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ABSTRACT: Membranes with controlled morphology
were prepared by wet phase inversion from PEEKWC, a
modified polyetheretherketone. Different membrane struc-
tures were obtained by using different nonsolvent/solvent
pairs. The influence of several parameters, such as the com-
position of the polymer solution (concentration, type of sol-
vent), the composition of the coagulation bath, and the ex-
posure time before immersion in the coagulation bath, on
the membrane morphology was studied. The PEEKWC/
solvent/nonsolvent phase diagrams, with various solvent/
nonsolvent combinations, were determined and correlated
to the process of phase separation during membrane forma-
tion. Using solvent/nonsolvent pairs with a high mutual

affinity (DMF/water, DMA /water), porous membranes for
possible application in microfiltration were obtained. The
THF/water combination allowed the formation of asymmet-
ric membranes with a dense skin layer, suitable for gas
separation applications. Nitrogen permeance of all porous
membranes was measured as function of pressure. Applica-
tion of the Dusty Gas model permitted a qualitative descrip-
tion of the pore size and membrane morphology in relation
to the membrane preparation conditions.© 2004 Wiley Period-
icals, Inc. ] Appl Polym Sci 92: 576—591, 2004
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INTRODUCTION

PEEKWC is a modified polyetheretherketone having a
lactone group attached to the backbone (Scheme 1)."
One of its major advantages is that it preserves the
good thermal and mechanical properties of the tradi-
tional PEEK but, compared to the latter, it has a much
higher solubility, also found in common organic sol-
vents such as chloroform and tetrahydrofuran (THF).
Therefore, it is well suited for preparation of poly-
meric membranes by phase inversion techniques. Sev-
eral studies have been presented on the use of
PEEKWC as a membrane-forming material® under
different conditions.

Only recently a systematic study on the morphol-
ogy of the asymmetric membranes by phase inver-
sion as a function of the solvent and polymer con-
centration has been presented for flat membranes®
and for hollow fiber membranes’. In the present
article, a wider range of conditions, such as solvent/
nonsolvent combination, coagulation bath composi-
tion, and time interval between casting and coagu-
lation, have been explored.
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Scheme 1 Structure of PEEKWC.

Nonsolvent induced phase separation (NIPS)

NIPS is the most common phase inversion method
used for membrane preparation. This technique has
been described extensively in the literature for a large
number of polymer/solvent/nonsolvent combina-
tions.®*° Upon immersion of the casting solution into
a coagulation bath, diffusion of a solvent and a non-
solvent across the interface between polymer solution
and nonsolvent induces phase inversion of the poly-
mer solution. Subsequently, solidification of the poly-
mer-rich phase, e.g., by gelation, crystallization, or
vitrification, yields the final membrane. The actual
process of phase inversion depends on a number of
thermodynamic and kinetic factors, which determine
the membrane morphology. Of fundamental impor-
tance is the exchange rate of solvent and nonsolvent in
the cast polymeric solution."' Depending on these ex-
change rates, membranes with symmetric or asym-
metric structures are formed. Based on the calculated
composition paths and supported by experimental



ASYMMETRIC PEEKWC FLAT MEMBRANES WITH DIFFERENT MICROSTRUCTURES 577

TABLE 1
Properties of Some Good Solvents for PEEKWC
8 cal'/? Miscibility with Miscibility with
Solvent Volatility cm 372 polar solvents nonpolar solvents
N-Methylpyrrolidone — 11.3 m ++ —
Dimethylsulfoxide —_— 120 m +++ —
N,N-Dimethylacetamide —_— 10.8 m ++ —
N,N-Dimethylformamide — 121 m +++ —
Tetrahydrofuran ++ 91m + ++
Chloroform ++ 93p +— +4+
Dichloromethane +++ 9.7p +— +++

2 Hildebrand solubility parameter.® Letter indicates capacity to form hydrogen bonds (m, medium hydrogen bonding

capacity; p, poor hydrogen bonding capacity.

data, Reuvers et al.>""?? classified membrane formation

processes into two groups: instantaneous demixing
systems and systems that show delayed onset of de-
mixing. Membranes formed by a delayed demixing
mechanism show a porous (often closed-cell, macro-
void free) substructure with a dense relatively thick
skin layer while membranes formed by instantaneous
demixing generally show a highly porous substruc-
ture (with macrovoids) and a finely porous skin layer.
Which specific process dominates is mainly deter-
mined by the solvent/nonsolvent affinity and the sol-
vent concentration in the coagulation bath. In partic-
ular, in the case of good solvent/nonsolvent miscibil-
ity,> the latter can easily penetrate into the casting
solution and create a porous structure. In this light, the
good solubility of PEEKWC in solvents having differ-
ent polarities and miscibilities with nonsolvents (Table
I) thus allows one to obtain various membrane mor-
phologies.

