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Abstract

Membrane formation using a compressed antisolvent is analogous to conventional immersion precipitation using liquid nonsolvents and
introduces pressure as an additional variable for tailoring the membrane microstructure. Thin films of a semicrystalline polyamide, Nylon 6,
were precipitated from 2,2,2-trifluoroethanol by exposing the incipient membrane to compressed CO, antisolvent at 35°C and variable
pressures up to 173.4 bar. Membrane structures dominated by liquid—liquid (L-L) and solid-liquid (S—-L) demixing processes were
observed as a function of precipitation conditions. Interpretation of the resulting membrane morphologies was based on structural features
observed for traditional phase inversion processes and reflected the relative rates of L—L and S—L demixing as a function of the pressure-
dependent strengths of the solvent and antisolvent. The ability to tailor the morphology of a semicrystalline membrane using compressed
antisolvent suggests an alternative to current CO,-based polymer impregnation techniques, which require solute solubility in CO,, for the

generation of composite thin films and membranes. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Compressed or supercritical fluids are finding increasing
application as solvents for polymer processing based on
their ability to achieve desirable morphologies while
eliminating or reducing the use of traditional organic
solvents. Precipitation from droplets using a compressed
antisolvent (PCA), for example, has been used to generate
monodisperse, sub-micron microspheres of biodegradable
polymers with potential application to controlled drug
release [1-3]. Additional structures such as porous fibers
and microfibers have been obtained by altering the condi-
tions at which the dissolved polymer is contacted with the
compressed antisolvent [4—6]. Compressed antisolvent
processes, which commonly employ CO,, make use of the
low solubility of most high molecular weight molecules in
compressed or supercritical CO, and the high mutual affinity
of CO, for a range of organic solvents. General advantages
of PCA include the ability to tune the antisolvent strength
with temperature and pressure, the recovery of a dry poly-
meric product following depressurization, and the ease of
organic solvent recovery relative to traditional liquid—liquid
nonsolvent processes. Compressed or supercritical CO,
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(T, = 31.1°C, P, = 73.8 bar) offers the additional benefits
of being nonflammable, nontoxic, environmentally accept-
able, inexpensive and having a mild critical temperature for
the processing of thermally-labile compounds.

PCA is characteristically a rapid precipitation process
resulting in high product yield. The simultaneous diffusion
of the antisolvent into the organic phase and the evaporation
of the organic solvent into the bulk antisolvent are enhanced
by the gas-like diffusivities of the near-critical fluid and the
density reduction of the expanded organic phase [5]. This
rapid precipitation process has been used to obtain novel
bulk morphologies (such as monodisperse sub-micron parti-
cles) as well as nonequilibrium molecular-level morpholo-
gies (e.g. in immiscible polymer blends [7]).

Although PCA is typically conducted by spray contacting
the dissolved solute and the compressed antisolvent, the
potential to obtain unique thin film and membrane morphol-
ogies suggests the utility of casting dissolved polymeric
solutions in the presence of a compressed antisolvent.
Several aspects of this process to the potential variation of
morphology: the rapidity of the precipitation process, the
tendency of compressed CO, to swell and plasticize poly-
mers, and the ability to quickly depressurize the system to
lock in a structure. The latter two phenomena have been
employed to foam polymers [8], blend polymers [9], and
impregnate solutes in polymeric films [10,11] in the
presence of compressed CO,. Thus compressed CO, may
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provide a flexible and benign environment for membrane
formation and the subsequent modification of the film.

