages over other methods; however, recent
developments have demonstrated membranes with an aligned
pore structure with high porosity and low tortuosity.''* Liang
et al.'% also developed a diluent recovery protocol using
recrystallization and sublimation, making the membrane fabri-
cation more sustainable by minimizing waste. Unfortunately,
no polymorphism data were reported; nevertheless, consider-
ing the polar nature of DMSO,, ff-phase PVDF is expected.

Effect of cooling rate

As explained in the previous section, the polymer—solvent
interaction determines the overall macroscopic structure of the
prepared membranes (e.g., cellular, fibrillar, tubular, or spher-
ulitic). Conversely, the cooling rate ultimately determines the
size of the pores and the size of the spherulites, which affects
the overall filtration performance and mechanical integrity of
the membranes. More specifically, the effect of cooling rate
can be different for L-L phase separation and S-L phase sepa-
ration (crystallization), as explained in detail below.

The polymer—solvent interaction is a thermodynamic factor,
and the cooling rate represents a kinetic factor in the overall
membrane formation process. Unlike the polymer—solvent
interaction, the effects of the kinetic factor are qualitatively
similar for various systems. The prevailing notion in the mem-

brane literature is that the kinetic factor plays the most impor-
tant role with respect to the membrane performance.

The dope solution cooling rate is mainly a function of the
temperature difference between the dope and the cooling envi-
ronment, AT. As mentioned previously, the cooling effect is
different for L-L separation and S-L separation. The well-
known Nucleation-Growth (NG) model can be applied to
describe S-L separation. The NG model suggests that faster
cooling rates provide smaller spherulites with smaller pore
sizes and higher mechanical strength. Rapid cooling provides
many nuclei, but leaves a short time for crystal growth. Con-
versely, slow cooling provides longer times for growth, result-
ing in larger spherulites (Figure 13).85:103.115

Ghasem et al.,”’ investigated the effect of quenching tem-
perature on TIPS-prepared PVDF HF membranes. As
expected, lower quenching temperature decreased the mem-
brane pores and the corresponding water permeability, and
vice versa. When the quenching temperature increased from
20 to 35°C, the pore radius increased from 4.47 to 12.86 um,
and the effective surface porosity also increased by a factor of
10. In addition, it was observed that the mechanical strength
and the degree of crystallization decreased with increasing
bath temperature (decreasing AT).

For dope solutions that cross the L-L separation region
(below the monotectic point), the pore size is determined by
the length of time that the dope stays within the L-L region
temperature. For example, longer periods in the L-L phase
separation region yield bigger pores with a cellular morphol-
ogy, as clearly illustrated by Yang et al.*° Figure 14. As
expected, for dope solutions that do not cross the L-L phase
separation region (above the monotectic point), the same cool-
ing procedure did not show a visible difference. Hence, as
shown in this work, the cooling procedure can use step proto-
cols (e.g., 1 min in the L-L separation region then quench) to

Xl

Figure 13. 30 wt % PVDF/DBP membranes cooled at different rates via S-L separation: (a) 5°C min~', (b) 10°C

min~', (c) 30°C-min~".%°

The size of the spherulites increased with slower cooling rates.
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Figure 14. SEM cross-section morphology for TIPS-prepared PVDF membranes.

(Top left) 20 wt % PVDF first cooled to 120°C (L-L separation temperature) for 1 min with subsequent quenching in ice bath;
(top right) 20 wt % PVDF immediately quenched to ice bath, shorter residence time in the L-L separation region; (bottom left)
60 wt % PVDF (above the monotectic point) first cooled to 120°C for 1 min with subsequent quenching in ice bath, (bottom
right) 60 wt % PVDF (above the monotectic point) immediately quenched to ice bath.

maximize the L-L separation effect. In addition, as noted by Ji
et al,® the solution viscosity also affects the phase demixing
rate. Unfortunately, the current literature lacks a clear relation-
ship between the L-L separation period and the final mem-
brane performance. Such data would be a valuable addition to
the TIPS literature.

As the TIPS diluents are generally extracted after the mem-
brane formation, it is usually assumed that the initial dope
composition determines the final membrane porosity.14 Never-
theless, the rate of cooling has some effect on the porosity.
Specifically, faster cooling rates result in membranes with
slightly lower porosity compared to the slow-cooled mem-
branes.'®® The cooling rate also affects the polymorphism of
the membranes. As this a-phase of PVDF polymer is kineti-
cally favored, increasing the cooling rate generally induces
formation of the a-phase over the f-phase.''®

ycerol 22,0 wis%

5

Effect of additives

The presence of additives or nucleating agents can signifi-
cantly affect the solution demixing phenomena, ultimately
affecting the membrane morphology and performance. For
instance, additives can affect the location of the binodal line
(thermodynamic effect), or they can initiate or hinder the poly-
mer crystallization (kinetic effect). The overall outcome, how-
ever, is very difficult to predict theoretically, and these studies
are usually performed empirically.

