
This article was originally published in a journal published by
Elsevier, and the attached copy is provided by Elsevier for the

author’s benefit and for the benefit of the author’s institution, for
non-commercial research and educational use including without

limitation use in instruction at your institution, sending it to specific
colleagues that you know, and providing a copy to your institution’s

administrator.

All other uses, reproduction and distribution, including without
limitation commercial reprints, selling or licensing copies or access,

or posting on open internet sites, your personal or institution’s
website or repository, are prohibited. For exceptions, permission

may be sought for such use through Elsevier’s permissions site at:

http://www.elsevier.com/locate/permissionusematerial

http://www.elsevier.com/locate/permissionusematerial


Aut
ho

r's
   

pe
rs

on
al

   
co

py

Journal of Membrane Science 283 (2006) 328–338

Microstructure evolution in dry cast cellulose acetate
membranes by cryo-SEM

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

Received 20 February 2005; received in revised form 28 June 2006; accepted 3 July 2006
Available online 7 July 2006

Abstract

The development of microstructure during drying-induced phase inversion or dry casting of homogeneous water/acetone/cellulose acetate
coatings, which evolve into asymmetric separation membranes, was witnessed using ‘time-sectioning’ cryogenic scanning electron microscopy
(cryo-SEM). Coating specimens were prepared via the following sequential steps: uniformly coating or casting the polymer solution onto a
substrate, drying with environmental control for a specific time, rapidly freezing the specimen in liquid cryogen, fracturing to reveal the coating
cross-section, subliming briefly for topographical contrast, sputter-coating to prevent charging and cryo-SEM imaging. Specimens were created
with different drying times and hence each specimen is called a ‘time-section’. The earliest time-section, one from a coating soon after deposition,
shows a featureless specimen, as expected for a homogeneous polymer solution. As drying proceeds, time-sectioning reveals first the nucleation of
polymer-lean droplets dispersed within a polymer-rich matrix across a region bound by the free surface above and a phase separation front below.
On further drying, this front travels down to the substrate; the polymer-lean droplets grow and coalesce, forming a smoothly interconnected phase,
which eventually becomes the pore space of a honeycomb-like structure as drying progresses. Meanwhile at the free surface, a seemingly dense
skin develops on drying, while a nodular intermediate layer appears between the thinner skin and the thicker honeycomb-like substructure. The
images are analyzed with composition paths derived from theoretical modeling to elucidate the fundamentals of microstructure development in
asymmetric membranes.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Asymmetric polymer membranes, formed by the phase inver-
sion method that was pioneered by Loeb and Sourirajan [1],
have since been applied in industrial filtration processes such
as reverse osmosis, microfiltration, ultrafiltration, gas separation
and nanofiltration worldwide [2,3]. The structure of an asymmet-
ric membrane consists of thin, dense skin atop a much thicker
substructure of smoothly graded pore size. The skin provides
the selectivity in filtration or gas separation operations, while
the substructure acts a mechanical support and, sometimes, as a
depth filter as well. Phase inversion begins with the coating (or
casting) of a homogeneous polymer solution onto a substrate;
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then, compositional and/or thermal changes due to mass and/or
energy exchange across boundaries, respectively, cause the coat-
ing to phase separate and invert from a solvent-continuous state
to a polymer-continuous state with interstitial porosity. The most
popular modes of phase inversion are the wet cast, dry cast and
thermally-induced phase separation (TIPS) processes. In the wet
cast process, the imbibition of nonsolvent into the polymer solu-
tion coating (e.g., of a binary or a ternary) from a surrounding
bath drives phase inversion [1]. In the dry cast process, pref-
erential evaporation of more volatile solvent over nonsolvent
from a ternary polymer solution drives the phase separation
[4]. This paper studies the dry cast process, with the specific
aim of documenting micrographic evidence of drying-induced
structural transitions that transform a homogeneous cellulose
acetate/acetone/water solution coating into a solidified, asym-
metric separation membrane.

