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Abstract

Time-sectioning cryogenic scanning electron microscopy (cryo-SEM) was introduced in an earlier publication as a technique to directly visualize
wet microstructures. In this work, the evolution of an asymmetric membrane microstructure of dry–wet cast (phase inversion) polysulfone solution
coatings is methodically captured using cryo-SEM. The images show that the as-deposited, homogeneous coating (predecessor of the membrane)
partially phase separates into a dispersion of droplets during the brief initial drying step, and then, on immersion in a coagulant, skins at the free
surface and undergoes complete phase separation below, first by nucleation and growth, rapidly followed by partial coalescence into bicontinuous,
open-celled structures. The phase-separated region is two-tiered consisting of an intermediate fine-scaled layer lying above a thicker and coarser
layer. The membranes also display disproportionately large voids called macrovoids. Cryo-micrographs suggest that macrovoids in phase-separating
coatings form due to a unique network instability triggered by successive tensile ruptures of the gelled polymer-rich network. In this wet cast
process, a hypothesis is developed showing how (i) build-up of compressive pressure in pores and tensile stress in the network from overall swelling
and local syneresis, (ii) vertical rupture (normal to substrate), (iii) stress localization, (iv) post-rupture relaxation and (v) plausible horizontal
ruptures may cause this network instability and drive convective flows from adjacent pores into the growing void. Mathematical analysis of stress
development and supporting cryo-micrographs of a dry cast process are also included in appendices.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Time-sectioning cryogenic scanning electron microscopy
(cryo-SEM) is a unique and potent experimental technique to
directly visualize phase-separating liquid microstructures, at
near-nanometer resolution, such as during the formation of phase
inversion membranes. In an earlier publication [1], the evolu-
tion of asymmetric microstructure in dry cast cellulose acetate
membranes was documented with sequences of cryo-imaged
time-sections—a term used to represent coating cross-sections,
rapid-frozen at various intermediate stages of phase inver-
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sion processing. The current work applies time-sectioning to
a dry–wet cast process, i.e., dry–wet phase inversion, used
to prepare polysulfone asymmetric membranes for gas sep-
aration applications [2]. Time-sectioning for dry–wet casting
sequentially involves controlled coating and partial-drying steps,
followed by immersion in a coagulation bath for specified times,
plunging into liquid ethane to rapidly vitrify the fluid sample,
storage in liquid nitrogen, brittle fracture to expose cross-
sectional surface, limited sublimation to create topographical
contrast, sputter-coating and, finally, imaging with low voltage
cryo-SEM. The technique provides snapshots of microstructural
evolution of phase inverting systems reproducibly and consis-
tently, free of experimental artifacts [3]. As demonstrated below,
cryo-micrographs of the polysulfone pentenary system reveal
the evolution of a three-tiered asymmetric microstructure, not
unlike that seen in the earlier cellulose acetate system [1], com-
prised of a thin, dense skin lying atop a substructure of graded
pore size, which can be further discriminated into an intermedi-
ate, nodular layer and a much thicker, open-celled network at the
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bottom. Also present, quite prominently, are growing, saturated
macrovoids that periodically punctuate the entire width of the
time-sections.

Macrovoids – the bane of many a membrane practitioner for
several decades – are undesirable voids or cavities with dimen-
sions disproportionately larger than the pores surrounding them
(by ca. 10–100 times), and generally span about one- to two-
thirds of the coating thickness. Though generally pear-shaped,
their geometry may be finger-like, ellipsoidal, spheroidal, or
highly irregular. Their presence lowers membrane performance
characteristics, such as solute rejection capabilities and mechan-
ical strength. Textile technologists detected voids somewhat akin
to macrovoids in the late 1950s [4,5], nearly a decade before
membranologists took them seriously [6]. Their occurrence was
noted only in wet phase inversion systems for over two decades
until recent observations in dry phase inversion systems [7,8] and
thermal phase inversion systems (TIPS) [9]. Over ten hypothe-
ses, based primarily on optical microscopy and SEM of dry
microstructures have been proposed over the last four decades,
to explain their origins [3]. In this work, we reinvestigate the
macrovoid mystery with the purpose of explaining their occur-
rence, using time-sectioning cryo-SEM evidence. The results of
earlier workers are also reviewed in light of the new evidence,
and their observations reconciled with the new theory.

Cornerstone findings in textile and membrane science [4–12]
identify the parametric conditions under which macrovoid for-
mation is averted. These conditions are: (1) initial compositions
moved in relation to the miscibility gap (two-phase region) by
shifting from: (i) low to high initial polymer concentrations, at
a fixed nonsolvent–solvent ratio, (ii) near-critical to off-critical
initial compositions, (iii) high to low nonsolvent–solvent com-
patibility (increase in nonsolvent–solvent interaction parameter,
hence decrease of the immiscibility region) at a fixed initial
composition. (2) Solvent–nonsolvent exchange rates across the
bath-sample interface slowed down by the following shifts: (i)
effecting formation of thin to thick skins, (ii) low to high dry-
ing (pre-evaporation) times, (iii) high to low chemical potential
differences of nonsolvent and solvent across interface, e.g.,
addition of salts, solvent to the coagulation bath, (iv) high to
low nonsolvent–solvent compatibility, hence diffusivities. (3)
Longer polymer chains used to effect shift from: (i) low to high
solution viscosities of polymer solution, (ii) low to high poly-
mer matrix strength. Conditions 1 and 2 are sometimes referred
to by membranologists as shifts from ‘instantaneous to delayed
demixing’. Instantaneous demixing refers to the observation of
turbidity in the sample within a few seconds (generally, less than
5 s) of triggering a change in conditions, while delayed demixing
refers to longer time lapses before turbidity is detected.

The case study for this work is the microstructure evolution
of asymmetric polysulfone membranes. Throughout this work,
the predecessor liquid state of the membrane is referred to as
‘coating’. In recent years, the gas separation performance of
such membranes has been studied by several groups [13–15].
In today’s market, gas separation is the fastest growing sec-
tor among all industrial membrane-based separation processes.
Separation of nitrogen from air and natural gas processing
dominate today’s agenda on gas separation applications [16].

Wijmans et al. [17] measured cloud-point curves of several
PSF–solvent–nonsolvent systems using titration and turbidime-
try. Gaides and McHugh [18] calculated binodal and spinodal
limits in a ternary system of PSF–DMAC–water, using the
Flory–Huggins description of chemical potentials. They also
marked a gelation boundary on the ternary phase diagram,
different from the vitrification boundary, based on gel melt-
ing temperature and viscosity data. Similarly, Kim et al. [19]
measured cloud-points and calculated phase boundaries for the
PSF–tetrahydrofuran (THF)–water system. Calculations from
both these groups clearly show narrow stable and metastable
regions (less than ca. 7% and 11% of total area of the trian-
gle, respectively), and a large unstable region, suggesting that
spinodal decomposition may be heavily favored during water
immersion.

2. Experimental: time-sectioning cryo-SEM

BP Amoco’s Udel P-1800®, a granular or powdery form of
polysulfone, was dissolved in mixed solvents, DMAC and THF,
and nonsolvent ethanol (EtOH), all of reagent grade, to yield a
homogeneous quaternary solution of 22.0–31.8–31.8–14.4 wt.%
composition, respectively. The initial composition of the solu-
tion was so chosen for the desirability of the asymmetric
membranes that were prepared from it by dry–wet cast process-
ing [2]. The glass transition of the polymer is ca. 184 ◦C, and
number-averaged molecular weight MN = 20400 g mol−1. Solu-
tions for cryo-SEM and conventional SEM studies were used
within 10 and 30 days of their preparation, respectively. Sub-
strates were 5 mm × 7 mm silicon pieces that were notched at
the back for fracture and cleaned by acetone sonication.

Samples for this dry–wet cast process were prepared with
the modified flow-through controlled environment vitrification
system (MFT-CEVS) and examined in the cryo-SEM by a pro-
cedure similar to that described in an earlier publication [1],
wherein a dry cast process was studied. However, a few steps
differed in the current procedure (see Fig. 1). Here, the sample
was dried by forced convection for 4 s in dry air (RH ∼ 0%), then
by free convection for a maximum of ca. 14 s in low humidity
air (RH < 35%), both at ambient temperatures (T ∼ 20–23 ◦C).
After a chosen drying time, the sample was removed from the
MFT-CEVS without swiveling the drying platform. It was then
grabbed with hand-held tweezers and immersed beneath the sur-
face of a water (nonsolvent or coagulant) bath at an angle less
than 30◦ to the plane of the water surface. The ca. 14-s maximum
of free convection time refers to all time elapsed from the end of
forced convection until immersion into the water bath. After pre-
determined immersion times, the sample was hand-plunged into
liquid ethane, and then transferred into liquid nitrogen for stor-
age. Zasadzinski had earlier demonstrated that speeds attained
during hand plunging (ca. 2 m s−1) were sufficient to vitrify free-
standing aqueous specimens of 100–200 �m thickness with no
ice crystal damage [20,3]. In specimens studied here, there was
little concern of ice crystal damage, as specimens were further
fortuitously ‘cryo-protected’ by the presence of low freezing
solvents and high molecular weight polymers.
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Fig. 1. Schematic of sample preparation and imaging procedure for time-sectioning of dry–wet cast processes.

