-1- HOLLOW FIBER MEMBRANE CONTACT APPARATUS AND PROCESS Field of the Invention
This invention relates to a hollow fiber membrane contactor for phase contact applications. The
contactor is made from perfluorinated alkoxy polymeric materials, has a high packing density
providing high useful contacting area, and the ability to operate with liquids of low surface tension. 5
Background of the Invention Liquid-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, 10 gas absorption of one or more components
from a gas stream is accomplished by dispersing the gas as bubbles in packed towers and plate
columns in a countercurrent flow to a liquid stream. Absorption efficiency is controlled apart from
solubility considerations by thgregfgtivavaiesit fsi¥WBRAN ¢ eNattiversurface area of the gas flow
bubbles. In wetted wall contactors thg pp GRS FHRAANIS BRIASERSIownward flow of liquid on the inside
wall of a vertical tube. Gas stripping is used to transfer a gas dissolved 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 jidjdid¢ & fsvangidguid flows cannot be varied 20
independently over wide ranges. Tray columns are prone to such problems as_weeping at low gas

flows and flooding at hiGhisiiuientiewsclpigstead hallers Hhsn MBI HNRAIRIPT L L1#R Use of low
liquid flow rates jn 4 Ragkerl JouRr Ga IR haRRRingRRYeaTEat elfantiveysurface area.

Excessive frothing or foam formation can lead to process inefficiency. Wetted wall 25 contactors have

inherently low ne@ymenefapisselndienrshighasking densitshgpvidiag Bish 8858 he development of
membrane contagarsihas.PUe ERMRe ability to operate with liquids of low surface tension.

5

Background of the Invention

Liquid-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,

10 gaé absorption of one or more components from a gas stream is accomplished
by dispersing the gas as bubbles in packed towers and plate columns in a
countercurrent flow to a liquid stream. Absorption efficiency is controlled
apart from solubility considerations by the relative rate of the flows and the
effective surface area of the gas flow bubbles. In wetted wall contactors the

15  gas stream flows past a downward flow of liquid on the inside wall of a
vertical tube. Gas stripping is used to transfer a gas dissolved 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

20  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 liquid flow rates in a packed
tower can lead to channeling and reduced effective surface area. Excessive
frothing or foam formation can lead to process inefficiency. Wetted wall

25  contactors have inherently low mass transfer coefficients, and can flood at
high gas flow rates. The development of membrane contactors has overcome

these deficiencies. .



these deficiencies. , -2- Membrane contactors are devices through which two fluid phases flow
separated by a membrane permeable to the gas being transferred. If a microporous membrane is
being used, the preferred method relies on the non- wetting characteristic of the membrane material
and the pore size to prevent 5 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 is

absorption or stripping. If a non-porous membrane_?_used, gas transfer is controlled by the diffusion
rate in the non-porous layer of the membrane. While other membrane geometries are available for

this use, 10 hollow fibey membranss are ldeAlMSHIEHAD SR RRIOTSWD RRllPpHEBETRRFOUS membrane

is a tubular filament comprising an outer diameter, an inner diameter, with aaPorous wall thickness

between them. Sipetaiodbiiameteraadinesnpableorolieratibeing asiBaedn#ig used to carry one of
the fluids. For whatis fstmedh b sideapaiaating, e Jidvidabasenba flaws drggidoe hollow

portion, sometimes called the lumen, and is Mmainfained separate from the gas phase, which

surrounds the filvesttinesthanaciriiste aldbgrpentaanqien s end e neas Hee BLRE? Gidmeter and
surface of the fibersandiheArsRhasedews-RranoRihe haan GERe-anies ehdnierayrface of a

hollow fiber membrane can be skinned 20 or unskinned. A skin is a thin dense surface layer integral

with the substrubrotelthe@an &iltest Reees to 9 Aivse thrchamidndearding go msthenths resistance to
flow through the mEMRRANGJIGSIGS IP IRHIME SR M AR AIbRMAY GeagagOres leading to the

continuous porous structure of the substructure, or may be a non-porous intearal film-like surface. In

porous 25 skinntiensfenip cantelise achadibsionsateiinha8y-eomisdaver rough the pores.

Asymmetric refers.touhe dniiariaitnal the RorasSizerarnssatlenihiskness afishgenembrane; for hollow
fibers, this is the porous wall of the fiber. Asymmetric membranes have a structure in which the pore
sizeisa 10  hollow fiber membranes are ideally suited as contactors.

A hollow fiber porous membrane is a tubular filament comprising an
outer diameter, 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 termed tube side contacting, the liquid phase
15  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
20  orunskinned. 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
25  skinned membranes, permeation occurs primarily by connective flow through
the pores. Asymmetric refers to the uniformity of the pores size across the
thickness of the membrane; for hollow fibers, this is the porous wall of the
fiber. Asymmetric membranes have a structure in which the pore size is a
function of location through the cross-section, typically, gradually increasing
30  in size in traversing from one surface to the opposing surface. Another

manner of defining asymmetry, is the ratio of pore sizes on one surface to



function of location through the cross-section, typically, gradually increasing 30 in size in traversing
from one surface to the opposing surface. Another manner of defining asymmetry, is the ratio of pore
sizes on one surface to -3- those on the opposite surface. Manufacturers produce membranes from a
variety of materials, the most general class being synthetic polymers. An important class of synthetic
polymers are thermoplastic polymers, which can be flowed and molded when 5 heated and recover
their original solid properties when cooled. As the ¢onditions of the application to which the membrane
is being used become more severe, the materials that can be used becomes limited. For example, the
organic solvent-,[ngeeg ns&llggﬁﬁgsﬂ%eq&%gyafer coating in the micrpelectronics industyy yviII dissolve or
swell and weaken most common poﬁymerlc 10 membranes. The high temperature stripping baths in
the same industry condikmefhigts aeidesedmutuanes dompavadetieiisirigiiptie Sttoy membranes

made of Comm%%ﬁ%é!ﬁ‘é%ﬁcﬁ%’ ﬂgﬁgﬁgﬁzﬂe 'feqﬁlgrg@ﬁéi%%@%aﬁya%%fs thetic

poly(tetrafluoroe e-co-perfluoro(alkylviny )'(p'oly(PT E-CO- PFVAE)) or
poly(tetrafluoroethyizre ase thexafinbstisrpphylmnes) (FHEF) %ﬁ@bﬂ)ﬂ&@%&@i%@%ﬁé@@ﬂ by severe

conditions af usg. 30,13k MEMAIANGS ARG 1S5E-R0UIRLS oK hayeyg decided advantage

over ultrafiliration membranes made fr ( ally and thermally stable polymers. These
thermoplastic pehyrdisiensafdherraticaion tvarhidihememoiae iy Raieg ugeg bEgORMich is not a
thermoplastic, in {yat eY.cafk Al ther hanetlin BOAIARCAIHPCRIOEERSHR, fich as extrusion.
Perfluorinated thermoplastic hollow fiber membranes can be produced at smaller diameters than
possible with PTEEniFisrewtitiasadh anbitionmveedrfrnssoapiaginthe rairgeckichssiss 350 micron

outer diameter to, ahout 4 4p0; ISR LUIRIUAMS Bl AAARE SARHEABE iR coNtactors having high

membrane surface aréa to contactor 25 volume ratios. This attribute is useful for producing compact

equipmentlowhigiemhsansafThe highitcmperatwsstarniasdahstin Hresampindusmy-Lonsist

of highly acid and oxidative compounds, which will destroy membranes made
of common polymers. Perfluorinated thermoplastic polymers such as
poly(tetrafluoroethylene-co-perfluoro(alkylvinylether)) (poly(PTFE-CO-
PFVAE)) or poly(tetrafluoro-ethylene-co-hexafluoropropylene) (FEP) are not

15  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(tetrafluoroethylene)
(PTFE), which is not a thermoplastic, in that they can be molded or shaped in

20  standard type processes, such as extrusion. Perfluorinated thermoplastic
hollow fiber membranes can be produced at smaller diameters 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

25  volume ratios. This attribute is useful for producing compact 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

30  methods as they are difficult to dissolve in the normal solvents. They can be

made into membranes using the Thermally Induced Phase Separation (TIPS)



semiconductor manufacturing plants. Being chemically inert, the Poly(PTFE-CO-PFVAE) and FEP
polymers are difficult to form into membranes using typical solution casting 30 methods as they are
difficult to dissolve in the normal solvents. They can be made into membranes using the Thermally
Induced Phase Separation (TIPS) -4- 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 5 solution temperature is reduced to below the upper critical

solution tempergture T 'sqiﬁetlg}@a!tgmﬁ%ﬁﬂg%ﬂisogﬁ%%"a‘éém MaRhasssilrguiem: the

homogeneous eated solution, one'phase primarily polymer, the other primarily solvent. If done
properly, the soméxedioidbicatsd foranseatosialioedempeeraspabbtnehbeay®te solvent rich phase

forms a continugyis 40J0e(GRBRSFIGLOHGSI T s NSNS HRNASE RN exliaged and the

membrane dried. Hydrophobic microporous membranes are commonly used for contactor

applications witithsresiguissus sphimoa i&m@e@@rf@pw&gﬂe Ieing eaekng HeeILHRRT flows on one
side of the memprans,and 8 Has L SILSHEREIEIARL Bt A AG RIASRIEG Jhan the solution flows on

the other. Pressures on each side of the membrane are maintained so that the liquid pressure does
not overcome tHempekeawisreEhiés sheriemperairarst oaheley whichriwe abassorstimMble into the

iquid. Critical prgssiye the pressure. ALNRIR, he: SR Hllinyls-ip the fiRees. depends directly

on the material used 20 to make the membrane, inversely on the poré size of the membrane, and

directly on the sprieeeiepeieenbf i dangupsopeEonthe sahtRach EhtealEms-foroNifkESmembranes are
primarily used bggaise, Rt BIIMA? ARiaR R HENchiBh.RARRY debsibuith such devices. Packing

density relates to the amount of useful membrane surface per volume of the device. It is related to
10  interconnecting porosity. The solvent rich phase is then extracted and the

membrane dried.

Hydrophobic microporous membranes are commonly used for
contactor applications with an aqueous solution that does not wet the
membrane. The solution flows on one side of the membrane and a gas

15  mixture preferably at a lower pressure than the solution flows on the other.
Pressures on each side of the membrane are maintained so that the liquid
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 solution will intrude into the pores, depends directly on the material used

20 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 of the ability to obtain a
very high packing density with such devices. Packing density relates to the
amount of useful membrane surface per volume of the device. It is related to

25  the number of fibers that can be potted in a finished contactor. Also,
contactors may be operated with the feed contacting the inside or the outside
surface, depending on which is more advantageous in the particular
application. Typical applications for contacting membrane systems are to
remove dissolved gases from liquids, “degassing”; or to add a gaseous

30 substance to a liquid. For example, ozone is added to very pure water to form

a solution used to wash semiconductor wafers. Many processing steps



25 the number of fibers that can be potted in a finished contactor. Also, contactors may be operated
with the feed contacting the inside or the outside surface, depending on which is more advantageous
in the particular application. Typical applications for contacting membrane systems are to remove
dissolved gases from liquids, "degassing"; or to add a gaseous 30 substance to a liquid. For example,
ozone is added to very pure water to form a solution used to wash semiconductor wafers. Many
processing steps -5- involved in chip manufacturing,use very aggressive chemicals such as hot
sulfuric acid, hydrogen peroxide, phosphoric acid, etc. for etching purpose. Since these chemicals are

toxic and dange{%vg@%g%,lﬁ%ﬁg&%q{%rydg%@é@@ thesg-shamigals mase serious health

and safety hazards to the 5 workers in this industry."New processing technologies have been

developed in thevifti¢casigchydrogen nerakicieoploiphesit Asith figeforaishingIRERRE: conventional
process which user MANY ARSIV GreNGRIGALS diGBRs RIARGRRING seshnalagptdgllizes only two

chemicals-ozonated DI water and HF water. It has béen demonstrated that almost all existing

processing bathdisppsa of thessiskewicainpasaiserimsepbhchsiiaiy hamndstarthater can easily be
produced, asgoosgo?ﬁé‘f&%f@ﬁ@mﬂ?g WM&%B%E@@%I&W@M%%@Q&Q@&%&?@M water is being

used in chip plants today. Most are for cleaning operations where only a gg)u le of ppm of ozone
Lighed:

concentration afbpastitayivars hyidmstraben of R R TeppsRsiEers Rfe etch baths, much

higher ozone coggantralnR isrBEadSshilh 4eaSHan hEFoRcanlRIRRARNERTBRWeeN 10-80 ppm. The
water flow rate ranged between 5-40 pg_m. Typical requirement is about 15 ppm at 201pm water flow

rate. Prior to thePbpeswsingioekrRIAzy &siqe XéW%Eh?@iG@éR%WS&hWQW%%HEd wherein the
hollow fibers are formef] pf apRelvitatnaiat Alkaanipyeidek RS bRRIHIRE ThiscaRYee is

characterized by undesirably limited gas mass transfer through the hollow fibers. In addition, contact
10 ‘replaced using only these two chemicals.

