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ABSTRACT: The methods and mechanisms of nonsolvent induced phase separation have been studied for more than fifty years.
Today, phase inversion membranes are widely used in numerous chemical industries, biotechnology, and environmental separation
processes. The body of knowledge has grown exponentially in the past fifty years, which suggests the need for a critical review of the
literature. Here we present a review of nonsolvent induced phase separation membrane preparation and characterization for many
commonly used membrane polymers. The key factors in membrane preparation discussed include the solvent type, polymer type
and concentration, nonsolvent system type and composition, additives to the polymer solution, and film casting conditions. A brief
introduction to membrane characterization is also given, which includes membrane porosity and pore size distribution
characterization, membrane physical and chemical properties characterization, and thermodynamic and kinetic evaluation of the
phase inversion process. One aim of this review is to lay out the basics for selecting polymer—solvent—nonsolvent systems with
appropriate film casting conditions to produce membranes with the desired performance, morphology, and stability, and to choose
the proper way to characterize these properties of nonsolvent induced phase inversion membranes.

1. INTRODUCTION

Filtration is the process through which a solid component is
separated from a fluid stream primarily based on differences in size
between particles and fluid. Usually filtration refers to the separation
of particulate matter from a liquid or gaseous stream.' Membrane
filtration extends the range of solid—liquid separations to colloidal
particles, macromolecules, and dissolved solutes for selective separa-
tion of gas mixtures and multicomponent solutions.” For molecular
separations, membranes offer numerous advantages such as (1) not
requiring a phase change for solute or the carrier solvent; (2)
excellent combination of selectivity and productivity; and (3) no
need for regeneration of solid or liquid sorbents. As such, membranes
are widely used in many important chemical, biological, and
environmental applications.

Many kinds of synthetic materials can be used for preparing
membranes such as ceramics, glasses, metals, or polymers. The aim
is to prepare the material to obtain a membrane structure with
morphology tailored for a specific separation. A number of preparation
techniques exist such as sintering, stretching, track-etching, template-
leaching, and dip-coating, which enable a membrane to be constructed
from a given material and with the desired membrane morphology.’
Phase inversion techniques are among the most important and
commonly used processes for preparing membranes from a large
number of polymeric building blocks. Publications on phase inversion
increased exponentially in the past fifty years (Figure 1).

An asymmetric membrane with a very thin, dense skin layer can
be prepared by either dry or wet phase inversion processes, such as
solvent evaporation, precipitation from the vapor phase, precipita-
tion by controlled evaporation, thermal precipitation, and immer-
sion precipitation.® Of all these techniques, immersion precipitation
is among the first to be commercially explored and is one of the most
popular membrane formation methods because it allows for the
preparation of many membrane morphologies.
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Development of integrally skinned asymmetric membranes by
Loeb and Sourirajan 1n the 1960s is a major breakthrough in
membrane technology.* In their research, the phase inversion
method was employed to transform a polymer in a controlled
manner from a liquid dispersion to a solid film. Over the past half
century, a plethora of knowledge has been generated about phase
inversion membranes formed by immersion precipitation, also
known as nonsolvent induced phase inversion.

Generally, flat sheet membranes are formed by coating a porous
mechanical support with a thin film of polymer solution. The
polymer solution, or dope, is composed of at least one polymer,
at least one good solvent, and may contain additives. The thin film
and support are immersed into a coagulation bath, which consists of
a poor solvent, i.e., the nonsolvent, and may contain additives. The
polymer film solidifies through exchange of the solvent and non-
solvent; hence, the solvent—nonsolvent system must be miscible.>®
The tubular form is the alternative geometry for a membrane,
including hollow fiber membranes (diameter <0.5 mm), capillary
membranes (0.5 mm < diameter <5 mm), and tubular membranes
(diameter >5 mm).”> Tubular membranes usually have large dimen-
sions and must be supported, whereas hollow fibers and capillaries
are self-supported. Hollow fibers and capillaries can be prepared via
three different methods: wet spinning, melt spinning, and dry
spinning. Spinning parameters and fiber dimensions are very
important with respect to membrane performance.” "

Different separation processes require membranes with specific
physical and chemical properties as described in Table 1. To
produce a membrane with suitable chemical stability and permea-
tion properties, some key factors for the casting solution system
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Figure 1. Publications on phase inversion membranes in Web of
Knowledge.

should be considered. The key factors that influence phase inversion
membrane formation include the choice of solvent—nonsolvent
system, the composition of the polymer solution, the composition of
the coagulation bath, and film casting conditions."" In this paper, we
review these factors for nonsolvent induced phase separation
membrane preparation and characterization for the most common
membrane polymers.

2. MECHANISMS OF NONSOLVENT INDUCED PHASE
INVERSION

In early research, Strathmann et al. used the ternary phase
diagram to discuss the thermodynamic aspects of instantaneous
demixing and delayed demixinlg2 processes, which lead to different
types of membrane structures. ~ This phase diagram can conveni-
ently be used to analyze the thermodynamics of the membrane
precipitation process. Typical phase diagrams are shown schemati-
cally in Figure 2. The corners of the triangle represent the three
components (polymer, solvent, and nonsolvent), while any point
within the triangle represents a mixture of three components. The
system consists of two regions: a one-phase region where all
components are miscible and a two-phase region where the system
separates into polymer-rich and polymer-poor phases. The line
which connects a pair of equilibrium compositions in the phase
diagram is called a tie line. The liquid—liquid phase boundary is the
so-called binodal. Every composition inside the binodal curve will
demix into two liquid phases which differ in composition but which
are in thermodynamic equilibrium with each other. Wijmans et al.
elaborated two ways, including a rapid titration method and a
turbidity measurement method, to measure the cloud point in order
to determine the binodal."

Using this ternary phase diagram, the composition path of a
polymer film can be expressed schematically at a certain time of
immersion in a nonsolvent bath.” From Figure 2a it can be seen that
att < 1s, the composition path crosses the binodal line, which means
liquid—liquid demixing starts immediately after immersion.
Figure 2b shows that all compositions directly beneath the top layer
remain in the one-phase region and are still miscible, which means no
demixing occurs immediately after immersion. After a longer time
interval, compositions beneath the top layer will cross the binodal
and demixing will also start in this case. Thus two distinctly different
demixing processes can be distinguished and the resulting membrane
morphologies are also completely different.>"* Strathmann et al. also
observed these two fundamentally different structures depending on
the rate of polymer precipitation by nonsolvent induced phase
separation. ~ Precipitation rate is measured as the time between
immersing the casting solution in a precipitation bath and the time
when that solution turns opaque or when the membrane separates
from the glass plate. Their research showed that slow precipitation

rates produced membranes with “sponge-like” morphologies. These
membranes usually had high salt rejections and low water fluxes
when tested as reverse osmosis membranes. Fast precipitation rates
produced membranes with large “finger-like” macrovoids in the
substructure. These membranes had low salt rejections and high
water fluxes. In general, changes in membrane formation chemistry
or casting conditions that slow down the rate of precipitation tend to
produce a membrane with sponge-like morphology, low flux, and
high solute rejection.

A mass transfer model for the early stages of the phase inversion
process was developed by Cohen et al."® They created a model for the
diffusion-controlled formation of porous membranes obtained by
nonsolvent induced phase separation. It was assumed that when
phase separation occurs, a three-dimensional structure consisting of
two interspersed equilibrium phases will form. This two-phase
structure will then spread to all compositions below the binodal. It
was also assumed that solvent and nonsolvent diffusion coeflicients
are equal, so the flow of solvent and nonsolvent in the film can be
treated as a one-dimensional diffusion process as shown in Figure 3.
At time t a propagating diftusion layer bounded on one side by the
nonsolvent bath and on the other by casting solution has developed.
With their diffusion model they also confirmed the exchange of
solvent and nonsolvent could lead to unstable compositions in the
polymer solution.

