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Particle-surface interactions in liquids are usually governed by electrostatic interactions
and Van der Waals Forces assuming that no other highly specific interaction potentials are
present (as e.g. molecular recognition, chelating functionalities etc.). Van der Waals forces are
omnipresent attractive short ranged forces acting between two materials of any kind and will
thus always represent attractive interactions. Electrostatic interactions on the other hand, will
be attractive, repulsive or non-existent dependent on the sign of the electrostatic potential of
the two materials in question. It is common knowledge, that like-charged materials will exhibit
repulsive electrostatic interactions between each other, whereas counter-charged material will
exhibit attractive electrostatic interactions between one another. This knowledge has been
exploited in the filtration of liquids, where the filler material exhibiting electrostatic potential is

capable of attracting and successfully retaining countercharged particles. The obvious limitation



charged particles and the resulting poor retention for the sanme. The basis
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potential of a material in a liquid will depend on properties of the liquid such as (i) its proton
donor/acceptor capability, (i) its dielectric constant, (iii) the concentration and kind of ionic
species present. Nevertheless, through the use of appropriate materials or surface
modifications of the same, one can adjust the electrostatic potential of a material in a given
liquid to be essentially zero thereby creating an essentially neutral surface.

Based on this finding, this invention teaches that a filter material can be selectively
adjusted for a given fluid in a given pH range to attract particles of any electrostatic character
and can therefore effectively retain particles smaller than the pore size of the filter based on

attractive interactions between the particle and the filter material in any given liquid.



The present invention provides a filter wiwth high particle capture (Log
reduction value (LRV) > 3, preferably >5, nore preferably >10) with | ow
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PCT/ USOs$uitece ¢mat is substantially neutral in charge in an aqueous fluid over at least a range of pH
and preferably under all pH conditions.
A further embodiment of present invention is to utilize a filter having an IEP within the
selected or intended operating range of pH or ionic strength such that the filter surface either
maintains a neutral or weak charge or does not acquire a highly charged surface within the
selected pH range or ionic strength.
Another embodiment of the present invention is to utilize a filter having an IEP in the
pH of the aqueous liquid in which it is used. In this approach, the filter surface is matched to a
specific liquid in which the pH is fixed and the filter surface remains neutral.
A further embodiment of the present invention is to utilize a filter having an IEP at the
ionic strength of the non-aqueous liquid in which it is used. In this approach, the filter surface is
matched to a specific liquid in which the ionic strength is fixed and the filter surface remains

neutral.



An alternative enbodi nent of present invention is to utilize two or nore
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Figure 3 test system for tests in KCI for 47 mm filter discs.

Figure 4 shows the Zeta Potential of particles in KCl as function of pH.

Figure 5 shows the Zeta Potential of test filters in HF or KCl as function of pH.

Figure 6 shows test filter retentiveness in log reduction values (LRV) for negatively
charged PSL(-) particles in KCI or HF of different pH versus the filter Zeta Potential in the
respective test liquid.

Figure 7 shows test filter retentiveness in log reduction values (LRV) for positively
charged Si3N4(+) and PSL(+) particles in KCI and HF of different pH versus their Zeta

Potential in the respective test liquid.

DETAILED DESCRIPTION OF THE INVENTION

The present invention teaches, that the removal of particles of any charge from liquid
stream is possible by mechanisms other than sieving when the electrostatic interaction
between filter material surface and particle surface are small enough so that particles are
captured by attractive Van Der Waals forces. The use of a weakly charged or neutral surface

stems from the concept that the magnitude of the repulsive force between two surfaces is
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ability to not agglomerate) depends directly on the ZP of the particles in the liquid they are
suspended in. When the absolute value of the particle ZP is above a certain threshold (e.g. 50
mV) a suspension is very stable due to electrostatic repulsion between the particles; however,

when the ZP is close to zero particles will agglomerate (see. Robert Hunter, Zeta Potential in

Colloid Science, Academic Press, 1984).

The ZP of a non-conducting material is directly proportional to the electrostatic
potential of the material. Therefore, just as the electrostatic potential of a material is negative,
positive or zero, the corresponding ZP of that material will be negative, positive or zero. The
condition under which a material exhibits no electrostatic potential and therefore a ZP of zero is
known as the material's isoelectric point (IEP). Materials which are at their IEP in a given liquid

appear to have a neutral character, i.e. an electrostatic potential of or near 0 mV.



appear to have a neutral character, i.e. an electrostatic potential of or
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1 qui ds S OREorRaGS TG HirareBH SecubidiateTo R St e ¢
const antzpidgrweitdetantd #6m Wb masridl Befee HépﬂHdilgforb%B%H%uﬁ'o'Fhkﬁﬂ\)ey i€ Soaqueous
liquids., Additionally, it works with S of fferent viscosities, ionic

st r engt itdiqeifswittdipw|ceteeniratioapeidensriveak alactrlytesif e etecestatio potertizbdacays any
cont am wgﬁwﬁ H/ﬁlbd@tgnc%ragﬁ?éa%he%%%r\g%ary%g he surrounding liquid; in liquids with high

concentrations of dissolved ions (strong electrolyte), the electrical potential decays very rapidly

with distance leading to a substantially neutral surface.

Liquids

The present invention will work in aqueous as well as non-aqueous fluids such as
organic solvents (alcohols, etc). Especially in organic liquids with relatively high dielectric
constants, i.e. dielectric constants greater than 10, as these liquids behave similarly as
aqueous liquids. Additionally, it works with fluids of different viscosities, ionic strengths and
dielectric constants. It is effective for removing any contaminants such as organic and inorganic
particles, ionic species, molecular, oligomeric and polymeric materials as well as physically

dissolved gas from such fluids.



particles, ionic species, nolecular, oligoneric and polyneric materials as
wel | as physically dissolved gas fromsuch fluids. 6 WO 01/51170

PCT/ USO1@l@a%3170l N aqueous fluids, one neans for sel ecti ngdrngsoporzoer
filter material with a substantially neutral surface is the typical pH
range of the I RIHEQUSIds onednaags 9 sql¢iingihe @ropailier roaieriabwith @pubateatially hat  t he
filter j i~al I i : I i.ven pH range.