Additives can affect the membranes in three ways. First, they
can act as pore formers to enhance the membrane permeability.
Second, they can modify the surface characteristics and make
the membranes more hydrophilic or hydrophobic. Finally, addi-
tives can improve the membrane mechanical properties. Quite
often, more than one effect occurs simultaneously.

iCl 0.5 wti%
‘Glycerol 4 wti
{ L -

Figure 15. Cross section of 40 wt % PVDF/GBL hollow fiber membranes: (left) with LiCl additive, (middle) with
glycerol additive, (right) with LiCl and glycerol additives.

Formation of such fine pores nearly doubled the flux without losing mechanical strength.”
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Pore-formers widely used in membrane preparation are pol-
yvinylpyrrolidone (PVP), glycerol, PEG, PMMA, and LiCl.
Lee et al.>® observed formation of fine pores within the spher-
ulites using LiCl and glycerol, as shown in Figure 15. The flux
nearly doubled without losing any mechanical integrity. Inter-
estingly, the fine pores did not form when LiCl and glycerol
was used separately, but only when they were used together.

Hassankiadeh et al.*® also used several pore-forming addi-
tives to improve the permeability of TIPS-prepared PVDEF/
PolarClean hollow fiber membranes. Notably, when
PVP1300k was used as an additive, the permeability of the
membranes increased nearly 1000 times. However, the tensile
strength decreased from 6 to 1 MPa, rendering the membranes
difficult to handle. Such drastic improvement can be attributed
to the formation of surface pores, as PVDF/PolarClean without
any additives formed a dense surface layer. This effect (com-
bination of NIPS & TIPS) will be explained in more detail in
the subsequent section. The order of additive effectiveness, in
terms of permeability, followed PVP > Glycerol > PMMA.

Sometimes the same additive can show completely opposite
results. For instance, the use of PVP additives in the work of
Cha et al.** showed a decrease in permeability with an increase

PVDF/PMMA

15 KV X1 ,000 10 um
Figure 16. Cross section images of TIPS-prepared PVDF/DEP membranes: (a) 35 wt % PVDF, (b) 25 wt % PVDF/10
wt % PMMA, and (c) 25 wt % PVDF/10 wt % PVP.

Addition of PVP hinders PVDF spherulite formation and induces dense morphology, which decreases the permeability and
increases the mechanical strength.98

| PVDFIPVP

15 KV X‘! 000 10 um

in mechanical strengths for the PVDF/GBL system. The
authors attributed this unexpected phenomenon to the swelling
of PVP within the pores. Interestingly, the addition of PVP also
had a significant effect on the final membrane polymorphism,
showing formation of a y-phase with increasing PVP molecular
weight. Rajabzadeh et al.”® reported a decrease in water perme-
ability with PVP addition in a PVDF/DEP system. In addition,
the PVP additive significantly improved the tensile strength
(2-7 MPa) and elongation (100-700%) of the membranes. The
SEM data revealed that addition of PVP induces formation of a
dense layer and hinders formation of PVDF spherulites (Figure
16). Hence, it is speculated that PVP affects the thermody-
namic stability of the dope solution and could hinder the
kinetics of crystallization depending on the polymer—solvent
system. Conversely, addition of PMMA had a negligible effect
on the membrane structure and performance.

The use of additives is a simple and convenient method to
alter the surface characteristics of the prepared membranes, a
common practice in NIPS-prepared membranes. For instance,
PVP and PFSA additives are commonly used to make the
membranes more hydrophlllc More recently, researchers
have been incorporating hydrophobic additives such as nano-
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Figure 17. Current permeability upperbound vs. tensile strength for TIPS-prepared PVDF membranes. The upper-

bound equation is given in Eq. 2.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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clay''” and fluorinated silica FSi''® to make the membranes

even more hydrophobic for MD applications. Unfortunately,
such research data are rare in TIPS literature, with the notable
exception of Cui et al.,””> who incorporated SiO, particles in a
PVDF/DBP system and showed improvement in both the
water permeability and mechanical strength. Other commonly
used additives such as zirconium dioxide (ZrO,), aluminum
oxide (Al,O3), titanium dioxide (TiO,), and graphene and car-
bon nanotube-based additives could be promising candidates
for PVDF TIPS membranes. This is one important topic
requiring further research in the TIPS field.

PVDF TIPS membrane performance upper bound

The upperbound concept exists in the gas separation and
desalination field, but has not been widely adopted in other
membrane fields. This is mainly because it is extremely diffi-
cult to compare the membrane performance across membrane,
not to mention subjective. Nevertheless, compiling and com-
paring the TIPS prepared membranes could be quite useful for
assessing where the current technology stands at present, and
may suggest a direction to focus the future research efforts.
TIPS-prepared PVDF membranes, apart from membrane con-
tactors, are commonly used in microfiltration, ultrafiltration,
and MBR markets. For such markets, obtaining high mechani-
cal strength and high permeability is important to avoid process
failure and to maximize productivity, respectively. These two
factors are inversely proportional to each other, that is, increas-
ing mechanical strength exponentially decreases the permeabil-
ity, and vice versa. It is also important to point out that there is
a minimum mechanical strength required (ca. 2 MPa) because
it is very difficult to handle the membranes at large scale with
mechanical strengths below 2 MPa. Furthermore, fragile mem-
branes may result in process failures from unexpected damage,
a risk that industries are reluctant to take. Taking these factors
into account, we propose an arbitrary upperbound (Figure 17)
for TIPS-prepared PVDF membranes, combining the literature
data from the past 10 years (2006-2015)

