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[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 name 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.
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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
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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
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predeterm ned concentration, wherein a difference in
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corbpared 1o fhe ofher Gaces in the mntire. ¢) ASplying prossure o' the A1St 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;
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caldui alni siig) anothetesreleedimaind the gvention deavides aimethad of assessing
defect size distribution; and j) conparing the defect
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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; ) 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
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concentration indicates the porous material has at
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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
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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; c) a porous material sample contained in a feed chamber; d) a first
and second gas; €) 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: g)

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
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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 €) 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
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restritiegyef the ineentiong 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[826] Fiaapé 1sibavgraghfshowingthecharafliosogihases gase ex[t@drtentration
Figure 8 is a graph showi ng the estinmated defect size

verdlisstheiflow i3, of 3 inch PES cartridges. [028] Figure 9
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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
cBrRdnklouts 4817 oraRly Fameadnd drexafiaroinene payarag
menbr ane devices which are either integral or _ _
conceriigtions as adunelin eftimer or a«tirge daygred Membanecdavicgand a multi-
and b shows perneabilities of various gases.
layerdESeR irahéde@ieeTHE EMBODI MENTS Met hods of t he
I nvention [035] Certain enbodi nents of the invention

IOLUM] deigareTe8 Rpdwsanegral and defectiveasingRtdmimutiRiye s
the binary gas test, for assessing the integrity of a

memBi2heWevidda! $iatahed E?ﬁé eée?{tigf%%? Eeféa?sasuri ng the

concentration of at as _onle e gases in the
5 Gl 17 Bl RN 0 et s S s g b entation of
v S i RS v B WS SUS o

of gases where at |east two of the gases have

compgised 6f png or prareeliedtBties in a liquid used to wet a
porous material. As an exanple, two of gases nay be
ufGSd] f Bigurk 8@t dryd 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

Methodd of thé vemtidipds of the invention are practiced may
be chosen by the skilled artisan. As an exanple, the

MRIA%) € eRLint dMibb Akt BPthelifvention provide a method, 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 1 PSI to about 100 PSI. In another

maysseprictiead at Beempehdie @ingiitefromnatik 000 t6@a»obe100°C. In one
pragti ced at a rgrpessure og I-Ia%‘ﬁfout 30-50 PSI. In one

emb%@?ﬂgﬁmgtin&éiﬁionr@ Mﬁe@fatgggmd%\s‘%ﬂﬁés?f‘aw RPC. In another

practiced at a pressure of anot her

enbodi nent. t he. net hods of the i.nvention, nay.b o -
embEAeh(YER midtiofThAL R stk Ak BieeRa B b BByt 4°c. The

anot her enbodj ment the ne{hods of the invention may be
me"'bﬁ’ﬁg%?ﬁefé‘éd“\éﬁ”t@n PRk 88 rrackiredaA prepsurssie.g., adeed pr é/%‘«ure,

enbodi nent the invention may be practiced at a
rangin@Fenr abeutskPSidojabout HE0 &elt the abathier enpuidiment thehsethods of the
porous material. In still other enbodinents the

inveptiers snayebarpyadiced ampqrte sgureasf @bous B0WIOYP $ h dheateembydiment the
small increnents while neasuring flow rate and

metONE 8Ntheahléition! May 8k bR PieBRNESof ABLUHOESSHT B another
may be ranped down, e.g slowmy decreased by small

embodfhé [ﬁnéﬁ‘fﬁbh.@rof ff?éaﬁn%m& HaS{VY)DJ BlRiB0 at 2 pressyire of about 30
concentration. 1he pressure can be ranped up or tow
Pty Shydl TGS TeEBRURE e prelieds 6P Her RuratpriBRY o Battioed at a
[ rom5 psi to 10 psi. 0371 Vere a pluralit

psi; or f _ y .
presstrgakakoytsiARey fysthes em Ent thedRveption mayhe practiced at

m xture may be chosen by the skilled artisan. As an
a pressurplibat isdjust eovg theebulsvle poirded thdpofdusshatgdial. mnystileother
used at a percentage vol unme rangi ng from about 0.001 %

embodiméhglihe PPeRUPdmANBk F4RpEs tpNE. gl aslowRYinbaged yEmall

at a percentage volunme ranging from about 0.001 %to

incr@érﬁnggﬁi \ﬁ@lﬁqg%g uﬁrﬂ]%i‘!?w{/rg% Igﬁéﬁ EBREShtRItRN! 98 9eP¥tHe? entdliments
~ 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 psito10 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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[036] 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 nméninsproxvementsiRroviddw by e rtain Embodimients ay ¢hedhvention
devi ce, a steady state may not be reached, but a

qQUEFEE] Sﬁﬁt%i‘klﬁbﬁ{b%dﬁmén@%é%@d%ﬁ prblidas %Hﬂéihodséfea?ééléssmg the
state the concentration changes slowly wth respect to

r nt, .of S
mte@’ltg;oftark?bsrgﬁg éﬁ!o@r;t% éérlmlltrh?)g? é‘[@ﬁg L Joee gﬁ\%ge o ihe porous material
at,.a e .press oint o tead sta
with 3 jiftig e GraBhding the p r%ﬁe@gfﬁr@' BuiiiaSg ife,plessyre of amutt-
descri bed bel ow. The skilled artisan will understand
comprAENt gapiagct whilhmeerdring fhasiepdw stategas Hompasdionsetihe
as operating pressure, solvent, gas species and gas
perrmeateo i dihen emibodireents; eqd, wbersetbie deniice isa multi-layered device, a
requi renents, sensitivity limts, and operator
steatgrutatel rﬁaﬁﬁot bé réadHedabsba *@fmaﬁh@t@ady @Qﬂe lmeyt be agthineldedn a quasi

artisan that functional properties, retention of

stea%yt.ﬁé@eche%ﬁﬁéﬁﬁatﬁﬁ%ha?@gé s\fémé/\éltl i g@%t footﬁrﬁéltﬁﬁse?ﬁrmlttlng

integrity measurerents cordance w

mea%?fﬁ%'ﬂ?hﬂﬁf‘*@e?dﬁss et AR forboptRBh. 9’13% PERLS gy gpteined a2

contacted with a first and sec ere
singfe pgqssgﬁpglgggﬂge a@gdg&@{er\%gc@evgg of @?gmlt e pressure ramping
~perneability in the liquid used to wet the porous
pointmiae deatribachbelony Theeskileghpdisaniwil ustetsiand thattn aratticing the
second gas and the liquid, a skilled artisan can
inventaditést vapabiiscuchres auerptisg pressued, ddheenyagagspdaieeand gas
that woul d perneate through the wetted porous

con%%ﬁibh&ha%ﬁéblﬁ‘nég tb Weedtahaterial rdgiirbRic?es, %Jensﬁﬁlﬁy‘i ﬁH\r 18, and

e applied to 12 the porous material such

opefeﬁ&t C&Weeﬁ'igdc%l fjﬁLleﬁ%c? be! rfc{éﬁstBB& %Sﬁh??ﬁ(mé&airtl?ér?th%‘? functional

onger 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

o R B e R DR g ro

. I n sonme enbodi ments osi tion .
coauRist by lia T e AT Farie kel e gop e ixElia dng a Change in the
assess the integrity of the porous material.
permnate gaemixiure comparesto the predisied valve of dhe gempesitionef the gas
follow ng: small variations in operating pressure,
mixdimes i ln@one emeotdinesntsfthe bieaolgrstate coatcentration vbthentess permeable
changes in the nmenbrane or test housing. In certain

gaLMRYBdEEYFvéd & bE GrsttePthar ifvprédifctdd TBILBOOT s, the methods of the
asseSS| ng integrity of a porous naterial, e.g. a

: i
inv char act T gl%tpenaebf‘? Q%D en‘Pftlrr?eog a5'spends in a porous material

Ics O rane SUC as por OSI
oSS B ERET oS b o
Pt e o B

i nvention provides a nethod of assessing the
permeaignmaybeisad o assessithedntegrity ef. the posousnatenial, Consequently,
which is sinple, rapid, repeatable and

thertest id sdensitiverte eathefiine Falidwirey, dpealpeariatiomsdn betratmgqressure,
after the porous nmaterial is used for its intended

h iif th b
oh A0S oSS BTSRRIy 0 S08Rcel o membrane o

tesg Rg:?élﬁé‘t 'Ir?@er%ln dﬂﬁ‘en%%sinxgrﬂ%rpﬁroglifeﬁ@ﬁ%ﬁﬁ@d Sf assessing

ependyng on |n nee reover

intedfip e 8 porg i a‘}i;%'gv'at@éenfrei‘%stﬁ@f odePafiin of goecifi

certain enbodi nents of the invention provide a nethod
chasacigsisties phijedae@brana adgh as porosityotpriupsity, anchthigkness of the

tinmes smaller than the defects detected by air-water
wetlingfflusd.oihée éstention 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., nmenbranes,

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 population density the nmethod of
certhineernbydintents ofting iheemticacpriovislt & mephed stidetecting datects that are

node such that a plurality of data points are

1-10 3550 ©£D-86 tiRfedsSHaRer thah figs gafeets détecteddbyngirinater diffusion tests.
exanpl e perneate flow rate. Additional enbodi nents

glfr ?(ijﬂeFHPfFﬁﬁg%gg@{ls r%é Y& B9 ri&hBEIneRS fifler dBEddOR may be

si'ze. al n enbodi nts of the invention

rovi de a nethod, of identifyin R :

usehifg st ter ALt BEE b i e HpOiss X pragipl. When
nm 10 nm 10,000 nm The illed artisan wll.

it is sepirallede suently dﬁé@@&l?%ﬁna}éﬁaé %PPPU%@’P%”EE%U&“‘G‘““ of
by filter area, choice of gases, wetting fluid, test

the invesition enaynile praaticed inlpresstoe ramsping mode sHeh thatweplyEality of data
Standard [042] As di scussed above, one advantage of

poifit @rewidimtsedhs phessuny enncreasedeingludingd forrexastlg asrmeate flow
test, over the air-water diffusion test is its

raté;r. g,bs(ﬁi%iéﬁ‘ﬁ%n%bdlﬁ%)‘\té BfdvideamBtHBtseror gliamtifgipgrddfect asa function of

, I't can provide a universal standard for
s8R OB AE b ra R R  f conttn anc
R . ¢ h - .
quargfiing dpissiinaBs smaon o PR e R Mhr2dd bty B3 10 m-

nmolar flux nl for conponent i is given hy Fick's # W, .

