DETECTI ON APPARATUS AND METHOD UTI LI ZI NG MEMBRANES AND RATI O OF
TRANSMEMBRANE PRESSURES CROSS REFERENCE TO RELATED APPLI CATI ONS

[ 0001] This applications clains the benefit of U S. Provisional
Application Seri al Nunber 60/799,011, filed May 10, 2006, the
contents of _which are_ incarporated herein b reference. FIELD OF THE

| NVENTI ON IPEGEQTIQ%ABPQ@EW ANIA M FHOE) BTl ZING MEMBRANESANRY i on
nmet hods and appar at tm-l;]@p WNWEMﬁWE#F&E@gBW@t us and

nmet hods for detecting t Integrity rl'tratron menbrane, or a
foulant in a fluid. BACKGROUND OF THE | NVENTI ON [ 0003] Menbranes used
in nmenbrane filtration processes can fail for various reasons.
Conventionally, such failures have been detected using techniques

ar ti ol ¢ county g TE e Ge: BIFEEVATED MPBLICALERST ng caused by
particles in the effluent fromthe filtration nmenbrane. O her '

t echni quegoO ey fl'h@vami’@bﬁms Blﬁl’ihé ﬂ‘fei BénefMef W8, PRIVidiGhA WI@BW
turbidity nonitoring ial nmonitoring. These conventi onal

t echni queseréd MMmbgsr eéoﬁaa@aa k&ledé\d@wQsZW@Hh@@gﬂtenlt%w whiggiarevi ty,
or |ong r'ﬁé&ﬁBFﬁe@ 'é?elp yﬁ%?er@ eaI so so called off-line techniques
arl dar

whi ch can en the filtration process is
suspended or mhen the filtration nenbrane is taken off of the
production line. [0004] Accordingly, it is desirable to provide an
alternative detection technique. SUMVARY OF THE | NVENTI ON [ 0005]

Thus, in accor e w.th L pect of the present invention,
there is proviﬂggﬁaoﬁﬁlﬂ%gl\'&mgﬁgcti ng failure of a filtration
menbrane. The nethod conprises directing an effluent fromthe

filtrati qoo p‘or TRe presemanveraibs reltesigbnérally t6 teRetior adthod® ahg ane,
and fromthe rst menbrane. to perneate through a second perneable

menbr ane; 2RPAAE ANG §rarepariieylarly to apparatus and methods for detecting the
integrity of a filtration membrane, or a foulant in a fluid.

BACKGROUND OF THE INVENTION

[0003] Membranes used in membrane filtration processes can fail for
various reasons. Conventionally, such failures have been detected using
techniques such as particle counting or flow content monitoring. A
conventional particle counting technique detects laser light scattering caused
by particles in the effluent from the filtration membrane. Other techniques for
flow content monitoring include particle sensing, turbidity monitoring, and
microbial monitoring. These conventional techniques each have drawbacks
such as high cost, low sensitivity, or long response time. There are also so
called off-line techniques which can only detect failure when the filtration
process is suspended or when the filtration membrane is taken off of the

production line.

[0004]  Accordingly, it is desirable to provide an alternative detection

techriiq'ue.



between (P1 P2) and (P2 - P3), P1 being a first pressure at a feed
side of the first nenbrane, P2 being a second pressure between the
first and second nenbranes, and P3 being a third pressure at a
perneate side of the second nenbrane; and correlating the ratio with
a failure of the filtration nmenbrane. [0006] The correlating may
conprise determning that the filtration mnenbrane is in a failed

state when at é @A@p%p&@m\y@ﬂrﬁ)@nd atime derivative of the

ratio i s higher an a respective eshol d. The respective
threshold for the ratio may be 3, and the respective threshold for
t he deri\[600%e Olfiug, hleacamridannayviﬂb\ea tirsd Aspddieftlat peseay irnvestohe
correlated with th&e({)resenc as

, h
oo et or e s rovded REREBER 5t deBelif e pha TatthimEnBHNGAIES (he

ratio is rﬁ‘éthbbl %o%ﬁr@@g‘?ilre-&?ﬁg bﬁ%éﬂlfro?r?tﬁer Ritfaford MdnB@ne t§UCh as
from1.5t . The ratio may be determ ned by sensing the first,

second, Mmeatermrwgisaur&tsaermﬁabbahembaameugartdwfeomatheélrsitmembmrte W

b 56 comp Polmepteblfidna sefds phimedtt manbiEnel bete kg et o,
rate thr @eghedhepf P@tamdﬂzsecsq nph b@ﬁg‘@'m@egre@wéo@t 4 fed Sidé of D

m/mn, such as from20 to m/mn. %ée ge pressure in the feed
e

to the f#lr%ttmﬂ@hﬁr@rmfzrb@}ngaa aerc@mi PFQ%?U%bR n thedirshandyaeepnd

pressure e m
P00 to TORRRRCERE F b il bREsaRr ARs pBTHEE BT BY e ookl
bet ween Onembrahe)@Ad kBereiatingttte eaticbith shfatluacofoase filthaticn matnbamle.
second nenbranes. [0007] In accordance with a further aspect of the

(O ti th id d det ect
Faiture 8088 Phe b0 Eupten S mbee SsBRlaRa YRuhghnsloRs 11 Ps:
per meabl ¢ndRBRARNS ifBYafed SEANIHBRHRAY Bné JTRRDFAR andadhdIavi ng a

feed side and a perneate side; a conduit for directing an effluent
f r om t he derivative: ofdhe ralib isahigheothene faspectivestiveshadd arthe respestiviee

ot A8, R AR bR B At B SEPHIE FERBh et

the feedes$ tlﬂzﬁrat@fmé'y”lbefo 051 THEFdlicANay afsoSies 60k RERSE Rith ¢hs phssehck OF

produci ng a pressur
a foulant in the effluent such as by determinlng that the foulant is present in
the effluent when the ratio is within a range. The range may be from 0.1 to 50,
such as from 1.5 to 3. The ratio may be determined by sensing the first,
second, and third pressures, and calculating the ratio at time ¢, I (f), as I1 () =
[P1(f) - Po(D)/[P(t) - P3(1)]. The method may also comprise presentihg a
correlation result to a user. The flow rate through the first and second
membranes may be from 1 to 500 mi/min, such as frbm 20 to 60 mli/min. The
gauge pressure in the feed to the first membrane may be from 1 to 95 kPa,
and the gauge pressure in the permeate side of the second membrane may
be from -100 to 100 kPa, such as from -100 to 0 kPa. A pressure difference
between 0 and 1,000 kPa may be established across the first and second

membranes.

