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ABSTRACT: This study investigated the effect of incorporating strong surfactants into
hollow fiber membranes and solution cast films made from polysulfone (PSF). During
membrane formation, various (mostly fluorinated) surfactants were added to the spin-
ning solution, quench medium, and bore fluid. Both the gas transport properties and
the membrane structure were affected. Some membranes showed a modest increase in
selectivity or in permeation rate. At low concentrations the addition of perfluoro
ammonium octanoate (PAO) increased the O, permeation rate by 44% with only a small
loss of selectivity. Surfactants were also incorporated into dense PSF films by solution
casting. Only pure PSF films and those with low concentrations of short-tailed fluori-
nated surfactants were clear and transparent; higher concentrations and other surfac-
tants yielded cloudy or defective films. The presence of surfactants decreased the glass
transition temperature of PSF to varying extents. Increased total and polar surface free
energy correlated with changes in the gas transport properties. It is proposed that the
surfactants interact with the polymer both during membrane and film formation, and
also affect chain packing after the solvent has been removed. SEM images confirmed
that membranes with surfactants have larger voids in the porous matrix of the mem-

brane. © 1999 John Wiley & Sons, Inc. J Appl Polym Sci 71: 163-175, 1999
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INTRODUCTION

An asymmetric gas separation membrane typi-
cally comprises a thin (1000-5000 A) separating
layer or “skin,” which is supported on a much
thicker (>100 um) porous substructure. Such
membranes may be in the form of flat sheets or
hollow fibers, and are formed either as composite
membranes or as integrally skinned membranes.
In the latter case, the skin and support are
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formed from the same polymer solution during a
single-phase separation process. Homogeneous
dense polymer films are generally not suitable for
commercial use, but can be used to study the gas
transport properties of the membrane polymer.'

The improvement of the transport properties of
membranes has been the subject of many inves-
tigations. One strategy is to modify the surface of
the separating layer of a membrane, for example,
by surface fluorination®~ or solvent treatment.®
A second strategy is to develop new polymers with
better separation properties.>>%1° and a third
strategy would be to form the separation layer
from a blend of polymers!'™? or to combine a
polymer and monomeric additives.?'* Maeda and
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Paul'* have shown that at low concentrations

monomers can act as antiplasticizers to increase
the selectivity of polysulfone for certain gas pairs.
Kesting et al.? incorporated Lewis acids during
membrane formation to modify the membrane
structure.

Surfactants can also be used as additives.
Hayes'%16 describes a method of treating poly-
aramide and polyimide gas separation mem-
branes with various surfactants. A hollow-fiber
membrane is treated with a dilute solution of a
surfactant dissolved in a nonsolvent for the mem-
brane polymer and then dried. The nonsolvent is
preferably a swelling agent for the polymer. Only
generic detail is given about the surfactants,
which may be nonionic, anionic, or amphoteric
surfactants. Although fluoro-aliphatic polymeric
esters are preferred, a number of other fluori-
nated surfactants is listed. The patent claims con-
siderably increased selectivity for helium over ni-
trogen. For example, summarizing a number of
his results, He/N,, selectivities (o) from 1.1 to 2.2
were increased to values ranging from 200-400,
accompanied by a four- to sevenfold decrease in
He permeance. Clearly, the initial membranes
contain defects, and the swelling solvent—surfac-
tant treatment serves to eliminate those defects.
Unfortunately, the final selectivity and per-
meance are never compared to that of the un-
treated polymer in a thick defect-free polymer
film.

The presence of surfactants in the skin of a
membrane or in a polymer film could also affect
such surface properties as adhesion, wetting, and
resistance to aggressive environments during
use. In a polymer solution, the surfactant can be
expected to interact with the polymer and the
solvent.'” These interactions may then affect the
ultimate structure of an integrally skinned mem-
brane that is formed by the phase separation of
complex mixtures of polymers, solvents, and non-
solvents.

An objective of this study was to modify the gas
separation properties of hollow-fiber phase-inver-
sion membranes by introducing a strong surfac-
tant into the spinning solution during the mem-
brane formation process. Surfactants were also
added to the quench medium and bore fluid dur-
ing membrane formation. To investigate the ef-
fect of polymer—surfactant interactions, homoge-
neous dense polysulfone films with different con-
centrations of various surfactants were prepared
from solution and analyzed.