In the cryo-SEM, frozen samples were fractured, sublimated
if necessary, sputter-coated and imaged at temperatures below
−175 ◦C. Nearly all time-sections shown in this work barring
two identified cases – one in the main text and the other in the
appendix – were not subjected to any deliberate sublimation.
Topographical relief of the phase-separated specimen, wherein
the polymer-rich and polymer-lean phases appeared as ‘peaks’
and ‘valleys’, respectively, was thus created by fracture and lim-
ited, unavoidable sublimation (−130 to −140 ◦C for less than
ca. 4 min.) during the sample’s residence in the fracture and
sputtering chambers, as in Ref. [1] (see Section 3). The rest of
the time-sectioning procedure was identical to that described
elsewhere [1,3]. To document the final dry microstructure, the
solidified samples, after immersion in the coagulant water bath
for ca. 600 s, were transferred into methanol for not less than
2 h to effect a pore liquid replacement of water (and traces
of THF and DMAC) with methanol. The samples were then
cryo-fractured, air-dried, sputter-coated and imaged under the
conventional SEM to record the final microstructure (see Ref.
[3] for details). Stereomicroscopy was also performed, using
tilt angles of ca. 8◦, to ascertain bicontinuity of the sponge-
like or open-celled substructure (defined below) with greater
confidence.

3. Results

A schematic of a typical sample mounted on the cryo-SEM
cold stage, which was maintained at less than −175 ◦C, is
shown in Fig. 2. A dimensionless variable, ψ = y/W, is defined

to describe coordinate positions, on the images, along the cross-
sectional width relative to the origin at the left edge, where W
denotes the entire coating width. Likewise, and as also in Ref.
[1], the dimensionless variable to describe the thickness coor-
dinate is defined as ζ = z/h(t), where h(t) is the time-dependent
coating thickness. ζ = 0 denotes the coating–substrate interface
or ‘cast side’ at all processing times, t, whereas ζ = 1 denotes
the coating–gas interface or ‘air side’ during drying, which
then becomes the coating–bath interface or ‘bath side’ during
immersion in the coagulation bath.

Fig. 3 shows the grand sequence of time-sections captured
at different stages in the dry–wet phase inversion process. The
time-sections are

(A) t = 0 s,
(B) t = tforced + tfree = 4 s + (∼ 6 s)
(C) t = tforced + tfree + timmersion = 4 s + (∼ 14 s) + (∼ 5 s),
(D) t = tforced + tfree + timmersion = 4 s + (∼ 14 s) + (∼ 16 s),
(E) t = tforced + tfree + timmersion = 4 s + (∼ 14 s) + (>

600 s).

Fig. 2. Schematic of sample (cross-sectional view) examined under cryo-SEM.
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Fig. 3. Cryo-SEM time-sections of dry–wet cast process (grand sequence). Notation t = t1 + t2 + t3 denotes forced convection (t1), free convection (t2) and immersion
(t3) times. h denotes coating thickness. (a)–(d) are cryo-micrographs of time-sections (A)–(D), whereas (e) is a micrograph of the final dry coating cross-section (E)
taken using conventional SEM. Comparison of the bottom row of micrographs shows that the coating swells on immersion.

Fig. 4. Cryo-SEM time-section at t = (4 s)forced + (∼6 s)free and ψ� 0.5. The sample is sublimated at −100 ◦C for 20 min. Images at various enlargements are shown.
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Fig. 5. Cryo-SEM time-section at t = (4 s)forced + (∼14 s)free + (∼5 s)immersion. Panoramic (wide-angle) views of cross-section are shown using a montage of low
magnification cryo-micrographs.

Fig. 6. Cryo-SEM time-section at t = (4 s)forced + (∼14 s)free + (∼5 s)immersion. View of entire cross-section (center) is flanked by a montage of enlarged views of
upper and lower halves of cross-section (enlargements are along white line). Macrovoids are present exclusively where microstructure is bicontinuous (open-celled
or sponge-like). Likely debris of the macrovoid from the opposite fracture surface is also indicated.
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Fig. 7. Cryo-SEM time-section at t = (4 s)forced + (∼14 s)free + (∼5 s)immersion, at different values of ψ, shown with successive enlargements (top–bottom). The center
of the cryo-image at left is at ψ� 0.30, while that at right is at ψ� 0.34. Magnified images are from approximate centers of parent images.

Figs. 4–12 provide much greater imaging detail on each
time-section than the overview of Fig. 3. The images of time-
sections (A)–(D) were taken using the cryo-SEM, whereas those
of (E), i.e., the cross-section of the final dry coating or asym-
metric membrane, were taken using the conventional SEM. The
t = 4 s + (∼6 s) time-section (B) is slightly different from the oth-
ers for the following reasons. All micrographs, except those of
time-section (B), were taken near the center of ca. 5-mm wide
samples (within ca. 40% of width, i.e., 0.3 <ψ < 0.7). Also, none
of the time-sections, barring (B), were sublimated deliberately,
as the controlled fracture of the phase-separated specimen and
the unavoidable limited sublimation that occurred during sample
residence in the fracture and sputtering chambers was sufficient
to create topographical relief that translated to beneficial electron
contrast between the phases during imaging. As discussed in the
coming sections, the phase-separated specimens consist of two
phases of low and high glass transition temperatures (Tg) that
when frozen, appear to undergo brittle failure and ductile failure
with low plastic deformation, respectively, during the fracture

step [21]. The difference in ductility between the phases during
failure creates topographical relief in the fractured specimen.
One of the phases also is relatively free of polymer (lower Tg
phase) and contains highly volatile components such as THF
and ethanol, which are comparable to acetone [1] with respect
to sublimation rates. The presence of the sample in the fracture
and sputter-coating chambers between −130 ◦C and −140 ◦C
for 3–4 min thus results in some unavoidable sublimation that
enhances topographical relief and hence electron contrast. The
maximum sublimation amount (thickness) of pure acetone was
estimated to be 5.3 �m for 4 min at −130 ◦C [3]. Also, except
for time-section (B), micrographs are presented at similar mag-
nifications. All samples were nearly uniform in thickness across
width (also see Fig. 5). The coatings appeared to adhere well to
the silicon substrate and to make contact with the copper sample
holder. Good adhesion and contacts reduced electron-charging
effects and consequently enhanced image quality.

Fig. 3(a) is a snapshot of the coating before any deliberate
drying. The as-cast coating thickness (ca. 147 �m) is nearly half
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Fig. 8. Cryo-SEM time-section at t = (4 s)forced + (∼14 s)free + (∼5 s)immersion and ψ� 0.21. Microstructure appears to be at progressively advanced stages of coales-
cence from bottom to top (increasing z).

the blade-gap (300 �m), which is expected, from volume conti-
nuity, for a blade-coating process [3]. Barring a few horizontal
crevices that run almost parallel to the plane of the substrate, the
texture appears largely plain, and is representative of the homo-
geneous (single-phase) state of the initial coating composition.
The horizontal crevices appear to have resulted from fracture.

During the limited drying step (Figs. 3(b) and 4), the coating
shrinks in thickness due to evaporation of volatiles: in decreas-
ing amounts of THF, ethanol and DMAC. This time-section (B)
may show additional shrinkage in thickness owing to deliberate
sublimation (different from unavoidable sublimation). The net
shrinkage, from evaporation and sublimation, is nearly 60%. A
gradation in texture appears across the thickness and width of
the coating. The upper region, nearly a third’s distance beneath
the air-side, i.e., (∼2/3 < ζ < 1), bears no discernible texture
throughout the entire width, whereas the lower portion, nearly
two-thirds above the cast-side, i.e., (0 < ζ < ∼2/3), has a texture
that varies across the width—being holey (as shown) within ca.
30% of each edge, i.e.,ψ < 0.3 and >0.7, and plain or textureless

(not shown) everywhere in between, i.e., 0.3 <ψ < 0.7. As in
Ref. [1], the holey texture represents a microstructure wherein
polymer-lean droplets (spheroidal pockets) are dispersed in a
polymer-rich matrix. The upper textureless region represents a
homogeneous medium concentrated in polymer and the weakly
volatile DMAC. The volume occupied by the polymer-lean liq-
uid eventually ends up filled with air after final drying and is
referred to as a pore, cell or void, with any polymer present ear-
lier being deposited on the wall of the void or phase-separated
into occasional strands strung across the void. The volume occu-
pied by the polymer-rich phase is referred to as a matrix, and the
polymer in it ends up vitrified, relatively rigid, and occupying
a slightly smaller volume after final drying. The polymer-lean
regions are susceptible to sublimation and hence appear as voids
in the cryo-micrograph. Limbert [22] also observed a dispersion
of droplets in the same polymer–solvents–nonsolvents system
during limited drying, albeit in a high humidity environment
(RH ∼ 50–70% at room temperature). In his experiments, phase
separation was likely to have been enhanced by absorption of
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Fig. 9. Cryo-SEM time-section at t = (4 s)forced + (∼14 s)free + (∼16 s)immersion and ψ� 0.61. The coating is of thickness h ∼ 143 �m. The macrovoid appears fully
developed and is saturated with liquid. Note the fine-scaled, open-celled microstructure in the transition layer, sandwiched between the dense skin and the coarse-
scaled, open-celled microstructure occupying most of the cross-section. Perforations are apparent in the lamellae of the polyhedral cells. The ‘Oops!’ denotes an
area that has, inadvertently, not been imaged.

water vapor into the coating, due to the hygroscopic nature of
DMAC.

