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s0010 1. Introduction

p0010  Polymeric membranes play a crucial role in separation technologies as they are widely
used in various applications, including gas separation, reverse osmosis, ultrafiltration, micro-
filtration, pervaporation, dialysis, and supported liquid membrane extraction [1—6]. For the
integrally skinned asymmetric membranes, the surface pore sizes and their distribution usu-
ally determine the separation performance, or selectivity, while the thickness of the selective
layer determines the membrane permeability. In the last 4 decades, membrane and material
scientists developed advanced materials and improved fabrication methods to create desir-
able pore structures, thin selective layers, and stable performance during long-term filtration
[7—12]. Generally, several fabrication methods, such as stretching, vapor deposition, sinter-
ing, sol-gel, solution coating, track-etching, and phase inversion, are used to fabricate mem-
branes, with the latter being the most versatile method due to its simplicity and scalability of
the fabrication process [13—17]. Phase inversion technique enables preparing all types of mor-
phologies from a vast number of polymeric materials [18—21]. During the phase inversion
process, a homogeneous polymer solution becomes insoluble at a certain condition and sep-
arates into two phases: (i) a polymer-rich phase that forms the membrane matrix after solid-
ification and (ii) a polymer-poor phase that creates the membrane pore after exchanging the
solvent with nonsolvents followed by drying [15,22]. Several ways can be applied to induce
phase separation. These include lowering the cast film temperature in thermally induced
phase separation (TIPS) [2], immersion of cast film into a nonsolvent bath in nonsolvent-
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2 1. Nonsolvent-induced phase separation

induced phase separation (NIPS) [3], nonsolvent adsorption from a vapor phase in vapor-
induced phase separation (VIPS), and evaporation of a volatile solvent from the casting solu-
tion evaporation-induced phase separation (EIPS). Among these phase inversion methods,
NIPS (also known as the Loeb-Sourirajan method) is the most widely utilized method to
fabricate commercial asymmetric polymeric membranes for various industries and markets
[13,23,24]. In the 1960s, Loeb and Sourirajan used the immersion precipitation technique to
form an integrally skinned asymmetric membrane. For this purpose, they cast a polymeric
film on a substrate and observed its transformation to a solid phase in a controlled manner
[25], a breakthrough in membrane separation technology. The formation of asymmetric mem-
branes by the NIPS process consists of a couple of steps: (1) dope preparation, (2) degassing,
(3) casting (4), evaporation (optional based on the application), (5) coagulation and solvent
exchange, and (6) posttreatment. The membranes fabricated by the NIPS process mostly
have a thin, dense, selective skin layer over a thick porous sublayer, which has no significant
mass transport resistance against the permeate phase. The skin layer and porous substructure
are composed of the same material. The properties of the skin layer, as a separating layer, are
one of the major key elements in determining membrane productivity and separation factor
for liquid and gas separations. This chapter aims to review the fundamental understanding of
the NIPS process and the materials and technology developed for the fabrication of asym-
metric membranes with desired characteristics and performance. The basic principles of
membrane formation by the NIPS process are provided in the following section.

s0015 2. Membrane fabrication by NIPS technique: Principal and basic
understanding

p0015  NIPS process is based on separating a homogeneous and one-phase solution, consisting of
a polymer, a solvent, and additives, into two distinct phases, that is, the solid or polymer-rich
phase and solvent-rich liquid or polymer-lean phase. The former is responsible for forming
the membrane matrix, whereas the second phase is washed out during the membrane forma-
tion process. This causes the development of pore structure and network within the matrix of
the membrane until solidification completes. Generally, NIPS process can be carried out in
two ways: by straight plunging a polymer solution into a nonsolvent coagulation bath, which
is called the wet method, and by giving time to a polymer solution for solvent evaporation
and then plunging it in nonsolvent coagulation bath, known as the dry/wet method. From
the mass transfer point of view, a concentration gradient appears across the polymer solution
during the membrane preparation procedure due to the solvent evaporation or replacement
of solvent and nonsolvent, which leads to asymmetric membranes.

p0020  Several types of membranes such as flat sheet, hollow fiber (diameter <0.5 mm), and capil-
lary (0.5 mm < diameter <5 mm) membranes can be prepared using the NIPS method [13].
Flat sheet membranes are usually formed by coating a thin polymeric layer on the porous sub-
strate. After casting a dope solution, consisting of a polymer or blends of polymers, additives,
and solvent(s), on the surface of the substrate, the membrane is immersed into a coagulation
bath containing nonsolvent, which is miscible with solvent. After nonsolvent transport to the
polymer solution, the dope solution composition moves from the homogenous and thermody-
namically stable one-phase region to the metastable or unstable and nonhomogenous two-
phase region to conduct phase separation. The phase separation progresses until the
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2. Membrane fabrication by NIPS technique: Principal and basic understanding 3

precipitation of the polymer-rich phase is complete, and the porous structure is created. This
procedure is used in the laboratory to fabricate small membranes (up to 50 cm long and 30 cm
wide) with a blade or casting knife [26—28]. A typical lab-scale hand-held casting knife/blade
and procedure of NIPS for membrane fabrication are shown in Fig. 1.1.

p0025  Large casting machines (Fig. 1.2) are used to produce the membrane rolls for commercial
production of flat sheet membranes, commonly up to 1000 m long and 1 m wide. Briefly, the
polymer casting solution is cast onto a moving nonwoven polyester or polyethylene fabric.
The cast film is rolled to immerse in a water bath, as a nonsolvent, to initiate the polymer pre-
cipitation. The precipitation starts rapidly on the top surface of the cast film, leading to the
formation of a dense and selective skin layer for the membrane. This dense layer reduces
the water penetration rate into the underlying cast polymer film, which slows the polymer
precipitation at this layer considerably, leading to a more porous substructure for the mem-
brane. The thickness of the dense skin layer can range between 0.1 and 1.0 pm depending on
the polymer, composition of the casting solution, speed of casting and immersing, and rate of
demixing. The casting speed of large casting machines varies from 1 to 2 m/min for casting
solutions with delayed precipitation, such as cellulose acetate, to 10 m/min for fast demixing
casting solutions, such as polyethersulfone.

f0010 FIGURE 1.1 Lab-scale hand-held casting knife, which is typically used to fabricate nonsolvent-induced phase
separation (NIPS) membranes. Three main stages include (1) pouring the polymer solution on a suitable support, (2)
casting the polymer solution, and (3) placing the cast film in the coagulation bath to initiate solvent-nonsolvent
exchange.
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f0015 FIGURE 1.2 Schematic and pilot-scale used to fabricate flat sheet membranes via nonsolvent-induced phase
separation (NIPS) [13].

p0030  The preparation procedures for hollow fiber and capillary membranes are quite different
since these membranes are self-supported, as shown in Fig. 1.3. In fact, hollow fiber and capil-
lary membranes are not cast on a porous substrate. During the fabrication of hollow fiber
membranes, coagulation occurs at both internal and external surfaces. The internal skin
morphology can be controlled by controlling the internal coagulation via a proper selection
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0020 FIGURE 1.3 Schematic of the spinning system to fabricate hollow fiber membranes.
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3. Fundamentals and mechanism of NIPS 5

of the bore fluid chemistry and flow rate. The appropriate choice of the internal coagulant is
also crucial because the rate of precipitation and the resultant inner skin layer morphology
strongly depend on the chemistry and compositions of the internal coagulant. On the other
hand, adjusting the outer coagulant chemistry and coagulation conditions can control the
outer skin morphology of hollow fiber membranes. Water is commonly used as an external
coagulant to fabricate hollow fiber membranes because of its low cost and environmental
friendliness. The surrounding humidity can affect the skin layer morphology in case of a
high duration of fiber traveling through the air gap as well as high solvent evaporation at
the outer layer of fibers, which induce early precipitation and increase the thickness of the
selective skin layer.

p0035  Several key parameters must be considered to fabricate a membrane with desirable me-
chanical and chemical stabilities and permeation properties. These parameters include the
choice of polymer, solvent-nonsolvent system, the concentration of the polymeric mixture,
the composition of the nonsolvent bath, and dope casting parameters [29]. To rationalize
the impact of these parameters on the structure and properties of resulting membranes, the
fundamental principles of the NIPS process need to be understood. The thermodynamic
aspect of phase inversion (mainly the phase diagram), the kinetic aspect of solvent and non-
solvent mass transport, and the growth of phase-separated domains (solidification) after
phase inversion, are explained in the following section.

