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Hollow Fiber Membrane Contactor

Field of the Invention

This invention relates to a hollow fiber membréne contactor for phase
separations and other phase contact applications. The contactor is made from
perfluorinated thermoplastic polymeric materials, has a high packing density
providing high useful contacting area, and the ability to operate with liquids of low
surface tension.

Background of the Invention

Liduid-gas contactors are used to transfer one or more soluble substances
from one phase to another. Examples of conventional contactors are packed
towers, plate columns and wetted wall columns. In these systems, gas
absorption of one or more components from the gas stream is accomplished by
dispersing the gas as bubbles in packed towers and plate columns in a
countercurrent flow to the liquid stream. Absorption efficiency is controlled apart
from solubility cohsiderations by the relative rate of the flows and the effective
surface area of the gas flow bubbles. In wetted wall contactors the gas stream
flows past a downward flow of liquid on the inside wall of a vertical tube. Gas
stripping is used fo transfer a gas dissoived in liquid into a gas stream. Similar
contactors are used for gas stripping. '

Conventional contactors have several deficiencies. Primary among these
is the fact that the individual gas and liquid flows cannot be varied independently
over wide ranges. Tray columns are prone to such problems as weeping at low
gas flows and flooding at high liquid flows. Packed towers can flood at high flow
rates. The use of low iiquid flow rates in a packed tower wouid lead to channeling

and reduced effective surface area. Excessive frothing or foam formation can
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lead to process inefficiency. Wetted wall contactors have inherently low mass
transfer coefficients, and can flood at high gas flow rates. The development of
membrane contactors has overcome these deﬁciencies.

Membrane contactors are devices through which two fiuid phases flow
separated by a membrane permeable to the gas being transferred. If a
microporous memb_rane' is being used, the preferred method relies on the non-
wetting characteristic of the membrane material and the pore size to prevent
liquid from intruding into the pores and filling them. Gas transfer then occurs

through the gas filled pores to or from the liquid, depending on whether the
_process s absorption or stripping. If a non-porous membrane is used, gas

transfer is controlled by the diffusion rate in the non-porous layer of the
membrane. In some cases, such as oxygen removal from ultrapure water, gas
stripping is doné with a vacuum instead of a stripping gas flow. While other
membrane geometries are available for this use, hollow fiber membranes are
ideally suited as contactors. '

A hollow fiber porous membrane is a tubular filament comprising an outer
diatheter, an inner diameter, with a porous wall thickness between them. The
inner diameter defines the hollow portion of the fiber and is used to carry one of
the fluids. For what is térmed tube side contacting, the liquid phase flows
through the hollow portion, sometimes called the lumen, and is maintained
separate from the gas phase, which surrounds the fiber. in shell side contacting,
the liquid phase surrounds the outer diameter and surface of the fibers and the
gas phase flows through the lumen.

The outer or inner surface of a hollow fiber membrane can be skinned or
unskinned. A skin is a thin dense surface layer integral with the substructure of
the membrane. In skinned membranes, the major portion of resistance to flow
through the membrane resides in the thin skin. The surface skin may contain

_pores leading to the continuous porous structure of the substructure, or may be a

non-porous integral film-like surface. In porous skinned membranes, permeation
occurs primarily by connective flow through the pores. Asymmetric refers to the
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uniformity of the pore size across the thickness of the membrane; for hbllow

fibers, this is the porous wall of the fiber. Asymmetric membrenes have a

structure in which the pore size is a function of location through the cross-
section, typically, gradually increasing in size in traversing from one surface to
the opposing surface. Another manner of deﬂning asymmetry is the ratio of pore
sizes on one surface to those on the opposite surface.

Manufacturers produce membranes from a variety of materials, the most
general class being synthetic polymers. An lmportant.class of synthetic polymers
are thermoplastic polymers, which can be flowed and molded when heated and
recover their original solid proper’nes when cooled. As the conditions of the
application to which the membrane is bemg used become more severe, the
materials that can be used becomes limited. For example, the organic solvent-
based solutions used for wafer coating in the microelectronics 'industry_will
dissolve or swell and weaken most common polymeric membranes. The high
temperature stripping baths in the same industry consist of highly acid and
oxidative compounds, which will destroy membranes made of common polymers.
Perfluorinated thermoplastic polymefs such as poly(tetrafluoroethylene-co-
perfluoro(alkylvinytether)) (poly(PTFE-CO-PFVAE)) or poly(tefraﬂuoroethylene—
co-hexafluoropropylene) (FEP) are not adversely affected by'severe conditions of
use, so that membranes made from these polymers would have a decided
advantage over ultrafiltration membranes made from less chemically and
thermally stable polymers. These thermoplastic polymers have advantages over
poly(tetrafluoroethiene) (PTFE), which is not a thermoplastic, in that they can be
molded or shaped in standard type processes, shch as extrusion. Perfluorinated
thermoplastic hollow fiber membranes can be produced at smaller diemeters
than possible with PTFE. Fibers with smaller diameters, for example, in the
range of about 350 micron outer diameter to about 1450 micron outer diameter,
can be fabricated into contactors having high membrane surface area to
contactor volume ratios. This attribute is useful for produc'ing' compact
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equipment, which are useful in applications where space is at a premium, such
as in semiconductor manufacturing plants.

Being chemically inert, the Poly (PTFE-CO-PFVAE) and FEP polymers
are difficult to form into membranes using typical solution casting methods as
they are difficult to dissolve in the normal solvents. They can be made into
membranes using the Thermally Induced Phase Separation (TIPS) process. In
one example of the TIPS process a polymer and organic liquid are mixed and
heated in an extruder to a temperature at which the polymer dissolves. A
membrane is shaped by extrusion through an extrusion die, and the extruded
membrane is cooled to form a gel. During cooling the polymer solution -
temperathre is reduced to below the upper critica_l' solution temperature. This is
the temperature ator below which two phases form from the homogeneous
heated solutlon, one phase primarily polymer, the other primarily solvent. If done
properly, the solvent nch phase forms a contlnuous interconnecting porosnty
The solvent nch phase is then extracted and the membrane dried.

| Hydrophobzc mlcroporous membranes are commonly used for contactor
applrcatlons with an aqueous solution that does not wet the membrane. The
solution flows on one side of the membrane and a gas mixture preferably at a
lower pressure than the'soiution flows on the other. Pressures on each side of
the membrane are mamtalned so that the |IC|lJld pressure does not overcome the -
critical pressure of the membrane ‘and so that the gas does not bubble into the
liquid. Critical pressure, the pressure at which the solutl_on will intrude into the

~ pores, depends directly on the material used to make the membrane, inversely

on the pore size of the membrane, and directly on the surface tension of the
liquid in contact with the gas'phase. Hollow fiber membranes are primarily used
because 6f the ability to obtain a very high packing'de_nsity with such devices.
Packing density relates to the amount of useful membrane surface per volume of
the device. It is related to the number of fibers that can be potted in a finished
contactor. Also, con_tactors may be operated with the feed contacting the inside
or the outside surface, depending on which is more advantageous in the



10

15

20

25

30

WO 00/44479

PCT/US00/02378

particular application. Typical applications for contacting membrane systems are

“to remove dissolved gases from liquids, "degassing”; or to add a gaseous

substance to a liquid. For example, ozone is added to very pure water to wash
semiconductor wafers.

Porous contactor membraneé are preferred for many applications because
they will have higher mass transfer than nonporous membranes. For

_ applications with liquids having low surface tensions, smaller pore sizes will be

able fo operate at higher pressures due to their resistance to intrusion. Non-
porous contactor membranes are preferred in cases where the liquid vapor
pressure is high, or where high temperature operation increases the vapbr
pressure. In these cases, evaporation through a porous membrane may result in
substantial liquid loss. Non-porous membranes may also be preferred in high-
pressure applications, where intrusion of a porous membrane would be a
problem. ' - |
Membrane contactors can also be useful in applications where in addition

to phase transfer of a species from a feed stream to a second phase, a chemical

reaction is desired between that species and a second reactant in the second
phase. Membrane contactors would provide high surface area for mass transfer -
and maintain the product separate from the feed stream.

Z Qi and E. L. Cussler (J. Membrane Sci. 23(1985) 333-345) show that
membrane resistance controls absorption of gases such as ammonia, SO, and

:H2S in sodium hydroxide solutions. This seems generally true for contactors

used with strong acids and bases as the absorption liquid. For these
applications, a more porous contactor membrane, such as a microporous

- membrane, would have an advantage, because the membrane resistance would
‘be reduced. This would be practical if the liquid does not intrude the pores and

increase resistance. With the very low surface tension materials used in the
present invention, this would be possible without coating the surface of the fibers
with a low surface tension material, which is an added and complex
manufacturing process step.
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Membrane contactors have several advantages over conventional
equipment. Membrane contactors have a higher surface area per unit volume
than conventional packed towers. More importantly, membrane contactors are
not disturbed by high or low flow rates and do not suffer from the problems set
forth above for conventional contactors. This is due to the fact that in membrane
contactors, the flow rates can be controlied independently because the separate
phases are not in physical contact and cannot influence each others flow.
Membrane contactofs a_lso have the advantage that bubbles are not formed in
the liquid stream under proper operating conditions. These advantages are
useful in important applications.

Ozone treatment of drinking water is being increasingly be considered.
Ozone has the capability of eliminating all viruses, and does not form substances
such as trihalomethanes, which are by-products of chlorine treatment and natural -

“ substances such as humic or fulvic acids which may be present. For applications

requiring' a compact apparatus, such as at remote sites, the higher efficiency of a
membrane contactor would be preferable to the typical small bubble diffuser,
which requires' significant water-ozone depth to be effective.

In the manufacturing process for integrated circuits, a photoresist coating
is baked onto a silicon wafer that must be removed after processing. Oxidation is -
a commonly used method to clean the wafers.

