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ABSTRACT: This work presents a comparative study on the formation of polyethersulfone ultrafiltration membranes via nonsolvent-
induced phase separation (NIPS) in two different solvent systems. N-methyl-2-pyrrolidone was chosen as conventional solvent and
2-pyrrolidone as a greener alternative. The overall objective was to obtain a mechanistic clarification of the membrane formation process
in dependence of the most important controlling parameters. By performing different series of experiments, it was possible to determine
the differences between the two solvents regarding the effects of variations in nonsolvent additives, polymer concentration, and precipi-
tation conditions. It was found that a raising concentration of several nonsolvents, the increase of the polymer concentration and
changes in the precipitation conditions can suppress the formation of macrovoids, regardless of the applied solvent. In contrast, differ-
ences were observed with regard to the performance of the membrane prototypes. This study improves the understanding of membrane
formation via NIPS and identifies the effects of different variables. It shows that the choice of the solvent is essential for the dominating
formation mechanisms and therefore for the resulting membrane features. It also proves that green solvents can substitute hazardous
solvents if the influencing variables are well-understood in order to control them for obtaining desired membrane properties. © 2019 The
Authors. Journal of Applied Polymer Science published by Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2020, 137, 48852.
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INTRODUCTION

Nowadays, filtration with polymeric membranes is an important
operation unit for various separation processes in different appli-
cation fields."” Depending on the purpose of the filtration pro-
cess as well as on the correspondingly valid regulatories, the
membranes have to fulfill a large variety of different demands.®™®
However, in order to enable the control of the resulting mem-
brane features for the obtainment of desired product properties,
it is necessary to well understand the mechanisms of membrane
formation and their influencing variables.”*

One of the most frequently used materials for the production of poly-
meric membranes is polyethersulfone (PES).'*'® In contrast to other
commonly applied polymers such as polysulfone (PSf), cellulose

acetate (CA), polyvinylidene fluoride (PVDEF), or polyamide (PA), it
stands out due to particular characteristics. The favoring properties of
PES include a high glass transition temperature of 225 °C, a large
chemical, mechanical, and thermal resistance, an excellent biocom-
patibility, as well as the potential application within a large pH
range.'*™"” Furthermore, the use of PES enables an easy fabrication of
membranes with a large range of different pore sizes, which can be
applied in several different modules and configurations.'® This is the
reason why PES membranes are used in several different fields such
as gas separation, water processing, medical treatments, and
biotechnology.'”™** Specific applications include the sterilization of
drinking water, the concentration of juices, hemodialysis, drug deliv-
ery, as well as the purification and concentration of biopharmaceuti-
cal drugs with a biological source?> In dependence of the
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respective application, a PES membrane has to possess certain fea-
tures with respect to pore size, structure, and performance. In order
to gain the desired membrane characteristics the production process
of PES membranes has to be strictly controlled. The main controlling
factors include the composition of the membrane dope solution on
one hand, and the process parameters on the other hand."

Nonsolvent induced phase separation (NIPS) is one of the most fre-
quently applied approaches for PES membrane fabrication.”** Tt
enables the production of asymmetric structures with a large range
of different characteristics, since the resulting membrane properties
can be largely controlled if the formation process is well
understood.”*** During NIPS a homogenous PES solution is
immersed into a nonsolvent bath.'' The diffusive exchange between
the solvent from the polymer film and the nonsolvent from the pre-
cipitation bath changes the composition within the polymer film, till
phase separation occurs.'®***! Until solidification sets in different
structure forming mechanisms occur, which result in different mor-
phologies.'®**** Apart from the composition path through the
phase diagram, the occurring mechanism is ultimately dependent
on the entry point into the miscibility gap.****> When the system
directly enters the metastable region binodal decomposition occurs,
which induces the formation of a closed-cellular, an open-cellular or
a nodular morphology. In contrast, spinodal decomposition occurs
if the entry into the miscibility gap occurs directly through the criti-
cal point into the unstable region, leading to a bicontinuous struc-
ture.***>*” If the structure is fixed immediately after the phase
separation has occurred, one of the characteristic membrane mor-
phologies can be observed (Figure 1).

In this special case, the actual membrane morphology is ulti-
mately determined by the point of entry into the miscibility
gap.”® However, in most cases, different coarsening mechanisms
take place after the solution has reached the two-phase region, so
that an unambiguous conclusion from the final structure to the
original decomposition mechanism is almost impossible.***®
Especially the formation of larger voids is caused by different
coarsening effects.’®** In this context, the speed and duration of
the diffusional solvent replacement from the polymer film deter-
mines if the membrane morphology is either sponge-like, finger-
like, or a distinct mixture of both.*>~** Consequently, the nascent
structure formed after the onset of phase separation should not
be regarded as static, since structure-forming effects can result
from a steady mass transfer until solidification is reached.*® If a
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critical viscosity is reached, the polymer solution turns into a gel

state and solidifies, as coalescence and other coarsening mecha-
. . 47-50

nisms are no longer possible.

Apart from the thermodynamics of the system, the phase separation
process is dependent on the kinetics.”’~>* Especially the diffusion
rate, which determines the exchange speed between solvent and
nonsolvent, plays a critical role for the change of the solution com-
position and for the promotion of certain mechanisms such as coa-
lescence, consequently resulting in different morphologies.'*>*~>
This is why the formation of the final membrane structure can be
manipulated by alterations in the temperature, which affects both,
kinetics and thermodynamics of the system.””~®° Furthermore, it
can be influenced by variances in the viscosity through composi-
tional changes, as the viscosity has a high impact on the diffusion
rate."** Another important influencing factor is the choice of the
solvent. Depending on the affinity between the solvent and the cho-
sen nonsolvent, the diffusional exchange can be regulated.'**>**
Additionally, the solubility of the polymer in the solvent is a relevant
factor. On one hand, it has been shown that the choice of the solvent
strongly impacts the viscoelastic properties of the polymer solution,
which consequently alters the diffusional processes during mem-
brane formation.”>* On the other hand, the miscibility gap is
strongly dependent on the solvent.'”*®> Therefore, the thermody-
namic basis for the phase separation can be tuned by applying dif-
ferent solvents.

Currently, an emerging topic is the substitution of potentially
hazardous solvents such as N-methyl-2-pyrrolidone (NMP)
through greener alternatives.®*””® The aim of this substitution is
the minimization of the environmental impact and the simulta-
neous maximization of the membrane fabrication sustainability,
in order to meet the criteria of green chemistry.”'””* However,
for the replacement of potentially harmful solvents, a profound
understanding of the solvent impact is crucial. This is why a
comparative investigation of several controlling variables was
conducted by performing all experiments in a hazardous solvent
and a potential greener alternative.