[0007] In accordance with a further aspect of the present invention, there is
provided an apparatus for detecting failure of a filtration membrane. The
apparatus comprises a first permeable membrane and a second permeable
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signal indicative of a second pressure, P2, between the first and
second nenbranes; a third pressure sensor for producing a pressure
signal indicative of a third pressure, P3, at the perneate side of
t he second nenbrane; and a data processing unit in conmunication
with eacHneméraie, @eshiiaving a feedbside gnds peeneatasites a qansluitden

processi rl:ﬁre‘éﬂhé atn ﬁ?&ﬂ f?fq?ﬁ tﬁeeﬁlﬂja% 1 %ﬁﬁ%‘érts tB@ lh?é%%é?mg)ﬁag‘@ élﬁlgz )

pressure SEnsors culating a ra ween  (

P3) basedran thélﬁrsphmblraﬁesogmbsmmd]ermt'eﬁbaa ifiinegs ptré@eretsieﬁscwi foh a
failure of the filtration m?rrbrane (% ? l The ratio at ti
(t), may BRIYENE & RieadUrgsigNal indicativs; ¢f;3 ficst ptassyie. [z gt the feﬁé(sﬂ@q

The correlrghé ﬂ%trﬁ?% PPJF‘BE bss%cgmﬁﬂl?‘?égéﬂr?%eﬁ%@ﬁfof' BPOJL{CL@%Q’I bure |

menbrane 1s i1n a ed Stat n at [east one
time dersigre!indcativet dfea sextdna pressirgh €, bétaeen theﬁmstcaridvmmhdeshol d.
The respect |d for the ratio be 3, and the t|ve

th
Lo eenol G embrands, ganrg areasare SPTedIor RIIMCIRAR BEe U SIRRLINAE

processi ng JMirll Pradss, AdaRtes éﬁneét%@“@é afﬁ]eté&ohatmemmrtb 1l a
presence of a foulant Inthe erfluent. The data processing unit may

be adapt ethta pratsssing tm;t infepmmbpication swith ees:hmr&efrﬂweumunahy ofef f | uent
when t he I’atIOeI S, \Mo adran The r r%?% Eh% O'rlstor 50,
such as MrerFUesepgors %‘85%?8‘?%%“%{} HY Forc!%?r%}”i”géo 16 d
punp for s I@hbhﬁiﬁie‘}ﬁe@sm‘é%‘e?\%bﬁs EafdupitRRCe raary Bstaebhq A L IF5) apdd
second menbranes to drive fluid flow through the first and second

nenbr anedPz THe) preedop éhe Bresserefigpalsagng sopetaiisethe ratin withcofilwiea.

At | east may have an average pore size fromO0.05
to 5 m crot(gﬂ‘s?ehmra%bgas%mp e%fl rst menbrane nmay conprise a plurality

of nmenbrane layers. [0009] In accordance with another aspect of the

present i[0068l i ofihe ratky at fime {AIIYH, praybelealcalatddiasiTT (FraiAEt- system
par at us descri bed above and a filtratiaon

conpr|5|$ baé[e af menbr ane.
The appar2dFed) 1 Rsiil-uihe coraplating MaY ermpiishdetepaining thaétth%ﬂltratlon
menbr ane é?ﬁeefs"ih B Slhd WRR weh dtEAQTdrRIBs tﬁ@?at{d HW‘ gtment 3
system may further conprise a control unit for I'ng operatlon
of the sigsivative Oﬁ’lhecratlb ihigher thama cespactive #resholdi The trbspatdiva
processi ?ﬁre%pn{)}d ffo(r)Ehe ratio may be 3, and the respective threshold for the derivative
of the rati_o may be 0.01. The data processing unit may be adapted to
correlate the ratic with the presence of a foulant in the effluent. The data
processing unit may be adapted to determine that the foulant is present in the
effluent when the ratio is within a range. The range may be from 0.1 to 50,
such as from 1.5 to 3. The apparatus may further comprise a fluid pump for
establishing a pressure difference across the first and second membranes to
drive fluid flow through the first and second membranes. The pressure
difference may be between 0 and 1,000 kPa. At least the first membrane may-
have an average pore size from 0.05 to 5 microns. At least the first membrane

may comprise a plurality of membrane layers.

[0009] In accordance with another aspect of the present invention, there is
also provided a fluid treatment system comprising the apparatus described
above and a filtration membrane. The apparatus is in fluid communication with

the filtration membrane for receiving an effluent therefrom. The fluid treatment
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controlling the operation in response to the correlating. [0010] In
accordance wth a further aspect of the present invention, there is
provi ded a nethod of detecting a foulant in a fluid. The nethod

conprises directi n?[ the fluid to pernmeate through a first errreabl e
menbr ane Sé(ﬁ@n? s fUfther eempriseraraan ﬁeU’f"bf%éiOrWQU'@thi}%@@F of tsecond

per meabl % rtﬁ?%on rBEGA EUnﬁ'r%uﬁrc%ﬁérg grattﬁ?bg%%?? %)Fdnces?,fpé)utmr( P2 -

P3), P, b pressure at nmenbr ane,
P2 being oansrethngdh@oeersaim ihetsparsettbéhe torrelatingd second nenbr anes,
P3 being a third pressure at a per neate side of the second rrerrbrane'

d t h ' i th t t f.oul gnt th
i a. - TROOL dniechPars WA SBTERERh F e RSR! MR RGIRE S
present igioViied Eerémomrﬂ:letté@m?aé fd?][ér'?( llh“anhlﬁ’d THamethddesnpidss The

threshold may be fromO such as 1.5. The ratio nmay be

det er m neélirepiing thesfluig to phemeatesthroughoa fitst penueahiermembmae@ froemd
cal cul ati he ratio t tine

pa( )11 93¢ st Tndbrae Torsiopts (raten pasfitnd efmeaflgimmblainic: o
the pr es@@temﬂr’vrﬂPta 1@fio Hdﬂﬁé@n(& - Py amd gl aR;)aPp aBRigUS fifs® brebaues bit ng
a foulant in a fluid. The apparatus conprises a first permneable
nmenbr ane adRad idseelidha fﬁetrrﬁearhr@ﬁere%th@n@a sasQpf massuig betweenithg de

and a perfpﬁgatn?rscécg ein} E’cﬂ"ﬂéﬁ%lg %reu@ %%[’(#]E%stsn?e% %E%Bme&etéﬂ'@e trSt

menbr ane an secon rane; r st

pr ]ejssur e tisesscond mengﬁaaemnrr]mg?raer?tmg(tjheora]r}muhrtre;crm gmbnﬁ%df that i ve of
a first essure e feed side of  t i rst rane; a
second prf‘gé@ﬂtr'@ th%é'H?oﬁPcﬁ”@%@i%@“?M&%‘@@@ eppig é’f@e@fﬁala”t

i ndi cat i Ysepr%fseﬂ gﬁe'ﬂﬂud PhERIHE fatidié: h@%ﬁ’iﬁgﬁ a PRedHoIP THRNA reGAD

menbr anes ressure sensor f generating a third pressure
signal i rmmy:lae fmm Oﬂ ta dlyisudh@sekSuT e r@tm magtbet dteprineddtyesesisiieg of

%Qﬁhsﬁﬁi% fisheegoad sarﬁte@ge%éﬁrce%;%haie%“bﬁtweeg.rﬁﬁémﬂhmat Jite
cal curat reg 0 rar ) ERRUME DR eg) o (P2 < R3) baced onthe

pressure signals; and correlating the ratio with the presence of the
foul ant i[®0tHe flhmmtordélﬁm with enotier aspecttaf theé ptegent irvenbien cthieoaulsat ed

as H (1) proJldecs a?r appar EStu%]fmId 2tgct)ng a foulant in a fluid. The apparatus
comprises a first permeable membrane and a second permeable membrane,
each having a feed side and a permeate side; a conduit for directing the fluid
to the first membrane and from the first membrane to the second membrane;
a first pressure sensor for generating a first pressure signal indicative of a first

