Hollow Fiber Microfiltration Membranes
from Poly(ether ether ketone) (PEEK)

MARK F. SONNENSCHEIN

Central Research and Development, The Dow Chemical Co., Midland, Michigan 48674

Received 9 March 1998; accepted 17 August 1998

ABSTRACT: A procedure for obtaining high performance large internal diameter (ID;
>1 mm) hollow fiber microfiltration membranes from poly(ether ether ketone) (PEEK)
is presented. A simple mixture of isomers of diphenylphthalate is a good solvent for
employing the thermal-phase inversion process to obtain PEEK membranes. Obtaining
large ID hollow fibers with substantial transmembrane flux requires sufficient melt
strength during spinning to prevent excessive draw of the extruding fiber. The use of a
second leachable polymer to the blend satisfies the conditions, and polysulphone (PS) is
found to provide superior membranes relative to either poly(etherimide) (PEI) or
poly(ether sulphone) (PES) as a second polymer. PEEK membranes obtained by this
process yield better chemical resistance to a concentrated warm surfactant/oil solution.
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INTRODUCTION

Cross-flow microfiltration for concentration of
suspended particles in solution is widely prac-
ticed for a variety of applications.'™® As the tech-
niques of cross-flow filtration become more widely
known, their application spreads to more de-
manding solution streams. A wide variety of poly-
meric materials are commonly used for making
membranes.* Many of these materials are easily
processed into membranes using the thermally
induced phase inversion process (TIP).> TIP re-
fers to the method whereby the polymer is dis-
solved in a solvent in which the solubility of the
polymer in the solvent is temperature dependent.
The polymer—solvent blend is extruded or cast at
one temperature, and as the temperature pro-
ceeds to ambient, the polymer phase separates
from the solvent.®~® The solvent is subsequently
removed from the phase-separated blend in a
leach step. The sites in the polymer vacated by
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the solvent then act as conduits for the flow of
liquids.

Current polymer membrane materials are
practical for low-temperature aqueous separa-
tions. More demanding separations generally re-
quire the use of ceramic membranes, although
these are far more expensive and more difficult to
make than polymeric membranes.? The new class
of semicrystalline materials such as poly(ether
ether ketone) (PEEK)? and poly(phenylene sul-
fide) (PPS)'%!! are materials that should provide
many of the capabilities of ceramic membranes in
terms of temperature and solvent resistance,
although allowing the relatively easier processing
and fabrication of polymer membranes. This
paper describes methods for preparing high-
performance microfiltration membranes from
PEEK.'%13 Particularly, these membranes were
prepared for their application in large internal
diameter (ID) hollow fiber (tubule) form, a mode
that results in the highest cross-flow efficiency.
Preparation of ultrafiltration film membranes
will be covered in a subsequent publication.

175



176 SONNENSCHEIN

EXPERIMENTAL

PEEK 450G was obtained from Victrex Corpora-
tion (West Deptford, NJ) under the trade name
Victrex. Polysulphone (PS) was obtained from
Amoco Plastics (Alpharetta, GA) under the trade-
name Udel. Poly(etherimide) PEI was obtained
from GE Plastics (Pittsfield, MA) under the trade-
name Ultem 1000. A blend of 75% diphenyl-
isophthalate (DPIP)/25% diphenylterephthalate
(DPTP) was obtained from Hoechst Celanese
(Charlotte, NC). DPTP and DPIP were purchased
separately from Sloss Industries (Birmingham,
AL). All materials were used as received.