Fig. 3(c) shows the time-section (C) captured just after
immersion—at t = 4 s + (∼14 s) + (∼5 s) when the coating thick-
ness is ca. 107 �m. This time-section is examined in greater
detail in Figs. 5–8 to present unique perspectives on the devel-
opment of macrovoids. Fig. 5 shows two low magnification
montages of the same time-section. The left edges of the upper
and lower montages are atψ� 0.28 and 0.54, respectively. These
images document near uniformity of coating thickness across
the width. The image in the white-dashed square is shown in
Figs. 3(c) and 6. In this time-section, the microstructure of
the coating is seen to vary not only with depth, but also along
the width or in-plane. The in-plane variation is discontinuous:
it arises from pockets of polymer-lean liquid that grow to far
larger size than the scale of the microstructure of phase separa-
tion around them. Typically these pockets are ovoidal, narrower
near the bath side and broader at the base and, at a depth of a
third or more of the thickness. Some are smaller. Two are never
seen to abut each other in-plane, nor is one ever seen above

another. These pockets have been noticed by many investiga-
tors, in the final microstructure, and are called ‘macrovoids’ (see
Section 1). These pear-shaped macrovoids are spaced periodi-
cally across the coating width. Microstructural features become
clearer on examination of Fig. 6 where the image enclosed in
the white-dashed square of Fig. 5 is sufficiently enlarged.

In Fig. 6, the microstructure is examined from the top to
the bottom of a chosen region (at ψ� 0.34) of the aforemen-
tioned time-section. The entire cross-section, shown at center
of the figure, is flanked on either side by montages of enlarged
views of upper (∼1/2 < ζ < 1) and lower (0 < ζ < ∼1/2) halves.
Enlargements are along the white solid line shown in the central
image. On the left montage, a skin is visible at the bath side,
apparently dense even at high magnifications (40k×). The skin
is qualified as dense owing to the lack of any discernible tex-
ture. The montages further show that beneath the skin, phase
separation proceeds and produces a two-phase structure whose
connectivity and length-scales are graded with depth. The zone
beneath the skin, and nearly half as thick as the entire coating,
appears to consist of interpenetrating networks, one of polymer-
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Fig. 10. Cryo-SEM time-section at t = (4 s)forced + (∼14 s)free + (∼16s)immersion

andψ� 0.65. High magnification view shows saturated open-celled microstruc-
ture. That the structure is transitioning into open-celled network is evident from
the polyhedral shapes of the cells in contrast to the spheroidal dispersed droplets
prior to coalescence. The polymer-lean phase appears as shallow pits or valleys
whereas the polymer-rich phase appears as elevated ridges or peaks.

lean liquid, all of it connected, and the other of polymer-rich
phase that seems to be gelled, all of it likewise connected. The
surface, or interface between the two phases is multiply con-
nected, of course, and is everywhere smoothly curved. This
kind of bicontinuous microstructure is labeled ‘sponge-like’ or,
synonymously, ‘open-celled’ hereinafter [23]. The sponge-like
zone is further divided into a thin layer just beneath the skin
where the microstructure is finer than that deeper below, with
the fractured tips of the polymer-rich phase shaped as nodules.
Below this layer, the sponge-like microstructure, also verified
in other time-sections and stereo-micrographs shown later, con-
sists of largely open-celled structures where polyhedral spaces or
cells of polymer-lean liquid appear partitioned by polymer-rich
lamellae that are perforated with holes, thereby rendering the
medium bicontinuous. Bicontinuity is ascertained with greater
confidence from stereo-microscopy of the coatings after final
drying, as shown below. In contrast, beneath the sponge-like
zone lies another, nearly as thick and, consisting of unconnected
spheroidal pockets (droplets) of polymer-lean liquid dispersed
in polymer-rich phase (matrix), the diameter and number of
pockets slightly diminishing toward the substrate. The transi-
tion between the sponge-like and droplet microstructures is not
abrupt; however, gradual coalescence, as in cellulose acetate dry
phase inversion systems [1], is not noticed here. Also, quite strik-
ingly, macrovoids are present exclusively in the upper regions
where the microstructure is sponge-like or open-celled or bicon-

tinuous, and are absent in the lower regions where droplets are
dispersed in the polymeric matrix.

Fig. 7 compares regions at different distances from the
edge (ψ� 0.30 and 0.34) displaying overviews (top row) with
enlargements (middle and bottom rows) at similar distances from
the substrate, i.e., at approximately same z, highlighting 2D-
variations in microstructure. It is discernible that regions shown
to the left (closer to the edge) are at more advanced stages of coa-
lescence than their counterparts to the right. The images suggest
that as coalescence proceeds the spheroidal pockets probably
grow about their centers and contact neighboring pockets to
transform into polyhedral cells that are rendered bicontinuous by
the perforation of intervening septae. Fig. 8 further documents
key evidence on how macrovoids are formed. The montage,
covering the entire cross-section, shows relics of rupture of the
polymer-rich skeleton of the bicontinuous network. Parts of the
contents of the macrovoid appear to have been drawn out due to
the fracture. As seen in preceding cryo-micrographs, a gradation
of polymer-rich phase thickness and polymer-lean phase occu-
pancy is seen across the cross-section. Some ruptured sections of
the network are also present within the liquid-filled macrovoid.

Fig. 3(d) is a time-section at t = 4 s + (∼14 s) + (∼16 s) and
ψ� 0.40. The macrovoids are liquid-filled and span almost
the entire cross-section. Fig. 9 shows a montage of cryo-
micrographs on the same time-section at ψ� 0.61. The coating
thickness is ca. 143 �m. The figure shows closely packed poly-
hedral pockets, or cells, of polymer-lean liquid separated by thin
lamellae of evidently gelled polymer-rich phase, all together
making a sponge-like microstructure that extends from the skin
at the top to the substrate at the bottom—with gradation of
cell size. Evidence suggesting that the polymer-rich phase is
gelled, is that some of the lamellae between the cells have
been cut open by the fracture and are seen to be perforated
by holes. In some images, no holes are discerned, indicat-
ing the microstructure is like a closed-cell sponge, through
which solvents can move by diffusion alone. In other images,
nearly all of the lamellae exposed to view are perforated, sug-
gesting that the microstructure is open-celled, through which
polymer-lean, hence solvent-rich, liquid can flow when a pres-
sure gradient arises in it. Also apparent in this figure is the
fine-scaled intermediate layer sandwiched between the dense
skin and the coarse-scaled sponge-like substructure. The region
between the full-blown macrovoid and a fledgling macrovoid at
top-right suggests rupture of intervening polymer-rich strands.
Fig. 10 shows a high magnification image of the liquid-filled
sponge-like network at ψ� 0.65.

Figs. 11 and 12 document cross-sectional views of the coat-
ing after final drying, where the imaged location lies near the
middle along the width dimension. Fig. 11 shows the entire
cross-section (top) and higher magnification view of the sponge
(bottom). Fig. 12 shows color stereo-micrographs that allow a
three-dimensional perspective of the microstructure, from which
bicontinuity of the sponge may be ascertained with greater con-
fidence. The microstructure is clearly asymmetric with nearly
equally thin layers of a dense skin and an intermediate sponge-
like layer of fine scale, lying atop a much thicker sponge-like
layer of coarser scale. In contrast to the smoothly bicontinuous
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Fig. 11. Cross-sectional views of the final, dry coating, i.e., the asymmetric membrane, at different locations near the center of the coating width (ψ≈ 0.5). Entire
cross-sections are shown at the top and enlargements of the open-celled microstructures are shown at the bottom.

structures of spinodal decomposition that resemble those defined
by the multiply connected surfaces discovered by Anderson et
al. [24], and bicontinuous honeycomb-like structures resulting
from nucleation and growth, followed by coalescence, as shown
in Ref. [1], the structures visible in these micrographs result from
nucleation, growth and deformation on contact leading toward
polyhedral sponge-like structures, both closed and not bicontin-
uous or open and not so smoothly bicontinuous. Returning to
Fig. 3, it is evident that the coating shrinks, as expected, during
drying, but swells on immersion in the water bath. The impli-
cations of swelling are significant, and are discussed below (see
Appendix 1).

4. Discussion

The extensive visual record of microstructure evolution dur-
ing phase inversion, of the last section, is now analyzed from dual
theoretical perspectives, viz., process path analysis, and poroe-
lasticity theory. As shown by Dabral et al. [25], for instance,
process path analysis is an effective approach to track depth-
dependent compositional evolution during early stages of phase
inversion. Albeit truly non-equilibrium in character, phase inver-
sion is usefully approximated by process path analysis, which
maps the compositional evolution, derived from modeling dif-
fusion in the real or equivalent homogeneous system, onto a

(equilibrium) phase diagram. For an amorphous polymer-based
system, such as polysulfone studied here, a phase diagram typi-
cally displays regions of metastability, instability, macroscopic
elasticity and vitreous states demarcated, respectively, by the
binodal, spinodal, gelation and vitrification boundaries. Where
the system is homogeneous, such as from its initial state for-
ward, process path analysis models real compositions. When
the system turns heterogeneous (onset of phase separation), the
assumption of homogeneity breaks down; nevertheless, the anal-
ysis provides a first approximation to compositions that are
locally volume-averaged across the phase-separated domains,
in the very early stages of phase inversion. As the sets of cryo-
images of the previous section indicate, the differences in the
paths and speeds along these paths result in a microstructural fea-
tures (e.g. pore size or connectivity, gel elastic modulus) that vary
across coating depth and processing time. The transient and final
microstructures observed in this work range from a dispersion
of isolated spheroidal droplets in a continuous matrix (closed
cells) to an open sponge or foam of polyhedral cells (open-celled
network) wherein the matrix is a network of smoothly curved,
perforated lamellae—the perforations or apertures rendering the
entire sample bicontinuous.