While HF water can easily be produced, a good source for ozonated
water has been a challenge. Although ozonated water is being used in chip
plants today. Most are for cleaning operations where only a couple of ppm of
ozone concentration are needed in the fluid stream. However, to replace

15  aggressive etch baths, much higher ozone concentration is needed. In general,
the concentration ranges between 10-80 ppm. The water flow rate ranged
between 5-40 ppm. Typical requirement is about 15 ppm at 20 lpm water flow
rate.

Prior to the present invention, a tube side contacting device has been

20  provided wherein the hollow fibers are formed of a polyfluorinated
alkoxyvinylether (PFA) polymer. This device is characterized by undesirably
limited gas mass transfer through the hollow fibers. In addition, contact
devices have been provided wherein the hollow filter membranes or spirally
pleated membranes are formed of PTFE.

25 Ohmi et al, J. Electrochem. Soc., Vol. 140, No. 3, March 1993, pp.
804-810, describe cleaning organic impurities form silicon wafers at room
temperature with ozone-injected ultrapure water. U.S. Patent 5,464,480 shows
that ozone diffused through a subambient temperature deionized water will
quickly and effectively remove organic materials such as photoresist from

30  waters without the uses of other chemicals. It is believed that lowering the

temperature of the solution enables a sufficiently high ozone concentration in



devices have been provided wherein the hollow filter membranes or spirally pleated membranes are
formed of PTFE. 25 Ohmi et al, J. Electrochem. Soc., Vol. 140, No. 3, March 1993, pp. 804-810,
describe cleaning organic impurities form silicon wafers at room temperature with ozone-injected
ultrapure water. U.S. Patent 5,464,480 shows that ozone diffused through a subambient temperature
deionized water will quickly and effectively remove organic materials such as photoresist from 30
waters without the uses of other chemicals. It is bglée_ved that lowering the temperature of the solution
enables a sufficiently high ozone concentration in -6- solution to substantially oxidize all of the organic

material on he yalet 1, J0SOIUG ARG TRSTGEAS 95 UGA0AS GRAARAY means which

provides fine b es of ozone or other gases into the tank and uniformly distributes the gas
throughout the tamilublngasss. Pete mSusivndidiusiass fo5 candoapbasamvAielprovided by the

difuser are iniigly, 3haut 5/, BRA 0 BICERDHIT iRmSIRt bR aRsadiuashatpferably are initally

Iy
about 25 to about 40 microns in diameter. The gas diffuser preferably is made from a mixture of

polytetrafluoroethistahetesrinegs shppehfivbieattakylvinylether. By varying the temperature and 10
pressure unger which &%W.X%A?ﬂ%%ﬁ%{ By el dmkBavsIdodhe 4 plaothaqspus and
0

d
nonporous members are formed. Thé imperméable and permeable members are preferably

comprised of alibatddEusepTrinitiellHisbatt 3 to el ARSI R Ay disaeterhd Be §%eable member and
the impermeablg, %ép R PECIRRAIRY A BEMbab AR heds ASimgrRsdheTesult is a 15

composite member that will not'come apart under the stresses in the tank. Preferably, the members

are heat sealed geyéiffoscerespnmbly inaiade Bemuamix e Mavytssabiierthyienty carbon-carbon
bonds. Once th?ﬁ%‘ﬁ}eﬂﬁl‘Befﬁﬁ&@?l%@éﬁ%%tﬁel{eﬁg\éh?ﬁﬁ Ooéﬂéhﬁfeﬁlaﬁlfé'raﬁg in the top portion of
abol

the member. The resulting diffuser has on thé order o ,000 pores of a 20 size of about 25 to
about 40 migrorressaraneder whisbghesmishesis prggared by methods known in the art,

both porous and nonporous members are formed. The impermeable and
permeable members are preferably 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

15  composite member that will not come 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

20  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

25  oxidation reactions because the reaction would not be localized at 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.

30 Dissolved oxygen in ultrapure water is another problem in ‘

semiconductor device manufacturing. Oxygen removal to less than one part



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 25 oxidation reactions because the reaction would not be localized at 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. 30 Dissolved oxygen in ultrapure water is another problem in
semiconductor geyieaRmBrivtng. Qe gRRRMANAIGRaLBaO R A FokAllion (bpb)is
required to prevent uncontrolléd oxide growth. Potential problems asSociated with uncontrolled oxide
growth are prevertidenssf sssociatebwithurecepirallydpsideheieuticasPensriase ol of gate-oxide
films, and '”Cfe?eg&;ge%@‘ég{%eg?&WP&HB&M%%I&H&@E&%ﬁ%kega&t%%%ﬁlé be overcome by
e les

stripping dissolv xygen t an 1 ppb from the ultrapure water used in the manufacturing

process. The hi@hdd@@kﬂﬂ@éd@ﬁmtapﬂjsé@é_%ﬁ%yé%b@&ﬁa@@iwmﬂl%ﬂ*fgmﬁ@éd thermoplastic
contactor age aguaRiages ih et arileRRdb ey JeRteNksy B A%hpRyiHGRAN OXidized water

producing method in to which a préssurized ozone gas is generated by an electric discharge type

ozonator is dissulaiure vater wseddn terannniaciyRRemsResssibERmheshmeskenedmasibierized in that the
water pressure iside the;membianeds maRainac disheniee Hs-REpRIe Qhiggzone gas
supplied to the outside of the hollow fiber membrane to prevent tiny bubbles and impurities from
getting mixed inese1Blvaatogstinsaivlyapplitationhd the ozone concentration in the treated water is
controlled on the basisigigthe, foRGesTRINRbIIE0 2N MR dTRIRISRIEnGR cdiralRRem only PTFE

membranes and does not cont_emp’late the use of an all perfluorinated thermoplastic contactor.
10  which 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
15  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 reference
discloses only PTFE membranes and does not contemplate the use of an all
perfluorinated thermoplastic contactor.
Commercially all available PTFE hollow tube contactors are referred
20 to as “hollow tubes”, probably because they are relatively large. Patent
PJ7213880A. 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
25  powder sintered into a slightly porous PTFE solid tube. The tube is then
stretched longitudinally to make it porous. This is different than typical PTFE
sheet membranes made by a similar process. To generate very fine
microporous structures, characterized by a node to fibrils network, most PTFE
membranes are made by biaxial stretching. For hollow fibers, the equivalent
30  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



Commercially all available PTFE hollow tube contactors are referred 20 to as "hollow tubes”, probably
because they are relatively large. Patent PJ7213880A 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 25 pgwder sintered into a slightly porous PTFE solid
tube. The tube is then stretched longitudinally to make it porous. This is different than typical PTFE
sheet membranes made by a similar process. To generate very fine microporous structures,
characterizeddigglesaster e hsriCansauoaOtins e PPrEE imibia vaaesepalinddd-rmeiial stretching. For

hollow fibers, i.tB.e, gl VRIEMIR IREOGRR R WoHIFIINRMG HIRE B SiEe tahisontae ket arially. Probably
because of the imgractic lity of iurchaste%, thiEradiaI stretchin%éteéa is missing from the 8 disclosed
Tt n

process. ConSRGRERTH Y FNSHUIE SHREI MG RARN i Her b iaRBRLRGA the "node to
fibril network"regtﬂla_t sﬁgmpnmnmﬂatmgm haohpeasstdmotine defamaicurthecstabeinderwent a
second step AlJRI A0 d SIARBIGEARANAHBILA oF A RIS AL igPrpine external surface of

the porous tube. This step involves lamination of a long narfow strip of PTFE microporous membrane
spirally on the™ieiPREEHE tREMBGANG. Shiidlhs et sysacs b thsthing Précissa tedisyswith the
membrane lanbtteteitsiiepotsists aktavith hellmsribpandhenieritianeere sursseEImséer in tube-side
flow could be pigher, B casesauers s Juid pariallicniiydes Inje Hhe, SUpporLIayer, This arrangement
diminishes the potenltlla 0 ousmgr{ﬁe embrane as the DAfar for Separating W fluid phases.
These deficiepeses aere i doid eavtiallihotrudesiTiodherduphiorhlaysrofittie gresgameniention. 15 An

advantage foryGamiRREO G-RYBIIERIANS ISl dNBe RIYIPRASYH3GRe IGA50N TS SBps ey fikorinated
polymers allows use with low surface tension |I%UIdS. For examgle, hlghly corrosive developers used

in the semicoMRIEHSH PRAR R LGSR RIRRIAEM AP QsraRMa WARANR AR ERRIcing additives, such as
membranes of the present invention.
15 An advantage for contacting applications is that the very low surface

tension of these perfluorinated polymers ailows use with low surface tension
liguids. For example, highly corrosive developers used in the semiconductor
manufacturing industry may contain surface tension reducing additives, such as
surfactants. These developers could not be degassed with typical microporous

20  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. U.S.
Patent 5,749,941 describes how conventional follow fiber membranes of -
polypropylene or polyethylene cannot be used in carbon dioxide or hydrogen

25  sulfide absorption into agqueous solutions containing an organic solvent without the
use of a solution additive to prevent leakage. While (PTFB) membranes would
work in these applications, presumably because of their lower surface tension,
they are difficult to process into hollow fibers. The membranes of the present
invention are made from polymers having similar surface tension properties to

30 PTFE and are more readily manufactured into small diameter hollow fiber
membranes.

Japanese patent specification JP10305218 (NIKKISO CO LTD) seeks to
provide a hollow fiber module which effectively prevents fracture by means of an
inlet baffle in the end part of the hollow fiber caused by the flow of a fluid and

35  which can be easily produced. The both open ends of a cylindrical casing which

houses hollow fiber bundles are filled with a urethane adhesive to form a sealing




surfactants. These developers could not be degassed with typical microporous 20 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. U.S. Patent 5,749,941 describes how conventional follow fiber
membranes of polypropylene or polyethylene canrg3 ot be used in carbon dioxide or hydrogen 25 sulfide
absorption into aqueous solutions containing an o gaanlc solvent without the use of a solution additive
to prevent leakage. While (PTFB) membranes would work in these applications, presumably because

of their lower suffage ipR<ian, of@%x%ﬁmv%l&ﬂ% RERRSEE UMY fRllew %b@@%aTH& gmbranes of the

present invention are made from polymers having similar surface tension proEer es to 30 PTFE and

are more readifyf G SFAAERERS HPS aRiloivdiasre B toResiinsat the PHRIRsEIPRERARERS patent
specificagion aememsaamwmmuwm sewamg |pyevidenachdipidibemmadhésivdrich effectively

prevents fractur%P]gy means, % éeat| R%%%{] rbd rﬁgﬁkg 0% tﬂ%l% @'Rci r.caused by the flow of a

fluid and 35 whi can e eaS| uce e bo open ends of a cylin gasmg which houses
hollow fiber b%ﬁl@g%fm@dhﬁl!ﬁ%bwffﬁﬁ%?faﬂwe%% #8Fm a sealing 8a part, and the end of each

hollow fiber is adhef%n@é@éié%%%bﬁ@ﬁt&@@'ﬂw@ﬂ? (d'bmpnmtwfamwaem*PEM@erS in the
position at thc?gg%ter hery of &?e 5 hca (gw fiber bundles are oatid with a c?atln a%er formed by

the same adh %Sa?dwgg d R ARG AfiFYONIR RN ] AT ARRHion b fhg Tayer is
continud0s frgastineaifined Sovéhess dfaheferdiatirtheges hitwedrSitzdis widtend 8 8802WH7 (COMPACT