The objectives of this work are as follows:

eExploration of the influence of the main experi-
mental variables (polymer concentration, coagulation
bath composition, type of solvent and nonsolvent,
exposure time of the cast film to the air before coag-
ulation) on the membrane morphology and transport
properties.

*Correlation of the morphology to the demixing
process in terms of kinetic and thermodynamic pa-
rameters.

The final aim is to establish which conditions are
required to produce membranes for different separa-
tion processes, such as microfiltration, ultrafiltration,
and gas separation/pervaporation.

Characterization of porous membranes by gas
permeation

Although porous membranes generally are not used
for gas separation, gas permeability measurements are
frequently used to characterize them. Carried out un-
der standard conditions, gas permeation measure-
ments offer a simple and rapid quality test of mem-

branes or their porous supports. For example, the
Gurly number (i.e., the time required for 10 mL of air
to permeate through 1 square inch of membrane at a
pressure of 12.2 in. of water) is used as a measure of
the “quality” of microporous membranes.** Also, in
the case of composite asymmetric membranes with an
ultrathin highly permeable dense skin layer, charac-
terization of the gas permeability of the support layer
is important, as the porous support layer may contrib-
ute significantly to the total resistance of the mem-
brane.”

Information that can be obtained from gas per-
meance measurements of porous membranes is not
limited to qualitative or quantitative data on their
transport properties. By measurement of the gas per-
meance at different feed pressures, one can obtain
information on the membrane morphology, in partic-
ular on the average pore size.”> >

Quantitative description of gas flow in porous
media

Gas permeability of porous media is pressure depen-
dent and, if surface transport phenomena can be ne-
glected, this pressure dependence can be described
with relatively simple expressions. For homogeneous
porous media, such as symmetric microporous mem-
branes, the pressure dependence of the permeance
(P/L) can be described using the Dusty Gas Model, in
simplified form:*®

P/L=A~+ B X prcans (1)

in which P is the permeability coefficient, L is the
membrane thickness, and p,, . is the mean pressure
across the membrane, given by:

pmean = (pfeed + ppermeate) / 2 (2)

Parameters A and B depend on the membrane mor-
phology (porosity, pore size, and tortuosity) and can
be obtained by a linear regression of the experimental
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TABLE 1I
Summary of the Membrane Preparation Conditions®

Solvent used

Polymer DMA DMF THF
concentration
(wt %) 10 15 19 10 15 19 10 15 19
Coagulation bath
composition
(% v/v)
Coagulant: water 100 water 0% DMA 100 water 100 water 100 water 100 water 100 water 100 water 100 water
40% DMA
60% DMA
Coagulant:
isopropanol 0% DMF
25% DMF
50% DMF
Exposure time
before
immersion in
coagulation
bath
Coagulant: water 45 s 0s 0s 45s 0s 0s 20's 20s 20 s
45s 45s 45s 45s
4 min 4 min
complete complete
evaporation evaporation

@ Casting thickness 250 um; coagulation bath temperature 25°C except for the membranes from the system PEEKWC/
DME/water. In fact, membranes 10 wt % are prepared by coagulation bath at 15, 25, and 40°C to evaluate the effect of this

variable on the system.

permeance data. They represent the contributions of
Knudsen flow and viscous flow, respectively, and
their ratio (B/A) is directly proportional to the average
pore size 1,

r,=16my/3XB/A (3)

Where 7 is the viscosity of the gas and v is the mean
molecular velocity, given by:

vr = \|8/RTM (4)

The pressure dependence decreases with decreasing
pore size and, in the case of ideal Knudsen flow, the
permeance becomes pressure independent.

Measuring the permeance as a function of the mean
pressure and then normalizing for the extrapolated
permeance at p..n = O [(i.e., parameter A in eq. (1)]
gives the relative permeance:

(P / L)rel = 1 + (B /A) X pmean (5)

Thus a plot of the relative permeance against the mean
pressure offers an easy tool to determine the average
pore sizes of different membranes, by direct compar-
ison of the curve slopes.

Asymmetric membranes can be treated in a similar
way as a number of different resistances in series, for
each of which the flow must be described by an equa-

tion such as eq. (1). The final result is a nonlinear
equation describing the permeance in terms of the
individual “layers”:

(P / L)overall = [E(P / L)i_l]_l
= [E(AI + Bi X pmean,i)71]71 (6)

AS Pean,; Of each “layer” is unknown and dependent
on (P/L)yyeran, this nonlinear equation can only be
solved iteratively.”® It describes a convex curve in
which the curvature is in some way a measure of the
asymmetry of the membrane. In a similar way as for
egs. (1) and (5), the relative permeance can be calcu-
lated using the intercept value with the y-axis, ob-
tained from an iterative fit of the experimental data
with eq. (6). For simplicity, and as a first approxima-
tion, for the present analysis we will use a standard
least squares fit with a 2™! or 4™ order polynomial
instead of eq. (6) to obtain the intercept value
(SA; )" from the plots of the permeance versus
mean pressure.

