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Field of the Invention !001! The invention rel ates
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ut a few [003] In several of these i ndustries
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Mmmﬂegrity testing 1

[002] Porous materials play a significant role in a wide variety of industrial

Cro

applications including processing, e.g. filtering, packaging, containing, and
transporting manufactured goods and raw materials. The industrial settings in which
they are used include the pharmaceutical and biotechnology industries; the oil and gas
industries and the food processing and packaging industries, to hame but a few.

[003] In several of these industries such as the pharmaceutical and
biotechnology industries and the food processing industry porous materials, e.g.
membranes, may be used as filtration devices to eliminate undesirable and potentially
harmful contaminants from marketable end products. Quality control and quality
assurance requires that these filtration devices comply with desired performance
criteria. Integrity testing provides a rheans for ensuring that a particular device meets/

its desired performance criteria. Typically, in the case of membranes, integrity testing



ensures that the nmenbrane is free of defects, e.g.
breaches in the nenbrane exceeding a desired size
limtation, which would inpair the nenbrane function
and thus allow the end product to becone contam nated
with harnful or undesirable material. [004] A variety
of integrity tests suitable for ensuring the
enspras thahthecmentirare issfreedf defeistsaeess , breaches ihithe maermbrane
devi ces, have been previously described. These include
excébdinga degitedl siralimitatieon,velsich widigd irmpair ¢thd meritstane function and
poronetry test, bubble point test, the air- water
thuslbfidw $h@Bnd ?%dlﬁﬂ‘% séééﬁa\élc%térﬁmta&drﬁﬁﬁ %hﬂmbrr B@Esirable
conponents (see, e.g., US. Patent Nos.
matg IgpS 282; 5,457,986; 5,282,380; 5,581, 0_17 Ph| I I | ps
F] Di Leo, 1996, Bi ol ogi cal s 24:243; Kni ght and
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nunber of devices suitable for testing the integrity

the partaclerendlleaige tbaivmealicmd{hiqaid ptremattyetdst, psbble moigt test, the air-
U S. Patent Nos.: 4;701,861; 6,907,770; 4,881, 176).
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significant shortcom ngs. The particle challenge
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[005] The previously described integrity tests have significant shortcomings.
The particle challenge test, for example, is destructive and thus can only be performed
once on a given specimen. Although it can be used for post-use integrity testing, it is
not suitable for pre-use validation, except for validating the performance of a
production lot. Lot validation, however, provides little assurance regarding the
integrity of individual membranes within a production lot. Moreover, the test
procedures and analysis can be difficult and complex. Flow based tests such as the

liquid —liquid porometry test and the bubble point test do not provide a direct universal

measurement of membrane retentive performance, but instead assess performance



based on a correl ation between integrity testing data,

e.g. gas or liquid diffusion, and nenbrane retentive

performance. Sone flow based tests are also limted in

their sensitivity, e.g. size detection limt of

menbrane defects. Additionally flow based tests are

limted to single | ayer nenbrane devices, thus defects
baseshoc h carrelatioestzativeen iotelyity testind date, ead. gas or liquid diffusion, and

multi-layered device will not be detectable using
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SUMMARY OF THE INVENTION

[007] Certain embodiments of the invention provide a method, e.g., a mixed
gas test, for evaluating the integrity of a porous material that is fast, sensitive, non-
destructive, inexpensive and easy to execute, and also provides a univérsal criteria for
assessing the performance integrity of a porous material. The porous material may
comprise a single layered or multi-layered membrane device. Universal criteria, as
uéed herein, means that the test result provides a direct measurement of performance
criteria that is not dependent on correlation or extrapolation of porous material

properties. The resulting value obtained from the test is thus independent of these



properties. Thus in sone enbodi nents the invention
provides a nethod of integrity testing of porous
materials that is based on the concentration of one or
nore gases in the perneate of a porous material. In
certain enbodinents the test is a binary gas test,

.e. dependent on two gases, however nore than 2 gases

i
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ow properties throug he porous materi
s BEAEDA e b AL BB e oA by e gases i
Ssize or density, to determne .if desirge rf.aQrmgnce
the dier PieRlesOrA bpiglis Thaieda: Inaaainenibad Hehl ol ieHoH Aduasry gas
as a result of the defect or if the defect is
tesf, heodereNfent PaItWPgasesnBoOwWe Vg anps anckedases afg also contemplated.
Still other enbodi nents provide a device and a system

Thenteist maydre indppenagent dftilesepiopedmsi thyoughsthe. pdro08mdtarial. Other
one enbodi nent the invention provides a nethod of

emBSGREMtS6f thBanveérticPproliie0d nietRed ﬂ#%hﬁ?écﬁéﬁéih% a defect in a porous
conprising a) wetting the porous material with a

ma{eiri%Hié?'%. tﬁ)siiﬁﬁ AEhL? 18 detriting Hd A&Srd ptdMiaMEe criteria of the
materital with a mxture conprising two or nobre gases
A f es i.f t . .

rort0S R £5° baot RePorbieien o8B S HeFesiy tpeigroct s
) ases in the mxture; c) applying pressure to the )
incgnseguentiplia derms O‘nyéOf BGCr E‘%rgﬁﬁ??ﬁlﬁ' e@%@%‘i‘@ieﬁtf provide a

the concentration of at |east one of the gases in an
devigecang psyBiean whichacare foplemant these intearifetgsts.ous

material. The nethod may optionally further conprise

e) [008pan bng ez disees thedineentimmprovidesra metidod of adsessing the

predeterm ned concentration, wherein a difference in

intelgfity 865 BEFRE rARFRNESRDIiSRg! ) W’éttiﬁg?ﬂwé Srous material with a liquid;
predet erm ned concentration indicates the porous

b) &Wt&;tfngl afist Eeﬁ%é/é‘ggg rp?#ous{ RQ?&rialQﬁtp%ﬁ%ﬂh% %rﬁﬁg?llng two or more

concentration or exanp concen

oo e B ARt OhEie tPaacet Ras g YBHANL hepeifd i e iuid when
corﬁ;gaerség% fhe l)trhte? %rag!aé iwh%nmgx?a reer; 8 Qgp@%eé rgsé ire to'the Rrst surface of
the porous material; d) assessing the concentration of at least one of the gases in an
area proximal to a second surface of the porous material. The method may optionally
further comprise €) comparing the assessed concentration in d) with a predetermined
concentration, wherein a difference in the assessed concentration in d) and the
predetermined concentration indicates the porous material is not integral.

[009] The predetermined concentration may be, for example, the

concentration of gas calculated to diffuse through the integral, wetted porous material

at a given temperature and pressure. Integral, when referring herein to a porous



materi al, nmeans non-defective. The given tenperature

and pressure nmay be the tenperature and pressure

under which the test is conducted. [010] In another

enbodi nent the invention provides a nethod of

assessing the integrity of a porous nenbrane

conprising a) wetting the porous material wth water;

b) contacting first surface of the nenbrane with C02;
mateyjal coeaas noneleféativiel rete giveh dempefatutehandhprasisaremaiytiie the

a hexafl uoroethane ; d) applying pressure to the first

temperatureaandf prebsurenoide svhieh #id tekt isedordsgeslsi ng t he
concentration of the hexafl uoroethane in an area
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exceedi t he,_ predeterm ned concentration ipdicates

b) CEHECHG D ah R G qi s Hasgpane W 610z &) Goniaehian i et surface of
enbodi nent the invention provides a nethod of

the meguxane yithihbexaftuegeethanes, dhapplvingprieaseis talthe first surface of the
conprising at | east one defect, wherein the nethod

porotsmaiesial ea)aseeddingthd cenqemtatisnrodties hekafMdrbethane in an area
liquid; b) contacting a first surface of a porous

proxifahEtol beddid s 3f48eX¢fUhe nfEHBFdrE; RBdt)\BorfpafiPg thdlasesssed
where at | east one of the gases has a different

conddiZRBRAIN b? %/it'hré él'é?ieltérﬂﬂééjd %ﬁ&erﬁmr Sfjth'é%%}éﬂuﬁwb?ﬁane,
gases in the mXxture; c) applying pressure to the
fi.rst surface of the.porqus terial: d i ncreasin .
wheldih 3 SR pRaseriatl o fahligioetidne Sxcepa R iigetermined
e) assessing the concentration of at |east one of the
congapdiationindipatgsdhe mrambiane {sonqt I88Fd surface of the
porous material; g) calculating the defect density; h)
calidl alini siig) anothetesreleedimeinh thie gwvention geavides aimejhad of assessing
defect size distribution; and j) conparing the defect

the intetgity of &ipordug materisll chmprislreostt ieast sreddefete Miliedsin the method
value for the porous naterial, where a defect size

comgg%e‘é b?ﬂ/g?tc ttgg‘itﬁatﬁg{ls Iér{ﬁé}iélnlﬁtfpé Gl Gide Y BB thctRg R MilsP Burface of
a porous material with a mixture comprising two or more gases where at least one of
the gases has a different permeability in the liquid when compared to the other gases
in the mixture; c) applying pressure to the first surface of the porous material; d)
increasing the concentration of pressure applied in c) over time; e) assessing the
concentration of at least one of the gases in an area proximal to a second surface of
the porous material; g) calculating the defect density; h) calculating the defect
diameter; i) determining a defect size distribution; and j) comparing the defect size

distribution with a predetermined retention value for the porous material, where a

defect size distribution greater than the predetermined retention value indicates that



the porous material is not integral. The retention

val ue may be for exanple, the log retention value
(LRV). [012] In yet another enbodi ment the invention
provides a nethod for finding at |east one defect in
a porous material conprising a) wetting the porous
material with a 1liquid; b) contacting a first surface
of a porous material with a m xture conprising two or

e SEET AL e 5 BB b OTRERIE ol e o

t he ot her es in the m xture; c) appl ying pressure
retelngopwgp "surface of the porous material; d)
assessing the concentration of at |east qne of th

gad@®2li M yet maerp@ratapﬁmertt@%ury@@aﬁa PEQMidRR R naﬁthpﬁéor finding at

porous material; and e) conparing the assessed
leasi neatafecttin @(pcbrnuamwatial conprisdey @) wietting the porous material with a
concentration, wherein a difference in the assessed

liguiel ne)estintadtingna first durfacel of H@opsedeiateridl Méith a mixture comprising two
concentration indicates the porous material has at

or rh@:@sdas%@/vﬁ@fa%%ait%%]ofltlﬁ@géé'éé R8E acdhO@nIBBEM&éality in the liquid

i nvention provides a nethod characterizing a

whdlEESGbaldd @ HELHHS. JREST fle &g&ag ) Ao b, 1 st

mat e

urface er of ous ri.a
surah of e Bomiisiraetiyak & Sopsenie *@%g%c%mfr@;hen of ot Baj one of the
one of the gases has a different permeabi lity when
gasesipan &iea praxymabiona seeriybsuface ﬁfethﬁl paravematgrial; and e)
appl ying pressure to the first surface of the porous
commperingi the ;asdgssattcarsinirgtion én gy with ar preapperiménied nomgentration,
over tinme; e) assessing the concentration of at |east

wherai ®Hiffehen@ainaheiadsessatl esnden@stioRlin Hpand tise prstiétermined
surface of the porous material; and f) calculating the

con@ﬁﬁf?&ﬁoﬁj‘ﬁﬁﬁiaﬁé/s { cg'@{gs H?JtSHél f&ankadt Jrieed&yt.

aracteri zing the ect In t e porous materi al

e
cha\?@}acgt%rrlzléglg @Cg?ﬁr}gctl |a|)angorozjs \Arﬁ:;ttelngl cotnqgrl gé %ﬁve?tﬁgetrhe porous material
with a liquid; b) contacting a first surface of a first layer of porous material with a
mixture comprising two or more gases where at least one of the gases has a different
permeability when compared to the other gases in the mixture; c) applying pressure to
the first surface of the porous material; d) increasing the pressure applied in ¢) over
time; e) assessing the concentration of at least one of the gases in an area proximal to
a second surface of the porous material; and f) calculating the defect density in the
porous material thereby characterizing the defect in the porous material.

[014] In another embodiment the invention provides a method of characterizing

a defect in a porous material comprising a) wetting the porous material with a liquid; b)



6 contacting a first surface of a first |ayer of
porous material with a m xture conprising two or nore
gases where at | east one of the gases has a different
permeability when conpared to the other gases in the
m xture; c) applying pressure to the first surface of
the porous material; d) increasing the pressure

a Iie i.n. c) aver time: assess .t h . -
con{BBfid & st kel 2 UByeF bESBHE Frehalh pmiprg camerising
proximl to a second surface of the porous nmaterial;
two 8hH‘°F§ dgaee where ﬁb'elaﬁbo'd‘? & asgs hawea giffesent ﬁ’@fnﬁ?@'"ty when
porous material thereby characterizing the defect in
compheediortbeotheit gasesl in the 1Biturei o) @pphing peassenbtaiihediist surface of
the invention provides an apparatus for assessing the
the paroagmatgrialf dpinepesading thed prasslireccappliddsinm) oagr imgae) assessing
source; b) a gas feed pressure regulator; c) a porous

the EBHcRntratios @FB{ I%a@?@ﬁé‘bf‘ﬁ{é gé‘se% lﬁ%dar%B%T'SﬁFnal 04 &oﬁd surface
pernmeate sanpling port. The apparatus may optionally

of tthj%chsarrp gﬁéll 3fd ?)t Aflﬁﬂgflrﬁﬂ% d|?FnettQ|’eoff t%ld%\f‘écﬂ% tf?e) Bgrous

ng’ port e pressure measur
eed suring deyice h) a
mat@%% { fsien srebritrod e dokt ITRR RAS TR IR gas: 1)
Ewggéﬂvalve on a the feed chanber; j) a perneate gas
fl aiet appther @gbedimest thawrea@mmrh@rwweesmn gepgyaus for
flowrate; |) a device for neasuring the feed gas fl ow

assessing the)int@niu/ af 2 perousmaatarial oompeamgra)raygashsopreenbpa gas feed
gas streamtenperature and water tenperature. [016]

preskOres fddulaten @) ResoreN® eshtBRAl sdnisie icovelihed® th 2f&edd B§smBer; and d) a
system for assessing the integrity of a porous

perfiBatR dafh eplﬁggﬂqrt STRY a@?a@atﬁ@ﬁ Fb%allwlfrﬂ\é?%nﬁ at least one

pressur at or; oro nat er
of h g,nlgl ned %ged % a f'tgst and seeco d . devi )
548 W19, ?&%‘? amg 9*’8 dQ\ﬂ MG PSRN F AP TTHEINg aevice, g
ncentration of at | east one gas. The system ma %/
a e%ﬁpr%ﬁam mqaépf'ﬂﬁlde&?ﬁﬂ?)lasga%f{'q'ﬂ'gé'é’l”t%?ﬁ%r of safwating the feed gas;
following: g) a feed sanpling port; h) a perneate
i) a purgesiaive oreadbeiferd deanber; j) a permeate gasBawmester; k) a device for

measuring the purge gas flow rate; 1) a device for measuring the feed gas flow rate; m)
and a thermometer for measuring the permeate gas stream temperature and water
temperature.

[016] In still another embodiment the invention provides a system for
assessing the integrity of a porous material’comprising a) a gas source; b) a gas feed
pressure regulator; ¢) a porous material sample contained in a feed chamber; d) a first
and second gas; e) a liquid and f) a device for measuring the concentration of at least
one gas. The system may optionally further comprise at least one of the following: 9)

a feed sampling port; h) a permeate pressure measuring device; i) a feed pressure



7 measuring device j) a gas-liquid contactor for
saturating the feed gas; k) a purge valve on a the
feed chanber; a perneate gas flow neter; 1) a device
for neasuring the purge gas flowrate; m a device
for measuring the feed gas flow rate; and a
thernoneter for neasuring the perneate gas stream
measunre devicej) g gaseliquid contadierfoe shimdatimgnthe febé gas; k) a purge valve
i nvention provides a nethod of assessing the

on & e tHdd dhamhber; Blpdrmehty gaefodaviere, IF arRiics o8 niBds@Iring the
t han one Iayer of porous material, wherein each |ayer

purs ERTRNL 46 1 kit ARASHFERILHS IS/ aps 2
the{aﬁ?@%ﬁ'—é& fi\?a%?ﬁf%ﬂ{%é@@ei’%% ?@L%ﬁi“%aﬁi‘feiﬂ%eraﬂ%?ég?héhe

ri ses . t he. porous, materi al
T80 & e Gmbsdimagisneinuid pravies Getliacsp! assessing the
Ia er of porous material with a m xture conprising
lntelgwﬁ' of a e laygsed daviee somprisingsmosmthast one leyegakperawggnaterial,
a different pernmeability when conpared to the other
whayefresachnlaybeis comprisest ofd fiegb phyliangeqonessmiaeet and derein a
first surface of the first |layer of the porous

sanﬁfﬁ{b%dfpﬂéd t&1heP@ERES WIBAIGW Erom® BHeetivst §|§ tade of thétpdr8@§ aterial
one of the gases in an area proximl to a second

thro}%%tﬂ‘é?po‘?&g%rﬂa?éﬁal't&l’ﬁé s@éoﬂ?é%&%oe\?vhé %tl'%"t?lﬁmgd comprises

assessed concenir

redeterm ned conce erein rence jn.
a) GERg 5 BRRRS BRREATMAF ilioy B EcBid P {relhibafe ot arst ayer
' concentration indicates the porous material is not
of ROAPEY mterlqlmm@y a pure éﬁféllpr'élﬁlpetlé’@sorefﬁgreagﬁﬁﬁﬁ‘é{@%@ fleast one of
the invention will be set forth in part 1in the
the ¢reses ihassiaodifferant pefroeblbiity, whenl compaeed tosthiel other gasesoinghe
fromthe description, or may be |learned by practice
mix@iret BEapplyi@dgtoressuréhie tiedfist stirfadsl obtheafireb@ger of thehsorous

invention wll be realized and attai ned by neans of

maﬁ?l,i"ég%géﬁn ik EoRRiriakibANT at R&st bRE IR gRSEdesh area
ppended cl ai ns.
proximal to a second surface of a last layer of porous material; and f) comparing the
assessed concentration in e) with a predetermined concentration, wherein a difference
in the assessed concentration in e) and the predetermined concentration indicates the
porous material is not integral.