Fluorinated Surfactants

Surface-active materials or surfactants have a
lyophilic (solvent-associating) head portion and
lyophobic (solvent-repelling) tail portion. The
head can be anionic, cationic, nonionic, or ampho-
teric in nature. The tail may be derived from a
wide variety of chemical structures, including
straight or branched, saturated, or unsaturated
alkyl chains, fluorocarbons, polydimethyl silox-
anes, and many others.'” The effect of substitut-
ing fluorine atoms for hydrogens on the hydropho-
bic tail of a surfactant often has a drastic effect on
its surface active properties.'®!® For example, the
surface tension of water can be lowered from 72,8
dynes/cm to about 28 dynes/cm by addition of
10,000 mg/L of C,,H,,COO~ Na™, while the sur-
face tension will be lowered to 18 dynes/cm by the
addition of only 50 mg/L of CgF,,CO0~ Na*.'®
Thus, fluorinated surfactants are among the
strongest of their kind, and often exhibit proper-
ties different from unfluorinated surfactants.'®

Three of the surfactants in this study had
fluorocarbon tails and anionic heads. Their action
was compared to one surfactant with a hydrocar-
bon tail and another with a nonionic head. Gen-
erally, a surfactant with a hydrocarbon tail will
align at the interface between water and oil lay-
ers where the surface energy is minimized. How-
ever, fluorinated surfactants do not align at the
interface but remain soluble in the water phase,
because the fluorocarbon tail is not attracted to
the oil phase.'® When a solvent system (e.g., a
solution used during membrane formation) is a
mixture of solvents and nonsolvents, the exact
interaction of the surfactant with the various
components of the solution is not straight for-
ward. Moreover, when a polymer is present in the
solution, the situation becomes even more com-
plex, because the surfactant may associate either
with the polymer or with the solvent. If solvent—
surfactant complexes are formed, the solvent
power of the solvent is changed, and this could
affect the phase separation step during mem-
brane formation. Yet other effects can be expected
if the surfactant forms micelles at higher concen-
trations.!” It can be appreciated that the effect of
a surfactant added to a five-component spinning
solution may be substantial and complex, and this
study was limited to consideration of the effects of
polymer—surfactant interactions after removal of
all solvents, i.e., films and membranes in the solid
polymer phase.
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Table I Surfactants Employed in this Study

Surfactant Acronym Chemical Formula HLB Value®
Perfluoro ammonium octanoate PAO C,F,,CO,NH, ~ 23
Perfluoro potassium octanoate PKO C,F,;CO, K" 22.0
Potassium octanoate KO C,H,,CO;K" 24.8
Potassium trifluoroacetate PFA CF;CO;K* 27.2
Benzene Trifluoroacetate BFA CF;CO,(CgHy) 6.9

2 HLB value = Hydrophilic Lipophilic Balance calculated according to Lin.2°

EXPERIMENTAL

Surfactants

A number of surfactants were used in different
experiments to determine the effect of the surfac-
tant’s chemical nature on the properties of mem-
branes and dense films. The surfactants, with
their chemical structures and HLB values,?° are
listed in Table 1.

These surfactants permit a comparison of dif-
ferent structural characteristics: (1) except for
KO, all surfactants have perfluorinated lyophobic
segments; (2) except for BFA, all are anionic sur-
factants; (3) PAO and PKO differ only in respect
of their cationic counterion; (4) KO is the unflu-
orinated analogue of PKO; (5) PFA differs from
PKO by its shorter fluorinated tail; and (6) PFA
differs from BFA in that the latter has a benzene
ring instead of an ionic head.

All surfactants were synthesized for this study
and were used in the purified form. The surfac-
tants were white crystalline powders, except
BFA, which was a liquid; they were soluble in
highly polar solvents, such as dimethyl acet-
amide, methanol, ethanol and water, but not in
chloroform.

Membrane Formation

Integrally skinned asymmetric hollow-fiber mem-
branes were made according to the dry—wet phase
inversion process.??? The spinning solution,??
contained polysulfone (PSF), a volatile solvent
tetrahydrofuran (THF), a less volatile solvent di-
methyl acetamide (DMAc), and a nonsolvent eth-
anol (EtOH). The composition by mass was 30.0%
PSF, 37.9%THF, 18.9% DMAc, and 13.2% EtOH.
The spinning solution was first made up with half
of the amount of ethanol, after which the surfac-
tant was dissolved in the residual ethanol and
added to the solution. Membranes were spun ac-
cording to known procedures,?>?? which included

extrusion, forced convection, quiescent evapora-
tion, quenching, and rinsing in water. All mem-
branes were dried at 100°C, and were then coated
with a layer of poly(dimethylsiloxane) dissolved
in hexane to caulk defects that may have formed
in the skin. Usually two membrane production
units were run simultaneously: one unit was used
for the surfactant experiments, and the other
served as a simultaneous control.

Gas Transport Properties

Experimental membrane modules containing
seven fibers (~100 cm? membrane area) were
tested after about 7-10 days. Prior to testing the
membranes, they were coated with poly(dimeth-
ylsiloxane) to caulk skin defects that may have
formed during fabrication. According to in-house
procedures, the modules were tested for oxygen
permeation rate (mL/min) and percentage oxygen
recovery from air at 6-bar and 10-bar feed pres-
sure. The procedures and units are those em-
ployed by the commercial membrane production
plant and were used to allow comparison with
unmodified membrane units. It can be assumed
that the effective stage cut is close to zero. When
the (mixed gas) feed is air (about 21% O,) the
separation factor (o) can be approximated by di-
viding the O,/N, molar ratio of the permeate by
the O,/N, molar ratio of the feed.