. pressure, P4, at the feed side of the first membrane; a second pressure
sensor for generating a second pressure signal indicative of a second
pressure, Ps, between theﬂ first and second membranes; a third pressure
sensor for generating a third pressure signal indicative of a third pressure, Ps,
at the permeate side of the second sensor; and a data processing unit in’
communication with each one of the pressure sensors. The data processing
unit is used for receiving the pressure signals from the pressure sensors,
calculating a ratio between (P4 - P2) and (P: - P3) based on the pressure
signals; and correlating the ratio with the presence of the foulant in the fluid.
The ratio at time £, TI (f), may be calculated as IT (f) = [P1(f) - P(OV[P(1) -
4



4 P3(t)]. The correlating may conprise determ ning that the foul ant
is present in the fluid when the ratio is higher than a threshol d.
The threshold may be 0.1 to 50, such as 1.5. At least the first

menbr ane maﬁ have an average pore size from0.05 to 5 mcrons.
[0012] ofad bk eerrslading m@&@@m@@s‘%fﬂeﬁ%@"ﬂiﬂ@ﬁ@iﬂh@ ARt ispregent in

become ﬁf&’ﬁw@%@érﬁ’tﬁeﬁ%ﬁS |s°ﬂtigﬂEeP'{Hé?1ré(tﬁrE’sljnél I fnd pﬁegﬁélg‘fﬁ ”bé%"if‘d"’ of

the follown escr ecific enbo i men nvent 1 on
i n conj usot sum:h as tIs. tAteheaae‘.lwfrmmembra‘mguagahavé%ﬁhliﬁeﬁfg‘éiﬁb%ﬁlm OF
THE DRAW NGS [O%O%t% In the figures, which illustrate, by way of
exanpl e HRM/0-05dRpbaNGIRR%:s of the present invention, [0014] FIG 1A
is a schematic perspective view of a detection apparatus having a

merbr aney l e, Oﬁé@%@bé&tﬁ £ féQtL@ﬁ?ijfHéeﬂ%sgﬁt ihPEntRIreRABecome
i nvention; [0015] FIG B is a schematic cross-sectional view of the

appar at ugppérenttaahobs, OfthdiIBam mlbmgthetafteuwmre\ww)ﬂrm Bllawir[g)ow]

FI GS. 1Eare tia ti.onal,. vi.ews of e ive
enbodi meHESCBiofY shefiatabRimePls §fhelig&HoR i finfincfoh FibThe 7
2is a sgb@@mbaﬁymgﬁ‘guﬁés cross-sectional view of a wat er t reat ment
system incorporating the apparatus of FIG 1A, exenplary of an
enbodi nent of the present invention; [0018] FIG 3 is a schematic
diagram of a fluid treatnent plant i ncl udi ng a mnenbrane-based
detector, exenplary of an enbodi mant of the present invention;

[0019] FIG 4Bﬁ%g£@%?gw£@r@|tﬁg hﬁ‘art nbr ane- based det ect or

of FIG 3; 5 I's a or an algorithm
performed by the control unit of the menbr ane- based detector of FIG
3: [0013] In the figures, which illustrate, by way of example only,

embodiments of the present invention,

[0014] FIG. 1A is a schematic perspective view of a detection apparatus
having a membrane module, exemplary of an embodiment of the present

invention;

[0015] FIG. 1B is a schematic cross-sectional view of the apparatus of
FIG. 1A, taken through the central axis B-B;

[0016] FIGS. 1C, 1D, and 1E are partial sectional views of alternative
embodiments of the membrane module of FIGS. 1A and 1B;

[0017] FIG. 2 is a schematic partial cross-sectional view of a water
treatment system, incorporating the apparatus of FIG. 1A, exemplary of an

embodiment of the present invention;

[0018] FIG. 3 is a schematic diagram of a fluid treatment plant including a
membrane-based detector, exemplary of an embodiment of the present

invention;

[0019] FIG. 4 is a schematic diagram of the membrane-based detector of
FIG. 3; '



[0021] FIG 6 is a schematic diagramof a testing system for testing
sanpl e menbr ane- based detectors; and [0022] FIGS. 7A, 7B, 8 to 23,
24A and 24B are |line graphs showing test results obtained from

sanpl e nmenbr ane- based det ectors. DETAI LED DESCRI PTI ON EOOZS! FI GS. 1A
and 1B s{RMt i HG. p ipi1a flpw ched for aalgpstun pesfeamed biydbe icartrabyt at us

100, exe@*ﬂ%eﬂb&%ﬁe-ﬁ%@@ﬁ@%q@ﬁfl*l%ﬁfSpresent I nventi on. Appar at us

100 includes a ne ane no I'th includes a first nenbrane
102 and a second nenbrane 104, which are disposed in a fluid conduit
106 and $@GHd d&. 6. is Mesdhreamsicldidglaas oba ftestthgssydberh OB r daxting

pernmeate side 110, and,memrane 104 hgs a feed side 112 and a
permatesagpﬁ%mfmraﬁ????%@aeﬁ%qgﬁ &n416, 118, 120 are di sposed in
conduit 106 for sensing a pressure (Pi) at feed side 108 of nenbrane

102 , a poeEHuUT FIGE 7 A, 78, R ITHK A8 24B04realM ér@éhs 8ROwgREeSESur e

(P3) at perneate side of nenbrane 104, respectively. Pressdure
sensors IaBilisoitainggd drom sample semiranedised dgitediors. dat a processi ng
unit 122, which is adapted to process the pressure signals received

from pressure 20 and correlate a result of such
FRSEER R BoRIE TRt

processing w state tected, as will be detailed bel ow
[0024] As depicted, nenbranes 102, 104 nmay have a general ly disk
shape. | (00283 erfiGdE. Mevand d8cschennditicalle illL@#atel84nerapramevieasedcr oss-

sectional, area of abqut 0.6 cn? and t hi gkngss of about 125 m crons.
TrCa O peBicERn SenaEansahD, XaEPERY el AR T TEE P BRPIESHE 500

m crons. inlRftio§ N ARBaRitus h@oﬁﬁ&ﬁdé’% g%@?rﬂbl’éﬁ{@rh%ﬂ@lelﬂ?‘i, inﬁéh RYugER'y 1N

different enbodiments. For exanp e cross-sectional area of each
menbr anefitsd Znembranerti2 drd Airaeeood memBrans 104 venieh afodBppsehiha

el cct 1 S caroBatoB e S ERmet Ve 202 Taes Bt oB OB & o
not al | opefh8sEeSsid® 19858nd RcPhifane HUdShaLa EdedsiaeARearkP2 petféaics
side 114. Pressure sensors 116, 118, 120 are disposed in conduit 106 for
sensing a pressure (P4) at feed side 108 of membrane 102 , a pressure (P2)
between membranes 102 and 104, and a pressure (P3) at permeate side of
membrane 104, respectively. Pressure sensors 116, 118, 120 are in
communication with a data processing unit 122, which is adapted to process
the pressure signals received from pressure sensors 116, 118, 120 and
correlate a result of such processing with a state to be detected, as will be

detailed below.