[018] Additional objects and advantages of the invention will be set forth in part
in the description which follows, and in part will be obvious from the description, or
may be learned by practice of the invention. The objects and advantages of the

invention will be realized and attained by means of the elements and combinations

particularly pointed out in the appended claims.



8 [019] It is to be understood that both the foregoing
general description and the follow ng detailed
description are exenplary and explanatory only and are
not restrictive of the invention, as clained, BRI EF
DESCRI PTION OF THE DRAWNGS [020] Figure 1 is a graph

g exaf | uQ XI t .concentr,
?f@”b@ 148 % PE A= RGS 3 Bp Rt fPledoifi B3RP fosbtion and the
ow exanpl es of a nultl-la ered msnbrane used for
foﬂqvv'ng detalg daRerirHeR gFe %erf'eéu AQY EXpEPRteryY Qivkeand pee got
schemati ¢ di agram of a device suitable for performng
restriotiegyof the inegntiong asfclaimedr ous material . [023] Figure 4
is a graph showi ng defect flow rate versus pressure.
[024] Figure 5 is a graph show ng defect size
di stri buti onBRIBEDESCRIPEIGN iQF IHE BRAWINGSNg t he
results of an air water diffusion test. [026] Figure
7 i[820] Fiapéd 1sibavgraghfshowingthecherafitiosogihass gas exlt@3rEentration
Figure 8 is a graph showi ng the estinmated defect size

verdlissthei flow td. of 3 inch PES cartridges. [028] Figure 9
|s a graph conparing binary gas conp03|t|on usi ng

! géf@e ﬁgurEE %A‘g ?g%%oﬁﬂﬁﬁz %{%rﬁ#hcés j et‘%{éh tﬁbi&ed[rﬂéﬁﬂbrane

val

b TES She BRRGAEEs Lo Tor 2,10 er
:23&2%9 tlggﬁe %elfs %Céchselmzaetlcdclilgérraln‘? %tf Ia%%vfcoersu\llta%?e for performing

integrity testing of a porous material.

[023] Figure 4 is a graph showing defect flow rate versus pressure.

[024] Figure 5§ is a graph showing defect size distribution.

[025] Figure 6 is a graph showing the results of an air water diffusion test.

[026] Figure 7 is a graph showing flow ratio versus pressure.

[027] Figure 8 is a graph showing the estimated defect size distribution of 3
inch PES cartridges.

[028] Figure 9 is a graph comparing .binary gas composition using different
feed compositions versus defect size.

[029] Figure 10 is a graph showing the log retention value (LRV) versus
permeate composition for a 10 inch single layer cartridge.

[030] Figure 11 is a graph showing the defect size distribution for V180

samples.



[031] Figure 12 is a graph conparing hexafl uoroet hane
perneate concentration, as a function of tine, for a
single | ayered nenbrane device and a nmulti- |ayered
menbr ane device. [032] Figure 13 shows integral and
defective single and nmulti-layered nenbrane devices.
Hat ched areas represent pore defects. [033] Figure 14

[ raph show.ng retention versus per te
cBRLFIOUT of 157 argRl FomBaEng drexaiiarorinene payards
menbr ane devices which are either integral or _ _
conceiiigiions asl adunetipn ef timey for acsirgle daygred Mempranadevicgand a multi-
and b shows perneabilities of various gases.
layeré&dFSER iahede@€eTHE EMBCODI MENTS Met hods of the
I nvention [035] Certain enbodi nents of the invention

IOLGBZ] deigare s Bhdwsantegraland deféctiv@esingretammugthphers
the binary gas test, for assessing the integrity of a

memBi2hetevidda! §iatahed E?ﬁé eée?itigf%% Eeféa?sasuri ng the

concentration of at [east one € gases in the
ORI G 18 B T g Sa it b§ibanttion o

. liquid used to wet orous material. Oher, _
Va“Olé?nB'BSF @“ﬁii’lﬁ)’lebeé? "%@?brén?é’?t\”%ﬁi%*ﬂ%@é%eﬁh%ﬂ integraker
of gases where at |east two of the gases have
compgised 6f ong or prareedeiedtBti es in a liquid used to wet a
porous material. As an exanple, two of gases nay be
ufEsH] f Bigurk N8 atdryd deshewsiparmgabliigies of egriotiy gaged. he
porous material, while a third gas nay be used as an
internal standard. O her enbodi ments of the invention

provi de a syDESCRIPTION @FFHEREMBODIMENTSCe t he
nmet hods described herein. [036] The conditions under

Methodé of fhé hvetidipds of the invention are practiced may
be chosen by the skilled artisan. As an exanple, the

RI 37 98 e ALint b bkt BFthelifvention provide a methad, e.g., a mixed

gas method, such as the binary gas test, for assessing the integrity of a porous

material. The test relies on measuring the concentration of at least one of the gases
in the permeate of a porous material. The binary gas test uses 2 gases with differing
permeabilities in a liquid used to wet a porous material. Other embodiments provide
for a test which uses a plurality of gases where at least two of the gases have differing
permeabilities in a liquid used to wet a porous material. As an example, two of gases
may be used for directly determining the integrity of the porous material, while a third
gas may be used as an internal standard. Other embodiments of the invention
provide a system and an apparatus to practice the methods described herein.

[038] The conditions under which the methods of the invention are practiced

may be chosen by the skilled artisan. As an example, the methods of the invention
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may be practiced at a tenperature ranging from about
OC to about 100C. In one enbodinent the invention is
practiced at a tenperature of about 20C. |n another
enbodi nent the invention may be practiced at a
tenperature of about 4C. The nethods of the invention
may be practiced at a pressure, e.g., a feed pressure,
rangi ng fromabout |IPSI to about 100 PSI. In another

maySsd peliotiedd at Beerpehfdie @ingiftefromnatii 000 t6RBobe100°C. In one
pragtl ced at a rgrpessure og I-h‘ﬁfout 30-50 PSI. In one

emb%ﬂﬂght”ﬂﬁ ln\FJ?ﬁloanEgpéHQee taﬁ@n{d%\s‘%ﬂt)és?f‘aw RPC. In another

practi ce at a sure of about anot her
met hods of the invention nma -
embaﬁgu??tgﬁs injd w&f@@iﬁ?@%ﬁ%&&h Y EeqlanTe Ry 3pgyt 4-c. The
(g%h r enbodj nent the nmethods of the invention na
metheeg et thednygntion mak benractiged@Aprepsurese.d.) 4 faed gF 9r$élfe
enbodi nent the invention may be practiced at a
rangin@&onr abewtatPSIdojabout HE0 (Rﬁﬁt Hreanqtmr enpuwidiment thetreethods of the
porous material. In still other enbodinents the

invepties snayebarpyadiiced atpagtesgureasf @bpout BOWIOYP S dheareembydiment the
small increnents while neasuring flow rate and

metﬁ%éﬂﬂﬁe%ﬁé’rﬂmn'rﬁa}’ Eb p?b@tﬁfeoe&ibégré&mesof éﬁtﬂJtFHWISSWIﬁ another
may be ranped down, ow y decreased by snal

emHor&%SHffﬂb%%bh.@rof ff?éaﬁn%hf‘& @a&vﬁoé ﬁlta%tl fata 3 Plessyte ¢ of about 30

concentration he pressure

Pst, Tyl SR CebbEAFET e praiGeds sf%?'ﬁ\séﬂ %%355% Pzectlced ata
predaiirg ababORAARSH v sthar BRbastimant theunveaion Wayibe practiced at

m xture may be chosen by the skilled artisan. As an
a pressurplibat issuest delovg theebulzivle poirded thénpofdusshatpaial. nystitleother
used at a percentage vol unme rangi ng from about 0.001 %

emboaimahgithe PPeRAPEmANse tdrBpse epne. o, aéloWEMnblféanedﬁb?nimal|

at a percentage volunme ranging from about 0.001 %to

incr@gﬁ%H& \ﬁﬁﬂeql%%é% rﬂ]%i‘!?w'rg’fg NG EBREENtFItRY! 48 YePYtHe? Ehtidtiments

odi nent s nvention
- the pressure may be ramped down, e.g., slowly decreased by small increments while

measuring flow rate and concentration. The pressure can be ramped up or down in
stepwise increments. The stepwise increments can range from 0.5 psi to 100 psi; or
from 1 psi to 25 psi; or from 5 psi to10 psi.

[037] Where a plurality of gases is used the percentage of each gas in the
mixture may be chosen by the skilled artisan. As an example, where 2 gases are
used the first gas may be used at a percentage volume ranging from about 0.001% to
about 99.999%, and the second gas may be present at a percentage volume ranging

from about 0.001% to about 99.999%.
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[038] In certain enbodinments the invention provides a

met hod of assessing the integrity of a porous materi al
conprising filling, e.g., saturating, the porous

material wth a liquid and challenging the porous

material by increasing the pressure of a nmulti-

conponent gas feed while neasuring the steady state

gas conposition of the perneate. In other

enbodi ménihsprovementsiRroviddw bgdle rtain Embodimients af ¢hethvention
devi ce, a steady state may not be reached, but a

qQUpEg] Sﬁﬁt%i‘klﬁbﬁ{b%dﬁmén@%é%@d%ﬁ prblidas %Hﬂéihodsdf%@éssmg the
state the concentration changes slowly wth respect to

r nt, .of S
mte@‘ltg,gof%gﬁ? éﬁ!o@r;t%: elérll [h?)g? é‘[@ﬁg L 530 stgmﬁge o ihe poraus material
at.a e .press oint o tead sta
with % fitig e GrauBhgine the p r%ﬁe@gfﬁr@' Bl iiasing afe,plessure of amutt-
descri bed bel ow. The skilled artisan will understand
compeRENt gapiagsk Wi geagdring fhasiepgy stalegas fompnsdionsofcthe
as operating pressure, solvent, gas species and gas
perroeateo i vihen entbodireents; eqn, Whereethie denvic isad multi-layered device, a
requi renents, sensitivity limts, and operator

steagiyrutatel rﬁaﬁﬁot bé readHed2bsPa *@fmaﬁh@t@ady @Qﬂe lmeyt he agiinededn a quasi
artisan that functional properties, retention of

stea"l‘i %él@ethe %ﬁﬁéﬁﬁa’tﬁiﬁ&hé@g@ s\fémé/\éltﬁrﬁéég%t foot'irﬁéltl%se?ﬁrmlttlng

integrity measurerents I n accordance W

me&é?fﬁ%'ﬂ?hﬂﬁﬂﬁe?dﬁss et AR forboptRBh. 9’13% PERLS sy gptened a2

contacted with a first and sec ere
smg,le; pge(ssgfﬁjpglgggﬂge a@gdg&@{eﬁ%@c@evgg of @?gmlt e pressure ramping
_pernmeability in the liquid used to wet the porous
pointaiae destribachbelony Theeskiledhpdisaniwill usdetsiand thaiftin gracticing the
second gas and the liquid, a skilled artisan can
inventéiaditést vapabiisciuchlas operptisg pressued, sderndagasspdaieseand gas
that woul d perneate through the wetted porous

comwsmbhaha;gséwanea t6 Rfedthtetial rdgRiirefiepes, %Jensiﬁwys ﬁrWt@ and

may then be applied to 12 the porous material such

opefeﬁ@rt cMeGﬁ'igdc%l fjﬁLleﬁ%c? be! rfc{éﬁstBB& %Sﬁh??km%aim?érﬁh%? functional

er occup

proper{les e.g. rettenetlo% of a@arg&rsepe%f]e% sauc%hang%whg may be correlated with

integrity measurements made in accordance with the methods disclosed herein.
[039] In some embodiments of the invention a wetted porous material is
contacted with a first and second gas where the first and second gas each has a
different permeability in the liquid used to wet the porous material. Knowing the
composition of the first and second gas and the liquid, a skilled artisan can readily
predict the composition of the gas mixture that would permeate through the wetted

porous material assuming the material is integral. Pressure may then be applied to

12



pernmeate gas m xture conpared to the predicted val ue
of the conposition of the gas mxture. In sone

enbodi ments the steady-state concentration of the |ess
permeabl e gas may be observed to be greater than its
predi cted value. Thus, the nethods of the invention
are not dependent on the resident tinme a gas spends in

thewgtﬁ) H@%%@ﬁ@ (_t_lp]etrbodrteﬁaq \ﬁte'f'eec %ﬁ {ﬁ%g? P H&ﬁerial are no longer
ooggRist P id LR MR ?e?rﬁémf@atoﬁ Ragesaniyils % = Ta——

assess the integrity of the porous material.

peramnaie gaemixiure comparedto the predisted valve of $he gempesitionof the gas
follow ng: small variations in operating pressure,

miximes i ln&one emeotinesntefthe biegdyrsiate coatcentration vbthenfess permeable
changes in the nmenbrane or test housing. In certain

gaLARYBEEEtvéd & be (RedtePthapl ityprédftéd FBILBOATMSS, the methods of the
asseSS| ng integrity of a porous naterial, e.g. a

invaREBH 8Rendt enﬁebf‘? Ft%o en‘Pftlrr?eog bEishends in a porous material

char act eristrcs o rane SUC as por OSI
T e T .
el 3 s PRy e S5 PEA

i nvention provides a nethod of assessing the
peimeaigmaybetisad fo assessihedntegrity ef the pasowematerial, Consequently,
which is sinple, rapid, repeatable and

thertest id dndensitivievte eabhefiine Folidwirey, doealpeariatiomsdn betratmgqressure,
after the porous nmaterial is used for its intended

h iifh th b
oh SRS pSSS BB SBOALR Iy 0, S0gRcel o membrane o

tesgﬂgHélﬁé‘t 'Ir?@er‘t’éln dﬂﬁtengﬁﬁ%sinxgrﬂ%rpﬁr&l%feﬁ@ﬁﬁe%@d Sf assessing

ependyng on |n nee reover

integdfi & 8 porgi a‘}i;%'gv'at@éenfrei‘%stﬁ@f odePafi of specif

certain enbodi nents of the invention provide a nethod
chayacigsisties phiedeedbrang sugh as porosityotpriupsity, anchthigkness of the

tinmes smaller than the defects detected by air-water
wettingfflusd.omhe émtention thus provides, in some embodiments, a universal a priori

standard for assessing integrity of a porous material.

[040] In certain embodiments the invention provides a method of assessing the
integrity of a porous material, e.g., a membrane, which is simple, rapid, repeatable
and non-destructive. The method may be performed before or after the porous
material is used for its intended purpose and may be repeated more than once, if -
desired. The method allows the artisan to choose the combination of liquids, gases
and porous materials depending on individual need. Moreover, the method increases

the sensitivity of assessing integrity compared to previously described methods. Thus
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[041] For many porous materials, e.g., menbranes,

filter devices, it may be wuseful to assess the effect

of defects on the retentive properties of the

material. When it is desirable to quantify defect

si ze and/ or defect popul ation density the nmethod of
certhiteernbueintents oftine iheemticacpriovieskt @ methed stidetecting datpcts that are

node such that a plurality of data points are

1-100R 8850 £1D-86 tifASSHARer thah fiss BafeRtt détectaddbyngiriwater diffusion tests.
exanpl e perneate flow rate. Additional enbodi nents

glfr ?UA‘H%HP%%&?%@E@?S r%é Yd B9 ri&hBFdneas fifler dEVGdd<Ot may be

Si'ze. al n enbodi nts of the invention

rovi de a nethod, of identifyin R :
usoBTS b PR L GE A M 80l HBSH5%s . vinen
~nm 10 nm 10,000 nm  The illed artisan wll.
itis Apirabled GUBNKY dRIPGIFO AN GEEChPPPUBEOR Hensith theymethod of
by filter area, choice of gases, wetting fluid, test
the jrivesdion enaynoe praxticed il prassuce rammeing mede syeh that@aplyglity of data
Standard [042] As di scussed above, one advantage of
poifits arapidmtsedhs phessuny enincrsasedeingludindiorexastlg pasrmeate flow
test, over the air-water diffusion test is its

ratd, nﬁ(&fii'iiéﬁ‘é%‘aen%bdlﬁl@z)‘\té BfdvidemdtiBtseror gLaimtifgipgrddfect ass function of
result, 1t can provide a universal standard for

e 05 AR Pl ke g n
oA BS S SPTOARE DB C2aY 0B to -

molar flux n; for conponent i is given hy Fick's 4 W, .

10,080 om.f Ghe akilgdraeisancyill apppeciate that detectianrangss w IBE influenced
-y1,PPn) 14 where s is the porosity; D, and Si are

by filter afeh f emiicmnotgacsi, viettitg Buid, test prsisslite/and &fifs ¢f daiector used.

respectively, for gas conponent i in the liquid
fillingZ rpe@hiwersdl $andardy; is the nole fraction
of gas conponent i; subscripts f and p refer to the

| TBELAESSFRR MR o BRI Jiehhad o et
e.gf,lthi-:Agni;(gty Sgs test, over the air-water diffusion test is its invariance to many test
and material properties. As a result, it can provide a universal standard for assessing
membrane integrity. For a saturated material, the gas components diffuse through the
liquid-filled pores from the high-pressure feed side to the low-pressure permeate side.