I non- giehad o i agPeR RN il K80 beithidt Thinetol Sl o,

accept ottiaithediiterrempies sutstantidly howraf inltheefluid stethatrgivah peinghgehi rohaticduas wel | as

the ionic. . strength of the liquid will determne the electrostatic
pot ent i (,;lilld%fp"fllﬁgn(ﬂiq gl Vaﬁa‘fa@gi %’pr_e, B POt cscepiaridonar |prapegie fof theefiier esent

| nvent | ofidkParaRaRiuR ol 8TMEoH: SRANEBNKE AN RLORM nPRbElgS, whet her
crystalline and non-crystalline, elastic or nhon-elastic, In SizZes ranging

f rom 10 POgRYal of thoitepmateriadh More specifically, a filter of the present
invention is capable of renoving solid particles as well as coll oi dal
particles such as |iposones, |ipid containing colloids, organelles, DNA
aggr egat es, %é&&@ﬁn and protein aggregates, as well as aggregates of any

conbi nati on - i ¢lal ri i terial Filters useful in this
present i nveﬁble glﬁér(%;b'rf]@%ep@n%eaélngén@% g%%@%@?%éﬂ%é??@?@ ?chj?rﬁm‘%g but
not | i mptrided, ehetgtrasstaindend mndrkaling, elastoedrabs clastie n 8sesshadifY s 15t eel

ni ckel, chraon and, allo ? ?nd bl ends thereof, ceramcs, astics and
conbi naf'l"dA 1%@5@85“: Mﬁeépé%é’éiyy,a fitereof i prasent inyendipn il capableveiremo¥inga pl asti ¢
e.g. fr cedHidtH-08d i ; : d, cel . ,

i U7 ocel T GRS, el B Xl pateRs Thal 39URRE e FaltifEE Boktsuai ng

pol yet hyigeneles U aggregatasr pioteghamtibpretein| aggregetes s il aseddaydoates of any

pol ypropyl ene an he |ike polyol efins; honopol yners, copolyners or
t er pol y%{p@nagl]on ngo%‘faé’?? S- pol yvi nyl i dene fluoride (PVDF), PTFE resin, PFA
and other fluorinated resins, in particular, perfluorinated thernoplastic

resins; pol y)’filt ryrjnat Ilori de honopol yners (PVC) and copol yners; nyl ons;
pol yam des; pogwa%nones; nodi fied polysul phones such as

pol yet her sul pitersessfuliothisarasbitidveitonesn BdaRtanPhemisl SEhpRMERcgiRe! Vi M des;
pol ycar bonat es_%eﬁgolrg{?gsters such as PET and the |ike and conposites thereof.
Ql

Pr ef er r 8¢ NgF mi p Hlqriapd fabri¢, enetaimsushiag stainiase tegls niphsi, yebtomiumand ncl udi ng
| yeth i gh ; i I I d

oy r oniy S end Y heredl 6B WL Y RO AN R YR G lfe

pol yar ymsterighomede ahd plasicyafefron sallupsionessria®stth aP\generfEd calidsobher

I Lg?;g? ﬁﬁrggellﬁlgs%f rtri%)el?r{]gp?é[slticc mrateesrilalgss’ucr?)éls Oprc]>lsyol§ahjr§:st1 inacﬁjdihglp%{;etﬁger?engucﬁoargp osttes
ultrahigh molecular weight polyethylene, polypropylene and the like polyolefins; homopolymers,
copolymers or terpolymers of polyolefins; polyvinylidene fluoride (PVDF), PTFE resin, PFA and
other fluorinated resins, in particular, perfluorinated thermoplastic resins; polyviny! chioride
homopolymers (PVC) and copolymers; nylons; polyamides; polysulphones; modified
polysulphones such as polyethersulphones, polyarylsulphones and polyphenylsulphones;
polyimides; polycarbonates; polyesters such as PET and the like and composites thereof.

Preferred are thermoplastic filter materials such as polyolefins including polyethylene such as
ultrahigh molecular weight polyethylene and polypropylene, sulphones such as polysulphones,
polyethersulphone, polyarylsulphones and polyphenylsulphones, PTFE, PVDF, PFA and other

fluorinated thermoplastic resins, nylons such as Nylon 66 and composites thereof.



7 WD 01/51170 PCT/USOL/ 01293 Filter structure The structure of the filter
may be any that are typically used in liquid filtration such as porous

filter stggsissiz@onposite filter sheets (two or nore | ayer 9cfrarssedizon each
other to form an integral sheet structure), any kind of porous nenbrane,

woven or non-fiievgniciuet s or fabrics, depth filters, hollow fibers and the

li ke. Pr eferannb;strucnumewtae@ta@maws amembraewo@ry us@@fﬂiﬂ@@ﬂtﬂ@raf@lrﬂ%ﬁiﬁﬁs in flat
sheet form ed formor_ spiral wound form Surface nodification of

filter mAOEST P'éﬂf SNepFe COROSES f"%ﬁf&eﬁa{ W ¥ apreayerdirmedeen eashatheatd fety of
manner s depeadi é}@eﬂ QrdcﬁiF%earR/aKlﬁd oPBé?Ghst rﬁ?rgﬁ@ﬁeurv\%v% F&{ ﬂcgvteﬁéhzﬁ? ro][;r ?nmn\e\API ch

is it nade. For al t he ensure
and out éabns&,urdﬁatbéljters nhdllod ifibeys tahe: tf@nlfkevmﬁréferably hteeypgre @®rdus nigatrdnesdr t 0 ensure

that there is adequat.e on ch racterls i cs. For exanple, netal
fil terscﬂggosﬁ%mﬁﬁsgf'?séﬁlﬂﬁfh &fé@@%ﬁt JPIM G SPiEPhYPWA foBr coating of the netal

