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1. Introduction

1.1 Membranes
" A membrane is a selective barrier between two phases"[1]. A membrane should always be
associated with its application according to this definition. These applications can range from
desalination, dialysis, filtration to gas separation. Depending on the application, different
membrane morphologies will be used. In figure 1.1, a schematic representation of different
morphologies is given.

dense, homogeneous

latex structure

cylindrical pores

cellular, symmetric

co-continuous

cellular, assymmetric

porous with dense toplayer
of same material
:integrally skinned

porous with dense
toplayer of different
material
:composite

Figure 1-1 Schematic representation of different membrane morphologies;
colored parts represent polymer

Several types of membrane separation mechanisms exist. In membrane applications where the
sorption-diffusion mechanism plays the major role, the choice of the membrane material is
based on selective sorption and diffusion properties. Membrane morphology will not play a
major role here in issues of selectivity but they do with total flux. Examples of these
applications are gas separation, pervaporation and reverse osmosis. The second separation
mechanism is based on the size of the species to be separated. Membranes will have typically
pore sizes that can give rise to a retention of certain species. In table 1.1, the pore sizes of the
different membrane categories are given. Besides average pore size and pore size distribution,
other parameters like adhesion on the membrane material or electrical charge can have a large
influence too on its separation characteristics. These membranes are often used in pressure
driven processes. In all cases, the structure or morphology of the membrane will have an effect
on the total flux through the membrane. Decreasing the total thickness of the membranes
would therefore be advantageous. However, this is limited due to mechanical stability
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constraints. This is overcome by preparing asymmetric membranes in which the separating part
of the membrane is situated in a thin layer of the membrane. The majority of the structure will
only serve as a mechanical support for this selective layer. The selective layer and mechanical
support of membranes must be optimized.
Table 1-1 Pressure driven processes using porous membranes [2, 3]

membrane
application
microfiltration
ultrafiltration
nanofiltration

pore size

examples of materials retained

> 50 nm
1 nm - 100 nm
≈ 1 nm

particles (bacteria, yeasts)
macromolecules, colloids
solutes Mw > 500, multivalent ions

1.2 Membrane formation
During the three decades of intensive membrane preparation research, different techniques
have been proposed to generate selective, permeable films. The most used and thus important
class of techniques is called phase inversion techniques. These processes rely on the phase
separation of polymer solutions producing porous polymer films. Often these structures can act
as a membrane.
Phase separation mechanisms can generally be subdivided in three main categories depending
on the parameters that induce demixing. By posing a change in one of these parameters at one
particular side of the film, asymmetric boundaries are posed on the polymer film which can be
expressed in the resulting structure.
By changing the temperature at the interface of the polymer solution, heat will be exchanged
and demixing can be induced (temperature induced phase separation or TIPS). The original
polymer solution can also be subjected to a reaction which causes phase separation (reaction
induced phase separation) (RIPS). The most used technique is based on diffusion induced
phase separation (DIPS). By contacting a polymer solution to a vapour or liquid, diffusional
mass exchange will lead to a change in the local composition of the polymer film and demixing
can be induced.
A

B

C

nonsolvent
vapour

air

coagulation
bath

NS

P + S (+ NS)

(S + NS)

P + S + NS

(S) + NS

P + S (+ NS)

polymer solution
support

Figure 1-2 Schematic representation of three DIPS processes: A) precipitation with nonsolvent vapor,
B) evaporation of solvent, C) immersion precipitation. Main direction of diffusion of the different
species is indicated by arrows. Polymer, solvent and nonsolvent are represented with P, S and NS
respectively. Components which are not necessary to be present in the original polymer solution and
coagulation bath are put between brackets.
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Three types of techniques were developed to reach DIPS: coagulation by absorption of
nonsolvent from a vapor phase, evaporation of solvent and immersion into a nonsolvent bath.
These techniques are schematically represented in figure 1-2. Often combinations of various
techniques are made to achieve the desired membrane.
When a polymer is subjected to a vapor containing a nonsolvent (a species not miscible with
the polymer), often symmetric structures are generated. Membrane formation by evaporation
(porous structures) uses polymer solutions containing a volatile solvent, a less volatile
nonsolvent and a polymer. Preferential loss of solvent will generate meta- or unstable
compositions and phase separation will be induced at this point. Immersion precipitation is
achieved by diffusion of nonsolvent from a coagulation bath into the polymer film and diffusion
of solvent from the polymer solution into the nonsolvent bath.
Although the processes are quite easy to perform, the exact conditions under which a
particular membrane will be formed is often derived on empirical grounds. To improve the
understanding of the process, the complex interplay between different aspects of phase
inversion processes (in this thesis DIPS) must be investigated in more detail. Even after thirty
years of research in this field, many open questions still need to be answered.

1.3 Aim and objectives
The aim of this thesis is to identify the different mechanisms responsible for morphology
development during diffusion induced phase separation of polymer solutions. This is partially
done by the investigation of immersion precipitation of quaternary polymer solutions with one
polymer and three low molecular weight components. Both modeling and experimental tools
are applied. In modeling, different extensions were needed in the thermodynamical and
diffusional description of quaternary polymer solutions.
Until now, no thermodynamical model was developed for quaternary systems containing three
different low molecular weight components and one polymer. Often an extrapolation of ternary
systems was used for this purpose. A theoretical approach is therefore desired. By an extended
Flory-Huggins theory and the use of a reduced objective function, theoretical phase diagrams
can be derived and compared to experimental cloud point data.
For the interpretation of membrane formation, the term delayed demixing is further studied in
relation to its diffusional mechanism. Different mechanisms are identified: the formation of a
top layer with an increased diffusional resistance to mass transport and a poor miscibility
concept. Delayed demixing in processes where large amounts of solvent are added to the
coagulation bath is a third mechanism. The knowledge of the mechanism responsible for
delayed demixing can be used in adjusting process conditions.
Besides immersion precipitation, evaporation is also studied. An evaporation step prior to
immersion can lead to top layer formation. A point of interest is to investigate which
conditions are needed to give rise to top layer formation. Besides toplayer formation,
evaporation can also induce macrovoid formation [4, 5]. Changing different parameters of the
process can therefore tell more on how and when macrovoids are being formed. If macrovoid
formation is caused by the same mechanism in immersion precipitation and dry casting,
comparison of the different conditions can reveal necessary requirements for the formation of
these large conical voids. This can help in finding ways to prevent or generate these structures.
Besides thermodynamic and diffusional properties, mechanical properties of the polymer
system play a role in membrane formation. The presence of a glass transition affects various
parameters in the process including a drastic change in diffusion coefficient and a structure
arrestment during phase inversion. Based on this mechanical aspect, immiscible nonsolventsolvent pairs can still be used if certain constraints are met.
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1.4 Organization of this thesis
A whole range of experiments are performed to reach these aims and objectives. It is tried to
balance between theoretical considerations (chapters 3 and 4), experiments to measure
characteristics of the membrane formation process that influence morphology development
(chapters 2, 6 and 7), experimental verification (chapter 5 and 7) and the application of these
findings to other membrane formation processes (chapter 8).
In chapter 2 most physical material properties used in this thesis are summarized. Some
properties have a direct influence on membrane formation (diffusion coefficients, viscosity,
glass transition, Berghmans' point), others are needed to convert experimental data (density,
refractive index).
The influence of thermodynamics is very pronounced in membrane formation. Since no good
models are available for quaternary systems with three low molecular weight components, a
Flory-Huggins lattice model is extended and a systematic study is performed to determine the
influence of various interaction parameters on the position of the binodal surface (chapter 3).
Cloud point curves of two quaternary systems are studied to validate the outcome of model
predictions. The interaction parameter between nonsolvent and polymer was determined by a
corrected version of the linearized cloud point curve correlation, described in appendix 3.
Chapter 4 deals with the calculation of the diffusional exchanges between polymer solution and
coagulation bath. The thermodynamical model described in chapter 3 is used to describe the
composition at the interface between polymer solution and coagulation bath and the driving
forces for diffusion. Based on calculations in the first moments of immersion, different
mechanisms can be derived for delayed demixing. The consequences of these mechanisms on
the membrane morphology are briefly discussed as well as the reason why resulting
morphology reflects the first moments of immersion.
In appendix 4A, Monte-Carlo simulations are performed to mimic diffusion and demixing after
phase separation is induced. Numerical simulations are inadequate to describe this stage of the
process, while a particle based technique can still be used.
The hypotheses posed in chapter 4 are validated in chapter 5. A systematic study of the effect
of different process parameters on the morphologies of polymer films obtained by immersion
precipitation is performed.
In phase inversion by evaporation, analogous effects are expected as in immersion precipitation
processes. In chapter 6, evaporation of polymer solutions are described. The influence of the
glass transition and demixing on the mass transport in polymer films is investigated. Measured
diffusion coefficients and sorption values in the glassy region are described in appendix 6.
A new in-situ technique is presented for studying evaporation in chapter 7. By ultrasonic time
domain reflectometry, as the technique is called, film thicknesses of optical opaque as well as
transparent films can be measured. Although this was the primary objective of the development
of the technique, also some morphological elements could be determined.
In most cases, empirical findings are interpreted by theoretical studies. Theoretical insight can
also initiate new or improved ways to prepare membrane structures. In chapter 8, a new way
of preparing integrally skinned and composite membranes is described. The technique is based
on simultaneously casting or spinning of two polymer solutions. One solution that normally
gives rise to good or reasonable membranes, will form the porous support. The second
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solution normally does not give rise to good membrane morphologies. A combination of the
two layers, can give good membrane structures.
Using the technique, the hypothesis that different mechanisms are responsible for delayed
demixing can be tested. The same technique can be used to prepare composite membranes
without pore penetration.

1.5 References
Mulder, M.H.V., Basic Principles of Membrane Technology., Dordrecht: Kluwer Academic
1.
2.
3.
4.

5.

Press. (1991).
Beerlage, M.A.M., Polyimide ultrafiltration membranes for non-aqueous systems, PhD thesis
Chemical Engineering University of Twente, (1994)
Zeman, L.J. and Zydney, A.L., Microfiltration and ultrafiltration : principles and applications.,
New York: Marcel Dekker Inc, (1996).
Shojaie, S.S., Polymeric dense films and membranes via the dry-cast phase -inversion process:
modelling, casting, and morphological studies, PhD thesis Chemical Engineering University of
Colorado, (1992)
Zeman, L. and Fraser, T., Formation of air-cast cellulose acetate membranes. Part 1. Study of
macrovoid formation. J. Membrane Sci., 84, 93-106 (1993).

2. Solution properties of multicomponent polymer solutions

Summary

Physical material properties of the studied systems are summarized.
Densities of water - N,N-dimethylacetamide and water tetrahydrofuran show large excess volumes of mixing, while other
systems show an almost regular behavior. Refractive index of
polysulfone - tetrahydrofuran - N,N-dimethylacetamide solutions can
be considered linear functions of composition.
Glass transition temperature depressions by various low molecular
weight components are measured by DSC-experiments. For N,Ndimethylacetamide and tetrahydrofuran in polysulfone almost
identical glass transition temperature depressions are found at room
temperature.
Berghmans’ points are determined for ternary nonsolvent-solventpolymer systems using an extended procedure similar to that used by
Li et al.[8]. Undesirable effects of the presence of polymer poor
phase inside the swollen polymer matrix are prevented by swelling of
a pure polymer film in a solvent-nonsolvent mixture which is in
equilibrium with a polymer rich phase at the Berghmans' point as
determined by Li's procedure.
Different diffusion coefficients, obtained from literature are finally
summarized.
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2.1 Introduction
The different physical properties of polymer solutions which will be used during this study will
be discussed in this chapter. These include properties of pure components as well as of
mixtures. Thermodynamic properties of polymer solutions will be described in chapter 3 of this
thesis.
Depending on process conditions, it is sometimes more appropriate to use mass fractions
compared to volume fractions or vice versa. To transform these quantities into each other, the
density must be known as a function of composition.
Different experimental techniques are used in this thesis which require a transformation of the
measured signal to a physical quantity related to composition and total mass or volume.
Refractive indices are determined as a function of composition and are shown to be almost
linearly dependent on concentration.
Also mechanical influences appear during the membrane formation process, which can be
related to thermodynamics and morphology development. The mechanical properties examined
as a function of concentration are viscosity, the glass transition of polymer solutions and the
Berghmans’ point, i.e. the intersection between the cloud point curve and the glass transition
curve.
Since in the studied system, diffusion plays a dominant role, diffusion coefficients have to be
obtained from literature, experiments or predictive relationships.
2.2 Pure component properties
2.2.1 Polymers
In the study described in this thesis, three types of polymers will be used: polysulfone (PSf),
cellulose acetate (CA) and polyethylene-block-amide (PEBA). Polysulfone was used
throughout this work. Cellulose acetate was used in evaporation studies on macrovoids in
appendix 5 and the acoustic measurements in chapter 7. Properties of PSf and CA have been
summarized in table 2-1. Since PEBA was only used to prepare composite membranes, some
of its parameters are summarized in chapter 8.
table 2-1 Properties of used polymers at room temperature
Tradename
Manufacturer
Mn [g mol-1]
Mw [g mol-1]
Tg [K]
density [g cm-3]
refractive index [-]
acoustic velocity
at 10 MHz [m s-1]

polysulfone
P1700
Amoco
30 000
45 000
462
1.27
1.632
1765[2]

cellulose acetate
CA 398-10
Eastman Kodak
38 900 [1]
88.600
1.31 [1]
1.46 [1]
1432[2]

The different parameters are experimentally determined using gel permeation chromatography
(Mn, Mw), differential scanning calorimetry (Tg) or obtained from literature.
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figure 2-1 Chemical structures of a)polysulfone (PSf) and b) cellulose. For cellulose acetate (CA)
some hydroxyl groups are substituted by acetyl groups

2.2.2 Low molecular weight components
Several low molecular weight components have been used as solvents and nonsolvents for the
used polymers: 2-propanol (IPA), water, N-methylpyrrolidone (NMP), N,N-dimethylacetamide
(DMAc), tetrahydrofuran (THF), chloroform (CHCl3) and acetone. Properties of the pure
components [3] are listed in table 2-2, and the chemical structures are given in figure 2-2.
CH3

H
CH3

O

N
CH3

CH3
OH
IPA

N

CH3

O

CH3

DMAc

NMP
Cl

CH3

CH3

H

Cl

O

O

Cl

THF

acetone

chloroform

figure 2-2 Chemical structures of different low molecular weight components used in this work

2.3 Solution preparation
Only freshly prepared solutions were used. PSf was always dried for 12 hours at 80 oC under
N2 atmosphere before usage. From GPC measurements, an oligomer fraction could be
determined in accordance with Wijmans [3]. No purification was applied to remove this low
molecular weight fraction. All solutions were made in closed bottles to avoid evaporation of
solvent and to avoid water sorption. Especially NMP and DMAc solutions tend to sorb water.
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table 2-2 Properties of low molecular components at 298.15 K
THF

DMAc

NMP

water

IPA

chloroform

acetone

Merck

Merck

Merck

ultrapure

Merck

Merck

Baker Inc.

molecular weight [g mol ]

72.107

87.122

99.133

18.015

60.096

119.377

58.08

melting point [K]

164.65

253.15

249.5

273.15

185.28

209.63

178.45

glass transition temperature [K]

99.1

146

143

137

114

138

112

boiling point [K]

338

Supplier
-1

vapor pressure [Pa]

439

2.16 10

liquid density [g cm-3]

5

0.88

refractive index [-]
-1

477

2.67 10

2

4.55 10

373.15
1

3.17 10

3

355.41
6.07 10

3

334.33
2.62 10

5

329.44
3.06 104

0.935

1.0251

0.9989

0.7826

1.4820

0.7857

1.4050

1.4356

1.4690

1.3325

1.3752

1.4431

1.356

4

4

4

4

4

6.0 10

5 10

4

4.4 10

4.5 10

3.1 10

3.1 104

heat of vaporization [J mol ]

4.3 10

liquid viscosity [Pa s]

4.7 10-4

9.12 10-4

1.66 10-3

9.76 10-3

2.06 10-3

5.39 10-4

3.4410-4

surface tension [N m-1]

2.50 10-2

3.31 10-2

4.01 10-2

7.28 10-2

2.1 10-2

2.68 10-2

2.3010-2
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2.4 Density
2.4.1 Experimental
Using an AP densitometer (DMA50 AP Paar), densities, ρ, of different solutions were
measured at 298 K. The technique is based on the difference in the vibration period of acoustic
waves P between air and the solution. This period is correlated to density through equation 21. To calibrate the densitometer ( determination of parameter K), densities of water and air are
taken as a reference.

(ρ

liquid

) (

2
− ρair = K Pliquid
− Pair2

)

(2-1)

The density of pure PSf was measured by weighing. A known amount of dried (24 h in
vacuum) polymer was submersed in water (which swells the polymer only to a low extent and
very slowly) in a flask with known volume. Based on the density of water, the density of the
polymer can be derived.
2.4.2 Results and discussion
Density measurements were performed on various compositions of five binary (PSf-THF, PSfDMAc, THF-DMAc, water-THF, water-DMAc) and two ternary systems (DMAc-THF-water
and DMAc-THF-PSf).
In figure 2-3 and 2-4, the experimentally determined densities are given. From these figures, it
becomes clear that the density shows a large deviation from regular solutions in water-based
systems. Good agreement was found for the water-THF system compared to literature data
[5]. In THF-DMAc solutions, a linear dependence of density on composition is observed.
1.05
1
ρ
[g cm-3]

0.95
0.9
0.85
0

0.25

0.5

0.75

1

ω2

Figure 2-3 Densities of three binary systems as a function of the weight fraction of the second
component in the solution ω2 at 298 K: water-DMAc (5), water-THF (/) and THF-DMAc (1) Solid
lines represent fitted function

Densities of the solutions were fitted to the weight fraction of components 2, ω2, and
component 3, ω3, according to equation 2-2 and 2-3 respectively for binary and ternary
systems. The results of these fits are summarized in table 2-3 and table 2-4. All fits
corresponded well with experimental data.
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ρ = a + bω 2 + cω 2 2 + dω 2 3 + eω 2 4
ρ = a '+ b 'ω 2 + c' ω3 + d 'ω 2 2 + e'ω 32 + f 'ω 2ω 3

(2-2)
(2-3)

with
a,b,c,d,e,a',b',c',d',e',f' are fitting parameters

1

0.95
ρ
[g cm-3]
0.9

0.85
0

0.05

0.1

ωP

Figure 2-4 Densities of two polymer solutions as a function of mass fraction of polymer in the
solution ωP: at 298 K DMAc-PSf (/)and THF-PSf (5) Solid lines represent fitted function
Table 2-3 Fitting coefficients according to equation 2-2 for binary systems on the basis of
experimental data
system
H2O - DMAc
H2O - THF
DMAc-THF
PSf-DMAc
PSf-THF

a
0.5999
0.7380
0.0659
0.9360
0,7488

b
0.4994
0.2355
0.3164
0.3340
0,4966

c
0.2636
0.2532
0.2896
-0.0568
0.0924

d
0.0316
-0.1040
0.0128
-0.0773
0.0225

e
0.1335
0.0058
-0.0140
0.0568
0.0404

Table 2-4 Fitting coefficients according to equation 2-3 for ternary systems on the basis of
experimentally determined data

Experimental data on the ternary systems are not shown. Instead the fitted function is
illustrated by an iso-density plot in figure 2-5.
Knowing the relationships between density and composition, volume fractions can be
calculated from weight fractions in the different applications in this study

a'
b'
c'
d'
e'
f'

DMAc-THF-water
0.9365
-0.02535
-0.2005
-0.03118
-0.1399
-0.09978

DMAc-THF-PSf
1.2670
-0.3896
-0.4271
0.05831
0.03997
0.1034
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water

1
0.98
0.96
0.9

0.92

0.94
DMAc

THF

Figure 2-5 Iso-density lines in ternary system water-THF-DMAc at 298 K Corresponding densities
are indicated for each line.

2.5 Refractive index
2.5.1 Experimental
Refractive indices are determined by means of a thermostatted Abbe refractometer. All data
were obtained at 297 K. The concentration of polymer solutions used was as high as 44 weight
percent.
2.5.2 Results and discussion
In appendix 6 and chapter 7, optical techniques are used to determine thicknesses. To convert
optical to geometric thicknesses, the refractive index of solutions must be known as a function
of composition. For the system PSf-DMAc-THF, refractive indices are measured for several
compositions. For this system the refractive index can be regarded as a linear function of
weight fraction. In Figure 2-6, iso-refractive lines calculated with this linear function are
illustrated. The refractive indices of the pure components are given in table 2-1 and 2-2
respectively.
PSf

1.6
1.51.55
1.5
1.1.45

THF

DMAc

Figure 2-6 Iso-refractive index plot of ternary system PSf-THF-DMAc at 297 K Corresponding
densities are indicated for each line.
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2.6 Viscosity
2.6.1 Experimental
Viscosities were determined for different PSf solutions using a viscometer (Brabender
viscotron) at 298 K. Extrapolation of measured shear stresses as a function of shear rate to
zero shear rate gives the viscosity at zero shear rate. This viscosity is reported here.
2.6.2 Results and discussion
Two different parameters are investigated: viscosity change of a polymer solution in the
presence of a nonsolvent and in the presence of another solvent. Nonsolvent additives were
water and IPA. Solvents were NMP and THF. In Figure 2-7, the zero-shear viscosity is given
for three different solvents (NMP, THF and a 1/1 w/w mixture of these two solvents) as a
function of concentration of PSf.
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0,35
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Figure 2-7 Viscosity at zero shear rate as function of weight fraction polymer for three types of
solvent at 298 K : NMP(5), NMP-THF (1:1 weight ratio)(/) and THF(1)

Since the viscosity is plotted on a logarithmic scale, it is observed that a combination of
solvents almost obeys equation 2-4 over the investigated composition range (10 to 30 w%
PSf). Addition of a small quantity of another solvent can thus drastically reduce the viscosity.
log(η) = ω solvent 1 log(ηsolvent 1 ) + ω solvent 2 log(ηsolvent 2 )

(2-4)

Berghmans et al. [6] showed for the system poly-phenylene-ether (PPO)-trichloroethylene
(TCE) -methanol (MeOH), that the presence of MeOH in the polymer solution decreased the
viscosity of the polymer solution. These authors suggest that this effect could be a general
phenomenon. To investigate this hypothesis, viscosities were measured of systems containing
water and IPA.
In Figure 2-8, viscosities are given as function of water concentration for various solvent
choices. The presence of water in the polymer solution leads to an increase in viscosity. Hence,
the viscosity relation described in equation 2-4 does not hold. A small variation in water
concentration at a constant polymer concentration results in a large viscosity change and is
dependent on solvent choice.
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100000

η
[cP]

10000

1000

100
0

0,01 0,02 0,03 0,04 0,05

ωwater
Figure 2-8 Viscosity of PSf (25w%) solution as function of weight fraction water at 298 K. for
various solvents: NMP (5), NMP-THF (1:1) (1) and THF (/)

For IPA-containing systems, a small viscosity decrease was measured in accordance with the
observations made by Berghmans. Figure 2-9 illustrates the effect IPA on the viscosity of
polymer solutions with different polymer concentrations.
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[cP]
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r r r
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o
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0,1

0,15
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Figure 2-9 Viscosity of PSf solution in NMP as function of weight fraction IPA at 298 K.
25 w% PSf (5), 15 w% PSf (/)

Knowledge of viscosities can be employed in various aspects of membrane formation. When
membranes are made in a hollow fiber geometry, the viscosity must meet certain requirements.
Often, viscosity ranges between 5000 and 90000 cP for hollow fiber production [7]. For
hollow fibers, lower viscosities will give irregularly shaped fibers, while too high viscosities
will give rise to a too large pressure drop in the spinneret. The knowledge of the viscosity
values of PSf-solutions is used to estimate the flow conditions in a spinneret (chapter 8).

16

Chapter 2

2.7 Glass transition temperature
2.7.1 Experimental
Differential scanning calorimetry measurements were carried out with a liquid-nitrogen cooled
Perkin Elmer DSC-II apparatus coupled to a Thermal Analysis Data system. Samples were
made in volatile-sample pans by dissolving a known amount of polymer in a mixture of
solvents. The pans were tightly sealed and were stored for several days. Only the sample pans
which did not show any weight loss in time were used for analysis. When THF was used as
solvent, the upper temperature was restricted to 40 oC to avoid boiling of the solvent (boiling
point of THF is 67 oC). In situations where relatively large amounts of solvent are added to the
polymer, the glass transition of the polymer is sufficiently depressed. The middle point of the
transition was defined as the glass transition temperature (Tg). All experiments were
performed with a scanning rate of 10 oC/min.
2.7.2 Results and discussion
Membrane formation by immersion precipitation must be accompanied by a solidification
process. For glassy polymers like PSf, this is a vitrification process [8]. The presence of low
molecular weight components will depress the glass transition of the polymer or the Tg of a
polymer solution is lower compared to the Tg of the pure polymer.
To quantify the glass transition depression by these components, several possible approaches
can be followed to describe this phenomenon. The generalized Kelley-Bueche equation [7-9]
(equation 2-5) was used for its simple use but moreover for its good predicting capabilities.
Tg = (R1φ1Tg1 + R2φ2 Tg2 + φ3Tg3 ) / (R1φ1 + R2φ2 + φ3 )

(2-5)

φi represent the volume fraction of component i. Ri is an empirical parameter describing the
glass transition depression capability of component i.
In table 2-2, Tg values are given for the various components of the system PSf-THF-NMPwater. Glass transitions of the low molecular weight components were derived according to
Fedors [7, 10]. The R-values experimentally determined in this study for PSf-DMAc and PSfTHF are respectively 2.98 and 1.6. At room temperature, the glass transition composition is
almost independent of the DMAc-THF mixture. At this temperature, the glass transition
composition is respectively 33 w% and 34 w% of solvent for DMAc-PSf and THF-PSf
systems. Mixtures of DMAc and THF gave glass transition depression in the same range.
Since polymer solutions can only contain a low amount of nonsolvent in the homogeneous
region, no experiments were performed with water or IPA additions. Knowing that the glass
transition depression can be considered as a colligative property, the observation by Li et al.
[8] that the presence of a nonsolvent (limited amount) does not influence drastically the value
of the glass transition of a binary polymer solution (polymer-solvent) at a identical polymer
concentration, can thus easily be understood.

2.8 Berghmans' point
2.8.1 Experimental
The Berghmans’ point is defined as the intersection between the binodal and the compositional
curve corresponding to the glass transition, in ternary polymer-solvent-nonsolvent systems. A
modified method is proposed here to determine this point. Polymer solutions are immersed in
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coagulation baths consisting of different nonsolvent - solvent mixtures [8]. Demixed structures
result with a polymer rich phase in equilibrium with the coagulation bath. These films are
subjected to a small elongational strain. Those films which do not show elongation, are
considered to be in the glassy state. The composition at which a glassy behavior changes to a
viscous behavior is said to be at the Berghmans' point. The polymer concentration at the
Berghmans' point is determined by a mass balance between polymer rich and polymer lean
phase.
Centrifugation of the film was applied by Li et al. [8] to separate the polymer rich phase from
the polymer lean phase. However polymer lean phase entrapped in the polymer rich phase can
not be avoided
To overcome the problem of included polymer lean phase, a modified procedure is followed.
Both procedures are schematically given in figure 2-10. First the composition of the
coagulation bath in equilibrium with the Berghmans' point (position B in figure 2-10) is
determined following the procedure of Li. Afterwards, solid polymer films were immersed into
these coagulation baths. Sorption of solvent and nonsolvent will change the composition in the
polymer film until equilibrium (no mass gain in time) is reached. This equilibrium composition
in the polymer film corresponds to the Berghmans' point. Since the entire sorption process has
taken place in the glassy state, no demixing can occur and generation and inclusion of polymer
lean phase is avoided. Analysis of this film to quantify the polymer concentration at the
Berghmans' point was done by a mass balance between the dense polymer film at the
Berghmans' point (sorption of solvent and nonsolvent) and the film after drying for several
days in vacuum.
polymer
pathway following
new procedure
glass transition
bi
d l
Berghmans’
point

pathway following
Li et al.

binodal
tie line

solvent

B

nonsolvent

Figure 2-10 Schematic representation of different pathways to determine the Berghmans' point
in nonsolvent-solvent-polymer systems following Li's or the new procedure. The shaded area
represents the glassy region. Point B represents the composition in the polymer lean phase in
equilibrium with the Berghmans' point.

2.8.2 Results and discussion
Experimentally, the Berghmans’ point is defined as the intersection between the cloud point
curve and the glass transition temperature. Although originally derived for binary systems [12],
a generalization was made by Li et al. [8] to nonsolvent-solvent-polymer systems.
Polymer concentrations at Berghmans' points in ternary systems PSf-NMP-water and PSfTHF-water have been determined. For the THF containing system, small variations in the
composition of the coagulation bath had large influences on the measured value. In table 2-5,
compositions of the coagulation bath in equilibrium with Berghmans’ point and polymer
concentration of Berghmans’ points measured by the two methods are given.
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In water - THF - PSf systems, the measured polymer concentration at the Berghmans’ point
was according to the procedure of Li et al. 33 w%, which is much too low on the basis of the
glass transitions measurements of binary systems.
Table 2-5 Composition of the coagulation bath in equilibrium with the Berghmans’ point and the
polymer volume fraction at the Berghmans’ point as determined by Li et al. and by the new method.
System
water-NMP-PSf
water-THF-PSf

ωwater, CB
0.73 ± 0.02
0.20 ± 0.01

ωPSf (Li’s method)
0.33 ± 0.01
0.46 ± 0.05

ωPSf (new method)
0.85 ± 0.05
0.88 ± 0.05

During these experiments, the importance of a "glassy" behavior to prevent demixing was
demonstrated. Films which were immersed into coagulation baths (THF-water) with a slightly
higher solvent content than the coagulation bath corresponding to the Berghmans' point,
underwent demixing (Figure 2-11) and showed viscous flow under small elongational strain.
The film however was mechanically stable enough (high viscosity) to be handled. More
quantitative mechanical experiments of films in equilibrium with different nonsolvent-solvent
mixtures could determine more exact positions of Berghmans' points.
The most important conclusion is therefore that on the basis of the new procedure to determine
the Berghmans' points, the assumption that the upper boundary for demixing to occur is posed
by the glass transition curve. This is contradictory to the conclusions drawn by Gaides et al.
[13]. High viscosities are not sufficient conditions to avoid demixing.
10 µm

Figure 2-11 Structure of film (cross section) after immersion into coagulation baths consisting of 25
w% THF and 75% water

This new approach however has a drawback that since solid polymer films are used, diffusion
coefficients are extremely low leading to large equilibration times (weeks).
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2.9 Diffusion coefficients
Various diffusion coefficients were obtained from literature that are used in this work. Table 26 summarizes binary diffusion coefficients.

Dij [m2 s-1]
6.0 10-10
1.0 10-9
1.0 10-9
1.7 10-9
5.8 10-10
1.8 10(-8-4.386*φPSf)

pair
water-NMP
water-THF
water-IPA
IPA-NMP
NMP-THF
NMP-PSf

reference
[16]
*
[14]
[15]
*
[16]

Table 2-6 Binary diffusion used in this work

The diffusion coefficients of the pairs water-THF and NMP-THF were estimated by the
relationship proposed by Tyn-Calus [17].

DAB
with
Vi
T
ηi
γi

 VB 0.267   T   γ B 
= 8.9310
.
 0.433     
 VA
  ηB   γ A 

0.15

−8

:
:
:
:

(2-6)

molar volume of component i
temperature
viscosity of component i
surface tension of component i

Diffusion coefficients Dij can be linked to friction coefficients Rij through equation 2-7.

φiV ∂µi
R =
ij Dij ∂φi
j

(2-7)

with
µi

: chemical potential component i

The friction coefficients RNP for the nonsolvent (N) - polymer (P) pairs are derived from the
friction coefficients Rij between solvent (S) and polymer (P) through equation 2-8.
R
V
NP = C N
R
V
SP
S

(2-8)

A constant value of C (=1) is assumed, since this binary friction coefficient cannot directly be
determined.
A similar approach was followed for THF-PSf, using data for the system NMP-PSf. In
appendix 6, diffusion coefficients are measured for high volume fractions of polymer. A clear
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drop in diffusion coefficients must probably be assumed around the glass transition
composition to link both regimes. Due to lack of experimental data in this region, this is not
shown.

2.10 Conclusions
Several properties of pure components and mixtures have been measured. These properties
include density, viscosity, glass transition, Berghmans' point and diffusion coefficients. These
characteristics of the solutions are important in the formation of polymeric membranes by
phase inversion, as will become clear in the following chapters.
For systems including water, no linear dependence of density with composition can be
assumed. Systems without water show almost a linear behavior with mass fraction.
Viscosities of polymer solutions are highly dependent on the used solvent. For PSf solutions in
NMP and THF or combinations of these two solvents, the use of water will lead to an increase
in viscosity. Occurrence of IPA to PSf solutions in NMP will result in a small viscosity drop.
Glass transitions depressions of PSf by several solvents as well as combinations of solvents
were measured. The equation of Kelley-Bueche for three components (one polymer and two
solvents) describes the glass transition depression to reasonable extend. With a modified
procedure, the Berghmans' point was determined for PSf-NMP-water and PSf-THF-water
system. In the latter case, the composition of the polymer lean phase is shifted towards the
nonsolvent corner compared to the NMP-based system. Polymer films submersed in swelling
baths, more concentrated in solvent lead to demixing of polymer films, indicating the
importance of glassy behavior to prevent demixing phenomena.
2.11 List of symbols
a,b,c,d,e,f, a',b',c',d',e',f'
:fitting parameters
C
: constant
D
: binary diffusion coefficient
n
: refractive index
R
: empirical constant relating thermal expansion coefficients
: friction coefficient between components i and j
Rij
T
: temperature
Tb
: boiling point
Tg
: glass transition temperature
Tm
: melting point
: excess molar volume
VE
V
: molar volume

[-]
[-]
[m2sec-1]
[-]
[-]
[]
[K]
[K]
[K]
[K]
[cm3 mol-1]
[cm3 mol-1]

φ
γ
η
ν
γ
ρ
ω

[-]
[-]
[cP]
[m sec-1]
[N m−1]
[g cm-3]
[-]

:
:
:
:
:
:
:

volume fraction
empirical constant in determination of Tg of solvent
viscosity
acoustic velocity
surface tension
density
weight fraction
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3. Thermodynamic description of multicomponent polymer
solutions

Summary

Thermodynamic behavior of quaternary systems with three low
molecular weight components and one polymer is studied. Phase
diagrams are calculated using an extended modified Flory-Huggins
model. Two distinct systems are considered. In the first case systems
consisting of two nonsolvents, a solvent and a polymer, in a second case
systems composed of two solvents, one nonsolvent and a polymer are
considered. Binodals are calculated for a number of combinations of
interaction parameters using a reduced objective function, which is also
applicable for ternary systems. General conclusions can be drawn from
these calculations concerning the influence of various parameters such
as interaction parameters and molar volumes. Positions of binodals in
quaternary systems are not always simple extrapolations from those of
two ternary systems.
Experimental cloud point data are given to support theoretical findings.
Reasonable interaction parameters for polymer -nonsolvent pairs are
derived from the linearized cloud point curve correlation.
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3.1 Introduction
The term phase inversion as used to describe the formation of porous polymeric membranes,
refers to a process during which a homogeneous, polymer solution is converted into two
phases, i.e. a solid polymer rich phase forming the rigid membrane structure and a polymer lean
phase representing the liquid filled pores. Phase inversion can be induced by changing the
thermodynamic properties of the system, e.g. by changing temperature or composition. Thus
two different transfer phenomena can lead to phase separation: heat and mass transfer. In the
first case, thermally induced phase separation occurs. In figure 3-1A, a schematic
representation is given of the Gibbs free energy of mixing (∆Gm) as a function of concentration
for two different temperatures T0 and T1. At a temperature T0, the polymer solution is stable in
all compositions. At temperature T1, a demixing gap is observed between points a and b. At
these binodal points, minima are found in the ∆Gm as a function of composition. Spinodal
points, a’ and b' are located at the inflection points of ∆Gm vs. concentration.
In most cases, polymer solutions characterized by an upper critical solution temperature
(UCST), are quenched to lower temperatures (T0 to T1) inducing phase separation as is
schematically illustrated in figure 3-1. Two phases are formed with compositions a and b. The
volume ratio between the two phases is given by the lever rule.
a a’

∆Gm

b’ b
T
S
T0

T0
C.P
T1

T1
U
M
0

1
concentration of
component 1

0

a a’

M
b’ b

1

concentration of
component 1

Figure 3-1 Schematic representation of binary phase diagram (∆G vs composition) indicating the
stable (S), meta-stable (M) and unstable region (U) as well as the position of the binodal, spinodal
and critical point (C.P.).

The miscibility gap in a ternary systems is given in figure 3-2 for a nonsolvent-solvent-polymer
pair. Binodal and spinodal are now lines instead of points at a particular temperature.
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polymer

∆Gm

polymer

binodal
spinodal
tieline

nonsolvent
solvent

nonsolvent
l

solvent

Figure 3-2 Construction of binodal line in ternary phase diagram (a) ∆Gm vs. composition (b)
projection of position of binodal and spinodal in ternary phase diagram

For ternary systems, phase separation can also be obtained by isothermal diffusion of various
components. The process is schematically depicted in figure 3-3 in a ternary diagram.
polymer
c
binodal
d

b
a

tieline
b'
solvent

c'
nonsolvent

Figure 3-3 Schematic representation of binodal and compositional change during diffusion in ternary
nonsolvent-solvent-polymer system.

When a polymer solution is contacted with a nonsolvent bath, the composition a in the polymer
solution will change due to exchange of solvent and nonsolvent between nonsolvent bath and
polymer film. At point b, phase separation is induced and two equilibrium phases will be
formed (b and b') (connected by a tie line relation). Diffusion continues in a two phase system
which is indicated by a striped line representing the hypothetical average concentration in the
film. The process is stopped when two equilibrium phases c and c' are formed. The
composition d indicates the ratio between the volumes of polymer rich and polymer lean phase.
Thermodynamical properties of polymer solutions can (and often will) have a significant effect
on membrane formation and membrane morphology. Not only the position of the phase
envelope, but also and often more pronounced the chemical potential differences, the driving
forces for diffusion, will govern this process. Knowledge of the influence of important
parameters on phase inversion can lead to better understanding of the phase separation
process. This will be demonstrated in chapter 4 and 5.
This chapter is organized as follows. First a short overview is given on thermodynamic models
for polymer solutions. The Flory-Huggins model, which will be used in this study, has
extensively be used for binary and ternary systems. Features derived from these systems are
briefly summarized. Finally the Flory-Huggins model is applied on quaternary systems with one
polymer and three low molecular weight components. After a systematic study on hypothetical
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systems, the model is applied for two quaternary systems: water-isopropanol - Nmethylpyrrolidone-polysulfone and water- N-methylpyrrolidone- tetrahydrofuran-polysulfone.

3.2 Thermodynamic models describing polymer solutions
Most thermodynamic models are developed to describe binary polymer-solvent systems. Based
on a lattice representation, the free enthalpy of mixing, ∆Gm of a polymer solution can be
calculated. The combinatorial contributions to the entropy are estimated from the possibilities
of different arrangements of polymer and solvent molecules. Besides this combinatorial term,
other energetic effects are described by an additional term (equation 3-1).
∆Gm / (RT ) = n1 ln(φ1 ) + n2 ln(φ2 ) + χ12 n1φ2
with
ni
φi
χ
R
T

(3-1)

: number of moles of component i
: volume fraction of component i.
: interaction parameter
: universal gas constant
: absolute temperature

This simple representation for polymer solutions is called the Flory-Huggins model [1]. In the
original model, the interaction parameter, χij, was regarded to be independent of temperature
and composition. Later modifications of this model use concentration and temperature
dependent interaction parameters gij. In most cases however, the thermodynamical properties
can be described reasonable through a Flory-Huggins model at constant temperature and
pressure, when concentration dependent interaction parameters are used [2]. The fundamental
concept is hereby weakened but the results are improved.
A restriction on the applicability of the Flory-Huggins concept is that there is no excess volume
and that a random mixing approximation is used. This is often not appropriate. Therefore other
models were developed like the equations of state of Sanchez-Lacombe [3], and PanayiotouVera [4]. The first takes into account the possibility of excess volume, while the second also
incorporates non-random mixing. Since we need a model for quaternary systems and some
parameters can not be experimentally well defined (see appendix 3), these refinements are not
applied here. The Flory-Huggins theory is furthermore chosen for its simplicity, its low number
of input parameters and its wide applicability.