Polymer solutions were obtained by first blend-
ing the DPIP/DPTP with the PS, poly(ether sul-
phone) (PES), or PEI in a closed resin kettle until
the mixture was a homogeneous, transparent,
amber color occurring around 200°C. PEEK was
then added in small increments and the mixture
heated to 340°C to assure uniform blending. The
resin kettle temperature was controlled carefully
using an Oron (Schaumburg, IL) temperature
controlled connected to a thermocouple sub-
merged in the blend. The polymer blend was
mixed using moderate shear mixing blades at-
tached to an air-driven motor. When PEEK is
fully mixed into the solution, the blend is dark
brown and transparent (when observed through a
small path length). The blend is then carefully
poured from the kettle into a metal pan, covered,
and allowed to cool quiescently. The light brown
PEEK/polymer/DPIP/DPTP blend was then
chipped in an IMS Co. (Chagrin Falls, OH)
grinder to a size suitable for feeding to an ex-
truder.

Large ID hollow fibers were extruded on a Kil-
lion (Cedar Grove, NJ) %” single screw extruder
with a general purpose screw with a length/diam-
eter (L/D) ratio of 24. The molten polymer solu-
tion was fed to a Zenith Industries (Patterson,
SC) melt pump and subsequently to a spinnerette
designed specifically for extrusion of high-viscos-
ity molten polymer into a tubule form. Hollow
fibers were spun employing a nitrogen core gas to
maintain the ID upon exiting the spinnerette. A
face heater was employed to prevent phase sepa-
ration occurring at the spinnerette face. Extruder
temperatures ramped from 260°C at the feed
throat to 330°C in the melt zone and melt pump,
and then declined to approximately 310°C at the
spinnerette face. Extruder screw speed was con-
trolled to maintain a constant suction pressure of
300 psi. Melt zone and pump temperatures could
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Figure 1 Fiber testing configuration. Polycarbonate
cell is filled with water during test and usually in-
verted. Water is collected underneath and then
weighed. Flux is then normalized to transmembrane
pressure, membrane surface area, and collection time.

be increased gradually during fiber spinning to
maintain discharge pressures below 2500 psi.
The large ID hollow fibers were drawn at a
constant rate using a homemade godet and sub-
sequently wound on a core using a tension-con-
trolled Leesona winding instrument. Spinnerette-
to-godet gap distances were between 6 and 12 in.
Godet speeds were run between 8 and 20 linear ft/
min. Membrane was leached in methylene chlo-
ride or 1-methyl-2-pyrrolidinone (NMP) until the
weight of the fibers no longer decreased due to
removal of the PS, PES, or PEI and DPIP/DPTP.
Mass balance typically showed that at least 98%
of the solvent and sulfone-containing polymer
could be recovered through the leaching process.
The missing mass is believed to be a result of
evaporating solvent during the extrusion process.
Hollow fibers from blends containing PEI typi-
cally could not be fully leached as PEI continued
to be extracted after numerous extractions, leav-
ing the fiber as much as 10% heavier than could
be accounted for by its PEEK content. Fibers were
not leached under constant tension and fiber
shrinkage during this step was not controlled.
PEEK hollow fiber sizes were a function of vari-
ous process parameters such as melt pump and
godet speed and spinnerette geometry. Fiber di-
ameter variability usually varied <10% but could
assume an oblong shape if the Leesona tension
adjustment was too high, which would cause com-
pression to the wound fibers. Membrane pure wa-
ter flux was measured by insertion of several fi-
bers into a Dow cell (see Fig. 1). Prior to water
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Figure 2 Ternary composition diagram representing
weight percentages of blends containing PEEK, PS,
and DPIP/DPTP for making microfiltration mem-
branes. Cross hatched area represents weight percent-
ages where blends were prepared.

flux measurement, the fibers were wet with eth-
anol. The ethanol in the fibers was then displaced
by thorough replacement with high-performance
liquid chromatography (HPLC) grade water. Fi-
bers were pressurized from the outside and the
flux of water pushed through the membrane walls
was collected from the membrane openings potted
in epoxy. Following a definite time interval, the
water weight was measured and the flux normal-
ized to membrane surface area, transmembrane
pressure, and collection time. Maximum and
mean pore size were determined by bubble point
using ethanol according to ASTM F 316.25 SEM
were obtained by Rosemary Ross of the Dow An-
alytical Department using a methanol soak fol-
lowed by a freeze fracture.