surfaces of the filter as |s vveII known in the art. Ceramcs may be

nodi fi ed by t | and organi c surface chem stry

nodi ficati on%Hg& n'm% 'Cé%no S may be nodified by grafting, oxidation,
adsor pti on, Theﬂfﬂt@dmmérlamhaﬁfbeﬂ‘ﬁkﬁblﬁfed@faW@ﬁieW biahankRtRpélitg Hﬁ’hé@%arfﬂ x before
or duri ngoformatl on, post formation coatings, whether crossl ed or

ot her wi ¥80n tepAtyrR &l he R‘éter@lﬁr@ﬁ‘ Whishriit Gades Ferrad filiess. Ithe kenism ensreothat tf  or di nar y
skil'l i gni-bengf tnd SR8 sﬂﬁéd@oﬂcl%nggﬁuﬁ'orﬁg V\ﬁthlmﬁ 6r8% ﬁ%i(ﬂp? ac?:gr?%;}ré”lﬁ]ﬁlaal 'y

neutral surface 1n a given to ITD

mat er i atherd is aflequate Eettentmmeham\renstwsf dFoe eganysd, amﬁtal ditéry VRS modif’t byunder | yi ng
filter materj al mF effect t he exposed surface of the filter.
The fil P%%S'Va%r%&ﬂ%lheéco '”9e0 %@eﬁabﬁl@’ﬁ‘fﬁw&ﬂ@é@erf%rls w@#ltriownésthg @8l | er than

the porecgimis Rbythe n{dd|ﬂE(?rb Ml!ﬂétloﬁ hé’rs mo%%ﬂ@%doer tar‘ﬂ@ lrf?& Rér{ﬁl%

character of the applied nodifying |ayer "bel ng ex o
Var i ous mpgifieadonst oeneatiggs. a?oe/rnerﬂ)myttm modifiédy by heafting; foamietmheﬂwptroy of
pol yner | s may be used . to forma

subst an{nﬁg U:CL/Ot ﬁg {nlpgf {[}F’%\%{)(‘eﬂ ?eﬁrgqnﬁélg%er;ourg%% §ri qH”P% Ot ROSlyr oup are

energy RANAIBESOAMES) WhBthaREmR|if@EioRbineMiseX al@ie 'M?ed'S%EH fé@hm@%& QRAyedi SChar ge,
el ectron beam |laser excitation and ultraviolet |ight can use vari ous

aci ds oknOMaé@@?e(Qﬂ@@@ﬁG’Shl@lﬂib@ﬁTt he filter mat er| aI seI ected and the fluid

aci ds or bas e a8 HRea P 4 a0 blab e B BLAEE Hag o GEAR ol

gl ass, wenedify chedsurfabast ihe nidtdriab s doifty €3, akehdvy surfa'@@ sD&HﬁQQlny‘éUe@ rtr%at' ng a
substantially neutral surface is to use surface nodification chem stries.

Typi cal ¥Rderyingetier materglgandutscemessingrflectolhie wipasedritage 10§ thenfiter. dhe filter

performance, i.e. its retentiveness for particles smaller than the pore size of the filter, will thus
depend on the electrostatic character of the applied modifying layer being exposed to the liquid.

Various types of energy are known to modify the surface chemistry of polymeric filters.
Any of these energy sources may be used to form a substantially neutral surface. Included but
not limited in this group are energy sources such as gamma radiation, x-ray radiation, Corona
discharge, electron beam, laser excitation and ultraviolet light.

One can use various acids or bases (depending upon the filter material selected and
the fluid in which it will be used) to modify the filter surfaces. For examples, acids or bases can
be used to oxidize the surfaces of various metal, glass, ceramic or plastic filters.

Preferably, the method for creating a substantially neutral surface is to use surface
modification chemistries. Typically, these methods utilize one or more monomers that are
applied to the surface of the filter. In doing so, the monomers substantially cover the

underlying filter surface and become in effect the outer surface of the filter, Most common



applied to the surface of the filter. In doing so, the nononers
substantially cover the wunderlying filter surface and becone in effect the
outer suiWoesesipf the filter. Most conmmon 8 WO 01/51170 P@EAs0161023293

met hods i nclude sinply coating the material onto the surfaces of the filter
and r el ymetgodspaoiude sinmpiictraatingctab niatdridi andp b€ stifeses ofdthé fitpr taod refydwl fpok @ nai nt ai n

the outer surf chem stry, cross-|inkin t he noners,to the filter
sur f ace, MedenFd FOgA thEcRaiy BRI Ao e eGSR RS CoF>Tlitch ar e

i ncor por @k esbnbRERItH the HitePBLKE! e B e @il UDPatches BTEEITERS té?a'@ﬁi%stdﬁe filter
surface, see for exanple US patents 3,253, 057; 4,151, 225;: 4,278,777 and

4, 311, 578highareinsaippialsg Sewin itsranmty, ergsafingdbe ponamessiotie iheifitier sgddcecseed

TonoTe” o SRR MR SAcd R Bk Fo0 BhOYE USRS

2- acryl asvetheoPomethpleinl- propanesul fonic acid, sulfylpropylacrylate or
N, N- di net hyl acryl am de (DMAM) and nethacryl ate or nethacryl am de nononers
such as net hae?latedmaeqreeranglups &198e obihetRasNsy Citednabaveof MpigePrasted are

Prefer ab%ac)fylétge%ﬁ QRﬂg@ﬁés n%ﬁgrﬂé'rée%uérﬂ SOMBARET 108 "‘%—?rag AnBROLQkRL 1.1 ator,

preferably’a water ubl e otoinitiator such as cure and a
cross | i prigeanesufiopic efaeidr esllfgipmpgadrylatkerori N,N-dimethylacrylamide (DMAm) and