~ U.S. Pat. No. 5,082,518 describes a sulfuric acid and oxidizer process to
clean semiconductor wafers. A gas distribution system comprising a sparger
plate with diffusion holes distributes ozone directly into a treatment tank
containing sulfuric acid. This system has the disadvantages of lower absorption
efficiency of ozone absorption into.the water due to the large bubbles of ozone
produced. The contactor of the present invention has the chemical stability to
operate directly in harsh environments and would improve cleaning reaction

éfﬁciency by supplying a bubble fre® azone agiution,
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Ohmi et al, J. Electrochem. Soc., Vol. 140, No. 3, March 1993, pp. 804-

" 810, describe cleaning organic impurities from silicon wafers at room

temperature with ozone-injected ultrapure water. US Patent 5,464,480 shows
that ozone diffused through a subambient temperature deionized water wiil
quickly and effectively remove organic materials such as photoresist from wafers
without the use of other chemicals. It is believed that lowering the temperature of
the solution enables a sufficiently high ozone concentration in solution to
substantially oxidize all of the organic material on the wafer to insoluble gases.
The means for diffusing a gas can be any means which provides fine bubbles of

. ozone or other gases into the tank and uniformly distributes the gas throughout

the tank.

in US Patent 5,464,480, preferably, the bubbies that are provided by the
diffuser are initially about 25 to about 40 microns in diameter. The gas diffuser
preferably is made from a mixture of polytetraﬂuomethyléne (PTFE) and
perfluoroalkoxylvinylether. By varying the temperature and pressure under which
the mixture is prepared by methods known in the art, both porous a‘nd'-'nonporous
members are formed. The impermeable and permeable members are pfeferably
comprised of about 95% PTFE and about 5% perfluoroalkoxylvinylether. The
permeable member and the impermeable member may be joined by any number
of methods as long as the result is a composite member that will not cdme-apart
under the stresses in the tank. Preferably, the members are heat sealed
together, essentially melting or fusing the members together using carbon-carbon
bonds. Once the permeable member is formed, a trench is bored out of the PTFE
in the top portion of the member. The resulting diffuser has on the order of about
100,000 pores of a size of about 25 to about 40 microns in diameter through
which gas may permeate into the treatment tank. The use of the trench in the
diffuser allows the gas to diffuse into the tank as very fine bubbles. in
applications for the semiconductor manufacturing industry, a device that supplied
Homogeneous bubble free ozone dissolved in ultrapure water would provide
more efficient oxidation reactions because the reaction would not be localized at
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the bubbles. The more homogeneous solution would provide for a more uniform

‘cleaning reaction. Furthermore, the high surface area to volume ratio inherent in

hollow fiber devices would give a compact system, suitable for semiconductor
operations.
Dissolved oxygen in ultrapure water is another problem in semiconductor

- device manufacturing. Oxygen removal to less than one part per billion (ppb) is

required to p'revent uncontrolled oxide growth. Potential problems associated
with uncontrolled oxide growth are prevention of low temperature epitaxy growth,
reduction of precise control of gate-oxide films, and increased contact resistance
for VIA holes. This uncontrolled growth can be overcome by stripping dissolved
oxygen to less than 1 ppb from the ultrapure water used in the manufacturing -
process. The high packing density and cleanliness associated with an all

| perflucrinated thermoplastic contactor are advantages in such applications.

'US Patent 5,670,094 provides an oxidized water producing method in
whigh a pressurized ozone gas is generated by an electric discharge type-
ozonator is dissolved in water to be treated through a hollow fiber membrane,
characterized in that the water pressure inside the membrane is maintained
higher than the pressure of the ozone gas supplied to the outside of the hollow
fiber membrane to prevent tiny bubbles and impurities from getting mixed into the
water being treated, and the ozone concentration in the treated water is
controlled on the basis of the concentration of the ozone gas. This method
reference discloses only PTFE membranes and does not contemplate the use of
an all perfluorinated thermoplastic contactor.

Commercially available all PTFE hollow tube contactors are referred to as
“hollow tubes”, probably because they are relatively large. Patent JP7213880A
discloses the fiber manufacturing process for making composite PTFE hollow
tubes for ozonizing applications. The first step of this process involves extruding
PTFE paste derived from a mixture of PTFE powder and lubricants. After the
tube is formed, the lubricants are extracted and the powder sintered into a
slightly porous PTFE solid tube. The tube is then stretched longitudinally to
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make it porous. This is different than typical PTFE flat sheet membranes made

" by a similar process. To generate really fine microporous structures,

characterized by a node to fibrils network, most PTFE membranes are made by
biaxial stretching. For hollow fibers, the eq'uivalent process would have been
stretching the fiber radially. Probably because of the impracticality of such a
step, this radial stretching step is missing from the disclosed process.
Consequently, the pores in this tube are only “half-formed”, i.e. it did 'not attain
the “node to fibril network” of flat sheet membrane To compensate this
deﬁclency. the tube underwent a second step of laminating a regular
microporous flat sheet membrane on top of the external surface of the porous
tube. This step involves lamination of a long narrow strip of PTFE microporous
membrane spiraily on the surface of the tubing. This is a tedious, labor intensive
process. Also, with the membrane laminated to the outside of the holldw,tube,
the resistance to mass transfer in tube-side flow could be higher in cases were
the fluid partially intrudes into the support layer. This arrangement dirninishes
the potential of using the membrane as the barrier for separating the two fluid
phases. These deficiencies are overcome with the hollow fiber membranes of
the present invention.

An advantage for contacting applications is that the very low surface

tension of these perfluorinated polymers allows use with low surface tension

liquids. For example, highly corrosive developers used in the semiconductor
manufacturing industry may contain surface tension reducing_ additives, such as
surfactants. These developers couid not be degassed with typical microporous '
membranes because the liquid would intrude the pores at the pressures used
and permeate, causing solution loss and excess evaporation. In addition, liquid
filling the pores would greatly add to the mass transfer resistance of gas

- transport. US Patent 5,749,941 describes how conventional hollow fiber

membranes of polypropylene or polyethylene cannot be used in carbon dioxide
or hydrogen sulfide absorption into aqueous solutions containing an organic
solvent without the use of a solution additive to prevent leakage. While
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polytetrafluoroethylene (PTFE) membranes would work in these applications,

‘presumably because of their lower surface tension, they are difficult to process

into holiow fi bers The membranes of the present invention are made from
polymers havmg similar surface tension properties to PTFE and are more readily
manufactured into small diameter holiow fiber membranes.

WO 9853894 descnbes a process of forming compact, high flux, fouling
resistant gas filters by coating continuous ultra thin layer of non-porous gas

'permeable polymer over filter surface by contacting one side of microporous

substrate with dilute coating solution of polymer, preferably amorphous -
copolymer of perfluoro-2, 2-dimethyl-1, 3-dioxole, which Is hydrophobic and

oleophobic. Substrate pore size filters polymer from solution as solvent flows

through, leaving ultra thin layer of polymer. Process is useful to coat sheet and
hollow fiber substrates, particutarly multiple hollow fibers assembled in modules.
These membranes have been _desc_fibed as useful for contactor applications. ( S.
Nemser, Papef presented at 1998 North American Membrane Society Meeting.)
This. method requires a separate and complex coating step to produce a.non-

'porous contactor fiber. Furthermore, a fully perfluorinated thermoplastic -
| contactor is not descnbed

Bi'ief 8ummam of the Invention

In‘a first embodiment of the present invention, a highly asymmetric
perfluorinated thermopIaStic hollow fiber is used as the barrier. The membrane is
comprised of a skmned surface on one dlameter and a porous surface on the
other diameter. The smaller pored skinned surface of the asymmetric membrane

 is designed to face the llquld flow and offer the highest resistance to liquid

intrusion. The thin skin offers low diffusional resistance, yet the small pores offer
the highest intrusion resnstance Also, the perfiuorinated surface has low
interfacial energy, whlch further i increases the resistance to liquid intrusion.

10
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In a second embodiment, a perfluorinated thermoplastic micropdrous

“hollow fiber membrane is used as the barrier. These membranes are useful in
applications where the membrane resistance to mass transfer may be controlling,

or liquid intrusion into the pores is a lesser problem.

In a third embodiment, the skinned surface of the perfluorinated
thermoplastic holiow fiber membrane is non-porous. .

This invention provides for a fully perfluorinated thermoplastic hollow fiber
membrane contactor with unitary end structures having a high packing density
and capable of operating with liquids h?Ving interfacial surface tension of greater
than about 20 mN/m at 20°C. A manufacturing method for the contactor is
provided and described. | |

The contactor is comprised of a bundle of substantially parallel hollow fiber
membranes potted at both ends and havmg umtary end structure(s) W|th the
housing containing the fibers. The perﬂuonnated thermoplastic hollow ﬁber
membranes of this invention are made of polymers such as poly

(tetraflucroethylene-co-perfluoro (alkylvinylether)), poly (tetraﬂu_oroethylene-oo-

hexafluoropropylene), or blends thereof. The contactor has fluid inlets and outlet
connections for the two ﬂuids to be contacted. As illustrated in Figure' 1, fluid 1
enters the contactor 2 through the fiber lumens 3 through connection 10,
traverses the interior of the contactor while in the lumens, where it is separated
from fiuid 2 by the membrane, and exits the contactor through the fiber lumens at
connection 20. Fluid 2 enters the housing through connection 30 and
substantially fills the space between the inner wall of the housing and the outer

-diameters of the ﬂbers, and exits through connector 40.

In the first embodiment, the fibers are asymmetric skinned membranes
having a porous skinned surface on one diameter and a porous surface on the
other diameter, with the fiber wall between comprising a porous structurs. The
process of making a contactor of the firét embodiment from asymmetric skinned
perfluorinated thermoplastic polymers uses holiow fiber membranes made by the
process described in concurrent US patent application 60/117,854, filed January

11
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29,1999, the disclosure of which is incorporated by reference. For use with liquid

* on the lumen of the liquid, the inner diameter will be made skinned, and for use
- with liquid on the outer or shell side of the fibers, the outer diameter of the fibers
_' will be made skinned. The potted fibers are spaced closely, without any fiber

crossover or fibers impinging on each other so tightly that they can not be forced
apart by the iiquid or gas flow. For liquid flow in the lumen, which is the preferred
mode of operation for liquid-gas 'contacting, the fibers do not have to be spaced
uhiformly apart. This simplifies the contactor manufacturing process.

In the second embodiment, perfluorinated thermoplastic microporous
holiow fiber membranes are made by a proce_és disclosed in patent application
60/117,852 filed Ja'nuary 29, 1999, the disclosure of which is incorporated by
reference. Equivalent membranes made by another process could also be used.
Preferred polymérs are perfluorinated thermoplastic polymers, more specifically
polly' (tetraﬂUoroethylene—co—pérﬂuoro (alkylvinylether)) (poly (PTFE-CO-PFVAE)),

‘poly (tetraﬂuoroethylene-oo-hexaﬂuoro_propylene) (FEP), or blends of these

polymers, which are dissolved in a solvent to give a solution having an upper
critical solution terr:perature, and which when the solution is cooled, separates
into two phases by liquid-liquid phase separation. Teflon® PFA is an example of
a.polly (tetrafluoroethylene-co-perfluoro (alkylvinylether)) in which the alkyl is
primarily or bompletely the propyl group, FEP Teflon® is an example of poly
(tetraﬂuoroethylene-oo-hexaﬂuoropropylene). Both are manufactured by DuPont,
Wilmington, DE. Neoflon™ PFA (Daikin Industries) is a polymer similar to .