During the dry cast process, the composition of the coating,
at any particular depth, changes as drying proceeds. One way to
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represent the composition change is by a process path through
a ternary phase diagram; the path begins at the composition of
the as-cast polymer/solvent/nonsolvent solution. Then on dry-
ing, the composition follows a path through the phase diagram,
eventually ending at the pure polymer vertex, with a fourth com-
ponent, viz., the gas or vapor within pores, appearing during the
later stages, which cannot be represented on a ternary plot. A
family of distinct process paths is generally required to represent
the compositional changes at various depths within the coat-
ing [5]. Since 1979 [6], such process path analyses have been
used to theorize phase inversion, complementing experimental
observations on microstructure, chiefly from optical microscopy
(of its evolution) [7] and electron microscopy (of the final, dry
state) [2]. The analysis reduced the non-equilibrium evolution-
ary process to the superposition of depth and time-dependent
compositions, grouped as process path families, over a phase
diagram that included regions of thermodynamic metastability
and instability (liquid–liquid phase separation), gelation, vitrifi-
cation and crystallization (solid-liquid phase separation), if any.
When a process path (at any particular depth in the coating)
enters into the region of thermodynamic metastability or insta-
bility, phase separation and microstructural changes can occur
in order to lower the total free energy of the coating. Nucleation
and growth, and spinodal decomposition are early stage mecha-
nisms corresponding to liquid–liquid phase separation (lowering
of mixing free energy), while coalescence, ripening and hydro-
dynamic flow represent late stage mechanisms that correspond
to coarsening (lowering of interfacial free energy) [8,9]. Phe-
nomena related to lowering of elastic free energy are beyond
the scope of the current work. Several researchers [5,10] have
modeled the heat and mass transfer during drying of ternary
polymer solutions, calculated process paths, and used the anal-
ysis to interpret the final microstructures of phase inversion
membranes. Shojaie et al. [10] calculated the process paths for
the dry casting of cellulose acetate/acetone/water and compared
the paths to morphologies of the final membranes. In particular,
they related the porosity in the final membranes to conditions
that led the process paths, calculated at the free surface and near
the substrate, to cross into the metastable or unstable regions
of the ternary diagram at various speeds. Dabral et al. [5] car-
ried out a more general analysis of process paths in ternary
polymer solutions coatings and demonstrated the effect of the
relative volatilities and diffusivities of solvent and nonsolvent on
the process path families. Their work also revealed correlations
between the final membrane microstructure and its correspond-
ing process path family. These works, while instructive, do not
provide unambiguous and clinching evidence of the evolution
of the multiphase microstructure in the coatings.

Obtaining graphic evidence or ‘snapshots’ of the microstruc-
tural evolution of a dry cast membrane, at different stages of
drying, is a challenging task. In previous attempts, microstruc-
ture evolution has principally been studied with in situ optical
microscopy and light scattering techniques [7,11]. While optical
microscopy is restricted by low resolution, scattering methods
are hampered by the incorporation of several structural assump-
tions to interpret data. Both techniques are inadequate when
electron microscopic resolution at various cross-sectional depths

and widths is required. Freeze-fracture-replication of phase sep-
arating polymer solutions has been used in a limited manner by
Smolders et al. [12,13], Kesting [4] and McMaster [9]. Kest-
ing [4] introduced a spatial variation in the extent of drying in
a trough of solution, froze and lyophilized the frozen solution,
and then imaged replicas by SEM. He showed that dispersed
nonsolvent-rich droplets originate from the parent solution and
develop into a final microstructure consisting of a dense skin
that is composed, at least initially, of slightly ellipsoidal close-
packed nodules of polymer, overlying an intermediate transition
layer of distant closed cells that further lies atop a much thicker,
porous substructure of open-celled (bicontinuous) pores. In con-
trast, the current work uses better-controlled sample preparation
and more direct and thorough imaging methods to systematically
and extensively document microstructure evolution.

The special technique employed in this work to reveal
microstructural evolution in dry cast cellulose acetate mem-
branes is termed by the authors as time-sectioning cryogenic
scanning electron microscopy (cryo-SEM). To visualize the
phase inversion process, microstructure evolution is arrested by
rapidly freezing specimens, which are ostensibly identical when
drying starts (t = 0), at various intermediate stages of their con-
trolled dry cast processing (t = t1, t1, . . .). The frozen samples
are then fractured with control to expose cross-sections, subli-
mated in a limited manner to reveal phase-separated topography,
sputter-coated with a platinum layer to prevent electron charg-
ing and, finally, imaged in the cryo-SEM, with low accelerating
voltages and probe currents, to provide a series of images (cryo-
micrographs) of the time-sections, hence documenting the stages
of evolution as a function of processing time and space. This
work follows many a sustained effort on visualizations of liquid
microstructures, using rapid freezing coupled with cryogenic
scanning and transmission electron microscopies (cryo-SEM,
cryo-TEM) at the University of Minnesota (see [14] for history).
Recently, Huang et al. [15] and Sutanto et al. [16] studied
microstructure development in latex coatings, while Limbert
[17] conducted preliminary studies on the time-sectioning of
dry–wet phase inversion polymeric coatings.

