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a b s t r a c t

Membrane formation by nonsolvent induced phase inversion was directly observed using light

microscopy. Polysulfone (PSf) was used as a model polymer while 1-methyl-2-pyrrolidinone (NMP),

N,N-dimethylformamide (DMF), water and glycerol were used as model solvents and nonsolvents.

Direct observation and kinetic analyses suggest finger-like macrovoids formed by convective flow of

nonsolvent into the polymer–solvent solution; convective flow arose from interfacial energy gradients

at the polymer solution–nonsolvent interface. Convective nonsolvent flow into the polymer solution

was hindered by the formation of surface skin layers or viscous gel layers within the polymer solution

film. Viscous gel layers were often formed when using a poor nonsolvent, poor solvent, or an

insufficient supply of a good nonsolvent. Greater viscous hindrance resulted in membranes with

shorter or no finger-like macrovoids. Large finger-like macrovoids propagated only when nonsolvent

convective flows into the polymer solution film exceeded viscous hindrance forces, i.e., when a good

solvent, ample supply of good nonsolvent, and polymer solution of relatively lower viscosity were used.

& 2012 Elsevier B.V. All rights reserved.

1. Introduction

Nonsolvent induced phase inversion is a process by which a
polymeric membrane can be formed with an asymmetric struc-
ture. A polymer is dissolved in a good solvent (‘‘solvent’’). A poor
solvent (‘‘nonsolvent’’) is chosen that is generally miscible with
the solvent. Contacting the polymer solution (generally poly-
merþsolvent) with nonsolvent causes the polymer to precipitate
due to solvent–nonsolvent exchange [1–6]. A number of mechan-
isms have been proposed to describe membrane formation during
nonsolvent induced phase inversion. Interfacial hydrodynamic
instabilities induced by surface tension gradients have been
suggested as the cause of macrovoid initiation [4,7–9]. Macrovoid
formation has been linked to excess intermolecular potential
gradients due to the concentration gradients at the polymer
solution–nonsolvent bath interface [10]. Boom et al. and Smolders
et al. claimed that macrovoid formation stemmed from nucleation

of the polymer-poor phase and propagated as long as the polymer
solution ahead of the voids remained stable for a sufficient time.
Voids grew as solvent diffused from the polymer-rich phase into
the polymer-poor phase [11,12].

The state of the polymer solution prior to immersion into the
coagulation bath is critical in determining the final membrane
morphology. Finger-like macrovoid formation can be suppressed
by increasing polymer concentration in the polymer solution
[7,9,13–18], increasing solvent evaporation time [7,16,19], adding
solvent to the coagulation bath [6,20–22], adding nonsolvent to the
polymer solution [7,11,17–19,21,23–26], introducing organic addi-
tives such as polyvinylpyrrolidone to the polymer solution [12,27],
or by choosing a solvent/nonsolvent pair with low miscibility
[7,22,23]. Macrovoid formation in hollow fiber membranes can be
suppressed by increasing elongation draw ratio [28].

The work by Matz has lead the way for the direct observation
of film formation by phase inversion [8,9]. Generally, a drop of
polymer solution is spread thin between glass slides and con-
tacted with a nonsolvent. The phase inversion process is then
observed through a light microscope. Frommer and Messalem
used this method to provide evidence for macrovoid growth by
convective flows within the polymer solution film [7]. Strathmann
et al. used direct observation of phase inversion to find that high
precipitation rates lead to membranes with large finger-like macro-
voids, while a slow precipitation rate lead to membranes with
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sponge-like structures [20]. The slow precipitation rate was attrib-
uted to retardation by a viscous sublayer ahead of the precipitating
polymer front. This visualization technique continues to be used and
has proven to be a valuable tool in understanding phase inversion
membrane formation mechanisms [29–32]. This technique suffers
from a few shortcomings. It can be difficult to maintain a constant
film thickness between glass slides. The diameter of a spread
polymer solution drop (millimeters) is often much greater than
the thickness typical of membrane casting (hundreds of micro-
meters). The greater distance and volume between the spread
polymer solution drop–nonsolvent interface and drop center may
provide an inordinately large supply of solvent and may affect phase
inversion. It is difficult to observe film formation in opaque polymer
solutions. This technique does, however, allow for the real time
measurement of void formation and uses only a small amount of
material, so it may be used to rapidly evaluate novel polymer-
solvent–additive-nonsolvent combinations.