Membrane formation using a compressed antisolvent is
analogous to traditional phase inversion membrane forma-
tion by immersion precipitation. Immersion precipitation
consists of casting a thin film of the dissolved polymer on
an inert substrate and immersing this substrate in a bath
containing a nonsolvent with respect to the polymer.
Rapid exchange of the solvent and nonsolvent results in
diffusion-induced phase separation, and ultimately
membrane formation. The time scale of this two-way
mass transfer dictates the demixing mechanisms that are
accessible to the polymer/solvent/nonsolvent system. The
resulting morphology is largely determined by the dominant
demixing process at the onset of membrane formation [12].
Polymer/solvent/nonsolvent phase diagrams have been used
to interpret membrane morphology as a function of precipi-
tation conditions in traditional liquid immersion precipita-
tion processes, with appropriate consideration of kinetic
factors as well [13]. The presence of structural gradient
features, such as a dense nonporous top layer, is often
strongly indicative of the time scale of demixing (i.e.
delayed versus instantaneous demixing) [14].

The ability to vary membrane pore size, pore structure,
crystallinity, and gradient features is crucial for the tailoring
of selectivity and permeability to specific applications. In
immersion precipitation, variables traditionally used to
control membrane morphology include the composition of
the casting solution, the strength of the nonsolvent bath, and
the precipitation temperature. The substitution of
compressed or supercritical fluid for the traditional liquid
nonsolvent phase allows for the tuning of antisolvent
strength (density) by means of pressure. Thus, the use of a
compressed or supercritical fluid antisolvent introduces the
pressure of the antisolvent phase as an additional variable by
which to influence the demixing process and control the
membrane morphology.

This paper examines our ability to vary morphology in
flat-sheet membranes as a function of processing conditions
using compressed CO, as an antisolvent. The polymer
chosen for this study, Nylon 6, is a rapidly crystallizing
aliphatic polyamide. The solvent and antisolvent used
were 2,2,2-trifluoroethanol and compressed carbon dioxide
(CO,), respectively. Phase equilibria of this ternary system
have been shown to exhibit both liquid—-liquid (L-L) and
solid—liquid (S-L) demixing [15]; in addition, CO, is
completely miscible in TFE at temperatures between 298
and 373 K and pressures ranging from 1 to 400 bar [15]. The
solubility of Nylon 6 in CO, at the same conditions is negli-
gible, making CO, an appropriate antisolvent for Nylon 6/
TFE solution. The polymer/solvent/antisolvent system was
chosen so as to maximize the potential for producing
membranes with both L-L and S—L demixing characteris-
tics, and to investigate the feasibility of altering the
dominant demixing mechanism with variations in pressure
and pressure profile (see Section 2.2). The morphology of

these membranes is interpreted using descriptions that
parallel the analysis of morphological features observed
for traditional phase inversion membranes.

2. Materials and methods
2.1. Materials

Nylon 6 was obtained from Aldrich Chemical in pellet
form. Nylon 4,6 was obtained through the courtesy of DSM
Engineering Plastics, also in pellet form. The solvent, 2,2,2-
trifluoroethanol, (99.5 + %, NMR Grade; density 1.373 g/
ml) was purchased from Aldrich Chemical. High purity
carbon dioxide (99.99%) was obtained from AGA Specialty
Gas. Ultra high purity grade nitrogen was purchased from
Scott-Gross Co. Inc.. All reagents were used without any
further purification.

2.2. Experimental procedures

Nylon 6 and Nylon 4,6 pellets were dried in vacuo at
approximately 80°C and placed in a desiccator prior to
use. A 15 wt% Nylon 6 polymer solution was prepared by
dissolving an appropriate amount of Nylon 6 pellets in
2,2,2-trifluoroethanol. The mixture was capped and stirred
with a magnetic stir bar overnight to ensure dissolution. A
thin film was cast onto a glass microscope slide using a
Doctor’s blade at conditions that resulted in a final
membrane thickness ranging from 150 to 250 pm. The cast-
ing process was performed in a self-constructed glove box
purged with nitrogen gas to avoid contact of the polymer
with ambient humidity. After the film was cast, the glass
slide was immediately transferred to a pressure vessel (Fig.
1; 100 ml Parr® Series 4590 Micro Reactor) and assembled
in a glove box. After the pressure vessel was sealed under
nitrogen environment, CO, was introduced into the reactor
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Fig. 1. Schematic view of the experimental set-up used for the formation of
nylon membranes in the presence of compressed CO,.
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at 6.9 bar/min using a syringe pump (ISCO® Model 500D).
The temperature of the pressure vessel was controlled by a
Parr® Model 4842 PID controller and held at approximately
35°C throughout all of the experiments in this study. After
the desired pressure was reached, it was held for 30 min. At
the end of the experiment, the vessel was depressurized at a
rate of approximately 6.9 bar/min. As soon as the depres-
surization process was completed, the resulting white,
opaque membrane was collected from the pressure vessel.