Following Cohen’s work, Reuvers et al,"’ Tsay et al,'® and
Radovanovic et al.'”*® predicted precipitation paths. The model
built by Radovanovic et al.'® was frequently used to describe mass
transfer phenomena occurring during the immersion step. Using
the continuity equation (eq 1) a set of general diffusion equations
and boundary conditions have been derived for the mass trans-
port in a ternary polymer solution after immersion into a
coagulation bath and prior to demixing process

i1
3(¢i/¢3) — %} i=1,2 (1)

ot om

where m is the position coordinate in the polymer-fixed frame of
reference and is defined as

m(z, t) :/OZ &5 (x, t)dx (2)

Here J¥ is the volume flux of component i, ¢; is the volume
fraction of component i, ¢ is time, i = 1, 2, 3 represents the
nonsolvent, solvent, and polymer, respectively. Initial concentra-
tions are assumed constant

¢i(m)0) = ¢?; i= 1;2 (3)
After immersion, the following boundary conditions exist:

¢,(0,t) = ¢}, i = 1,2 (4)

Gieot) = @7, i = 1,2 (%)

where ¢; is the volume fraction of component i that is in
equilibrium with the coagulation bath at the film—bath interface.
Fluxes in the polymer-fixed reference frame are related to
component velocities, v;, by
1—¢; .
]f’ = ¢} ¢ivi+ﬁ¢jvﬁ Lj =12 ’7é] (6)
¢ s
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Figure 2. Composition paths of a cast film immediately after immersion
(t < 1 s) demonstrating (a) instantaneous demixing and (b) delayed
demixing; T and B represent top and bottom of the film, respectively.®
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Figure 3. Flow of solvent and nonsolvent treated as a one-dimensional
diffusion process and coordinate systems for membrane formation model."”*”

Component fluxes are related to chemical potentials, u;, by

3

) ¢ (v;

= —V; i = 1,3 7
RT dz =1 b ' @)

where &;; is a frictional coefficient between components i and j. A
modified flux is defined as
N; =it i =12 (8)

along with a new variable

n = mt~ '/ 9)

Equation 1 simplifies to the ordinary differential equation

d(¢i/¢5) , dNi
2— =20 10
& "y (10)
with new boundary conditions of
¢1(0) = ¢f; i=12 (11)
¢1(°°) = ¢?) i=12 (12)
Equation 7 transforms to
2
depy
N, = — LFTy— i=12 13
;,zz:‘ K iy ! (13)

where Fj;and T} are frictional and thermodynamic contributions
which are defined by Radovanovic et al."’
Diftusion in the coagulation bath is described by

611,- d aV,' 61/,- dx
—=—\D—)———+ (14)
at  dy\ 9y dy dt

dx

- = 109 -501) (15)

where v; is the volume fraction of component i in the coagulation
bath, X is the position of the interface between the film and the
coagulation bath, x is the spatial position coordinate normal to
the membrane surface, y = —x + X(t) is the position coordinate
that moves with the interface. Initial and boundary conditions for
the nonsolvent are

v1(,0) = 1§ (16)
v1(0,t) = v} (17)
vi(eo,t) = 1 (18)

By defining a new variable
6 =yt /2 (19)
equation 14 transforms to

% = - %{ [N, (0) + NZ(O)]% + %(D%) } (20)

with boundary conditions
0 (0) = o (21)
vi(eo) = 1] (22)

The mutual diffusion coeffiecient, D, is concentration depen-
dent and defined by Radovanovic et al."’

The diffusion model explained the two types of demixing taking
place during the phase inversion process and was used to predict the
range of the initial composition of the casting film. To calculate the
critical initial compositions at which the demixing changes from
instantaneous to delayed, the diffusion equation for the film (eq 10)
and for the bath (eq 20) must be solved simultaneously.'” When
from solving eq 10, the composition profile touches or crosses the
binodal line (Figure 2a), instantaneous demixing will happen which
means the polymer precipitates and a solid film is formed very
rapidly after immersion in the nonsolvent bath. This type of

3801 dx.doi.org/10.1021/ie101928r |Ind. Eng. Chem. Res. 2011, 50, 3798-3817
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Figure 4. Different membrane morphologies caused of different types of demixing.

demixing generally shows a highly porous substructure (with finger-
like macrovoids) and finely porous, thin skin layers. If the composi-
tion profile does not touch the binodal line (Figure 2b), demixing is
delayed, precipitation is slow, and it takes much longer for the
membrane to form. Membranes with a relatively dense top layer and
sponge-like substructure are obtained. The structures of these two
types of membrane are shown in Figure 4.

Asymmetric membranes consist of a thin top layer supported by a
porous sublayer that often contain large void spaces, or macrovoids.
These macrovoids may exhibit different morphologies (i.e, finger-like
or sponge-like) depending on phase inversion kinetics and thermo-
dynamics. See discussion below for more detail about macrovoid
formation and morphology. The presence of macrovoids in mem-
branes has both advantages and disadvantages. Macrovoids could
result in compaction or collapse of membranes and therefore limit the
application in high pressure processes such as reverse osmosis. On the
other hand, the macrovoid structure is suitable for ultrafiltration
processes and can be employed as support layers for composite
membranes."*

Several mechanisms have been proposed to describe the formation
of macrovoids. Matz*' and Frommer and Lancet”” suggested that the
interfacial hydrodynamic instability driven by a surface tension
gradient is responsible for the initiation of macrovoids. Strathman
et al. proposed that precipitation rate determines macrovoid
structure.” Ray et al. proposed that the formation of macrovoids is
associated with the excess intermolecular potential gradients induced
by the steep concentration gradient near the interface.”® The study
from Boom et al.** and Smolders et al."* also showed that macrovoid
formation in phase separation occurs from freshly formed nuclei of
the diluted phase when the composition in front of the nuclei remains
stable for a relatively long period of time. Diffusion of solvent expelled
from the surrounding polymer solution causes macrovoid growth.
Macrovoids are generally formed in systems where instantaneous
demixing takes place, except when the polymer additive concentra-
tion and the nonsolvent concentration in the polymer solution exceed

a certain minimum value."***~2° Therefore, the polymer solution
composition close to the binodal composition favors the formation of
spongy structures.

Cohen et al." first calculated the diffusion path using the ternary
phase diagram, which was later improved by many research groups to
study membrane formation mechanisms."”'**”** According to the
calculated diffusion path, instantaneous liquid—liquid demixing can
account for the initiation of macrovoids quite well. It was also found
that the miscibility between the solvent and the coagulant plays an
important role in determining whether the membrane formation
system demixes instantaneously.'” The importance of the miscibility
between the solvent and the coagulant was also noticed by
Termonia® and Cheng et al.** For a more complete review of the
formation mechanisms of macrovoids, one can refer to the works of
Smolders et al."* and Paulsen et al.>*

The slower nonsolvent uptake which occurs in vapor-induced
phase separation (VIPS) favors solid—liquid demixing (polymer
crystallization) over liquid—liquid demixing when this process is
used to prepare membranes from a semicrystalline polymer like
poly(vinylidene fluoride) (PVDF).* Li et al. have shown that
PVDF membrane morphology can be controlled by adjusting
polymer dissolution temperature.’® Two gelling processes are
occurring: crystallization-initiation and noncrystallization-initiation.
Above a critical dissolution temperature, crystallization-initiation
gelation outcompetes noncrystallization-initiation and forms nodu-
lar structures. Below this critical temperature, noncrystallization-
initiation is the dominant gelling process and fibrillar structures are
formed. The competition between the two gelling processes is vital
in determining PVDF membrane morphology.

In summary, factors that affect the rate of liquid—liquid and
solid—liquid demixing or polymer precipitation ultimately deter-
mine the physical morphology of membranes formed by nonsolvent
induced phase separation. Membranes with these different physical
morphologies finally have different separation properties and can be
applied in various types of separation processes.

3802 dx.doi.org/10.1021/ie101928r |Ind. Eng. Chem. Res. 2011, 50, 3798-3817
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Table 2. Solvents for Cellulose Acetate and Polysulfone’

cellulose acetate

polysulfone

dimethylformamide (DMF) dimethylformamide (DMF)
dimethylacetamide (DMAc) dimethylacetamide (DMAc)
acetone dimethylsulfoxide (DMSO)
dioxan formylpiperidine (FP)
tetrahydrofuran (THF) morpholine (MP)

acetic acid (HAc) N-methylpyrrolidone (NMP)
dimethylsulfoxide (DMSO)

3. INFLUENCE OF VARIOUS PARAMETERS ON MEMBRANE
SEPARATION PERFORMANCE AND CHEMICAL
PROPERTIES

3.1. Choice of Solvent. The choice of solvent—nonsolvent
system in phase inversion membrane formation has a dramatic
influence on membrane morphology, mechanical properties,
interfacial characteristics, and separation performance. The poly-
mer must be soluble or easily dispersible in the chosen solvent,
and the solvent and nonsolvent must be miscible. There are
usually several solvents that are compatible with a given polymer.
For example, Table 2 lists several solvents that are compatible
with cellulose acetate and polysulfone.