0020 3. Fundamentals and mechanism of NIPS

p0040  Initially, it is essential to understand the phase inversion concept through theoretical prin-
ciples [30,31]. Although in situ measurements of the phase separation process are difficult,
perusing theoretical principles of this process will be helpful to understand NIPS. Generally,
membrane formation is based on the thermodynamic and kinetic principles, that is, the rela-
tionship between the diffusivities and chemical potentials of the individual components and
Gibb’s free energy of mixing. A commonly applied method to study the relationship between
membrane matrix and its fabrication procedure is to design a ternary polymer/solvent/non-
solvent phase diagram, giving the required information of the thermodynamics and kinetics
of the phase inversion process.

s0025 3.1 Thermodynamic principles of NIPS

p0045  The thermodynamic behavior of the NIPS process can be described using a ternary poly-
mer/solvent/nonsolvent phase diagram. Fig. 1.4 shows a classic phase diagram. The angles
of the triangle signify the three ingredients (polymer, solvent, and nonsolvent), whereas all
possible points within the shape denote a mixture of three parts. The ternary diagram is a
simple picture of an actual phase inversion process where more than three components
can usually exist in the dope solution and nonsolvent bath.

p0050  The triangle comprises two sections: a single-phase area where all components are soluble
and a double-phase area where the mixture splits into polymer-rich and polymer-poor
phases. The lines that link a couple of equilibrium compositions within the triangle and
the liquid—liquid phase frontier are named a tie line and binodal, respectively. The primary
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{0025 FIGURE 1.4 (A) A typical
ternary phase diagram showing the (A)
membrane formation mechanism
via nonsolvent-induced phase sep- Binodal
aration (NIPS) method, and the
formation of (B) tighter and (C)
more porous structures based on
different pathways of solvent-non-
solvent demixing.
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polymer dope solution for membrane fabrication is situated on the polymer/solvent axis.
Nevertheless, it is also possible to add nonsolvents to the dope solution so that all three parts
are still miscible. This single-phase region is located between the polymer/solvent axis, the
solvent/nonsolvent axis, and the binodal. By adding nonsolvents to polymer/solvent
mixture, the composition of the dope solution moves to the right side of the triangle (path-
ways A and B). Consequently, demixing will take place when the mixture becomes thermo-
dynamically unstable. As displayed in Fig. 1.4, the point where binodal and spinodal curves
intersect, the so-called critical point, is located at low or very low polymer contents.

p0055  There are two potential pathways for the dope solution to solidify: pathway A, which
leads to binodal demixing, and pathway B, which leads to spinodal decomposition. In
pathway A, the dope solution finishes up at the metastable area, between the binodal and
spinodal curves, where the polymer solution is thermodynamically unstable, but the polymer
precipitation does not happen. Here, the dope solution is possibly converted to a polymer-
rich phase (point A’) and a polymer-poor phase (point A”) based on the nucleation and
growth mechanism. These compositions within the triangle (A’ and A”) are connected by
means of tie lines. Two points at each side of tie lines are at thermodynamic equilibrium.

p0060  When the dope solution passes across the binodal and spinodal border without having
adequate time to initiate the demixing process, spinodal decomposition happens (pathway
B). In this situation, the polymer solution directly finishes up in the thermodynamically un-
stable area within the spinodal region. Similar to the binodal region, two phases will emerge
when the dope solution moves in pathway B; however, it is expected to have two co-
continuous phases that will finally lead to nuclei formation instead [32,33]. The polymer con-
centration and hence pathway above the critical point can usually represent the fabrication of
a solidified membrane.

p0065  As shown in Fig. 1.5, there are four regions in the ternary phase diagram of polymer/sol-
vent/nonsolvent: (I) a homogenous solution phase, (II) liquid—liquid phases, (III) liquid—
solid phases, and (IV) solid phase. Basically, if the system starts from point A in region I,
the system can follow four different pathways [34]. If the system reaches point S; in the di-
agram, liquid—liquid phase inversion occurs, resulting in phase S; (polymer-rich phase) and
phase S3 (polymer-lean phase). When S is located in the metastable region between binodal
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P (Polymer) FIGURE 1.5 Ternary phase dia- f0030
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and spinodal curves at high polymer concentration, membrane formation takes place through
nucleation and growth mechanism of the polymer-lean phase, resulting in noninterconnected
pores.

p0070  On the other hand, a bicontinuous structure with interconnected pores can be formed
through path 2-2, in which the system enters directly into the unstable region where solidi-
fication carries out. When the system follows path 2-3, it enters a metastable region at low
polymer concentration, producing membranes with low integrity. Two further definitions
related to the thermodynamics of phase inversion are (i) delay time and (ii) gelation time.
The time interval between the immersion in the nonsolvent and the start of the liquid—liquid
demixing is defined as delay time. From the phase diagram, it can be found that the system
can cross different regions based on the delay time, leading to the formation of a membrane
with different morphology. For fast or instantaneous demixing, the system immediately en-
ters the unstable region, while in case of delayed demixing, the system stays in the metastable
region before it reaches the unstable region. The gelation time is usually considered as the
time interval between the onset of the demixing and the solidification of the polymer
solution.

p0075  The formation of the final membrane structure is a complicated process in which all the
mechanisms described above can be involved. Nucleation and growth, solidification, and
gelation significantly influence the final structure of the membrane. When phase inversion
proceeds through nucleation and growth, the formation of interconnected pores will be pro-
moted by increasing the gelation time.

s0030 3.2 Kinetic principles of NIPS

p0080  The kinetics of phase inversion induced by nonsolvent is mainly affected by the solvent/
nonsolvent exchange rate in the coagulation bath. In fact, the mass transfer during solvent/
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8 1. Nonsolvent-induced phase separation

nonsolvent exchange defines the path on the membrane phase diagram. The chemical poten-
tial gradient between the solvent and nonsolvent is known as the driving force for each
component. To characterize the kinetics of NIPS process, the penetration of nonsolvent into
the cast film needs to be investigated [35—37]. Upon the first contact with the nonsolvent
bath, the chemical potential gradient is the greatest near the borderline between the polymer
solution and the nonsolvent, presenting the quickest exchange rate. Nevertheless, the sol-
vent/nonsolvent exchange rate will decrease over time due to the reduction of chemical po-
tential gradient, as presented in Fig. 1.6. At this time, an asymmetric membrane with a lower
permeable surface layer that controls mass transfer rate will be fabricated. On the other hand,
several factors influence the exchange rate, such as the size of the molecules penetrating in or
out, as well as the viscosity of the media that the particles transport through [38,39]. Possible
morphologies of membranes generated from the NIPS process could be ascribed to the ther-
modynamics and kinetics of phase separation. The formation of macrovoids is also attributed
to the kinetic hindrance and the hydrodynamic instability induced by gradient at the interface
[35], precipitation rate [36], and the surplus intermolecular gradient driven by interfacial con-
centration gradient [40].

