WO 03/ 080228 PCT/ US03/ 06928 -1 HOLLOW FI BER MEMBRANE CONTACT APPARATUS
AND PROCESS Field of the Invention This invention relates to a hollow fiber
menbr ane worBas2es for phase contact applications. The cearamsvsoces made
fromperfluorinated al koxy polynmeric materials, has a high packing density
provi di ng high useful contacting area, and the ability to operate with

| iquids of | ow surface tension. 5 Background of the Invention Liquid-gas
contactors are used to transfer one or nore soluble substances from one
phase to anot her. Exanples of conventilonal contactors are packed towers,
pl ate colums and wetted wall colums. In these systens, 10 gas absorption
of one or nore conponents froma gas streamis acconplished by dispersing
the gas as bubbl es in garhegw FIBRER MEMBRANE CONTAET n a countercurrent

flowto a liquid stream AbgppRRATUSIAND FROCHESS 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 fl ows past a dIf‘H)1 ng liquid on the inside wall
of a vertical tube. Gas stri pp}ﬁm % transfer a gas dissolved in
liquid into a gaphisidRaRdn Bldikd taf Hollowaitep ifentbi teldathcfod forgmasst r i ppi ng.

Conventional contactors have several defjciencies. Primary anong these is
the fact thagontaséapmightionsudihe gantactaeisimaesiei Epm pertiorn#adeBEY vari ed 20

i ndependent | ver. w de ra . . %ER; A& . uch problens as
weepi ng at | %a%c#a%\%gfsaﬁ%eﬁ%%gﬁ%&gg{l |gﬁ I|c#tijgEI%EIu::?)(\g/\lcrsul.s Packed towers
can flood at cduitghinglares, arittas abilityetowperasd withbiqhids of tw $uwfece &ensioni n a packed
tower can | ead to channeling and reduced effective surface area. Excessive
frothing r foamformation can |lead to process inefficiency. Wetted wall 25
contactors have inherently Ig Snd eI Biven@&f fi cients, and can fl ood at
hi gh gas flow rates. The devé'ﬁ%lgp'h@gﬁrﬁFWCOM actors has overcone

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. .



t hese deficiencies. , WO 03/080228 PCT/US03/ 06928 -2 Menbrane contactors
are devices through which two fluid phases flow separated by a nenbrane
per meabl ewo®3w828)as being transferred. If a m croporousPoEMsOAN®28 S bei ng
used, the preferred nethod relies on the non- wetting characteristic of the
menbrane material and the pore size to prevent 5 liquid fromintruding into
the pores and filling them Gas transfer then occurs through the gas
filled pores to or fromthe |iquid, depending on whether the process is
absorption or stripping. If a non-porous nenbrane is used, gas transfer is
control | ed by theM@ivbtansicontattatseare detibes thiwngh ethidistwioathed pbdset lew menbr ane.

Wi | e ot her nenbrane geongtries are available. for this. use, 10 hol |l ow fi ber
menbr anes ar¥PP@ {ﬁyw@sﬁrfrlg@aeaen%f& lceéegllﬁ@.Sbﬁlqgﬁ’falnS%%FF?Lb_@ffa porous nerbrane
i's a tubul armﬁdwm&ﬁ%éﬁﬁ%@&ed,%é BrefEtATREMbd rédfds bRRRIoAL amet er

Wi th a porous thi ckness between them The inner dianmeter defines the
hol | ow por t i wetting chérectéiitierof dimdmembiage chateriat and the porgesied totrirevept ui ds. For

what is ternged.tube side contactin t diquid phase 15.fl ows through the
hol | ow porti %‘?ﬁl‘r} gBH%‘P#H&’gg&%Pﬁléedp(frgseaqdﬂtﬁgﬂg ﬂ’aeﬁﬁ ‘iegsatr%%eﬁtﬂg’lnnoé:aurss epar at e
from the gasiyphahehe YA fltdPetdsab Bl Fomhte lihial dependiafohwhetiiegithecont act i ng,
the liquid phase surrounds the outer dianeter and surface of the fibers

and the gas preass if ahsortioh oo siginpinge If apemhporpRemembEaneds usedngas surface of a

hol | ow fi ber,_nenbr.ane.can SKki. . i Lh is a thin
dense surf actéarfsg%ésr anﬁ]ioga(ri g? ﬂﬁ 41#1{}%%%&‘25%5 #g%ﬁ h&gggﬁyefg@ﬁhenbr ane. In
ski nned menbman®dsane! Mehilejthér ranbriaod gafmetriesdrs beaitablet for fhiomef hr ough t he

menbrane resides in the thin skin. The surface skin nay contain pores
| eadi ng 1% t hellovofberapenrapes e idcally spitedag contagtAs: substructure, or may be

a_non- por ous |t erliol) i bl SELAER is RN ASnaR coHipRGRY aTeTor anes.

permeati on occurs prinari y connective ow t hrough he pores.
Asymret ri ¢ r edfiter diametet, g inmr doanmdtéry with atpoeoysovadisthicknessbetvowss theme  t hi ckness

of the membrape; for hollow.fibers, this i .wall of the fiber.
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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 fromone surface to the opposing
surface. woaslgr2s manner of defining asymetry, is the raPCco/ush3/poee sizes
on one surface to WD 03/080228 PCT/ US03/ 06928 -3- those on the opposite
surface. Manufacturers produce nmenbranes froma variety of materials, the
nost general class being synthetic polyners. An inportant class of
synthetic polynmers are thernoplastic3polynmers, which can be fl owed and
nol ded when 5 heated and recover their original solid properties when

cool ed. As tihése onahélopposiis safacthe application to which the nmenbrane is
bei ng used becone nore severe, the materjals thatd&an be used becones

limted. For exayﬁ‘;ﬂ@}fa‘fthf@rs M?%i%e%erfQ%éé’éﬁ_e‘é’ AL, fed for waf er
coating in thes &Jrﬁ%%gbéﬁggfﬁheﬁ &, ‘ﬁwi g&hﬁﬁt‘glé’s@ oPEyrit&ic! and weaken
mefbf a t

nost comon pol yneric nes. e hig nperature stripping baths in
t he sanme i ndwéimers arrthérstoplastic polyhleys, shidh andedlovcdtand enaddedowbends, whi ch

}[Mh lelr rrggls %g ? ﬁ@g%g})ag}&mnesvgrﬁ %r glgginglosm %rc%%wegevghseh clgg ezi.l %Osrthg at ed

pol y(t etr afldiaaaehbyt BB apRRuAGH i WRICR (R hbianY el dies ded bogdné PTFE- CO
PFVAE)) or poly(tetrafl uoro-ethyl ene-co-hexafl uoropropyl ene) (FEP) are not

15 adver sel ynakfseotredhbpateiaksrthatcen e vsadrhsecomes bmited oFerrexamplenticanes made

from these pol yners ul d have a deci ded.advant age over flrltration
menbr anes mafﬁ%ar}ll‘f B%V?Iﬁ\%gsegwé’ ﬁi\{lé’&f Pvﬁiﬂﬁwflﬁé r %@31%9 gkfeaIB C(raoeg‘lbcltt{(l)fgrléz% s. These

t her nopl ast iigaRANWIHEr BssBRéRr a6l BhEFesked \BGst POInohglolyahdritor oet hyl ene)
(PTFE), which is"not a thernoplastic, in that they can be nol ded or shaped

in 20 st@ndanembsipes. phhsdéglsemperen saipping hals ipAhe persindesiiapesd
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the range ofofabfiion @fi@neisc Perfluorihsicd dieameplestid mlphessudd&0 i cron out er
O e s SuS oS S ehaut bty ane surface
g?gﬁ?ﬁh} egﬂtﬁlgﬁ?) ﬁ)r%1ﬁ@u§ﬂ&rH§>ﬁ{}&@ne'-d&—l?d%@hh&%ﬁfo@?&nm) SfRafe€ IS at a
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)
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usi ng typwoab/osmbksiti on casting 30 nmethods as they are di PCirasbs/odoes

di ssolve in the normal solvents. They can be nade into nmenbranes using the
Thermal |y I nduced Phase Separation (TIPS) WO 03/080228 PCT/US03/ 06928 -4
process. In one exanple of the TIPS process a polyner and organic liquid
are mxed and heated in an extruder i4- a tenperature at which the pol yner
di ssol ves. A nenbrane is shaped by extrusion through an extrusion die, and
t he ext r udedroesdar Rithel exaepidl dfdhé TIHSOprOtas g blynidtmnd grgzoi liquid atke pol yrmer 5
solution tenperature is reduced_ to bel ow the upper, gritjcal solution

t enper at ur e.MiKgA and heatetbinganaxiuder fp @ PG AIUER 1%%W°¥%erphases formfrom

he h i i i : ,ankih h
the Omgengﬁ%h}éga{ﬁf%ed%&laﬂé isoé?la}lg%ﬁ it ﬁn%fo@ bh ¥xtRRiOH®E  anlihe ot her

primarily solvent. ne prope sol ve rich phase forns a
cont i nuous theteruted meahbmge iseooked ty forfiregd o Dueing codlotg thhaskymfeor ns a

continuous 10_interconnectijn orosity. . The solvent rich phase is then
extracted arn@4tB CRRSHBIERS r%}q%g%?o ]?—?st}‘é‘iyélb%‘&meﬁcﬁl?ﬁ SYBEYUs menbranes are
commonl y USG{@m%QFatur&“PBi@% B tERPrhtGd 4R Bl Whidh 16l JRAES for@l fdrhon t hat
does not wet the nenbrane. The solution flows on one side of the nenbrane

and a gas 15herhamogemepnelicateiiolution, end Rhwes pmeskynobyrnerathetofzersol uti on f1 ows
on th ther.. P h sid f.the. i i ned
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crrtical préssure of the
menbr ane, angies@nhbding JobssilgaThe 86lvemaichiphals @rmfteotititeous quid. Criti cal
pressure, the pressure at which the solution will intrude into the pores,
depends Wi r datergpngectingeonrityy e S%@W%R}@S%Iﬁ@q%ﬁ%aﬁ?%%, i nversely on
t he pore si ze 1% P8 ﬁa’enbrane, and directly on the surface tension of the
liquid in con act W th 't he gas phase. Hollow fiber nmenbranes are primrily
used because of tHedraphdbi¢ idrop@bbamembranesan coimgiomdpodedrigr density with
such devi ces. Packi nglide_nsity rel ates tol t.he grrc?unt of 1:&Jlgeful menbr ane

surface per SABfasHE appligatignywith @ aqyqous solptipn thapdges not wet

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 nunber of fibers that can be potted in a finished contactor. Al so,
contactors may be operated with the feed contacting the inside or the

out si de worBase28 dependi ng on which is nore advant ageous PCA/Ush&oqeas ti cul ar
application. Typical applications for contacting nenbrane systens are to
remove di ssol ved gases fromliquids, "degassing"; or to add a gaseous 30
substance to a liquid. For exanple, ozone is added to very pure water to
form a solution used to wash sen conduct or wafers. Many processi ng steps
WO 03/ 080228 PCT/ US03/06928 -5 involved in chip manufacturing use very
aggr essi ve cinedivedinsciip atanafactineing usedrynpgressivadchemichlogpeh apbotoxi de,

phosphoric acid, etc., for etching purpose. .Since,these chem cals are toxic
and dang_erou%l,ng’f‘f;&ﬁépw f?g%%nﬁ%i@}g@é’ﬁagpgwﬂﬁé?& %F'sfﬁﬁgtﬁ "6PUtH8%e chenical s
pose_ser | OUSHEAILL aiihis &kYoNlaFAl dgbuk ParipHRIsk Bl dnd prficd | ndust ry.