MEMBRANE S IEMRotNI Aeasema IR e abatiRa hing o @ aaiaiigm a solution of

the 10 gas in a liquid involves transferring the gas between the liquid and another fluid through a
membrane urfit@SFPLTNGYS HEWoRRHbrd %%HEB‘%W&%@M%F'H&%@ fBeRIARe MUFRLISUY flow path.
The membranrgbsidrtalydepe imeblernmsvioslers sndsidwaigniipyniegsiitpeable derihd solvent and

having a PETMER Jli%tgawgfg,e(ﬂ)%r%ed from an amorphous copolymer of perfluoro-2, 2-

15  dimethyl-1, 3-dioxide; and (iii) is maintained at a temperature below the glass
transition temperature of the copolymer. The fluid can be another liquid or a gas.
The novel method provides very high rates of gas transmission between liquids
and permits gasifying liquids without resort to sparging bubbles through the liquid.
The method thus can gasify liquid with superior efficiency and without excessive

20  agitation due to bubbling. These features result in economy of gas consumption
and reduced need for gas recovery equipment, and when used in connection with
a toxic or organic gaseous component, reduced requirements for additional
pollution control equipment. The membrane material is resistant to fouling by
liquids, and especially, by bioreactor mass. Hence, the novel method can remain

25 in service for long duration without substantially diminished performance. Utilities
for the novel method include purifying drinking water through ozonolysis,
oxygenating bioreactors and blood; oxidizing volatile organic compounds in water;
adding gaseous reactants to liquid chemical reactions and supplying oxygen to
and removing volatile pollutants from waste water.

30 Accordingly, it would be desirable to provide a hollow fiber membrane
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least 100 barrers; (ii) formed from an amorphous copolymer of perfluoro-2, 2 15 dimethyl-1, 3-dioxide;
and (iii) is maintained at a temperature below the glass transition temperature of the copolymer. The
fluid can be another liquid or a gas. The novel method provides very high rates of gas transmission
between liquids and permits gasifying liquids without resort to sparging bubbles through the liquid.
The method thus can gasify liquid with superior efficiency and without excessive 20 agitation due to
bubbling. These features result in economy of gas’consumption and reduced need for gas recovery
equipment, and when used in connection with a toxic or organic gaseous component, reduced

requirements oy ashigpatapalklag Sy SEMRBIERS, FReBamb e TR ighigyfesistant to fouling

by liquids, and especially, by bioreactor mass. Hence, the novel method can remain 25 in service for
long duratioPWiisSUAIBEIaR% AIRNBiRRiIAG TS pasbHae Uit fRs emBAISRethod include
purifying drirgkiiet) aatgptreoug bozbadtlysied oy gaitabinghisreretispandititoedeaxitizing volatile
organic compounds in water. addi equs reactants to liguid. chemical reactions and supplying
oxygen o ag ey Bl Ao R R RIS REETRERL BRI e dearable o
provide a hoRevesisdiontaatbia e B IC geniertor apparatus for forming a liquid solution from a gas
and a liquid which provides high mass transfer rates of gas through the hollow fiber membranes. 5

Such an apparatus can be formed of assuitabl Il sjze tot, ermit its use with currently available
apparatus for delivering a reagent to M&m‘lzﬁﬁﬂi@%cess for making electronic devices.
Summafy Of The InkesditiallinE spdintial atLogtiohhkefeaemtisnodhedheetitidheare set out in the
accompanying oAl -%w@rﬁlgm%%gagmgqgépggﬁvg@jﬂuorinated thermoplastic of the hollow fiber

membranes is preferably perfluoroalkoxy resin which comPrises a copolymer of tetrafluoroethylene
and perfluoroalkyl viHyt BRABYSINZ IR RRIBRARAYF 2ighe hollow fiber membranes is

preferably perfluoroalkoxy resin which comprises a copolymer of
tetrafluoroethylene and perfluoroalkyl vinyl ether or a tetrafluoroethyl -co-

15  hexafluropropylene (FEP)copolymer. The perfluoroalkoxy resin is impermeable to
water and is permeable to gases such as oxygen, nitrogen or ozone. The
perfluoroalkoxy resin hollow fibers can be unskinned, skinned on their inner
surface or skinned on their outer surfaces. It is preferred that the hollow fibers be
unskinned.

20 Thus, the invention provides, a shell side contact device comprising
spacer means separating the hollow fibers adjacent an inlet to the shell for liquid
to be introduced into the shell. The spacer means permit liquid flow through the
shell at desirably high flow rates with acceptable pressure drop through the shell.

Embodiments of this invention provide for a contact device including a

25  thermoplastic perfluoroalkoxy resin hollow fiber membrane contactor with unitary
end structures having a high packing density.

The contactor is comprised of a bundle of substantially parallel hollow fiber
membranes potted at both ends and having unitary end structure(s) with the
housing containing the fibers. The lumens of the hollow fibers are exposed at both

30  ends of the hollow fibers. The perfluorinated thermoplastic hollow fiber
membranes of this invention may be made of a polymer of a tetrafluoroethyl -co-

hexafluoropropylene copolymer or poly
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15 hexafluropropylene (FEP)copolymer. The perfluoroalkoxy resin is impermeable to water and is
permeable to gases such as oxygen, nitrogen or ozone. The perfluoroalkoxy resin hollow fibers can
be unskinned, skinned on their inner surface or skinned on their outer surfaces. It is preferred that the
hollow fibers be unskinned. 20 Thus, the invention provides, a shell side contact device comprising
spacer means separating the hollow fibers adjacent an inlet to the shell for liquid to be introduced into
the shell. The spacer means permit liquid flow thraﬂgh the shell at desirably high flow rates with
acceptable pressure drop through the shell. Embodiments of this invention provide for a contact device

neluding a 2 ARSI BRIRRI ARGE A JPRITREMPLGP EANRSEMIN unitary end

structures having a high packing density. The Contactor is comprised of a bundle ‘of substantially

parallel holloWhfFRiP ik RABYBIGE SSP6tREE AL D BtNErRIS 2B AP MRS A raedid @bfe (s) with the
housing $ontgiayovwherébetse phighsnensfefdtballohe dpess RIBACRIFUSROhed Mot deeands of the
hollow fibers, The perfluprinated th stic hollow fiber ra IS invention may be made
of a polymer%/f aL{g r%[rmlﬁ%qu?qtggplexa Illjsogggsfr;cr)'&%lehneucrgggé/?r%%{:go%%%@\aﬁ 0
(tetrafluoroetprgiised oheriaidsdigdien® FRiletitrT EFGaetABNIGR Gabigingdpionmherein the polymer

is referred toApdinsoatiasaP e, of oraistdreaigf methyl and S propyl wherein the polymer is referred to in
the art as MFA. PFA is manufactured %}(QD Pont, Wilmington. DE. MFA is described in U.S. Patent
|

5,463,006. A prefert8 RVHFIDERHBHE) Ibgﬂ\altblﬂgﬁ-%pméf%?@}'%@%ﬁe from Ausimont

USA, I16., TmoztifadejriNuhichedipees &rdissatiedina HakrcaabynindivestiaPhigbe Separation (TIPS) 10

thod, i ' is (i ' I Tole} d extruded
method, in Wi BaS IR Asoed N ALRIR IR USRS bl lpipe s and extude

r die into a ¢ he resulting gel fiber Is wound as a continuous coil on a
steel frame Vq;ﬁﬁumrégf%rgber 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
15 are annealed on the frame for about 24 hours and then cooled. The fibers are
removed from the annealing oven and cooled. They are then gathered into a
cylindrical bundle and potted and bonded in a single step.
Potting is a process of forming a tube sheet having liquid tight seals
around each fiber. The tube sheet or pot separates the interior of the final
20  contactor from the environment. The pot is thermally bonded to the housing 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 thermopiastic
housing, the inner surface of which is congruent with the pot and bonded to it. By
25 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 adaption of the method described in U.S. Patent application
60/117,853 filed January 29, 1999.
Potting and bonding are done in a single step. An external heating block is
30  used for potting one end at a time. The perfluorinated thermoplastic end seals are
preferably made of poly (tetrafluoroethylene-co-perfluoro (alkylvinylether)) having
a melting point of from about 250°C to about 260°C.
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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 15 are annealed on the frame for about 24
hours and then cooled. The fibers are removed from the annealing oven and cooled. They are then
gathered into a cylindrical bundle and potted and bonded in a single step. Potting is a process of
forming a tube sheet having liquid tight seals around each fiber. The tube sheet or pot separates the
interior of the final 20 contactor from the environm&ht. The pot is thermally bonded to the housing
vessel in the present invention to produce a unitary end structure. The unitary end structure

comprises thg Bertian o TbRrAunSIe WERAPERCRT RRRSSHLIR A,8A1SA ENdAhGROt and the end

portion of the uorinated thiermoplastic “housi inner surface o is congriient with the
pot and bondEePESRIBINS FMnTiRgesitnRak) EetlrTupEcMERE 1S RHIRERRPRYIBRGUCed, less likely

to leak gy oth@mview Brbastheinteripsanidsapabanhitrihousimstditspaspaandalending process
is an adaption of ;P]e ethod descriqu in U.S. Patent iﬁ)ly]alication 60/1127,%53 filed January 29, 1999.
i r [

Potting and bSoLHtg ge 'arréed%rr?geirslsamsvl?}g\;/%' &%%fh,gn SR 'a?f%%ﬁﬁﬁ' BIGtK§"38 ﬁ‘é%é"for potting one

end at a timeaddé gésfiGormttod melttvomsasitiarend seafscaref pptecblybbiasie’ofgsels is

(tetrafluoroetiylaReCRP RIS D s8l'orIyBniRI RS Mg réaRIiRg RodY.AE M ghput 250C to about
260C. 35 11 A preferred potting material is Hyflon(r) 940 AX resin, from Ausimont U.S.A., Inc.,

Thorofare, N SHTISENGIGBRRYBbRAN ALY LR BPsE aNdIfe2Rd RS RO SR EDy RHRSEE SR ow end-of-melt
temperdiurestias rdesssilbéll fith witiS tHeatenmieh, REGGRI-stial soa guietyelriVee fisacess involves heating the

potting material in 2 RegiaR DA ANGHL A GO NE MBI T SIBal Ak aFR igp gl vapped

bubbles. A recess is ma ten po potting material that remains as a recess for a time

sufficient to pJRREER htehavsiNB e MirRes NIEHBLIEIEPNSipIRgS altly SégaEMBTINEdathe recess will fill
with the molteretirsprelashisténiadiemien by fiR¥t.pretreating the surfaces of both ends

of the housing before the potting and bonding step. This is accornplished by melt-

15  bonding the potting material to the housing. The internal surfaces on both ends of
the housing are heated closer to its melting point or just at the melting point and
immediately immersed into a cup containing powdered poly (tetrafluoroethylene-
co-perfluoro (alkylvinylether) (PTFE-CO-PFVAE)) potting resin. Since the surface
temperature of the housing is higher than the melting point of the potting resins,

20  the potting resin is then fused to the housing resin. The housing is then removed
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.

The unitary end structure(s) is cut and the lumen of the fibers exposed.

25  The potting surfaces are then polished further using a heat gun to melt away any
smeared or rough potted surfaces. A solder gun can be used to locally remelt and
repair any defective spot, sometimes with the help of a drop of melted resin.