DuPont's PFA Teflon®. A poly (tetrafluoroethylene-co-perfluoro (alkylvinylether))

polymer in which the alkyl group is primarily methyl is described in U.S. Patent
5,463,006. A preferred polymer is Hyflon® POLY (PTFE-CO-PFVAE) 620,
obtamable from Ausimont USA, Inc., Thorofare, NJ. '

In a third embodiment, the conditions of membrane making of the first

‘embodiment are adjusted to produce a skinned asymmetric membrane with a
~ non-porous skin. A preferred method is to increase the amount of polymer used

30

in the _solution used to make the membranes.

12
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The fibers are made by a Thermally Induced Phase Separation (TIPS)
method, in which polyrher is dissolved in a solvent at high temperatures and
extruded through an annular die into a cooling bath. The resulting gel fiber is
wound as a continuous coil on a steel frame with the fibers substantially parallel
and not touching. The frame and coil are placed in an extraction bath to remove

the solvent from the gel fiber. After extraction, the fibers are annealed on the

frame for about 24 hours and then cooled. The fibers are removed from the
frame and the flat coll of fibers is re-annealed to relax the fibers and prevent
shrinkage in the potting and bonding step. The fibers are removed from the
annealing oven and cooled. They are then gathered into a cylindricai bundle and
potted and bonded in a single step. o

Potting is a process of forming a tube sheet having liquid tight 'seals

~around each fiber. The tube sheet or pot separateé the interior of 't_he final

contactor from the environment. The pot is thermally bonded to the hqﬁéing

- vessel in the present invention to produce a unitary end structure. The unitary

end structure comprises the portion of the fiber bundle which is encompassed in
a potted end, the pot and the end portion of the perfluorinated thermoplastic
housing, the inner surface of which is cdngruent with the pot and bonded to it.
By forming a unitary structure, a more robust contactor is prodUced, less likely to
leak or otherwise fail at the interface of the pot and the housing. The potting and
bonding process is an adaptation of the method described in US patent
application 60/ 117,853 filed January 29, 1999, the disclosure of which is
incorporated by reference. _

Potting and bonding are done in a single step. An external heating block
is used for potting one end at a time. The perfluorinated thermoplastic end seals
are preferably made of poly (tetraﬂuoroethylene@o—perﬂuqro (élkylvinylether))
having a melting point of from about 250°C to about 260°C. A preferred potting
material is Hyflon® 940 AX resin, from Ausimont USA Inc. Thorofare, NJ. Low _
viscosity poly (tetrafluoroethylene-co-hexafluoropropyiene) with low end-of-melt

13
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temperatures as described in US Patent 5,266,639 is also suitable. The process

.~ Involves heating the potting material in a heating cup at around 275 °C until the

melt turns clear and are free of trapped bubbles. A recess is made in the molten
pool of potting material that remains as a recess for a time sufficient to position
and fix the fiber bundle and housmg in place. Subsequently, the recess will fill
with the molten thermoplastlc ina gravxty driven ﬂow

A unitary end structures, by which is meant that the fibers and the pot are
bonded to the housing to form a single entity.consisting solely of perfluorinated
thermoplastlc materials is prepared by fxrst pretreating the surfaces of both ends
of the housing before the pottmg and bondmg step. This is accomplished by

ends of the housing are heated close to its melting point or just at the melting
point and immediately immersed into a cup containing powdered (poly (PTFE-
CO-PFVAE)) pottin_g resin. Since the surféce temper_ature of the housing is
higher than the melting point of the potting resins, the potting resin is then fused
to the houeing resin — a condition for bonding to oceur, The housing is then
taken out and pollshed with a heat gun to fuse any excess unmelted powder.

Without this pretreatment step, the housing surfaces often detach fromthe

potting surfaces because of absence of intermixing of the two resins.
The unitary end structure(s) is cut and the lumen of the fibers exposed.
The potted surfaces are then polished further usmg a heat gun to melt away any

“smeared or rough potted surfaces. A solder gun can be used to iocally remeit

and repair any defective spot, sometimes with the help of a drop of melted resin.

Description of the drawings

Figure 1. is an illustration of a hollow ﬂber membrane contactor.

Figure 2a. is an illustration of hollow fiber membrane wrapped around a frame.
Figure 2b. is an illustration showing a fiat rectangular coil of hollow fiber

membrane.

14
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* Figure 3. is an illustration of a flat rectangular coil formed into a cylindrical fiber

bundle.
Figure 4. shows the results of degassing tests run as described in Example 3

Detailed Description of the Invention

The asymmetric skinned hollow fiber membrane is produced by the
process described in concurrent U. S. patent application 60/117,854 filed
January 29,1999, the disclosure of which is incorporated by reference. That
process is based on the Thermally Induced Phase Separation (TIPS) method of
making porous structures and membranes. A mixture of perfluorinated
thermoplastic polymer pellets, usually ground to a size smailer than supplied by
the manufacturer, from about 100 to about 1000 microns, preferably about 300
microns, more preferably supplied or ground to a powder, and an solvent, such

~ as chiorotrifluoroethylene oligimer, is first mixed to a paste or paste-like

consistency. The polymer comprises between approximately 12% to 75%,
preferably 30% to 60%, by weight of the mixture. Preferred polymers are
perfluorinated thermoplastic polymers, more specifically poly (tetraﬂuoi'oethylene-
co-perfluoro (alkylvinylether)) (poly (PTFE-CO-PFVAE)) or poly |
(tetrafluoroethyiene-co-hexafluoropropylene) (FEP), or blends of these polymers,
which are dissolved in a solvent to give a solution having an upper critical
solution temperature, and which when the solution is cooled, separates into two
phases by liquid-liquid phase separation. PFA Teflon® is an example of a poly
(tetrafluoroethylene-co-perfluoro (alkylvinylether)) in which the alkyl is primarily or
completely the propyl group. FEP- Teflon® is an example of poly
(tetrafluoroethylene-co-hexafluoropropylene). Both are manufactured by DuPont.
Neoflon™ PFA (Daikin Industries) is a polymer similar fo DuPont's PFA Teflon®.
A poly (tetrafluoroethylene-co-perfiuoro (alkylvinylether)) pblymer in which the
alkyl group is primarily methyl is described in U.S. Patent 5,463,006. A preferred

15
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polymer is Hyflon® POLY (PTFE-CO-PFVAE) 620, obtainable from Ausimont
- "USA, Inc., Thorofare, NJ.

" The solvent is chosen so the membrane formation occurs by liquid-liquid,
rather than solid-liquid phase separation when the solution is extruded and
cooled. Preferred solvents are saturated low molecular weight polymers of
chlorotrifluorosthylene. A preferred solvent is HaloVac® 60 from Halocarbon
Products Corporation, River Edge, NJ. Choice of the solvent is dictated by the
ability of the solvent to dissolve the polymer when heated to form an upper
critical solution temperature solution, but not to excessively boil at that -
temperature. Fiber extrusion is referred to as spinning and the extruded fiber

~length from the die exit to the take-up station is referred to as the spin line. The
paste is metered into a heated extruder barrel where the temperature raised to
above the upper critical solution temperature so that dissolution occurs. For

- inside skinned hollow fiber membranes, the homogeneous solution is then
extruded through an annular die directly into a liquid cooling bath with no air gap.
Tr__le lumen diameter is maintained with a constant pressure of gas. The liquid
cooling bath is maintained at a temperature below the upper critical solution
temperature of the polymer solution. The preferred bath liquid is not a solvent for
the thermoplastic polymer, even at the extrusion temperature. Upon cooling, the
heated and shaped solution undergoes phase separation and a gel fiber results.
The die tip is slightly submerged for vertical spinning, i.e.; the spin line falls
downward, in the direction of a freely falling body. For horizontal spinning, where
the spin line exits directly in the horizontal attitude, and is maintained more or
less in that plane until at least the first guide roll, a specially design die is used.
The die is firmly positioned against an insulated wall with the die tip penetrating
through an ob_ening having a liquid-tight seal in the insulator wall. A trough for
cooling liquid flow is placed in a recess in the opposite side of the insulating wall,
in @ manner that will maintain the die nose outlet in a submerged condition.
Cooling liquid flows in the trough and overflows in a region of the trough of lesser
depth, keeping the die nose outlet submerged with a flow of cooling liquid. In
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both the vertical and horizontal methods, a booster heater and temperature

“control means is used to briefly raise the solution temperature at the die tip to

prevent premature cooiing. In a subsequent step, the dissolution solvent is -
removed by extraction and the resultant hollow fiber membrane is dried under
restraint to prevent membrane shrinkage and collapse. Optionally, the dried fiber
may be heat set at 200°C to 300°C. Preferably the fiber will be heat set or
annealed under restraint at a temperature near the melting temperature of the
fiber, which for the preferred polymer of this invention is within a rénge of from
about 270°C to about 290°C, preferably from about 275°C to about 285°C, with
the most preferred range from about 278°C to about 282°C. In order to minimize
shrinkage during potting, a second, unrestrained, annealing step at similar
temperatures is a preferred step. Annealing times for these steps if from about 6
to about 48 hours, more preferably, from about 18 to about 30 hours.

In the invention described in USSN 60,117,854, controlled evaporation of
solvent from at least one surface of the hollow fiber as it exits the die tip Is _

- combined with higher polymer solids solutions and the submerged extrusion

process to produce inner diameter skinned asymmetric hollow fiber porous
membranes from perfluorinated thermoplastic polymers. For this embodiment,
the lumen is maintained with a constant pressure of a gas continuously fed into
the inner diameter of the lumen. In this embodiment the superheated solvent |
evaporates inside the lumen as soon as it emerges from the die. The loss of
solvent causes a superficial increase in solids concentration on the inner lumen
surface. As the melt is quenched, a very thin skin is formed on the lumen
surface, while the rest of the membrane forms a microporous structure due to its
being submerged in a cooling or quenching bath which prevents the porogen
from flashing off the outer surface and prevents the formation of a skin on the
outer surface. ' ' ' .

To produce an asymmetric skinned perflucrinated thermoplastic holldw
fiber membrane with the skin on the outer surface, the process described above
is adapted so the lumen is filled with a liquid to prevent evaporation at the inner
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~ surface and the outer surface is exposed fo the atmosphere in a very short air
. gap before entering the cooling bath. The lumen-filling liquid can be a liquid that

does not boil or excessively vaporize during the extrusion process. Preferred
quuidé_are mineral oil, silicone oil, and dioctylpthiate, with a most preferred liquid
being a low molecular weight saturated chiorotrifluorohydrocarbon polymer.