The diffusi\/e molar flux n;for component i is given by Fick’s law, which for a symmetric

membrane is

Sy, -y, P
ﬁi=8D,S1(yz,f1;‘ Yip p) 1)
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t hrough whi ch conponents nust diffuse. Note that the
thi ckness of the fluid layer is not always equal to
the thickness of the nmaterial. For exanple, a pleated
menbrane nmay have a liquid nmeniscus between pleats
creating a fluid layer thickness that is greater than

whe¥%§ i%&??iy' I, %'ﬁBeS‘%re &I%atft %’ﬁin%éfﬁ'tﬁeﬁ% sA0biRR ficient,

is stralg rward to show t hat

th osi tion r neat

respeREv e RO CPE‘HOHEQEE'Hgﬁﬁt"QB'Pef“@& B fterbb el y e mot
and thi ckness of the water fect-free

fractiempf aae componpent lasléleﬁcalpbeaﬁ burg edﬁ%%&ﬁe edeand perigate streams,
art that the nolar flowrate (i.e. the product of

respastioely; £ Isitkedoduasiya)f the pores padd is thesthidkness ofigxefiuid layer
vari ables. Ml ar flux, which is the basis for the

throﬂglﬁ V\Ylﬁét?&orﬂbBﬁé'ﬁbQﬁuétQﬁﬁuseS hQute that trt thiokpews bhtHd fid layer is not
a result of pleat deformation and novenent, water

alwéstat%dl?aq % {I{eo{ﬁ' é%'f‘ ﬂbeoﬁl%?érlal aﬁr %&Qﬁ@le{, %g@@%%g thB8&{brane may

uence Nno ut are | end .
o BT RS eeBhols F avflla@ i i ERAGscbat s areater

t he rrenbrane properties such as porosity and
than thet membrgne thicki®ser ast, t he net hods descri bed herei n,
e.g., the mxed gas test provi de results based on
t he [043] dsingpibiet equatlommavesfor molarflxetit is straighforward to show that
invariant with respect to variables for an integral

the@BRipdRion@GEEe peantate gmse% i.eatheanitiogs tiod fltkes)matihdeisendent of
of the invention is that they provide a single-point

%I o sat]y ?n@ﬁﬁﬁ%ﬁs@%f%’é V\fﬁélelégé\l for BlRGE M Yed\Riehibrane. It is

or a materials and is invariant

VVI th f I u t

i) a0, 0G SRARE I} BRHER el dhe caﬁ 5P S B ¥ groduct of molar

i nt e t f f ity. . . .
s oo o o e L, WOREGELen o ase

desirable in certaln situations to be abl to
for ther aicveater-difasige test shows varations wntfatlm@raﬁ@ r%ulb@f Ripat

beyond nerely noting its
deformation and movement, water drainage from membrane pores, and other factors
that influence molar flux, but are independent of the inherent integrity of the filter. The
air water diffusion test results will also vary with changes in the membrane properties
such as porosity and tortuosity. In contrast, the methods described herein, e.g., the
mixed gas test, provide results based on the gas composition. The results therefore
are invariant with respect to variables for an integral membrane. Consequently one

advantage of the methods of the invention is that they provide a single-point

measurement to assess porous material integrity which is universal for all materials,
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presence or absence. Certain enbodi nents of the

i nvention provide a nmethod of cal cul ating defect

di aneter and distribution density, both of which nay
be useful in assessing a material's integrity,
particularly as it relates to retention. [045] Gas
flow through a defect is due to convective rather than

di f f.usi ve Sever al S her s ve .nmodel ed .

a5 Pvasit A Bidinad IhES . HETS Bk o BeralyR Ly (RE testing

equation applies., However, one skilled in the art wl|
aﬂ%@%ﬁ?@@&ﬁdﬂaﬁrﬁi ntegifti on is valid only at the

limt of very low pressure differentials across the

menbr ane 3 Ruahtifying RefectBiz€andnBens iy DigtritBdiam,

1986, Applied Scientific Research, 43:67, 1986.). At

typi[oal] A gigeudsed sisdves Amday beriesirgble-in ceetany @ida\t’ ons to be able

exceeding 20 psi (pounds per square inch), the f

toté?fa‘f’é’&g iZe ?‘i‘fe?%étt Ffefer EWS g\ﬁgﬁ%’% er‘(\@néﬂb%?@nd% \é’l notlng its

partlcu ar ect Is lafge re Y,

e e.QB%i{%eﬁ%?@?'ﬁ S4B e et o

Hagen- Pqi se e flow to, . turbulent f to choke f
caialgling eebiaeterand Sstipon de S St WS StaYb Seful in
the feed pressure. The transition to choke flow, when
adsesgingenalaterial'sdategrity, pagiaulprly as it relatasrto retemtionhe
critical pressure ratio is reached, which depends on
t he [pdBp@dseflow throubk adﬁfeotsismfu&euoemrfvbcti\heaitber thad diffusive
a property of the gas conmponents: k P'" =P 2 k, (2) Pf

trdfisblortl Esé\48i rebarcHefERAVE AR Idtb §8s flBw! iR deedts ¥ssuming the
testing of porous materials, the "transition to choke

Hgééwv rﬂ%‘ﬂx %eém%loh%ﬁllggd F%I%\”@h@éﬁﬁ@&jﬁw fﬁléoéﬂ witPrecognize that

ownstream pr essure is arri

R 8k B A AT e e
mgl%%l?gné | I(?)WP{U%%omme T. Chapman, and J. Bowen, 1986, Applied Scientific
Research, 43.67, 1986.). At typical integrity test conditions, e.g., generally exceeding
20 psi (pounds per square inch), the flow through a defect more closely follows choke
flow, particularly if the defect diameter is large relative to the thickness of the retentive
zone within the membrane. In general, the transition from Hagen-Poiseuille flow to
turbulent flow to choke flow is a function of the ratio of the permeate pressure to the
feed pressure. The transition to choke flow, when frictional losses are negligible,
occurs when the critical pressure ratio is reached, which depends on the parametér K,
the ratios of specific heats, and is a property of the gas components:

k
P (2 Vi
Pcr =_P:[ﬁ_1] (2)
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[047] It is recognized in the art that defects in a
l[iquid-filled porous material will open when gas
pressure forces exceed the capillary force holding the
liquid in the pores. The relationship between the
defect dianeter and the pressure differential across

t he ial is typically, nodeled via the Laplace, .
quQm%OF&OM%éE?eS{ E?gd Jpntggidy Eesé'nGs‘)?tPﬁ’ Wrematgrials, the
dianeter, y is the interfacial tension for the gas and
trangitéan @ ¢hakeifleyy oecius whehy thedeed peessusmexceeds aleut 15 psig and the
contact angle. As a result, defects of different sizes
dowersirdzen pressack lryambient.nGohbequetlyadafact flovediscussef by beme
test. This feature is useful since the retention of a '

pre§id@SiREhEIS RRBESLIAY intbrif/ t&stin@lsaAlkeULinitAe IdhekESbolciegime.
size. One can practice 'the nethod ‘described herein at

gpg[pﬁz A5 Tecdd iz ﬁrtﬂet{}ﬁgh%"tggfe‘&se% a?g @HQMBG?@%@S material will

ar ger ere SPECi'€s,

t hereby assessing the i t of defects on.retention..
op<y] WhFR R PLFSSU dorbaS excaRt fle anifisty TR iliibS e o the
pressures, allowi ng defects of different sizes to be .
porgpelBg.reatianshipdsine ey the dalegt dipgater and the pregsdie dffarential
and downstream fluid properties, ideal gas, and
acrepsithe matexial i typicatypuxieledviadhe taplagasequatione exit is
a function of the operating variables and the flow
rate of gas through defect(a)ycésigy he nenbrane device.
To sinmplify the fornul atd 6 T, s Gdnvenient to
define the foll ow ng ratios:Af7 fr=flowratio = gas
flow rate through defects/total gas flowrate Pr =
pressure ratio = perneate pressure/feed pressure =

wh&@f J%"JEIH@de‘fé’ct?‘ia_rﬁé;%r%ﬁ@?%ﬁ%ﬁbéi@?féﬂ%ﬁm forr te hs 8Aa liquid filling

conponent |

the membrane pores, and 6 is the contact angle. As a resuit, defects of different sizes
can be opened by varying the operating pressure of the test. This feature is useful
since the retention of a species depends on its size relative to the defect size. One
can practice the method described herein at a fixed pressure where the pressure is
adequate to open all defects larger than the retained species, thereby assessing the
impact of defects on retention. Alternatively the test can be run at multiple pressures,
allowing defects of different sizes to be opened.

[048] Assuming steady state, uniform upstream and downstream fluid
properties, ideal gas, and Henry’s law, the composition of the gas at the exitis a
function of the operating variables and the flow rate of gas through defeci(s) in the
membrane device. To simplify the formulation, it is convenient to define the following

ratios:
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J [049] For a binary gas m xture, these test variables
are related by the follow ng quadratic equation: Y,2'
[Pr(1 - (D)+Y,.n [1- Pr+Y,,1 ((D-1X1 + fr Pr)+ (1-
fry Pr (D- Yj,l (D-"fr[CDY2l - OY,,f -Yi | +Y1,1 (1-
Pr)} = 0 (5) [050] By neasuring the inlet and outl et
gas conpositions, it is possible to solve equation
fr ﬁ?Wtr atigsrgasfioye ratadhraugly 494@¢t§/.t0tai/ga%flpm rafeon, a
PriEPRCaHe kb fortdite pRddsrOfeedSiedstie, | ntegral . As
not ed above, the exit gas conposition for an integral
O mpemeanbility of gas dampa)entd/penveaabitityt ofwgashrcamepdnent ¢
properties, and depends on the choice of operating
¢49ré8:5' ug and gas conposition. A skilled artisan wl|
régdgni ze that the presence of a defect (i.e. fr
greater than zero) wil| cause the exit concentration _
t ol040haryea bingny eaeMpdLR these tast vatiakleaarerstaiegyy the following
Consequently the conposition neasurenent alone is
quadnati€iequatidn:t o determne if a nmenbrane is integral.
[051] To determ ne the defect density equation (5) is
2 [probyed, fiorp £ ol rai+ g-pr)lE- ct, &l atapy= -2 +y, (1-Pr)|=0
il (fr*ge?)ﬁ’iate %’f?w %t g )-'IEJ(} dg?gftﬁﬁ r%"é tﬁz[q)g'gf ect” 2P
density, it is necessary to use a nodel for the flow
(®) in the defects. As noted above, defect flow can be
descri bed as choke flow in many instances for )
nel@$0hnRy megispifiag & indetiang eufiet gage@mrasitions; itdepessible to solve
flow wth respect to pressure, assum ng choke fl ow,
equatiarl (& taddeErminalthesfiaw ratioc o8y defjnition eajremionangéyith a 8low ratio of
1 NO9r+or 4r P + AP P J (6)
zero is integral. As noted above, the exit gas composition for an integral membrane

(i.e. fr= 0) is invariant with membrane properties, and depends on the choice of
operating pressures and gas composition. A skilled artisan will recognize that the
presence of a defect (i.e. fr greater than zero) will cause the exit concentration to
change from the value for an integral membrane. Consequently the composition
measurement alone is sufficient to determine if a membrane is integral.

[051] To determine the defect density equation (5) is solved for flow ratio. The
Defect flow rate = fr*permeate flow rate. To determine the defect density, it is
necessary to use a model for the flow in the defects. As noted above, defect flow can
be described as choke flow in many instances for membranes. Differentiating the
equations for defect flow with respect to pressure, assuming choke flow, yields defect

density according to equation (6):
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Al1/2 P] +AP | RT k+1 2 P, ) MWVNKk(k+1)iq] [052] Were
N1/ A is the nunber of pores of size j per area that
open as the feed pressure in incrementally increased
fromP to Pi+AP; Ris the gas constant; T is the
tenperature; MNis the nol ecul ar weight; and other
synbol s and subscripts are as previously descri bed.
Equation (3) can then be used (4 lL.cul ate the defect
di aneter. [053] The pregsureqr glo%fg ) is also an

i nportant variabVe. Figure 1 showd that the exit
concentration varre ' i e®) ow ratio

as the pressure rati/e +dee eggefsc. 2\3@7&1
test can detect smaller;f+ |
M L??%I

defects are opened t fhe

pressure rati o decreases. e test pressure ratio may

be [@h2)v ¥Vhdre NyfA isitbelnuprhes i iperéof sibe j pasarearthabgpdreas the
set so that the transnmenbrane pressure differenti al

feed Erééé@?e Pehemsrhérata iy pleteageal fRdm®, td PR AR ID[sARB gasttdngtant; T is
the pressure ratio 1s above the critical pressure.

the E on?%ﬁdﬁhrggﬁe/ﬁ/\%% gﬁaet %ﬁu&a&?ﬂﬁg?ﬁ %H,ga%{ﬁiﬁ@q?@? gﬁ%ﬂisgﬁ)scripts are
as IHEHRRA cs CTHE R A Lo e PAR URbS 4580 1§ Relalale the defect

~ several possible reasons why a "defect” would not

diamgigiict retention. As an exanple, the defect may be
smal l er than the species to be retained. Thus the
def[@s3] nbe pdesxuralrétinyrassalge aof intpjoetasypeariatsle. Asgure 1 shows that
anot her exanple, the defect nay be | arger than the

the SR ebAseritratdn Varticdimed rapidly Wit theplehatatierastthe pledfpé satio
is too small to inmpact integrity. Porous materials

decf%%%s?‘%é@ e gf? 'ééﬁ'ﬂ géH Qbf&é s[ﬂgillﬁeg ﬂg\\//vgrﬁﬂgé ge?s%ﬁ nﬁrf:% all defects

ranes, are esli gne rget spe

are to%eﬁe& %t the test pressure) as the pressure ratio decreases. The test pressure
ratio may be above the critical pressure for the gas, or may be set so that the
transmembrane pressure differential is just below the bubble point of the membrane
while the pressure ratio is above the critical pressure.

[054] A porous material, such as a membrane, may contain “defects” that do
not impact its retention performance where size exclusion is the primary separation
mechanism for the membrane. There are several possible reasons why a “defect”
would not impact retention. As an example, the defect may be smaller than the species
to be retained. Thus the defect not does allow passage of the species. As another
example, the defect may be larger than the species to be retained, but the population of
defects is too small to impact integrity. Porous materials such as membranes, including

filters comprised of membranes, are often designed to remove target species to a
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speci fied degree. One standard commonly applied to
menbranes and filters conprised of nenbranes is the

| og renoval value (LRV): rr 1 LRV =-login ICCP (7) f
where Cis the concentration of the target species to
be retained by the menbrane. The defect may reduce

specifise d ?I‘ée bOhe staridaralcommdriig abbed & femibrahes ahbdilters comprised
specified range for the nmenbrane. For exanple, a

of méleBr‘é‘heE id ﬁ\%rlog%m%%ﬁvaﬁué( {irR\y:cl earance guarantee of 4

Met hods the 1 nvention such as m xed gas
testl ng may indicate the presence def ects in the
200- 400 nm range. HovveverLRVLf ﬁé]ﬂ | |c retention
of the integral filter S ects may only

reduce the actual retention to 4. , which may
still be acceptable. Another advantage of the nethods
described herein over previously described integrity

wheré %?fssthé%ow@nt?aildrf 6Mh&‘?a@%ﬁ§b cf,léés H‘Se ‘#@Faﬁﬁg by fhe membrane. The

concentratiron as a func

defeqtﬁ%égﬁ:&?h%ﬁ&?@&ié@?n h eiheng‘q%gb ‘l?lém the specified range for

di scrim nat| on anong porous nmaterial s that have

the mesplyane, Fop expmple syijysciaireayhawg pairal glearanae guarantee of 4
erroneously rejected by the integrity test. Porous

LRV. Milteghadsl of tﬁe%ﬂenﬂbe s‘ung @grixed gfasdagtingomaysndieate thelpresence of
may be assessed using the nethods, devices and

defecty #1 thes20-400an ranget | Howevs, ditherarnasie retentiomof thasintegral filter
[imtation, the porous material may take the formof a

is 5 L‘R\Y‘ttﬁé @I@i’ect@nﬁ‘?tdﬂw2 redh(%atﬁe a%tuéWé’deﬂﬂSﬁ io @f g HR@' which may still

hose, a cassette, a colum, a chip, a a plate, a
be ac%'%ﬁf'éble oﬁggtge?ge%h{ap e df Qﬁ@L‘\e-fﬁcﬁ%é)&é@é%eﬁ%a%Inat%ve'ﬁ)\‘ewously

desc@&a@'?{gegfﬁy qurt]%fs theraqoal'ﬂy?o aﬂgn 1{}%&% fet réghgé:ﬁ{raetlon asha function of

size, so that the impact of a defect(s) on retention can be independently assessed. This
allows more discrimination among porous materials that have defects, so that
serviceable materials are not erroneously rejected by the integrity test.
Porous Materials
[055] The integrity of any porous material may be assessed using the
methods, devices and systems of the invention. As an example, but hotas a
limitation, the porous material may take the form of a container, a bottle, a cap, a
cylinder, a tube, a hose, a cassette, a column, a cﬁip, a bead, a plate, a shéet, ora
monolith.
[056] The porous material may be comprised of an organic or inorganic

molecules or a combination of organic and inorganic molecules. The porous material
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20 may be conprised of a hydrophilic conpound, a

hydr ophobi ¢ conpound, an ol eophobi ¢ conpound, an

ol eophilic conmpound or any conbi nati on thereof. The
porous material may be conprised of a polyner or a
copolynmer. The polyners may be crosslinked. [057] The
porous material may be conprised of any suitable

ma%@&%?&l rised 'oT‘S'H@H%lllchémEB\ﬁnéie{rhgfrﬁawbre(éo}ﬁ%&ﬁ{d an

pol'yam e.g., ose

oleog%loi(; e%%;ﬁém%ﬁ (ﬂé?;?ra@c cﬁ%lpﬁ; 8;93%@}{@88@'% oh thereof. The

fl uorocar bon,
porqqsemaéﬁrf%8}%&%93@9@5@%%@@9%@@@@ kQPolygy: Teeraglymers may
poly carbonate, polyethylene, glass fiber,
be grossltkedonat e, ceram c, and metals. The porous
material nay be in the formof a single or
nul[057]ayke pdrovsinageral nidyebe compsisedaf any slitatelyg raterial,
for exanple, a hollow fiber, a tubular format, a fl at

mcl@cﬂlﬁé ebutq{otﬁﬁhtéé'tbbol%‘?h’é\%ulﬂo@@ﬂ)olklanﬁtgﬁ teay, nrr%bn cellulose,

nbodi nents t he porous materi al rane,
polﬁet%ﬂuo%etﬁ%h%r BQIgsul'fAﬁer %Bll)}aé{%t éb@@m?l‘?d@{e'blﬁ’%&%fea polypropylene,

capa
2 f'%%%C%r 'P[”]?%§°p%'yg?etréﬁﬂerﬂﬁ&'éﬂéﬁ%?m%’ﬂggmﬁ?'E@evr't' Ghé. poly
npl e the pores of the material may be too small to

car%maé@v RAyetheaaq@lass finen pofvcaronste LLaspais. @nd ptads. The porous
e.g., dianmeter or a particular nolecular weight.

mat{etj&!gjwasribe i faameofrmgingée comudilayeted membrauns. ntheepgrous
a cylinder, a cassette. The nenbrane nay be a single

matkdsiehay beeforrexamphs, a hollbivifidery# tiishlamferdateflat Prste, or spirally
menbrane nay be a flat sheet, a nulti-|layered sheet, a
wouplgeated sheet or any conbi nation thereof. The
menbrane pore structure nmay be symmetric or

ﬁmtegl e aiﬁ?g@%c ﬁ% dﬁﬁgéaok?&é‘ﬁ%qerﬁéi may bt 'hkAbrhe, e.g., a

filter or filtration device comprising a membrane. The porous material may be
capable of excluding solutes based on one or more properties of the solutes, e.g., the
size of the solutes. As an example the pores of the material may be too small to
allow the passage of a particle of a specific size, e.g., diameter or a particular
molecular weight.