The shell side contactor of the invention provides substantial advantages
over the tube side contactor of the prior art. In embodiments of this invention, the

30  shell side contactor is highly efficient in that the ozonated
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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 thermoplastic materials is prepared by first
pretreating the surfaces of both ends of the housing before the potting and bonding step. This is
accomplished by melt 15 bonding the potting material to the housing. The internal surfaces on both
ends of the housing are heated closer to its melting point or just at the melting point and immediately
immersed into a cup containing powdered poly (tetrafluoroethylene- co-perfluoro (alkylvinylether)
(PTFE-CO-PFVAE)) potting resin. Since the surface temperature of the housing is higher than the

melting point gl ie,poUHgEes o208 e PRG3R (AE0MSE ARG AURINEFSiRThe housing

is then removed and polished with a heat gun to fuse any excess unmelted powder. Without this
pretreatment %@Bﬁ?ﬁ‘le housing surfaces often detach from the potting surfaces because of absence of
intermixirsg of the twinregigserhbedimiaty efitdistrueiteis e shehsidénmhtanes Bf the fibers exposed.

28 e pollng Syrags A B/ ANOISer udher g & heBl R el ey any smeared or
rough potted surfaces. A 'solder gun can be usedto locally remelt and™ repair any detéctive spot,
sometimes withetier 5BRY OlQusingp wilkmeSted resin. The shell side contactor of the invention provides

substantial advantag@sryRétBSpERSIAR FRRIATAY PEIERRNBILME HeENRAGIREMSIShthis invention,
the 30 shell side conjactor is highly efficient in that the ozonated 35 12 prodyct comprises at least
034 ppm ozo TSR KO ARTAI ATt RRCSHEIb Ao KL TR ET BB lents of ths

inventiofh( the shell side contactor is characterized by a high packing density of at least 0.60 m2

membrane area/liter of interior shell (liﬂélé%'ﬂ%i }oYP&nT‘ﬁelﬁrQWB?r aspect of this invention, the shell

volume containing the hollow fibers isfree of apparatus which promotes turbulent liquid flow within the
shell. 10 Figure 1 is an illustration of a shell side hollow fiber membrane contactor.

Figure 2 is an illustration of a shell side hollow fiber contactor of this
invention including parallel plate spacers.
15 Figure 4 is an illustration of a shell side hollow fiber contactor of this
invention including a tubular spacer extending through the liquid inlet to a shell.
Figure 5 compares the shell side flows vs. tube side flow on ozone
concentration for the contactor of Example 2.
Figure 6 compares the shell side flows vs. tube side flow on ozone
20  concentration for the contactor of Example 1.
Figure 7 is an illustration of a prior art, tube side contactor.
Figure 8 is an illustration of an ozone test system.
Figure 9 compares the shell side flows vs. tube side flow on ozone
concentration for the contactor of Example 3.
25 Figure 10 iliustrates the efficiency of a shell side hollow fiber contactor of
this invention.
Figure 11 illustrates the performance of a shell side hollow fiber contactor

of this invention.

30
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Description Of The Drawings Figure 1 is an illustration of a shell side hollow fiber membrane contactor.
Figure 2 is an illustration of a shell side hollow fiber contactor of this invention including parallel plate
spacers. 15 Figure 4 is an illustration of a shell side hollow fiber contactor of this invention including a
tubular spacer extending through the liquid inlet to a shell. Figure 5 compares the shell side flows vs.
tube side flow on ozone concentration for the contilacftor of Example 2. Figure 6 compares the shell side
flows vs. tube side flow on ozone 20 concentration“for the contactor of Example 1. Figure 7 is an
illustration of a prior art, tube side contactor. Figure 8 is an illustration of an ozone test system. Figure

9 compares the shelt e o pafbbm SHTHRH AR BEANSORSANERIBd Ui cAactor of

Example 3. 25 Figure 10 illustrates the efficiency of a shell side hollow fiber contactor of this invention.
Figure 11 illustrates ff ffeffoiHalRIEDINe STEFTHY HEN JRMIEE? CORZRRFIVF this invention. 30 35 13

Figure 13 illustrates Higureladidhshipidetineeficarohatiten fiowl tetepsratessureigroe. 13 illustrates the

effect of water flow rete on Pf@%at'%'ér%a't:i'cgu e nlél Zlcl)ng%ates the effect 8f water flow rate vs. pressure

drop. Figure 15is a sthematic of an zohation reC|rculaﬂrﬁaﬁlcr)coup?t'B%t‘aﬁgd Description Of The
Invention The asymmetric skinned hollow fiber membrane is produced by the 10 process described in

concurrent U.S. patent applicationz@dilh/iRad fieshJonvrene@ni@P9. That process is based on the

Thermally Induced Phase Separation . (TIP ethod of making porous structures and membranes. A
mixture 3; ‘H’\e asymﬁwet?'ic srlirgned%%)ﬁgw ﬂger mem rargei?s proguceLcjicby t?\e

10  process described in concurrent U.S. patent application 60/117,854 filed January
29, 1999. 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 smaller than
supplied by the manufacturer, from about 100 to about 1000 microns, preferably

15  about 300 microns, more preferably supplied or ground to a powder, and an
solvent, such as chlorotrifluoroethylene oligimer, is first mixed to a past or past-
like consistency. The polymer comprises between approximately 12% to 75%,
preferably 30% to 60%, by weight of the mixture. The polymers are perfluorinated
thermoplastic polymers, more specificaily poly (tetrafluoroethylene-co-perfluoro

20  (alkylvinylether) such as PFA or MFA or tetrafluoroethylene-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.

25 The solvent is chosen so the membrane formation occurs by liquid/liquid
phase separation, rather than solid-liquid phase separation when the solution is
extruded and cooled. Preferred solvents are saturated low molecular weight
polymers of chlorotrifluoroethylene. A preferred solvent is HaloVac® 60 from
Halocarbon Products Corporation, River Edge, N.J. The choice of the solvent is

30 dictated by the ability of the solvent to dissolve the polymer when heated to form

an upper critical solution temperature solution,
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perfluorinated thermoplastic polymer pellets, usually ground to a size smaller than supplied by the
manufacturer, from about 100 to about 1000 microns, preferably 15 about 300 microns, more
preferably supplied or ground to a powder, and an solvent, such as chlorotrifluoroethylene oligimer, is
first mixed to a past or past- like consistency. The polymer comprises between approximately 12% to
75%, preferably 30% to 60%, by weight of the mixture. The polymers are perfluorinated thermoplastic
polymers, more specifically poly (tetrafluoroethyleng-co-perlluoro 20 (alkylvinylether) such as PFA or
MFA or tetrafluoroethylene-co hexafluoropropylene) (FEP), or blends of these polymers, which are

dissolved in a_sqlygnf {0 Qi¥ea SQYHION NaYINGAN URARRE Ci6a! SR 'RRREIRIIS a8nd Which

when the solution Is cooled, separates into two phases by liquid-liquid phase separation. 25 The

solvent is chosespiswitianbihd ratradodibeo feagditomy the dig/myiiite thigdakesapstaii®dn, rather than
solid-liquid phasg seaarationwhe e 5e!uing sy uiadanthiopid b eferiag solvents are

saturated low molecular weight polymers of chiorotrifluoroethylene. A preferred solvent is HaloVac(r)

60 from Halocabbunl Mhﬁm&@'@mpmm@%%@?ﬁhg upper ribied spltfEoBolvent is 30 dictated
by the abilty of (a6 Soenl 18 AlsFAE AN RGNETR! YA SRRl iAo HBn & HBger critcal solution

temperature solutioh, 35 -14- but not to excessively boil at that temperature. Fiber extrusion is referred

toas spinning an@mhmmrehpﬂmewﬁﬁﬂl@ﬁpm@ henesatredgdetiparech g awstridifeterred to as
the spin line. Thg; pagte: 15 MAIGIRE BLYARAeHiBHY IR el Mg thRdeqepgy ature raised to

above the upper critical solution 5 temperature so that dissolution occurs. For inside skinned hollow
fiber membranesaimeineshwite aconsiapmrssuEewespexthadwdseghngbafhisiar die directly into a

liquid cooling bagh, withyaq Ak 3Ry IARIPERW AR SIS ARRINAINAMHNENB&aRsEAR pressure of gas.
The liquid cooling bath is maintained at a temperature below the upper critical solution temperature of
10  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,

15 where the spin line exists 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

20  of the insulating wall, in a 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 both the vertical and horizontal methods, a
booster heater and temperature control means is used to briefly raise the

25  solution temperature at the die tip to prevent premature cooling. In the
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

30 temperature near the melting temperature of the fiber, which for the preferred

polymer of this invention is within a range of from about 270°C to about



10 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, 15 where the spin
line exists 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 quuidzg%i%%gg&é/ﬁ%ﬁgg&ﬁimqggggﬁpﬁﬁggﬁmg fﬂé&' ' gll, in a manner

that will maintain the dfe nose outlet ina su rged condition."Cooling liquid flows in the trough and
overflows in a regignfofithebestd P8I esseowt@sth Ckebphaderte dimineige guirltagsbmerged with a flow

of cooling liauic ot e Uegh and Riearial melass, adh9psiekliPRispaAfiemperature contro

means is used to raise the 25 solution temperature at the die tip to prevent premature cooling.
In the subsequéha prsfsrad stesokvminerking Bmeisipariheve stens dxirastiaboshd thabrasdfant hollow fiber

membrane gs dried,nder, %ség%g,g% REENERESNE MRS kags and collapse. Optionally, the dried

fiber may be heat sef at 20 C. Preferably the fiber will be heat set or annealed under restraint

at a 30 temperature nebr thesinventinn despredirelds SRGMEH\ShfsIs o8 ehledRIRRFERIOBolymer of this
invention is withii}- g {a0ae:3LraMeal At 36040 U hotiowler REGIRIGRY oM AL 275C to about

285C, with the most preferred range from about 278C to about 282C. In order to minimize shrinkage

during potting, aceatuner witlebiekiersep xmes sntigsstelytions aid e swbareresd SXEusipReferred step.
Annealing times fo/ RERS HIGRR &S SNaRhA5 46,3RA DoEs HOIRSE BisdefRRlysfrom about 18 to

about 30 hours.’In the invention described in USSN 60/117,854, controlled evaporation of solvent

from at lead® on@gotpsercs fipia perfbwrnted dwrmeplasierpymsys For t his

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

15  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.

20 To produce an asymmetric skinned perfluorinated thermoplastic
hollow 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 surface and the outer surface is exposed to the
atmosphere in a very short air gap before entering the cooling bath. The

25  lumen-filling liquid can be a liquid that does not boil or excessively vaporize
during the extrusion process. Preferred liquids are mineral oil, silicone oil,
and dioctylpthlate, with a most preferred liquid being a low molecular weight
saturated chlorotrifluorohydrocarbon polymer.

To produce unskinned perfluorinated thermoplastic microporous

30  hollow fiber membrane, the teachings of U.S. Patent application serial

numbers 60/117,852 and 60/117,853 filed January 29, 1999, are used. This



combined with higher polymer solids solutions and the submerged extrusion process to produce inner
diameter skinned asymmetrical hollow fiber porous 10 membranes from perfluorinated thermoplastic
polymers. Fort his 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 15 concentration on tqe% 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 i being SuBmArged o cRoUng or AUSRSIING sRaiHIERLAYERIS e porogen from

flashing off the SORerStrake and prevents the formation of a skin on the outer surface. 20 To produce
an asymmetric skimeepepeitalbyrimaiedpherm optaghienhs | ot ibenfrainbiedidevitoptastikin on the outer

surface, the process describgg %a%‘ﬁl‘feﬁ ﬁ%, W%@%@%%@ gfgﬂgg dg{ﬂggg ggiﬂ;ﬂ?eljguid to prevent

evaporation at & Anerstinace’ e outer surface is exposed to the atmosphere in a very short air
gap before entering th@optivepdsdthpiide@shasaencfibmantis isdesad ba théidhiermmbidoes not boil or

excessively_vapgrize in i Pr Eﬁg I: ' i i, silicone oil, and
dioctylpthlate, wéélgzen&ﬁjos ab%e g?%qﬁéu?glggﬁﬁgﬁ %ﬁfg\(}v molecu %g%%%%%%g&
chlorotrifluorohydrodardes. poipinsrelaf pedrineenetiskinnshibe gtovrih aacsiprsmalbtastic microporous