There are a very large number of compatible solvent—nonsolvent
pairs, each with their own specific thermodynamic behavior and
miscibility. Frequently, the higher the mutual affinity (or miscibility)
between the solvent and nonsolvent is, the more likely instantaneous
demixing will occur and more porous membrane will be obtained.®
In the case of low mutual affinity, an asymmetric membrane with a
dense nonporous top layer is likely obtained. Although other
parameters influence membrane structure, the choice of solvent—
nonsolvent is crucial.>

Several approaches to determining polymer solubility have been
developed. Flory and Huggins developed a two-dimensional lattice-
based model to describe polymer solutions.>* 3° In this model,
polymer segments and solvent molecules are assumed to be the same
size, and only one molecule or polymer segment can occupy a single
lattice site.” The Gibbs free energy of mixing, AG,), is calculated as

AG, = kT(mln ¢; +mln ¢, +x,mey)  (23)

where k is Boltzmann’s constant (1.38 x 10> JK '), T'is absolute
temperature, n1; and 1, are the number of solvent (component 1) and
polymer (component 2) molecules, ¢ is the volume fraction, and ¥,
is the Flory interaction parameter. The dimensionless Flory interac-
tion parameter is a characterization of polymer—solvent interaction
energy. Inverse gas chromatography is the most common method
used to experimentally determine yy,.>"® Modifications to the
Flory—Huggins model have been made to describe dilute polymer
solutions® and to account for the concentration dependence of e
Solubility parameters, 0, may be used to estimate ), and help
choose appropriate solvent—polymer matches. Solubility para-
meters of solvents are related to the molar energy of vaporization,
AE', and molar volume, V, of a pure liquid by the following

AEY
|4

0= (24)
where AE" represents the energy change after the isothermal
vaporization of the saturated liquid to the ideal gas state at infinite

dilution. The energy of vaporization is related to the enthalpy of
vaporization by AEY ~ AH” — RT.>’

The solubility parameters of Folgmers can be approximated from
group contribution methods.*' ~* Polymer solubility parameters
can also be determined experimentally by immersing polymer in
different solvents whereby the polymer solubility parameter value is
taken as that of the solvent which causes maximum polymer
swelling.’

The Flory interaction parameter can be approximated from
solvent (0;) and polymer (J,) solubility parameters using the
following relation:

X1z = (01— 62)2 (25)

RT
where v, is the molar volume of the solvent and R is the ideal gas
constant.>” Scatchard and Hildebrand estimated the heat of
mixing, AH,,, using polymer and solvent solubility parameters
by the following relation:

AHm - Vm(él - 62)2¢1¢2 (26)

where V,, is the molar volume of the mixture.**** Solvents can be
matched to polymers by using the Scatchard —Hildebrand equa-
tion to minimize the heat of mixing. However, this equation is
only applicable for AH,, > 0 and does not account for specific
interactions such as hydrogen bonding.

Hansen proposed that the total energy of vaporization of a
liquid was due to dispersion forces, permanent dipole—perma-
nent dipole forces, and hydrogen bonding.**"*" Therefore, the
solubility parameter, which is related to the total cohesive energy,
should be broken into three components: dispersive (J,), polar
(0,), and hydrogen bonding (0;,). The total, or Hildebrand,
solubility parameter is equal to

0 = /05 +0, +0, (27)

Calculation of solvent d 4 and 0, is described by Blanks and
Prausnitz.>> Hansen and Beerbower found that solvent 0, could
be calculated as

u

8y = 374 5 (28)
where u is the solvent dipole moment and V'is the solvent molar
volume.** Solvent hydrogen bonding solubility parameter has
typically been calculated by subtracting 04 and 0, from 0. The
group contribution method is also a viable approach to calculat-
ing 0. Hansen believes the group contribution approach is best
for determining solubility parameters for polymers.>® A solubility
parameter distance, Ra, was developed by Skaarup.’' This
“distance” between polymer (1) and solvent (2) is a measure
of their affinities based on their individual Hansen solubility
parameters, which is calculated below as

Ra = \/4(5.12 —0a1)” + (0p2 — 5111)2 + (02 = Oom)* (29)

The relative energy difference, RED, is equal to Ra/R,, where R,
is the radius of interaction of a Hansen solubility parameter sphere.
The RED should not exceed a value of 1 if solubility is to be
maintained. Solubility increases as RED approaches 0. The radii of
interaction (R,) for several common polymers are tabulated by
Hansen.>* Sample RED values are tabulated below for cellulose
acetate and polysulfone (Table 3a and 3b).>* Several potentially
compatible solvents (RED < 1) can be quickly and easily selected
using this model and published solubility parameters.
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Table 3a. Relative Energy Density Calculation for Several
Common Solvents and Cellulose Acetate®

04 (MPa'’?) 6, (MPa'’?) 0y, (MPa"/?) Ro (MPa'?)

cellulose acetate 16.9 16.3 3.7 13.7
04 Op (o Ra
(MPa'?) (MPa'/?) (MPa'/?) (MPa'/?) RED

acetic acid 14.5 8 13.5 13.7 1.0
acetone 18.5 10.4 6.9 7.3 0.5
acetonitrile 15.3 17.9 6.1 4.3 0.3
benzene 18.4 1 2.9 15.6 1.1
n -butanol 15.9 5.7 15.7 16.1 12
butyl acetate 15.8 3.7 6.3 13.1 1.0
carbon tetrachloride 17.6 0 0 16.8 12
chloroform 17.6 3 42 13.4 1.0
cyclohexane 16.7 0 0 16.7 12
1,2-dichloroethane 19 7.4 4.1 9.8 0.7
dichloromethane 182 6.3 7.8 11.1 0.8
N N-dimethylacetamide 16.8 11.5 10.2 8.1 0.6
dimethylformamide 17.4 13.7 11.2 8.0 0.6
dimethyl sulfoxide 18.4 16.3 10.2 72 0.5
dioxane 16.8 5.7 8 11.4 0.8
ethanol 15.8 8.8 194 17.5 13
ethyl acetate 15.8 5.3 7.2 11.8 0.9
diethyl ether 19 1.8 74 18.5 11
heptane 15.1 0 0 17.1 12
hexane 14.8 0 0 17.2 1.3
methanol 15.1 12.2 22.2 19.3 14
methyl-t-butyl-ether 18.5 3.6 52 13.1 1.0
methyl ethyl ketone 15.9 9 S.1 7.7 0.6
N-methyl-2- pyrrolidone 18 12.3 7.2 5.8 0.4
pentane 14.3 0 0 17.5 1.3
n-propanol 15.8 6.7 17.3 16.8 12
isopropanol 15.8 6.1 16.4 16.4 12
di-isopropyl ether 14.4 2.9 S.1 14.4 1.0
tetrahydrofuran 19 10.2 3.7 74 0.5
toluene 18 1.4 2 15.2 1.1
trichloroethylene 18 3.1 53 13.5 1.0
water 158.5 16 42.3 38.7 2.8
xylene 17.6 1 3.1 15.4 1.1

3.2. Choice of Polymer. For porous membranes, the type of
polymer will affect solute adsorption, membrane hydrophilicity, and
the thermal and chemical stability of the membrane. For nonporous
membranes, the choice of polymer directly affects membrane
performance because intrinsic membrane separation properties
(solubility and diffusivity) depend on polymer chemical structure,
and, hence, on the choice of polymer. In nonsolvent induced phase
separation, the choice of polymer is an important factor because it
limits the solvents and nonsolvents that can be used in the
phase inversion process. In addition, the solvent also plays an
important role along with polymer concentration during membrane
formation.