3.3 Flory-Huggins theory for binary and ternary systems
Quaternary systems will be studied in this work by using results from underlying binary and
ternary systems.
For binary systems, it can be derived that a constant interaction parameter of 0.5 is the upper
limit to give total miscibility for a solvent-polymer pair. Higher interaction parameters give
rise to a miscibility gap. Furthermore, Figure 3-4 illustrates that activities (a) of solvent (low
molecular weight) in polymer (high molecular weight) solutions between 0.9 and 1.0
correspond to a large volume fraction range.

Equilibrium thermodynamics of multicomponent polymer solutions

27

1

asolvent 0.5
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0.5

1

φsolvent
Figure 3-4 Activity of solvent in polymer solution as a function of volume fraction of the solvent
according to the Flory-Huggins theory ( χ12 =0.5)

For ternary polymer solutions, many calculations on theoretical [2, 5-10] and experimental
systems [11-22] are given in literature, both on polymer in mixed solvents as well as a
nonsolvent - solvent - polymer system. In the first cases, consequences of the Flory-Huggins
model (chemical potentials) were verified using intrinsic viscosity measurements, osmometry
and light scattering. No ternary interactions are taken into account, which in most cases still
resulted in reasonable good predictions of thermodynamical properties.
For nonsolvent-solvent-polymer systems, the influence of a change in input parameters of the
Flory-Huggins model on the position of the binodal is known from literature and is
schematically illustrated in figure 3-5.
3,polymer

B
2,solvent

A
1,nonsolvent
l

Figure 3-5 Schematic illustration of influences of change in parameters on the phase behavior in
nonsolvent(1)-solvent (2)-polymer(3) systems. Effect of increasing values of (A) g12 and (B) g23,
g13,MW2 are illustrated.

A high (>>0.5) nonsolvent-polymer interaction parameter, g13, implies that the miscibility gap
is situated near the polymer-solvent axis. A high compatibility of nonsolvent and solvent (large
value of g12) will strongly extend miscibility. An increase in the interaction parameter between
solvent and polymer (g23), will shift the position of the binodal to the polymer-nonsolvent axis,
although this effect is often not very large. Effects of molar volumes of the components are in
first approximation negligible compared to effects of interaction parameters. However when a
high molecular weight component, (MW2) is being used as a solvent this last conclusion is not
valid anymore. An increased molecular weight will shift the critical point to higher
concentrations of polymer and will shift the binodal to the polymer-solvent axis.
It can be expected that the influence of a low molecular weight component on a ternary
nonsolvent-solvent-polymer system, especially the shift in the position of the critical point, will
therefore be smaller than in the case of a high molecular weight component.
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In the next paragraph, quaternary systems will be discussed.

3.4 Flory-Huggins model extended to quaternary systems
Boom et al. [23] recently studied a quaternary system composed out of a nonsolvent, a solvent
and two polymers. Other quaternary systems, considered in literature, are composed out of
three polymers and one solvent [24-25]. In this study, quaternary systems, based on three low
molecular weight components and one polymer, are investigated. An important constraint on
these systems is that all components must be miscible with each other except the nonsolventpolymer pair(s). As was shown by Takada [26], the Flory-Huggins model can also be applied
for dilute polymer solutions in a mixed solvent having a critical demixing point.
Until now, a methodology to describe thermodynamical description of quaternary polymer
solutions having one polymer and three low molecular weight components has not been found
in literature. Berghmans [27] and Wijmans et al. [28] considered ternary phase diagrams to
rationalize the phase behavior of their quaternary membrane forming systems. In this study, it
will be shown that this approach is not always justified. Wang et al. [29] recently presented
some rationalized experimental cloud point data on quaternary membrane forming systems by
defining a coagulation value. A theoretical background for this quantitative approach is
however lacking.
The most general expression for the Gibbs free energy of mixing, ∆Gm, can be written as a
combination of entropic and enthalpic terms. Boom et al. [23] assumed that the enthalpic
interactions only originates from binary interactions, represented by binary interaction
parameters, gij. Interaction parameters in most general form can all be dependent on pseudobinary composition. The use of a limited amount of easy obtainable parameters also ensures
that conclusions for one particular system can easily be translated to another system without
the determination of too many parameters. Furthermore, binodals of ternary membrane forming
systems can be predicted reasonably well with the Flory-Huggins theory.
The pseudo-binary composition are expressed in a different notation compared to Boom.
φ

ui = φ +i φ
i
1
φ

vi = φ +iφ
i
2
φ

wi = φ +iφ
i
3

(3-2)
(3-3)
(3-4)

The most general expression of the extended Flory-Huggins model for quaternary polymer
solutions is given in equation 3-5, in which φi and ni represent the volume fraction and the
number of moles of component i. By this approach every interaction parameter can be
considered concentration dependent. In many cases, the properties of ternary and more
component systems can be rationalized on a proper description of the binary interactions.
Although concentration independent interaction parameters are generally denoted as χij and
concentration dependent parameters as gij , The latter term is used in this study for both cases.
∆Gm
= n1 ln φ1 + n2 ln φ2 + n3 ln φ3 + n4 ln φ4
RT

+ n1φ2 g12 + n1φ3 g13 + n1φ4 g14 + n2φ3g23 + n2φ4 g24 + n3φ4 g34

(3-5)

Chemical potentials are calculated taking the first derivative of the free energy of mixing with
respect to the mole fraction of each component. The chemical potentials are expressed
according to Altena [6] on a similar volume scale. To simplify the appearance of the formula,
the ratio between the different molar volumes Vi is expressed in the variables s, r and t.
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3

This will lead to the following expressions.
∆µ1
= ln φ1 − sφ2 − rφ3 − tφ4 + (1 + g12φ2 + g13φ3 + g14φ4 )(1 − φ1 )
RT
 ∂g 
 ∂g 
− sg 23φ2φ3 − sg24φ2φ4 − rg 34φ3φ4 − φ2 u2 (1 − u2 ) 12  − φ3u3 (1 − u3 ) 23 
 ∂u2 
 ∂u3 
 ∂g 
− φ4 u4 (1 − u4 ) 24 
 ∂v4 
s∆µ2
= ln φ2 − φ1 − rφ3 − tφ4 + (s + g12φ1 + sg 23φ3 + sg24φ4 )(1 − φ2 )
RT
 ∂g 
 ∂g 
− g13φ1φ3 − g14φ1φ4 − rg 34φ3φ4 + φ1u2 (1 − u2 ) 12  − sφ3v3 (1 − v3 ) 23 
 ∂u2 
 ∂v3 
 ∂g 
− sφ4 v4 (1 − v4 ) 24 
 ∂v4 
r∆µ3
= ln φ3 − φ1 − sφ2 − tφ4 + (r + g13φ1 + sg23φ2 + rg 34φ4 )(1 − φ3 )
RT
 ∂g 
 ∂g 
− g12φ1φ2 − g14φ1φ4 − rg 24φ2φ4 + φ1u3 (1 − u3 ) 13  + sφ2 v3 (1 − v3 ) 23 
 ∂u3 
 ∂v3 
 ∂g 
− rφ4 w4 (1 − w4 ) 34 
 ∂w4 

(3-7)

(3-8)

(3-9)

t∆µ4
= ln φ4 − φ1 − sφ2 − rφ3 + (t + g14φ1 + sg 24φ2 + rg34φ3 )(1 − φ4 )
RT
 ∂g 
 ∂g 
− g12φ1φ2 − g13φ1φ3 − sg 23φ2φ3 + φ1 u4 (1 − u4 ) 14  + sφ2 v4 (1 − v4 ) 24 
 ∂u4 
 ∂v4 
 ∂g 
+ rφ3w4 (1 − w4 ) 34 
 ∂w4 

(3-10)

Equilibrium compositions are calculated by minimizing an objective function F. This objective
function is a measure for the chemical potential differences of the various components between
the two phases. Equilibrium is reached when this objective function is in its minimum.
For ternary [6] and quaternary systems, the objective function F1 have been used for the
calculation of binodals.
 ∆µiphase1 ∆µiphase 2 
−

F1 = ∑ 
RT
RT 
i =1 
n

2

(3-11)

Compositions of both phases in equilibrium with each other at a certain polymer concentration
in one phase were found using a Newton-algorithm. Most numerical methods require initial
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starting values and in some cases the solution depends on these initial choices. Iterations can
also lead to a trivial solution, where the composition in both phases is the same. To avoid these
problems, Hsu and Prausnitz [8] modified the objective function into F2 (3-12).
 ∆µiphase1 ∆µiphase 2 
−

F2 = ∑ phase1
r 
RT 
i = 1 (φ
− φi phase 2 )  RT
i
n

1

2

(3-12)

In this study, the objective function F1 was used for compositions close to the critical point.
For volume fractions of polymer in the polymer lean phase becoming smaller than 10-8, the
objective function can be reduced to a summation over three chemical potential differences,
omitting that of the polymer. This results in objective function F3 (3-13).The volume fraction
of the polymer in the polymer lean phase was set to 0.
 ∆µiphase1 ∆µiphase 2 
−

F3 = ∑ 
RT
RT 
i =1 
n −1

2

(3-13)

This approach has been verified for ternary systems with various combinations of parameters.
The results of these calculations were in accordance with the full objective function. In this
way realistic results could be obtained for an extended volume fraction window.

3.5 Results of calculations
For a binary system, the phase behavior is normally expressed as ∆Gm vs. ϕi (figure 3-1) at
constant pressure. For ternary systems a projection is made of the binodal lines in a triangular
phase diagram at fixed temperature and pressure (figure 3-2). For a quaternary system, the
phase behavior can be expressed in a tetrahedron (figure 3-6a), but for clarity of reading, often
semi-ternary plots are made in which two components are lumped together [23].
Transformation of the tetrahedron to semi-ternary phase diagrams is visualized in figure 3-6.
Projection onto plane 3-4-A (figure 3-6a) will give a semi-ternary phase diagram in which
components 1 and 2 are lumped together. Plane 1-4-B is a projection in which components 2
and 3 are lumped together (figure 3-6-b). In such projection, variation of e.g. the binodal can
be monitored as illustrated in figure 3-6b.
Another approach is to display the position of the binodal in terms of total nonsolvent
concentration (in figure 3-6 component 1) corresponding to different volume fractions of
polymer (in figure 3-6 component 4) in the polymer rich phase as a function of the ratio of two
solvents (in figure 3-6 components 2 and 3). A similar approach can be followed for a two
nonsolvent- solvent-polymer system. Differences can be displayed more accurately in this way.
The position of the binodal surface at different ratios between two solvents can be calculated
for various parameters. Interaction parameters for nonsolvent-solvent pairs are chosen between
0.0 and 1.4; for solvent-polymer pairs between 0.1 and 0.5; and for nonsolvent-polymer pairs
between 1.0 and 3.5, which are reasonable values in membrane forming systems.
Two general cases will be considered in more detail, using constant interaction parameters.
The first case deals with a system with two nonsolvents and one solvent for the polymer, the
second case for two solvents and one nonsolvent for the polymer.
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Figure 3-6 Quaternary phase diagram in the form of (a) a tetrahedron ;(b) semi-ternary phase
diagrams and (c)total volume fraction of nonsolvent (component1) as function of ratio between
volume fractions of two solvents (components 2 and 3) for various polymer volume
fractions(component 4)

3.5.1 Case A: Two nonsolvents, one solvent and one polymer
A system consisting of two nonsolvents, one solvent and one polymer is considered here. This
is often applied in membrane formation. Numerous variations of the interaction parameters can
be calculated. First a selection was made based on typical values for molar volumes (table 3-1).
When other values for molar volumes, similar trends are obtained.
In case A, the ratio between the two nonsolvents in the polymer rich phase is expressed
through qA.

φ1
(3-14)
φ1 + φ2
The ratio between the two nonsolvents in the polymer poor phase is denoted as qA' and is
defined in a similar manner.
Calculations of the equilibrium phases are performed at constant volume fraction of polymer in
the polymer rich phase and by keeping qA constant. In the next step, the volume fraction of
polymer in the polymer rich phase is changed in an iterative way, while keeping qA constant.
The entire binodal surface is determined by following this procedure for different qA values.
qA =

3.5.1.1 Reference system
To study the influences of the different interaction parameters on the phase behavior, a
reference system is defined. Of course the choice of such a reference system is arbitrary. Molar
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values are being used as indicated in table 3-1. Interaction parameters of this reference system
are summarized in table 3-2 Systematically, only one interaction parameter is changed at a
time and the resulting binodal is calculated.
Table 3-1 Molar volumes of the different components of the calculation
Index

component

1
2
3
4

nonsolvent 1
nonsolvent 2
solvent
polymer

molar volume
(cm3 mol-1 )
20
60
90
25000

example
of such component
water
propanol
N-methylpyrrolidone
polysulfone

Table 3-2 Interaction parameters between various components in system consisting of two
nonsolvents(1,2), one solvent (3) and one polymer(4)

interaction
parameter
g12
g13
g14
g23
g24
g34

value
1.0
1.0
1.5
1.0
1.5
0.5

First the binodal surface of the reference system is calculated and discussed. In figure 3-7a,
total volume fraction of nonsolvents at the binodal are plotted as a function of the ratio
between the volume fractions of the two nonsolvents in the polymer rich phase qA for four
different polymer volume fractions in the polymer rich phase. At qA = 0, the volume fraction of
nonsolvent 1 is zero, corresponding to the ternary system nonsolvent 2-solvent-polymer. qA=1
corresponds to the ternary system nonsolvent 1-solvent-polymer. These ternary systems have
not been calculated in this study.
Changing the ratio between volume fractions of the two nonsolvents will change the total
nonsolvent concentration in the polymer rich phase. Increasing volume fractions of polymer in
the polymer rich phase will increase the fraction of nonsolvent at the binodal. It is also clear
that at intermediate values of qA, the total nonsolvent volume fraction in the polymer rich phase
is largest. This means that addition of a second nonsolvent (qA is lowered) acts in this case in a
similar way as decreasing the nonsolvent-solvent interaction in a ternary system. The largest
deviation would occur at a values of qA of 0.5, if molar volumes of the nonsolvents were
identical. Since the molar volumes are different, the largest deviation takes place at a qA-value
corresponding to a larger amount of nonsolvent with the highest molar volume.
Compositions of the polymer lean phase are given in figure 3-7b. Total volume fraction of
nonsolvent in the polymer lean phase is plotted as a function of qA for various polymer volume
fractions in the polymer rich phase.
In figure 3-7c, qA' is plotted as a function of polymer volume fraction in the polymer rich phase
for various qA values. The deviation of qA' from qA is the largest at intermediate values.
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3.5.1.2 Influence of interaction between the two nonsolvents (g 12)
To illustrate the effect of the nonsolvent-nonsolvent interaction parameter on the position of
the binodal, g12 was set to 0.0. All other interaction parameters are kept the same as in the
reference system. The compositions at the binodal surface are given in figure 3-8. The total
nonsolvent content at the binodal varies almost linear with the nonsolvent ratio (figure 3-8a).
Comparison between figures 3-7 and 3-8 shows that a better compatibility of the two
nonsolvents (lower value of g12) will lower the total amount of nonsolvent in the polymer rich
phase at high polymer concentrations. Addition of a second nonsolvent with a very good
interaction with the first nonsolvent (and a similar interaction with the solvent and polymer)
will have a similar effect on the position of the binodal as increasing the interaction parameter
between nonsolvent and solvent in a ternary system (see figure 3-5). This effect is the largest at
intermediate values of qA. Difference in molar volumes of the two nonsolvents will shift the
maximum deviation to the right in figure 3-8a and 3-8b.
Increasing the value of qA leads to a larger deviation of the ratio between volume fractions of
the two nonsolvents in the polymer lean phase qA' from that in the polymer rich phase qA
compared to the reference system as is shown in figure 3-8c.
3.5.1.3 Influence of interaction between nonsolvent and polymer (g14 or g24)
The interaction parameter between the first nonsolvent and polymer, g14, is set to 2.0. Other
parameters are identical to those of the reference system. A larger value of interaction
parameter between a nonsolvent and the polymer decreases total volume fraction of nonsolvent
in the polymer rich phase (figure 3-9a). The same trend is found for ternary systems (see figure
3-5). It also leads to a smaller deviation of qA' from qA as illustrated in figure 3-9b. Variation of
g24 shows similar effects although to a smaller extend. This can be ascribed to the larger molar
volume of nonsolvent 2.
____
Figure 3-7 Position of binodal for reference system of case A (a) total volume fraction of nonsolvents
in polymer rich phase as function of qA for various volume fractions of polymer in polymer rich phase
(b) total volume fraction of nonsolvent in polymer lean phase as function of qA for various volume
fractions of polymer in polymer rich phase (polymer volume fractions are 0.1 (5), 0.3 (/), 0.45 (1),
0.6 (3)) (c) qA' as function of volume fraction of polymer in polymer rich phase for various qA values
(qA values are indicates by dotted line). (see next page)
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Figure 3-7 (see previous page)

Figure 3-8 Position of binodal plotted in three
ways (see fig 3-7) for system with all inputparameters like in the reference system,
except g12 = 0.0
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Figure 3-9 Position of binodal plotted
in three ways (see fig 3-7) for system
with all input parameters like in the
reference system, except g14 = 2.0
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Figure 3-10 Position of binodal plotted
in three ways (see fig 3-7) for system
with all input parameters like in the
reference system, except g23=0.0
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3.5.1.4 Influence in interaction between solvent and polymer (g34)
Hardly any effect was observed by varying the interaction parameter between solvent and
polymer, g34. This stems with observations on ternary systems (see figure 3-5). For a ternary
system, the binodal shifts to the polymer nonsolvent axis when solvent-polymer interaction
parameter is lowered, although this effect is not very pronounced.
3.5.1.5 Influence of interaction between nonsolvent and solvent (g13 or g23)
The interaction between the second nonsolvent and the solvent is considered here. A decrease
in nonsolvent-solvent interaction parameter, g23, will lead to a decrease in the total volume
fraction of the nonsolvents for both low and high volume fractions of polymer in the
equilibrium phases. Similar effects were observed in ternary systems. This has been
demonstrated in figure 3-10.
3.5.2 Case B : One nonsolvent, two solvents and one polymer
Besides quaternary systems with two nonsolvents, one solvent and one polymer, another
general class of systems is considered here which consist of one nonsolvent, two solvents and
one polymer. Also in calculations for this case, molar volumes are being used of the different
components which can be regarded as typical for membrane forming systems. In all
calculations, molar values as defined in table 3-2 are used. As in the previous case, the
influence of the various interaction parameters on the position of the binodal is demonstrated
by comparison to a reference system. In case B, the interaction parameters of the reference are
given in table 3-4.
Table 3-3 Molar volumes of the different components of the calculation

Index

component

1
2
3
4

nonsolvent
solvent 1
solvent 2
polymer

molar volume
(cm3 mol-1 )
20
100
80
25000

example of such
system
water
N-methylpyrrolidone
tetrahydrofuran
polysulfone

Table 3-4 Interaction parameters between various components in system
consisting of one nonsolvent(1), two solvents (2,3) and one polymer(4)

interaction
parameter
g12
g13
g14
g23
g24
g34

value
1.0
1.0
1.5
1.0
0.5
0.5

Like in case A, three different graphs in figure 3-10 display the position of the binodal. Volume
fraction of nonsolvent in polymer rich (a) and polymer lean phase (b) as a function of the ratio
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between the volume fractions of the two solvents are displayed for various polymer volume
fractions in the polymer rich phase. The ratio between the two solvents is defined through
variable qB, as was previously done for case A. qB' represents the same ratio for the volume
fractions of solvent in the polymer lean phase.
φ2
(3-15)
qB =
φ2 + φ3
In a third type of curve (c), qB' is expressed as a function of volume fraction of polymer in the
polymer rich phase for different values of qB.
First some characteristics of the binodal surface of the reference system are discussed. In figure
3-11a, volume fractions of nonsolvent are displayed as a function of qB. qB=0 corresponds to a
ternary system consisting of nonsolvent, solvent 2 and polymer. The other ternary system
(nonsolvent-solvent1-polymer) is reached at qB=1.
An increased amount of nonsolvent in the polymer solution at the binodal surface is observed
for solvent mixtures. This effect is the largest at intermediate values of qB and decreases with
increasing polymer concentrations. No large differences are observed between qB and qB' are
observed in figure 3-11c.
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Figure 3-11 Position of binodal for reference system of case B (a) volume fraction of nonsolvent in
polymer rich phase as function of qB for various volume fractions of polymer in polymer rich phase
(b) volume fraction of nonsolvent in polymer lean phase as function of qB for various volume fractions
of polymer in polymer rich phase (polymer volume fractions are 0.1 (5), 0.3 (/), 0.45 (1), 0.6 (3))
(c) qB' as function of volume fraction of polymer in polymer rich phase for various qB values(values of
qA are indicated by dotted lines).
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3.5.2.1 Influence of interaction between the two solvents (g23)
First, the variation of the interaction parameter between the two solvents is considered. A
decrease in the interaction parameter between the two solvents (g23 is 0.0 instead of 1.0 in the
reference system) leads to a smaller deviation in the nonsolvent volume fraction in solvent
mixtures (figure 3-12a) compared to the reference system. For an interaction parameter
between the solvents of 0.0, no significant influence is found on the nonsolvent concentration
in the polymer rich phase. It can therefore be concluded that the addition of an extra solvent
can act in a similar manner as changing the interaction between solvent and nonsolvent in a
ternary system. Compared to case A (two nonsolvents), the effect of good compatibility
between the additive (second solvent) and its analogue has the opposite effect. A better
interaction between the two solvents acts in a similar way as decreasing the interaction
parameter between nonsolvent and solvent in the ternary system (figure 3-5).
The solvent ratio (figure 3-12c) in the polymer lean phase, qB', (solid line) is almost the same as
in the polymer rich phase, qB, (dotted line) for the different interaction parameters. A decrease
in g23 will lead to an increase of the solvent content in the polymer lean phase for solutions in
equilibrium with a low concentrated polymer solution.
3.5.2.2 Influence of interaction between nonsolvent and solvent (g12 or g13)
Figure 3-13 represents the calculated position of the binodal when g12 is changed to 0.0. All
other parameters are identical to those of the reference system B. An improved interaction
between nonsolvent and solvent (smaller interaction parameter) will lower the volume fraction
of nonsolvent at the polymer rich part of the binodal This is in accordance with results obtained
for ternary systems (see figure 3-5). In the polymer lean phase, the amount of solvent will
increase if g12 decreases (figure 3-13b). qB' shifts to larger amounts of solvent of which the
nonsolvent-solvent interaction parameter is lowered.
Simultaneously reducing the values of g13 and g23, will decrease the volume fraction of
nonsolvent at the binodal and will diminish the stability region as demonstrated in figure 3-14a.
At the same time, volume fraction of nonsolvent in the polymer lean phase is reduced (figure 314b).
3.5.2.3 Influence of interaction between nonsolvent and polymer (g14)
An increase in interaction parameter between nonsolvent and polymer, g14, will lead to an
increased volume fraction of nonsolvent at the binodal (polymer rich phase) (figure 3-15a). A
similar trend was observed in ternary systems (see figure 3-5).
3.5.2.4 Influence of interaction between solvent and polymer (g24 or g34)
Almost no influence was found when varying the value of the interaction parameter between
polymer and one of the solvents. Calculations of the position of the binodal in ternary systems
gave the same trend.
3.5.2.5 Influence of molar volume of the nonsolvent
For calculations previously discussed, examples were shown with the molar volume of the
nonsolvent being 20 g mol-1. This situation corresponds more or less to water as nonsolvent.
Calculations performed with a larger molar volume of the nonsolvent show the same trends.
However, the numerical values of the different compositions will change.

Figure 3-13 Position of binodal plotted in
three ways (see fig 3-7) for system with all
input parameters like in the reference system
B, except g12=0.0

Figure 3-12 Position of binodal plotted in
three ways (see fig 3-7) for system with all
input parameters like in the reference system
B, except g23=0.0
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Figure 3-15 Phase diagram for system with all
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3.6 Implications of theoretical observed trends on membrane formation
From the calculations based on the Flory-Huggins model, trends are presented on the phase
behavior of quaternary systems. Most conclusions drawn from ternary systems are also valid in
quaternary systems. Addition of a fourth component to a ternary system can have remarkable
effects, which can not be predicted from the positions of binodals in ternary nonsolventsolvent-polymer systems alone. This is not only valid for membrane forming systems, but
applies in general to all such quaternary systems [30].
Addition of a second nonsolvent with a good interaction with the first nonsolvent to a
nonsolvent-solvent-polymer system, will have a similar thermodynamic effect as increasing the
interaction parameter between solvent and nonsolvent in a ternary system. For membrane
formation using ternary systems, it is known that an increase in interaction parameter between
solvent and nonsolvent will promote the formation of a dense top layer. A lower interaction
parameter will render a more porous top layer. The use of a second nonsolvent can thus
influence the type of top layer considerably.
From the previous calculations, it can be concluded that combining two nonsolvents can lead
to an increase in total nonsolvent concentration at the phase boundary compared to the two
ternary solutions (NS-S-P). In literature, examples are given of combinations of nonsolvents
with a strong mutual interaction (e.g. γ-butyrolacton with 1-butanol) which act as an extra
solvent for the polymer [31]. Based on the concept presented here, such a behavior was
expected.
Addition of a second solvent can have the same effect as addition of a second nonsolvent if the
interaction parameters between the two solvents is high. This situation will however occur not
as frequent as a good interaction between two nonsolvents, since both components must be a
solvent for the polymer. Polar, apolar and hydrogen bonding characteristics (solubility
parameter concept) will therefore be limited and as a consequence also the values of the
interaction parameters. As a consequence, the quaternary polymer solution with two solvents
for the polymer, will have properties that lie in between those of derived for two separate
ternary phase diagrams for each polymer-solvent-nonsolvent system.
Different ternary effects can be employed to slowly change the position of the miscibility gap in
quaternary systems. Quaternary systems with two solvents will reflect more the characteristics
of ternary systems, since these components must have specific specified physical properties to
be a solvent for the polymer. To find an appropriate additive to change the phase behavior with
"quaternary" effects, screening of additives must be preferentially be concentrated on different
nonsolvents.
3.7 Experimental verification
Two different examples of cases A and B are given to confirm whether a Flory-Huggins model
can reasonably describe the phase behavior in membrane forming polymer solutions. The
system water - iso-propanol (IPA) - N-methylpyrrolidone (NMP)-polysulfone (PSf) represents
case A, water - N,N-dimethylacetamide (DMAc) - tetrahydrofuran (THF) - PSf and water NMP - THF -PSf case B. These systems were chosen for their distinct morphological changes
during membrane formation (see chapter 5).
3.7.1 Binary interaction parameters
Most interaction parameters which are used in this study are known in literature. If interaction
parameters are not known, they are estimated using group contribution theory or are
experimentally determined. Common techniques are used to derive binary interaction
parameters.
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3.7.1.1 Nonsolvent - solvent
To study quaternary systems with three low molecular weight components, several pairs of low
molecular weight components must be characterized. Only for the system DMAc-THF and
NMP-THF no literature data were found for the interaction between nonsolvent and solvent.
Using group contribution theory, the interaction parameters of these two pairs were calculated
in the order of 0.2 which is low. This was already expected on the basis of an almost ideal
behavior of the density in these mixtures (chapter 2). The interaction parameters which are
being used are summarized in table 3-5.
Table 3-5 Flory-Huggins interaction parameters between
different low molecular weight components Used interaction parameters are indicated by *
system
water - IPA
water - DMAc
water - NMP
water - THF
IPA - NMP
DMAc - THF
NMP - THF

χij
0 (*)
0.678
1,0
1,4
1.0
0.2 (*)
0.2 (*)

gij
0.185+0.155 φ2-1.02 φ22+1.79 φ23-1.1 φ24 (*)
0,785+0.665 φ2 (*)
1.11+0.3 φ2+2.41φ22-5.85 φ23+5.03 φ24 (*)
0.7766+0.1955 φ1 (*)
-

reference
[12]
[22]
[32]
[14]
group contribution
group contribution

3.7.1.2 Nonsolvent - polymer
Interaction parameters between nonsolvent and polymer are determined by swelling polymer
films in pure nonsolvent. Equilibrium sorption of water into the polymer can give information
on the interaction between these two components. However, from sorption experiments of
THF in PSf (appendix 6) and water in PSf [33], it is found that Flory-Huggins thermodynamics
is not followed at high polymer concentrations in the glassy state. Deriving an interaction
parameter from equilibrium swelling values will therefore lead to erroneous values for many
nonsolvent-polysulfone systems. Since the interaction parameter between nonsolvent and
polymer has a large impact on the position of the binodal, large discrepancies are expected
between calculation and experiment.
In this study, another approach to estimate the interaction parameter between nonsolvent and
polymer is followed. From experimental cloud point curves obtained at low volume fractions
of polymer, the interaction parameter between nonsolvent and polymer is derived from a
linearized cloud point curve correlation (appendix 3).
The different interaction parameters are summarized in table 3-6.
Table 3-6 Nonsolvent-polymer interaction parameters
Used interaction parameters are indicated by *.
system
water-PSf

IPA-PSf

gij
1.5
3.7
2.7
2.5 (*)
1,75
1.75+0.11*φ3 (*)

reference
[12]
swelling
value
[34-35]
[14]

Obtaining the correct value of the interaction parameter between nonsolvent and polymer stays
the weakest link in the experimental verification of the calculated position of the binodal in
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nonsolvent-solvent-polymer systems. Concentration dependent interaction parameters between
nonsolvent and polymer cannot be probed accurately.
In literature, different values for one and the same interaction parameter between polymer and
nonsolvent can be found. Barton et al. [36] e.g. used a value of 1.5 and 2.7, depending on the
kind of solvent used (dimethylsulphoxide (DMSO) and NMP respectively). This interaction
parameter becomes in this way a fitting parameter. For quaternary systems consisting of one
nonsolvent (water), two solvents (NMP and DMSO) and one polymer (PSf), only one value
can of course be used for the interaction between nonsolvent and polymer. An appropriate
value of this parameter is therefore needed. In this study the linearized cloud point curve
correlation is used to determine the interaction parameter between water and PSf.
Due to some errors in the original derivation, the linearized cloud point curve correlation as
proposed by Boom et al.[37] is revised in appendix 3A. At the same time boundaries are posed
on the applicability of this correlation. From this correlation, a constant value of the interaction
between polymer and nonsolvent can be derived. A value of 2.5 has been found for the ternary
system, water-NMP-PSf.
3.7.1.3 Solvent - polymer
Interaction parameters between solvents and polymer were taken from various literature
sources. In table 3-7, interaction parameters of various solvents with PSf are summarised.
Table 3-7 Interaction parameters of various solvent-PSf pairs Used interaction parameters are
indicated by *
system
NMP-PSf
DMAc-PSf
THF-PSf
chloroform-PSf
DMSO-PSf
dimethylformamide-PSf

χij
0.39
0.25
0.40
0.43
0.46
0.37
0.50
0.48

reference
this work
[34]
[12]
[38]
[39]
[39]
[39]
[39]

3.7.2 Results and discussion of cloud point measurements
3.7.2.1 Experimental
The position of the binodal can be experimentally determined by cloud point measurements.
Polymer solutions with known composition and volume are titrated at constant temperature
(298 K) with small amounts of nonsolvent until phase separation was visually observed. Phase
separation is said to have occurred if solutions stay turbid for several hours. The composition
in the polymer solution at this point is defined as a cloud point. In quaternary systems with two
nonsolvents, a binary polymer solutions (polymer + solvent) are titrated with a mixture of two
nonsolvents. In case where two solvents are used, ternary polymer solutions (solvent 1-solvent
2-polymer) are prepared with a known ratio between the two solvents. These solutions are
titrated with pure nonsolvent.
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3.7.2.2 water - IPA - NMP - PSf
The results of the cloud point measurements in the system water-IPA-NMP-PSf are given in
Figure 3-16.
PSf
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rop q 2
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Figure 3-16 Cloud point curves for system water-IPA-NMP-PSf
with various ratios between water and IPA ,at 298 K. qA.: 0.2 ( ), 0.4 ( ), 0.6 ( ), 0.8 (+ ), 1 ( )
Calculated binodals using concentration dependent interaction parameters are represented by solid
lines.
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Reasonable agreement between calculated compositions at the binodal and experimentally
determined cloud points is found for this system. It is shown that the position of the cloud
point is shifted more in the direction of the cloud point curve of the ternary system with the
low molecular weight nonsolvent for mixtures of water and IPA. A linear extrapolation of the
position of the cloud point curves for ternary systems to predict the position of the cloud
points at nonsolvents mixtures would lead to erroneous conclusions.
3.7.2.3 water - NMP-THF -PSf
Figure 3-17 shows the position of the cloud point curve as a function of the ratio between
NMP and THF.
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figure 3-17 Cloud point curves for systems water-NMP-THF-PSf for different solvent ratios at 298 K.
qB: 0 ( ), 0.5( ), 1( ). The calculated positions of the binodals using concentration dependent
interaction parameters are plotted as lines: solid, dashed and dotted respectively.
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It was expected on the basis of a difference in interaction parameter between nonsolvent and
solvent (1.0 for water-NMP; 1.4 for water-THF) that the position of the cloud point curve is
shifted towards the polymer solvent axis for water-NMP-PSf compared to that of the system
water-THF-PSf. Experimentally, the position of the cloud point curve is shown to be almost
irrespective of the solvent choice (NMP or THF). Different reasons can be given to explain this
difference. The uncertainty on the input parameters, can have large effects on the phase
behavior. Crystallization of a low molecular weight fraction could also interfere with the
measurement.
For this system, an almost linear extrapolation between the positions of the two cloud point
curves is expected. At solvent mixtures, cloud points were not shifted to smaller nonsolvent
concentrations as was expected on the basis of the interaction between NMP and THF.

3.8 Conclusions
The influence of different interaction parameters was studied for different quaternary polymeric
systems consisting of one polymer and three low molecular weight components. Addition of a
fourth low molecular weight component to a ternary nonsolvent-solvent-polymer system can
have various effects, which are not always simple linear extensions of the characteristics of the
two ternary systems separately. In many cases, the composition of the polymer lean phase has a
different ratio between additive and first nonsolvent (case A) or solvent (case B). This
indicates that membrane formation by immersion in a coagulation bath with the additive
present, does not have to be similar to the ternary case.
Thermodynamic effects observed in quaternary systems can be explained without assuming
pseudo-ternary systems. This can be predicted by a thermodynamic model. Often changes in
the position of (the polymer rich part of) the binodal are not very drastic compared to the
ternary diagrams. This is expected since the total volume fraction of nonsolvent in the polymer
rich phase is often very low.
It is shown that based on the Flory-Huggins concept, the position of the binodal can shift more
towards the polymer-nonsolvent axis for a system with two solvents as compared to the
ternary systems with only one solvent. Until now, it was thought that the addition of an extra
solvent, with a poorer interaction with the polymer will also automatically decrease the amount
of nonsolvent which can be present in a stable polymer solution.
The full potential of quaternary systems can be reached by using nonsolvent additives with a
very good interaction with the other nonsolvent. Using such combinations it can be expected
that depending on the precise ratio between the two concentrations, the total nonsolvent
concentration can be increased drastically.
Binodals calculated using a simple Flory-Huggins model corresponds reasonably well to the
composition of the cloud point curves for the system water-IPA-NM-PSf and water-NMPTHF-PSf, if concentration dependent interaction parameters are used.
3.9 List of symbols
φi
: volume fraction of component i
xi
: mole fraction of component i
∆Gm
: Gibbs free energy of mixing
R
: universal gas constant
T
: temperature
∆µi
: chemical potential of component i
q
: ratio between nonsolvents or solvents
s,r,t
: ratio of resp. component 2, 3 and 4 to component 1
ui,vi,wi : binary volume fractions between two components

[-]
[-]
[J mol-1]
[J K-1mol-1]
[K]
[J mol-1]
[-]
[-]
[-]
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: interaction parameters between component i and j
: objective function

[-]
[-]
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Appendix 3 Considerations and restrictions on the theoretical
validity of the linearized cloud point correlation

Summary

The linearized cloud point curve correlation presented by Boom et al.
[1] is revised. Boundaries for the validity of the linearized cloud point
correlation are given for which an interpretation from the FloryHuggins theory is possible. The distinction between liquid-liquid and
solid-liquid demixing by this correlation must also be subjected to
some constraints. Especially the slope in the correlation still offers a
good way to distinguish between solid-liquid and liquid -liquid
demixing. The statement however that concentration dependent
interaction parameters can be derived from this correlation must be
rejected. The empirical rule found by Li et al. [2] can be rationalized
on the basis of this correlation.
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A3.1 Introduction
Phase behaviour of ternary polymer solutions can be determined by cloud point measurements.
These composition at the cloud points correspond to the position of the binodal. Either a
certain amount of nonsolvent is added to a polymer solution until turbidity sets in or the
temperature of a polymer solution is varied until phase separation occurs. These phenomena
are detectable by turbidity measurements or a heat flux (e.g. DSC scans).
Cloud point curves obtained for polymer solutions in mixtures of solvent and nonsolvent were
recently rationalized on the basis of linearized cloud point curves by Boom et al.[1]. Other
correlations were given by Li et al. [2] (for compositions away from the critical point) and
Craubner [3] (for very dilute polymer solutions). The potential of the linearized cloud point
curve (LCC) correlation was that it could be derived directly from the modified Flory-Huggins
theory for ternary solutions [4-5]. Such a correlation can also be used to yield quick
information about the thermodynamics of ternary systems which can be advantageous in e.g.
screening potential membrane forming systems.
Three main topics are considered here: restrictions of the LCC correlation, comparison with
Li’s relations and applicability of the LCC correlation to distinguish between liquid-liquid and
solid-liquid demixing.
The validity of the linearized cloud point correlation is verified by theoretically deriving the
phase behaviour for certain input parameters to see if the LCC approach is valid over the entire
composition range. It will be shown that the LCC correlation is subjected to some constraints.
It is of great importance that users [6] of this correlation know what these constraints are and
how this correlation should be used.
The discrimination between solid-liquid demixing and liquid-liquid demixing can still be
obtained from the LCC-correlation under certain circumstances. Different parameters are
discussed which are important for this discrimination.
A3.2 Verification of the linear cloud point curve correlation
The linearized cloud point curve correlation, given in equation A3-1 [1] expresses a linear
relationship between the nonsolventconcentration relative to the polymer concentration needed
to give rise to phase separation for a certain amount of solvent (relative to the polymer
concentration). φ1, φ2, φ3 denote respectively the volume fractions of nonsolvent, solvent and
polymer.
φ 
φ 
ln 1  = b ln 2  + a
 φ3 
 φ3 

(A3-1)

The slope b, given in equation A3-2, depends only on the molar volumes vi of the different
components. The intercept a , as derived by Boom et al, given in equation A3-3,. is dependent
on the interaction parameters gij between the different components i and j and their first
derivatives g'ijto binary fractions and the molar volume fractions φi.
v1 − v3
v2 − v3
′ )( − v 2bφ1 + v1φ2 )
a = 0.5.(( g12 + g12
+ g13 (v1φ3 − v3 (1 − b)φ1 )
+ ( g12 + g12
′ )( − v2 bφ3 + v 3 (1 − b)φ2 )))

b=

(A3-2)

(A3-3)
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∂g12
∂g23
'
= u2 (1 − u2 )
with g12
and g ' 23 = v 2 (1 − v 2 )
∂ u2
∂v 2
Equation A3-3 however is erroneous. The correct expression (equation A3-4) is derived in the
following way. The Flory-Huggins theory describes the free enthalpy of mixing ∆Gm for a
ternary system as a function of volume fractions φi and mole fractions ni of the different
components i. Component 1 represents the nonsolvent, 2 the solvent and 3 the polymer.
∆Gm
= n1 ln φ1 + n2 ln φ2 + n3 ln φ3
RT
+ v1 g12 n1φ2 + v1 g13n1φ3 + v 2 g 23n2φ3
with u2 =

φ2

(φ1 + φ2 )

and v2 =

(A3-4)

φ2

(φ2 + φ3 )

The chemical potentials of mixing ∆µi of the individual components i are derived by
differentiating with respect to the number of moles of those components.
∆µ1
ln φ1 φ1 φ2 φ3 1
=
− −
−
+
v1 RT
v1
v1 v 2 v3 v1
+ ( g12φ2 + g13φ3 )(1 − φ1 ) − g 23φ2 φ3 − g12
′ φ2

(A3-5)

∆µ2
ln φ2 φ1 φ2 φ3 1
=
− −
−
+
v 2 RT
v2
v1 v 2 v3 v2
+ ( g12φ1 + g 23φ3 )(1 − φ2 ) − g13φ1φ3 + g12
′ φ1 + g 23
′ φ3

(A3-6)

∆µ3
ln φ3 φ1 φ2 φ3 1
=
− −
−
+
v 3 RT
v3
v1 v 2 v3 v 3
+ ( g13φ1 + g 23φ2 )(1 − φ3 ) − g12φ1φ2 − g 23
′ φ2

(A3-7)

To extract ln (φ1/φ3) and ln(φ3/φ2) from this set of equations (A3-5 to -7), two linear
∆µ1 − ∆µ3
∆µ3 − ∆µ2
combinations,
and
can be calculated. The logarithmic terms are
RT
RT
grouped at the left side of the equality sign. Unlike Boom no large rearrangements are needed.