RESULTS AND DISCUSSION

The very features that make PEEK an attractive
candidate for a high-performance membrane ma-
terial make it a difficult material to process. The
solvent resistance of PEEK requires that rela-
tively exotic solvents be employed to obtain solu-
tion.'* DPTP and DPIP are both very good sol-
vents for PEEK with boiling points about 410°C
(well below the extrusion temperature). DPIP
used alone as a solvent has a narrower window of
temperature-independent concentrations with
PEEK than does DPTP. When blends of DPTP/PS
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and PEEK are extruded, the resulting membrane
has very good properties but is difficult to handle
due to the highly brittle crystalline nature of the
blend at room temperature. The incorporation of
DPIP into the blend delays recrystallization of the
solvent system for about 48 h, allowing easy han-
dling of the fiber. This delayed recrystallization
feature of the mixed solvent system is presumably
due to their acting as a highly soluble impurity
delaying each other’s recrystallization. The sol-
vent/PEEK blend exhibited concentration-inde-
pendent recrystallization temperatures of the
PEEK-rich phase between 40 and 24 wt % PEEK
concentration. This observation suggests the
presence of liquid/liquid phase separation mech-
anism prior to solidification at that concentration
range.'®16 Although a liquid/solid phase separa-

Figure 3 Scanning electron micrographs of PEEK
microfiltration membranes from a ternary blend con-
taining 30% PEEK/20% PES/50% diphenylphthalate
isomers.
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Figure 4 Scanning electron micrographs of PEEK
microfiltration membranes from a ternary blend con-
taining 30% PEEK/20% PS/50% diphenylphthalate iso-
mers.

tion mechanism can produce efficient mem-
branes, the best membrane properties (the com-
bination of narrow pore size distribution and high
flux) are usually obtained from a liquid/liquid sep-
aration mechanism.”

To obtain a large ID hollow fiber, the extruding
polymer blend must have sufficient viscosity so it
does not rapidly draw down prior to solidification
upon exiting the spinnerette. To obtain the nec-
essary viscosity with a binary blend of PEEK
and diphenylphthalates, approximately 70 wt %
PEEK is required. The resulting hollow fiber, al-
though porous, had no transmembrane flux. An
alternative approach is to add a second polymer to
the PEEK/diphenylphthalate blend. Such a sec-
ond polymer must be miscible with PEEK in the
range of phase-spinning temperatures but insol-
uble at room temperature to obtain a narrow

Figure 5 Scanning electron micrograph of PEEK mi-
crofiltration membrane from a ternary blend contain-
ing 30% PEEK/20% PEI/50% diphenylphthalate iso-
mers.

pore-size distribution in the microfiltration range.
The polymer must also be soluble in the leaching
solvent. The effect of the second polymer on
phase-separation kinetics is also a factor in ob-
taining an optimized membrane.

Three polymers met the initial conditions ex-
hibiting solubility with PEEK at elevated temper-
atures, insolubility at lower temperatures, and
leachability using available solvents. These poly-
mers were PS, PES,'"1? and PEIL.2%?! It was pre-
viously reported,?? and was our experience, that
PEI is too miscible with PEEK and results in a
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Figure 6 Relationship between ethanol bubble point
and PS content in 34% PEEK blends with diphe-
nylphthalate ester isomers. Maximum pore size is ob-
tained by dividing 9.25 by the measured bubble point
(units in micrometers).
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Figure 7 Porosity versus gravimetrically determined PEEK content of cast PEEK

film membranes.

blend from which all the PEI cannot be removed.
PES, on the other hand, exhibits a relatively
rapid phase separation from the molten polymer
blend.'® PEEK membranes from its ternary blend
with DPIP/DPTP and PES were functional but
exhibited a highly coarsened structure with rela-
tively large maximum and mean pore sizes for a
given concentration. PS, especially the low molec-
ular weight commercial variety (Grade 3703), ex-
hibits a moderation between the two extremes.
Figure 2 is a ternary composition diagram of the
blend compositions explored in this study. Fig-
ures 3-5 are SEM micrographs of gross and mi-
cromorphology of tubules obtained from PEEK/
PES/DPIP/DPTP and PEEK/PS/DPIP/DPTP
blends and PEEK/PEI/DPIP/DPTP blends.