Herein, we directly observe film formation for PSf polymer
solutions containing the commonly-used solvents NMP and DMF
along with water and glycerol as nonsolvents. The relationship
between polymer, solvent, nonsolvent, and formation conditions
on membrane morphology will be discussed for polymer-solvent–
nonsolvent systems comprising PSf-NMP–water, PSf-DMF–water,
and PSf-NMP–water/glycerol.

2. Materials and methods

2.1. Materials

Ultra-pure 18 MO deionized (DI) water was produced by a
reverse osmosis system (RODI-C-12BL, Aqua Solutions, Inc.). NMP
(Sigma-Aldrich, no. 443778), DMF (Sigma-Aldrich, no. 319937),
glycerol (Sigma-Aldrich, no. W252506), and PSf beads (Sigma-
Aldrich, no. 182443, Mn�22 kDa) were all used as received.
PSf polymer solutions were prepared by adding all PSf beads to
the solvent while stirring rapidly in a tightly sealed glass vial.
Solutions were allowed to stir for at least 3 days at room
temperature.

2.2. Phase inversion visualization

Visualization of the phase inversion process was performed as
described by Matz [8]. A polymer solution drop (�10 ml) was
placed between a glass slide and cover slip. Drops were spread
and thinned using the cover slip. A drop of nonsolvent was added to
the edge of the cover slip in order to contact the polymer solution.
Relative humidity varied between 40–50% during phase inversion
visualization. The phase inversion process was observed using an
optical microscope (Olympus BX51WI, Japan) employing a 40�
objective lens and recorded using a digital camera (Fujifilm FinePix
F60fd, Japan) at 3� optical zoom. Video was recorded at 25 frames/
s. Void growth rates were determined with the aid of Phantom
tracking software ver. 8.4.630 (Vision Research, Inc., USA) in
conjunction with a hemacytometer (Bright-Line

TM

). Void geometry
was determined using NIH ImageJ software.

2.3. Membrane formation

Membranes were formed by immersion precipitation [33].
Polymer solutions were left to stand sealed for 1 h before film
casting. Films were spread using a casting knife (Gardco Adjus-
table Micrometer Film Applicator, Microm II, AP-99500701) with
a blade height of 152 mm set using a feeler gauge. Films were
hand-cast on a glass plate and immediately placed in a coagula-
tion bath containing 3 l of DI water at 20 1C. Relative humidity
during film casting was 50–55%. Membranes remained in the
coagulation bath for 30 min before transferring to plastic storage
bags containing DI water. Water in the storage bags was replaced
with fresh DI water every 30 min for 2 h. Membranes were then
stored at 4 1C in DI water prior to further characterization.

2.4. SEM sample preparation

Membrane cross-sections were prepared from unsupported
films by freeze fracturing using liquid nitrogen. Samples were then
dried in a desiccator overnight at 20 1C before sputter-coating with
gold to prevent charging. Membrane cross-sections were mounted
vertically for SEM imaging using a Nova 600 NanoLab DualBeamTM-
SEM/FIB (FEI Company, Hillsboro, Oregon, USA).

Fig. 1. Time sequence images of the formation of sponge-like morphology in 18 wt% PSf-82 wt% DMF–water system. Region P-S is the polymer solution drop, S is solvent,

and G-NS is gas for to0 s and nonsolvent for tZ0 s.
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3. Results and discussion

3.1. PSf-DMF–water system

An 18 wt% PSf polymer solution was prepared using DMF as the
solvent. The phase inversion process was visualized using DI water
at 20 1C as the nonsolvent. A set of time sequence images of
this process is shown in Fig. 1. The polymer and solvent begin
to separate as soon as the polymer solution drop is placed on the
glass slide and prior to the introduction of a nonsolvent drop.
Region ‘‘P-S’’ appears to be composed of PSf and DMF and has
begun phase separation. Small droplets containing higher concen-
trations of PSf are easily observed. Region P-S remains fluid despite
the initiation of phase separation. The clear layer above region P-S,
region ‘‘S’’, appears to be composed of DMF that has been expelled