p0085  As mentioned earlier, once the cast film is being exposed to the nonsolvent, liquid-liquid
separation occurs in which two possible types of demixing, delayed and fast demixing, rely
upon the solvent/nonsolvent exchange rate. These two types of demixing result in two path-
ways of membrane formation on the phase diagram, leading to the formation of various
structures, as shown in Fig. 1.7. After the first contact between the cast film and the nonsol-
vent, if the membrane wall is shaped very fast, the immediate demixing occurs; otherwise, if
there is an adequately long time for the formation of membrane pores, the delayed demixing
occurs [13,41,42].

p0090  Itis to be noted that there are no principles to put time boundaries between the immediate
and delayed demixing processes. A membrane with an approximately uniform porous top
layer is formed as a result of immediate demixing (Fig. 1.7B). In this type of membrane,

Coagulation Bath

Solvent oNouAlveul 0 Solvent Nonsolvent
Concentration ~ Concentration Cancmlrati? Concentration

f0035 FIGURE 1.6 Concentration profiles of solvent and nonsolvent during NIPS process, right after plunging in the
nonsolvent (A), at the initial time (B) and after a time t (C) for a polymer solution containing some nonsolvent [38].
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finger-like pores (or macrovoids) can be observed in the support layer (Fig. 1.8A). The mem-
branes formed with delayed demixing would possess an approximately denser top layer
(Fig. 1.7D), resulting in lower permeability than the membranes formed due to immediate
demixing (Fig. 1.8B). The morphology of membranes produced via the NIPS process results
from the interplay between thermodynamic and kinetic parameters during phase inversion.
For example, the formation of unwanted finger-like macrovoids can be hindered by using a
weak nonsolvent, a mixture of water and glycerol or water and n-methyl-2-pyrrolidone
(NMP). The addition of solvent in the coagulation media slows the solvent—nonsolvent ex-
change rate and thus delays the nonsolvent influx, which is responsible for voids growth.
The influence of glycerol is connected to its lower nonsolvent power as well as its viscosity,
which further delays the nonsolvent influx. However, it must be noted that important vari-
ables like polymer concentration, solvent/nonsolvent miscibility degree, and coagulation
bath composition have the most impact on the precipitation process.

p0095  The final membrane structure and morphology also depend on the polymer type being
used for membrane fabrication. For glassy polymers, such as polysulfone (PS), cellulose ace-
tate (CA), and polyimide (PI), phase inversion is mainly controlled by liquid—liquid demix-
ing, whereas, for semicrystalline polymers, such as polyvinylidene fluoride (PVDF),
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10 1. Nonsolvent-induced phase separation

f0045 FIGURE 1.8 Various membrane structures formed by different types of demixing: (A) Immediate demixing and
(B) delayed demixing.

solid—liquid demixing and polymer crystallization may also occur during phase inversion.
Usually, liquid—liquid demixing leads to the formation of membranes with cellular
morphology and/or finger-like macrovoids. In contrast, phase inversion facing solid—liquid
demixing often results in a particulate structure made of interlinked semicrystalline
spherulites.

s0035 3.2.1 Kinetic model of mass transfer in the NIPS process

p0100 A reliable kinetic model can be developed by solving the problem of moving boundary
transport in which the following aspects should be accounted for, as adopted by Ahmad
et al. [43].

00010 (i) nonsolvent non-quasi-stationary diffusion across the solidified membrane
00015 (ii) changing the nonsolvent concentration in the coagulation bath
00020 (iii) membrane swelling with the time during the NIPS process

p0120  Some assumptions should be made to describe the kinetics of the NIPS process for the
problem of moving boundary transport as below.

00025 (i) The dope solution is a completely homogeneous solution and the surface area of cast
film is constant during the NIPS process. It is also considered that the swelling/
shrinkage takes place in just z-direction.

00030 (i) Liquid—liquid demixing occurs while phase separation is very fast and the kinetics of
this process is controlled by counter-diffusion of nonsolvent in coagulation bath and
solvent in casting solution through the membrane porous substrate.

00035 (iii) The amount of solvent and nonsolvent exchanged are equal.
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3. Fundamentals and mechanism of NIPS 11

00040 (iv) During measuring the density of dry porous membranes, the density of air is assumed
to be neglected.

00045 (v) The deviation from the isothermal behavior of the casting solution and coagulation
bath is also neglected.

p0150  According to these assumptions and Fig. 1.9, the nonsolvent concentration profile in the
membrane film during the phase separation process can be theoretically formulated under
“unsteady state” condition as follows:
#C _oC
D— =—;(Z. <z <Hj;t 1.1
a2~ o ZeszsHit>0 (11

where D is nonsolvent molecular diffusion coefficient through the solid film (membrane), Cis
nonsolvent mass concentration (time-dependent) in the membrane film, Z is z-direction in
cartesian coordinate, Z(t) is axial position of the moving solidification (time-variant), which
can be measured from the membrane casting plate. The initial and boundary conditions for
the above equation are:

C = Co;(t=0) (1.2)
C=1C; (z=H,t >0 (1.3)
C=0;(z=2c) (1.4)
dC 1 dM,,
S =a g E=Zat>0) (L5)
z
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f0050 FIGURE 1.9 Theoretical concentration profile of nonsolvent in the solidified membrane [43].
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12 1. Nonsolvent-induced phase separation

where Cy and C(t) are the initial and time-dependent mass concentration of nonsolvent (wa-
ter) in the coagulation bath, respectively, A is the mass distribution coefficient of nonsolvent at
the membrane surface, H(t) and A are the membrane thickness and surface area, and M, is
nonsolvent mass through the diffusion layer. The left- and right-hand sides of Eq. (1.5) repre-
sent the nonsolvent diffusive mass flux in the solidification zone and influx caused by liquid—
liquid demixing, respectively. The following mass balance equation can be applied for the ex-
change of nonsolvent and solvent during the phase inversion process at a given moving
boundary transport problem:

H
VCo = VuC(t) +/ ACnsdz (1.6)

where V;, is the volume of coagulation bath, C,s is nonsolvent capacity in the membrane
solidified. The initial amount of nonsolvent in the coagulation bath was represented on the
left-hand side of this equation. The first term on the right-hand side describes the nonsolvent
variation, and the second term denotes the nonsolvent amount utilized for the solidification.
After simplification, Eq. (1.6) can be rewritten as:

C=GCl— o« (H =Z)] (1.7)
where
AH,Cns H Z.
- T " H = 7= 1.
T GV T HY™ T Ho (18)

o represents the nonsolvent mass fraction in the diffusion area, Hy describes the initial thick-
ness of cast film before precipitation. Under the assumption of fully insoluble polymer in non-
solvent, the mass of casting solution that undergoes solidification at any time can be obtained
by:

M = p AHy — Z¢) (1.9)