A pseudo-ternary phase diagram (Fig. 13) with various
boundaries is constructed for the pentenary system studied
(PSF–THF–DMAC–EtOH–water) based on cloud-point data



Author's personal copy

S.S. Prakash et al. / Journal of Membrane Science 313 (2008) 135–157 145

Fig. 12. 3D stereo-micrograph of the final, dry coating, i.e., the asymmetric membrane, providing a depth perception of the macrovoid (top). Use color stereo-glasses
to view – available online at www.rainbowsymphony.com [1]. Perforations in the lamellae of the microstructure (bottom) indicate that the pore space is connected,
making the microstructure bicontinuous, i.e., open-celled.

available for three out of four ternary combinations, viz.,
PSF–THF–water, PSF–DMAC–water and PSF–DMAC–EtOH.
While explicit data for the PSF–THF–EtOH system are lacking,
a guesstimate would place its cloud-point (or binodal) bound-
ary within the PSF–DMAC–EtOH envelope, plausibly separated
from the latter by an amount of nearly same order to that
separating the PSF–THF–water and PSF–DMAC–water curves
(see Ref. [3] for rationale of this based on interaction param-
eters). This yields the conjectured binodal of the quaternary
PSF–THF–DMAC–EtOH system (starting solution) as shown
in the figure. Process path analysis was also used by the cur-
rent authors to elucidate microstructural evolution in dry cast
cellulose acetate membranes in an earlier publication [1].

The cryo-images indicate that after 4 s of forced convection
drying and ca. 6 s of free convection drying, the quaternary
solution, in the top one-third of the coating cross-section, loses
solvent (mostly THF) and nonsolvent (EtOH) fast enough to
become more viscous and remain homogeneous, i.e., within
the single-phase region of the polymer–solvents–EtOH pseudo-
ternary phase diagram. The rise in viscosity and possible

gelation accrue from a combination of concentrating the poly-
mer and evaporative cooling. Dabral [25] estimated an increase
in polymer concentration of ca. 250–300% and evaporative
cooling of ca. 5–10 ◦C, near the air-side, in drying cellulose
acetate–acetone–water coatings, early in the process (less than
20 s). In an isothermal phase diagram, the path representing
the upper zone is shown to traverse outside the binodal (see
Fig. 13). Even if this path were to enter the two-phase region,
the rise in viscosity may occur rapidly enough to suppress droplet
nucleation. The cryo-images show that in contrast, the bottom
two-thirds of the cross-section begins to phase separate locally
into polymer-rich and polymer-lean regions, nearer the edges of
the sample (width-wise), apparently by a nucleation and growth
process. Phase separation in these regions is facilitated, possibly
due to slower changes in composition and viscosity than the cor-
responding top one-third, and temporary increases in nonsolvent
weight fractions relative to the start, due to the lower volatility
of ethanol (boiling point: 79 ◦C) in comparison to THF (boiling
point: 67 ◦C). This aspect is represented as a composition path
that enters into the two-phase region in the isothermal phase
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Fig. 13. Phase boundaries are shown on pseudo-ternary phase diagram of
polysulfone–solvents–nonsolvents where THF and DMAC are solvents, and
EtOH and water are nonsolvents. Representative composition paths at the top
(bath side) and base (cast side) of the coating are sketched (dotted lines). The
discontinuities in these paths demarcate the “dry” and “wet” steps. The paths
shown above represent a snapshot of compositions early in the immersion pro-
cess, with the path at the top having traversed the composition range faster than
that at the bottom.

diagram. Protracted drying must result in a re-homogenization
into a single-phase; in other words, re-dissolution of the minor-
ity droplet phase occurs, as the path exits the two-phase region
due to a decrease in nonsolvent weight fractions, and the solution
comes to consist of polymer dissolved in a mixture concentrated
in DMAC. The variation of microstructure across the sample
width, with regions near the edges at more advanced stages of
development (droplets) than those nearer the center (homoge-
neous), is likely due to a smooth, gradual thinning of the coating
as its free surface is curved and pinned to the solid substrate at
the edge, while nearly flat elsewhere. This variation across width
was also observed for the dry cast process published earlier [1].

The images show that on immersion in water, the coating
swells in thickness, which means that water diffuses into the
coating, through the skin, faster than equivalent volumes of the
starting solvents, THF and DMAC, and nonsolvent, ethanol, can
diffuse out into the bathing water (see Appendix 1). In other
words, within a given time, more water (coagulant) diffuses into
the coating than the starting solvents (and nonsolvent) diffuse
out of the coating, cumulatively (and, by deduction, individu-
ally as well). Time-sections (C) and (D) show that the increase
in thickness is ca. 56% during the ca. 11 s of immersion inter-
vening the time-sections. The driving force for water imbibition
is the chemical potential difference between water in the bath
and that in the coating. A water concentration gradient devel-
ops within the coating, while similar gradients, albeit in the
opposite sense, develop for solvents DMAC and residual THF
and ethanol resulting in their extraction from the coating. The
solvent–nonsolvent exchange leads to phase separation within
the coating, as the local compositions enter the miscibility gaps.
Compositional changes are illustrated with composition paths
on phase diagram in Fig. 13.

As documented by cryo-micrographs in the previous section,
irrespective of the partial phase separation in the substructure
after the short drying step, phase separation after immersion in

the coagulation bath produces a two-phase structure, beneath
an apparently dense skin, whose connectivity and length-scales
are graded with depth. The cryo-images suggest that early
phase separation occurs by nucleation and growth, of isolated
polymer-lean droplets (closed spheroidal cells) in a continuous
polymer-rich matrix. Such an occurrence, notwithstanding the
presence of a possibly large spinodal region on the phase dia-
gram, is attributable to a spinodally-initiated nucleation process
that was discussed at depth in an earlier publication [1] and,
hence, is not be repeated here. The polymer-lean droplets grow to
contact and partially coalesce with one another to form an open-
celled or sponge-like microstructure, where both phases are
rendered continuous by way of perforations or apertures in the
polymer-rich lamellae developed during coalescence. Several
of the displayed cryo-images capture the transition between the
open-celled microstructure, typified by polyhedral cells, and its
closed-cell predecessor, typified by spheroidal cells (dispersed
droplets) that are adjacent the substrate. Quite remarkably,
growing macrovoids are present exclusively in the open-celled
sub-layer and are conspicuously absent in the sub-layer below
which is a dispersion of isolated droplets. This observation has
important ramifications, and presents a critical clue in the expla-
nation of how macrovoids form, as is shown later in this section.
The cryo-images also show that the microstructure is at progres-
sively advanced stages of development from center-to-edge of
the 5-mm wide sample which, as described earlier, is likely due
to the corresponding, gradual thinning of the coating.

Whatever the swelling and shrinking of the coating overall,
the polymer-rich phase shrinks locally (decreases in volume)
as the solvents remaining in it after the partial-drying stage
are extracted into the adjacent polymer-lean liquid. This phe-
nomenon is known as syneresis and is driven by the chemical
potential difference of the solvent in the polymer-rich and
polymer-lean phases. If, because of the microstructure (cohe-
sion) or the substrate (adhesion), any part of the polymer-rich
phase, after it has gelled, is prevented from shrinking in some
direction as it loses more solvent to the adjacent polymer-lean
liquid, it becomes strained in that direction and the strain is
accompanied with elastic tensile stress. Mathematically, stress
is defined as the product of elastic modulus and the departure
from the stress-free state, which is the difference between the
actual state and the stress-free state. The changing stress-free
state of the polymer-rich phase due to solvent loss via syneresis
causes the aforementioned rise in the tensile stress. With time,
such strain and stress can relax away if the equilibrium stress-
free state of the polymer can evolve by thermal fluctuations to
the actual state (e.g., by annealing).

In the last paragraph, we discussed how concentration gra-
dients of invading water and departing solvents are established
across the coating thickness, after the coating is immersed into
the water bath. This translated to increasing water concen-
trations with immersion time at various depths (Appendix 1,
Figs. 13–15), whence it is easy to deduce that in phase-separated
domains as in regions nearer the skin, the concentration of
water in the polymer-lean liquid rises progressively as water
diffuses into the coating. Moreover, as the water concentration
tends to rise faster, the solvents from the polymer-rich phase are
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Fig. 14. The coating domain in real (z, t) (left), and normalized (ζ, t) (right) coordinates. The transformation converts the moving domain (coating) into a fixed
domain.

extracted quicker, the extracted solvents diffuse more rapidly to
the water bath, and the polymer-rich phase shrinks faster, the
closer the locale is to the skin. Solvents are extracted faster,
from the polymer-rich phase, in proportion to greater compat-
ibilities (or lower free energies of mixing) with the imbibed
water. Consequently, the polymer in the matrix network shrinks,
gels, acquires an elastic modulus that rises, and thus becomes
increasingly able to develop tensile stress in a zone that grows
downward from the skin (see Refs. [26,27] for theoretical back-
ground on poroelasticity, and Appendix 2 for application of
poroelasticity theory to this research).