[0024] As depicted, membranes 102, 104 may have a generally disk
shape. In one embodiment, each membrane 102, 104 may have a cross-
sectional area of about 0.6 cm? and a thickness of about 125 microns. Ina
different embodiment, the thickness may be from 20 to 500 microns. The
shape or the size of each membrane 102, 104 may vary in different

embodiments. For example, the cross-sectional area of each membrane 102, 104

may be from 0.1 cm?® to 100 cm?.

[0025] Each membrane 102, 104 is a permeable membrane. A permeable
membrane selectively allows some substances to permeate therethrough but
6



porous and allows a perneate to pass through fromits feed side to
Its perneate side. For exanple, nenbrane 102 nay be m cro-porous and
may have an average pore size of 0.05 to 5 mcrons. Menbrane 104 nmay

have a simlar or different structure. Mnbrane 104 n&a% have a
snal | er aleepeiglovpeihers topassi@irougint Tds, maschmaesbiae 1026 04isr age

Cechni quRRUSATETPRE &pieal « BRghThatth Rt B 916 1o

det er mi negbriveatesie. Fortdxangi|é adembrahaneR engy b@fn@r@t;ﬁcbr@h@%na may
menbrane is likely to retain to a_ selected dﬁ@ree of efficiency.

[0026] MEIYEHRAGAGEPOsR BEE P A% 1o BaRicEong Wambrne#ed manhaves t o
menbrane arcénnmﬁé s’ErﬂHﬂu‘ré‘gMgm Hﬁrﬁlemé?%avg %&Q&r'a?/e?a 0CessS

that resul ﬁs I'n"a rease I'n rnance 0 rane ed by
the depaqgsireistme thbnsbaip@rﬂﬂem bcanedﬂez olMhechvemdadsorersitdof @xtianbene
menbrane su foe?e on the, nmenbrane ore or within Ehe rrenbrane

por es. ArF9¥) € WU?gHﬁ'qgsa'ﬁ’aﬂ'fe@%Ee RiqUePWSINABS artar i@y than
the pore 0[&1 ’Efd?g ﬁg% dé%lt?ﬁguewﬁ’?eﬁ' crfﬂﬁé%fﬂe'sadr digkRpt are
ski | Int nc

known to t ose art e other materials
t hat ar e diipghtigleadsoepbrare isrikelydorretdim &ne sehmtéchdeg@ee)ftecﬁﬁmamy
chem cal or physical properties. Thus, the material and structure of

menbr ane an r 104 va and be.s cted .dependi ng
on the i Heazeba MsTRT AR 7 S EBlEH Taieitour e S et fl

mat eri al memerafmes @aalows@vauingb:lfenemﬁwiw Y JERG 98 rovésy that s
that nmay be used in nenbrane 102 or 104 include cellul ose acetate

(CA), hydesyis N & dpelepse iy PrHemeanceHef & eenuvpRy, causad ipisbi ¢ PVDF,
hydfop.hotq ogﬁﬂo)ﬁtofftsfu%ﬁleHa’é SFQ%F&QSd%Bngbn tﬁ’é %tté?n%ll rh&mg @Ltﬁ pore
rral's may vary su

sizes in ese menbr
m crons. slinfacppor tise reemiranb @osed, axtvethirs thd mmt‘irlaae@ekemt,&cﬂymoall ant
such as e particles, wll foul east the first. menprane 102.

| ar
For exanﬁP@l Afiscee '#@ﬁﬁh%m@vw%l@égedﬁkaw%a@%%%s of pemprage 2,
0.4, or G f FOYERtiATREB AN e
of 0 22 orﬁor@lg{%@%eeoﬁg FP an(ltl a hydr oS%@%?EEQE gmégﬁgtﬁéﬁhﬁ% an
aver age shaginsfude d@eomate_lﬂ)als hatraya highly adsorptive on the membrane
surface due to their chemical or physical properties. Thus, the material and
structure of membrane 102 (and membrane 104) may vary and be selected

depending on the intended application.

[0027] Various suitable membrane materials are commercially available.
Exemplary membrane materials that may be used in membrane 102 or 104
include cellulose acetate (CA), hydrophilic polyvinylidenefluoride (PVDF),
hydrophobic PVDF, hydrophobic polytetraflucroethylene (PTFE), or the like.
The pore sizes in these membrane materials may vary such as from 0.2 to 0.8
microns. The pore size may be selected so that the selected foulant, such as
large particles, will foul at least the first membrane 102. For example, a CA
membrane may have an average pore size of 0.2, 0.4, or 0.8 microns; a
PVDF membrane may have an average pore size of 0.22 or 0.45 microns;
and a hydrophobic PTFE membrane may have an average size of 0.450r 1.0

microns.

f0028] As alluded to earlier, the membranes in the membrane module may
7



[0028] As alluded to earlier, the nenbranes in the nenbrane nodul e
may 7 have the sane or different characteristics, properties and
structures. Each nenbrane 102, 104 may be forned of a single
menbrane material or a conbination of different materials. For
exanpl e, hexenhesamenraifferznt coaractanistive dropemiesahdastalotgee. fashr ane

| ayer or Lol e r,an [ re each rane |l ayer may be
f or med of‘q%lnh{- e1dzﬁ%ﬁéﬂg¥hﬁﬁgﬁﬁ?%9rg%'n%? W%ﬁ@é“aﬁ?ﬁ’éﬂt pore
char act ercogibiggtiorssfcdif@@nthidhenifst FEPERaBbrE 2aeh m&abAT I 402, Biokf er ent
menbranes or nenbrane | ayers may al so have different thickness.

[0029] Tdnay badermadof & singleamestiane ayes opsuiltiRiatrsedbraneigyeite nodul e
101 are .0 E ' : ' .
enbod ment e agsBh ThebrabE faferitay B, BRAAA Sr & difctent eraRE Tateriabe,
and nenboameaylRdvardiffelent @ose shagicteristiyersuchsastitfereritpold GizesBr 1 n
anot her enbaqdi nent bot h nenbranes 102 and 104 ma)y be doub] e-| ayer ed.
Menbr ane m&%WsDiff?Z%‘t gopranes ar “"f@lﬁgaﬂﬁﬁﬁﬂrﬂ‘@ algo hpxe difiarefd cal
or physigaknddoperties, such as pore sizes, constituent materials,

t hi cknesses, or the like. [0030] FIG 1E illustrates a tubular

menbrane nodul e 126, which may be wused in place of nenbrane nodul e
101. Menii®@2R] nobuilestra®, snolarlisnative émbedimenislchimarebtangmeod2e

t nh 1 t f. nb 13
Ccor r eapddar SRR EREs1 % to 548 shiwet RHIGE 10 T 858 Yoeiiment 14
may be f egerhBrane102ReY Haviditdodhamibeane Byer 102 R&NGERIZB, dndr ough

menbranes 128, 130. The perneate is collected frombetween menbrane
130 and MeBbranerdt mpy heygrasisgleslayer- 1A% shaws in £3@. Hlyingnotéersposed

1 the g il 65 TREERAR 1 EPT T hogaY bh HABITRYhaYe @

circul ar "cross-section or a erén as square,

r ect anguiMembrara! laperst102A, i102B, TiodA; 104B-meay differah tlagieeheraical et so
vary. In %Qe enmbodi nent, the cross-sectional area may be about 0.6

. ray be
cnR2. The Phypied %fPPegtW&p%U%asQPE%S@?S’%ﬂtqeniwt?rﬁ@sb@'fé‘@ﬁéﬁ%&rto
be the like.