The listed mechanisms contributing to the structure formation of
the membrane are part of controversial discussions.®****”> Indi-
vidual physicochemical phenomena can be described in isolation,
however, quantitatively and qualitatively predictions of the final
membrane structure are hardly possible due to the large

(¢) Bi (d) Nodular

-continuous (lacy)

Figure 1. Schematic depiction of the four most common membrane morphologies developing during the phase separation of polymeric solutions.
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number of factors and dependencies of the formation mecha-
nisms.>***>>>737¢ Although qualitative correlations have been
published in the literature, they are yet predominantly discussed
on the basis of investigations limited to individual casting solu-
tion systems. This is why an empirical approach was chosen to
qualitatively identify the influencing factors and their effects on
membrane morphology and performance in order to obtain the
currently missing holistic picture on membrane formation via
NIPS. Through targeted variations of the casting solution compo-
sition and the manufacturing conditions, a broad database should
be created by applying selected characterization methods to iden-
tify the physicochemical relationships of membrane formation. In
this case, the polymer concentration, the concentration of three
different nonsolvents, the precipitation bath composition and the
precipitation temperature were varied to affect the thermody-
namic and kinetic properties of the membrane formation process.
Furthermore, NMP was applied as a good but hazardous solvent,
whereas 2-pyrrolidone (2P) was used as a greener alternative with
a poorer dissolving power for PES. All variations were conducted
comparatively in both solvent systems. By doing so, a comprehen-
sive picture should be established in order to broaden the under-
standing of the interplay between different factors, which affect the
kinetics and the thermodynamics of the phase separation process.
Consequently, this study shall enable an improved morphological
control of the membrane structure. Furthermore, since the mem-
brane performance is strongly related to the membrane morphol-
ogy, this enhanced understanding of the membrane formation
process shall facilitate to fulfill the requirements of regulatories
and users of membranes.

EXPERIMENTAL
Materials
The membrane-forming polymer PES was obtained from BASF

(Ludwigshafen, Germany). In order to dissolve the polymer,
NMP and 2P were purchased from Carl Roth (Karlsruhe,
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Germany). Polyvinylpyrrolidone (PVP) with a molecular weight
of 1400 kDa was purchased from BASF (Ludwigshafen, Ger-
many) and added to the casting solutions as a hydrophilic addi-
tive. Furthermore, reverse-osmosis (RO) water from Sartorius
Stedim Biotech (Goettingen, Germany) was applied as a non-
solvent additive within the casting solution, as well as the phase
separation inducing agent in the precipitation bath. Further
applied nonsolvent additives were glycerol and acetic acid, both
acquired from CG Chemicals (Laatzen, Germany). For mem-
brane permeability and retention measurements, a 20 mM
potassium phosphate buffer (pH 7.0) was used. This buffer was
prepared from stock solutions of di-potassium hydrogen phos-
phate and potassium dihydrogen phosphate, both acquired from
Carl Roth (Karlsruhe, Germany). The alternative precipitating
agent isopropanol was acquired from CG Chemicals (Laatzen,
Germany).

Preparation of Membrane Dope Solutions

Membrane dope solutions with varying solution compositions
were prepared. Every single composition was fabricated twice,
where the replicating formulations only differed in the type of
the applied solvent. In addition to the impact of PES concentra-
tion variations from 15 to 20 wt%, the influence of different
amounts of water, glycerol, and acetic acid as nonsolvent addi-
tives was investigated. In both solvents, the amount of glycerol
was varied from 0 to 5 wt%, whereas the share of acetic acid
ranged from 0 to 7.5wt%. In contrast, the corresponding
amounts of water within the casting solution were adapted to the
solvent-dependent location of the miscibility gap. In case of
NMP, the water concentration was varied between 7 and 9.25 wt
%, whereas in case of 2P, the concentration ranged between 3.5
and 5.75 wt% water. The applied membrane preparation condi-
tions are summarized in Table 1. For a list with the exact compo-
sitions of each polymer solution refer to the supporting
information (refer to Table S1 to Table S4).

Table I. Casting Solution Compositions for the Preparation of PES Membrane Prototypes With Variations in the Concentration of Acetic Acid Using NMP

and 2P as Solvents for the Preparation of the Dope Solutions

Samples Fixed Precipitation Precipitation
(N: NMP [/ P: 2P) Variable parameter [wt%) bath temperature
N1-N5 Water [wt%)] 7.5,8.0,8.5,9.0,9.25(N) PES: 16.88 Water 20°C
P1-P5 3.5,4.0,45,650,575(P) PVP: 0.84
N6-N8 PES [wt%)] 15,18, 20 PVP: 0.84 Water 20°C
P6-P8 Water: 9.0 (N)
Water: 5.0 (P)
N9-N11 Glycerol [wt%] 0.0,2.5,50,7.5 PVP: 0.84 Water 20°C
P9-P11 Water: 7.5 (N)
Water: 3.5 (P)
N12-N15 Acetic acid [wt%)] 0.0,25,5.0,75 PVP: 0.84 Water 20°C
P12-P15 Water: 7.5 (N)
Water: 3.5 (P)
N1 Precipitation water 20 °C, water 40 °C, PES: 16.88 Water or 20°Cor40-°C
P1 conditions IPA-water 20 °C PVP: 0.84 IPA-water
Water: 7.5 (N)
Water: 3.5 (P)
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For dope solution preparation, the water content of each raw
material was determined. In case of the solid components PES
and PVP, the determination was carried out with a moisture ana-
lyzer, while the water content of the liquids was analyzed via
Karl-Fisher titration (KF Ti-Touch, Metrohm GmbH & Co. KG,
Filderstadt, Germany). Under consideration of the water amount,
which is introduced trough the raw materials, the remaining vol-
ume of needed RO-water as well as the proportion of the respec-
tive solvent was poured into a 500 mL twin-neck flask (Carl
Roth, Karlsruhe, Germany) and then preheated to 60 °C in a
tempered oil bath. Subsequently, the solid components were
added under constant stirring at 250 rpm using a RW20 over-
head stirrer (IKA, Staufen, Germany). In all cases, PVP was
added first and PES was added last. The dope solutions were
stirred overnight to guarantee a homogenous mixing. Finally the
polymer solutions were degassed in an oven for 2 h at 50 °C. For
membrane preparation, the polymer solutions were cooled down
to room temperature.

Cloud Point Experiments

Cloud point experiments were performed for both solvent sys-
tems with water as nonsolvent. The prepared polymer solutions
were filled into a reactor (HWS, Mainz, Germany) and tempered
to 20°C. By application of an automatic titration system
(Metrohm 900 Touch Control, Metrohm 846 Dosing Interface,
Metrohm 807 Dosing Unit and Metrohm 800 Dosino, Metrohm
GmbH and Co. KG, Filderstadt, Germany), 0.03 mL/min of water
was added to the tempered solution under constant stirring at
300 rpm (IKA overhead stirrer RW20, IKA, Staufen, Germany).
During this procedure, the transmitted light was measured as a
function of time by a photometric sensor (Metrohm 662 Photom-
eter, Metrohm GmbH and Co. KG, Filderstadt, Germany). The
measurement was stopped when the light transmitted dropped
below a value of 5%. Afterward the composition at the inflection
point of the titration data was determined using Origin 2018b
(Northampton, MA), since this point represents the cloud point
of the solution. For each system solutions with different polymer
concentrations were analyzed and used to extrapolate a binodal

curve as described by Smolder et al.””:
ln%zb-lnﬁﬂz (1)
22 2

where ¢ys is the weight fraction of the nonsolvent, ¢p is the
weight fraction of the polymer, ¢ is the weight fraction of the
solvent, and a and b are the constants resulting from the equa-
tion of the linear regression from the experimentally determined
cloud point data.

Dynamic Casting Solution Viscosity

By using a HAAKE falling ball viscometer (ThermoFisher Scien-
tific, Waltham, MA), the dynamic viscosity of each dope solution
was measured at 25 °C. The casting solution and an appropriate
nickel-steel ball, with respect to the expected viscosity range, were
filled into the inner pipe of the double-walled viscometer. The
solution was tempered to 25 °C for at least 15 min by pumping
preheated water through the outer casing of the viscometer using
a thermostat (Lauda, Lauda-Koenigshofen, Germany). The actual
measurement was conducted by stopping the falling time of the
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ball for a certain distance in a fivefold replication. Finally, the
dynamic viscosity was calculated:

_ tm'((ﬂg_(ﬂs)'K (2)
1000

where # is the dynamic viscosity (Pa-s), t,, is the average falling
time of the ball (sec), @p is the density of the ball (g/cm3), Qs is
the density of the dope solution (g/cm’), and K is the ball con-
stant (mPa-cm®-g™"), which was determined during the calibra-
tion of the ball.