[059] The membrane may be contained in a housing e.g., a cylinder, a
cassette. The membrane may be a single layered membrane or a multi-layered
membrane. The membrane may be a flat sheet, a multi-layered sheet, a pleated
sheet or any combination thereof. The membrane pore structure may be symmetric or

asymmetric. The membrane may be used for filtration of unwanted materials including
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21 contam nants such as infectious organi sns and

viruses, as well as environnmental toxins and

pollutants. In some enbodi nents, where the porous

material is conprised of nore than one |ayer, an

outl et or port may be provided to obtain sanples from

the interstitial space or spaces. Milti-I|ayered
coniamibaaiscsLob\ascipéedtions jorgartsing gk Vicusesl 8% werl @gi enyironmental

nmet hods, systens and apparatuses for performnm ng
toxingaad pollytanéss t inngpnoé embddimentse e relthe peous material is comprised

Mul ti-1layered devices include devices conprised of

of niBre&hamaRe daRer! Ay 8Utief orsurPHTay B Sfdvitled t©-dbtain samples from the
menbr anes, which in sonme enbddi nents may be

: oL tained within a housing or cartridge.
mte%%@glrr%ﬁc%??gfea%gg' devi ce may be conprised of 2, 3, 4,
aor _no |l ayers Qf porous material. The first |ayer
MUIgIFIaVﬁ'éemetmagTaéVeﬁ%i%ggvi ce may be the |ayer which is
first contacted by a npl e entering the device. The
I

49601 B IaventRe Alq provRFIMEH g, FremesaNdaPRATatuses for

| ayer fromwhich a sanple exits the device. [061 ]
perfearong integritypfesting of onwiinayened devicenn Mt layened deeidesinclude
a first and second surface. The first surface may be

devitesicongirzedasf mdve than foredaydr sfipdreud niatérialcolgt awinsiskahgs, which
a sanple entering the porous nmaterial and the second

in el ERBodiRE MRS malasd SnRIReddr Ebﬁtawdl‘ \ﬁmﬁanfar ﬁgr%ém@ ePcartridge.

he material exits the porous material. In so

t
Theﬁ‘ﬂﬁfgﬂé ASadie @gvbﬂg %@éﬁl@éjd 81Pﬁ(,i S B ﬁ*g%%‘iféggfs;@@%gous

acer plac adj acerit 'or's

of. pqroys terigls and which may facilitate integrity.
maiBiial the TistToueT ofing rinyiasad bvibeanav he o faiel Wk s

for exanple a porous non- woven support. [062] In _
contacted by eFampieranierinetheudevice. aylke &apt drvar o0& thesmut-layered device

conprised of a spacer between the multiple |ayers of
maybe dhes layat &oimawhich. aysamplebexiisethe daviceone

[061] Each layer of the porous material may be comprised of a first and

second surface. The first surface may be designated as the surface which is first
contacted by a sample entering the porous material and the second surface may be
designated as the surface from which the material exits the porous material. In some
embodiments the multi-layered device may be comprised of a spacer placed between
adjacent or stacked layers of porous materials and which may facilitate integrity
testing of the multi-layered device. The spacer may be for example a porous non-
woven support.

[062] In other embodiments the multi-layered device is not comprised of a

spacer between the multiple layers of porous material, e.g. membranes. In some
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22 enbodi nents, the porous material may be stacked in

| ayers such that the layers are in close proximty to

each nei ghboring layer. In sonme enbodi nents the

stacked | ayers may be contiguous with the nei ghboring

| ayer. Air or gas pockets may spontaneously form

between the layers in certain enbodi nents. In other
embmdiventss thesporoug. mallesiabmal be staskedimdayerpesaucofthatibe layers are in

devi ce conpri ses an asymmetric nmenbrane, air or gas
clogeqsisgingity tomsachatgighbdririgiagér. | ipaim® emboaeentefthé keacked layers

mul til ayer device. The air or gas pocket may formin

u
opoTESaRANRSine fofhabit PGRLR 48k Gl meyspomancoushy

for%le%%nethe% ér§ lﬁtcgﬁgfﬁdarﬁ%&l QUS| off‘f'seégmtb%%lments e.g. where at

nel oring 1ayer van ageous y
in the retentive capabilit evi ce,

leaqh LT e SEHB SR EER P MBiFREBOr MG @edas pockets
where the material layers are in close proximty may

may, fafen within @ least paetlaysy of dae multilayergruice.i The air arigas pocket may
device. [063] In sonme enbodi ments the invention

fornpiroa intkysb@neswihiol ishighht panousysudheas amgicediiteatetr inyembrane. In
each individual layer of a nulti-Ilayered device

certaM@hbsgitherits PRIIGYIE [ayErs etdckkd thﬂgU@@élsawum&MelnI@@dhmng layer
perform ng the m xed gas test described herein, e.g

may Q&vﬂt&%d’gu%?e%% méi’Hn_Lélh tﬂé‘bé?ér\ﬁl\’cﬂ/ dtﬁéﬁﬁbﬁﬁzvoﬁr% dewce For

conpris ranes Integrit

exalii e plbekerons BYE Ba By PERISIS e byl '%'Javem are n

Testaple Miulti-layered Filter Device d this da
closgyPToRRI BAKNaUP TGRSl G £PIAPt NS FaBRDI &ighs dipvice.

testing of individual |layers of multi-layered devices

i s [F3vIrieempenobedinest tharinesation rrovides anmethicd ofjigtegtity

device is shown in Figure 2a which denonstrates
testingyy sedardtelyeadir indpfid Ui ¢ayde \of eemulit ayeredrdesice ¢drepiisedof porous
6 into opening 18 of the first layer and then into

matehial. TheendPodrha tholrNpSRsHRAg thY RibEY §hetdst Htegénbed herein,

el ement 14 | eaving behind any contam nant that the

e.g.l td BihahSgdeRIsBNRALIf-RyeriPYEViYs, 2§D WRldrising multiple membranes,
which allow integrity testing of individual layers, is described in a co-pending patent
application entitled “Integrity Testable Multi-layered Filter Device” filed this day by
Rautio et al. A brief description of integrity testing of individual layers of multi-layered
devices is provided below.

[064] An example of a multi-layered device is shown in Figure 2a which
demonstrates normal flow through the device. Fluid enters the inlet 6 into opening 18
of the first layer and then into the core 20. Fluid then passes through the filter element

14 leaving behind any contaminant that the filter is designed to remove by such well-
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23 known processes as size exclusion, adsorption,

philicity/phobicity or charge repellation. Fluid

exits the first element and enters the inner bore of

the housing 30. It then enters the second filter

| ayer 14B passing through to the core 20B out through

the opening 18B and into the outlet 8 by which it
knoWRde6eddee d¥0sisd Bgcldsioht ad%rpﬂﬁﬁ%ﬁﬁ@t\?ﬁbﬁdﬁﬁﬂty&ﬂ charge

represents an mpermaable barrier. As with the first

rep%l%Yl%ﬁ Fflu1 és RS fisP 8lehniE MUY érﬁ@rg ﬂhbtlﬁl?eleéc?rg"c{?ghéﬂgu&ng 30. It

eaves any contam nant t

ren L1 roces S
fherg?@tee*’%ﬁ% %F ogﬁ’*ﬁéﬁg%%ﬁﬁ%%ﬂw”&m #ﬁ{r‘@%ﬁpﬁ%&oﬁ??&%ljt through
charge repel n. f|It r .may be the sane he
the Bpeaiia) JEFEANG o FhE otk ey Wiy lasdonith BRGHRO T 615 e
excl usi on characteristics, adsorptive capabilities
undersdoech that bRaeplesests a@lmmr@@ceahlg bagiar. Asewith tha firshiayer, fluid
the set up of Figure 2B is used. Here the first

pas§ingtterougaytke filtdr elemeett t1d8 leavds belsind taalylconitarmimadt theat the filter is
the gas or gases to be used. The outlet 8 is then

des@n@aqs rémoF8 DY URY WaPkridvi bl dtisgBs akkle SRANS 0B UedsaRtion,
a valve (not "shown) or the |ike may be used. The vent

phllléﬂ%)ﬁoszﬂﬁ%sg ﬁé‘l%ne)cr‘éﬁ%ﬁﬁ ford TR ﬂlt@%ég . eghe ‘gﬁh‘?ecéé ﬁﬂe first layer or

nore ases
i.0l et

i desiB eV b EetelEin i Mgy, gﬂaarn'“xe ePpgpilties

or gas concentration nay be neasured by a detection
a”ddEQi“g%- t hat has been coupled to the vent 10. [066] To
test the integrity of the second |ayer 14B, the set up
of [G6Furle irtegiity testsibe. firsidaget, e setoumndf Figute2Bliayeed. Here the
14B is wetted with a suitable liquid for the gas or

firstditeeyep 14 6s wetdd withea soitgblefiguRl foheie gaosedaseastoeshoused. The
by cap 7 although other means such as a valve (not

outléh@‘(ﬂ%eﬁ%lé% ad K5oWRY %g)u@ﬁ)th hsh bff bﬁ%r}‘r?égns]sgjdhsas a valve (not

opened and connected sui tabl® detection device

sho&vﬂ?torstng\ﬂ@ ma?t?e f5ed™® %ﬁe%‘n??b?@oﬁ@ﬁé& and connected to a suitable

detection device (not shown). One or more selected gases are flowed through the
inlet 6 at a predetermined pressure or series of pressures and the change in flow or
gas concentration may be measured by a detection device that has been coupled to
the vent 10.

[066] To test the integrity of the second layer 14B, the set up of Figure 2C is
used. Here the second filter layer 14B is wetted with a suitable liquid for the gas or
gases to be used. The inlet 6 is then closed (as shown by cap 7 although other means
such as a valve (not shown) or the like may be used) and the vent 10 is opened and

connected to a suitable detection device (not shown). One or more selected gases
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24 are flowed through the outlet 8 at a predeterm ned
pressure or series of pressures and the change in
flow or gas concentration is measured by a detection
devi ce that has been coupled to the vent 10. [067]
The skilled artisan wll appreciate that the device
depicted in Figure 2 nmy be adapted to provide a

syee as t he
areﬁﬁﬁ’fw‘%icb iorsuftR A7 Prstless Bangs ptrasies § ¥ F@?%af Jessures and
|ntegr|t testl ng a nulti-layered device,
ieéﬁé lowt OFrQﬁSeCQ'H‘@H"éH@n isapsaserediy @lﬁ#@t%pérquce that has
e.g., menbranes, as a whole unit, i.e. without the
beereeaupled to Hui venrfu. | y testing each material | ayer
conprising the multi-layered device. Testing a
mul 10671 aptes skillsteditisanadll apphstigtedhat the deafgead&sicted in Figure 2
testing individual |ayers, allows for a sinplified

mag%%' SdaREd (O Brolidd h-swWaks g4k bfiid S8diBGS BPéﬁe bl niPEDorts and/or

require speci al eng| neering to facilitate
tubirﬁ;[eeg“ ty testing of each individual |ayer conprising
> nulti-layered device. [069] Surprisingly, it has

been di scovered that the nS|t|V|t of the m xed gas,.

¢ eclDoB) it FUgBtion aserpravider & et ainieanfs Eskigiadnely-tavered

is tested as a unit conpared to a single |ayered
deviegiis-aneomprsediotimees thameene teyer ebpeiousdngtepat &.6emembranes,

small er anounts of the slower, |ess perneabl e gas,

as arvehalbluaitt ice.peittedut dite2 naéd fchﬂiedivMIy tedtingreach material layer
mul ti-layered device (Figure 12 and Exanple 8,

combﬁélﬂg)the FrUti-RR08d eviee MTDEsHA§ adhulidgyerednidvicd &Ja whole unit,
/10 CO2/ C2F6; or the like, may be used to test a

CO'EE%'?& ﬂg"JEFégtrs rg;d Eglg)éd&ﬂ Iarfégg Qélﬁiivﬁgfo? 9 §||h’1‘§l|f|%ﬁé g@%lgﬁg he multi-layered

sent srml I
congcentrati cati.ve of wWer nbr ane, ..
de iEq BEPALSH f A058 RAbfeinécanir SAalrisier B8 to SHSlipBE ARG testing of
single Ia er device, The sensitivity of the m xed gas
ea%mw@ua W@@Wﬁrﬁ&%@%ﬂuﬁlda)’?'@é’ g@ﬁb%ﬁ:t of a defect
is nore easily discerned. Wth the binary
[069] Surprisingly, it has been discovered that the sensitivity of the mixed gas

test is increased when a multi-layered membrane device is tested as a unit compared
to a single layered membrane tested under identical conditions because smaller
amounts of the slower, less permeable gas, are able to penetrate all the layers of the
multi-layered device (Figure 12 and Example 8, infra.). For example, a mixture of gas
comprising 90/10 CO2/CzFs, or the like, may be used to test a multi-layered device
according to the invention. Because less C,Fgis present, small changes in C,Fg
concentration indicative of smaller or fewer membrane defects will be more readily
detected compared to a single layer device. The sensitivity of the mixed gas test is

thereby increased and the impact of a defect is more easily discerned. With the binary
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25 gas test, a defect is detected because a portion of
the feed gas flows into the perneate gas via the
defect, in effect contam nating the perneate gas and
causing a concentration change. The sensitivity of
the test is related to the difference in
concentrati on between the feed gas and the perneate
nes are i Since this
gas {8 4 Pefhet & BRI B0 R Bnaefiof AE Mt 258 TaSintnuty
gas tested in multi-layer form the sensitivity of
permemiegastvia Hhejdefest, .lmgﬁa@f%ﬁ@mr@tegéae PREPEASIAS ard causing a
hypot heti cal exanpl e, consider a situation where the
congantratian ehbhgey i aeesemrfsitbtit)lof I tehbisaklated tetheadiffie@d2e in
gas m xture through an integral single |ayer nmenbrane

condehtrbfion beedaemtranfEedigasnaidiget serhroedé gas wirinthaenembranes are
concentration is 200 ppnv. If a leak is devel oped

integrdf Nsinkathi8: o@ﬁer@ﬁé@‘lé“a&fenft&‘éigd Yer] t'h%"iﬁer"n:B?éhé Eeomary gas tested

erneate, the perneate concentration wl I NCr ease

r e
in m3Pee ey B §%q%g¢&%f3%€é§8é”f§§%?ﬁﬂ§\é§ festal® 4150 R %%sed As
Freon co centra ion |s sure
a hyppg\ﬁgpalt%qn feCAISERIA Flﬁ.&%pndﬁ ereﬁgewgﬁyeafeol l(?\ﬁéate of a 10/90
stagin effect due to the gas | ayer between |ayers),
hexaafh@rwt aRei Q4 gamnixtreptér anintegral single lsyennmmbrape is 100
cc/mn (half that of a single layer), the same 0.01
cc/mic andrihé eakmeéatef Mﬂgamethmwcmmmmﬁuﬁe& 200ippmwv. eif alleak is
in a pernmeate concentration of 70 ppnv, representing a

devél6fed BaEeaRR 0QYEECHIIR of RfeRDgA flMas ifo tHE Pérrﬁ@étel the Sermeate
surprising because the perneate conposition is

conW&BSH@@Iﬂ nc?ea%@ﬁ) %gbﬁgsl%ﬁgé?‘%@ﬁgg% rﬁ'&?ea{g%t&fér%e integral

eory

valuehgq?\éﬁgp“t@gf@)ﬂoggﬁe{ ﬁ%%ﬁﬁ%lﬁ? %ﬁggﬁls\& 8 the BF: oa}'\rgénce%tratlon is
hexaf | uor oet hane |l evels found in the perneate of the |

meagyrad to l’-?ﬁ/@@ LaMelipvendandhe é@%@d@ééuﬁh@er@aﬁs, to the staging

separation, i.e. of mnmixed gases used in the integrity
effectalite, todbe gasdayermetwiees faygpes)s apdmdiiclo wilphaves permeate flow rate

i ncreasing the extent of separation of the gases in
of albdne 30esd/min Kalfrthat of a single layer), the same 0.01 cc/min leak of feed gas
into the permeate will result in a permeate concentration of 70 ppmv, representing a
40% increase over the integral value. This result is surprising because the permeate
composition is independent of the thickness of the membrane material. Without being
bound by any particular theory, it is believed the air or gaseous composition
separating the layers may contribute to the lower hexafluoroethane levels found in the
permeate of the multi-layered membrane device because the gas separation, i.e. of

mixed gases used in the integrity test, becomes a multi-stage separation process

increasing the extent of separation of the gases in the test mixture.
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26 Liquids [070] The nethods of the invention provide
for the use of any suitable liquid to be used as a
wetting agent for the porous material. Selection of a
wetting agent is wthin the skill of the artisan and
may be determ ned based on chem cal and physi cal
LiQureerties of the porous material. Porous materials
vary in terns of their wettability, which is often

o PTEEFR4GHEE Ple HE3G) OEkp 1 o EA RS o
Dol R4S AgaOn BUEBdaE rﬁ%%r?#{s?%%nai SeEiaigbt & wating agent i
| ow surface tenS| on fluids (such as a m xture of 30%

within freopisiil obiheitisamand nosy hadetgrminer baserhagichgmieal and physical

| ow surface tension fluid wwth water. The operati ng
properties 0é thegporoeas adktesa ke dPapus sedtedalsnagry inuiedsisvefttheit hettability,
appropriate surface tension y, which generally range