Introduction of Surfactants during Membrane
Formation

The surfactants listed in Table I were added to
the spinning solution at a concentration of 0.1%
by weight in separate runs on one of two produc-
tion units. Each experimental run produced six
batches of membranes that were tested sepa-
rately. Three different surfactants (PAO, PKO,
and KO) were added to the water-quench medium
at concentrations of 0.1 and 0.2% by weight.
These experiments were conducted in a single run
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(seven separate batches) to limit the influence of
extraneous variables. The quench bath was first
filled with pure water as a control, and fibers were
spun for 15 min (first batch). The spinning pro-
cess was interrupted to drain the quench bath
and to add a prepared solution of water with 0.1%
of surfactant (second batch). To increase the con-
centration to 0.2% (w/w) a small amount of water
containing the required concentration of the same
surfactant was added to the bath and thoroughly
mixed, before recommencing the run for the next
batch. For each new surfactant the quench bath
was drained and washed.

In a separate experiment, different bore fluids
were used. A comparison was made between bore
fluids consisting of pure water, water containing a
surfactant, pure methanol, ethanol, and isopropa-
nol. Concentrations of 0.1 or 0.2% (w/w) of three
surfactants (PAO, PKO, and KO) were employed.

SEM Analysis of Membrane Structure

Scanning electron micrographs (JEOL JSM 840)
were taken of a number of the asymmetric mem-
branes to illustrate the effects of various surfac-
tants on the physical structure of the porous
membrane matrix and the skin layer. Micro-
graphs were obtained only for those membranes
where the dope had been modified with a surfac-
tant.

Solution Casting of Dense Polymer Films

Thick films of PSF were cast into glass Petri
dishes from a chloroform solution; 18 g PSF was
added to 882 g CHCI; to make a stock solution.
The surfactants were not all soluble in the chlo-
roform, and were premixed with a small amount
(10 mL) of methanol, which was added to the
stock solution before casting. The films were left
for 24 h to allow the solvents to evaporate, and
then dried for 24 h at 120°C, which is well above
the boiling point of chloroform. Thermogravimet-
ric analysis indicated that <1% of chloroform re-
mained in the films after drying. The amount of
solution was calculated to produce a film with a
thickness of about 100 microns for a casting dish
of a specific diameter.

Analysis of Dense Films

The films were cut into 5 X 10 mm rectangles for
analysis with a Cahn dynamic contact angle anal-
yser. Water and methylene iodide were selected
as polar and nonpolar measuring liquids, and
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Figure 1. Oxygen permeation rate through hollow
fiber membranes after addition of different surfactants
to the spinning solution. Rates were measured at 6 and
10 bar.

both advancing and receding contact angles were
determined. The difference between these contact
angles represents the contact-angle hysteresis. At
least three, but usually more, runs were per-
formed on each film. Total surface free energy, as
well as its dispersion and polar components, was
calculated from the advancing contact angles by a
method adapted from Owens and Wendt.?? The
glass transition temperatures of the films were
determined by differential scanning calorimetry
on a Perkin-Elmer DSC7 at a scanning rate of
10°C/min. The permeability of the films to several
pure permanent gases was measured in barrers
on a Yanaco GTR20 Gas Permeability Analyzer
connected to a gas chromatograph. One barrer is
107 % ecm? (STP) - cm/cm? - s - emHg.

Hollow Fiber Membranes
Surfactant in the Spinning Solution

The summarized results of surfactant addition on
the gas transport properties of the hollow-fiber
membranes are shown in Figures 1 and 2. Figures
3 and 4 show the effect of increasing the concen-
tration of one surfactant (PAO) in the spinning
solution. When evaluating membranes, it is im-
portant to consider the flux of the product gas
(e.g., O,) together with the efficiency of O, sepa-
ration or selectivity. In practice, an increase in
either will effectively reduce the membrane area
for a given separation, but it is frequently found
that there is a trade-off between selectivity and
permeation rate or flux.?* Figures 1 and 2 show
that the major effect of adding a surfactant is that
it changes the O, permeation rate, whereas the
oxygen recovery (i.e., O5/N, selectivity) does not
vary significantly. Recovery at 10 bar is increased
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Figure 2. Percentage O, recovery from air (selectiv-
ity) at 6 and 10 bar for the membranes of Figure 1.

by addition of PKO, KO, and PFA, but at the
expense of permeation rate. The most notable im-
provement was an increase of 1.6% in O, recov-
ery. By way of perspective, the standard deviation
on %0, recovery for the control (16 membranes)
was 1.6 (3.2%) at 6 bar and 2.1 (4.3%) at 10 bar.
For the membranes containing surfactants (Figs.
1-6) the standard deviation on %O, recovery
(four to six membranes) ranged from 0.6-2.3
(1.2—-4.5%) at 6 bar, and from 0.5-2.6 (0.9—-4.8%)
at 10 bar. Therefore, the abovementioned selec-
tivity improvement of 1.6% is not considered sig-
nificant. In general, the O, permeation rate is
reduced when the oxygen recovery or selectivity is
improved. The most promising results are found
for PAO where the permeation rate is about 44%
higher than that of the controls, with only a
slightly reduced O, recovery.