10,000 om. { Bhe akigeraeisancyil apppeciate that detectiempranges w IBE influenced
-y1l,PPn) zt 14 where s is the porosity; D, and Si

by fiter drbe, clidideusi gasesoefetting fuid, wstipeasisuts and yype of detector used.

coefficient, respectively, for gas conponent i in the
li quid fa, fhergniveesarestanidardpores; y; is the nole
fraction of gas conponent i; subscripts f and p refer

0 [H8] TResisANERHHBRAL 8né Hdeaftage of the methods of the invention,
e.g., the mixed gas 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=eD,Sl(yl,fPf Yip p) ™)

(4
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respectively; ti is the tortuosity of the pores; and t
is the thickness of the fluid |ayer through which
conmponents nmust diffuse. Note that the thickness of
the fluid layer is not always equal to the thickness
of the material. For exanple, a pleated nenbrane nay

whef@X?s fﬁe'hb&ré’sﬂ/ @%ﬁ@%r@ﬁﬁé"@%s@n |&élﬁ3édd1§blébmy%défﬂment

er t ness I's greater nbr ane

respepmewe ok 2Rkt B &Sﬁ@"’f&w&%{ﬁ%r@ﬁé&&' i th mole

nposition of the perneate gas (i.e. rati o of
fracmcpmszfsggs co@ppn%tﬁeﬁ@imﬂpéﬁf ar%é) Pd@fqr;ro ﬂteo OF Qem%?ﬂqe streams,
t hi ckness of the water layer for a defect-free
respeetitelgneis the tosuositysaf thepares)tandd is tiee thidknieed of the figid layer
art that the nolar flowrate (i.e. the product of

throl IHWhlcﬁ Eé%ﬁ/gﬁé’nt@rrﬁlﬁ'ét difilide. IRBRNM a0 thecdkneks bheefluid layer is not
ari ap ux, which is the basis for the

alwals e&% zclSJ Ifé {hﬁéﬁxlegg of ﬂﬁe@g é]’?%’l"s F\S?(ek%tnpwe n%f’édm?@rbrane may

eat Ion an

havc—p ﬁf |qrglg:g %@fnlriﬁ%r% :Leeftn\ft\)/égﬁ] [ealg%? { gfé@tlﬁa%eﬁtga E%\{ér%lgitp%ﬁses tﬁ'\g‘ﬂs greater

i nherent integrity of the filter. The air water
thanyihermembriane dickn®sgl t s will al so vary with changes in

t he nenbrane properties such as porosity and

t or {043] Using thecemiatiastabovedonmotardiixd s straightfaryastio show that

e.g., the mxed gas test, provide results based on

thé Renfprsitoangiakée btaﬂ”ﬁeatﬂgasr @euttiesrdtivesfefi@flaxes)y & independent of
|nvar| ant with respect to variables for an integral

h o nvsqg SRAURREAEsWIhe AtYENEPEEOPR detsctiRddAbrane. Itis

tironis that they provide a single-point

algcggﬁﬁéegfgg ?'Eé) gﬁﬁgﬁ?ﬁ?h@?&? qtqﬁé ﬂicgé’rl fid ?@gr(k\%z‘thﬁ@r{iauc’t of molar
W th fl ui rai nage i ss r.eat

i34l piep) WHbOERARY A SBEh AT e Vol ﬁalﬂ%wewhﬂh s the basis

integrity. 3. Quantifiying Defect Size and Den E/
fonthst anrmewffpmn]testssm\g% Madaiipnsowiie timet aSnayew! of pleat
desirable in certain situations to be able
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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to characterize a defect or defects in a porous

mat eri al beyond nerely noting its presence or
absence. Certain enbodi nents of the invention provide
a method of calculating defect dianmeter and

di stribution density, both of which may be useful in
assessing a material's integrity, particularly as it

anCisJian i i PRnal fhetn dnist o SEElSEIfithe testing

Several researchers have nodel ed gas flow in defects
cerifieRfionef majesanintedrdkui | 1 e equation applies.
Hovvever one skilled in the art will recogni ze that
this equ@t, Quantifying Defent|Sizeandn@ensity Disfribution | ow
pressure differentials across the nenbrane (R

PrudDhg discuddeaidrsve, #mday be Bewkablelif@ertatpsituatidns to be able
Scientific Research, 43:67, 1986. ). At typical

to'd?\ta‘?&ftéﬁ’e b e&%?@e?é&é‘?n aﬁ)ogzgus Hﬁ'f@ﬁ?'b'e)ﬁoﬁ&ﬁ?@r@ly‘%tmg its

0 psi poun S per square | ow’t hr ough’a

clo k r
prg%ﬁ‘% of @b ittt b Bl Fups Mg drpfite *n’éthod of
t hi ckness_ of the-retentive .zone withjn the menbra :
CAIGHIGUHBASIER! FHBYRPLAGY OISVRPUHEB el ROV ER B aseful in
to turbulent flowto choke fl ow is a function of the
agsessingasr materigisrntegrity, padintilarly asit relates togetentions ur e.
The transition to choke flow, when frictional |osses
ar e [04§] iGadflew threugtirasdefeehistdue torédnveativepratbsiuthan diffusive
ratio i s reached, which depends on the paraneter Kk,

trafiporat Sereraf re%@ﬁﬁ‘dhﬁa'r§ ha@@hﬁ)demrigageﬂawnh @i@eédty a§§urh|?‘© the

gas conponents: +1) 16 [046] For
SR Dol nt@.%sﬁfdtv%é%aeiﬁé o I —

B SRR TR RY loéznﬁe:%ﬁ@%a%r@a&@cmss
m];%%vrvar?é %Ig ulg’rsu%(]lhott)%/me 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 &
P,=—-= [m] (2)
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previous authors describing integrity testing is

likely in the choke-flow reginme. [047] It is

recogni zed in the art that defects in a liquid-filled

porous material will open when gas pressure forces

exceed the capillary force holding the liquid in the

e rel ati onshi p between the defect dianeter

andsiﬁle [9F £981REN aar%ﬁeﬁf inaintegiity E?s%'nﬁr?g PREQUS Maferjals, the

typically nodeled via the Laplace equation: d 4ycos(B)
transdijon tercholiedioav ecquss mhendibedeed gresmire excgedssalygid 15 psig and the

interfacial tension for the gas and liquid filling
dowrtreanmpressere s arabieand Conssqudrdlyadsiéetcfiovadigcassebby some

result, defects of different sizes can be opened by '

preViéU!'anLﬂrdrB ‘i‘ie@@ﬁérﬁ@ 'rrﬁt@gﬁfyeté.fstrrﬁg?rscm(eﬁﬂ‘h thé%‘hoké'l‘l'!oﬁv regime.
feature is useful since the fretention of a species

caﬁﬁﬁ(ﬁg ﬁg rbd rﬁigoe rtﬂgaéé{esg}lﬁgfe?fmdg Hfﬁlbé}%or&%ﬁmatanal will

ICG

ope?r{ewéér‘é%ﬁ%swr E%rﬁg% EASHET e eadtid 1918 N8B aRs futid in the
assessing the  inpact of defects on retention.
POras Jﬁﬁd?%@'@ﬂ?mp etwean theydelest digmeder ard fh%P’@SSUfe differential

pressures, allow ng defects of different sizes to be
acrope thednafadidd]s txpicalty mpdsiedhdip the diaplacereduationupst r eam
and downstream fluid properties, ideal gas, and
Henry's | aw, the conpositi ony@(ﬁs(@ﬁe as at the exit is
a function of the opera‘fr-ng* b3¢s and the flow
rate of gas through defect(s) in the nenbrane device.
To sinmplify the fornulation, it is convenient to
define the followwng ratios: 17 fr=flowratio = gas

whéﬂeod"srtﬁb‘?ietf&ftme@?fF%ttﬁétl%ﬁbc@ﬁf%rfsrdﬁ"forr Hegad bna liquid filling

pressure rati o = perneate pressure eed pressure =
egﬁ%ﬁg%’]‘% é)O S, ané}a IS engon Sgtt anglg efArsreaaPéslulltt éfefcz)actsggfs 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 exit is a
function of the operating variables and the flow rate of gas through defect(s) in the
membrane device. To simplify the formulation, it is convenient to define the following

ratios:
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(4) DI Si [049] For a binary gas m xture, these test
vari ables are related by the followng quadratic
equati on: y'P[Pr(l-(E»]+yi.a[I-Pr+y,,,((D—1X1+
frer)+(1 - fr)yrr (D -yi.f(D fr[cDyzf -(Dy,.f -y2f
+y, f(1-Pr)}=0 (5) [050] By measuring the |nIet and
outl et gas conppositions, ossi ble to sol ve

fr 'eHQWtF?B‘h =@s oy Fie dhraugh qeﬁectﬁf tolal gas flew rafe

Prdeﬁﬂe‘éé&r‘eor%no@ ﬁ@ﬂ?ﬁ%? s‘u'F?1 Redd Pskald © Of zero is

integral. As note e exit gas conposition for
() arparmeegmwl ofrwsbmcnn@one(nt lleermeablﬂyy ofgasmompearentyi t h
rane properties, and depends on the choice of
Ve t|(41)g pressures and gas conposition. A skilled
al};Ssan Wi || recognize that the presence of a def ect
(i.e. fr greater than zero% w |l cause the exi
colf4ShtFarta binanngas AiMyee fthese tasé verakles pee reiated by the following
i ntegral nenbrane. Consequently the conposition
quadredis eqeation: al one is sufficient to determine if a
menbrane is integral. [0511 To determ ne the defect
L, Pr@engiby leduay,| @n-§6) firs) SOl yod djoy, bl-oWesaLIe, THE +y, (-Pr)]-0
|l ow TAte = “perneate flow rate. "To det ef m
the def ect density, |t IS necessary to use a nodel
(®) for the flowin the defects. As noted above, defect
flow can be described as choke flow in many instances

f ol059knBy measUring theindptianst Pullptidas compasitionss itippossible to solve

defect flow with respect to pressure, assum ng choke
equatiann(5) yo dettsmited thet flovd eatii. t By deﬁmtldn,r@ memlzrgneatwitma flow ratio of

(6): 18 r 1 NO9r+or 4r P + AP P
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 gréater 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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J (6) A12 P + API RT k+1 2 P, ) MNVNKk(k+1)iq]

[052] Where N1/ A is the nunber of pores of size | per
area that open as the feed pressure in increnentally
increased fromP to Pi+AP; Ris the gas constant; T is
the tenmperature; 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 [@%2)]v ¥Vhdre NyA isitbelnuprhes sifiperéof sibe | pasarearthatgpdreas the
set so that the transnmenbrane pressure differenti al

feed Erés‘é&?e Peihemrhérita iy pleteageal fRdm®, td PR-APEI0saR8 gadtidnBtant; T is
the pressure ratio 1s above the critical pressure.

ine TN B oy 20 5OPE 0 B o v
oo SEHEATRSE RS 5 3Br ET bR b S Bl o e

~ several possible reasons why a "defect” would not

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

the 8RiEebAseritration Vaicdime® rabidly Wit theMlelhatatioastthe pigéfre Fatio
is too small to inmpact integrity. Porous materials

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

ranes, are esli gne rget spe

are to%efr;}ed at 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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19 specified degree. One standard comonly 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

specifib@ deBhée. POhe standardlcommabhig alpbied & Frmibrahes ahBdilters comprised
specified range for the nmenbrane. For exanple, a _

j I ir@ln-cl ear ance guarantee of 4

of mé@R%@ﬁétléhg%;log?éTﬁggﬁla\%%lt(‘i'lg{nn'such as m xed gas

' testing may indicate the presence jof - defects in the
200- 400 nm range. FbmeveiRpLL_Eggjéﬂi u2$ic retention
of the integral filter 1S5 LREYtde ects may only
reduce the actual retention to 4.5 LRV, which may
still be acceptable. Another advantage of the nethods
descri bed herein over previously described integrity

wher% eSis%hb SohBntPRIdA dtthb Qa@%ﬁgé%éiég I&cgge qg%ﬁﬁgatt)y ihe membrane. The

oncentratron as a funct

defec:t ﬁg%vg't&ﬁ’g‘fgﬁ?ﬁ‘% EES/S: i)&z é@?g W@\eengﬁ%&%&@n the specified range for

di scri mi nati on anong porous material s that have

the mesplyane, Fop expmple. seyiydigiinaayhave pairel gearaniae guarantee of 4
erroneously rejected by the integrity test. Porous