Two distinct variations of this technique were as follows:
(i) preconditioning of the cast solution in the presence of
compressed CO, at reduced pressure and (ii) casting and
precipitation of the membrane in the presence of liquid
TFE in the pressure vessel. The first variation, precondition-
ing with CO,, involved ramping the CO, pressure at a
constant rate to a level below that required for membrane
formation (28.6 bar or 56.2 bar), holding at this condition-
ing pressure for 30 min, and then increasing the system
pressure to the final desired value. The second variation,
casting in the presence of liquid TFE, required the introduc-
tion of approximately 1 ml TFE into the bottom of the vessel
prior to closure and pressurization. A standard pressure
cycle was then used to form the membrane, as described
above.

The membranes were prepared for SEM analysis by first
fracturing them in liquid nitrogen. The fractured membrane
samples were then mounted vertically on aluminum stubs
using double adhesive carbon conductive tabs (Ted Pella)
and coated with Ni in an Emscope SC400 sputter-coater
under an Ar atmosphere. A Hitachi S-3200N scanning elec-
tron microscope (SEM) at an accelerating voltage of 10 kV
was used to obtain digital images of the samples. Care was
taken in membrane handling and mounting in order to
clearly distinguish between the top surface of the membrane
(surface in contact with the antisolvent phase) and the
bottom surface of the membrane (surface in contact with
the glass substrate). The SEM micrographs presented
below depict representative samples from duplicate runs
for each experimental condition.

3. Results and discussion

The morphology of phase inversion membranes is
governed by the simultaneous thermodynamic and kinetic
events that lead to precipitation. These events can be repre-
sented by mass transfer pathways overlaid on a ternary
phase diagram (see Fig. 2) [14,16—17]; this approach and
its underlying assumptions have been reviewed extensively
by van de Witte and coworkers [17]. Assuming an infinite
film thickness, the mass transfer pathways reflect both the
composition of a specific element in the cast solution as a
function of time as well as the range of compositions across
the cast solution (i.e. from the film-nonsolvent interface to
the support) [17]. As shown in Fig. 2, the representative
mass transfer pathways can provide a qualitative description

Polymer

Solvent B Nonsolvent

Fig. 2. Schematic representation of possible demixing mechanisms during
membrane formation. Region I: Homogeneous solution. Line AB: S-L
demixing boundary. Line CD: Binodal envelope. Tie line (— — —). Path
X (——): Composition path showing the composition of the nascent
membrane crossing the binodal envelope under strong nonsolvent condi-
tions, inducing instantaneous demixing; Path Y (------ ): Composition path
suggesting a formation mechanism dominated by crystallization (S—-L
demixing), typically occurring in ‘soft’ baths that favor delayed demixing;
PathZ (----- ): Composition path for a metastable casting dope, as indi-
cated by the composition of the solution near the support (®) (adapted from

[17]).

of the effect of initial polymer casting concentration and
solvent and nonsolvent strength on the precipitation events
and resulting membrane morphology [17].

The morphological features observed in semicrystalline
polymeric membranes formed by phase inversion techni-
ques often reflect competition between L—L demixing, lead-
ing to smooth, cellular pores; and S—L demixing, leading to
jagged or spiny structures that are more interconnected in
nature. The dominant precipitation mechanism is not neces-
sarily the one that is thermodynamically favored [13], and
this highlights the interplay between the kinetic and thermo-
dynamic processes operative during membrane formation.
For example, precipitation may result from L-L demixing
even though crystallization is more thermodynamically
favored [18], as represented by composition pathway X in
Fig. 2. Although some portion of the incipient membrane is
metastable with respect to crystallization, compositions in
the L-L two-phase region are reached via rapid mass trans-
fer before the polymer chains are able to crystallize. In
general, the resulting morphologies can be the product of
simultaneous L—L and S—L demixing, or a variety of crys-
talline-shaped substructures captured at different stages of
morphological development [19-21].