With regard to Figures 3 and 4, an increase in
the concentration of PAO from 0.1 to 0.5% reduces
the permeation rate. At 0.5% PAO the O, recovery
is significantly higher than the control, while the
permeation rate is about 70-75 % lower. At 0.1%
PAO the converse is true, and at 0.2% PAO both
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Figure 3. Oxygen permeation rate at different con-
centrations of PAO in the spinning solution. Rates were
measured at 6 and 10 bar.

O, recovery and permeation rates are higher than
the control. It appears that the addition of PAO at
low concentrations can be used to produce mem-
branes with a higher flux and only a negligible
change in O, recovery (selectivity).

These results were extended by measuring the
permeation rate of some of the membranes to six
permanent gases: He, H,, CO,, O,, N,,, and CH,.
The membranes were formed with each of two
fluorinated surfactants: PAO (long fluorinated
tail) and PFA (short fluorinated tail). As shown in
Table II, the trade-off between selectivity and
permeation rate was also observed for the sepa-
ration of He, H,, CO,, and O, from the heavier
gases Ny and CH,. Thus, improved selectivities of
the four gas pairs with PFA were accompanied by
a loss in permeation rate of the fast gas of each
pair. Conversely, PAO increased permeation rate
at the cost of selectivity.

These results suggest that two aspects of the
membrane structure could have been modified by
the addition of a surfactant to the spinning solu-
tion. The first aspect is that the surfactant incor-
porated into the polymer of the selective layer
(skin) of the membrane could have changed the
gas separation properties of the polysulfone skin.
The second aspect is that the surfactant could
have changed the physical structure of the porous
membrane substrate or the transition region im-
mediately below the skin. In this case, a more
open porous structure could account for an in-
crease in permeation rate by increasing the po-
rosity of the transition region below the skin and
there by reducing the resistance to gas flow. In
some membranes there may have been damage to
the skin, which would account for a concomitant
decrease in selectivity (O, recovery). Because all
of the membranes had been coated with a thin
layer (about 1 wm) of poly(dimethyl siloxane)
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Figure 4. Percentage O, recovery from air (selectiv-
ity) at 6 and 10 bar for the membranes of Figure 3.
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Table II Effect of Surfactant in the Spinning Solution on Permeation and Selectivity

of Permanent Gases

Permeation Rate (mL/min)

Ideal Selectivity

Conc
Bore Fluid (wt %) He H, 0O, N, CH, €O, O, N, COy,CH, H,/CH, He/CH,
Water (Control) 255 265 283 4.5 4.7 133 6.3 28.3 56.4 54.3
Water and
Surfactant PFA 0.1 153 158 16,5 22 2.6 88 7.5 33.9 60.8 58.9
PAO 0.1 260 305 28,5 5.3 59 155 5.4 26.3 51.7 44.1

prior to testing, it is unlikely that skin damage is
a significant issue. To further clarify the possibil-
ities raised above, the macroscopic membrane
structure was investigated by SEM analysis, and
the effect of incorporating surfactants into the
polymer was determined by casting dense homo-
geneous PSF films and subjecting them to various
analyses.

Membrane Structure

The SEM micrographs for the different surfac-
tants are shown in Figure 5. These indicate a
clear difference between the porous substructure
of the control membrane and that of the mem-
branes impregnated with the surfactants PFA
and PAO. The impregnated membranes appeared
to have larger voids and a more open porous
structure. Although the detailed structure of the
transition region directly below the skin cannot
be seen on the micrographs, it is also expected to
have larger voids and, consequently, offer less
resistance to gas permeation.

When a surfactant is added to the spinning
solution, it will usually affect the surface energy
(surface tension) of one or more of the components
of the solution. It is not clear whether the primary
effect would be to associate with the polymer or
with one or more liquid components of the solu-
tion. Kesting? has suggested the presence of sphe-
roidal nodular structures during the formation of
a membrane from solution, and SEM studies by
Panar et al.?® have shown such structures in the
vicinity of the membrane skin. Kesting proposes
the formation of micellar aggregates immediately
prior to phase separation, which later rupture to
form the open porous structure of a phase inver-
sion membrane. Such structures were also con-
firmed by Wienk et al.?® for polyethersulfone
membranes.