φ
ln 1
3
∆µ − ∆µ3
φ
1
φ3
={ 1
+
} ∑ i −
{g (v φ (1 − φ1) + v3φ1φ2 )
(v1 − v3 ) RT i =1 vi (v1 − v3 ) 12 1 2
v1 − v3

+ g13 (v1φ3 (1 − φ1) − v3φ1(1 − φ3 )) + g23 ( − v1φ2φ3 ) − v3φ2 (1 − φ3 ))
− g12
′ v1φ2 − g23
′ φ2 }

(A3-8)
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φ
ln 3
3
φ
∆µ3 − ∆µ2
1
φ2
={
}+ ∑ i −
{g (v φ (1 − φ3 ) − v2φ3 (1 − φ2 ))
(v3 − v2 ) RT i =1 vi (v3 − v2 ) 23 3 2
v3 − v2

− g23
′ (v3φ2 + v2φ3 ) + g13 (v1φ3 (1 − φ1) + v2φ1φ3 ) + g12 ( − v3φ2φ1 − v2φ1(1 − φ2 ))
(A3-9)
− g12
′ v2φ1}

Subtracting these two equations and multiplying by (v1-v3), gives the following relation:

φ
∆µ − ∆µ3
∆µ3 − ∆µ2
v − v 3 φ2
ln 1 − 1
ln
}
= v1 − v3 { 1
−
φ3 v 2 − v 3 φ3
(v1 − v 3 ) RT (v3 − v 2 ) RT

v1 − v3
' 
+ g12 + g12
φ1 + v1φ1 
 − v2
v2 − v3



(

)



v − v3  
+ g13  v1φ3 − v3  1 − 1
 φ1 
 v2 − v3  


(A3-10)


v −v
v −v  
' 
+ g23 + g 23
− v 2 1 3 φ3 + v3  1 − 1 3  φ2 
v2 − v3
 v2 − v3  


(

)

Two variables can be defined to transform equation A3-10 into equation A3-11.

φ
φ
∆µ − ∆µ3
∆µ3 − ∆µ2
ln 1 − b ln 2 = v1 − v 3 { 1
−
}+a
φ3
φ3
(v1 − v 3 ) RT (v 3 − v 2 ) RT

(A3-11)

′ )( − v2 bφ1 + v1φ2 )
a = ( g12 + g12
+ g13 (v1φ3 − v 3 (1 − b)φ1 )
+ ( g 23 + g 23
′ )( − v 2bφ3 + v 3 (1 − b)φ2 ))

(A3-12)

b=

v1 − v3
v2 − v3

(A3-13)

At the binodal, two phases are in equilibrium, having identical chemical potentials for every
component expressed in the following relationship.
∆µ onephase
= ∆µ otherphase
i
i

(A3-14)

This relationship also holds for linear combinations of these chemical potentials.
∆µ − ∆µ3
∆µ3 − ∆µ2 onephase
∆µ − ∆µ3
∆µ3 − ∆µ2 otherphase
{ 1
−
}
={ 1
−
}
(A3-15)
RT (v1 − v3 ) RT (v3 − v2 )
RT (v1 − v3 ) RT (v3 − v2 )
Substituting equations A3-11 into equation A3-15 and rearranging the terms so that all
logarithmic terms are at the left side of the equality sign gives equation A3-16.
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φ
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(A3-16)

For a LCC correlation, a linear dependence is needed which is fulfilled if equation A3-16 holds.
This constraint will form the boundaries of the applicability of the LCC-concept. Unlike Boom
et al. stated, no division by 2 is needed. The derived linear cloud pointcurve is thus given by
equation A3-17.
ln

φ1
φ
− b ln 2 = a
φ3
φ3

′ )( − v2 bφ1 + v1φ2 )
a = ( g12 + g12
+ g13 (v1φ3 − v 3 (1 − b)φ1 )
+ ( g 23 + g 23
′ )( − v 2bφ3 + v 3 (1 − b)φ2 ))

(A3-17)

(A3-18)

The use of equation A3-3, will lead to a cloud point curve which is independent of the
interaction between component 2 (solvent) and polymer. Small variations in the interaction
parameter between component 2 and the polymer does not indeed influence the position of the
cloud pointcurve, but in the case of component 2 being a nonsolvent for the polymer, its
influence must be taken into account.
The approach of this study is opposite to that followed by Boom et al.. Based on experiments,
they suggested a linear correlation. In our approach, the starting point is a theoretical model.
The use of this model will pose some limitations onto the applicability of the correlation but it
will have a theoretical basis. As can be seen from equation A3-18, the intercept a depends on
the composition of the two phases.
Assuming that the intercept is equal for both phases and that the intercept is constant for
various polymer volume fractions, as done by Boom et al., is therefore not straightforward and
must be subjected to some constraints, vital to translate Flory-Huggins relation to the LCC
correlation. The validity criterium, used in this study, was defined by equation A3-19 and A320. The values in the criterium are arbitrarily chosen and defines the deviation in a which can
be tolerated to obtain a linearized curve. The value of a must not only be similar for both
equilibrium phases (polymer poor and polymer rich), but may not change dramatically for
various polymer concentrations.
| a (φ3 ) − a (φ3 + ∆φ3 )| ≤ 2

(A3-19)

| a (φ3poor ) − a (φ3rich )| ≤ 2

(A3-20)

Both constraints are indicated in figure A3-1. The reason why the LCC correlation deviates
from the experimentally determined cloud points lies in this assumption. These validity
boundaries also explain why the LCC correlation is only valid according to Boom et al. for
systems with a cloud point curve close to the solvent-polymer axis. By considering validity
boundaries for the LCC correlation, the concept can be extended to other systems, of which
cloud point curves lay further away from the solvent-polymer axis.
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Figure A3-1 Position of binodal in ternary phase diagram (a), the corresponding LCC plot
(b) and deviations in intercept value a (c) as calculated according to the Flory-Huggins
model; parameters: g12: 1.0, g13: 1.5, g23: 0.5,V1: 20,V2: 100,V3:20000; Dotted line represents
boundary equation A3-19; Striped line represents boundary equation A3-20
Different combinations of interaction parameters and molar volumes were used to validate the
theoretical intercept-equality for both the dilute and the concentrated phase. It can be
concluded that the linearized cloud point curve is valid around the critical point. For certain
combinations of molar volumes and interaction parameters, the Flory-Huggins interpretation of
the LCC correlation only holds for a very small polymer concentration region. No clear trends
were found for the extend of the validity region as a function of the values of the interaction
parameters.
In most cases the LCC correlation holds for the polymer lean phase. As was shown in chapter
3, the tieline relationship can be described by considering only the chemical potentials variation
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of solvent and nonsolvent. The polymer concentration in the polymer lean phase is so low that
it does not influence the chemical potentials of the other components anymore. This can form
the explanation of the linearity of the LCC relationship of the polymer lean phase.
By changing the molar volumes of the different components in the mixture, the conclusion
could be drawn that if the molar volumes of the three components lay more closely together,
the validity region becomes smaller. This could explain why the LCC-correlation does not hold
for low molecular weight components in the mixture water-diethylether-methanol as presented
by Boom et al..
When the interaction parameters are known (concentration independent or dependent),
calculations of the phase behaviour reveals that the intercept of the LCC relationship is not a
constant over the entire composition range. Therefore it can be stated that the conclusion of
Boom et al. that interaction parameters “as well as” their concentration dependence can be
obtained from LCC relationships must be questioned. The first is still true but the latter is not
valid. The example given by Boom to extract a constant interaction parameter g13 in the system
water - N-methylpyrrolidone - polyethersulfone on the basis of cloud point curves as presented
by Tkacik and Zeman [8] leads to the value of 2.5 using the corrected intercept relation, as can
be derived from figure A3-2. This corresponds reasonable to the value obtained by Kim et al.
[7] (2.7).
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Figure A3-2 Experimental cloud point curve for the system polyethersulfone
- N-methylpyrrolidone - water [8] in LCC representation
A3.3 Comparison between correlation of Li and LCC correlation
In an earlier published paper by Li et al. [2], an empirical rule for cloud point curves was given
for the membrane forming system polysulfone-N,N-dimethylacetamide-water (equation 4).
This correlation is shown to be similar to the LCC-correlation for b-values approaching 1.
The relation of Li et al., given in equation A3-21, states that the ratio of the volume fractions
of the nonsolvent and solvent is a constant, β .
φ
1
=β
φ
2

(A3-21)

For b values approaching 1, the LCC-relation (equation AA3-17) can be rewritten into the
formula A3-22.
φ1
φ1
−
(
1
−
)
ln
φ
≈
ln
(A3-22)
a = ln(φ1 ) − b ln(φ2 ) − (1 − b) ln φ3 = ln
b
3
b
φ
2
φ
( 2)
This simplification can be made if condition A3-23 is fulfilled.
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 a 

φ3 >> exp
(A3-23)
 1 − b
For the system studied by Li et al., the right hand term corresponds to very low values. The
molar volumes and the interactionparameters are summarized in table A3-1.
Table A3-1 Molar volumes and interaction parameters
for the system water - DMAc - PSf according to Li et al. [2]
parameter
g12
1.0
g23
0.4
g13
2.6
v1
18 cm3 mol-1
v2
93 cm3 mol-1
v3
21000 cm3 mol-1
1.003
b
a
-3.1
0.42
β
β in the relation of Li et al can therefore be represented by equation A3-24

β = exp( a)

(A3-24)

As such Li’s equation is a particular case of the LCC-correlation. This situation is encountered
in many membrane forming systems.
φ
1
=β
φ
2

(A3-25)

The cloud point data as given by Li et al. [2] are represented in a ternary phase diagram (figure
A3-3a), according to both Li’s relation (figure A3-3b) and according to the LCC-correlation
(figure A3-3c).
The constant ratio between nonsolvent and solvent can thus be derived directly from the FloryHuggins theory for reasonable polymer concentrations. For the given example, a value of β of
0.042 was found. The value derived from Flory-Huggins theory varies also around this value.
A3.4 The differentiation between liquid-liquid and solid-liquid demixing phenomena
The conclusion of Boom et al. that the LCC correlation can be used for the distinction between
two types of demixing, namely liquid-liquid (l-l) and solid-liquid (s-l) demixing, must be
handled with some care. The position of the liquidus line (s-l) strongly depends on the ratio of
the molar volumes of the different components involved, the different interaction parameters
and the crystalizability of the polymer (melting point as well as the heat of fusion) expressed in
parameter A in equation A3-27. Solid-liquid demixing in ternary mixtures can be described [911] by equation A3-26.
v
v
v
v
A = 1 ln φ3 + 1 (1 − φ3 ) − φ1 − 1 φ2 + ( g13φ1 + 1 g23φ2 )(1 − φ3 ) − g12φ1φ2
v3
v3
v2
v2

(A3-26)
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v1
vu

(A3-27)

with vu : molar volume of one monomer unit of the polymer
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Figure A3-3 Cloud points for the system polysulfone - N,N-dimethylacetamide-water as
measured by Li et al.(4), at 20 oC, plotted (a) in a ternary phase diagram, according to (b)
the LCC correlation and (c) according to Li’s relation (theory and experiment).
The parameters for the phase transitions are the interaction parameters, the molar volumes and
the parameter A . All these parameters have an influence on the phase behaviour of the ternary
system. It was derived by Burghardt et al. [12] that the melting point depression depends
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strongly on the molar volume of the diluent. Equation A3-28, gives the melting point
depression according to Burghardt in a ternary system without considering any
v1
interactionparameters , v2 equal to vu and for
-values approaching zero.
v3
φ
(1 − 1 )
∆H m
φ2
1
1
(A3-28)
φ3 = 1 − (
− o)
v 2φ1
Tm Tm
R
(1 +
)
v1φ2
It is clear that when the ratio between the nonsolvent and the solvent becomes smaller, s-l
demixing will occur at lower polymer concentrations when the nonsolvent concentration
increases. In most membrane formation systems, the molar volume of the nonsolvent is smaller
than the solvent. (This is however not always as claimed by Boom et al.) Especially for similar
molar volumes of solvent and nonsolvent, the liquidus line can resemble the high polymer
concentration side of the binodal.
The influence of the various interaction parameters was given by Van de Witte [11]. When the
interaction parameter between nonsolvent and polymer increases, the liquidus will move
towards the solvent-polymer axis. The decrease of the solvent-polymer interaction parameter
will have a similar effect. This change is more pronounced as compared to its effect on l-l
demixing.
Several liquidus lines were calculated for various molar volume ratios and different
crystalizabilities. Expressing these liquidi in a LCC plot, the curves are in most cases nonlinear
and the LCC-approach can be used to reveal the demixing mechanism. From calculations to
determine the l-l miscibility gap, the shape of the deviation from the linearized cloud point
curve turned out to be always positive (e.g. calculated curve has a higher value of ln(φ1/φ3)
compared to a linear relationship) as represented in figure A3-1.
4
2
ln(φ1/φ3)

0
-2
-4
-6
-2

0

2
4
ln(φ2/φ3)

6

Figure A3-4 Schematic representation of LCC curve deviations
for solid-liquid demixing systems.
For a large number of input parameters, although not always, the deviation of the s-l demixing
behaviour from a linear correlation is negative (lower values of ln(φ1/φ3) compared to a linear
relationship) (figure A3-4). Therefore the authors state that the LCC approach can still be used
to determine whether solid-liquid or liquid-liquid demixing prevails in cloud point experiments
even if the constraints posed by theory are not met.
For the system poly-(dimethyl phenylene oxide)-trichloroethylene-methanol-octanol mixtures
[13], it is assumed, although not explicitly, that no solid-liquid demixing occurs at low
concentrations (figure A3-5). However the liquidus represented in an LCC plot is identical to
that given by Boom et al.. In such cases, care must be taken in interpreting the LCC

Linearized cloud point correlation

59

correlations. Not only must the correlation be linear, also the slope must correspond to the
theoretical value b, especially at low polymer concentations. From the slope of the curves, 1.21
compared to 1.00, it can be derived that in the mentioned example also in the case of low
polymer concentrations solid-liquid demixing is responsible for phase separation.
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Figure A3-5 Experimental cloud point curves for poly(dimethylphenylene oxide) trichloroethylene - methanol [13] presented in LCC plot.
If on the basis of the appearance of the curve (linearity and slope) no distinction can be made
between solid and liquid-liquid demixing and when all parameters are roughly known, these
two phenomena can still be distinguished. However for some cases, the distinction between l-l
and s-l cannot be made by the correlation. In these cases, the time dependence of the demixing
process can still reveal the nature of the demixing process as well as DSC measurements of the
polymer solution.
A3.5 Conclusions
Close to the critical point, the LCC correlation was directly derived from the Flory-Huggins
theory. Further away from the critical point, this relation does not hold anymore. The
theoretical validity region for the LCC approach becomes smaller for molar volumes closer
together. The example used by Boom et al. for the low molecular weight components can
therefore still be analysed by the LCC approach but in a smaller composition range around the
critical point. However, based on the experimental cloud point curves, a remarkable linear
relationship is found which cannot be rationalized directly by the Flory-Huggins theory. For
most systems concentration dependent interaction parameters must be used to describe the
thermodynamics of ternary systems. When the interaction parameters are known
(concentration dependent and concentration independent), calculations of the phase behaviour
reveals that the intercept of the LCC relationship is not a constant over the entire composition
range. Therefore it can be stated that the conclusion of Boom et al. that interaction parameters
"as well as" their concentration dependence can be obtained from LCC relationships must be
rejected. Li's empirical relation can be regarded as a particular case of the LCC correlation.
From thermodynamics of semi-crystalline polymer solutions, it can be derived that the
distinction between liquid-liquid and solid-liquid demixing can still often be made by the LCCapproach on the basis of the appearance of the correleation. Some ratios between the molar
volumes however can give rise to a position of the liquidus line, resembling l-l demixing. In
these cases, the LCC concept must be rejected. A rough idea about the interaction parameters
can exclude the possibility of such case.
A3.6 List of symbols
a

:

intercept in lcc

[-]
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A
b
g
g’
n
u,v
Tm
∆Hm
R

: parameter describing undercooling of polymer solution
: slope in lcc
: Flory-Huggins interaction parameter
: first derivative of g to binary volume fraction
: mole fraction
: binary volume fractions
melting point
:
: heat of fusion
: universal gas constant

[-]
[-]
[-]
[-]
[-]
[-]
[K]
[J mol-1]
[J mol-1 K-1]

β
φ
ν
∆µ

:
:
:
:

[-]
[-]
[cm3 mole-1]
[-]

ratio between volume fraction of nonsolvent to solvent
volume fraction
molar volume
chemical potential
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4.

Mass transfer during immersion precipitation in multicomponent
polymer solutions

Summary

Mass transfer calculations are performed to describe the first
moments of immersion precipitation. Depending on the chosen system,
different mass transfer paths are obtained. On the basis hereof, three
different "mechanisms" are proposed responsible for delayed
demixing: a thermodynamic barrier, a frictional barrier and a
reduced driving force due to small concentration differences in
polymer solution and coagulation bath. The understanding of the
origin of delayed demixing is important in the explanation of
morphology development.
Numerical calculations are only performed for the first moments of
immersion. The reason why these first moments are representative for
the rest of the demixing process is discussed. Growth of polymer lean
nuclei is probably dominated by the overall diffusion process when
large concentration gradients are present, resulting in asymmetric
structures. At shallow concentration profiles (delayed demixing),
growth of nuclei are assumed to follow bulk demixing characteristics,
leading to symmetric structures.
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Chapter 4

4.1 Introduction
Today’s membrane production by phase inversion relies to a large extend on empiricism.
Experimentally, phase inversion processes are remarkably simple, modeling of the process is as
complicated. Modeling of immersion processes could in principle be a tool to improve the
process, but due to a complex interplay between various phenomena, modeling is mainly
restricted in describing the diffusion process in the first moments of immersion. As soon as
phase separation starts, the polymer solution can not longer be considered as one continuum
and analytical and numerical equations fail in describing the process. Other approaches must be
followed. One example will be described in the appendix of this chapter.
Knowledge of the diffusion behavior in these first moments of immersion are shown [1-11] to
reflect certain morphological consequences (experimentally determined). Due to this
correlation, these mass transfer models can be a tool in predicting some morphological aspects
of membranes based on thermodynamic and kinetic parameters associated with the studied
systems, e.g. the formation of a porous or dense top layer. Conclusions of modeling efforts
regarding the resulting morphology however will partly remain empirically determined and
must therefore be handled with some care. Since the demixing stage is not incorporated in the
models, no quantitative predictions can be made regarding morphological consequences. Only
when demixing and mechanical aspects would be included correctly in a model, this would
become possible.
In this work, different objectives were therefore pursuit:
1. investigate the origin of instantaneous and delayed demixing
2. predict of membrane morphology (demixing included) based on diffusion calculations in the
first moments of immersion (no demixing included)
3. investigate the influence of a fourth component (low molecular weight) on membrane
formation
In a first part of this chapter, different existing models are summarized. Afterwards results on
diffusion calculations during the immersion process of different systems are presented and
discussed. Based on these results, reasons behind and consequences of delayed demixing
processes are proposed. Finally the correlation between initial moments of diffusion and
resulting structure is discussed.

4.2 Diffusion model of immersion precipitation in the first moments of
immersion
Many models describing membrane formation by immersion precipitation are based on the
work of Cohen, Tanny and Prager [12]. These authors described the diffusion process in the
polymer solution with a series of assumptions. These assumptions form the basis for later
models and are therefore meaningful to mention:
1. The composition in the coagulation bath at the interface with the polymer film is always that
of the original bath.
2. A one phase system is assumed even if thermodynamically a two phase system would exist.
This corresponds to a calculation of the diffusion path until the spinodal is reached.
3. A 3-dimensional structure is then induced.
4. No excess volumes are assumed in the system.
5. The cross terms in the phenomenological equations are neglected.
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6. A Walden rule is applicable to the ratio of the concentration dependent diffusion
coefficients.
7. If the diffusion layer is smaller then the polymer film thickness, the ratio of the fluxes are
independent of the thickness of the film.
8. Flory-Huggins thermodynamics is followed. If the composition path touches the spinodal, a
porous structure is formed while when it remains in the stable or metastable region a dense
unporous film is formed.
Reuvers et al. [4-6] were the first to modify the model giving appropriate results. Diffusion in
the coagulation bath was taken into account (contra assumption 1) and cross terms in the
diffusion equations were shown to have a substantial influence (contra assumption 5). Local
equilibrium is assumed at the interface between polymer solution and coagulation bath, which
means that this composition lays on the binodal (contra assumption 2).
According to Reuvers et al. , compositions at different points in the film at one instant of time
can be represented by a so-called composition path (see section 4-3). The composition paths
can either cross the binodal instantaneously or with some noticeable time difference after
immersion. Based on the position of these composition paths in time, two different types of
processes were distinguished. Instantaneous demixing, characterized by an immediate start of
demixing (crossing binodal) after immersion into the coagulation bath, usually gives porous
layers. In instantaneous demixing systems, macrovoids are often present (appendix 5A).
During delayed demixing often gas tight membranes are being formed with a closed cellular
structure beneath a dense skin. Based on thermodynamic and diffusional data, Reuvers et al.
could therefore deduce some essential characteristics of the final membranes. Systems studied
were based on cellulose acetate with different solvents and nonsolvents. A similar model was
proposed at the same time by Yilmaz and McHugh [3].
Radovanovic et al. [1, 2] derived with a similar model that initial flux ratios can be compared
to critical flux ratios to predict the occurrence or absence of a dense skin. His calculations
were performed on the polysulfone - N,N-dimethylacetamide - 2-propanol system. The choice
of the system will reflect some essential features as is explained later.
A hydrodynamic boundary layer in the coagulation bath was shown by Cheng et al. [8] to have
a minimal effect on the outcome of the calculations. This demonstrated that even a well stirred
coagulation bath is not sufficient to assume a coagulation bath with a composition equal to the
original composition. (contra assumption 1) The system studied was Nylon - formic acid water.
Tsay et al. [7] improved the existing models by allowing the interfacial composition to vary in
time, which was not anticipated by Reuvers et al.. The system considered was cellulose
acetate- acetone - water.
Boom et al. [10] considered a pseudo-ternary system with two polymers (polyethersulfone and
polyvinylpyrrolidone in N-methylpyrrolidone and water as a coagulant). By considering two
polymers as one component, diffusion calculations could explain some features occurring in
practice.
4.2.1 Diffusion model
The immersion process can be schematically represented by Figure 4-1. The entire process is
governed by diffusion over the interface between polymer solution and coagulation bath.
Therefore the reference system is chosen centered around this interface. Although three or four
different components are present in the polymer solution, only solvent and nonsolvent will
diffuse. The mobility of the polymer is much slower compared to the low molecular weight
components. The polymer can be regarded as a matrix phase in which the two or three other
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components diffuse. Since the polymer solution does not form a closed system, the volume of
the polymer solution is not constant. A coordinate transformation from a cartesian reference
system (x) to a polymer fixed reference system (m) can circumvent this volume change
consequences [13].
-x
coagulation bath

y
∆x
x

m

polymer solution
support

Figure 4-1: Schematic representation of the reference system to describe diffusion in the immersion
precipitation process. Cartesian coordinate (x) in the polymer solution is transformed in a polymer
fixed reference system (m) and a reference system originating from the interface between polymer
solution and coagulation bath (y).

The transformation is given by equation 4-1.
L

m = ∫ φpolymer dx

(4-1)

0

with
L
:
φpolymer :

total film thickness
volume fraction of polymer

The diffusion into the coagulation bath is given by the cartesian coordinate y which is defined
in equation 4-2. No excess volume effects are taken into account.
y = x − ∆x

(4-2)

Diffusion equations
A general formalism to describe diffusion in the polymer solution is given in equation 4-3 with
n=3 and n=4 for ternary and quaternary systems respectively. The polymer component is
indicated by index n (respectively 3 and 4 in ternary and quaternary systems having one
polymer component).
φ 
∂ i 
∂µ j 
 φn 
∂ 
= Vi
φ
 ∑ L

∂t
∂m  j =1..n −n1 ij ∂m 


with
t
φi
Vi

: time
: volume fraction
: molar volume

For the coagulation bath, equation 4-4 is used.

i=1..n-1

(4-3)
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∂µ j  ∂φi
∂ (φi )
∂ 
= Vi
 ∑ Lij′
−
∂t
∂y  j =1.. n −1 ∂y  ∂y
with
Jk

∑J

k = 1.. n − 1

k
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i=1..n-1

(4-4)

: flux of species k into the coagulation bath at the interface
between polymer solution and coagulation bath (y=0)

Lij and L'ij represent the matrix elements of the phenomenological coefficient matrix L and L'.
These matrices can be derived by taking the inverse of the friction coefficient matrix R and R'
respectively.
L = R −1

(4-7)

The different matrix elements of the friction matrices R and R' are expressed in equation 4-8 till
4-11.


(4-8)
Rii = −  ∑ ck Rik + cn Rin 
 k ≠i

Rii′ = − ∑ ck Rik

(4-9)

k ≠i

Rij = c j Rij
Rij = c j Rij
with
c

for i ≠ j

(4-10)

for i ≠ j

(4-11)

: concentration

Indices i and j range from 1 to n-1 for R and to n-2 for the R'.
The binary frictional coefficients are related to the binary diffusion coefficients through
equation 4-12.
Rij =
with
Dij
M
R
T

V j RT

(4-12)

M i Dij

: binary diffusion coefficients between i and j
: molecular weight of component i
: universal gas constant
: temperature

To translate frictional coefficients from binary to quaternary systems, the assumption made by
Reuvers et al., given in equation 4-13, is used.
quaternarysystem

Rij

binarysystem  φi 
 φ +φ 
 i j

= Rij

(4-13)
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Initial conditions
Initial conditions are given for the concentrations in polymer solution (4-14) and coagulation
bath (4-15).
φi ( m, t = 0) = φi0, PS

for m ≠ 0 and i=1..n-1

(4-14)

φi ( y , t = 0) = φi0,CB

for y ≠ 0 and i=1..n-1

(4-15)

At the interface (m=0, y=0), local equilibrium is assumed between polymer solution and
coagulation bath and a jump condition is induced. Both composition in polymer solution and
coagulation bath must fulfill the boundary conditions which are posed there.

Boundary conditions
At the interface between support and polymer solution, a zero flux condition is posed (416),while a semi-infinite coagulation bath is assumed (4-17).

( ) = 0



for m=∞

(4-16)

( ) = 0



for y=∞

(4-17)

 ∂ φi
 φP
 ∂t

 ∂ φi
 φP
 ∂t


At the polymer solution-coagulation bath interface, the composition of polymer solution and
coagulation bath lays on the binodal (equations 4-18 and 4-19) since equilibrium is assumed (420). As will be explained later, the interpretation of the composition at the interface during the
calculations must be handled with some care due to this jump condition.

φi (m = 0) = φibinodal , polymerrichphase
φi ( y = 0) = φibinodal , polymerleanphase
∆µ(m = 0) = ∆µ ( y = 0)

for t≠0

(4-20)

for t≠0

(4-19)

for i=1..n-1

(4-20)

An additional requirement is that fluxes of the different components are equal at both sides of
the interface (4-21). Due to the definition of the coordinate systems for polymer solution and
coagulation bath (m and y) a minus sign is needed.
Ji (m = 0) = − Ji ( y = 0)

for i=1..n-1

(4-21)

Procedure
The following calculation procedure is followed.
1. An interfacial composition on the binodal is arbitrarily chosen.
2. Diffusion profiles in the polymer solution are calculated using the D03PHF routine from
the NAG-library to solve the set of partial differential equations 4-3.
3. The fluxes to and from the polymer solution are calculated.
4. Diffusion profiles in the coagulation bath are calculated using the D03PHF routine from the
NAG-library to solve the set of partial differential equations 4-4.
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5. The fluxes to and from the coagulation bath are calculated and compared to those found in
step 3.
6. The entire procedure is repeated with different interfacial compositions, until the fluxes
from step 3 and 5 are equal.

4.3 Results of calculations
Results of the calculations of the diffusion process are displayed in so-called diffusion paths.
These paths are representations of compositions at different positions in the polymer solution
displayed in a ternary phase diagram. When in the first moments of immersion the binodal line
is crossed (figure 4-2A), instantaneous demixing occurs according to Reuvers et al.[4].
Delayed demixing occurs if at a later stage the binodal is crossed, and not in the first moments
of immersion (figure 4-2B).
coagulation bath side

A

B
polymer

polymer

1
2
3

1

1
polymer
solution

2

4
5 43 2

543
5
support side

solvent

nonsolvent

solvent

nonsolvent

Figure 4-2 Schematic representation of mass transfer paths for A) instantaneous demixing system and
B) delayed demixing system

During the diffusion process, the spinodal line can never be crossed [14]. This does not mean
that no-spinodal-like structures can arise during membrane formation, but only states that the
initiation will be always by a (metastable) nucleation and growth mechanism.
In the next section, the model presented above will be applied on three different nonsolventsolvent-polymer systems: PSf-NMP-water, PSf-NMP-IPA and PSf-THF-water. The first
system gives mainly rise to instantaneous demixing, while the other two lead to delayed
demixing in most practical circumstances. For quaternary systems, attempts were made to
solve the diffusion equations for three mobile species.
The interaction parameters used in the calculations are given in table 3-5 till 3-7. Besides the
determination of the position of the binodal, they will determine the driving forces for
diffusion. Diffusion coefficients are given in table 2-6.
4.3.1 PSf-NMP coagulated in water
The position of the binodal curve of the system water-NMP-PSf is given in figure 4-3. Water
and NMP are characterized by a exothermic mixing. Water is a strong nonsolvent for PSf
(large interaction parameter between nonsolvent and polymer). In this system, compositions
with high volume fractions of polymer at the binodal are in equilibrium with a polymer poor
phase with a considerable amount of solvent. Due to the strong nonsolvent character (see
chapter 3), the miscibility gap will be large.
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In the calculated example, a polymer solution, consisting of 20 w% PSf in NMP, is immersed
in a pure water bath. From calculations of the initial moments of immersion, an immediate
compositional change at the topside of the polymer solution into the metastable region is
derived. According to Reuvers et al. [4-6] such situation corresponds to instantaneous
demixing. In figure 4-3, the calculated composition profile is given for this situation. This is
experimentally confirmed. In figure 4-4, the resulting membrane morphology is shown.
Many tear drop shaped structures, better known as macrovoids, are present and a large
asymmetry is observed between top and bottom layer. This is in accordance with experimental
data from literature (see appendix 5).
PSf

NMP

water

Figure 4-3 Composition path for the immersion of a 20 w% PSf solution in NMP in a coagulation
bath of pure water indicating instantaneous demixing.

Figure 4-4 Cross-sectional image of membrane prepared by immersion of a 20 w% PSf solution in
NMP in a coagulation bath of pure water (instantaneous demixing)
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4.3.2 PSf-NMP coagulated in water-NMP
In the situation discussed here, calculations are performed for the situation in which large
amounts of solvent are added to the coagulation bath. All other parameters are identical to the
previous case. Calculations of the immersion process in coagulation baths with a high solvent
concentration, show that the composition path does not enter the metastable region
immediately. No instantaneous demixing but delayed demixing will thus occur. This is
illustrated in figure 4-5. Fluxes of NMP and water are decreased due to a decreased activity
difference between the two media.
PSf

NMP

water

Figure 4-5 Composition path for the immersion of a 20 w% PSf solution in NMP in a coagulation
bath composed of a mixture of NMP and water (25-75 w%) indicating delayed demixing.

In figure 4-6, the resulting film structure is shown. The film has a sponge structure and is
reasonably symmetric from top to bottom of the film. No macrovoids occur. Although
demixing is delayed, no dense top layer is formed. Reuvers also briefly mentioned these cases
as being an exception on the general rule. Only information on delay time is therefore not
sufficient for predicting the morphology of the top layer of a membrane structure.

Figure 4-6 Cross-sectional image of membrane prepared by immersion of a 20 w% PSf solution in
NMP in a coagulation bath composed of a mixture of water and NMP (25-75) (delayed demixing)PSfNMP coagulated in IPA
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Using IPA instead of water as the coagulant, the miscibility gap is decreased as is
demonstrated in figure 4-7. The tie line relationships in the IPA-NMP-PSf system have a
similar orientation to those in the water-NMP-PSf system. IPA is a weak nonsolvent and has a
lower diffusion coefficient in NMP and PSf compared to water.
PSf

NMP

IPA

Figure 4-7 Composition path for the immersion of a 20 w% PSf solution in NMP in a coagulation
bath of pure IPA indicating delayed demixing.

The first moments of immersion of a NMP-PSf solution into pure IPA are calculated. The
result is shown in figure 4-7. The binodal is not immediately crossed by the composition path
indicating delayed demixing. The polymer concentration at the interface between polymer
solution and coagulation bath is increased (compared to the previous situation) and stays
constant in time.

Figure 4-8 Cross-sectional image of membrane prepared by immersion of a 20 w% PSf solution in
NMP in a coagulation bath of pure IPA (delayed demixing)
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From experiments, it is known that this system gives rise to delayed demixing, which is in
accordance with the predicted behavior. A dense top layer is formed on a symmetric cellular
structure as shown in figure 4-8.
4.3.3 PSf-THF coagulated in water
Besides using a different nonsolvent, a change in solvent can also lead to delayed demixing. An
example of such a system is PSf-THF-water. Although THF is fully miscible with water, the
interaction between these two components is not very good. Endothermic mixing is obtained in
this system. This results in low driving forces for exchange. Another important feature in
membrane formation is the position and orientation of tie lines. For the system water-THF-PSf,
polymer lean phases in equilibrium with polymer rich phases with relatively low polymer
concentrations already have a fairly large volume fraction of water. Demixing will thus induce
a smaller volume ratio between polymer lean and polymer rich phase compared to the system
with a good interaction between nonsolvent and solvent.
In figure 4-9, mass transfer paths are given for a THF-PSf solution immersed in water.
PSf

10
30

THF

water

Figure 4-9 Composition path for the immersion of a 20 w% PSf solution in THF in a coagulation bath
of pure water indicating delayed demixing. Two different compositions paths are indicated for a) 10
sec and b) 30 sec

Immediately after immersion, the composition path does not cross the binodal. Again this
indicates delayed demixing, which is also experimentally observed. At longer times of
immersion, polymer concentration at the interface between polymer solution and coagulation
bath decreases. Although the composition paths nearly coincide, it is clear that the polymer
volume fraction at the top layer, indicated by arrows in figure 4-9, decreases. This was also
found by Berghmans [15] for the system ethanol - trichloroethylene - poly-(phenylene-ether).
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Figure 4-10 Cross-sectional image of membrane prepared by immersion of a 20 w% PSf solution in
THF in a coagulation bath of pure water (delayed demixing)

In figure 4-10, the structure of a film formed in this way is shown. A thick, dense top layer and
some isolated pores beneath can be distinguished. Similar structures were observed by
Berghmans [15].
In all three cases were delayed demixing was observed and predicted by calculations (PSfNMP coagulated in water-NMP, PSf-NMP in IPA and PSf-THF in water), no asymmetric
structures were generated. In case of instantaneous demixing by immersion of binary polymer
solutions in a coagulation bath, asymmetric structures are formed.
4.3.4 Quaternary systems
Attempts were made to calculate composition paths in the first moments of immersion in some
quaternary systems: PSf-NMP-water-IPA and PSf-NMP-THF-water. No satisfactory results
were however obtained. This was caused by the method of solving the diffusion problem. In
quaternary systems, having three low molecular weight components and one polymer, there
exist a large variety in equilibrium states at the interface between polymer solution and
coagulation bath. The binodal in quaternary systems is a plane, while it is only a line in ternary
systems and there exist no analytical expression to relate both compositions in the polymer rich
and polymer lean phase. Furthermore, the calculation is complicated by extended boundary
conditions, since one extra species flux must be optimized. This extra flux will also cause the
position at the binodal to change more pronounced in time and a constant composition at the
binodal can not be assumed anymore. In ternary systems, the fluxes of nonsolvent and solvent
often have opposite directions by which this assumption can still be made under most
circumstances for short times. For quaternary systems, a higher accuracy is needed of the input
parameters to predict the proper fluxes.

4.4 Discussion
4.4.1 Phase separation during immersion
Some qualitative ideas are given on phase separation processes. Membrane formation is a
combination of thermodynamic and kinetic phenomena. To generate nuclei (phase separation)
by diffusion driven processes in immersion precipitation, some thermodynamic and kinetic
conditions must therefore be fulfilled.
In figure 4-11, some situations are given in which based on thermodynamical considerations
phase separation can be induced in the polymer solution.
If no phase transition occurs across the interface between polymer solution and coagulation
bath, immersion of the polymer solution will only result in a dissolution of the two phases in
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each other. This is depicted in figure 4-11a. In this case no mechanical stable film is formed of
course.
In the situation illustrated in figure 4-11b, the chemical potential differences are small between
polymer solution, containing a large amount of nonsolvent, and coagulation bath, containing a
large amount of solvent. The difference in chemical potentials, which will induce a minor
diffusion flux, is in that case not sufficient to outweight the energy needed to create a new
surface for the nuclei. Therefore no porous structures will be formed and the polymer solution
will become in equilibrium with the coagulation bath without creating a new structure.
When membranes are being formed by immersion of polymer solutions close to the binodal in
coagulation baths with a large solvent concentration, small changes in the casting solution and
the coagulation bath may have important consequences.
If diffusion leads to metastable compositions in the polymer solution, fluctuations will only
generate stable nuclei if a certain supersaturation or critical size is achieved. The energy gain of
demixing must be larger than the energy needed to create a new interface.
A
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polymer
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Figure 4-11 Illustration of different situations occurring when a polymer solution is contacted with a
nonsolvent bath (see text). Compositions in the polymer film are indicated by 8;
in the coagulation bath by 3. Initial compositions are indicated by "i".