LRV. Mileghads of tﬁe%qenﬁhe Siung @§rmixed gasdastingmaysndigats thelpresence of
may be assessed using the nethods, devices and

defecty 81 thes200F4 00 an range! | Howevs, Aithe karnadie retentiomof thasintegral filter
[imtation, the porous material may take the formof a

is 5 LFWNtAE defoctnddIf reducedBe dRtudl ¥bieRE8h to 3.8 LRY, which may still
hose, a cassette, a colum, a chip, a bead, a plate, a

be a%‘éﬁﬁ%brll%%\ggtgeggeg#fg% aoh‘ ?IE(—?h}e-[ﬁcﬁ%ér)gé%@eﬁ%e%inaéve'ﬁ%eviously
described integrity tests is the ability to quantify the defect concentration as a function of
size, so that the impact of a def(‘act(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 not as 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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nol ecul es or a conbi nati on of organic and inorganic
nol ecul es. The porous material 20 may be conprised of
a hydrophilic conpound, a hydrophobi ¢ conpound, an

ol eophobi ¢ conmpound, an ol eophilic conmpound or any
conbi nation thereof. The porous material may be
conprlsed of a pol yner a copolyner. The pol yners

may By SoRfrgeapt 2 yﬁﬁﬂ?ﬁ"iﬁ?g*ﬁé?@ REfepfED & eRip R,
oleor;?& L?gn d‘éﬁg{fﬁ ?goélggfgm@{ 8§rbﬁlgfpﬁﬁ§|96%ﬁ¥>yﬂoﬁpéﬁatio% flereof. The

sul f est.er, oly | i dene fluoride,
por&ﬁ %IEF%' mgy e g mpug«,%ql)@g ér@'aﬁgp ymer. q’?\e polymers may
(tetrafl uor oet hyl ene- co- perfl uoro(al kyl vinyl ether)),
be qmwmkedr bonat e, pol yethyl ene, glass fiber,
pol ycar bonate, ceramc, and netals. The porous
ma{@57]al hepyprdies matdriad niay e obmprised of anpsuitable material,
mul til ayered nmenbrane. The porous material may be,

mcludlh? e&ﬁ'ﬁﬂtﬂmnt@dh@'do@@tﬁé@ﬁﬂfoné E)b‘l Hhride, 0 MAVlonacélliabse,

or splra Yy wound n certaln

polﬁéﬁpﬁm&&bﬂeb pBI?Q@@}&?PWés Jéeﬁ%vmgh@er{éel@c;r?dée’polypropylene,

1"on
a f'@@? PR 5253@3@9‘*@& oy Bhe Y p%iﬁP%fO@%‘%@ewﬁ&;h%ra) poly
t he sol utes, size of the sol utes.

carhonaie| F@'YEHBWBB%%'E@F f'Pﬁre PRitcarhenateeseramie, @@déﬁﬁtals .t §he porous

al l ow the passage of a particle of a specific size,
materigl. magibarie the fom of aaingicat multilaysred ohembramieghthe porous

[059] The nenbrane may be contained in a housing e.g.,
materighthapdel for @xariis ehthollowfibereatuluier foryaba fatplatel er spirally

| ayered nenbrane or a nulti-layered nenbrane. The
woumgbrane may be a flat sheet, a nulti-layered sheet, a

pl eated sheet or any conbi nati on thereof. The

mf@éé’]nﬁw OHin %H%%ﬁﬁﬁ%ﬁtsrﬁ% ﬂ%‘?oﬁymﬁérﬁéﬁn% be a membrane, 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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asymmetric. The nenbrane nmay be used for filtration of

unwanted materials including 21 contam nants such as

i nfecti ous organi sns and viruses, as well as

envi ronnental toxins and pollutants. In sone

enbodi nents, where the porous material is conprised

of nore than one | ayer, an outlet or port may be
confanynadisdsuch aﬂonéeqﬁloga@wamsmsmdt\hzuseSna%wgﬂ|as| efivironmental

space or spaces. Miulti-layered Menbrane Devices [060]
toxiféand podotants) W someembadirmentst bese treysorens material is comprised

apparatuses for performng integrity testing of

of n{B#étthaﬂx arneNBkrigy bagst or\d8rt hmlyakep R idRMoCtaineintisles from the

devi ces conprised of nore than one |ayer of porous

nbranes, which in sonme enbodi nents
mte%&ls[)ééﬁcon%%ure ' contained within a housing or

rtri The i-layered device may be conprised
Mul l?laxer%;?ﬁlfm rTir.iﬁ\"(f,!’eﬁayers of porous material. The
f| rst

er of the nmulti-|ayered device may be the
Omﬁe fnyentionadso pryidescnethasly, sysams adcararatuges for
the device. The last |layer of the nmulti-|ayered device
perforpingentegsity testing fof omlimMayened dedicps e Midiidayered daeices énclude
[0611 Each | ayer of the porous material may be

deviceswongaitedfofanbrierthin ane lagercsfpbrous hesterial [8g. Mearsibranes, which
surface may be designated as the surface which is

in séhw’é%mb&&iﬁ\te@ﬁi RhyDe BorfTRITIPES of BbRIMY \R/l?l%n%oﬁ@&éﬁng g or ¢ cartridge.

materi al and the’second 'surface may be desi gnated

Thetrﬂﬁltlslﬁg%r%‘aedné l%\ﬁvb c&({ﬂﬁé?c‘s &t %aé 49@(5 BHae|a§§Fs° orous

Sofre milti- ayer

S s B o SE ARG T Averd SRuiCe BB REdne JST aitien s irs

which may facilitate integrity_testing of the
contagted by aaanerie e therdevigeac Ehe fas) |ayer b theeaNiplayered device

por ous non- woven support. [062] In other enbodi nents
may be theslayier frayrewbithdesarople exitsahedmvine. sed of a

[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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spacer between the nultiple |ayers of porous material,

e.g. nenbranes. In sone 22 enbodinents, the porous

mat erial nay be stacked in |layers such that the | ayers

are in close proximty to each neighboring layer. In

sonme enbodi nents the stacked | ayers may be contiguous

Wi th the neighboring layer. Air or gas pockets nay
embxstimenise thespgrousonatebiat may e stacked,iorlayéns stehtthatnthe layers are in

enbodi nents. I n other enbodi nents, e.g. where at
clodeg@skintityetol enobrngfhbb drihgliayec elncming et daneaisitigstddked layers

menbrane, air or gas pockets nmay formw thin at | east

f b I AQ- '
mafB opbgiosy ST PbIn i A0 T8 el migSpomancousy

y . . .
S e R
R N A R LY —

exanpl e a breach or defect in one |ayer of a device
mayyfesmewithie atigast cap lavsrafdhe paulilayercddeydes. pfbs iaifiargasegocket may
have m ninal effect on retentive capability of the
forntl éva ceembiad@] which s® highgnpordusesuch ashe mickadiittatdon membrane. In
provi des a nethod of integrity testing separately

certafrémbodimards mu i eayers seadket toontigyeuigy \nﬁkﬁ\théfhei%hboring layer
conpri sed of porous material. The nmethod nmay i ncl ude

ROV YK o Y6 it S5 S50 RS € e i o
L . . [ . . _
exefRB R bichh . B RTEP peVRET AL LB AL R te are
oSk bR e e poroa a4t o Fenve cSpebU e e
by Rautio et al. A brief description of integrity
t ei%?dglmomﬂ@mb@dmentaavv@risvmtiqmmrpwidlea;aemdwoch@\ynnmsity
is provided below. [064] An exanple of a nmulti-I|ayered

testihgvseparatelysémsinindividtiag iayer 26 awhi kiHay etedutevigeataraprised of porous
normal flow through the device. Fluid enters the inlet

matt@ﬂgnggsgﬁ%gbﬂg?%f (ijnc;il{]dg] perfbrifg tHeﬂMﬁ)EecP?Qs tdeReb&tiked herein,
. passes through the filter
e.g.?'tl%‘ﬁﬂéry gas test. Multi-layered devices, e.g., comprising 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 muilti-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 l[ayer 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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14 | eavi ng behind any contam nant that the filter is
designed to renove by such well- 23 known processes as
si ze excl usion, adsorption, philicity/phobicity or
charge repellation. Fluid exits the first el enent and
enters the inner bore of the housing 30. It then
enters the second filter |ayer 14B passing through to

knoWRereeessed A3 sizd emuguughadéds\ptl@@q:shmtyﬂ;ﬁﬁm drrtﬂ@rgéle
outlet 8 by which it |eaves the housing 4.

rep%&%ﬁ?tﬂﬂﬁ e&FéEhéﬁrs‘E §I%rn?e°1?r§n% Aftet " Hﬁé\béc?regﬁrtﬁ%ﬁbusmg 30. It

Irst layer l'urd passing throu

ther] khtef] 1R HEDIRyRE Y B bl o E BB P 2omislf trrovan

rocess as, si.ze excl S|on
the BTG 15 oG the, o Ghetahay oTeTch ISAvaS R NoYsiBo . 1 i
may be the sane as the first layer or if desired it

undﬁ@}o%tmt pPgeprasents an iapexesalie barrigiascwigh tha fiss Jayer, fluid
adsorptive capabilities and the like. [065] To

passingeraugy thesittet lenfant 4Bl lesess béthiad el coptarhinfaing thiat the filter is
2B is used. Here the first filter layer 14 is wetted

desigln’éﬁ t8 rébla ty%dch%lﬂkrﬁ&ﬂn bhsce3ags ak s%séﬁl&éloﬁeadsorptlon
used. The let 8 is then closed as shown by cap 7

phlll@Lt/BﬁHEil&tﬁgp Sga@%%geﬁ#ﬁ?\. a’fsh ﬁP{%J MGy bB%he 335%3@% tHY first layer or

e use I S” opene

conetedto sui. t ab tect on_devi c ot shown)., ...
i acaiBaaf g b Bt kfetgs sxbtiRe 9haaa%&r'§%so%§ﬁ°'ip§'¥e Bababilties
inlet 6 at a predeterm ned pressure or series of
anddh@dk@r es and the change in flow or gas concentration
may be neasured by a detection device that has been
co(@AdTodntegtity teetthelfdst [ppé6 tharsett s of Figoré ABdguseg. Here the
of the second |ayer 14B, the set up of Figure 2Cis

firstditedlayben 4 is wetted aditda suitdisie ligaideior tEgas ongasegitobd bsed. The
a suitable liquid for the gas or gases to be used.