from the polymer solution drop by syneresis, i.e., DMF has been
locally squeezed out of region P-S as it shrinks. The rapid destabi-
lization of the PSf-DMF polymer solution is potentially due to the
laboratory relative humidity (40–50%) during the visualization
experiments. Cloud point data for the PSf-DMF–water system show
that only a small amount of water (1–2 wt%) is required to induce
phase separation [34]. Similar observations were described by Han
et al. [34] in which they noted that DMF is nonvolatile and highly
hygroscopic. The polymer solution drop is contacted with a non-
solvent drop from region G-NS at time¼0 s. Upon nonsolvent
addition, the polymer solution drop contracts and the polymer-
rich phase becomes visually denser. This is likely due to the
additional expulsion of DMF with limited water uptake. The darker
polymer-rich phase indicates that PSf has precipitated. The PSf-
DMF–water system produces a sponge-like morphology free of
finger-like macrovoids. Although it is difficult to track the rate of
polymer precipitation using this visualization method, the polymer-
rich phase is shown to reach its ultimate morphology during a time
scale on the order of 1 s.

A scanning electron micrograph of a cross-section of a hand-
cast 18 wt% PSf-82 wt% DMF membrane formed using DI water at
20 1C is presented in Fig. 2. The laboratory relative humidity
during casting of this membrane was 50–55%. This membrane has
a sponge-like morphology, which is free of finger-like macrovoids.
The morphology of the freeze-fractured, hand-cast PSf-DMF
membrane is very similar to that shown in the time sequence
images (Fig. 1). The average film thickness of this membrane was
determined from image analysis (NIH ImageJ software) to be
40 mm.

3.2. PSf-NMP–water system

An 18 wt% PSf polymer solution was prepared using NMP as
the solvent. The phase inversion process, using DI water at 20 1C
as the nonsolvent, was visualized. A set of time sequence images
of this process is shown in Fig. 3. The polymer and solvent are
stable prior to the introduction of the nonsolvent drop. Region P-S

Fig. 2. SEM cross-section image of 18 wt% PSf-82 wt% DMF membrane showing

sponge-like morphology.

Fig. 3. Time sequence of void formation in 18 wt% PSf-82 wt% NMP–water system. Region P-S is the polymer solution drop and region G-NS is the nonsolvent.
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is a single, fluid phase composed of PSf and NMP. The polymer
solution drop is contacted with a nonsolvent drop introduced
from region G-NS at time t¼0 s. Finger-like macrovoids form
upon addition of nonsolvent. Faint traces of the beginnings of
voids are observed within the first 40 ms, and the voids grow to
100 mm in length within �1 s. Finger-like voids grow direction-
ally from the polymer solution–nonsolvent interface toward the
drop center.

Cloud point data for the PSf-NMP–water system show that the
presence of a small amount of water (�4 wt%) is enough to
induce phase separation [35]. Unlike the PSf-DMF polymer solu-
tion, however, the PSf-NMP polymer solution remains stable as a
single phase until a nonsolvent drop is added. Hansen solubility
parameters have been commonly used as a tool for predicting
polymer solubility. Hansen solubility theory states that the total
energy of vaporization of a solvent is composed of (atomic)
dispersion forces, (molecular) permanent dipole–permanent
dipole forces, and (molecular) hydrogen bonding forces [36].
Polymers and solvents with similar Hansen solubility parameters
will have a high mutual affinity. Solvent–polymer affinity is
quantified by a solvent–polymer pair’s relative energy difference
(RED). Polymer–solvent REDo1 indicates that the polymer is
likely soluble in the given solvent. Lower RED values indicate
greater polymer–solvent compatibility. RED41 indicates that the
polymer is likely to be insoluble in the given solvent. Hansen
solubility parameters predict NMP to be a better solvent for PSf
than DMF, with REDs for PSf-NMP and PSf-DMF of 0.67 and 0.96,
respectively [33,36]. Once water is introduced into a polymer
solution, DMF partitions into a polymer-poor phase in a PSf-DMF
drop/film more readily than NMP in a PSf-NMP drop/film. The
PSf-NMP–water system produces both finger-like macrovoids and
sponge-like morphologies. An illustration of void formation for
the 18 wt% PSf-82 wt% NMP–water system is shown in Fig. 4.