Preparation of Membrane Prototypes

The prepared dope solutions were used to fabricate different
membrane prototypes. Using a casting rake with a defined thick-
ness of 250 pm, the polymer solutions were equally coated onto a
glass support at room temperature. After coating, the casting film
was immediately precipitated by immersing the support plate
with the polymer film into a precipitation bath consisting of non-
solvent either tempered to 20 or 40 °C. The nonsolvent in the
precipitation bath was either RO-water or isopropanol. The sam-
ples remained in the nonsolvent bath for five minutes to ensure a
complete exchange of solvent and nonsolvent, resulting in a self-
initiated detaching of the membrane from the glass support.
Following this, the prototypes were soaked with RO-water con-
taining 40 wt% glycerol in order to prevent a collapse of the pore
network during storage. Subsequently, the membranes were
placed into an oven for 10 min at 50 °C and finally stored in air-
tight sealed bags until further used.

Scanning Electron Microscopy

In preparation for scanning electron microscopy, a piece of the
respective membrane prototype was cut and rinsed with RO-
water for 15 min to extract the remaining glycerol from the
membrane structure. In order to prepare membrane cross-sec-
tions, the wetted samples were immersed into liquid nitrogen and
smoothly broken using a razor blade. The prepared cross-sections
were placed into a sample holder, fixed with conductive silver
and sputter coated with argon. Finally, the cross-section images
were recorded at high vacuum and a voltage of 12.5 kV by using
a FEI Quanta 200 ESEM (ThermoFisher Scientific).

Mechanical Stability

The bursting pressure is defined as the pressure, which is needed
to rupture the membrane. It provides information about the
mechanical stability of a sample. Since the bursting pressure
strongly depends on the membrane thickness, it was normalized
to the thickness of the respective sample. This is why the thick-
ness of each sample was measured previous to the actual bursting
pressure determination. Since both measurements were run in
triplicates, three membrane samples with a diameter of 47 mm
were cut from different locations distributed across the whole
membrane sheet. Afterward, the thickness of the dry membrane
blanks was measured by means of a thickness gauge (Hahn +
Kolbe Group, Ludwigsburg, Germany). Following that, the same
membrane samples were wetted with water and placed with the
skin-side down into the bursting pressure device. The measure-
ment was started by moving the plunger with the pressure supply
directly onto the membrane blank. Subsequently, the pressure
was continuously increased until the membrane cracked with an
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audible bang. The pressure gauge remained at the highest
achieved pressure so that the bursting pressure could be read
from the meter of the device.

Membrane Permeability

The membrane samples were tested in terms of their permeabil-
ity. Therefore, a 20 mM phosphate buffer (pH 7.0) was prepared
in RO-water. A sample of the respective membrane was cut out
of the prepared membrane sheet with a diameter of 26 mm.
Together with a fibrous support, it was then integrated into a
10 mL of stirring cell (Sartorius Stedim Biotech GmbH,
Goettingen, Germany). The cell was filled with the prepared
buffer and was closed with a lid having a connection to the pres-
sure supply. Subsequently, the filtration was started by applying a
pressure of 1 bar to the stirring cell. After collecting 10 mL of the
filtrate, which was filtered over the effective filter area of 3.8 cm”
at a stirring speed of 1100 rpm (IKA color quid, IKA, Staufen,
Germany), the pressure supply was switched off and the filtration
time was recorded. Finally, the filtration time and the operation
conditions were used to calculate the permeability:

Vi

= atp

(3)

where J is the membrane permeability (L-m™>h™“bar™), Vi is
the filtration volume (L), Ay, is the effective filtration area of the
membrane (m?), ¢ is the filtration time (h), and p is the applied
pressure (bar).

Protein Retention Capacity

Lysozyme (Lot. 235225 855, Carl Roth, Karlsruhe, Germany)
was applied as model protein for determining the protein reten-
tion capacity of the prepared membrane prototypes. Using the
20 mM potassium phosphate buffer (pH 7.0) as diluent, a 0.2 g/L

50 <& Cloud points NMP
50 O  Cloud points 2P
—— Binodal NMP

- Binodal 2P

Water [wt.%]

Figure 2. Experimental cloud point data and the thereof extrapolated
binodal curves for PES/NMP/water and PES/2P/water at 20 °C. [Color fig-
ure can be viewed at wileyonlinelibrary.com]
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protein suspension was prepared and homogenized on a mag-
netic stirrer (IKA color squid, IKA, Staufen, Germany) at
250 rpm, until the protein was completely dissolved. The stirring
cells from the permeability determination were used again to test
the protein retention on the same membrane samples. The
remaining solution from the previous measurement was
completely removed from the cell, and it was then filled again
with 10 mL of the protein solution. The cells were closed and a
pressure of 1 bar was applied to start the filtration, which was
carried out on a magnetic stirrer (IKA color squid, IKA, Staufen,
Germany) at a stirring rate of 1100 rpm in order to simulate
cross flow conditions. After collecting 5 mL of the filtrate in a
designated test tube, the filtration was stopped and the filtration
time was recorded. Before the cell was filled again with 5 mL off
the pure buffer, it was rinsed twice with buffer to remove protein
residues from the measuring module. In order to collect the pro-
tein solution remaining downstream of the membrane sample
within the tubing of the measuring module, the filtration was
continued at 1 bar and 1100 rpm until a final filtrate volume of
7.5 mL was reached. Ultimately, the protein concentrations in the
initial solution and the collected filtrates were determined by UV
spectrometry (Infinite® 200 PRO, Tecan, Maennedorf, Switzer-
land) at a wavelength of 280 nm. Based on the proportionality
between the UV absorption of the protein and its concentration,
the lysozyme retention was calculated by comparing the concen-
tration in the initial solution to those of the respective filtrate:

C
R=1--L.100 (4)
o

where R is the protein retention (%), ¢, is the protein concentra-
tion in the filtrate (g/L), and cfis the protein concentration in the
initial solution (g/L).

RESULTS AND DISCUSSION

Location of the Miscibility Gap

Cloud point titrations have frequently been used to determine
the miscibility gap of ternary polymeric systems.'®**”® It has pre-
viously been shown that the location of a system’s heterogeneous
region is dependent on the combination of polymer, solvent, and
nonsolvent.*>”” In order to gain information on the thermody-
namic fundamentals of the PES/NMP/water and PES/2P/water
systems applied in this study, cloud point experiments were per-
formed for both systems and used to extrapolate the border
between homogeneous and heterogeneous region. The experi-
mental determined cloud points as well as the extrapolated
binodal curve for each of the two systems are shown in the phase
diagram depicted in Figure 2.

The system consisting of PES/NMP/water has been frequently
studied in the past,'”****®" whereas the phase diagram for
PES/2P/water has not been reported before. The experimentally
determined phase boundaries for the NMP system in this study
agree with the results, which have been previously reported in the
referred literature. In comparison to the NMP system, the system
with 2P has a larger miscibility gap. This indicates that the ther-
modynamic stability of 2P solutions is lower than the one of
NMP solutions. Therefore, less water is needed to induce the
liquid-liquid demixing in the 2P system, so that in contrast to
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PES solutions prepared with NMP the phase inversion occurs
earlier. It was found that the amount of water, which can be
added before phase separation occurs significantly differs between
the two studied solvent systems. Based on the extrapolated cloud
point data, the water amount, which is needed to induce phase
separation in the NMP system lies between 10 and 20 wt%, where
the exact amount depends on the polymer concentration. In con-
trast, for 2P the range lies between 3 and 8 wt%. As a conse-
quence of the different thermodynamic stabilities, it can be
expected that the resulting membrane structures differ in depen-
dence of the solvent which is used.