2. Experimental

2.1. Sample preparation with the MFT-CEVS

The apparatus used for sample preparation is known as
the modified flow-through controlled environment vitrification
system (MFT-CEVS). The MFT-CEVS was developed at the
University of Minnesota [18] in collaboration with Technion
University, Israel [19], and provides reproducible samples pre-
pared in a well-controlled manner for cryo-SEM imaging. The
sample preparation procedure is illustrated in Fig. 1. The cylin-
drical MFT-CEVS chamber houses a blade-coating setup, drying
and plunging elements, and temperature-humidity sensors, and
is connected, through ports, to an external, computer-interfaced
environmental control unit that allows air of a controlled temper-
ature, relative humidity and flow rates into the chamber. Besides
ports for airflow, the chamber contains ports for solution pipet-
ting and sample plunging. A cryogen container, placed vertically
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Fig. 1. Schematic representation of sample preparation and imaging procedure for time-sectioning of dry cast processes.

below the plunger, consists of inner and outer compartments
for housing liquid ethane near its freezing point (−183 ◦C) and
liquid nitrogen near its boiling point (−196 ◦C), respectively.
Freezing ethane is chosen as cryogen over boiling nitrogen, as
sample-cryogen heat transfer rates are much higher with sub-
cooled ethane due to nucleate boiling than with nitrogen, where
film boiling occurs [20].

Homogeneous, ternary solutions of water/acetone/cellulose
acetate were prepared by dissolving cellulose acetate powder
(Mn ∼ 60 kDa; CA 394-60S® supplied by Eastman Chemical,
Kingsport, TN), dried at 125 ◦C for 30 min, in acetone (ana-
lytical reagent grade, 99.7% purity, supplied by Mallinckrodt
at Hazelwood, MO) and deionized water. The initial composi-
tion was 10 (wt.%) cellulose acetate, 80 (wt.%) acetone and 10
(wt.%) water. Solutions were used within ca. 10 days of their
preparation. Silicon wafers, polished on one-side, and pre-cut
to dimensions 7 mm × 5 mm × 0.5 mm were obtained from Ted
Pella Inc. (Redding, CA) and used as substrates. The substrates
were notched for fracture, sandpapered, cleaned with acetone,
and surface-modified with a cationic surfactant for enhanced
adhesion between the polymeric coating and the substrate.

A small volume of polymer solution (ca. 60 �l) was pipet-
ted evenly across the substrate width prior to blade-coating. A
blade-gap of 300 �m was used. The specimen was translated, by
a motor-driven pushrod, at a steady velocity of 6.9 mm s−1. A
rectangular blade doctored the solutions into coatings of nearly

uniform thickness, following which the sample was laid onto
a platform for uniform drying by free or forced convection.
The time lapse between the sample’s emergence on the down-
stream side of the blade till shelving on the drying platform
was ca. 2.7 s. The drying platform was located at the end of
a spring-loaded plunging shaft. During free convection drying,
temperatures remained fairly constant (ca. 20–23 ◦C) with rela-
tive humidity below 35%. At specified times during drying, the
plunger was released via a computer-controlled pneumatic valve
and accelerated by the expansion of the compressed spring. On
descent, the holder-sample unit was swiveled through 90 ◦C, by
a deflector blade, to facilitate vertical entry into the cryogen.
This rotation reduced splash of the cryogen and raised cool-
ing efficiency. The sample was removed from liquid ethane and
transferred, in less than 2 s, into liquid nitrogen by hand-held
tweezers; it was stored in liquid nitrogen for at most a week,
until commencement of the cryo-SEM part of the experiment.

In our samples, no ice crystal damage of the microstructure,
from the plunge cooling step, was detected. This was presum-
ably because high tangential entry velocities (measured with
a high-speed camera as ca. 6.0 m s−1) were used, besides the
happenstance of cryo-protection provided by the solvent ace-
tone during early stages (via melting point depression) and an
elastic gel network later on (via mechanical resistance to crystal
growth). As an aside, Zasadzinski [20] had shown that tangential
entry velocities of ca. 2 m s−1, attainable in the course of hand
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plunging, were sufficient to solidify thin, unsupported, aqueous
specimens (of ca. 100 �m in thickness) with little ice crystal
damage. The reader is directed elsewhere [14] for more details
on how artifacts were eliminated and other critical issues of
sample preparation rigorously addressed.

2.2. Visualization with the cryogenic scanning electron
microscope (cryo-SEM)

The steps leading to cryo-SEM imaging are also shown
schematically in Fig. 1. The frozen sample was transferred
from liquid nitrogen storage, in less than 10 s, into the frac-
ture chamber under a gaseous nitrogen purge. Equilibration of
pressure to ca. 10−7 Torr and temperature to below −130 ◦C
occurred within 2 min, after which, the sample was fractured to
expose the cross-section. The fracture plane propagated from
the notched substrate through the entire coating thickness. In
a phase-separated specimen, brittle fracture was anticipated to
create a minor topographical relief due to differences in ther-
mal contraction coefficients, toughness and elastic moduli of
the constituent phases, with the polymer-rich phase appearing
as ‘peaks’ and the polymer-lean phase appearing as ‘valleys’ or
‘depressions’ in the images [21].