‘wHiéh @ oftdtPEkprédsely herefins it 'ihé{"@érﬁécf %@Q@UtTH@ﬁeﬂﬁods of the

perfl uori nat ed solvents. A skilled artisan

'"%Eﬁﬁﬁdé%”qaé?ﬁ%e@@éﬁq%%ﬁ Cgﬁﬁsr?a@?%oﬁ%ﬁ%r%oq&&e%wsmbranes for

rial to be tested. As an exanple where
eXaHR. o Sqiect EAT-gaueeys ﬁglM%ltisd}SmrPW€ttWQt‘BWItEI|‘§)"& stiface tension
suitable liquid includes water or a solution

fluidsnistirs @8 aomixirriecef. 30fhdsapsbpyliateohahpnd g 0% wraten) amgl exchanging the
aqueous solutions containing salts and oxygenated

lownsdrfacatdtsion fluidiwittswateate ihdesperating prdssiuse oan beaddjusted by
al cohol s such as isopropyl al cohol . Were the porous

s Phod PSP RS PRl s WAL UL UM s o

ot B 7Rt R S8R e MRS i 2L o st arisan
will thuGsaunderstand that a liquid may be selected by considering the chemical
properties of the porous material to be tested. As an example where the porous |
material is comprised of a hydrophilic material a suitable liquid includes water or a
solution comprised of water. The solution may be, for example, aqueous solutions
confaining salts and oxygenated hydrocarbons such as aldehydes or alcohols or neat
alcohols such as isopropyl alcohol. Where the porous material is a comprised of a
hydrophobic material a suitable liquid may include any organic solvent such as
dodecane, perfluorinated compounds, carbon tetrafluoride, hexane, acetone,

benzene, and toluene.
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[071] The invention provides for flexibility with
regard to choices of |iquid and gas conponents and
conpositions. In certain enbodinents it is desirable
to choose gases which have differing perneabilities
in the liquid chosen to wet the porous material to be
tested. In sonme enbodinents a plurality of gases may

G&sedised. Typically the gas which is nost perneable in
t he Iqu|d may be considered the carrier gas.

tra ygaﬁthmenﬁor‘r‘ﬁf&laés fé)‘?tflgﬁrbrl@ﬁntﬂrrsgﬁﬂ‘:tﬁ cﬂ’rforcies of liquid and

def tracer gas ma
an _t.he ca

rreab idt e
oA Re e Spwofiohs ?@&esems%m biFTer§Ris JaFFASiE to choose
(in some enbodj nents) and_liquids w.th proper C% in
gasps whighy hewﬂtféﬂrmgcnermeﬁbthﬁes iR Hhe liqyrd GBP&F@P t0 wef thegrorous
tracer gas, the sensitivity of the gas nmeasurenent is
matefiahist betested.t nesdree ¢ mmdivents @ pluiality Of gadgs may be used.
(1-2/0(1/yls -1) (8) df r 1+(1/y; f _1)10+ | y r 2
Typicady the ggentie is mostsperasdable trothehivpse ey bepedrisidevetitthe carrier
large differences in perneability and gas

gaROTRaBLE! G5 e HPt LIS eePPe! HEséicd 613€é‘ects The tracer gas may
concentraiion and the other present as the bul k

Q@gg&? whEc‘P’{ erﬂ1eacale frithe’Itud Ha‘?‘f"fh@%%rrw eh¥he test

nary gas ni Xt ures using

ci.es s s .nitro oxygen carbon d
seFBtN e e %@mzeéhagﬁ&ensrg%so@'ﬁa@ésowtqrn%ﬂd igjent) and liquids
the pore-filling liquid. For tests with hydrophobic
with pigipgs © intba feed domposition. dathepbimitof tisingar Hitwtedweer gas, the
hi gh perneability gases such as ethane, propane, and

se*h'sﬂti@ﬂ? opmer@@h WicbBufePiEntRe BTRASKdA br/thearée@ cé#%sﬂ@n"éhd O.
, N2. I n sone enbodi nents at | east one of

gases rray be Freon, e.g., roetRane. In ot her
enbodi ments at | edst . s i ggp nobl e
gas. In still othefr enbpdiinfent s ipts+ gast, pne of the

gases is CQ2.

[072] In general itis useful to choose gas pairs with large differences in
permeability and gas compositions that have one species in trace concentration and
the other present as the bulk species. For example, @ can vary from approximately
0.001 to 1 for binary gas mixtures using common species such as nitrogen, oxygen,
carbon dioxide, helium, hydrogen, and hexafluoroethane, with water as the pore-filling
liquid. For tests with hydrophobic liquids, such as dodecane, gas pairs could include
high permeability gases such as ethane, propane, and butane paired with low-
permeability gases such as He, Hz, and N2. In some embodiments at least one of the

gases may be Freon, e.g., hexafluoroethane. In other embodiments at least one of
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In further enbodi nents at | east one of the gases is
conprised of a mxture of gases. Were the gases are
provided as a m xture of nore than one gas, the

m xture may be prem xed before contacting the porous
material. Wde ranges of gas conposition are

avai | abl e; for exa feed gas m xtures of
the gﬁ%%éalﬁl%%ﬁ’%méne% gPﬁ:@iweé SRpgipents .t leagtane ofthe gasesds COz.

to nore than 99.9% The skilled artisan will be able
In further entansémenispatdeastane ofdbe gasas igegmprised pba nysitiee| of gases.
upon known properties such as perneability (Figure 15
Where thadabgs afpprovidatsasadnigist @ffendré t8an Ane s mieembitu@may be
apparatus suitable for use in the nethods of the

premlx@HQié‘fér‘érbdrﬁac%ﬁ@WHe'ﬂbr&uQHfa@eﬁ?al Wﬁe&@ﬁ@éé‘b%a%dmposmon are

conprise a gas source (1) feed gas pressSure
avallépbg%gbf‘leg%m&@ feeﬁﬁé‘%rmlxﬂgreg i hgﬁ%fﬁ% Jgéfﬂraa Mn ‘E{(%zt 81 vary from

s (BB 0CRgp TSR ol S e q@%@fmeawﬁlﬁéwf‘w Jrocshe

solution fromthe nenbrane sanple (4). A feed
appropriate gages:and gas Ayxuees basedypamlnawparaperties such as
pressure-neasuring device (6) are optionally
permeabiliiydEipurarid arayd be useful if perneate pressure is
not at atnospheric pressure. The feed (7) and

Apparatuseané Sy8terpes conpositions are neasured at their
respective sanpl e points. Depending on the test

gm{] 'a;tszﬁ exbh‘r?? éHLéﬁ“égwﬁ]é%t QEH%I& Ny &%mfthé hethB8S of the

I'Tties of the gases, it may

. d e c (

inverfin SR BT PR 3 T %#Pda%@sﬁe%%eéﬁ{%ﬂ Bs Sk itiand
constant duri n test. |f a rge ',s u t he

feed gag Pt rSoMIFHPr &3 Depending %ﬁ’tﬁ;}g‘@'é vpiﬁ;ﬁ P‘Prle'f"['“g golution,
desired to calculate the pore density, a perneate gas

it may bewesirable(te@ptinnglioeatusate thaieeshgapin @gasmﬁwdpmnjector () to
gas flowate (11) and feed gas 29 flowate (12) nay

prevealt peerhatune asaperdtion of theesplationr &ben fHeowerddtrane aamipée (4). A feed
cal cul at ed by

pressure-measuring device (5) and a permeate pressure-measuring device (6) are

optionally provided, and may be useful if permeate pressure is not at atmospheric

pressure. The feed (7) and permeate (8) gas compositions are measured at their

respective sample points. Depending on the test duration, the surface-to-volume ratio

of the test apparatus, and the permeabilities of the gases, it may be advantageous to

include a purge valve (8) on the feed chamber to ensure the feed concentration

remains constant during the test. If a purge is used, the feed gas sample point may

be in the purge stream. |[f it is desired to calculate the pore density, a permeate gas

flowmeter (10) may be used. As an option, the purge gas flowrate (11) and feed gas
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measuring the conposition of the feed, purge, and

per neat e gases and any one of the feed gas or purge
gas flow rates. The tenperature (12) of the filter
devi ce should be neasured, e.g., in the perneate gas
streamusing a thernoneter. [074] The invention also
provi des a systemfor assessing the integrity of a

t
R ST T T L

medBRFR PLoRoBSIAN ordfY K8y cindl ord AHIGRe gaséé b%ng one of

r anal yze perneate nsor

the gsﬁd( das glw gttérglg?g‘atsg‘&y? ?%gs né’;l; %ﬁm%fgaaténr% é‘léé of ﬁ\de fiter dSeVIce should

spectroneter, a gas chromatography colum, infrared
be measiedr ¢.9arin e parVeAEdasHifearn 6BiNgA thairoseter.
transforn1|nfrared detector, a volunetric
bulpBr4r The imandion a&mpmvtdm yagstenmrfpoassessing tenintagriyy of a
over 4 orders of magnitude, it is desirable to use a
poré\d eritéralt Mak shatena muydeompiss e ém)arramu@eues?ihse@mbe@nand
may optionally include a conputer, a persona

furtle e Srise d E@r&lﬁ@‘ﬁé%éeé@ *éesé%r%%gdéﬁ éoé‘gegé device to sample

aut onat1 on st an may al so to store

and?é}d%q%ivﬁ}aé&é@%&%ﬁéﬁr (GliBng SR AN e Mlﬁ@gtb (Ggpabilty

) s used to contajn, a porou
of tb%%*@l'@ prls uiﬁm If-$QNSOE dgyices dhay,Bekidscs megﬁs %Qﬁstrpmeter a

the retentive properties of the porous material,
gastaneomatagsaphy sRlueeinfrared deteator: eswira-vielgirdaied grfa perier
| eaks, and conpromi se the overall sterility of the
tra npfomeiaﬁrahgd ¢etevicd) agommetrigbebbler/titraiorf @in@dthendgags ¢canposition
contam nation. Incorporating a gas detector exterior

cantvary Beefbritss BRhRIGntudB O & dl’éénfa@% {d tisd §%eté&6|€ﬂhéf BAs a wide
gas detection for integrity and housi ng | eaks, saving

°peE%¢¥FF9 nﬁnéqﬁﬁ%ﬁﬁﬁ%&?‘ﬁiﬁg‘%‘?ﬁ@é AGEIRTERSS < Bersonal

compu?er d‘Fhe compuf%rln?aW bd 13 8 I?o control automation of the test and may also

be used to store and/or analyze data.

[075] The system may optionally include a device suitable for assessing the
integrity of a housing which is used to contain a porous material. Housing defects do
not necessarily impact the retentive properties of the porous material, e.g. the filter.
However, they can result in process fluid leaks, and compromise the overall sterility of
the process by providing an ingress route for adventitious contamination.
Incorporating a gas detector exterior to the porous material housing facilitates

concurrent gas detection for integrity and housing leaks, saving time and equipment
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1. Saturate the nenbrane with the pore-filling fluid,
and then drain excess fluid. 2. Pressurize the system
with feed gas at the mninmumtest pressure. Note that
if test is run at only one pressure, the feed
pressure should be set to open all pores |large enough

An L2 BERERbI TR eBtiotBinget iRty 1St o np B 57 incluce
the?;@?@ﬁﬁﬁ ate feed gas conposition and pressure. 5.

S{als ‘st eady- st at e pernmeate gas conposition,
ressure, tenperature, and flowrate, as required. 6.
1. Satdieée e meabiaee withdhamore-difiagtfluid, e tBeB drain esceps fluid.
the flow, and flush the systemto renove gas-saturated

2. FAressutize the aypleas withfastlgas bt th maniynugasedt psésase.a Note that if test
universal, a priori criterion for integrity. [076]

is PEHEHRN JHRRIESAAS, WRY Rell §rEeslird ShBdIdhd §8GoWHen all pores large
cont ai ki ngr%r0+/ - 3% hexa?ﬁuor oet hane in C()Zgﬂf'lghe t%st S J

eno‘ggﬁ%:ij%ﬁg@ttre?ém%ﬁm tenperature, with a feed pressure

psig, ahd a perneate pressure of 0+1-0.5

i,0. The feed and .exjt as_conpositi on was asur ed
3. 55 e ppite reteas S50 5B osviiie CBNREN {RsERAtREOMS . The
hexaf | uor oet hane concentration in the perneate gas for
4. Measuie ig alsadyisiateifeed gasicompasitiomandrpessiieegrity of
the sanples was verified by independent tests. [077]
5. Mgrsure ftihe sicadywiate perineatalgas govipositipar presBur, dempetdtyre, and
and include 0.22 mcron Durapore(r), a symetric

floweiidr anrequirdd. f rom pol yvi nyl i dene fluoride (PVDF),
tested in 15 pleated 10-inch cartridge (CVQA);

6. INGrESSONEHF g@l?é)andﬂfbﬁéaté gric ultrafiltration

nmbrane nma from PVDF and tested in 2 flat sheet
e

7. SSRBRAE Rew B Als R RHGpSe Hootb dek hiioaRTY 2ne

Examples
Example 1: Binary gas test as a universal, a priori criterion for integrity.

[076] Several membranes were tested using a feed gas containing 10+/-3%
hexafluoroethane in CO,. The tests were run at ambient temperature, with a feed
pressure of 30+/-5 psig, and a permeate pressure of 0+/-0.5 psig. The feed and exit
gas composition was measured by a Cirrus mass spectrometer (MKS, Methuen, MA).
The hexafluoroethane concentration in the permeate gas for the membranes is listed
in Table 1. The integrity of the samples was verified by independent tests.