New processing technol ogi es have been devel opedpl n the |last few years by a
nunber of chdigpaselodf thesecheroicalsgose sdtiols kealthraad sefstwkazaidstathepr ocess whi ch

uses nmany_ aggressi.ve .chem cal t he new 0Gessi t.echnol Jtilizes
only two the T%_le?éHﬁiﬁl@t&y‘d%éwé)(r%?esséﬂ%te%ﬁ‘l%?ﬁHg/letbeﬁlége eg(g%dzéermnst rated
that al nost @kllasefdwsiddgbPh AGABE STThipalobl Bamubeureld) Udideaied using only
these two chem cals. Wile HF water can easily be produced, a good source

f or ozonat edconentinnahprocess svhich wssanaay gagresyivehd\gancals: 1eated wat er i s bei ng

used in chip Qt{;sgﬂg%ecthgg@é g{g{ﬁ?%sa%qﬂ}?tvéooéheﬁhgﬁ&%%%a%ﬁ%@%t?ﬁ%&%ﬁr e only a

coupl e of pp?ﬁoo zone i‘on are neede Stream
However, to wetet.ak@aslbecagiBrasiated thacdlmbdat dibexistingtpridegding bath caebe
concentration is needed.. In general, the concentration ranges between
10- 80 ppH Telaged eving Ry thest &Ve shygwigelspet ween 5-40 ppm  Typi cal

requirement 'S abfticHf QRS ain ARAPER BRkREed, hGMod L. 1PbI a1 the present

i nvention, a tube side contacting dev en 20 provided wherein the
hol | ow fi ber water hasftememadhalenge.pallthbighorzonated avatealiklooigy isedlinchior ( PFA)

pol ymer. This, devige is characterized by .undesirab | imted mass
branster t hroladh @i RUPFGRF RSB ORTANS VBRe OBa Suple of porror

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
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PCT/ US03/ 06928 -6 solutjon to fguas antially oxidize all .aof, the organic
material on iP¥dublEgases.t She meary 19pAUTUSIEAZaS PAR DG ERHReS WIIE £ usi ng a gas

can be any gﬁ@ﬂﬁ?%ﬁﬁ ybbgirs%‘fiog ricige gb’&@h&@ 110 taRZ AftBuMforPer gases into

t he tank ana uni Istributes tﬁ gas throughout the tank. 5 In U S
Pat ent 5, 464ligt8bytepthefgas tisbyghovhtheltankbl es t hat are provi ded by the

diffuser are initj y_about 25 to abo 4 .Gl O in diameter. The gas
di f fuser prefer ablps‘l"gr%at?rﬁi%t‘fié?‘*g&’ Brﬁgqﬁ%gl%ég? H‘]_ﬂghrg?f[}ﬁatfﬁe Bﬁ%ﬁ%ﬁ?’yi n di ameter.
The gas di fif,uagtusBr &6 &figkllyatost PRELHOLOND BidFbad iIdeariter. The gas _
pol ytetrafl uoroethyl ene (PTFE) and perfl uoroal koxyl vinyl ether. By varying

t he” t enper atdiffeseaprefaeblyrase initially abdut 2 5 abaut 4emigroasin diqmetesy dpsr ed by

met hods known i.n..t he art bot h r ous 5 are formed.
The i nper rreaﬁ?fg«g%gjr‘fﬁr Pfﬁt?ﬂ%&&ﬁ @agéﬁ% rasm%?%egr?gﬁg{egrgﬂ?&?%% relﬁ%ed of about
95% PTFE andpaigyhnd n%@@ﬁ@ﬂoﬁlk@@ﬂ@ﬁdyl@ﬂmﬂ Byl g te.terhperaues aglabl e menber and
t he i npermeabl e nenber nmay be joined by any number of nethods as |ong as

the resuldt imesurgndsiipbichitee misipes Plf?aﬁre%b%/’lmerﬁl&dsé%ﬁﬁfné%%aﬁunder t he
stresses 1n ¢/ P{)%Bé‘gnd can %ﬁ%@%ﬁbe@&‘remf Sr}ériﬁpgﬁ?éabﬁ%hw t oget her,

essentially me r nmenbers toget hef using carbon-carbon
bonds. Once jidnmesite meatbless areprdf@nably sofuprisetif ahoutr &6 RTFE apdrkebitout of t he

PTFE in the top portion of .the er. The resulti diffuser,.has on the
order of abolf Pfﬁb{%‘ﬁ?&f%ﬁ"é%}qs@eg&g% P ‘Fn’gﬂ’g’ﬁ’f he IBERSEP!50 ni cr ons
in dianeter &%Béi%aw&é jbhheﬂ%%f Ahumber 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
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oxygen to | eggafeWaler RR&I ﬁlrtHéﬂnTaH@factuhhg RIES. w&beﬁg}mﬁlﬂgmehh@

manuf acturing process. The hi gh packi ng denS| '&zth@and cl eanl i ness associ at ed

with an al | g@rddanbngss assediatddevitiopn ald periluetnat rmoplpsticgniapioages in such
applicati ons U, S. . Pat ent 0 4 provides an oxidi zed wat er producing
met hod in %Yagﬁggsﬁsuggawhdgggozone gas is generated by an electric

di scharge type oZ S @heht 5,67610SEpoviids kmoxidized water peoducigtaethodirough a
hol | ow fi ber nenbrane, characterized in_that the water pressure inside the
menbr aneld s hichearesserized;ogneg gztSH&aerteﬁ@ﬂbbiéé%alﬁétﬂ&dl%C ¥LBI¥e gas supplied

to the outsida af, %sr}ﬁssgf{leh alek RSB @E{{%{a Kot 1%Wer§ﬂéﬁ¥or£ﬁ€bbl es and

inpurities fromgetting |nto |ngtreated and the
ozone concenct}rawctmm‘imﬂﬂa’etht:mmr@dessm'eemmdesthemhrmid1emamtamhda basi s of the

concentration of the ozone This reference  di only PTFE
menbr anes andebdlan e Pﬁﬁﬁ‘irgf?gfh&to@o’t‘?\%astfé‘@ tﬁﬁhelefl?‘f%mg ftfhﬁlj‘8’?i?‘ﬁat ed

thernopl ast i g, GHURHR 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 avail abl e PTFE hol |l ow tube contactors are referred 20 to
as "hol |l ow tubes", probably because they are relatively |arge. Patent
PJ7213880WodBmsi2eses the fiber manufacturing process for maiusgs/e®eposite
PTFE hol | ow t ubes for ozonizing applications. The first step of this
process involves extrudi ng PTFE paste derived froma m xture of PTFE
powder and lubricants. After the tube is fornmed, the lubricants are
extracted and the 25 powder sintered 48t o0 a slightly porous PTFE solid
tube. The tube is then stretched longitudinally to nake it porous. This is

di f ferent t hiagtldsgdprakssP Tdnseqieatty, theptreahethistabearbynly ‘Giatfi | ar process. To
generate ve m croporous styuctur by a node to

ry fine, L ., characterdi zed
fibrils net \/%W‘}d”nb"stltﬁtﬁjﬁt affamghe ededo ggﬁ]a%eéwﬁ Qt?i%%?f %ee%t retching. For
hol | ow i ber (ilmlt)%?e.e%'c AlatSfor 'Qtﬁﬁ%éie_ U tﬁ'&b\’lﬁlld_eﬁ@éﬁt aké@hahi ng the

fiber radial obabl 'y Decause o Impracticality of such a step,

this radial ssiprefiahinatng b eggula micsporys fllabsheetmembrads b0 8qReBheCT/ US03/ 06928
-8 discl osed process. Consequent]y, e por.es.in . this .tub re only "half-
formed", Si. é?xl,?er?al s 'sfﬁcerfgjt}ﬁ%mr&% ﬁe&ﬂﬁﬁ%@ IP%OIY?SblF"infna%?\Rg? Eongof fiat sheet
menbrane.  Tq,,¢Q0PERSs 8 PTFR mitidpsrods el ieyspirhlig oh Ukssutfacesaat a second
step of lamnating a regular mcroporous flat sheet nenbrane on top of the

5 external <ubihgcdhisfis & hesdiguss laber intdyeive Pracssss tAlgoi witlolhe daenplypihat i on of a
long narrow strip .of, PTEE .m gropofQus onenbr i surface of
the  tubi ng.apiied i the eugag oL iemeligy b I 0G0 tg%gégtrgﬂ%s%{]ﬁ

rmtensrve proce with the

menbrane | agh&giiedowocdulEbohighérde cades teee thelfluddpdrtiidy intlhdesia®i st ance to
mass transfer in tube-side flow could be higher in cafses were the fluid

partial 130 i rihe senwertilayes. Thisameangempersdiminishes thepetentigl othioysingthe di i ni shes
the potenti ' PandsbErTieQs separating the
two fluid pﬁgg@?aﬁ%@s@%ﬁeﬁkﬁifﬁ% maggggﬁsa‘wg\?@rl% ne with the hol | ow fiber
menbr anes of ddfienpice aerdverdomeswith the. hoAowdtheanteapearfes of hemreseni ng
applications is that the very |low surface 15 tension of these

per f | uori nat®B¥¥8Pyners all ows use with | ow surface tension |iquids. For

exanpl e, highly cRfb@sinVfed6VEInRRENS apNIRALibAL ik Hfut BRVEPRMGlrfile

15 tension of these perfluorinated polymers allows use with low surface tension
liquids. For example, highly corrosive developers used in the semiconductor
manufacturing industry may contain surface tension reducing additives, such
as surfactants. These developers could not be degassed with typical
microporous membranes because the liquid would intrude the pores at the

20  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 sulfide absorption into aqueous solutions

25  containing an organic solvent without the use of a solution additive to prevent
leakage. While (PTFE) 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 PTFE and are more

30 readily manufactured into small diameter hollow fiber membranes.

Accordingly, it would be desirable to provide a hollow fiber membrane



manuf acturing industry nmay contain surface tension reducing additives, such
as surfactants. These devel opers could not be degassed with typical

m cr opor owe ogwsdesanes because the liquid would intrude thecparseyo@est he 20
pressures used and perneate, causing solution |oss and excess evaporation.
In addition., liquid filling the pores would greatly add to the nass
transfer resistance of gas transport. U S. Patent 5,749,941 descri bes how
conventional follow fiber nenbranes of- pol ypropyl ene or pol yet hyl ene
cannot be used in carbon dioxide or hydrogen sulfide absorption into
aqueous sol ufontactor 2pparatus &brrformingn loughsuldicdiaue atganpndoaliuidivdicdse of a

solution additive to prevent . | eakage. Wil PTEE nbranes woul d work in
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they are di fdjchUhtappfaRisRE£HS forlel Of BohikBI; &mBlesise tolpemimmisanesm of the
present invention are nmade from polynmers having simlar_ surface tension

properties tanREEFavaithblerappamtus faodelivadng ¢ repganifia ercoresntivnaletoding | di anet er
hol | ow fiber nenbr.anes.. gl%cordi l. it would be desirable to provide a
hol | ow fi berprﬂ%%f(gﬁg% ?tﬁ%ﬁg%léé'r/ US03/ 06928 -9 contactor apparat us
for formng a liquid solution froma gas and a liquid which provides high
mass transfer rates of gas through the hollow fiber nenbranes. Such an
apparatus can be fornmed of a f to permt its use with
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currently avai abﬂneaf%gp%ﬁa%dfn%eéﬁo(gé?? JeV & gg%n@m{ %%gapgldggo%@&onven i ona

etching 5 process nic I'ces. Summar The I nvention
In a first eddvindiigprovided cohgrigingaeshel]l conteintngqrerflwredikdty ®sile cont act

device is provided conpri si a shell containin er f L uoroal koxy resin 10
t her mopl Hst i ‘€N W#’P{%%Wé%g e‘gés %P?IBP%E%‘“B%?B?%?@ "T‘P{B%%@WI uor oal koxy
resin conpriges cfen%ﬁe&i é’ﬁolﬂer%ﬂétﬁhh%‘éﬂ@léﬁ% a8 BerdErdagésh kingt oal kyl  vi nyl

ether or a tetrafl doroet - co- hexaf | uropropyl ene ( FEP) copol yner. The
per f | uor oal keher aregetmafiwroatipd -oehétaflutaprepstiene (EEB)dogolyerenedbd e t o gases

NI GO T T T O T
out er surfacfsxybén, nitrogen or ozone. The perfluoroalkoxy resin hollow fibers can be
15  unskinned, skinned on their inner surface or skinned on their outer surfaces. It
is preferred that the hollow fibers be unskinned.

In a second embodiment, a shell side contact device is provided
comprising a shell, perfluoroalkoxy resin hollow fibers and spacer means for
separating the hollow fibers adjacent an inlet to the shell for liquid to be

20  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.