Many different polymers are used in the synthesis of micro-
filtration, ultrafiltration, nanofiltration, and reverse osmosis
membranes. Polysulfone (PSf), polyethersulfone (PES), poly-
acrylonitrile (PAN), cellulosics, poly(vinylidene fluoride) (PVDF),

poly(tetrafluoroethylene) (PTFE), polyimides (PI), and poly-
amides (PA) are among the most common polymeric membrane
materials in use today. Each of these polymers is briefly discussed
in the following.

3.2.1. Polysulfone. Polysulfone (PSf) is one of the most common
polymers used to make membranes by phase inversion process.
Polysulfone is often selected because of its commercial availability,
ease of processing, favorable selectivity-permeability characteristics,
and glass transition temperature (T,) value of 190 °C. It possesses
good mechanical, thermal, and chemical properties. Moreover, it is
generally easy to prepare asymmetric membranes by the phase
inversion method, in which a thin layer of PSf solution in an
appropriate solvent is immersed into the nonsolvent coagulation
bath, such as water. The solvents most frequently used for PSf
are N-methylpyrrolidone (NMP),**~% N,N-dimethylacetamide
(DMAC),*¥¥°15%55 and N,N-dimethylformamide (DMF).%%%

3.2.2. Polyethersulfone. Polyethersulfone (PES) possesses very
good chemical and thermal stability as indicated by its glass transition
temperature (T,) value of 230 °C. This polymer is also widely used as
support material for composite membranes. Like polysulfone, it is
generally easy to prepare asymmetric membranes with water as a
coagulant by the phase inversion method. The solvents usually used
for PES are N-methylpyrrolidone (NMP),*~7* N;N-dimethylforma-
mide (DMF),"*7* and N,N-dimethylacetamide (DMAc).”>”>~"

3.2.3. Polyacrylonitrile. Polyacrylonitrile (PAN) is also a popular
membrane material because it is a resinous, fibrous, or rubbery
organic polymer with sufficient chemical stability and hydrophilicity.
Other common membrane materials such as PSf and PES are
relatively hydrophobic and prone to fouling whereas PAN mem-
branes are relatively hydrophilic, low foulin% in aqueous filtration
applications, and are already commercialized.”® Polyacrylonitrile has
good resistance to solvents and cleaning agents such as chlorine and
sodium hypochlorite. Polyacrylonitrile has been used as a substrate
for MF, UF, NF, RO, and pervaporation membranes.”” % It is very
difficult to reduce the pore size of PAN membranes due to its poor
solubility in various solvents except polar solvents such as NMP,*"*
DMEF,”"* and DMAc.” ™!

3.2.4. Cellulosics. Cellulosics generally include cellulose acet-
ate, cellulose acetate butyrate, and cellulose propionate, all of
which are cellulose esters. Cellulose acetate was the first cellulosic
polymer used to form phase inversion membranes>"** and is the
most frequently employed to prepare membranes.”> % Cellu-
lose acetate has low chemical, mechanical, and thermal resis-
tance. Cellulosics can be used in ultrafiltration applications or be
made into RO membranes by nonsolvent induced phase separa-
tion. Cellulose acetate can be made into a film or into a fiber, but
it must be chemically modified to produce a thermoplastic
material. It is mainly used as a material for dialysis membranes.
Cellulose acetate is frequently blended with other polymers
such as PSf or additives such as polyethglene glycol (PEG)
to improve the membrane properties.”>”*”%° Cellulose tri-
acetate can be used to form chlorine tolerant hollow fiber RO
membranes.'”'%"

3.2.5. Polyimides (Pl)/Polyamides (PA). Polyimides are a
group of polymers with good gas selectivity and chemical
stability, and excellent thermal stability. Therefore, in recent
years studies have been performed for their application as
membrane materials.'””'*° Polyamide membranes are me-
chanically very strong and exhibit excellent wet and dry
strength.'*® Their hydrophilicity makes them suitable for aqu-
eous and organic solutions.'*”'*® N-methylpyrrolidone (NMP)
is most widely used as a solvent for these two polymers.'*>'%>1%%
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Table 3b. Relative Energy Density Calculation for Several
Common Solvents and Polysulfone®”

04 (MPa'?) 8, (MPa'’?) 9, (MPa'’?) Ro (MPa"?)

polysulfone 19.7 83 83 8.0
04 @ oy, Ra

(MPa'?) (MPa'/?) (MPa'/?) (MPa'/?) RED
acetic acid 14.5 8 13.5 11.6 1S
acetone 15.5 10.4 6.9 8.8 1.1
acetonitrile 1583 17.9 6.1 132 1.7
benzene 18.4 1 2.9 9.4 12
n-butanol 15.9 5.7 158.7 10.9 14
butyl acetate 15.8 3.7 6.3 9.3 12
carbon tetrachloride 17.6 0 0 12.5 1.6
chloroform 17.6 3 42 7.9 1.0
cyclohexane 16.7 0 0 132 1.6
1,2-dichloroethane 19 74 4.1 4.5 0.6
dichloromethane 182 6.3 7.8 3.6 0.5
N, N-dimethylacetamide 16.8 11.5 10.2 6.9 0.9
dimethylformamide 174 13.7 11.2 7.7 1.0
dimethyl sulfoxide 18.4 16.3 10.2 8.6 1.1
dioxane 16.8 5.7 8 6.4 0.8
ethanol 15.8 8.8 194 13.6 1.7
ethyl acetate 15.8 5.3 7.2 8.4 11
diethyl ether 19 1.8 74 6.7 0.8
heptane 15.1 0 0 14.9 1.9
hexane 14.8 0 0 183 1.9
methanol 15.1 12.2 22.2 17.1 2.1
methyl-t-butyl-ether 18.5 3.6 52 10.1 1.3
methyl ethyl ketone 15.9 9 S.1 8.3 1.0
N-methyl- 2- pyrrolidone 18 12.3 7.2 S4 0.7
pentane 14.3 0 0 16.0 2.0
n-propanol 15.8 6.7 17.3 12.0 1S
isopropanol 15.8 6.1 16.4 11.5 14
di-isopropyl ether 14.4 2.9 S.1 12.3 1.5
tetrahydrofuran 19 10.2 3.7 52 0.6
toluene 18 1.4 2 9.9 12
trichloroethylene 18 3.1 S.3 6.9 0.9
water 18.5 16 42.3 359 4.5
xylene 17.6 1 3.1 9.9 12

3.2.6. Fluoropolymers. Fluoropolymers frequently used to
prepare membranes include polytetrafluoroethylene (PTFE)
and poly(vinylidene fluoride) (PVDF). Both polymers are
hydrophobic and exhibit good chemical and thermal stability
due to their chemical structure. Their hydrophobic nature makes
them useful materials in membrane distillation.> Microfiltration
membranes formed from PTFE may be prepared by sintering
and stretching whereas PVDF membranes are made by phase
inversion.”'® ''* Poly(vinylidene fluoride) shows good ther-
mal and chemical resistance, although not quite as good as PTFE.
Poly(vinylidene fluoride) is soluble in aprotic solvents such as
DMF, DMAc, NMP, and triethylphosphate (TEP).

3.3. Polymer Concentration. Polymer concentration in the
dope solution is yet another parameter affecting membrane
morphology. Typical polymer concentration ranges from 15 to
25 wt %.''® Increased polymer concentration in the casting

solution results in higher polymer concentration at the nonsol-
vent interface.”" This implies that the volume fraction of polymer
increases and consequently a lower porosity is obtained. When
polymer concentration is increased beyond a certain value, the
resulting membrane has lower porosity and the pure water flux
can be reduced to zero des}IJite the occurrence of instantaneous
demixing. Strathmann et al.">"* focused on the effect of polymer
concentration on membrane morphology. Their research de-
monstrated that varying initial polymer solution concentration
changes the path to precipitation, which can be shown from the
ternary phase diagram. Two different structures were obtained
depending on the different ways of precipitation.