Control of the Morphological Structure by Nonsolvent
Additives

It is reported in the literature that the addition of nonsolvent
additives to the polymeric dope solution can suppress the forma-
tion of finger-like structures.'®®> However, the knowledge of the
impact of nonsolvent additives is limited. This is why in this
study the influences of three selected nonsolvents with varying
concentrations were investigated comparatively in two different
solvent systems. More precisely, changing ratios of water, glyc-
erol, and acetic acid were added to the membrane dope solutions
prepared with NMP or 2P, respectively, and consequently their
effects were examined with regard to the morphology of the
resulting membrane prototypes. In order to study the morphol-
ogy of the membranes, scanning electron microscopy was
applied. Aiming to gain insights into the morphology of both,
retentive layer and support layer, cross-section images of each
membrane type were recorded.

Figure 3 shows the cross-sections of membranes, which were pre-
pared with NMP as solvent and with different water concentra-
tions in the dope solutions varying from 7.5 to 9.25 wt%. It could
be observed that the increase of the water content within the
polymer solution lead to a suppression of the finger-like struc-
ture, and thus conversely promoted the formation of a sponge-
like structure. The more water was added, the more the number
of finger-like cavities and macrovoids decreased. Furthermore,
the appearance of the cavities within the membrane cross-section
moved toward the bottom of the membrane when the water con-
centration was raised. At the same time, the size of the macro-
voids was visibly reduced. This can be explained by the impacts
of the water content on the thermodynamic and kinetic aspects
of phase separation. In general, the addition of water to the poly-
mer solution moves the starting point of the solution closer to
the miscibility gap. If the position of the starting composition is
already located close to the miscibility gap, only small amounts
of the entering nonsolvent are required to initiate the phase sepa-
ration across the entire casting solution profile. Therefore, the
proportion of the polymer film, which remains stable, since its
composition stays within the homogenous region after immersion
into the precipitation bath, decreases when the distance to the
miscibility gap is reduced. Furthermore, an increase of the non-
solvent concentration within the casting solution will not only
reduce the proportion of the film, which remains stable, but also
the residence time of the film composition within the homoge-
nous region. As a consequence, the time until phase separation
sets in is generally reduced.*” This in turn suppresses locally del-
ayed phase separation events and thus the formation of finger-
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like cavities or macrovoids toward the support-facing side of the
membrane. This results from an immediate segregation followed
by an earlier solidification of the structure across the whole
cross-section of the polymer film. As a result, the occurrence of
coarsening mechanisms, which lead to the formation of larger
voids, is prevented.42

When glycerol or acetic acid were added as nonsolvent additives
to the casting solution instead of water, similar effects on the
morphology could be observed (Figure S1 in the Supporting
Information). Although glycerol and acetic acid are in compari-
son to water less strong nonsolvents, the formation of voids was
prevented at similar concentration levels than in case of water.
This can be explained by the fact that the use of nonsolvents
other than water can lead to a larger heterogeneous region, as it
has been observed for other ternary systems.’®®* As a result, the
distance between miscibility gap and composition of the starting
solution decreases and less nonsolvent is needed to induce phase
separation.83

The results, which could be found for the system with NMP were
also observed for solutions with 2P as solvent (Figure 4). Similar
to the previous case, the formation of macrovoids was suppressed
when the amount of nonsolvent within the dope solution was
increased. However, there are two main differences between the
two solvent systems. On one hand, more water can be added to
casting solutions prepared with NMP until the starting composi-
tion is close enough to the miscibility gap to cause a suppression
of the finger-like morphology. This results from the fact that the
miscibility gap for the 2P system is significantly larger than the
one of NMP since NMP is a good solvent for PES, whereas 2P is
a rather poor solvent.”” On the other hand, it is striking that the
morphology of the sponge-like structure in between the cavities
is basically different if comparing the two solvent systems. In par-
ticular at high water concentrations, the morphology of the NMP
membranes as shown in Figure 2 can rather be regarded as a
closed-pore structure. In turn, this can be an indication for a
binodal segregation. In contrast, Figure 3 reveals that 2P mem-
branes rather have a lacy structure, which in turn indicates a
spinodal segregation followed by a coarsening of the structure.
The occurrence of spinodal decomposition in case of 2P can
result from a combination of the reduced diffusional exchange
and the relatively large overlap of the binodal and the spinodal at
low polymer concentrations as it has been shown by Tsai et al.
for a system with PSf dissolved in 2P.®> Although the overlap of
binodal and spinodal for PSf dissolved in NMP is also relatively
large at lower polymer concentrations,'” the higher diffusional
exchange rate may result in a different precipitation path leading
to a binodal decomposition.

The differences in the diffusional exchange rates at same solution
compositions result from the different dynamic viscosities, which
can be observed for the two different solvents. Furthermore, in
case of both solvents, the viscosity of the casting solution
increased with a rising water concentration (Figure 5).

This can be explained by an increased interaction between the
solution components, which are caused by the formation of
hydrogen bonds between the molecules.***> The rising viscosity
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Figure 3. Scanning electron microscopy cross-section images of PES membranes prepared by immersion precipitation with water tempered to 20 °C as non-
solvent, where the polymer dope solutions were prepared with 16.88 wt% PES, 0.84 wt% PVP, NMP as solvent and water concentrations varying from 7.5 to
9.25 wt% (image recording potential of 12.5 kV).
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Figure 4. Scanning electron microscopy cross-section images of PES membranes prepared by immersion precipitation with water tempered to 20 °C as non-

solvent, where the polymer dope solutions were prepared with 16.88 wt% PES, 0.84 wt% PVP, 2P as a solvent and water concentrations varying from 3.5 to

5.75 wt% (image recording potential of 12.5 kV).

induces a slowdown of the diffusional exchange between solvent
and nonsolvent. As a result, the nuclei of the polymer-poor phase
grow with a reduced rate and the formation of macrovoids is
suppressed. Ultimately, this effect results in the formation of
tighter pore structures.”””>* Furthermore, the results indicate that
the viscosity of the solutions prepared with 2P are about ten
times higher than the ones prepared with NMP. On one hand,
this can result from the different abilities of the solvents to dis-
solve PES. It has been previously discussed in the literature that
the solvent power has an impact on the viscoelasticity of the
resulting solution.”” On the other hand, 2P has a higher polarity
in comparison to NMP.?® Since the polarity of the solvent can
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affect the conformation of the polymer, the polarity has an
impact on the solution viscosity.*® Furthermore, the large differ-
ences in the solution viscosity would explain why a complete sup-
pression of the finger-like cavities can be achieved when using 2P
as solvent. It can be observed in Figure 4 that at water concentra-
tions close to the two phase region a complete sponge-like mor-
phology was obtained in case of membranes prepared with 2P. In
contrast, with NMP no complete suppression of macrovoids
could be achieved, even if the composition was close to the two
phase region (Figure 3). The presence of the finger-like morphol-
ogy at even higher nonsolvent concentrations can result from the
lower viscosity of the polymer solutions, which is not high
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Figure 5. Average dynamic viscosity & standard deviation (n = 5) in dependence of the water concentration for casting solutions containing 16.88 wt% PES,
0.84 wt% PVP and either NMP (a) or 2P (b) as solvent, determined at 25°C with a falling ball viscometer. [Color figure can be viewed at

wileyonlinelibrary.com]

enough to completely hinder the mechanisms responsible for
macrovoid formation such as coalescence and other growth
mechanisms.®’