N, N - met hyl enehi sacryl am de( MBAmM). A second preferred tem uses no
Tonomer . EREaR o frelieadlaii Reess JEB o e IS pofand e ine Beet T ound
that thig,eWifhaésokr eatnment alone is sufficient to provide a relatively

neutral surface useful in this invention. One nethod of applying the
surface treat Referablysthese raromeissare gsadre comuystiaanyithtenghotamitiatomeprefalabin@ or i n

combi nati ogn W e. otoinitiator referably i.n conbj nati.on with the
Coaton o B b e RASRT S htbie 2850 P S Bty i heERE SRR s Bonr e
in WaterN,Ntmethplbrhéb%bcryl_ﬁm@@WBArnﬁ}.at ed is pre-wet in alcohol, exchanged in

wat er and then soaked in the selected solution. It is then suqt;j ected to a

WV treat ment Aeeeadpefared sysien 488s noreepomentnstaad drusesthe iIMBAMAEHESHIBKET to t he

"eady T ofots Bkt Bl eyl sk et pler AR R AR B B AR ot

to pr_epaﬁ@trﬁ] safhde u@gmti;?)mg in@atlont i on t hrough the use of a water m scible
organi c such as tert.-butyl alcohol or 2-nethyl-2,4- pentanedi ol (10-20% by
wei ght) with Ore mediodcefeappiyingning tsufacen ealippitys jas faligwec €ler tysteme ther v

v amom o oo b <ol 9 (LMo el meghi e, gL, of o
ar ea coapretbiriatdr aed/surdsadisket, roe dierveass linker alone, is prepared in water. The filter to be

treated is pre-wet in alcohol, exchanged in water and then soaked in the selected solution. It is

then subjected to a UV treatment to cause the surface treatment to cross link and bond to the

surfaces of the filter. The filter is then washed and dried and is then ready for use.

An alternative method of applying the surface treatment is to prepare a self wetting
solution through the use of a water miscible organic such as tert.-butyl alcohol or 2-methyl-2,4-
pentanediol (10-20% by weight) with the selected chemistry and apply it directly to the dry
surface of the filter.

In either method, the use of positive pressure or a vacuum may be used to enhance
the penetration rate and effective surface area coated by the surface treatment.

An example of a modified filter can be made by taking an ultra high molecular weight
polyethylene membrane filter available from Millipore Corporation of Bedford, Massachusetts
and applying a solution of 0.26 Kg Irgacure 2959 initiator, 6 Kg acrylic acid, and 1.62 Kg MBAm
in 192.12 Kg deionized (DI) water. The membrane filter is prewet in isopropanol, and

exchanged in DI water for several minutes. The membrane filter is then soaked in the solution

9



An exanple of a nodified filter can be nmade by taking an ultra high

nol ecul ar wei ght pol yet hyl ene nenbrane filter available fromMIIipore
Cor por aty@g/A7oBedf ord, Massachusetts and applying a solpdtoso1mi298. 26 Kg
I rgacure 2959 initiator, 6 Kg acrylic acid, and 1.62 Kg MBAm in 192.12 Kg
dei oni ziedsdvBla) minateerand Bfter smeedzmgrmet the bxoess ligaidpirresieted mith B Sagioopranel , and
exchanged in DI water for sever tes.. The penbrane filter s then
soaked ?Wptq{ﬁsg (TR Ber 9‘”9@”01?@1@?5‘ 0§ RO/ 19 98seGk B Walgh & B0 i nut es,

and aft&yccgsglqg Eth@&wd%n%dhﬁ'ﬂ%rﬁ’df%ﬁss liquid, irradiated with a Fusion "H' W
| anp at m n under nitrogen. The rrenbrane filter is then rinsed in

wat er in twoThesliliecmsy be esadaastesfiahnltbetistick dis armibdisthoft 25a0r 47 nrhdiafmietet. etr may be
used as sheet such .as _a cut di of 25 of 47 nmm

5o bemasad 45 e b d PR <Cketle el e oy ben ety L TBL Y

t angent p@halfflo@\Wit@fion Mededkh bd Relfidoh® cadsk@Navamme mmln?greaamlrénbﬁ@m( r)
cassette available from M I 1ipore Corporation of ord, Massachusetts.

Pr ef er aBedjordMassachpienttied as one or nore layers and nade into a pleated or

spi ral WoundPre?e btl)f !tt rrr%% %ﬁe ﬁH&gIaggr\al'aﬁfﬁ][aea‘ﬁg\éf&%et&g%@%lIvvakt[)rgie art. In

one enbodi nent” 0 er the nd devi ce,

the devirgiégecdanical Sush ae\&@sla@s,vem(ndwmn me am)re filters, each nodified so that
their surfaces have a re inthe liquid in which they are

used and arr dAGE® ewo@lma@t qf r@éfﬂeé th%ﬂaé Sb@%@F @@gﬁeamor Wfralswnd deviggndhesnal | er
parti cl &&g%&@@é&@%a&% dr ifdrd ﬁ@ﬁ!é’ap LS&%@%F tﬁ&ﬂ%drf‘a&stfﬁ%é%wﬂ side to

t he down e Sl the devi ce. er e I ment ey may be
f ormed 2B ohak bOBP firi the liquitbiv whiels the  bre uperf@dsarrzmgedfsottﬁaethénellst eprog@ssionar y wi del y

fromthat c thip the u]traporouys ran | ess than 0.01 m crons
et agoo AR InAle B3 TGS 4 U ABTE SRS ORISR JPBRbus ange

(0. 05 mMLekeRsideQidtQf (FeGefs average or nom nal dianmeter, preferably 0.1 to
| mcron average or nomnal dianeter). The advant age of the present

i nventi on i sintédfatheo ambedimenidkeyanaylbarfgeed pohaow fibes daw@aSStl |l obtain enhanced

filtration o arti.c t are smaller than eI Rar e si ze and can
o so-at enhdMEate el e 8ted i B bRkaF vt BruBHAHAE P10 o

| onger hésigltmct) 6 OmietdRY ia0&ra@y oﬁﬂoﬁﬁhaﬁ&ﬁrhé‘t@#) @d)thase tnhﬁe REdifRBYmiBlop&Ble
filtering mechanism For exanple, the present invention provides a filter

with a tangeli @%m@ronpdm d0giierensr aueragg oomormmal diaretem prefarptyh 04 ro LIREr@f  gr eat er
30 3 e TP BEs Dhoab oCrRERRRHeIans Y B8 g, oo
nom nal [affer hérk @fe @AM &tilSolign efhanbbdlfiltration ofsarticlehieat Grel smaller s sélsdt@ivi ng
filter" has an LRV of less than 3, generally about 2 of 0.1

pore size and can do so at enhanced flow rates and reduced pressure drops. Thus one is no

longer limited to sieving or size exclusion as the primary or sole filtering mechanism. For

example, the present invention provides a filter with a traditional pore size rating of 0.3 microns

with an LRV of greater than 3 of 0.1 microns particles with a pressure drop which is less than

110 that of a 0.1 microns rated "sieving filter “(i.e. a filter with a nominal or rated pore size of

0.1microns). The 0.1 microns “sieving filter” has an LRV of less than 3, generally about 2 of 0.1

microns particles.