Where p. is the mass density of casting solution and membrane. Similarly, the quantity of
casting solution solidifies over time can be calculated by:

Mmemb = pmembA(H - ZC) (110)

Where pjemp is the mass density of the membrane. By balancing polymer in casting solution
and membrane at any time, the following equation is obtained:

pcsA(HU - ZC)ﬁmly = pmemA(H - Zc) (111)

Where fj1, is the mass fraction of polymer in the casting solution. The membrane swelling
during solidification can be obtained with the following equation, which is a simplification
of Egs. (1.8) and (1.11):
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3. Fundamentals and mechanism of NIPS 13
H = k+ (1-k)Z (1.12)

where k = pcs.fpoly/ Pmemb, which is called membrane swelling/shrinkage factor. For k > 1, the
liquid—liquid demixing results in swelling of the membrane, while for the k < 1, the mem-
brane shrinks. There will be no shrinkage and swelling when k =1. The k parameter can
also be estimated accurately by measuring the slope and intercept of the H* versus Z*. plot
obtained from Eq. (1.12). The following mass balance can be used at any time of phase inver-
sion in which “b” is a required mole of nonsolvent per mole of solvent during solidification of
casting solution or formation of membrane:

1 dMns _ nds
b dt  dt

(1.13)

p0155  Therefore, the boundary conditions in Eq. (1.5) reduce to the following equation by using
Egs. (1.9) and (1.13):
dC dz:

D—= _bHopcsF

= (1.14)

p0160 By combining Egs. (1.7) and (1.12), Finally, the bulk concentrations of nonsolvent, which
vary with time, are determined from the following equation:

C'=1- <k(1-27) (1.15)

C
Where: C* = C_o

s0040 3.3 Solubility parameters

p0165  In the phase inversion process, the solubility parameters of casting solution components are
of great importance. They are usually employed to evaluate the possible interactions between
the polymer—solvent, solvent—nonsolvent, and polymer—nonsolvent. These interactions
describe the ability of the solvent to dissolve a polymer, the miscibility of solvent—nonsolvent,
and the nonsolvent power toward a polymer, respectively. Therefore, the final morphology of
the membrane will be strongly affected by these mutual interactions through changing the
thermodynamic enhancement and kinetic hindrance of phase inversion. In general, two
compatible chemical species have closer solubility parameters. For instance, with a slight dif-
ference between the solubility parameters of polymer and solvent, the dissolving capacity of
solvent is high, and as a consequence, the rate of liquid—liquid demixing is decreased. If the
difference between the solubility parameters of polymer and nonsolvent parameters is high,
nonsolvent has a strong power to precipitate the polymer, and as a consequence, fast liquid—
liquid demixing takes place. The difference between the solubility parameter of nonsolvent
and solvent strongly influences their exchange rate during phase inversion.

p0170  For a pure liquid substance, the square root of the cohesive energy density is used to obtain
the Hildebrand solubility parameter, 3, as below:
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14 1. Nonsolvent-induced phase separation

AH, — RT

Where AH, is the heat of vaporization and Vi, is the molar volume.

p0175  According to Hansen’s theory [44], 5 can be calculated using the energy from dispersion
bonds (3,4), the energy from hydrogen bonds between molecules (3;), and the energy from
dipolar intermolecular forces (3,) as below:

(5§ + 02+ aﬁ) (1.17)

p0180 The method of calculating d; and 6, is presented by Blanks and Prausnitz [45]. Calculation
of ¢, is described by Hansen and Beerbower as follows:

8y = 37.4% (1.18)

where V is the solvent molar volume and u is the solvent dipole moment. The group contri-
bution technique is the best one for computing ;. A new variable, R,, was developed by
Skaarup [44] as solubility parameter distance of polymer (ingredient 1) and solvent (ingre-
dient 2) and their affinity to each other, which is equal to:

Ry = \/4(602 — a)’ + (62 — 81) + (012 — 611’ (1.19)

p0185  Therefore, the interactions between pair of polymer—solvent (P—S), polymer—solvent
(P—NS), and solvent—nonsolvent (S—NS) can be calculated by the following equations [46]:

P —S: bps = \/ (6ap — 045) + (dpp — Ops)” + (Oup — Ons)’ (1.20)
2 2 2

P — NS: Adpxs = /(3 — Suns) + (850 — Syxs)” + (np — s (1.21)
2 2 2

S —NS: Ads_ns = \/(5,1,5 — bans)” + (6ps — Opns)” + (Ons — Onns) (1.22)

p0190  The top-surface morphology of membrane is more related to the affinity or solubility
parameter between polymer and nonsolvent, whereas the exchange rate of solvent—
nonsolvent was found to more affect the sublayer pore structure. As discussed earlier, a lower
affinity between polymer and solvent will increase the phase inversion rate, resulting in a
porous top layer. However, if the solvent has a lower diffusion rate in the coagulation
bath, delayed solidification takes place, leading to developing macrovoids in the sublayer.
This can also increase the overall thickness of the membrane. The use of solvent mixtures
in the casting solution could delay the solvent—nonsolvent exchange, promoting the macro-
void growth in the sublayer.
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3. Fundamentals and mechanism of NIPS 15

s0045 3.4 Mechanism of macrovoid formation

p0195  The sponge structure versus the finger-like structure of the membrane fabricated through
NIPS is an obvious example of a trade-off between thermodynamic and kinetic parameters.
The formation of macrovoids represents an unwanted morphology which leads to lower the
mechanical strength of the membrane. Different mechanisms are proposed to explain the
macrovoids formation. Instabilities of interfacial hydrodynamic, driven by surface tension
gradients, can be a possible mechanism for macrovoid initiation. Ray et al. [47] and Smolders
et al. [48] connected the macrovoids formation to the concentration gradients at the casting
solution and the nonsolvent interface and to the type of demixing, that is, instantaneous or
delayed, respectively. They proposed that macrovoids are generated under the skin layer
of the membrane if the solvent concentration increases to a certain threshold value and if
the composition of the solution in front of the nuclei remains stable for a suitable period.
The most well-known and widely accepted mechanism for macrovoid formation is instanta-
neous demixing of dope solutions during precipitation which was proposed by Smolders
et al. [20]. This type of demixing will result in the nucleation of the polymer-lean phase
that absorbs the solvent surrounding them and then grows into macrovoids. It was pointed
out that the driving force for the nucleation and growth is the solvent concentration differ-
ence in the polymer-lean phase and the casting solution surrounding them. A continuous
polymer-lean phase is generated if the phase inversion mechanism is based on spinodal
decomposition, not nucleation and growth. Hence, there are no nuclei that can grow into
macrovoids. For membranes fabricated via nucleation and growth mechanism, the macro-
voids are mainly generated right beneath the membrane surface (Fig. 1.10A), indicating
that macrovoids initiate at a high mass transport rate of solvent and nonsolvent. On the other
hand, for membranes prepared via spinodal decomposition, macrovoids generate at deeper
positions near to bottom layer (Fig. 1.10B), indicating that the fastest mass transport position
is not the position to initiate the macrovoids. The formation of macrovoids can be avoided by
delayed demixing by increasing the polymer and/or nonsolvent concentration in the casting
solution. Some other methods to decrease the macrovoids formation are the addition of