Tie lines which are oriented almost perpendicular to the binodal (figure 4-11d) will generate
smaller volumes of the polymer lean phase at a certain supersaturation compared to system
where tie lines are more parallel to the binodal line (figure 4-11c) under identical conditions of
the surface tension.
All these practical and inpractical examples make it clear that phase separation in a polymer
film depends on the position of the compositions of polymer solution and coagulation bath
relative to the position of binodal, tie line relationships and surface tensions.
Besides thermodynamical aspects, also diffusion plays a major role in the phase inversion
process. Whether a particular system will give rise to delayed demixing under certain
circumstances can be derived by a description of mass transfer between polymer solution and
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coagulation bath as described above. Consequences of delayed demixing on morphology of the
resulting polymer film depend on the origin of the delay time.
In the previous section, calculations and experiments in three different situations gave rise to
delayed demixing, each associated with a particular morphology: case A: PSf-NMP coagulated
in NMP-water; case B: PSf-NMP coagulated in IPA and case C: PSf-THF coagulated in THF.
In the first situation (case A), a high solvent concentration is present in the coagulation bath
and phase separation is still induced. The activity differences between polymer solution and
coagulation bath are small and the resulting fluxes of solvent and nonsolvent will be low. Also
in that case shallow concentration gradients are developed eventually leading to a symmetric
structure. Since due to the tie line relationships, the polymer concentration is not increased
considerably during immersion, no top layer will be formed and porous structures arise.
Adding large amounts of solvent to the coagulation bath is used to generate open top layers.
This is especially useful in hollow fiber production.
In a second case (case B: PSf-NMP coagulated in IPA), a high polymer concentration region is
formed at the interface between polymer solution and coagulation bath. Polymer concentration
at the interface between polymer solution and coagulation bath stayed the same in the
calculation. High polymer concentration at this interface will act as a diffusion barrier to mass
transport and shallow profiles will be generated in the polymer solution behind this barrier
layer. Once the nonsolvent concentration in the sublayer is high enough demixing can be
induced. Nuclei formed at this stage will experience almost no influence of the asymmetry of
the process, which explains the symmetry of the structure of the sublayer.
This mechanism has shown its relevance in the formation of integrally skinned membranes by
the dual bath method. In the first bath (with the weak nonsolvent), the polymer concentration
at the outer layer is increased. Coagulation of this film in a strong nonsolvent will not lead to
phase separation in this dense top layer but will lead to phase separation in the sublayer. A
longer immersion time in the first nonsolvent bath will lead to increased top layer thickness.
The sublayer will be relatively symmetric.
In a third case (case C: PSf-THF coagulated in water), small activity differences are also (see
case A) generated in systems with a poor interaction between solvent and nonsolvent. In that
situation small fluxes are generated. Phase equilibrium will eventually give rise to high polymer
concentrations at the interface forming a skin. According to Berghmans' compositions in the
top part of the membrane remain stable and phase separation is only induced at the bottom part
of the film. Also in this case shallow profiles result in symmetric structures. The phase
inversion process will thus give rise to a dense top layer on a symmetric porous layer.
Berghmans [15] argued that this type of delayed demixing occured due to a thermodynamic
rather than a frictional barrier.
This origin of delayed demixing has some consequences on the possibility to produce integrally
skinned membranes by a combination of delayed and instantaneous demixing in a dual bath
process. Also if coagulation would occur from both sides of a polymer solution (e.g. in hollow
fiber production) in which one side is instantaneous demixed, it is questionable based on the
origin of delayed demixing (thermodynamic barrier) if a dense top layer will be formed. In
chapter 8, some experiments are performed to confirm the hypothesis of this thermodynamic
barrier concept.
Calculation of the first moments of immersion are thus not only useful in distinguishing
between instantaneous and delayed demixing systems. At the same time it can give some more
qualitative information on morphological consequences. Delayed demixing can only be linked
to the formation of a dense top layer under certain conditions: the generation of a high polymer
concentration at the interface between polymer solution and coagulation bath.
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4.4.2 Symmetry and asymmetry
Generally instantaneous demixing is accompanied with an asymmetric porous structure;
delayed demixing with symmetry in the porous part. The type of top layer (porous or dense)
and the presence of macrovoids depend not only on delay time as shown in section 4.3.
Delayed demixing is often associated with the formation of a dense top layer. However delayed
demixing structures do not always contain a dense top layer but in all cases an almost
symmetric porous structure in the sublayer is generated. The correlation between diffusion
characteristics in the first moments of immersion and symmetry in the porous part of the
resulting morphology is discussed below.
One aspect not considered yet in literature, namely that the immersion process followed by
diffusion is a one-dimensional problem while demixing is a typical three dimensional
phenomenon. A nucleus of polymer lean phase grows and the surroundings of the nucleus are
depleted in nonsolvent and solvent. Nuclei can grow independent of each other until
concentration profiles generated in the polymer rich matrix phase interfere with each other.
This is schematically given in figure 4-12a. As long as the concentration profiles around the
nuclei are independent on the occurrence of other nuclei, growth of nuclei is dominated by the
depletion of material from the surrounding medium. At longer times, the diffusion fields
impinge on each other and growth rate of nuclei is decreased. Such a behavior would
correspond to characteristics which are also found in demixing of bulk solutions ( e.g. by a
temperature quench). In polymer solutions used in this study it can be assumed that diffusion
coefficients stay reasonably high during growth of nuclei. Only around the glass transition, a
sharp decrease in effective diffusion coefficient is expected. This will also be verified in chapter
6.

A

B

Figure 4-12 Growth of nuclei (a) without and (b) with steep concentration gradients across the film
Depletion of components is indicated by grey areas.

When shallow concentration profiles are generated in the film, similar bulk demixing
characteristics are expected. During immersion of a polymer solution in a coagulation bath,
vitrification will eventually lead to arrestment of phase separated structures first at the top side
and at a later moment in the rest of the structure. Since vitrification occurs in both delayed as
instantaneously demixing systems, it is not a sufficient reason to explain the asymmetry or
symmetry of membranes.
In case steep concentration gradients are formed during immersion of a polymer solution in a
coagulation bath, it is questionable whether demixing characteristics correspond to those found
in bulk. Growth of nuclei is dictated by the depletion of solvent and nonsolvent from the matrix
phase. In high concentration gradients, this depletion is mainly dictated by the concentration
gradients over the entire film (one dimensional) rather than by the polymer concentration
around the nucleus (three dimensional). This is illustrated in figure 4-16b. It is therefore
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assumed that the occurrence of a steep concentration gradient of solvent and nonsolvent will
be reflected in the growth of nuclei and thus in the final structure.
For many polymer solutions used to form membranes, the ratio between volume fraction of
nonsolvent and solvent is almost constant at the binodal (see appendix 3). In instantaneous
demixing systems, the solvent and nonsolvent flux are relatively high generating large
concentration gradients in the solution. These profiles will dominate the growth of nuclei.
Composition paths in the initial part of the process will therefore be also representative for the
demixing stage of the process. One-dimensional diffusion (corresponding to diffusion in the
first moments of immersion) has a dramatic impact on three dimensional demixing phenomena.
Only when shallow profiles are generated in the polymer solution (delayed demixing), nuclei in
the entire film will experience the same environment and symmetric structures will arise.
Bulk demixing characteristics were immediately applied to membrane formation [16].
Evolution of light scattering during immersion precipitation was fitted to nucleation and
growth and spinodal decomposition relationships made for phase separation in bulk. Multiple
scattering and a differences in growth rate of polymer lean phases in different layers in the film
were not taken into account. It is questionable whether such approach can be successful.
The interplay between diffusion in the entire film and growth of nuclei, is similar to the concept
of "mushy zones". Mushy zone models were proposed for solidification of water (with an
impurity) [17] and a binary alloy during slow cooling [18]. A similar concept was proposed by
Kimmerle [19] to explain structure formation during membrane formation. The demixing zone
is described in these models by considering only diffusion in one phase. Since during membrane
formation, diffusion coefficients in polymer rich and polymer poor phases are of comparable
magnitude, such analysis is to our opinion not applicable. Other features which must also be
considered during membrane formation are moving boundaries, surface energies and
coalescence of nuclei. This complexity hinders a good mathematical treatment of the process.
Therefore other simulation techniques must probably be considered. In appendix 4, initial
attempts are made using Monte-Carlo simulations to describe the demixing stage of membrane
formation by immersion precipitation.

4.5 Conclusions
In delayed demixing situations, diffusional exchange of components (nonsolvent flux into the
polymer film and solvent into the coagulation bath will not immediately lead to unstable
compositions. This is the main reason for the occurrence of delayed demixing. Morphological
consequences of delayed demixing depend on the origin of this low flux. Three possible origins
are given: case A is associated with low activity differences between polymer solution and
coagulation bath due to high solvent concentrations in coagulation bath, case B with the
generation of a frictional barrier, and case C with the generation of a thermodynamic barrier.
It is assumed that in instantaneous demixing, large concentration profiles can often dominate
the nucleation and growth of polymer lean nuclei. Growth is mainly determined by one
dimensional diffusion in the entire film resulting in asymmetric structures. In delayed demixing
systems, shallow concentration profiles will lead to a demixing characteristics comparable to
demixing in bulk solutions. Symmetric structures are generated.

Mass transfer during immersion precipitation in multicomponent polymer solutions

79

4.6 List of Symbols
ci
Dij
Ji
L
Lij
m
R
Rij
R
T
x
y
Vi
Mi

:
:
:
:
:
:
:
:
:
:
:
:
:
:

concentration of component i
binary diffusion coefficient between component i and j
volume flux of component i relative to polymer
matrix of phenomenological coefficients
matrix element ij of matrix L
spatial coordinate in polymer fixed reference system
matrix of friction coefficients (inverse of L)
matrix element ij of matrix R
universal gas constant
temperature
spatial coordinate in cartesian reference system in polymer solution
spatial coordinate in coagulation bath
molar volume of component i
molar mass of component i

[kg m-3]
[m2 s-1]
[m s-1]

φi
µi

:
:

volume fraction of component i
chemical potential of component i

[-]
[J mol-1]

subscripts
PS
:
CB
:

[-]
[m]
[J K-1 mol-1]
[K]
[m]
[m]
[m3]
[g mol-1]

polymer solution
coagulation bath
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Appendix 4: Monte-Carlo simulations, a tool to model
membrane formation

Summary

Modeling of membrane formation by immersion precipitation
including the demixing step is possible using particle based
simulations. Results of Monte-Carlo simulations, similar to those
performed by Termonia [1], are given for various circumstances.
These MC simulations are performed on a mesoscopic scale, using
input parameters derived from macroscopic properties.
Combining numerical simulations and Monte-Carlo simulations in a
so-called hybrid model, can lead to increased computing efficiency.
At the same time other processing steps prior to immersion, e.g.
evaporation step, can be taken into account.
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A4.1 Introduction
A4.1.1 Including demixing in a model
Membrane formation by immersion precipitation is automatically associated with demixing
phenomena. As explained in chapter 4, models to describe this process often only describe the
initial part of the diffusion process before onset of demixing. However, since the main aim of
the modeling is to explain structure formation, it is desirable to take into account the demixing
process as well. Only when this can be done in a quantitative manner, it will be possible to
predict quantitatively morphological elements based on theoretical considerations. Until then, a
part of the interpretation of modeling results must be done on the basis of empirical
correlations between model and experiment. Although, this approach can give some insight in
the formation process (see chapter 4), only some qualitative aspects be predicted. Macrovoids
often occur when large concentration gradients of nonsolvent are present in combination with
the generation of polymer lean phase nuclei (see appendix 5). The formation of a dense top
layer can be predicted, etc.. However, important information (pore size, interconnectivity,
(a)symmetry) can not be extracted directly from numerical modeling. Since in immersion
precipitation, diffusion is both responsible for the change in local composition in the film as
well as for demixing, no decoupling can be made between the two processes. The assumption
that diffusion is governed by only one phase (polymer rich phase) can in many cases not be
made since friction coefficients only change drastically at reasonable high polymer
concentrations for many membrane forming systems. A mushy zone approach is therefor not
very suitable to describe these kinds of processes (liquid-liquid demixing).
A4.1.2 Particle based simulations
During the phase inversion process, a homogeneous solutions is transformed into a
heterogeneous medium. When the polymer solution is not represented by a continuous
medium, but instead by different particles, problems of heterogeneity can be overcome. Two
different particle based simulations were presented in literature which will be discussed briefly
here.
A4.1.2.1 Kamide et al.
The first attempt to use particle based simulations to describe phase inversion processes was
presented by Kamide et al. [2-5]. A Monte-Carlo simulation was used to describe the
movement of clusters of polymer during drying of polymer solutions. Two particles could form
a larger particle or agglomerate when they came in contact with each other. Since only very
dilute polymer solutions were simulated in this way, this type of process corresponds in
practice to the formation of a latex structure (figure 1-1). The same latex structure is found in
the simulations. Pore size of these latex membranes formed during the simulation were
determined from the minimum space between the different particles. Since membrane
formation by immersion precipitation generally uses higher polymer concentrations where
already in a starting situation the polymer particles would touch each other, this type of
simulation was not pursuit.
A4.1.2.2 Termonia
Another model was proposed by Termonia, [1, 6, 7]. His simulations were typically performed
to describe the immersion precipitation process and proper polymer concentrations were used.
Since his model is used in the rest of this appendix, a more detailed description of the model is
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given in the next section. Besides immersion precipitation, a similar concept was followed by
Termonia [8] to describe thermally induced phase separation.
A4.2 Model
To model structure development in phase inversion membranes, one should consider at least
two aspects in deciding on which scale to model. In the first place, the size of particles must be
chosen in such a way that diffusion can be described to a reasonable good degree. Ideally,
particles would represent atoms or molecules and the chemical nature of the particles can be
taken into account. However this is not necessary since simulating the motion at this level
(time scale) is not of primary importance for the process.
Since it must be possible to simulate structure formation on a much larger scale, the number of
particles in the simulation is restricted due to computational restrictions. Typical structures
encountered during membrane formation by phase inversion are pores (up to 0.1 µm ), a dense
skin (up to several micron), macrovoids (up to several micron) and nodules (~50 nm).
Choosing the size of particles in the simulation will become a trade-off between these two
scales.
The approach presented by Termonia is followed here. Since a rectangular lattice is simulated,
a particle is represented by a polymer molecule, the largest molecule in the system. Nonsolvent
and solvent are represented by clusters of similar molecules. The size of a polymer particle is
said to be 20 nm.
Simulations are performed on a two-dimensional rectangular lattice of 150 x 1000 particles ( ~
3 x 20 micron). With this large amount of particles, reasonable times can be simulated in the
process, while some structure development can still be shown. Although a three-dimensional
lattice would reflect the diffusion process during immersion precipitation better, simulation
time (CPU) would increase with a factor 150 (150x150x1000), by which it would become
impossible to simulate reasonable "experimental" times. The analogy made by Termonia
between this two-dimensional simulation and a two-slide experiment fails knowing that film
thickness between the two slides is many hundreds of microns. These experiments can still be
considered as three dimensional.
Media used in immersion precipitation, polymer solution and coagulation bath, are represented
in two neighboring parts of the simulation lattice as represented in figure A4-1. In the results
shown later, only polymer particles are indicated (black dots). The two parts of the lattice are
randomly filled with a certain number of particles corresponding to the initial volume fractions
in both polymer solution and coagulation bath.
PSPSSP
SPSSSP
SSPPSS
periodic S P S S P S periodic
boundary P S S P S S boundary
PSPSSS
SSSPSP
polymer solution
SPSSPS
NNNNN
coagulation bath
NNNNN

2 4
1 A B 6
3 5

1
2 A 3
4 B 5
6

Figure A4-1 Schematic representation of polymer solution and coagulation bath. Polymer, solvent
and nonsolvent particles are represented by P,S and N respectively. The environment (particles 1 to
6) of a neighboring pairs AB depends on the orientation of this pair.
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At the left and right of the simulation lattice, periodic boundaries are posed. At the coagulation
bath edge of the lattice (bottom), a constant concentration is assumed corresponding to the
bulk composition. At the polymer solution edge of the lattice (top), also a constant bulk
composition is assumed.
1
2 A 3
4 B 5
6

1
2 B 3
4 A 5
6

Figure A4-2 Schematic representation of exchange process for neighboring pairs

Diffusion is simulated by the following procedure:
1. random choosing two neighboring particles A and B
2. determining the environment of this pair, 1-6
3. determining the exchange probability pAB in this situation
4. generating a random probability prandom
5. exchanging the particles if prandom > pAB
6. overall time incremented with time corresponding to one step
7. repeating the previous procedure
The exchange probability pAB is defined on the basis of the energy difference between the initial
and final states in the environment α (particles 1 to 6) and the mobility of the particles. The
energy difference is calculated according to equation A4-1.

(

)

(

3
6
∆E AB ,α = E AB, α − E BA,α = ∑ εiA − εiB − ∑ εiA − εiB
i =1
i=4

)

(A4-1)

An exchange rate, vij->ji,α ,can be calculated using a Boltzmann exponent for the energy
difference according to equation A4-2.
vij → ji ,α =

Dij
 1

∆Eij ,α 
exp
 2 kT

δx 2

(A4-2)

The exchange probability pij->ji,α is defined as ratio between the exchange rate for a particular
pair, vij->ji,α, and the highest exchange rate in the system, vmax.
pij → ji , α =

vij → ji , α
vmax

(A4-3)

Knowing the highest exchange rate, the time corresponding to each possible exchange is
defined in equation A4-4.
1
(A4-4)
t1step =
vmax N
To mimic the effect of polymer coagulation, polymer clusters (row) can move at once during
the diffusion process. The rate of exchange is assumed linear dependent on the number of
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polymer particles which are involved in the exchange process. Although no good physical
explanation is given for this procedure, Termonia states that several other dependencies do not
influence the result drastically. In our simulations we use the same procedure.
1
2 A 3
4 P 5
P
P
P

1
2 P 3
4 P 5
P
P
A

Figure A4-3 Schematic representation of exchange process for neighboring pairs in which a row of
polymer particles is involved

Important input parameters are the energies between the different particles. Using a quasichemical approximation [9], these interaction parameters ε can be derived from mixing data of
binary solutions. Interaction parameter between polymer and solvent is set to 0. Based on the
calculation of position of spinodals using the quasi-chemical approximation and comparison
with the position of spinodal calculated using the Flory-Huggins model (and its corresponding
interaction parameter), the interaction parameter between polymer an nonsolvent is
determined.
A4.3 Hybrid model
The great advantage of Monte-Carlo simulations over numerical models is that heterogeneity is
easily incorporated in the first one. A major drawback of the particle simulation technique is
that the simulation time (CPU's) is enormous compared to numerical times. In this work, the
method of Termonia is adapted to allow the description of the diffusion for longer
experimental times. This is achieved by incorporating a numerically calculated diffusion profile
at the beginning of the simulation. For a numerical simulation, typical calculation times are in
the order of minutes to hours where in the present MC simulations, this is typically several
weeks. Therefor, a combination is suggested between numerical results and Monte-Carlo
simulations.
As long as no demixing is induced in the film, the film can be regarded as a continuum.
Numerical profiles can thus be introduced in the starting grid of the MC simulation. The
argument that during the first moments of immersion, local ordering (non-random mixing
approximation) already occurs, is not taken into account. In the MC-simulations performed by
Termonia the lattice was also randomly filled and a random mixing approximation is thought to
give rise to similar errors for both pure MC as well as the hybrid technique. Incorporation of
concentration profiles into the simulation has also the advantage that other processes like
evaporation or vapor sorption prior to immersion, can be taken into account. In the next
section, results of both approaches are given.
A4.4 Results and discussion
Simulations were performed for three different situations: instantaneous demixing, delayed
demixing using a weak nonsolvent and the incorporation of a evaporation step prior to
immersion into a strong nonsolvent bath. The different input parameters for the simulation are
given in table A4-1.
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Table A4-1 Input parameters for various simulations 1 :nonsolvent- 2: solvent - 3: polymer

ε12 /kT [-]
ε13 /kT [-]
ε23 /kT [-]
D12 [m2 s-1]
D23 [m2 s-1]
D13 [m2 s-1]
δx [nm]

MC1
0.77
2.8
0
10-9
1.3 10-9
1.3 10-9
20

MC2
0.77
1.6
0
10-5
1.3 10-9
1.3 10-9
20

MC3
0.77
2.8
0
10-5
1.3 10-9
1.3 10-9
20

A4.4.1 Instantaneous demixing systems
In table A4-1 (MC1), the different parameters are summarized which were used to simulate the
immersion of PSf -NMP film into a water bath. In figure A4-4, the resulting structure is shown
after 0.01 seconds.

Figure A4-4 Result of Monte Carlo simulation of immersion of polymer solution (20 v% polymer) into
pure water bath [~ Termonia]. Total simulation time was 0.01 s. Parameters are given in table A4-1
(MC1).

From figure 4A-3, it becomes clear that in these situations, skinning seems to occur
accompanied with the generation of porosity in the film. Compared to simulations done by
Termonia, structures resembling macrovoids are smaller. Probably this is due to small
differences in programming and the choice of the system.
A4.4.2 Delayed demixing systems
For delayed demixing systems, it is known that large delay times are expected which cannot be
simulated by a simple Monte-Carlo simulation. For these systems, a hybrid model was used.
Concentration profiles calculated according to the procedure mentioned in chapter 4, are
translated into a rectangular lattice. No demixing was observed in these systems, the polymer
concentration in the top layer was acted as a diffusion barrier resulting in almost an identical
morphology after the simulation. Only the polymer concentration was increased. This is shown
in figure A4-5. Parameters used for the simulations are summarized in table A4-1.
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c)

Figure A4-5 (a) Initial starting grid (numerical profiles included) and (b)result of hybrid simulation
of immersion process (25 v% polymer) Total simulation time was 0.01 s. (c) result of pure MC
simulation 0.1 s. Diffusion coefficients and energies are listed in table A4-1 (MC2).

Since no dependence on the presence of a glass transition was incorporated, it is though that in
these circumstances, the polymer concentration in the simulated film is higher than in reality.
A4.4.3 Including an evaporation step
In this case, a short, hypothetical evaporation step is included to generate a concentration
profile in the polymer solution prior to immersion for a solution corresponding to the
instantaneous demixing system (table A4-1). Figure A4-6 represents the different
morphologies.
a)

b)

Figure A4-6 (a) Initial starting grid (numerical profiles of hypothetical evaporation step included)
and (b) result of hybrid simulation of immersion process (20 v% polymer) Total simulation time was
0.01 s. Diffusion coefficients and energies are listed in table A4-1 (MC3).

It was shown that an increased polymer concentration at the topside of the polymer solution, is
not sufficient to stop demixing phenomena to occur. In this case, macrovoid-like structures
arose more clearly then in our simulations of immersion precipitation without a higher polymer
concentration.
In general simulation efficiency is low. Especially in cases were a dense toplayer is formed
(delayed demixing case described in A4.4.2), Monte Carlo simulations are not a very suitable
for the description of the immersion precipitation process. Even when a hybrid simulation is
performed.
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In the past many techniques were developed to enhance simulation efficiency. Many of these
techniques are especially useful in determining thermodynamic properties. To describe the
immersion precipitation process, many of these techniques can not be applied because of
asymmetry and the fact that the system is not closed. Improvements in simulation efficiency is
the major concern if longer times need to be simulated.
It is also recommended that non-random mixing approximations are considered in future.
Simulations techniques on a smaller scale, off-lattice and in three dimensions, e.g. use of
dissipative particle dynamics, can be interesting tools to look e.g. at the formation of nodular
structures or the response of polymer solutions to rapid changing environments. The size of
these structural elements are too small to be modeled with continuum methods.
A4.5 Conclusions
Particle simulations were performed to describe the demixing stage of the immersion
precipitation process. Using a simple two-dimensional lattice model, diffusion between
coagulation bath and polymer solution is described on a mesoscopic scale. A random mixing
approximation was assumed for the starting lattice. Combining numerical profiles with MC
simulations in a hybrid model, allows to decrease simulation times considerably and other
processes prior to immersion (in this work a imaginary evaporation step) can be incorporated.
Empirical derived correlations between initial moments of immersion and the resulting top
layer morphology are also simulated. Depending on the interaction energies between the
different components, open or closed top layers are generated.
Monte-Carlo simulations were shown to be useful and promising in describing the immersion
precipitation process. Improvements on the physical background and implementation of the
different parameters will further increase the correspondence with morphology development in
practice. Although due to computational problems, the simulation is restricted to two
dimensional simulations, three dimensional simulations are probably needed to get good
correspondence to reality. Using two dimensional simulations, it is believed that only
qualitative information can be gathered concerning the morphological elements.
A4.6 List of symbols
DAB : binary diffusion coefficient
EAB,1-6 : energy associated with pair AB in environment 1 to 6
εij
: interaction energy between particles i and j
pAB,1-6 : exchange probability of pair AB in environment 1 to 6
prandom : random exchange probability
vAB,1-6 : exchange rate of pair AB in environment 1 to 6
vmax : highest exchange rate in the entire system
δx
: lattice dimension , length of 1 lattice site
t1step : time increment associated with 1 simulation step

[m2 s-1]
[ ]
[ ]
[-]
[-]
[m s-1]
[m s-1]
[m]
[s]
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5. Membranes prepared by phase inversion in
multi-component polymer systems

Summary

Membrane formation by immersion precipitation yield different
morphologies depending on the choice of the components and
their concentrations in polymer solution and coagulation bath. A
systematic study has been performed to determine the influence of
a fourth component on membrane formation. This extension to
quaternary systems can clarify some mechanistic aspects which
also occur in ternary systems.
Polysulfone was chosen as polymer due to its divers and extensive
use as membrane material: from dense gas separation membranes
to ultrafiltration membranes. The solvent - additive - nonsolvent
systems studied are N-methylpyrrolidone (NMP) - tetrahydrofuran
- water, NMP - chloroform - water and NMP -isopropanol - water.
Different mechanisms for delayed demixing are demonstrated to
be a skinning effect (frictional resistance), a low solubility and a
reduced driving force for diffusion. This difference in mechanism
can be utilized in formation processes where top layer formation
is desirable or undesirable.
For quaternary systems, the solubility-constraints on the choice of
the different solvents are relaxed. Glass transition depression by
the presence of solvents proved to be an important factor in this.
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5.1 Introduction
In diffusion induced phase separation, polymer systems minimally composed out of a solvent, a
nonsolvent and a polymer has to be used. A polymer solution is cast as a thin film or extruded
as a hollow tube and immersed into a coagulation bath containing a nonsolvent. The entire
process is governed by diffusion of the various low molecular weight components. Due to
exchange of solvent and nonsolvent between polymer solution and coagulation bath, the
composition in the film is changed and phase separation is induced. After some time, the
composition of the polymer rich phase reaches the glass transition composition and the system
solidifies. Due to this last mechanism, the morphology is frozen in at that point [1]. In case of
an amorphous polymer, the system will vitrify when the composition of the polymer rich phase
surpasses the glass transition. For semi-crystalline polymers, a change in composition can
either lead to vitrification or crystallization [2-4].
Membrane formation is a superposition of different phenomena: diffusion in a polymer
solution, surface effects during phase separation (nuclei have a curved surface) and structure
arrestment. Quantitative predictions how morphologies ( and thus membrane performance) are
effected by original compositions of polymer solution and coagulation bath as well as by
preparation conditions, e.g. temperature and film thickness, is until now impossible.
Nevertheless, important qualitative trends can empirically be found by a systematic variation of
various parameters to correlate theoretical predictions and membrane morphology.
Although there are certain constraints on the choice of the three different components. In
ternary systems, components must be miscible with each other over the entire concentration
range except the nonsolvent-polymer pair [5]. Phase separation into a polymer rich and a
polymer poor phase must be possible in the film (forming two continuous phases) on a
reasonable time scale. Immersion of a mixture of two polymers in a low molecular weigth
nonsolvent will not result in a macroscopic phase separated structure. The resulting membrane
must be mechanically stable to be applied in a membrane process. This corresponds to an
effective solidification. In practice, this means that besides thermodynamic properties, certain
kinetic and mechanical characteristics are required.
Industrial polymer solutions contain many components to obtain the necessary properties for
preparing membranes with specific membrane characteristics. Small changes in the composition
or processing may have rigorous effects on the membrane performance. Some of the effects of
the different components can be predicted by thermodynamic or kinetic considerations, others
not. The aim of this part of our work is therefore to study formation phenomena in a
systematic way.
In ternary nonsolvent-solvent-polymer systems, the limited degree of freedom in choice of
composition limits a systematic change of a particular composition. An extension to four
component systems with only one membrane forming polymer, allows a decoupling between
different properties. Besides the use of salts [6] and complexing components [7], an extra
solvent or nonsolvent can be added, either with a low or high molecular weight. The latter one
has been studied in detail by Boom et al. [8, 9] for a system composed of a nonsolvent, a low
and high molecular weight solvent and a membrane forming polymer.
Many studies found in literature [10-15] were concerned at looking at the influence of addition
of small concentrations of various components on membrane structure. These additives often
showed highly specific interactions with one of the three other components. This study tries to
span all compositional variations possible for three distinct situations using ordinary solvents or
nonsolvents, as discussed in chapter 3. The quaternary systems were chosen in such a way that
two ternary nonsolvent-solvent-polymer systems were combined which gave respectively

Membranes prepared by phase inversion in multicomponent solutions

93

instantaneous and delayed demixing. Trends can be compared to results of membrane
formation modeling described in chapter 4.
A first case discusses the influence of a nonsolvent mixture in the coagulation bath. The
nonsolvents apart lead to either a porous structure or a dense top layered structure. A second
situation describes the use of two solvents whose interaction with the nonsolvent is different
but which are both still miscible in all compositions with the nonsolvent. The third case is the
use of an extra solvent as a fourth component, which is incompatible with the nonsolvent. The
systems corresponding to the three cases are water- isopropanol (IPA) - N-methylpyrrolidone
(NMP) - polysulfone (PSf), water - NMP -tetrahydrofuran (THF) - PSf and water- NMP chloroform - PSf respectively.
Experimental techniques which have been used in this study are light transmission experiments,
"two-slides" experiments and SEM analysis of final structures.

5.2 Experimental
All polymer solutions were freshly prepared by adding the components together and stirring
until a homogeneous mixture was obtained. Solutions prepared with THF turned turbid after a
few days due to crystallization of the low molecular fraction of the polymer [16]. These
crystallites were observed by polarized microscopy. By using only freshly prepared solutions
the influence of the crystallization was thought to be avoided.
Membranes were prepared by casting the polymer solution on a glass plate with a casting knife
of 150 µm. The coagulation bath was 23oC. After coagulation, the membranes were contained
for some time in a nonsolvent bath to ensure solvent removal. In all cases, this nonsolvent was
water, except when chloroform was used as a solvent in the polymer solution. In these cases,
IPA was used. Afterwards the membranes were dried in vacuum and freeze fractured. Cross
sections of these membranes, coated with a thin gold layer (Balzers Union sputter unit) were
analyzed using a JEOL 35CF scanning electron microscope.
Delay times were measured according to Reuvers et al [17]. Phase separation gives rise to
scattering of light, which can be followed by measuring light transmission, T, through the
polymer solution after immersion into a coagulation bath. Set-up and transmission curve are
schematically given in Figure 5-1.
(a)

Light
source

(b)

1

T [-]

0
Detector

Recorder

tdelay
time

Figure 5-1 Schematic representation of (a) light transmission set-up and (b) light transmission curve
for immersion precipitation process in which delay time is indicated.

The delay time is defined as time needed before light scattering is induced, detected by a light
transmission decrease. The delay time for a particular system is not unambiguously defined,
since it highly depends on the thickness of the cast polymer solution. The thickness should be
mentioned, although the use a standard thickness (e.g. 150 µm) is suggested. These
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experiments give also some extra information, although not quantitatively, about the rate at
which the polymer solution demixes.
Processes undergoing instantaneous demixing are characterized by a instantaneous light
transmission decrease, indicating the generation of many scattering nuclei. If light transmission
is not decreased, it can be concluded that not many large nuclei are generated that can scatter
light.
The two slide experiment, originally developed by Matz [18], is depicted in Figure 5-2.
(a)

Microscope

(b)

NS
S

Figure 5-2 Schematic representation of “two slides experiment”
in (a) cross sectional view and (b) topview

Since phase separation leads to light scattering, the demixing zone penetration can be followed
in time. If macrovoids are generated, these can also be detected not only by scattering in case
of demixing but also since the composition at both sides of the macrovoid differs, by reflection
at the walls of the macrovoid. Due to capillary forces, quantitative interpretations of the
different diffusion behaviors must be treated with some care. In this study, this technique has
been used for qualitative information.
SEM analysis of the morphologies of polymer films can reveal different structural elements:
film thickness, presence of dense toplayer, cellular or co-continuous structure, cell size,
asymmetry in the structure and occurrence, length and width of macrovoids. All these features
can be observed in cross-sectional view of the polymer film.
Considerations on mechanisms influencing macrovoid formation have been described in
appendix 5A.

5.3 Results and discussion
5.3.1 System water, isopropanol, N-methylpyrrolidone, polysulfone
5.3.1.1 Choice of system
The components of this particular quaternary system are widely used in membrane
preparations. Water as a nonsolvent induces instantaneous demixing, while IPA gives rise to
delayed demixing. This is thought to arise from the difference in interaction parameter between
nonsolvent and polymer (gwater-PSf=2.5, gIPA-PSf=1.75). Through these different demixing
regimes, also different structures are generated which can be distinguished from each other.
Combinations of water and IPA are expected to give rise to an intermediate behaviour.
Nonsolvents other than IPA which induce delayed demixing and often used in commercial
membrane preparation are higher alcohols like butanol, pentanol and glycerole [19, 20]. In
combination with water as the main coagulant, use of these species would lead to cumbersome
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problems like immiscible nonsolvent mixtures, low diffusion coefficients and association
effects.
5.3.1.2 Delay times
Immersion of PSf-NMP solutions into water leads to instantaneous demixing for reasonable
polymer concentrations ( < 50 w%). Immersion of these solutions into IPA will induce delayed
demixing. Light transmission curves, given in Figure 5-3, show that high amounts of IPA are
needed in the coagulation bath to give rise to delayed demixing. Increasing polymer
concentration will shift the delayed demixing regime to higher water concentrations in the
coagulation bath. At 15 w% PSf in NMP, instantaneous demixing is achieved at a ratio
between the two nonsolvents qB of 0.96 while that at 25 w% PSf is at a ratio of 0.90.
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Figure 5-3 Light transmission curves representing membrane formation using PSf-NMP solutions ((a)
15 w% (a) and (b) 25w% PSf) during coagulation in various water-IPA mixtures. The different
symbols explained in the figure show the ratio between water and IPA (qA).( qA=0: water, qA=1 :IPA)

Large additions of water and IPA to the polymer solution will lead to instantaneous demixing
independent on the composition in the coagulation bath (results not shown).
5.3.1.3 Morphologies
For nonsolvent mixtures, having a component with a high interaction parameter (water) and
one nonsolvent with a relative low interaction parameter (IPA), a systematic morphological
study is carried out.
Immersion of binary solution in pure nonsolvent
From ternary membrane forming systems, it is known that if the interaction parameter between
nonsolvent and polymer is increased, structure changes from a nonporous top layer with a
cellular structure beneath to an open, porous membrane. The system chosen in this study
confirms these results as can be seen from figure 5-4. In this figure two series of membrane
structures are shown obtained from immersion of PSf-NMP solutions with different polymer
concentrations in water and IPA respectively.
Immersion of binary solution in mixture of two nonsolvents
In figure 5-5, cross-sections are shown of membrane structures formed by immersion of PSfNMP solutions in mixtures of water and IPA. For both 15 w% to 25 w% PSf, the morphology
of the top layer changes from porous to dense if the amount of IPA is increased in the
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coagulation bath. Figure 5-6 schematically gives the influence of the nonsolvent mixture
composition on the extent of macrovoids in the film relative to membrane thickness.

10 w% PSf

15 w% PSf

20 w% PSf

25 w% PSf
Figure 5-4 Membrane structures prepared by coagulation of different PSf solutions (polymer
concentration indicated) into (a) water and (b) IPA
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100:0
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60:40

40:60

20:80

0:100
Figure 5-5 Membranes prepared from PSf-solutions (resp. 15 w% (left) and 25w% (right) PSf
in NMP) by coagulation into mixtures of water and IPA (ratio indicated).
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The length and width of macrovoids change for various nonsolvent mixtures. If the IPA
content is increased in the coagulation bath, the number of macrovoids and the relative length
of the macrovoids decrease (figure 5-5). This observation can be made over a polymer
concentration range of 10 to 30 w% PSf in NMP. An increased polymer concentration will
tend to give rise to broader macrovoids, extending over a shorter distance into the polymer
film.
A significant increase of cell size is observed from top layer towards the bottom layer of the
membrane. In the middle of the membrane the largest cells are observed, indicating the
influence of the finite film thickness. Film thicknesses are almost independent on the
composition in coagulation bath but depend on original polymer concentration.
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Figure 5-6 Relative extent of macrovoids in films prepared by immersion of NMP-PSf solutions in
different water-IPA mixtures for various polymer concentrations in the casting solutions. ( 5 30 w%
, 3 25 w% , /. 15 w% and 0 10 w% PSf in NMP).