Polymer precipitation occurs instantly at the polymer solution–
nonsolvent interface, where solvent–nonsolvent exchange is the
most rapid, but is hindered below this nascent surface skin layer
due to a higher local concentration of NMP. During phase separa-
tion and finger formation in the PSf-NMP–water system, the region
between finger-like voids is initially fluid. Polymer precipitation
also occurs rapidly at the inner walls of the finger-like voids and
forms a thin skin. This acts to reinforce the void’s shape. The leading
front of the finger-like void remains relatively fluid as long as the

Fig. 4. Illustration of finger-like void formation.

Fig. 5. SEM cross-section image of 18 wt% PSf-82 wt% NMP membrane showing

sponge-like morphology between finger-like macrovoids.

Fig. 6. Images of PSf-NMP films with varying PSf wt%.
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water penetration is of sufficient rate. Water slowly diffuses into the
inter-void regions of the membrane either through the dense skin
layer at the membrane surface or through the skinned void walls.
The precipitated polymer skin layers and the dilutive effects of the
solvent hinder solvent–nonsolvent exchange. The gradual influx of
water into the inter-void region of the film causes nucleation of the
polymer-rich phase and eventually polymer precipitation. The PSf-
NMP–water membrane morphology between the finger-like macro-
voids is similar to that of the PSf-DMF–water membrane bulk
morphology; a sponge-like morphology arises from precipitated
nuclei formed by hindered nonsolvent influx.

A scanning electron micrograph of a cross-section of a hand-
cast 18 wt% PSf-82 wt% NMP membrane formed using DI water
at 20 1C is presented in Fig. 5. This membrane has finger-like
macrovoids with sponge-like morphology in the inter-void
regions. The morphology of the freeze-fractured, hand-cast PSf-
NMP membrane is very similar to that shown in the time
sequence images (Fig. 3). The average film thickness of this
membrane was determined from image analysis to be 74 mm.

3.2.1. Variable polysulfone wt%
Polysulfone wt% was varied from 9–30 wt% using NMP as

the solvent and DI water at 20 1C as the nonsolvent. Images
of ultimate membrane morphology are shown in Fig. 6. These
images were analyzed for void number density, skin thickness,
average void width, and ultimate void length. Each membrane
morphology parameter is plotted in Fig. 7. Void number density is
expressed as the number of voids counted per 100 mm on a line
approximately 20 mm below and parallel to the film/nonsolvent

interface. Skin thickness is measured as the distance between the
film/nonsolvent interface and the initiation point of the voids.
Ultimate void length is measured as the average void penetration
distance from the film/nonsolvent interface into the polymer
solution drop. This was determined from image analysis of 10�
magnification video scans of voids within the precipitated poly-
mer solution drops.

Void number density remains relatively constant with PSf wt%.
Average void width is a minimum at 15 wt% PSf and varies by a
factor of 2. Skin thickness increases linearly with increasing PSf
wt%. Ultimate void length decreases exponentially with increas-
ing PSf wt%. The 9 wt% PSf polymer solution produced finger-like
macrovoids upwards of 6 mm in length, while the 30 wt% PSf
polymer solution produced finger-like macrovoids 0.2 mm in
length.

Void growth rate was measured in real time for PSf-NMP
polymer solutions of varying PSf wt% and the results are shown in
Fig. 8. Voids grow to 100 mm in length on the order of �1 s for the
PSf-NMP–water system (Fig. 8(a)). When void length is plotted
against t1/2, a fairly linear relationship is observed (Fig. 8(b)). Void
growth rate can be expressed as an apparent diffusion coefficient,
D¼x2/t, where x is some distance into the polymer solution, and t

is the time for a finger-like void to grow to length x. The apparent
diffusion coefficients at x¼50 mm into the film for all PSf wt%
tested are shown in Fig. 9. The apparent diffusion coefficients are
between 2–4 times that of the mutual diffusion coefficient of
water (D0¼2.2�10�9 m2/s) [37]. Finger-like void formation rate
exceeds the rate of water diffusion into the film. This finding is in
agreement with previous results of high apparent diffusion
coefficients in films with finger-like voids [20].

3.2.2. Initiation of a surface gel layer

Another 18 wt% PSf polymer solution was prepared using NMP
as the solvent. The phase inversion process was visualized using

Fig. 7. Void characteristics of PSf-NMP films with varying PSf wt%.