Additionally, one can obtain enhanced filtration or LRV levels for the “same pore size”
membrane, e.g. one can obtain higher levels of LRV (LRV>3, preferably 5 or greater) over the

same pore size membrane without the selected ZP in the same fluid at the same pH.

Further, the filters of the present invention are capable of not only filtering particles
larger than their nominal pore size but is also capable of removing a substantial amount of

particles that are smaller than the nominal pore size of the filter, something not accomplished
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m crons particles. Additionally, one can obtain enhanced filtration or LRV
| evel s for the "sane pore size" nenbrane, e.g. one can obtain higher

| evel s q{olel¥i166RV>3, preferably 5 or greater) over the peves@anessi ze
menbrane wi thout the selected ZP in the sane fluid at the same pH. Further,
the fil tve?th§iemiﬁg piigfilierse Sorfer exavgetilters oldhepresgpbibvantiof armogpabdlkalofa pa‘articﬂ@ri ng
particle n nal pore size i s also.ca abI

renovi nd %’ an tagﬁ?ll’]% L%%#chfégha\gnagr% %Ve@@eFW%%éP@alghk@ng rf the

nom nal RIS #e fitdr the filter, sonething not acconplished 10 WO 01/51170
PCT/ USOL/ 01293 w th sieving onIy filters. So for exanple, filters of the
present invention are capable of a particle reduction of at |east 3 LRV of
particles having an average di amegyesysirgy | er than the nominal pore size of
the filter. EXAMPLES Experirrents wer e perforrred to iIIustrate t he

i nvention dei% edtab The %P. of ggffer ently cha g deI particles
(negatively chBY§&d Sp%?@s?@@?@ﬁ% ¢ Lpstcater, Sd@’e'@q@QL SC”bB‘{) PQvey ENey LR IRhr ged
sur f ace gigkinfly %ﬁar?@d tnho’éiéb’ afEIae ( Eé?!auve@naqa bdlyésﬂréﬁeq'a%&gﬁééd@ (pgon nitride

particles (Si3N4 as well as different filter naterials that vvere surface
modi f i e@O%l@/eWethaTQQ@ Suiﬁﬁﬁﬁmdﬁlﬁdatfﬂfam Qr@me frat eand alositivelyr eharged silicanchitride di f f er ent

| i qui ds h hl ori de qut| KCl)) at
di ffererﬁ)%mx'gégé#mj@’;b&flﬁe gejrq&ufg"r?&te %?3’}? g“? éfo% 8?4 erdg%Sd %B@q(e

particl @ﬁmbwﬂememt@ammaﬁm@sqndrrerméaba@d sn @Vﬂef@@t wasdsdepmembriated (HPY atdrese
filters. Fromthe results, a clear correlation IS seen between the ZP of

t he respe@ssiure chiptiqeesolligh HG1at ifrent p Veldese e \eah@cenp eatentien of Biese he
differe I I A gener al
descri ptr i SPRRPRIRIS nbRihins @y 1EF S Eh e borine ERRPHE RERDNES", B er
Zet a Potemt ihalresults, EalebrododelSimnanssen bétwadeﬂheZPlaftas&sﬁzQﬂ%ﬂe filleheatbehail ngs of

whi ch are |ncor orated herein by refer The determ nation of the ZP of
parti cl d8reigpis Ffrg ?qtqed{ﬁee&egﬂ rggdmo pﬁ@@'e%lccordl ng to US 4,602, 989.
The determ nation of the ZP of porous materials in different |iquids was
determ ned according to W8700285A1. Measurenent of particle retention Two
t est syst ens Zekrkoteptiginepsdennentareasure particle retention of test filters in

,? |efSIe|rie2Li dll IngrSaI Qeépr@né{'grfz%rpéﬁhr%ﬁ]eh@%gn I:fo%d %Itﬁef t%&teo?ﬁ?ogeﬂt ML?rltelejres as a

Zeta_Potential in_Colloid Science, Academic Press 1984, the teachings of which are

incorporated herein by reference.

The determination of the ZP of particles in different liquids was determined according
to US 4,602,989.

The determination of the ZP of porous materials in different liquids was determined
according to WO8700285A1.

Measurement of particle retention

Two test systems were employed to measure particle retention of test filters in different
liquids. The first system uses HF of different pH values as a test liquid and filters assembled in
cartridges. The second system uses KCI of different pH values as a test for 47 mm diameter
filter discs.

i) Test system for filters assembled in cartridges for tests in Hydrofluoric (HF) Acid

A recirculating etch bath (REB) system as shown in Figure 1 was used to test the
performance of filters assembled in cartridges. A centrifugal pump 1 circulated the liquid (HF)

coming from the recirculating etch bath 3 through the filter 5. The system components were

11



cartridges. The second systemuses KCl of different pH values as a test for
47 mmdiameter filter discs. i) Test systemfor filters assenbled in

cartri dge® fizifests in Hydrofluoric (HF) Acid A recircul aigmgoebrks bat h
(REB) systemas shown in Figure 1 was used to test the performance of
filters essBifisled Ph cdiftri ddedy(tefaltierpethyiengyed pqﬂﬂum@ akybinyletred) ed arhe 1i quid