To produce perfluorinated thermoplastic microporous hollow fiber .
membrane, the teachings of US Patent application serial number 60/117,852,
filed Jénuary 29,1999, are used. This application provides for high flux, skin-free
hollow fiber porous meinbranes, more specifically, microporous membranes,
from perﬂudrinated thermop!astic pblymers, more specifically poly
(tetrafluoroethylene-co-perfluoro (alkylvinylether)) (poly (PTFE-CO-PFVAE)) or
poly (tetraflUOroe{ﬁylene-cd-hexaﬂuoropropylene) (FEP) or blends of these
polymers. |

A process to produce these membranes is provided. The process is
based on the Thermally induced Phase Separation (TIPS) method of making
porous Stmctures and membranes. A mixture of polymer pellets, usually ground
to a size smaller than supplied by the manufacturer, from about 100 to about
1000 microns, preferably about 300 microns, more preferably supplied or ground
t_b a powdér and an solvent, such as chiorotrifluoroethylene oligimer, is first
mixed to a paste or paste-like consistency. The polymer comprises between
ap'pfoximately 12% to 35% by weight of the mixture. The solvent is chosen so
the membrane formation occurs by liquid-liquid, rather than solid-liquid phase
separation when the solution is extruded and cooled. Preferred solvents are
saturated low molecular weight polymers of chlqrotriﬂuoroethylene. A preferred
solvent is HaloVac® 60 from Halocarbon Products Corporation, River edge, NJ.
Choice of the solvent is dictated by the ability of the solvent to dissolve the
polymer'.when heated to form an upper critical solution temperature solution, but
not to excessively boil at that temperature. Fiber extrusion is referred to as
spinning and the extruded fiber length from the die exit to the take-up station is
referrad to as the spin line. The pasts is metered Into a heated extruder barre|
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where the temperature raised to above the upper critical solution temperature so

‘that dissolution occurs. The homogeneous solution is then extruded through an

annular die directly into a liquid cooling bath with no air gap. The liquid cooling

. bath is maintained at a temperature below the upper critical solution temperature
~ of the polymer solution. The preferred bath liquid is not a solvent for the

thermoplastic polymer, even at the extrusion temperature. Upon cooling, the
heated and shaped solution undergoes phase separation and a gel fiber results.
The die tip is slightly submerged for vertical spinning,-i.e.; the spin line falls
downward, in the direction of a freely falling body. For horizontal spinning, where
the spin line exits directly in the horizontal attitude, and is maintained more or
less in that plane until at least the first guide roll, a specially design die is used.
The die is firmly positioned against an insulated wall with the die tip penetrating
through an opening having a liquid-tight seal in the insulator wall. A trough for
cooling liquid flow is placed in a recess in the opposite side of the insulating wall,
in @ manner that will maintain the die nose outlet in 2 submerged condition.

‘Cooling liquid flows in the trough and overflows in a region of the trough of lesser
- depth, keeping the die nose outlet submerged with a flow of cooling liquid. In

both the vertical and horizontal methods, a booster heater and temper’atdre
control means is used to briefly raise the solution temperature at the die tip to
prevent premature cooling. In a subsequent step, the dissolution solvent is
removed by extraction and the resultant hollow fiber membrane is dried under
restraint to prevent membrane shrinkage and collapse. Optionally the dried fiber
may be heat set at 200°C to 300°C.

The potting method is described in concurrent U.S. patent application
60/117,853, filed January 29,1999, incorporated by reference. This application
describes a simplified method for manufacturing a filter element of perfluorinated
thermoplastic hollow fiber membranes potted with a perfluorinated thermoplastic
polymer. The method comprises vertically placing a portion of a bundle of hollow
fiber membrane lengths with at least one closed, by the ciosed end, into a
temporary recess made in a pool of molten thermoplastic polymer held in a
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container, holding the fiber lengths in a defined vertical position, maintaining the

" thermoplastic polymer in a molten state so that it flows into the temporary recess,
~ around the fibers and vertically up the fibers, completely filling the interstitial

spaces between fibers with the thermoplastic polymer. A temporary recess is a
recess that remains as a recess in the molten potting material for a time sufficient
to position and fix the fiber bundie in place and then will be filled by the molten
thermoplastic. The temporary nature of the recess can be controlled by the

. temperature at which the potting material is held, the temperature at which the

potting material is held during fiber bundle placement, and the physical properties
of the potting material. A temporary recess can also be recess in a solid
thermoplastic which will fill when the thermoplastic is heated to a temperature
sufficiently above its softening or meiting temperature to flow, and held at that
temperature for the time necessary to fill the recess. The end of the fiber can be
closed by sealing, plugging, or in a preferred embodim_ent, by being formed in a |
loop. ' | |

In the present invention, the fibers are wound around a metal frame and
heat set into the form of a flat rectangular coil, as iliustrated in Figures 2a, which
shows the fiber wrapped around a frame, and Figure 2b, which shows the flat

. rectangular coil after annealing and removal from the frame. The ends of the
20

coil form loops, shown by 50 in Figure 2b that are closed to entry by the molten
potting material. The flat rectangular coil is formed into a substantially cylindrical
shape as illustrated in Figure 3 and positioned in a perfluorinated thermoplastic
housing 2 in Figure 1. The fibers are temporarily held in position in the housing
during potting by holding means. Examples of such means are given in
application 60/117,853. The fiber cylinder can be formed by, for example,
winding on a core or without a core. The inner wall of the housing defines the

flow space for the fluid to be contacted on the outer diameter of the fibers, the

shell side. In the present invention, the housing should be of a perfiuorinated
thermoplastic polymer grade that has a melting temperature at least about 15°C-

20°C higher than the potting material. The housing is pretreated with the lower
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melting potting material by heating the housing to a temperature higher than the

- melting temperature of the potting material, but below the mélting temperature of

the housing material. The heated housing is immersed into a container of potting
material in a powdered form. The higher temperature of the housing causes the
potting material to fuse to the housing so that a strong bond can be formed in the
subsequent potting and bonding step. It is crucial for the housing matéria_! to have
a melting or softening temperature in order to soften when heated near to the
meiting or softening point of the housing material. Without limiting the invention,
it is believed that in order to produce a unitary end structure, there has to be a
certain amount of intermixing of the housing and the potting polymers, which can
only occur if both are at, above or very near their respective melting or softening
points. The portion of the pretreated housing and fibers desired to be in the
potted region is placed in the temporary recess without contacting the molten
potting material within. The potting material will, over the course of time, flow up
and around the fibers, and up and around the housing. Bonding to the pretreated
housing will form a unitary end structure having improved durability be cause the
pretreatment eliminates the interface between dissimilar materials. If the housing
were of the same melting temperature as the potting compound, it wou’ld soften
excessively and deform during potting. After potting material flow has ceased,

the molten pool is cooled and the potted end is removed from th_e heating

container. A second potting step as described is the done on the second end.
Excess thermoplastic polymer potting material is removed and the ends in the
pot are opened by cuiting through the potting material perpendicularly or at an
angle less than 90° to the long axis.

Optionally, a mat of fibers can be made by arranging individual fiber
lengths in a row perpendicular to the fiber length, the fiber lengths substahtially
equal distances apart, and joining the adjacent fibers ends at each end of the
fibers with a continuous means, such as a tape. The continuous means can also
seal the ends or one or both ends can be sealed separately. The mat can then
be rolled on an axis parallel to the fiber lengths, either on a core or without a
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~core. The rolled-up mat is ther_1 placed in the hollow body as described above. In

either of these optional methods, the potting then proceeds as described above.
Ina preferred embodiment, the first step of making a (poly (PTFE-CO-

' PFVAE)) hollow fiber contactor is to wind gel (poly (PTFE-CO-PFVAE)) hollow

fibers onto a steel frame to form continuous loops on both side of the frame. Gel
fibers are raw, unextracted fibers with porogen (Halocarbon oil) still embedded in
the membrane structure. The gel fibers should be substantially parallel to each
other. They are spaced closely, yet do not touch or cross each other's paths. The
framed fibers are then put into a degreaser to extract the porogens from the
membrane. After 24 hrs of extraction, the extracted fiber wound frames are put
into an even to anneal the fiber for 24 hrs at a temperature in the range of from
about 270°C to about 290°C, preferably from about 275°C to about 285°C, with
the most preferred range from about 278°C to about 282°C. Since the polymer
has a broad melting temperature range, itis sometlmes possible to anneal at a
temperature sllght!y higher than the peak or average melting temperature. The
fiber frames are retri_eVed and cooled. After cooling, the fibers are removed from
the frame. The looped fiber bundle or bundles are then put back into the oven to
anneal for another 24 hrs at the same temperature. The first step anneals the
fiber at hlgh temperature under tension, where most of the mechanical properties
are set. The second anneallng step relaxes the fiber, allowing the fiber to shrink
to the equilibrium length with no tension at the annealing temperature. Although
the shrin'kage is very small, about 5%, this second relaxation step is critical as it
prevents shrinkage of the hollow fibers during potting, which would have resulted
in non-integral modules. o

~ Inthe method of the present invention, bonding and potting are combined
into a single step. The housing is usually (poly (PTFE-CO-PEVAE) tubing. itls
Important to have a polymer grade with a melting temperature approximatgly 15
— 25 °C higher than the potting (poly (PTFE-CO-PFVAE)) resin, which melts
around 256 °C. The perﬂuorinated thermoplastic pots are preferably made of poly
(tetreﬂuoroethylene-co_-perﬂuoro (alkylvinylether)) having a melting point of from
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- about 250°C to about 260°C. A preferred potting material is Hyflon® 940 AX
“resin, from Ausimont USA Inc. Thorofare, NJ. Low viscosity poly

(tetraﬂuoroethylene-co'-hexaﬂuoropropylene) with low end-of-melt temperatures
as described in US Patent 5,266,639 are also suitable. |
Teflon® PFA melts at significantly higher temperature, about 31 0°C, therefore, is
a suitable housing material. However, Teflon® FEP has too low a melting point
(250 °C) while PTFE, not being a thermoplastic does not melt. Therefore, both of
these polymers cannot be used as housing material by the preferred method.
FEP could be used with lower melting potting materials if such were useful or
desired. PTFE may be used, if, for example, the inner surface were to be
roughened or abraded sufficiently to obtain a satisfactory bond with the melted
potting material. The internal surfaces of both ends'of the housing must be
pfetreated for the bonding process to occur. The internal surfaces on both ends
of the housing are heated to or close to its melting point. At this conditién.
visually the housihg turns from opaque to a crystal elea_r wall. Once optical clarity

is achieved, the heated end is immediately immersed into a cup containing

powdered (POLY (PTFE-CO-PFVAE)) potting resin. Since the surface’
temperature of the housing is hig'her than the melting point of the potting resins,
the potting resin is then fused to the housing resin — a condition for bonding to
occur. The housing is then taken out and polished with a heat gun to fuse any
excess unmelted powder. Without this pretreatment step, the housing surfaces

“often detach from the potting surfaces because of absence of intermixing of the

two resins.