3.4. Choice and Composition of Nonsolvent System. The
choice of nonsolvent will influence the precipitation. When a
polymer solution is cast as a thin film upon a support and then
immersed in the nonsolvent, the miscibility of solvent and
nonsolvent and the affinity between polymer and nonsolvent
will affect the demixing rate and finally influence the final
membrane structure.” Water is frequently used as a nonsolvent,
but other nonsolvents such as acetone and lower aliphatic
alcohols are also used.'”””'*° The addition of solvent to the
coagulation bath is another parameter that influences the mem-
brane structure. However, the maximum amount of solvent that
can be added is determined by the position of the binodal of the
phase diagram. By adding solvent to the coagulation bath,
instantaneous demixing can be stopped. A delay in demixing
occurs, which leads to the formation of a nonporous membrane.
This effect is unusual because there appears to be two competing
processes. The addition of solvent to the coagulation bath lowers
the polymer concentration at the film interface. This would lead
to a more open membrane.>'>! Addition of solvent to the
coagulation bath lowers the nonsolvent activity and diffusion
rate into the polymer film, which further delays demixing. Ghosh
et al. found that by adding a small percentage of solvent to the
coagulation bath (3% NMP in water) membrane permeability
could be increased by more than 25%."" Others believe that the
delay in liquid—liquid demixing is the dominant effect as this
method is typically used to produce dense films.? In addition,
other additives to the coagulation bath such as methanol,
isopropanol, and salt were found to affect the demixing
process ¥$117122

3.5. Additives to the Polymer Solution. A number of
researchers have studied the role of additives on membrane
structure. Most casting solutions contain high or low molecular
weight additives for improving the morphology and function of
phase inversion membranes, which makes analysis of solvent—
nonsolvent system properties more complex. The addition of
organic or inorganic components as a third component to a
casting solution has been one of the important techniques used in
membrane preparation. The addition of these additives can
create a spongy membrane structure by preventing finger-like
macrovoid formation, enhance pore formation, improve pore
interconnectivity, and increase hydrophilicity. For example,
finger-like macrovoid formation can be suppressed by the addi-
tion of polyvinylpyrrolidone (PVP). Other frequently used
additives include polyethylene glycol (PEG), propionic acid
(PA), surfactants such as sorbitan monoleate (Span-80), alco-
hols, dialcohols, water, polyethylene oxide (PEO), LiCl, and
ZnCl,. Here, the general results of adding PVP, PA, PEG, and
surfactant will be discussed.

3.5.1. Polyvinylpyrrolidone. Boom et a studied the role
of polyvinylpyrrolidone (PVP) as a polymeric additive in the

24,12
L. 3
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formation of polyethersulfone (PES)/NMP membranes. They
found the addition of PVP suppresses the formation of macro-
voids. Polyvinylpyrrolidone can become entrapped in polymeric
films and impart some hydrophilic character.'”* This hydrophilic
additive may also leach out of membranes after many hours of
operation.'”® Several studies have since been reported on PVP
additives of varying molecular weight®®'*¥!' V126127 and
concentration®”” 760981287130 4y oy attempt to improve mem-
brane morphology and function.

Yeo et al. concluded that PVP addition to the casting solution
of PSf and DMF contributed to the enlargement of the macro-
void structure in the prepared membranes rather than the
suppression of that structure.' This was confirmed by Jimenez
et al. through molecular weight cut off (MWCO) and pure water
permeation tests.”!

The study of Yoo et al. explained that adding PVP of different
molecular weights into casting solutions produced membranes
with significantly different morphologies.'*> Addition of 40 kDa
PVP increased macrovoid formation. However, addition of 360
kDa PVP suppressed the formation of finger-like macrovoids.
The authors suggest that changes in solution viscosity brought on
by addition of PVP alter the rate of phase separation, which
ultimately causes the differences in membrane morphology.
Chakrabarty et al. also studied an increase from 24 to 360 kDa
PVP added to the casting solution.”® As PVP molecular weight
increased, membrane sublayers had dense structures with fewer
macrovoids, and the pore number and porosity of the prepared
membrane was found to increase. Membrane skin layers were
found to be thicker as more PVP was added, and the number of
finger-like macrovoids gradually disappeared. Jung et al. con-
cluded that the top layers became thicker as more PVP was
added, and the number of finger-like macrovoids gradually
disappeared in the membrane. Hypochlorite was successfully
used to wash out residual PVP"*

3.5.2. Polyethylene Glycol. Polyethylene glycol (PEG) is also
frequently added to the casting solution as a third component in
membrane preparation. Studies have investigated the effect of
PEG additives with different molecular weights, %~ ®"707497:98109132133
Polyethylene glycol acts as a pore-forming agent and also affects
the thermodynamics and kinetics of the phase inversion pro-
cess. Kim et al. systematically studied the effect of PEG on
membrane formation by phase inversion.®® The study showed
that by increasing the ratio of PEG additive to solvent NMP, the
casting solution becomes thermodynamically less stable. Mem-
brane surface pore size becomes larger, and the top layer
becomes more porous. Shieh et al. extended that PEG, being
hydrophilic in nature, can be used to improve membrane
selectivity and as a pore-forming agent.”* Kim and Lee
investigated the effect of various PEG molecular weights on
the formation of polyetherimide (PEI) asymmetric mem-
branes.'*> They reported that small molecular weights of
PEG, such as PEG 200, work as a pore-reducing agent for
PEI membranes. Zheng et al. found that PEG addition could
thermodynamically enhance and rheologically hinder PSf solu-
tion demixing.é1 Also, their research compared the cross-
sectional morphologies of membranes prepared at different
coagulation bath temperatures.”* When PSf concentration is
18 wt % and the coagulation bath temperature is 20 °C, the size
of finger-like macrovoids increases and then decreases rapidly
with increasing PEG concentration.

The effects of PEG concentration have also been studied in
other solvent systems. The research of Liu et al. showed that PEG

can be used to enhance polymer (PES) solution viscosity and to
enhance pore interconnectivity when added in appropriate
amounts.”’ The effects of PEG on the porosity of polycarbonate
(PC) membranes prepared via dry-/wet-phase inversion meth-
ods was studied by Deniz."*® It was observed that membrane
porosity increased with an increase in the initial PEG concentra-
tion ranging from $ to 20 wt %. Idris et al.”* and Chakrabarty
et al> reported the effect of PEG with different molecular
weights from 400 to 20 000 Da on morphology and performance
of PSf membranes. They showed that PEG 6000 can be a suitable
additive for making asymmetric membranes having a dense skin
layer and a relatively macrovoid-free sponge-type support layer.
By increasing the molecular weight of PEG, the pore number and
porosity of the prepared membrane was increased, so PEG can be
regarded as a pore-forming agent rather than a pore-reducing
agent in this case.

3.5.3. Propionic Acid. Propionic acid has been studied as an
additive by many research groups. Fritzsche et al. reported that
when a PSf solution film is rapidly formed by immersion
precipitation, the propionic acid added in the casting solution
increased the gas permeability by nearly 10-fold."*® Han showed
that by adding propionic acid to the coagulation bath, polymer
packing density significantly decreased in membranes made by
phase inversion.”> The decrease is due to both the significant
increase of nodule structures and the pore formation between
polymer aggregates. Laninovic showed that the addition of
propionic acid in a polymer solution inhibited the growth of
macrovoids, which resulted in imyroved mechanical character-
istics of the formed membranes.”>” Water fluxes through the
membranes prepared from a polymer solution with propionic
acid had alower value in relation to a membrane prepared from a
polymer solution without an additive.

3.5.4. Surfactants. The addition of surfactants can affect the
membrane structure because it can dramatically affect the inter-
facial properties between the coagulant and the polymer solution.
The study by Lin et al. proposed that the addition of appropriate
surfactants can enhance the affinity between solvent and coagu-
lant, resulting in a shift from delayed demixing to instantaneous
demixing, and macrovoids can then be induced."*® Later they
extended the study to a dual-bath system, in which casting
solution was immersed in one coagulant for a very short time
(<2 s) and then moved to a second bath containing different
coagulants. They found that the difference in the void structure
can be explained by the difference in the growth mechanism of
macrovoids. For the system polymethylmethacrylate (PMMA)/
NMP /water, the growth of macrovoids is by convection. For the
system PMMA /acetone/Tween80/water, the growth of macro-
voids is by diffusion."*”'** Tsai et al. systematically studied the
effect of sorbitan monooleate series surfactant as an additive on
the structure of polysulfone membranes.*>**'*"'** From their
research, addition of surfactant (Span-80) in the casting solution
can suppress macrovoids in asymmetric PSf membranes. Also,
they studied the effects on membrane structure using Span-20
and Span-80 at different concentrations.”® The results showed
that the addition of Span-80 could effectively inhibit the forma-
tion of vast macrovoids, and penetration experiments offered a
reasonable explanation for this observation, suggesting that
macrovoid formation was inhibited by the reduction of the water
penetration rate.