Immersion of ternary solution in nonsolvents baths
Macrovoids are suppressed when water or IPA are added to the polymer solution as can be
derived from Figure . The addition of 15 w% of IPA in the polymer solution is sufficient to
suppress macrovoid formation by coagulation in water and to generate a porous asymmetric
structure. The addition of water (compared to the nonsolvent composition at the cloud point
curve) is less efficient in the suppression macrovoids but what becomes clear is that the
interconnectivity increases more drastically. Addition of large amounts of water and immersion
in IPA gives rise to macrovoid free membranes with a high interconnective structure.
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20 w% PSf in NMP coagulated in water

20 w% PSf and 5 w% water in NMP coagulated in water

25 w% PSf and 10 w% IPA in NMP coagulated in water

25w% PSf and 15 w% IPA in NMP coagulated in water

20 w% PSf and 5 w% water in NMP coagulated in
water/IPA (1:1)
Figure 5-7 Membranes prepared from PSf-solutions with various amounts of nonsolvent added by
coagulation into water-IPA mixtures. Composition of polymer solution and coagulation bath are
indicated
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5.3.2 System water - N-methylpyrrolidone - tetrahydrofuran - polysulfone
This particular quaternary system contains a volatile and a nonvolatile (or better a less volatile)
solvent. The same components were used by Pesek et al. [21, 22] (in combination with
ethanol) to prepare integrally skinned membranes by the dry-wet process. According to the
latter authors, evaporation of THF by forced convection induces an already formed mechanical
stable layer by liquid-liquid demixing. THF is an interesting solvent since it combines volatility,
water miscibility and polymer dissolving properties. Often volatile solvents for polymers are
not miscible with water. Up to now it was thought that this limited the choice of the volatile
solvent. Possibilities for membrane formation using nonsolvent immiscible solvents will be
discussed in section 5.5.
An similar low molecular weight combination was used by Mulder et al. with brominated PPO
[23] and Drioli et al. with PEEKWC [24] as membrane forming polymer to prepare integrally
skinned membranes by a modified dry-wet process. In the latter processes gelation is induced
by evaporation of THF. Through solid-liquid demixing, a gelled layer is formed in which the
crystalline parts act as crosslinks to prevent liquid-liquid demixing in the toplayer. Pure water
was in all cases used in the coagulation bath.
Other examples of solvent mixtures often do not give rise to large morphological changes as a
function of the ratio between the two solvents. By considering the system water-NMP-THFPSf, the influence of solvent mixture on membrane morphology will originate strongly from
different interactions between solvent and nonsolvent (gwater-NMP ≈ 1.0; gwater-THF ≈ 1.4). As will
be shown in the next section, water-NMP-PSf systems give rise to instantaneous demixing,
while water-THF-PSf systems give rise to delayed demixing. For the two nonsolvent case,
mixtures of nonsolvents in the coagulation bath were mainly considered. In this part, two
solvents will mainly be applied in the polymer solution.
5.3.2.1 Delay times
Immersion of NMP-PSf solutions in water gives rise to instantaneous demixing, while THF
solutions to delayed demixing. As in the case of water-IPA mixtures, delayed demixing occurs
at high THF concentrations in the solvent mixture. No evidence was found during two-slide
experiments that a dense or demixed toplayer is forming during the immersion process. Unlike
the case water-IPA, poor miscibility between THF and water (although miscible in all
compositions) is thought to be sufficient to reduce exchange of THF and water between
polymer solution and coagulation bath on the basis of diffusion calculations in chapter 4.
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Figure 5-8 Light transmission curves representing membrane formation using PSf-solutions ((a) 15
w% (left) and (b) 25w% PSf) with various ratios NMP:THF during coagulation in water. Different
symbols indicate the relative THF concentration in the solvent mixture (qB=0 no THF, qB=1 no NMP)
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For increasing polymer concentrations, the transition between delayed and instantaneous
demixing regimes shifts to higher amounts of NMP in the solvent mixture as can be observed
from the difference between Figure a and b for a water-IPA concentration of 0.9.
It was not possible to obtain light transmission decreases from PSf- THF solutions probably
due to the generation of a small amount of (scattering) nuclei.
Addition of large quantities of nonsolvent (water) to the original polymer solution will induce
instantaneous demixing irrespective of the NMP-THF ratio (results not shown).
5.3.2.2 Morphologies
Immersion of binary solution in pure nonsolvent
In figure 5-9 membrane structures are presented prepared from NMP-PSf and THF-PSf
solutions respectively coagulated in water for various polymer concentrations. In case of NMP
as the solvent (ternary system), the obtained membrane contains large conical voids, better
known as macrovoids, which are typical for membranes prepared by fast demixing.
Macrovoids range across the entire cross section of the membrane. Between macrovoids, an
open porous structure is formed. The number of macrovoids per unit volume decreases with
increasing polymer concentration. In case of THF as solvent, the entire film is almost a dense
film. Most trends observed in other ternary systems can be applied to these systems as well. No
good mechanical stable films could be cast from THF solutions with a low polymer
concentration ( < 17 w%).
Immersion of ternary solution (NS-S-P) in pure nonsolvent
It is known from ternary systems that a polymer solution with a good interaction between
solvent and nonsolvent, will give rise to instantaneous demixing films, while in the case of a
worse interaction delayed demixing will occur. In most cases, instantaneous demixing is
accompanied with the formation of a porous top layer; delayed demixing with a dense top
layer. However, when PSf-THF-water systems are immersed in water, instantaneous demixing
can be accompanied with a dense top layer as can be observed from figure 5-10.
In this figure, different morphologies are shown of films prepared with different water
concentrations in the casting solution. When a system is used with a poor interaction between
solvent and nonsolvent, a striking characteristic of morphology is that dense layers are formed
with isolated pores. Cell walls in these cases are sometimes [25, 26] of comparable scale as the
thickness of the dense top layer. On the basis of only the morphology, no distinction can be
made on the mechanism that causes top layer formation. From dual layer spinning experiments
described in chapter 8 [27], as well as two-slides experiments (no results shown), no evidence
is found for the formation of a diffusional barrier between polymer solution and coagulation
bath as the reason for delayed demixing in PSf-THF-water systems. Although, this is not a
prove of the proposed mechanism that poor miscibility is sufficient for delayed demixing
(chapter 4), this observation certainly points into that direction.
Immersion of ternary solution (2S-P) in pure nonsolvent
Based on morphologies obtained in ternary systems and some insight in the mechanism for
instantaneous and delayed demixing, intermediate changes in morphology are expected for
solvent mixtures. However, no precise predictions of morphologies of quaternary systems can
be made on this basis. Therefore, a systematic study has been performed by examining the
morphological changes of immersion precipitated films from PSf-NMP-THF mixtures
coagulated in water.
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15 w% PSf

20 w% PSf

25 w% PSf
Figure 5-9 Morphologies of films prepared from PSf-solutions ((a) NMP and (b) THF as solvent) with
various polymer concentrations by coagulation in water. Polymer concentration is indicated.
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20 w% PSf in NMP coagulated in water

20 w% PSf and 5 w% water in NMP coagulated in water

20 w% PSf in THF coagulated in water

20 w% PSf 5 w% water in THF coagulated in water
Figure 5-10 Morphologies of films prepared from PSf-solutions (20 w% PSf) in (a) NMP and (b) THF
with various amounts of water in the casting solution by coagulation in. water
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Figure 5-11 Membranes prepared from PSf-solutions (resp. 15 w% (left) and 25w% (right)PSf) with
various ratios NMP:THF by coagulation in water.
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In figure 5-11, two series of membrane morphologies are shown prepared from ternary NMPTHF-PSf solutions (with polymer concentrations of 15 and 25 w% PSf respectively) immersed
in water. Morphological elements which have been distinguished are: film thickness, extent of
macrovoids and maximal width of macrovoids (if present), cell size at the toplayer and the cell
size of the porous structure at the support side of the film. Thickness differences and relative
extent of macrovoids have been summarized in figures 5-12 and 5-13.
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Figure 5-12 Thickness of membranes prepared from PSf-solutions (resp. 15 w% (diamond), 20 w%
(filled square), 25w% (circle) and 30 w% (square)PSf) with various ratios NMP:THF by coagulation
in water. Casting thickness was 150 µm.
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Figure 5-13 Relative extent of macrovoids in membranes prepared from PSf-solutions (resp. 15 w%
(square) and 25w% (diamond)PSf) with various ratios NMP:THF by coagulation in water

For increasing THF percentages in the solvent mixture, not only the number of the macrovoids
diminish but macrovoids also broaden. Composition of solvent mixtures at which no
macrovoids occur anymore shifts to lower THF-content, when polymer concentration in the
casting solution increases. This is opposite to earlier observations in ternary systems. Only for
high THF contents, delay time will increase (figure 5-8). Another interesting feature is the cell
size in the structure in between the macrovoids. For increasing THF-content, cell size changes
from smaller then 0.2 µm to 2 µm, independent of the occurrence of macrovoids. If the
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polymer concentration in the solution is increased, the cell size increases. For higher THF
contents, cell walls become thicker, which can be rationalized on the basis of the tieline
relationships. Composition in polymer lean phase is enriched in nonsolvent when more THF is
present in the polymer rich phase.
Immersion of binary solution (S-P) in coagulation bath containing solvents
For ternary systems, it is known that adding an amount of solvent to the coagulation bath will
lower the tendency to form macrovoids. The morphologies of membranes prepared from PSfNMP solutions immersed into three different coagulation baths were compared: pure water,
NMP addition and addition of a solvent mixture of NMP and THF. In figure 5-14, cross
sections are shown of these films. In case of addition of 50 % NMP to the coagulation bath,
the trend of ternary systems is confirmed. By adding the same total amount of solvent but this
time 25 w% NMP and 25 w% THF, the obtained morphology does not change very much,
although macrovoids are reduced slightly compared to the structure prepared by immersion in
water-NMP. In this case, the driving force for NMP to diffuse into the coagulation bath has
increased while the driving force of water to enter the polymer solution has stayed the same.
No membranes could be formed from PSf-NMP solutions immersed into water-THF mixtures
(50 w%:50 w%).
a)

b)

c)

Figure 5-14 Structure of membranes prepared by immersion of PSf-NMP solution (20 w% PSf) in
coagulation bath with different compositions: (a) water; (b) 50 w% water- 50 w% NMP; (c) 50 w%
water-25 w% NMP-25 w% THF.
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5.3.3 System polysulfone, NMP, chloroform, water
In dry-wet casting, the desired choice of water as coagulant is often restricted by the choice of
a volatile solvent for the polymer [21]. As was already mentioned in section 5.4, THF is one of
the few candidates for such a solvent. THF can however not dissolve every polymer. In these
cases, another volatile solvent or coagulant must be chosen [21].
In this section, another possibility is presented whereby water can still be used as the primary
nonsolvent. This approach is based on three underlying constraints of membrane formation:
miscibility, reasonable diffusional exchanges and generation of mechanical stable structures.
In ternary systems, a prerequisite to form a membrane by immersion precipitation is that all
components are miscible with each other, except the nonsolvent-polymer pair. When
quaternary systems are used, this condition can partially be abolished.
5.3.3.1 Concept
Different situations are schematically represented in figure 5-15.
a)

P

S2

c)
NS

NS

NS

coagulation bath

polymer solution

b)

P

S2

S1

P

S1

S2

S1

support

Figure 5-15 Schematic representation of three different situations in systems containing nonsolvent
(NS)- two solvents (S1) and S2)- polymer (P) with S1 miscible and S2 immiscible with NS; (a) no or
limited exchange between polymer solution and coagulation bath; (b) loss of solvent miscible with
nonsolvent from the film, diffusion of nonsolvent in the polymer film (c) exchange of both solvents and
nonsolvent between polymer solution and coagulation bath

The system water-NMP-chloroform-PSf represents such a system. Chloroform and water are
not miscible with each other. In the ternary system PSf-chloroform-water, solubility of
chloroform (solvent) in water (nonsolvent) prevents exchange of solvent and nonsolvent
(figure 5-15a). No demixing will be induced and the film remains homogeneous.
In quaternary systems with a water miscible solvent (NMP) added to the casting solution (two
solvents-one polymer), nonsolvent can diffuse in the polymer film and the nonsolvent miscible
solvent in the coagulation bath (figure 5-15b). The nonsolvent immiscible solvent will remain
completely in the coagulation bath. Only when demixing is induced and the polymer
concentration in the polymer film becomes high enough so that solidification (in this study
vitrification) can occur, porous structures can be generated. If the amount of nonsolvent
immiscible solvent remains too high, phase separation will proceed and two continuous liquids
will be formed. Small concentrations of nonsolvent immiscible solvent in the original casting
solution however can give rise to membrane structures.
A better approach to deal with the immiscibility constraint, is to add some amount of
nonsolvent miscible solvent to polymer solution and coagulation bath. Hereby, both solvents
can diffuse into the coagulation bath and water can diffuse into the polymer solution (figure 515c). The amount of water soluble solvent must be high enough to allow induction of phase
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separation by diffusion of water into the polymer film. Screening of this possibility can be done
by determining the miscibility gap in the system consisting of NS-S1 and S2 (figure 5-16).
(a)

(b)

S2

S2

stable region

miscibility gap
S1

NS

S1

NS

Figure 5-16 Miscibility curves of system consisting of one nonsolvent and two solvents

In systems corresponding to figure 5-16a, a small addition of S2 to the coagulation bath will
give rise to complete miscibility of S1 in the coagulation bath, while in systems corresponding
to figure 5-16b, miscibility is only increased at fairly large concentrations of S2 in the
coagulation bath.
5.3.3.2 Phase behavior of N-methylpyrrolidone-chloroform-water system
Miscibility of the ternary system NMP-chloroform-water system was investigated. In Figure ,
the experimentally determined miscibility curve at 23 0C is given. Addition of NMP enlarges
the miscibility of chloroform into water and vice versa. At high enough NMP concentrations,
chloroform can diffuse in the coagulation bath leading to membrane formation.
NMP

CHCl3

water

Figure 5-17 Miscibility curve of ternary system chloroform-NMP-water measured at 296K.

5.3.3.3 Delay times
Only films were cast with fairly high amounts of NMP ratios in the solvent mixture (>50 w%).
In the dry-wet process presented by Pesek et al. [21], NMP-THF ratios were always more
concentrated in NMP than in THF. For reasonable PSf concentrations (15 to 25 w% PSf
solutions) and reasonable NMP-chloroform ratios (> 1:1 w/w), in every case instantaneous
demixing was visually observed (light scattering) when in our experiments polymer solutions
were immersed into pure water. This was only accompanied by vitrification if a limited amount
of chloroform was present in the original polymer solution. In most cases, phase separation
eventually lead to the formation of two liquids.
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5.3.3.4 Morphologies
Immersion of NMP-chloroform-PSf solutions in water gave rise to porous, mechanical stable
structures. In figure 5-18a, a SEM image is given of the cross section of such a film. The
minimum ratio between PSf and chloroform in the casting solution that still gives rise to
demixed, mechanical stable structures by immersion in water was determined to be around 3:1
(w/w). Higher chloroform concentrations gave rise to two liquids. This was to be expected
from immiscibility of chloroform and water and glass transition depression.
If NMP is added to the coagulation bath, chloroform can diffuse more easily into the
coagulation bath and vitrification becomes possible for higher chloroform concentrations.
Normal membrane structures are formed from PSf-NMP-chloroform films. A structure formed
in this way is shown in figure 5-18b. Large amounts of NMP in the coagulation bath, (> 80
w%) prevents vitrification. This amount is lowered when higher volume fractions of
chloroform are used in the casting solution. At high volume fractions of chloroform (relative to
that of NMP), structures showed similar characteristics as PSf-NMP-THF solutions immersed
in water. In figure 5-18c, a representative structure is shown. Also immersion of a binary PSfchloroform solution into ethanol gave rise to this type of structure. Addition of water-soluble
solvent to both polymer solution as well as coagulation bath is a suitable alternative for using
another nonsolvent in the coagulation bath.
a)

PS: 15 w% PSf, 5w% chloroform, 80 w% NMP
CB: water

b)

PS: 20 w% PSf,10 w% chloroform, 70 w% NMP
CB: 10 w% NMP - 80 w% water

c)

PS: 25 w% PSf, 37.5 w% chloroform, - 37.5 w% NMP
CB: 25 w% NMP 75 w% water
Figure 5-18 Cross sectional images of morphologies of films prepared by immersion of different
solutions consisting of PSf, NMP and chloroform in different coagulation baths
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5.4 Conclusions
The various variations, such as influence of nonsolvent mixture, solvent mixture, miscibility
and origins of delayed demixing are discussed in this section.
5.4.1 Influence of a nonsolvent mixture
A method to influence membrane morphology is to change the nonsolvent or to use a
nonsolvent mixture. From ternary systems it is known that when a nonsolvent is used with a
very poor interaction with the polymer (strong nonsolvent), porous membranes can be formed,
while in the case of a slightly better interaction (weak nonsolvent), a dense top layer is formed.
By using quaternary systems with two nonsolvents in the coagulation bath, it is possible to
vary morphology of the membranes drastically. It was observed that in case of a mixture of
water and IPA as a coagulation bath for PSf-NMP films, size of macrovoids can be changed
almost linear with composition of the coagulation bath (ratio between IPA and water).
Instantaneous demixing does not necessarily lead to macrovoid formation. At certain waterIPA ratios, immersion of PSf-NMP solutions will lead to asymmetric, macrovoid free
membranes. Delayed demixing in this case always leads to the formation of a dense top layer.
In figure 5-19, a schematic overview is given of the dependence of film morphology on
polymer concentration (polymer concentration varies between 15 and 30 w% PSf) and
composition of nonsolvent mixture in the coagulation bath. Three different regions can be
discriminated, separated by a gradual transition. In region A, asymmetric membranes are
formed with macrovoids. In region B, asymmetric structures are formed but no macrovoids
occur. Only at high IPA concentrations (region C) in the coagulation bath a dense top layer is
formed. From this figure, it can be seen that macrovoid formation is suppressed by an
increased polymer concentration.

B
Polymer
concentration

A

water

C

IPA

Figure 5-19 Schematic representation of the different morphological areas as a function of polymer
concentration and nonsolvent ratio. Films were prepared by immersion of PSf-NMP solutions in
mixtures of water and IPA. (a): asymmetric membranes containing macrovoids, (b): asymmetric
membranes with no macrovoids, ( c) top layered structure with symmetric sublayer

For certain ratios between water and IPA (region B), no macrovoids and no dense top layer
are observed in membrane structures formed by instantaneous demixing. Macrovoids can
therefore also be avoided by use of low molecular weight components.
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5.4.2 Influence of a solvent mixture
Often a variation in solvent mixture will also give rise to different film morphologies and as
such in membrane performance. Very high concentrations of THF give rise to dense
membranes with a thick top layer. Films formed by immersion of a PSf-NMP solution in water
are porous.
In figure 5-18, three different compositional regions are identified corresponding to different
structures for PSf-NMP-THF solutions immersed in water. In region A asymmetric
morphologies are generated with macrovoids. In region B, symmetric structures are formed
with macrovoids and in region C dense layers with isolated voids are formed. At intermediate
ratios between THF and NMP (region B), no asymmetry is observed anymore in the cellular
structure between the macrovoids. Increasing polymer concentration in a PSf-THF solution
will give rise to a more uniform distribution of the cells over the entire structure. This indicates
that no frictional barrier is the main obstacle to give rise to delayed demixing. Macrovoid
formation can be enhanced in PSF-NMP-THF solutions by increasing polymer concentration.
This is opposite to what was generally observed in many other studies (see appendix 5). The
change in ratio between the volume of the matrix phase and that of the cells as a function of
NMP-THF ratio can be explained by the variation in the tieline relationship. Increasing
amounts of THF will lead to a polymer lean phase with a higher water concentration compared
to those found for PSf-NMP-water systems.
B
Polymer
concentration

A

NMP

C

THF

Figure 5-20 Schematic representation of the different morphological areas as a function of polymer
concentration and solvent ratio in casting solution (A): asymmetric membranes containing
macrovoids,( B): symmetric membranes with macrovoids, (C) structures with isolated pores

When water is added to the casting polymer solution, porosity increases and cell wall thickness
decreases.
5.4.3 Miscibility between solvent and nonsolvent
In ternary systems used for immersion precipitation, all components must be miscible with each
other except the polymer-nonsolvent pair. In quaternary systems this constraint is relaxed.
Small concentrations of nonsolvent-incompatible solvent additive can be used in the casting
solution to form membranes by immersion in pure nonsolvent. In this case, two conditions
must be met. The concentration of additive must be low enough so that diffusion of nonsolvent
in the polymer film can cause phase separation and the phase separated structure must be
solidified (vitrified in this case) to form a mechanical rigid structure.
When nonsolvent miscible solvent is added to the coagulation bath, membrane structures can
be achieved from casting solutions consisting of polymer (PSf), nonsolvent miscible (NMP)
and nonsolvent immiscible solvent (chloroform). Too high concentrations of solvent in the
coagulation bath prevent vitrification of the phase separated structure or can prevent phase
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separation. In figure 5-21, only region B will give rise to membrane structures. Regions A and
C will not lead to mechanical stable membranes.
A
CHCl3 in
polymer
solution

C

B

water

Coagulation bath
composition

NMP

Figure 5-21 Schematic representation of region where membrane formation is possible. In region A
and C no mechanical stable structure is formed, B porous and mechanical stable structure formation

Due to the possibility of forming three phase equilibria and the corresponding complexity,
these systems are not often considered in membrane formation modeling. However such
systems might be advantageous in some circumstances. Similar phenomena are encountered
when two immiscible nonsolvents are used. In cellulose acetate-acetone-water solutions, salts
are often used as pore formers. The small miscibility window of these salts give also rise to
phase separation.
5.4.4 Delayed demixing
It is commonly accepted that two distinct types of membrane preparation processes can be
distinguished: those formed by instantaneous and others by delayed demixing. It was shown by
various authors and in chapter 4 that delayed demixing is accompanied with low fluxes of
nonsolvent compared to instantaneous demixing. From morphologies obtained from quaternary
systems, the proposed mechanisms of delayed demixing can be tested. In case of coagulation of
PSf-NMP solutions in mixtures of water and IPA, delayed demixing was accompanied by the
formation of a dense top layer in accordance with the proposed mechanism. For PSf-NMPTHF solutions immersed in water it was shown that delay times was increased by lowering the
polymer concentration in the casting solution, a effect which was anticipated on the basis of a
"thermodynamic" barrier model. Differences in origin of the delay time are thus reflected in
differences in morphology. In all cases of delayed demixing, symmetric structures were
generated in the porous part of the membrane. Three different types of delayed demixing,
proposed in chapter 4, are validated here. The origin of delayed demixing is reflected in the
membrane morphology. All experiments are consisted with the proposed mechanisms.
The constraint that all components should be miscible with each other except the nonsolventpolymer pairs can be relaxed. This is verified for the system water-NMP-chloroform-PSf.
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Chapter 8 of this thesis

Appendix 5: Considerations on macrovoid formation

Summary

Several experimental conditions, reported in literature, in which
macrovoids are generated or avoided have been summarized.
Experiments performed in this thesis confirm most of these
observations and some alternative ways to prevent macrovoids are
given. Certain combinations of a weak and a strong nonsolvent in the
coagulation bath can lead to macrovoid free membranes without a
dense top layer.
Especially the use of quaternary systems as described in chapter 5,
can give insight in necessary conditions for macrovoid formation
since physical phenomena occuring will be similar or change slowly
with composition. These conditions are found to be a combination of
fast demixing and generation of large concentration gradients of
nonsolvent in the polymer solution.

116

Appendix 5

A5.1 Introduction
Membrane formation by diffusion induced phase separation is often accompanied by the
occurrence of large tear drop like voids. These finger like structures, better know as
macrovoids, are illustrated by figure A5-1.

Figure A5-1: SEM image of membrane structure showing macrovoids

The occurrence of macrovoids can cause mechanical failure of the membrane during high
pressure applications and are thus often undesired. However, for other applications, e.g.
bioreactors [1], occurrence of macrovoids is advantageous to achieve optimal use.
A5.2 Immersion precipitation
Membrane structures prepared by immersion precipitation often show macrovoids. Process
conditions and compositional variations can lead to avoidance or reduction of macrovoids.
Different experimental findings concerning macrovoids are discussed.
Macrovoids are in all cases related to instantaneously demixing polymer films. Systems with a
considerable delay time do not give rise to macrovoid formation. However, a short delay time
or even instantaneous demixing [2] is not a sufficient condition to give rise to macrovoid
formation. An increased nonsolvent concentration in the polymer solution will typically reduces
the formation of macrovoids. Several examples of this are reported in literature [2-4]. An
exception on this rule is formed by those systems in which by addition of nonsolvent delay
times are considerably reduced. An example of such a system is given by Smolders et al. [2] for
the system water - acetone - cellulose acetate (CA). If no water is added to the polymer
solution, no macrovoids are formed independent of polymer concentration, while macrovoids
were observed when water concentration in the original solution exceeded 12.5 w% at a
polymer concentration of 10 w%. Induction of macrovoids in these system by means of
evaporation of binary polymer solution (CA-acetone) prior to immersion in water as reported
by Paulsen et al. [5] is not in accordance with these observations. The latter authors claim that
the presence of a concentration profile in the film will cause macrovoid initiation. Macrovoid
formation depended on film thickness. However, at short evaporation times (e.g.10 s) prior to
immersion, the film can be regarded as being semi-infinite and concentration profiles of solvent
and polymer should therefore be independent on film thickness. Immersion of these films will
thus lead to identical starting situations. The possible influence of absorption of water in the
polymer film during exposure to air, an effect which was reported by Shojaie [6], was not
incorporated in their analysis but might be of importance.
In chapter 5, it is shown that interaction between solvent-nonsolvent pairs has a large influence
on macrovoid formation. Systems with a good interaction between nonsolvent and solvent
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(NMP-water), associated with large heats of mixing, are often characterized by instantaneous
demixing and macrovoid formation. Systems with a poor interaction(THF-water) are related to
delayed demixing and closed cellular structures [7]. Mixtures of solvents with a good (NMP)
and poor interaction (THF) with water give rise to macrovoid suppression [4]. Macrovoids are
only avoided at high THF concentrations. This coincides with the transition between
instantaneous and delayed demixing.
Weak nonsolvents give often rise to delayed demixing, dense top layer formation and
avoidance of macrovoids [8]. In chapter 5 it was demonstrated that mixtures of a strong
(water) and a weak nonsolvent (IPA) can prevent macrovoid formation, while instantaneous
demixing still occurs. In this transition region between the two regimes structures can be
prepared without a dense top layer or macrovoids. Like in the two solvents case, large
quantities of the weak nonsolvent must be used to prevent macrovoids.
A second requirement to form macrovoids is that nucleation and growth should occur.
Macrovoids will therefore only be formed at certain polymer concentrations. At low polymer
concentrations below or at the critical point, no membrane structures are being formed by a
nucleation and growth process. Increasing the polymer concentration will lead in immersion
precipitation processes to systems characterized by nucleation and growth. In these
circumstances macrovoids can occur when polymer concentration is not too high. Observation
of macrovoid suppression by increasing the polymer concentration is reported by several
authors for several membrane forming systems [3, 9]. However in chapter 5 of this thesis, it
was shown for the system polysulfone(PSf)-NMP-THF-water that at certain ratios between
NMP and THF macrovoids are suppressed by lowering the polymer concentration. The
amount of NMP in the original film is increased, leading to a faster diffusional exchange. This
is based on the knowledge that THF reduces the tendency for diffusional exchange
(thermodynamic boundary). Knowing the mechanisms for delayed demixing can thus also
explain features occurring in instantaneous demixing systems.
When high molecular weight additives (e.g. PVP) are used in the polymer solution (e.g. waterNMP-polyethersulfone), macrovoids can be avoided. A shift of the critical point to higher
polymer concentrations is reflected in spinodal-like structures [10, 11].
A third requirement (associated with instantaneous demixing) is that fast coagulation is needed.
Increasing the solvent concentration in the coagulation bath [2, 3] will lower the coagulation
rate (related to the third mechanism for delayed demixing: reduced concentration differences)
and will suppress macrovoid formation. Sometimes fairly large quantities of solvent are needed
to avoid macrovoids. If the solvent concentration in the coagulation bath is high enough,
demixing will not be induced. This can be useful in spinning of hollow fibers without a skin
layer at one surface of the fiber [1]. Besides organic solvents, salts are used to decrease the
activity of water and decrease macrovoid formation[12].
Besides variations in composition, process conditions can also influence macrovoid formation.
At similar compositions in polymer solution and coagulation bath, morphologies of flat sheet
membranes can be significantly different from those of hollow fiber membranes.
A5.3 Dry casting
During dry casting macrovoids can also be generated. The difference with immersion
precipitation is that these macrovoids only occur at high nonsolvent concentrations and specific
polymer concentrations in the original casting solution. Only a limited number of publications
reports this observation [13-15]. Combination of high mass transfer coefficients of solvent
from solution into the gas phase lead to steep nonsolvent concentration profiles and
instantaneous demixing.
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For several nonsolvents (2-methyl-2,4-pentanediol (MPD), 1-butanol (BuOH), [14] water
[13]) macrovoids were shown to exist in CA - acetone based solutions.
Also the choice of solvent is important. In this study, several solutions of CA-THF-water were
made (10 to 20 w% CA and different nonsolvent concentrations). In none of the studied cases,
macrovoids were observed. In figure A5-2, a typical structure formed by evaporation of CA THF - water solutions is shown. Acetone and THF have practically the same surface tension
(as can be seen in table 2-2) and have slightly different evaporation rates. Differences are found
in the thermodynamic interaction between water and solvent and possibly another demixing
mechanism. A different interaction with water is reflected in different tie line relationships. At a
similar volume fraction of polymer in the polymer rich phase, the volume fraction of water in
the corresponding polymer lean phase is larger for THF as a solvent compared to acetone.
Cloud point measurements showed a cooling rate dependence of CA-acetone-water systems
[16], indicating solid-liquid demixing or association effects. No cooling rate dependence was
found for CA-THF-water solutions (liquid-liquid demixing) [17]. At this moment it is not clear
which of the mentioned parameters (association effects, evaporation rate or tie line relation)
has the largest influence on macrovoid formation.

Figure A5-2 Membrane structures obtained from dry casting CA - THF - water ( 10 w% -65 w % 25 w%) solutions. Initial thickness is 150 µm.

Another parameter for macrovoid formation is the molecular weight of the polymer. Zeman et
al. [14] claim that the mobility of high molecular weight CA was too low to allow for
nucleation of polymer lean phase and thus for macrovoid formation. The difference in acetyl
content, which was slightly different for different molecular weights of CA (< 1%), was
assumed to be negligible.
Allegrezza [15] reports macrovoid formation during dry casting which is dependent on film
thickness and casting speed.
A5.4 Necessary conditions for macrovoid formation
Experimentally, different conditions have been determined in which macrovoids are formed.
These are summarized in section A5.3. From these observations, several requirements to
induce macrovoids are empirically derived. The delay time is an important parameter in the
discussion. If delayed demixing occurs with substantial delay times, no macrovoids are
generated. Instantaneous demixing or small delay times are however not always associated
with macrovoids. Even when concentrations below the critical point are not considered, an
increase in polymer concentration can induce macrovoid formation, e.g. PSf-NMP-THF
immersed in water (figure 5-11), as opposed to the observations made in the past.
In all cases however where large concentration gradients of nonsolvent are anticipated,
macrovoids occurred. These large concentration gradients can be achieved by large nonsolvent
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fluxes in polymer solution or large solvent fluxes of solvent towards coagulation bath
(immersion precipitation) or gas phase (dry casting). In both cases, nonsolvent concentrations
in the polymer solution must be high enough to generate nuclei of polymer lean phase.
A5.5 Models
As described in chapter 4, the high complexity of phase inversion processes makes a
quantitative numerical simulation of diffusion processes occurring during the demixing stage of
phase inversion processes almost impossible. Most models explaining macrovoid formation are
therefore only qualitative and difficult to prove or to reject. Although no experimental or
theoretical evidence is given that initiation and growth of macrovoids should be attributed to
only one mechanism, this was always assumed in literature. A general model that can explain
macrovoid formation should be able to explain all different situations in which macrovoids
were observed. Other physical phenomena (or models) can of course contribute to the
formation process but are regarded not to be of primary importance. A short resume is made of
the proposed models.
Different models were proposed based on hydrodynamic instabilities at the interface between
coagulation bath and polymer solution. Matz [18] assumed water intrusion in the polymer
solution at the moment associated with zero interfacial tension between polymer solution and
coagulation bath. Frommer and Messalem [9], and Stevens et al. [19] assumed Marangoni
instabilities to cause convection, leading to macrovoid initiation and growth.
Strathmann et al. [3] claimed macrovoids to occur due to cracks (high shrinkage) in the skin of
the nascent membrane. A similar concept was proposed by Altena [20], who states that
macrovoids occur due to weak spots in the skin of the membrane. Integrally skinned
membranes prepared by a dry-wet method are characterized by a dense skin and depending on
the conditions often macrovoids underneath [21]. Membranes prepared using a dual bath
method give rise to membranes with macrovoids at different positions in the membrane [22].
These two types of experiments show that the mechanisms presented above, are not generally
applicable.
Other models assume macrovoids are initiated by nucleation of polymer lean cells [2, 13, 15,
16]. This is in agreement with the observation that macrovoids only occur in high
concentration gradients of nonsolvent. Initiation of macrovoids is believed to be due to the
generation of a polymer lean nucleus. McKelvey et al. [23] suggested a detailed picture of how
a spherical nucleus can be deformed into a tear drop shape. Acoording to the latter authors,
different environments are generated between top and bottom of polymer lean nuclei (nascent
macrovoid) due to the asymmetry of the diffusion process and the bottom side can grow faster
compared to a more viscous or already vitrified top side.
Various models are however proposed to describe growth of macrovoids. Shojaie et al [13]
and Allegrezza [15] claims that convection in the polymer solution is responsible for
macrovoid growth, due to surface tension and density gradients respectively. Since in dry
casting, nonsolvents with different surface tensions (1-butanol: 24 mN m-1, water: 72 mN m-1
[24]) give rise to macrovoid formation in CA based systems [25], surface tension effects can be
assumed not to be the key parameter in macrovoid growth. Macrovoids also occur in waterNMP based systems, since these two components have a similar density, the mechanism
proposed by Allegrezza [15] can also not a generally applicable mechanism for macrovoid
growth.
Reuvers and Smolders [2, 16] assume growth of macrovoids due to diffusion between the
polymer solution and the macrovoid. The macrovoid will act as a local coagulation bath. Based
on the observations mentioned in section A5.3, the mechanism proposed by Smolders et al [2]
is plausible. Using particle simulations, it was shown in appendix 4 that structures resembling
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macrovoids are formed by simulation of a (purely) diffusion process. Shojaie [6] tried to
demonstrate by a simplified scaling analysis that diffusion can be ruled out as a mechanism for
macrovoid formation. In his analysis, formation times for 16 micron macrovoids are 2.5 to
25000 s associated with diffusion coefficients ranging from 10-10 to 10-13 m2s-1. Assuming a
large volume fraction of solvent in the macrovoid, delayed demixing will occur without the
formation of a skin (third type of mechanism responsible for delayed demixing) and diffusion
coefficients will be in the order of 10-9 to 10-10 leading to formation times of 0.25 to 2.5 s. The
scaling analysis of Shojaie did not incorporate a surface expansion and movement of the
interface between polymer solution and macrovoid. A movement of the interface in the
direction of the polymer solution will result in an increased flux into the macrovoid. This effect
is enhanced by generating an increasing surface area of the macrovoid. Typical macrovoid
formation times can then easily be reached.
The model proposed by Reuvers and Smolders is therefore found to be appropriate to describe
the growth of macrovoids. Some of the mechanisms described in other macrovoid models can
of course contribute in some cases to the growth of macrovoids. It can thus be worthwhile
considering the reduction of macrovoid growth by changing properties that influence one of
these contributing mechanisms.
A5.6 Conclusions
Empirically it was found that the occurrence of macrovoids is always accompanied with fast
coagulation (generation of polymer lean nuclei) and the generation of large concentration
gradients of nonsolvent. Instantaneous demixing is not a sufficient requirement for macrovoid
formation. Experiments in chapter 5, in which PSf solutions in combinations of NMP and THF
indicate that an increase in polymer concentration does not always suppress macrovoid
formation.
The model proposed by Reuvers and Smolders is found to be acceptable, especially when
surface enlargement and interface movement would be incorporated. Other mechanisms can
however contribute to the growth of macrovoids.
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6. Evaporation of polymer solutions: demixing and glass transition

Summary

Different aspects of evaporation of polymer solutions are considered.
Special attention was paid to skinning and demixing effects.
Gravimetric measurements during drying of binary polymer systems
(polysulfone-tetrahydrofuran) indicate that when the entire film has a
concentration corresponding to the glass transition composition of
the solution, mass transfer becomes limited by diffusion in the film.
For ternary systems with a mixture of a volatile (tetrahydrofuran) and
a nonvolatile solvent (N,N dimethylacetamide) this conclusion is
confirmed.
Initial mass loss in the system water-tetrahydrofuran-polysulfone is
highly dependent on water concentration. This nonsolvent is effective
in decreasing the activity of THF. The impact of demixing on overall
drying rate is less pronounced. At long times, "quasi-steady-state"
compositions in the film can be related to the glass transition
composition of the system. Probably, diffusion coefficients decrease
rapidly around this concentration.
Based on these evaporation studies, it can be derived that probably
during immersion precipitation the composition in the polymer rich
phase will also be restricted to a similar semi-steady-state and
immediately after the immersion process, high amounts of solvent will
remain in these layers.

6.1 Introduction
Besides immersion precipitation, dry casting is the most important membrane forming process
in which diffusion can induce phase separation (so called DIPS processes) [1, 2]. Examples are
cellulose acetate (CA) membranes cast from acetone-nonsolvent mixtures [3-9]. Often salts are
added to these solutions as “pore formers” [10, 11]. Other applications of evaporative
processes in membrane formation are drying to form dense membranes [12] and a combination
of evaporation and immersion [13-23]. Besides membrane formation applications, similar
phenomena will occur in other processes like drying of paints or coatings[24-26].
Differences between immersion precipitation and dry casting are rate of mass transport and
direction of this transport. Immersion precipitation, as can be observed from light transmission
curves in the previous chapter, is a fast process (typical demixing times smaller then 10 sec).
Solvent will leave the polymer film, while nonsolvent enters the polymer solution. Phase
inversion by evaporation is a relatively slow process (typical demixing time larger then 10 sec),
in which both solvent and nonsolvent, originally present in the casting solution, are evaporated.
In most cases, the solvent flux is much higher than nonsolvent flux, leading to a shift in
composition into the meta- or instability region.
The aim of this chapter is not to prepare membranes by evaporation, but rather to study
physical phenomena that occur in both immersion and evaporation processes. Investigation of
these phenomena in the same system under different conditions can help understand some
mechanistic aspects of immersion precipitation processes. The two main characteristics are
dependence of the process on the mechanical state of the film (glass or liquid) and on the
occurrence of demixing.
To study the influence of a glass transition (or more general relaxation effects) on the drying
behavior, binary and ternary polymer solutions were subjected to free evaporation. Drying of
these polymer solutions was followed by a simple gravimetric analysis. However, the mass will
give only information on the average composition in the polymer solution as a function of time.
To get an idea about the concentration gradients in the polymer solution, more information is
needed. At the interface between polymer solution and air, evaporation immediately changes
the composition. The mass loss in the entire film is in fact totally dictated by the flux across this
interface. This flux can be related to the composition in the polymer solution at the solution-air
interface. Measured fluxes can be converted to concentrations in the top layer. Hereby, the
evolution of the concentration/activity at the interface between polymer solution and air can be
followed in time on a quantitative basis. Interface concentration and average concentration in
the film give an indication of the concentration profiles in the film.
Equation 6-1 relates mass flux per unit area to mass concentration differences of solvent
between the solution-gas interface cii and in the bulk of the gas cib.
J = ki (cii − cib )
with
ki the mass transfer coefficient in the gas phase

(6-1)
[m s-1]

Solvent activity, ai and concentration ci in air at the solution-gas interface in the gaseous phase
are coupled through equation 6-2.
M P 0a
i i i
ci = RT
(6-2)
with

ai
ci
Pi 0
T
Mi
R

: activity of component i in air
: concentration of component i in air
: saturation pressure of component i
: temperature
: molecular weight of component i
: universal gas constant

[-]
[g m-3]
[Pa]
[K]
[g mol-1]
[J K-1 mol-1]

It is assumed that at the solution-air interface local equilibrium exist between polymer solution
and air. Activities of solvents in polymer solutions can then be related with a Flory-Huggins
model (see chapter 3) to a volume fraction of solvent, φi, in the solution at the interface through
equation 6-3 and 6-4 for binary and ternary solutions respectively (constant interaction
parameters).

V2
V2 
a2 = exp ln φ2 − φ1 + (1 + g12φ1 )φ1 
V1
V1 



V2
V
V
− φ3 2 + (1 + g12 φ1 2 + g23φ3 )(1 − φ2 ) − g13φ1φ3 
a2 = exp ln(φ2 ) − φ1
V1
V3
V1


with
: volume fraction of component I
φi
Vi : molar volume of component I
: Flory-Huggins interaction parameter between components i and j
gij

( )

(6-3)
(6-4)

[-]
[m3mol-1]
[-]

ki values, experimentally derived from the initial slope of the drying curve (mass of film as a
function of drying time) of low concentrated binary PSf solutions (THF and DMAc) and pure
water, are summarized in table 6-1.
Table 6-1 Mass transfer coefficients in air for three low molecular weight components

component
THF
DMAc
water

ki [m s-1]
5.82
3,4 10-2
1.5 10-1

This derivation of the composition in the solution at the solution-air interface is only valid if
chemical potentials of the evaporating species can be derived on the basis of a Flory-Huggins
model. In the appendix to this chapter, sorption and desorption experiments indicate that this
assumption is not valid in a glassy matrix of PSf and THF.
Two different ternary systems were investigated: THF-DMAc-PSf (two solvents - one
polymer) and water-THF-PSf (nonsolvent - solvent - polymer). In figure 6-1, activities of THF
as a function of composition are plotted in the system DMAc-THF-PSf. From these plots
(equation 6-4), it can be derived that addition of DMAc will lower the activity of THF almost
linearly. A change in polymer concentration is less effective in reducing the activity of THF.
Decreased activities of THF (the most volatile component) will immediately be translated in
reduced fluxes.

PSf

0.8

0.6

THF

0.4

0.2

DMAc
PSf

Figure 6-1 Iso-activity lines (activity indicated) of THF in ternary PSf-DMAc-THF system calculated
according to Flory-Huggins model. Interaction parameters are given in chapter 3.