Fig. 8. Void growth rates for PSf-NMP–water system of varying PSf wt% plotted against time (a) and t1/2 (b).

Fig. 9. Normalized apparent diffusion coefficient for PSf-NMP–water system.

G.R. Guillen et al. / Journal of Membrane Science 431 (2013) 212–220216
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DI water at 20 1C as the nonsolvent. A set of time sequence images
of this process is shown in Fig. 10. Here, the polymer and solvent
are unstable prior to the introduction of the nonsolvent drop. This
is achieved by spreading the polymer solution drop over a glass
slide covered with a small amount of residual water. Small
amounts of nonsolvent contact the outer edge of the spreading
polymer solution drop. This gradual and localized introduction of
nonsolvent causes nucleation of the polymer-rich phase near the
outer edge of the polymer solution drop. This destabilized two-
phase outer edge region and the single-phase region below are
both initially fluid. The two-phase outer edge region appears to be
more viscous than the single-phase interior region. The polymer
solution drop is contacted with a nonsolvent drop at time¼0 s.
The film precipitates in a very similar manner to the PSf-DMF–
water system. A sponge-like structure is formed without large
voids. The presence of a viscous gel layer at the drop outer edge
region inhibited the formation of large finger-like voids.

This process of gradual and local destabilization of the poly-
mer solution is similar to vapor induced phase inversion where
nonsolvent vapor is used to coagulate the polymer solution
[29,32,38,39]. Park et al. found that films with a sponge-like
structure could be formed from 15 wt% PSf-85 wt% NMP polymer
solutions by precipitating with water vapor [32]. They found that
finger-like voids were not formed when relative humidity was
greater than 65–70%. The formation of a thin liquid layer above
the phase-separated polymer solution seen in Fig. 10 has also
been observed by Menut et al. who stated that the liquid layer is
likely polymer solution expelled by syneresis [29]. This phenom-
ena was observed during film formation in the PSf-DMF–water
system (Fig. 1). A gradual and limited supply of nonsolvent to the
polymer solution surface acts to destabilize the surface layer,

which produces a more viscous two-phase barrier to additional
nonsolvent transport into the film.

Tiraferri et al. have shown the formation of large finger-like
voids in a 9 wt% PSf-91 wt% DMF film precipitated using DI water
[40]. They attributed the presence of finger-like voids to the
relatively low viscosity of the polymer solution. We believe that
this is partly true. The cloud point of this polymer solution is
likely sufficiently high so that the atmospheric relative humidity
did not provide enough water into the surface layer of the
polymer solution film to cause nucleation of the polymer-rich
phase. In this case, resistance to void formation by a viscous
surface layer was insufficient to prevent finger-like void forma-
tion. We further hypothesize that finger-like macrovoids can be
formed in other PSf-DMF polymer solutions provided that these
films are cast in a dry environment prior to immersion in a
nonsolvent bath.

3.2.3. Void growth by convective nonsolvent flows dampened by

polymer solution viscosity

Mass transfer through liquid interfaces is often associated with
large convective flows near the interface [7,41–46]. Frommer and
Messalem suggested that the formation of large finger-like
macrovoids in polymer solutions are caused by convective
flows [7]. Gradients in density and/or interfacial energy are the
driving forces for convective flows near liquid interfaces [41–46];
hence, they ruled out density gradients as a mechanism for the
formation of finger-like macrovoids by immersing polymer solu-
tion films in coagulation baths in both upward-facing and
downward-facing orientations. Voids formed irrespective of film
orientation [7]. This result is confirmed here where polymer