outléﬂ‘@ |si fheiciésddSad Bs6WR 'b?sc%% 1B ltﬁ&ﬁ@@oﬁ%r Hridans él]dh"é&‘ﬁ Walve (not

nmeans such as a“"valve (not Shown) or the

shomy A?ethé'ﬁﬁg)mﬂ‘lge hggd VeRE v]tet 49 id Bsgr?éjd Ql%i 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 aithough 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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connected to a suitable detection device (not shown).
One or nore selected gases 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 nmeasured by a detection device that has been
coupled to the vent 10 [ 067] The skilled artisan wll

V\Zﬁ(?‘gt{}atgﬁpl’% ﬂWepQJ% VI c(e)%gg r&yge rqqh?ém%gaﬁ?n%%gﬁgressures and

one or npre ports and/or tubi ng. [068] The invention
theaqh@@ggrla\ﬂpwe%r gaseanceatration g @'@aﬁwaq R aidefegtion device that has
multi-layered device, e.g. conprised of nore than one
bedrageuplod t(pﬂleavsntrﬁﬁeri al, e.g., nenbranes, as a whole
unit, i.e. without the need for individually testing
eaCﬂu)Brnater sitillecddtisan adinappraoidtetthat thiwdevrdead/@jl@téd in Figure 2
device. Testing a nulti-layered device as a
may'Hel adat@aRS b i alsiitlepéhd RPtnd |0|l| BVSﬁéor dr@Worts and/or
y a srﬁn'p |P| ed design g@tﬁh&g nu l'ayer ed ?e\%?% 7
wphgcause it does not require speci aI engi neering to
Silitate integrity testing of each individual |ayer

SoreeL 1 (venibh alousdiiias acppidetingetbestng a muti-ayered

sensitivity of the mxed gas test is increased when a
devies 1991 egrepesphehmom hanevie ayes of paross ragtesialigig., membranes,
conpared to a single |ayered nenbrane tested under
as addrdle calt, canwithoubtise beed frandivid uadly testimguaeich robtdriaklayer
sl ower, |ess perneable gas, are able to penetrate all

coriégﬁsm mé muAfi-ldyieeed BEliER - TRYEAE G rﬁamua?er Hi divice d€aatble unit,
u

infra.). For exanple, a mx e of gas

corﬁggf%rd ey t@lgtt | Y &%4% aldws fof adéu%gllflé?éfﬁgﬁn Ptk hlti-layered

St a m |ce accor
t L on. l(Bﬁecaus

deyifR BaRa0Rk s HBERTRE i SHHcial ol g i el IRfIRY testing of

menbrane defects will be nore readily . detected
eagbingnipl fayes C@F‘?RJ’IS@Q fednutiidayered d??’éc%en& tivity of

the m xed gas test is
[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/C2Fs, or the like, may be used to test a multi-layered device
according to the invention. Because less C,Fgis present, small changes in CsFs
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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t hereby increased and the inpact of a defect is nore

easily discerned. Wth the binary 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

elated. to. the difference in .concentration between
gas {952 % difpeh isdeincteti RERUSRaRRItgR ST ivuirSnies™ fiaws Wi the

are integral. Since this difference is accentuated ]
perm@ain daseigitdeisst. ik efesgontayainatiag tee Permeaig 4as anrg/eausing a

form the sensitivity of the test in detecting defects
condentration changead be.seasitivily bf tiet test iscelated tmilieedifference in

consider a situation where the perneate flowrate of a
conceitidfion hereédn tHeofeledagn®y AmPtheasermedtsl gas WHerHge B8mbranes are

integral single |ayer nenbrane is 100 cc/mn and the

inteq}ﬁf. SRk tﬁ_@’b‘?‘ﬁéréﬁ&??&t héamt 88%%%%6 r&0ishRRNry gas tested
Fra | eak 0 01 cc i

I's devel oped such that mn of fe

N S | @) D . r , . . .

in mffiiale i BT RS T B b eBRHR Do Rets bteningrgesed. As
a b%.increase over the integral, value. For, a

a hyPRPEUFA| SR ST ISAT A RVNe TS A FERMBRES Fowgate of a 10/90
concentration is neasured to be 50 ppnmv (lower than

hexaflyoreethgne/QQyaas midurerougisan infegrab singigylaygr memlrene is 100
due to the gas | ayer between l|ayers), and which wll

ce/ntimaad dhe eemaatte Hidxafluoedethamd caraantrafionds 260 pphhal If a leak is
that of a single layer), the sane 0.01 cc/mn | eak of

devél§Sst gash tHat 0001 BEMIR ofRRiEg Y fidws B8 the bBriee! fRAp&rmeate
concentration of 70 ppmv, representing a 40% i ncrease

conagé\gg%ltjiﬁ)ﬁ %vililqg{cg@ésaé to;’g @@grr?gh}e?)réEé‘rH'n 3 B%SMEFEC%% 6\%{ the integral

se t er nea bsi'tron IS 1ndepen

vt o SRR o PR AR B o FLA b o
or gaseous_conposition separating the |layers may .
meagyrad toke e0 PBrrFlpVh@OW%R/J@P” HB& &iNdlp leyetf HHAP$EaRs stoftha staging

in the perneate of the multi-I|ayered nmenbrane device
effetaltuodhe igasdayerdmpacanlayers), and vdiich milkkaveyapesmesataifiow rate

in the integrity test, becones a nulti-stage
of als®p@0add/iwin fradficteasof 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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i ncreasing the extent of separation of the gases in
the test m xture. 26 Liquids [070] The nethods of the
i nvention provide for the use of any suitable |iquid
to be used as a wetting agent for the porous nmaterial.
Sel ection of a wetting agent is wthin the skill of

LiglRisar ti san and may be determ ned based on chem cal
and physi cal propertl es of the porous material.

Por r [ -
uni SIS ThEhEnagE BEthe BvbREEp Ry or ne B ?P%bv%g?b'e quid to
e nmet hods of the invention e L he m
%%qdh %arweawﬂ%as%@ 8 thst Popis JRaRRL Selfiorats weliia agent i
exanp y sel ecti ng non-aqueous sol vents or
wumm $klhhg ihe aitisan pod Y badetaranaedhased an gheieriand physical
as a mxture of 30% i sopropyl al cohol and 70% wat er)
propettiex ohtegporgus meaterialv Ronolia ceateealsivany frl ieirchsvafttheir wettability,
water. The operating pressure can be adjusted by
-wrﬁéﬁ %Céﬂélﬂeiﬁreégéd i fehmE s tl@é’@éﬁ’c@&f At dle DU FRE Mt SMthe

whi ch general ly range orm about™ 74 dyne/cm for

'"V%‘“‘ﬁﬁeé%ﬁ?%éﬁ%%a?ﬁe Ty Lﬂéi%%ﬁ%cﬂf&r?&éforbmb@meaﬂbra"es for

selected conS|der|n the ch
exar@%ew seging nart -AEHBRuS selventsar HF%WSTémﬂéTsWEB lowsugface tension
exanpl e where thelporous material is conprised of a ,
fluMSdﬁsuphuasua:mnﬁur@m a10% isaprepyladcatiajand 70%c M@ader3 angtexchanging the
or a solution conprised of water. The sol ution may
lowaurfboe tenstonpfleid withuwater. SleLbperating presisaracag beaddjgsted by
and oxygenat ed hydrocarbons such as al dehydes or

se?ec?iﬁg(?ll Atk & a%ﬁogﬂafe s°'ur?’érlz“ehte%|o'n5))°'E/Vh?bq’*%’é;eﬁ’ér%nml1 PAnge form

€ porous riral 1s conprl sed

abaiﬁSZ%%Mbm VRl ool AR Rt bPietl e o SKRY artisan

.compounds, car bon tetrafl uori de, hexane acet one
w%mbsewpergm ithat a Higuidopay 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, agueous 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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Gases [071] The invention provides for flexibility
wWth regard to choices of liquid and gas conponents
and conpositions. In certain enbodinments it is
desirable to choose gases which have differing
perneabilities in the liquid chosen to wet the porous
material to be tested. In sone enbodinents a plurality
G&deggases may be used. Typically the gas which is nost
pernmeable in the liquid nmay be considered the carrier
as t e t r -
g JO?’IG]C ﬂ@%gﬁ‘tﬁ?ﬁ;@gor\}ﬂge%@ﬁglskgb&mﬁ regé}% m’sﬁ.c‘?ﬁ%?a%eof liquid and
Iess er in th quid than the carrier.
gatsecsoeﬂrg’%féeﬁ%?n&wp@e?ﬁ'%s E!BtCﬁﬁm%m 9%%%5* '%865'5@'6‘?0 choose
airs (in sone enbod rrents% and | i W th p
ga@gs .whl@maav%étffeélaem%meaeﬂl ieg in theehql |I¢rph0%ﬁn I%Wﬁb hg porous
dilute tracer gas, the sensitivity of the gas
matesisltodvetasted n same embhodimentsea phuality ofigases may kadsed.
(D. dyke (1-1/0(1/yls -1) (8) df r 1+(1lly; f
Typigall§-the gay which [sOnid$t perneands &l thetligusd negfbd cdrisidered the carrier
choose gas pairs with large differences in

gaRETARABE! 4ds mAbLaSe FIMOARLE therebdifde HRYFORE The tracer gas may
species Iin trace concentration and the ot her present

beag'y @m maiéﬁ |§FP§§ ﬁ%?{émeiﬁ? L r'%\rHy% gas Af(rbéésom'l'he test

usi.n connon eC| as ni troge en

seHR Y EaN REIGRITIZeY BY 55 tmsmsm%&” P D TR EgRY and fquids
wat er as the pore- f||||ng id. For tests with

wittygliopeh €bindhe ifegd d@mpglkﬁhnaén 3@&1@@5@@ usingsa giliitedrasenigas, the
include high pernmeability gases such as ethane,

sePERRANBf tt@‘@a@h‘fe@@@réh@érﬁtqg aVﬂJhBtldrPMfthléq‘éé@%Biﬂdo%mon and @.

gases such as He, H2, . I'n sonme enbodi nents at
| east one of the ases rra . 0.,
hexaf | uor oet hane.2?kn yg ?,1— 1kt <D

gpt one of
28 dfr 87

1+(1/y,f -D/g+frly,;
[072] In general it is 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, H,, 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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the gases is a noble gas. In still other enbodi nents
at least one of the gases is CO2. In further
enbodi ments at | east one of the gases is conprised of
a m xture of gases. Wiere the gases are provided as a
m xture of nore than one gas, the m xture nmay be
pren xed hefore ont ctlng t he porous nateri al
the 9?%(??9'@@ Pblggasco Ptf‘@rﬁ embpdl@@ata aJeast ans ofetiaarqasss is CO2.
feed gas m xtures of hexaf | uor oet hane in CO2 can vary
In furthep embasiwentsaat least onetef thegases imc@aposed Tha nakiLre etigases.
artisan will be able to choose appropriate gases and
Whergdhe gasés aes plnsdat] apamiktuoaof piarpehin eaegashtresmixture may be
permeability (Figure 15 a and b). Apparatus and

premREd Srel OHBACHNG tHE PHROEs ﬁfaté\fhlaW@(eqrbHﬁe§ Bf §8PLSmbBEition are

use in the nethods of the i1nvention is shown in

avalleiﬂlé“ﬂ)?eg’%néléefege Sﬁﬁpgﬁ}rggﬁf g?or Qo}?eﬁs@@ﬁ 551 (I%%{ from
less tga B Lgite e b @ﬁiﬁffy %‘J{ﬂ% °'|§éh%@we@§ge“?q¥c@ose

gas- I|qU| d contactor Z) prevent prenature
apprqsxv'asﬁaga%%ﬁn%ﬂaﬁ miwaJ a@?d HPeRKNAWNRERPRHAS SYah@se