Summarizing the above we can conclude that, while
the absolute permeance describes the overall transport
properties, the pressure dependence of the relative
permeance is a measure of the average effective pore
size and the deviation from linearity gives information
on the asymmetry of the membrane.
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Figure 1 Phase diagrams of the ternary systems PEEKWC/
DMEF/water, PEEKWC/DMA /water, and PEEKWC/THE/
water and PEEKWC/DME/isopropanol determined by visual
cloud point observation at room temperature. Closed symbols
represent the clear-turbid transition upon nonsolvent addition;
open symbols represent the turbid-clear transition upon sol-
vent addition. The arrow gives a qualitative sketch of the
concentration path during the demixing process.

EXPERIMENTAL
Materials

PEEKWC was supplied by the Chanchung Institute of
Applied Chemistry, Academia Sinica. The polymer
powder was purified by Soxhlet extraction with meth-
anol and dried in a vacuum oven. N,N’-dimethylfor-
mamide (DMF), N,N-dimethylacetamide (DMA),
THEF, and isopropanol were purchased from Fluka and
used without further purification. Water, used for the
coagulation bath, was double distilled.

Phase diagrams

Phase diagrams, at room temperature (~ 20°C), were
determined by visual observation of the cloud point
during slow addition of the nonsolvent to the stirred
polymer solution. After the cloud point was reached, an
extra amount of nonsolvent was added and then the
opposite procedure was followed: determination of the
point where the solution became clear again by slow
addition of solvent (“clearing point”). The procedure
was repeated several times until the system became too
dilute to observe turbidity changes accurately.

Membrane preparation and characterization

The purified polymer was dissolved at room tempera-
ture in the solvents DMA, DMF, and THF at three dif-
ferent concentrations (10, 15, and 19 wt %). The solution
was magnetically stirred for at least 1 day to guarantee
complete dissolution of the polymer. The casting solu-

2 200V w80 10um

THE AE% P00V wlddii Fum —

Figure 2 SEM pictures of the membranes prepared from
a 15 wt % PEEKWC solution in DMF, DMA, and THF,
coagulated in water (at higher magnification, detail of the
skin layer). Arrow indicates the skin layer.
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Figure 3 SEM images of the cross-sections of membranes prepared from PEEKWC solutions in DMF (left) and DMA (right)
at different polymer concentrations. Coagulation in water at 25°C; interval between casting and coagulation 45 s. Arrow

indicates the skin layer.

tions were centrifuged to remove macroscopic impuri-
ties present in the PEEKWC powder. The solutions were
cast uniformly onto a glass substrate by means of a
hand-casting knife (BRAIVE Instruments) with a knife

gap set at 250 um and then immersed in a coagulation
bath after exposure for a fixed time to the air. An over-
view of the experimental conditions is reported in Table
II. After complete coagulation, the membranes were
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transferred into a pure water bath, which was refreshed
frequently for at least 24 h to remove the traces of sol-
vent. The membranes were stored in a deionized water
bath until tested for water permeability; for gas per-
meance measurements the membrane samples were
dried at 60°C under vacuum.

The morphology of the dried membranes (at 60°C
overnight) was examined using scanning electron mi-
croscopy (SEM: Cambridge, Stereoscan 360) at 20 kV.
For cross-section analysis the membrane samples were
freeze fractured in liquid nitrogen. All samples were
sputter-coated with gold before analysis.

Ultrafiltration water flux measurements were car-
ried out using an ultrafiltration setup (Separem Type
UFSCP) consisting of five parallel filtration cells, each
one offering an effective filtration area of 19.2 cm®.
Transmembrane pressures (AP) were varied from 1 to
4 bar and the temperature was fixed at 25°C.

The membrane thickness was determined by a dig-
ital micrometer (Carl Mahr D 7300 Esslingen a.N.) and
by SEM observation of the freeze-fractured cross-sec-
tions. The overall porosity, €, of the membranes was
calculated according to the equation:

e = 100%

X (1 - denSitYmembrane / denSitYPEEKWC) (7)

in which the density of the membrane was determined
gravimetrically by weighing a sample of known area
and thickness.