The pore morphology of the membrane matrix, which is adja-
cent to the macrovoids, is remarkably different for between the
membranes prepared with different solvents. As shown in
Figure 6, in case of both solvents the pore size within the
sponge-like structure increases the closer it is located toward
the support-facing side of the membrane. This can be explained
by the greater distance to the precipitation bath and the diffu-
sive resistance, which is caused by the previously formed struc-
tures at the air-facing side of the polymer film. As a result, the
entry of nonsolvent into the polymer film is slowed down,
which in turn extends the time between the onset of phase sepa-
ration and solidification. In turn, the time for growth and coa-
lescence of the polymer-poor nuclei is prolonged, which
ultimately leads to the formation of coarser membrane struc-
tures.”® However, when 2P was used as solvent, the pore size

became progressively tighter in the area in which macrovoids
are prevalent. This area is indicated by the red arrows in
Figure 6. The observation confirms the theory that the growth
of the voids is caused by diffusion of the solvent from the sur-
rounding homogenous solution into a nucleus of the polymer-
poor phase. As a result of this process, the polymer concentra-
tion in the surrounding polymer solution increases. Conse-
quently, this leads to the formation of narrow pores around the
voids since the time between onset of phase separation and
solidification is reduced by the high polymer concentration.
Overall, these results can be attributed to the macrovoid forma-
tion mechanism of Smolder and Reuvers, which describes the
growth of the voids by solvent diffusion.*?

Although this phenomenon is not visible for membranes pre-
pared with NMP (Figure 6), it can be assumed that the same
mechanism occurs during the structure formation of NMP mem-
branes. However, the effect is not obvious such as in case of 2P
due to the open-cellular structure.

NMP

Figure 6. Scanning electron microscopy cross-section images focusing the pore size morphology around the macrovoids of PES membranes prepared by

2P

immersion precipitation with water tempered to 40 °C, where the dope solutions were prepared with 16.88 wt% PES, 0.84 wt% PVP, 2.5 wt% glycerol, and

either 7.5 wt% water for NMP or 3.5 wt% water for 2P as solvent (image recording potential of 12.5 kV; the red arrows indicate a solvent diffusion-based

pore size gradient in case of 2P). [Color figure can be viewed at wileyonlinelibrary.com]
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Figure 7. Scanning electron microscopy cross-section images of PES membranes prepared by immersion precipitation with water tempered to 20 °C as non-

20 wt.% PES

solvent, where the polymer dope solutions were prepared with PES concentrations varying from 15 to 20 wt%, 0.84 wt% PVP and either 9.0 wt% water in
case of NMP or 5.0 wt% water in case of 2P as solvent (image recording potential of 12.5 kV).

Control of the Morphological Structure by Polymer
Concentration

Another factor, which leads to a structural transition is the con-
centration of the membrane-forming polymer within the casting
solution. In case of both solvents, a reduction of the macrovoids
could be observed when the PES concentration was increased
(Figure 7).

In case of NMP, the number and the size of macrovoids visibly
decreased when the polymer concentration was raised from 15 to
20 wt%. A similar trend has previously been described for a sys-
tem with dimethylacetamide (DMAc) and PSf. However, within
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the same study the investigation of PSf concentration variations
with NMP as solvent did not show a clear effect, which is contra-
dictory to the observations made in this study.” In contrast, a com-
plete sponge-like morphology could already be obtained at a
medium PES concentration when 2P was applied as the solvent. If
the PES concentration was further increased to 20 wt%, the
sponge-like pore structure became even denser in comparison to
the structure obtained with an intermediate concentration. Similar
results for both, NMP and 2P, have been published for a system
with PSf as the membrane-forming polymer.”’ The effects on the
membrane morphology can be explained by the significant increase

J. APPL. POLYM. SCI. 2020, DOI: 10.1002/APP.48852
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Figure 8. Average dynamic viscosity & standard deviation (n = 5) in dependence of the PES concentration for casting solutions containing 0.84 wt% PVP

and either 9.0 wt% water in case of NMP (a) or 5.0 wt% water in case of 2P (b) as solvent, determined at 25 °C with a falling ball viscometer. [Color figure

can be viewed at wileyonlinelibrary.com]

of the viscosity has been found for both solvent systems when the
PES concentration was raised (Figure 8).

As a result of the enhanced viscosity, the growth of the nuclei,
which are responsible for the development of the macrovoids, is
hindered. This is caused by the slowdown of the diffusional
exchange of solvent and nonsolvent as well as by the general
decrease of the mass transfer processes during structure formation.”

Apart from the significant effect on the viscosity, it was found
that an elevation of the polymer concentration increases the vol-
ume fraction of the polymer matrix. This can be derived from
the results of the mechanical stability, which was determined by
measurements of the bursting pressure. It was found that the sta-
bility of the membranes increased when more PES was added to
the membrane casting solution (Figure 9).

Based on the model concept described by Smolders and Reuvers,
the observed results can be explained by two opposing effects,
which are mainly responsible for the formation of the membrane

—
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~
~

B NMP

(o2}
1

Bursting pressure [mbar/um]

15 18 20
PES concentration [wt.%)]

morphology.*> On one hand, the increasing polymer concentra-
tion at the interface between the polymer film and the precipita-
tion bath provokes the formation of a dense skin layer, which is
responsible for the selective separation of molecules. Conse-
quently, this layer acts as an increased diffusion barrier at the air-
facing side of the membrane. In turn, this increases the probabil-
ity that the polymer solution in the lower part of the film remains
stable after immersion into the precipitation bath. Therefore, the
time until solidification is achieved is prolonged and the forma-
tion of finger-like structures is promoted. On the other hand, the
phase diagrams of the two systems indicate that with an increase
of polymer concentration within the casting solution a smaller
amount of water is sufficient to induce phase separation
(Figure 2).>>®® Therefore, it can be assumed that the precipitation
process is proceeding quickly so that a locally delayed segregation
and solidification is suppressed, resulting in a uniform sponge-
like morphology. As it was found that the sponge-like morphol-
ogy predominates when the polymer concentration is raised, it

—_
O

SN
~

Bursting pressure [mbar/pm]

15 18 20
PES concentration [wt.%]

Figure 9. Average bursting pressure normalized to the membrane thickness & standard deviation (n = 3) in dependence of the PES concentration for mem-

brane prototypes prepared from casting solutions containing 0.84 wt% PVP and either 9.0 wt% water in case of NMP (a) or 5.0 wt% water in case of 2P

(b) as solvent. [Color figure can be viewed at wileyonlinelibrary.com]
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can be concluded that the second effect overcomes the first on
when a certain polymer concentration is reached. A similar rela-
tionship between the precipitation rate and the resulting mem-
brane morphology were reported by Smolder and Reuvers.*?
Their investigation of the precipitation rate in a CA/dioxane/
water system showed that at a higher polymer content in the
casting solution a higher amount of solvent in the precipitation is
needed to induce the formation of finger-like structures. Since
the share of solvent in the casting solution is reduced with an
increase in the polymer concentration, less solvent can diffuse
into the precipitation bath. Consequently, a macrovoid-free struc-
ture is favored when the polymer concentration is raised. The
presence of less solvent in the precipitation bath is additionally
enhanced through the decelerated diffusion rate resulting from
an increase in viscosity at raised polymer amounts in the casting
film. As the result, which were found by Smolders and Reuvers
are similar to the observations of this study, the mechanisms cau-
sed by an increase of the polymer concentration seem to be inde-
pendent of the polymer and solvent, which are used for
membrane preparation.