[077] The membranes were all made by Millipore (Bedford, MA) and include
0.22 micron Durapore®, a symmetric membrane made from polyvinylidene fluoride

(PVDF), tested in 15 pleated 10-inch cartridge (CVGL); Viresolve® 180, an
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(PES) and tested in 5 flat sheet sanples. [078] These
menbr anes have significantly different structura
features such as degree of asymetry, pore size
di stributions, thickness, and porosity; perneability;

sy TH o, lecRATH G4 RBim ESRRLAHH B0 Y st

different integral nenbranes all fall within a very
samplag g2k gy metys yltraliltratipamembrage m?é’@rfé‘?mo%ﬂwﬁiﬁﬁ%%ﬂfone
predi cted based on literature values for
(PES)MbdatﬁBt&ﬂrloét fetreheghda@otEsdi f fusi viti es and
solubilities, with no adjustable paraneters. Table 1:

HoR8lf ITmseend;mbmrrwrnMngmm differemt strliofurairfeatured such as
menbranes and filters Menbrane hexafl uoroet hane

o r h&
et T g Sty o

and mlé era‘?l'g %) t?r%tllu% on! IA %H%Fed[ 532?1élrcg%Ztg%ae-l:&%%ﬁ@he%ﬂuoroethane

concen Ion t1or

ns,. [ 079]. net h vention
concefiafois, & dﬁ%f@?ﬂqmteaﬁe'rms@ el B R R patpow range.
establish a universal, a priori criterion for menbrane
and isigips&yic the thepmtieal valegypradjcted desed osieralret vadues for
air-water test, CorrTestTM and transi ent neasurenents
hexaflobroedhgna ahd CrQagl giffosivities med atolulriktidse tvmithero adjestabsst parameters.
nmeasur enents and i ndependent retention tests to

Table 1€héxaiflucsdethige ﬁ@trﬁééﬂetdbr@ehtrﬁf ibRfor Gitel 28 McBbranEBaind filters
preci sion of the correlatlon depends on the inherent

Membra}ﬁ%‘rI abr ity of the rest a h%‘?(HFPr&?% tHame™ r@eﬁtraﬁ&ﬁ]eppm

st _be revali dated whenever Si dni cant__changes ar

0.22 mmdd)mrapnt@ nivincarcariidge e s 2 39et/H2fls, mat eri aI s,

ard _Aac +n.-. ar i A

Clb VV1_II°I JL-_I'-\IC III‘ y L—IIULI ITCIIU.
V-180, &6 gol ute integrity 32 c?rﬁﬁg'a%& abl i shed

'PES ultidﬂlﬁ%ﬂ@hdﬁéisﬁéetany speci fi ¢05egp3,Ng the menbrane

structure

Theoretical concentration for range of test ! 190-270 ppm
conditions

[079] The methods of the invention described herein, such as the mixed gas
test can establish a universal, a priori criterion for membrane integrity. Other integrity
tests, such as the air-water test, CorrTest™ and transient measurements of Betjlich
rely on correlations between the test measurements and independent retention tests
to establish the integrity criterion for the test. The precision of the correlation depends
on the inherent variability of the test and membrane materials, and must be
revalidated whenever significant changes are made to the membrane or test methods,

materials, hardware, etc. With the mixed gas test, the criteria for absolute integrity
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retention test nmethods, etc. The factors that
determne the criterion of nmenbrane integrity are the
gas conposition, choice of liquid, and pressure ratio.
Exanpl e 2: Determ nation of Defect Size Distribution
and | npact on Retention [080] The presence of a
efe esul t iin a ermeat concentration t

can BE R GAUSFE HASRENHPREe TR Asliss TPGR g ey Bgiriiene structure,
msnbrane may not adversely affect the nmenbrane

reteqfig ’@ﬁhﬁ\ﬁ?&'@dSTﬁtC n ke fpciers thatdetarmingdha fitarios Qfdn%@brane
guantified in terns of their size and popul ation

intedrity ateethepgas corhpositien,) chanick ofliquid, ustd pressulienratine
pressure- ranping nethod operating node described in

Examplé 2: Detsihihatid1Béf DevctBizeDastribution aadilhipatt odrRetention
menmbr anes nmade from PES were cast at conditions that

Y| Ble0f i reR8riEe BB ickididedlitid irbd blofifiea®%cdiRaRNEASh that

urd poronetry e casting

oF e Vi ORI B PR e gy st v

As a result, the ranes ul d, he .ex

merfiaage PREOTHHBCG: THE TIRE ARedret AIPIR aECtB B BRLIUgIRsd in terms
the influence of the defects. [082] The m xed gas test

of theirsizeeand papudiatipn Knumber persunitereg)p pBd fis jIIUptigted) Initie arpgsure-
10% hexaf | uoroethane in CO2 as the feed gas. During

rampihg nmethod @pefatifgemodetdesbebepimetbiEexampls. i ncr eased
from about 20 psi to about 90 psi. The perneate

ComBantTviad 'a@Vn Nﬁeﬁnﬁ%ﬁﬁéﬂtﬁéﬁo@méﬁﬁaﬁé&ﬁbﬁ@ TRIRIPESW@re cast at
the perneate flow rate was neasured by water

condltisfy ﬁ%?g%ﬁed @%%g%@gog@ Sttibtor] bisASa<ibd HyateR-liquid
o LY B8 SR e D s DR ol 001
defects,b?Nh?le'thc:a)> %therbrkembrane (205) was integral. As a result, the two
membranes would be expected to have the same virus retention, with the exception of
the influence of the defects.

[082] The mixed gas test was performed with water as the pore-filling fluid and
10% hexafluoroethane in CO; as the feed gas. During the course of the test the
pressure was increased from about 20 psi to about 90 psi. The permeate
concentration was measured by mass spectrometer, and the permeate flow rate was
measured by water displacement. Based on the results, fr was calculated according
to Equation 5, and the defect flow rate calculated from Equation (6).

[083] The results of the test for the membrane with defects are shown in table

2 below.
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Feed pressure (psig) Perneate Freon Perneate Flow ate
flowratio Defect flow Concentration (cc/mn) (calc)

(cc/ mn)

mol e fraction 10 4. 92E-03 BLD 4. 66E-02

0. OOE+00 21 4, 03E-03 BLD 3. 88E-02 0. 00E+00 31
1. 78E-03 BLD 1. 63E-02 0. 00E+00 41 2. 31E-04 BLD
7.34E-04 0. 00E+00 62 1.68E-03 0.74 .56E-02 1.15E-02

Table2 1. 69E-

02 1.88 1.69E-01 3.18E-01 81 3.66E-02 3. 26

3.69E-01 1. 20E+00 91 6.93E-02 8.2 7.00E-01 5. 74E+00

Feed Pressulefpsigt  f| IPevnaast reas iPémmatei Riswrate |[flo@satior €Defact flow
shown in Fi g@oecestréton t he (astamr ane  wi|t(beldef ectas/min)he
at her nenhr af@olgAectipht eq and had a |defect flow rate
less than120-2 cctRREOI3As expect ed@LPgr468F-82 { ype HPOE+Q0
X 03 defects afbldr 3835-03; 8QE+00
greater t Rdn about 1-5*'9@! —suggest iBhE |t HESEAs ooy o QPOE+00
oF esent—i4 i he Chi Ao EDE ¢ af +trat i GioHalatEO0%hy  0.00E+00
_term-nate oAt he tiapELy Ag—r-ctof i\O.LtA" a‘i{'?G‘EﬁOf Jppe%*1'15E’02‘
struct ure.7 e deh'ggE'o trow "‘.cre"”1 ex QAE;Q H+-ad I?:’HBE'm
N 81 BOE-02 Rl s 369E D1 1.20E+00
WUTT DT ESHYNE, SUGERSEHYY addi tTonalk 208 Br 81 ¢ € 5.74E+00
contTnurng t O Openm as TEedases. | U84]
The defect density, or nunber per area, as a function
ssure is .calculagted from Eguati.o

The gégep

_ function of pressure. .
with detercss; thel etariyembrangewas in
conmbi ning the results of Equations (3) and (6),

QW12 B TWaftion AREe3RHIE S SHP W
The defect size distribution "
tgpearandhpd a defeist Bpwaatepkess than 10

B8 4 B4R b brane

and i s

cc/mioa expedteddorthiStype G Hsyiimeetticonenabiare) dse defeets appear at
chal l enged with a buffer solution containing of

pressures greater than about 60 psi, suggesting the defects are present in the thin

ultrafiltration layer, and terminate in the underlying microfiltration support structure. The

defect flow increases exponentially with pressure, suggesting additional defects are

continuing to open as the pressure increases.

[084] The defect density, or number per area, as a function of pressure is

calculated from Equation (6). Equation (3) was used to calculate defect diameter as a
function of pressure. The defect size distribution (defect density vs. defect diameter)

is obtained by combining the results of Equations (3) and (6), and is shown in Figure

5.

[085] The two membranes were challenged with a buffer solution containing of
bacteria phage viruses, ®X-174(nominally 28 nm in diameter) and ®-6 (nominally 90

nm in diameter). The results are shown in table 3 below. The results demonstrate

that the defects present in 201 reduce the membrane’s effectiveness, but that the

membrane is still fit for its intended use if the target clearance is 4 LRV for $-6.
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bacteria phage viruses, OX-174(nominally 28 nmin

dianeter) and D-6 (nomnally 90 nmin dianmeter). The

results are shown in table 3 below. The results

denonstrate that the defects present in 201 reduce

the menbrane's effectiveness, but that the nenbrane
Carseguiehtly fhet fatbthait tre mineeingbexitess eam pravide hatededtt size distribution

clearance is 4 LRV for 0-6. 34 Consequently the fact
rathBAthdrRisih padsAaprdsaf lalle@s ittoiifelendatiedRehg it with defects.

distribution rather than just a pass/fail result

allows it to differentiate anong filters with defects.

Tabl e 3 Ranple Measured LRV Cal culated LRV P 4)X-174

e-6 QX-174 m6 205 1.6 5.1 201 1.2 4.2 ~ 1.6 3.0

[086] The inpact of the defects on retention can be

calculated a priori using the neasured defect size

distribution. For virus filtration, where retention is

primarily due to size exclusion, the LRV is related

to the defect size distribution by the followng: 3'Xx

(NIA, ~" LRv=-log,, 10-LRV+-'=" (9) 32 ~(N1AJ~J4+1/r

where LRV* i ggbke3intrinsic retention of the integra

menbrane and r is the nenbrane hydraulic resistance,

d is the di afiapRl| MBSsGRIFERV POSICIARE BRYDO! s are

as previously described. 35 [087] Equation (9) is

useful becau i tTQ td lefeck st|jze

distribution|is knomp gﬁfﬂgﬁé t?bn is

i ndependent '

[086] The impact of the defects on retention can be calculated a priori using
the measured defect size distribution. For virus filtration, where retention is primarily

due to size exclusion, the LRV is related to the defect size distribution by the following:

m

V4
2 Svia)
32;1 = o)

TS (Vi Uy

3221 j=1

LRV = _loglo ].O—LRV' +

where LRV* is the intrinsic retention of the integral membrane and r is the membrane
hydraulic resistance, d is the diameter of the defect, and other symbols are as

previously described.

35



concentration, tenperature, etc. Consequently the
results fromthe mxed gas test can be directly
applied to a variety of menbrane integrity
applications where size exclusion is the primary
separation node. [088] Assuming the retention neasured
for the 205 nmenbrane is the intrinsic LRV*, the LRV

f ofogt7! dﬁe(g?fsﬂﬁ@erFSb&@u%éhtaélﬁﬁvs\/tr@t E%éﬂth@ae%ct dibe
s in Ta

resul e 3 show that the defect distribution
: l .
i 816F R ek SRR Bf i g oot

al cul at ed res are in nt.itatjve
Coneﬁw‘f@i' e At eeton o CaRishuelel 108 SR Tord el Srixgq gas test
gas test can provide quantjitative assessnent of
can bﬁéilreﬁﬁhappl&d wen vafigtyf memBranediRtegritk applications where size

Conpari son of binary gas versus air-water diffusion
exclugion i§ U8jrimary sepsubtion ofodehi s exanpl e denonstrat e
that the m xed gas test has greater sensitivity, and

| S[088% sAssiseiagtthd rétehtioe Xigzanesdifor ties R0 anémbla istth@mtrinsic
the air- water diffusion test. Three single |ayer

LRV3; ﬂh@q_*R‘@%ﬁﬂstzfdMBEa%r&k@%t@éicpé{eﬁfﬁ\fué'thfuéhbﬁ@ fr?é Fer%hﬁs in

were made froma single rol menbrane. The f

ra 400 SRR b RS BEL S0 Lo o0 x
174, SRS ARSLIE FRVGdhe BB ATy HaIACO 4 bhs caliulted resuls

The three filters were wetted vvlth wat er and tested at .
are intfgans grantitativesagresmenimith the eneasureghfesuligi showingrihat the mixed
test. The results, shown in the Figure 6, denonstrated
gas tésdtcanlgrovide eantilatiee @shessnéret ofdhe impactfdfdefects en retention.
[090] The three filters were then run with the m xed

Exam?ﬁé 3t @émpanaanla%maw ghs WRrogs Afdwatdr diflusicn tést
ed gas. The fl ow ratlo as a function of feed 36

AT Fe;?hg Y ddmot¥tatel thiPitis mbkdr @ls thst has

cr ease ow rati
|

greq%qs %’ei}sﬁﬁlf ’a? Iﬁgggﬁts&?gqﬁb?ee{o %)tﬁ%neousr{est variables, than the air-

water diffusion test. Three single layer 3-inch asymmetric PES pleated ultrafiltration
filters were made from a single roll of membrane. The filter fabrication technique may
introduce defects into the filters. Consequently, the filters would be expected to have
the same LRV, with any difference due to random defects introduced during module
fabrication. The three filters were wetted with water and tested at three pressures
following the air-water diffusion test. The results, shown in the Figure 6, demonstrated
that all three filters had the same air flow rate.

[090] The three filters were then run with the mixed gas test using 10%

hexafluoroethane in CO; as the feed gas. The flow ratio as a function of feed
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Pl -1 had the nost defects, while 110-PlI-3 had the

| east. Consequently the m xed gas diffusion test was

able to differentiate anong the filters, whereas the

air-water diffusion test could not (Figures 6 and 7).
prebO9d]is sablvavih Figurb e . MEWb dittef, 1BRMIP! and 110kR-2iehewed an increase

size distribution was determned for the three

in ffow (RS aB&Re 46 D4ld %ugé@ﬁlﬁ% défethRan @U@ ifration Ia¥er Filter 110-

denonstrat ed that has about 50% nore ects

o R e T B RO S o

flat .sheet s e nmenbr wer e sed

dif3iR0 tSTlavas AP AR TSI R PG AT e BTl v iRTER thS ar-iater
solution containing 1gG and OX-11 74. The retention

diffasipn test conllmotdEigies 8 akbTe 4. The results
denonstrate that the defect reduced the retenti on of
al [[0Bh] dllbwirgethe, methmpleofdtkanap etk the defect siaa distribhition was
presunptively integral flat sheet sanple. Table 4

detEirhinetl fbninkl thled-fiérd Stheaekeits, lsRBwn%QheE’Frgh rd 8/ dénﬁ)nstrated that
110-PI-2 3.6 3.0 110-PI-3 5.0 4.0 WMenbrane 5.4

11({)p%]ha—g‘éb°olﬁ’5@%hﬁ>ré 'd'e?é&t%ﬁ{a‘?ﬂ 16‘?” %‘léH Withh H%s BBR more

Inary gas test to d| ferentiate t

def%?ﬁﬁﬁg{*ig' fe@% whi ch were indistinguishable by the

(Figure 6). Further, the binary gas
S abl e uant i the defect distributio
o A T R RN AL - T —
SI gnificantly | ower inpact on LRV than the other
werfg Usest to maketheem@mbrane, were challenged with buffer solution containing
I9G and ®X-174. The retention data is shown below in Table 4. The results
demonstrate that the defect reduced the retention of all three filters, compared to the

retention of the presumptively integral flat sheet sample.

Table 4

|

Filter Initial LRV  |75% fouled LRV
110-PI-1 1.7 1.6
110-PI-2 3.6 3.0
110-PI-3 5.0 4.0
Membrane 54 47

[093] This example illustrates the sensitivity of the binary gas test. it was able
to differentiate the three filters which were indistinguishable by the air-water test
(Figure 6). Further, the binary gas test was able to quantify the defect distribution,
showing that defects in filter 110-PI-3 should have a significantly lower impact on LRV

than the other filters (Figure 8).
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Exanpl e 4: Conparison of gas blends [094] The
flexibility of the m xed gas test can be illustrated
by evaluating the sensitivity of the test using
alternative gas blends. A symmetric nenbrane with an
intrinsic LRV for two different viruses was nodel ed

Exartipld: Ubinalayén Sls BBRasaNd  assuming that only a
S

ngl e defect was resent. The inpact of defect size
0 OBBLTHE Aol 8 B el s e

at.. f.ee ressure of, 90 psi nd exit, pressuyre of 0 .

seritivyy SEF ERLUGReSentalE kRS ASE TRl B mgtane with an

. increase in concentration with increasin def ect .

intrigysjcel %(IfPh%a'ﬁﬁ%M'fHé?%M%@d¢'§drHﬁ“!S RRQveRayasiens, and
nmeasuring the smallest defects. Exanple 5:

assOoning lthati anly Bestingle defaat siasrpreesent. ohheamipant ofidefest size on
conposition [095] The utility of the m xed gas test

perfrigate sbabdntedtionds ahcwnrieltiee Fiyurb@tford0% hesdfluoesathase/90% CO,
(concentration or flow ratio) and retention can be

and WS PL/b0YAC 0B a8 i bl‘é@sur_fe%f Gy Méiblé?ndf it reséfe® Bpsig. The
10). The worst-case scenario for a“filter 1s a single

resgfg g@{)w%ataoc%tgitr\é%@ sHetfs \ﬁiillri\’?cﬁ‘ﬁé%@ ﬁqg@@%ﬁg@io@ﬁm%%asing

on retention s Wor se .
defpdy 88 aiffeLghdrrelioatatingines snstive L megstring fhe smallest

the assunption of a single defect gives the nost
defeelisservative estimte of the inpact on retention. In

the calculations, the filter of Exanple 5 is assuned
ExamplenGv € crrelationibediveehi vieal rétérdian andgerniRate efondposition

and 2.5 for viruses with dianmeters 80, 40, and 30 nm

resjpes} | YRé YHilitiet tike hiled §as M dai édtaplishirid 8Todldion between
result of opening a single defect in the size range of

testR3ulte (%nﬂ‘é}ioﬁbr ) érﬁr? F’etﬁgfi&? chf ’ééf%gg\{nq?@@ a&iculation

concentratio or an Integral menbrane IS a

or 33 e FEGEIA 0L BB BB SR A e PG T aprct o
givgﬁ g[_z%?gﬁccra?ﬁie ?rlwg'act-ghf% sLirI?é/IeOJefctagteonA'roetgrq’giovni irsuvﬁ’orgg%rwgr? %heesimpact of
several defects leaking at the same volumetric flow rate. Consequently modeling the
mixed gas test with the assumption of a single defect gives the most conservative
estimate of the impact on retention. In the calculations, the filter of Example 5 is
assumed to have an intrinsic (i.e. defect-free) LRV* of 6, 4, and 2.5 for viruses with
diameters 80, 40, and 30 nm, respectively. The permeate composition varies as a
result of opening a single defect in the size range of 100 to 2000 nm. At 90 psig feed,
the hexafluoroethane concentration for an integral membrane is about 135 ppm. As

hexafluoroethane concentration increases to 300 ppm, the LRV of the 80 nm virus

species begins to decrease rapidly. The LRV of the 40 nm virus decreases once
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38 hexaf | uoroet hane concentration reaches about 1200
ppm The LRV of the least- retained 30 nmvirus is not
i mpacted until hexafl uoroet hane concentrati ons exceed
3000 ppm Lbing t hese results, it is possible to
construct a "worst-case" correlation between the
xaf | uor oet hane concentration in the perneate and t
hexag'y@me}twqapomqru@twﬂ deaghrs ?tPCPUctérZOOCE‘R!n sKihe L&V ioﬁﬂlen'éas’f"
art will recognize that simlar calculations can be
retajped 36tred viros isyetinpactas unfil diekéBueneethangutateentrations exceed
for hydrophobi c nenbranes); different gases; and
3000 pprer ewding pBsecrasults) St isodsibleyto tongtrict at“ivarst-case” correlation
sterilizing filtration). Exanple 6: Determ nation of

bet@%@ﬁ%e ﬁb)’(ﬁ’fl@rééﬁaﬁétddh'&eﬁﬂﬁtldrﬂﬁatﬁb pimigateBhd e Fé{éntlon of virus

Viresol ve(r) nbr ane The binary gas test net

for %rggrfe\clgl?h%c? %@e}ﬁ;ﬁ@nlf’\%ﬂég@%ggf@ ﬁﬁllgpcaleyﬁ%hgﬁan be
corﬁwﬂ#ﬁ06ﬁ¥5?ﬂ%puwﬂaf@ggﬁwgf Gofal Tofdsationie Hehbranes)

distribution as measured by |iquid-liquid poronet
diffgiant apses; waddifgrantsontications (@er odtus retenties, ﬁ’@m:laaé&tratlon)
This menbrane is a conposite nmenbrane, with an
Example 6x iDetemination of Befm:tlSi;zeDisﬂribtit'mmahdtlrrmaiccbon Retention for
menbrane supporting a thin wultrafiltration |ayer,