(HF) t th s h f||t r 5. The
system cor?@otrrlgeﬂpl?&tﬁ n&e C%%JE.Q%@@JP%%%WU@ 99635‘5?{% ER@F 8 of PFA
(pol y(t eém@fsiyut@mcmmbmécﬁa@f@mmv 50 wersaff ddky ITHe I@Vdu%ltlditera}@ vaied with filter

pol y(tet raf | uor oet hyl ene co- hexaf | uor ogr opyl ene and pol yvi nyl i dene fluoride

(PVDF) abiRf PRB anpfpimaels g lparipiaaes Aliere h%\mﬂ%@on@&nératgnn@mthmr@cm@atmg li qui d.
The circ t 40 | pm
for ot 14127 SR oot e BTl o BSLISt N ort B LBR BRI ZREREY evcn

bat h 3 wdsasming Jystemd, Bmhdten G0aLibyid was W|trairevdﬁ$lohﬁha\/ﬁ51rcmmmg:ath par Bbghe counter

7 (P | Me | d id hd f h
e r oul G PG BUTh BT PSRBT JGR PTG ¢4LEep o MR350 SUGCRABUGH t he
particl em&r@tHFWchthnveesWéOE‘@EB&%E@E@ G.iﬁpﬁneénd 038"k, OK 114, &@wt:%he?%el SIZes

of 0.065 m 15 m and ow controller
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background particle concentrations of the sys ckground particle
concent rmah@nmst enmed fromthe sheddi ng of parti cI es fromwetted parts of

the system i n Nno, exce art wer e resen Concentrati ons
around 10 par t'?ué? gg%ﬂﬂws p'C% @%%‘&BMW?@? TN ?tS?”%cq&\ B3 syStPhd NBat a i n

Fi gure Zagejieung ﬁ@bﬂtl@@b@ﬂerﬂr\éﬁdn A&t RO the lshéing BEFArRebs fbBSketRs 9&%@ e:
Particle susgmgm ons of known concentration were prepared by dilution of a

st ock suUBDBHEMKE-AREN AR BxaseREridastverhrresmt Coageniratioas arount &) partsledist er mi ne

ot he BRF Sokr AR RS, TR e BB e ST PSRRI o™ 7

count er périggpni tored the concentration of particles in the bath
(down- stream of the fllter? The peak concentration of particles >_ 0.065
pmin the batles@rosedereisitlersospeabiond Cék@ownuqomntrmwwerﬁrpeep@caddve:dtlutlan| on of

a1t 68 ol AP Rond NSk Sl LB RSP SURLL Y AR08 o
t he wei rcodcknirgtont Mpasuddd vslum@s ofdResealspeasieR/were paced n@@ﬁe Weir HeBE@guré he
m i rrum1d((aé gtreambcl)f the filter). The particle counter 7 monitored the concentration of particles in the
bath (down-stream of the filter). The peak concentration of particles > 0.065 um in the bath 3
was used to calculate filter LRV. The concentration of particles > 0.065 um at the filter inlet
was usually near 150,000 particles/ml. The concentration in the bath prior to adding particles
to the weir 12 was typically 50 £ 20 particles/m! > 0.065 um. Hence, the minimum detectable
and substantial increase in concentration down-stream of the filter 5 was approximately 150
particles/ml > 0.065 um. This increase corresponds to an LRV of 3 (log1[150000/150]).
Although some filters 5 may have had better retention, the maximum LRV detected by this
method was 3.
The volumes of HF added were chosen to yield evenly spaced molar concentrations on a
logarithmic scale. The relationship between molar concentration, weight %, dilution ratio, and

approximate solution pH are shown in Table |. The dissociation constant used in calculating pH was
0.00035.
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and substantial increase in concentration down-streamof the filter 5 was
approximately 150 particles/m > 0.065 m This increase corresponds to an
LRV of 3wd @gd1910150000/ 150]). Al though sone filters 5 maydraveibadsbetter
retention, the maxi mum LRV detected by this nmethod was 3. The vol unes of
HF added wer elabioséif Wc%t@lﬂénéﬂ}@wnyhls%aced nol ar concentrations on a

| ogari trhmc—scate—The tionship—between—olar—conrcent+ration—wei ght %
di lution r% F . HE Copgent r§§?’bt| on H are showh in Table |. The
di ssoci aloBh CERSRAANRT Lsed i(weighti %)l at il ng FRAATEBaten, 00g5. 12 WO 01/51170

PCT/ USQL/ 0129%Wl)Tabl e 1 HF concentrati on Diletiat Rativsshi ps HF Concent rlat i on
Mol ar Concentration (weight % Approxinmate PH (mfl) Dilution Ratig 10-3
0.0017/307000:1 3.4 10-®00@7017 3,000: 138080:110-1 0.173800:1 2.3 1 1.7
30:1 1. 3 5. 1T 1071 T I ) Test sys discftat_—sheet—F++ters of 47
mm di arl‘?pz in-KC-_The | 11ru)ms:nfnl Zvcsm. s shown |né-&i gure 3. |t

consi st 88 of a hi gh densl.td pol yet hyl end00:hol di ng tank220, a multistage
circul g 1t1|on purrp 21, preﬁlters 22, staghe mxers 23 fowmeters 24 , pH
nmet er s 25—AH—parts—as—weH—as thu pHpHAg—n—contact 11& th liguid after the
prefiltdr are made frorh® pol yvinylidené18ifl uoride or| Ghass to ensure |ow
particle shedding and chem cal resistance. The holding tank was filled

wi t h ul trapurigTebt sjsiehlf@disovedt efieet feYe ot MennsHish@ENMNAY run either in
recircul ati ngr node for stabjlization in double distilled water or in drain
he