Control of the Morphological Structure by Precipitation
Conditions

Another possibility to control the membrane structure is the
choice of the precipitation medium and the precipitation bath
temperature, since both factors influence the mass transfer during
the membrane formation process. In general, precipitants with a
high affinity toward the solvent promote a fast phase separation
process. In contrast, precipitants with a low affinity toward the
solvent retard the time between onset of phase separation and
solidification of the structure. In order to control the precipita-
tion rate, alcohols have previously been used instead of pure
ternary systems involving other solvents and
membrane-forming polymers than those used in this study.’®>®
Furthermore, it has previously been shown that the precipitation
temperature has an impact on the membrane properties due to
its effects on both, the rate of diffusion and the viscosity of the
casting film within the precipitation bath.'®***”>° However, all
these studies only focus on one distinct solvent system. Therefore,
until now no comparative study has been conducted, which
investigates the effect of the coagulation bath temperature in
dependence of the applied solvents including distinct solvent
affinities toward the polymer.

water for

This is why the influence of the precipitation conditions on the
membrane structure was investigated by comparing the tempera-
ture of pure RO-water as precipitant between 20 and 40 °C for
membranes prepared with both, NMP and 2P. Additionally, iso-
propanol was used as an alternative precipitating agent for mem-
brane preparation with both solvents, which exhibit different
affinities toward the polymer and the nonsolvent, respectively.
The structural results for each precipitation condition and each
solvent, respectively, are depicted in Figure 10.

The cross-section images show that the membrane morphology is
dependent on the precipitation temperature. When the tempera-
ture was set to 20 °C, the morphology was found to consist of a
mixture of finger-like and sponge-like structures. While the
region of finger-like structures dominated in case of NMP
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membranes, the sponge-like morphology was found to be preva-
lent when 2P was applied as a solvent. When the precipitation
temperature was raised to 40 °C, however, it could be observed
for both solvents that the number of the voids increased. This
can be explained by the effect of the temperature on the viscosity
of the polymer film. When the temperature of the precipitation
bath is increased, the viscosity of the casting film decreases and
at the same time the diffusion rate of solvent and nonsolvent
increases.”” As a consequence of the increased diffusion speed,
the solvent uptake is enhanced, which results in an increased
growth of the polymer-poor nuclei. This in turn promotes the
development of voids and the formation of open pore struc-
tures.”® In contrast, at low precipitation temperatures, the growth
of the nuclei is inhibited. Consequently, new nuclei can form
below the already existing ones so that the formation of the
macrovoids is suppressed. A similar effect has been reported for
a system consisting of cellulose acetate in NMP.* Furthermore, it
would be expected that the temperature has an effect on the ther-
modynamics of the system and therefore affects the resulting
membrane structure. However, it has been previously shown, that
the location of the miscibility gap for the systems examined in
this study is not affected by the temperature at which phase sepa-
ration takes place.®® Therefore, the effect of the temperature on
the thermodynamics and its influence on the membrane structure
is negligible.

When isopropanol was used instead of water as the precipitating
agent, it could be clearly observed that the turbidity of the poly-
mer film increased significantly slower in case of isopropanol
during the precipitation process. This results from the lower pre-
cipitation rate when using isopropanol, which consequently cau-
ses a delayed precipitation of the film.”® Since the exchange of
solvent and nonsolvent proceeds more equally across the entire
polymer solution profile, the formation of nuclei occurs almost
simultaneously at every position within the film. In turn, this
reduces the probability for the development of finger-like struc-
tures. Although in case of both solvents, a few voids were still
present in the substructure of the membrane cross-section, in
comparison to the precipitation at the same temperature with
water, the number and size of the voids visibly decreased for
membranes prepared with isopropanol as nonsolvent.

Control of the Membrane Performance by Non-Solvent
Additives

The addition of nonsolvent additives to the casting solution does
not only influence the morphology of the membrane but it has
also an impact on the membrane permeability and its retention
capacity. In dependence of the applied solvent, two different
behaviors could be observed if water was added to the polymer
solution (Figure 11). When NMP was applied for the preparation
of the casting solutions, the permeability increased with a raising
amount of water within the solution. At a concentration of 8.5 wt
% water, however, the permeability reached a maximum and
started to decrease with a further addition of water to the casting
solution. At the same time, the retention of lysozyme exhibited
an inversely proportional behavior. It declined with raising water
concentrations in the casting solution until an amount of 8.5 wt
% water was reached, and started to increase again when the
water share within the polymer solution was further increased.
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Figure 10. Scanning electron microscopy crosssection images of PES membranes prepared by immersion precipitation at different precipitation tempera-

tures and with different precipitating agents, where the polymer dope solutions were prepared with 16.88 wt% PES, 0.84 wt% PVP, and either 7.5 wt% water

in case of NMP or 3.5 wt% water in case of 2P as solvent (image recording potential of 12.5 kV).

However, the changes in lysozyme retention are rather small. In
contrast, the permeability of 2P membranes did not show a clear
trend in dependence on the water concentration. It rather fluctu-
ated around a value of 200 L/m?-h-bar. Nonetheless, a clear trend
could be observed for the lysozyme retention as it continuously
decreased when the water concentration was raised.

Similar trends for permeability and lysozyme retention were
found when glycerol was applied as nonsolvent instead of water
(Figure 12). In case of NMP, the permeability raised and
exhibited a maximum at 2.5 wt% glycerol whereas it decreased
when the concentration was further raised to 5 wt%. In contrast
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to the water variation, the retention slightly increased with an
addition of 2.5 wt% glycerol and stayed at the same level when
the concentration was further increased 5 wt%. However, the
effect on the retention again was rather small. In contrast, the
permeability constantly raised with an increase of glycerol in
the dope solution, if 2P was applied as solvent. At the same time,
the lysozyme retention exhibited an inversely proportional behav-
ior and declined with raising glycerol concentrations.

When 2P was applied as a solvent and acetic acid was added as
nonsolvent to the polymer solution, the same observations were
made as in case of the glycerol variations (Figure 12). While the

J. APPL. POLYM. SCI. 2020, DOI: 10.1002/APP.48852

85U8017 SUOWILLIOD @A 111D 3|qeo! dde au A peuienob ae spiie YO ‘8sn o Sajnu o Akeld8U1|UO /8|1 UO (SUONIPUOD-PUB-SWLBIWI0D" A8 | I ARe.q1Bu[UO//:SANY) SUORIPUOD pue swie 1 8yy 8es *[£20z/0T/9T] uo Arlq1auluo 48| Rylo!|qigsuoiiewiolu | ayasiuyae | Aq zaesy'dde/z00T 0T/I0p/u0o" A8 1M Aleiq Ul |uo//:Sdny WOy pepeojumoq ‘8z ‘0202


http://WILEYONLINELIBRARY.COM/APP

ARTICLE

(a) 400 100
B8 Permeability (NMP)

@~ Retention (NMP)

T
@
o

300

60
200 +

1004

Permeability [L/m*-h-bar]
Lysozyme retention [%]

7.50 8.00 8.50 9.00 9.25

Water concentration [wt.%)]

WILEYONLINELIBRARY.COM/APP

Applied Polymer

IENCE

(b) 400 100
@ ) - B Permeability (2P)
.\ @ Retention (2P)
5 R L8o
2 3004 =
RN
E - 60 g
2 200+ e
- [}
% +40 E.
3 N
£ 100 2
& F20 X