30 hollow fiber mpembrane I igati Hq 60/117,852 and
60/117,853 file élnsuue?l}?ﬁ fé%?9%%%gér%gg%%%yeﬁnﬂsgﬁll%Bg%%mgﬁ%ggﬁglgggﬁg%%%% flux, skin-free
hollow fiber porpusferabihbrberss’ Ofmierepsoifiers prafekat porapbiedeamprerssicope Weeluorinated

thermoplastic. pRlyTPts, aRre ARG ERINREA A M IRBES.2 R MRS The process fo
R :

produce these membranes IS based on the Thermally’ 5 Induced Phase Separation (TIPS) method of
making potous pasictorgasigdike consistency. The polymer comprises between

approximately 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 chlorotrifluoroethylene. A
15  preferred solvent is HaloVac® 60 from Halocarbon Products Corporation,
‘River Edge, N.J. 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
20  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. 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
25  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
30  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



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 to a powder and an solvent, such as chlorotrifluoroethylene oligimer, is first mixed
to a 10 paste or paste-like consistency. The polymer comprises between approximately 12% to 35%
by weight of the mixture. The solvent is chosen sqihe 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 chlorotrifluoroethylene. A 15 preferred solvent is
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raised to above the upper critical solution temperature so that dissolution occurs. The homogeneous
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the extrusion(ﬂgrrﬁ%seergtul}?%t. SLHGB%* ! eoIiV\nlgbt%L(if V\égfé: 03'5’8'5' ‘&Se?i‘éo?%'}%hr? \{Jer&d%ar?g%%és) phase
separatidh arfibeizgetdivesthessite. bkiestarhaptry snghaypaibinergeatrol wepisdbsisiesiieg, i.e.; the spin

line falls dowgy@Tdl s 8B SOHiERGT RMBEAITRE I AL RS fravdKir FemalseiEstngg Where the spin

line exits directly in the horizontal attitude, and js maintained more or less in that 17 plane until at

least the first JEHREFOHCR! SRS YESRIAIARSRVRIE S TR yRdiLY AXRCHBLiABALPagainst an insulated
wall with the désdlfapemsivatiitsethnengirane sajpieaingdwavexgraihitio greghh seahibréresinsulator wall. A

trough for CO%Imﬁ;lll%gdand collapse. Optionally the dried fiber may be heat set at 200°C to
15 300°C.
The potting method is described in concurrent U.S. patent application
60/117,853, filed January 29, 1999. 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
20  comprises vertically placing a portion of a bundle of hollow fiber membrane
lengths with at least one closed, by the closed end, into a temporary recess made
in a pool of molten thermoplastic polymer held in a 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
25  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 bundle 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
30  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
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flow is placed in a recess in the opposite side of the insulating wall, in a 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
both the vertical and 10 horizontal methods, a booster heater and temperature control means is used
to briefly raise the solution temperature at the die ip 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 200C to 15 300C. The potting method is described in concurrent U.S. patent application

601117,853, filed January 29, 1999. This application describes a simplified method for manufacturing
a filter elemettibfilbehRidfiRdReIRatastpisdiRalRsl v BEPerRIHB RIESHENAP M perfluorinated

thermoplgsticspdyingrorinelingthaaptataafrines, riticalky Masingmperiinregbathuele of hollow fiber
membrane Ien%ths with ul(ﬁg\ist one claosed %ytﬂ closed eng into a temporary recess made in a
S endo 5 ff §1

pool of moltehY %srsh?%fgshc po[)?r%eesrs held'ifi a con %irlleer,r %?dlngcl?lsee iber Fean'a s in a defined vertical

position, maimapging the itheanrrRipreediepbadinesnh by brinefostaed soateant flows into the temporary
recess, around the fiRefs anshe Figaricn id IR IBR-iBe sherd et iattbpg dhsdniistitiglspaces

between fibers with the thermo Iasti%foltymer. A temporary recess is a recess that remains as a
recess in the MJRERSSOHiAS ARLLEMAT Br gt LptSNe S BRRIBHOSRRIHK YinY! GEST 54ABIe in place
and themnowill be RRAbWIEA ontitelikthErwos tiplestievifhivetHe shzdirary aaturaityf sheakmess can be

controlled by Srée’i‘éi%@&é#%%\%@%ﬁg%ﬁ%%ﬂﬁ%go’é‘&ﬁéﬁ%e%ﬁg&q e degpaiale atwhich the

potting material 1s held acement, an sical properties of the potting

material. A té9fistahersberdiihashelk revdbsairettitaisamensitipatbe svirtPab 18 will fill when the
thermoplasticaisoheatedde, & irjuipesaisresseific ity APovR:il$s and is removed from shell

12 through outlet 20. Gas enters the lumens of hollow fiber 14 through gas inlets
15 22 utilizing a conventional manifold (not shown) and is removed from the lumens

through gas outlets 24. Gas such as ozone, passes through the hollow fiber walls

and is dissolved in the liquid such as water to form an aqueous ozone solution

that can be utilized as an etchant. Ozone is produced by subjecting an oxygen

containing gas such as 99% oxygen and 1% nitrogen to an electrical discharge in
20  amanner well known in the art.

Referring to Figure 2, the illustrated shell side contactor 26 of this
invention includes the potting composition 16 and hollow fibers 14 as well as
parallel positioned spacer plates 28 that spread the hollow fiber 14 thereby to
promote free flow of liquid within contactor 26 to reduce pressure drop within shell

25 12,

Referring to Figure 4, the illustrated contactor 36 of this invention includes
an extended tube 38 which separates hollow fiber 14. The tube 38 includes holes
40 through which liquid can pass into the shell 12. The tube 38 promotes ingress
of liquid into the shell 12 and to reduce pressure drop through the shell 12.

30
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5 softening or melting 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 embodiment, by
being formed in a loop. Referring to Figure 1, the illustrated shell side contactor 10 includes a shell 12
formed of a copolymer of tetrafluoroethylene and pertluoroalkyl vinyl ether such 10 as PFA or MFA or
the like. Positioned within the shell are a plurality of hollow fibers 14 formed of a polymer composition
described above. The fibers 14 are potted at each 8nd of the shell 12 with a potting composition 16 as
set forth above. In use, a liquid enters shell 12 through inlet 18 and is removed from shell 12 through

outlet 20, Gas entert hedHMERS 8f bRt dosiAdigH B aRBISLAS A2 iilneop conventiona

manifold (not shown) and Is removed from the lumens through gas outlets 24. Gas such as ozone,

passes throuRighd Bty PHfisievalier farming dpabrebuhighfeneendaighodLariated WeiaT an aqueous
ozone sgjutiophikipteataine szt Avaroeisihpnt. 28ABAIS BrRddteddyi@Itiestingeaaroxygen

containing gas such as 99% oxygen and, 1% nifrggen to an electrical discharge in. 20 a manner well
known in theqa?ﬂsﬁ’gfgﬂlllﬁra%pﬁ%%rr%b @,’ ﬁ%ieﬁﬁ‘s@r%?’e%%&ﬁ%'?&zﬁ@&r‘i‘{”a‘t%‘r’%%‘%k’?m&eﬁ ention includes
the potting cantgiwitmusisgareluntiow fibers 14 as well as parallel positioned spacer plates 28 that
spread the hollow fibgyid dRiedy it MR A [IERER W G IHIde TR RO RATHE T2673dA reduce pressure

drop within shell 25 12, Referring to Figure 4, the illustrated contagctor 36 of this invention includes an

extended tubWENINRTER BXaskELIFHBNORIALET PAORAL A B8FAEILGRLIHIELNED through which liquid
can pasRjintopioe sl sk2pdifermireS6f o Toppsitignessq wddiguiid uitititthe s medrib? anglito reduce
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ork.

All performance claims in this patent application pertain to ozone
contacting use an ozone gas condition of 250g/Nm?, 5 slpm and 1.52 bars

15 (22psig) of gas pressure.

The efficiency produced by the present invention permits utilizing a
desirably lower volume shell at relatively high flow rates of ozone and water
through the sheli side contactor of this invention. In addition, the efficiency of the
present invention permits operating the shell side contactor on a one-pass basis

20  of liquid through the contactor. This operation eliminates the need for a liquid flow
path and accompanying pumping capacity to effect passage of the liquid through
the contactor a plurality of times in order to produce an ozonated water product
containing a desired minimum ozone concentration. Thus, the shell side contactor
of this invention provides substantial 'advantages over prior art contactors which

25  require a multiple pass liquid flow path.

In other embodiments of this invention, the shell (housing) side contactor
of this invention has a high packing density of at least 0.34 m* membrane arealliter
of interior shell volume, preferably at least 0.60 m? membrane arealliter of interior
shell volume, so that the efficiencies set forth above are obtained. These high

30  packing densities are obtained when utilizing hollow fibers having an exterior
diameter of between about 300 and 1500u and preferably between about 600y
and 1000y and an interior diameter between about 2501, and 1100p. A packing

density up to about 1.2 m? membrane
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5 which contains at least about 0.34 ppm ozone/liter aqueous liquid/liter of interior housing volume,
preferably, at least 0.43 ppm ozone/liter aqueous liquid/liter of interior housing volume. This efficiency
is at least about 70% more efficient in forming ozonated water over the most efficient prior art
ozonator, an InfuzorTM cartridge that 10 produced an performance of 0,167 ppm/liter acqueous
liquid/liter of interior shell volume. The InfuzorlM c btlridge is made by Pall Corporation of East Hills,
New York. All performance claims in this patent agp ication pertain to ozone contacting use an ozone
gas condition of 250g/Nm3 , 5 slpm and 1.52 bars 15 (22psjg) of gas pressure. The efficiency

produced by the DifseSiMYBSLIMERGHIIEULHIR B Sbdreiiabin IPWebNRIkIcsheY at relatively high

flow rates of ozone and water through the shell side contactor of this invention. In addition, the
efficiency of tHB’eBFE%nt invention permits operating the shell side contactor on a one-pass basis 20 of
liquid thraugh the comaxtditiohegnbpédiratiots elitthie ates¢heimeatidopeoliylech fibwsl piaih and

accompanying plym 'P%@R?&H\ééoo?g{\?gér%?x?é%‘?cﬂfe‘#@c&%%%ﬁc’ﬁ%i&'}%\%‘%ﬂi‘iﬁﬁ%‘%ﬁé‘ plurality of

times in order to produce an ozonated water product containing a desired minimum ozone
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prior art contagépiguMhiféht 22 westiivater Apbpieusas elisindiBevT et ckoptirhealiefigents of this
invention, the shell (housing) side contactor of this invention has. a high packing density of at least
SR HE&Ta

0.34 m2 mem%?a%%t r%%%?@ﬁo?@ﬁ’gﬁe&oﬁ?%%?Lﬁr@f’é‘?%ﬁ} igp 18 ) membrane area/liter
of interidi0 shedleatiomivs, isd usiay.-theadffititen deshsat famtarabeyeravislehtasimopleTdmsérnitiord0 packing

densities are QhignRAWIRMAIRARAIRLIRCTRE KRG A BTIO AR Eb ARG RRN about S00p
and 1500p and preferab% between abgpt 600p and 1000p and an interior diameter between about

250p. and 1168pMRIBAARIHES détiifyelip FTURBIRY P2 e triaminetiedsCelanese

Corporation which utilizes hollow fibers positioned on a flexible substrate, such as
a woven substrate which includes a turbulent liquid inducing bafile within the shell.

15 In operating the shell-side contactor of this invention, the inlet gas
pressure at the hollow fiber inlets typically is between about 0.07 bars and about
3.1 bars (45 psig), preferably between about 0.69 bars (10 psig) and about 3.1
bars (45 psig). Typical outlet gas pressure drop at the hollow fiber outlets is
between about 0.007 bars (0.1 psig) and about 0.34 bars(5 psig), preferably

20  between about 0.007 bars (0.1 psig) and about 0.07 bars (1 psig). Typical liquid
pressure drop at the shell inlet typically is between about 0.34 bars (5 psig) and
about 3.1 bars (45 psig), preferably between about 0.14 bars (2 psig) and about
1.03 bars (15 psig). When operating under these conditions of pressure, the
efficiency and high packing densities set forth above are obtained. In addition,

25  when operating under these conditions, gas bubbles within said liquid are
prevented while permitting dissolution of the gas such as ozone in the liquid such
as water.