mode when t he' " EKREEMERiE Syiamals ISt Fipye 3dh¢°ﬂ$lﬁ$cé@‘ a h@h(liemsnyrpgmﬂ’ellese ze
refilt he fir static
ﬁi xer. %ld?ﬁ@ﬁnk‘?@% rﬁJIt&% g gt&glaﬁ\dnéﬁw nu&us‘te?/y%%ﬁ%r%@ ﬁowte%?a KCOH from
tank 26 pHrbeters B Aﬂhaam; aslweﬂles tb]efplpmg int dostadt iwitis fiquiit aiten tee ﬁ’eﬁﬁ@f ar@YhalkShdie a
peristalti ngﬁ g aln aLEerEfllter 22. Simlarly particles were
i nt rodue°8 vm)ﬁ(fea {ffeorids of 8 Sbtﬁfeﬁf’ WePagiele shefding and @hf?ﬁ“&%r{esﬁiﬁn%ﬁh@ nuousl y
punpi Ng hoi@tahk HEPHIE ﬁ/ltlpultrébh@mlsﬁlleﬁ%féfe;éﬁé ﬂ%% te‘?ﬁ”‘ﬁ/%s'. ﬁ{v %lth%g@? 84 agﬁ'gigf roma

tank 28 into the main |ine upstreamo est fil
chal | endrodp &or SﬁabllZetIQﬁomd@xbbrMIliedmvatsf ondramOﬁdeMBm thk diter pes cIndHengedPaytl cle

count s wer. itored with Particle Counter 30. Also included
were v arppraﬁ%sm%ﬂ LM pore size pre?lter was u%o cti after the cﬁcuﬁatlon pump and after the first stafic

mixer. The pH was adjusted by continuously pumping either HCI or KOH from tank 26 into the main

line before the first static mixer by using a peristaltic pump 27 and again a prefilter 22. Similarly,
particles were introduced into the system before the second static mixer by continuously pumping
small amounts of highly concentrated particle suspensions from a tank 28 into the main line
upstream of the test filter 29 yielding a challenge particle concentration of 300,000 particles per m.
Particle counts were monitored with a M65 Optical Particle Counter 30. Also included were various
valves 31 for controlling flow and draining the system.

Test procedure: For each test, a new 47 mm disc filter was installed in the test filter holder
and flushed with recirculating ultrapure water for several hours to achieve a low background particle
concentration. Particle retention by the filter was measured as a function of pH. The filter was
initially challenged with Si3N4(+), PSL(+) or PSL(-) particles at the lowest desired pH (achieved by
adding HCI) and the pH was then incrementally increased by continuously adding lower amounts of
HClI and eventually increasing amounts of KOH. Particle retention was measured for each pH value
after equilibration of the system was awaited (about 10 min). The log reduction value (LRV) was
calculated using the following formula:

LRV= log(feed particle concentration / permeate particle concentration)
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used as a model particle representing a positively charged entity. The assumed ZP

dependence on pH for PSL(+), i.e. PSL particles exhibiting tertiary-amine groups at their

surface, is also depicted in Figure 4. PSL(+) particles are expected to exhibit a positive charge

over the shown pH range due the protonation of the amine group (see Figure 4). No actual data

for PSL(+) was available however at the time being.

Filters tested

A variety of microporous polymeric filter membranes listed in Table llI together with
their properties was tested with respect to their retentiveness towards the challenge particles
listed in Table II. The pore size of all filters was between 0.15 um and 0.3 pm. Under sieving
conditions, these filters would be expected to have poor (30 - 50%) retention of 0.1 um PSL

spheres. The Millipore filters were surface modified according to US Patent 4,944,879 using
different functional monomers to influence the surface properties of the membranes.
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for PSL(+) was avail able however at the tinme being. Filters tested A
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Pol yt et r gf i8idroet hyi ene Né Acrylic| AcPRET) | N, RRet hyl er@MM(M@ﬁWI'%%ﬁde) g)
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t est fl|t% e ZP (in mllivolts) of the filters listed in

Tebi e 111 FRSRLEhaRd |1

d) Polytetrafluoroethylene
e) Acrylic Acid
f) N,N-Methylenebis(Acrylamide)
g) 4-(2-hydroxyethoxy)Phenyl-(2-Propyl}Ketone
h) N,N-Dimethylacrylamide
i) Triallylamine
i) N-(3-Aminopropyl)methacrylamide HCL

Zeta Potential of test filters
Figure 5 shows the ZP (in millivolts) of the filters listed in Table Il characterized in

either KCl or HF as a function of pH. In the case of filters characterized in KCI (open symbols)
the test liquid was a 0.001 mol/l KCI solution of double distilled high purity water and the pH
was adjusted by adding potassium hydroxide (KOH) to attain pH values higher than 7, and
hydrochloric acid (HCL) to attain pH values of lower than 7. In the case of filters characterized
in HF (filled symbols), the pH was adjusted by adding HF to double distilled high purity water.
Al filters show a trend towards higher (more positive) ZP values for decreasing pH values due
to the adsorption of positively charged hydronium ions (H*). Accordingly, most filters cross the
line of zero ZP, i.e. the IEP of point of zero charge at some pH value. At this pH value the filter
is essentially neutral and will therefore according to this invention retain particles of all possible
charge characteristics, i.e. negatively charged, positively charged, or neutral.

Filter Retention

Figure 6 shows the LRV of negatively charged PSL particles (PSL(-)) from HF and KCl
respectively for the different test filters listed in Table [l as a function of the ZP of the

respective filters. Most likely due to electrostatic interactions between the filter material and
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Other Particle Types
Several other types of particles were used to ensure that the testing with PSL and

SisNg particles was representative of filter performance. The tests results showed that Al2O3, a
positively charged particle in the respective filter liquids, was retained like SisNs. Similarly, Si
particles, which are negatively charged in the respective filter liquids, were retained like PSL(-)

particles.
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interaction between the filter material and the particle material and the
particle is retained by the filter. The data in Figure 6 and 7 shows, that

particl egyapfi/saig charge characteristic (positive or negatpicra)sogernsde
efficiently retained by filters which exhibit no or a relatively small ZP
in the WHEGPEECLAM:.filter liquid. Other Particle Types Several other types
of particles were used to ensure that the testing with PSL and Si 3N4
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of bet wekm! 5 asbud mdlivalisdn 2 selegied fuidvol ts in a selected fluid. 5) A systemfor
Fiteri g0 {1 4l ORI B GeRcLhil ATF00E B oGS s Kb peyg n the one

or nore Iter eac sur are SU antla dtral” in a
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t he group consi sting of ueous fluids, non-aqueous fluids and bl ends

t her eof Oand { M SYHRET 6F C}%F vigreia e fud dés gleg@qdafronpg}eeg{pp%porgfstlrge@fmen about
5 and - (?ﬁ%s! ﬁdud‘éoﬁc}nsaqhgbu%lﬂﬁﬁgﬁoe(ﬁ driad el e‘df Qnd e, ol ¥t nidrd ﬁl Mvig\?fam 1
in ue ( of at

wher ei e one or ave a reduction va
| east 3PoEntpbofbekesabont § el s2indvblsd the eelehted}MIdThe filter of Cai m 1