3.5.5. Other Chemicals. Besides PVP, PA, PEG, and surfac-
tants, some other small molecules can be used as additives. Kim
et al. tried acetic acid (AA) as an additive to the system of
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polyetherimide/NMP/water.'"*> They showed that increasing
the content of AA makes the membrane cross-section a closely
connected, cellular sponge-type structure. Acetone has been used
as an additive in PSf/DMF /water, PES/DMF /water, and PSf/
NMP /water ?fstems to compare the finger-like pores formed by
PES and PS£%”'** Butanol, propanol, and chloroform have also
been applied as polar and nonpolar additives to show that the
polar additive caused rapid demixing and formed porous asym-
metric membranes with defective skin layers. The nonpolar
additive decreases the demixing rate of the casting solution in
this ternary system.'**

3.5.6. Nanoparticles as Additives. Inorganic particles have
been used as fillers in various applications ranging from clothing
to tennis racquets and computer circuits to improve properties
such as stiffness, toughness, chemical stability, electrical con-
ductivity, and resistance.'** Typically used fillers are on the order
of nanometers and because of their size are needed at concentra-
tions as high as 20% by volume, which limits their application."*°
Therefore, a composite with improved properties and lower
particle concentration is sought after. Nanocomposites are one
possible solution.

When all three dimensions of a particle are on the order of
nanometers, such as a spherical %)article, it is referred to as an
isodimensional nanoparticle."*”~"** If only two dimensions are
in the nanometer range, an elongated structure is formed and the
structure formed is referred to as a nanotube, nanofiber, or
whisker."*°" ' Particles with only one nanoscale dimension
form flat sheets. These three categories are used in different
applications.

The use of nanoparticles as a filler in polymeric membranes,
creating polymer nanocomposites, has begun to attract wide
interest due to the improved electrical and mechanical proper-
ties, such as increased strength and modulus.>” The improved
properties result from a microstructure with a large fraction of
filler atoms at the surface of the nanoparticles and the strong
interfacial interactions the nanoparticles have with the surround-
ing polymer.'*® Isodimensional nanoparticles are typically used
because they provide the best surface area to volume ratio.
Nanoparticles based on materials such as clays, zeolites, carbon
nanotubes, metals, and oxides have been explored in polymeric
membranes, but the use of nanoparticles in formation of thin film
composite membranes for desalination is an emerging area of
research.3¥'%*

3.6. Formation Temperature. Temperature is a parameter
that affects the viscosity of the casting solution. Casting solution
viscosity can affect the exchange rate of solvent and nonsolvent
during phase inversion. Therefore, temperature can be con-
sidered an influential parameter on membrane formation
kinetics and surface and internal membrane morpho-
logy.>>0089 129155156 Because a cloud-point curve represents
an approximate boundary when liquid—liquid demixing occurs,
it should be a good method to depict the thermodynamic pro-
cess of phase inversion.

The research of Tsai et al. showed that coagulation bath
temperature had tremendous influence after adding surfac-
tants to polysulfone casting solution.’> They found that
temperature affects the viscosity of the coagulation bath and
finally the size of the formed macrovoids. Zheng et al. studied
the influence of temperature on the viscosity of the casting
solution.’’ They showed that increasing casting solution
temperature decreased polysulfone casting solution viscosity
and increased solvent—nonsolvent miscibility. They also

showed that with the increase of temperature, the kinetic
parameter of membrane formation, D,, (= d*/t, where d is
membrane thickness and t is coagulation time) increased.
Zheng et al. also measured the cross-sectional morphologies
of membranes prepared at different coagulation bath
64 . . 1

temperatures.”” The size of finger-like macrovoids increased
with increased coagulation bath temperature.

4. CHARACTERIZATION OF PHASE INVERSION
MEMBRANES

The performance, stability, and durability of a membrane are
determined largely by their chemical composition and physical
morphology. These properties can be characterized by a wide
range of analytical methods. Understanding the fundamental
characteristics of the membrane not only help to select a proper
membrane for specific applications, but also guide the design of
membranes with desired properties.">” This section is by no
means an exhaustive effort in accounting for all characterization
methods; rather, it provides general fundamental principles and
knowledge of membrane characterization techniques to obtain
the essential information correlating membrane properties with
their performance.

4.1. Kinetics and Thermodynamics of Membrane Forma-
tion. 4.1.1. Process Kinetics. The solvent—nonsolvent exchange
rate is one of the kinetic factors attracting the most attention. It
determines the path on the phase diagram during membrane
formation. The method used for kinetic characterization is to
observe the penetration of nonsolvent into the casting solution.
This technique was described in the research of Frommer and
Lancet,”* Strathmann et al,'> and Wang et al.’® In their
methods, they placed a drop of the casting solution between
two microscope slides and a drop of the coagulant (distilled
water), added with phenolphthalein or rhodamine B in order to
better observe the movement in precipitation. The coagulant
penetrated into the casting solution when they were brought into
contact. The penetration fronts of water and rhodamine B into
the casting solutions were observed and videoed with an optical
microscope. The video then was analyzed by image processing
software to determine the time dependence of the water pene-
tration, from which the demixing rate of the chosen solvent—
nonsolvent system can be measured. This demixing rate finally
determines the structure of the membrane as mentioned in a
previous section.

4.1.2. System Thermodynamics. System thermodynamics are
generally demonstrated by a ternary phase diagram. The binodal
curve of liquid—liquid phase separation was considered an
important factor affecting the membrane structure. Cloud points
are defined as the moment when the solution changes from clear
to turbid. The cloud point curve was usually measured to
represent the binodal curve. To determine the composition or
temperature at which the solution is no longer thermodynami-
cally stable, turbidity or cloud points must be determined.?

For the construction of binodal curves, the titration method is
described"*? and widely used.">*%'® In this case, the nonsolvent
or a mixture of the solvent and nonsolvent is added slowly to a
solution of the polymer and solvent. During titration, the
polymer solution is well stirred and kept at a constant tempera-
ture. The composition at which permanent turbidity occurs is the
cloud point, which represents the composition where phase
transition occurs. This technique can be operated visually. When
the mixing solution changes from clear to turbid, the volume of
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the solvent solution and the volume of the nonsolvent solution
are recorded, and the exact cloud point is determined.

Another technique is cooling. With this technique, a tube is
filled with either a binary mixture of polymer/solvent or a ternary
mixture of polymer/solvent/nonsolvent and then sealed. The
solution is homogenized at elevated temperature and the tem-
perature of the thermostat bath is then decreased slowly at a
constant cooling rate. At a certain temperature the solution is no
longer thermodynamically stable and demixing occurs, which
causes the solution to become turbid. This technique can be
operated visually or by light transmission. The cloud point is
observed when the reading of the light transmission instrument
increases sharply.”

4.2. Membrane Physical and Chemical Properties. 4.2.1.
Membrane Thickness. For membranes prepared by the way of
nonsolvent induced phase inversion, the thickness of the sublayer
is usually between 50 and 200 gm, while the skin layer is a few
micrometers or less. A micrometer is widely used to measure the
total thickness of a porous filtration membrane. For approxima-
tion of skin layer thickness, generally scanning electron micro-
scopy (SEM) is used, which can provide a clear view of the overall
structure of the membrane, the skin layer, and the cross-
section.*!%!