CHARACTERIZATION METHODS

The shell side contactor of this invention provides substantial advantages

30  over a tube side-contactor. The mass transfer equation of tube-side flow is
characterized by the following equation.
Sh = K*d/Dyp, = 1 .64*Re®* Sc®* *(D/L) %
Where Sh = Sherwood Number,
K = mass transfer coefficient, cm2/s,
35




20 arealliter of interior shell volume can be obtained with the contactor of this invention. 5 In addition
embodiments of the present invention provide a shell side contactor which is free of apparatus which
effects turbulent liquid flow within the shell. The exclusion of such apparatus is advantageous since
particle formation from turbulent flow activator apparatus is eliminated. The lack of such particles is
essential when processing ozonated aqueous composition utilized in the 10 electronics industry. In
addition, such an apparatus provides a simple copﬁrgction which reduces manufacturing costs. The
apparatus of this invention contrasts, for example with the Liqui-CelTM contactor provided by
Hoechest Celanese CBt;p%%ggan\fvﬁ{%l utilizes hollow fibers positioned on a flexible substrate, such as
a woven substrate which incltdes a turbulent liquid inducing baffle within the shell. 15 In operating the
shell-side contactor of drsliwedrihsn, ¢he inlet gas pressure at the hollow fiber inlets typically is

between about 0.07 b%g,baTn ‘ﬁBQBh HeRaishi4T baigl preferably between apout 0.69 ba_lrs (10 psig)
and about 3.1 bars (45 psig). Typical outlet gas pressure drop at the hollow fiber outlets is between

about 0.007 bars (0.1 Bsig) RerhalsBsNnehesapy®ibsig), preferably 20 between about 0.007 bars (0.1

psig) and about 0.07 b Es:(émat;gmépwég Bressure drop at the shell inlet typically is between
about 0.34 bars (5 psig% and about 3.1 bars (45 psig), preferably between about 0.14 bars (2 psig)

and about 1.03 bars (¥5psilpcityian/gserating under these conditions of pressure, the efficiency and
high packing densities&gé&%b&xg/@@ obtained. In addition, 25 when operating under these
conditions, gas bubbles within said liquid are prevented while permitting dissolution of the gas such as
ozone in the liquid suck e kegdaducedafroncthe pgyeTaaRtion: therdeyigeertsde contactor of this

invention providgs, sulgiantial pdvaniagas.RR-PUSEL A LR SiiSeRHROMdNRilNaRptransfer equation
of tube-side flow is™ characterized by the following equation.
10  accordingly. Keeping the device short and increasing the number of fibers

also doesn’t provide satisfactory results. The reason is that with more fibers,
the flow per fiber (v in the above equation) will drop, again resulting in
reduced mass transfer/area. Therefore, in tube-side flow, although adding
membrane area always results in higher performance, the mass transfer

15 performance always increases much less than the increase in membrane area.
The reason for reduced mass transfer is that as the fiber length increases, so is
the thickness of diffusion the boundary layer. Thicker boundary layer means
lower mass transfer.

Shell-side mass transfer is much more efficient, the mass transfer is

20 characterized by the following equation:
Sh = K*d/Dy, = 0.36*Re"* Sc”*

Notably missing from the above equation, when compared with the
tube-side equation, is the dependency of d, diameter of the fiber and L, the
length of the fiber. The benefit of shell-side transfer can be estimated by

25  dividing the shell-side equation by the tube-side equation. It can be found that
shell-side is between 5X to 10X better than tube-side. An additional benefit of
shell-side transfer surface is the external membrane area. Since external
membrane area is always larger than the internal area (tube-side transfer),
shall-side transfer has the benefit of a larger contact area.

30 Although shell-side mass transfer has many advantages, in general,

design and construction of the device is more complicated. Usually it involves



Sh = K*d/Dab =1 .64*Re0.33 Sco 33 *(D/L) 0.33 Where Sh = Sherwood Number, K =mass transfer
coefficient, cm2/s, 35 -21- L = length of fiber d = ID of fiber, cm. Dab = diffusion coefficient of ozone
Re = Reynold's Number, pvd/p 5 Sc = Schmidt's Number, p/p Dab v = velocity, cm/sec p = density,
cma3/sec. It can be deduced from the above equation that as the device gets longer (larger L), the
mass transfer coefficient per membrane area will drop 10 accordingly. Keeping the device short and
increasing the number of fibers also doesn't provid€ satisfactory results. The reason is that with more
fibers, the flow per fiber (v in the above equation) will drop, again resulting in reduced mass

wansfer/area , digig Ao bl A dNe ARIINSASUATBPIRARS Gl SR AR SUIS I higher

performance, the mass transfer 15 performance always increases much less than the increase in
membrane ar%éoqulﬁ'éqgé%toﬁ"%?‘?%%999&'%9‘5‘%%%%?@9%%81%%‘@’?5%?f@rﬂj%??ﬂfdfb%es sois the

thickness of diffiesintetbenfiguriary ger sighitkantapaneagydayenanenatiidewemnitastitigpster.
Shell-side mass trans r| h more efficient, the SIr nsfe |s 0 characterized. by the following
equation: shZ %cﬁf}aﬁ gg@cggﬁ' g%nggs@ %rtlg fLrjﬁlng’n% M the abovsea(galﬁjgforgE l3/vhen
compared witbeftielergpaesater %WM?%Q@'H%@W@W@MT&W@WWM@W and L, the length

of the fiber. The ben¢ﬂbcgfos)aﬁtb§@@ftﬂmm%mb§tﬁatim@@an%yta%myiﬁig&mgrﬁeel'-side equation by

the tube-side equation. It can PeJound that
-beneiits from shell-side mass transfer with relatively simple construction method.

10 While this method doesn't provide the full benefit of shell-side mass transfer, the
manufacturing cost for such a module is also less.

A tube-side module is usually constructed with two large fittings at both
ends for water to flow through the lumen of the hollow fibers. Two small gas
fittings would be located on the shell near the exit and the entrance of the module.

15 In this invention, the fittings and the flow of the liquid and gas are reversed. In
other words, two small fittings, e.g. 6.25 mm ('4") are located at either end of the
module for gas flow, while large fittings are bonded on the shell at cross direction
near the exit and entrance of the module. The large fittings, e.g. 12.5 mm (*2") to
25 mm (17) are needed for carrying water flow rate up to 37.8 Ipm (10gpm).

20 A shell-side moduie cannot be made just by reversing the flow and the
fittings because the fiber bundle would produce enormous pressure drops (> 2.07
bars (30 psig) @ 18.9 Ipm (5 gpm)). The packing density has to be reduced and
the fiber bundle arrangement near the fittings has to be modified to minimize the
pressure drop but at the same time avoiding massive channeling of water flow.

25  We have found that pressure drop can be substantially reduced by decreasing the
packing density from 58% to 48% and also offsetting the fiber bundie at the potted
area. In addition, it also has been found that the mass transfer efficiency can be
enhanced by jetting water into the fiber bundle and introducing gaps into the
bundle.

30 Figure 7 shows a typical tube side flow pattern of the Prior Art hollow fiber
contactor. In the tube side configuration the liquid flows inside the lumen of the

fiber and the ozone gas flows (on the outer surface of the fiber)
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shell-side is between 5X to | OX better than tube-side. An additional benefit of shell-side transfer
surface is the external membrane area. Since external membrane area is always larger than the
internal area (tube-side transfer), shall-side transfer has the benefit of a larger contact area. 30
Although shell-side mass transfer has many advantages, in general, design and construction of the
device is more complicated. Usually it involves 22 a center tube distribution for the liquid. The fibers
may have to be woven onto a supporting mat. All fiese additional construction elements, which are
absent in the 5 tube-side configuration, pose significant challenges to the cartridge manufacturing

process. In aqdjign. upREInaIBIEUALSBUEN AT KERS ARSI ATE A9EC Rl pallile generators

which may significantly contribute to microcontamination. The advantage iS Invention is that the

ability to obtafigsdndifuse Hapdohdhe srRMyRRe ARG §igepisrintin walghiflewirgip B onstruction
method. 510 Wiinhthredngthed strgss iiswe\4de dheduddreneafd ehahsisisshitassisangier, the

manufacturing cost for such a mpdule is also less. A tube-side.module |s usually constructed with two
large fittings ﬂgthogﬁ&r?&g&E&s eﬁg\'ﬁs?h% T RN Y bsfcrﬂléy%a)}%wlﬁsﬁﬁ b small gas

fittings would lbmémsatent optithershpslifngaanhe dveitgandhiadiguit dlogs shthwidrhedule. 15 In this invention,
the fittings a”QoLhﬁJ#QWrQBE.“%@%%tQE@%%&@Yﬁ&éﬂ%i%ﬂﬁ@ﬁidﬁfgﬂ?&%ﬁ@%ﬁy.f}'&g“gs’ e.g. 6.25

mm (1/a") are located at either end of the module for gas flow, while large fittings are bonded on the
shell at cross Wir8ea6IPHRaPINEAV N raaitEiomRatitiatidety ETRIRIE 9RaRLaNEfe12.5 mm (1/)
to 25 mro (1 grfaieryerReddon aace/trpavateoilgve e sipddav Bipmprétdugpand20 A shell-side

module cann Just by ing th e fitti e iber pundle would
produce enor%ayg%%?g?%h%%grgﬁp@@ﬁggé eggérlg\%%%n s’%s&fgiggé?‘ @%@%p%ﬁ%ﬁ l?hér}?)acking density
has to be red G¥RENAMRNEHECHB OEHAMIRY DNdhe Elséam FbaMh B fitigve Hids iloaTediedetEm to minimize

the pressuregepsster: the spmpAing avifingdNatsiNg ¢Oprorliag ebratat fivysedd> We have found
that pressuresq[lgg X rgebgf%%gﬁggntially reduced by decreasing the

15 The shell side ozonator of the present invention should improve the cost of
ownership for an ozone based wet cleans tool because of (1) its high productivity
(ozone output per device volume), (2) smaller footprint, rapid start-up (faster mass
transfer rate), and (3) ease of installation (only four tube connections). Because of
its simple compact design and efficient performance, the module is appropriate for

20 both a once-through (single pass) mode and in recirculation mode operations. It is
easily adaptable in the cleaning processes using immersion baths, single wafer
spin processors and in batch spray processors. The hollow fiber ozonator may
produce ozone-DI| water for various applications including room temperatdre wafer
cleanings (5 ppm to 50 ppm ozone) and low temperature photoresist stripping

25 (5°C, 100 ppm ozone).

In some applications the ozonated water is produced at a central location
and then recirculated for delivery to individual tool at point-of user; in some
designs make up amount ozone is added at the point-of use. Figure 15 shows
schematics of an ozone-DlI recirculating loop.