The demixing processes described above result in the
porosity associated with membrane structures. In addition,
uniform dense films of the polymer can be formed by
evaporation of the solvent directly into the external phase.
From initial experiments, it was observed that a porous
membrane could not be formed below a CO, pressure of
56.2 bar. Instead, a dense film was formed, consistent with
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the evaporation of the solvent (TFE) into the compressed
CO, vapor phase. The pressurization, venting, and depres-
surization procedures for these experiments were identical
to those used in subsequent higher pressure studies, and it is
unclear which step of the cycle was responsible for the
solvent evaporation. However, this result indicates that the
compressed CO, lacked the strength to be an effective anti-
solvent at pressures below ~56.2 bar. As such, it can be
concluded that the features obtained by exposure to higher
CO, pressures were due primarily to the phase inversion that
occurred at these elevated pressures, and were not formed
during the subcritical ramping step.

The potential exists for additional processes that might
alter membrane structure after initial formation e.g. CO,-
induced crystallization of the polymer, or CO,-assisted-
foaming during depressurization. CO,-induced crystalliza-
tion has been reported for polymers such as polycarbonate,
polystyrene, poly(aryl ether ether ketone) and poly(ethylene
terephthalate) [22—25], and the properties of CO, as a foam-
ing agent have been exploited to produce microcellular
polymeric foams, primarily of amorphous polymers [8].
Several experiments were performed to ensure that such
post-formation processes did not significantly influence
the membrane structures observed in our studies. The possi-
ble occurrence of additional, CO,-induced crystallization
after membrane formation was investigated by varying the
sample hold time at elevated pressure. No evidence of addi-
tional or altered crystalline microstructure was observed in
these experiments. The ability of CO, to foam films of
semicrystalline Nylon 6 was examined by forming dense
films of the polymer by evaporation, exposing these films
to high pressure CO, (104.4 bar) for either 30 min or 15 h,
and then rapidly depressurizing over 10 min. Neither
sample exhibited any evidence of foaming as a result of
the CO, exposure and rapid depressurization.

The membrane pore structure, gradient features, and
surface characteristics were interpreted as a function of
the rate and extent of CO, pressurization for each membrane
formed. The properties of a Nylon 6 membrane precipitated
from a 15 wt% casting solution at a pressurization rate of
6.9 bar/min (final pressure = 104.4 bar) served as a refer-
ence for comparison of membrane features as a function
of precipitation conditions. System temperature was nomin-
ally 35°C, although the temperature was not well-controlled
during the pressurization and depressurization processes,
and ranged between 28 and 40°C. The various experimental
conditions and corresponding membrane micrographs are
outlined in Table 1.

The cross section of a membrane formed at the reference
conditions (constant pressurization rate to a final pressure of
104.4 bar) displays a uniform structure comprised of cellu-
lar pores with a diameter of approximately 0.4 microns (Fig.
3a and b). This structure indicates L-L demixing as the
dominant mechanism of membrane formation. The fine
spiny structures at the periphery of the pores suggest that
crystallization rapidly followed the L-L demixing, locking

in the cellular structure (Fig. 3b). Similar observations of
initial L—L nucleation and growth, followed by crystalliza-
tion have been reported for immersion precipitation
membranes prepared form rapidly crystallizing polylactides
[26]. The membrane top surface displays an even distribu-
tion of (0.4 wm) pores (Fig. 3c), again consistent with L—L
demixing as the dominant mechanism of membrane
formation.