[0030] FIG. 1E illustrates a tubular membrane module 126, which may be
used in place of membrane module 101. Membrane module 126 includes an
inner tubular membrane 128 (corresponds to membrane 102), an outer
tubular membrane 130 (corresponds to membrane 104), and tubular housing
132. Afluid 142 may be fed to the inner fluid channel 140, and permeate
through membranes 128, 130. The permeate is collected from between
membrane 130 and housing 132. Pressure sensors 116, 118, 120 may be
disposed in the fluid path as indicated.

[0031] Conduit 106 may have a circular cross-section or a different shape
such as square, rectangular, oval or the like. The cross-sectional area may
also vary. In one embodiment, the cross-sectional area may be about 0.6
cm?. The material, shape and size of conduit 106 may be selected to be
compatible with membranes 102 and 104, and to meet the requirements of
the intended application. For example, the module body defining conduit 106
may be formed of a material that is resistant to selected chemicals, such as acids,

bases, solvents, or the like. The material may be, for example, resistant to NaOCI.
8



conpati ble with menbranes 102 and 104, and to neet the requirenents
of the intended application. For exanple, the nodul e body defining
conduit 106 may be forned of a material that is resistant to

sel ected_chem cal s, such as acids, solvents, or the like. The
mat eri al ThEynaseial P Sé'%@atf?pifeéec’[@(e%q @‘ﬁ‘b‘ﬁts r?@“?%@ﬂlsy tg macEing@Ngr i al may
al 5o be sahael fihofish A wide ra@éelt@ﬁ@eweeeﬁyh borEmPbAsoand
remains functional in a wde ran eratures, such as fromO to
150 C. Suitakie materigisenpy nsluge ptai %Sﬁﬁi%el§t1§i ghlegical-sasisant polymeric
chemi cal RS | get hyl
met hacryl E’? %S%lggtals%g M?%F b&y(ﬁt@meg%nat eg) %én N)h ﬁq(ﬁfartﬁmg
Pressur ethelif§ors 116, 118, 120 may i ncl ude el ectronl C pressure
transducers or any other suitable pressure sensors. The output signal

from an [@%t r OBessBfeSSEEoRs 1161F ﬁ%ﬁu(ﬁ’é 8lelcftbnic re?@i’rje()g- In
case the si is anal og, an ahal og- t glt converter (not _
shown) Mnbéuqzﬂre\ur@ﬂd dter sLotabésr pretslaeressejlmrs t Ohea odimittsinad frpnal .

ol tage. AREEIRTRD G YRE e S SR oF A o0, MBI

the flui ﬁ%@ﬁzﬂ@éuéﬁénéﬁgttﬁﬁjlﬂjlﬁﬂ%ﬁ%r‘{@r (n%glsﬁﬂwﬁf n@?w fovie@ - toThe
pressure sensors may be seleécted so that the outpdt signal is

| i near | y caeyarhtiensigoal totahdigalkesignale The qdwteunaienmomdlud@awe@amra
[ 0033] E I n d t uitable
f or senéaﬁlﬁﬁerR &séuf%@tﬂlﬁﬁé\g % ?reﬁ{eé §rg%§'u-rr@eo?lgﬁﬁ Sldnéa tIJSc‘ﬁanZs from
-100 kPadelmermmg):ﬂotheIﬂP@i pramrepnnﬁme)mspéctaemegi@wfr@gd@emrTheand t he

Pha my PES ReEntotem ecled REmp P ER U BRATT inebfy SORRMERLAT,

chem cal $hemwreswing in the cbuespohding région.exanpl e, the connection port may
be made of stainless steel 316, or like materials. The pressures

*emor at USST Fath pREsBR Sihec mPe bl fo Ryt E ShfEaRANR” 1)

can be usdasing poessuras ima peEtted pressurs eangm gudreasiram - 100 daoted Ol;ﬂ]ilﬂly

ortion r agi.n connection port |n ul e, 10 For ex
Pt 1 hr e kit TRORGMEH of n Eabr e sPasEoaneyh® ) ol SPawD et panBo g Mg
and the pmeme@ehsm tp @bhduienoehthiaemay 8 tpetentigihf edmasel tolflukatk4 sHoald

threaded bg?ggstgef to cﬁemicgls present in fluid 124. For example, the connection port may

be made of stainless steel 316, or like materials. The pressures sensors may also be

selected for operation in a selected range of temperatures, sluch as from 0 to 150 °C.

[0034] While not shown, it can be understood that a pressure sensor may have a
threaded body portion for engaging a connection port in module 101. For example,
the threaded body of the pressure sensor may include a male thread, and the
connection port may have a matching female thread. The threaded body may have a

diameter of 1/4 inch or 1/8 inch.

[0035] Data processing unit 122 may include communication components
(not shown) for receiving pressure signals from pressure sensors, and a
processor (not shown) for calculating the transmembrane pressure (TMP) for
each of membrane 102 and 104, based on the pressure signals, and a ratio of
the transmembrane pressures. A transmembrane pressure for a membrane is

the pressure difference across the membrane, or, the difference between the
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di ameter of 1/4 inch or 1/8 inch. [0035] Data processing unit 122 may
I ncl ude comuni cati on conponents (not shown) for receiving pressure
signals from pressure sensors, and a processor (not shown) for

cal culating the transnenbrane pressure (TMP) for each of nenbrane
102 and T0gssasidhafecdriderodshe prassgrabtthearaimeataside. dfs willhe

the pr oo SRS EREHIRok, LR RN AR Pl e Frnifusfs FEMRlcal%e ' °
bet ween tdiehdpeFfemaatice Gitmemdraeed02] S fRtkatib enddy BS SUfreladdd tdide
perneate side. As will be further di scussed below, a ratio of the

t r ans mentrasRNGS @y feglant in thei fead ito merpbraned 02 of spralated irwWhelhsF ane

102, and JiiG Gl 0rRYoRS SABEFIH S8 ! iia BRERSERS Oy 78 g ™

in the f e rane or corre ah ‘dpstream

filtrati adapetopeafdrassiai tereslaftviaand oomamrﬁ@tu nhé coelation résult
adapt ed to erform such correl ati ons and communi cate the correl atlon

resul t i tideseis enlterpatiain doaiadrgcessing upt d2e sagnbe arpptetZo reagrbe
adapt ed_{p chERRGicall e }H'R g%é[stnémbt g%@gfﬁ,ﬁa%cg&%%%@er

conmputing device to correl atron. econe cl ear,
dat a proces®iatipnunit 122 may i nclude any suitable conputing or
control hardware that are used in conputing and control systens,

el SORETC ARk DLt ARERLS RIS il 8P
st andar d spitaplerddrdiaing sHRet| heRiviaratthiteareRlsed |ﬁ%6h1’pﬂtlh9ran(:lrwntrol

shown, but see FIG may be used in data processing unit_122. Data
processi Mysigms, inclpde ﬁﬁ'SWQIlt@@al h@ﬂdme@né(ﬁﬁfmﬂaéﬁ @Umﬂf@@t% @t t abl e

O _ber SORLGAITULER ol cAButch bS8 (R Phla5E EbEarla The

convent i onal "conponents or ard as d er or

conput er staraart propargorairntegral-derivative( P cdneo&éﬁ(aroy sh@dnpmtlmmal
nd.  cal cul ati ons, descri bed here| n. Data rocessing unit

155ty FiGodh v iU dat rQCESSINgA#iG

y o4 APBFRSFNT i1 221 Data erq NGty

e SNk ST o

per sons like (not shown, but see FIG. 4). The conventional components or hardware,
such as a controller or computer, may be programmed to perform the
necessary and optional functions and calculations, described herein. Data
processing unit 122 may also include other components and software for
various purposes, including memory storage, data communication,
input/output, display devices and the like, as can be understood by persons
skilled in the art. The memory storage may store both data and computer-
executable codes for adapting a processor in communication therewith to

perform certain functions and calculations described herein.