This invention provides for contact device including a thermoplastic
perfluoroalkoxy resin hollow fiber membrane contactor with unitary end

25  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 ends of the hollow fibers. The perfluorinated thermoplastic

30 hollow fiber membranes of this invention are made of a polymer of a

tetrafluoroethyl -co- hexafluoropropylene copolymer or poly



is preferred that the hollow fibers be unskinned. In a second enbodi nent, a
shel|l side contact device is provided conprising a shell, perfluoroal koxy
resi n holwowsfsdes s and spacer neans for separating the RoTIuses/bdober s

adj acent an inlet to the shell for liquid to be 20 introduced into the
shell. The spacer means permt liquid flow through the shell at desirably
high flow rates with acceptable pressure drop through the shell. This

i nvention provides for contact devicelPncluding a thernoplastic

per fl uoroal koxy resin hollow fiber menbrane contactor with unitary end 25
E tr gf:t ur ]?s Kgaﬁaﬂgoaaeﬂiy@mqmqidrﬁgardéaikﬂt yinylktieerk oiypictldy, alkyl cmﬂpﬂi sed of a
undl e of substanti al.l aral | e ranes d at both
ends and ha\BrﬂEjﬁLWheF%’(? eeﬁfﬁy@? %E%%Oﬁ?%(fgﬁlnmet#aﬁwr%agflﬁ taini ng the
fibers. Therh dgiérlgl ﬁ%@?‘%ﬁgt X G;Iou éﬁs?éf@m@%ﬁﬁﬂﬂadarﬁésmhh mnds of the

hoIIowflbers ernopl astic 30 holl ow fi ber menbranes
of this i nveama@nfaameecﬁ%dEuBéntaprﬂuyg@n, E. MFA és desetibadriodi-Byl - co-

hexaf | uor_opr ol yner. or. /06928 -10
(tetraf | dor O%Q%S}Se‘ﬁé%@g feﬁl@fié’gfﬁq&%}ré?%?’%ﬁ% Fﬁ#ég)?cal ly, alkyl can
be propyl VF’W&E{%ZW%bﬁQia%I@&oﬂqSAﬂsﬁﬁ@{tﬂmtIﬁc;mthﬁ)ﬁr@,NJ as PFA or a

m xture of neth and propyl wherein the polyner is referred to in the art

as MFA. PFA is r?éhmmmﬁ ﬁﬁé@ﬂdﬁ)bymwaumdﬁp%ﬂﬂﬁe Spparatigmy(TIRSescri bed in

U S 5 Paten 6 ALY (PTFE- CO
PFVAE) 620, &Btgg‘iftﬁggﬁj gg}l?%%\u%l%?r%ﬁ? e%%l @&aﬁorﬁ‘%or o ét;%gﬂal\u. gI'he fibers
are made by tempbetured dnd dxhttdetthrdizhen aﬁﬁlrliaf ditiiwto a(cbbRE) bathefThed, in which

polymer is dissolved in a hal ocarbon sol vent at hi atures and
extr uded10t hrissjAng el £t isaroundes i feptinpous 603 AR aﬁﬁeﬂga‘?ﬁg"%{lﬁ’ esul ting gel

fiber is wouggd ag; agmy 2l afi@hot teaclﬁngtﬁ?é frih & Akd Yit eﬁeﬁ)%ed fd bers

substantial l'y paral not touchi ng he frane and coil are placed in

an extracti om domiathmbaﬂetmmmavhdlwﬂmhﬁomtbﬂgclhﬂoegeAﬁﬁr edractigh,t er

te )ﬁ;;agglof)gd th? erla?ee gnsnea eg onnl?egzlmelg foornabt ht%4f}{o%¥se fdo thert go%"fed 214}1 hours and
fibers are removed from the annealing oven and cooled. They are then

15  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
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
20  end structure comprises the portion of the fiber bundle which is encompassed
in a potted end, the pot and the end portion of the perfluorinated thermoplastic
housing, the inner surface of which is congruent with the pot and bonded to it.
By forming a unitary structure, a more robust contactor is produced, less
likely to leak or otherwise fail at the interface of the pot and the housing. The
25  potting and bonding process is an adaption of the method described in U.S.
Patent application 60/117,853 filed January 29, 1999, the disclosure of which
is incorporated by reference.
Potting and bonding are done in a single step. An external heating
block is used for potting one end at a time. The perfluorinated thermoplastic
30  end seals are preferably made of poly (tetrafluoroethylene-co-perfluoro

(alkylvinylether)) having a melting point of from about 250°C to about 260°C.



fibers are renoved fromthe annealing oven and cool ed. They are then 15
gathered into a cylindrical bundle and potted and bonded in a single step.
Potti ng iwoa3fpsmeess of form ng a tube sheet having |iqui @criughs/omesl s
around each fiber. The tube sheet or pot separates the interior of the
final contactor fromthe environnment. The pot is thermally bonded to the
housing vessel in the present invention to produce a unitary end
structure. The unitary 20 end structute- conprises the portion of the fiber
bundl e which is enconpassed in a potted end, the pot and the end portion

of the perflNoriBRbEpottiAghiMRRlRBHEflon®es) AK retihpfrommeusimontt ace of which is
congruent with the pot and bonded to it, By forging % nitary structure, a
mor e robust Wddt-aleceThpeofyedddcdaw Yisosity pply| (et up@ghvisnesPner wi se fail at
the interfa | Y5l 2 ROidsbRgbadRdy.Bondi ng

process is %%X%{dlé)p&ﬁgﬁﬁ%?sgﬁgllﬁgt%gﬁldgggtrel ef:?hlﬁ%s U S. Patent application
60/ 117, 853 fpiate€l5,266,639 ¥s 2& sultabie, Thheratessdhesueshafing#iegiottings i ncor por at ed

by reference. Potting and bondin one .in i ngl.e step. An external
heating Sbl geaena 11%1%%8“?%“&% ?‘?‘?ﬁ‘égéﬁgd ‘Eﬁﬁﬂﬁmglt ?‘frﬂg‘?leafﬁé‘ﬁﬁéeré?%ori nat ed
t her mopl ast i ¢, 30 BRBLRE2IASTeBES iPMEIEMARE _Mlo[@ﬁi?o&fof Sltthg material

(tetrafluoroethyl ene-co-perfluoro (al kylvinylether)) having a nelting point
of from aboubat2&84ins as abeass 260 Cme\WaTid0 sopediecHdisoRedders - 11 A

preferred pottin terial i.s Hyflon(r).940 AX resi fr i pont

U.S.A, Inc. Pnepﬁgflg?‘ﬁ?%?gf&@?°%§H%§?®S%t§f’§l§ﬁ 1567 xﬂl@lﬁgtﬁ%ﬁg@k%‘;l ene- co-
hexaf | uor oprigdyloanglic W 4 BrakRYWdRMr Méwhel t tenperatures as described in U S
Pat ent 5, 266,639 is also suitable. The process involves heating the potting

5 materiil in a Heauitay epdpirastureb it wirgis e raernt fhat e frhery endfhpBOlc| ear and
are free of téﬁ%ﬁ%ﬁﬁ%&%ql%h%iﬁtéb\forr&caesqlz%légnﬂ?,%«?nggﬁg{}éléggﬁen pool of

potting mat &F¢ remnai As as a recess icient to

posi ti on andeffluorinardith&afopldstiotlaterialsds hepaied dyifiistpreteatinSttesequent | y, the

recess will fill with the molten thﬁrrmpl astic in avi t csﬁliven fl ow.
PgRC T

10 A uni t ar yueiaers$if batht ende of thsroyping Refose %Qﬁfﬁ_nﬂ?&fl%f)ﬁ‘éngfﬁ B¥nd the pot
are bonded t,0,LRE AN DP9mbR-toRERE i dighEmaRtibt ¥ tRORGIshIg Nehesol el y of

15 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, the potting resin

20 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
30  advantages over the tube side contactor of the prior art. In one aspect of this

invention, the shell side contactor is highly efficient in that the ozonated



perfluorinated thernoplastic materials is prepared by first pretreating the
surfaces of both ends of the housing before the potting and bondi ng step.
This is womsmpi2eshed by nelt-bonding the potting nateri alPCTasplresobouUSi ng.
The 15 internal surfaces on both ends of the housing are heated closer to
its nelting point or just at the nelting point and inmedi ately inmersed
into a cup containing powdered poly (tetrafl uoroethyl ene-co-perfluoro

(al kyl vi nyl ether) (PTFE-CO PFVAE)) pa2ting resin. Since the surface
tenperature of the housing is higher than the nelting point of the potting
resins, the pedic Bempesdsat Rastd S4tppiodousitertaquédue linoidditagofiinsiioc The
housing is then renoved and polished wth a heat gun to fuse any excess
unnel t ed poﬁélﬂYO]WIt%out this pretreatnment step, the housing surfaces
often detach from.t [ - faf of interm xing
of the two resi n;ﬂl @ﬁ@@ﬁ%@%@%ﬁgggﬁgﬁ%&ﬁg{e g;gldigswg%?ﬁggsg the lunen of the
fibers expos@dracteﬁﬁed"hﬁahightpanlgingmlemsityeﬁaalreastt(]ﬁ)vnf)mehﬂmm further using a
heat gun to nelf away an ared or .rough potted surfaces. A solder gun
can be used %r%aﬂllfﬁ’ég?’lnﬁnofé‘é OUHRR YIRS any defective spot, sometines
with the help of 1§ g6ARr Mpect B8 thveRBod) theldiRIIVoRIne SndifniagMeact or of the
invention provides substantial 30 advantages over the tube side contactor
of the pri orhddlot. fihers Brieceadpeparatus whiihspronates turbalent ligred dawiwithinde
contactor is hiﬁ]lly efficient in that the ozonated WO 03/080228

PCT/ US03/ 069885145 product conprises at |east0.34 ppm ozone/liter aqueous
liquid/liter of interior shell volune. In another aspect of this

i nvention, the shell side contactor is characterized by a high packing
density B at |east 0.60 nP Reseniptian OfcThe Brawings, of jnterior shell
(housing) vol uma.FiI e .tag?ﬂusﬁ‘zﬁgl?gf Qgheglré'ife ﬂdi'l\l)%ﬁeaﬁz\enﬂﬂ%ﬁéhel | volune
containing the HoPFlow fibers is free of apparatus i ch pronotes turbul ent
l'iquid flow sntdeior oftieirsbsidn. 10 Description O The Draw ngs

Figure 2 is an illustration of a shell side hollow fiber contactor of this

D
&

invention including parallel plate spacers.
15 Figure 3 is an illustration of a shell side contactor of this invention
including a thick shell wall spacer.
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.
20 Figure 5 compares the shell side flows vs. tube side flow on ozone
concentration for the contactor of Example 1.
Figure 6 compares the shell side flows vs. tube side flow on ozone
concentration for the contactor of Example 2.
Figure 7 is an illustration of a prior art, tube side contactor.
25 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.
Figure 10 illustrates the efficiency of a shell side hollow fiber
contactor of this invention.
30 Figure 11 illustrates the performance of a shell side hollow fiber

contactor of this invention.



Figure 1 is an illustration of a shell side hollow fiber nenbrane

contactor of this invention. Figure 2 is an illustration of a shell side

hol | ow fiweri3osneact or of this invention including paral lPeT/yshzo@2&pacers.
15 Figure 3 is an illustration of a shell side contactor of this invention
including a thick shell wall spacer. Figure 4 is an illustration of a shell

side hollow fiber contactor of this invention including a tubular spacer
extending through the liquid inlet tela- shell. 20 Figure 5 conpares the
shell side flows vs. tube side flow on ozone concentration for the
contactor of Examigeel2 ifisgates tife relmipashés bétheers baddatien ded f | ows vs. tube
side flow on ozone concentration for the contactor of Exanple 2. Figure 7
is an iII_ustt?I&P?rBWI‘bf a prior art, tube side contactor. 25 Figure 8 is an
illustration of ﬁggﬁfqgﬂlﬁs@é&s%ﬁ@éﬁé& of Whkef o rHRIRIzB8atiore shel | side
flows vs. tube si | ow on ozone concentration for the contactor of
Exanpl e 3. Fi gur Fig@eilklilstratesdlse ¢ifast of Water Bawyatefvs gpressutd drgp.de hol | ow
fiber caontactor of tqi s inventi.on. 30 Fi gure 11 Hjl ustrates the
performance of a RHYFIISSHEC ahS\RIf?r?%qna CORTHEEEY %1 Phi s i nvention. WO
03/ 080228 PCT/ US03/06928 -13 Figure 12 illustrates the relationship

bet ween ozonation and tenperature. Figure 13 illustrates the effect of
water flow rate on ozona iled ipti il t he effect of water

on Of Vi
flowrate vs. pressure drop. ..5 FEigur | ' ozonat i on
recircul ating | o_?)%.e e q%g%lg?é‘seg rhlgg?ﬁg?\b%&n%ﬁéaﬁ%ﬁggﬁitdpgen htglgasymret ric
ski nned hol Ipvedst Beskrib&Marcdncurtent I L Gucadapplichiion 6@t bL8ssfidéscri bed in

concurrent U S. patent application 60/117,854 fi|
10 J anuar;e 29, 1999, 81‘2: disclosure of which is incorporateg %y reference. That

process is based on the Thermally Induced Phase Separation (TIPS) method of
making porous structures and membranes. A mixture of perfluorinated
thermoplastic polymer pellets, usually ground to a size smaller than supplied
by the manufacturer, from about 100 to about 1000 microns, preferably about

15 300 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

20  (tetrafluoroethylene-co-perfluoro (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

30  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,



10 January 29, 1999, the disclosure of which is incorporated by reference.
That process is based on the Thermally | nduced Phase Separation (TIPS)
met hod ofwoOrpalsogs por ous structures and nenbranes. A m xt 0CE/USH3/06928
perfluorinated thernoplastic polyner pellets, usually ground to a size
smal | er than supplied by the manufacturer, from about 100 to about 1000
m crons, preferably about 15 300 mi crons, nore preferably supplied or
ground to a powder, and an solvent, -38#ieh as chlorotrifl uoroethyl ene
oligimer, is first mxed to a past or past-like consistency. The polyner
conpri ses bejunaettompesevilyeiog ay thb? Wnirerattty) Fitprekeuadd is réfofted o 0% by
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tetrafluoro oropropylene) (FEP), or blends of these
pol yners, V\/rbamﬂel wheredhs oipesdure maisedstolabeve thte@pgqawtlaal@@luﬁtonon havi ng an

upper critical soluti rature Fﬁ’gh glution is
cool ed, Sepafpgatur ??ﬂﬁ‘a{ ééér%ﬁ%%‘e%c Pﬁﬁ’i\,\@es ‘gﬂ%laué’%g%separ ation. 25
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phase separation, rather than solid-liquid phase separation when the
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The 30 choi Clﬁalﬁfalﬁéd%ta@émlﬁé?ﬁtutegodlb\ﬁtliﬁlq@eb@htidabsdhmdn tepnpefatirbef sol vent to
di ssolve the polynmer when heated tq m an, upper cr| tfjﬁlufﬁ'lll sol ution

t enper at r e e pokymea SOIV@@BTWQ@@@@?&UW 5958 solvent ®hot to
excessi vel y tlﬁgxhll;opﬂstlk ggfgg{ ?{%@ﬁ #heex &?fenﬁ)é}e{n&i‘%' ohRobiigeieed to as

spi nning and the extr engt rom he die éxit to the take-up
station is h@feﬂralnédhapmdashﬁiba usgérpodsiphese sEharatiors tid & gelfibeeresdlii.nt o a