Permeability [L.m™>.h~" bar™'|=11219¢ 0375 Tensile Strength [MP4

2
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Solvent Nonéolvent
Figure 18. Three component NIPS phase diagram.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

AIChE Journal February 2016 Vol. 62, No. 2

Published on behalf of the AIChE

There are several different approaches to overcome the
upperbound. First, the phase demixing mechanism can be fine-
tuned to optimize the mechanical strength and permeability.
Second, the hydrophilicity of the membranes can be enhanced
using additives. There are also many hydrophilization methods
that can be used to improve the membrane permeability such
as surface coating or grafting.33 However, it should be noted
that hydrophilization is not usually preferred for membrane
contactor applications. Third, nanocomposite membranes can
be prepared using TIPS by incorporating inorganic particles to
improve the mechanical strengths. Finally, post-treatment
such as stretching could be used to modify the pore size and
porosity of the nascent membranes.

Nonsolvent induced phase separation

NIPS, also known as the Loeb-Sourirajan process, is by far
the dominant method used to fabricate polymeric membranes,
and it is already well described in other review articles and
textbooks'+27-3133:66.67 T4 prepare membranes by the NIPS
method, a dope solution is first prepared by dissolving a poly-
mer of interest in a suitable solvent to form a homogeneous
dope solution. The dope solution is then cast as a thin film and
subsequently immersed in a nonsolvent bath (e.g., water) to
induce polymer precipitation. As compared to the TIPS sys-
tem, NIPS is more complicated as it is a three component sys-
tem comprised of a polymer, a solvent, and a nonsolvent.
Early works have conceptualized the NIPS process using a
three component phase diagram, as shown in Figure 18, to
rationalize the precipitation kinetics.' 19-121

In the field of membrane science, NIPS has been intensely
researched, and we now have a deep understanding of the mem-
brane formation mechanism and can also control the overall
membrane morphology, particularly the skin layer morphology.
As the membrane must exhibit a desired separation perform-
ance while maintaining flux, the formation of an appropriate
skin layer has been the main subject of interest among

Initial Dope
Composition

Temperature

Solvent

Nonsolvent
Figure 19. Three-dimensional Phase diagram for the
combination of NIPS and TIPS.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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Figure 20. Membranes prepared using PMMA/cyclohexanone system: (top left) via TIPS method, showing cellular
morphology, (top right) via NIPS method, showing typical asymmetric morphology, (bottom left) com-
bined NIPS-TIPS after 1 min, (bottom right) combined NIPS-TIPS after 24 h.'?°

membrane researchers. Similar to the TIPS method described
before, the effects of solvent,122 evaporation time prior to
immersion,'* coagulation bath composition and tempera-
ture,'**!'? and additives'*® can all be theoretically related to
the solution thermodynamics and kinetics of the demixing pro-
cess. Data now suggest that the membrane formation mecha-
nism is more influenced by kinetics and mass transfer.
Nevertheless, manipulating the aforementioned parameters can
affect the thickness of the skin layer, pore size, porosity, tortu-
osity, macrovoids, and ultimately the membrane performance.
As mentioned previously, although there is a convincing
theoretical foundation to explain the effect of parameters on
the final membrane morphologys, it is still very difficult to pre-
dict the phase inversion outcome precisely. The current prac-
tice to optimize membrane performance is largely empirical

using a heuristic approach. PVDF is the main fluoropolymer
used in the NIPS process. It is important to note that because
PVDF is a semicrystalline polymer, the phase separation
behavior is quite different'?’ compared to amorphous poly-
mers such as polysulfone and polyethersulfone.'*® Readers are
referred to recent thorough reviews on the NIPS method.*'**

Combination of NIPS and TIPS (N-TIPS)

In practice, both NIPS and TIPS effect can occasionally
take place simultaneously. When the quenching media for the
TIPS process is miscible with the TIPS solvent, the NIPS
effect can also take place on quenching of the dope solution
(Figure 19). As a common example, water is often used as a
quenching media for hollow fiber preparation and some TIPS
solvents, for example, GBL?® or Polarclean,? have high

Figure 21. PVDF membranes prepared using PolarClean solvent. (Left) PolarClean’s high miscibility with water
induced a dense skin layer, and (right) PVP55k additive induced NIPS instantaneous demixing on the

surface and created surface pores.?®
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[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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miscibility with water. One may expect that the NIPS effect
can occur on the surface of the membrane while the TIPS
effect dominates on the support side. The rate of mass transfer,
which determines the NIPS morphology, is affected by the
system temperature, which also affects the polymer solidifica-
tion kinetics as well as the surface polymer concentration. Not
surprisingly, the system can be further complicated by the use
of semicrystalline polymers such as PVDF and ECTFE. This
is an area with very limited research, and researchers have
often overlooked the NIPS effect for TIPS-prepared mem-
branes quenched in water. Recently, several researchers have
identified and exploited such an effect to prepare interesting
membranes.