From another perspective, a three-component
or ternary spinning solution passes into the

binodal and subsequently the spinodal regions on
a ternary phase diagram during membrane for-
mation.?” Binodal decomposition results in spher-
oid solvent-rich regions in a continuous polymer-
rich phase, while spinodal decomposition gives
rise to an interpenetrating network of polymer
and solvent-rich phases. It is generally assumed
that the membrane substructure results from spi-
nodally decomposed phases, but the effect of
binodal decomposition cannot necessarily be ig-
nored. In both cases, the resulting solvent- and
polymer-rich phases have predominantly curved
surfaces. Although the more complex spinning
solutions of this study contain five and not three
components, the essential mechanism is expected
to be broadly similar to that of a ternary spinning
solution.

How these nodular or spheroidal structures
form, is not at issue. However, it is suggested that
the presence of a surfactant reduces the surface
tension of the spinning solution to create larger
spheroidal phase-separated regions during mem-
brane formation than in conventional solutions
that do not contain a surfactant. After removal of
the solvents and nonsolvents the solvent-rich
phase constitutes the voids in the final mem-
brane.

This proposition would only partially explain
the results reported above, because the surfactant
increased the gas permeation rate in certain cases
only. For instance, higher concentrations of PAO
caused an increase in selectivity and a reduction
in productivity of the membranes. The increased
selectivity could be due to a number of possible
microstructural effects, all of which are related to
surface activity during membrane formation; for
example, by reduction of the number of minute
skin defects or by antiplasticization of the poly-
mer. Pinnau and Koros?’ have suggested that
skin formation is caused by surface tension forces
that draw together the spheroidal structures of
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Figure 5. Scanning electromicrographs of cross-sections of hollow-fiber membranes;
(a) no surfactant in the spinning solution, (b) 0.1% of a long-tailed fluorinated surfac-
tant PAO and (c) 0.1% of a short-tailed fluorinated surfactant PFA.

the nascent membrane as the solvent evaporates.
Because addition of a surfactant modifies the sur-
face tension of the spinning solution, it appears
possible that the closing of defects during skin
formation may also be affected.

Although the surfactant appears to have mod-
ified the membrane structure, there was still the
possibility that polymer—surfactant interaction in
the skin could account for the observed increase
in selectivity of the membranes. To investigate
this issue, different surfactants were incorpo-
rated into a simple polymer (PSF) solution and
cast as homogeneous dense thick films, so that
the intrinsic properties of the polymer could be
studied independently of the membrane. These
results are considered after the following two sub-
sections.

Surfactant in the Quench Medium

Initially, the formation of a hollow-fiber mem-
brane involves two simultaneous phase separa-
tion processes: one in the bore of the membrane
induced by the bore fluid, and another at the
outer surface to form the skin. The outer surface
is first exposed to a convective air current and is
then quenched in water. In separate experiments,
surfactant was added to either the bore fluid or to
the quench bath medium. The transport proper-
ties of the membranes prepared in this way are
shown in Figures 6 and 7 for O, recovery from air,
and in Table IIT for a series of six permanent
gases: He, H,, CO,, O,, Ny, and CH,.

Figure 6 shows that 0.2% of PAO and PKO
increased the oxygen flux through the mem-
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Figure 6. Oxygen permeation rate through hollow-
fiber membranes made by the addition of different sur-
factants (at 0.1 or 0.2% ) to the aqueous quench me-
dium. Rates were measured at 6 bar and 10 bar.

branes, with PKO having the greater effect at
both 6- and 10-bar testing pressure. In both cases,
the increase in flux was accompanied by a de-
crease in O, recovery, the effect for PKO being
quite drastic. A similar tradeoff between O, re-
covery and permeate flux was apparent for the
other concentrations and types of surfactants.
Thus, 0.1% of KO in the quench bath improved
the O, recovery, but the flux was considerably
lower than that of the control. Table III indicates
that the addition of 0.2% PAO yields a membrane
that is particularly suitable for oxygen/nitrogen
separation. The membrane with 0.2% KO in the
quench medium had the highest selectivities for
He/CH, and H,/CH,, and also the highest fluxes
for He and H,.

These results suggest that the surfactant in
the quench medium either influences the integ-
rity of the skin, i.e., the number of defects, or that
some surfactant is transferred from the quench
medium to the polymer of the skin where the
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Figure 7. Percentage O, recovery from air (selectiv-
ity) from the hollow-fiber membranes of Figure 6.

permeability of the polymer is changed. All mem-
branes were coated with silicone rubber prior to
permeability tests, so that the effect of the surfac-
tant on defect formation is not readily detectable.
Rather, it is proposed that the surfactant has
produced some form of physical modification of
the polymer in the skin region, such as modified
interchain spacing.