(4). A feed pressure-neasuring device (5) and a
permeabilitydF@ure dSsaiapd bpasuri ng device (6) are optionally

provi ded, and may be useful if perneate pressure is

ApparatussindSyetexper i ¢ pressure. The feed (7) and
perneate (8) gas conpositi ons are neasured at their

r chh ‘é‘?(aﬁ?ﬁs’ur éﬁatu?@ﬁi?él% Hor b Fnr}ﬁetrﬁéﬁmods of the

i on to volume ratio of the t

inverf@R RSk MY pﬁw"%ﬁ?oéga@tsaﬁ%&%@ﬁ@s%{ %%ur%ﬁ'ﬁyand

f eed chanber 0 ensure the f eed concentration
feed S&%ﬁ]@'ie&ﬁt"%{ﬁguﬁﬂz} . {Rapendjng gn Hlﬁlj%'a @Vlﬁéé’be Peifs ﬂ?@%ao'utlon
gas sanpl e poi nt may belntQ%Eurge stream If it is

it maxdbg idestiable t@&pctlgnaldsesatu@tpéin@f gas in a gapdiguiskeantaetsr (3) to
flowreter (10) may' be used. As an option, the purge
prevepa prérhaturaeeapdrhtionnd tHeegolutias froddthe membrane sample (4). A feed
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 (9) 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. |If 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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flowate (12) may al so be neasured, or the perneate
flow rate can be cal cul ated by neasuring the
conmposition of the feed, purge, and perneate gases and
any one of the feed gas or purge gas flow rates. The
tenperature (12) of the filter device should be
nmeasured, e.g., in the perneate gas stream using a

ﬂowfré‘l%r( n?”ﬁfe?ralsd Qgﬁeé@iﬁedi Wﬁﬂé'p‘éﬁnébﬁ?ﬂ&ﬁ PtedRh e calculated by

systenm folf assessing the integrity of a porous

medRR b s so s TR T the e BPRac el A RRRZ ALY ppd gy ome of
the B3 o< oS GRS dlar s b SeRai 5 R e o

is well wthin the capability of the skilled artisan.

be mgasiyBHec dori dhe pelmeaie gagstrenn ysingaa fhesmometer.
spectronmeter, a gas chronmat ography colum, infrared
def{@&t]o he invention 2isd piavidedea system, foaamgs'img the integrity of a
transforminfrared detector, a volunetric

porduEMatridl Wh@tsvéte@ma;ecdrhpn@am aiusi dydcribéd abauy and
over 4 orders of magnitude, it is desirable to use a

fuﬁﬁ@&?ﬁﬁsé&?ﬁrﬁlﬁz o@gggé’@ang%eé‘é{sbpee%@@%g Hged¥ ?E@Eémple

may optiona a conput er a persona

and&qﬂ%%hﬁeo%&&%a?%Wﬁh%dﬂé#ﬁ% 184 J&%" ihigy fgpsapabitty

of it el B0t bk sensor ceubes Sk BEhG R B1ass spagHbrpter, a
of a housing which is used to contain a porous

gasehremptadrapiues wnd étfeared detecteroan nédicayinieti defectapac Fourier
the retentive properties of the porous nmaterial, e.g.

transfoent infraesd deteloteeyva voluetyic babblegtitrator) Slmeattmgas‘ tampdosition
| eaks, and conprom se the overall sterility of the

canR/aPf 89S PYrdere of fdiphitabe! Y @SsirabiictudeOs dREbast thiat BHS a wide
contami nation. Incorporating a gas detector exterior

ope?é:hr{gg%{wggrﬂé E&'ﬁ'lﬁéeyg??w 2 éﬁﬁﬁdé btc%ﬁ‘r‘?ﬁ.ltﬁfé@g PS&bnal

ction 1Tor 1nt ousi1 ng ["'ea

con’kpéﬁe C}QHB{TE $?ys?g§9 cgﬁtr&@&ftﬂ%a éﬁé‘?ﬂ:@%s 8hd may also

be used todstore 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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the following steps : 1. Saturate the nenbrane with
the pore-filling fluid, and then drain excess fluid.
2. Pressurize the systemwth feed gas at the m nimum
test pressure. Note that if test is run at only one
pressure, the feed pressure should be set to open all

ores, | e _eno tq J npact re ent.i

An 8rGR1e & B rocBRRtEIer b b BRERkaT BN i of e buding may inciuce

QSItI on. 4. Measure the steady-state feed gas

theg‘%‘ B9 B16HS ‘and pressure. 5. Measure the steady-state
permeat e gas conposition, pressure, tenperature, and

1. Satwwte theemembraegwithdhie pere-filingdhish anskthpn skainrexceas fluid.
repeat steps 3-5. 7. Stop the flow, and flush the

2. Pegssaivetthersgsiane withfesagas ait etk frininthm tdst pregdsese. Note that if test
Exanple 1: Binary gas test as a universal, a priori

is i@ bt Gﬁly%efp?éséti‘rbeﬂfd felbd préddilre SBMAIRDe Q@t‘”tbr@ﬂéhsaw\@ér%s large

tested using a feed gas containing 10+/-

enoﬂéﬁ%hﬁﬁ?é&eﬂe@m% in CO2. The tests were run at anbi ent
t &nper a

ure Iq a feed pressure of 30+/-5 psig, and
erneate pressure o Sj The feed. nd exi t
3. eyhe Blifiscrete o rmr%étgs%n%e syﬁafa%* fasdoqmagsifi
spectronet er Met huen, .. The hexafl uor oet hane
4. I\Q%wéﬁﬁfﬂ%ﬂeaﬁyﬁﬁaf@rf@e%gam@a@nfrand PI&SSHENDr anes i s
listed in Table 1. The integrity of the sanples was
5. Measure ¢he bigadpedaterptemeategas cofmpositiomhprasente, demperature, and
were all made by MIIlipore (Bedford, MA) and include
flowOra?@, a8 ryquireBur apore(r), a symmetric nmenbrane made
from pol yvinylidene fluoride (PVDF), tested in 15

6. |mr§a&@%e1€réseﬁibéﬁdFéﬁéé@‘été,ﬁ\@s): Viresol ve(r) 180, an

asymmetric ultrafiltration nenbrane nmade from PVDF

7. S'?Q[Sj thé ﬁ&\ﬁgaﬁ@ﬂasﬁ {haet sfstﬂglﬂtto remove gas-saturated fluid.

\ 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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sanpl es; and an asymmetric ultrafiltrati on nenbrane
made from pol yether sulfone (PES) and tested in 5
flat sheet sanples. [078] These nenbranes have

significantly different structural features such as

asymifE0E @A R et anBhSaS L BUPIR 4 st in 2 it sheet

of copstruction. As predicted by theo ,. the perneate
sampleg,aitd aBPs¥TmEFiEc UlsHdertiandnerhiang mader frapaqlyether sulfone

integral nenbranes all fall within a very narrow
(PES)ramddesteddnd flat shieet eamplashe t heoretical val ue

predi cted based on literature val ues for

HOX8Y Mhese ehdabearazchdvesignifitastiyvdiffersht 8trdctural features such as
solubilities, with no adjustable paraneters. Table 1:

degreé‘%?‘aﬁerﬁfé?ﬁit B@f@s@@rd'g%ﬁﬁlﬁld?%nﬁﬁéﬁrf&ts' 8R& pbRisityNb&h&Ability;
mbranes and filters Menbrane hexaf [ uoroet hane

and m%%ﬂ%?%“é‘;@%%“&f}'BQs&%éﬁ@@F bE el aRes R mertl bRkgoroethane

tr I at, sheet 205 + Theoreti cal
Conceegﬁﬂ%?ﬁéoétd%e%'f‘ GOLAlBREPraes a'iéfﬂ'z éﬁ”ﬁ‘p‘#ﬁw harrow range,
conditions [079] The nethods of the invention
and iseriarer folag theeretinal alem peaslictad beisgd endiieraturesialugmfor
establish a universal, a priori criterion for nenbrane
hexaﬂUmtoe@nartQ/anmwdiffusieiges apd soddiikitiess with resadjhetable parameters.
air-water test, CorrTestTM and transi ent neasurenents

Table 10heXBflubtdathand Qbm@@te%wc@hﬁéumfd@mtegm nidiabiadek and filters
measur enent s and |ndependent retention tests to

Memb ﬁ%fa[jl ishthe int egrl ty Cr gepe fgg{fh n%%htfﬁﬂ&?rﬁpm

precision of the correlation 1e|n ere

ano\io ~Arhan~na~ac v A

0.22 misraniRuriapbte®,of0-inch daessidgand ZBQWHF%B% mat er| al s, and
Wﬁ—dﬁt‘eﬂ—%cuc cant—ernanges—are
V-180 #8€Fb t he nenbrane or te<126;ft§d/F%{ﬂs mat eri al s,

| PES ultRaftebtne flatifeetW th the i Xe@50923%st, the criteria
_for absolute ir

integrity 32

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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can be established i ndependent of any specifics
regardi ng the nmenbrane structure, retention test

nmet hods, etc. The factors that determ ne the criterion
of menbrane integrity are the gas conposition, choice
of liquid, and pressure ratio. Exanple 2:

ternm.nation, of fect Size Distribution and | npact
can B3 SRR Ticpsagen Tiear Staeticd Bpating e PeruRng sirycture,
in a perneate concentration that differs fromthe
retentiqrytest egthedsu ete. of ha factaisdhatdetaaninedhe Gidgriaipef membrane
adversely affect the nenbrane perfornmance. The m xed
integyily ateetite gad compdsitient chaice biliquihmand predsure tagions  of
their size and popul ation (nunber per unit area) and
Exampie 2i IDetermiretiomof DefectcSize Distrilartiomgnediett on Retention
operating node described in this exanple. [081] Two

aggoémgtmecp&ésbheé ok brc%féme&ﬂﬂﬁg gfgzag'i‘i?i%té ESBRkation that

_ ast at conditions that y ed the sane pore
difef, FGmenP e AEtaclu e Fo LR Remltitle B 04 fuvsray affect the
meriARe GRETBAGT wibC MKkGCaR (e HEIQHeElafFes e quaptned n terms

menbr anes woul d be expected to have the same virus
of thelsiséaa: arsh popilation lﬁ@umseep@n Wit @fea) and is Hiustrataskindhe pressure-
defects. [082] The m xed gas test was perfornmed with
rampiag enctasd opergtrgemboeldesgribédiinothénexarhpléa
hexaf | uoroethane in CO2 as the feed gas. During the

COB3P Pho bBPmhRsttic URRfiltPAtRASHEMDIGSed AAdedRtf FESWere cast at
about " 20 psi to about 90 psi. The perneate

condiffht el tRsafie BBl 128 Y TRESAIT BEhERIrel byARfid-uid
porohsif. SRHEVer, 1 Rasthodntitdrt Verista el BRe iR die 201) had
cal cul ated from Equation (6). [083] The results of the
defectss whilgthe pEthardhemamna409) wasdbtegralr Hsaseslt the Bup e
2 bel ow. 33 ‘
membraﬁeg Vv\\llould 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 (8).