Matsuyama et al.'* performed an innovative research to
isolate the NIPS and TIPS effect and also investigated the
combined effect. Using two different coagulation bath media,
that is, water and methanol, it was possible control the rate of
TIPS and NIPS effects independently. The solvent-nonsolvent
diffusion rate affected the polymer concentration, which in

TIPS + NIPS process
(Dual layer)

Nozzle

Water NIPS
coating

bath layer

Porous

)

Déense layer

Figure 23. Schematic representation and SEM photos of NIPS-TIPS combined hollow fiber.

Formation of dense skin layer is avoided by coating the surface with a separate NIPS layer that forms a highly porous surface.

8

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Syringe
with polymer solution

Figure 24. The principle of the electrospinning pro-

cess.'®®

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

turn shaped the final membrane morphology (Figure 20).
Therefore, the immersion time and the nonsolvent media are
the critical factors that must be controlled.

Hassankiadeh et al.?’ recently proposed a water soluble
green diluent, PolarClean, as a new TIPS solvent. PolarClean
exhibited excellent compatibility with PVDF over a wide con-
centration and temperature range. However, due to the high
miscibility of PolarClean with water (quenching bath), fast
PolarClean outflow relative to the water inflow resulted in the
formation of a dense skin layer with low flux. The effects of
quenching bath temperature and dope temperature were ana-
lyzed in detail and showed an intricate relationship between
the rate of diffusion, heat transfer, and crystallization kinetics
and the final membrane morphology. Using different pore-
forming additives such as PVP, PMMA, and glycerol affected
the NIPS phase demixing rate and created surface pores,
which improved the overall membrane permeability, as shown
in Figure 21. More specifically, PVP additive moved the initial
dope solution thermodynamic state closer to the NIPS binodal
line, inducing instantaneous phase demixing to form surface
pores.

Cha et al."*° reported a modified TIPS process (PVDF/GBL
system) by changing the quenching media. Changing the
DMAC/EG content in the quenching media influenced the
NIPS effect between the 7p-butyrolactone and nonsolvent,
which affected the final membrane morphology. Specifically,
increasing the DMAc concentration in the nonsolvent
increased the mean pore size and the flux of the prepared
membranes. This effect can be readily explained from the
NIPS perspective. Increasing the DMAc content in the
quenching media reduces the surface polymer concentration,
which increases the mean pore size and the flux.

Charged PVDF membranes were fabricated using the TIPS
method with PFSA as an additive.'”” Twelve different mem-
branes were prepared with different PVDF-PFSA-NMP ratios
at temperatures between 60 and 150°C. However, although
the authors claim the membranes were prepared using com-
bined NIPS-TIPS methods, PVDF is highly compatible with
NMP solvent and the resulting membranes seem to have
formed due to the NIPS effect. This occurs when the crystalli-
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zation temperature or phase-demixing temperature is located
below the coagulation bath temperature (25°C in this work).
Hence, to understand the true phase inversion behavior, it is
important to first obtain a phase diagram, especially for the
TIPS process.

A fascinating work by Lee et al.”® fabricated dual-layer hol-
low fiber membranes using a triple spinneret (Figure 22).
DMACc, a water-miscible solvent, was used as the TIPS sol-
vent, which promoted a NIPS effect on the surface, forming a
dense skin layer (Figure 23). However, when a separate dope
solution containing pore-forming PVP was used as a coating
layer, the surface porosity could be separately controlled. This
work, in principle, is similar to the PolarClean work except
that two separate dope solutions were used. The support layer
assumed a TIPS morphology, whereas the coating layer
clearly shows a porous NIPS morphology (Figure 23). Such a
design overcomes one of the main limitations of the TIPS hol-
low fiber membranes, which form a dense skin layer when the
solvent has miscibility with water.

A recent work by Xiao et al.'*! fully exploited the NTIPS
method to prepare high performance MD membranes with
high porosity and high liquid entry pressure using a PVDF/
e-caprolactam system. The membrane properties and the MD
performance reported in this work are impressive relative to
the commercial PVDF membranes: the reported porosities
were 79-96%, liquid entry pressure values were 3.5-8 bar,
and MD flux reached as high as 85 kg m 2 h™! at 80°C feed
temperature.

The N-TIPS method was recently studied theoretically
using the dissipative particle dynamics simulation by Tang
et al.''? which confirmed the effects of coagulation bath tem-
perature and the polymer—solvent interaction on skin forma-
tion kinetics.

Having the NIPS effect in TIPS-prepared membranes may
seem like a disadvantage, and it does complicate the process.
However, if NIPS and TIPS effects can both be controlled sep-
arately, similar to the thin-film composite membranes, which
now dominates the RO market, the surface morphology can be
further fine-tuned to improve both the porosity and flux with-
out sacrificing the narrow pore size distribution.