One end is potted and made into a unitary end structure atatime. The
process involves heating the potting resins in a heating cup with an external
heating block or other heat source at a temperature in the range of from about
265°C to around 285 °C, with a preferred range of from about 270°C to around
280°C, until the melt turns clear and afe free of trapped bubblee. Arodis |
inserted into the melt to create a cavity. The housing and the fiber bundle_.are
then inserted into the cavity. it is iﬁmpbrtant to note that at this point neither the
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fiber bundie nor the housing touches the potting resin. . The melted resin will flow

- by gravity to fill the voids over time to pot the fiber and bond to the housing

simultaneously. Typic'élly, t_his process takes 2 days for each end of the bundle.
After the potted ends are cooled, they are then cut and the lumen of the
fibers exposed. The potted surfaces are then polishe_d further using a heat gun
to melt away any sméaré_d or rough potted surfaces. For module with a large
number of fibers, such as 2000 or more, it is quite common that the module may
have one or two fiber or potting defects. Potting defects are easy to spot, they
appear as white spots among a mostly translucent potting surface. Fiber defects
must be isolated by bubble poinf test. However, the repair of the module is
rather straightforward. A solder gun is used to remelt the defective spot,
sometimes with the help' of a drop of melted resin. Properly potted modules have

'very few defects, normally one or two spots. Improperly potted modules have

gapping holes, sometimes with sections of the fibers. uhpotted.
An alternative potting method i’nay be used. This method is described in us
patént application 60/117,856, filed January 29,1999, incorporated in its entirety
by reference. _ | '

~ In this method, an array of hollow fiber membranes may be fabricated by
either winding the Ierigth of the array upon itself or upon a mandrel. The -
t’nandrél, if chos'en,' is preferably circular in cross section, however other cross
sections, such as oval, square, rectangulér or polygonal may also be used.

' The wound hollow fiber membrane is arranged in a single layer, with the
wihdings' being substantially parallel to one another either in contiguous contact
with, or spaced uniformly apart from, one another. When the appropriate length
of hollow fiber membrane is accumulated on the mandrel, one or more strips of
tape means are applied to the outer surface of the hollow fiber membrane
segments and positioned along the length of the mandrel in an orientation-
paralle! to its axis of rotation and perpendicular to the central axes of the
individual hollow fiber segments. The tape extends from the first hollow fiber

' membrane segment wound on the mandrel to the least and preferably extends
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about 1 cm beyond each end of the fiber array The hollow fiber membrane

“segments are slit along the middle of the entire length of the 'tape means such

that the hollow fiber mém_branes remain_ joined together by the now halved strip
of tape. _

A single screw extruder feeding a thermoplastic sealing polymer to a dual
slot extrusion die produces two polymer ribbon-like extrusions. A suitable length
of a perfluorinated thermoplastic tube is mounted on a removable winding
mandrel positioned below the extrusion die, with the rotational axis of the
mandrel being parallel to a line connecting the two outlets of the extrusion die.
Before the winding of the array and the formation of the tubesheets, the tube
must be pre-heated. This step is necessary to obtain a good bond between the
tubesheet and the tube. The heated perfluorinated thermoplastic tube is rotated
and extrusion of the twin ribbons is initiated.

Following the accumuiation of approximately a one-half turn of the
polymer ribbon extrusions on the tube, the leading edge of the holiow fiber
membrane array is positioned under and parallel to the tube with the adhesive
side of the extended strip of tape means facing the tube. The tape is then
brought into contact with the tube outboard of the tubesheets and wound up on

- the tube. A slight tension is maintained on the hollow fiber array to keep the

fibers in contact with the polymer extrusions. Application of the polymer
extrusions may be terminated after the entire array is wound about the mandrel.
Alternatively, the tubesheets may be bu_ilt up to a larger diameter depending on
the requirements of the rest of the module assembly process. In this case, the
rotation of the winding mandrel continues as the moiten tubesheets ars aliowed
to cool. The end portions of the sealed fiber bundle can be trimmed to expose
the fiber lumens and further machining may be performed to provide a means for
sealing the fiber bundle into a suitable housing or the fiber bundie may be
conto'ured to provide details suitable for thermoplastically bonding it to the
components of a pressure housing of the same or similar resin material in order
to produce a hollow fiber module.



10

15

20

25

WO 00/44479

PCT/US00/02378

in an alternative oonﬂgurétion, a single common pot may be used for both
separate ends. This cbhﬁguration would be useful, for exéfnple, where it is
desirable to have the inlet and outlet is close proximity for convenience and to
reduce space. To be potted in a common pot, the fiber bundle would be formed
into a U-shape or other practical geométric form to bring the separate bundle
ends close together. A singlé pOtting would be done in the manner described .
above, with the nécessary adaptations needed to accommodate the dimensions
encompassed by thé two fiber bundle ends. The houéing may also be U-shaped,
with each end terminating in the common pot, although a large enough straight
housing could also be used. The single unitary énd structure With the two potted
fiber bundle ends would then be machined, or would have been molded so as to
be able to accommodate separaté flow connections. Separate flow connections
would then be made to each bundie end., so that the inlet flow could enter one of
the fiber bundie ends, and exit the other without intermixing.

Characterization Methods
Flow Rate Test |

“Two strands of fiber in the form of loops are fit ihto a 1/4"polypropylene tubing

about 1" Ion'g.’ A hot melt gun is used to force hot melt giue through the open end |
of the tubing to pot the fibers. Normally, the glue does not fill up all the spaoes
between the fibers. To complete the potting, hot meit gl'ue is applied to the other
end of the tube. The length of the fibers, from the end of the potting to the loop,
should be about 3.5 centimeters. After the hot melt que solidifies, the tubing is

“cut to expose the fiber lumens. The fiber OD is measures under a microscope.

The tubing with the fiber loop is mounted into a test holder. Isopropyl aicohol
(IPA) is 'poured into the holder, the holder sealed, and gas pressure is set to 13.5
psi. The time interval to collect a set amount of IPA permeate is recorded..
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- Sample Calculations

IPA Flow RATE = V/(T*2*OD*N“L)

IPA FlowTime (FT) = seconds to cdllect 500 ml IPA permeate; calculated from
the time measured to collect a convenient volume from the set-up described.

where;
V = volume of permeate
T =time |
OD = outside diameter of fiber
N = number of fibers
L = total length of one strand of ekposed fiber

Intrusion Pressure Test

Several strands of fiber in the form of loops are fit into a 1/4"polypropylene tubing
about 1" long. A hot melt gun is used to force hot melt glue thrdugh the open end
of the tubing to pot the fibers. Normally, the 'glue does not fill up all the spaces
between the fibers. To complete the potting, hot melt glue is applied to the other
end of the tube. The length of the fibers, from the end of the potting to the loop,
is about 3 inches. After the hot melt glue solidifies, the tubing is cut to expose
the fiber lumens. The fiber OD is measures under a microscope. The thbing
with the fiber loop is mounted into a test holder and connected to a container
holding the test fluid and attached to a préssure generating system, such as a
pressurized gas tank. The pressure in the container is raised at increments, for
example, 10 psi steps, and the test ﬂuid'foréed into the lumens of the fibers. Any
intrusion of the test fluid is readily observed as a darkening of the fibers from the
test fluid filling the pores of the fibers. The pressure of each step is maintained
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for about 20 minutes, or unless intrusion is observed. If no intrusion is observed,

-pressure is raised to the next increment and the test continued. . -

Visual Bubble Point

Two strands of fiber are loops to fit into a 1/4"polypropylene tubing about 1” long.
A hot melt gun is used to force hot melt glue through the open end of the tubing
to pot the fibers. Normally, the glue doeé not fill up all the spaces between the
fibers. To complete the potting, hot melt glue is applied to.the other end of the
tube. The length of the fibers, from the end of the potting to the loop, should be
about 3.5 centimeters. After the hot melt glue solidifies, the tubing is cut to
expose the fiber lumens. The fiber OD is measures under a microscope. The
tubing with the fiber loop is mounted into a test holder. The potted fiber loop is
mounted in a bubble pdint test holder. The loop is submerged in a glass
container of IPA. Air pressure is slowly increased .in the lumen of the fibers. The
pressure at which the first bubble appears at the outer surface of the fibers is
registered as the visual bubble point.

Scanning Electron Microscopy Images B _
Samples of hollow fiber membrane are soaked in isopropy! alcohol or a mixture

of isopropy! alcohol and water, approximately 50% by volume. The wetted
sample is t_hén soaked in water to replace the alcohol. The water-wetted sample
is held by a tweezers and dipped in a container of liquid nitrogen. The sample is
then removed and quickly snapped by bending using a pair of tweezers.
Approximately 2 millimeter cut sample is fixed to a sample stub with conductive
carbon paint {Structure Probe Inc. West Chester PA). Microscopy is done with
an IS1-DS130c scahning electron microscope (International Scientific
Instruments, Inc, Milpitas,_C_A). Digitized images are acquired by a slow scan

- frame grabber and stored in .TIF format.
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Example 1 Prepai'ation of Porous Inner Diameter Skinned Asymmetric
- Hollow Fiber Membranes

Hyflon® (POLY (PTFE-CO-PFVAE)) (Poly (PTFE-CO-PFVAE)) powder
obtained from Ausimont USA, Inc., Thorofare, NJ., were mixed with HaloVac® 60
from Halocarbon Oil Inc, River edge, NJ to produce a paste of 30% by weight
polymer solids. The polymer/solvent paste mixture is introduced into a heated
barrel of a twin screw Baker-Perkins (Saginaw, Mi) extruder having 29mm
screws, by means of a Moyno (Springfield, OH) progressive cavity pump. The
extruder barrel temperatures were set at between 180°C and 300°C. A Zenith
melt pump (Waltham, MA) was used to meter the melt into the special hollow
fiber die mentioned above. The die annulus was approximately 300 microns. A
low volume flow controlier, Brooks instrument 8744, (Hatfield, PA) fed air at
controlled rate to maintain the hollow portion of the fiber. The melt pump and air
pressure were adjusted to produce a fiber with about a 150 micron thick wall and
a 540 micron diameter lumen at a spinning rate of 50 feet per minute. Mineral
oil, maintained at 70°C, was used as the cooling bath. After centering the lumen,
the die was operated in the horizontal submerged method. The fiber was taken
up on a set of Godet rolls. The fiber was extracted with 1,1 dichloro-1-
fluorethane, {(Florocarbon 141b, ICl) and subsequently dried.