{0055 FIGURE 1.10 Cross-sectional SEM images of PSf membranes prepared by NIPS process: (A) macrovoids right
beneath the membrane surface; (B) macrovoids at the bottom of membrane structure [50].
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16 1. Nonsolvent-induced phase separation

solvent into the nonsolvent bath [49], and the addition of organic additives such as polyvinyl-
pyrrolidone (PVP) in the casting solution [50], and the evaporation of solvent from cast film
[51].

s0050 3.5 Influential parameters on membrane morphology in the NIPS process

p0200  The key factors that affect membrane formation via the NIPS method are discussed in the
following sections. These factors include the type of polymer, composition of the dope solu-
tion, the solvent-nonsolvent system, the coagulation bath composition, and casting conditions
[28,40,52—57].

s0055 3.5.1 Choice of solvent/nonsolvent system

p0205  Solvent/nonsolvent system in the NIPS process substantially affects the membrane struc-
ture, mechanical characteristics, interfacial properties, and separation performance. The sol-
vent must easily dissolve the polymer at a concentration up to 25 weight percent and must
also have high miscibility with nonsolvent in the coagulation bath. Table 1.1 represents suit-
able solvents for cellulose acetate (CA), polysulfone (PSf), polyvinylidene fluoride (PVDEF),
and polyacrylonitrile (PAN) [58—61]. The aprotic solvents such as NMP, DMF, and DMAc
can easily dissolve many polymers such as PES, PSf, PVDF, and PAN. The prepared dope
solutions precipitate rapidly when immersed in nonsolvent (water). The resultant membranes
usually have an asymmetric and porous structure because of the high affinity of these sol-
vents and water as nonsolvents. However, these aprotic solvents are toxic and potentially
hazardous to the environment and health. Therefore, an important issue in selecting the suit-
able solvent for membrane fabrication is to use green or nontoxic solvents to protect the envi-
ronment and human health.

p0210  Numerous solvent/nonsolvent pairs possess their own particular thermodynamic proper-
ties and solubility. Usually, when a solvent/nonsolvent pair shows higher affinity to each
other, the immediate demixing will be more likely, leading to the formation of a porous

t0010 TABLE 1.1 Possible solvents for four common polymers.

Polymer
Solvent CA PSf PVDF PAN
Dimethylformamide Dimethylformamide Dimethylformamide Dimethyl sulfone
(DMF) (DMF) (DMF) (DMSO2)
Dimethylacetamide Dimethylacetamide Dimethylacetamide Dimethylsulfoxide
(DMAc) (DMAc) (DMAC) (DMSO)
Acetone N-Methylpyrrolidone N-Methylpyrrolidone Ethylene carbonate (EC)
(NMP) (NMP)
Tetrahydrofuran (THF) Dimethylsulfoxide Dimethylsulfoxide Propylene carbonate
(DMSO) (DMSO) (PC)
Dimethylsulfoxide Morpholine (MP) Tetramethylurea (TMU)  Dimethylformamide
(DMSO) (DMF)
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3. Fundamentals and mechanism of NIPS 17

structure [13]. In contrast, when the solvent/nonsolvent pair shows lower affinity, the
delayed separation occurs during the NIPS process, and as a result, an asymmetric membrane
with a dense surface layer will be formed.

p0215  Flory and Huggins have introduced a two-dimensional lattice model to calculate polymer
solubility [62—64]. An assumption is considered in this model where the solvent molecules
and polymer sector are of a similar size and also just one of them can settle in a lattice
side. The Gibbs free energy (AG,,) of the solution is computed by:

AGm = kT(nl 11’1 (pl + Vlz 11’1 (pz + Xlznl(pz) (1.23)

Here, ¢ is the volume fraction, #; and n, are the molecule number of solvent (1) and polymer
(2), T is the absolute temperature, k is the constant number of Boltzmann, and x;, is the Flory
interaction parameter that demonstrates the interaction energy of polymer—solvent mixture.
X12 is calculated commonly by the experimental approach of reverse gas chromatography
[65]. Flory-Huggins model was modified to explain polymeric dilute solutions [66] and to
evaluate x1, (dependent on concentration) [67].

p0220 A newly defined variable, 9, is utilized to determine x;,, which helps to choose a desirable
solvent-polymer combination. The solubility of solvents is calculated as

AEY

6:
|4

(1.24)

where v is molar volume, and AE" is the vapourization molar energy, which is attributed to
the enthalpy as AE” = AH”—RT [68]. The Flory interaction parameter is calculated by means of
the following equation:

v
Xi2 = r(®1 = 02)’ (1.25)
where R is the ideal gas constant, v; is the molar volume, d; is the solubility parameters of
solvent, and ¢, is the solubility of polymers, which is approximated experimentally by dis-
solving polymers in various solvents. Furthermore, the heat of mixing (AH,) has been
described by Scatchard and Hildebrand as:

AH,, = V(61 — )% 010, (1.26)

Here, V,, is the molar volume. Eq. (1.26) is limited to just AH,,> 0 and not applicable for spe-
cific interactions.

s0060 3.5.2 Choice of polymer

p0225  The separation performance of porous membranes is mainly determined by the pore size
distribution. This parameter is more strongly affected by the methods and conditions used for
membrane fabrication than by the properties of the utilized polymer. But, the intrinsic prop-
erties of the polymer directly affect the chemical and thermal stability, surface hydrophilicity,
and solute adsorption of the resultant membrane. The choice of an appropriate polymer is
more important in a dense membrane than in a porous membrane due to its direct influence
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18 1. Nonsolvent-induced phase separation

on the solubility and diffusivity of the membrane. Nevertheless, in the NIPS process, the
choice of polymer is crucial because it limits the choice of solvent/nonsolvent pair. Various
polymers are currently used to fabricate MF, UF, and NF membranes, including PSf, PES,
PVDEF, PAN, and CA [69—71]. Water is the most available and cheapest nonsolvent that
can be used in the NIPS process and shows good affinity with a large number of polar sol-
vents [21,72—75]. Generally, the choice of a suitable polymer depends on the membrane
application. For example, the applied membranes in the MD process must be hydrophobic
[20,76—78]. Hence, a group of fluoropolymers like PVDF and polytetrafluorethylene (PTFE)
are good choices [79—81]. On the other hand, for water treatment applications where
“water-removing” membranes are needed, hydrophilic polymers such as PAN, PES, and
PAI are excellent candidates [2,16,82—84].

s0065 3.5.3 Polymer concentration

p0230  The polymer concentration in the casting solution is another crucial parameter that influ-
ences the membrane morphology fabricated by the NIPS method. Usually, polymer concen-
tration varies from 10 to 30 wt%, in which a concentration lower than 20 wt% is used to
fabricate the porous membranes [85]. Increasing the polymer concentration enhances dope
solution viscosity and the polymer content in the casting solution, resulting in kinetic hin-
drance and the formation of denser structures [86]. The increase in polymer concentration
of casting solution leads to a decrease in the mass transport of nonsolvent, which makes
the composition stay longer in the metastable region (Fig. 1.11), and also makes the casting
solution easier to gel and get more stable because of higher viscosity. Therefore, the polymer
concentration effect on the phase inversion mechanism depends on the competition between
its impact on mass transport rate and stability. If the increase in mass transport dominates,
nucleation and growth mechanism occur, and the cellular structure forms. On the other
hand, if the increase in stability dominates the phase inversion mechanism, solidification
takes place and bi-continuous structure forms, creating pores with high connectivity.