After fracture, the sample was transferred into the sub-
limation/sputtering chamber maintained at ca. −143 ◦C.
Sublimation (or etching) was performed to remove any frost
condensed on the fracture cross-section, and create anew or
further accentuate topographical relief on the phase-separated
specimen cross-section by way of a partial removal of the

non-polymeric components, viz., the frozen solvents. The
higher partial sublimation pressures, and hence, rate of volume
loss of solvents in the polymer-lean phase over solvents in
the polymer-rich phase deepened the depressions created from
fracture. This topographical relief translated to significant
electron contrast between the phases during imaging. As
corroborated later by the images, frost formation on the cross-
section in the fracture chamber was negligible and likely due
to the high vacuum. Besides controlled deliberate sublimation
employed whenever required, a limited amount of unavoidable
sublimation accrued merely from brief residence in the fracture
and sublimation/sputtering chambers when the sample was
relocated for sputter-coating before final transfer to the imaging
chamber. The upper bound of residence time in the fracture
and sublimation/sputtering chambers was 4 min, with sample
temperatures ranging between −140 and −130 ◦C, and the
mild increase resulting from sample warming due to sputtering.
Excessive sublimation caused artifacts and was therefore
avoided in general. Time-sections displayed in the main section
of this paper, i.e., in Figs. 2–4, were not subjected to any
deliberate sublimation, with topographical relief being created
exclusively from brittle fracture and the unavoidable, but
limited, sublimation. To eliminate electron-charging effects on
the specimen, a thin (ca. 10 nm) platinum coating was deposited
on the cross-sections by sputtering. Sputtering was typically
performed at ca. 0.1 mbar argon pressure, ca. 25 mA current,
and ca. −140 ◦C temperature. The coated specimens were then
transferred into the JEOL 840 scanning electron microscope
equipped with a cryogenic stage maintained at −175 ◦C for

Fig. 2. Time-sectioning of cellulose acetate dry cast process (grand sequence). Drying times and approximate coating thicknesses are indicated at bottom right.
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Fig. 3. Time-section at 50 s showing plain, holey and honeycomb textures successively along coating width. Top row shows panoramic view, bottom row shows
enlarged views of indicated regions.

Fig. 4. Time-sections at 70 and 85 s of drying (see Fig. 2 also): enlarged views across coating depth.



Aut
ho

r's
   

pe
rs

on
al

   
co

py

S.S. Prakash et al. / Journal of Membrane Science 283 (2006) 328–338 333

imaging. Imaging conditions for all samples were 5 keV with
probe currents of ca. 10−11 A. Secondary electron images
were gathered. Images were gathered under conditions that
minimized beam damage. As in the above section, the reader is
directed to [14] for details on how artifacts were eliminated.

3. Results

Fig. 2 shows the ‘grand’ sequence of time-sectioning micro-
graphs, cryogenic and conventional, with recorded sketches of
corresponding top (or plan) views of whole 7 mm × 5 mm sam-
ples, as seen by the naked eye, at top left, to correlate the micro-
scopic perspective to a macroscopic one. The time-sectioning
images or cryo-micrographs, which lie on the y–z plane, sys-
tematically capture the critical microstructural transitions during
the dry casting of the aforementioned water/acetone/cellulose
acetate solution coatings. The cross hairs on the top view
sketches, which are projections on the x–y plane as seen from the
top, mark the location along the line of fracture where the cross-
sectional images were captured. Drying times (t) and approx-
imate coating thickness (h) are indicated on the micrographs.
While the micrographs at t = 50, 70, 85 s are wet-and-frozen sam-
ples imaged with the cryo-SEM, the one at t > 750 s is the dry
coating (membrane) imaged on the conventional SEM. Images
from time-sections at t < 50 s are not displayed in this sequence;
these solvent-laden specimens appeared optically clear through-
out barring the very edges when viewed from the top, and their
fracture surfaces appeared textureless (see [14] for images at
t = 30 s) excluding those edges. In the images, ‘air-side’ refers to
the air-coating interface whereas ‘substrate-side’ or ‘cast-side’
denotes the coating-substrate interface.

To the naked eye and viewed from the top, the drying coat-
ings turned optically from clear to turbid, and then, to opaque
with time. For the experimental conditions used in this study,
the change from clear to turbid commenced after ca. 30 s, at the
very edges (leading edge, i.e., direction of −x, and two sides
only), and gradually progressed throughout the x–y plane of the
sample. At ca. 50 s, the clear–turbid front appeared, in top view,
as a diffuse U-shaped boundary located conveniently for time-
sectioning. Since turbidity results from the scattering of light in
a phase-separated mixture, visualization of the cross-sectional
region that corresponded to the optical clear–turbid front in the
top view directly provided evidence for the mechanisms of phase
separation at its incipience. At a later time, ca. 70 s, the tur-
bid regions were encroached by a similar (U-shaped) spatial
progression of a turbid–opaque front that was, however, much
sharper than the preceding clear–turbid front. Besides, ‘islands’
of opaque regions also appeared, simultaneously, near the geo-
metric center of the sample. At ca. 85 s, the entire sample had
turned opaque. Images of these time-sections (70 and 85 s) pro-
vided detail of the late stages of phase separation, solidification
and solvents evaporation. In addition to the temporal sequence
of various time-sections, the spatial variation of microstructure
across thickness and width of any given time-section provided
further documentation of microstructural evolution from early
to late stages.