Electrospinning Method

Electrospinning is one of the fabrication methods used to
prepare highly porous membranes with high porosity, high
surface area, and excellent pore interconnectivity, and it has
been actively researched for various applications in tissue
engineering, sensor materials, piezoelectric nano-generators,
lithium ion battery separators, and membrane applications.132
Although the method still suffers from several drawbacks such
as low scalability, low productivity, and difficulty in fabricat-
ing sub-100 nm pores, the electrospinning method offers
excellent advantages for membrane contactor applications
such as high surface porosity, high hydrophobicity, and low
tortuosity. A typical electrospinning apparatus consists of a
high voltage supplier, a polymer solution feed system, and one
or more collectors. When an electric potential higher than the
surface tension of the polymer solution is applied, the polymer
solution ejects from the nozzle to the collector as a conically
shaped nanofiber (Taylor cone), as illustrated in Figure 24.
During the flight from the nozzle to the collector, most of the
solvent is evaporated, leaving the dry nanofibers to stack and
form an electrospun membrane.

February 2016 Vol. 62, No. 2 AIChE Journal


http://wileyonlinelibrary.com

Figure 25. Different types of nanofibers fabricated by electrospinning compiled by Wang et al.'*: (a) random oriented,
(b) aligned, (c) patterned, (d) spider-web-shaped, (e) beading, (f) ribbon-like, (g) helical, (h) porous, (i)
necklace-like, (j) firecracker-shaped, (k) rice grain-shaped, (I) core-shell, (m) multichannel tubular and
(n) multicore cable-like nanofibers, (o) tube in tube, (p) nanowire in microtube and (q) hollow structures.

As summarized in Figure 25, various types of microstruc-
tures can be fabricated for different applications using electro-
spinning.134 The nanofiber morphology can be controlled by
changing processing conditions and the shapes of the needle
and collector; therefore, understanding the influence of each

Figure 26. Various types of needles and collectors for the electrospinning process.

factor is important to tailor the nanofiber morphology for the
desired application.

There are several different kinds of electrospinning systems
with different types of needle shapes and collectors,"> and
each type of needle and collector can control the nanofiber

Nanofibre

Rotating roller

133,135-137

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 27. Classification of main parameters influencing the electrospinning process.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

morphology and alignment in different ways, as shown in parameters. Although there are many different parameters

Figure 26. that can be controlled in electrospinning, some of the key
Among the different collectors, the plate-type collector is parameters which significantly influence the nanofiber mor-
the most widely used due to its simplicity and versatility. phology have been clearly demonstrated in the literature. '
Fibers can be spun close to the collector, and the fibers can be As illustrated in Figure 27, the key factors can be classified
patterned by moving the needle and collector. Also, the elec- into process parameters, solution properties, and ambient
trospun fibers can be aligned using drum-type, disc-type, and conditions.
counter electrode array-type collectors. Although the disc-type As mentioned previously, the prerequisite for electrospin-
collector and the counter electrode array-type collector can be ning is overcoming the surface tension of the polymer solu-

used to fabricate highly aligned fibers, it is difficult to scale-up tion by applying sufficient electrical potential. The required
these techniques. Conversely, the drum-type collector can be applied potential (V) can be calculated using Eq. 3140

used to fabricate large area electrospun membranes with suffi- 170 oL
cient nanofiber alignment. Vi=4 <_2> (m = 1. 5) (0.1177Ry) 3)
The single nozzles are most widely used for lab-scale electro- L R

spinning experiments. For larger scale production, multinozzle
and needleless types of electrospinning processes are available.
The multinozzle system is relatively simple and easily scalable
due to the nozzle modularity. Conversely, needleless electro-
spinning can produce an electrospun membrane at high rate, but
the diameter distribution of the electrospun nanofiber is broader : - ) ;
than that of others.'® Recently, co-axial nozzles have been applied potential, tip-to-collector distance, temperature, and
developed to fabricate hollow nanofibers.'** humidity, all of which affect the nanofiber morphology. In

To tailor electrospun membranes for various applications, addition, the control of PVDF polymorphism using the electro-

one needs a thorough understanding of the effects of different spinning method is reviewed.

where H (cm) is the tip-to-collector distance, L (cm) is the
nozzle length, R (cm) is the radius of the nozzle and y (dyn/
cm) is the surface tension of the polymer solution.

In this review, we discuss the effects of concentration, the
viscosity of the polymer solution, polymer molecular weight,

(a) (b) (c)
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Figure 28. Effect of polymer concentration on the nanofiber morphology: (a) change of nanofiber morphology
depending on polymer concentration, (b) SEM images of nanofibers in accordance with polymer con-
centration, (c) schematic illustrating the change in nanofiber morphology.'*'
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Figure 30. The effect of polymer molecular weight on PVA nanofiber morphology fabricated with PVA of different
MWs: 25 wt % polymer solutions of (a) 9000-10,000 Da, (b) 13,000-23,000 Da, and (c) 31,000-50,000 Da
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tration can be manipulated to control the presence of beads
and microparticles. As shown in Figure 28, Arai and
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Figure 31. The effect of solvent on PVP nanofibers; TEM images of PVP nanofibers fabricated from 4 wt % (a)

EtOH, (b) MC, and (c) DMF solutions.'#¢

Kawakami'*' demonstrated that there exists a critical concen-
tration range where the nanofibers are fabricated as an inter-
mediate state between a bead and a nanofiber. At the
concentration below the critical region, bead and microparticle
morphology dominates in the prepared membranes due to the
high surface tension and low viscosity of the polymer solution.
Above the critical region, smooth, fine nanofibers can be
obtained. If the polymer concentration is much higher than the
critical region, a helix-shaped micro-ribbon morphology was
observed.'*