The absence of gradients over the cross section of the
membranes provides insight as to the relative rates of
mass transfer during membrane formation. The membranes
cast in the presence of compressed CO, lacks a dense skin
layer at the top surface. This is consistent with a delayed
demixing process at the film-antisolvent interface [14], as
opposed to instantaneous demixing as is typically encoun-
tered in the presence of a strong antisolvent phase.
Membranes formed by instantaneous demixing are charac-
terized by markedly asymmetric cross sections, and may
display nodular toplayers [27—28], as well as large macro-
voids in the membrane substructure. None of these features
associated with rapid demixing were observed for the
membrane formation conditions studied here.

The lack of structural gradients in the membranes formed
with compressed CO, suggests rapid diffusion of the anti-
solvent into the solvent—polymer cast, with the formation of
a uniform metastable liquid film prior to the onset of demix-
ing. This may be influenced to some degree by the pressur-
ization process itself, which is not instantaneous and which
is limited by the experimental apparatus. The membrane
precipitation time scale in the metastable film is sufficiently
rapid to favor L-L demixing, and the emergence of a
cellular morphology prior to the onset of crystallization.

The membrane produced by increasing the final system
pressure to 173.4 bar (Fig. 4) is similar to the membrane
generated at 104.4 bar (Fig. 3). Although the pore sizes
are comparable, the cellular character of the membrane
produced at higher pressure is somewhat more pronounced.
Previous investigators have observed that strong antisolvent
conditions favor L-L demixing in rapidly crystallizing
polymer systems [19]. The observed increase in L-L
demixing characteristics for membranes generated at higher
pressures is consistent with the increased antisolvent
strength of CO, at these pressures.

The failure to observe more significant changes in
membrane structure with final pressure may be a reflection
of two factors. First, Nylon 6 is a rapidly crystallizing poly-
mer, and the potential variation in crystallization time scale
with nonsolvent strength may be too small to affect an
observable change in membrane structure. Second, pressur-
ization is limited to ~7 bar/min, due to the constraints of the
experimental apparatus. Therefore, the membranes were, in
fact, subjected to a gradual change in the antisolvent
strength as the final pressures were approached, and the
full impact of that change on the demixing mechanism
may be reduced as compared to an instantaneous
pressurization.
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Experimental conditions and resulting membrane morphologies as observed by scanning electron microscopy
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Fig. no.  Final hold pressure (bar)  Preconditioning pressure (bar) Excess TFE =~ Membrane morphology (SEM) Dominant demixing mechanism

3 104.4 - No Cellular pores L-L

4 173.4 - No Cellular pores L-L

5 104.4 28.6 No Tighter pores; decreased pore L-L
interconnectivity

6 104.4 56.2 No Pores with increased L-L
interconnectivity

7 104.4 28.6 Yes Large crystallites S-L

8" 104.4 - No Small, cellular pores L-L

? Membrane formed from 9 wt% Nylon 4,6 solution in TFE; precipitated in an antisolvent environment of 104.4 bar.

Fig. 3. SEM micrographs of a semicrystalline membrane formed from 15 wt% Nylon 6 solution in 2,2,2-trifluoroethanol (TFE); precipitated in an antisolvent
environment of 104.4 bar CO,. (a) cross section, 450 X . (b) cross section, 4000 X . (c) top surface, 4000 X .
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Fig. 4. SEM micrograph of Nylon 6 membrane precipitate in an antisolvent
environment of 173.4 bar CO, (cross section, 4000 X ).

Changing the solvent strength of the casting solution
through the addition of a small amount of nonsolvent is a
technique used to manipulate the microstructure of
membranes formed by phase inversion. Preconditioning
cast films at a CO, pressure below the precipitation pressure
represents the equivalent modification of solvent strength
for CO,-induced membrane formation. The effect of precon-
ditioning on membrane formation was investigated by
exposing cast films to pressurized CO, at 28.6 or 56.2 bar
for 30 min prior to pressurization to the final conditions. The
pressure profile for these preconditioned membranes
consisted of (a) increasing the CO, pressure to 28.6 or
56.2 bar at a constant rate of 6.9 bar/min, (b) maintaining
this intermediate pressure for 30 min, and (c) ramping to the
final pressure of 104.4 bar and holding for 30 min before
depressurization and recovery of the membrane.