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

2 below.
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Tabl e 2 Feed pressure (psig) Perneate Freon Perneate
Flowate flow ratio Defect flow Concentration
(cc/mn) (calc) (cc/mn) (nole fraction 10 4. 92E-03
BLD 4. 66E-02 0. 00E+00 21 4, 03E-03 BLD 3. 88E-02
0. 0O0OE+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 1.56
Tablg202 1.15 E-02 73 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

Feed Pre8€e ®igh. 7 PEmBiteTHreord eﬂF@etme‘atedVoWratbﬁ fla® ratiof UDefettdiow
of pressure |iConembsgtioni n Fiagimie) 4 for tHealgenbr éeenin)
wi t h def ect g (melp&agiioher rane was ilntegral | and had

a_def ect _fllow_rat 4925831 han 10-2 B:B/|nfBOEDZ expelPREF00
for this 2y : i D |t %8052 pot g 0.00E+00
appear—at 31} essurddd aterthan &bt LBEE-Be; 0.00E+00
s:“ﬂes* [ 1.0.'41; he—def-&ci=0% e present S A F R n 0.00E+00
b traf i+t EAton aig E-04nd ;e%ﬁﬁ%natoig‘ n1'§ % '".der+%i1§§f%

3 H P S E'p PPN ST AP 1 1 'Q‘ A~ r1 -01
! i on— SUEREE hy StTuct ure—hRe s et 5PT T Ofhoewo0
I Ilb! Cfibﬁb 9? PUITTETIL a@BE_bz VL II. Pi .Cbb S ?H 1) LY 5.74E+00

ontinuimyg to open as the

pressure increases. [084] The defect density, or
- u er,_area, as. a function of pressure is
The BIReE ol dater 4 A waRian &P EBS TS SV F9ureddop thgmegtbrane
_calculate defect dianeter as a function of Pressure. "
with gatectistee otharreembeang was indagiad enddaddedefecy Tlgw rate less than 10
defect dianeter) is obtained by conbining the results
cc/mof. Agexpected foBhisatype(d)asyamietris rséraivrane) tive defests appear at

pressures greater than about 60 psi, suggesting the defects are present in the thin
ultrafiltration layer, and terminate in the underlying microfiitration 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 efféctiveness, but that the

membrane is still fit for its intended use if the target clearance is 4 LRV for $-6.
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[085] The two nenbranes were challenged with a buffer
sol ution contai ning of bacteria phage viruses,
OX-174(nomnally 28 nmin dianeter) and D6 (nom nally
90 nmin dianeter). The results are shown in table 3
bel ow. The results denonstrate that the defects
Carsegaently the2fatt thad treemivteel geesntashoan prevfide atdefestesszs distribution
but that the nenbrane is still fit for its intended
rathee thdn ﬁlB?a a8l EsBRAORS it 1d dHiféRMtibRr aflofg fiftdrs with defects.
Consequently the fact that the m xed gas test can
provide a defect size distribution rather than just a
pass/fail result allows it to differentiate anong
filters with defects. Table 3 Sanple Measured LRV
Calculated 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
nmeasured defect size distribution. For virus
filtration, where retention is primarily due to size
exclusion, the LRV is related to the defect size
distributionTapldde following: 3'x (NA -~
LRv=-10g,, 10-LRv+m = (9) -Ir 32xt~(N A, ~1J4+1/r j=I

where LRV i$§anﬁplenfmw§ufedemn CafPitebNRYVN! egr al
menbrane and|r 1Is the nenbrane hydrau I C reS|st ance, d

is the diamet Sy, hs are
as previously descriiﬁ? . fpd 7 %JZI( d’( ) is
useful becau j once-the defeet—size
di stribution is2®o 165 |m§aﬁt on retentioniis
i ndependent of the slol uti on i scosity,
201 1.2 4.2 1.6 3.0

[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

2 Slvia ke

32“‘ Jj=1 (9)

TS (Va1

320 &

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.
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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 ofogty dﬁe(g?fsﬂﬁ@erFSb&@u%éhtaélﬁﬁvs\/tr@t Eﬁéé‘théae\%ct dne
s in Ta

resul e 3 show that the defect distribution

distrLbEL‘ﬁlog 6%13(%\&?%% mtﬁ’@ééét o&&eﬁ%}ﬂ zé ﬁg}ré d8 ﬁ&#‘thé(tsgﬁﬁ‘eﬁg viscosity,
Conaeﬁ@gﬂﬁﬁie?@é%%ﬁ FheSoneCtnthyettl thd feg%ﬁfavf[qq{ﬁntte%tﬁ&%%aas test
gas test can provide quantjtatjve assessnent of

can bﬁé"rﬁﬁﬁhéppkﬁd wen vafigty il memeraneoirtegritk arplications where size

Conpari son of binary gas versus air-water diffusion
exclugion ig Uexjrimaey sepaubtion ofodehi s exanpl e denonstrate
that the m xed gas test has greater sensitivity, and

| S[088% sAssiseiagtthd rétehtioe Xidzanrsdifortties 208 anemblata istthamtrinsic
the air- water diffusion test. Three single |ayer

LRV3; t'h@q_fR\?‘W'fHEtZrmCrng%%ré’ij\@%t@éichéfeﬁe\flé'thfuéhbﬁ@ f f?é Fér%ruﬁs in

were made froma single rol menbrane. The f

ra b S0 S b BRI Sn h bifoncr o
174, St dRee ARELIE T RV e TP gy BB 4. ﬂb‘seea&augﬁed resuls

The three filters were wetted vvlth wat er and tested at .
are infgand pransitativesagreemenhiitl the eneasuregresuligi showingrthat the mixed
test. The results, shown in the Figure 6, denonstrated
gas tésdtcanlprovitde egantilatiee @sbesknhéret cfdhe irmpactfdfdefects en retention.
[090] The three filters were then run with the m xed

Exam?&é 3t @émpanaanwfomaw ghs WRrogs Afwatdr diflision tést
eed gas. The fl ow ratlo as a function of feed 36

@%%Toﬂﬁ 'Sef?hﬁ Cfgérsngmﬁaﬂ‘e' t{h‘g\?vfh%artnﬁgegl gjﬁs tbst has

greq%e,e §e§rsATIV{ ’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).
prebO%d]is Bablvavh FigUr . MEvE ditte s, 16RaPIP! and 1 10FRI-2lefiewed an increase

size distribution was determned for the three

in flfow (b alOfe 4694lg. %ugé@ﬁlﬁ% défethRan @U@ ifration Ia¥er Filter 110-

denonstrat ed that has about 50% nore ects

o R e T R RO s e

flat ,sheet s e nmenbr wer e sed

538 1Setavase AR a0 ST R LAE AP G i BRTER the ar-iater
solution containing 1gG and OX-174. The retention

diffgsion tesf conblwmotdEigses 8 ansble 4. The results
denonstrate that the defect reduced the retenti on of
al [[0Bh} dwilbwirtgethe, methmoleofdtkanaplety the defect siza distribttion was
presunptively integral flat sheet sanple. Table 4

detEtrhined fbrinel thted-férd 5Ithkarkaits, lsznliﬂ\Qhé’Frgh rd 8/ dénf’bnstrated that
110-PI-2 3.6 3.0 110-PI-3 5.0 4.0 WMenbrane 5.4

11({)@93]ha-5héb°oﬁ’5@%hﬁmré 'd'e?é&t%ﬁ{a‘?ﬂ 16‘?” %‘léH Withh H%s Bbﬁ more

Inary gas test to d| ferentiate t

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

(Figure 6). Further, the binary gas
S abl e uant i the defect distributio
o P R AN T L ——
SI gnificantly | ower inpact on LRV than the other
werfe Usast to make theemg@mbrane, were challenged with buffer solution containing
IgG 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

Exarpld8 CinglAysn Sis MBRasand  assuming that only a
S

ngl e defect was resent. The inpact of defect size
0BT SN2 e R Bl i s o

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

seribivyy SibF ERLUaReReal B dh B5r e, A BETRRlc B mitane with an

. increase in concentration with increasin def ect .

intrigysicel ‘a(lfPh%a'ﬁﬁ%M'fHé?%M%@d¢'§drHﬁ“!S RRQve\Rayadiens, and
nmeasuring the smallest defects. Exanple 5:

assopning thati any Beingle defaat svasrpresenti. oheampant ofdefest size on
conposition [095] The utility of the m xed gas test

perfriate sbabdntsdtionds ahownrigltiad Fiyurb@tfeed0% heatfluoesathhse/90% CO,
(concentration or flow ratio) and retention can be

and NOWNSL/bH%AC 03 la¢ et brRRsufelst 30 ¥sigUnd ditif eséiedd ®psig. The
10). The worst-case scenario for a“filter 1s a single

resgg g@{m%ataoc%tgitr\é%@ sHetfs \ﬁiillri\’?cﬁ‘ﬁé%@ édﬁé’@%{g@io@ﬁ{hﬂﬁ%%asing

on retention s Wor se .
e G6 iffugh el st s s SAnaliyedat meedtripg fhe smallest

the assunption of a single defect gives the nost
defeeli§servative estimte of the inpact on retention. In

the calculations, the filter of Exanple 5 is assuned
ExamplehGv € carelationibetiveeti vieal rétdéndion andglernidate efongposition

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

res|pes} | YRé YHilitiet tihe hilieed gas exmrdsi édtaplishig 8Tofeldion between
result of opening a single defect in the size range of

testulte (%nﬂ‘é}ioﬁbr ) érﬁr? F’etﬁgfi&? chf ’ééf%gg\{no\?@@ 3&lculation

concentratio or an Integral menbrane IS a

or B3 e GBI 00 BB BB SR A A PR aprct o
giv%ﬁ%&%égﬁcg?ﬁé ?rlwg'act-ghf% sLirI?é/IeOJefctagteonA'roetgrq’giovni irsuv?orgg(:Eirwgr{;l %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 8, 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 | uor oet hane concentrati on 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
heﬁi@@ﬁ%@ﬂ%?"’\‘ﬁ%?t'of‘ deaghrs ?tPQ'%térzoocﬁ'Rms Kinen L&Y iof ﬂlenl?as’f"
art will recognize that simlar calculations can be
retajned 36treal viros Isystispactes wofil diekadueneethangutanceptrations exceed
for hydrophobi c nenbranes); different gases; and
3000 pprar drding fiBsecaisulte) St isgagsibleyto tonstelctat‘ivarst-case” correlation
sterilizing filtration). Exanple 6: Determ nation of

bet@%@ﬁ%e ﬁb)’(ﬁ’fl@rééﬁaﬁétddh'&eﬁﬂﬁtldrﬂﬁatﬁb pimiateBhd e Féténtlon of virus

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

for érrggrfe\clgl?h%c? %@e}ﬁ;ﬁ@nlf’\%ﬂég@%ggf@ ﬁﬁllgpcaleyﬁ%hgﬁan be
corﬁwﬂqffoaﬁng?ﬂ%puwﬂg@ggﬁwg Gofal Tofisaitionié Rebranes)

distribution as measured by |iquid-liquid poronet
diffgiant gpees; aiddifgrentenntications (@er odtus retenties, ﬁtﬂfﬂjmgé&tratlon)
This menbrane is a conposite nmenbrane, with an
Exampler Gx Dederrhipatioh of BefactlSi;zeDisﬂribtit'mmahdtlrrmaicdmn Retention for
menbrane supporting a thin wultrafiltration |ayer,