4.2.2. Membrane Porosity and Pore Size Distribution. Much
effort has been made to characterize the pore size, pore size
distribution, and solute or particle rejection for filtration mem-
branes. Methods to characterize membranes can be classified into
(1) physical methods to determine pore size and pore size
distribution of a membrane and (2) methods based on permea-
tion and rejection performance using reference molecules and
particles.'®”

4.2.2.1. Physical Methods. For characterizing the pore size
and pore size distribution from rejection data, quantitative
transport models, such as the Hagen—Poiseuille equation,
were used. Nakao'® and Zhao et al.'®® have given reviews
for determination of membrane pore size and pore size distri-
bution. The following physical methods for pore size and pore
size distribution determination are well-known: (1) micro-
scopic, (2) bubble pressure and gas transport, (3) mercury
porosimetry, (4) liquid—vapor equilibrium, (5) liquid—solid
equilibrium (thermoporometry), and (6) gas—liquid equilib-
rium (permporometry).

Electron microscopy (EM) is one of the most powerful tools
that can provide detailed information about the pore size, pore
shape, morphology, and structure of membranes. Scanning
electron microscopy (SEM) and transmission electron micro-
scopy (TEM) are the two most commonly used EM methods.
The operational principle of SEM relies on the detection of
different scattered electrons by scanning the sample surface with
a high energy electron beam. To observe cross sections by SEM
the dried membrane is first fractured at liquid nitrogen tempera-
ture, and then fixed perpendicularly to the sample holder. Pores
larger than 1 nm can be imaged by SEM.*****° In contrast, TEM
measurement analyzes the transmitted or forward-scattered
electrons through the specimen.'®* The dried sample is first
embedded and then sliced by a microtome. An embedding media
with no influence on the membrane must be chosen. Both SEM
and TEM are more widely used in recent years because of their
convenient operation.wz’lés_lé7

The bubble point method was used in the early years of the last
century. This method essentially measures the pressure needed
to blow air through a liquid-filled membrane. As the air pressure

is gradually increased, bubbles of air penetrate through the
membranes at a certain pressure. It is a simple technique for
characterization of the largest pores in microfiltration mem-
branes. However, different results will be obtained when different
liquids are chosen, and the rate of pressure increase and the pore
length may influence the result.'®” If water is used as the wetting
medium, then this method can measure pores down to a few
nanometers.’

The mercury intrusion technique is a variation of the bubble-
point method. In this technique, mercury wets the membrane
and is forced into a dry membrane with the volume of the
mercury being determined at each pressure. The relationship
between pressure and pore size is given by the Laplace equation.
All microfiltration membranes, as well as a substantial proportion
of ultrafiltration membranes, can be characterized using this
method (pore size from S nm to 10 #m). The disadvantage is
that the apparatus is rather expensive and some small pore
sizes require high pressure, which may damage membrane
structure.>'%®

The liquid—vapor equilibrium method was employed in the
past.'® This method for calculating pore size distributions is
based on a model of the adsorbent as a collection of cylindrical
pores. The theory accounts for capillary condensation in the
pores using the classical Kelvin equation, which in turn assumes a
hemispherical liquid—vapor meniscus and a well-defined surface
tension. This theory also incorporates thinning of the adsorbed
layer through the use of a reference isotherm.

Introduced by Brun et al.,, thermoporometry is based on the
calorimetry of a solid—liquid transition in a porous material."”’
The principle is that the temperature at which the water in the
pores freezes depends on the pore size. As the pore size decreases
the freezing point of water decreases. So through the measure-
ment of the freezing point, the pore size can be obtained. It is a
simple method but all pores are measured with this technique,
including dead-end pores, which make no contribution toward
transport.'”%~

Permporometry is based on the blockage of pores with a
condensable gas while simultaneously measuring gas flux
through the membrane. This technique can only characterize
the active pores which contribute to the transport. However, this
technique is difficult to employ especially for hollow fiber
membranes due to the difficulty of maintaining the same pressure
on both sides of the membrane.'¢”'”

4.2.2.2. Permeability and Rejection Test. Methods based on
permeation and rejection performance can also be employed to
determine the pore size and pore size distribution of
membranes.” The pore size can be obtained by measuring the
flux through a membrane at a constant pressure using the
Hagen—Poiseuille equation,

B Srpz Ap

= 0
8ut Ax (30)

v

Here ], is the water flux through the membrane at a driving force
of Ap/Ax, with Ap being the pressure difference across the
membrane of thickness Ax. The proportionality factor contains
the pore radius r,, liquid dynamic viscosity u, surface porosity of
the membrane ¢, and the tortuosity factor 7. The pore size
distribution can be obtained by varying the pressure, ie., by a
combination of the bubble-point method and permeability
methods. It is not essential that the liquid should wet the
membrane. The permeability method is widely employed both
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for microfiltration and ultrafiltration membranes because it has
the distinct advantage of experimental simplicity, especially when
liquids are used. However, the Hagen—Poiseuille equation
assumes that pores are cylindrical, so the geometry is very
important and will affect the result. For asymmetric membranes,
Ax is the skin layer thickness and must be known to determine
pore size.

The pore size of a filtration membrane can be described by the
membrane’s ability to retain solutes or particles of a given size or
molecular weight. The term molecular weight cutoff is used to
relate the size of a solute that would be retained, or almost
completely retained, by a given membrane to that membrane’s
pore size.” Molecular weight cutoff is determined by performing
rejection tests using solutes or globular proteins of known sizes
with the membrane of interest. Figure 5 shows the comparison
between a membrane with a so-called “sharp cutoff” and a
membrane with a “diffuse cutoff”. Solutes used in molecular
weight cutoff tests should ideally be soluble in water or in a mildly
buffered solution, cover a wide range of sizes, and should not
adsorb to the membrane surface. Average pore size and pore size
distribution can be determined from solute rejection data.'®>

Solute rejection measurements provide a very simple techni-
que for determining membrane performance. However, some
other factors such as adsorption, concentration polarization, and
membrane fouling can have a drastic effect on the result, so it is
difficult to obtain quantitative results by such a method.

4.2.3. Membrane Interfacial Properties. Composite mem-
brane properties are determined largely by the extremely thin
skin layer, so surface characterization is necessary. A wide range
of physical and chemical surface analysis techniques are available.
Here, some popular analytical methods are briefly summarized in
Table 4."”* In many situations, several connected processes may
be going on more or less simultaneously, with a particular
analytical technique picking out only one aspect (e.g, the extent
of incident light absorption or the kinetic energy distribution of
ejected electrons).

4.2.3.1. Surface Morphology. The surface morphology of
membranes can also be examined by atomic force microscopy
(AFM). The working principle of AFM is to use a sharp tip to
scan the sample surface. When the tip is close to the surface, van
der Waals forces will change the vibrating frequency of the tip or
cause deflections. By detecting the vibrating frequency or deflec-
tions of the tip, a three-dimensional map of membrane surface
topography can be obtained. Atomic force microscopy is widely
used to characterize membrane surfaces and has the advantage of
providing quantitative nanoscale measurements of both lateral
and vertical morphology. In addition to morphology mapping,
AFM can quantify the interaction force between the membrane
surface and the probe used. Thus, much information besides the
surface morphology, such as the fouling propensity and electrical
properties, can be revealed.'”*'”

4.2.3.2. Membrane Chemical Structure. Many methods used
to analyze chemical compounds can also be used to obtain the
same information for membranes. The analytical methods gen-
erally used to examine the chemical composition of membranes
include Fourier transform infrared spectroscopy (FTIR), Raman
spectroscopy, energy-dispersive X-ray spectroscopy (EDX),
electron spectroscopy for chemical analysis (X-ray photoelectron
spectroscopy) (ESCA, XPS), auger electron spectroscopy
(AES), electron energy loss spectroscopy (EELS), atomic force
microscopy (AFM), and secondary ion mass spectrometry
(SIMS). It should be noted that each analytical method has its

sharp cut-off (A)

cut-off value A

Rejection
(=3
W
T

diffuse cut-off (B) cut-off value B

1

Molecular weight

Figure S. Rejection characteristics for a membrane with (A) a “sharp
cut-off’ compared with that of a membrane with (B) a “diffuse cut off 3

unique operation principles, and the information obtained
differs. Thus, combining several methods is generally required
to infer the correct chemical composition of an unknown or
novel membrane. The operation principles and applicability of
some popular analytical methods will be discussed in the follow-
ing section. Table 4 briefly summarizes the general information
of applicability of some popular analytical methods.'”*

In general, XPS, AES, SIMS, EELS, and EDX are most suitable
to obtain chemical information for membrane skin layers due to
their low penetration capability. In contrast, Raman and FTIR
reveal the chemical composition of both surface layer and the
bulk materials. Another great advantage of Raman, FTIR, and
AFM is the possibility of analyzing samples in their wet state,
which is more relevant to membrane applications. If considering
the lateral resolution in mapping the chemical composition of
membranes, EDX, XPS, and AFM give more detailed informa-
tion on the surface composition than other methods."*’

Fourier transform infrared spectroscopy and Raman are two
nondestructive methods commonly used to probe the lateral and
vertical chemical composition of membranes. Both methods
allow identification of the molecular bonds existing in the
membrane and subsequently determination of the chemical
structure. Besides providing the overall chemical composition,
recent development in FTIR and Raman spectrometry has
enabled depth profiling of the membrane surface.'””'”® By
tuning the incident angle, the refractive indices of crystals, and
the wavelength, the penetration of the IR signal into the
membrane sample can be controlled. Thus, FTIR is suitable to
reveal vertical chemical information of membrane samples with a
spatial resolution of 0.5 to 1 xm."’