30 The present invention allows for improvements in the start up time to reach
the “desired” ozone concentration in cleaning tools and maintain the stability of the
ozone concentration in a recirculating control loop over time for a bubble free Di-
Ozone application. The smaller size/footprint, shorter time to reach the desired
ozone concentration, and the ease of controlling the device of the present

35 invention in a narrow range of the ozone concentration allows the user better
process control. An added advantage is the stability of the module to withstand




packing density from 58% to 48% and also offsetting the fiber bundle at the potted area. In addition, it
also has been found that the mass transfer efficiency can be enhanced by jetting water into the fiber
bundle and introducing gaps into the bundle. 30 Figure 7 shows a typical tube side flow pattern of the
Prior Art hollow fiber contactor. In the tube side configuration the liquid flows inside the lumen of the
fiber and the ozone gas flows (on the outer surface of the fiber) 35 23 across shell side. The porous
structure of hollow fibers, without dense skin, allo##2 only gas to diffuse through the membrane and
dissolve in the water flowing in the 5 lumen. The liquid and gas flows are switched for the shell side
configurations the liquid flows through Il side and the ozgone gas is routed thr gjﬂ the fiber
lumens. For ()hfé}"m%ar‘?le%? 5Pr%§n%ﬁa#10eu%'§s£ algr?)aal frq@é‘ ﬁgvb@esr%ﬁﬁﬁhgeregg% eSPé}l(J?I‘Se%?t.%T e contactor
can be mount®@dseither horizontally or vertically. As we describe below the two flow configurations offer
widely different ozone transfer 10 efficiency. Performance depends on the gas side flow rate, pressure,
and concentration; and the liquid side flow rate, pressure, temperature, and pH. All experiments were
performed on the system shown in Figure-- fon type system; the all PFA degassers
are installed to provideentatstaritidifeeticteaid . feendRZBND 2bdT8E Shell($2i¢inzonator of the
D Inver RO I N R SR Gl UOOFER RSP0 A BIRE0 YL eleans too) because
cti ) smalle

of (1) its high productivity (ozoneoutput per device volume), (2 r footprint, rapid start-up (faster
mass transfe‘i"@ﬁté)%‘rﬂis(m&g@%ﬁ i%%@d’ﬂ‘&ﬁ@ﬁs(éﬁﬂ/t\‘tﬁj'f‘ﬂ%é’@&ﬁi@%ﬁl@ds’ﬂ)@%’éé&@se of its simple
compactglesigicaig effieianbitifomatsri wanadoif 5 oppraptiatedekirg osibig aase-through

(single pass) mode in e wcylatl n moge Rgeratlﬂns. |tflS easlrl%azla#%otabl in thqﬁr?leanlng

processes us?ﬁaqrrlr? &r2ich Ba ﬁs?,rg? gféar\?ve{%r s%‘lar? p'P%E S (I)?:[:naa g?cﬁosuprpaey pr(?cessors. The

hollow fiber ofiberatondieayagrodliee wito ao-oiisatenbf 26 ramdus)gaslittino s hethuemdgofoom
temperature Waf@hodule. Two 2.5 mm (17) fittings for water flow were bonded on the shell at

cross-direction near the exit and entrance. The inside of the fitting was reduced to

15 12.5mm (2”) using an insert to create jetting action of water into the bundle. The

water fittings are located perpendicular to the offset of the potting such that a
cavity is formed right under the fitting.

The contactor was tested for ozonation efficiency. Ozone gas at 1.52 bars
(22 psig), 250 gNm3 and 5 slpm was fed into the gas port of the contactor.

20  Deionized (DI) water was pumped into the contactor using the shell-side water
fitting at a rate of 18.9 Ipm (5 gpm) at 25°C. The water pressure drop across the
module was about 0.34 bars (5 psig). The concentration of ozone in the outlet
water was measured using an IN-USA ozone sensor. After a couple of minutes,
the ozone concentration in the water reached 23 ppm. Under the same operating

25

30

35




cleanings (5 ppm to 50 ppm ozone) and low temperature photoresist stripping 25 (5C, 100 ppm
ozone). In some applications the ozonated water is produced at a central location and then
recirculated for delivery to individual tool at point-of user; in some designs make up amount ozone is
added at the point-of use. Figure 15 shows schematics of an ozone-DI recirculating loop. 30 The
present invention allows for improvements in the start up time to reach the "desired" ozone
concentration in cleaning tools and maintain the std ility of the ozone concentration in a recirculating
control loop over time for a bubble free DI- Ozone application. The smaller size/footprint, shorter time

to reach the denfl-Q2qne CANCERHALRN AT R aace RLoRiPHg S dRyta die present 35

invention in a narrow range of the ozone concentration allows the user better” process control. An
added advantigdadn R JEARRIRS oftREieiGa e eEuRiSmAliPeRANIGRAREIeHHR RPBERbout 2-2.5

bar, with sin irgeganitens Asaasoneskes Rfos thisratsileRele ®ae mApmpier bicsantreior with
dimensions of q.Y cm (2.253 ID and.30.5 cm (12").in_length was made usinﬁe;ﬂor.ous skinless PFA
ume. A'C ra %z)ct S

hollow fibers. ‘P& Tbér GUl rc'ﬁz?\nm%%ere(é W 500t Berﬁ’féartéonns%/r%%e mnsép?jiameter (ID) about

500 10 microssntrgtohoitiierimaniéofiang akibebidatcontaciandsthlropaokimigdenity was around 0.46
m2of external membrane area/liter of internal cartridge volume. The fiber bundle was potted with an
offset of 6.25 mm ('/4") gas fitting at both en? of the module. Two 2.5 mm (1 ") fittings for water flow
were bonded on the shell at cross-directi entrance. The inside of the fitting was
reducedl o 15 12.5 nmmedtartesingladinnsesiots aeategetizig Ertiod 88 water( i) théehgtrdle. The water

fitings are loqgled ARIPGIAIEALIR eAlTses el e g ing SRl st oAyl I Rlraeg right under the

fitting. . The contactor was te or ozonation eftficiency. Ozone gas at 1.
micron and the ID about 500 micron. The number of the fibers was about 1700

and the packing density was around 0.42 m? membrane/liter of internal cartridge
volume. The contactor was fitted with 6.25 mm ('4”) gas fitting at both end of the
15  module. Two 12.5 mm (V2") fitting for water flow were bonded on the shell at cross

direction near the exit and entrance.
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(22 psig), 250 gNm3 and 5 slpm was fed into the gas port of the contactor. 20 Deionized (DI) water
was pumped into the contactor using the shell-side water fitting at a rate of 18.9 Ipm (5 gpm) at 25C.
The water pressure drop across the module was about 0.34 bars (5 psig). The concentration of ozone
in the outlet water was measured using an IN-USA ozone sensor. After a couple of minutes, the
ozone concentration in the water reached 23 ppm. Under the same operating 25 it 30 35 24
conditions, the same contactor would produce lesé¥han 15 ppm using tube-side mode mass transfer.
Therefore, the ozonation efficiency improvement was about 5 50%. The ozonation efficiency for this

module was 0.4 pprylpmfierof Al dae J kM ABATRRIISAD @6 sliecton e7qge concentration
over a shell side contactor of this INVention and & tube Side CoNtACTSr 1S Shownh i igure 6. Reference

Example 2 16022 eoiaiadd maianerisriprs vies. fedrin(@ theryameosari thmoamsactandalgth was made
using posousyskiet st PEAGIgHs fike wntirditaifdthwarabng §armiarsaaddhedD about 500

[ . Th the fib bout 1700 and th Kj [ ound 0.42 m2
membranc/i-SHRI AP A Ag: NS R SPHEP SRR G A KRR o RRBA) gas fting at
both end of tAde Bomuahtitetidma d20BenimilE oYtfiting torwesterdisuredensibpaddN-0fSthe shell at cross
direction neag B2 80f! SRUANCB.A8 Fnidthelo e L8RS GHNBSIRLE IR Rg ozonation

efficiency. Ozone gas at 1. ars ) N
reached 26 ppm. Under the same operating conditions, the same contactor would

10 produce less than 12 ppm using tube-side mode mass transfer. Therefore, the
ozonation efficiency improvement was more than 100%. The ozonation efficiency
of this module was 0.45 ppm/lpm/liter of internal cartridge volume. A comparison
of the effect on ozone concentration over a shell side contactor of this invention
and a tube side contactor is shown in Figure 5.

15

Reference Example 3
A contactor with dimensions of 5.7 cm (2.25") ID and 30.5 cm (12"} in
length was made using porous skinless PFA hollow fibers. The fiber outer

diameter (OD) was about 700 microns and the inner diameter (ID) about 400

20 microns. The number of the fibers was about 4000 and the packing density was
around 0.86 m?of external membrane arealliter of internal cartridge volume. The
fiber bundle was potted with an offset of 6.25 mm (14"} gas fitting at both end of
the module. Two 25 mm (1”) fittings for water flow were bonded on the shell at
cross-direction near the exit and entrance. The inside of the fitting was reduced to

25 12.5 mm (/2") using an insert to create jetting action of water into the bundle. The
water fittings are located perpendicular to the offset of the potting such that a
cavity is formed right under the fitting.

The contactor was tested for ozonation efficiency. Ozone gas at 1.52 bars
(22 psig), 250 gNm3 and 5 slpm was fed into the gas port of the contactor.

30  Deionized (DI) water was pumped into the contactor using the shell-side water
fitting at a rate of 18.9 Ipm (5 gpm) at 25°C. The water pressure drop across the
module was about 0.55 bars (8 psig). The concentration of ozone in the outlet
water was measured using an IN-USA ozone sensor. After a couple of minutes,
the ozone concentration in the water reached at least 35 ppm. Under the same

35




(22 psig). 250 g/Nm3 and 5 slpm was fed into the gas port of the contactor. DI 5 water was pumped
into the contactor using the shell-side water fitting at a rate of 18.9 Ipm (5 gpm) at 25C. The pressure
drop was less than 0.34 bars (5 psig). The concentration of ozone in the outlet water was measured
using an IN-USA ozone sensor. After a couple of minutes, the ozone concentration in the water
reached 26 ppm. Under the same operating conditions, the same contactor would 10 produce less
than 12 ppm using tube-side mode mass transfer.2fherefore, the ozonation efficiency improvement
was more than 100%. The ozonation efficiency of this module was 0.45 ppm/lpm/liter of internal ‘
cartridge volume. A co rison of the effect on.0zone concentration pver a.shell side contactor of this |
invention and %fﬁ%%gs%@%éﬁagb&? is Slfown %CHE]WPeu @ p?ggﬂ% Z(raés'rslc% xflsnf)rﬁg 3'A"ntactor with
dimensions dubsrife MaEs MEsaEsies che(ereidhrepgnalien efigiRnagingrporensikinless PFA

hollow filgers yie-tiagt outes. dunstialeRitasmiyaul HiOmusirnaa0d gredpnapriameter (ID) about

400 20 microns. The number of the fibers was about 4000 and the packing density was around 0.86

m2 of extern&' FREHEBS MBS sliter of internal cartridge volume. The fiber bundle was potted with an

offset of 6.25 mm (/&' rgepditing aft theteffentonf otvamenaxhelentiation2dverra §he)) fitiags for water flow

were bonded anthe shalliat ifIRARISRIAN B S EXA ABFIEBHANGS Fs oI the fitting was

reduced to 25 12.5 mm (%") using an insert to create jetting action of water into the bundle. The water

fittings are loSRRASHE FRAHIELARY! IRErBAERS: 5P The DBRMGZNEAihae R e 8F8/ R dPrad right under the

fitting. Tie cospactarvsasiested ipnapnatioaeisegumOganesassaialis? srs . 422980), 250 gNm3
and 5 slpmw 1‘eS(‘:I| intao thr%s%%? Oét o!7 tgﬁicmé%c}%q. 30 Dejigrq(i:zer(éia éa% Wgter vKa%pumped into the
contactor using the )sﬂeﬁ-%i e water L5“|3ting A aTare oipfgfgr]pm 55 gpm) at 58 e water pressure

drop across thenyattiencefiisieapiolin® BBdyaiL{@7wig) rasiesmckomaarmsidoiowetat the outlet water
was measuregld4sing e BouSh PERREERIIFEM d)teh& IRgHRI eRb RIS chieved as shell-

side turbulence lowers the boundary layer impedance and results in higher mass
15  transfer per unit membrane area. The high recovery helps lower the cost of
ownership of the process tool. As seen in Figure 11, increasing the ozone gas

side concentration increases the water ozone output.