For a given PEEK content, the maximum pore
size of a membrane as determined from ethanol
bubble point varies linearly with the weight
amount of PS in the blend varying from approxi-
mately 0.12 um at 16% PS to approximately 0.3
um at 25% PS (Fig. 6). Mean pore sizes were
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Figure 8 Relationship between PEEK content and wa-
ter flux. Lines through points indicate the range of fluxes
observed for different diphenylphthalate/PS ratios.
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Figure 9 Performance of Dow experimental microfiltration membranes from (A)
PEEK and (B) commercial microfiltration membranes from PES. Initial time values are
arbitrary. Effluent stream is a proprietary mixture of anionic and nonionic surfactants
at 5% concentrations in water and 1% commercial corn oil. Units of permeate flux
(gfd/psi) is gallons of permeate flux/(ft? membrane surface area X day X psi transmem-

brane pressure).

generally 50% of the maximum pore size mea-
sured by bubble point. Porosity of the membranes
was determined from cast membrane films of the
polymer blends to facilitate measurement of vol-
ume. The porosity was then determined from
eq. (1).

Psample =1- (psample/pdense) (D
In eq. (1), P is the sample porosity, psample 1S the
measured density of the sample, and pgene. 1S the

density of nonporous semicrystalline PEEK. pj..ce
is calculated from the average crystallinity of the
samples [calculated from differential scanning cal-
orimetry (DSC) data] and the known?? densities of
amorphous and crystalline PEEK (amorphous
= 1.2626 g cc ! crystalline = 1.4006 g cc %) and by
using a theoretical heat of fusion of 100% crystalline
PEEK of 130 J g~ '.2* Figure 7 shows the relation-
ship between membrane porosity and PEEK con-
tent in the polymer blend used for making the mem-
brane. The relationship is approximately a straight



line with the porosity being about 5% less than
predicted just from gravimetric considerations. The
deficit is presumably due to membrane shrinkage
during the leach step.

The most important influence on pure water
transmembrane flux for PEEK/PS/DPIP/DPTP
membranes was the PEEK concentration. Figure
8 shows the effect of PEEK concentration on pure
water flux. The membrane fluxes measured are
from ternary blends, thus each PEEK concentra-
tion can vary the weight fraction of PS indepen-
dently. The lines through the points provide the
range of water flux values measured over the
range of permutations tried. The relationship is
once again approximately linear.

PEEK tubule membranes were fabricated into
a module for the purpose of comparison to the
performance of a commercial PES membrane in a
similar configuration. The stream was chosen as a
demonstration of the membrane’s ability to with-
stand harsh solvents under elevated tempera-
tures. The stream chosen was a Dow Chemical
(Midland, MI) proprietary blend of nonionic and
anionic surfactants denoted XU11301, a product
intended for semiaqueous metal cleaning opera-
tions with the addition of 1% commercial food
grade corn oil. Figure 9 shows the flux behavior of
1 ft2 membrane modules resulting from exposure
to the surfactant/oil stream with temperature and
time. The data shows that the PEEK membrane
is unaffected by the stream and the flux increases
slightly with temperature due to the decreasing
viscosity of the surfactant-laden stream. In con-
trast, the PES membrane shows an extended de-
crease in flux with time and temperature. This
effect is presumably due to swelling of the PES
membrane by the components in the stream.