Critical sol 40P if B SoligbPatbrnEs 1onur g SEORI b EGRPINEREl | no! do.
ski nned hol | @d%rf\ife{?&rm ﬂ@@&‘ipéc%ﬁ%fa o6l y TRINRE B0&P UBoribhialspiifiglen ext ruded
t hrough an annu di'e directly into a Irquid cooling bath with no air
gap. Theld unwherditlnspireling 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



mai ntained with a constant pressure of gas. The liquid cooling bath is

mai ntai ned at a tenperature bel ow the upper critical solution tenperature
of 10 t hewpaBgsees sol uti on. The preferred bath liquid is mer/usoyedoeent for
the thernoplastic polyner, even at the extrusion tenperature. Upon
cooling, the heated and shaped sol uti on undergoes phase separation and a
gel fiber results. The die tip is slightly subnerged for vertical

spinning, i.e.; the spinline falls -déwnward, in the direction of a freely
falling body. For horizontal spinning, 15 where the spin |line exists
directly i n 2908Chsaefezabhy omedbiout 2THEC taabouit 2L3KUE, vtith the chostpreferred | ess in

that plane until at |east the first quide roll, a special design die is
used. The di@ngsiremabpyt 278t £o 6‘?9%’(92%%5%- Haor t‘?ﬁ%%}r’g%f‘eﬁm%gge with the die

tip penetratd - LAY iei@aithd diop kbl gbmPE@urdsn t he
i nsul at or mé#?g&ﬁﬁgg%ESﬁﬂ?ggﬁg%%%fng’??hﬁléifﬁ%M/fs pléggd iﬁsa recess in
t he opposi t dsaiptefei2€d stbp.t Aeneating ltimtds fior thedel stepisns fromeabnelr6 torebouidd | nai nt ai n
the die nose outlet in_a . supnerged condition., Cooling liquid flows in the
trough ard %mpquerablyrggm _ OB?ICBttﬁ@%P?tgibg}f?uGSf‘_ | esser depth, keeping
the di e nose outlgtihsURERHEGEEscbddinUSINB0/21 7,894 coRolldddviapbratish bot h t he

vertical and horizontal methods, a booster heater and tenperature control
means i s useaf sobvebt fremlay laasti ane sutfacexd thohellavofiberasplegxagtuthe digtipise die tip

to prevent premature.cooling.. Iln th ubsequ th L.ssol ution

sol vent is r%’r‘i’ﬁrrglé%f‘ﬁﬁ}ﬁ g@?‘é@@%‘ﬁr %f’r@s f%ggg?sg%ng%%ﬁbﬁg%ﬁdo%t %lgér merbr ane
is dried undgbcdsstd prdidiie inferligMerst skiliedrasi@metival RHREfiBeoealsl apse.
Optionally, the dried fiber may be heat set at 200C to . 300C. Preferably
the fibeld wimpmbrnpeipmgpertlugringieddheragplasdepolymsts: diort hist a 30 tenperature
near the nelting: : : i { eferred polyner
of this i nve%r%%ﬁﬁl?@gm{ew %ﬁgqirlzg%%glegfvg r%%aﬁaghaglg{){eg%%gf%g%bout WO

03/ 080228 PGIntiBa@is6Rd8nto-tHbinA0Eampteed £tha bhiyed. r lnrthia eobbd27énCtiteo about
285C, with the nost preferred range f{lo about 278C to aboyt 282C. In
order to mi ruRFEEatEd BPIRRRIGEPIEES HEIG50Re et 25 SeBLBECTEPe Sl ned,

anneal i ng st@p i A TbiHr shRRRE b BRperlfRiaR iRk @5 RHdst ep. Anneal i ng
times for these steps 1s fromabout 6 Po about 48 5 hours, nore preferably,
from about 1&ncentedtionton3he imper lwmen 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



In the invention described in USSN 60/117, 854, controlled evaporation of
solvent fromat |east one surface of the hollow fiber as it exists the die
tip is cwolwned2’v t h hi gher pol ynmer solids sol uti ons andPChassuyes ged
extrusion process to produce inner dianeter skinned asynmmetrical holl ow

fi ber porous 10 nenbranes from perfluorinated thernoplastic polynmers. For
t his enbodinent, the lumen is maintained with a constant pressure of a gas
continuously fed into the inner diametter of the lunmen. In this enbodi nent
the superheated sol vent evaporates inside the lumen as soon as it energes

from the dia@pli&&ﬁ%n'p@&&d&ffoﬁﬁﬂgﬁmk, SanFies hallow BiBef patbad membra@ase i n solids
15 concentration on the inner lunen surface. As the nelt is quenched, a

very thin grem specifienllyemicaperhes pewbrnssirose seriifiprinaied Hermepiastist ¢ he
menbrane for @r@ﬁ%&feggﬁﬁg@ﬁﬁ&s} MiE SHREAR drlifesd BbBMcIDTEr ged 1N 2

cooling or CP I'ch "prevent por oge omflashing off the
outer surface andrhepressstosprotivceftheseahémbrands iabased ondhe Themally er surf ace.

20 To produce _an _asynmmetric skinned perfl uorinated therpoplastic hollow
i ber. herfbr ARG BRI ReraiotAn RIS ehce T Ao HBBFBEs  descr | bed

above is adgplatt.Fa Mﬁiﬂt‘ss&g'r%,gg'g@rﬂaéﬁgbﬁ&s,wsﬁmyagbﬁmq iR MANENt

evaporation at the I nner the outér surface is exposed to the
at nospher e ithamsuppliyd B tiretmaiufacgapr, o aug hO@to sbgut H¥O0oniskdnag bat h. The 25

| umen-fillin iquid c e.a liquid that does.nqgt boil .or excessively
vapori ze plJg?é?@%r%%?"@ggﬁ)(gg‘i“&ﬂmp?‘Wé%g%e?erﬁl?lgis@?@? F BRI L0 APRY A her al ~ oi 1,
silicone oiland 8RE1VEHOGhH Rl RS Eiflubdethyfend@Sibinir el €Trétesixkd eud d being a | ow
nol ecul ar wei ght saturated chlorotrif| uorohydrocarbon polynmer. To produce

unski nneld perablews phstedibig consistensyl dbeipelymies comorissdetve@nhol | ow fi ber
nmenbrane, the teachi o 1..,Pat.ent ! i Lal. ers
60/ 117, 852 aarli’Br%‘b‘Pithf“% #‘?%ﬁé)ngéﬁ aroﬁ%‘l‘ﬂ"%%gqﬂea?@%@é?&%& WO

03/ 080228 PG thiShehdesheFormakfonarphrs batliqatd-quod, rater than sélidghiqdid ux, skin-free
hol | ow fi ber porous nenbranes, nore specjfically, mcropqrous nmenbranes,

from per f | udtiapeicparatine Phsp hesolwiongs pxtded andgocled prefaried spIVERIBEA or MFA
or blends of,t 0&S& bW S Scular 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



The process to produce these nenbranes is based on the Thermally 5 Induced
Phase Separation (TIPS) nethod of making porous structures and nenbranes.
A m xt ur ewofosfpsl2gsrer pellets, usually ground to a size snMRCITAIS03/0d92%
supplied by the manufacturer, from about 100 to about 1000 m crons,
preferably about 300 m crons, nore preferably supplied or ground to a
powder and an solvent, such as chlorotrifluoroethylene oliginer, is first
m xed to a 10 paste or paste-like condi’stency. The pol yner conprises
between approximately 12%to 35% by wei ght of the m xture. The solvent is
chosen so tplenemrtibatleastfthe fimt goide odt wrspedigily deyigndlié isqused, Thadiees t han
solid-liquid, phase separation when the_ solution j.s extruded and cool ed.
Preferred soﬁ@%lﬁﬁ’gmtlﬁ?‘gf%gﬂ‘}ﬂ ap wguletsd ‘@’(%F r‘ﬁ Pgﬁ?etfﬁHP%ﬂE?‘é&’of
chlorotriflugr 9ehing B i _dﬁgﬁmariﬁdhéﬁkmaﬂawaﬁ. &aﬁ@@&;) 60 from

Hal ocar bon Products Corporatio Ri ver Edge, N.J. oi ce of the solvent is

di ctated by ¢dedinghighidtfovois nlaeedsnhvensss intthe dpposie side phthepasujatioe when heat ed
to forman u r. critical solution. tenperature solutjon ut not to
excessively %gﬁ’lmétmwgli gh?é%t?&?’fﬁ“é&legﬁﬁg?se Oélgftrlﬂgis hmlelgeaef erred to as
spi nni ng andcdagiopx tadetiag 1fqhiaq10wﬁﬁgh@tréﬁ@ranuhﬁreﬂicﬁvsaﬁ aQ¥gibn bpthiehe take-up
station is referred to as the spin line. The paste is netered into a

heat ed ext r udleughmfiesser depéh, keenves thedirnese wrletrsabmeteed yvithhbllew e upper
critical sol yti.on,t r ; i t C onbgeneous
solution is %’qgglﬁgggﬁfﬁﬁﬁéﬁygfwr 838%1%§%g%ﬁ§?§4ﬁd# ée)[ﬂol r’ggg) ?S;geri-lﬁr%? tgpa l'iquid
cool i ng bat imdveinperaturacontgd eads dsedito eieflyahise thelzatution semperatued ned at a
tenperature 25 bel ow the upper critical solution tenperaflure of the polyner
sol ut i onl0 The thedigtiarte Pacvisat premaiie goqlwen &g 2 gubsgauashstep-dhe t he t her nopl asti ¢

pol yner, evegﬁs%tlutadﬁﬁol\feﬁ fs"fgrhg{?ecf @I@&fa@ﬁéﬁ gnd tHERRuRAR Ih}Loﬂ@w fivge heated and

shaped sol ution nder goes ase separation and a gel fiber results. The
die tip is shegbtdng is dndihwerdgecksfraint togprevenamempraneishgnkdgeend t he spin |ine

falls downwar in the 3 i rectign of freely falll qdy. For
hor i iont al sf)(?qlﬁﬂé% ,p%?@ﬁgglfar@“@;fﬁ?‘?rmaﬁ ellg%ngat&%beé&Pq% ﬂyt he hori zont al
attitude, and is TRLplfhSRHIAE d&Crib&Sm doRcirfak V) L&D 8HAREion

PCT/ US03/ 06928 -17 plane until at least the first guide roll, a specially
desi gn di®e i60/LEEYI3, Tiled Hingary29, 1999, incorporated by reference. This

application describes a simplified method for manufacturing a filter element of
perfluorinated thermoplastic hollow fiber membranes potted with a
perfluorinated thermoplastic polymer. The method comprises vertically
placing a portion of a bundle of hollow fiber membrane lengths with at least

20  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 vertically
up the fibers, completely filling the interstitial spaces between fibers with the