Modification of the Bore Fluid

The motivation for adding a surfactant to the bore
fluid is to influence the formation of the mem-
brane’s porous matrix through phase separation.
The effect of the bore fluid was investigated by
dissolving surfactants in the bore water, or alter-
natively by substituting the water with an alco-
hol. Three surfactants (PAO, PKO, and KO) were
added at concentrations of 0.1 or 0.2%. Results
were compared to the use of methanol, ethanol, or
iso-propanol, instead of pure water. The gas
transport properties of the resultant membranes
are shown in Table IV.

Table III Effect of Quench Medium on Gas Permeability and Selectivity for Permanent Gases

Permeation Rate (mL/min) Selectivity
Conc
Bore Fluid (wt %) He H, O, N, CH, CO, OyN, CO,/CH, H,CH, He/CH,
Water (Control) 270 268 28 4.1 4.2 132 7.0 32.2 45.7 41.7
Water and Surfactant
In Quench
Bath PAO 0.2 304 360 33 4.8 7.6 170 6.9 22.4 474 40.0
PKO 0.1 250 250 28 6.0 5.6 124 4.7 22.1 44.6 44.6
0.2 260 290 30 5.4 7.2 130 5.6 18.1 40.3 36.1
KO 0.1 210 240 23 4.2 4.8 80 5.5 16.7 50.0 43.8
0.2 310 310 34 6.4 6.4 170 5.3 26.6 484 48.4
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Table IV Effect of Bore Fluid Composition on Gas Permeability and Selectivity for Permanent Gases

Permeation Rate (mL/min) Selectivity
Conc
Bore Fluid (wt%) He H, O, N, CH, CO, Oy N, CO,/CH, H,/CH, He/CH,
Water (control) 270 268 28 4.1 4.2 132 7.0 32.2 65.7 66.6
Water and

Surfactant PAO 0.1 266 256 26 3.2 4.8 126 8.1 26.3 53.3 55.4
0.2 250 262 25 44 6.0 128 5.8 21.3 43.7 41.7
PKO 0.1 310 310 32 5.2 5.6 150 6.2 26.8 55.4 55.4
0.2 264 270 28 4.6 5.8 130 6.1 22.4 46.6 45.5
KO 0.1 256 290 27 5.2 6.4 150 5.2 23.4 45.3 40.0
0.2 260 264 28 5.0 46 150 5.6 32.6 574 56.5
Methanol 264 286 32 84 10.0 170 3.8 17.0 28.6 26.4
Ethanol 280 320 30 5.4 5.2 150 5.6 28.8 61.5 53.8

Isopropanol 20 21 @ 2 2 9 2 2 2 2

2 Permeation rate too slow to measure.

Table IV indicates that the selectivities of the
control membranes mostly exceeded that of the
other membranes. The exception is the higher
O4/N,, selectivity after the addition of 0.1% PAO,
which is due to the low N, permeation rate. The
small increases in productivity resulting from
surfactants in the bore fluid were offset by a con-
comitant decrease in O, recovery. The substitu-
tion of methanol and I-propanol for water had a
deleterious effect on the membrane properties,
although ethanol yielded results comparable to
pure water. It appears that no apparent advan-
tage is gained by addition of surfactants to the
bore fluid. Presumably, the bore fluid affects only
the macroporous membrane matrix, which has no
impact on gas transport properties, while the po-
rous transition region immediately beneath the
skin is not affected.

Surfactant-Modified Homogeneous Dense Films
Film Morphology

It proved impossible to cast homogeneous and
clear films from chloroform solutions of all of the
surfactant/polymer combinations. In particular,
PAO yielded films with a lacy appearance and
large holes that could not be used for permeation
or contact angle measurements. Even the use of
other solvents, such as N,N-dimethyl acetamide,
could not produce viable films with PAO. Films
produced with PKO and KO had a milky appear-
ance that indicates an inhomogeneity of some
kind. Milkiness and crack formation were ob-
served at higher surfactant concentrations.

When a PSF solution dries, the solvent evap-
orates and the PSF concentration of the remain-
ing solution increases steadily. During this pro-
cess the surfactant may associate preferentially
with either the polymer or the solvent. The two
surfactants, BFA and PFA, with the shortest
fluorinated tails produced the clearest films,
particularly at lower surfactant concentrations.
The counterion also appears to play an impor-
tant role, because PAO with the NH," counte-
rion would not produce homogeneous films at
all. This is in contrast to PKO, which is identi-
cal but for its potassium counterion. When both
have a coordination number of six, the potas-
sium ion has an estimated radius of 1.38 A,
compared to the ammonium ionic radius of
about 1.46 A.?® However, the latter is expected
to have strong hydrogen bonding potential in
addition to its ionic character.