Cryo-SEM images of the time-section at t = 50 s is shown
in Fig. 2a and, in greater detail, in Fig. 3 with the aid of
panoramic and enlarged views. The imaged areas correspond
to the clear–turbid diffuse boundary seen from the top view (see
accompanying sketch). The montage of images captures critical
microstructural transitions across coating thickness and width
during the early stages of phase separation. Electron contrast in
these and subsequent figures result from the topographical relief
created by brittle fracture and brief, unavoidable sublimation that
occurs during sample transfer and sputter-coating. The polymer-
lean regions appear as cavities or depressions, as they contained
the more sublimate (or volatile), low glass transition temperature
components, viz., the solvent and nonsolvent, and little polymer.
The cryo-micrograph montage reveals that, on either side of a
distinct semi-parabolic phase separation front, the fracture sur-
face is textureless (toward left) and holey, i.e., characterized
by holes (toward right). The former corresponds to the still
homogeneous solution (one-phase, known as “sol 1” in Kesting
terminology [2]) where phase separation has not yet occurred,
while the latter corresponds to the solution where nucleation
and growth of polymer-lean or, equivalently, nonsolvent-rich
droplets is underway (“sol 2” in Kesting terminology).

Moving from left to right on the panoramic view shown
in Fig. 3, an evolution of the biphasic microstructure across
space (coating width) becomes evident. Droplets seen near the
parabolic phase separation front appear varied in size in the
enlarged view shown at bottom left of Fig. 2. Though individ-
ual droplets differ in size, the reader must note that as fracture
travels through droplets distributed in 3D space, the size distribu-
tion of holes, in the 2D image, does not necessarily correspond
to the true size distribution of droplets (in 3D space). A few
droplets seem to be coalescing with intervening septae still vis-
ible. Coalescence refers to the merging of two or more adjacent
droplets (of polymer-lean phase, in this study) to form larger
drops, or the overlapping of such droplets growing about nearly
stationary centers to form long ducts. Coalescence, if not arrested
by solidification of the matrix phase, eventually leads to the
establishment of connectivity of the polymer-lean phase thereby
rendering the entire two-phase medium bicontinuous. The right
half of the panoramic image captures precisely this phenomenon.
On moving closer to the edge of sample width, droplets appear
to coalesce with greater frequency, and still beyond, seem to
coarsen further. The coarsening that follows coalescence results
in smoothening of the more viscous struts (of the polymer-
rich phase) to form what appears to be a bicontinuous medium
with a minimum total curvature. Kesting refers to these two
stages as “primary gel” and “secondary gel” [2]. The bicontin-
uous structure resembles an open honeycomb not unlike some
of the periodic minimal surfaces described by Anderson [22].
The mechanism of phase separation that leads to the disper-
sion of droplets could occur either by nucleation and growth,
or in certain circumstances, even spinodal decomposition. This
will be addressed in detail in the next section with the aid
of theoretically-modeled composition paths through a ternary
phase diagram from Dabral et al. [5]. Atop the two-phase struc-
ture (substructure) is an apparently dense region, 1.5–2 �m in
thickness.
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Returning to Fig. 2b–d, images of time-sections at 70, 85 and
>750 s of drying are shown that bear evidence to the appearance
of a distinctly three-tiered microstructure across coating depth.
The location of these images is at the approximate center of
the coating, different from the t = 50 s case that was away from
the center (by less than 30% of the coating width). A progres-
sive decrease of overall coating thickness with drying time is
apparent in the images.

Fig. 4 shows enlarged views of select portions of the t = 70 s
and 85 s time-sections: near the skin and a representative part of
the bottommost tier of the substructure. The t = 70 s time-section
(Figs. 2b and 4i and ii) shows a graded microstructure compris-
ing three distinct tiers across the cross-section. Beneath the thin,
dense skin, a fine nodular layer, less than a third of the coat-
ing thickness, overlies a thicker substructure that more or less
resembles a liquid-filled honeycomb. This interlayer (see Fig.
4i) appears to consist of aggregates of nodules and quite possi-
bly approaching the physical limit of a densified skin at the free
surface, where nodules are the smallest, and possibly least aggre-
gated and closest packed, with ‘pores’ (inter-aggregate voids)
nearly reduced to free volume between polymer chains. To the
naked eye and viewed from the top, opaque islands are manifest
on the sample in addition to the encroaching turbid–opaque front
moving inward from the edges. The refractive index difference
between air and the condensed phases suggests that the observed
opacity likely results from a replacement of a portion of the
polymer-lean phase with solvent vapors or air. The substructure
of this time-section that resembles a honeycomb, in morphol-
ogy, is shown enlarged in Fig. 4ii. This image shows shallow
gray pockets or valleys that represent the partially removed
polymer-lean phase. These pockets are enclosed within brighter
walls or peaks that represent the polymer-rich phase. The walls
appear brighter due to enhanced secondary electron scattering
from higher relative elevations. The proximity of neighboring
liquid-filled pockets to one another suggests that this region is
probably in the midst of coalescence processes and further coars-
ening, and not much different from phenomena seen in Fig. 3.
Vaessen et al.’s work [23] with in-plane stress measurement of
drying water/acetone/cellulose acetate coatings under similar
conditions, using a cantilever technique, demonstrated that stress
due to frustrated shrinkage appears first when the coating turns
turbid. As this corresponds to a drying time between 50 and
70 s under experimental conditions used in this work, it is very
likely that the polymer-rich phase, seen in Figs. 2b and 4i and ii,
possessed elasticity significant enough to be termed a ‘gel’.