f0060 FIGURE 1.11 Schematic of composition Ponmer
pathways for different concentrations of
polymer in the casting solution. Pathway
(A) low polymer concentration and pathway
and (B) high polymer concentration.
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3. Fundamentals and mechanism of NIPS 19

s0070 3.5.4 Composition of the coagulation bath

p0235  Choosing the proper nonsolvent will strongly affect the rate of precipitation of cast film
during the NIPS process. The solvent/nonsolvent miscibility degree and the affinity between
nonsolvent and polymer greatly influence the phase inversion and the membrane
morphology. As mentioned earlier, water is the most frequently used nonsolvent, while other
nonsolvents like acetone and lower aliphatic alcohols can also be applied [87—89]. Sometimes,
a certain amount of solvent is added to the coagulation bath to control and optimize the NIPS
process [21]. Nevertheless, the binodal border limits the amount of solvent added to the bath.
When a solvent is added to the coagulation bath, the membrane formation pathway shifts
from the immediate demixing to the delayed one, as shown in Fig. 1.12B. In other words,
the addition of extra solvent to the polymer/solvent/nonsolvent system decreases the

(A)

Fraction of Solvent in Coagulation Bath

Low Content of Solvent > High Content of Solvent

Solvent Non-Solvent

f0065 FIGURE 1.12 The effect of solvent content in the coagulation bath on (A) membrane morphology and (B) ternary
phase diagram showing demixing shifts from instantaneous to delayed with increasing solvent concentration (from
pathways a to c) [90].
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20 1. Nonsolvent-induced phase separation

polymer concentration at the film interface and nonsolvent diffusion rate into the film, which
eventually delays the separation process and leads to the formation of a denser structure for
membrane (Fig. 1.12A) [21]. In addition to the solvent, adding other additives such as meth-
anol, surfactants, and salt into the nonsolvent bath was found to affect the membrane forma-
tion [91—94].

s0075 3.5.5 Composition of the casting solution

p0240  The nonsolvent can be added to the casting solution as an efficient modifier to tailor the
morphology and separation performance of membranes. As shown in Fig. 1.13, adding an
appropriate amount of nonsolvent in the polymer solution causes the composition path to
cross the binodal curve faster, resulting in instantaneous demixing during phase inversion.
The induced instantaneous demixing by adding nonsolvent in the casting solution can be
due to increasing the thermodynamic instability of the casting solution by adding nonsolvent,
which can promote the macrovoid formation [90]. However, for a casting solution subjected
to instantaneous demixing, adding nonsolvent in the casting solution suppresses macrovoid
formation and growth because the nonsolvent in the casting solution accelerates the phase
separation considerably. The nonsolvent addition in the casting solution is practically used
to make the membrane with high porosity. The mass transport during immersion precipita-
tion increases the polymer concentration at the cast film-nonsolvent interface because of the
higher solvent outflux compared to the nonsolvent influx. An increase in the thermodynamic
instability of the casting solution results in a decline in polymer concentration at the interface.
Hence, the membranes with a higher surface porosity are usually fabricated by adding a large
amount of nonsolvent in the casting solution.

s0080 3.5.6 Additives to the dope solution

p0245  In practice, the composition of casting solutions varies based on the customer demand and
type of separation application. It often contains different kinds of additives (usually
5—20wt%) to obtain desired membrane morphology and separation performance. Additives
are used to hinder the formation of macrovoid, improve pore formation and their

{0070 FIGURE 1.13 Schematic representation of the Polymer
composition paths for different nonsolvent concen-
trations in the casting solution.

Composition
Pathway

Solvent Non-Solvent
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3. Fundamentals and mechanism of NIPS 21

connectivity, and enhance the membrane hydrophilicity. The presence of additives in the
casting solution makes membrane fabrication much more complicated since it becomes
impractical to conduct comprehensive theoretical analyses on the thermodynamic and kinetic
mechanism of the phase inversion process. Various types of materials like cosolvents [95,96],
nonsolvent [96,97], particles, or polymeric additives can be added to the dope solution to
obtain a desirable membrane [40,98—102]. These additives (organic or inorganic) can either
form a dispersed phase [103—107] or can be fully dissolved. Nonsolvent activity, viscidity,
volatility, and contents of added materials are the definite attributes influencing the final
membrane structure and performance [108—113].

p0250  The common additives used to prepare polymer solutions are generally water-miscible,
which are nonsolvent to the main polymers [114—116]. These additives enhance the thermo-
dynamic instability of the casting solution, increasing the nonsolvent influx to the cast poly-
mer film. This effect accelerates the phase inversion process, leading to the fabrication of a
more porous structure (called the thermodynamic enhancement). At the same time, the pres-
ence of additives increases the viscosity of the casting solution, which decreases the solvent—
nonsolvent exchange rate, leading to a delayed phase inversion and the formation of a less
porous structure (called kinetic hindrance). Therefore, the combination of thermodynamic
enhancement and kinetic hindrance would play an essential role in understanding the impact
of the additive on membrane morphology and surface properties.

s0085 3.5.6.1 Inorganic additives

p0255  Inorganic additives can be divided into two major groups: inorganic salts and nanomate-
rials (metal/metal oxides, e.g., copper, zing, titania, alumina, and iron oxide, carbon-based
nanomaterials, e.g., carbon nanotubes, graphenes, carbon nanofibers, fullerene, and minerals,
e.g., clay and zeolites). It is found that inorganic salts like KF, KMnQOy, KCl, ZnCl,, KBr, and
NalOy4 can influence the interaction among polymer chains and dope quality [117]. During
solidification of the membrane in aqueous media, the dispersed salts are leached out from
the membrane framework and leave pores behind. For instance, LiCl is a nonsolvent for a
PVDF casting solution; hence it leads to the thermodynamic instability of the dope solution
and consequently accelerates the liquid—liquid separation [118—121].

p0260  Inorganic nanomaterials are found to diminish finger-like pore formation and hence
improve the mechanical strength of polymer membranes. Typically, adding these nanomate-
rials to the dope solution increases dope viscosity. High viscosity usually acts as a void-
suppressing factor; in such a way that it causes a relocation of the composition pathway
from an immediate demixing to the delayed one [122—127].

s0090 3.5.6.2 Organic additives

p0265  Two known groups of low- and high-molecular-weight organic additives can either sup-
press or promote macrovoid formation based on their concentration in the dope solution. The
most frequently used low molecular weight organic additives are glycerol (GLY), alcohols,
and diols [128], whereas the most commonly used high molecular weight organic additives
are polyvinylpyrrolidone (PVP) [40] and polyethylene glycol (PEG) [98,100]. Generally, the
addition of the additives mentioned above can improve pore formation, enhance pore inter-
connectivity, and increase membrane hydrophilicity. For instance, PVP suppresses the finger-
like macrovoids formation by getting entrapped in polymer chains and exposing some
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22 1. Nonsolvent-induced phase separation

hydrophilic character [129]. Also, PEG acts as a pore former. In other words, increasing the
concentration of PEG in the dope solution makes the dope thermodynamically less stable,
leading to a more porous surface layer [130]. In addition to polymeric additives, organic
nanomaterials such as cellulose nanocrystals (CNC) and porous organic frameworks (POF)
are used as additives to improve the antifouling and antibacterial properties of phase inver-
sion membranes [131].