The pore liquid develops a compressive pressure, and thereby
sends the overall coating into a compression as well. Perpendic-
ular to the substrate little total stress can develop (i.e., σz = 0),
because there is on average no constraint or force to oppose
swelling or shrinkage in that direction, other than any excess
pressure that develops in the polymer-lean phase (p > 0). Note
that σi refers to the total normal stress along the ith dimension
while p is the pressure in the pore liquid (or polymer-lean phase).

Parallel to the substrate, however, there can be no swelling or
shrinkage, provided the zone of the gelled matrix is anchored
to the substrate at its distant edges (adhesion). So elastic stress
appears in the matrix network; it is on the average in-plane and
the same in every direction parallel to the substrate (σx = σy;
σ̃x = σ̃y = (1 − Cν)p; σ̃z = p). σ̃i denotes the “drained net-
work stress” and Cν is a function of the Poisson’s ratio, ν (see
Appendix 2 for details). However, locally within the network
there are necks of gelled polymer surrounded by liquid and lying
parallel, or nearly parallel, to the substrates. In them, the tensile
stress that develops is uniaxial, directed along the neck, and the
greatest at the neck’s minimum cross-section. As still more resid-
ual solvent is extracted from the gelled polymer, that maximum
tensile stress rises (see Fig. 15).

As solvent is extracted, the breakage strength of the polymer
neck also rises. That is the greatest tensile stress a neck of given
solvent can sustain. If the maximum tensile stress in any neck of
the matrix outruns its breakage strength, that neck must break.
And when it does, the load it bore is shifted to neighboring necks,

Fig. 15. Qualitative results of analysis of Appendix 2 that demonstrates conditions within the immersed coating prior to macrovoid birth. ωw and ωi denote the mass
fractions of water and solvent, respectively, while εz, σx, σ̃x, p denote the strain along the thickness dimension, total normal stress in-plane, network stress in-plane
and pore pressure, respectively. Note that ζ = z/h(t) is the dimensionless coating thickness. Water and polymer concentrations increase from bottom-to-top, while
solvents’ concentrations decrease. In a phase-separated, bicontinuous network with a dense skin at the top, strain, compressive pore pressure, network tensile stress
and compressive total stress increase from bottom-to-top. Note the sign convention: pressure is positive and stress is negative when compressive.
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which puts them at greater risk of breaking. In this, is the seed
of instability that can lead to a more or less vertical rupture in a
region (i.e., perpendicular to the substrate). Ruptured necks of
a network attempt to relax to their stress-free states, and in the
process of doing so, increase the propensity of failure of neigh-
boring necks, with the neck right beneath it being the likeliest
to fail next. This phenomenon, known as stress concentration or
localization, is popular with material scientists studying crack
propagation (crack-tip stress amplification, etc.). This problem
was theoretically addressed by Pathak et al. [28].

As discussed above, pressure and pressure gradients also
develop in the polymer-lean liquid phase. Water diffusing into
it from the immersion bath faster than the tetrahydrofuran and
dimethylacetamide (which are also diffusing into it from adja-
cent polymer-rich phase) can diffuse out tends to raise the local
liquid pressure toward the osmotic level that would halt dif-
fusion. The pressure cannot exceed what can be supported by

the skin or by tensile elastic stress normal to it in the connect-
ing matrix beneath it; excessive pressure can trigger instability
leading to more or less horizontal rupture. Nor without danger
of yet another mode of rupture can the pressure gradient in any
direction exceed what can be supported by the rupturing and
relaxing matrix network through which liquid flows viscously
down the pressure gradient. Such convective flow must be into
regions where liquid can accumulate, either by expanding the
liquid-filled parts of less firm bicontinuous structure, thereby
swelling it locally perpendicular to the substrate, or by growing
a macrovoid.

This instability that gives rise to macrovoids is illustrated
in Fig. 16 with an idealized network of links representative of
a bicontinuous structure. The variation of network stress (sub-
script z is dropped for convenience) with thickness is discretized
into five levels, σ̃max > σ̃hi > σ̃mid > σ̃low > σ̃min, to better elu-
cidate the effects of rupture. It must be recalled that when

Fig. 16. Sketches to illustrate the principle behind the hypothesis—progressive rupture of networked links in tension. The polymer-rich phase, shown as links in a
bicontinuous network, are color-coded to show rising elastic moduli and decreasing solvent content, on moving from bottom-to-top. Concentration gradients in the
polymer-lean phase are also shown, by graded coloring. Convective flows, into the macrovoid, are shown as arrows. Five discrete levels of network stress are marked
for illustration purposes alone.
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Table 1
Trail of research on macrovoid formation

No. Authors Year Reference Description Hypothesis Critique Status

1 Kotina, Shelepen (in Russian) 1957 [4] Wet; polyacrylonitrile (PAN); optical
microscopy

Voids in fiber caused from internal
mechanical stresses

Nebulous form of proposed hypothesis Integrated into more general
proposed theory

2 Gröbe, Meyer, Mann, Duwe (in
German)

1959 [5] Dry–wet; polyacrylonitrile (PAN);
optical microscopy, SEM

Skin rigidity causes internal rupture Close to proposed hypothesis Integrated into more general
proposed theory

3 Craig, Knudsen, Holland 1962 [30] Dry–wet; copolymer; fiber spinning;
SEM, density, surface area

Penetration via defects; spinerette
imperfections

Does not explain macrovoids not connected to skin,
shape regularity and periodicity

Observations re-explained with
new theory

4 Matz 1972 [6] Dry–wet; cellulose acetate; optical
microscopy, SEM

Zero interfacial tension at
solution–coagulant interface

Does not explain macrovoids seen below skin or in dry
cast and TIPS membranes

Observations re-explained with
new theory

5 Frommer, Lancet 1972 [10] Wet, dry–wet; cellulose acetate;
optical microscopy, SEM

Shrinkage of polymeric phase; adhesive
constraint

Makes key link between adhesion to substrate and
tendency for shrinkage

Integrated into more general
proposed theory

6 Frommer, Messalem 1973 [10] Dry–wet; cellulose acetate,
polyurethane, polyamide

Sternling–Scriven criteria for Marangoni
flows [31]

Does not explain how surface tension fluctuations occur
at high viscosity interface

Observations re-explained with
new theory

7 Strathmann, Kock, Amar, Baker 1975 [11] Dry–wet; nomex (polyamide), PAN;
optical microscopy, SEM

Skin syneresis stress causes rupture;
nonsolvent flows

Some similarities, but much unexplained; no mention
of stress from constrained shrinkage

Integrated into more general
proposed theory

8 Cabasso, Klein, Smith 1977 [32] Dry–wet; polysulfone; SEM,
viscometry, flux measurements

Matz’s intrusion cell hypothesis See critique of Matz hypothesis Observations re-explained with
new theory

9 Broens, Altena, Smolders,
Koenhen

1980 [33] Dry–wet; fiber spinning; cellulose
acetate, polysulfone, PAN; SEM

Coagulant penetration into weak spots of
skin

Does not explain macrovoids seen below skin or in dry
cast and TIPS membranes

Observations re-explained with
new theory

10 Ray, Krantz, Sani 1985 [34] Wet; cellulose acetate, polysulfone;
SEM (wide angle)

Interfacial instability caused by
intermolecular forces

Coatings are too thick (ca. 100 �m) to be affected by
this instability from substrate

Observations re-explained with
new theory

11 Smolders, Reuvers, Boom, Wienk 1992 [12] Wet; cellulose acetate; turbidimetry,
SEM, model

Primary nuclei—macrovoid; secondary,
pore structure

Evidence presented in this work discovered no
primary/secondary nucleation and growth

Observations re-explained with
new theory

12 Zeman, Fraser 1993 [7] Dry; cellulose acetate; FTIR-ATR,
gravimetry, SEM

Growth of nuclei is affected by chain
length of polymer

See critique of Smolders et al. hypothesis Observations re-explained with
new theory

13 Shojaie, Krantz, Greenberg 1994 [8] Dry; cellulose acetate; turbidimetry,
SEM, model, IR

Certain nuclei—macrovoid; fast diffusion,
Marangoni

Marangoni convection unlikely, as L–L interfacial
tension is low; see also no. 16 or [36]

Observations re-explained with
new theory

14 Berghmans 1995 [9] Dry–wet; PPE, PES; TIPS; SEM,
model, optical microscopy

Marangoni–Sternling–Scriven flows See critique of Matz and Frommer–Messalem
hypotheses

Observations re-explained with
new theory

15 McKelvey, Koros 1996 [35] Dry–wet; polysulfone, PES; SEM Similar to nucleus-based hypothesis of
Smolders

See critique of Smolders et al. hypothesis Observations re-explained with
new theory

16 Pekny, Zartman, Greenberg,
Krantz, Todd

2000 [36] Dry; cellulose acetate; low gravity,
penetration depth study

Soluto-capillary convection of Shojaie,
Krantz

Conclude rightly that soluto-capillary convection is not
a necessary condition

Integrated into more general
proposed theory

17 Stropnik, Kaiser 2002 [37] Wet; cellulose acetate, polysulfone;
turbidimetry, SEM

Syneresis pressure drives coalescence A few similarities, but much unexplained; lacks
evidence at various stages of formation

Integrated into more general
proposed theory
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macrovoids appear in the time-section images displayed ear-
lier, they do so during the immersion stage, located exclusively
in the upper zone, and occur there only if the processing circum-
stances have led to polymer-lean and polymer-rich phases that
are both continuous in that zone. That is, they may appear only
where the emerging microstructure has longest been bicontinu-
ous, and seem to grow downward although with time-sectioning
it is impossible to image the same macrovoid at different times.