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

30  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



firmy positioned against an insulated wall with the die tip penetrating

through an opening having a liquid-tight seal in the insulator wall. A
trough fowoososleshg liquid flowis placed in a recess in trha/usppodet e si de
of the insulating 5 wall, in a manner that will maintain the die nose

outlet in a subnerged condition. Cooling liquid flows in the trough and
overflows in a region of the trough of |esser depth, keeping the die nose
outl et subnerged with a flow of cool-ilfg liquid. In both the vertical and
hori zontal nethods, a booster heater and tenperature control neans is used
to briefly rwillsill tvhen gelthérmpldstopdreated tea nmratitessudfi@erntlymbbwe pr event

premature cooli .. I'n a subsequent step, th i ssolution solvent is
removed by é_f(stﬁoﬁg‘?lflgﬁrgﬁ “’chSI%P‘ér?B’Ir? E’rﬁo"i‘rtﬂ“ﬁé\ﬁﬂﬁ%%@? TR LR QT | s dried
under restr ahDlinfehePELNSS AIRADIRRR. TMEichk8fRedMr cAbd @ps@byOptional ly the
dried fiber nmay be heat "set at 200C to 300C. The potting nmethod is

descri bed i rseelong phugeing, o 18.a prafeeed cappdimesat, ibyrbeinesfogo¢d b 1863, fil ed
January 29, 1999, incorporated.by reference. Thi L icat.ion describes a
sinmplified met ho&?@“ﬁﬂﬁ%ﬁ El’r%ﬁéheéle % ?Ogacgqrelﬁeoﬁgfnveﬂéﬁl uori nat ed

t her mopl ast ijaclagés :psﬁeﬂimefbnﬁ@mﬁaa@@alym&beﬁémﬂmoam?mé thdior i nat ed

t hernopl astic polyner. The nethod conprises vertically _placing a portion

of a bundl e wstileepalw YinYetharsney ek 4 entfiFdsonihe ket Pesitienedygtime cl osed,
by the cl Osetgle S‘f?% ark 1Y é’?lé‘[%/%%ﬁl% brez%clgfsfgnﬁ%fjﬁfl d n%bl?lﬁgpﬂn%(g{’sitioﬁm ten

t hernopl astiC poel ymer ina contail ner, engths in a
defined ver tdesalibedabbi¢.OThe fibdril 4 pogted bicedch endropthashelt 1potiiner in a

nmolten state so that it flows int he tenporary.recess round the fibers
and vert10_calR(?tlngj‘fpmmltﬂnb]ér@,se@gﬁ‘glaé?\_éqfnf“is?»laialf‘fé‘“{ ﬁf&elisﬁb%lféf itial spaces
bet ween f | b%?orlrl%tirlﬂett f?ar@s&&ﬁ&%ﬁ%}&?%ﬂ&l l%ﬂlﬁ/d{%h-ouﬁettm%ni'eﬁ ecess 1s a

recess that renains as a recess e nol ten potting mate.rlal for atine
suf fi ci ent tthe posérsiodholom fibex14 theodghtgas inléts Ad lugilizing plcapeemdiodalt hen wi | | be

filled by the .t en t her l.astic. e tenporary nature t recess can
be control l e‘BaIE'}”g)lé ﬁ‘é’tfg??ﬁ’g%@df Een_%ﬁve&%(’ tth_e[fﬁg_e o%ﬂ“ﬁ% gﬁ%t?‘g[;ﬁtsa?‘ﬁi s held,
the tenperat g,g s@th ahiz6he, HAG P HrbhdhIhEBEIRIW @ber Wwalkindes dissbivédia fi ber

bundl e pl acenent, and the physical properties of the potting nmaterial. A

t enpor ar i6 r etbediguidanclahswatsetor forass agvecas savriedolyienthsicas be gtiligadch WO
03/080228 PCE;I;/aLrJlSe?gh/arqg gagone is produced by subjecting an oxygen containing gas such
as 99% oxygen and 1% nitrogen to an electrical discharge in a manner well
known in the art.
Referring to Figure 2, the shell side contactor 26 includes the potting
20  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 12.
Referring to Figure 3, contactor 30 includes shell wall portion 30
which is thicker adjacent the liquid inlet 18 that the remainder of the shell will
25 32 positioned remote from the inlet 18. This configuration increases the
volume of open space adjacent inlet 18 thereby to reduce pressure drop within
the shell 12.
Referring to Figure 4, the contactor 36 includes an extended tube 38
which separates hollow fiber 14. The tube 38 includes holes 40 through which
30  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.



-18 will fill when the thernoplastic is heated to a tenperature
sufficiently above its softening or nelting tenperature to flow, and held
at that twopewsmese for the time necessary to fill the r@cedsn3/ddees end of
the fiber can be closed by sealing, plugging, or in a preferred

enbodi ment, by being formed in a loop. 5 Referring to Figure 1, the shel
side contactor 10 of this invention includes a shell 12 fornmed of a

copol ymer of tetrafl uoroethylene and -19erfl uoroal kyl vinyl ether such as
PFA'or MFA or the like. Positioned within the shell are a plurality of
hol | ow fibers 14 The pResendinv@ntion proRides asiplbiidée contadd@selhichéchigiipve. The
fibers 14 are _potted at each end of the shell 12 with a 10 potting

conposi ti on affcigat Leforming Felapishbehish ronesatration of rpppatedhates wWinedy | 12

t hrough inle i NI I 8 3 let:- 20. Gas enters
t he | unens o#onﬁ%il?éc}\?veés? %lger 14 &ﬁfﬁ%ﬁ?ﬁ%@% aiq%‘f%élis rs111 qggﬂtl;}te 1|0 |1§|Fe§r[1]812a
convent i onal housing vodhrle, (preferablyg whieast O 3i pprn ezmedderf aqueousieuidilitens t hr ough

gas outlets 24. Gals1 such gs..0zone, passes t hrough the hollow fiber walls
and is dissoPVBIFIORRBIEWME i g such as water to form an aqueous ozone

sol ution that canThg cfidiédc%a8l at 18t AL 70NARbre SBABS ih FotiRgUCed by
subj ecting an oxygen containing gas such as 99% oxygen and 1 %nitrogen to

an el ect ri cabzoditsd veateyepvienthg rpesh alicienpitior achesenaton, anHafuger™ Referring to
Figure 2, the el l, side contactor 26 i s t pottin 20 conposition
T6"and ol | oioge et B e el P R Bed A e M AR cor ol ares 28
that spread fi@dMigdrloPmtbrifiahell 4okRR) el Ihfuzor ON@ireide @embdedy Bl | i qui d

within contactor 26 to reduce pressure drop within shell 12. Referring to
Fi gure 310 coRemerasiondd EapfdiillgdNew York. wal | portion 30 which is thicker

adj acent the 'iqukﬁ#%ﬂ??ﬁm%§‘$étE¥%¢§¥%$§R5@ﬂ?%ﬁ8$ggﬂﬁnﬁﬁg%ﬁwvw" 25 32

positioned renote eln IS C guration 1 ncreases the

vol ume of opesmt&piag@sash enawrtgas ndekitickBoftA5OpAhy’ | Hslpecinde@2psigasgae dr op
within the shell 12. Referring to Figure 4, the contactor 36 includes an
ext ended t ub®°FEC-which separates hollow fiber 14. The tube 38 incl udes

hol es 40 thr ough i elicichy bidibeh GtRe PASEnd N Giib GotfiRd drilkdhg aThe tube 38

pronot es ingress 1 qui nto
15  desirably lower volume shell at relatively high flow rates of ozone and water

through the shell side contactor of this invention. In addition, the efficiency of
the present invention permits operating the shell side contactor on a one-pass
basis of liquid through the contactor. This operation eliminates the need for a
liquid flow path and accompanying pumping capacity to effect passage of the

20  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 require a multiple pass liquid flow path.

In another aspect of this invention, the shell (housing) side contactor of

25  this invention has a high packing density of at least 0.34 m* membrane
area/liter of interior shell volume, preferably at least 0.60 m* membrane
area/liter of interior shell volume, so that the efficiencies set forth above are
obtained. These high packing densities are obtained when utilizing hollow
fibers having an exterior diameter of between about 300p and 1500p and

30 preferably between about 600p and 1000p and an interior diameter between
about 250p and 1100p. A packing density up to about 1.2 m*> membrane



the shell 12 and to reduce pressure drop through the shell 12. WO 03/ 080228
PCT/ US03/ 06928 -19 The present invention provides a shell side contactor
whi ch i s woghlogo22&f ficient for formng relatively high comcerusnsodoon of
ozonated water which contains at |east about 0.34 ppm ozone/liter agueous
liquid/liter of interior housing volune, preferably, at |east 0.43 ppm
ozone/liter aqueous liquid/liter 5 of interior housing volunme. This
efficiency is at |east about 70% nore20fficient in form ng ozonated water
over the nost efficient prior art ozonator, an InfuzorTM cartridge that
produced an gres/fiter phit@icafshéll I@dmppad be distninad euithatis contacjor affthist er of
interior shell volune. The Infuzor TMcartridge is nmade by Pall 10

Cor por ation BVeER8: Hills, New York. All performance clainms in this patent
application pert ainrhdtdﬁidi’ﬁ%?res%ﬁﬂh@&fﬁoﬂgyr&ﬁ@esadkh‘éﬂgﬂﬁ BafcEPRidi on of
2509/ N8 , 5 sl pmand 22psid of gas preéessure. The efficiency produced by

t he present isifieenfapparges which affectsitubnigntliquid fldwswitlibltye $helleTheol une shel |
at relatiyel igh flowrates of gzone and.water, . .through t.he shell side
cont act or’ ofé/xtcﬂ'isgmi(?ﬁ)s@\f,‘:{? ?Wﬁ?srfségm“far%ﬂ?s St"f'l%e@lrtl"’rl‘c?? OBHO™ he present
invention pefadulént TR RkivaGr bhirdheislelifliti@ed OTHAREIOH fidh PaidRs RASS  basi s
of liquid through the contactor. This operation elimnates the need for a
liquid flow graetiiahwlenmprsaisingizagatpdiagioans eappesition wtdized fnelbe passage of the
20 liquid thy h.th nt i lural it i ' er to produce an
ozonat ed wateelgé{%)rn o) ulc(th?sc h?’g%é\@%%l’gu e%J% glrpx,PéI a%jsr#rﬂgfri%gso!%%ﬁn%ﬁ%oncent rpati on.

Thus, the sheldstradtids wisioh aeluods Minuifdvhgringuoent ThB appauiudesthsuibst ant i al
advant ages over_prior art contactors which, re%i re a multjple pass liquid
flow pat ¥ |RveRionrontrastsdex exgmplqwih theldawi-Gef ™ coptagpepovidgdbEi ng) si de

contact of O podchels Velarlcl EBIJoRMlolA7hidh Hiffls BESSY BBeAGhShibYcln 21 | cast O 34

n2 nmenbrane areal/liter of I'nterior olunme, preferably at |east 0.60
n2 menbr ane flewibla/shbdtete, ofich astacwoven sabsttate whichnmcludes atthidbulenhkquedf i ci enci es
set forth above .ar obt, i.rrluage.shjcl'ltfese hi gh packi ng densities are obtained

when utilizi Wgusise paffe wit

In operating the shell-side contactor of this invention, the inlet gas

15  pressure at the hollow fiber inlets typically is between about 1 and about 45
psig, preferably between about 10 and about 45 psig. Typical outlet gas
pressure drop at the hollow fiber outlets is between about 0.1 and about 5 psig,
preferably between about 0.1 and about 1 psig. Typical liquid pressure drop at
the shell inlet typically is between about 5 and about 45 psig, preferably

20 between about 2 and about 15 psig. When operating under these conditions of
pressure, the efficiency and high packing densities set forth above are
obtained. In addition, 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.

25 CHARACTERIZATION METHODS

The shell side contactor of this invention provides substantial

advantages over a tube side-contactor. The mass transfer equation of tube-side
flow is characterized by the following equation.
Sh = K*d/Dy, = 1.64*Re™** §¢*** *(D/L)**

30  Where Sh = Sherwood Number,

K = mass transfer coefficient, cm2/s,



fibers having an exterior dianeter of between about 300 and | 500 and 30
preferably between about 600 and | 000g and an interior dianeter between
about 250weared/o8@290p. A packi ng density up to about 1.2 niPCrarsos/edses WO

03/ 080228 PCT/ US03/ 06928 -20 areal/liter of interior shell volume can be
obtained with the contactor of this invention. In addition, the present

i nvention provides a shell side contactor which is free of apparatus which
effects turbulent liquid flow within-2he shell. The 5 exclusion of such
apparatus i s advantageous since particle formation from turbulent flow
activator apparaUUSIﬁﬁﬁ&bfﬁbﬂated. The | ack of such particles is essential
when processing o onateg aqueous conposition utilized in the electronics

i ndustry. In addl T4ihgth c8n apparatus provides a sinple construction

whi ch reduces naqyiaqhﬂﬁhgﬁ &ﬁﬁ&smeQQOQpparatus of this 10 invention
contrasts, for exanple wt CelTM cont actor provided by Hoechest