Viredslve®tMembranecr ons, which acconplishes virus renoval.
Table 5 (below) shows results for several menbranes

generarewegﬁggg'f A F%?‘gﬁtg gk@”%éﬁ%@%ﬁﬁsgﬁ'é@ew&md on

a spfigd PG aeEe0spE DRt Embtdlies RlaRfieiRp b bofl S Fxample 2.

defects is the incre selnthe Iovy ati o, show n
Thememirangs Ysse crshudensangitions t @faﬂe{d@fth%\ﬁﬁﬁ’& PP I%o"'d{ﬁ
defects conpared to gas diffusing through the integral
dissibution asoneasuied byrtiguithiquidiperorsetiy  lutsitiwvanying amounts of
hexaf | uor oet hane concentration, flow ratio, and
defdefsdnithé hmmibahes c Thisshehtbrané Iis H icorposite enémbrarfepwith an
operating pressures high enough to
approximately 110 micron layer of microfiltration membrane supporting a thin
ultrafiltration 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

opeheaieiédtte Gr@ejrbatee titamabotitrdd psig). fl ganerahthe defeet flow rate is very

defect flow rates would have increased at |ower

low RIERSP Hb8St 56-P8iS BAYREH Icrédesl AHighEr Cpr8§§hr}’eq Uhi& e ult is
provi de di aghostic information regarding the |ocation

con%fstérll%wﬁghdc?éf%ﬁn 'tlgb gﬁ%‘b‘tﬁ%tg{nela @bllf aafecfté) E%(? %Fn Lersent in
the m_pg\g;? t(qﬁ%a%p@ﬁaﬁ?r@ﬁ%@%%tﬁssr@r eﬂlﬁn{)rﬁ% a{pe? &mcen?ratlon flow

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

ratigang @efssztélcm rﬁeem@m heve itsreasedatloperpoessyras. ECosequently
0.000 40.6 3.11 E-04 1.71 E-03 0.000 50.5 1.49E-04

the $siami-t66hriq0e 6an ioEde diyRodtic InféBRatlMh Geg20ding The tocation of the
4.90E-04 3.81 E-03 0.002 81.6 9.22E-04 8.42E-03 0.007

deféils $h theASthudbdrel  Feidle 6Zoflowd: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

SanfASE-|PH-X0. 00 [Fhi-8 2. O6K-«28 - 1|Pedheddd (FId®ORat$h0. JDefect
BuRids- (Betént®id E- ORe@nfi®d 5S0ordssbrebdiFe®@b - 8| 91E- 04 0. |06 rate
62.9 3.18668% 02 3. AFEH01 0. (Bsig)70. codcengaiof2 5. 15E- Qlcc/min)
0.32 80.2 6.63E-02 7.22E{01 0.5 @G® 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 41212)F-461E0559F--B36H0 0.000
40 7 2 E-04 9 B5E-04 0 (0 5008[2 A%E-04n 7 BPRE-HH o 6.000
60.8 1191 E-02 1/ Q7E-Q1 Q7 2.2 269804n> 41445031 0.000
2 56 80.85 24E-02 5 A3E-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 m xed
174yard eGivituge® The reswis shovbtitah thexmixed gasitdohwiquendamprovide both
for the nmenbranes and a quantitative neasure of the

a qdelitative mnking fonthes mdnaloranps pndat gueamtitétive imeasutehef the defect size
ability to define the defect distribution allows

andjétﬁfédé”'b%ﬂéﬁﬁh Wﬁeﬂﬁ{g’élﬁ[‘@%o defihe qra dBfctt dRMMitRN allows
has an greater than 5 for O6desp|tethe

dlsﬁrﬁﬁ%pﬁﬁ aﬂior%i@%ﬁ{bsran%%t p8P8xharﬁ e@%hﬁiﬂe 2} ec%@ !’_Rvoéreater than 5

nor € an I ar

an. 2 f

for %zg‘%?ap't% e erseanes o ket aulb ik f?}SBE‘?’gﬁ IgHer fqf the other
nples 4 and 5 decrease their LRV below 2. Exa \r}pl e

sampleﬁ Miegrpe/and argexdefasts. ovemplssr 1. b @iid eshaBRVgeater than 2

integrity test can be run in different nmenbrane nodul e
for oGl 7 4ualtitdughghe inighardiefiert aopaoldtions fih Bamplés K@ rndovwdecrease 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
defesbrandyetented at |0 Psig. ATke peraeats] qongeniration aadifiow, ratio both
nodel number CFP-2-E-3MA, nmanufactured by Anmersham
incréhsesiod ranetica By, soafimning, thilthe devscealvas nodengelr iategral.
pressures between 10 and 23 psig. The device was
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iariJ{)bl e poi E%I of 18-30 g‘s:l? usi ngﬁs% 50: 50 et ha%%l wat er
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contirmng rane was

. bstan i all e fre The
d'am%%ﬂw Walq s ﬁ%drﬁa@a thEBinaly SaleestaensTtad Bfein,, The double
retested at 10 g . The perneate concentration and
layerecomemirage st Rot hi‘w\@r @éﬁ’é@erd?%?ﬂéa? Igyerg.o Both memgpranes were
that the device was no |onger integral. Exanple 8:
prevBittest witGaatateand themrearitactesiwity 2 ganirtuire compyisingd90/10 mole
Devi ce [0100] A single and doubl e | ayered

perdept CE1e3,§y lat 60 poueab paneq(asingngadge(PSEB).dirs eraingiea
tested using the binary gas test described herein. The

con%ﬁg{"#@s cérﬂ]é@élﬁgn %Wﬁé%‘@d gide dihe hf’é’rﬁbn%n%?ﬂf@fnté&ﬁ?@;ér’éi was

ayers. nbranes were prewetted wth Wwa

Opel%[i.]?d rpf:a'ﬁ f%lq‘féggfﬁ r%ﬁg%c?aa\glgﬁna%%dﬁa%gﬂ%h%a@ a?)%é ﬂﬁ)urtimes

the wn?q?ééﬁgg?agq ggd Ehgh E)S%l!@tl ﬁtscg&%q?cfp%{a&fsolubmtles

operated in tangential fl owflltratl on node with
and éﬂlfft@ﬂ\émﬁ%@fetheﬂ@w gases inwaieh the thaareticalpermepte concentration of
perneate flow rate. Based on the neasured operating
Freamedy thexauamndtisaiawas icaicetated tal bdiabious 11 ¥5 ppesy. of ot the single
test gases in water, the theoretical perneate

e SROEPL B e s copt b aet e ool v
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
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nmeans of integrity testing nulti-|layered devices
wi t 02]A serine ofi tasts wergyroedudtag oveppanelef mempranegconstructs to
ports in between |ayers. Exanple 9: Integrity and
copateniruoretdeiidn pgfammdsicecdrel biagpey gas tost vMulekiof ldaybleeand single
Devi ces [0102] A series of tests were conducted on a

layBRBelices, WiirahaMatheRn8efdéts. SThO merRbIRAES t¥dtEHvere suitable for viral
retention performance and binary gas test val ues of

ot PR RS S B0t MNE BFr oM eellfe Wi e 2 st of
B RSB B2y e e e S PR 20 The
U AypHE MEorangs were siackedton (op oF eath other. NG physical 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,

OWDBIW%I dé@Et%‘Vvére Akng &1 1900SM ?f{e%lesgé’ﬁdl%a@grug h to

aye nbr ane VI ng a gdef ect 1Tnthet

AR LA o5 o FUEg i B srpon @
T AR e RSB S e et case,

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

defaets| wererleented 40 mawi fram dhe outsidrepedmsterof tmﬁuﬂh;k and were
the top and bottom |l ayers (hatched areas). Figure

18®(dpart halvtheadiscmyleee calyfeormche manie BRES hitafiltrgtion membrane
defect. Figure 13(g) shows a single |ayered integral

mBeFR ang prédarkd i ALiphicatd ef e thisvedt &f @lé@@b@dtw&m@&lb?ane layers

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

I I except for
R Shfly RSBnftled bhy/onitet E’S‘”de"?t’“ef‘ cental |y
| oc e_di defe
casi'oqﬂﬁﬁ”ﬁ\&emsmbg e Pt e 'g%ﬁ%e o ?Pf&rﬁ%%@ted of two
out si de erlrre er of the disk and were 180 apa
SEVEY %E'WF@ iigration sgRie Cammanivesrarad toras {)hea"tlﬁ“b ﬁ'de) and a
menbrane material and prepared in duplicate. For this
thigker siicroifiation section.ng hbtansectigrs formesk 2 centirefouls|gradient. For the
assenbl ed one on top of the other [0104] The nenbrane
bihbpt gawiest/ thd membimee vierpdestedih bottotiss skiedpqhittafitiration section

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

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

ranes were
& {tra iltration section upstrean) and skln down
filgatih BHICIENGY: For the retention test. the membranes
were oriented in the skin down dlrectlon which is

of t i 1PREBeipks Wiertipniesting, Aachrievite Wasibmary 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

10190 Freon/CQ2 gas nmixture 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 _
chajleags @nd effieentstreamfawera perferaied to daterminedhgadrus|legreduction

rate and perneate gas conposition were recorded. The
value{(léRY).on test of the devices consisted of perneating

250 m of a buffer solution containing the

bac[pa0spMeaeeuXale freseRid VFigaice14li pamérerin Figut8 morrespond

at a concentration of from about 1x106 to 1x108

© G5 AR UL oIS 19, OISR PRSP i 1w
the s&ﬁc@ﬂﬁ%\[@ﬁ{@{&% t%_tg%ﬁ iﬁt?g%ggﬁyﬁlgq&éh%vgéea?%n Ibnghfferen'tlated

resented in Figure 14. Letters in Fi re
fro'g'cﬁf}l@é%ﬁbs'n% YRr deyica AR ? ofend '@ﬂﬁmd@awe in which a

Figure 13. As can be seen fromFigure 14, with the
defgsleisgresend impnbrgngyakthedayersart uriiesgere, ummmc@seSawbere defects
device can be differentiated froman integral single
wetaap@sedewi argy and layes poif wheread efeots| vee legyresenteniboth iayers but did
which a defect is present in only one of the |ayers.