In most applications, ultrafine nanofibers are favored (above
the critical region) because the beads or microparticles usually
reduce the mechanical strength of the electrospun membranes.
Such microstructures are considered as defects. Conversely,
beads and microparticles are preferred for membrane contactor
applications that favor super-hydrophobicity due to the
enhancement of surface roughness.138

Viscosity of the Polymer Solution. The viscosity of the
polymer solution is proportional to the concentration of the
polymer solution. Therefore, the solution viscosity shows a
trend similar to that of the polymer concentration in terms of
the nanofiber morphology, as summarized in Figure 29. Mit-
uppatham et al.'*? fabricated polyamide (MW 17,000 Da)
nanofibers using different polymer concentrations, which have
different solution viscosities. When the viscosity was higher
than 1332 cP (34 wt % polymer), smooth nanofibers were
obtained without beads and microparticles. The authors assert
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that high polymer concentration implies less solvent for evap-
oration during the flight, which reduces the bead formation. In
addition, high viscosity results in larger fiber diameter due to
the lower elongation tendency. As shown Figure 29, the effect
of polymer concentration and the solution viscosity on the pre-
pared fibers are similar and can be expressed as an exponential
relationship.

Molecular Weight of Polymer. At a fixed polymer con-
centration, the molecular weight of the polymer determines
the entanglement degree of the polymer chains in the solution.
Therefore, the polymer molecular weight also affects the
nanofiber morphology (Figure 30)."*? Although the solution
concentration, viscosity, and polymer molecular weight are
closely related to each other, the morphology of the electro-
spun nanofibers is primarily affected by the solution viscosity
and the surface tension of the polymer solution. Nevertheless,
smooth nanofibers can be prepared using low molecular
weight polymers,'*® hence, a high molecular weight is not
always essential for electrospinning. If the molecular weight is
low, the polymer concentration should be high enough to
provide sufficient intermolecular interactions for formation of
electrospun nanofibers. Conversely, if the polymer molecular
weight is high, a microribbon-like morphology could be
obtained even at low polymer concentrations.'*~'%

Effect of Solvent. The solvent evaporation rate during the
flight of the polymer solution is strongly affected by the vis-
cosity and surface tension of the polymer solution. Yang

(b)

(d)

Figure 32. The effect of mixed solvent systems on PVP nanofibers: (a) surface tension and viscosity for different

mixed solvent systems.

TEM images of 4 wt % PVP nanofibers from different com
image of 4 wt % PVP nanofibers using EtOH/DMF (50/50)."
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s)ositions of EtOH/DMF: (b) 65/35, (c) 50/50, (d) 35/65, and (e¢) SEM
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Figure 33. Effect of solvent mixtures on polyamide nanofibers fabricated with different solvent mixtures (formic
acid/m-cresol): (a) 90/10, (b) 80/20, (c) 60/40, and (d) 0/100."2

et al."*® studied the effect of solvent on PVP nanofibers using

different kinds of solvents under the same electrospinning
conditions. As shown in Figure 31a, PVP nanofibers from a
PVP/EtOH solution resulted in smooth nanofibers without
beads. Conversely, PVP nanofibers fabricated from PVP/MC
and PVP/DMF solutions showed spindle and sphere-shaped
beads, respectively (Figures 31b, c). Such a difference occurs
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because the PVP/methylene chloride and PVP/DMF solu-
tions have lower surface tension and higher viscosity than
those of PVP/EtOH solution. Interestingly, the spindle-
shaped bead fabricated from the PVP/MC solution exhibited
a hollow fiber morphology induced by the low boiling tem-
perature of MC, which rapidly evaporated on the surface of
the ejected jet.

(c) (d)

Initiating Jet: 7.0 kV Initiating Jet: 9.0 kV

7% PEO Fiber Mat: 7.0 kV 7% PEO Fiber Mat: 9.0 kV

Figure 34. SEM images of PEO nanofibers as a function of applied potential.'®
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Figure 35. The effect of tip-to-collector distance on the diameter of electrospun nanofibers fabricated using a 20
wt % PS/DMAc solution with 10 kV at (a) 10 cm and (b) 15 cm of tip-to-collector distance.'’

1 -~

Figure 36. Effect of temperature on the morphology of electrospun PA-6-32 nanofibers, which were fabricated at
(a) 30°C and (b) 60°C using 20 wt % of PA-6-32 dissolved in an 85% formic acid solution.#?

Yang et al."*® also investigated the effect of mixed solvent
systems on nanofiber morphology. As shown in Figure 32, the
surface tension and viscosity of the polymer solution showed
an inverse relationship. In addition, when the DMF content in
the mixed solvent system increased, the resulting nanofiber
diameter decreased from 250 nm down to 20 nm and did not
show any beading.

Mit-uppatham et al.'** prepared 32 wt % polyamide (MW
20,000 Da) dissolved in formic acid and m-cresol under various
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PORPPPIPIPIELEPPPIOF I,

compositions. As shown in Figure 33, the fiber diameter
increased in accordance with increasing m-cresol content,
which has a high boiling temperature (202°C) and low dielectric
constant (11.5 at 24°C). At 100% m-cresol, the polyamide nano-
fibers eventually fuse together due to the residual solvents.