Cel anese Cor poratRmRMyndﬂ’sdﬁumbezelsVdﬁwl |l ow fibers positioned on a flexible
substrate such awoven trate WhICh includes a turbulent liquid

i nduci ng>baffle 3§tﬁﬁﬁﬁtﬁ% iﬁ%? L WRDsperating the shell-side contactor of
this invention, theveRLRY, @dsec 15 pressure at the hollow fiber inlets

typically is bet ween about 1 and about 45 psig, preferably between about
10 and about 45 psrgensrqubméﬁse%utlet gas pressure drop at the hollow fiber

outlets is betwe C?j’bgﬁé%dq%% ?mt %3 Baﬁo% at%r eﬁete e@ﬂ] eR‘et ween about

0.1 and about 1 sure shell inl et

typically i Sohedr \oeegbr&ﬁqué nﬁsmﬂlsa@cwefﬁé&nppetrgnemmﬁemblwn Elfbpbet ween about
2 and about 15 en o eratl ngl%qunder t hese conditi o%ts pressure,
the ef fi¥ erﬁ%’oréﬁt% i Breniag e dgvige pagrt sddingrepsing theugbst et bets  opt aj ned. In

addi tion, whgn, en ?ﬁ’gb%%ﬁ%akﬂ%@d&oﬁ%e%ﬁeﬁ is tﬂétswﬁ’ﬁ'%haeﬁberw thin said

l'iquid are prevente ermt'ting dissolution of e gas such as ozone

inthe li quntleﬂuwtpeasibm(wenth&zﬁao@bléﬁéﬁiiﬁ}?tvﬂlﬁdﬁoﬁ}\hg’dﬁﬂ'tdmﬁnghe shel | side

contactor of this inventio ro subst ant j .
reduceﬁ mass transfer, I7arga 'Yhere ore, ?n tui)e s}deaﬂow, 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.
Sheli-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



advant ages over a tube side-contactor. The nmass transfer equation of
tube-side flowis characterized by the follow ng equation. Sh = K*d/ Dab =
1. 64*Re. 3809308@38 *(D/ L) 0. 33 30 Where Sh = Sherwood Nunb@CI/Us03704va% S
transfer coefficient, cn2/s, WO 03/080228 PCT/US03/06928 -21- L = length
of fiber d = 1D of fiber, cm Dab = diffusion coefficient of ozone Re =
Reynol d's Nunber, pvd/ 5 Sc = Schm dt's Nunber, /p Dab v = velocity,
cmsec p = density, cnB/sec. It can b&2deduced fromthe above equation that
as the device gets longer (larger L), the nmass transfer coefficient per
menbr ane ar esceptedr tutdr digiribdttbrafoe trediguéd. yThd<iegps mgy hiree el wavenloata and

I ncreasing the nunper of fibers gl so doesn't. provide satisfactory results.
The reason |&SUPRIFIORTR: ﬁ’é]rtéeﬁqgg‘rt@,nal %Oﬁ%tﬂfqt@\%e%&emﬁ»ﬁf chage pi¥Phe above
equation) w;ll : j b &0k 4 r/ area.

q ) Wish thédtf).lggﬁdgga#ﬁ%\[,rv?&%q, %)bér@sl%rﬁﬁcaﬁﬁ AR EBB Shd EARRLE

Therefore, int - Sl hough adding nenbrane area always results
in hi gher penamrfacmieg probessnisadditiem stpportitg petefiols suchcas thfeads/andi ncr eases
much |l ess than the increase jin nenbrang area.. The reason,for reduced nass
transfer % s If‘ﬁtétarea%ot‘fr’rcﬁ’é‘???ﬁ@? SPRAGER Wﬁ’fﬁé%?%gé%m Gily co?tﬁlgu%ﬁ?ckness of

di f fusi on t hgidaeadatiMatioayer . Thi cker boundary | ayer neans |ower mass
transfer. Shell-side mass transfer is nuch nore efficient, the mass

transfer is 20 cHavalvaeiegeelithisinvensionds thatha gbidistedbiain s@stastipk d/ Dab =
0, 35" Fe0: 5 5548 A S0V S| QR LR mATS ARRYSygUEb g en o o6,
and L, the hethgdhwiiiletthie ndtiey docdirepheiiRftht fidf babft of shellgidemmazsf er can be
estiml el% bytransfer, 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. In this invention, the fittings and the flow of the liquid and gas are
15 reversed. In other words, two small fittings, e.g.%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. 2”
to 1" are needed for carrying water flow rate up to 10gpm.
A shell-side module cannot be made just by reversing the flow and the
20 fittings because the fiber bundle would produce enormous pressure drops (> 30
psig @ 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. We have
found that pressure drop can be substantially reduced by decreasing the
25  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.
Figure 7 shows a typical tube side flow pattern of the Prior Art hollow
30 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)



25 dividing the shell-side equation by the tube-side equation. It can be
found that shell-side is between 5X to 1 OX better than tube-side. An

addi t i onaWwOlangf2zeg of shell-side transfer surface is thePeTtusosed92$renbr ane
area. Since external nenbrane area is always |larger than the internal area
(tube-side transfer), shall-side transfer has the benefit of a |arger
contact area. 30 Although shell-side nmass transfer has many advantages, in
general, design and construction of -t28e device is nore conplicated.

Usual ly it involves WO 03/080228 PCT/ US03/06928 - 22 a center tube

di stri buti onackéess shdsibsmé qUhelporbhiesthichee sfhalimhﬁbersmiﬂhmltmmkimnt 0o a
supporting mat these, additi o aI constructi whi ch are

{s
absent in tﬂE’WSLP@éYgfiS&@dbfg%Fﬁ thsmerpbape and;efs Yﬁa‘ﬁ{h’%wgﬂ enges to the
cartridge r@&wﬁg%&{elﬂ&eﬂr@ﬁgﬁ 1d'aHd%9§iﬂ6\k/§’Qpes§HﬂBHéHfokﬂ&éi‘i@ltl%rdlea'S such as
threads and 5 mat's are potential particle generators which may
si gni fi cant Igontﬁ(gntathehqmd fiives thoogh dind shetlisole. and e @zwnagaﬂge of t hi s
to obtain substatlal enefit

|nvent|on|stEe i it
Sher T s e vrebdipefies B e fechioo b by Brivines R BR St Toa. whi 1 e
this method ﬁ@&‘ﬁhohlc%@éﬂtﬂﬁeréd?&nf utﬂle banghdricabe sRtedsitler mass 10

transfer, the manufacturing cost for such a nodule is also less. A

t ube-si de rohrizenially es M@tlbgfllscoa’ssvvﬁ@@mwe\bﬁbhv thmwp HogeconfiguiakigRs at  bot h

ends for wate throu t he Two smal |
gas fitti ngs %ﬂlﬂdﬁ@% r&ra?sﬁfere nearP Oemea\ﬁlf% a%%é&[%e entrance
of the noduthg gad §idé Alow rhﬁévﬁﬂaﬁs‘u@@ and b@nd‘entraﬁdigancaﬂﬂ ligngl sﬁdleoﬂmof the liquid

and gas are 15 reversed. In other words, two small fittings, 1/" are

| ocated Ht efeiheresaie temperahee, #d e Alé@xwgnw%wre\m@@m%@éef. ttings are
bonded on th {: I trance of the
nodul e. The ar&ggmfol‘@tllnngéﬁég ‘i’h@%fr%@ﬂﬂ%a@ﬁ%tyﬁe@?stﬁéégue ﬁgfﬂcarryl ng wat er
fl ow rat e upddgassktfgperinstallsé éd promdéel amsluhtel)bﬁaahsﬂreahefmadéoqon&t by reversing
the flow and the 20 fittings beca e_fiber bundl e would produce

enor nous pressure drops (> 30 psi m . The packing density has to be
reduced and the fjRenhPpdifh diREASOBITRNIS TBAN!DE iff ichkih e hag to be

nodified to mnimze the pressure drop
15  using porous skinless PFA hollow fibers. The fiber outer diameter (OD) was

about 800 microns and the inner diameter (ID) about 500 microns. The
number of the fibers was about 2100 and the packing density was around 0.46
m? of external membrane area/liter of internal cartridge volume. The fiber
bundle was potted with an offset of %4> gas fitting at both end of the module.

20  Two 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 /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.

25 The contactor was tested for ozonation efficiency. Ozone gas at 22
psig., 250 gNm3 and 5 slpm was fed into the gas port of the contactor.
Deionized (DI) water was pumped into the contactor using the shell-side water
fitting at a rate of 5 gpm at 25C. The water pressure drop across the module
was about 5 psig. The concentration of ozone in the outlet water was

30  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



but at the sane tine avoiding massive channeling of water flow. W have
found that pressure drop can be substantially reduced by decreasing the 25
packi ng dwoBigo2ks om 58% to 48% and al so of fsetting the fiPo#rusosindbe at t he
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

i ntroducing gaps into the bundle. Figure 7 shows a typical tube side flow
pattern of the Prior Art hollow 30 f2ber contactor. In the tube side
configuration the liquid flows inside the |unmen of the fiber and the ozone
gas flows (antfiens)dhesansdonaetoraouldprotinteless e 03HPBGRRG tB6SF/ US03/ 06928
-23 across shell side. The porous structure of hollow fibers, w thout dense

skin, all ov%dedﬁP@e wass trapsir s Thee W%ﬁ%@)@nﬁ‘ﬁ@ PSRENRIAYCS Y sol ve in t he
water flow pg. a;bBul%U%l mgz%ngﬂﬁl e égng?,?]mghgqﬁo({uh@%%@ae switched for the

shell side contiguration- t t hrough the shell side and the
ozone gas |Spplin/t;mu’heamlofbamuwevbhnné|Aeompanmms>fﬂfa)¢ff®p0mnmneperfor mance t he
gas and liquid flows should be counterc#l@lren The ont act(gr can be

mount ed & t HERCEYBHIPY GXerA qhﬁuélrde\%maf’t@’é? 1s lﬁge’W@nd‘B et 1%l ow t he two

fl ow confi QLHo%a‘cR)ﬁs S%wnqﬁw@gy different ozone transfer efficiency.
Per f ormance depends on the gas side flowrate, pressure, and

concentration; and the liquid side Edampldd rate, pressure, tenperature, and

pH Al experirre formed on 4R e h |n |gure8 It is
a recircul ation t‘éﬁg\{%ﬁ@f g(ﬁ'[” dirpensigns Olglt%Aﬁ)ﬁgézé lélr1§ éﬂ\g’ 48 ed to

provi de a copgieditrold skirfiesd PHA BSIBW fiB&s OThO EBEEOD Bepbet momlemt actor with
di rensions of 2.25" ID and 12" in length was nade 15 usi ng porous skinl ess

PFA hol | ®w fandeheID FprutiS0B arciont éfheml@h@&%frth? Ebyrs wes abedd ni crons and

the inner di D léélflﬂﬁ i bers was
about 2100 atﬁg% %n%g%}tﬁgagéﬁgggyﬂv%é %?%Bna%%ﬂ% rrémg]fcagi(]l? %nal menbr ane
areal liter ofolumé.eThatorgautdr wakgfittedokidn®:” ghtéittfrighe bothmdalf éhanas potted with

an offset of 1/" gas fitting at both end o ule,, 20 Two 1" fittings
for water flBedHer &WBoAC éﬁmgrfort‘f‘i%te%ﬁ%‘f"lweé‘? {’%‘?‘g‘é§nd€‘? Felliap frosd ar

direction near the exit and entrance.



the exit and entrance. The inside of the fitting was reduced to %" using
an insert to create jetting action of water into the bundle. The water
fittings woas/osneat ed perpendi cular to the of fset of the pofrtisngoeexh that
a cavity is formed right under the fitting. 25 The contactor was tested
for ozonation efficiency. Ozone gas at 22 psig., 250 gNnB and 5 sl pm was
fed into the gas port of the contactor. Deionized (D) water was punped
into the contactor using the shell-si-@é-water fitting at a rate of 5 gpm
at 25C. The water pressure drop across the nodule was about 5 psig. The
concentration of Ttmmtaictbrtvhetem&dfetoxmiaﬁonmﬁt‘&ie&@yn@aemﬂw ati32ng an | N- USA

ozone sensor.  Aft couple of m t he conce on in the
wat er reacheﬂf@:%ﬁégﬁﬂ% r tpe ‘%%?3%‘5 B‘E‘éﬂ%&tgaﬁac’é\@? [OBES% gﬁ:ﬂ US03/ 06928
-24 conditi Ov(’%er\tv ﬁﬁﬁ@ﬁlﬁ%ﬁ@%ﬁﬁct%‘ﬂ%ﬂ%@ﬁ’élpﬁdé Qafer fi@dy ska rem usi ng

t ube- side no mass transtfer. Therefore, the ozonation efficiency

i mpr ovenent ofifegpnabo(C.5086 prfmre)émpavaSMSdiaﬁniﬂi’semc?}hq mncmtr@onndul e was
0.4 ppnll prﬂ iter e volume. A co the effect on ozone
5 concentrat‘? O’?)‘?/‘é’r&l% t:l| I"Ya |%Q??ﬁ?r§gp8?gg‘$%h¢§‘& Oﬁ%n%en%n and a tube

si de cont achfr d Souptininitek] tel bLor colrenitfiation 4 the GRMr agdched 26 t h di mensi ons
of 2" ID and 15" in |length was nade usi ng%hporous ski nl ess_  PFA hol | ow

fibers. The minbeUndm thesamahenaratgerontlisioan the gmarentagtor WowbpeEdUs00 ni cron.
The nunber of nsity was around
0.42 n2 rren‘glF tg'%f %ggm%fdﬁ% @éﬁﬁg%mioéfg% a@é‘ﬁaﬁst@e\% ﬁ%?r@f&%htggcont actor was
fitted with ddona@a&mbﬂehcmlﬁbva@éﬂﬁmmo@étHahaoomamhbezon‘a‘mmYZ" fitting for

wat er flow were bonded on the shell at crass | rection. ear the exit and
entrance. WF ﬁ@F@@O@fztblsF‘quﬁlEWQ? 849 ppw/Ippuliter, "’i %‘@ l48St ed f or
ozonation effy gf on ﬁ?ﬁﬁ@%ﬂgé’ﬁ)naézoggcor{&h@ano%%eﬂé B Adieontattpm was fed
into the gas port 0 cont act or
of this invention and a tube side contactor is shown in Figure 6.
Example 3