The effect of preconditioning at 28.6 bar prior to final
pressurization to 104.4 bar is shown in Fig. 5a. The precon-
ditioned membrane has a tighter pore structure than the
corresponding film formed by direct pressurization (refer
to Fig. 3b); the preconditioned membrane is characterized
by decreased pore interconnectivity and a less cellular struc-
ture. The top surface of the preconditioned membrane (Fig.
5b) has tighter pores and a higher pore density relative to the
membrane formed by direct pressure ramping (Fig. 3c). In
contrast, a preconditioning pressure of 56.2 bar (Fig. 6a and
b) results in a pore structure similar to that obtained by
direct pressurization, with greater cellular character and
pore interconnectivity. Increasing the final system pressure
to 173.4 bar in conjunction with the respective precondi-
tioning pressures had no apparent effect on the membrane
structure (SEM micrographs not shown).

Membrane formation following conditioning with low

Fig. 5. SEM micrographs of Nylon 6 membrane formed with a CO, precon-
ditioning pressure of 28.6 bar (30 min) and a final hold pressure of
104.4 bar. (a) cross section, 4000 X . (b) top surface, 4000 X .

pressure CO, (28.6 bar) is analogous to the phase inversion
technique of creating an incipient dope, which is slightly
supersaturated with respect to S—L demixing [19]. Such
dope compositions contain an increased number of sub-
critical aggregates (nucleation sites with respect to crystal-
lization). The phase inversion membranes resulting from
these dopes often display an increased presence of crystal-
lite structures surrounding the irregular cellular pores
formed by the early stages of L—L phase separation [19].
At this preconditioning pressure, the decreased pore size
suggests an increased amount of CO, present in the incipient
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Fig. 6. SEM micrographs of Nylon 6 membrane formed with a CO, precon-
ditioning pressure of 56.2 bar (30 min) and a final hold pressure of
104.4 bar. (a) cross section, 4000 X . (b) top surface, 4000 X .

dope, which is consistent with the phase behavior observed
for CO,-expanded organic solvents [29]. This higher
concentration of CO, could result in a more rapid crystal-
lization process, freezing the initial structures formed by
L-L demixing at an earlier stage of phase separation.

The greater concentration of CO, dissolved in the cast
film at a preconditioning pressure of 56.2 appears to have
heightened the importance of L-L demixing leading to
membranes with more pronounced cellular character and
pore interconnectivity. Again, this is consistent with an
effective increase in the antisolvent strength in the presence
of greater amounts of dissolved CO,. As discussed

previously, the pressure changes were not instantaneous
and pressure gradients may have contributed to the observed
pore morphology. However, the effects of preconditioning
and final pressure demonstrate the interplay between L—L
and S—-L demixing processes in membrane formation and
how membrane morphology can be used to interpret subtle
changes in the relative rates of these processes with varying
processing conditions.

A more dramatic change in membrane morphology was
observed by precipitation of the membrane in the presence
of additional solvent (TFE) in the pressure vessel. This is
analogous to the standard immersion precipitation technique
of decreasing the strength of the nonsolvent coagulation
bath by the introduction of solvent. The morphology of
membranes cast in the presence of additional TFE (with a
preconditioning step at 28.6 bar) indicated a drastically
different phase separation mechanism (Fig. 7a), with large
crystallite structures distributed uniformly over the cross
section. No circular or cellular pores, indicative of L-L
demixing, were observed. The top surface of the membrane
revealed a relatively open structure, consisting of globular
crystalline aggregates (Fig. 7b).