3.50 4.00 4.50 5.00 5.75
Water concentration [wt.%)]

Figure 11. Average membrane permeability and respective lysozyme retention £ standard deviation (n = 3) in dependence of the water concentration for

membrane prototypes prepared with water tempered to 20 °C from casting solutions containing 16.88 wt% PES, 0.84 wt% PVP and either NMP (a) or 2P

(b) as solvent. [Color figure can be viewed at wileyonlinelibrary.com]

(@) 400 100
= Permeability (NMP) -@- Retention (NMP)
8 lso X
= 300 =
K=
% o
=
- - c
3 ® g
2 2004 [
= I i Lao 2
] il o | 2 €
£ 100 +/ 2
= F20 5
o hr
o
0 T T T 0
0.0 25 5.0
Glycerin concentration [wt.%]
(©) 700 100
[ Permeability (NMP) ~@- Retention (NMP)
= 600 - -
8 i F8o &
< 4 c
% 500 I 5
= L c
o, 400+ 60 3
2 e
= 300 o
] r40 g
© bl
@ 2004 1 ® N
. - 9
@ + £ F20 5
o 100 a
0 0

0.0 25 5.0 75
Acetic acid concentration [wt.%]

(

O
Na?
N
1)
S

100
B Permeability (2P)

§\ L 80
300 ~_

~@- Retention (NMP)

Permeability [L/m?-h-bar]
Lysozyme retention [%)]

0.0 25 5.0
Glycerin concentration [wt.%)]

—
o
~

350 100
Bl Permeability (2P) @ Retention (2P)

300

Permeability [L/m?-h-bar]
Lysozyme retention [%]

0.0 25 5.0 75
Acetic acid concentration [wt.%)]

Figure 12. Average membrane permeability and the respective lysozyme retention =+ standard deviation (# = 3) in dependence of the glycerol concentration

for membrane prototypes prepared with water tempered to 20 °C from casting solutions containing 16.88 wt% PES, 0.84 wt% PVP, and either 7.5 wt% water
in case of NMP (a) or 3.5 wt% water in case of 2P (b) as solvent, as well as in dependence of the acetic acid concentration for membrane prototypes pre-
pared from casting solutions containing 16.88 wt% PES, 0.84 wt% PVP, and either 7.5 wt% water in case of NMP (c) or 3.5 wt% in case of 2P (d) as solvent.

[Color figure can be viewed at wileyonlinelibrary.com]

permeability constantly increased with a raise in the acetic acid
concentration, the lysozyme retention decreased inversely pro-
portional. In contrast, the behavior for NMP membranes was
slightly different. The permeability continuously increased with a
raising acetic acid concentration. However, the lysozyme reten-
tion was not significantly influenced by changes in the acetic acid
amount since it constantly fluctuates around 20%.
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The increase of the permeability, which was partially observed for
the different variation series, has also been reported for other ter-
nary systems. Chaturvedi et al. for instance varied the propor-
tions of maleic acid (nonsolvent) and dimethylformamide
(solvent), while the PES concentration was at the same time held
at a constant level. They found that an increase of the maleic acid
concentration results in an linearly raising water permeability.”!
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On one hand, the morphology results indicate that the thickness
of the sponge-like layer is strongly influenced by the content of
nonsolvent within the casting solution (Figures 3 and 4). Since
the sponge-like proportions significantly contribute to the flow
resistance of the membrane, it also has an impact on the perme-
ability of the membrane. On the other hand, the impact of non-
solvents on the membrane performance can be explained by two
contrary effects, which influence the position of the dope solution
composition within the phase diagram, and therefore the entry
point into the miscibility gap. The effects have been explained by
Wijmans.” In general, the original position of the dope solution
is shifted toward the miscibility gap when the nonsolvent concen-
tration is raised, while the polymer concentration at the same
time remains constant. Consequently, the starting phase separa-
tion leads to lower polymer concentrations in the polymer-rich
phase so that more open pore structures result from an increas-
ing nonsolvent concentration in the dope solution. On the other
hand, the exchange ratio of solvent and nonsolvent cannot be
considered to remain constant. As the content of nonsolvent
increases, the ratio between the inflow of nonsolvent and the
export of solvent from the casting film declines, because with
respect to the nonsolvent the chemical potential between the cast-
ing film and the precipitation bath is reduced. In comparison, a
higher level of nonsolvent leads to an increased export of solvent
from the casting film, which causes a steeper entry into the misci-
bility (refer to Figure S2 in the supporting information). This in
turn would lead to an open pore structure since the entry into
the heterogeneous region shifts toward lower polymer concentra-
tions with a raising amount of nonsolvent.

Therefore, an overall prediction of the effect on the pore sizes cau-
sed by an increasing nonsolvent amount in the dope solution is not
possible. However, for the 2P system the shift of the initial dope
solution composition toward the miscibility gap seems to superim-
pose the influence on the mass transfer ratio. Similarly, the effect
caused by the location of the initial composition also seems to
superimpose the second effect in case of NMP, until a concentra-
tion of 8.5 wt% is reached. When the amount of nonsolvent is fur-
ther increased, however, this effect is exceeded by the change in the
mass transfer ratio. As a consequence, the permeability starts to
decrease with a further raise of the nonsolvent amount in the dope
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solution. An exception for this behavior could be observed for the
acetic acid variations in NMP. In this case, a continuous increase of
the permeability was found when the acetic acid concentration was
raised. As in case of 2P, this can be explained by the effect caused
through the shift of the initial solution composition toward the
miscibility gap, which overweighs the effect on the mass transfer
ratio over the entire investigated concentration range. The different
behavior in contrast to water and glycerol variations in NMP can
be related to the strength of the nonsolvent. While water is a very
strong nonsolvent for PES, acetic acid is a rather week nonsolvent
for this polymer. Therefore, the balance of both effects shifts in
dependence of the nonsolvent strength, which would explain the
different trends.

Control of the Membrane Performance by Polymer
Concentration

Apart from the mechanical stability of the membrane, the con-
centration of the membrane-forming polymer generally influ-
ences the overall porosity and the pore sizes of the membrane.”
Therefore both, permeability and protein retention, are affected
by changes in the polymer concentration. Independent of the sol-
vent, which was applied, a decline of the permeability could be
observed when the PES concentration was raised. Inversely pro-
portional to the permeability, the lysozyme retention increased
with a raising PES concentration (Figure 13).

A similar tendency has already been reported for polysulfone dis-
solved in a mixture of NMP and tetrahydrofuran,>* which confirms
that the influence of the polymer concentration is completely inde-
pendent of the applied solvent. The impact of the polymer concen-
tration on the membrane features can be explained on the basis of
the phase diagram. If it is assumed that the influence of the poly-
mer concentration on the mass transfer ratio of nonsolvent and sol-
vent is negligible, the slope of the entry path into the heterogeneous
region remains identical, regardless of the polymer concentration in
the dope solution.”® Therefore, the composition at the entry point
into the miscibility gap is strongly influenced by the initial polymer
concentration (refer to Figure S3 of the supporting information). If
the initial composition is located at a higher polymer concentration,
the proportion of solvent within the polymer-poor phase is reduced
after onset of the phase separation. In turn, the nascent pore size
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Figure 13. Average membrane permeability and the respective lysozyme retention 4 standard deviation (n = 3) in dependence of the PES concentration for

membrane prototypes prepared with water tempered to 20 °C from casting solutions additionally containing 0.84 wt% PVP and 9.0 wt% water in case of

NMP (a) or 5.0 wt% water in case of 2P (b) as solvent. [Color figure can be viewed at wileyonlinelibrary.com]
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after phase separation is significantly influenced. Due to the ther-
modynamic equilibrium between the two forming phases, the
polymer-rich phase consequently consists of a higher polymer con-
tent. This in turn results in a higher amount of polymer within the
membrane matrix and therefore in a decreased permeability on one
hand, and an increased protein retention on the other hand.