A similar plot is shown in figure 6-2 for water-THF-PSf solutions. Addition of small amounts
of water has a large effect on the activity of THF compared to DMAc. The activity coefficients
of THF and as such mass loss will decrease more rapidly with increasing water concentration.
Due to the presence of a miscibility gap, a limited concentration range of water can be
investigated.
PSf

0.6
0.8

THF

water

Figure 6-2 Iso-activity plot of THF component calculated for the system water-THF-PSf in stable part
in ternary system (activities of THF indicated) calculated according to the Flory-Huggins model.
Interaction parameters are given in chapter 3.

In general, different drying regimes can be identified for evaporating systems depending on
mass transfer coefficients in the gas phase ki and in solution kL [27].
ki
kL

: mass transfer coefficients in air
: mass transfer coefficient in solution

[m s-1]
[m s-1]

In figure 6-1, a schematic representation is given of drying processes under different conditions.

kL>> ki
gas phase

evaporation of
various components

polymer
solution

diffusion of
various components

support

kL ~ ki

0

1

0

ωPenetrant

kL << ki

1
ωPenetrant

0

ωPenetrant

1

Figure 6-3 Schematic representation of drying process indicating the direction of the mass transfers in
polymer solution and gas phase (left). Development of concentration profiles of penetrant in polymer
film (weight fraction ωpenetrant indicated) are schematically given for different situations associated
with various ratios between mass transfer coefficients in air and liquid. (with increasing time, profiles
are indicated by a dotted, a striped and a full line respectively)

When the mass transfer to the gaseous phase is low compared to that in the polymer solution
(ki >>kL , figure 6-3a), total mass loss is entirely dictated by the mass transfer coefficient in the
gaseous phase and not by diffusion in the film. In these cases, concentration gradients in the
polymer film are very small.
When ki << kL (figure 6-3c), evaporation becomes limited by diffusion in the liquid and
concentration profiles arise in the solution. In polymer solutions, this often leads to depletion of
solvent in the top layer. This so called "skinning" of polymer films results in a decrease in mass
transfer to the gaseous phase, which is often undesirable. In demixing systems, this can have
morphological consequences; in stable systems not.
For ki ≈ kL (figure 6-3b), the process relies on mass transfer in both solution and air. For
ternary mixtures with two low molecular weight species, the ratio in evaporation rate and
diffusion rate between these two components is important. Total mass loss is dependent on the
concentration of both low molecular weight components at the solution-air interface.
PSf

glass transition

a
THF

b
DMAc

Figure 6-4 Schematic representation of variations of average concentration during drying of (a)
binary (PSf-THF) and ternary (PSf-THF-DMAc) polymer solution.

Addition of less volatile solvent, N,N-dimethylacetamide (DMAc) to the binary PSf-THF
solution will influence the concentration (and activity) of the volatile solvent tetrahydrofuran
(THF) at the top layer during the evaporation process and this will influence evaporation rate.
For different ratios between the two solvents in the casting solution, the glass transition of the
solution can be reached at different THF levels. If a glass transition has direct influence on
evaporation, this will be reflected in total mass loss. No demixing is induced during this drying
process. Mass transfer paths for the various solvent mixtures are illustrated in figure 6-4.

Similar diffusion coefficients are assumed in polymer solutions of THF and DMAc at the same
polymer concentration. The ratio between mass transfer coefficient of THF and DMAc in the
gas phase at the same polymer concentration amounts to a factor of 102 (table 6-1). Therefore
in first instance it is expected that skinning will occur more rapidly (at a lower polymer
concentration) in the fast evaporating system (THF).
In a system consisting of a nonsolvent (water), solvent (THF) and a polymer (PSf), in which
THF preferentially evaporates, demixing can be induced or prevented depending on the
concentrations in the casting solution. In figure 6-5, a schematic representation is given of this
process. Low concentrations of nonsolvent (figure 6-5A) will not give rise to demixing and
dense films will be formed. High concentration of water (figure 6-5B) (closer to the miscibility
gap) will give rise to demixing during evaporation.
polymer
A
glass transition

solvent

B

nonsolvent

Figure 6-5 Schematic representation of possible routes during drying in ternary polymer solutions
consisting out of a polymer, a solvent and a nonsolvent.

When the glass transition is passed before the binodal is crossed, demixing is prevented. The
influence of both glass transition and demixing kinetics on the generation of porous polymer
films is investigated. Due to the complexity of the process (see chapter 4), this is only done
qualitatively.
Summarizing, the objectives of this work are to investigate:
• the influence of a glass transition on drying kinetics
• skinning phenomena under different mass transfer conditions and
• the influence of demixing on drying kinetics
The first part of this chapter describes evaporation of binary solutions of PSf in THF. The
influence of a glass transition on drying curves and possible skinning effects are investigated.
The second part describes free convective evaporation of ternary polymer solutions with two
solvents (THF - DMAc - PSf). Effects of demixing can be expected for nonsolvent-solventpolymer systems. The influence of demixing on total mass loss is investigated in the third
experimental part for the system PSf-THF-water. Based on the experimental results, the
influence of skinning and demixing on drying behavior is discussed as well as the implications
of these phenomena in immersion precipitation.

6.2 Experimental set-up
Squared films of ± 2500 mm2 (50 x 50 mm) were cast on glass plates and positioned on a
gravimetric balance (Mettler AE 6000). Initial thicknesses Lo ranged form 250 to 1000 µm. The
resolution of the balance is 2.10-4 g. The measurement chamber was closed and continuously
flushed with a nitrogen stream (low flux) to avoid sorption of water during the experiment.

Masses were continuously recorded in time. All experiments were carried out at room
temperature. Figure 6-6 represents the set-up which is being used.
N2 -inlet

N2 -outlet

Polymer solution
Glass plate
Recorder

Balance

Figure 6-6 Schematic drawing of experimental set-up used for gravimetric experiments
(Mass transfer into the gaseous atmosphere is represented by iso-concentration lines)

During evaporation in presence of a nonsolvent, demixing can occur, leading to scattering of
light. Time needed for demixing can be determined as usual for measuring delay times in
immersion precipitation by light transmission or by visual observation.
After the experiments, the polymer films were further dried in a vacuum oven for several days
until no mass loss was observed. Knowing original casting thickness, final mass and original
composition of the polymer solution, the area of the polymer films on the glass plate could be
determined accurately. Cross sections and surfaces of demixed samples were examined by SEM
analysis. The method to prepare these samples have been described in chapter 5.

6.3 Results
6.3.1 Binary system: PSf-THF
All experiments were conducted under free convection conditions. If ki >> kL, skinning will
occur and evaporation rate decreases due to almost total depletion of solvent in the polymer
solution at the solution-air interface. If diffusion in the polymer solution is not rate limiting, the
drying behaviour is governed by mass transfer to the gas phase. Diffusion in the polymer
solution is in that case fast enough to prevent depletion of solvent at this interface. As shown in
figure 6-1, THF activities in binary PSf-THF solutions are relatively high at low and
intermediate polymer concentrations. These polymer concentrations at the interface will
therefore give rise to similar fluxes. Experimentally determined drying curves for 3 different
initial polymer concentrations are given in figure 6-7.
In figure 6-7A, the relative mass loss is given as a function of time for different polymer
concentrations in the casting solution. Since different initial polymer concentrations are used,
different final thicknesses will be obtained. The glass transition compositions in these films also
corresponds to different relative masses indicated in the figure. In chapter 2, the glass transition
composition of the system PSf-THF was determined to be at 34 w% of solvent. Films with 15
w%, 20 w% and 25 w% PSf in the casting solution will reach the glass transition composition
at a relative mass of 0.23, 0.30 and 0.38 respectively.
In figure 6-7B, mass flux is given as a function of time for the same experiments. Three time
regions have been defined corresponding to three drying regimes.
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Figure 6-7 Relative mass (A) and mass flux (logarithmic) (B) as a function of time for polymer films
cast from PSf-THF solutions. The initial polymer concentration was varied: 15 w% ( ), 20 w% ( )
and 25 w% PSf ( ) (L0=500 µm) Relative masses for the different initial polymer concentrations
corresponding to glass transition composition is indicated by dotted lines in A. In figure B, dotted
lines roughly indicate the different regimes during drying.
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Initially (< 75 s), mass loss from the polymer film is only dependent on ki and irrespective of
polymer concentration. Due to the small dependence of mass transfer across the solution-air
interface with time, no good estimate of the composition at the top layer can be derived. It can
be concluded that no skinning occurs.
In an intermediate region ( 75 s < t < 650 s), a reduction in mass transfer rate is observed. At a
later stage (t > 650 s), films reach a quasi-steady-state around the glass transition point of the
solution. This explains differences in relative mass in figure 6-7A at the late stages of drying. It
should be emphasized that this is only an apparent situation and that drying proceeds further.
At these stages, mass transfer coefficients decrease rapidly which indicate skinning effects.
Concentration at the solution-air interface and the average concentration, derived from flux and
relative mass respectively, are plotted in figure 6-8.
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Figure 6-8 Weight fraction of solvent of polymer solution at the solution air interface (full line) and
average weight fraction of solvent in the polymer solution (dotted line) as a function of time for
polymer films cast from PSf-THF solutions.
(Casting solution 20 w% PSf ; initial thickness L0=500 µm)

From this figure it becomes clear that only when the average concentration in the film reaches
the glass transition composition (ωTHF = 34 w%), THF is totally depleted in the toplayer.
6.3.2 Ternary system: PSf-THF-DMAc
6.3.2.1 Influence of composition solvent mixture
In case of a polymer solution composed of a polymer (PSf), a volatile (THF) and less volatile
(DMAc) solvent, activities of THF can be changed by variations in PSf and DMAc
concentration. The volume fraction of the polymer in the solution will determine for a large
extend the frictional coefficients, while activity is determined by both volume fractions of PSf
and DMAc. Experimentally, different solvent mixtures of THF and DMAc were used for drying
experiments.
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Figure 6-9 Relative mass per unit area (A) and mass flux (B) as a function of time for a dense polymer
film cast from a PSf/THF-DMAc solution. (20 w% PSf and L0=500 µm). THF:DMAc ratios: 1:0 ( ),
3:1 ( ), 1:1( ), 1:3 ( ) and 0:1 ( ) Transition from preferential loss of THF and preferential loss
of DMAc is indicated by a vertical dotted lines. Slopes at the late stages of the drying process are
indicated by diagonal dotted lines.
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Determination of mass loss in time, given in figure 6-9A, shows that in the first region mainly
THF evaporated. Evaporation rate is mainly determined by the ratio between THF and DMAc
and an almost linear dependence was found between this ratio and mass transfer rate. The

transitions from the first and second region occur at those average compositions in the film
corresponding to complete evaporation of THF.
In a second region, evaporation of DMAc occurs. For different amounts of DMAc in the
casting solution, similar slopes are obtained which indicates that the contribution of evaporation
of THF is small or negligible. As in the case of binary solutions, the mass in the film reaches a
semi-"steady-state" at an averaged concentration in the film corresponding to the glass
transition composition of the film. Since both THF(binary casting solutions) and DMAc (binary
and ternary casting solutions) solutions give rise to similar slopes in the semi-steady state
region irrespective of mass transfer coefficient in air and at a similar average polymer
concentration in the film, it can be concluded that a drastic decrease in diffusion coefficients is
the primary reason for this reduced mass loss. This effect takes place around the glass transition
composition. In appendix 6, the influence of the glass transition on the diffusion coefficient is
investigated. Unfortunately, no clear correlation could be proven between the mechanical state
of the film (glass or liquid) and the diffusion coefficient.
6.3.2.2 influence of initial polymer concentration
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Figure 6-10 Relative mass loss (A) and mass flux across interface (B) as a function of time for
different polymer concentrations of PSf. (Lo=500 µm). Symbols , and represent THFsolutions, , and represent THF-DMAc mixtures (1:1). Initial polymer concentrations were 15
w% (
), 20 w% (
) and 25 w% (
)
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In figure 6-10, relative mass and mass flux per unit area are plotted as a function of time. No
substantial difference in mass flux is observed for experiments with different initial polymer
concentrations. Composition of the semi-steady state situation at a later stage of the drying
process is independent on the initial concentration of polymer and solvent mixture. The time
and the relative mass at which this state is reached is dependent on the initial concentrations.
In figure 6-10A, the composition at semi-steady state corresponds again to some extend to the
glass transition composition in the polymer solution.
6.3.3 Ternary system: PSf - THF - water
Mixtures of solvent and nonsolvent can lead to interesting features in the drying behavior of
polymer solutions. During drying demixing can be induced which can influence overall drying
rate. Demixing is thought to be stopped by the presence of a glassy polymer matrix phase.
Therefore a combination of demixing and vitrification can change the drying behavior of
polymer films.
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Figure 6-11 Mass per unit area (A) and mass flux (B) as a function of time for polymer films cast from
a PSf-THF-water solutions. (15 w% PSf (t-0), L0=250 µm). Initial water concentrations : 2w% ( ), 4
w% ( ), 6 w% ( ) Relative mass corresponding to glass transition composition is indicated by dotted
line in A.
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6.3.3.1 Influence of THF-water mixture
In figure 6-11, experimentally derived drying curves are presented of PSf-THF solutions with
different amounts of water added. For 2 and 4 w% water, drying curves are almost identical at
the initial stage. Only after 100 seconds, a small change can be observed. This can be associated
with a lowered THF concentration. A water concentration of 6 w% shows a clear difference in
evaporation rate even in the initial stages. As in the case of DMAc additions, a semi-steady
state situation is reached at longer times. Also these compositions can be associated with the
glass transition composition (dotted line in figure 6-11A).
Demixing was immediately induced after casting when 6 w% water was added to the polymer
solution. For 4 w% water, demixing was induced after 10 seconds. 2 w% water in the casting
solution did not give rise to phase separation during drying. In figure 6-12, cross sections are
shown of the films after complete drying.
a)

b)

c)

Figure 6-12 Cross sections of films after drying of THF solutions consisting of 15 w% PSf in THF with
various concentrations water in the casting solution (a) 2 w% (b) 4 w% and (c ) 6 w% (Lo=250 µm)

A linear dependence of film thickness (after drying in vacuum) with water concentration was
observed, indicating porosity of the samples. Measurements of drying of water-THF-PSf
solutions with more than 6 w% water did not give rise to reproducible drying curves. Probably
this is caused by the generation of large voids in the films.
6.3.3.2 influence of polymer concentration
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Figure 6-13 Relative. mass (A) and mass flux (B) as a function of time for polymer films cast from PSfTHF-water solutions with different initial polymer concentrations: 25 w% PSf ( ) and 15 w% ( ) and
4 w% water in the casting solution. (Lo=250 µm). Relative masses for different initial polymer
concentrations corresponding to glass transition composition are indicated by dotted lines in A.
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The polymer concentration is not of primary importance for the drying process of PSf-THFwater systems, as is observed from figure 6-13. Only the transition point between the two
regimes is shifted to smaller drying times if the polymer concentration is increased.

6.4 Discussion
6.4.1 Skinning effect
From different sets of experiments, it can be derived that the drying of polymer solutions (PSfTHF) until a dry film is obtained, occurs in several stages. In a first stage, the flux of solvent
leaving the polymer film will be independent on film thickness and polymer concentration. This
was expected since solvent activity in the polymer solution does not vary much with
composition at high solvent concentrations. This is also demonstrated in appendix 6. After this
first stage, fluxes decrease in an intermediate stage. The fluxes of both stages are sufficiently
high to exclude skinning effects (figure 6-8).
In a final stage, fluxes decrease drastically which indicates that skinning occurs. The average
concentration at this point corresponds to the glass transition composition of the solution.
Although this can be coincidentally, independence of this concentration on initial film thickness
and polymer concentration indicate that around the glass transition point skinning effects are
induced. In the same concentration region, diffusion coefficients probably change drastically.
This decrease in diffusion coefficient is assumed to be caused by phenomena associated with
passing a glass transition. Since skinning can have different meanings, it is defined here as the
generation of a diffusion barrier at the topside of a (drying) polymer film. The mass loss is
entirely dictated by the diffusion in the film and mass transfer resistance to the surrounding
gaseous atmosphere is negligibly small.
To generalize these conclusions, measurements were performed on ternary polymer solutions
consisting out a polymer (PSf), a volatile (THF) and a low volatile (DMAc) solvent. Similar
observations as in binary systems are made. In the initial region, mass flux is equal for different
initial thicknesses and a semi-steady-state is reached at large drying times. Average composition
in the film at this point can be related to the glass transition composition.
From gravimetric experiments in binary and ternary mixtures, it can be derived that mass loss is
totally determined by diffusion and not by the mass transfer coefficient from solution to the
bulk of the gas. A distinct change in diffusion coefficients as a function of concentration is
expected in the concentration region around the glass transition [27, 28].
6.4.2 Solvent mixture
In the ternary systems, two distinct drying regimes can be associated with the evaporation of
volatile solvent (initial part) and less volatile (second region) solvent. Average mass at the
transition between the two regimes, corresponds to a complete evaporation of THF. This
knowledge can be used to prepare polymer films by fast initial drying and consequently
decreased total drying times. Especially in coating applications, this is often a requirement.
Depending on solvent ratio, drying regimes can be shifted. Another application can be thought
in processes where harmful solvents must be avoided in the end product. It is known that it is
difficult to remove solvents from glassy polymer structures. By taking a combination of two
solvents, fast drying and almost complete removal of the volatile component can be reached.
For membrane preparation, this effect is less advantageous since short processing times are
often used or required. It is clear however that free evaporation will not induce very high
polymer concentrations at the top layer in a relatively short time in this system. A drastic
increase in mass transfer coefficient is needed for this (e.g. by forced convective drying).

6.4.3 Effect of demixing
Evaporation modeling is only possible until demixing sets in. Due to a small miscibility window
in the system PSf-THF-water, water concentrations are always low. From figure 6-11, it is
clear that the presence of water affects drying kinetics of polymer films by free evaporation
drastically.
When demixing is induced, similar drying rates can be expected for polymer lean and polymer
rich phase since both phases will have identical activities of water and THF. However, diffusion
resistance is larger in polymer rich phases compared to polymer lean phases and an increase in
drying rate is anticipated, if a polymer rich phase is formed with a high polymer concentration.
Compared to two solvent-polymer systems, presence of polymer lean phase will be reflected in
an increased film mass. In case closed cellular structures are generated, a corresponding mass
increase is anticipated in the last stage of the process, while no mass difference is expected
compared to dense films when a porous interconnective structure is formed. For membrane
formation application, it can be shown that demixing will not lower evaporation rate drastically
and skinning is only induced at long free convective drying times.
6.4.4 Implications for immersion precipitation
Different implications can be derived for membrane formation by dry casting, immersion
precipitation and a combination of these two processes in a dry-wet process.
No good membrane structures can be made from PSf-THF-water solutions by a dry casting
method using free convection. Only at high initial water concentrations, porous structures are
formed. Pore sizes are however much too large for good separation capabilities. Due to
coarsening of the polymer lean nuclei, pores (~ 1 µm) can only be achieved if the original
casting thickness is limited and the glass transition in the film is reached quickly. Thin films
does not have enough mechanical strength to be used as membranes. Thick initial films will give
rise to structures with large holes (> 10 µm) from top to bottom.
For the immersion precipitation process, analogies can be drawn. Around the glass transition of
the solution, mass transfer rates are independent on transfer coefficients into neighboring phase
(gas in drying, coagulation bath in immersion precipitation). Applied to immersion precipitated
membranes, this means that composition of a dense top layer formed in delayed demixing
processes (frictional barrier) is situated at the Berghmans' point.
From evaporation studies in nonsolvent-solvent-polymer systems, it became clear that demixing
has a minimal influence on overall mass loss. Since solvent activity and evaporative mass
transfer coefficients are similar in a large concentration range, it is difficult to estimate the
influence of demixing in water-THF-PSf systems on the overall exchange between the two
media. In chapter 4, it is derived that if diffusion coefficients in both polymer rich and lean
phase do not differ largely at high and intermediate polymer concentrations, both phases must
be taken into account for the modeling of the entire diffusion profile.
In the dry-wet process to obtain integrally skinned membranes, demixing (either by liquid-liquid
or solid-liquid demixing) is said to be a necessary condition. The scheme originally given by
Tsay et al. [29] to explain this top layer formation in a dry-wet process, is modified and given in
table 6-2.

Table 6-2 Process - top layer morphology relationships in membrane formation by dry-wet spinning
(evaporation step prior to immersion) with corresponding system. Possibilities given by Tsay et al. are
indicated by *.

1.no phase transformation during evaporation occurs before quenching steps
A. delayed demixing
thick skin*
PSf-THF in water
PSf-NMP in IPA
thin skin
PSf-NMP-IPA in IPA
porous skin
PSf-NMP in water-NMP
B. instantaneous demixing
thick/thin skin
PSf-THF-water in water
porous skin*
PSf-NMP in water
PSf-NMP-water in water
2. phase transformation during evaporation before quenching in strong nonsolvent
thin skin*
PSf-NMP-THF-ethanol in water
porous skin
PSf-NMP-THF-ethanol in water
The introduction of an evaporation step is not sufficient to generate a dense top layer. The
occurrence of demixing during drying is also not a sufficient condition. However when mass
transfer coefficients are increased by forced convection, a combination of demixing and
skinning effects can give rise to the formation of thin dense skins.
Besides drying of polymer solutions, exposure to air can lead to absorption of water. This can
increase the water concentration at the top layer, possibly resulting in different pore sizes.

6.5 Conclusions
In the first moments of evaporation, drying rate is fully determined by the mass transfer
coefficient to the gas phase. The small dependence of diffusion coefficient and activity of the
volatile solvent with composition explains this behavior. Only when the average concentration
in the film reaches a composition which can be associated with the glass transition temperature,
a drastic reduction in mass loss is observed.
The same phenomena are found for ternary polymer solutions with two solvents or a solvent
and a nonsolvent. Solutions containing a volatile (THF) and a less volatile (DMAc) solvent are
characterized by almost independent drying regimes for both solvents. Drying rate can initially
be related to the activity of THF, the most volatile solvent. Demixing in the system water-THFPSf has no pronounced effect on the initial drying rate of polymer solutions, although the
addition of water decreases the activity of THF drastically.
In the late stages of the drying process, the entire process is dominated by diffusion in the
polymer solution and is almost independent on the volatility of the component. This is
explained by a drastic decrease in diffusion coefficient around the glass transition temperature
of PSf solutions.
This has implications for immersion precipitation and the dry-wet process. A high solvent
fraction will remain in the polymer rich phase immediately after phase separation and free
evaporation is probably not sufficient to generate a dense top layer during the drying step prior
to immersion.
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List of Symbols
: mass transfer coefficient in air
: mass transfer coefficient in solution
: activity of component i in air
: concentration of component i in air
: saturation pressure of component i
: temperature
: molecular weight of component i
: universal gas constant
: volume fraction of component i
: molar volume of component i
: Flory-Huggins interaction parameter between components i and j
: mass flux
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Appendix 6 Determination of sorption isotherms and diffusion
coefficients of tetrahydrofuran in polysulfone

Summary

Sorption isotherms and diffusion coefficients of tetrahydrofuran as a
function of activity were measured using gravimetric analysis and white
light interferometry. Experimental data suggest a clear difference on
sorption behavior of tetrahydrofuran in free hanging and supported
films of polysulfone. The glass transition was reached in the THF
activity range of 0.8 to 0.9. No reproducible diffusion coefficients were
measured in this range.
No pronounced stagnant boundary layers effects are observed during
the experiments. Although large differences are observed in the values
of the diffusion coefficients, the influence of the glass transition on
kinetics and sorption could not be determined accurately enough to
show a clear transition area.

A6.1 Aim and experimental conditions
Diffusion coefficients and sorption values of tetrahydrofuran (THF) in polysulfone (PSf) are
determined using differential sorption methods. Sorption values are measured by determining
the amount of THF sorbed in PSf in equilibrium with a specified THF activity in the vapor
phase. Diffusion coefficients are determined from the rate at which THF is sorbed or desorbed
from the polymer film.
Two different techniques have been used for this purpose: gravimetric analysis (GA) and white
light interferometry (LI). In the gravimetric set-up, a polymer film is attached to a spring of a
modified TGA apparatus. In the white light interferometer, a thin polymer film is deposited
onto a glass plate. In both cases, the PSf-film was exposed to a nitrogen stream containing
solvent vapor. Desired vapor activities were reached by mixing pure nitrogen with a saturated
THF vapor and passing this mixture through a thermostatted measurement cell. Differential
sorption and desorption experiments were carried out with THF activity steps of 0.1 as
described by Boom et al. [1] (GA) and Stamatialis et al. [2] (LI).
The most pronounced difference between GA and LI is the absence and presence of a support
respectively. This will lead to sorption at two sides (GA) or only one side (LI) of the film. Film
thicknesses used for GA (± 20 µm) are taken more as twice as thick compared to films used for
LI (± 7 µm).
In the case of supported films, this support can give rise to extra stress compared to free
hanging films. Especially, gravimetric experiments were limited to glassy films, since at solvent
activities corresponding to the glass transition composition or higher, films were not mechanical
stable enough.
A6.2 Results
A6.2.1 Sorption isotherms
In figure A6-1, the equilibrium sorption values of THF in PSf as a function of THF activity in
the vapor phase obtained from GA and LI are compared. Gravimetric sorption values are
directly derived from a mass balance as given in equation A6-1. Weight fraction of penetrant
ωpenetrant (=THF) is related to the mass of dry polymer mdry polymer and total mass of the film mtotal
in equilibrium with a vapor of a certain THF activity.

ω penetrant = 1 −

mdrypolymer
mtotal

(A6-1)

Optical thickness change ∆Lopt as obtained from white light interferometery, are converted to a
change in geometric thickness ∆Lgeo through equation A6-2 in which nTHF denotes the
refractive index of the solvent.
∆Lopt = nTHF ∆Lgeo

(A6-2)

Sorption values are derived by assuming no lateral expansion of the polymer film, no excess
volumes of mixing [3] and a linear relationship between refractive index and composition [3].
Relative thickness changes (Lt/L∞) (reference to film at infinite time) can under these conditions
be converted to changes in relative mass changes (Mt/M∞) of the absorbed penetrant according
to equation A6-3.

∆Lgeo
Mt
t
= geo
M∞ ∆L∞

(A6-3)
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Figure A6-1: Sorption isotherm for the system PSf/THF at 290K determined by gravimetric
analysis(GA) and light interferometry (LI) after sorption (S) and desorption (D). S-LI ( ), S-GA( ),
D-LI ( ) and D-GA ( )Dry film thicknesses were ±20 µm (GA) and ± 7 µm (LI)
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The glass transition lies between 0.8 and 0.9 Flow of the polymer solution prevented the
measurement of the mass uptake in these situations.
A6.2.2 Sorption kinetic curves
The kinetic response of the system to a sudden change in activity in the vapor phase can be
used to derive diffusion coefficients as a function of activity. In figure A6-2, an example of a
sorption and desorption curve is shown. It displays the relative thickness increase due to
(de)sorption of THF from PSf-films as a function of the square root of time.
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FigureA6-2: Reduced sorption (striped line)and desorption (solid line) curves between activities 0.5
and 0.6 as a function of the square root of time scaled to the thickness using LI for the system
PSf/THF at 290K Dry film thickness was 5.6 µm

Several methods can be applied to derive diffusion coefficients. The method used in this work
was presented by Balik (A6-3) [4] and combines both initial and final sorption characteristics
through a Fermi-like function F(x).
  Dt  0.5 
  8
Mt
Dt  

= F (x ) 4 2   + [1 − F (x)]1 −  2  exp − π 2 2  
(A6-4)
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 πh


 Dt2 − a  

with F ( x ) = 1 + exp h
 b  


−1

(A6-5)

Optimal values for a and b were found to be a=0.05326 and b=0.001[4]. This gave the
following results for diffusion coefficient as a function of THF activity, which is plotted in
figure A6-3.
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FigureA6-3: Diffusion coefficients as a function of THF-activities in the vapor phase derived from
sorption (S) and desorption (D) experiments for the system PSf/THF at 290K S-GA ( ), S-LI( ), DGA ( ) and D-LI ( ). Dry film thicknesses were ± 20 µm (GA) and ± 7 µm (LI)

4

/

0

5

It must be noted that the derivation of a diffusion coefficient at low activities of THF did not
always result in a good representation of the entire (de)sorption curves. This was probably due
to non-Fickian effects. However since results of both techniques were analyzed through the
same procedure, differences between GA and LI are not only based on erroneous derivations of
diffusion coefficients. At higher activities of THF reasonable fits were obtained of the dynamic
sorption behavior.

A6.3 Discussion and conclusion
At low solvent activities, THF concentration in the polymer film is comparable for both
techniques. However, different amounts of solvent were absorbed at intermediate solvent
activities. For free hanging films (GA), a faster increase of sorbed penetrant with activity was
observed compared to supported samples (LI). Influence of stress effects on the value of
diffusion coefficients of THF in PSf is not surprising, since during (semi-) integral sorption
experiments (THF activity 0 to 0.5) films deposited on glass plates gave rise to cracking of the
film , while this was not observed for free hanging films. Due to large scattering in data, no
modeling for sorption in glassy materials was applied.
Diffusion coefficients of THF in PSf determined from desorption showed almost identical
values for both techniques. Diffusion coefficients of THF in PSf determined by sorption showed

up to one order of magnitude difference between GA and LI. With GA, diffusion coefficients
hardly changes with activity while those determined for films deposited onto a glass plate,
increased exponentially; the lowest value being 10-16 m2 s-1.
Unlike Stamatialis et al. [2], no boundary layer effects were observed in our LI experiments.

A6.4 List of Symbols
a,b
D
F
h
M
n
t

:
:
:
:
:
:
:

ω
:
∆Lgeo :
∆Lopt :

parameters for the Fermi-function
binary diffusion coefficient
Fermi-function
film thickness
mass
refractive index
time

[-]
[m2s-1]
[-]
[m]
[g]
[-]
[s]

weight fraction penetrant
change in geometrical thickness
change in optical thickness

[-]
[m]
[m]

subscripts
total : penetrant and polymer
t
: at time t
: equilibrium value at infinite time
∞
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7. Ultrasonic Time Domain Reflectometry,

a new in-situ technique to monitor membrane formation

Summary

Ultrasonic time domain reflectometry (UTDR) presents unique
features to study in situ membrane formation by phase inversion
processes. UTDR can easily be applied to large samples sizes. This
avoids the use of small sample sizes which are often required in
other techniques.
Overall thickness can be monitored both for optical transparent as
well as opaque samples. This poses advantages over several optical
techniques for which transparency is required.
Under certain casting conditions, some structure development can
be observed in addition to overall thickness. In our study, the
observed structural elements can probably be related to the presence
of macrovoids.
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7.1 Introduction
Membrane formation by diffusion induced phase inversion is an interplay between mass
transfer across the polymer film boundaries and phase separation phenomena. In previous
work, attention was mainly focused on the quantitative description of the mass transfer during
the initial moments of the formation process. In these first moments, no phase separation has
occurred and the polymer solution can still be considered as a continuum.
Many experimental techniques are available to validate both these initial moments as well as
the moments after phase separation is induced.
For immersion precipitation, these include light transmission experiments, microscopy, the
analysis of the composition of the coagulation bath in time during the formation process and
some optical techniques. The analysis of the coagulation bath as a function of time has the
disadvantage that relatively small coagulation bath volumes must be used (compared to the
volume of the polymer film). This can affect the diffusion behavior, especially in
instantaneously demixing systems with large fluxes of solvent and nonsolvent. The first optical
technique [1], is called the two slides experiment (see chapter 5). An improved version of these
experiments was demonstrated by Van de Witte [2] by using capillaries which were uniform in
diameter. Besides normal microscopic observation, Van de Witte also used polarized light to
detect solid-liquid demixing during the process. A disadvantage of these experiments is the
possible presence of capillary forces during the experiment which can influence the process.
A second optical technique has been developed by the group of McHugh [3-5] based on the
interference pattern generated by a difference in refractive index. Experiments are performed
like in two-slide experiments perpendicular to the solution-bath interface. Besides the demixing
front, concentration profiles and the position of the interface can be followed in time.
Relatively thick polymer films are being used (3.49 mm) with a small area (5 x 5 mm). A
comparison of thin and thick films however was shown to render similar film morphologies.
The technique however is limited to the exact knowledge of the refractive index as a function
of composition in the film. Only when the refractive index changes can be converted to a
composition gradient in the film, concentration profiles can be determined. This limits the
technique to systems with a simple dependence of refractive index with concentration. A
generalization to any quaternary systems is therefore not straightforward. The use of a fairly
large cell avoids the presence of any capillary forces. However edge effects, due to a finite
sample size can become important.
In evaporative studies, (light & neutron) interferometry [6-7] and gravimetric techniques [8-9]
have been often applied. Interferometry can only be used if no noticeable scattering occurs.
This is often induced by phase separation phenomena. In many cases, very good reflecting
interfaces are required. Gravimetry is not restricted to transparent samples, but is sometimes
not easily implemented in the casting process. Other techniques such as diffraction [3-5] and
magnetic resonance imaging [10] are most appropriate for thick films; dielectric measurements
using comb electrodes [11], attenuated total-reflectance (ATR) infrared spectroscopy [12] and
ATR fluorescence spectroscopy [13] can provide information about the material properties
close to the polymer film - substrate interface.
Considering these currently applied technique, a new method to monitor membrane formation
in real time should fulfill the following requirements: noninvasive, proper resolution, avoidance
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of small sample sizes, simple relation between composition and measured property. Acoustic
techniques can often satisfy these requirements.
Ultrasonic techniques have been utilized in polymer science for more than 40 years for the
characterization of emulsions and colloidal suspensions. The scattering characteristics of
acoustic waves have been used by Erwin and Dohner [14] to study the dispersion of particles
in a polymer, and Singh and Singh [15-16] utilized composition dependent non-linearities in
the acoustic velocity to characterize polymer-polymer compatibility. Other work has been
focused on absorption and attenuation of ultrasonic waves in various polymeric materials [17].
Although a limited number of studies have investigated melting and solidification in organic
materials, ultrasonic measurements have been more commonly employed for characterizing the
phase-transition behavior of metallic systems [18]. Ultrasonic techniques, including acoustic
microscopy, have been extensively used to measure the thickness of thin films and coatings. In
recent years, a technology has been developed for the in-situ measurement of thickness during
chemical vapor deposition [19,20]. Despite these developments, ultrasonic techniques have
been under-utilized, particularly for the study of dynamic processes [21]. Recently, Maffezzoli
[25] presented the use of acoustics for swelling and desorption of gels. This work was done
independently from the work presented here. They used a scanning acoustic microscope and
compared attenuation rather than arrival times as in this work.
The applicability of ultrasonics for real-time measurement of polymeric thin-film phenomena
has been demonstrated by recent work regarding the development of Ultrasonic Time-Domain
Reflectometry (UTDR) for monitoring compaction (creep), fouling, and solidification in
membrane-based separation systems [21-24]. The objective of the present study is to determine
whether UTDR can also be used to measure real-time changes in the thickness of polymeric
films eventually undergoing phase separation and solidification during evaporative casting. In
addition to determining overall changes in film thickness, which was the primary focus of this
work, we evaluated the capability of UTDR for characterizing the position of the demixing
front that accompanies phase separation in certain polymer-solvent-nonsolvent systems.
By discussing the theoretical background of the technique in the next section, the advantages
and limitations of the technique are identified. Consequently, it will be shown that the former
mentioned requirements are fulfilled and that UTDR presents a useful way to follow film
formation in demixing systems.

7.2 Theory
Ultrasonic measurements are based upon the propagation of acoustic waves. Their velocity is
dictated by the medium through which they travel. The velocity of the compression wave
through a solid medium, c, is a function of the physical properties of the medium [26]
according to equation 7-1.

c=

E

(1 − υ )

(7-1)

ρ (1 + υ )(1 − 2 υ )

with
E : Young’s modulus (stress required to produce unit strain)
ν : Poisson’s ratio (ratio between transverse contraction per unit
dimension of a bar of uniform cross-section to its elongation
per unit length when subjected to tensile stress)

[g m-1s-2]

[-]
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density of medium

[g m-3]

The acoustic impedance Z is defined in equation 7-2.
Z = ρc

(7-2)

When an ultrasonic wave encounters an interface between two media, energy is partitioned
among reflection, transmission and mode-conversion phenomena. For waves normally incident
on a plane "welded" boundary between two solids, the energy partition is controlled by the
ultrasonic impedance contrast (Z1/Z2). The amplitude of the reflected wave relative to the
incident wave, A, is given by equation 7-3, where the subscripts refer to the materials on either
side of the interface.
 Z1 − Z 2 

 Z1 + Z 2 

A=

(7-3)

The response of a system of interfaces to incident ultrasonic waves can be measured in either
reflection (pulse-echo, single transducer) or transmission (two transducers directly opposed).
In transmission a measure of the loss or attenuation as a function of frequency is given; in
reflection, at high frequency, the transducer receives "echoes" from each discrete interface.
When the velocity in the medium is known, the time delay between the initiation of the emitted
and received transducer signals, i.e., the arrival time (reflection mode), gives a measure of the
propagation path or thickness according to equation 7-4.

dl =

1
cdt
2

(7-4)

Here, dl is the distance between the interface and the transducer and dt is the arrival time.
When c is known as a function of composition and temperature, an exact value of dl can be
calculated. Fundamental aspects of ultrasonic measurement, measurement systems, its
modeling, transducers, resolution and accuracy have been reported in the literature [26-29].