A contactor with dimensions of 2.25" ID and 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 microns. The
number of the fibers was about 4000 and the packing density was around 0.86
m? of external membrane area/liter of internal cartridge volume. The fiber
bundle was potted with an offset of %4” gas fitting at both end of the module.
Two 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 72” 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 22
psig., 250 gNm3 and 5 slpm was fed into the gas port of the contactor.
Deionized (DI) water was pumped into the contactor using the shell-side water
fitting at a rate of 5 gpm at 25C. The water pressure drop across the module
was about 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



wat er was punped into the contactor using the shell-side water fitting at a
rate of 5 gpmat 25C. The pressure drop was |less than 5 psig. The
concent r aWp@n/081e8 ozone in the outlet water was neasured BRETAFHOHMIRN- USA
ozone sensor. After a couple of mnutes, the ozone concentration in the
wat er reached 26 ppm Under the sane operating conditions, the sane
contactor would produce |ess than 12 ppm using tube-side nbde nmass
transfer. Therefore, the ozonation eR6iciency inprovenent was nore than
100% The ozonation efficiency of this nodule was 0.45 ppm I pmliter of

i nternal cardpefatige conditions, theésamrqoatabmowoul‘d prbéucefléssdhanold pprone
concentration, over a shel| si de C this invention and a tube

si de cont act‘@?ngtgb"sﬁéﬁﬁ"qdﬁnﬁsé s %r ﬁfi%rle {hg oxonafiop SHATIYi t h di mensi ons

of 2. 25" ?ﬁ‘)go vbfent Wab S5t HOWRS THRGSondtivh REi &Y Yor this Hb&gswREA hol | ow
fibers. The er outer dianeter (OD) was about 700 microns and the inner

di ameter (I [0)6hp1nm/t1pmﬂﬂemfmaﬁnége\7ldi@menunber of the fibers was about 4000

and the packing d nS|t .\as d,0.86 nP of I ne arealliter
of internal cartrl ?Oﬁ’ﬁg%er%gecf P’B8?°neﬁﬁﬂﬁng%§é€E’g%tatsjﬁngﬂ?h an of f set
of 1/" gas fdohtdche o@ﬁn@ﬁiv@ntﬁﬂﬂarﬁf a tubesit® dotltactor i§\8howiA i FilghtertysTHeor wat er
flow were bonded on the shell at cross-direction near -the_exit and

entrance. Trebell sisiegieodyie @tﬁputfin@r@mgfrm@imewet% 3P AP0 i nsert to

create jetti ac i 3 s are

| ocated perp ﬁ%p taq pﬁ]oa e ng@v}xjrﬁf‘e ?Wg ttiéhgg %\@eﬁ%ﬁﬂgﬁd%w ty is
formed righgsi gﬁ‘d?iﬁésshfeg ’Sut:ltahghla'Moﬁpe“rfc&mamemﬂtstf&ﬂnadnglnr ozonat i on
ef ficiency. Ozone gas_at 22

m into th
gas port of Wefé’@ﬁteé@%lé?cymﬁ’eﬁ%‘?ﬂni@g %ﬁﬁ%%‘) % t he ©
contact or ushig o BGertRs bt B (RLRE 1 1ofIqtﬁelmglea&eo@vé@t@a@ﬁev%dgpm at 25C.

The water pressure drop acro ule was about psig. The
concent r at i oshebifsidezorbaldnoe 1dveers the/betmdeay @yemedmdé@wﬁs ithg an | N- USA

ozone sensor fter ac Ie of, m nut es one concentration in the
water reachdd I‘Paéaéfﬁn %rﬂmt@ﬁ a‘i‘%%fe%g@& ’i‘?ﬁ?ﬁéﬁgg‘@ L?c‘f‘lefusom 06928

- 26 the cost of ownership of the process tool. As seen in Figure 11, increasing the
ozone gas side concentration increases the water ozone output.
Example 4
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 temperature, 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 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”, Ind.Eng.Chem. Fundam.1981, 20, 137-140].
H=3.8x10"[OH "% exp(2428/T) )
The values of Henry’s constant are available in literature [Handbook of

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



operating conditions, the sanme contactor would produce |l ess than 16 ppm

usi ng tube-side node mass transfer. Therefore, the ozonation efficiency

i mpr ovenewpD os3ag02about 100% The ozonation efficiency for tProrgSopoike was
0.61 ppmIpmliter of cartridge volune. A conparison of the effect on ozone
concentration over a shell side contactor of this invention and a tube
side contactor is showmn in Figure 9. The shell side nodul e output

i ncreases from 25 ppm ozone at 3 slpm%as flowto 35 ppmat 7 slpm (at
201lpm DI flow rate, 250 g/ NnB gas concentration and 22 psi gas pressure).
Such a hi gh Cleans (Reit Iy ekdcbnotagigeApplkieativess NowwiVALhi2ghMykooliser si on ef fi ci ency

(the amount of oz r f o] as,_side to ter si of over 60%
at 3 sl pm (FFY8arE 191@]%%{21 ﬁ{‘g%‘q’ E S%éﬁgu?t?néiﬁfl&é)&wﬁgn Cgﬁ%}?ﬁe si de

turbul ence | gegsilibRanbUERROfloaded asiRESICS tafiferbRpdidr & diven hi gher mass
transfer per unit nmenbrane area. The hi gih recovery hel ps | ower the cost of

owner shi p of 0%Zde gﬁﬁ@é&@@‘bb‘l’n Mg an examnle, Higwarld shaws thﬁ‘ml@a(él ng the ozone
gas side cong(gmtﬁ; %901’1 S%%é{ng t@xr s ARG RS RMh o ? l e 4 The
oS |on

effect of wa € con ornance were ' i nv The

ef fect invesbigeicassida ptésmeeﬁambIaanwa?hlstlnﬂleeﬁabﬁmhnocfonfsémwmbﬂt e and
t enperat ure. At a given tenperature, the dissolved ozone | evel output in D
wat er depend¥higygb a\wfe@rtemp%;wur%t Rgecregsingfie gelutigpHANGrpasss f ace, at the

fiber wall, 6%&95&Bﬁ1t§( g@m %(Eh@w@ %th?§dlﬁ%lﬁﬁdsl@ ghven by the

Henry's Iaw Equat 1 on at t e ozone concentration in

liquid, X (nmlactsmthedzrmb soI vent) 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 nperature (T) and pH, Equation 2

[John A. Roth, " SThé'@ffééthaQ&fatéP%RTéQ:onﬁlﬂoﬂ\@h?Efforrﬁﬁﬂe ER@stidedd infmigdam 1981,
20, 137-140]. H=3.8x107[ O+ ]o0.035 exp(2428/ (2) The values of Henry's

const ant ar eexapilé sies ehe effect ofefiow mt@orp ﬂ%m@m@tikmof Cheni cal Engi neering,
Year, page #2- 125Th989v1ce out&lt%1 approagh ﬁle equl\f%num 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.
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.
Example 7
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 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



WO 03/ 080228 PCT/ US03/ 06928 -27 Cleans (Part 1: Technol ogy), Applications
Note MAL 126, Mykrolis corporation, Bedford, MA USA]. From Equations 1 and
2 one carwoaBosi2at e the equilibriumsolubility of ozone &sTaIShaIoEdL8 on of
tenperature for a given ozone generator condition. As an exanple, Figure
12 shows the plot of equilibriumozone solubility (ppm in water as a
function of tenperature at ozone gas side pressure of 0.11 atm This is

t he maxi num concentration achi evabl e2&t a given tenperature. Decreasing
the solution pH increases ozone solubility; however below pH 2, HO |owers
ozone sol ubiaribys @splichtionsancludiegeden wnigerameneafetoleanpgs (5 ppingoedf ect of a
wat er side condition on performance investigated in this exanple was the
ef fect of fIRMR P28 8l 9akteewerstirpphotoresist HEDPRE (VG 40P PRFY9Z08Ppr oach t he

equi | i bri um val ua, (e edoh oY ine LGS Ak Riprilokg hyeiher 1 ow rates

! ¥

and decrease with an m?ﬁease I n water :Pate. q'hl S 1S because the
cont act ti nmdoéation@ndtisentrecinsiacd fonteli iy waindividual togt etgodmt-aftusk;aw DI f | ow
rates. Plots in Figure 13 show ozone outpu a functi on..of ter flow
rate for sheglome_s‘g_ %ﬁ@ﬁ?%emngze%iszféﬁ%% %t%ﬁe PXAf -%?es%wge \é?f ect of a
wat er side copgk timaaRs Bedd SoMBINGeliRYBHhbIsdRd 1 n this exanple was D
water flow rate versus pressure drop. The pressure drop versus water flow

rate data are pl cfHesuiesent BEvgution dlowsEsxcimprevementeinghesthrt sip dianedeonat or  of
the present in t,on.shpuld i nprove.the . cost of, ownershi.p.for an ozone
based wet clrgaaﬁ\#setﬂ? 0‘8‘75“8%0%998 C‘g&e tﬁe“qnftlg c}ﬁaﬁwg_tﬁqlaﬁﬂa\ﬂtﬁlgﬁfozone out put
per device Velpili®lof theldzoh8BbARAtritRA iR airBircul ARk Gontbdlabdp tver (ibRst er nmass
transfer rate), and (3) ease of installation &q?nl y four tube connections).

Because of ifbsaSubip &ree idrone applicgHomnthesmaltar size/loriprinhs phode, the nodul e
|'s approprial e, Ioo eaalotthg d&sid% 6#?50%%9&&1%*} ngldf}hp ?ESE bof g@lﬂ?({l LN
recircul ati on hode opéerations. 'S easl 'y adaptablein Cl eani ng
processes  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.



usi ng i nmersion baths, single wafer spin processors and in batch spray
processors. The holl ow fi ber ozonator may produce ozone-DI water for WO
03/ 080228WB@308BRB/ 06928 -28 vari ous applications i ncl udiPag/usodnao2s
tenperature wafer cleanings (5 ppmto 50 ppm ozone) and | ow tenperature
photoresi st stripping (5C, 100 ppm ozone). In sone applications the
ozonated water is produced at a central |ocation and then recircul ated for
delivery to individual tool at point-@P-use; in sone designs nake up
anount ozone is added at the point-of-use. Figure 15 shows schematics of
an ozone-DI recircul ating |oop. The @laément invention allows for

i nprovenent 'g.&he start up tine to reach the "desired" ozone
concentratio B Efggﬁing tools and naintain the stability of the ozone

concentration in B AdRjuidpdsgthafdcon@ittdra@lbdiaanlioveidetioiea for a bubble free
Dl - Ozone application. The snaller size/footprint, shorter tinme to reach

t he desired Eﬁﬂh@@&ﬁ@é@%@ﬂ#séﬁpowrfﬁéoé%ﬁn&$116‘6‘4th81?B?Fg the device of
t he present ‘%Mﬁ&dggn in a narrow range of the ozone concentration allows
t he user bet cess control. An added advantage is the ability of the
nodul e to wit hstaf)d hibghdleat ephpalis ot perflubriaitedithe?mdplastivdiollowi t h an
intermttent presgure spi kes of 3-4 bars. WD 03/080228 PCT/ US03/ 06928 -29
Clainms Wiat we c'®m 1. A liquid-gas phase contactor substantially nade

froma perfluorinat ed@%ﬁ%fdﬁ@?f&&%&%f@%ﬁd%e &[ec%arﬁ&ﬁ&ﬂégg?l iquid with a

gas conprising: a) a bundle of a plurality of perfluorin t her nopl astic
hol | ow fi ber nenbranesonksting df pfly@etcadlvotoetheiersedoect ed from t he group

consi st g of ol y(t et 2l ar RhMHL R0 %ha REELURLAGRLXLY! T ether)) and

hexafluoropropylene having a first end and a second end, said
membranes having an outer surface and an inner surface, said
inner surface comprising a lumen, said membranes selected
from the group consisting of
hollow fiber membranes having a porous skinned inner
surface, a porous outer surface, and a porous support
structure between,
hollow fiber membranes having a porous skinned outer
surface, a porous inner surface, and a porous support
structure between,
and hollow fiber membranes having a porous outer
surface, a porous inner surface, and a porous support
structure between,
b) each end of said bundle potted with a liquid tight perfluorinated
thermoplastic seal forming a unitary end structure with a surrounding
perfluorinated thermoplastic housing wherein the fiber ends are open
to fluid flow,
) said housing having an inner wall and an outer wall wherein the
inner wall defines a fluid flow volume between the inner wall and the
lumens of the hollow fiber membranes, |

d) said housing having a gas inlet to supply a gas to said first end



hexaf | uor opr opyl ene having a first end and a second end, said nenbranes
havi ng an outer surface and an inner surface, said inner surface
conpri si ryoasfosnresy, sai d nenbranes selected fromthe gro®pTASNFIE®LE ng of
hol | ow fi ber nmenbranes having a porous skinned inner surface, a porous
outer surface, and a porous support structure between, hollow fiber

menbr anes having a porous skinned outer surface, a porous inner surface,
and a porous support structure betweéf; and holl ow fi ber menbranes having
a porous outer surface, a porous inner surface, and a porous support
structure bet weemf thy busittitodreconfackdivdthbaliqiiid apdutiest gas obtled | i qui d ti ght

perfluorinated thernopplastic seal .form. a unitary end structure with a
sur r oundi ng perfqoﬂﬂg?lﬁﬁtt%ﬁer?%vé’rg?ﬁS'iog‘ﬁai“ggei‘?%(giﬂ?é wherein the fiber ends

are open to fluig f'%dl‘f{)usﬁ%'}ﬁvﬁh thliqi‘ﬁhﬂ@éﬂcﬂﬁhe%ﬂohfh"%pl/}edlh wad an outer

wall wherein the “inner wall definés a fluid fl ow vol ume betmeen the i nner
wal | and the | urtefs Cgﬂtaﬁﬂﬁém'dﬂlﬂamaﬁlpb@ﬁngﬁmghﬁb%hdw §b¢rd housi ng havi ng

inl I f
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connection to renwﬁﬁs@agagﬁﬁﬁnﬁﬁwhiu&@gond end e) said hou5|ng havi ng a
liquid inlet connection to supply a liquid to be contacted with said gas

passing through the hollow fiber menbranes, a liquid outlet connection to

remove said 1) auil PRILAELES orthiith fﬁ%ﬂngﬁa}%& ARk ARLsLR0. 2. The

cont act or of Cla|n1ﬁﬂ£aV|n rane outer lameter in the
range of fr odinmbietin tBOCange @lf Gom dboua®@tnic&aiCo mbautdrd®0 microns.