[0037] Apparatus 100 may be used as a membrane integrity detector, as
illustrated in FIG. 2. For sifnp[icity, only membrane module 101 of apparatus
100 is shown in FIG. 2 and ceriain features of apparatus 100 such as the
pressure sensors and the data processing unit are omitted. A portion of a
membrane-based fluid treatment system 200 is also shown in Fig. 2. As
depicted, system 200 includes a pipe 202 for receiving an effluent 204, which'

is the permeate from an upstream filtration membrane 206. The feed to
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skilled in the art. The nenory storage may store both data and
conput er- executabl e codes for adapting a processor in conmunication
therewith to performcertain functions and cal cul ati ons descri bed
herein. [0037] Apparatus 100 may be used as a nenbrane integrity

det ect or filtegtionimembrang 206, aisEraferrad teas isflugnti2dBt naydd yastemsateme

of appar 3 it 1BBPER aetetii AraCiPos B 1pa R R EUAZe fon G o

processi ppaiRd2 fareceingt &deadh appcbmbﬁ f @fﬂ@nt zenbrﬁt@ra;@nbaﬁ d06fdsithe
treat rrentg%%stem 200 is also shown in Fig cted, system

200 i ncl GeRGtameniuang 020 Annssaiugi10g ean @ ﬂﬁe@m d@*@@t thﬁﬁa&we 9fs the
per meat eftltFé?f@n%emrﬁ?%mf\% itd &g:bﬂf'nu I Bf ﬁ-&ﬁem %@52%58% nfgg

filtration 1'so referre as | uen

wast ewat @04 ipmaimkgifddui d to be treated or filtered. Apparatus 100 i's

I n conmuni cation with pipe 202 for receiving at |east a portion of

ef fl uent 4 into_conduit t.he dto nmenbr ane,, 102. arat us
T00 oo BE05RIG R SRERRH e TRERS 1A Shly (e RaTTERS BAMTEROTAREY

while a %Hﬁdl@@%ﬁbgﬂaﬂﬂep&mbﬂﬁﬂ sreNsuFSh e thatishbuRMot d94 been

mai ntai ned. [0038] A filtration nenbrane tail.s when the perneate from
t he menbmpaggent @bﬂtaamermesate lisdtthe filtegtioarmembrare s ipwbraraal warkiag

merbr ane PRHa A BHALP GETRPAGS Al rgn UREA P FARB Flbr ane can
fail for examipi)ehe fibeFLiatRA Filtrdtioh memd@NEmaytfebk MBS thapbResizes
filtration nenbrane nay break, thus the pore sizes becone |arger, or

a hol e obespaEdaragy. Qrea/épl@portwa%gwytdﬁyeﬂmﬁv awugh the megdrame, t he
purpose of illustration, it is assumed that influent 208 contains a

foul ant re t g@gg) ; ant is
fed to m\gbrrgffgz}ne 1%2?‘%@ s ranéﬁ%%t@m%lnl ?Eg%agrs% SW% Iﬁhfetr{t%‘sélaal SO
assuned cohtins afieuant with atspect temendran2d®21 sThat lsy(whmi thedeuknt ey
conditions,. filtratio rrerrbrane Ll ter r retain,at
Const | moded It Mg g2t MedtsaRg 02 r starh Fousl. TS iabSide
free of $Iﬁt§5thwf1@HLﬁﬁFEtron3Hém\MF§rﬁle bobtig mt h&ﬁdl%{?@r—ﬁﬁ@ ccﬁﬁﬁlcfrf%' flﬁratlbhe
foul ant will present in effluent 204 and to menbrane )
membrane 206 will filter out or retain at least most of the foulant, so that
effluent 204 is substantially free of such foulant. But when filtration membrane

206 fails, the foulant will be present in effluent 204 and fed to membrane 102.

[0040] As shown in FIGS. 1B and 2, in operation, at least a portion of
effluent 204. is directed into conduit 106 to flow through membrane 102 and
then membrane 104, as indicated by the arrows 124. The flow through
membranes 102, 104 may be induced by establishing a pressure difference
across membranes 102 and 104, by pressurizing feed side 108 (referred to as
pressurization mode), drawing fluid from permeate side 114 (referred to as
vacuum or suction mode), or both (pressurization-suction mode). One or
more fluid pump (not shown, but see FIGS. 4 and 6) may be used to establish
the pressure difference across membranes 102, 104. The flow rate through
~“conduit 106 may be relatively low, such as from 20 to 60 ml/min. In a different
embodiment, however, the flow rate may be vary from 1 to 500 ml/min. The
total pressure difference across membranes 102 and-104 may be between 0

and 1,000 kPa. When operatlng in the pressurization mode a pressure from
11



[0040] As shown in FIGS. 1 B and 2, in operation, at |east a portion
of ~ effluent 204 is directed into conduit 106 to flow through
menbrane 102 and then nenbrane 104, as indicated by the arrows 124.
The flow through nenbranes 102, 104 may be i nduced by establishing a
pr essur e 1diffa ta @h&Ba (gavee preaskir)anay beapptiad ai feed sige 308<xuri zi ng

from per RN AlecL0% FiR b8 vl B PHEE e TmTBr S B REles ' o
both (pr essubé atérpBushas a0 tha@sdonni®ftabsr atisphélitibeegdun®. (Mmat
shown, but see FIGS. 4 and 6) be used to establish the pressure

i 11 or enEHCHR? BislonHifpmiBYEgPEmEAte Fiie F14Al mambrany 404 Mmakemau t
106 ' 6, /m |
ot enf oL AR APE N 100 RoasHich B2 oot uPe Bllos B,

differen ow rate nay

500 m / mand théeredsuiralat feegssde d 08idf heerabrameatiDmayioentighoe suthzsand
104 may bg between 0 .and 1,000 kPa. When operating in the

pressuri # %h%ﬁnmerga&@mhﬂ%P{%U{e-kPa to 95 kPa (gauge

pressure) may be applied at feed side 108 of nenbrane 102, -and the

pressur e[@i4fer nealsquid Afinkhd fiRfd RN AR di84 108®f MSmbRWRY 10814ch as
at the environnental or atnospheric pressure. In a suction node, the

pr essur e SaNsgk aRd Menitireid by pressuresensant! 6L 0Brasayre B2 irf therfluid fowk Pa

to 100 k c ~10 1o kP. aug: ressure), and the
C esour o PawedE theihrahelsos AnddfiR: b ek AL Ao B oSl 20¢ 1
the envi senseM 8. Pfesslr®Pp itthed il ﬁémﬁ?erh@@%idé’rﬁwrrﬁeﬂﬁbrérre the
fluid flow at feed side 108 of nenbrane 102 is sensed and nonitored

by pressdPéisgaresd ang monitesed by Pressuie saBSIN1AM f1 ow  bet ween
menbranes 102 and 104 is sensed and nonitored by pressure sensor