The surface chemical composition of membranes can also be
revealed by EDX/EDS, XPS, and SIMS qualitatively and quanti-
tatively. The operational principle of EDX/EDS relies on the
detection of characteristic X-ray emitted from the specimen
surface induced by incident of high energy beam. As each
element has a unique energy of X-ray emission, the elemental
composition and abundance of the materials can be measured.'*’
The detection limit of EDX/EDS is about 0.1 atom-% and the
spatial resolution is generally below 1 um. However, the vertical
penetration of the electron beams is generally less than 0.5 ©m,
which limits the vertical information that can be revealed.'””
X-ray photoelectron spectroscopy works on a similar principle
but relies on the detection of the excited electrons from the
materials. By measuring the number and the energy of electrons
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that escaped from the surface with X-ray irradiation, the ele-
mental composition, empirical formula, chemical state, and
electronic state of the elements can be revealed."*’ One advan-
tage of XPS analysis is the low energy incident X-rays, which
enables nondestructive examination of the surface.'*”'*" The
typical analysis depth is 1—3 nm, making XPS a valuable tool to
reveal skin layer information. However, both EDX and XPS
require the samples to be conductive. Thus, most polymeric
membranes have to be coated with conductive material before
analysis. Secondary ion mass spectrometry collects and analyzes
the ejected secondary ions from the sample surface sputtered by
primary ion beams. The secondary ions measured by mass
spectrometer can be used to determine the elemental, isotopic,
and molecular composition of the membrane. In modern SIMS
equipment, the charging of sample can be avoided with electron
flood sources. As the primary ion beam can rapidly sputter the
surface, SIMS technique is apglicable to reveal the depth profile
of chemical composition.">”**!

4.2.3.3. Surface Hydrophilicity and Surface Energy. Mem-
brane hydrophilicity is a very important interfacial property that
can be modified by changing phase inversion process conditions
or polymer chemistry. The most common method to determine
the hydrophilicity of a membrane is the measurement of contact
angle. Among the various ways to measure the contact angle, the
sessile drop method is the most widely used.'"®* Because of
surface tension, the surface of any liquid is an interface between
that liquid and another medium. Interfacial tension is a property
of the liquid’s interaction with another medium, e.g., the mem-
brane. Where the two materials meet, the geometry of the
interface is determined from the balance of interfacial forces."*?
So, a wealth of information can be obtained through the
measurement of the contact angle between the liquid and
membrane surface.

One piece of important information that can be obtained by
contact angle measurement is the surface free energy of the
membrane. Analysis of contact angles of liquid droplets on a solid
substrate provide parameters describing Lifshitz—van der Waals,
electron-donor, and electron-acceptor components of the solid
surface tension.'**'®> The surface tension parameters collec-
tively describe the Lifshitz—van der Waals and Lewis acid—base
interfacial free energy (per unit area) of any material immersed in
water. Although simple water contact angles suggest a material’s
“hydrophilicity”, the interfacial free energy of cohesion (per unit
area) of a given material immersed in water gives an indication of
inherent (thermodynamic) stability or aggregation propensity.
The more positive the overall free energy of cohesion, the more
hydrophilic, stable, and resistant to aggregation is the material.
Alternatively, the free energy of adhesion (per unit area) of two
different materials (e.g,, a colloidal particle and a sand grain)
immersed in water gives an indication of inherent (thermo-
dynamic) stability or deposition propensity. The more positive
the overall free energy of adhesion, the more hydrophilic, stable,
and resistant to deposition is the material.

Probe liquids with known surface tensions (such as diiodo-
methane, glycerol, and water) enable determination of the three
surface tension parameters by solving the extended Young
equation simultaneously for each liquid.'"*>'*® The polar
(electron-donor/acceptor) components of surface tension both
change with subtle variations in aqueous solution chemistry
(ionic strength, pH, plurivalent ions, and buffer capacity); hence,
one can also record contact angles of various aqueous electrolytes
to determine the variation in polar surface tension compo-

nents.'$*1%¢187 1 addition, contact angles measured for buffered
and unbuffered water drops adjusted to different pH values can
be used to quantify solid substrate surface charge density and
ionization fraction as a function pH.'>'%%1%?

4.2.3.4. Surface Roughness. The interaction potentials be-
tween membrane surface and particulate matter are also influ-
enced by membrane surface roughness.'””'”' Recent studies
indicate that the roughness/morphology of membrane surfaces
impacts the magnitudes of interaction potentials to the same
extent as similar changes in the malgnitudes of chemical free
energy and electrostatic interaction.” '*> Although EM pro-
vides fine resolutions of surface topography, the quantitative and
statistical analysis of surface roughness features is obtained
through AFM measurements.'”* Key parameters describing
membrane surface morphology (e.g,, mean roughness, average
roughness, root-mean-square roughness, surface area difference,
peak count per unit area, and the ratio of asperity separation to
asperity size) can be obtained through AFM examination.

4.2.3.5. Surface Charge. Most polymers acquire an electric
surface charge when brought into contact with an aqueous
solution. Once the membrane is brought into contact with an
aqueous electrolyte solution, the dissociation of functional
groups and adsorption of ions/molecules causes most of the
membrane surface to become charged. It has been well recog-
nized that charge or electrical properties of polymeric mem-
branes have a substantial influence on their filtration
performances.'” The surface charge properties of membranes
are often characterized by zeta potential, which is the electric
potential in the interfacial double layer at the location of the
slipping plane versus a point in the bulk fluid away from the
interface. Generally, the fundamental equation relating the
measured streaming potential to the zeta potential (§) is given
by the classical Helmholtz—Smoluchowski formula*®

B AV UK

$= AP ae

(31)
where AV/AP is the streaming potential, &, is the vacuum
permittivity, ¢, is the relative dielectric constant of the liquid, u
is the liquid viscosity, and «;, is the conductivity of the bulk
electrolyte. This equation was later modified by Yaroshchuk
et al."”” and experimentally verified by Fievet et al.'”® as

AV u L

¢ = APe e D

(32)
where ; is the total conductance of the membrane/channel/
membrane system, L is the length of the slit channel, h is the
height of the slit channel, and D is the width of the slit channel.

Many methods have been developed to qualitatively and
quantitatively characterize membrane surface charge, including
streaming potential measurement, impedance spectroscopy,
membrane potential measurements, and titration. The obtained
zeta potential is a function of material intrinsic properties, such as
membrane backbone materials, surface functional groups, and
internal structure. Solution chemistries are also proven to have
pronounced influence on the zeta potential measurements, such
as solution pH, ionic strength, and even ionic composition.

5. CONCLUSIONS

In this Review, a basic description about the preparation and
characterization was given for nonsolvent induced phase inver-
sion membranes. Basic formation mechanisms for different
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membrane morphologies were introduced. Key factors of the
membrane preparation process including the choice of solvent—
nonsolvent system, the composition of the polymer solution, the
composition of the coagulation bath, the choice of additives in
the system, and film casting conditions were discussed. Mechan-
isms of the system thermodynamics and process kinetics were
also discussed. We can predict that membranes with suitable
morphology, stability, and permeation properties can be ob-
tained from judging such key factors.
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