3. The contactor of Claim 1 wherein the porous skinned surface pores

are in the range of 0.001 micron to about 0.05 micron.

4. The contactor of Claim 1 wherein said each end of said bundle is
potted with a liquid tight perfluorinated thermoplastic seal forming a single
unitary end structure comprising both the first fiber bundle end and the second
fiber bundle end with a surrounding perfluorinated thermoplastic housing

wherein the fibers of said each end are separately open to gas flow.

5. A method of using the contactor of Claim 1 wherein the gas is an

ozone containing gas and the liquid is an aqueous liquid.

6. A liquid-gas phase contactor made from a perfluorinated
thermoplastic polymer for contacting a liquid with a gas comprising:
a) abundle having a first end and a second end of a plurality of
perfluorinated thermoplastic hollow fiber membranes formed of a
copolymer selected from the group consisting of
poly(tetrafluoroethylene-co-perfluoro(alkylvinylether)) and
tetrafluoroethylene-co-hexafluoropropylene, said membranes having
an outer surface and an inner surface,

b) each end of said bundle potted with a liquid tight perfluorinated



3. The contactor of Claim1 wherein the porous skinned surface pores are
in the range of 0.001 mcron to about 0.05 mcron. 4. The contactor of
Claim 1 vwerogiosn2gsi d each end of said bundle is potted wPCh/us0d/dages d ti ght
perfluorinated thernoplastic seal formng a single wunitary end structure
conprising both the first fiber bundle end and the second fiber bundle end
with a surroundi ng perfluorinated thernoplastic housing wherein the fibers
of said each end are separately open t3d-gas flow 5. A method of using the
contactor of Claim1 wherein the gas is an ozone containing gas and the
liquid is an aquegisndpladticteal@ornfinkiaumitdeygas spase witihh actroundingde from a

perfluorinated thernoplastic polyner far contacti aljquid wth a gas
conprising: a) a B%FﬂHP’éanﬁ%thﬁ’g'n%Pl?ﬁ“Fé]PuﬁﬂﬁW%ﬁ%fl%ﬁ’@g%ﬁﬁﬁléé%ée GMa plurality
of perfluorinat eg) éalg@fogppl astic hollow fiber nenbranes forned of a

copol yner sel ecte romthe group consisting of

pol y(tetrafl uor oethyl esed boasmeg hidvirgg a( imhérywall anyd @t duser)walhwherein the

tetrafl uoroet hyl epne- co-hexafl uqro | ene, i d nbr anes..hayi ng an outer
surface and an inHE‘P“é’GﬁIgﬁ@é‘?s aa)q”gcgﬁﬁ‘%é’ﬁﬁn%?g%‘éff’?]ln:‘g‘ﬁﬁmeéwﬁgtaf“id with a
liquid tight perf} e Agtedeibradad 080228 PCT/ US03/ 06928 -31 thernoplastic

seal forming a unitary end structure with a surrounding perfluorinated
t her nopl asti ¢ houd) ng whéheusing having deas igtet ¢ swpelyspeas to sad diagt endow, c¢) said

et ines a 11 aui a ot BRevafEie BB eBbR RS ol BBr by 8IS ver
menbranes, d) sai ge bosdtabwha wilingiPardastiishgatoutier conpedtiondo gasoveo sai d first

end of the bundle to be passed through the hollow fiber nmenbranes and to
be contacted wit heas fremgispid sgerndendi agk gas outl et connection to renove gas

I ot g: S s efiogﬂi gnd: N nBlsidFhslifPN AbRE RV EAGedtion'td Whshly Bligkigconnect i on
to be contacted with said gas to said volume formed between the inner
wall of the housing and of the hollow fiber membranes, and a liquid

outlet connection to remove said contacted liquid.

7. A method of using the contactor of Claim 6 wherein the gas is an

ozone containing gas mixture and the liquid is an aqueous liquid.

8. The contactor of claims 1 wherein the hollow fiber membranes are

unskinned.

9. The method of any one of claims 5 or 7 wherein the hollow fiber

membranes are unskinned.

10. A liquid-gas contactor for contacting a liquid with ozone to
dissolve the ozone in the liquid which comprises:

a perfluorinated housing having a housing inlet and a housing outlet,

the inlet and outlet being configured to carry a liquid;

hollow porous fiber membranes positioned yvithin said housing, said

hollow fiber membranes having a membrane inlet and a membrane

outlet, the hollow membranes configured to carry a gas and pass the



to be contacted with said gas to said volune forned between the inner wall
of the housing and of the hollow fiber nenbranes, and a liquid outlet
connect i owotog/oseapve said contacted liquid. 7. A method ofPCwdaisngjodobse
contactor of Claim6 wherein the gas is an o0zone containing gas m xture
and the liquid is an aqueous liquid. 8. The contactor of clains 1 wherein
the hollow fiber nenbranes are unskinned. 9. The nethod of any one of
claims 5 or 7 wherein the hollow fiber2-nenbranes are unski nned. 10. A

| i qui d-gas contactor for contacting a liquid with ozone to dissolve the
ozone in the |iqugA ioidiquid e @esed by the hbhging, iwist«n tHeotisictuge vi ng a
housing inlet and_a_housing, outle the inlet _and outlet being configured

to carry a liqui dt;he#iBPﬁ’riB%\P%lF‘HW %ﬁ’?féﬁrerf'@_ guRd o %@t@d}?@@t’ﬁgt hin said
housing, said hoéfj%iﬁign{:]% pfe& 1&5%{@.%?2@&1 gaéﬂi&é}%fﬁﬁﬁﬁmépdﬁnﬂeﬂblet and a

menbrane outl et, ow ne es configured to carry a, gas and pass

t he WO 03/ 080228 RIMht/SOBOGHEPBhen B2 ogarse gastvars at L2wis. L2 X0eNw” awryY i ed by t he
housi ng, wherein the structure of the housing and holl ow fibers are
configured to obt&PH-an operating efficiency of at |least 0.34 ppm
gas/liter of liquid/liter of interior volune of housing when the ozone gas
was at 22psig., 250 gNnB and 5 slpm 11. The liquid-gas contactor of claim
10, wherein the oplbr at Thyliquifligas cemasfor of claim| Wasthewirsthgpieighsg | i t er of

liquid/liter gf.interior volune of ... housing,.. 12 ..A |.iquid- contactor for
cont acti ng aefﬁ(”(fﬂ%lsvﬁt ?%Sta&%ggmt%y lifgro g glfp\l}g/htt%rec’féégﬁél)%lﬁgg??qui d which

conprises: ah@ffdg uorinated housing having a housing inlet and a housing
outlet, hollow porous fiber nmenbranes positioned within said housing, said
hol | ow fi ber nmenbranes having a nenbrane inlet and a nenbrane

12. A liquid-gas contactor for contacting a liquid with a gas to
dissolve the gas in the liquid which comprises:

a perfluorinated housing having a housing inlet and a housing outlet,

hollow porous fiber membranes positioned within said housing, said

hollow fiber membranes having a membrane inlet and a membrane

outlet,

means for passing said liquid through said housing,

means for passing said gas through said hollow porous fiber

membranes and through walls of said hollow porous fiber membrane,

wherein the packing density of hollow porous fiber membranes is at

least 0.48 m? of external membrane area/liter of interior housing

volume.

13. The liquid-gas contactor of claim 12 wherein the packing density

is at least 0.6 m” external membrane area/liter of interior housing volume.

14. A liquid-gas contactor for contacting a liquid with a gas to
dissolve the gas in the liquid which comprises:

a perfluorinated housing having a housing inlet and a housing outlet,

hollow porous fiber membranes positioned within said housing, said

hollow fiber membranes having a membrane inlet and a membrane



outlet, neans for passing said liquid through said housing, nmeans for

passi ng said gas through said holl ow porous fiber nenbranes and through
wal | s of waiod/osekd ow porous fiber menbrane, wherein the pagRisogodensity of
hol | ow porous fiber nmenbranes is at |east 0.48 nR of external nenbrane
areal/liter of interior housing volune. 13. The |iquid-gas contactor of
claim 12 wherein the packing density is at |least 0.6 n2 external nenbrane
areal/liter of interior housing volune33t4. A |iquid-gas contactor for
contacting a liquid with a gas to dissolve the gas in the liquid which
conprises: a perfbutbstj nat ed housi ng having a housing inlet and a housing

outlet, hollow porous_fiber nmemqran ositigned within said housing, said
hol | ow fi ber menbPSARSORBITING S&M%ﬁ@@ﬁfl@t%mga menbr ane WO 03/ 080228
PCT/ US03/ 06928 - 335, O} hé‘srsingﬁgﬁ%sfﬂﬁbum H(Sllo%@%@irohé gyéd through said

rda g

housi ng, neans for passihg s as through said hollow porous fiber
menbr anes and t hr megibraves hed thirowghi wallsaiflsaid holpwporgusiidrer membraige, wherein

sai d housing containi hg sajd hol | ow.f.i ber..i s fr of paratus for
effecting turbul el eﬁef‘g%fﬂfﬁh?l}s&ﬁ W‘%Ne}lﬁuﬂg §aéflhoﬁ%vﬁgi?’ﬁrgl.s %.Of%ﬁl i qui d- gas
contactor, the CORSAGHRN fop @BEtIS tifbudenp ligid!floywithin salditbusing. char acteri zed
intheir ability to transfer gasses corrosive to non- flouropolyner at an

efficiency greater than 0.4 ppmilpniliter of internal cartridge vol une.

16. The contactor.of claim. i Lclency. | t han 0. 45
ppnf |l pmliter of |1$1)t er lrl?‘gillqué%%?srl g%’?%ﬁhtﬁﬁgnﬁ%* 8%%%?8@‘?%@?? cl aim 15,
wherei n the edddudth eRdyctinzedrie dicdr abilitgas trAnfergasids pofrbsiveto min-i nt er nal
cartridge volune. 18. An ozgnated wat er produ%il)il%lﬁl.evi %e, t devi ce

conpri si ng aflouropolymer at an efficiency greater than 0.4 ppm/lpmy/liter of interna

cartridge volume.

16.  The contactor of claim 15, wherein the efficiency is greater

than 0.45 ppm/lpm/liter of internal cartridge volume.

17.  The contactor of claim 15, wherein the efficiency is greater

than 0.6 ppm/lpm/liter of internal cartridge volume.

18.  An ozonated water producing device, the device comprising a
source of ozone, a plurality of gas contacting conduits that receive the gas and
are configured to the ozone gas passes through its walls, a water source and a
structure of receiving the water and housing the gas contacting conduits,
whereby the ozone gas transfers through the gas contacting conduits into the

water.

19.  The device of claim 18 further comprising a baffle within the structure

of receiving the liquid.

20. The device of claim 18, wherein the gas conducting conduits are

hollow fibers.



source of ozone, a plurality of gas contacting conduits that receive the
gas and are configured to the ozone gas passes through its walls, a water
sour ce amwoas/osmesict ure of receiving the water and housi n@Crhsosyed28
contacting conduits, whereby the ozone gas transfers through the gas
contacting conduits into the water. 19. The device of claim18 further
conprising a baffle within the structure of receiving the liquid. 20. The
device of claim 18, wherein the gas co¥ducting conduits are hollow fibers.
WD 03/ 080228 PCT/ US03/ 06928 -34 21. The device of claim 20, wherein the
hol | ow fi ber 21.ar e Theidevieglof claim 20, wherein the hollow fibers are twisted.