After 85 s of drying, the entire coating appears opaque.
The cryo-micrograph Fig. 2c and the corresponding enlarge-
ments of Fig. 4iii and iv show further accentuation of the
three-tiered microstructure described in relation to the preced-
ing time-section (i.e., the t = 70 s case). The air-coating inter-
face is sharply defined by a thin, apparently dense skin. The
skin overlies a seemingly fine and partly consolidated, nodu-
lar interlayer that further lies atop a well-developed honeycomb
network. The honeycomb network appears to be comprised of
both open and closed cells. Open cells refer to those pock-
ets of polymer-lean phase, rendered contiguous by rupture of
intervening polymer-rich septae. Closed cells, by definition, are

unconnected polymer-lean pockets where intervening septae are
yet to rupture and/or possess mechanical strength sufficient to
offset stresses that arise during coalescence. The cells of the net-
work, that justifiably may be referred to as ‘pores’ from hereon,
appear compressed in the thickness dimension, taking on a more
ellipsoidal shape in comparison to their original spheroidicity.
Vaessen et al.’s deflection measurements [23] showed that in-
plane stresses rise considerably as the coating turns opaque,
confirming the onset of solidity of the polymeric network. The
complete opacity in visual appearance suggests that the pore
space may be filled with air or solvent vapors, at least in part.
The cryo-micrographs (Fig. 4iv) show evidence for an unsatu-
rated pore space in the lower structural tier; the polymer-lean
phase appears as both gray (liquid-filled) and dark (gas-filled)
regions. Of the upper tiers, the interlayer appears to be ca. 3 �m-
thick and in a more consolidated state than the corresponding
layer of the previous time-section, presumably due to capillary
collapse of pore space, topped by the dense skin ca. 0.1 �m in
thickness.

Fig. 2d shows the final dry coating—an asymmetric mem-
brane. The coating was partially delaminated from the substrate
due to adhesive failure. Bicontinuity of the porous substruc-
ture was verified by stereomicroscopic visualization in three
dimensions. Stereomicrographs are presented in Fig. 5; read-
ers may view them with special glasses available commercially
(e.g., Rainbow Symphony Inc.®). The dry coating or membrane,
imaged by conventional SEM (Fig. 2d), shows the final state of
the three-tiered microstructure—the dense skin, also visible in
the top view, overlying the nodular interlayer and the honeycomb
bottom layer. The pores of the honeycomb appear highly elon-
gated in the plane of the substrate, suggesting a corresponding
peaking of stress during the final drying step. The densifica-
tion of the skin may have been compounded by capillarity and
greater swelling of the polymer CA in water, which facilitates
interdiffusion of chains, as discussed in the section below.

4. Discussion

Process path analyses from Dabral’s research [5] are
employed to augment the rationale for evolution of the three-
tiered cellulose acetate membrane microstructure as visualized
by time-sectioning cryo-SEM of the dry cast process. Strath-
mann et al.’s cloud point curve [24], measured by turbidimetry,
and which identifies a liquid–liquid miscibility gap, is used here.
The accuracy of this boundary was corroborated independently
by others [25]. An arbitrary linear gelation boundary is sketched,
extrapolated from a binary viscosity measurement [26]. Though
the gelation boundary is assumed to be linear here, it may likely
possess a slight concavity toward the solvent vertex, as the
decrease in solvent quality usually lowers the polymer concen-
tration required for sol–gel transition. A vitrification boundary
is also drawn, based on the Kelley–Bueche theory [27]. Owing
to faster kinetics, it is recognized that liquid–liquid demixing
would be far more dominant than solid–liquid demixing within
the miscibility gap. However, it is plausible that the polymer-
rich phase of phase-separated cellulose acetate solutions may
possess some crystalline order, where the hydrophilic polymer
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Fig. 5. Stereomicrographs of dry coating or membrane. View in color with stereoglasses. Image is rotated by 45◦ to accentuate three-dimensionality.

is loosely bound by water and acetone molecules. The initial
thickness used in Dabral et al.’s model, of 250 �m, was differ-
ent from that used in this work (ca. 150 �m). Nevertheless, paths
at four representative locations or coating depths, viz., paths at
the top, base and suitable intermediates, are extracted from their
work to develop a qualitative rationale of how microstructure
evolves in the drying coatings described in this paper.