Fig. 10. Time sequence images of dense film formation in 18 wt% PSf-82 wt% NMP–water system where the surface of the polymer solution has imbibed a small amount of

water prior to immersion in nonsolvent.
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solution and nonsolvent were contacted in a plane perpendicular
to gravity with void formation within this plane. This leaves
gradients in interfacial energy as the remaining driving force for
the initiation of convective flows near the polymer solution-
coagulation bath interface. Further indication of such a mechan-
ism may be found in noting that a t1/2 scaling is typical of viscous
(damped) meniscus propagation in capillary imbibition [47].
Frommer and Messalem stated that once convective flows are
initiated they may be enhanced or dampened by changes in
concentration, temperature, viscosity, etc. [7]. An increase in
polymer solution viscosity hinders the extent of large void
formation. Increasing bulk polymer solution concentration, and
therefore polymer solution viscosity, hinders finger-like macro-
void formation (see Fig. 7). Increasing polymer solution viscosity
locally at the polymer solution-coagulation bath interface by
creating a gel layer due to solvent evaporation or by destabilizing
the polymer solution by some other means greatly reduces the
formation of large voids. It should be noted here that local

viscosity is merely a damping effect. The mechanism for void
formation is convective flow of nonsolvent through the polymer
solution, driven by gradients in interfacial energy. An adequate
supply of nonsolvent must be in intimate contact with the
polymer solution for convective flow. A limited supply of non-
solvent (e.g., water vapor) may be insufficient to drive convective
flow and void formation.

3.2.4. Nonsolvent quality

The quality of nonsolvent must also be considered. Water is an
excellent nonsolvent for PSf, with an RED for PSf-water of 4.5.
REDs for PSf-isopropanol, PSf-ethanol, and PSf-methanol are 1.4,
1.7, and 2.1, respectively [33,36]. The RED for PSf-glycerol is 2.7,
which lies midway between the REDs of a suitable PSf solvent
(1) and water (4.5), the best-known PSf nonsolvent. Images of
18 wt% PSf-82 wt% NMP films formed using glycerol–water solu-
tions as the nonsolvent are shown in Fig. 11. Void length clearly

Fig. 11. Images of 18 wt% PSf-82 wt% NMP films with varying glycerol–water content mixtures used as the nonsolvent.

Fig. 12. Images of PSf-NMP films with water and water-NMP mixtures used as the nonsolvent.

G.R. Guillen et al. / Journal of Membrane Science 431 (2013) 212–220218
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decreases with increasing glycerol content. Void formation is
completely inhibited at a nonsolvent composition of 95 wt%
glycerol. Nonsolvent viscosity, in addition to nonsolvent quality,
may be a factor in void formation. Pure glycerol has a viscosity of
1.4 Pa-s at 20 1C, while water has a viscosity of 1.0�10�3 Pa-s at
20 1C [48]. Water (72 mN/m) and glycerol (64 mN/m) have similar
surface tensions at 20 1C when compared to solvents NMP
(41 mN/m) and DMF (37 mN/m) [49]. Void growth is inhibited
when NMP is added to water to form a nonsolvent mixture.
Adding NMP to water decreases its effectiveness as a nonsolvent.
Images of 9, 18, and 30 wt% PSf polymer solutions with NMP as
the solvent are shown in Fig. 12. Adding 50 wt% NMP to the
nonsolvent water decreases finger-like void formation. There is
still ample driving force for void formation for each polymer
solution–nonsolvent combination. The higher polymer wt% solu-
tions, however, are more viscous and dampen void penetration.

4. Conclusions

Direct microscopic observation provides invaluable insight
into the mechanisms of membrane formation by nonsolvent
induced phase inversion. Mechanisms elucidated from prelimin-
ary studies suggest PSf membranes can be formed without finger-
like macrovoids using both NMP and DMF, which may be of
practical interest because NMP is an easier solvent to work with
at industrial scale and macrovoids weaken membrane mechanical
properties. Polymer solutions prepared in DMF take up enough
water from atmospheric humidity to cause the polymer-rich
phase to nucleate. Once the destabilized film is immersed in
nonsolvent, the viscous nucleated phase at the surface of the film
acts as a barrier to nonsolvent penetration and prevents finger-
like macrovoid formation. Practically, this necessitates exquisite
control over humidity of the membrane casting environment,
which adds cost to membrane production. In contrast, polymer
solutions prepared in NMP are generally less responsive to
relative humidity because NMP, while somewhat hygroscopic
like DMF, is a very good solvent for PSf. We find that slow
addition of a good nonsolvent or rapid addition of a poor
nonsolvent to the surface of a PSf-NMP film forms a skin that
serves as a barrier against nonsolvent penetration (similar to the
effect of atmospheric humidity on PSf-DMF solutions) and pro-
duces a sponge-like morphology, free of macrovoids.
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