118. Pre P3ry | I g‘a\@és ' f ne
104 is sgnsezg aﬁ?%g%&%é?gf%ﬁbﬂ%isp@é’g%?d;sg nso?rﬁég&%%égg] 1%’2;%@

pr essur east gomhunicatdd ce dnbyepeiesd by otz prmessibganitl 2. 120 are
conmuni cated to and received by data processing unit 122. [0043] In a

ati o 11 B0lIoebRERugHRL BalRgeR, Mot Plcesina TR T " Brladle

tinme t aairatio I in response to receiving the detected pressure signals at time ¢ as:

IT () = [P4(f) - PoAOVIPa(1) - Pa(f)]. (1)

[0044] As can be appreciated, [P+(f) - P(t)] is the transmembrane pressure
for membrane 102, [Px(f} - P(t)] is the transmembrane pressure for
membrane 104, and IT is a ratio of the fwo transmembrane pressures. The
ratio I1 (f) may vary over time and may be correlated with the presence of the
foulant in effluent 204 and consequently, a failure of upstream filtration
membrane 206, as will bé explained next. For brevity, IT (t), P1(D), Py(f), and
Ps(t) are also denoted as I1, P4, P;, and P; herein but it should be understood
that these parameters may be time dependent. The pressures may be
expressed either as absolute or gauge pressures, as long as they are

expressed consistently in equation (1).

[0045] When effluent 204, and hence flow 124, is substantially free of the

foulant, it is expected that the value of IT will remain relafively constant, and )
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1 (t) =[P1(t) - P2(t)]/[P2(t) - PA(t)]. (1) [0044] As can be
appreciated, [P1(t) - P2(t)] is the transnenbrane pressure for
menbrane 102, [P2(t) - P3(t)] is the transnenbrane pressure for
menbrane 104, and Il is a ratio of the two transnenbrane pressures.
The rat iits tine del)iva’tayﬂ'i/hitwilbberzercb oeclasd toragrabeHowevan, aded efilodntt he
presence t he lant in effluyent 204 and_gon ntI a fajlure
D pot r DAY ok d28 3N A A syt SouRt of OB AR alag 102 For
brevi ty, will st foufihd.t As A&k, th@’?ﬁemB%ﬁe)?éW&m?érﬁ,% \ﬂﬂréfé?é‘rﬁ)rét% ald P1,
P2, and P3 herein but 1t should be understood that these parameters
may be trtmmvdlepe:mdﬂanmll intineage.eSbarate af@pabge irekpi.esthedinee dbdvatae
as long as they are ressed

absol ute or g ressures,

consi st edt] éﬁﬂq A% G INBFease)PecpyBe Siowineing may exist \ﬂga.n figrdioRence
flow 124 t hat
oo une o B h bl B i Ul Eind ooy 8y BEE R

deri vat e signifidatitly fadter theisziviag oise &b astgher gRIE. THawe tes ratioil@or its

effluent 204 and flow 124 contains a significant anount of the
foul ant, tlm@@rmve;@m Idicen t@t@mrelatedltpﬁgllum@féhe gpsireamfitteationnbr ane

erfornmance eriorate val I owil | ease. The
P oo Bfcintitane 248 il Shuf Ba8ES. darl G ol BE e ' sgnilivg o B o5 F oo

' “Crease]p G‘of%lhé) JIQM'dr’? iR ERfd ﬁ@r Y\'ﬁﬁ?némedr%tﬂwQHH”E”bra“e 206
has not fai but a failure, the ing rate may bec

Si gnlflcantly faster thus giving rise to a higher dil lot. Thus, the
rati o |1 [@046]t s Spécicallyy whan ifilteatidinlmeohb rarsen 20@ faiksy; thed et iro fai | ure

f th iltrati 206. dll /dt

be mor e JaHen P8 ob wehe Hror BB dNea By e o 2R e g B PRe i ne”
filtrati @fﬂLréhﬁtoaraﬁdtmaehhemp@@ltombfar%aiézy Tne%nbgﬂahﬁélaém@ant
menbrane 206 fails, the foul ant I nfl uent 208 can pass th h

filtrati ehfouaninaite s t@ﬁaembranq)aeoz)m@kv@wltnrmfo@m Qfmmbom%

b 102... Th bstanti, £ foul ant
Tt dtich (6iend ol e Niotyicllf et R U T Sietd B
whi ch congefAgittring thakhaRgd |r$1‘9%'rfal‘9§mhé Fhfégﬁ‘i%?%f tﬁb u;ﬁstﬂs@ﬁn flitiatidh.

Therefore, by nonitoring the change in |1, "or ‘the integrity
of the upmmbmmefaﬂﬁtran bemonitored.

[0047] The ratio IT or dIl/dt may be correlated to the operational status of

filtration membrane 206 as follows.

[0048] A normal operational range and a failure range may be pre-selected
for each of H and d(IT)/dt. For illustration purposes, it is assumed that for IT

~ the normal range is from & to b, and the failure range is higher than a
threshold ¢, where a, b, and ¢ are constants. The corresponding constants for
d(IT)/dt are respectively denoted with a subscript “d” as aq, bg and ¢g. The
values of these constants may be pre-selected based on calculations,
experience, or test results. Differént values may be used depending on the
particular application. Many fa(;tors such as operating pressures, the nature
of the fluids involved, the fluid flow rates through both membrane 102 and
104, and the like, may affect the selection of these valves. In some cases, the
values may be determined through test runs. For example, a. clean test fluid

free of any foulant and test fluids containing known amounts of the foulant
13



menbrane 206 can be nonitored. [0047] The ratio Il or dfl/dt may be
correlated to the operational status of filtration nenbrane 206 as
follows. [0048] A normal operational range and a failure range may be
pre-selected for each of 11 and d(I11)/dt. For illustration purposes,
it is assaebe usad i separate tasé runy ivedetermige the rdnges and thresheldsl t he

failure r i Laher than hr eshol where. a, nd .c. are
const ant 9 THlbE F b B0 BE AVTe Bslkllehranpyfat ARG islpdPBdbisct Fvel y
denot ed wdehuatestast bl tAfesh@ld % irflcathty ageifieant fdfg. vRhdednsthnishese
constants ma pre-sel ected based on cal cul ati ons, experience, or

be
t est resmm@sége@ﬁftﬁé@%ﬁurlwawiwmgu@ertwed dependi ng on the
particul ar application. Many factors such as operating pressures, the

nat ur e e fil.ui i , hteDS’a o f bo

menbr aneTq%j? andln%l 4‘?*‘%@’”@@4. e%@}é‘rgﬁm%ﬁ’?éﬂe@eﬁ%@%\g%ﬁd B;Or’]

t hese valbved.5,1 by sOE01Czses, cd HO.0Valnuasothayehbodietant na ne daridhe mayh

test runs. r examl e, I n test flui free o n oul ant and

Loot 11 urash B s Talis selestad Brm Reans pha 16 Bt 06 Fndan be SRbd i n
t 1 ' I