As mentioned previously, the importance of using greener
chemistry in the chemical industry has been growing in
accordance with environmental regulations. Although typical
solvents like DMF, DMAc, and NMP are commonly used for
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Figure 37. Effect of humidity on morphology of electrospun PS nanofibers fabricated at various humidity condi-
tions; SEM images and pore distribution on the nanofibers at (a1 and b1) 31-38%, (a2 and b2) 40-45%,
(a3 and b3) 50-59%, and (a4 and b4) 60-72% humidity.%*
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Figure 38. Room-temperature wide angle X-ray scatter-
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[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

the electrospinning method due to their excellent compatibility
with various polymers and high dielectric constant, such sol-
vents must be replaced with greener alternatives. Unfortu-
nately, research on green solvents for electrospinning has not
yet been performed.

Effect of processing parameters

Effect of Applied Potential. Generally, higher applied
potential produces thinner fibers and smaller beads'*” due to
the greater force applied onto the jet that stretches the fiber. In
addition, fibers prepared using high applied potential typically
show a rough surface morphology.'*® Although debatable,
Deitzel et al."*’ reported that if the applied potential becomes
too high, the electrospun jet becomes unstable and increases
the fiber-bead density. As shown in Figure 34a, when the elec-
tric potential increases above 7 kV, the slope of the current
curve becomes steeper. In addition, the solution droplet at the
end of the needle gets smaller with increasing electric poten-
tial, as shown in Figures 34b—d. It can also be seen that the
bead density sharply increases above 7 kV (Figure 34e). How-
ever, it should be pointed out that there is as yet no consensus
among researchers on how the applied potential influences the
nanofiber morphology. Therefore, the applied potential should
be optimized depending on the polymer properties, solution
concentration, and tip-to-collector distance to fine-tune the
morphology of the electrospun nanofibers.

Effect of Tip-to-Collector Distance. The distance from
the tip of the needle to the collector should be long enough for
solvent evaporation and polymer solidification. If the distance
is too short, the polymer may not fully solidify, which would
decrease the final membrane porosity. Conversely, if the dis-
tance is too long, beads could form on the fibers because the
applied potential cannot provide enough elongation force to
stretch the polymer solution, as described in Eq. 3. Hence,
there exists an optimum tip-to-collector distance for each
polymer dope solution. Yuan et al.'>' observed that longer dis-
tances produces thinner nanofibers using a 20 wt % PSF/
DMAc solution at 10 kV. As clearly shown in Figure 35, when
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the tip-to-collector distance is changed from 10 to 15 cm, the
fiber diameter decreased from 438 = 72 nm to 368 = 59 nm.

Effect of ambient conditions

Effect of Temperature. As the solution viscosity is inver-
sely proportional to the temperature, higher temperatures
result in thinner fibers and/or beaded fibers.'*?> For example,
Figure 36 shows a decrease in fiber diameter when the temper-
ature increased from 30 to 60°C. Interestingly, it can also be
seen that the fiber density also increased with temperature,
compensating for the decrease in fiber diameter.

Effect of Humidity. The humidity has significant influence
on the rate of solvent evaporation, which in turn affects the
surface morphology of the electrospun nanofibers.'>? Casper
et al.'>® demonstrated that the number of pores and pore size
on the surface of polysulfone nanofibers increased as the
humidity increased, as shown in Figure 37. The effect is more
drastic in the lower humidity range (31-45% humidity) with
no visible difference in fiber morphology above 59% humid-
ity. Conversely, the pore size distribution became broader
with increasing humidity.

Controlling the PVYDF Polymorphism. PVDF polymer is
one of the most widely used material for electrospinning
because it can be used to form thin membranes with high spe-
cific surface area and high porosity. In addition, PVDF has
good mechanical properties and is highly resistant to heat,
abrasion, and chemicals. Membranes with extremely high /-
phase content (50-100%) have been reported in the PVDF
electrospinning literature.>*™'3® The electrospinning method
intrinsically favors f-phase formation for two reasons. First,
the method requires a polar solvent with a high dielectric con-
stant for spinning. Second, the applied potential induces uniax-
ial stretching via electrical poling. As a result, the dipoles in
the electrospun PVDF (CF, and CH, dipoles) nanofibers
become oriented, which favors the formation of a [f—phase.154
The spinning parameters significantly influence the PVDF
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Figure 39. Summary of the electrospinning parameters
to induce PVDF p-phase formation: low vis-
cosity,’®® low boiling point solvent,'®® high
additive content,'®>'%2 |ow feed rate,'® high
applied potential,'®® short tip-to-collector
distance,’® and low ambient temperature
(<90°C).'¢3
[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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polymorphism in electrospun membranes. Zheng et al.'*® inves-

tigated spinning parameters for f-polymorphism formation such
as the solvent composition, temperature, feeding rate, and tip-to-
collector distance. Typically, the f-phase content in the electro-
spun PVDF membranes are above 80% in the literature.'>