The concept of a soft coagulation bath, a bath which
allows for the relatively slow exchange of solvent and
nonsolvent [21], has been used to describe the observation
of predominantly crystalline features in immersion precipi-
tation membranes. The presence of excess TFE in the anti-
solvent phase is thought to have slowed the exchange
between the solvent in the cast film and the surrounding
CO, antisolvent. The reduced rate of exchange resulted in
a slower initiation of the L—L demixing process. Thus, S—-L
demixing, which was thermodynamically favored, domi-
nated the phase separation process. Excess TFE had a
marked effect on the membrane preconditioned at lower
pressure (28.6 bar), which was shown previously to enhance
the relative rate of S—L demixing. However, excess TFE
had virtually no effect on membranes formed by direct
ramping, demonstrating the sensitivity of the demixing
mechanism to pressurization conditions (SEM micrographs
not shown).

The interpretations of morphology for the Nylon 6
membranes generated using compressed CO, are also
applicable to similar membranes formed from another
rapidly crystallizable polyamide, Nylon 4,6. Shown in Fig.
8 is a Nylon 4,6 membrane generated from a 9 wt% polymer
solution in TFE using a direct pressurization cycle to
104.4 bar. The initial solution was very close to the
solubility limit of the polymer and generated a tighter
pore structure than was obtained with the Nylon 6 solutions.
The pore structure appears to be initiated by L—L demixing
followed by crystallization. It is interesting to note that
similar morphological networks were observed by Luna-
Barcenas and coworkers upon spraying a dilute (0.5%)
solution of PAN in DMF through a 50 pum nozzle into a
CO, antisolvent continuum [5]. The kinetics of Nylon 4,6
crystallization are more rapid than most other crystallizable
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Fig. 7. SEM micrographs of Nylon 6 membrane formed with a CO, precon-
ditioning pressure of 28.6 bar (30 min) and introduction of excess TFE in
the pressure vessel. Final hold pressure of 104.4 bar CO.. (a) cross section,
4000 X . (b) top surface, 1000 X .

nylons, suggesting the ability to lock in the nucleation and
growth of the polymer poor phase earlier in the L-L
demixing process.

4. Conclusions

The manipulation of the strengths of the solvent and
nonsolvent is one of the primary means by which to control
the properties of membranes formed by immersion precipi-
tation. This work demonstrates the feasibility of using an

Fig. 8. SEM micrograph of a semicrystalline membrane formed from 9 wt%
Nylon 4,6 solution in TFE; precipitated in an antisolvent environment of
104.4 bar CO, (cross section, 4000 X ).

additional variable, pressure, to tune the morphology of
membranes formed by precipitation with a compressed anti-
solvent. The structural gradient and pore characteristics of
Nylon 6 membranes precipitated from TFE using
compressed CO, is well-described by a competition
between L-L and S—-L demixing, as in traditional immer-
sion precipitation processes. Reducing the relative strengths
of both the solvent and nonsolvent led to membrane pore
structures dominated by crystallization (S—L demixing), the
thermodynamically favored demixing process, rather than
L-L demixing, which was kinetically favored.

Compressed antisolvent processes usually result in very
rapid precipitation; therefore, the lack of structural gradients
and asymmetric features in the membranes was surprising.
However, this may largely be due to the method of intro-
ducing the compressed antisolvent, which was not instanta-
neous. In spite of the lack of gradient features, both L-L
demixing-dominated structures and S—-L demixing-domi-
nated structures were achieved in a predictable manner
using pressure as an additional membrane formation
variable.

The success of this technique suggests an alternative
CO,-based method for the impregnation of solutes in poly-
mers and the formation of polymer-based composites. Most
current impregnation techniques rely on the ability of CO,
to swell and plasticize the polymeric component. The CO,
then acts as a carrier for a dissolved solute to impregnate the
polymer. In contrast, this antisolvent method could be used
to trap solutes and suspensions in a polymeric matrix based
on the insolubility of these components in compressed CO,.
In both cases, decompression of the pressurized system is
used to lock the solute into the polymer. Applications of this
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technique for the production of solute-loaded polymers,
polymer blends, and polymer-based composites for a variety
of materials applications can be envisioned.
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