nothVetrIBPfdf‘ébﬁ)CId@ thE ImPAGEST deiREdts oflefireeretentBhavaY Sighifitantly
in only one ayer or where defects were present I'n

gregfgrrbd éﬂﬁgl@ja me%esoc‘,’c%t)%d% oco%'bﬂé?la%reo% ltﬁ%mbrfanes This

ects on virus retention was srgni

resﬁ([;?/ gtﬁg%u%gwﬁ ﬁi b|é?1¥?§lélee%r %%r%ﬁ%%@%@?%ﬁ glﬁe adjomlng ?ayer acts
doubl e- | ayered menbranes are tested, the adjoining
as phipast apgtial chgﬁdﬁé%me fowahrough the gefagte of the flow

through the defect. Exanpl e 10: Conparison of binary i
Exgaple 40aiGompadsoni afthipanngas o aivwatemdiffusion test for a multi-

i

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 ulirafiltration 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
mixedqm tesbusing 1o haxafluareathanerie GRurt 3G peig@sdhadeed gas and
roll of nenbrane. The filter fabrication technique
with egurgaigasdo perrdeéigcdas fiow eatidiof 411l tTdrese thleanfiteyseaibhy with
the filters woul d be expected to have the sane LRV,

th reéf»gbhn@rmam@térfo%@mp;@semb%nﬁ’aﬂd@mr@k% 8fda) Of e RIEASISEne that
during nodul e fabrication. [0108] Each of the three

were uééoetro mAke ?hé/‘ﬁ%%ggs ‘%érlé c}’f@a‘llgggeﬁ%%?B?ﬁe@éo@ﬁoﬁ)@ﬁammg 19G

ressure usi usi on
s run Wt s test
and @34 i‘é“i B e b et el Aoy B EprisS tiaskbeen fouled
% s and with a pur e%gas to perrreatefgas fl ow
to th?@txﬁﬁ datflux harhdedinedhyer 3% ftarp dhe it goRrforled: valee
90- nm di anet er disc sanples (46 cn2 nenbrane area) of
t 1A hheaaie diffuaion, Winasy gaedand retakiion tdataderei shosyn below in
chal l enged with a buffer solution containing 1gG and

Tabl®s. ITHe LRt sfrdavive val 2ieas Wt eigifeantig difffréet fréahe average of
menbr anes had been fouled to the extent that fl ux had

the &%]%Lgs%rhwég Arhp R dRLisithkiddle d“dh'%éf é’c‘j‘?rﬁe @IU ev[c%lno 3

e air diffusion, binary gas, retent

x5 B85 BBk e o i B B8t ?%egﬁ%sﬁs'gé # showed
on BB S ﬁwgﬂﬁ%aﬁ SoRPLUSER AS hawhiIb bl Grfhereir-water

__that was 0.9 lower than the control discs and device

diffusign tastsiesiceaot diatingrish aaongbedhel daviges; maralldbras were

di scs. As shown in Table 6, the air-water diffusion
meas@eed todavd aicwvatlrdiffusion shluasimgldsberoxinety tdeadchastherasThe

all three were neasured to have air-water diffusion
binataedE§asd Valbbs HRIiG4ted iNThkld ® afR et PeBstred B 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
nmeasur ed perneate gas
hexaf | uoroet hane in parts per mllion.

the air-water

concentrati ons of

di ffusi on test,

In contrast

to

the binary gas test was

able to clearly identify the two devices where the
LRV wasy g rfgeé than the control discs. Furthernore,
i ndi cate omthe data in Table 6, the binary gas

as

Lest V(TI atuve—showed nl bﬁ%lﬁrd:\.iu)ql-] CI'%Y ?Sr/ Sad

i nar as _test va e DN

Cntri ndp fg‘”u % d&3 IFQ’
Air-V\at(gP”ifVD‘?UBl nary Gas 75% Foul ed |Iter57

cnB/ mi n- ”‘I’B% VaI ue LRV 90 nmno. 1 5.7 mm np. 2
- - 5. 35990 - - 5

Devi ce ﬁ&.mﬂzﬁ\‘iezage?: 5.9° Device ng. 3 11 760& 0
Devi ce L&sviceﬂnqa 284 5 612 0110} Many2 nodilf i cati%ns_and
vari atild MCMO t3h| s linvehtion n % mm wi b ut
departi ird as wil l15&e
appar ent to those skilled in the art. The specific

enbodi ments descri bed herein are offered by way of
ex §0rpl (i Mamlyymadifications arad varsgivinstof thie ihvantionngan e Ade without

way. It is intended that the specification and

depBXMIRTES itstshird sied aQ%IWEEVHHp%Vré{ntQB'tN@sé"&IhfbdilrFl@@eart. The
scope and spirit of the invention being 1 ndicat y

spetiiE hddMeRE L BBdHRrein are offered by way of exampie 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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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 mxture
conprising two or nore gases where at |east one of the

WKEAsas diasIMEDI|Ef erent perneability with respect to
the liquid when conpared to the other gases in the

1. m Ath'étﬁod of hs8BEiNd fHe @E@@gy BPa t11.'2n*?ca'tér"r::afl c%H{ei{ ﬁﬁ; %’)}‘:wetting

€ porous materi a ESSI concentr

the @éefehﬁ ko582 Hﬁwg%ﬁ%iomk)%@ﬁaﬂaﬁr%?aﬁﬁgéi B gofiufmpgteral with a

of claim,21, wherein the assessed concentration is t
mMixtuisCURPRSIRYG HHO opMaegiases ydiere at jeast OBGP@%Q@S%“%@ different
uid when conpared to at | east one other gas in the
pernma%llmf withgespeet tadhe guidiwhemcomparachiertbewtiheregaasstin the mixture,;
pernmeable gas is a carrier gas. 4. The nethod of
c) applgihgplessuine tethe filsesodace of thegmoross Geridl; dfassewinottie
of claim2, wherein the assessed concentration is the
condéh'ﬂ@ﬁah oRht RAst Bhe BeyRS Javusoptdtediea froxihhs téfﬁté&@nafsurface of the
claim 2, wherein the assessed concentration is the
tion of sulfur hexafluoride. 49 7. The
poro‘fnjgt ﬁg?é claiml1l, wherein at |east one of the gases
is a noble gas. 8. The nethod of claim1, wherein the
por ous naterial is conprised of a hydrophilic
materi al The nethod of claim1, vvherelnthep
2. malbe mth?%o"&@'ﬁﬁﬂﬂs@@eé@né ewwwr@eﬁﬁr@a@naﬁ elqpncentratlon
The nethod of claim1, wherein the porous material is
of a gasphratdetbssfpesmeablsr artbe liquid when compared to at least one other gas in

the mixture.

3. The method of claim 1, w‘herein the most permeable gas is a carrier gas.

4. The method of claim 1, wherein the carrier gas is CO,.

5. The method of claim 2, wherein the assessed concentration is the concentration

of hexafluoroethane.

6. The method of claim 2, wherein the assessed concentration is the concentration

of sulfur hexafonride.
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11. The nmethod of claim 10, wherein the nenbrane
conprises a filtration device. 12. The nethod of claim
10, wherein the nenbrane is an asymetric nenbrane.

13. The method of claim 10, wherein the nenbrane is a
symetric nenbrane. 14. The method of claim 10,

wherein the marane is conprised of pol ymer. 15,
7. Thd h@éﬁﬁ%‘@dcﬂrﬁ@'m whereiha lepst ‘?W?e%@‘ﬁ;ﬂ?éesi'% aﬁ\%?@ gas.
16. The nmethod of claim 14, wherein the polyner is
PES. 50 17. The nmethod of claim 10, wherein the
menbrane is a flat sheet in flat plate or spiral
8. woUe rhethweitcf.cldith 1, Miserstr thecb@bus Insateridlds cohgprisied dflaehydrophilic
menbrane is a pleated sheet, in hollow fiber or
mateHgul ar formats. 19. The nmethod of claim 1, wherein
the liquid is conprised of water. 20. The nethod of
claim 3, wherein the feed gas is present at a vol une
of about 90% and a second gas is present at a vol une

of _about ,10%_ 21. The nethgd of claim1l, .wherein th
9. asdBeIBatrE RISl 1 nETe ey Srrpliy oS Comprised &1 a
spectroneter. 22. The method of claim1l, wherein the
hydardwicemataiiah concentration is based on the
pernmeability of each of the gases in the liquid. 23.
The nmethod of claim 1, wherein the predeterm ned
concentration is based on the diffusion rate of each

10. of Theemetkd@sofioite, whereirtthe2dorolib endtetifidd comptisadaf b membrane.
wherein the porous material is a nenbrane conprised of
nore than 1 layer. 51 25. The nethod of claim1,
wherein the porous nmaterial is chosen from pol yet her

11.  The method of claim 10, wherein the membrane comprises a filtration device.
12.  The method of claim 10, wherein the membrane is an asymmetric membrane.
13.  The method of claim 10, wherein the membrane is a symmetric membrane.
14.  The method of claim 10, wherein the membrane is comprised of a polymer.

15.  The method of claim 14, wherein the polymer is PVDF.

16.  The method of claim 14, wherein the polymer is PES.
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sul fone, polyam de, nylon, cellul ose,
pol yt etraf | uor oet hyl ene, pol ysul fone, polyester,
pol yvi nyl i dene fluoride, polypropylene, poly
(tetrafl uoroet hyl ene-co-perfluoro(al kyl vinyl
- ether)), poly carbonate, polyethylene, glass fiber,
17. polhe avdibodibéclaceri@rivbereindheaterhbranels a fletsheet indtht plate or
claim1, further conprising e) conparing the assessed
spirst Wdtfoahaen in d) with a predetern ned
concentration, wherein a difference in the assessed
concentration in d) and the predeterm ned
concentration indicates the porous material is not

10 | Sk BB ePl 5 hBiek E A QLG st hoton

menbrane with water; b) sinultaneously contacting a
flberfqr,igl?ulg[,fq:rg@és .of the menbrane with G2 and
hexaf | uor oet hane); c) applying pressure to the first
surface of the porous material; d) assessing the
concentration of the hexafl uoroethane in an area
19. proxé madthdd ofickaémandhensihahe liqhidtis eomprisedd watad e)
conparing the assessed concentration in d) with a
predeterm ned concentration of hexafl uoroethane,
wherein an assessed concentration of hexafl uoroet hane

0 fﬁ?eﬁﬁgﬁ;%ﬂo& B?cﬂ%frﬁ%e%%?énﬂeiﬂ? f&%dgﬁﬁé‘ d FlelsBht AU GRS of about 90%

Frané s not

and a second gas is present at a volume of about 10%.

21.  The method of claim 1, wherein the assessed concentration is detected by mass

spectrometer.

22.  The method of claim 1, wherein the predetermined concentration is based on the

permeability of each of the gases in the liquid.

23.  The method of claim 1, wherein the predetermined concentration is based on the

diffusion rate of each of the gases in the liquid.

24.  The method of claim 1, wherein the porous material is a membrane comprised of

more than 1 layer.
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25.  The method of claim 1, wherein the porous material is chosen from 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. The method of claim 1, further comprising €) 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.

27. 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 CO2 and hexafiuoroethane); c) applying pressure to the first surface of
the porous material; d) assessing the concentration of the hexafluoroethane in an area
proximal to a second surface of the membrane; and e) comparing the assessed
concentration in d) with a predetermined concentration of hexafluoroethane, wherein an
assessed concentration of hexafluoroethane exceeding the predetermined

concentration indicates the membrane is not integral.
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