The pure gas permeance of the membranes was mea-
sured on a testing instrument constructed by GKSS For-
schung, Germany. The instrument consists of a thermo-
stated membrane cell with fixed permeate volume at the
feed side connected via a series of control valves to
different gas flasks. The procedure is based on a pressure
increase measurement on the fixed volume permeate
side of the membrane cell, which is completely evacu-
ated before the start of the measurement. For character-
ization of porous membranes, measurements were car-
ried out at 25°C at a series of nitrogen gas pressures
ranging from about 100 to 1,200 mbar. For permselective
membranes, measurements were carried out with five
different gases (nitrogen, oxygen, methane, helium, and
carbon dioxide) at ~ 1 bar. The membranes prepared
from 15 and 19 wt % solutions in THF were found to
have a dense selective layer and were measured at a
single feed pressure with different gases to determine
the permselectivity.

RESULTS AND DISCUSSION
Phase diagrams

The ternary phase diagrams of the three PEEKWC/
solvent/water systems were determined by cloud
point measurements. The results are shown in Figure

Figure 4 Cross-sections of membranes prepared at differ-
ent concentrations of PEEKWC in THF using water as coag-
ulant. Coagulation at 25°C; interval between casting and
coagulation 20 s. Arrow indicates the skin layer.

1. We can see that the amount of water needed to
induce phase separation decreases in the order THF
> DMA > DMF, thus with increasing polarity of the
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TABLE III
Influence of the Concentration of the Casting Solution on the Membrane Thickness and the Overall Porosity®
Solvent DMA DMF
Concentration (wt %) 10 15 17 10 15 19
Thickness® (um) 95 (106) 199 (200) 211 (212) 71 (70) 96 (90) 99 (120)
Overall porosity® (%) 87 85 79 79 77 70

@ Casting and coagulation temperature 25°C; interval between casting and coagulation 45 s.
® Thickness from SEM image; values in parentheses were measured with a micrometer, average value of at least 3 points.
¢ Porosity calculated on the basis of the thickness measured with a micrometer.

solvent. Such a shift of the binodal demixing curve to
higher nonsolvent concentrations is often related to a
reduced solvent/nonsolvent interaction and typically
leads to delayed demixing.””® In fact, also during
membrane preparation, clear differences are observed
in the coagulation behavior of the three systems. Upon
immersion in the coagulation bath, the solutions in
DMA and DMF turn white immediately, indicating an
instantaneous demixing. With the THF solution, only
after some time the cast film becomes opaque, first
only slightly and then gradually more so until it also
becomes completely white. The described behavior
can easily be understood from the qualitative sketch of
the concentration paths, drawn in the phase diagrams.
These confirm the increased tendency toward delayed
demixing with increased width of the miscibility gap.

The width of the miscibility gap is a very important
parameter in relation to the type of demixing process
and therefore the proper choice of the solvent/nonsol-
vent combination is of fundamental importance the
morphology development, as will be shown later in
this paper.

For higher polymer concentrations, extrapolation of
the binodal demixing curve is necessary, as the viscosity
of the solution, above ~ 15 wt %, becomes too high for
efficient stirring and reproducible determination of the
cloud point. In practice, the starting concentration dur-
ing the film formation is often higher, in particular in the
case of THF, where significant evaporation of the solvent
may occur in the time interval between film casting and
coagulation. It is important to note that no difference is
observed between the cloud points and the “clearing”
points, confirming the validity of the experimental pro-
cedure. Some scatter in the low concentration range is
due to the increasingly difficult visual observation of
changes in turbidity at high dilutions.

Influence of the casting solution
Solvent type

The SEM analysis shows a strong difference in the
membrane morphology by changing the type of sol-
vent in the casting solution, using water as the non-
solvent in the coagulation bath. Figure 2 shows that
the morphology of membranes prepared from a 15 wt

% polymer solution varies from porous sponge-like
for DMF and porous finger-like for DMA to a highly
asymmetric structure with a dense skin layer for THF.

In particular, the membrane prepared with DMF pre-
sents an interconnected pore structure from skin to sub-
layer. At very high magnification (X35,000) a large num-
ber of small pores is observed on the top surface. The
maximum pore dimensions are about 100-200 nm.

In the case of DMA the skin region of the membrane
consists of a thin top layer with a typical structure of
closely packed polymeric spheres, a so-called nodular
structure, supported by elongated macrovoids. SEM
observation shows a smooth surface. The phase dia-
gram of the PEEKWC/DMA /water system suggests
that the critical point lies at a very low polymer con-
centration, and hence that the metastable region is
always entered above the critical point (Fig. 1). Ac-
cording to the literature, this should lead to nucleation
from the polymer lean phase, which is incompatible
with the observed nodular structure.® A possible ex-
planation for the formation of such structure could be
that spinodal demixing occurs.®'

Based on the phase diagrams, the demixing should
be more instantaneous in the case of DMF than in the
case of DMA. Instantaneous demixing is often closely
related to the formation of macrovoids. The fact that
with the present systems the tendency to form macro-
voids is much stronger in the case of DMA than in the
case of DMF is a clear indication that, besides thermo-
dynamics, kinetic factors also play an important role
in the morphology development.