Example 2 Preparation of Non-Porous Skinned Asymmetric Membranes

Ground pellets of Hyflon® (POLY (PTFE-CO-PFVAE)) (Poly (PTFE-CO-
PFVAE)) obtained from Ausimont USA, Inc., Thorofare, NJ., were mixed With
HaloVac® 60 from Halocarbon Oil Inc, River edge, NJ to produce a paste of 40%
by weight polymer solids. The polymer/solvent paste mixture is introduced into a
heated barre! of a twin screw Baker-Perkins (Saginaw, M) extruder having

29mm screws. The extruder barrel tempearatures were set at belwesn 180°C and
288*C. A Zenith melt pump (Waltham, MA) was used to meter the melt Into the
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special hollow fiber die mentioned above. The die annulus was approximately

"~ 300 microns. A low volume flow controller, Brooks l_nstfumeht 8744, (Hatfield,

PA) fed air at controlled rate to maintain the hollow portion of the fiber. The melit
pump and air pressure were adjusted to produce a ﬁber with about a 250 micron
thick wall and a 540 micron diameter lumen at a spinning rate of 100 feet per
minute. Dioctyl pthalate, maintained at 35°C, waé used as the cooling bath.
After centering the lumen, the die was operated in the horizontal submerged
method. The fiber was taken up on a set of Godet rolls. The fiber was extracted
with 1,1-dichloro-1-flucrethane, (Genesolve 2000 Allied-Signal, NJ) and
subsequently dried. The fibers had no abservable [PA bubble point up to 100

_ psi, and no measurable IPA flow. These resuits indicats that the membrane skin
~ was non-porous. |

~ Example 3 Production of Microporous Hollow Fiber Membranes

Pellets of Hyflon® POLY (PTFE-CO-PFVAE) 620(Ausimont) was mixed
with HaloVac 60 from Halocarbon Qil Inc. to produce a paste of 18% by weight,
which was fed by a Moyno pump into a Baker-Perkins MPC/V-30; L/D=13 twin-
screw extruder operating at 200 RPM in the horizontal fiber spinning mode.
Extrusion and run conditions are shown in Tables 1 and 2 below. A Zenith melt
pump was used to meter the melt into a hollow fiber die. The die annulus was
about 400 u. Heated Halocarbon oil 1000N was used as lumen fluid to maintain
the hollow portion of the fiber. The melt pump and the lumen fluid pump were
adjusted to produce a fiber with about 200 wall and 500u lumen. The bath
liquid was dioctyl pthalate. After centering of the lumen needle, the die was
submerged under the quench liquid for about 1/16" and the fiber was taken up by
a set of Godet rolls. The fiber was extracted with Genesolv® 2000, Allied-Signal,
Morristown, NJ, dried and then annealed at 275°C. Fiber Characterization data
are given in Table 3. |
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Table 1.
Extruder Barrel temperatures ~ Temperatures(®
(°C) | c)
Sample# |Zone |Zone |Zone |Zone4 | Melt Die Die
1 2 3 temperatur | body | Nose
| [ecc)
1 230 290 (285 285 | 285 280 [310
2 230 290 285 285 285 275 310
3 230 290 285 285 285 275 310
4 230 290 285 285 285 275 310
5 230 290 280 280 277 280 310
6 230 290 280 280 277 - | 280 310
7 230 | 200 |280 |280 |277 _ |280 |310
8 230 300 280 280 285 280 310
Table 2.
Sample # | Take- | Lume | Cooling
up n bath
rate pump | Temperat
(fpm) |rate | ure (°C)
(rpm)
1 100 20 55
2 100 |25 | 100
3 130 25 100
4 130 15 100
5 100 30 100
6 100 35 100
7 100 (45 |100
) 200 |25 | 100
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Table 3.
[Sample# | Outer Wall Visual IPA | Mean IPA | Flow Time
diameter | thickness | bubble bubble (sec)
Microns microns point (psi) | point
(psi)
1 940 191 16 39.5 1396
2 914 184 14 37.3 1028
3 826 165 15 37.6 916
4 749 210 19 40.5 1467
5 1054 178 14 27.3 933
6 1080 72 105 273 783
7 1118 140 KT 37.9 788
8 826 203 12 |29 1205
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Example 4 Contactor Used in Degassing Mode

Potting resin from Ausimont USA Inc, grade 940AX with.a melting point of
256 C and a melt flow index of about 200, was hea_ted and meited at275Cina
heating cup about 4” wide and 3" deep. After about 24 hr, the resin was
completely clear and it had no trapped bubbles. Degassing hollow fibers with
500 p ID and 150 p wall, made from 30% MFA 620 solids conc. and HaloVac 60,
were used to prepare the fiber loops on a frame about 12 long. The fiber frames
were extracted in Genesolv for about 24 hrs. The frames were retrieved, air
dried, and then annealed at 280 C for 24 hrs. The frames were retrieved from
the oven, cooled and the fiber loops unwound from the frame. The fiber bundies
were put back into the oven and annealed for another 24 hrs. The fiber bundles
were retrieved and cooled. A bundie was then assembled with about 2000 fibers
and they were inserted into a PFA housing about 10" long, 2" ID and a wall
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thickness of about %4”. The housing ends were pretreated and fused with MFA
904AX powdered resin. A depression was made with a rod in the potting cup.
The housing and the fiber bundle are inserted into the cavity and were left there
for 2 days. The potted fiber bundle was retrieved carefully and the housing
reversed to treat the other end. After both ends were potted, the potting was cut
to expose the lumens. The potted surfaces were then polished with a heat gun
to remove any loose resins. The module was tested for integrity with IPA. It was
found that one fiber had a defect. A solder gun was used to repair the module to
plug both ends of the fiber. The module was tested again and was integral.

Fully saturated water was pumped through the lumen side of the module
at a rate of 100 mi/min. A vacuum of 27" Hg was pulled on the sheli-side. The
temperature of the water was 20 C. An oxygen probe was used to measure the
inlet and outlet oxygen concentration to determine the oXygen removal efficiency.
At the outlet of the module, it was found that the oxygen leve! dropped from a
saturated level of 8.5 ppm to 0.9 ppm in about 10 — 20 min. 'Thus, the removal
efficiency was 89%. '

Example 5 Water Degassing

In this example, water is degassed using a membrane made in a manner
similar to the membrane of Example 1. A bundlie of fibers was made and potted
in a cylindrical holder. The fiber ID was 500 p and the fiber wall was about 150
The number of fibers was about 500 and the length of the module was about 20
cm. Water, at a temperature of 20 C, was pumped through the fiber lumens and
a vacuum of 60 Torr was maintained on the shell side. The oxygen level of the
water was measured at the inlet and outlet of the membrane. The inlet water
was degassed to a level of 3.1 ppm using a Hoechst Liquid-CeH degasser. The
pumping rate was 200 mi/min. and the temp. of water was 20 C. Air at
atmospheric pressure was pumped into the shell-side. The airflow rate was
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~about 2 standard fiters per minute. The oxygen level at the outlet was observed
" to rise from 3.1 ppm to 6.8 ppm in a period of 10 min.

Example 6 Measurement of Gasification Efficlency

The same module was uSe_d for gasification efficiency. In this mode, water
at 20°C was pumped through the lumen just as before, except that the feed water
was dégaésed by a Hoechst Liquid Cel degasser. The shell side was purged
with low-pressure air on one end, while the other end was left open. Because of
the low gas flow, there was practically no gas pressure drop on the shell side.

 Forall practical purpdse, the absolute gas pressure was assumed to be
760 mm Hg. The oxygen concentration of the feed and the outlet water was
measured at diff_ei'ent flow rates. .

Figure_ 7 shows the results compared to literature values from product

literature for Celgard Liquid Cel® degasser (Hoechst Celanese, Charlotte, NC)

~ and theoretical predictions based on Leveque's solution. The method-of data

analysis is presented below.

The mass transfer coefficient, K, was calculated by the following equation:
K = - (Q/A) * In[Cout — C*/Cin ~C*]

Cout is the oxygen conc. in output liquid [ppm] .

Cin is the oxygen congc. in input liquid [ppm] _ .
C* is the equilibrium oxygen conc. at fhe gas pressure on the shell side
[ppm]

Q is the flow rate [cc /s]

A is the membrane area [cm?).

The ShenNood number is calculated as follows:
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‘Sh=K*D/Dgp
where K is the mass transfer coefficient [cm/s],

D is the ID of the fiber [cm] and
Das is the diffusivity of oxygen in waterjcm?s]. -

The Graetz or Peclet number is calculated as follows:

Pe or Gr = V*D*(L*Dap)

- WhereV is the velocity of flow inside the lumen [cm/s] and

L is the length of the fiber [cm]

The Sherwood and Graetz numbers are dimensionless groups_ used to
describe heat and mass transfer operations. The Sherwood number is é
dimensionless mass transfer coefficient, and the Graetz number is a
dimensionless group that is related to the inverse of the bouridary layer
thickness. Using the Leveque method, these dimensionless numbers can be
correlated. In the linear region, as shown in Figure 4, the relationship between
the Sherwood number and the Graetz number is given as Sh= 1.64(Gr)%* for
Graetz numbers from between about 5 to about 1000. The Leveque method is
used to describe heat or mass transfer problems in tubes. in this method, the
concentration boundary layer is assumed to be confined to a thin layer next to
the wall of the tube. Yang and Cussler (AICHE J. 32 (11) 1910-1916 (1986))
used this method to correlate mass transfer coefficients for hollow fiber
membrane contactors. For the case where the liquid Was flowing inside the
fibers, the Sherwood number followed the relation Sh = A (Gr)®, where A =1.64

and the exponent b = 0,33, For this case, they report a range for A 48 1.62 o
1.88 from the literature. For liquid flow outside and in cross flow to the fibers,
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Sh =C(Re)"(Sc)®, where Re is the Reynolds number, dv/v, where d = fiber
diameter, v = liquid velocity, v = kinematic viscosity, and Sc is the Schmidt
number, the ratio of'kinematic_ viscosity to the diffusion coefficient. C has a range
of 0.32 to 1.38, d from 0.34 to 0.61 and e is 0.33. '

S. R. Wickramasinghe et al ( J. Membrane Sci. 69 (1992) 235-250)
analyzed oxygen transport in a hollow fiber membrane contactor using the
method of Leveque. A bundie of porous hollow fiber membranes were used,.
They showed that a plot of the Sherwood number vs. the Graetz number was
linear at high values of the Graetz number, in agreement with theoretical
predictibns. Results at low Graetz number were explained by the polydisperity of
fiber diameters, which affects uniformity of flow through the fibers. Their analysis
showed that at iow Graetz numbers, the average mass transfer coefficient falls

~ below the theoretical prediction due to uneven flow through the fibers. They

concluded that oxygen mass transfer was unaffected by the diffusional resistance
across the membrane. Conversely, one can conclude that a membrane that
follows the prediction of the Leveque theory is porous, because otherwise, the
resistance to diffusion would be too high to follow the theory.