In Fig. 16, the sketch at the top left shows the establishment
of a total stress gradient across the coating thickness, with the
highest stress (magnitude) at the skin. This corresponds to a sim-
ilarly monotonic effective stress gradient (or drained network
stress) and pressure gradient in the pore phase (see Appendix
2, and mind the sign convention). The skin, owing to its greater
thickness, is likely to withstand the stress, whereas the neck
below it fails, as the tensile stress it supports reaches its break-
age strength (top right). Once ruptured, the horizontal necks at
that thickness lose their tension to a certain degree due to poly-
mer relaxation (from σ̃hi to σ̃mid) and set off convective flows
into the nascent void. The neck vertically below the original
rupture, within a short period, reaches the breaking stress, as the
solvent–nonsolvent exchange progresses further. In due course,
this neck, owing to its location, becomes most susceptible to fail-
ure, and snaps just as the one earlier did (second row right). This
process continues to the links successively below, and a pear-
shaped macrovoid grows downward—the unique shape accruing
from greater polymer relaxations favored on necks further are
away from the constraining skin. The instability stops progress-
ing where the polymeric phase is still viscous or, is able to bear
the load imposed by further solvent loss.

This hypothesis can be extended to the case wherein
macrovoids are observed during drying of low molecular weight
polymer solutions (Appendix 3). There, in-plane tension in the
polymeric links is caused by solvent loss via evaporation and
rupture is facilitated by shorter chain lengths of the polymer. The
hypothesis also lends itself to explain how macrovoids appear
in systems that undergo thermally induced phase separation
(TIPS). In such systems, a stress gradient across the thickness
results directly as a consequence of a temperature gradient. The
development of the macrovoid instability also resembles (to a
certain degree) the splitting failure observed in tectonic fracture
of porous oil wells owing to the effect the compressive pres-
sure build-up in the pore space [29]. However, the macrovoid
instability is unique in many ways, with no known parallels in
nature, as the state of tension in the gelled network (i.e., polymer-
rich phase) is compounded by local volume shrinkage due to
syneresis.

In summary, the features most relevant to macrovoid for-
mation in a bicontinuous phase-separated zone during the phase
inversion process were argued to be: (1) a roughly in-plane solid-
ification front of the polymer-rich phase, which propagates from
the skinned surface downward into the bicontinuous zone; (2)
elastic tensile stress in the solidified polymer phase, which is
on average in-plane, diminishes downward, and arises from the
frustrated in-plane shrinkage that accompanies further extrac-
tion of solvents from the polymer after it solidifies, i.e., after
it acquires elastic modulus; (3) uniaxial elastic tensile stress

directed along those necks that lie in-plane or nearly so in the
matrix network of the bicontinuous structure, stress that is less
the lower down the neck is, but which rises with time; (4) break-
age strength of the connecting necks of the matrix network,
which is also less, the lower down the neck is, and also rises
with time; and (5) pressure build-up in the polymer-lean liquid
that varies with depth, with the accompanying pressure gradients
driving viscous flow of the liquid through the network of ‘void’
of the bicontinuous structure. A likely mechanism by which
macrovoids form was inferred from these estimates of phenom-
ena in the phase inversion process, together with the evidence
of time-sectioning cryo-SEM images of cross-sections of the
developing microstructure. The mechanism was illustrated with
a set of schematic diagrams of an idealized two-dimensional
phase-inversion process. Table 1 summarizes key research on
macrovoid formation over the last half century, highlighting the
connections between the new hypothesis and past work, and the
impact of the cryo-SEM evidence presented here.

5. Conclusions

Time-sectioning cryo-SEM was used to document the evolu-
tion of a three-tiered microstructure in asymmetric membranes
of polysulfone, prepared by the dry–wet cast process. A thin,
dense skin at the free surface sandwiches a fine-scaled, cel-
lular interlayer between itself and a much thicker and coarser
open-celled substructure in contact with the substrate (during
processing). The microstructure is punctuated with numerous
pear-shaped macrovoids. Based on direct evidence revealed in
this work, a hypothesis is developed using volume balances
and poroelasticity theory. The hypothesis is general enough to
explain all the observations of researchers thus far on macrovoid
formation, and is also applicable to dry casting and, plausibly,
thermal and other casting routes, and non-planar geometries as
well. The cryo-images are supported by mathematical analyses
using rudimentary calculus and the theory of poroelasticity.
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Appendix A. Implications of overall swelling and shapes
of concentration profiles during immersion

This section proves that swelling of the coating overall dur-
ing the immersion step of the dry–wet cast process of this work
implies: (i) more water (coagulant) enters the coating than equiv-
alent volumes of starting solvents (THF, DMAC) and nonsolvent
(EtOH) leave it, (ii) the volume-averaged nonsolvent concentra-
tion (mass fraction) within the coating rises with time, in other
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words, the process paths on the average move toward the non-
solvent vertex of the pseudo-ternary phase diagram, and (iii) the
local rate of change of water concentration with time is pos-
itive, i.e., at successive depths within the coating, normalized
with respect to the changing thickness, the water concentration
increases with time.

The total process time may be written as the sum of drying
and immersion times:

t = tdry + timmersion (1)

The coating thickness is written as a function of component
masses, specific volumes and planar area of the coating:

h(t) = 1

A
[mp0V̂p +ms(t)V̂s +met(t)V̂et +mw(t)V̂w] (2)

Swelling means for timmersion > 0:

dh

dt
> 0 (3)

From (2), (3) and assuming V̂et � V̂w � V̂s, we have

dmw

dt
>

(
−dms
dt

)
+

(
−dmet

dt

)
> 0 (4)

The second inequality in (4) follows as there is gain of water
into the coating and a net loss of solvents (THF, DMAC) and
nonsolvent EtOH from the coating, i.e.:

dmi

dt
< 0 or − dmi

dt
> 0, where i = s, et (5)

Eq. (4) can also be written as

dmns

dt
=

(
dmw

dt
+ dmet

dt

)
> 0 (6)

The volume-averaged nonsolvent concentration, 〈ωns〉 is
given as

〈ωns〉 = 1

h(t)

∫ h(t)

0
ωns(z, t) dz (7)

In terms of the mass of the components, the differential of 〈ωns〉
is given as

d〈ωns〉 = d

(
mns

ms +mns +mp0

)

= (ms +mp0) dmns −mns dms

(ms +mns +mp0)2 (8)

From (5), (6) and (8), we can see that

d〈ωns〉
dt

> 0 (9)

Similarly, the differential of water mass fraction, 〈ωw〉, is
given as

d〈ωw〉 = d

(
mw

ms +mw +met +mp0

)

= (ms +mp0 +met) dmw −mw(dms + dmet)

(ms +mw +met +mp0)2 (10)

from which we can conclude that

d〈ωw〉
dt

> 0 (11)

Transcribed into words, (4) states that (i) more water (coag-
ulant) enters the coating than equivalent volumes of starting
solvents (THF, DMAC) and nonsolvent (EtOH) leave it, while
(9) and (11) state that during immersion, the volume-averaged
concentrations of total nonsolvent and water increase with time.
The latter provide two further conclusions: (ii) process paths on
the average move toward the nonsolvent vertex of the pseudo-
ternary phase diagram (Fig. 13), and (ii) the local rate of change
of water concentration with time is positive, i.e., at successive
depths within the coating, normalized with respect to the chang-
ing thickness, the water concentration increases with time (see
below for proof). Note that (11) will be valid irrespective of
swelling or shrinking of the overall coating, as it is simply a
consequence of diffusion of water from the bath into the coating.

A dimensionless distance variable is defined to reduce the
moving boundary problem in (z, t) to a fixed domain in (ζ, t)
where ζ = z/h(t). 0 ≤ ζ≤ 1 is valid for all t. Similar to (7), the
volume-averaged water concentration, 〈ωw〉, may be given as

〈ωw〉 = 1

h(t)

∫ h(t)

0
ωw(z, t) dz =

∫ 1

0
ωw(ζ, t) dζ (12)

Differentiating (12) using Leibniz’s rule:

d

dt
〈ωw〉 = d

dt

∫ 1

0
ωw(ζ, t) dζ =

∫ 1

0

∂ωw

∂t
dζ (13)

From (11) and (13):

∫ 1

0

∂ωw

∂t
dζ > 0 (14)

Since the in-diffusion of water into the coating obeys Fick’s
law, the concentration profile within the coating increases mono-
tonically from the cast side (ζ = 0) to the bath side (ζ = 1), i.e.,
for 0 ≤ ζ≤ 1:

∂ωw

∂ζ
> 0 (15)

Assuming the variables ζ and t are separable, we may write

ωw(ζ, t) = F (t)G(ζ) (16)

∴ ∂ωw

∂ζ
= F (t)G′(ζ) and

∂ωw

∂t
= Ḟ (t)G(ζ) (17)

where

Ḟ (t) = dF

dt
and G′(ζ) = dG

dζ
(18)

Since ωw > 0 for all ζ and t, we can infer from (16) that F, G
are either both positive or both negative.