Control of the Membrane Performance by Precipitation
Conditions

It has been shown earlier that the membrane structure is visibly
influenced by the precipitation conditions. Since membrane per-
formance and structure are closely related to each other, the
membrane performance was also found to be influenced by a
change of the conditions within the precipitation bath. It could
be observed that an increase of the water temperature in the pre-
cipitation bath resulted in a decreased permeability for mem-
branes prepared with NMP, whereas the permeability of 2P
membranes was significantly increased (Figure 14). When the
water in the precipitation bath was displaced by isopropanol as a
weaker nonsolvent for PES, the permeability increased indepen-
dently of the solvent, which was applied. In all cases, the
observed changes in the lysozyme retention were inversely pro-
portional to the changes in the permeability.

In case of 2P, the observed permeability increase at a higher pre-
cipitation temperature can be explained by two effects. On one
hand, the increasing temperature accelerates the diffusive
exchange between nonsolvent and solvent. On the other hand,
the viscosity of the casting solution film is reduced when the tem-
perature is raised, which in turn also accelerates the mass transfer
between casting film and precipitation bath.’® Consequently, the
nuclei of the polymer-poor phase can grow more quickly so that
larger pores are formed. This in turn causes an increase in per-
meability and a simultaneous decrease in the lysozyme retention.

In case of NMP a similar effect would be expected, since due to
the two described effects the pore structure is expected to become
more open, which in turn increases the permeability. However,
against the expectations it was found that the permeability
slightly decreased when the precipitation temperature was raised,
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whereas the retention in contrast slightly increased. Although this
increase cannot be regarded to be significant, the observed differ-
ences between the two solvent systems can be explained by the
different formation mechanisms, which dominate depending on
the respective solvent type. While the lacy structures of the 2P
membranes indicate that these membranes were formed through
a spinodal decomposition, which is followed by a subsequent
coarsening of the structures, the structure of the NMP mem-
branes can be described as a closed-cellular structure. On one
hand, the combination of the increased water content and the
higher precipitation temperature results in an instantaneous entry
into the two-phase region when the casting film is immersed into
the precipitation bath. On the other hand, the enhanced diffusion
rate caused by the temperature increase leads to a higher rate of
coalescence with respect to the polymer-poor phase. Although
this should lead to the formation of coarser structures, the overall
number of pores decreases in case of NMP membranes due to
the formation of a closed-cellular structure. As a result, the
reduction of the pore quantity and the thereby caused decrease in
permeable pores finally leads to a decline in permeability. Since
the closed-cellular structure of the NMP membranes in compari-
son to the lacy structure of the 2P membranes affects the flow-
retention ratio in an undesired manner, there was found hardly
any difference between the lysozyme retention for NMP mem-
branes prepared at 20 or 40 °C.

When isopropanol was used for membrane fabrication at a con-
stant precipitation temperature of 20 °C instead of water, the per-
meability increased and the lysozyme retention decreased
independent of the solvent which was used. As already men-
tioned, the addition of isopropanol leads to a reduction of the
precipitation rate, which in turn prolongs the duration between
the onset of phase separation and the solidification of the struc-
ture.”® Consequently, this enables a coarsening of the pore struc-
ture through growth and coalescence, which in turn results in an
increase in membrane permeability. The opposite effect of iso-
propanol precipitation in comparison to a change in the water
bath temperature can be explained by the phase diagram of the
respective system. It has been previously shown for a system of
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Figure 14. Average membrane permeability and the respective lysozyme retention + standard deviation (n = 3) in dependence of the precipitation bath con-

ditions for the fabrication of membrane prototypes prepared with different nonsolvents at different temperatures from casting solutions containing 16.88 wt
% PES, 0.84 wt% PVP, and either 7.5 wt% water in case of NMP (a) or 3.5 wt% water in case of 2P (b) as solvent. [Color figure can be viewed at

wileyonlinelibrary.com]
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NMP, PES, and water that the temperature has no visible influ-
ence on the location of the two-phase region.®® However, the
addition of isopropanol results in a shift of the miscibility gap, as
its addition expands the ternary system consisting of water, sol-
vent and PES to a four component system consisting of water,
isopropanol, the solvent, and PES. Since isopropanol is a weaker
solvent than water, the size of the miscibility gap decreases,
which has been shown for other systems such as for PES in
DMSO0.%%% As a result, the phase separation in isopropanol is
introduced at a later point of time in comparison to a precipita-
tion in pure water. Furthermore, the ratio of polymer, solvent
and nonsolvent in the developing phases is affected, which can
also contribute to the observed increase in permeability and the
slight decrease in retention.

CONCLUSIONS

This work presents a comparative study of PES membrane formation
via nonsolvent induced phase separation between two different poly-
meric systems using NMP as conventional solvent and 2P as a
greener alternative for the preparation of the dope solutions. In this
context, a comprehensive investigation on the effects of the polymer
concentration, the choice of the nonsolvent additives, and the precip-
itation conditions was performed in both solvent systems, NMP and
2P, respectively. The effects of the variables were studied with regard
to the formation of the structure on one hand, and regarding the
performance of the resulting membrane prototypes on the other
hand. It was found that the general structure differs between the two
solvent systems. NMP membranes exhibited a closed-cellular struc-
ture, while the membranes prepared with 2P exhibited a lacy struc-
ture. It was found that the addition of different nonsolvents to the
dope solutions, the application of lower precipitation temperatures
and weaker nonsolvents in the precipitation bath as well as the
increase of the polymer concentration suppressed the formation of
finger-like structures and macrovoids. The effects on the morphologi-
cal cross-section features were observed for all systems, regardless of
the solvent, which was applied for dope solution preparation. In con-
trast, the effects on the performance of the membranes partially dif-
fered in dependence on the applied solvent system. While an
increasing polymer concentration in both solution systems resulted
in a decrease in permeability and a simultaneous increase in reten-
tion, the influences of nonsolvent addition and precipitation condi-
tions on membrane performance in certain cases differed in
dependence of the applied solvent. It could be shown that the addi-
tion of nonsolvent to 2P dope solutions results in an increase in per-
meability and an inversely correlating decrease in the lysozyme
retention. In contrast to these findings, with an exception of acetic
acid variations, the prototypes produced with NMP exhibited a max-
imum at a certain nonsolvent concentration in the solution. When
the concentration was further raised, the permeability started
decreasing again. However, the lysozyme retention was also in all
cases negatively proportional to the permeability, although the effects
on the retention were less pronounced than in case of 2P mem-
branes. Furthermore, the increase of the precipitation temperature
resulted in an increased permeability and a decreased retention for
2P membranes, whereas the permeability declined and the retention
increased when the same precipitation conditions were applied for
membrane fabrication using NMP. The results can be explained by
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the different thermodynamic and kinetic features of the formation
process, which are strongly related to the applied solvent system.
While the dominating formation mechanism in case of NMP is
assumed to be a binodal decomposition, 2P membranes result from
a spinodal decomposition. Both formation mechanisms are differ-
ently influenced by the tested variables and therefore result in differ-
ent outcomes on structure and performance in dependence of the
applied solvent.
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