CONCLUSIONS

High-performance tubule membranes from the
high-performance polymer PEEK were prepared
from a ternary blend including PS, DPIP, and
DPTP. PS provides sufficient melt strength to the
extruding blend to minimize the fiber draw and
also moves the pore-size distribution to larger
values. The diphenylphthalate esters are a very
useful solvent system for PEEK for making mem-
branes, and when used in mixtures, make the
extruded membrane more flexible prior to leach
by slowing the recrystallization rate. We showed
that PEEK membranes provide superior perfor-
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mance to a polysulphone membrane in exposure
to a warm surfactant/oil stream.

Dr. Robert Mahoney is gratefully acknowledged for his
considerable input to this research. The author also
thanks The Dow Chemical Company for its support of
this research.

REFERENCES

1. Ho, W. S.; Sirkar, K. Eds., Membrane Handbook;
Van Nostrand—Reinhold: New York, 1992.

2. Bhave, R. Inorganic Membranes: Van Nostrand—
Reinhold: New York, 1991.

3. Lonsdale, H. K. J Appl Polym Sci 1985, 25, 1074.

4. Bungay, P. M.; Lonsdale, H. K.; DePinho, M. N.
Synthetic Membranes: Science Engineering and
Applications; Nato Advanced Study Institute on
Synthetic Membranes, Dordrecht, Lancaster, Re-
idel Pubs, 1983.

5. Kesting, R. R. Synthetic Polymer Membranes;
Wiley, New York, 1985.

6. Lloyd, D. R.; Kinzer, K. E.; Tseng, H. S. J Membr
Sci 1990, 52, 239.

7. Lloyd, D. R.; Kim, S. S.; Kinzer, K. E. J Membr Sci
1991, 64, 1.

8. Kim, S. S.; Lloyd, D. R. J Membr Sci 1991, 64, 12.

9. Cheng, S. Z. D.; Cao, M.-Y.; Wunderlich, B. Macro-
molecules 1986, 19, 1868.

10. Lopez, L. C.; Wilkes, G. L. Rev Macromol Chem
Phys 1989, C29, 83.

11. Chiang, C.-Y.; Lloyd, D. R. J Porous Mater 1996, 2,
273.

12. Damrow, P. A.; Mahoney, R. D.; Beck, H. N.; Son-
nenschein, M. F. U.S. Pat. 5,205,968, 1993.

13. Mahoney, R. D.; Beck, H. N.; Lundgard, R. A.; Wan,
H. S.; Kawamoto, J.; Sonnenschein, M. F. U.S. Pat.
5,227,101, 1993.

14. Beck, N. J Appl Polym Sci 1992, 45, 1361.

15. Cahn, J. J Chem Phys 1963, 42, 93.

16. Castro, A., U.S. Pat. 4,247,498, 1981.

17. Wu, Z.; Zheng, Y.; Yu, X.; Nakamura, T.; Yosomiya,
R. Die Angw Makromol Chemie 1989, 171, 119.

18. Yu, X,; Zheng, Y.; Wu, Z.; Tang, X.; Jiang, B. J Appl
Polym Sci 1990, 41, 2649.

19. Wu, Z.; Zheng, Y.; Yan, H.; Nakamura, T.; Nozawa,
T.; Yosomiya, R. Die Angw Makromol Chemie
1989, 173, 163.

20. Hudson, S.; Davis, D.; Lovinger, A. Macromolecules
1992, 25, 1759.

21. Hsiao, B.; Sauer, B. J Polym Sci Phys Ed 1993, 31,
901.

22. Dubrow, R. E., (to Raychem) U.S. Pat. Application
WO 85/05318, 1985.

23. Blundell, D. J. Polymer 1987, 28, 2248.

24. Chien, M. C.; Weiss, R. A. Polym Eng Sci 1988, 28, 6.

25. ASTM F-316-80, Section 10, Volume 10.05, 1985; p
301.