If F(t) > 0 and G(ζ) > 0, from (15) and (17), we have

G′(ζ) > 0 (19)
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Similarly, from (14) and (17), we have

Ḟ (t)
∫ 1

0
G(ζ) dζ > 0 (20)

Since we assumed G(ζ) > 0, (20) yields:

Ḟ (t) > 0 (21)

From (21) and (17), we see that

∂ωw

∂t
> 0 (22)

Repeating the exercise (19)–(21) for both F(t) < 0 and
G(ζ) < 0, yields the same result, i.e., (22). Transcribed to words,
(22) states that the water concentration at each ζ increases with
time. This is an important result, and means that the water con-
centration at a given locale within the coating increases with time
even if that locale is drifting toward the bath due to swelling.
Note also that(
∂ωw

∂t

)
ζ

�=
(
∂ωw

∂t

)
z

(23)

The derivatives in the (z, t) domain are not very useful here, but
nevertheless are given below for completeness along with the
spatial derivatives in terms of the derivatives in the (ζ, t) domain
(derived from the chain rule):(
∂ωw

∂t

)
z

=
(
∂ωw

∂t

)
ζ

−
(
∂ωw

∂ζ

)
t

ζ

h(t)

dh(t)

dt
(24)

(
∂ωw

∂z

)
t

=
(
∂ωw

∂ζ

)
t

1

h(t)
(25)

Likewise, we can also show that for the solvents (THF and
DMAC) and nonsolvent (EtOH) diffusing out of the coating into
the bath:

d〈ωi〉
dt

< 0 (26)

where i s, et and, consequently, as in the earlier proof:

∂ωi

∂ζ
< 0 (27)

and

∂ωi

∂t
< 0 (28)

To summarize, (15) and (22) indicate that the water con-
centration within the coating increase monotonically with
immersion time and distance from the substrate, whereas the
concentration of starting solvents, viz., THF and DMAC, and
nonsolvent, EtOH, decrease monotonically with time and dis-
tance. The above conclusions may also be arrived at using
computational methods as shown elsewhere [38].

Appendix B. Swelling, syneresis and development of
network stress and pore pressure

Following Biot’s theory of poroelasticity [39,40], the 3D con-
stitutive equations for a saturated porous gel, exhibiting elastic

behavior and finite syneresis, are given as

εx = εsyn + 1

E
[σx − ν(σy + σz)] +

(
1

K
− 1

Ksolid

)
p

3
(29)

εy = εsyn + 1

E
[σy − ν(σz + σx)] +

(
1

K
− 1

Ksolid

)
p

3
(30)

εz = εsyn + 1

E
[σz − ν(σx + σy)] +

(
1

K
− 1

Ksolid

)
p

3
(31)

Here εi and σi denote the total normal strain and stress along the
ith dimension, εsyn is the isotropic strain due to syneresis, ν, E, K
are the Poisson’s ratio, elastic (Young’s) modulus, bulk modulus
of the porous gel, while Ksolid is the bulk modulus of the solid
phase. p is the pressure in the pore liquid. The sign convention is
pressure is negative when tensile, while the corresponding stress
is positive, and pressure is positive when compressive, while the
corresponding stress is negative. The term ‘network’ is used
here to refer to the continuous solid (polymer-rich) phase of the
saturated porous gel, while ‘syneresis’ refers to the diffusive loss
of solvents from the polymer phase into the pores (driven by the
chemical potential difference).

K and E are related as

K = E

3(1 − 2ν)
(32)

Since (i) Ksolid � K, (ii) stress and strain are transversely
isotropic, i.e., σx = σy and εx = εy, (iii) no normal stress acts
along z, the thickness dimension, i.e., σz = 0, and (iv) the coating
is constrained in-plane, i.e., εx = εy = 0, (29)–(32) reduce to

σx = − E

1 − ν
εsyn −

(
1 − 2ν

1 − ν

)
p = − E

1 − ν
εsyn − Cνp (33)

εz = −1 + ν

E
σx = Dνεsyn + (1 + ν)Cν

E
p (34)

Here

Cν = 1 − 2ν

1 − ν
and Dν = 1 + ν

1 − ν
(35)

Writing (34) in differential form (in the small strain limit):

dεz = −1 + ν

E
dσx = Dν dεsyn + (1 + ν)Cν

E
dp (36)

Decomposing total stress into the “drained network stress”, i.e.,
σ̃x, and the isotropic pressure part [26]:

σi = σ̃i − λp for i = x, y, z (37)

λ is a scaling factor, and as in porous rocks, may be assumed to be
vary between the porosity and unity (φpore < λ< 1). Combining
(33) and (37):

σ̃x = σx + λp = − E

1 − ν
εsyn + (λ− Cν)p (38)

In differential form (small strain limit):

dσ̃x = dσx + λ dp = − E

1 − ν
dεsyn + (λ− Cν) dp (39)
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Table 2
Results of mathematical analysis of Appendices 1 and 2

Property Total derivative Time derivative Space derivative Conclusion

Water concentration dωw > 0 ∂tωw > 0 ∂ζωw > 0 Increase
Solvents conc. dωi < 0 ∂tωi < 0 ∂ζωi < 0 Decrease
Total strain (in z) dεz > 0 ∂tεz > 0 ∂ζεz > 0a Swelling
Syneresis strain dεsyn < 0 ∂tεsyn < 0 ∂ζεsyn < 0 Polymer shrinkage
Total stress dσx < 0 ∂tσx < 0 ∂ζσx < 0 Compressive
Network stress (in-plane) dσ̃x > 0 ∂t σ̃x > 0 ∂ζσ̃x > 0 Tensile
Network stress (normal to plane) dσ̃z > 0 ∂t σ̃z > 0 ∂ζσ̃z > 0 Tensile
Pore pressure dp > 0 ∂tp > 0 ∂ζp > 0 Compressive

a Probable scenario.

The condition for swelling, (3), may be written in terms of
volume-averaged total strain (or equivalently, the strain in the
thickness dimension z) as

d〈ε〉
dt

= d〈εz〉
dt

= 1

h

dh

dt
> 0 (40)

Since the coating is constrained at the base (to the substrate)
while is ‘free’ at the top (i.e., bath side), we may expect the strain
in the thickness dimension, εz, to monotonically increase with
distance, i.e.:

∂εz

∂ζ
> 0 (41)

Following the approach described in Appendix 1 for the water
concentration profile, we may combine (40) and (41) to show
that

∂εz

∂t
> 0 (42)

Alternatively, (42) may be derived from a volume balance
(continuity) and (4) as

∂εz

∂t
= −∇ · J︸ ︷︷ ︸

net rate of volume in

(43)

where J is the net volumetric flux in (i.e.,
|J| = J = Jw–Jthf–Jdmac–Jet).

From (41) and (42):

dε = dεz =
(
∂εz

∂t

)
dt +

(
∂εz

∂ζ

)
dζ > 0 (44)

Syneresis, which is the chemical potential-driven exudation
of solvents from the polymer network into the pores, is related
to the water concentration in its locale, i.e., the greater the con-
centration of water in the pores, the higher the driving force
for syneresis (syneresis strain becomes more negative). This is
expressed as

−dεsyn ∝ dωw (45)

We may therefore write

dεsyn =
(
∂εsyn

∂t

)
dt +

(
∂εsyn

∂ζ

)
dζ < 0 (46)

From (44), (46) and (36):

dσx < 0 (47)

and

dp > 0 (48)

Now, using (39) and taking λ≈ 1, a valid approximation:

dσ̃x > 0 (49)

From (37), σz = 0 and λ≈ 1, we can write

σ̃z = p (50)

thence

dσ̃z > 0 (51)

The results of Appendices 2 and 3 may be summarized as
follows in Table 2. The results mean that the pore pressure
becomes increasingly compressive with immersion time and
distance from the substrate, whereas the network stress (both
in-plane and normal to the plane) becomes more tensile due to
local syneresis and overall swelling with time and distance from
substrate. These results are sketched in Fig. 15 (qualitatively).

Appendix C. Microstructure evolution in dry cast low
molecular weight cellulose acetate membranes by
cryo-SEM

The evolution of a nearly symmetric microstructure, punc-
tuated with irregularly shaped macrovoids, in the dry casting
of cellulose acetate dissolved in acetone and water is presented
here. The dry cast process parameters and the time-sectioning
method used was almost identical to those described in Ref.
[1], except for the following principal changes. (i) A lower
molecular weight form of cellulose acetate (CA 398-3® of East-
man Chemical, Kingsport, TN) was used to demonstrate the
influence of polymer chain length on the breakage strength of
the solidifying (polymer-rich) network. The polymer molecular
weight was MN ∼ 30 kDa. In contrast, the molecular weight of
the polymer used in Ref. [1] was MN ∼ 60 kDa, with a backbone
chain that was 2.7 times longer. (ii) The initial compositions of
the ternary cellulose acetate–acetone–water solutions are “near-
critical”, i.e., compositions are in close proximity to the critical
or plait point of the ternary phase diagram.

Two cases were examined with different initial composi-
tions and thicknesses. In Case P, the initial ternary composition
was 25 wt.% water, 63 wt.% acetone and 12 wt.% cellulose
acetate and the initial thickness was estimated to be ca. 150 �m.
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Fig. 17. Cryo-SEM time-sections of dry cast process of low molecular weight cellulose acetate (grand sequence)—Case P.