7.3 Experimental conditions
The polymeric systems for these initial experiments were selected to meet the following
criteria: (1) relevance for membrane applications; (2) generation of dense polymeric films from
binary solutions by evaporation; and (3) extension to ternary compositions in which phase
separation occurring during evaporation results in a microporous asymmetric film structure.
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figure 7-1 Schematic representation of the UTDR set-up

The specially designed integrated casting platform and pulse-echo measurement system is
shown in figure 7-1. The arrangement enables films with initial thicknesses ranging from 10001200 µm to be easily knife-cast directly on the aluminum substrate using a thickness-calibrated
glass casting knife assembly (not shown). When the cast film has contacted the aluminum
substrate, a signal is sent from the pulser-receiver (Panametrics model 5072) to the ultrasonic
transducer (Panametrics Type V111, 0.5-inch diameter, 10 MHz contact transducer) which in
turn generates an ultrasonic pulse towards the substrate and the evaporating film. At the
respective aluminum-polymer and polymer-gas interfaces the longitudinal waves are reflected
towards the transducer (figure 7-2) which detects the intensity of the reflected wave. This
signal is transmitted through the pulser-receiver to a digital oscilloscope (Lecroy 9350AM).
The oscilloscope displays the electrical signals or "system response functions" (time-amplitude
traces). During a casting experiment, the response functions are rapidly sampled and stored on
the computer hard-drive for later analysis.
An important aspect of the apparatus design involves the coupling between the transducer and
the bottom surface of the substrate. The arrangement employed a mechanical fixture to align
the transducer and exert sufficient pressure to ensure adequate contact between the transducer
and casting block through a layer of petroleum jelly used as a coupling liquid. In addition,
careful adjustment of the damping and attenuation of the ultrasonic signals is required; the
optimized result enables the unambiguous determination of the arrival times of the various
reflected signals.
A

Polymer
solution

B

C

D

E

F

Reflecting
interface

Aluminum
support
Acoustic
transducer

figure 7-2 Schematic representation of the different pathways followed by the longitudinal
acoustic plane waves when these are reflected at different acoustical interfaces.
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figure 7-3 Schematic representation of response functions for different experimental times
(t1<t2<t3<t4) corresponding to a system as depicted in figure 7-2
Figure 7-2 represents the different paths the plane waves can travel in the experiment. All
waves (A-F) are generated at the transducer. At each acoustical interface, a part of the energy
is reflected, another part can be transmitted to the next medium. Acoustical interfaces that are
encountered are at the interface between the metal substrate and the polymer solution (B),
between the polymer solution and the surrounding medium (in our case air) (C), and at
acoustic interfaces generated during the experiment (E). Reflected waves can be subjected to a
second reflection (D,F). In figure 7-3, the resulting ultrasonic signal amplitudes detected from
a system depicted in figure 7-2 are schematically plotted versus arrival time for four
progressively increasing times (t1 to t4) during the evaporation process. The uppermost plot
(t1) is obtained immediately after casting, i.e., at zero evaporation time, and evidences three
distinct waveforms identified as B, C and D. Waveform B is due to the reflection of the
ultrasonic wave from the interface between solution and casting solution-aluminum substrate
and waveform C results from the reflection from the polymer solution-gas interface. Waveform
D is due to a second reflection inside the polymer solution. This waveform can be used to
validate the arrival time difference between waveform B and C. When the arrival time
associated with a certain waveform is referenced to the position of waveform B, the arrival
time of D is twice that of C.
After a certain evaporation time (t2), waveform C appears at a decreased arrival time due to
film shrinkage. Waveform D has moved twice the distance compared to waveform C. In some
cases ( ternary nonsolvent, solvent, polymer system), a somewhat more complex pattern,
(E+C) can be generated at later stages of the evaporation process. The latter indicates a
superposition of waveforms, i.e., an incomplete separation in the time domain. At increasing
experimental evaporation times, this more complex pattern has resolved itself into two distinct
waveforms E and C. While C still represents the reflection from the polymer solution-gas
interface, waveform E corresponds to an interfacial region in the polymer solution. Possible
acoustic interfaces can be formed by sharp interfaces and well defined morphological elements.
With increasing evaporation time additional densification via phase separation occurs and the
overall film thickness continues to decrease. These aspects are represented in figure 7-3 as
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reflections C and D systematically move towards reflection B which remains invariant in time
and space; the range of intermediate evaporation times over which reflection E appears as a
distinct waveform depends upon the resolution of the ultrasonic measurement system.
Based upon knowledge of the original thickness, L, of the casting solution (set by adjustments
to the precision casting-knife assembly) and the ultrasonic velocity as a function of
composition (see chapter 2), the arrival times t arr can be transformed into real-time thickness
values using equation 7-5.
L

dl
t arr = ∫
c (l )

(7-5)

0

with c(l) the acoustic velocity as a function of position l in the film
As such, UTDR can provide real-time measurement of thickness changes that occur during the
evaporative casting of polymeric films. The first requirement for UTDR thickness
measurements is that a reflection from the desired interfaces be obtained. This is a function of
the pulse-echo system employed and the inherent nature of the interfaces. For example,
completely characterization of changes in the thickness of the phase-separated region (PSf)
was not possible. Reflections from this region were observed only at intermediate times for
which the PSf thickness was sufficiently large for separation from the polymer-gas interface
reflection but small enough for separation from the polymer-substrate reflection. For a given
ultrasonic impedance ratio, resolution can be enhanced by appropriate choices of transducer
frequency and optimization of the structure and dimensions of the substrate material.
Once reflections can be unambiguously resolved, the accuracy of the thickness measurements
depends upon arrival-time resolution and the accuracy of the ultrasonic velocity values utilized.
In the present case the former was ± 0.5 ns which corresponds to a spatial resolution of
approximately 0.7 µm and the latter depended upon temperature and composition. Previous
studies have demonstrated that maximum temperature decreases of 23°C are possible for films
dry-cast from cellulose acetate solutions [30]; however, the effect of this change on the
ultrasonic velocity is expected to be modest. Literature values for the temperature-dependence
of ultrasonic velocity [31] indicate that a temperature decrease of 23°C results in velocity
changes in acetone and water of + 8.9 % and -3.7 %, respectively. Since the effect of
compositional changes was less certain, we measured the ultrasonic velocity for the binary and
ternary compositions for the initial solutions and the resulting densified films and membranes.
Table 7-1 summarizes these measurements.
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Table 7-1 Ultrasonic velocities of casting solutions and densified films
initial composition
100 w% THF
15 w% PSf, 85 w% THF
20 w% PSf, 80 w% THF
10% CA, 90% acetone
15% CA, 85% acetone
20% CA, 80% acetone
25% CA, 75% acetone
10% CA, 65% acetone, 25% water
10% CA, 70% acetone, 20% water

velocity in solution
(m s-1)
1215
1266
1320
1224
1242
1251
1259
1319
1265

velocity in solidified film
(m s-1)
1246
1268
1280
1292
1377
1325

These measurements indicate that the maximum differences as a function of composition were
< 5%; differences between the initial solution velocity and the value in the corresponding film
were also < 5%.
For the conversion between arrival time and geometrical thickness, the integration of the
acoustic velocity must be made over the entire film. Due to the reflection mode, a division by
two must be done as described in equation 7-6.
L = 0.5∫ c(l )dt

(7-6)

If a linear dependence between acoustic velocity and the mass fraction can be assumed, as in
our case, an average acoustic velocity can be used for the entire film. Average values of the
acoustic velocity for water and acetone (both volatile) were utilized for the thickness
measurements in the ternary CA systems. Overall, these considerations indicate that the pulseecho measurement system employed in these studies had a thickness resolution of ± 5 µm.
Similar data for other systems of interest are necessary before the quantitative capabilities of
UTDR can be fully utilized. Nonetheless, UTDR appears to have great promise as a real-time,
nondestructive, noninvasive technique that can be applied to a wide range of polymer filmcasting situations, particularly those for which other techniques cannot be employed.

7.4 Results
7.4.1 Binary solvent-polymer systems
To demonstrate the feasibility of the technique, different polymer solutions are used:
respectively polysulfone - tetrahydrofuran and cellulose acetate - acetone solutions.
For the system polysulfone-tetrahydrofuran, figure 7-4 represents a typical series of response
functions for various experimental times.
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figure 7-4 Response functions for various experimental times during evaporation of 30 w% PSf
solution in THF. The waveform associated with the aluminum block (B) and with the solution airinterface (C and D) are indicated.

From these data, the changes in arrival time vs. experimental time can be related to a change in
geometrical thickness, through equation 7-6 and the change in geometric thickness is displayed
in figure 7-5.
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[µm ]
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figure 7-5 Thickness change as a function of experimental time
during drying of PSf-THF solutions: casting solution 0.1 w% PSf - 0.9 w% THF

154

Chapter 7

To illustrate that the technique is not restricted to one polymer system, cellulose acetate acetone solutions were studied. The drying behaviour of these binary solutions, followed by
UTDR and gravimetric analysis (GA) are summarized in figure 7-6. Gravimetric experiments
were performed as described in the previous chapter. Results from both techniques deviate
slightly from each other. This can be explained by the fact that the set-up used for these
experiments is also different. In the gravimetric measurements, films are cast on glass plates,
while in the acoustic experiments, films are cast on an aluminum block. Also the boundaries
(edges of the film) are slightly different, affecting the mass and heat transfer to the gas phase.

1,0E+3
1000

thickness
[µm] 5,0E+2
500

0,0E+0 0
0

250
time [s]

500

figure 7-6 Thickness as a function of time during drying of a CA - acetone solutions with and
without water addition :acetone (90w%) - CA (10w%) (UTDR 5; GA solid line), acetone
(60%) - water (30 w%) - CA (10 w%) (UTDR o ; GA p)
7.4.2 Ternary systems
In case of PSf solutions, the influence of additions of a second low volatile solvent (DMAc)
was investigated. Similar results as found for binary systems were obtained. Because in these
systems, no demixing is induced, the (similar) results are not shown here. In case of cellulose
acetate solutions, the influence of addition of water to these solutions on the drying behaviour
was investigated. These results were compared to gravimetric data under similar
circumstances.
This system is the most interesting since during evaporation demixing is induced. Many
techniques fail here as described in the introduction of this chapter. Different water
concentrations were used to measure the drying behaviour of demixing films. When demixing
is induced, no effect is observed in the general behaviour of the response functions, which is to
be expected since in these films small concentration gradients are developed during drying, no
large structures are generated and a irregular interface is formed between the demixed and
homogeneous parts in the film. The acoustical technique is sensitive to distinct changes in the
acoustical velocity in the direction perpendicular to the film surface. Almost identical drying
curves were obtained for both measurement techniques as illustrated in figure 7-6.
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7.4.3 Ternary systems which generate macrovoids
As found by Shojaie et al. [30], high amounts of water in CA - acetone systems can lead to the
formation of macrovoids during drying. Figure 7-7, representing the changes in the response
function as a function of experimental time, shows that at a certain moment an additional peak
appears in the response function for this compositions. The position of the air-solution
interface is still visible, indicating that UTDR works in every tested case irrespective of the
presence of additional morphological elements.

texp
[s]

45
70
40
60
35
30
50
40
25
30
20
15
20
10
10
05
0

B

0

E

500

1000

C

1500

2000

ta [ns]
figure 7-7 Response functions as a function of time
during drying of a solution consisting of 10 w% CA - 63 w% acetone and 27 w% water. The
positions of the waveform associated with the aluminum block (B), the solution-air interface
(C) and the extra waveform (E) are indicated.
Due to the presence of a large signal from the air-solution interface, the time at which
presumably (see discussion) macrovoids are formed cannot be derived. Only when the
additional peak is moving to shorter arrival times, it is observable (see figure 7-7).

7.5 Discussion
7.5.1 Film thickness measurements
Although UTDR poses advantages over several other techniques as demonstrated before, some
drawbacks can arise using this technique. If the acoustic velocity is not a linear function of
composition and cannot be simplified to one without introducing a too large error, the
derivation of the thickness from the acoustic arrival time needs the knowledge of the
concentration profile in the film. Otherwise the integration in equation 7-5 can not be made. In
homogeneous binary films, concentration profile and thickness can in some cases be probed by
regarding both attenuation and arrival time since the two different properties have a different
dependence on concentration. Due to the inverse character of the technique, the solution
however can be non-unique. Similar problems are encountered in interferometry studies.
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It is known that the glass transition has some effect on the acoustic velocity and the linear
relationship between acoustic velocity and composition is obeyed around the glass transition.
Measurements of the thickness changes will become less reliable in this concentration range.
Although this effect has not been studied in detail here, a combination of experimental
techniques, such as gravimetric analysis and UTDR, can in principle circumvent these
problems. Since the interpretation in GA does not depend on the mechanical state of a film,
such a combination could indicate how the polymer film vitrifies during evaporation.
Another drawback (which sometimes turns out to be an advantage) of the technique is that it is
limited to condensed matters. Gasses give rise to large attenuation and the signal-to-noise ratio
becomes too low. If experiments must be performed in a gaseous environment, the use of
acousto-optical techniques poses a solution to this problem. A technique as proposed here is
still possible in combination with (thin layers) of gas is illustrated by Wang et al [33] in the
characterization of an injection molding process. Wang et al. measured the distance between
the mould and the injected polymer for various times.
Other limitations of UTDR depend mainly on the design and choice of the different elements of
the set-up. Increasing the frequency of the transducer, will give rise to a higher resolution, but
at the same time will lead to an increased attenuation of the signal. Depending on the type of
information which is wanted or the thicknesses studied, different choices can be made. To
observe small morphological elements, a scattering approach rather than plane wave
approximation is advisable.
Although, in the response functions in UTDR studies of thermally induced phase separation
processes [24] a lot of noise was induced due to crystallization at the side of the transducer,
this turned out to be less in our evaporative studies. A proper choice of attenuation, gain and
damping was needed as well as a good trigger pulse (especially the shape) from the
oscilloscope.
In table 7-2, the advantages and limitations are summarized.
Table 7-2 Advantages and limitations of UTDR
advantages
optical opaque and transparent samples

low attenuation in condensed matters
no limitation for large sample sizes

limitations
inverse technique
translation needed for arrival times to
thicknesses
large attenuation in gases
resolution ± 1 µm
(dependent on system and frequency)

easily implemented in different
circumstances

7.5.2 Morphological information: macrovoids?
Macrovoids are thought to arise only when high gradients in the water concentrations were
generated during evaporation processes. Both the occurrence of macrovoids as well as the
presence of large gradients in concentrations of the different components could lead to an extra
signal in acoustic experiments.
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Just before demixing, a large concentration gradient can already generate a signal in the
response function. However, the time between generation of a large concentration profile and
formation of macrovoids can be small. A comparison between the size of the macrovoids after
complete evaporation of the polymer film and the size derived from the response function is
one indication to reveal if the signal arises just from a concentration profile or from a
morphological element. From the calculations performed by Shojaie et al., reflection due to a
concentration gradient is unlikely to occur. The reason for this is that reflection of waves (see
equation 7-2) occurs preferentially at boundaries with a transition from thin to dense media.
For acoustic waves, this means that waves are preferentially reflected at transitions from high
to low acoustic velocities. As calculated by Shojaie, both polymer and nonsolvent
concentration are enhanced due to preferential evaporation of acetone. A concentration
gradient will therefore always lead to an interface with a transition from low to high acoustic
velocities and will not lead to large reflections. Only the wave which is reflected from the airsolution interface can lead to an additional reflection at a large concentration gradient. This
corresponds to situation F in figure 7-2. Since the extra peak appears at shorter arrival times
(situation E), we can conclude that this reflection is not due to the presence of a concentration
gradient only. It is also observed that peak C is moving to larger arrival times just before the
second peak appears. This indicates that the acoustic wave suddenly experiences a higher
acoustic impedance. Two possible explanations remain. The additional peak can be due to a
reflection at the boundaries of a macrovoid (figure F) or the acoustic wave experiences two
different media. If no averaging occurs between the inside of the macrovoid (high acoustic
impedance) and the matrix around the macrovoid (low acoustic impedance), two different
arrival times are expected due to a different average velocity throughout the film. Knowledge
of compositions at the binodal can be used to estimate reflection coefficients A originating
from the presence of an interface between phases rich and lean in polymer. The calculated
position of the binodal and the reflection coefficients are given in figure 7-8. If the plane wave
experiences two different media, then a comparable energy is expected on the basis of a
difference in acoustic impedance between air and the solution. a difference in volume of the
two phases can change this ratio. Since peak intensities are more or less similar during the
experiment, the volume of the macrovoid phase should stay the same and the ratio between the
two volumes can be verified by SEM analysis. Although further research must be carried out
on this topic, the presence of a real interface, which means reflection at the walls of
macrovoids, is the most acceptable hypothesis.
The ratio between the total energy of the different reflections suggest that a reflection between
a polymer poor and a polymer lean phase is an acceptable interpretation. The intensity of the
peak (E) as a function of time could in principle give information on the composition at both
sides of this interface. Such a study would involve more experimental information, especially
on attenuation issues. Due to the nature of the waves (plane waves perpendicular to the
solution-air interface), the position should correspond to the bottom of the macrovoids. A
comparison of the length of the macrovoid observed acoustically and by SEM analysis (figure
7-10), can support the suggestion that the acoustically observed phenomena are due to
macrovoid formation.
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figure 7-8 Reflection coefficient A between polymer rich and polymer poor phase ( in the
direction of the polymer poor phase) calculated using the Flory-Huggins model for the system
water-acetone-CA.

figure 7-9 SEM image of a membrane formed by dry casting a CA-acetone-water solution (10
w% CA - 60 w% acetone - 30 w% water) during UTDR experiment
The question remains if the presence of macrovoids is needed to give rise reflection of acoustic
waves. In principle, the presence of nuclei is enough. However due to the relatively large
wavelength of acoustic waves, averaging over the different phases (polymer rich and polymer
poor) and the knowledge that the average overall local composition is almost identical to the
homogeneous composition close to the demixing front, large structures must be generated
before reflection will occur.
In the near future, application of UTDR will also be used in immersion precipitation to
investigate total thickness changes, to study macrovoid formation and the formation of a dense
top layer.
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7.6 Conclusions
The experiments clearly demonstrate that UTDR implemented using modern digital
instrumentation can provide a powerful tool for the study of solidification phenomena in
polymer systems. UTDR provides a particularly valuable alternative when other methods, such
as those that require a transparent optical path, cannot be employed. The insight gained from
such real-time measurements can be used to test existing mass transfer models and, if
necessary, can provide a basis for their improvement.
UTDR provides also information on the morphology development during evaporation. Since
UTDR used in in-situ studies is an ill-posed and inverse technique, interpretation should always
be done carefully. If the proper assumptions are being made, speculations can be avoided. In
our study, the most acceptable interpretation of the observed acoustic effects are associated
with macrovoid formation. To exclude other interpretations, more experimental results are
needed on the macrovoid issue.
Combinations of UTDR with other techniques can in future become an important tool in
polymeric material science and membrane science in particular.
7.7 List of Symbols
A
c
E
L
ta
texp
Z

: ratio between amplitude of reflected wave compared to
amplitude of incident wave
: ultrasonic velocity
: Young's modulus
: geometric thickness of polymer film
: arrival time
: experimental time
: ultrasonic impedance

[-]
[m s-1]
[g m-2 s-2]
[nm]
[ns]
[s]
[g m-2 s-1]

ρ
ν

: density
: Poisson's ratio

[g m-3]
[-]
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8. Bilayered membranes by a new membrane formation
process

Summary

New concepts on preparing integrally skinned and composite
membranes are presented and demonstrated. This is achieved by
co-casting or co-extrusion of two solutions whereof only one
solution normally gives rise to porous membrane structures.
For co-extrusion of hollow fibers, a new spinneret was
developed, while a special casting knife was used for flat sheet
membranes. Depending on the ratio between flow rate and
viscosities of the two polymer solutions, different thickness
ratios can be obtained for the two layers.
Integrally skinned membranes were based on a combination of
PSf-THF and PSf-NMP solutions. Composite membranes were
made from PEBA-IPA and PSf-NMP solutions. Both types of
membranes were made in flat sheet and hollow fiber form.
During the preparation of the integrally skinned membranes, the
delayed demixing characteristics of PSf-THF-water system were
demonstrated. Only when nonsolvent was added to the solution,
dense skins could be achieved, otherwise macrovoid formation
and a porous top layer were observed in the PSf-THF solution.
The feasibility to make composite membranes in a single stage
process was demonstrated. Depending on the concentration of
PEBA, flat sheet membranes could be made with and without
pore penetration. Defect free top layer thicknesses below 5
micron were achieved for flat sheet membranes. Hollow fibers
showed by SEM a dense layer at the outside of the fiber.
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8.1 Introduction
The selective layer is often located at the top side of the membrane structure. Integrally
skinned membranes, i.e. membranes with a dense skin and made of one material, are
characterized by a dense top layer at the top of the structure and a porous sublayer. These
membranes are prepared in one process. Recent techniques to prepare these membranes by
immersion precipitation are the dry-wet process and the dual bath process. These methods
however have as drawback that the substructure is subsidiary to the top layer.
In the formation of composite membranes however the material for support and selective top
layer can be chosen independently. First a porous structure is made that will form the sublayer
of the composite membrane. This layer acts as a mechanical support for the selective layer,
which is deposited in a second step. No comprehensive review is given here on all possible
coating techniques which have been applied to prepare composite membranes. However some
dipcoating techniques will be considered to show the problems which one will be faced with
and how these problems can be solved. Some other techniques resulting in composite
membranes are shortly mentioned too.
In this study the feasibility of preparing both integrally skinned as well as composite
membranes in a one step process will be described. Casting two different polymer solutions on
top of each other (called co-casting hereafter) or co-extrusion is used for this purpose. In
multi-layer spinning the selective top layer and the porous support are generated in a single
step. Such techniques have some advantages over conventional coating techniques by which
most composite membrane are made nowadays.
Although co-extrusion is a widely applied technique, modeling of two phase flow during this
process is only at its infancy. The flow pattern of two non-Newtonian polymer melts can not be
handled yet with todays advanced computational fluid mechanics packages. Besides for
membrane formation, no references were found on co-extrusion of polymer solutions. Because
flow characteristics are determined by the geometry of the spinneret (extrusion head),
characteristics of co-extrusion are often empirically in nature, since they strongly depend on
the used geometry.
Co-extrusion for membrane formation purposes (hollow fiber membranes) is a fairly new
technique. Two main different categories can be distinguished: melt spinning in combination
with stretching the spun fibers and gel spinning of phase inversion membranes.
But first, a brief overview is given on the preparation of integrally skinned and composite
membranes in general. A description of the ideas behind the new concept are presented in a
second part. To avoid confusion with the term composite membranes, membranes made from
two layers in one process will be called bilayered membranes. Hereafter, the results of
bilayered flat sheet and hollow fiber membrane preparation will be presented. Based on the
expected and unexpected results, feasibility and future possibilities will be finally discussed.
8.2 Integrally skinned membranes
Integrally skinned membranes are made by coagulation of polymer solutions into weak
nonsolvents, by a so-called "dry-wet" process or by a dual bath process. The first technique
often renders thick dense skins onto an often closed cellular structure, while the other two
generate extremely thin dense top layers. In figure 8-1, a schematic representation is given of
these three processes. Dry cast and thermally induced phase separation membranes can also
lead to integrally skinned membranes, but these will not be discussed here.
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Figure 8-1 Schematic representation of three processes that give rise to integrally skinned
membranes: a) Immersion in weak nonsolvent, b) dual bath process and c) dry-wet process
Coagulation only occurs from the top side of the polymer solution.

8.2.1 Immersion into a weak nonsolvent
As described by Mulder [1], integrally skinned membranes can be made by immersion of
polymer solutions into weak nonsolvents. Schematically this is represented in figure 8-1a. In
figure 8-2 (see also figure 5-4b), a membrane structure obtained from immersing PSf-NMP
solutions into 2-propanol (IPA) is shown. This type of delayed demixing, as is discussed in
chapter 4 and 5, will induce a diffusion barrier which will eventually form a dense layer.
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Figure 8-2 Integrally skinned membrane by immersion of PSf-NMP solution (20 w% PSf) into
isopropanol

Top layer thickness can be varied by a change in polymer concentration, in choice of
nonsolvent, in nonsolvent addition to the polymer solution or in film thickness. These top
layers are however often too thick for practical applications. The resistance of the sublayers of
these membranes are often not negligible. Alternative techniques, which will be discussed in the
next sections, give rise to decreased top layers and improved sublayer resistances.
8.2.2 Dual bath method
A technique closely related to the one described in section 8.2.1 is the dual bath method [2-4].
In this method, two sequential coagulation baths are used. Schematically this is represented in
figure 8-1b.The first bath is often a weak nonsolvent, giving rise to a locally increased polymer
concentration at the top layer (delayed demixing due to frictional barrier). Other types of
delayed demixing are thought not to give rise to dense top layer formation. The second bath
consists of a strong nonsolvent (e.g. water) by which the rest of the polymer solution is
demixed. Due to high polymer concentration in the top layer, no demixing will occur here and
a thin dense layer will be formed.
8.2.3 Dry-wet method
The third method is based on a combination of a drying step followed by an immersion into a
coagulation bath which is characterized by instantaneous demixing. Figure 8-1c schematically
presents the different steps in the process. The technique is based on inducing demixing
(without fast penetration of nonsolvent) in the top layer in the first drying step. Two different
mechanisms are reported in literature. Liquid-liquid demixing is induced in ternary systems
(nonsolvent-solvent-polymer) based on a glassy polymer [5-10]. The composition of the
casting solution must be close to the cloudpoint curve. Drying will give rise to preferential loss
of solvent and phase separation. Phase separation will lead to a polymer rich matrix phase and
a polymer poor dispersed phase. Further evaporation will increase the polymer concentration in
the matrix phase. For semi-crystalline polymers, drying can induce solid-liquid demixing [1112]. This will form a gel layer at the topside of the membrane which gives rise to a dense layer
after immersion. In both cases, the sublayer is demixed when the film is immersed in a strong
nonsolvent.

8.3 Composite membranes
More often a thin, selective layer is deposited on top of an already formed membrane. Different
methods can be applied for this: dipcoating, spincoating, plasma polymerization, interfacial
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polymerization. Dip coating shows the most resemblance to the method presented here since it
is based on depositing a polymer solution on top of a membrane structure.
The advantages of dipcoating is that it is not restricted to a certain class of polymers and can
be performed with a large variety of polymers. The technique is fully developed and is well
described.
Coating thickness strongly depends on the viscosity of the coating solution. Low viscous
solutions will give rise to thin coating layers. When the solvent is removed, an additional
shrinkage of the coating will occur, diminishing the thickness even further. During this
shrinkage, stress can develop in the coating layer, which can lead to defects.
If defects exist, several defect repairing techniques have been proposed [13-14]. These repair
techniques involve often a treatment in a volatile solvent vapour with or without the addition
of small amounts of additives (e.g. prepolymer components). Bikson et al. [15] coated in a
one-step process two distinct layers: a selective layer and an external protective layer which
also acted as a defect sealing layer. The dilute (<5% polymer, often 2%) coating solution
contains two polymers with a different adsorptive behaviour. The polymer with the strongest
adsorption towards air will be concentrated at the solution air interface.
Since the supports one wants to coat are most of the time porous, the polymer solution will
penetrate the support. This will result in an increase in mass transfer resistance, especially when
low polymer concentrations are used. This can be avoided by filling the pores with a liquid
before the polymer solution is applied [16-18].
A constraint on the dipcoating process in general is that the polymer must be in solution.
Therefore a suitable solvent has to be chosen. Without any precautions, the choice of solvent
for the coating can not be used when it is a solvent for the support material. This constraint can
be overcome using a (strong) nonsolvent for the polymeric support material as a pore filling
liquid [16].
Ohyabu et al. [19-20] prepared supports from polysulfone and polyvinylpyrrolidone (PVP) in
dimethylformamide. Besides polyvinylpyrrolidone, also polyethyleneglycol, polyacrylic acid
and polyacrylamide are mentioned as “poremakers” for a thin (0.1- 1µm) “ultra-microporous”
layer at the top layer of the membrane. By removing PVP out of the sublayer after coating,
pore penetration could be prevented while mass transfer resistance in the sublayer is reduced.
Pore penetration can also be avoided by using a gutter layer [21]. In that case a nonselective
and highly permeable material is deposited on the membrane before the selective layer is
deposited. For e.g. gas separation, pore penetration of glassy (low permeability), selective top
layer material into the pores is disadvantageous in terms of total flux through the membrane.
Problems can arise by inadequate adhesion between the different polymer layers. A nice
example of this is found in a patent of Gochanour [22]. In this patent, a gutter layer is
contacted with another polymer solution (preferably in a theta solvent) where the polymer
adsorbs on the gutter layer, ensuring hereby a good adhesion of the selective layer onto the
gutter layer. Another advantage of a gutter layer is that it can relax the stress formation during
drying of the coating. Hereby less defects will be generated. Riley [23] used a temporarily
gutter to smooth the surface on which a selective layer was coated. In depositing the selective
layer on top of the coating layer, sometimes additives are used who improve the wettability of
the support (gutter layer) as well as the adhesion characteristics [24].
Dipcoating can also be used to form a precursor film on a porous support. A polyamide
dipcoated film is converted by heat treatment to the corresponding (and very selective)
polyimide [25].
Besides dipcoating, other coating techniques can also be considered: e.g. interfacial and plasma
polymerization. These techniques are not discussed here.
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In another concept hollow fibers are coated using a spinneret [26-27]. A hollow capillary
serves as the supporting membrane, which is guided through the central bore of a spinneret.
The spinneret contains one or more annular slits through each of which a polymer solution is
delivered. The “coated” supporting membrane is dried afterwards and wound up, possibly
followed by an aftertreatment. It is said that the thickness of the coating layer depends on
orifice dimensions instead of viscosity of the used coating solution. Higher polymer
concentrations in the coating solution will decrease the tendency to pore penetration but gives
rise to increased coating thicknesses in dipcoating. Using a spinneret as a coating device for
concentrated polymer solutions, both pore penetration as well as coating thickness can be
decreased. A prerequisite of this process was, according to the authors, that the solvents used
were no solvents for the support. Using the patent of Van 't Hof et al. [16], this approach can
probably be extended to a more wide range of solvents.
Dense coating layers must be defect free, durable, permeable and selective. The use of more
than one layer is already applied for coating of porous supports. Next, the focus will be on
forming multilayered structures in one step including the preparation of the support.

8.4 Bilayered membranes by co-extrusion
In membrane technology, extrusion is applied to prepare all types of membrane geometries:
hollow fiber, capillary, tubular and flat sheet membranes. With co-extrusion, the extrusion of
two different polymer liquids is meant. Methods to co-extrude one polymer solution
simultaneously with an inert or coagulating bore fluid, the most common technique to make
hollow fiber membranes, are not considered as co-extrusion here.
The two fluids can be brought together in different parts of the process: in the feed block [2829], in the extrusion die or at the orifice side of the die [30-32].
orifice
feed

die

double layer

A

B

C

Figure 8-3 Schematic representation of different stages in which a multilayer is made:
(a) in feedblock, (b) in extrusion die and (c) at the orifice side of the die

Extrusion of a laminated feed block results in a laminated film. The idea of using a multilayered preform was used by Daikin Industries [28] to make a multi-layered PTFE membrane.
In another approach, followed by Nago and Mizutani [29], microporous polyolefin
(polypropylene) hollow fibers were prepared by co-extruding two streams of PP with a
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different filler particle in each stream. Depending on the sizes of the filler particles, different
porosities were achieved in the different layers.
Using a multiple orifice arrangement, different polymer layers can be extruded simultaneously.
Examples found in literature always dealt with spinning two membrane forming (by phase
inversion) solutions. Different applications were mentioned: dialysis, gas separation and
ultrafiltration.
The first articles on bilayered membranes were published by Weigel et al. [33-35] Co-casting
of two polymer solutions and immersion in a coagulation bath gave membranes with two
different characteristics in both layers. Polymers used were polyacrylonitril, cellulose acetate
and polyurethane. Individually, both layers can form (different) phase inversion membranes. A
prerequisite of their technique was that both layers could be separated after formation.
Compared to the preparation of the single films, the separated layers were characterized by a
more open bottom layer.
In a patent by Henne et al. [32], the formation of a dialyzing membrane is described consisting
of minimally two firmly adhered cellulosic layers. At least one layer can be used for dialyzing
and one layer is an absorbent layer containing filler particles.
Y. Kusuki et al. [33] and Ekiner et al. [30, 36, 37] describe the preparation of gas separation
membranes made by dry-wet-spinning of a bilayered hollow fiber membrane. The first inner
layer is microporous, the second layer is asymmetric, having an extremely thin dense outside
surface and a porous intermediate layer. Both groups claim to achieve higher selectivities as
compared to single films. In all cases, the process strongly relies on empiricism and
craftsmanship.

8.5 New concept
8.5.1 Objectives
With the concept presented here, an extension is made to the variety of membrane formation
techniques, part of which have been described above. The reason to make membrane structures
by this technique is both of academic nature as well as of interest to membrane manufacturers
involved in preparing composite membranes.
From an academic viewpoint, three main objectives were posed.
• In chapter 4 and 5, three different mechanisms behind delayed demixing are proposed. The
validity of the hypothesis of a thermodynamic barrier and consequences of this can be tested
by preparing bilayered structures.
• In dry-wet spinning, phase separation must be induced (either solid-liquid or liquid-liquid)
to generate dense top layers. The question whether an increased polymer concentration is
sufficient to generate integrally skinned membranes can be answered using this technique.
• In coating applications, gelation can be a mechanism to generate mechanical stable
structures. The implications of gelation phenomena on film formation can be studied.
As mentioned before, dipcoating is often accompanied with pore penetration and stress
induced defects leading to decreased membrane performances. In the new method, these two
disadvantages can be overcome.
8.5.2 Concept
The method presented here has many similarities to techniques discussed above. Two polymer
solutions are simultaneous extruded through a spinneret and are possibly contacted with each
other in the spinneret. It was shown by Gifford [38], assuming laminar flow conditions and a
Newtonian behaviour of the fluids, that the thickness ratio between both layers can be adapted
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by changing the viscosity or flow rate of the two solutions. A constant flow profile is reached
already in small distance from the point where both solutions are contacted. Due to the
geometry of the casting knife and the low casting speed, these effects are not anticipated in the
preparation of flat sheet membranes.
In the examples presented in literature, two membrane forming layers were always used. In this
study, it is demonstrated that this can easily be extended to one membrane forming solution
and one solution that normally does not form a reasonable (phase inversion) membrane
structure. The process is schematically given in figure 8-4.
When the bilayered film is extruded and comes into contact with a coagulation bath, phase
separation is induced in the membrane forming solution (A) of the film. The other solution (B)
or a part of it must be transformed into a mechanical rigid structure. This can be accomplished
in several ways: phase separation, gelation, solvent loss, a chemical reaction, etc. The final
morphology will then consist of two mechanical stable layers: a porous sublayer (A) and a
selective layer (B). Both layers can in principle be optimized independently.
in extrusion die

outside extrusion die

mechanical stable film B
solution B
membrane forming solution A
demixed porous film
coagulation
bath

coagulation
bath

Figure 8-4 Schematic representation of new concept of bilayered membranes in which one film forms
individually a porous membrane (A) and the other not (B).

The stage at which solution B must become mechanical stable is dependent on the systems
used and the handling procedure of the membranes. In our case, the selective layer was formed
at the outside of the fiber. Due to the use of transporting rolls, this layer must rapidly become
mechanical stable to avoid generation of defects. Applying this technique to flat sheet
membranes or hollow fibers with the selective layer at the inside, this time restriction becomes
less stringent.
Since the selective layer is formed at the same time as the porous structure, stress induced
defects are assumed to be suppressed. Two situations can occur. If the porous sublayer is
formed before the coating layer becomes mechanical stable, the sublayer will in many cases still
contain a large amount of solvent. The porous polymer structure is also filled with nonsolvent.
It is known from dipcoating experiments that this also lead to a decreased pore penetration
[12]. In case the porous structure is not formed yet at the selective layer, no pores exist and
pore penetration is a priori avoided.
Two practical systems were chosen to demonstrate the technique. By co-extrusion of PSf-THF
onto PSf-NMP, integrally skinned membranes can be made, while a combination of PEBA IPA and PSf-NMP will give rise to composite membranes.
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8.6 Experimental
8.6.1 Materials
All materials except polyethyleneglycole-block-amide, PEBA, have been used before in this
thesis. PEBA is a block-co-polymer with good selective properties to be used in pervaporation.
It consists of two blocks namely polyethyleneglycole (PE) and polyamide (PA). The chemical
structure is given in figure 8-5.
HO

[

C PA

C O PE O

O

O

]n H

Figure 8-5 Chemical structure of block-copolymer PEBA PA blocks represent saturated aliphatic
polyamide, PE tetramethyleneglycole

Depending on the ratio between the two blocks [39], more rigid or flexible materials can be
obtained. In this study PEBAX 3533 (Atochem) was used. According to literature, PEBA can
be dissolved in butanol and formic acid. Butanol is not preferred for our purpose due to a poor
miscibility with water; formic acid not due to its harmful effects. Opposed to claims in
literature [40] isopropanol was shown to be a solvent. All solutions of PEBA were made at
80oC. Up to 10 w% of PEBA could be dissolved in IPA.
PEBA-IPA solutions give rise at room temperature to gelation due to solid-liquid demixing.
This was not unexpected since both blocks give rise to crystallization. PEBA is suitable as a
model polymer to show the possibilities of the technique, since this polymer needs no curing
step after coagulation. The physical crosslinks (crystals) are sufficient to form a mechanical
stable layer.
A change in composition or temperature can therefore induce gelation, which is needed to
form a mechanical stable structure. Coagulation of PEBA solutions in water will induce
gelation in the film.
Increased NMP and sodium acetate concentrations in water were also used to decrease
macrovoid formation in single films. Both NMP and sodium acetate were used in the bore fluid
to decrease macrovoid formation in the sublayer (solution A in figure 8-4). For flat sheet
membranes and the outer surface of the fibers, water was used as a coagulation bath.
8.6.2 Spinneret and casting knife
In figure 8-6, a schematic drawing is made of the spinneret and casting knife used in this study.
Thicknesses of both layers in the spinneret before they are contacted to each other are 100
(outer layer) and 140 micron (inner layer). The settings of the casting knifes were 250 and 300
micron, resulting in a coating thickness of 50 micron and a sublayer thickness of 250 micron.
Due to loss of IPA in the PEBA-IPA case, this thickness will be further reduced during the
process.
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casting knifes

polymer solution B
polymer solution A
casting direction
bore
fluid

polymer
solution B

polymer
solution A

direction
of extrusion

Figure 8-6 Representation of cross sections of casting knife(top image) and spinneret (bottom
picture). The spinneret co-extrudes two concentric layers of polymer solution and in the middle a bore
fluid.

Polymer films were cast on glass plates and nonwoven material. For films cast on glass plates,
coagulation should only occur from the topside (PEBA-IPA or PSf-THF solution), while for
films cast on nonwoven material, coagulation is expected as well from the bottom side (PSfNMP). In figure 8-7, the spinning set-up is given.
1
4 5

2

6

3
8

9

1
7

10

Figure 8-7 Schematic representation of spinning set-up (1):HPLC pump for bore and outer layer
solution (2). gear pump for inner polymer solution (3). container for bore fluid (4) container for inner
polymer solution (5) container for outer polymer solution (6) spinneret (7) hollow fiber (8) first
coagulation bath (9) second coagulation bath used for rinsing (10) collection bath
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8.7 Bilayered integrally skinned membranes
8.7.1 Introduction
Integrally skinned membranes are prepared in a dual bath process by a combination of delayed
and instantaneous demixing. It was shown in chapter 4 and 5 that the origin of delayed
demixing is based on different mechanisms. In a dual bath method, a weak nonsolvent is used
in the first coagulation bath which induces an increased polymer concentration at the top layer.
Immersion in the second strong nonsolvent bath will generate a dense top layer and a porous
sublayer.
PSf-THF solutions immersed in water also show delayed demixing, associated with a thick
dense layer. These structures are however not suitable for membrane applications. The
applicability of bilayered membrane formation can however be extended to incorporate systems
that do not form good membrane structures on their own. It is known from chapter 5 that a
small concentration of NMP is sufficient to give rise to instantaneous demixing and reasonable
membrane structures. By contacting two layers of respectively a PSf-THF and a PSf-NMP
solution, it should in principle be possible to generate integrally skinned membranes, as
schematically depicted in figure 8-8.
A part of the THF solution will undergo delayed demixing, while the NMP-based layer will
form a porous membrane structure. Diffusion of NMP in the THF solution will extend the
region in which porous structures are formed.
If delayed demixing is associated with the formation of a high polymer concentration,
immersion into a coagulation bath will generate a dense skin, while if the mechanism as
proposed in chapter 4 is valid, no dense skins will be induced. In that case delayed demixing is
only caused by a poor miscibility between solvent (THF) and nonsolvent (water).
An additional drying step can also verify if demixing is a necessary condition to give rise to the
formation of integrally skinned membranes as indicated in figure 8-8. Increased evaporation
time would lead to higher polymer concentrations at the outer side of the bilayer. Immersion of
this solution in water would further increase the polymer concentration, leading to an integrally
skinned membrane.
evaporation
or
immersion

external
coagulation
bath

dense polymer film
PSf + THF
PSf+THF+NMP
PSf + NMP
internal
coagulation
bath

internal
coagulation
bath

internal
coagulation
bath

demixed polymer film

Figure 8-8 Schematic representation of the formation of a bilayered membrane in which the top layer
material undergoes either evaporation or delayed demixing (possibly associated with formation of a
dense top layer) and the sublayer undergoes phase separation (forming a porous structure).