In the case of DMF, the adsorption of atmospheric
humidity is more rapid with respect to DMA, which
promotes a more homogeneous pore nucleation com-
pared to its growth. Below, the effect of the air expo-
sure time before immersion confirms this hypothesis.

Using THF as the solvent, a highly asymmetric
membrane is obtained; a porous sublayer with a
closed cell structure, in which the size, as well as the
number of the cells, gradually decreases, moving from
the bottom toward the completely dense skin layer.
This is mainly due to the high volatility of THF, which
causes an increase of the polymer concentration at the
interface: the low THF/Water miscibility determines
the formation of closed cells.
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Figure 5 Absolute (top) and relative permeance (bottom) of membranes prepared at different casting solution concentrations
(10, 15, and 19 wt %) with (a) DMA /PEEKWC/water system and (b) DMF/PEEKWC/water system as a function of the mean
pressure difference across the membrane.

Polymer concentration the membranes prepared with different solvents. The
Figures 3 and 4 show the effect of PEEKWC concen-  influence of the polymer concentration in the casting
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Figure 6 Plot of the permeance against (molar mass of the permeating gas) % for the membranes prepared from 19 wt %
solutions in DMA and DMF.
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TABLE IV
Gas Permeability and Permselectivity of the Membranes Prepared from THF at Polymer Concentrations of 15
and 19 wt %

15% PEEKWC in THF

19% PEEKWC in THF Pure dense PEEKWC [*3]

Permeance (107>  Selectivity =~ Permeance (107>  Selectivity =~ Permeance (10>  Selectivity

Gas m®/m? h bar) (=) m®/m? h bar) (=) m>/m? h bar) (-)
Helium 161 56 93 49 152 71.6
CO, 71 25 47 25 68.3 32.3
Oxygen 14 4.8 84 44 12.5 5.9
Methane 3.1 1.1 2.8 1.5 1.87 0.88
Nitrogen 29 1.0 1.9 1.0 2.12 1
Thickness® (wm) 20 (19) 25 (25) 15
Effective thickness® (um) 14.2 24.5

# Thickness from SEM; values in parentheses are the average of at least 3 points determined with a micrometer.
 From comparison of helium flux of dense and asymmetric membrane.

membranes prepared from DMA, where the morphol-
ogy is dominated by large macrovoids. The main ef-
fect is an increase of the membrane thickness and a
slight decrease of the overall porosity with increasing
polymer concentration (Table III). The latter is also
observed in the case of DMF. In addition, in the case of
DMF, it is clear that a higher polymer concentration
can suppress the formation of finger-like voids.

The strongest effect is observed in the case of THF,
where an increase of the polymer concentration in the
casting solution leads to nearly complete disappear-
ance of the pores and the formation of an almost dense
membrane. The influence of the polymer concentra-
tion is best observed in relation with the transport
properties of the membranes (see below).

Transport properties

Gas permeability measurements were used for a first
qualitative evaluation of the membrane transport
properties. In the present work the nitrogen perme-
ability of all membranes at feed pressures ranging
from ~ 100 to 1,200 mbar has been measured. Only the
membranes prepared from a THF solution were dense
and were tested at a single pressure with different
gases to determine their permselectivity. This proce-
dure was also used for porous membranes with very
low permeability to check for the applicability of the
Knudsen diffusion model.

Data analysis in the present work was slightly sim-
plified in the sense that we have fitted the pressure
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e 2 &
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Figure 7 Water flux of membranes prepared from PEEKWC solutions (a) in DMA and DMF at different polymer
concentrations; (b) in DMA and coagulated in a water coagulation bath containing 0, 40, and 60 vol % of DMA; and (c) in
DMA and DMF with increasing intervals between film casting and coagulation.
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Figure 8 Morphologies of the membranes prepared from a 15
wt % solution in DMA and coagulated in a water bath containing
different amounts of DMA. Coagulation temperature 25°C; inter-
val between casting and coagulation 0 s. Insets: detail of the skin
and/or bottom layer. Arrow indicates the skin layer.

dependence of the permeance with a standard least
squares fit with a 2" or 4™ order polynomial, rather
than solving eq. (6) iteratively to obtain the intercept

value (2A;,”")"". The main results are displayed in
Figure 5.