In Case Q, these numbers were 29–60–11 wt.% of cellulose
acetate–acetone–water and ca. 288 �m (visualized by cryo-
SEM), respectively. The different initial thicknesses were a
consequence of different volumes of solution used upstream of
the blade-coater. The samples were dried by free convection in
relative humidity of 35–60% for Case P and no greater than 35%
for Case Q, both at temperatures between 20 and 23 ◦C. The rest
of the principal process parameters were identical to those used
in Ref. [1]. The reader is also referred to Ref. [3] for explanation
on the choice of sublimation conditions to create topographical
contrast of the phase-separated specimens. Also, one of the time-
sections alone was subjected to deliberate sublimation (indicated
alongside the image).

Fig. 17 shows the grand sequence of cryo-micrographs
of time-sections at t = 0, 10, 30, 50, 70 s from Case P. The
t = 0 s snapshot shows a fine-scaled honeycomb-like structure,
of length-scale ca. 0.05 �m. Albeit marked at t = 0 s, the time
elapsed between emergence of the leading edge of the coat-
ing at the down-stream end of the blade and its placement into
the drying platform of the MFT-CEVS is ca. 2.9 s. Solvent
evaporation during this time, and the proximity of the initial
composition to the critical point may have been sufficient to
trigger thermodynamic instability leading to spinodal decom-
position. The t = 10 s cryo-micrograph shows a thinner coating
of similar microstructures and length-scales. The microstruc-
tural length-scales remain approximately constant in the early
stages of phase separation suggesting that the spinodal mode
of decomposition may be active here. Cryo-micrographs of the

later stages, i.e., at t = 30, 50, 70 s, show a coarsened honeycomb
structure with macrovoids. The t = 30 s time-section shows a
liquid-filled macrovoid while the other two show partially empty
macrovoids.

Fig. 18(i) shows a time-sectioning sequence at t = 30, 50,
>480 s for Case Q. Here, the t = 30 s time-section not only
shows a slightly coarser honeycomb, but also a few liquid-filled
macrovoids. Unlike the growing macrovoids seen in wet phase
inversion systems (such as those captured in the polysulfone
system), the macrovoids seen here appear randomly across the
cross-section and are generally irregular in shape. The cryo-
micrograph shows one such “void” that appears to look like
a vertical tear more than a pear-shaped bulb. The t = 50 s time-
section shows a greater number of macrovoids, still liquid-filled,
and of highly irregular geometry. The last micrograph shows
the cross-section of the dry membrane after near-complete dry-
ing as seen in the conventional SEM. This particular sample is
imaged at successively higher magnifications at different coat-
ing depths in Fig. 18(ii). As in Case P, the honeycomb network
seen in the early stages (see Ref. [3] for complete sequence
of Case Q starting from t = 0 s) implies that bicontinuity of the
structure may have been established early, presumably by spin-
odal decomposition, as the initial compositions were close to
the critical or plait point. That the changes in length-scale are
less dramatic in the early stages is also typical of the spinodal
mode, where amplitude changes of the composition fluctuations
are expected to be more significant than changes to its dominant
wavelength.
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Fig. 18. (i) Cryo-SEM sequence of dry cast process of low molecular weight cellulose acetate (grand sequence)—Case Q. (ii) Conventional SEM imaging of fully
dry sample (of Case Q, (i)(c)) at various coating depths and magnifications.

The final microstructure, shown in Fig. 18(ii), is visibly
bicontinuous and characteristically nodular. The macrovoids are
irregular, their walls bear semblance to the possibility of a tensile
rupture in the polymer network as the solvent evaporated. Some
of the polymeric struts appear to have been stretched and are
visibly tapered, while some other tips appear to have curled up
into nodules. Also the rough texture of the polymeric phase sug-
gests that phase separation may have occurred by a combination
of liquid–liquid and solid–liquid (crystallization) modes.

The evolution of a nodular, bicontinuous microstructure
punctuated with macrovoids is explained in this section. The
“near-critical” composition of the starting solution appears to
trigger spinodal decomposition early in the drying process. Spin-
odal decomposition is marked by rise in composition fluctuation
amplitudes with little change in wavelengths at least early in the
process. Evidence presented in Fig. 17 and elsewhere [3] support
this feature. Time-sections from later stages show that coarsen-
ing of the fine-scaled microstructure leads to larger pores. Rising
polymer concentrations in the polymer-rich phase that is inter-
penetrated by the polymer-lean phase leads to gelation of the
bicontinuous network whence macroscopic elasticity appears.
The drying coating develops in-plane tensile stress as drying
proceeds, since solvent is removed from the polymer-rich phase
(local syneresis) and the coating shrinks overall due to loss of sol-
vents. The stress results from the departures of the polymer from
its stress-free states as the gel network is constrained in-plane by

its adhesion to the substrate. Rising tensile stress in the overall
coating and the solid network leads to rupture similar to those
encountered for the dry–wet cast process forming large cavities
known as macrovoids. Rupture is facilitated in this system due
to lower polymer chain lengths that have fewer entanglements
in comparison to the polymer described in Ref. [1], and hence
may slip along their lengths when stressed in that direction. The
reader is referred to Section 4 for a more detailed explanation of
the hypothesis for macrovoid formation in phase inversion sys-
tems. The hypothesis may be extended to systems undergoing
thermal phase inversion or thermally induced phase separation
(TIPS) [9]. Vaessen et al.’s research [41] presents stress mea-
surements that further support our results and hypothesis. The
results may be expressed mathematically as follows.

Similar to (44), for a shrinking coating, the following equa-
tion is valid:

dε = dεz < 0 (52)

This further leads to

dσx > 0 (53)

This means that the overall coating is under tension during
the drying process. Further, due to local syneresis and adhesion,
the network is also under tension. That is

dσ̃x > 0 (54)
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Nomenclature

A coating planar area
Cν, Dν functions dependent on ν
E elastic modulus of gel (solid and liquid phases)
F, G single-valued functions dependent on t and ζ,

respectively
h coating thickness
Ji volumetric flux of individual species into the coat-

ing
J net volumetric flux into the coating
K bulk modulus of gel
Ksolid bulk modulus of solid phase
mi mass of component i in coating
MN number-averaged molecular weight
p isotropic pore pressure
t process time
V̂i specific volume of component i in coating
W coating width
x, y, z rectangular coordinates

Greek letters
ε total strain
εi strain along ith dimension
εsyn isotropic syneresis strain
φpore porosity of gel network
λ pre-factor of pressure in (37)
ν Poisson’s ratio of gel
σi total normal stress along ith dimension
σ̃i network stress along ith dimension
ωi mass fraction of component i in coating
ψ dimensionless coating width
ζ dimensionless coating thickness

Subscripts
et ethanol
dmac dimethylacetamide
ns nonsolvent
p polymer
s solvent
thf tetrahydrofuran
w water
0 initial

Little could be said of the pore pressure at this stage. Mass
outflux to the free surface is driven primarily by diffusion, as the
pore sizes are two large for capillarity effects.
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Erratum to “Microstructure evolution in dry–wet cast polysulfone
membranes by Cryo-SEM: A hypothesis on macrovoid formation”
[J. Membr. Sci. 313 (2008) 135–157]

Sai S. Prakash ∗, Lorraine F. Francis, L.E. Scriven
Department of Chemical Engineering and Materials Science, University of Minnesota, 421 Washington Avenue SE, Minneapolis, MN 55455, USA

The following are corrections to typographical errors in the above paper:

1. First sentence of caption for Fig. 4: “Cryo-SEM time-section at t = (4 s)forced + (∼6 s)free and  � 0.05.”
Comment: Restricted phase separation was observed near the edges of the partially dried sample, while the rest of the sample

(0.3 < < 0.7) was homogeneous across thickness and width.
2. Sentence above caption in Fig. 16: “�̃ denotes in-plane tensile network stress ∝ (modulus) × (departure from stress-free state)”.
3. The appendices were mislabeled (during publication)—A, B and C correspond to 1, 2 and 3, respectively, which are used in the text.
4. Sentence below Eq. (51): “The results of Appendices 1 and 2 may be summarized as follows in Table 2”.

DOI of original article:10.1016/j.memsci.2008.01.006.
∗ Corresponding author at: Applied Mechanics Group, Pall Corporation, 3669 State Route 281, P.O. Box 2030, Cortland, NY 13045-0930, USA. Tel.: +1 607 753 6041x2768;

fax: +1 607 753 1220.
E-mail address: dr.sai.s.prakash@gmail.com (S.S. Prakash).

0376-7388/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.memsci.2008.04.001



Unpublished Erratum to “Microstructure Evolution in Dry–Wet Cast Polysulfone 

Membranes by Cryo-SEM: A Hypothesis on Macrovoid Formation” 

[Journal of Membrane Science 313 (2008) 135–157] 

Sai S. Prakash∗

Department of Chemical Engineering and Materials Science, University of Minnesota, 421 Washington 

Avenue SE, Minneapolis, MN 55455, USA 

, Lorraine F. Francis, L.E. Scriven 

 

Correction on Page 153: (please note that this is inconsequential to the analysis) 

 

Alternatively, (40) may be derived from a volume balance (continuity) and (4) as 

 

 


net rate of
volume in

.z
d d

dt dt

 
   J  (43) 

 

where J  is the net volumetric flux in (i.e., 
W THF EtOHDMAC

J J J J J    J ). 
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University, 3400 N. Charles Street, Baltimore, MD 21218, USA. Tel.: +1 410 516 5130; 
E-mail address: sprakash@jhu.edu, dr.sai.s.prakash@gmail.com (S.S. Prakash); 
DOI of original article: 10.1016/j.memsci.2008.01.006. 
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