_'The results illustrated in Figure 7 show that the membranes of this
example behave as porous membranes because they follow the linear portion of
the Leveque equatioh at high Peclet numbers.

o EXampI_e 7 Pore Intrusion Testing

26

An intrusion test was run on a membrane sample produced from a 30%

" polymer solids solution by a process similar to that described in Example 1.

Fiber OD was 750 micron, ID was 485 micron. Isopropyl alcoho! was used as

the test fiuid (surface tension 20.93 mN/m at 25°C-CRC Handbook of Chemistry
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- and Physics, CRC Press). AT 50 psi, no intrusion was 'nOted after 30 minutes.
" Some intrusion was noted at 60 psi. |

Example 8 Preparation of Asymmetric Skinned Perfluorinated
Thermoplastic Hollow Fiber Membrane with Outside Diameter Skinned

An asymmetric microporous poly (tetraﬂuoroethylene-cofperﬂuoro methyl
vinyl ether) ((POLY (PTFE-CO-PFVAE))) holiow fiber membrane with a skinned

- outside surface was prepared by the following method:
0

A slurry mixture of 16% (w/w) of powder (POLY (PTFE-CO-PFVAE))
(Hyflon™ (POLY (PTFE-CO-PFVAE)) 620 from Ausimont) in
chlorotrifiuoroethylene oligomer (CTFE) (Halocarbon Oil #60 from Halocarbon
Products) was prepared at room temperature and used for hollow fiber extrusion.
This slurry was fed via a metering pUmp (FM! model QV) into én eX_trusion
system consisting of a twin-screw extruder (Baker-Perkins model MPCI_V-SO.
L/D=13), a melt pump (Zenith model HPB 5704), a melt filter and a hollow fiber

"die. The twin screws inside the extruder were configured with feed screw

elements and mixing paddles to provide capability for mixing and 6onveying of
the (POLY (PTFE-CO-PFVAE)) /CTFE meit blend. The screw speed used was
200 rpm. The hollow fiber die in this system has an inner diameter opening of
0.016 in. and an annular gap of .017 in. Pure CTFE oil (same grade as in the
slurry) was metered into the center channel of the die via a metering pump
(Zenith model FF 7298) and it functioned as thé lumen filling fluid for the hollow
fiber during formation. The temperature set points for the various zones of the
extrusion system ranged from 230°to 305° C. The melt pump’s output rate
during this experiment was approximately 20 g/min and the lumen oil’s feed rate

‘was approximately 10 g/min.

The melt blend in the form of a fumen oil filled fiber was extruded in a
horizontal direction into a quench bath containing re-circulating mineral oil (Britol
35 from Witco) functioning as the quench fluid. The temperature of the oil was
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maintained at approximately 73° C. by use of external i-heating. An air gap of
approximately 0.25 in. was maintained between the tip of the hollow fiber die and
the entrance into the quench bath. The quenched fiber was wound around a set
of Godet rolls and taken up at a linear speed of 120 fpm This gel fiber with the oil
fi Iled lumen has an OD ~ ~ 800y and ID~400u

To remove the CTFE oil from the quenched fiber, a length of the fiber
sample was wrapped in multlple loops around an open rectangular metal frame
and clamped at both ends. The frame was placed in a 'degreaser (Baron
Blakeslee MLR-LE) containing 1,1 dichloro-1-fluoroethane (Florocarbon 141b,
ICI) for approximately 16 hrs. Afterwards, the framed sample was allowed to dry
at room temperature and i'_c was then heat-set in an oven at 275° C for
approxnmately 10 mins.

" The final fiber is white in appearance and the scannlng electron
micrographs of its structure are given in Figs. 9-11. an. 10 shows the
morphology of the inside (lumen) surface of the fiber and reveals a highly porous
structure. Fig.9 shows the morpholdgy of the outside surface of the fiber and
reveals a much denser structure. Figs. 11 shows the morphology of the cross-
section of the fiber near the outside surfaces and shows that the tight layer on
the fiber's outside surface is extremely thin in thickness. |

A practitioner skilled in the art of developing and producing hollow fiber
membranes will be able to discern the advantages of the present invention. Itis
not the intent of the discussion of the present invention to exhaustively present all
combinations, substitutions or modifications that are possible, but to present
representative methods for the edification of the skilled bractitioner.
Répreéehtative examples have been given to demonstrate reduction to practice
and are not to be taken as limiting the scope of th_e present invention. The.
inventor seeks to cover the broadest aspects of the invention in the broadest
manner known at the time the claims were madé.

What is Claimed:
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1. A fluid-fluid phase contactor substantially made from perfluorinated

thermoplastic polymers for contacting a first fluid with a second fiuid
comprising;
a) abundle of a plurality of perfluorinated thermoplastic hollow fiber

b)

d)

membranes having a first end and a second end, said membranes
having an outer surface and an inner surface, said inner surface
comprising a lumen, said membranes selected from the group
consisting of - o _
hollow fiber membranes having a porous skinned inner.
surface, a porous outer surface, and a porous support
structure between,
hollow fiber membranes having a non-porous skinned
inner surface, a porous outer surface, and a porous
support structure between,
hollow fiber membranes having a porous skinned outer
surface, a porous inner surface, and a porous support
structure between,
and hollow fiber membranes having a non-porous
skinned outer surface, a porous inner surface, and a
porous support structure between,
each end of said bundle potted with a liquid tight perﬂuorinated
thermoplastic seal forming a unitary end structure with a
surrounding perfluorinated thermoplastic housing wherein the fiber
ends are open to fluid flow, .
said housing having an inner wail and an outer wall wherein the
inner wall defines a fluid flow volume between the inner wall and the
lumens of the hollow fiber membranes,
said housing having a first fluid inlet to supply a first fluid to said first
end of the bundle to be contacted with a second fluid and a first

~ fluid outlet connection to remove said contacted first fluid from said
- second end,
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e) said housing having a second fluid inlet connection to supply a
second fluid to be contacted with said first ﬂuld to said volume
formed between the inner wall of the housing and the holiow fiber
membranes, and an second outlet connection to remove said
contacted second fluid. i

. The contactor of Claim 1 having holiow fiber membrane outer diameter in
the range of from about 350 microns to about 1450 microns.

. The contactor of Claim 1 wherein the porous skinned surface pores are in
the range of 0.001 micron to about 0.05 micron.

. The contactor of Claim 1 wherein in paragraph b) sai&-'each end of said
bundle is potted witha liquid tight perfluorinated thermoplastic seal forming
a single unitary end structure comprising both the first ﬁber bundle end
and the second fiber bundle end with a surrounding péﬁuoﬁnahd
thermoplastic housing wherein the fibers of said each end are separately
open to fluid flow. s :

. The contactor of any one of the Claims 1-4 capable of liquid-gas mass
transfer with liquid flow in the lumen with a Sherwood number equal to the
Graetz number to the 0.33 power multiplied by a factor A, wherein'A s in
the range of from about 1.62 to about 1.88, in a range of Graetz nhumbers
of from about 5 to about 1000. S

. The contactor of any one of the Claims 1-4 capablie of liquid-gas mass
transfer with liquid flow in the lumen with a Sherwood number equal to
about 1.64 multiplied by the Graetz number to the 0.33 power in a range of
Graetz numbers of from about 5 to about 1000.

. The contactor of any one of the Claims 1-4 capable of liquid-gas mass
transfer with liquid flow across the outer surface of said hollow fiber
membranes with a Sherwood number equal to a factor C multiplied by the
Reynolds number raised to the d power, multiplied by the Schmidt
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numdber raised to the e power, where c lies in the range of from about
0.32 to about 1.38, d lies in the range of from about 0.34 to about 0.81,
. and e is about 0.33.

8. The contactor of ény one of the Claims 1-4 capable of liquid-gas mass
transfer with liquids having surface tension values of greater than about 20
mN/m.

9. The contactor of any one of the Claims 1-4 capable of liquid-gas mass
transfer having an intrusion pressure of less than about 60 psi with
isopropyl alcohol.

10. A method of using the contactor of any one of Claims 1 through 4
wherein the first fluid is a liquid and the second fluid is a gas.

11. A method of using the contactor of any one of Claims 1 through4 ..
wherein the first fluid is a gas and the second fluid is a liquid.

12. A m_ethod of using the contactor of Claim 10 wherein thegasis an ozone
containing gas mixture and the liquid is an aqueoéus liquid.

13. A method of using the contactor of Claim 11 wherein the gasis an ozdne -
containing gas mixture and the liquid is an aqueous liquid.

- 14, A method of making a fluid-fluid phase contactor substantially made from
perfluorinated thermoplastic polymers for contacting a first fluid with a
second fluid, comprising; _ .

a) forming a bundle of a plurality of perfluorinated thermopliastic hollow
fiber membranes having a first end and a second end, said
membranes having an outer surface and an inner surface, said
inner surface comprising a lumen, said membranes selected from
the group consisting of
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holiow fiber membranes having a porous skinned inner
surface, a porous outer surface, and a porous support
structure between, - :
hollow fiber membranes having a non-porous skinned

“inner surface, a porous outer surface, and a pdrous '

- support structure between,
hollow fiber membranes having a porous skinned outer
surface, a porous inner surface, and é porbus support
structure between, -
and hollow fiber membranes having a non-porous
skinned outer surface, a porous inner surface, and a
porous support structure between,

b) positioning said fiber bundle in a surrounding perfluorinated
thermoplastic housing having an inner wall and an outer wall fo
form a fluid flow volume between the inner wall and the holiow fiber
membranes, 3

c) potting each end of said bundle positioned in said housing with a
liquid tight perfluorinated thermoplastic seal to form a unitary end
structure with said surrounding perfiuorinated thermoplastic
housing, o

d) opening the fiber ends of both unitary end structures to provide fiuid
flow through the hollow fiber ilumens,

e) providing said housing with a first fluid inlet to supply a first fluid to
said first end of the bundle to be contacted with a second fiuid and
a first fluid outlet connection to remove said contacted first fluid
from said second end, '

f) providing said housing with a second fluid inlet connection to supply
a second fluid to be contacted with said first fluid to said volume
formed between the inner wall of the housing and the holiow fiber
membranes, and an second outlet connection to remove said
contacted second fiuid. '

15. The method of Claim 14 wherein wherein in paragraph c) said each end
of said bundle is potted with a liquid tight perfluorinated thermoplastic seatl
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forming a single unitary end structure comprising both the first fiber bundie
end and the second fiber bundie end with a surrounding perfiuorinated
thermoplastic housing wherein the fibers of said each end are separately
open to fluid flow.