Apart from the spinning parameters, partially charged addi-
tives have been studied for f-phase formation in the PVDF
research using various kinds of additives such as nanosili-
cates'>”'5% and carbon nanotubes.'>*~'®! Interactions between
the partially positive hydrogen atoms in the PVDF chain and
the partially negative additives like fluorine-based fillers'3>162
and between the partially negative CF, group in the PVDF
chain and partially positive additives'*'%* can be exploited to
control the f-phase content. For instance, it has been shown
that PVDF electrospun membranes containing partially
charged additives exhibited higher f-phase content than that
of nascent PVDF electrospun membranes 154,155 Recently,
Xing et al.'>* prepared 100% f-phase PVDF membranes using
a blend of PVDF and room-temperature ionic liquid (RTIL).
As shown in Figure 38, the XRD graph shows a clear peak at
20.9°, which is the characteristic f-phase diffraction peak of
crystalline PVDF. The authors explain that 100% f-phase is
achieved by combined effects of the electrospinning process,
polar DMF solvent, and specific interactions between the imi-
dazolium ions of the RTIL and the CF, group. Figure 39 pro-
vides a schematic summarizing the relationship between the
electrospinning parameters and fillers as they relate to the
PVDF polymorphism.

Conclusions and Future Prospects

In this review, the current status of TIPS and electrospinning
methods have been assessed, with particular focus on mem-
brane morphology control. For the TIPS method, different
parameters that affect the final membrane morphology are
extensively discussed and interpreted from thermodynamic and
kinetic perspectives. Also, current state-of-the-art TIPS-pre-
pared PVDF membrane data are compiled and an upperbound
(permeability vs. tensile strength) is proposed to guide future
research efforts. During the preparation of this manuscript, sev-
eral important trends in TIPS research were clearly visible.
First, many of the TIPS studies only report on the final mem-
brane morphology without discussing the actual membrane per-
formance. To fully utilize the TIPS method in the membrane
industry, it is necessary to prepare membranes and assess the
permeability, rejection, and tensile strength. Second, research
on post-treatment and additives for TIPS-prepared PVDF data
are rather scarce. Such research efforts could result in a strategy
to overcome the current TIPS upperbound. Last but not least,
correlations between PVDF polymorphism and the overall
membrane performance have not been clearly elucidated. We
speculate that the surface properties of the PVDF membranes
can influence the MCr performance and the fouling tendency.

With regard to the electrospinning method, the key parame-
ters that affect the nanofiber morphology are reviewed. The
unique advantage of the electrospinning method, as mentioned
in the main text, is the ability to control the polymorphism
phase of a semicrystalline polymer such as PVDF. Different
methods to control the PVDF polymorphism (o, f, and 7y-
phase) are assessed. It is now possible to obtain a fully f-
phase PVDF membrane using the electrospinning method.
However, similar to the TIPS-prepared membranes, a specific
correlation between the membrane polymorphism, surface
properties, and the performance is lacking. With high porosity
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and uniform pore size distribution, f-phase PVDF nanofiber
membranes could show interesting potential for membrane
contactor applications. In particular, the effect of the surface
properties on the crystallization kinetics in MCr operation is
an open question.
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Notation

ATBC = acetyl tributyl citrate
ATEC = acetyl triethyl citrate
DBP = dibutyl phthalate
DMP = dimethyl phthalate
DOA = dioctyl adipate
DOS = dioctyl sebacate
DEA = diethyl adipate
DMACc = dimethylacetamide
DBI = dibutyl itaconate
DPC = diphenyl carbonate
DMSO?2 = dimethyl sulfone
DPK = diphenyl ketone
DOP = dioctyl phthalate
DEHP = di-(2-ethylhexyl) phthalate
PVA = poly(vinyl alcohol)
PEG = poly(ethylene glycol)
PMMA = poly(methyl methacrylate)
PVP = poly(vinyl pyrrolidone)
PGC = 1,2-propylene glycol carbonate
Polarclean = methyl-5-(dimethylamino)-2-methyl-5-oxopentanoate
PES-S = poly(ethersulfone)
PVDF = poly(vinylidene fluoride)
PVDF-co-HFP = poly(vinylidene fluoride-co-hexafluoropropene)
PVDF-co-TFE = poly(vinylidene fluoride-co-tetrafluoroethylene)
PVDF-co-TrFE = poly(vinylidene fluoride-co-trifluoroethylene)
PTFE = poly(tetrafluoroethylene)
ECTEFE = poly(ethylene chlorotrifluoroethylene)
Hyflon AD = poly|[tetrafluoroethylene-co-(2,2,4-trifluoro-5-trifluoro-
methoxy-1,3-dioxole)]
DEP = diethyl phthalate
DCAC = diethylene glycol monoethyl ether acetate
GTA = glycerin triacetate
GBL = y-butyrolactone
LiCl = lithium chloride
MCr = membrane crystallization
MCr = methyl chloride
MD = membrane distillation
NMP = N-methylpyrrolidone
TEC = triethyl citrate
TEGDA = triethylene glycol diacetate
TEP = triethylphosphate
TCB = 1,3,5-trichlorobenzene
RTIL = room-temperature ionic liquid
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