In the reference frame of the coating cross-section sketched
in Fig. 2c, a non-dimensional, time-independent coating depth
(ζ) may be defined as ζ = z/h, where h is the coating thickness
at any instant and z is the distance along the thickness dimen-
sion. Composition paths at four depths are extracted for analysis
from [5]—the depths being representative of the tiers display-
ing a distinct microstructure: (A) ζ = 1 (top, dense skin), (B)
ζ = 0.95 (nodular interlayer), (C) ζ = 0.44 (approximate loca-
tion of base or substrate side in this work, corrected for initial
coating thickness) and (D) ζ = 0 (the base location in Dabral’s
work). The extracted process paths are superposed on the con-
structed phase diagram (Fig. 6). Fig. 6 shows that the path at the
top (A) crosses the hypothetical gelation boundary outside the
cloud point curve in less than 15 s. This path is responsible for

the appearance of the thin, dense skin. The nature of polymer
architecture within the skin is not directly viewable or deducible
from the cryo-micrographs presented in this work. The interlayer
and the location of process paths just beneath the top (B), how-
ever, offer important clues. At 50 s, the microstructure across the
cross-section appears largely bi-layered, whereas, after 70 s, the
microstructure has gained a tri-layered or three-tiered appear-
ance, with a nodular interlayer distinctly manifest. The structure
of the interlayer resembles Kesting’s ‘nodular aggregates’, com-
posed of fundamental structural units called ‘nodules’ that could
also constitute the skin in unaggregated form [2]. As Schultz and
Asunmaa [28] and others pointed out, nodules may be regions
of ordered polymer, ca. 200 Å in diameter and not fully crys-
talline, that, partly due to the hydrophilicity of the polymer,
may be comprised of water/acetone/cellulose acetate complexes.
Also, Reuvers et al. [29] showed that the presence of acetone
led to greater chances of aggregate formation than when other
solvents such as dioxane and tetrahydrofuran were used, affirm-
ing the possibility that observed nodules may consist of various
molecular arrangements of the solvent (acetone) and nonsolvent
(water) with the polymer (cellulose acetate).
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Fig. 6. Compositional evolution using Dabral model. A and B are process paths near the top (air-side), while C and D are paths near the (substrate-side).

In Fig. 6, paths between A and B seem to enter a region
where three-phases may well coexist—an equilibrium between
solid and the two liquid phases. This was theoretically described
by van de Witte et al. [30], who superposed solid–liquid demix-
ing curves on liquid–liquid demixing curves and marked regions
of three-phase equilibria. It is suggested that the plausibility of
a narrow three-phase region, and competing liquid–liquid and
solid–liquid demixing kinetics may well explain unique obser-
vations pertaining to the cellulose acetate ternary system, and
specifically the occurrence of a microstructurally-distinct nodu-
lar interlayer.

Process paths C and D, representative of the bulk of the sub-
structure, i.e., the bottommost tier or base of the coating, cross
into the liquid–liquid demixing gap outside the gelation zone.
They enter deeper into the demixing gap and closer to the appar-
ent critical or plait point, traversing at slower rates than paths
nearer the top, taking longer than 50 s to cross the cloud point
curve. Cryo-micrographs of early time-sections show that nucle-
ation of polymer-lean or nonsolvent-rich droplets is facilitated
beneath the free surface after ca. 50 s of drying. Droplet growth
occurs apparently by diffusion, coalescence, shrinkage of the
polymer-rich matrix, and possibly, Ostwald ripening. Coales-
cence of neighboring droplets eventually leads to the percola-
tion of the polymer-lean (droplet) phase, rendering the medium
bicontinuous. Further coarsening seems to follow, to minimize
interfacial curvature and free energy by diffusion and hydro-
dynamic flow through interconnected channels, as suggested by
the apparent “rounding off” of polymer-rich struts, to yield what
resemble periodic minimal surfaces (see bottom row enlarge-
ments of Fig. 3).

It is instructive to consider why no spontaneous growth of
bicontinuous phases is observed along the bottommost tier of
the coating, which forms the bulk of the substructure, albeit the

likely entry of process paths C and D into the spinodal gap. The
plausible occurrence of a spinodally-initiated nucleation phe-
nomenon of polymer-lean droplets is explained here, drawing
on concepts developed by Tanaka [31], and Zeman and Fraser
[26]. It is suggested that the kinetic barrier to the ‘undiffusive’
process of spinodal decomposition suppresses the formation of
a bicontinuous network, wherein roughly equally-sized, inter-
penetrating microphases are expected [32]. The diffusive flux
for spinodal decomposition or ‘undiffusive flux’ may be written
as the product of mobility and a (chemical) free energy driving
force [8,9]; therefore, the growth of the polymer-rich portion of
the composition fluctuation is probably severely limited by the
chain length or molecular weight of the polymer. In a concep-
tually similar example, Zeman and Fraser [26] explained how
longer chains of polymer in the surrounding matrix could slow
down the growth of nucleated droplets. It is suggested here that
this mobility-dependent resistance to the ‘undiffusive’ growth of
the polymer-rich portion of the fluctuation does not impede the
complementary ‘undiffusive’ growth of the polymer-lean phase.
Since the creation of a polymer-lean phase is favored thermody-
namically, as well as kinetically, droplets form spontaneously.