Vired slve®tMembranecr ons, whi ch acconplishes virus renoval.
Table 5 (below) shows results for several menbranes

generar TR EE, GHTIR PRANGERRS Vius Ehalle TR efEbhducted on

a spfiek RYab A RsoR DR dhEmet At RlaNbeiRe Hib ol S Frample 2

defects is the incre selnthe Iovy ati o, show n
The merpknangs ¥ysse cashurdensondiians t @faﬂe{d@fth%\ﬁﬁﬁ’& PPl %o%@eh
defects conpared to gas diffusing through the integral
dispibition msdneasuied dyriiguichlquidiperersetiy t lButanitwanyirg amounts of
hexaf | uor oet hane concentration, flow ratio, and
defdefsdntthé hmmivrahes c Jhisinghtorané Iis y iconposie enémbrarfeywith an
operating pressures high enough to
approximately 110 micron layer of microfiltration membrane supporting a thin
ultrafiliration layer, less than 5 microns, which accomplishes virus removal. Table 5
(below) shows results for several membranes with increasing number of defects. All
samples show a general trend of hexafluoroethane concentration increasing with
pressure, indicating defects are opening as pressure increases. A second indication
of defects is the increase in the flow ratio, showing a greater proportion of permeate
gas is flowing through defects compared to gas diffusing through the integral portion of

the membrane. The results show that hexafluoroethane concentration, flow ratio, and

defect flow rate correlate with virus retention for operating pressures high enough to
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39 open defects (i.e. greater than about 60 psig). In
general, the defect flowrate is very |ow bel ow about
50 psi, and then increases at higher pressure. This
result is consistent wth defects in the thin
ultrafiltration layer. If defects had been present in
the mcrofiltration and ultrafiltration |layers, the

opehaiefétte g @gjrbatee ticamakottrad psig). frl ganerahthe® defeetflow rate is very
defect flow rates woul d have i ncreased at | ower

low RJeRSP 4bB8 8t 5385 A R Ihcrddies! At TigHer Cpr8§§hr}’eq Uhi§ S ult is
provi de di aghostic information regarding the |ocation

con%{asrt%ﬁ %v@hdc?éf%ﬁn 'tlgb gﬁ%‘b‘tﬁ%tg{nela ﬁbllf aafecftg E%c? W%{an Hesent in
the Fﬁgg\bﬁ tf%%a%p@ﬁaﬁ?r@ﬁaﬁg%gﬂﬁssr@r eﬂlﬁn{)rﬁ% a{pe? &mcenﬁatlon flow

fraction) 5.4 12.2 4.61 E-05 -2.36E-03 0.000

ratigrang Qefsgtélm rﬁeem@m have itrreasedatlopsr poessuras. ECopsequently
0.000 40.6 3.11 E-04 1.71 E-03 0.000 50.5 1.49E-04

the Baimt-t68hriq0e 6an pooEde dEBBtic Inf6BRalM Gegzdding Zhe Ecation of the
4.90E-04 3.81 E-03 0.002 81.6 9.22E-04 8.42E-03 0.007

def&ils $h theAhudbdrel Pedte 6Xoflowd:4 2 2.1 3.2 10.1 1.19E-04
-3.42E-03 0. 00
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19.9 5.19E-05 -2.15E-03 0.00 31.5 3.33E-04 1.18E-04
0.00 41 1.96E-04 -5.54E-04 0.00 49.9 1.74E-04

-5.85E-04 0.00 60.3 2.82E-03 1.61E-02 0.00 77.7
6. 55E-03 3.95E-02 0.21 89 9. 13E-03 5.57E-02 0.62 3
2.3 3.8 9.3 4.90E-04 1.91E-03 0.00 20.3 1.65E-04

S3mASE-|PH-X0. 00 [Fhi-68 2. 96428 - 1|Pe2hedld (FI®ORat$h0. JDefect
SuRiedE- (Retént®d E- ORe@nfd®d 5S(ordssbrebdfife®b - 8| 91E- 04 0. |0@wv rate
62.9 3.[88% 02 3. AFBH01 0. (Bsig)70. codcenBaio)2 5. 15E- (fec/min)
0.32 80.2 6.63E-02 7.22E{01 0.5 @® 7. 3BE-02 7.99E-01
75 1.53.8 4 5 73F-04 2 TEti@® 0l0 21 1
82F-15 -1 17%4 0.0 53 5 4121F-461E0559F--B360 0.000
40 7 2 E-04 9 B5E-04 0_(Q  5008[2 2A%9E-4n 7 BPRE-BH o 6.000
60.8 1191 E-02 11 97E-Q1 Q7 2.2 426880405 414458031 0.000
2 6 80.85 24E-02 5 43E-01 Q.4ﬂ.6 3.11E-04 1.71E-03 0.000
50.5| 1.49E-04 8.55E-05 0.000
60.5| 2.90E-04 1.63E-03 0.000
71.6] 4.90E-04 3.81E-03 0.002
81.6] 9.22E-04 8.42E-03 0.007
89.9] 1.49E-03 1.45E-02 0.014
2 2.1 3.2 10.1]  1.19E-04 -3.42E-03 0.00
19.9] 5.19E-05 -2 15E-03 0.00
315 3.33E-04 1.18E-04 0.00
41  1.96E-04 -5.54E-04 0.00
49.9]  1.74E-04 -5.85E-04 0.00
60.3| 2.82E-03 1.61E-02 0.00
77.7| 6.55E-03 3.95E-02 0.21
89] 9.13E-03 5.57E-02 0.62
3 2.3 3.8 9.3  4.90E-04 1.91E-03 0.00
20.3]  1.65E-04 -3.03E-04 0.00
31.3]| 2.96E-05 -1.42E-03 0.00
40.3] 3.26E-04 1.97E-03 0.00
50.1 5.64E-05 -8.91E-04 0.00
62.9] 3.36E-02 3.65E-01 0.06
70.6] 4.73E-02 5.15E-01 0.32
80.2] 6.63E-02 7.22E-01 0.59
90 7.33E-02 7.99E-01 0.75
4 1.5 3.8 10.4] 5.73E-04 2.74E-03 0.0
21.1] 8.82E-05 -1.17E-03 0.0
30.5] 4.19E-04 2.59E-03 0.0
B 40.7] 2.46E-04 9.55E-04 0.0
50.7] 2.19E-04 7.67E-04 0.0
60.8]  1.91E-02 1.97E-01 0.7
71.5| 4.38E-02 4.54E-01 2.6
80.8] 5.24E-02 5.43E-01 3.5
5 1.8 3.2
- 11.8]0.00046921]  0.00225458 0.0
20.6] 0.00066888] 0.005255329 0.0
29.5] 0.00034791] 0.002033512 0.0
41.2]0.00016654| 0.000235508 0.0
50.9] 0.00034468| 0.00228985 0.0
60.8] 0.02722595] 0.297034591 0.0
71.5] 0.05364651] 0.586617774 1.9
81.6/ 0.07960701] 0.871106879 7.0
91.3] 0.08907435] 0.974830662 13.2
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5 1.8 3.2 11. 8 0.00046921 0.00225458 0.0 20.6
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174 and 0-6 viruses. The results show that the mxed
174yard teGiviruge® ¢he reswis shovbihah thexmixed gaateohwiquertamigrovide both
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a qdelitative snking foin thes menalsranpe pnbat guemtitative imeasutdhef the defect size
ability to define the defect distribution allows

andjé@‘fédé”'b%ﬂéﬁﬁh Wﬁeﬂﬁ{g’élﬁ[‘@%o defihe S Bf<tt dRMMUtRN allows
has an greater than 5 for O6desp|tethe

dlsﬁrﬁﬁ%pﬁﬁ aﬂior%i@%ﬁ{bsran%%t p8P8xharﬁ e@%hﬁiﬂe 2} ec%@ !;R(/odreater than 5

nor € an I ar

an. 2 f

for %zg‘%'?&p't% thebrsaAnes of i Brts auloadh f?}SBE‘?’gﬁ lgHer 19y the other
Sanples 4 and 5 decrease their LRV below 2. Exa \rypl e

samplep idgnpis arefaraebdersis. cvamples: . b @iideshambRVgigater than 2

integrity test can be run in different nmenbrane nodul e
for oGl ¥ 4ualtitcdughdhe inighandiefert opaldtions fih Bamplés A@nddwdecrease their
fi ber device conprising 9 1.5mm | D
LRV below 2.
Example 7: Integrity test for Hollow Fiber Modules

[098] The integrity test can be run in different membrane module
configurations, including a hollow fiber. A hollow fiber device comprising 9 1.5mm ID
fibers with a nominal pore size of 0.2 microns and a total area of 100 cm? was tested
with a feed gas of 10% hexafluoroethane and 90% CO; at pressures of 11.5, 24.5,
and 30.5 psig. At all conditions the flow ratio was greater than 0.5, indicating that the
device was not integral.

[099] A second hollow fiber device, model number CFP-2-E-3MA,
manufactured by Amersham Bioscience (Piscataway, NJ), was also tested at
pressures between 10 and 23 psig. The device was certified by the manufacturer as
integral, with a bubble point of 18-30 psi using a 50:50 ethanol-water mixture. The

flow ratio at each pressure was less than 0.005, confirming that the membrane was

substantially defect free. The module was then intentionally damaged to introduce a
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fibers with a nomnal pore size of 0.2 mcrons and a
total area of 100 cn2 was tested wth a feed gas of
10% hexaf | uor oet hane and 90% CO2 at pressures of 11.5,
24.5, and 30.5 psig. At all conditions the flowratio
was greater than 0.5, indicating that the device was
defesbrandietested at [0 9sjg. ATke perraeaisl qapweniratien aadiflow, ratio both
nodel number CFP-2-E-3MA, nmanufactured by Anmersham
incré&sesicd rantaica Ry, soafiemimyg, thitthe devicealvas nbdehgelr iategral.
pressures between 10 and 23 psig. The device was
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. bstan i all e fre The

dianSlBEHRELWALq s ﬁ%drﬁa@a thEBinaly SaleestaensTid Befein,, The double
retested at 10 g . The perneate concentration and

layeremamirape st Rot hi‘w\@r @éﬁé@er&%?ﬂéaﬁ Igyerg.o Both mempranes were
that the device was no |onger integral. Exanple 8:

previBtte witiGaatdteand hemeoritagiedivit @ gaadnikture |corrw@rr@d90/1 0 mole
Devi ce [0100] A single and doubl e | ayered

perdedlt DD 11ed,Fylat 60 eourabpaneq(arksSingmgadge (PSEE).dTe taineliea
tested using the binary gas test described herein. The

con&ﬁHP%;&s cérﬂ]é@élﬁgn %Wﬁé%‘@d dide dt%he ARMBbANSL ARSIt Bt was

ayers. nbranes were prewetted wth Wwa

opelaa'?éjd rhfé'ﬁ f%lq‘féggfﬁ r%&g%c%a\glgﬁna%%dﬁa%gﬂ% h%ta?‘g a?)%ﬁ%urtlmes

the Wn?q%é?lgg?agq ggd Ehgh E)S%l!@tl ﬁtscg&%q?cfp%{aé@tsolubmtles

erated in tangenti al flowflltratlon node with

and éﬂlfft@tl\égﬁ w0ftheitest gases inwaieh the thaaretigalpermepte concentration of
perneate flow rate. Based on the neasured operating

Fream rdg.thexafuamnetsariatwas ichlcetated twl bdiablous 1 ¥5 tpipesy. of oit the single
test gases in water, the theoretical perneate

e SROEPL VR SAEE b s copt g aet e ool e
however, a lower concentration of Freon was observed for the double layered
membrane (Figure 12). |

[0101]Since the permeate composition is in theory independent of the liquid
thickness, and the membrane layers were adjacent to each other, this result was not
consistent with permeation through a continuous liquid path. Thus a gas pocket in
between the membrane layers may form, and the gas separation may be divided into
a two stage process, resulting in an enhancement of the gas separation. It should be

noted that because there was no retentate or removal of gas in between layers, the

very low concentration achieved in the permeate was transient. But because of the
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| ayer device, the neasured concentrati on was
consistent wwth the theoretical value, however, a

| ower concentration of Freon was observed for the
doubl e | ayered nenbrane (Figure 12). [0101] Since the
pernmeate conposition is in theory independent of the

s|owd[9éﬂjn%%ﬂo{ﬂior%@8@?%)&5@1%8@.{%%#@,mriﬁféﬁla&gé/&%i%ew;a%on buildup was

ad] acen eacC er, 'S resu

vesjcaliin Tofrlte 10 ik fRBcRale rineBRtARERMERD frenbAineesS herefore, i
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pragtice the megsusedgengandedes of hexalluaragthianedn the peeriwhianer
of the gas separation. It should be noted that

pebreatesgas beveraltimes toweartthan dhe valuerabtainatl voth gamglenlayer and thus
bet ween | ayers, the very |low concentration achieved

providdd@ nieA ekt iBtedmsy ﬁeéﬂﬁl% heitiHayBiiéd Begiaes vitbbut the Aéed of

sl ow perneation rat'e of hexafl uoroethane, its
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o the ti urenments (5-20

ExEhbib S Doteth 38 enteuighl TEHIRG of FTodE ATy ang Mute-ayered

. perneate was several tinmes |ower than the val ue
Degbqecﬁ ned with a single layer and thus provided a
nmeans of integrity testing nulti-|ayered devices
wi t HBL02]A iserige ofi tasts were corducted oneppanelef mempranegconstructs to
ports in between |ayers. Exanple 9: Integrity and
copateniruoretdeidn pgfamdsicedrel biapey gas fostl vMulesiof ldayiblecand single
Devi ces [0102] A series of tests were conducted on a

lay@R@elices, Wiraha WitHeRn8Efdéts. STHO merRPRAES t¥4tEd ere suitable for viral
retention performance and binary gas test val ues of

5 SpBREhE0 o SO UL S OB My ke et o

rée sui or vira
BB BB By e Ko e S Pt 1. The
mufia By A Meroranes wers stadked on 1op of eath other. NG pysical spacer was
used to separate the layers, however it is believed a small air spaces spontaneously
formed either within a layer or between layers. Figure 13(a) shows a two layered
integral, i.e. without defects, membrane. Figure 13(b) shows a two layered membrane
having a defect in the top layer (hatched area). Figure 13(c) shows a two layered
membrane having a defect in the bottom layer (hatched area). Figure 13(d) shows a
two layered membrane having coinicidental defects in both the top and bottom layers
(hatched areas). Figure 13(e) shows a two layered membrane having offset defects in

both the top and bottom layers (hatched areas). Figure 13(f) shows a single layered

membrane having a defect. Figure 13(g) shows a single layered integral membrane
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mul ti-layered nenbranes were stacked on top of each

ot her. No physical spacer was used to separate the

| ayers, however it is believed a small air spaces
spont aneously formed either within a | ayer or between
Iayers Figure 13(a) shoms a tw layered integral,

OWOBIWH&I dé@Et%‘Vvére Afng 5 1%%&3@%@{;&‘6% ae;}eorUQh to

aye nbr ane VI ng a gdef ect 1Tnthet

ARG o5 Yo 0, B prn
B8 GRRR A ERSHSfaR ES FETRAR cet case,

bottom | ayers hat ched ar eas% Fi gure 13(e) shows

defgets weterleeated 40 mawi fram dhe outsidrepedmsterof ﬂltﬁ)dﬁk and were
the top and bottom |l ayers (hatched areas). Figure