Bbout 57k o abBUleH T AdiEieR BeoTap e D LBrea e e s RE ot er of
Chout 1RSI0 IR el SU8 CRLE 2 BELS PO LAl oL O e
val ue (BRV) fie fiter of&daim 13vhefein the one or more filters have a log reduction value (LRV) of

from about 3 to about 20 of particles in the selected fluid.

9) The filter of Claim 1 wherein the one or more filters have a Zeta Potential of between

about 10 and — 10 millivolts in the selected fluid and a log reduction value (LRV) of at least 3 of

particles in the selected fluid. .

10)  The filter of Claim 1 wherein the one or more filters have a Zeta Potential of between

about 5 and - 5 millivolts in the selected fiuid and a log reduction value (LRV) of at least 3 of

particles in the selected fluid.

11) A method of filtration of liquids comprising selecting a fluid containing one or more

contaminants to be removed, forming one or more porous filters, said one or more filters having

surfaces which are substantially neutral within the selected fluid and passing the fluid through

the one or more filters to remove the contaminants.

12)  The filter of claim 1 wherein the substantially neutral surface is inherent in the nature of

the one or more filters.

13)  The filter of claim 1wherein the substantially neutral surface is formed by surface

modification of the one or more filters.

17



particles in the selected fluid. . 10) The filter of Claim1l wherein the

one or nore filters have a Zeta Potential of between about 5 and - 5

m | 1ivol o éisiifee sel ected fluid and a | og reduction val uedaRd) /o3 at

| east 3 of particles in the selected fluid. 11) A nethod of filtration of

li qui ds 1:4)rrpr Thei frltgr strleiot i m@er&infthelisdbatamhaib(inehh@ sorigeds fomede by Gorfdcanmi nant s
one or m)re filters

b s
heavi g Do Rionc St B SREng SR foRB 6 ktalek 80 Tt fropheorssibidioa f1 ui d
and passgreg lihkigg ddd réftu*%ghjf @Mﬁfﬂ mokYBorRRRrsUn JTBERs bi thé &{e%btn%rer fERve the

cont am nants 12@ ilter of claim1 wherein the stantrally neutral
surface 1 fet of Haitmd whareinr the sfibstantially estrad rsuriameds farinee ibg sudlp The

filter o t neut r rface is formed by
surface %o&iﬁ%kc{ﬂcﬁ‘t{ﬁ%ﬂ@ %hd tﬁeeSLﬁﬁgéngr Elﬁ%?&n '%( o @89"§§'0T?PWWI9VSSPW6 on

PCT/ USOl‘lLﬁﬂi(%@&fthééDle dmeoré filteter of claim 1 wherein the substantially neutral
surface surface nodification of the filter and the surface

b
modi fi ca Oﬁke fgt@r Sl | PRI eeong o erecibiamsi ase mage Bam acnatrsiel seienteing and
grafti ”gfcf?ﬁthgg%u§50r|'§g r%dl?él B?éﬁla?é‘ & cgﬁr?osm?tglst he one or nore filters,
wher éi'n

15) The |Ite the Su stantrally neutral surface is
formed bl7)surTrediter ofoldint I ehereiotheadnetonenofd filttsraramedd faen g widkerialesee@ii f i cat i on

b I t f. f of the one or nore
:‘lsl tgr 2@%&8@@8 F‘?’]S{S@?@’ Oggeehlr:'gé? ?ﬁ%gggcﬂi?ef@‘fgql'H'g%g@adg‘ﬁ%c%'k"o%r e filters are made
froma mgjerighe ﬁl@r%ﬁ&l@i% 1 Whe¥Eh ttH%eonEro‘P%r&ﬂt@?s' St hiade %mcaheﬁl-zt'a’ll LRLred gI ass
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21)  The filter of claim 1 wherein the one or more filters are made from an ultrahigh
molecular weight polyethylene.

22) A filter comprising one or more filters each having a surface having an |EP within a
selected operating range of pH such that the filter surface either maintains a neutral or weak
charge or does not acquire a highly charged surface within the selected pH range.

23) A filter comprising one or more filters each having a surface having an IEP that
matches the pH of the liquid in which it is used.

24)  Afilter comprising two or more filters in a composite filter, each with a different IEP.

25)  The filter of claim 1 wherein the surface of the one or more filters is treated with one or
monomers selected from the group consisting of acrylate or acrylamide monomers and
methacrylate or acrylamide monomers and blends thereof.

26)  The filter of claim 1 wherein the surface of the one or more filters is treated with acrylic
acid.

27)  The filter of claim 1 wherein the surface of the one or more filters is treated with acrylic

acid, a photoinitiator and a cross linker.
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21) The filter of claim1 wherein the one or nore filters are made from an
ul trahigh nol ecul ar wei ght polyethylene. 22) A filter conprising one or
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t he sur{ace of the one or nore filters is treated with acrylic acid, a
photoinitiator and a cross |linker, wherein the cross linker is N N -

met hyl enebi sacryl am de. 29) The filter of claim 1l wherein the surface of
the one or nore filters is treated with N, N - nethyl enebi sacryl am de . 30)
The filter of Claim1 wherein the one or nore filters have a | og reduction
value (LRV) of at least 3 of particles of an average dianeter that is
smal l er than the nom nal pore size of the filter in the selected fluid. 19
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