For both solvents the permeance strongly decreases
with increasing polymer concentration in the casting
solution. This effect is most evident for DMA, where
the flux decreases by more than two orders of magni-
tude. At the same time the relative permeance de-
creases with increasing polymer concentration, which
indicates a decrease of the average pore size [eq.
(4)[rsgb]. Also here the effect is strongest for DMA.
The difference between the two systems with DMA
and DMF can be related to their microstructure. It was
shown that DMF gives a sponge-like porous structure.
With increasing polymer concentration the membrane
thickness clearly increases while the overall porosity
tends to diminish (Table III), resulting in both lower
fluxes and smaller pores. With DMA, however, the
membranes show large macrovoids and the transport
properties are mainly determined by the relatively
thin top layer. At 19 wt % of polymer the flux collapses
drastically and the permeance becomes practically
pressure-independent, as can be seen from the plot of
the relative permeance. This behavior is compatible
with either the solution-diffusion mechanism or with
Knudsen diffusion. From the linear relationship be-
tween the permeance and the reciprocal square root of
the molar mass® in Figure 6, it follows that Knudsen
diffusion occurs and that the membrane has a nano-
porous skin layer. For the membrane prepared from a
19 wt % solution in DMF, a slight deviation from this
linear relationship is due to the higher pore size and
the combination of Knudsen and Poiseuille flow.

Gas permeation measurements on the membranes
prepared from THF confirm what was already sug-
gested by the SEM observations. These membranes
exhibit a high permselectivity for different gases (see
Table 1IV), which means that they have a dense skin
layer. The permselectivity is slightly lower than that of
dense membranes prepared from a chloroform solu-
tion by solvent evaporation,® probably due to pin-
holes. This is a common problem in asymmetric mem-
branes prepared by phase inversion techniques and it
can easily be solved by applying a coating on the
selective layer.** The “faster” gases, such as helium,
are relatively insensitive to these defects. Confronta-
tion of the helium permeability of the asymmetric
membranes and a 15-um dense membrane allows for
the calculation of the effective thickness of the active
layer of the asymmetric membranes. These values are
also reported in Table IV. For the present membranes
these values are rather high and further optimization
of the procedure is required to obtain an open inter-
connected porous sublayer with a thin defect-free skin
layer. This objective may be reached by carefully bal-
ancing two variables: the time interval between cast-
ing and coagulation and the nonsolvent concentration
in the casting (work in progress). Only at the lowest
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TABLE V
Influence of the Coagulation Bath Composition for the System DMA/PEEKWC/Water and DMF/PEEKWC/Isopropanol
on the Membrane Thickness and Overall Porosity

System DMA /PEEKWC /Water DMEF/PEEKWC/Isopropanol
Coagulation bath composition (vol % solvent) 0 40 60 0 25 50
Thickness (um)? 200 80 62 56 (87) 53 (42) 40 (32)
Overall porosity (%) 74 70 68 65 60 52

@ Thickness determined with SEM; values in parentheses were determined with a micrometer (average value of 3 points).

polymer concentration in the casting solution (10%)
does the membrane become porous, with few rela-
tively large pores.

The water fluxes strongly decrease with increasing
polymer concentration in the casting solution (Fig. 7).
For all concentrations the membranes from DMF have a
higher permeance than those prepared from DMA. In
general, the water flux shows the same trend as the gas
permeation measurements with the 19 wt % solution in
DMA, which has a relatively high water flux, being the
only exception. This may be due to the differences in
membrane treatment (see Experimental). For the water
permeation measurements the membranes were always
conserved in water prior to the measurement, whereas
the membranes for the gas permeation were dried at
60°C. This may have caused a final densification of the
porous structure, leading to low gas fluxes.

Influence of the coagulation bath
Solvent/nonsolvent mixtures

DMA-H,0. Asshown above, all membranes prepared
from DMA solutions have a finger-like void structure.
For practical application of the membranes, this is
undesired as it reduces their mechanical stability.**
Macrovoid formation is usually a result of a fast de-
mixing during the phase inversion process®'' and a
possible solution to this problem is therefore the ad-
dition of solvent to the coagulation bath. It is generally
known that, when solvent and nonsolvent have a
strong interaction, the addition of solvent to the coag-
ulation bath promotes the formation of a sponge-like
rather than a finger-like morphology.'* Therefore, two
experiments in which DMA was added to the coagu-
lation bath, 40 and 60 vol %, respectively, have been
carried out. Unfortunately, Figure 8 shows that the
formation of macrovoids could not be completely sup-
pressed, although their shape becomes less elongated
and both the skin and the bottom layer become more
spongy. A remarkable side effect is that the total mem-
brane thickness drastically decreases with the addition
of DMA to the water bath (Table V) and as a conse-
quence the overall porosity also decreases. This is due
to the slower demixing and the slower gelation of the
polymer rich phase, which allows a stronger contrac-
tion of the polymeric film in a perpendicular direction.

DMF-isopropanol. As reported above, DMF gives the
desired sponge-like membrane and, by changing the
polymer concentration in the casting solution, the pore
size is influenced. However, the obtained pore sizes
are still high for ultrafiltration applications. In general,
the pore size can be reduced by the use of nonsolvents
with a lower affinity toward the solvent.''* There-
fore, isopropanol as coagulant has been used. To slow
down the demixing process even further, addition of
DMF to the isopropanol coagulation bath has been
carried out.