18. The method of Claims 14 and 15 wherein a step for repairing defects is
added after step d) comprising repairing potting'_ defects by melting said
potting material locally near the the defect to seal said defect

17. A fluid-fluid phase contactor substantially made from perfluorinated
thermoplastic polymers for contacting. a first fluid with a second fluid
| produced by the process of Claims 14 -16 comprising;

a) a bundie of a plurality of perflucrinated thermoplastic hollow fiber
membranes having a first end and a second end, said membranes

“having an outer surface and an inner surface comprising a lumen,
said membranes selected from the group consisting of
holiow fiber membranes having a porous skinned inner
surface, a porous outer surface, and a porous support
structure between,
holiow fiber membranes having a non-porous skinned -
inner surface, a porous outer surface, and a porous
support structure between, |
hollow fiber membranes having a porous skinned outer
surface, a porous inner surface, and a porous support
structure between, .
and hollow fiber membranes having a non-porous
skinned outer surface, a porous inner surface, and a
porous support structure between,

b) each end of said bundle potted with a liquid tight perfluorinated
thermoplastic seal forming a unitary end structure with a
surrounding perfluorinated thermoplastic housing wherein the fiber
ends are open to fluid flow,
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¢) said housing having an inner wall and an outer wall wherein the
inner wall defines a fluid flow volume between the mner wall and the
holiow fiber membranes, '

d) said housing having a first fiuid inlet to supply a ﬁrst fluid to said first
end of the bundie to be contacted with a second ﬂuid and a first
fluld outlet oonnectlon to remove said contacted first ﬂund from said
second end,

e) said housing having a second fiuid inlet connection to supply a
second fluid to be contacted with said first fiuid to said volume
formed between the inner wall of the housing and the holiow fiber
membranes,and an second outlet connection to remove said
contacted second fluid.’ ' '

18. The contactor of Claim 17 wherein in paragraph b) said each end of said
bundle is potted with a liquid tight perﬂuonnate'd thennopl'astic seal forming
a single unitary end structure comprieing both the first fiber bundie end
and the second fiber bundle end with a surrounding petﬂuorinated
thermoplastic housmg wherein the fibers of said each end are separately
open to fiuid flow '

19. The co'ntactoi' of Claim 17 having a hollow fiber membrane outer diameter
in the range of from about 350 microns to about 1450 microns.

20. The contactor of Claim 17 wherein the pores are in the range of 0.001
micron to about 0.05 micron.

21. The contactor of Claim 18 having a hollow fiber membrane outer diameter
in the range of from about 350 microns to about 1450 microns.

22. The contactor of Claim 18 wherein the pores are in the range of 0.001
mlcron to about 0.05 micron.

23. The contactor of Claim 17 capable of liquid-gas mass transfer with liquid
flow in the lumen with a Sherwood number equal to the Graetz number to
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24. The contactor of Claim 17 capable of liquid-gas mass transfer with liquid
fiow in the lumen with a Sherwood number equal to about 1.64 multiplied
by the Graetz number to the 0.33 power in a range of Graetz numbers of
from about 5 to about 1000.

25. The contactor of Claim 17 capable of liquid-gas mass transfer with liquid
flow across the outer surface of said hollow fiber membranes with a
Sherwood number equal to a factor C multiplied by the Reynoids number
raised to the d power, multiplied by the Schmidt number raised to the e
power, where c lies in the range of from about 0.32 to about 1.38, d lies in
the range of from about 0.34 to about 0.61, and e is about 0.33.

26. The contactor of Claim 17 capable of liquid-gas mass transfer with liquids
having surface tension values of greater than about 20 mN/m.

27. The contactor of Claim 17 capable of liquid-gas mass transfer havlrig an
intrusion pressure of less than about 60 psi with isopropyl alcohol.

28. The contactor of any one of the Claims 18-22 capable of liquid-gas mass
transfer with liquid flow in the lumen with a Sherwood number equal to the
Graetz number to the 0.33 power muitiplied by a factor A, wherein A is in
the range of from about 1.62 to about 1.86, in a range of Graetz numbers
of from about & to about 1000.

29. The contactor of any one of the Claims 18-22 capable of liquid-gas mass
transfer with liquid flow in the lumen with a Sherwood number equal to
about 1.64 multiplied by the Graetz number to the 0. 33 power in a range of
Graetz numbers of from about 5 to about 1000.
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30. The contactor-of any one of the Clarms 18-22 capabile of quuld-gas mass
transfer with liquid flow across the outer surface of said hollow fiber .

- membranes with a Shemood number equal to a factor C multiplied by the
Reynolds number _rgrsed to the d power, multiphed_b.y the Schmidt
numdber raised to'the e power, where c lies in the "ralige of from about
0.32 to about 1.38, d lles in the range of from about 0 34 to about 0.61,
and e is about 0.33. ' :

31. The contactor of any one of the Claims 18-22 capabl'e of liquid-gas mass
transfer with liquids having surface tensron values of greater than about 20
mN/m. '

32. The contactor of a_rry one of the Claims 18-22 capebte. of liquid-gas mass
transfer having an intrusion pressure of less than about 60 psi with
isopropy! alcohol. N

33. A method of using the contactor of Claim 17 wherein the first fluid is a
liquid and the second fluid is a gas.

34. A method of using the contactor of Claim 17 wherein the first fluid is a gas
and the second fluid is a liquid. :

35. A method of using the contactor of Claim 33 wherein the gas is an ozone
containing gas mixture and the liquid is an aqueous _lir_{;’uid.

36. A method of using the oontactor of Clalm 34 wherern the gas is an ozone
containing gas mtxture and the liquid is an aqueous llqurd

37. A method of using the contecto_r of any one of the-Claims 18-27 wherein
the first fluid is a liquid and the second fluid is a gas. .

38. A method of using the contactor of any one of the Clatms 18-27wherein
the first fluid is a gas and the second fluid is a liquid..
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39. A method of using the contactor of Claim 37 wherein the gas is an ozone
containing gas mixture and the liquid is an aqueous liquid.

40. A method of using the contactor of Claim 38 wherein the gas is an ozone
containing gas mixture and the liquid is an aqueous liquid.

41. A fluid-fluid phase contactor made from perfluorinated thermoplastic
polymers for contacting a first fluid with a second fiuid comprising;

a)

b)

c)

d)

bundle having a first end and a second end of a plurality of
microporous perfluorinated thermoplastic _hollow fiber membranes,
said membranes having an inner surface and an outer surface,
each end of said bundle potted with a liquid tight perfluorinated
thermoplastic seal forming a unitary end structure with a
surrounding perfiuorinated thermoplastic housing wherein the fiber |
ends are open to fiuid flow,

said housing having an inner wall and an outer wall wherein the

inner wall defines a fiuid flow volume between the inner wall and the
hollow fiber membranes, |

said housing having a first fiuid inlet to supply a first fiuid to said first
end of the bundle to be contacted with a second fluid and a first
fluid outlet connection to remove said contacted first fluid from said
second end,

said housing having a second fluid inlet connection to supply a

- second fluid to be contacted with said first fluid to said volume

formed between f_he inner wall of the housing and of the hollow fiber
membranes, and an second outlet connection to remove said
contacted second fluid.

42. A method of making a fluid-fluid phase contactor made from .
perfluorinated thermoplastic polymers for contacting a first fluid with a
second fluid, comprising; |

a) forming a bundie of a plurality of perfluorinated thermoplastic

microporous hollow fiber membranes, said membranes having an
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inner surface and an outer surface, sa:d bundle having a first and a
second end and bemg ina substantrally cyllndncal form,

b) positioning said. fiber bundie in a surroundmg perﬂuorlnated
thermoplastlc housmg havrng an inner wall and an outer wall to
form a fiuid flow volume between said inner wall and the hollow
fiber membranes, ‘

c) potting each end of said bundle posltroned |n sard houslng with a
liquid tight perﬂuormated thermoplastlc seal to form a unitary end
structure with said surrounding perﬂu_ormated tbennoplastlc
housing, :

d) opening the f ber ends of both unitary end structures to provide fluid
flow through the hollow fiber lumens, _

e) providing said housmg with a first fluid inlet to supply a first fiuid to
said first end of the bundle to be contacted wrth a second fluid and
a first fluid outlet connectlon to remove saxd contacted first fluid
from said second end, _

f) providing said h_ousmg with a second fluid inlet connection to supply
a second fluid to be contacted with said first fluid to said volume
formed between the inner wall of the housing : and the hollow fiber
membranes, and an second outlet connectlon to remove said
contacted second fluid.

43. The method of Claim 28 wherein a step for repairing defects is added
after step d) compnsmg, repairing potting defects by melting said pottlng
material locally near the the defect to seal said defect.

44. A fluid-fluid phase contactor made from perfluorinated thennoplastic
polymers for contacting a first fluid with a second fiuid produced by the
process of Claims 42 and 43 comprising; -

a) a bundle having a first end and a second end of a plurality of
microporous perflucrinated thermoplast:c hollow fiber membranes,
said membranes having an inner surface and an outer surface,

b) each end of said bundle potted with a liquid tlght perfiuorinated
thermoplastic seal forming a unitary end structure with a
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surrounding perfiticrinated thermoplastic housing-wherein the fiber
" ends are open to fiuid flow, ' |

¢) sald housing having an inner wall and an outer wall wherein the
Inner wall defines & fluld flow volume between said inner wall and
the hollow fiber membranes,

d) said housing having a first fluid inlet to supply a first fluid to sald first
end of the bundle to be contacted with a second fluid and a first
fiuid outlet connection to remove said contacted first fluid from said
second end,

e) said housing having a second fluid inlet.connection to supply a
second fluid to be contacted with said first fiuid to said volume
formed between the inner wall of the housing and the hollow fiber
membranes, and an second outlet connection to remove said
contacted second fiuid.

45. A method of using the contactor of claims 44 wherein the first fluid is a
liquid and the second fluid is a gas.

46. A method of using the contactor of claims 44 wherein the first fluid is a
gas and the second fluid is a liquid.

47. A method of using the contactor of 'Claim 45 whérein the gas is an ozone
containing gas mixture and the liquid is an aqueous liquid.

48. A method of using the contactor of Claim 46 wherein the gas is an ozone
coritaining gas mixture and the liquid is an aqueous liquid.

49. A contactor of any one of the Claims 1, 14, 17, 41, 42, and 44 wherein
said perfluorinated thermoplastic is selected from the group consisting of
poly(tetrafluoroethylene-co-perfiluoro(alkylvinylether)) or
poly(tetrafiuoroethylene-co-hexafluocropropylene).
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50. The membrane of Claim 48, wherein the alkyl of said _
poly(tetrafluoroethylene-co-perfiucro(alkylvinylether)) is selected from the
* group consisting of propyl, methyl, and blends of methyi and propyl.
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