Experiments with and without nonsolvent added to the THF-solution have been performed.
Normally, addition of nonsolvent will reduce the delay time and the top layer thickness is
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reduced. If the "thermodynamic barrier" mechanism behind delayed demixing as proposed in
chapter 4 is correct, the addition of water to the polymer solution will yield denser top layers
compared to conditions without water addition. Faster demixing is accompanied with the
generation of a higher polymer lean phase volume (see figures 5-10). Diffusion of NMP into
the THF solution will cause a higher porosity in both layers when water is not initially added to
the THF solution.
8.7.2 Results
8.7.2.1 Flat sheet membranes
In table 8-1, an overview is given of different preparation conditions used for bilayered films.
Table 8-1 Preparation conditions I1 and I2 to prepare "integrally skinned" bilayered membranes
shown in figure 8-9.

solution 1

Ia
25 w% PSf, 15 w% IPA in NMP

solution 2

30 w% PSf, no additives in THF

temperature

23 0C

Ib
25 w% PSf, 15 w% IPA in
NMP
30 w% PSf, 2 w% water in
THF
23 0C

When membranes are cast on glass plates, using the preparation conditions as described in
table 8-1, in both cases closed top layers are formed when the polymer concentration exceeded
30 w%. It is known from chapter 5, that delay times decrease if the polymer concentration
increases for PSf-THF-water systems. Immersion of these films in water will therefore yield
dense top layers. No demixing can normally be induced from the bottom side (PSf-NMP
solution) since the film is supported by a glass plate. In figure 8-9a, the membrane structure
formed under circumstances Ia (see table 8-1) shows macrovoids originating at the topside of
the membrane, indicating that no dense top layer is formed in these circumstances. The entire
structure is almost symmetric in nature if macrovoids are not considered.
a)

b)

c)

Figure 8-9 SEM images of cross sections of membranes cast from PSf-THF and PSf-NMP solutions.
Membranes were cast on glass plate (a,b) or on a nonwoven support (c) and coagulated in water. The
influence of water addition to the coating solution is demonstrated: (a) no addition of water(Ia), (b,c)
2w% water in initial THF solution(Ib).

In figure 8-9b, the membrane structure is shown of a membrane also cast on a glass plate but
with 2 w% water added to the THF solution (Ib). In this case, a clear distinction between the
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two layers can be observed. Furthermore, a highly asymmetric structure is generated near the
interface between both layers. The decreased delay time in the THF-layer, results in a relatively
rapid demixing, giving rise to a closed cell structure. Diffusion of water through the THF-layer
will induce an asymmetric structure in the sublayer. Due to the presence of IPA in this layer
(and a diffusional resistance in the top layer), no macrovoids are generated in the sublayer
although asymmetry is induced in the demixed structure.
Independent of the water concentration, both layers are well adhered to each other. Whether
this is due to good adhesion between the two layers or due to mixing is not immediately clear
since the interface (figure 8-9b) is very sharp.
When a bilayered film is cast on a nonwoven support, a similar top layer is formed in the case
of the 2 w% water containing THF solution. The cross-section of the membrane is shown in
figure 8-9c. However, in that case, large macrovoids are formed in the sublayer. This was not
anticipated on the basis of single films, where no macrovoids were formed when 15 w% IPA
was added to the PSf-NMP solution. Probably the presence of nonwoven material caused this
effect.
These two experiments show that delayed demixing systems (immersion of single films of PSfTHF solution in water) give rise to porous structures, while instantaneous demixing systems
(immersion of single films of PSf-THF-water solution in water) give rise to closed cellular
structures. The mechanism presented in chapter 4 is confirmed. Due to the complex nature of
the immersion process, it should be realized that this is no direct evidence but that at least the
mechanism based on a thermodyamic barrier is made acceptable.
Using these experiments, it can also be shown that the link between macrovoid formation and
delay time primarily is due to the mechanism behind the delay time. A sharp interface between
the two layers is however not anticipated since both solutions contain the same polymer and
the two solvents are good miscible with each other. From evaporation studies in chapter 6, it is
known that diffusion in these films is relatively fast. A possible explanation is that due to the
low concentration of water in the solution demixing in the THF layer probably occurs faster
than diffusion of NMP in this layer.
Casting the same film on a nonwoven will give rise to a demixing at top and bottom side. In
this case, no dense skin was formed.
8.7.2.2 Hollow fibers
Besides flat sheet membranes, the same concept was applied to hollow fibers. In table 8-2, the
experimental conditions are summarized during the spinning of bilayered membranes.
Table 8-2 Preparation conditions of "integrally skinned" hollow fiber membranes shown in figures 810 and 8-11.

solution 1
solution 2
bore solution
temperature
flow rates

air gap

Ic
25 w% PSf in NMP
25 w% PSf, no additives
in THF
75 w% NMP in water
40 0C
inner layer: 2,4 ml min-1
outer layer: 1,2 ml min-1
bore fluid: 2,32 ml min-1
110 mm

Id
25 w% PSf, 15 w% IPA in NMP
30 w% PSf, 2 w% water in THF
75 w% NMP in water
40 0C
inner layer: 2,4 ml min-1
outer layer: 0,78 ml min-1
bore fluid: 2,32ml min-1
45 mm
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In figure 8-10, the morphology of a hollow fiber spun under conditions Ic is shown.
Macrovoids can be observed in both NMP(inner) and THF(outer) layers. As explained in
appendix 5, this indicates the occurrence of large concentration gradients of water during the
immersion precipitation process. This is in accordance with experiment Ia. Increasing the air
gap and thereby increasing the polymer concentration at the outer interface is not sufficient to
generate an integrally skinned membrane.
a)

b)

Figure 8-10 SEM image of structure of hollow fiber spun from PSf-NMP(inner layer) and PSfTHF(outer layer) solution into water bath.(Ic) Cross section of (a) part of fiber wall and (b) of outer
layer Experimental conditions are summarized in table 8-2.

If water (nonsolvent) is added to PSf-THF solutions, delay times for demixing of single films
are reduced and porosity is increased (chapter 5). From figure 5-10, it can also be derived that
in all cases, closed cell structures are generated. If a closed cellular structure can be generated
on top of a porous supporting layer, this can also be regarded as an integrally skinned
membrane.

Figure 8-11 SEM image of cross section of membranes cast from PSf-THF-water and PSf-NMP
solutions (Id). Experimental conditions are given in table 8-2

In figure 8-11, a structure is shown of membranes prepared in this way. It is clear that two
layers have been formed from which one layer has a more dense matrix phase. These
membranes were defect free but have a very low flux. Optimization of these films, especially to
generate thinner top layers, is needed to give reasonable membrane performances.
Due to diffusion, evaporation and demixing phenomena, experimentally determined ratios
between the original dimensions of the spinneret and the thickness of the two layers can
unfortunately not immediately be related to hydrodynamic effects.
Based on the morphologies obtained from these experiments, it could be concluded that under
the investigated circumstances, no dense top layer is formed when no water was initially
present in the THF solution.
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8.8 Composite membranes
8.8.1 Introduction
In our laboratory, defect free PEBA coatings on PES hollow fibers can be achieved for coating
thicknesses of 12 micron by a dipcoating technique [41]. In most cases, pore penetration
occurs. Using the technique presented here, thinner defect free membranes are tried to be
made.
evaporation
or
immersion

external
coagulation
bath

drying step
dense polymer film
PEBA + IPA
gelled PEBA + IPA
PSf + NMP

internal
coagulation
bath

internal
coagulation
bath

internal
coagulation
bath

demixed polymer film

Figure 8-12 Schematic representation of the formation of a bilayered membrane in which the top
layer material undergoes gelation (or forming a mechanical stable film in general) and the sublayer
undergoes phase separation (forming a porous structure).This situation occurs during hollow fiber
spinning and casting on a nonwoven support.

As can be seen in figure 8-12, a schematic representation is given of the process. The coating
solution (PEBA-IPA) is subjected to an evaporation or extraction step, while the solution for
the sublayer is contacted at the bottom side to a coagulation bath. The IPA concentration will
be lowered and NMP and water can penetrate into the PEBA solution which will induce solidliquid demixing and a gel with a reasonable mechanical strength is formed. At the other side of
the film, phase separation is induced in the NMP-solution (A) leading to a porous structure.
Casting these films on e.g. a glass plate will avoid the diffusional exchange between NMP and
water from the bottom side of the film and coagulation occurs primarily through the PEBA
solution.
8.8.2 Results
Although a lower amount of PEBA can be dissolved in IPA compared to butanol and formic
acid, a better compatibility with water, a higher volatility and faster solid-liquid demixing is
achieved. This combination of properties increases the feasibility of preparing composite
membranes in a single step. Before demonstrating the concept, the influence of solid-liquid
demixing in PEBA solutions is studied.
8.8.2.1 Solid-liquid demixing
In PEBA-IPA solutions, solid-liquid demixing generates crystallites which will act as physical
cross-links. The demixing process is dependent on temperature and composition. Viscosity is
related to the amount of cross-linking in the PEBA solution.

176

Bilayered membranes: new concepts to prepare membranes

In figure 8-13a, shear stress is given as a function of shear rate for various temperatures. In
figure 8-13b, viscosity is given as a function of polymer concentration. In both cases, a
constant value of viscosity was reached in time.
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Figure 8-13 Viscosities of 4 w% PEBA in IPA solution (a) as a function of shear stress for various
temperatures (: 12 ( ), 22 ( ), 30( ) and 40 0C( )) and (b) as a function of PEBA concentration at
20 0C
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In the formation process to prepare composite membranes, mechanical stability must be
achieved quickly. Temperature is a parameter which can easily be changed in the membrane
formation process. Spinning will be carried out at high temperatures, where viscosities are low
and clogging of the spinneret can easily be avoided. Quenching these solutions in cold
coagulation baths will increase the viscosity.
Above 4 w% PEBA in IPA, viscosity increases drastically as can be seen in figure 8-13b.
Below 4 w% PEBA, no mechanical stable films could be obtained during immersion of
polymer solutions.
However, kinetics will also play a role. If temperature and composition are held constant,
solid-liquid demixing is a relatively slow process as shown in figure 8-14. In this figure, shear
shear stress increase of a PEBA solution, a measure for the gelation, is given in time. A
homogeneous solution was quenched from a high temperature to 20 0C. Measurements are
started when the temperature in the measuring cell reached this temperature.
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Figure 8-14 Increase in shear stress with time for a 6 w% PEBA solution in IPA
at 20 0C and constant shear rate (178 s-1)
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Comparing the time scale in this experiment and that in the formation process indicates that
achieving mechanical stability by a temperature variation alone will not be possible in the
membrane formation process. A variation in concentration will be more effective and can be
achieved by a combination of evaporation and extraction in the coagulation bath.
8.8.2.2 Membrane morphologies
Bilayered films made from low concentrated PEBA (<4w%) solutions, did not achieve a good
mechanical stability. Coagulation in water gave rise to partially removing of PEBA from the
film and no reproducibility can be achieved in this way. Between IPA solutions with 4 to 8 w%
PEBA can be used to prepare composite membranes.
In table 8-3, experimental conditions are given for preparing flat sheet composite membranes,
described in the next section.
Table 8-3 Experimental conditions (Ca) for preparing flat sheet,
composite membranes of PEBA and PSf

composition sublayer solution
composition coating solution
casting temperature
temperature coagulation bath
evaporation time

Ca
25 w% PSf, 15 w% IPA, 60 w% NMP
8 w% PEBA in IPA
40 0C
23 0C
10 s

Flat sheet membranes are prepared using conditions Ca (table 8-3) by casting on two different
supports: a glass plate and a nonwoven support. In figure 8-15, cross-sectional images are
shown of flat sheet membranes.
a)

b)

Figure 8-15 SEM images of cross sections of membranes cast from PEBA and PSf solutions (a) on a
glass plate and (b) on a nonwoven support. Experimental conditions are given in table 8-3.

Independent of the choice of the support, defect free layers of PEBA and porous sublayers can
be prepared in a single process. The thickness of the PEBA layer depends, some what
surprisingly, on the type of support (table 8-4). In case bilayered films were cast on a glass
plate, the top layer of the resulting composite membrane could easily be removed from the
sublayer, indicating that pore penetration can be avoided. The sublayer of these films were
symmetric from top to bottom without any macrovoids.
Bilayered films cast on nonwoven supports resulted in composite membranes with a decreased
thickness and a diffuse interface between the two layers. This indicates that "pore penetration"
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is not always avoided using the new concept. The asymmetry in the sublayer also indicates that
demixing occured from two sides, since in the middle of the sublayer the largest pores are
formed. Testing gas separation characteristics of these membranes, it could be shown that
defect free membranes can be made with a selectivity between N2 and CO2 comparable to that
of PEBA (α=25). On this basis, it could be derived that reasonable interconnectivity of the
sublayer was obtained. However as seen from table 8-4, top layer thicknesses measured by
either SEM or derived from gas separation using the model of Henis and Tripodi differed for
both types of membranes with a factor 3. Knowing that no pore penetration occurred when
membranes were cast on glass plates and that good interconnectivity of the sublayer was
achieved, it must be concluded that either the sublayer still gives rise to a mass transfer
resistance or that the model used to calculate the effective thickness is erroneous.
Table 8-4 Measured (SEM) and calculated (gas separation) top layer thicknesses of flat sheet
composite membranes prepared under conditions Ca
coating
8% Pebax
8% Pebax

support
glass
nonwoven

top layer thickness
(SEM)
10 µm
5 µm

top layer thickness
(gas separation)
33 µm
15 µm

Besides flat sheet membranes, the new concept can also be applied to prepare composite
hollow fibers. Due to the hydrodynamic effects in the used spinneret, thinner layers of PEBA
can be achieved compared to flat sheet membranes. In table 8-5, the conditions under which
the fibers were prepared are summarized. Care was taken that the temperature of the PEBA
solution in the spinneret and pipings could not cause clogging. This is achieved by
thermostatting these parts at 70 0C.
Table 8-5 Experimental conditions(Cb) to prepare composite hollow fiber membranes.

composition sublayer solution
composition coating layer
composition bore fluid
flow rate PSf solution
flow rate PSf solution
flow rate bore fluid
airgap
output
speed 1st roll
speed 2nd roll
temperature bore fluid
temperature 1st coagulation bath
temperature 2nd rinsing bath

Cb
25 w% PSf, 15 w% IPA, 60 w% NMP
8 w% PEBA in IPA
75 w% NMP, 25 w% water
2,40 ml min-1
2,44 ml min-1
2,25 ml/min
180 mm
5,2 m/min
12 rpm
18 rpm
27°C
22°C
24°C

Figure 8-16 shows a SEM image of a composite hollow fiber prepared by spinning a bi layer
under conditions described in table 8-5. Macrovoids are observed at the outside of the fiber
indicating that fast coagulation also occurred from the outside. Due to the presence of IPA in
the PSf-layer and a high concentration of NMP in the bore fluid, no macrovoids are formed at
the inside of the fiber. In figure 8-16b, the outer top layer is shown in more detail. From this
figure it can be derived that macrovoids do not begin at the interface with the coagulation bath
but further in the membrane and that a dense layer is formed at this interface. Coagulation of
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the fiber without a coating layer resulted in more pronounced macrovoids. Composite hollow
fiber membranes were not defect free.
a)

b)

Figure 8-16 SEM images of cross sections of membranes spun from PEBA
and PSf solutions (a) cross section (b) detail from the outer surface.
Experimental conditions are described in table 8-5.

8.9 Discussion
8.9.1 Delayed demixing
The preparation of bilayered membranes on the basis of PSf-NMP and PSF-THF solutions
indicates that the mechanism for delayed demixing has clear consequences on the formation of
a dense top layer. Only when nonsolvent is added to the THF solution, a closed cell structure is
obtained. As is known from chapter 5, the occurrence of macrovoids in the top layer indicates
that NMP has been diffused into the outer layer and that the polymer concentration in the top
layer is not very high. Not the formation of a frictional barrier but a thermodynamic barrier is
supposed to be responsible for these findings. Although these observations are in agreement
with this hypothesis, further experimental evidence is needed on this issue.
8.9.2 Integrally skinned membranes
If water (nonsolvent) is added to the PSf-THF solution, porosity (volume fraction of polymer
lean phase) is increased in this layer. This is analogous to the observations done on single films.
Although defect free top layers were generated, it must be said that the matrix phase of the
THF-layer gave rise to too large resistances to be applied in any membrane application.
However the possibility of generating a thin layer on top of a porous sublayer is demonstrated.
The observation that a well defined interface was formed opens perspectives for the generation
of thinner top layers. Another design of the spinneret and a further optimalization of the
process can probably achieve this.
No conclusive statements can be made on the issue of the generation of dense films due to
demixing in the air gap. Under free evaporating conditions used in this study and with air gaps
up to 150 mm, no dense defect free skins were achieved.
Besides PSf as a coating solution, other more selective glassy polymers can be deposited in the
same way. Especially in those cases where the advantages of this technique (table 8-6) can
solve problems encountered in dipcoating, this process can possibly be very useful.
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Table 8-6 Advantages and disadvantages of new concept compared to conventional preparation
techniques for integrally skinned membranes
Advantages
adapting layer thickness by processing
conditions
use of materials normally not suited
for phase inversion
use of structures normally not suited for
membrane application
increase in porosity of sublayer at the
interface with the selective layer
possibility to optimize top layer and sublayer

Disadvantages
thicker layer compared to dry-wet or dual
bath process
more parameters in optimization of process
conditions
possible skin formation between the layers
more expensive spinneret design

8.9.3 Composite membranes
The concept of preparing a bilayered film from two polymer solutions of which only one
solution forms a (phase inversion) membrane, can be applied to prepare composite membranes.
Pore penetration, a problem often encountered in conventional preparation of composite
membranes can be avoided.
To prevent blocking inside the spinneret, PEBA solutions were spun at 700C. This implies
large viscosity differences between the two polymer solutions. From the derivation of the
interface position as a function of viscosity ratio, a thickness reduction of more then a factor 4
is expected. Combined with a low polymer concentration in the spinning solution, possibilities
arise for depositing extremely thin polymer layers on porous sublayers.
Since immersion of PSf-NMP solutions in IPA leads to the formation of a dense top layered
structures, nonsolvents (IPA) can be added to the polymer solution to avoid this effect. At the
same time, the interconnectivity of the sublayer is improved. Immersion of PSf-NMP-IPA
solutions in combinations of water and IPA will lead as is demonstrated in chapter 5, to porous
structures while macrovoids are suppressed. The advantages of the concept for preparing
composite membranes is summarized in table 8-7.
Table 8-7 Advantages and disadvantages of new concept compared to conventional preparation
techniques for composite membranes

Advantages
reduction processing steps
adapting layer thickness by processing
conditions
possibility of increase in porosity of sublayer
at the interface with the selective layer
reduction or avoidance of pore penetration
reduction of stresses during post-treatment
possibility to optimize top layer and sublayer
independently
limited residence time of polymer in solution
(mixing in extruder)

Disadvantages
more parameters in optimization of all
processing conditions
more expensive spinneret design
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8.10 Future possibilities
The presented concept offers many future possibilities. Besides the generation of integrally
skinned and composite membranes, two other possibilities are discussed.
8.10.1 Solvent choice of both solutions
In normal coating procedures, solvent choice for the coating solution is restricted if no
precautions are taken. Coating solvents may not dissolve the porous sublayer. By preparing
both layers in a single step, this constraint is partially lifted. Interdiffusion of both layers
(polymers) can be steered by selecting the proper solvents for both layers.
8.10.2 Surface modification
When low PEBA concentrations were used it is assumed that extremely thin, but porous top
layers are formed. Although not useful for membrane applications in which the top layer acts as
the selective layer, these membranes can possibly be used for ultra or microfiltration
membranes with a modified top layer. This poses an alternative surface modification technique
for membranes and for other polymer surfaces in general.

8.11 Conclusions
The feasibility of casting and spinning of bilayered membranes is demonstrated. The novelty of
this technique is that only one of the used solutions forms a membrane by phase inversion.
Both integrally skinned and composite membranes were thus made in a single process step.
Based on these experiments, the consequences as was forseen based on the thermodynamic
nature behind delayed demixing in PSf-THF-water systems were demonstrated. Optimization
of the spinning process could yield integrally skinned membrane structures suitable for gas
separation or pervaporation. The bilayers can be considered as a kind of foam layer on top of a
porous layer.
Composite membranes can be prepared in a single step process which poses several advantages
over more conventional techniques. However certain requirements, especially in terms of
mechanical stability, must be fulfilled to achieve this.
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Summary
Membrane formation by diffusion induced phase inversion processes, is a complex interplay
between themodynamic, kinetic and mechanical aspects of multi-component polymer solutions.
A thorough investigation of the process therefore involves to study all these properties as well
as combined effects on phase separation.
A thermodynamic description is given in chapter 3 of quaternary polymer systems with one
polymer and three low molecular weight components. An extension of the Flory-Huggins
model is applied to describe the Gibbs free enthalpy of these systems. In the calculation of the
position of the binodal surface, a reduced objective function is used. By discarding the
chemical potential difference of the polymer in both phases at low volume fractions of polymer
in the polymer lean phase, numerical solutions can be found. Based on model calculations, it
can be shown that in quaternary systems, the position of the binodal is not a simple linear
extrapolation of two ternary systems. Reasonable agreement between model predictions
(binodal) and experiments (cloud points) are obtained.
Interaction parameters between nonsolvent and polymer are derived on the basis of a linearized
cloud point curve correlation [1] (appendix 3A). This correlation expresses the volume fraction
of nonsolvent as a function of the volume fraction of the solvent (both relative to the volume
fraction of the polymer concentration) at the cloud points compositions. A correct
interpretation of this correlation based on the Flory-Huggins model leads to introducing
boundaries in which this correlation is valid. The empirical rule derived by Li et al. [2] (a
constant ratio of volume fraction of nonsolvent to solvent at the polymer rich part of the
binodal) can be derived from the linearized cloud point curve correlation.
Thermodynamic aspects of the used systems are important in the membrane formation process
since they determine both the position of the miscibility gap and tie lines as well as the driving
forces for diffusion. Numerical calculations incorporating these aspects, are used in chapter 4
to describe diffusion in polymer solution and coagulation bath in the first moments of
immersion. Three different mechanisms are proposed that lead to delayed demixing. Each
mechanism can be associated with a different morphology. A first mechanism (case A)
corresponds to addition of a large amount of solvent to the coagulation bath, resulting in
symmetrically porous structure. A reduced concentration difference (as well as activity
difference) of nonsolvent and solvent between coagulation bath and polymer solution in a
system with a good interaction between solvent and nonsolvent (e.g. water - Nmethylpyrrolidone) will lower the diffusional fluxes across the interface between polymer
solution and coagulation bath. Immersion of a polymer solution in a weak nonsolvent bath
(case B) (e.g. iso-propanol) results in the generation of a high polymer concentration (diffusion
barrier) at the interface between the two media. Membranes formed from these systems are
characterized by a relatively thin dense top layer on a symmetric porous sublayer. A third
mechanism (case C) corresponds to a "thermodynamic" barrier. This occurs when interaction
between nonsolvent and solvent is poor (water-THF). Membranes formed by this mechanism
form thick dense layers with some isolated cells at the bottom of the film. Since the position of
the binodal in the system water-THF-PSf is not predicted very accurate, no precise information
is given on this experimental system. Lowering of the calculated position at the interface
between polymer solution and coagulation bath indicates however that delayed demixing is
caused by a thermodynamic rather than a diffusion barrier.
Membranes prepared by instantaneous and delayed demixing are furthermore often
characterized by asymmetric and symmetric structures. In instantaneous demixing systems, the
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one dimensional diffusion probably dominates the demixing process, while probably in delayed
demixing a more three dimensional diffusional character.
In Monte-Carlo simulations of the immersion precipitation process, originally proposed by
Termonia [3], demixing can be incorporated (appendix 4). Using a combination of numerical
calculated profiles and Monte-Carlo simulations, different immersion precipitation processes
are described. To quantitatively correlate simulated structures and experimentally observed
morphological elements, three dimensional simulations are probably necessary to avoid
artefacts.
The results of the calculations in chapter 4 and the different proposed mechanisms are
validated in chapter 5 using two quaternary systems: water - iso-propanol (IPA) - Nmethylpyrolidone (NMP) - polysulfone (PSf) and water - NMP - tetrahydrofuran (THF) - PSf.
Up to now, instantaneous demixing and delayed demixing are associated with the formation of
a porous and a dense top layer respectively. In most cases this is still valid, except large solvent
additions in the coagulation bath for systems characterized by a good interaction between
solvent and nonsolvent (one of the possible origins of delayed demixing). Knowledge of some
thermodynamic aspects of the system is therefore needed to link delayed demixing to dense top
layers. Delayed demixing systems are always characterized by symmetry in the porous part of
the film. Using a mixture of water and IPA in the coagulation bath, membranes can be formed
by instantaneous demixing which are characterized by an asymmetric structure and no
macrovoids. For PSf-NMP-THF solutions, an increase in polymer concentration in the casting
solution can lead to the generation of macrovoids. This observation is contradicting to earlier
observations on other systems.
Necessary conditions were derived for macrovoid formation in appendix 5: the occurrence of
large concentration gradients of nonsolvent in combination with the generation of nuclei of
polymer lean phase. This is in agreement with the macrovoid-model presented by Reuvers et
al.[4]. This model can account for the fast growth of macrovoids, especially when interface
movement and surface expansion effects would be taken into account.
The use of quaternary systems influences the mutual miscibility between the different
components. If a solvent is immiscible with a particular nonsolvent, addition of a second
solvent can give rise to demixed structures. This can be especially useful for the selection of a
suitable volatile solvent in e.g. a dry-wet process. Based on the findings in chapter 5 (e.g.
water-NMP-chloroform-PSF), addition of a water miscible solvent to the water-based
coagulation bath can be used for dry-wet processes while water-immiscible solvent are used as
volatile solvent. An important factor in using these kinds of systems is the occurrence of
solification (vitrification in the used system).
Demixing and vitrification are therefore important phenomena during membrane formation.
The intersection between the miscibility curve and the glass transition is defined as the
Berghmans' point. The Berghmans' point of systems, composed of nonsolvent, solvent and
polymer, is determined by immersion of dense polymer film in a coagulation bath with the
highest solvent fraction which is in equilibrium with a polymer film that shows no elongational
flow. This extension of the procedure followed by Li et al. avoids the generation of polymer
lean phases entrapped in the polymer matrix. Immersion of a polymer film in a coagulation bath
with a higher solvent fraction gives rise to the formation of porous films, indicating that this
point corresponds to the boundary for demixing phenomena.
In chapter 6, effects of demixing and vitrification are also investigated during drying.
Evaporation of polymer solutions (PSf-THF) by free evaporation are shown to lead to skinning
phenomena only if the average concentration in the polymer film reaches the glass transition
temperature of the solution. The same observation is made for ternary systems with NMP and
water as third component. No skinning can therefore be induced by free convective
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evaporation in PSf-THF- N,N-dimethylacetamide systems in reasonable times and phase
separation in the top layer during evaporation is probably needed to form a integrally skinned
membrane by a dry-wet process.
When relatively large amounts of water are present in the original solution, demixing occurs
during the drying process. The presence of a nonsolvent reduces drying rate considerably
compared to the presence of another less volatile solvent. Demixing does not directly influence
drying rate of polymer films.
A new technique is presented to study membrane formation: ultrasonic time domain
reflectometry. This ultrasonic technique is demonstrated to be able to follow thickness changes
of a polymer solution during evaporation. The technique is not restricted to optical transparent
samples and has therefore a high potential for in situ measuring systems which undergo phase
separation. In certain cases, additional morphological information can be extracted from the
experimental results, which in this study are related to macrovoid formation.
Fundamental insight gained in membrane formation processes can be used to prepare improved
or new types of membranes. This has been pursuit in chapter 8 with the formation of bilayered
membranes. By simultaneous casting of a PSf-NMP and a PSf-THF solution in direct contact
with each other, the delayed demixing concept (case C) could be validated. Only when
nonsolvent is added to the polymer solution, a closed cellular structure is formed on top of a
porous membrane. This was anticipated on the basis of the proposed "thermodynamic barrier"
mechanism. Instantaneous demixing of the THF-solution thus generated a “dense” layer.
The same concept is applied to prepare composite membranes in a single step. Simultaneous
casting a Pebax-solution on top of a PSf-NMP solution leads to the formation of a composite
membrane. This is the first time a conventional composite membrane is made in a single step.
Pore penetration can in certain cases be avoided. Other advantages of this technique over
conventional techniques are summarized in chapter 8. The same technique can be applied for
surface modification.
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Samenvatting
Membraanvorming door diffusiegeïnduceerde faseïnversie is een complex samenspel tussen
thermodynamica,
kinetische
en
mechanische
aspecten
van
multi-component
polymeeroplossingen. Een grondige studie van dit proces houdt daarom in dat zowel deze
eigenschappen als ook gecombineerde effecten op fasescheiding moeten worden bestudeerd.
Een thermodynamische beschrijving van quaternaire polymeer systemen met één polymeer en
drie laag moleculaire stoffen wordt in hoofdstuk 3 beschreven. Een uitbreiding van het FloryHuggins model werd toegepast om de Gibbs vrije enthalpie van deze systemen te beschrijven.
In de berekening van de positie van het binodaal oppervlak is een gereduceerde functie
gebruikt. Door bij lage volumefracties van het polymeer in de polymeer-arme fase het verschil
in chemische potentiaal van het polymeer in beide fasen gelijk te stellen aan nul, kunnen
numerieke oplossingen worden gevonden. Gebaseerd op modelberekeningen kan worden
aangetoond dat in een quaternair systeem de positie van de binodaal geen eenvoudige
extrapolatie is van twee ternaire systemen. Een aanvaardbare overeenkomst is gevonden tussen
modelmatige voorspellingen (binodaal) en experimentele waarden (vlokpunten).
Interactieparameters tussen niet-oplosmiddel en polymeer worden afgeleid op basis van een
gelinearizeerde vlokpuntscurvecorrelatie [1] (appendix 3A). Deze correlatie drukt de
verhouding uit tussen volumefractie van niet-oplosmiddel als functie van volumefractie
oplosmiddel (beide relatief ten opzichte van volumefractie polymeer) op het vlokpunt. Een
correcte interpretatie van deze correlatie, gebaseerd op het Flory-Huggins model, leidt tot de
invoering van grenzen waarbinnen deze correlatie geldt. De empirische regel afgeleid door Li
et al. [2] (een constante verhouding tussen volumefractie van niet-oplosmiddel en oplosmiddel
in het polymeer rijke fase gedeelte van de binodaal) kan worden afgeleid vanuit de
gelineariseerde vlokpuntscurvecorrelatie.
Thermodynamische aspecten van de gebruikte systemen zijn belangrijk tijdens het
membraanvormingsproces, aangezien deze zowel de positie van de ontmenggebied en de
evenwichtslijnen als de drijvende krachten voor diffusie bepalen Numerieke berekeningen, die
deze aspecten omvatten, zijn gebruikt in hoofdstuk 4 om de diffusie in polymeeroplossing en
coagulatiebad in de initiële fase van het onderdompelen te beschrijven. Drie verschillende
mechanismen zijn voorgesteld die tot vertraagde ontmenging leiden. Elk mechanisme kan
worden geassocieerd met een andere morfologie. Een eerste mechanisme (A) komt overeen
met de toevoeging van een grote hoeveelheid oplosmiddel aan het coagulatiebad, dat resulteert
in een symmetrisch poreuze structuur. Een gereduceerd concentratieverschil van het nietoplosmiddel en oplosmiddel tussen coagulatiebad en polymeeroplossing in een systeem met een
goede interactie tussen oplosmiddel en niet-oplosmiddel (in deze studie water en Nmethylpyrrolidone) zal de uitwisseling over het grensvlak tussen polymeeroplossing en
coagulatiebad verlagen. Onderdompeling van een polymeeroplossing in een zwak nietoplosmiddelbad (B) (in deze studie isopropanol) resulteert in de vorming van een hoge
polymeer concentratie (diffusiebarrière) aan het grensvlak tussen de twee media. Membranen
die gevormd worden in deze systemen, worden gekarakteriseerd door een relatief dunne,
dichte toplaag op een symmetrische, poreuze onderlaag. Een derde mechanisme (C) komt
overeen met een “thermodynamische" barrière. Dit gebeurt wanneer de interactie tussen nietoplosmiddel en oplosmiddel zwak is (water-THF). Membranen, die gevormd worden door dit
mechanisme, vormen dikke dichte lagen met enkele geïsoleerde cellen aan de onderzijde van de
film. Een verlaging van de volumefractie polymeer aan het grensvlak tussen polymeeroplossing
en coagulatiebad bij de berekening van de diffusiepaden, duidt aan dat vertraagde ontmenging
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in deze situaties eerder veroorzaakt wordt door een thermodynamische dan een diffusiebarrière.
Membranen bereid door instantane en vertraagde ontmenging worden vaak gekarakteriseerd
door respectievelijk een asymmetrische en een symmetrische structuur. In instaan ontmengende
systemen domineert de eendimensionale diffusie waarschijnlijk het ontmengproces, terwijl bij
vertraagde ontmenging het driedimensionale diffusiekarakter meer uitgesproken zal zijn.
In Monte-Carlo simulaties van het immersieprecipitatieproces, oorspronkelijk voorgesteld door
Termonia [3], wordt ontmenging geïncorporeerd (appendix 4). Door gebruik te maken van een
combinatie van numeriek berekende profielen en Monte-Carlo simulaties kunnen verschillende
immersieprecipitatieprocessen worden beschreven. Om de gesimuleerde structuren kwantitatief
te correleren aan experimenteel waargenomen morfologische elementen, zijn driedimensionale
simulaties nodig om artefacten te voorkomen.
De resultaten van de berekeningen in hoofdstuk 4 en de voorgestelde mechanismen zijn
getoetst in hoofdstuk 5 in twee quaternaire systemen: water - isopropanol (IPA) - Nmethylpyrolidone (NMP) - polysulfone (PSf) en water - NMP - tetrahydrofuran (THF) - PSf.
Tot nu toe werden instantane en vertraagde ontmenging respectievelijk geassocieerd met de
vorming van een poreuze en een dichte toplaag. In de meeste gevallen is dit nog steeds het
geval, behalve voor situaties waarin grote hoeveelheden oplosmiddel aan het coagulatiebad
worden toegevoegd bij systemen met een goede interactie tussen oplosmiddel en nietoplosmiddel (een van de mogelijke oorzaken van vertraagde ontmenging). De kennis van
enkele thermodynamische aspecten van het systeem is daarom nodig om vertraagde
ontmenging te koppelen aan de vorming van dichte toplagen. Systemen, gekarakteriseerd door
vertraagde ontmenging worden steeds gekarakteriseerd door symmetrie in het poreuze
gedeelte van de film. Door gebruik te maken van een mengsel bestaande uit water en IPA in
het coagulatiebad, kunnen membranen gevormd worden door instantane ontmenging met een
asymmetrische struktuur en de afwezigheid van vingervormige holtes, zogenaamde
“macrovoids”. Voor oplossingen van NMP, THF en PSf, leidt een verhoging van de polymeer
concentratie in de strijkoplossing tot de vorming van macrovoids. Deze vaststelling is
tegengesteld aan eerdere observaties in gelijksoortige systemen.
Noodzakelijke voorwaarden zijn afgeleid voor de vorming van macrovoids in appendix 5: het
voorkomen van grote concentratiegradiënten van niet-oplosmiddel in combinatie met de
vorming van polymeer-arme nuclei. Dit komt overeen met het macrovoid-model dat door
Reuvers et al.[4] is voorgesteld. Vooral als de beweging en de expansie van het grensvlak in
rekening wordt gebracht, kan dit model de snelle groei van deze macrovoids verklaren. Andere
voorgestelde vormingsmechanismen zijn niet in staat adequaat alle experimentele
waargenomen macrovoids te verklaren.
Het toepassen van quaternaire systemen beinvloedt de wederzijdse mengbaarheid van de
verschillende componenten. Indien een oplosmiddel niet mengbaar is met een bepaald nietoplosmiddel, dan kan de toevoeging van een tweede oplosmiddel wel tot ontmengde structuren
leiden. Dit kan nuttig zijn voor de selectie van een bruikbaar vluchtig oplosmiddel in
bijvoorbeeld het droog-nat proces. In hoofdstuk 5 wordt dit principe toegepast. Hierbij wordt
het water-onmengbare oplosmiddel (in deze studie chloroform in combinatie met water, NMP
en PSf) gebruikt wordt als vluchtige component. Een belangrijke factor in het gebruik van dit
type systemen is het voorkomen van solidificatie (vitrificatie in dit voorbeeld).
Ontmenging en vitrificatie zijn daarom ook belangrijke fenomenen bij membraanvorming. Het
snijpunt van de ontmengcurve en de glasovergang wordt gedefinieerd als het Berghmans' punt.
Het Berghmans' punt van systemen, bestaande uit niet-oplosmiddel, oplosmiddel en polymeer,
wordt bepaald door onderdompeling van een dichte polymeer film in een coagulatiebad met de
hoogst mogelijke fractie oplosmiddel dat in evenwicht staat met een polymeer film die geen
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vloei vertoont. Deze uitbreiding van de procedure gevolgd door Li et al. vermijdt de vorming
van polymeer arme fase in de polymeer matrix. Immersie van een polymeer film in een
coagulatiebad met een hogere fractie oplosmiddel leidt tot de vorming van poreuze films. Dit
duidt erop dat dit punt overeenkomt met de grens voor ontmengingsverschijnselen.
In hoofdstuk 6 werden effecten van ontmenging en vitrificatie bestudeerd tijdens het drogen
van polymeeroplossingen. Evaporatie van polymeeroplossingen (PSf-THF) door vrije
verdamping tonen aan dat de vorming van een dunne droge laag polymeer, zogenaamde
“skinning”verschijnselen enkel voorkomen als de gemiddelde concentratie in de polymere film
de glasovergangstemperatuur van de oplossing heeft bereikt. Dezelfde waarneming is gemaakt
voor ternaire systemen met NMP en water als derde component. De inductie van skinning door
vrije verdamping in PSf - THF - N,N-dimethylacetamide systemen kan daarbij uitgesloten
worden voor redelijke tijden en fasescheiding is waarschijnlijk nodig in de toplaag tijdens
evaporatie om een integraal ge-“skinned” membraan te vormen door een droog-nat proces.
Wanneer relatief grote hoeveelheden niet-oplosmiddel aanwezig zijn in de gietstroop, kan
ontmenging zich voordoen tijdens het droogproces. De aanwezigheid van een niet-oplosmiddel
reduceert de droogsnelheid aanzienlijk in vergelijking met de aanwezigheid van een ander
oplosmiddel. Ontmenging heeft geen directe invloed op de droogsnelheid van polymeer films.
Een nieuwe techniek wordt gepresenteerd in hoofdstuk 7 om membraanvorming in situ te
volgen door middel van ultrasone reflectometrie in het tijdsdomein. Met deze ultrasone
techniek kunnen dikteveranderingen in een polymeeroplossing tijdens drogen worden gevolgd.
De techniek is niet beperkt tot optisch transparante monsters en is daarom aantrekkelijk voor
de bestudering van systemen die fasescheiding ondergaan. In bepaalde gevallen kan extra
informatie verkregen worden uit experimentele data; In hoofdstuk 7, us hiermee een verband
gelegd met de vorming van macrovoids.
Fundamenteel inzicht in membraanvormingsprocessen kan ook worden gebruikt om
membraanstrukturen te verbeteren of nieuwe strukturen te vormen. Dit is getracht in hoofdstuk
8 bij de vorming van membranen bestaande uit 2 lagen. Door simultaan een PSf-NMP en een
PSf-THF oplossing te strijken, in direct contact met elkaar, kan het vertraagde ontmenging
concept (geval C) worden getoetst. Enkel wanneer niet-oplosmiddel wordt toegevoegd aan de
polymeeroplossing, wordt een gesloten cellulaire structuur gevormd aan de bovenzijde van een
poreus membraan. Dit komt overeen met het voorgestelde thermodynamische barrière
mechanisme. Instantane ontmenging van de THF-oplossing genereert hierbij een “dichte” laag.
Hetzelfde concept is toegepast om composiet membranen te vervaardigen in één enkele
vormingstap. Het simultaan strijken van een Pebax-oplossing op een PSf-NMP oplossing leidt
tot de vorming van een composiet membraan. Dit is de eerste keer dat een conventioneel
composiet membraan gemaakt is in een enkelvoudige stap. Poriepenetratie kan in bepaalde
gevallen worden vermeden. Andere voordelen van deze techniek boven meer conventionele
methoden zijn samengevat in hoofdstuk 8. Dezelfde techniek kan worden aangewend voor
oppervlaktemodificatie.
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