18@(dpars hathvtheadiscs yleee tatyfeoradhe same BES ditrafilirgtion membrane
defect. Figure 13(g) shows a single |ayered integral

mBEesHH aRg prépared iR ALipheatd ef Eeithisvedt &f @lé@@b@dtw&mﬁﬁwb’#ane layers

1000 pm needl e (| arge enough to cause an essenti al | y

I I except for
e Sily s Snfled by Bn i6b E’S‘”de"?t’“ef‘ cental |y
| oc e_di defe
casiﬁqﬂﬁﬁ”ﬁ\&emsmbg e Pt e 'g%ﬁ%e eP R PRt ensisted of two
out si de erlrre er of the disk and were 180 apart .
sqaliona; ?ctg”\/\&é!?fé iigration sgRie Cammanivesrarad toras {)hea‘ilﬁ“bﬁ'de) and a
menbrane material and prepared in duplicate. For this
thinker giicioditiation section.mé b taasectigrs formesk 2 ceatirefous|gradient. For the
assenbl ed one on top of the other [0104] The nenbrane
bihbat ga@test|ted memblee vexrpaestedrinh bottotied skirdpqlitiafittration section

sections: a thin ultrafiltration section (comonly
upSfeinhLshd Q(lﬁ%OW?\eoﬁ’éﬂtﬁnc%@ eFordE ratentiBh k&Y the membranes were
mcrofiltration section. The two sections forned

oﬁémn_éb HHESs I8 ﬁgi/vﬂ'qwe&'t: 8h v{)m@h isOb e %e%ﬁ%fér?eﬁ orlerﬁgtlon for optimum

Fanes Wwere
& {tra iltration section upstrean) and skln down
filgAHMEHICIENSY: For the retention test, the menbranes
were oriented in the skin down dlrectlon which is

of t el 1PREBgipks Wiertipniesting, Aachrievite Wasibary gas tested using a

10/90 Freon/CO; gas mixture as the test gas. Gas compositions were measured
using an MKS model Cirrus LM99 mass spectrometer (MKS, Wilmington, MA). The
devices were tested at 50 PSIG, with a sweep/permeate flow rate ratio of 4:1. At each
test condition, feed pressure, permeate gas flow rate, retentate gas flow rate and
permeate gas composition were recorded. The retention test of the devices consisted
of permeating 250 ml of a buffer solution containing the bacteriophage $X-174
(approximate diameter of 28 nm) at a concentration of from about 1x10° to 1x10°®

pfu/ml through the membranes at a constant pressure of 30 PSIG. Assays of the
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filtration efficiency. [0105] Before retention

testing, each device was binary gas tested using a

10/ 90 Freon/CQ2 gas mixture as the test gas. @Gas

conpositions were neasured wusing an MKS nodel Cirrus

LMB9 mass spectroneter (MKS, WI m ngton, MA). The

devices were tested at 50 PSIG wth a sweep/ perneate

flowrate ratio of 4:1. At each test condition, feed _
challeags and effiuentsieamsawera perferaied tor daterminedhgadus legreduction

rate and perneate gas conposition were recorded. The
valuvet(leRV).on test of the devices consisted of perneating

250 m of a buffer solution containing the '

bacfod 06 piHeage uXald freseRdd ivFigatee14li parérrin Fig8 1Morrespon
at a concentration of from about 1x106 to 1x108

to t@%lggg}sgﬁ&ﬁg&éril’:% a?ﬁi@ﬁcgr]ﬁﬁu@‘l 3 %%r‘@éd@gc% PF&R?&%W‘ Rigtfre 14, with

says al'l enge an uen

thef’ s&ﬁ@fﬁﬁ%ﬁﬁ{%&ﬁgéftgﬁgﬁ ulit[g,g%gtgﬁlﬁlgq?géﬂ%\é’ée;?%n Ibg%ii‘feren'tiated

resented in Figure 14. Letters in Figyre 14 o )
fromaatt ElediALEINg'S 18V dafida A plbodiarm A dalibia yiRs deyice in which a
Figure 13. As can be seen from Figure 14, with the
defgskisgiresery i onbrgneyakthedayersarr urihesype, iddibrasesaybere defects
device can be differentiated froman integral single
welapesedeni ardy and layes pof whereadefeuts| veelegyresenlieinibogh iayers but did
which a defect is present in only one of the |ayers.

notfaVerRgraromcidd) thE inpAGEsT defedts ofefiee trétentiBhvaY SigR#fikantly
in only one |ayer, or where defects were present In

gre2®drbr éﬁ}ﬁglﬁja d%gmb%esoé’c%%%d% oco%ibﬂé?l'a%reo% l.lﬁ%mbrianes. This
i mpact ~of de icantly

ects on virus retention was srgni

eater on single ered nenbranes _co r t o ,doubl
resflis B BAuowBPE solerie et BEfraREs ate BBt dne SafshiiRg fayer acts
doubl e- | ayered menbranes are tested, the adjoining
as phipast applial hlockade o4 e Bowdprovah the defasde of the flow
t hrough the defect. Exanple 10: Conparison of binary
Exgmple d0aiGompadsoni afthisanyngas do aiswatemdiffusion test for a multi-

layered device

[0107]The results of this example demonstrated that the mixed gas test has
greater sensitivity, and is less susceptible to extraneous test variables, than the air-
wafer diffusion test. Three double layer asymmetric PES flat sheet ultrafiltration filters,
containing either 900 or 1800 cm? of membrane area, were made from a single roll of
membrane. The filter fabrication technique may introduce defects into the filters.
Consequently, the filters would be expected to have the same LRV, with any
difference due to random defects introduced during module fabrication.

[0108]Each of the three filters were wetted with water and tested at 30 psig

pressure using the air-water diffusion test. The three filters were then run with the
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| ayered device [0107] The results of this exanple
denonstrated that the m xed gas test has greater
sensitivity, and is | ess susceptible to extraneous
test variables, than the air- water diffusion test.
Three doubl e | ayer asymetric PES flat sheet
ultrafiltration filters, containing either 900 or
mixedsyRs tesRusing o haxaflugreethanerie GRuxat 3¢ peigasdhadeed gas and
roll of nenbrane. The filter fabrication technique
with sgpurgeigasdo pernrtdesieodas fiow eatidief 411l tTrese thfeenfiteyscaidhy with
the filters woul d be expected to have the sane LRV,

th red@ohn@rmam@térfﬁé@mp;@semb%nﬁ’aﬂd@mr@k% 8fda) of thd REEMISENe that
during nodul e fabrication. [0108] Each of the three

weref uééoefosm‘éﬁé ?hé/‘ﬁ%%ggs ‘%érlé c}’f@a‘llgggeﬁ%%?B?ﬁe@éo@ﬁon"?ﬂﬂammg 19G

ressure usi usi on
run with t xed
and @34 EHZ SRS el e T Eari Hagb been fouled
% s and with a pur e%gas to perrreatefgas fl ow

to th?:ﬁXFQﬁ dhatflux harhdedinedryer %0 ftarp dhe it goRrforled valer
90- nm di anet er disc sanples (46 cn2 nenbrane area) of
t @ 1A hheaaie diffusion, Winasy gaedand retakiion Hatacerei shosyn bhelow in
chal l enged with a buffer solution containing 1gG and

Tabl®s. 1THe LRt sfrdevive N6 21@as Wot eigiefantig diffdréet frémeahe average of
menbr anes had been fouled to the extent that fl ux had

the dé)‘ﬁ]?ﬂohgé%ﬁ%ﬁlgcs{ Arhp R dRLisithkiddle d“dh'%éf é'clj‘ﬁﬂe @IU ev[g@lno.3

e air diffusion, binary gas, retent

o L U5 i 0 8 i ad B T8, S G & showes
o BB S PSR e R reg v

__that was 0.9 lower than the control discs and device

diffupign tastsesiceaot diatinguish Aaongdsedh®el damives; marlldbiae were

di scs. As shown in Table 6, the air-water diffusion
measeed todavd aiewvatdrshiffusion saluastimglasbeproxinely tdedchethemsThe

all three were neasured to have air-water diffusion
binaMaledE§as Paltbs HRliGAtey iMThld ® afa e PeBstired i meate gas
concentrations of hexafluoroethane in parts per million. In contrast to the air-water
diffusion test, the binary gas test was able to clearly identify the two devices where the
LRV was lower than the control discs. Furthermore, as indicated from the data in
Table 6, the binary gas test value showed a clear correlation between the binary gas

test value and the deviation from intrinsic membrane LRV of the devices.
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bi nary test gas values indicated in Table 6 are the
nmeasured perneate gas concentrations of

hexaf | uoroet hane in parts per mllion. In contrast to
the air-water diffusion test, the binary gas test was
able to clearly identify the two devices where the
LRV was g rfgeé than the control discs. Furthernore, as
i ndi cate omthe data in Table 6, the binary gas

t est VcTI atve—showed <ctear—orrelati
bi nary |gas _test Vcl|’?é%\l§ﬁrd:lg(he Ry n ?5/ ?@'ed
intrin LR B d&st e

Air-V\ategP”iﬂ‘D?UBl nary Gas 75% Foul ed iIter57

cn8/ mi n- ”‘I’B% Value LRV 90 mmro. 1/5.7 %60 mmm
no. 2 mm-ho—3-5.9 S §.8
Devi ce ‘ﬁﬂmﬂmﬂeﬁagﬁﬂ 5.9° Device ng. 3 76885 0

—hld
1

Devi ce W§vicana 2 2ga 5. 612 0110} Many2 nodi f i cat®%ns and
vari atile MCMO Bhis i nvention n % mm wi b ut
depart ilRgviee perdi t s [spiri2 andl scolé, as will5.fe
apparent to those skilled in the art. The specific

enbodi ments descri bed herein are offered by way of

ex §0rpl G Mamlyymadificatiens avat vanstivnstaf thie ihvantionngan e aade without
way. It is intended that the specification and

depBMHIHEH itstHifR seiRd aQ%I?ESVHHp%WntQB'tN@sé"éMbdimtt@geart. The

scope and spirit of the invention being 1 ndicat
spetifE hMBIAMERR §LrBBd herein are offered by way of example only and are

not meant to be limiting in any way. It is intended that the specification and examples
be considered as exemplary only, with a true scope and spirit of the invention being

indicated by the following claims
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48 WHAT IS CLAIMED I'S: 1. A nethod of assessing the
integrity of a porous material conprising: a) wetting
the porous material with a liquid; b) contacting a
first surface of a porous material with a gas m xture
conprising two or nore gases, where at |east one of
the gases in the mxture has a different perneability
WHAT I3 BeAIMEDI® conpared to the other gases in the
m xture; c) applying a pressure to the first surface
of the porous material such that the gas m xture
per neat es through the porous material; d) neasuring
1. t he\ siethadpf s¢sebsing thecistegritytaf arposdusanatedalsompnieingf t he
gases in the gas mxture perneate in an area proxi nal
a) wetting tisepands sateriakbwitiod lighid; por ous material; and e)
conparing the steady state concentration with a
b) cpmtacteiger firstreface otz ponoas inwterial Witk aejan naixtdie ¢ampsising tiva or
the steady state concentration and the predeterm ned
more gases) whatd atfedss onerdf thatgases inttbe mixterepas audifferantarermpability
is not integral. 2. The nethod of claim11, wherein
in thet ligaidycostpates todime ethier gasesrin dfe mixkireit | east one of the
gases is neasured which is | ess perneable in the
c) applging & presyper edh¢ trshsufasasyf thengorows meterigbsyich that e gas
m xture. 3. The nethod of claim1, wherein the gas
mixir pemeatsstprougle hegparauy inaterighs, which is the nost
pernmeabl e gas in the mxture. 4. The nmethod of claim
d) nisasutiey thiersteadg stade cormentyakion of aCle@st e dfiilee gagesdlthefgas
claim2, wherein the steady state concentration of
mixtuex péimeatoiatananea poximed $o1a sdcord! suffaee akth edrass nedteriah and
2, wherein the steady state concentration of sulfur
e) chawafihgitheistimdy state asnneattation with a predetermined concentration,

wherein a difference in the steady state concentration and the predetermined

concentration is indicative that the porous material is not integral.

2. The method of claim 1, wherein steady state concentration of the at least one of
the gases is measured which is less permeable in the liquid compared to at least one

other gas in the mixture.

3. The method of claim 1, wherein the gas mixture comprises a carrier gas, which

is the most permeable gas in the mixture.
4. The method of claim 3, wherein the carrier gas is CO,.

5. The method of claim 2, wherein the steady state concentration of

hexafluoroethane is measured.

6. The method of claim 2, wherein the steady state concentration of sulfur

hexafluoride is measured.
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8.

49 7. The nethod of claim1, wherein at |east one of
the gases is a noble gas. 8. The nethod of claim1,
wherein the porous nmaterial conprises a hydrophilic
material. 9. The nmethod of claim1, wherein the porous
material conprises a hydrophobic material. 10. The
neiThe dneshoctpfdlaimi], wheedirpHeasi@np 6f hePages iS3 Apble gas.
conprises a nenbrane. 11. The nethod of claim 10,
wherein the nenbrane is conprised in a filtration
deviheenethod of amme mhetrin theglospyh materiglitererires A dydrophilic
nmenbrane is an asymmetric nenbrane. 13. The nethod of

matesiahi m 10, wherein the nenbrane is a symmetric

9.

menbrane. 14. The nmethod of claim 10, wherein the
menbrane conprises a polyner. 15. The nethod of claim

14, j | ] : r _ . .
(PR e fof RnPE KRR Ui RN i Bt By Fophovi

mat%h._y"ﬂ is polyether sulfone (PES). 17. The nethod of

10.

claim 10, wherein the nenbrane is a flat sheet in flat
plate or spiral wound formats. 18. The net hod of
claim 10, wherein the nenbrane is a pleated sheet, in
holTihevinethpd ef claim 1.uerein theoparaysmategal cpprises Adeerpprane.
claim1l1, wherein the liquid conprises water. 20. The
met hod of claim 1, wherein one gas is present at a

11. ‘é?'ﬂ%&m@%@%&lé‘iﬁfﬂuﬂ wh%ﬁ%’ﬁ’% HePbiate Y &H6Hsedlin 8 fikRkigAe

e nethod of claim 1, wherein the

deviseeady state concentration is neasured by nass

12.

13.

14.

15.

16.

17.

spectromet er.

The method of claim 10, wherein the membrane is an asymmetric membrane.
The method of claim 10, wherein the membrane is a symmetric membrane.
The method of claim 10, wherein the membrane comprises a polymer.

The method of claim 14, wherein the polymer is polyvinylidene fluoride (PVDF).
The method of claim 14, wherein the polymer is polyether sulfone (PES).

The method of claim 10, therein the membrane is a flat sheet in flat plate or

spiral wound formats.

18.

The method of claim 10, wherein the membrane is a pleated sheet, in hollow

fiber or tubular formats.

19.

20.

The method of claim 1, wherein the liquid comprises water.

The method of claim 1, wherein one gas is present at a volume of 90% and a

second gas is present at a volume of 10%.
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22. The nethod of claim1, wherein the predeterm ned
concentration is based on the perneability of each of
the gases in the liquid. 23. The nethod of claim1,
wherein the predeterm ned concentration is based on
the diffusion rate of each of the gases in the
21. | | gbe enetizod of phaim e wherginothe steadnsiatoreresnialiongs Jrasysd by
material is a nmenbrane conprising nore than | |ayer.
masgspechipgnet®it hod of claim 1, wherein the porous materi al
Is selected fromthe group consisting of polyether
sul fone, pol yam de, nylon, cellul ose,

22. pOITY]B Sdtadd S é?r‘ﬁt1h%§|ré?n theRﬁéde?éﬂnflﬁ’élﬁcorfé@htYéiﬁah% based on the
pol yvi nyl'1 dene fl uoride, pol ypropyl ene, poly

perr&écﬁglftg"%ﬁ éé%ﬁ%ﬂh@@a%@@m tﬁé’h(ﬁlﬁﬁf I uoro(al kyl vinyl

poly carbonate, polyethylene, glass fiber,
pol ycarbonate, ceramc, and netals. 26. A method of
assessing the integrity of a porous nenbrane
23. corfpeinsthert ofjaimet whﬁge"t the predelaninethernerBtralionds Ragesyon the
b) simul taneously contacting a first surface of the
diffusontsaternd cagh of toogasas in edisidior oet hane; ¢) appl ying a
pressure to the first surface of the porous material;
d) neasuring the steady state concentration of the

24. he)ﬁ%@'d’ﬂé’tﬁ?@&f@ﬁﬁ\ 1 \Wh@f@lhﬂﬁgﬁoro@%%téﬁdl id & mRnfR&RNEbmprising

surface of the nmenbrane; e) conparing the steady

more W1 %?Q,cent ration in d) WI t h a predeterm ned
concentration of hexafluoroethane, wherein the steady

state concentration of hexafl uoroethane exceeding the
predeterm ned concentration is indicative that the
25. nenfheanethpd oheaim 1,1thegpimthe mprous material is selected from the group

consisting of polyether sulfone, polyamide, nylon, cellulose, polytetrafluoroethylene,
polysulfone, polyester, polyvinylidene fluoride, polypropylene, poly (tetrafluoroethylene-
co-perfluoro(alkyl vinyl ether)), poly carbonate, polyethylene, glass fiber, polycarbonate,

ceramic, and metals.

26. A method of assessing the integrity of a porous membrane comprising:

a) wetting the porous membrane with water,

b) simultaneously contacting a first surface of the membrane with CO,and
hexafluoroethane;

c) applying a pressure to the first surface of the porous material;

d) measuring the steady state concentration of the hexafluoroethane in an area
proximal to a second surface of the membrane; and

e) comparing the steady state concentration in d) with a predetermined concentration of
hexafluoroethane, wherein the steady state concentration of hexafluoroethane
exceeding the predetermined concentration is indicative that the membrane is not

integral.
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