In principle, such a spinodally-initiated nucleation process is
different from conventional nucleation and growth in the sense
that, in the latter, spontaneous fluctuations are not favored ener-
getically (chemically) and an interfacial energy barrier needs
to be overcome for the droplet phase to grow. While diffu-
sive growth of droplets, in conventional nucleation and growth,
occurs at a fixed concentration given by the minimum in the free
energy curve, it is suggested that the ‘undiffusive growth’ of
droplets, in a spinodally-initiated nucleation and growth process,
occurs spontaneously, wherein the droplet phase concentration
(amplitude of the composition fluctuation) gradually evolves
toward the free energy minimum. It is unclear but certainly
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Fig. A1. Effect of sublimation in unraveling microstructure of phase separated coating during drying.

plausible that elastic energy, also, may further suppress the
development of the polymer-rich phase, as Cahn had suggested
occurs in some metallic systems [8]. More recently, Tanaka
[31] demarcated regions within the spinodal where a dispersion
of one phase within the matrix of another is possible, thereby
shrinking the area where bicontinuous microphases are expected
to be manifest.

It is also worth mentioning the work of Nunes and Inoue [33],
who claimed to have detected spinodal decomposition in similar
cellulose acetate starting solutions, undergoing wet phase inver-
sion, with light scattering. A clear distinction must be drawn
between dry and wet phase inversion systems in this regard. In
the wet cast process, composition paths enter much deeper into
the unstable region and also much faster than in the dry cast pro-
cess. Water concentrations within the system reach much higher
levels in wet processes. The driving force for uphill diffusion
or undiffusion in deeper quenches is greater and could possibly
offset kinetic resistance.

The observations of nodular structures in amorphous poly-
meric systems also deserves mention here. While arguments
discussing the formation of the nodular interlayer, in earlier para-
graphs, invoked the propensity of partial crystallization, nodules
seen in amorphous polymeric systems undergoing phase inver-
sion suggest that other factors, possibly, coarsening effects such
as viscous flow driven by interfacial tension, described lucidly by
McMaster [9], may also be responsible for the formation of nod-
ules. Nucleation and growth of the polymer-rich phase within
a polymer-lean matrix is highly unlikely, owing to the remote-
ness of the location of the corresponding region of metastability
in the ternary phase diagram in relation to probable process
paths.

5. Conclusions

Time-sectioning cryo-SEM offers a direct, high-resolution
view of evolution of microstructure during phase inversion pro-
cessing. The microstructural evolution in ternary solution coat-
ings of water/acetone/cellulose acetate was documented using
this technique. The asymmetric microstructure is three-tiered,

and comprising a thin, dense skin, an intermediate nodular layer
and a thicker, porous substructure resembling an open honey-
comb. Time-sectioning cryo-micrographs indicate that the skin
possibly results from gelation prior to phase separation. The
nodular interlayer may arise from a liquid–liquid–solid phase
separation mechanism. The open honeycomb appears to result
from the nucleation and growth of polymer-lean droplets, plau-
sibly initiated by a spinodal mechanism within a polymer-rich
matrix that may contain microcrystalline junctions. The droplets
grow, undergo coalescence and further coarsening into an open
honeycomb that bears close resemblance to some of Anderson’s
periodic minimal surfaces.
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Appendix A

Fig. A1 shows how the two-phase microstructure in a par-
tially dried sample is unveiled by the controlled sublimation
of its time-section. Sample preparation was slightly different
from those of Figs. 2–5. An 18–24 �m-thick platinum layer was
deposited on the air-side before fracture, to seal the air-side, and
thereby, limit sublimation only to the cross-section. The seal pro-
vided an electron conduction path as well, and the sample was
imaged without further sputtering on the cross-section. While
this example demonstrates how successful sublimation creates
desirable topographical relief in the frozen specimen, by a selec-
tive removal of the vaporizable polymer-lean phase, examples
showing undesirable artifact formation, from poorly controlled
sublimation, are presented elsewhere [14].
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Nomenclature

h coating thickness (�m)
t drying time (s)
z thickness dimension; z = 0 denotes the

sample–substrate interface, and z = h denotes the
air-side free surface

Greek symbol
ζ time-independent coating thickness (=z/h)
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