s0095 3.6 Casting conditions

s0100 3.6.1 Evaporation time, temperature, and relative humidity

p0270  When there is a certain amount of a volatile solvent or cosolvents in the dope solution,
evaporation time can be regulated to achieve a dense membrane surface [96]. During evap-
oration, the volatile solvent or cosolvent can be removed from the polymeric film, leading
to a polymer-concentrated skin layer. Upon immersing in the nonsolvent bath, the concen-
trated skin layer acts as a resistance between the bulk of the membrane and the nonsolvent
bath. This phenomenon prevents in-diffusion of nonsolvent and the out-diffusion of solvent,
which results in delayed demixing [32,33].

p0275  The temperature of the nonsolvent used for precipitation of the cast film is also important.
Generally, precipitation at low temperatures slows down mass diffusion rate, making denser
membranes with lower flux and more retentive properties. For this reason, chilled water is
frequently used to fabricate CA reverse osmosis membranes [90].

p0280  Also, at relatively high humidity in lab-scale synthesis, water droplets could condense on
the skin layer where the endothermic cosolvent evaporation decreases the temperature of the
membrane film [132]. This may even shift the NIPS process to the VIPS, resulting in symmet-
ric, highly porous membranes with no skin layer.

s0105 3.6.2 Sub-layer material

p0285  The type of the applied sub-layer greatly affects the demixing rate, particularly in the fabri-
cation of the flat sheet membranes by the NIPS process. Nonwoven fabrics, mica [133], glass
[134] or polymeric plates, and metal [133] are usually applied as sub-layer in industrial or lab-
scale membrane fabrications. When the support material is nonpermeable, nonsolvent can
only penetrate from the top side of a polymeric film into the membrane film during sol-
vent/nonsolvent exchange. It is worth noting that wetting the sub-layer during solvent/non-
solvent exchange does not influence the selective layer morphology, but it could change the
support structure. On an industrial scale, when a membrane is fabricated utilizing automatic
continuous casting devices, the rear side of the support is in contact with a nonsolvent, which
allows the simultaneous solidification from both sides. Wettability of the support material de-
pends on its average pore size, the polymer nature, and so on.

s0110 3.6.3 Casting type and speed

p0290  Doctor Blade and slot die casting of polymer solution are two primary film casting
methods in both lab and industrial scales [135]. However, slot die casting is more suitable
than doctor blade casting for continuous casting of a well-developed film, and therefore,
this method is commonly used to manufacture polymer films on an industrial scale. In the
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FIGURE 1.14 Schematic of slot die f0075

Fluid Input = . .
— casting device [135].

Slot die

Coating bead Glass Plate
Substrate

slot die casting process, a slot die, as shown in Fig. 1.13A, is used to deposit a polymer solu-
tion onto a nonwoven moving substrate at a constant velocity, forming a uniform and precise
film on the substrate. The formulation and solution dosing can be premetered by the slot die
casting method, making this casting method more flexible than doctor blade casting in terms
of providing a wide range of film thickness. In the coating industry, it would be desirable to
increase the speed of processing while preserving cast film thickness to maintain the perfor-
mance of the membrane at a high level, but it might cause to fail to balance these critical fac-
tors, such as processing speed and flow rate of casting solution, leading to form some defects
on resulting films (Fig. 1.14).

p0295  Due to the existence of the boundary layer at the polymeric film interface, the casting blade
speed would affect the membrane structure by changing the polymer molecules” conforma-
tion via changing share force rate [136]. During the high-speed casting, the polymer mole-
cules would not have enough time to relax, so shear-induced molecular orientation will be
maintained in the nascent skin layer of the membrane, forming a porous membrane with a
denser skin layer. As discussed earlier, the formation of a dense layer rapidly at the surface
boosts finger-like pore formation due to slowing down the entry of water into the underlay-
ing solution layers. Moreover, the thickness of the skin layer decreases when the shear rate
increases, increasing the membrane’s permeability [136].

s0115 4. New generation of NIPS membranes

s0120 4.1 Hydrogel-facilitated phase separation membranes

p0300  Hydrogel-facilitated phase separation (HFPS) technique has recently been applied to fabri-
cate the porous membranes by modified NIPS processes [137,138]. In HFPS, a soft lithograph-
ically patterned hydrogel mold is used as a water content source that can initiate the phase
inversion process. Hydrogels are cross-linked polymers that can maintain a high amount of
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water due to their 3D network structure. These highly water-saturated hydrogels can act as a
nonsolvent bath. By uniform casting a polymeric solution on top of a hydrogel mold, phase
separation initiates immediately (Fig. 1.15). The hydrogel, as a water-based mold, can be
easily fabricated with different geometries. The limitations of phase inversion micro-
molding (PSpM, see Section 4.3) and nanoimprint lithography (NIL) techniques include
patterning the nonactive side of the membrane and damaging the membrane’s internal struc-
ture, respectively, which can be resolved by using the HFPS technique. The membrane’s
active surface area will also be larger than the equivalent flat surface, and as a result, the
membrane performance in terms of water flux will be enhanced without significantly chang-
ing the properties of the membrane surface. The morphological properties of the HFPS mem-
branes are almost similar to the membranes prepared with the conventional NIPS process. As
shown in Fig. 1.15, the HFPS-fabricated membranes have an asymmetric structure containing
finger-like pores on the bottom and a dense skin layer on top [139]. However, pore enlarge-
ment exists in the HFPS membranes due to the slow demixing rate between the solvent and
nonsolvent during the phase inversion process. Since the concentration gradients of the mold
filled with nonsolvent and solvent/polymer mixture are smaller, a delayed phase inversion
process is carried out, resulting in membranes with a different performance from each

(A)

~18%2 nm

f0080 FIGURE 1.15 Schematic illustration of the patterned membrane. (A) The hydrogel mold was placed on a glass
plate, (B) a polymer solution cast on top hydrogel mold, and (C) cross-section scanning electron microscopy (SEM)
images of the patterned membrane at different magnification [138].
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casting. The hydrogel content in the mold varies due to the solvent diffusion into the hydro-
gel from the original membrane cast solution. The continuous use of the mold in repeated
membrane casts is limited due to the absorption of solvent into the hydrogel mold, which
constrains its practical application. Therefore, the reusability of the hydrogel mold is of inter-
est to lower the cost and time required for large-scale membrane fabrication.

s0125 4.2 Block copolymer self-assembly integrated with nonsolvent induced phase
inversion

p0305  Isoporous membranes with uniform and packed pore arrays, as possible next-generation
filtration membranes, are expected to solve the trade-off effect between permeability and
selectivity problem of conventional NIPS membranes, which provide both high rejection
and large permeability [140]. Block copolymers (BCPs) are desired materials to fabricate
the isoporous membranes because they spontaneously assemble into periodic nanostructures
that can be used to create uniform channels (Fig. 1.16A). These types of membranes are
mainly fabricated from the annealed thin film followed by degrading or swelling to prepare
permeable membranes. However, roll-to-roll fabrication of isoporous membranes is chal-
lenging. It is not feasible to make the isoporous membranes from the conventional NIPS
method by simply replacing the polymer with BCPs. Also, a few polymers can be used to
make membranes by the approach mentioned above. Therefore, scalable production of isopo-
rous membranes is still a big problem. To overcome this challenge, the block copolymer self-

(A) . o 1B (B) ~~—
dbailihenilinl Homopolymers
SHSSS0 :
. Homogeneous self-assembly k‘ N
solution
S Hex Gyr Lam Gyr' Hex’ §’ T