One explanation for the observations is that
the lyophobic tail of the surfactant associates pri-
marily with the polymer chain in solution and so
increases the ionic interchain interactions as the
solution becomes more concentrated. Surfactants
with longer tails (PAO, PKO, and KO) may limit
the polymer chain’s flexibility more than those
with short tails (PFA and BFA) and cause aggre-
gation of the polymer at lower surfactant concen-
trations. The NH, " counterion of PAO may then
promote interchain attractions, resulting in ag-
gregation as the polymer becomes concentrated,
possibly through a combination of ionic and hy-
drogen bonding attractions.
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Table VT, of PSF Films Impregnated with Surfactant

Surfactant None BFA PFA PKO KO PAO
Conc (wt %) 0 1.0 1.65 0.33 1.65 0.33 1.65 0.33 1.65 0.33 1.65
T, [°C] 181 175 174 177 174 162 166 176 181 177 170

Glass Transition Temperature

Table V compares the glass transition tempera-
tures (7',) of PSF films containing various concen-
trations of the five surfactants, as determined by
differential scanning calorimetry. It was possible
to obtain a T, for the PSF impregnated with PAO,
because the DSC analysis does not depend on the
integrity of the cast film. The concentration indi-
cates the mass percentage of surfactant in the dry
polymer film.

These data indicate that the addition of surfac-
tant decreases the T,. This suggests a disruptive
effect or interference with interchain packing in
the solid polymer. PKO has the most pronounced
effect, and its unfluorinated analogue KO has the
least effect. The effect of surfactant concentration
does not show the same trend for all of the sur-
factants; the PKO and KO (both having a potas-
sium counterion) cause an increase in T, with
increasing concentration, whereas the other sur-
factants have the opposite effect. The significance
of this observation is not readily apparent.

Contact Angles and Surface Free Energy

Figure 8 shows the advancing contact angles of
PSF films impregnated with the two short-chain
surfactants, PFA and BFA. The advancing con-
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Figure 8. Advancing contact angles for water and
methylene iodide (MI) on PSF films impregnated with
short-tailed anionic fluorinated surfactants: PFA and
BFA.

tact angles for water and methylene iodide (MI)
were measured at surfactant concentrations in
the film ranging from 0 to 3.0 g surfactant per
gram of PSF. It appears that the ionic surfactant
(PFA) reduces the water contact angle relative to
the control film, which contained no surfactant,
while the presence of BFA had no measurable
effect. The contact angles for methylene iodide,
which is essentially a nonpolar liquid, are not
markedly influenced by the addition of surfac-
tant. Thus, the addition of the ionic surfactant
tends to increase the polarity of the polymer sur-
face, i.e., improve the water wettability. The wa-
ter contact angle continues to decrease as pro-
gressively more PFA is added. The concentration
of 1.5 g PFA/g PSF apparently constitutes a min-
imum contact angle.

The contact angles for water and MI were used
to compute the total surface free energy of the
impregnated PSF films, as well as the polar and
dispersive free energy components. Figures 9 and
10 show these free energies for PFA and BFA,
respectively. In both figures the total free energy
is maximized at a surfactant concentration of
1.5 g surfactant/g PSF; this corresponds to the
observed maximum of PFA on the water contact
angle. A comparison of the two figures shows that
the polar and dispersive components respond dif-
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0.5 1.0 1.5 2.0 25 3.0
Surfactant concentration [g PFA/g PSF]

0 Mt ST S W T T ST S S B S B M

3.5

Figure 9. Surface free energies of solution cast PSF
films impregnated with PFA, showing total (A) surface
free energy, as well as its polar (®) and dispersive (m)
components.
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Figure 10. Surface free energies of solution cast PSF
films impregnated with BFA. The symbols are the same
as for Figure 6.

ferently to addition of the ionic (PFA) and non-
ionic (BFA) surfactants. In Figure 9, the polar
component increases with increasing PFA concen-
tration up to the maximum, while the dispersive
component shows a continuous decrease. As ex-
pected for BFA in Figure 10, the total surface
energy is due mainly to the dispersive component,
with little change in the polar component as BFA
concentration increases.

The only difference between PFA and BFA is
that former has an ionic head, and the latter has
an aromatic nonionic head. Table I shows that the
HLB values (hydrophilic-lipophilic balance) of
these surfactants differ markedly, emphasizing
the large difference in polarity or solvent interac-
tion between the head and tail portions of PFA. If
the fluorinated tail portion of the PFA were to
associate with the polymer chain, then the ionic
head would extend outward and render the whole
polymer more ionic in nature, resembling a poly-
electrolyte. This would explain the marked in-
crease in polarity of the polymer as increasing
amounts of PFA are incorporated. An apparent
maximum could be explained if a polymer chain
becomes saturated with PFA molecules and some
surfactant molecules form an inverse “double
layer” on associated PFA molecules. Such head-
to-head associations could be mediated by coun-
terions, which bridge the negatively charged
heads of the surfactant, and this should lower the
polarity of the polymer chain. It is also possible
that micelles form, either attached to the polymer
chain or in the free solution. The results for BFA
do not indicate whether the fluorinated tail or
aromatic head is preferentially associated with
the polymer.