SEM images show that the membranes, coagu-
lated in isopropanol, have large internal cavities
between a sponge-like top and bottom layer, which
become even larger with increasing DMF content in
the coagulation bath (Fig. 9). Apparently the effect
of the more dense skin, which may induce macro-
voids,'”> dominates that of the slower demixing,
which usually suppresses macrovoid formation. At
higher DMF concentration in the coagulation bath,
the sponge-like character of the top and bottom
layer disappears and the skin demonstrates clear
pinhole defects. Probably part of the differences,
compared with the DMF/water system, may simply
be ascribed to the larger dimension of the isopropa-
nol molecule and thus to the slower diffusion
through the top layer of the nascent membrane. To
obtain homogeneously porous membranes, the pore
nucleation must be much faster than pore growth
and, in addition, nucleation must occur throughout
the entire thickness of the cast film. The latter re-
quires fast diffusion of the nonsolvent deeply into
the film, which may be problematic in the case of
larger nonsolvent molecules like isopropanol.

As observed earlier for the DMA /water system and
the DMF/isopropanol system, the addition of solvent
to the coagulation bath leads to a reduction of the
overall membrane thickness and overall porosity (Ta-
ble V). This is a consequence of the slower phase
separation and, in particular, of the slower solidifica-
tion of the nascent membrane. The latter leaves more
time for the dissolved or swollen polymeric chains to
contract themselves in the increasingly unfavorable
solubility conditions, before the structure is defini-
tively fixed by gelation.
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25% DMF

Figure 9 Cross-sections of the membranes prepared from a 15
wt % solution in DMF and coagulated in isopropanol with differ-
ent amounts of DMF. Coagulation temperature 25°C; interval
between casting and coagulation 0 s. Inset: detail of the skin layer.

Transport properties

DMA/H,O. In Figure 10 the absolute and relative
permeance of membranes prepared by using differ-

ent coagulation bath compositions is shown. The
gas permeability shows a strong increase at higher
DMA content in the coagulation bath. This is in
perfect agreement with the observed change in mor-
phology from finger-like with a (nearly) dense skin
to increasingly spongy (Fig. 8). The highest nitrogen
permeance is observed with the membrane pre-
pared by using 60 vol % DMA in the coagulation
bath and is about two orders of magnitude higher
than the membranes prepared using pure isopropa-
nol in the coagulation bath. In contrast, the slopes of
the relative permeance curves do not reveal an un-
ambiguous influence of the coagulation bath com-
position on the average pore diameter. The mem-
brane prepared with pure water as the coagulant
surprisingly shows the highest average pore size,
despite its very low permeability. This may be an
indication of the presence of defects in the skin
layer.

The trend in the water fluxes (Fig. 7) is the same as
that of the gas permeability, i.e., increased permeabil-
ity with increasing DMA concentration in the coagu-
lation bath, but the absolute differences in permeabil-
ity are much smaller. This might be related to the
drying of the membranes prior to the gas permeation
tests, which probably induces a minor contraction of
the skin layer and a reduction of the pore size.
DMF/isopropanol. Comparison of the membranes co-
agulated in water and in isopropanol (Fig. 11) shows
that the latter indeed have a somewhat lower gas
permeability, in agreement with the expected slower
demixing process, resulting in a less porous top
layer.'>3® However, for reasons not yet fully under-
stood, with isopropanol the average pore size is larger
and the active layer is more symmetric, as can be seen
from the linear pressure dependence of the relative
permeance. A more significant reduction of the per-
meability and the average pore size is achieved by
addition of DMF to the coagulation bath. Addition of
very large amounts of DMF to the coagulation bath,
however, leads to the formation of pinhole defects (~
0.5 um, Fig. 9) in the top layer with a consequent
increase of the permeability.

As reported in the literature,® the addition of the
solvent to the coagulation bath induces delayed de-
mixing of the cast film due to a decrease of the
overall mass transfer rate. However, an increasing
solvent concentration in the coagulation bath leads
to a decrease in the polymer concentration at the
interface. Therefore, two phenomena, which have
an opposite effect on the membrane morphology,
occur: delayed demixing tends to produce mem-
branes with a lower porosity, whereas low interfa-
cial polymer concentration tends to produce a more
open top layer.
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bath with different amounts of DMA. Coagulation at 25°C; interval between casting and coagulation O s.