// NIPS 5 7

NIPS = Non-solvent Induced Phase Separation

(C) Block Evaporation induced
copolymers  se/f-assembly (S)
=4 Microphase % '5373,',"" 'v,' -
8 . Disordered separation ﬂﬁﬁﬂdﬁf' . T
.0 0.2 0.4 0.6 0.8 1.0 s )
A 7> W > 7

Phase Diagram for Di-block Copolymers SNIPS = S + NIPS

f0085 FIGURE 1.16 (A) Phase diagram and nanostructures created from block copolymers. S, spherical; Hex, hexag-
onal; Gyr, gyroid; and Lam, lamellar. (B) Conventional nonsolvent-induced phase separation (NIPS) process and
asymmetric membranes fabricated from homopolymers; and (C) self-assembly nonsolvent-induced phase separation
(SNIPS) process and the asymmetric isoporous membranes fabricated from block copolymers [141].
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assembly (S) is combined with the conventional NIPS process Fig. 1.16B and C, which is
called SNIPS, as proposed by Peinemann and Abetz in 2007 [142]. This integrated SNIPS
approach provides many advantages due to its easy operation and high compatibility with
roll-to-roll production. Isoporous membranes produced from SNIPS also demonstrate a
typical integrated asymmetric structure, consisting of an isoporous top surface and a gradient
sublayer. This asymmetric structure created through SNIPS approach is consistent with the
concepts of both BCPs self-assembly and NIPS process. It enables this approach to indepen-
dently regulate the surface and internal porosity, which are important for fast transport and
precise separation. The mechanism of isopores generation on membranes through the SNIPS
process is based on the block copolymers micellization dissolved in the casting solution [143].
Different types of isoporous membrane configurations, that is, composite, flat sheet, and hol-
low fibers, can be prepared by spinning machines [144], indicating the potential of this newly
scalable manufacturing technology in fabricating the isoporous membranes. However, many
efforts are still required to (i) improve the structural properties and reproductivity, (ii) miti-
gate the defect formation, and (iii) decrease the cost of asymmetric isoporous membrane pro-
duction. Basically, this process initiates from a homogeneous casting solution consisting of
BCPs, solvents, and selected additives. For a given BCP, the desired solvent for membrane
production can be barely changed. However, the additives in the casting solution provide

Polymer Solution

Mold

Phase Separation
Liquid-Induced Phase Separation l l Liquid-Induced Phase Separation

Change of Temperature J& g

Contact with nonsolvent

v

Release Structure — Rinse out Solvent

Polymeric Microstructure 1

YV VY

f0090 FIGURE 1.17 Schematic representation of the PSuM process in which a layer of polymer solution is cast on a
mold with a micrometer-sized relief profile on the backside of the membrane. Either thermally induced phase sep-
aration (TIPS) or nonsolvent-induced phase separation (NIPS) can solidify the cast film. The polymeric solidified
microstructure can be easily released from the mold.
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numerous opportunities for controlled fabrication as well as surface functionalization, as
proved in the NIPS process. The close relationship between SNIPS and NIPS demonstrates
that blending strategies is also applicable to fabricating tailored membrane structures via
the SNIPS method [12,145].

s0130 4.3 Phase separation micromolding

p0310  Phase separation micromolding (PSuM) is another technique for the fabrication of
patterned porous membranes [146—148]. In this method, the polymer solution is cast on
the support layer with the desired template, typically a silicon wafer with a recurring design
made by photolithography (Fig. 1.17). Then, phase separation begins either by immersing in a
coagulation bath (NIPS) or subjecting to humid air (VIPS). The membranes with a patterned
surface can be used in various applications such as microfluidic apparatuses, frameworks for
tissue engineering, and microsieves [149]. Moreover, micromolding can be applied to fabri-
cate a layer with a two-tier hierarchical structure that shows hydrophobic behavior [150].
Also, the patterned surfaces can be more resistant to the sedimentation of microbial cells
[151,152]. Nevertheless, the main challenge of the PSuM method is that the skin layer, which
is in direct contact with the wastewater and is responsible for the selective properties of the
membrane, is not patterned.

s0135 4.4 Breath-figure technique to make honeycomb configuration

p0315 A membrane possessing a honeycomb configuration, a 2D set of hexagonal pores, can be
synthesized through rapid solvent vapourization in moist air along with water drop

(A) Moist Gas Evaporation Solvent (B) vaporative cooling leads

Interface of solu

Porous honecomb film
interface of film/air

(C)

rface of solution/water (D)

f0095 FIGURE 1.18 Schematic representation of the formation of honeycomb films by breath-figure technique. (A)
solvent vapourization in contact with moist air, (B) water condensation on top of the film, (C) solvent-nonsolvent
demixing, and (D) formation of porous honeycomb film a the interface if film/air.
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condensation [153—156]. The applied solvent must be volatile and immiscible with water.
Condensation of water vapor occurs due to the reduction of the surface temperature induced
by solvent vapourization. Then, phase inversion takes place on the skin layer due to the immis-
cibility of the solvent with water, resulting in the growth of the nuclei of water drops which
convert to hexagonal pores (Fig. 1.18). Although the breath-figure technique is rarely applied
to fabricate porous membranes, since the hexagonal pores are not through-pores across the
layers, casting a polymeric film on an ice substrate leads to forming a porous structure, making
this technique still viable [157—159].

s0140 5. Conclusion

p0320  In this chapter, the basic description, principles, and fundamental mechanisms of the
nonsolvent-induced phase inversion process for the fabrication of porous and asymmetric
membranes were discussed. The mechanism of macrovoids formation and the trade-off be-
tween thermodynamic and kinetic parameters to fabricate desired membranes were pre-
sented in detail. This interplay can provide valuable insight into the critical processing
parameters in manufacturing membranes, including the type of solvent-nonsolvent pairs,
type of polymer, the composition of the polymer solution and the coagulation bath, the
type of additives for the casting solution, and film casting conditions. The fundamental prin-
ciples demonstrated in this chapter can be used as guidelines to adjust the main factors
involved in membrane formation to fabricate phase inversion membranes with desired
morphology and separation performances. The last part of this chapter provides the new
trends in fabricating next-generation phase inversion membranes. While endowing the con-
ventional NIPS membranes with some advantages (such as increased surface area and uni-
form pore size), these novel methods still suffer from several inherent challenges that can
be the focus of many future research works.
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Abstract

Although nonsolvent-induced phase separation (NIPS) has been studied for more than 5 decades, it still draws much attention.
Currently, membranes fabricated by phase inversion techniques, especially NIPS, are widely applied in many chemical
industries, nanotechnology, and environmental separation operations. NIPS enables the fabrication of membranes with
various characteristics and structures (i.e., porous or dense and symmetric or asymmetric). Several factors affect
membrane fabrication by NIPS method, including polymer type and concentration, solvent and nonsolvent system types,
composition or additives of the polymer casting solution, and film casting conditions. In this chapter, we investigate the
influence of these factors on the structural characteristics of membranes fabricated via NIPS technique. Also, we discuss
deeply the membrane formation mechanism, phase diagram, thermodynamic, and kinetic aspects of the phase inversion
process induced by nonsolvents.

Keywords:
Delayed and spontaneous demixing; Kinetic hindrance; Membrane; Microfiltration; Nonsolvent-induced phase separation;
Ternary phase diagram; Thermodynamic enhancement; Ultrafiltration.
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