Reference Example 4

20 The effect of water side conditions on performance were investigated. The
effect investigated in this example was the effect of flow rate and temperature.
At a given ternperature, the dissolved ozone level output in DI water depends on
the water flow rate. At the gas-water interface, at the fiber wall, the ozone
concentration is the equilibrium value given by the Henry’s law, Equation 1, which
25  states that the ozone concentration in liquid, X (mol ozone/mol solvent), is
proportional to ozone pressure in the gas phase, P (atm).
P=HX (1)
The proportionality constant (H) is called Henry's coefficient, which varies with
temperature (T) and pH, Equation 2 [John A. Roth, “Solubility of Ozone in Water”,
30  Ind.Eng.Chem. Fundam.1981, 20, 137-140].
H=3.8x10"[OH]** exp(2428/T) (2)
The values of Henry's constant are available in literature [Handbook of Chemical

Engineering, Year, page #2-125; and B. Parekh, “Ozone in Wet

35




the ozone concentration in the water reached at least 35 ppm. Under the same 35 26 operating
conditions, the same contactor would produce less than 16 ppm using tube-side mode mass transfer.
Therefore, the ozonation efficiency improvement 5 was about 100%. The ozonation efficiency for this
module was 0.61 ppmllpm/liter of cartridge volume. A comparison of the effect on ozone concentration
over a shell side contactor of this invention and a tube side contactor is shown in Figure 9. The shell
side module output increases from 25 ppm ozoneZdt 3 slpm gas flow to 35 10 ppm at 7 slpm (at 20 Ipm
DI flow rate, 250 g/Nm3 gas concentration and 1.52 bars (22 psi) gas pressure). Such a high level of
performance results from_al_hi h fon ersion efficiency (the amount of ozone transferred from gas side
to water sid&) B/ Er0b SEY IR (PRSI SHElR AL ROV LS EARVEHRS shell- side
turbulence |oBesiothaViFo Lddgr{ tayeEjugiztsntarahd cesults icaliglage thess)difbniamsfer per unit
membrage aé%%bﬂl%d?'@?b@&é’%%ﬂ@ﬂ@ﬁ RV Jarraet o é’&‘{{?&{%’an%féQﬁe%‘P&ess tool. As seen in

Figure 11, increasing the ozone gas side concentration increases the water ozone output. Reference
Example 4 200NHRIQHdE BR RAAEIGE 88FRItRRRVS e Biehalre-iliersihogeng seidbiitie effect

investigated {pghipiexaittplesearsibioaltFet pipkeu rietard iegas s predb @@ bem temperature, the
dissolved ozgne Iemal output in DI water deR{sn{:ls on_the water flow [ate, At th? ug;as-water interface, at
. rs. Is Is the maximu COHC?| ration.achieva alt agive ewg?_rla e, .
the fiber wall”the 0zona concentration is the equilibrium value given by t enry's law, Equation 1,
which 25 stafeectieasiti:tbe sebiionpbhinaeases hgons seluhibityo romeraobststvearit) 2isHBtoportional to
ozone PessSyRdRtBscaasaBHes Bs@imn Paddis [ilnldymeoportionality constant (H) is called Henry's
coefficient, which varies with temperature (T) and pH, Equation 2 [John A. Roth, "Solubility of Ozone
in Water", 30 Ind.Eng.Chem. Fundam.1981, 20, 137-140].

Reference Example 5

The effect of a water side condition on performance investigated in this

example was the effect of flow rate on device output.

15 The device output will approach the equilibrium value (predicted by Figure
12) at very low water flow rates and decrease with an increase in water flow rate.
This is because the contact time for ozone transfer into DI water is greater at low
DI flow rates. Plots in Figure 13 show ozone output as a function of water flow rate
for shell side and tube side contactors.

20

Reference Example 6

The effect of a water side condition on performance investigated in this
example was DI water flow rate versus pressure drop. The pressure drop versus
water flow rate data are plotted in Figure 14.
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H=3.8x107[OH]o.035 exp(2428/T) (2) The values of Henry's constant are available in literature
[Handbook of Chemical Engineering, Year, page #2-125; and B. Parekh, "Ozone in Wet 35 27 Cleans
(Part I: Technology), Applications Note MAL 126, Mykrolis corporation, Bedford, MA USA]. From
Equations 1 and 2 one can calculate the equilibrium 5 solubility of ozone as a function of temperature
for a given ozone generator condition. As an example, Figure 12 shows the plot of equilibrium ozone
solubility (ppm) in water as a function of temperat% e at ozone gas side pressure of 0.11 bars. This is
the maximum concentration achievable at a given temperature. Decreasing the solution pH increases

ozone solubilty: hOWENEFREIGH RENEnt! e \BAUEEF 92005, saMBlIuPS, Gl Ayl ozone.

Reference Example 5 The effect of a water side condition on ormance investigated In this

example wasahe BB ceeirsiiaiadieTseisicto dpitualsom @ RIMbUEIMERAB SR HEASthe

equilibrivgn vaiRd s distchbyoigsire alidp@byeny muEtasdomgiaes RepolRCsERSH R an increase

in water flow rate. OEQiS [%Pgeca%s?ame i:o%ntact time for ozone transfer into DI water is greater at low
DI flow rates. PROISM rr‘i‘?gure PEEHOWGZ6Re output as a function of water flow rate for shell side and

tube side contactorsTRe ReserdiivecEiemaiens fndnuffere veatyidnsiiartopdimertoreperformance
investigated img‘iée@@d“BE%H\é.aéoQ&é/H?ﬁéﬂoﬁﬂWé%%?g%%g@&%@%@ﬁrﬁémh-@%mﬁ?%ﬂﬁgr0p VErsus

water flow rate data are plotted in Figure 14. 25 30 )
ozone concentration in a recirculating control loop over time for a bubble free Di-

10  Ozone application. The smaller size/footprint, shorter time to reach the desired
ozone concentration, and the ease of controlling the device of the present
invention in a narrow range of the ozone concentration allows the user better
process control. An added advantage is the ability of the module to withstand high
water pressure of about 2-2.5 bar, with an intermittent pressure spikes of 3-4 bars.

15




In some applications the ozonated water is produced at a central location and then recirculated for
delivery to individual tool at point-of-use; in some designs 5 make up amount ozone is added at the
point-of-use. Figure 15 shows schematics of an ozone-DI recirculating loop. The present invention
allows for improvements in the start up time to reach the "desired" ozone concentration in cleaning
tools and maintain the stability of the ozone concegtration in a recirculating control loop over time for a
bubble free DI 10 Ozone application. The smaller size/footprint, shorter time to reach the desired
ozone concentration, and the ease of controlling tag,figyice of the present invention in a narrow range
of the ozone concentration allows the user better “process control. An added advantage is the ability of
the module to Mh%&&f?dcfﬁﬁﬂ: water pressure of about 2-2.5 bar, with an intermittent pressure spikes of
3-4 bars. 1529 Claims What we claim: 5 1. A liquid-gas phase contactor comprising: a perfluorinated
thermoglastic hPusir}LgI%UZ ;_aarlld %%%ralig( %{Oor%r(%s Pst?rgﬂuorinated thermoplastic hollow fiber
membranes 10 (14) po iodea Within Re ousing, he r%using having a gas inlet (22) to supply a gas
to the first end of the hollow fiber lumen and a gas outlet (24) for removal of gas from the second end
of the hollow fibers, thednusiRg dpEB Hlasig Hgggi(q@gﬁg,sémply a liquid to be contacted with the
outer surface of the hollow fiber membranes and a liquid outlet (20) to remove the 15 liquid contacted
with the outer surface of the fibers in the housing, characterized by spacer means (28,38) separating
the hollow fibers admedunasibidbliquacbusgieZludlipatedttetionadiadicnhb)lsvh ditesn ssschbaeesr means
includes parallel 203a5iB0RE-RAGRRRIAIES {aBIHALARTRACLING hallRy ShalamARbEaPs (14

thereby to promote free flow of liquid within the contactor to reduc
supply a gas to the first end of the holiow fiber lumen and a gas outlet (24)

for removal of gas from the second end of the hollow fibers, the housing
having a liquid inlet (18) to supply a liquid to be contacted with the outer
surface of the hollow fiber membranes and a liquid outlet (20) to remove the
15 liquid contacted with the outer surface of the fibers in the housing,
characterized by spacer means (28,38) separating the hollow fibers

adjacent said liquid inlet.

2. The contactor of claim 1, wherein said spacer means includes parallel
20 positioned spacer plates (28) that spread the hollow fiber membranes (14)
thereby to promote free flow of liquid within the contactor to reduce

pressure drop within the housing (12).

3.  The contactor of claim 1, wherein said spacer means is in the form of an

25 extended tube (38) which separates the hollow fiber membranes (14), said
tube including holes through which liquid can pass into the housing (12)

thereby to prbmote ingress of liquid into the housing and reduce pressure

drop through the housing.
30 4. The contactor of any preceding claim, wherein:

the hollow fibers having a first end and a second end, an outer surface and

an inner surface; and

35 each end of the hollow fibers is potted with a perfluorinated thermoplastic
seal forming a unitary end structure with the housing where the fiber ends

are open to fiuid flow, the housing having an inner wall and an outer wall




pressure drop within the housing (12). 3. The contactor of claim 1, wherein said spacer means is in the
form of an 25 extended tube (38) which separates the hallow fiber membranes (14), said tube
including holes through which liquid can pass into the housing (12) thereby to promote ingress of
liquid into the housing and reduce pressure drop through the housing. 30 4. The contactor of any
preceding claim, wherein: the hollow fibers having3first end and a second end, an outer surface and
an inner surface; and 35 each end of the hollow fibers is potted with a perfluorinated thermoplastic

seal forming a unitanyRRgiSMCIHRLMWIRING BRURGWREsRINRLBEIPRIUSREE GPER 1Rl flow, the
housing having an inner wall and an outer wall 30 wherein the inner wall of the housing and the outer

_ 0
surface of the holloﬁ'%é??ﬂ@rm%%'agﬁ%uﬁjfﬂﬂﬁ #8MBIume. 5 5. The contactor of any preceding

claim, wherein the packing density of hollow porous fiber membranes is at least 0.34 m2 of external

membrane areglter AL IEART NOUSINY NN Pollh SHNASIANQT IR AN BfapPcking

density is at least 0.6 m2 10 extern rane area/liter 01; Interior housing volume. 7. A contacting
device that dissolvei? ¢ HREr HRABNRANG S BsahieantiB Sdom i SKieMa Betane agdbieling to any
preceding claim, wherefeiiisr Rellewdiasunmembranes are in the form of a plurality of porous conduits
fluidly sealed to the housing and open to gas flow through the conduits, the conduits having an inlet
and an outlet, 20 a source of an ozone containing gas connected to the gas inlet of the housing, an
aqueous liquid SourcEneoserdanter toftisaiinid Whetein tiieehpasking, deasity dn e tiraaind®) gés dissolving

into thg @queous fluid,Harau o dhi EARMES liter of interior housing volume.

7. A contacting device that dissolves an ozone containing gas in a fluid

comprising:

15 a contactor according to any preceding claim, wherein the hollow fiber
membranes are in the form of a plurality of porous conduits fluidly sealed to
the housing and open to gas flow through the conduits, the conduits having

an inlet and an outlet,

20 a source of an ozone containing gas connected to the gas iniet of the
housing,

an aqueous liquid source connected to the liquid inlet of the housing, the
ozone containing gas dissolving into the aqueous fluid through the conduits.
25

8. The device of claim 7, wherein the hollow fibers are twisted.

9. A method of using the contactor of any one of claims 1 to 6 or a contacting
device of any one of claims 7 to 8 to dissolve a gas in a liquid comprising:
30
flowing an ozone containing gas through the hollow fiber lumen and

contacting an aqueous liquid with the outer surface of the fibers.

10. The method of claim 9, wherein the housing and hollow fibers are
35 configured to dissolve in deionised water at 25°C greater than 0.4 ppm
ozone gasl/liter of deionised water/liter of interior volume of housing when

the ozone gas is at a pressure of 1.52 bars (22 psig), the concentration of




25 8. The device of claim 7, wherein the hollow fibers are twisted. 9. A method of using the contactor of
any one of claims 1 to 6 or a contacting device of any one of claims 7 to 8 to dissolve a gas in a liquid
comprising: 30 flowing an ozone containing gas through the hollow fiber lumen and contacting an
aqueous liquid with the outer surface of the fibers. 10. The method of claim 9, wherein the housing and
hollow fibers are 35 configured to dissolve in deigpjised water at 25C greater than 0.4 ppm ozone
gas/liter of deionised water/liter of interior volume of housing when the ozone gas is at a pressure of
1.52 bars (22 psig), 0 lo e 6 slpm, and
the flow of delonlse%ilg@z%ie %r};gag%l 5gpm q?ﬁf%’%%??%ﬁmd of clai m%hgg%% w erg}n the
efficiency is greater dBRNIOH! Yisrier bzdB PaBABAPIRIoNised water/liter of internal cartridge volume.

5 11, The method of claim 9 or 10 wherein the efficiency is greater than 0.6 ppm

ozone gas/lpm deionised water/liter of internal cartridge volume.