Influence of the exposure time before bath
immersion

Morphology

Figure 12 shows the SEM images of the membranes
prepared from casting solutions in DMA and in DMF,
varying the exposition of the cast films to the air, prior
to the immersion into the coagulation bath. In both
cases the effect is the same: without exposure to the air
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Complete demixing in air

Figure 12 Cross-sections of the membranes from a 15 wt % PEEKWC solution in DMF (left) and DMA(right) prepared by
varying the exposure time before immersion in the water coagulation bath (at higher magnification, detail of the surface, skin
layer). Arrow indicates the skin layer.

the hygroscopic solvents used brings the cast film  film upon contact with the coagulation bath and thus
closer to demixing conditions. It reduces the gradient =~ promotes more homogeneous nucleation. In the ex-
of the water concentration in the nascent membrane  treme case of very long exposure times, the demixing
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Figure 13 Absolute and relative permeance of membranes prepared with different time intervals between casting and
coagulation. Casting solution in DMA (a) and DMF (b). Coagulation in water at 25°C.

already begins before immersion into the coagulation
bath. This is accompanied by a reduction of the mem-
brane thickness, due to slow simultaneous evapora-
tion of the solvent.

All of these phenomena are more rapid in the case
of DMF than in the case of DMA, which is in agree-
ment with the phase diagrams (Fig. 1), showing that
the binodal demixing curve in DMF lies at lower water
concentrations than that in DMA. It is worth noting
that, with the DMA solutions under the given exper-
imental conditions, the formation of macrovoids could
only be avoided by controlling the time interval be-
tween casting and coagulation. Neither by increasing
the polymer concentration in the casting solution nor
by adding solvent to the coagulation bath could com-
plete suppression of macrovoids be achieved.

The suppression of macrovoids was probably a re-
sult of more rapid nucleation of pores: the cast film
exposed to the air slowly absorbs humidity and the
solution approaches the binodal demixing conditions.
Subsequent immersion into the water coagulation
bath then unleashes a rapid nucleation throughout the
entire thickness of the cast film, in contrast to the
unexposed film, where nucleation and pore growth
take place from the surface inward. The result is a
sponge-like morphology in the former and a macro-
void structure in the latter.

Transport properties

For both systems the nitrogen permeance of the mem-
branes increases significantly upon exposure of the
cast film to the air (Fig. 13), which is in agreement with
the more open sponge-like pore structures obtained.
Comparing the absolute and relative permeances for
the two systems, it can be concluded that DMF gives
relatively high fluxes and small pores, with the only
exception being the membrane exposed for 4 min to
the air, which has excessively large pores. With DMF
the effective average pore size increases with increas-
ing exposure of the cast film to the air. The very low
flux of the membrane prepared with DMA without
exposure to the air is probably due to the formation of
a (nearly) dense skin, in which pinhole defects are
responsible for the relatively high apparent pore size.

Water flux measurements are in good agreement
with the observed gas permeabilities (Fig. 7). For both
solvents the water flux increases with the exposure
time of the cast film to the air. This effect is the
strongest for DMF, which, in addition, gives the high-
est absolute fluxes.

CONCLUSION

Asymmetric PEEKWC membranes, with a wide range
of different morphologies and transport characteris-
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tics, can be produced by the wet phase inversion
method. Membranes range from porous microfiltra-
tion and ultrafiltration membranes to dense gas sepa-
ration membranes. Further optimization of the mem-
brane preparation conditions for each specific appli-
cation is necessary and will be subject of future work.

The position of the binodal demixing curve in a
ternary phase diagram cannot completely describe the
formation mechanism of PEEKWC membranes. Other
factors, such as the affinity between the solvent and
nonsolvent, the polymer concentration in the casting
solution, and the interval between film casting and
coagulation, have to be considered.

The nature of the solvent is fundamental for the
type of morphology to be obtained: DMA and DMF
give porous asymmetric membranes, the former usu-
ally with a (nearly) dense skin and a finger-like pore
structure, the latter predominantly sponge-like; THF
gives asymmetric membranes with a dense permselec-
tive top layer, suitable for gas separation.

Exposure of the cast film to the air also has a marked
influence on the morphology and, in the case of DMF
and DMA as the solvents, allows the suppression of
macrovoids and the dense skin, resulting in higher
permeabilities.

A higher polymer concentration in the casting solu-
tion has little effect on the overall morphology but
results in membranes with a more dense skin layer
with smaller pores, exhibiting a lower permeability.

The use of “softer” coagulation conditions has a
different effect depending on the specific system,
DMA /PEEKWC /water or DMF/PEEKWC /isopropa-
nol. For DMA solutions the addition of DMA to the
water coagulation bath increases the permeability and
the sponge-like character of the membrane but it can-
not avoid completely the formation of macrovoids. In
the case of DMF solutions the use of isopropanol
instead of water and the addition of DMF to the iso-
propanol coagulation bath reduces the permeabilty
and promotes the formation of macrovoids.
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