Gas Separation

Figure 11 shows the effect on the gas transport
properties of dense polysulfone films when differ-
ent concentrations of PFA and BFA are dispersed
in the polymer. A feature of both graphs is that
the selectivity for the gas pair O/N, is increased
above that of the control by addition of both PFA
and BFA. The concomitant reduction in perme-
ability is almost negligible. A second feature is
that these observations are valid up to a concen-
tration of 1.5 g surfactant/g PSF. Higher concen-
trations lead to a drastic deterioration in trans-
port properties. This could be due to several fac-
tors, i.e., to inhomogeneity or actual cracks in the
films, or to the presence of surfactant double lay-
ers or micelles, as discussed.

The improved selectivity is significant, in that
it corresponds to the change in transport proper-
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Figure 11. Oxygen permeation rate and O,/N,, selec-
tivity of solution cast dense polysulfone films impreg-
nated with PFA (upper graph) and BFA (lower graph).
The left ordinate (@) shows O, permeability, and the
right ordinate (A) the selectivity.



174 LE ROUX AND VAN SCHALKWYK

ties observed for membranes containing surfac-
tants, as demonstrated in previous sections. The
surface energy and glass transition temperature
measurements suggested that the surfactants as-
sociate with the polymer chain, and this can be
expected to influence chain packing and inter-
chain spacing, both of which may influence the
diffusion properties of a gas in a polymer. Gener-
ally, an increase in interchain distances, such as
occurs during plasticization of a polymer, would
increase diffusion coefficients and reduce the sep-
aration factor or selectivity. However, certain ad-
ditives may have the opposite effect at low con-
centrations in a phenomenon known as antiplas-
ticization. Antiplasticization has been shown to
increase the selectivity of a pure polymer, such as
polysulfone.'* If the surfactants in this study do
act as antiplasticizers, then their presence in the
polymer skin may increase the selectivity at the
expense of the permeability. Maeda and Paul'*
showed that this effect is accompanied by a re-
duction in intramolecular free volume, which sug-
gests more closely packed polymer chains. It
should be noted that antiplasticization effects
also depend on the concentration of the additive.

CONCLUSIONS

This study has demonstrated that surfactants in-
troduced into the spinning solution have a defi-
nite and measurable effect on the gas transport
properties of hollow-fiber polysulfone (PSF) mem-
branes. In general, there is a modest increase in
selectivity, expressed as the percentage recovery
of Oy, from air. For all but two of the surfactants,
the change in selectivity was accompanied by a
decrease in permeation rate, i.e., the O, flux
through the membrane. In particular, the addi-
tion of perfluoroammonium octanoate (PAO) pro-
duced membranes with significantly improved
properties. At 0.1% PAO the membrane flux was
increased by 44%, with only a small loss of selec-
tivity. At the same concentration, addition of PKO
and KO had improved selectivities with only a
modest decrease in permeation rate.

The concentration of surfactant appears to af-
fect both the selectivity and the permeation rate
of these membranes. Increasing the concentration
of PAO from 0.1 to 0.5% (by weight) steadily de-
creased the permeation rate, but had varying ef-
fects on the selectivity. At 0.2% PAO, both the
selectivity and permeability were increased, indi-
cating that this was the optimum concentration

for the particular polymer—surfactant combina-
tion.

In an attempt to better understand the origin
of these effects, different surfactants at different
concentrations were incorporated into thick PSF
films by solution casting. Films made from pure
PSF, and from PSF with PFA and BFA (both
short-chain fluorinated surfactants), were clear
and transparent at low surfactant concentrations
and somewhat milky at higher concentrations. All
films cast from the other surfactants (long-tailed,
fluorinated and unfluorinated) showed consider-
able cloudiness or structural defects. The glass
transition temperatures were reduced by all sur-
factants, PKO having the greatest effect. Increas-
ing concentrations of PFA and BFA caused an
increase in total surface free energy up to a max-
imum; this correlated with an increase in Oy/N,
selectivity and a corresponding small decrease in
O, permeation rate.

It is suggested that the lyophobic tails of the
surfactants interact with the polymer chains,
both during membrane formation and film forma-
tion. This may alter the packing of polymer
chains after the solvent has been removed. SEM
images show that membranes with surfactants
have larger voids in the porous part of the mem-
brane matrix, which could explain the higher per-
meation rate for oxygen. Permeation studies on
thick films impregnated with surfactant also sug-
gest that surfactants improve selectivity in the
membrane skin, possibly by an effect similar to
antiplasticization.
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