Sépara ec(&jﬁﬁiﬁyyé%égﬁgéé\féegségle%é]@ctbﬂffrdrﬁﬂﬁl@?ar?f%doftd‘{o td®. Thee val ue

of b or b sonmewhat arbitrarily, as long as 1t is
adequat e paampeter ® may deleladvaloe fiontd D datoi Fhinsiayné Limtmdimeotsl. i AgycarThe

CorSLent be RiksBEeA 2 B 08 BoTRLASH 8BSl (P42 L o

bd = 0. 0@hkd & b= cgd = 0.01. In another enbodinment, a, b, and c may
each have a val ue selected fromthe range of 0 to about 100; and ad,
bd, and cd may each have a val ue selected fromthe range of 0 to
about 10[0863 " péi@Reter b may have a value fromO0.1 to 50 in sone
enbodi mrents. As can be understood, these paraneters should satisfy

the conditions that _a g bp,< nd d < cd. [0050] Wien a "m\b,
or ad < dlJdt < bd,a(zj){r P’t (Irﬁr'ay%bedglgqe??*i”ned t hat upstream é)

filtration nmenbrane 206 is currently in a
it may be determined that upstream filtration membrane 206 is currently in a

normal working state.
[0051] When

I1>c¢, or dll/dt> cy, (3)

it may be determined that upstream filtration membrane 206 is in a failed

state.
[0052] When
b <IT <¢, or by <dIl/dt <cg, (4)

it may be determined that effluent 204 contains a certain amount of the

foulant, but upstream filtration membrane 206 is still not in a failed state.

[0053] While either IT or dIT/df may be used alone, using both criteria may

provide better sensitivity, accuracy or reliability in some applications.

[0054] Depending on which one of equations (2) to (4) is true, different
14



normal working state. [0051] Wien Il > ¢, or dflldt > cd, (3) it may
be determ ned that upstreamfiltration nenbrane 206 is in a failed
state. [0052] When b <U <_c, or bd < diJdldt <cd, (4) it may be
determ ned that effluent 204 contains a certain anmount of the

f oul ant, astienspwykeataken hyrtheidsta peoasssing Wobk ajeongnol Lnit (et shawa)

failed Stfﬁrtsgy &]%%Sbrg\vmnear%é&%% IJI or dl1/dt may be used al one,

usi ng bot Yo a may  provi Bt ter sensitivity, accuracy or
reliability in some applications. [0054] Dependi ng on which one of
equat i on40@35] t oF¢rigxarapler fequdiiér E2)datruel theagistaasn filnation pii’@tb’efss by

the data processing unit, .a control unit t shown for stem200
or a hunérﬁ%%@ﬁ%gd tp 608G paqraﬁﬂypé&éna?azﬂjeﬁt|rdﬁ 095ma Rerrﬁ'ilﬁgthe
upstr eamchinkikib! s 88 A0pERtioMorRfra 68 gb/GAY, Idiifayd f,d(%na' Ly,

a sugnal icating a no operati hg °con |t|on s eration
Nor mal ", usag, dmérmmattaﬂ taia reinsfd lagetion.olrarespsese topthig signalyianteed to a

or ocess. M HUGHERUBAS RO e Al SHiaher PearrurieahaBtess my
be start efocdiashtly 88 dtie®RRCHI P8 @b’té’u'@ﬁ tHASthE/P&trebfrPat ment

systemis in good worKking ‘condi tions. e or nore triggering
condi t i ofteatragnieysters-is é1 goethwonkieg cenditions. @ge or mpredngygaringns ar e

oi thor - aiiPBARP SR BEHRESSE bfe Fiter (AT iobB)Ad CAERPs Al HBEERa.

[0056] | fcertgimedpmbpflidl actioht U8 respoisein isditdkeseithdrautamatiCatiy by e”
may be generat ed, and di spl ayed, or otherw se comrunicated, to a user

or a con@r@ntrolHnit of Ryta BWB@H Opﬁtﬁtoéee FIG 5). The signal may be
transmitted to a renote |ocation such as through a network including

;lhgr L “E e é@@és r Qt”[g ?Hg?ﬁbarﬂgf)ﬁ% rﬁu@' a sfdr@aﬁ@hc%éﬁ “ReRfbrife 8862t Rdy bR
generated and displayed, or otheMise communicated, to a user or a control
unit (not shown, but see FIG. 5). The signal may be transmitted to a remote
location such as through a network including the Internet. An audio or visual
signal may also be generated to alert the operator or another user. In
response to receiving the failure signal, the user or a control unit for the
system may react by taking appropriate actions, such as suspending the
filtration process, replaeing or repairing the failed or broken membrane, or like

actions. Thus, the system may be monitored and controlled remotely.

[0057]  If equation (4) is true, it can be expected that some fouling is
occurring, indicating that the foulant is present in effluent 204 but not in an
amount [arge enough fo indicate failure of filtration membrane 206.

Optionally, a signal such as “Operation Abnormal” may be presented to a user
for the user to take notice or take appropriate action. For example, it may be
that a re-circulated carrying fluid used in the system may need 1o be replaced,
or an upstream fluid container may require cleaning, or the upstream filtration
membrane 206 may be near its lifetime and may need to be replaced before it
actually fails. Thus, precautlonary actions may also be taken.

[0058] The embodiments of present invention described above may
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response to receiving the failure signal, the user or a control unit
for the systemmay react by taking appropriate actions, such as
suspending the filtration process, replacing or repairing the failed
or broken nenbrane, or |like_ actions. Thus, the system nay be

moni t or edravide eareindensiits. eﬁ@lt @X@nplpomtatef ordgtegritoef ¢ &itrationt r ue, it

Foul ant - 1EerpBhel Ay HeaB e SHiieee RERURN Wind BRlsER PlgB®ls ougn

to indi cawoe. fHid (tllétecﬁkin ép;barems PayRelaiveyémplahd aadbklisive téi gnal
such as "Qperation Abnormal"™ may be presented to a user for the user

to take FONSEECIHN QRRFAlEPFYRG éeaf@elnfﬁssmarseélﬁafﬁpnnay betrelagiyelye
that a ”?n&c;:fe?ﬂs'lv%ta‘?ﬁ fha'digdt ré EHh?ql}fﬁ(?éhdn%ﬁ\Bﬁ%%{ép [IPeVsé]‘?s%‘?sto be

repl aced upstream d cont al ner eani ng, 'or
t he upstrerpfodessmglmnt anétpbsmbb élﬁ]ﬁro‘rmyutlmanr‘rmurnplemehte‘deﬂmm@ and

may need to bere ed before it ally fajls. Thus

precaut i GRAVGUR iﬁé\nmsaw@e B@M%&%E’e rp?ﬁiygv'ﬁrﬁépmmﬁ%rms of
present iiugALd, %”cdiﬁ/éﬁhbh&cb bel%é?{ QQ’bQﬁ o%’ﬁé ah ;%egéé.ﬁg
For exanple, the state or |nte r|ty f tration rane may b

moni t or e@rdncdrutrnéumbnmmlqlmmw qlrem:lmlga Pevidted iorerapyiating phant 10bus, The
det ection t us be rela lve e and.i nexpensi ve, t '
const r uc P RNRBEaAEpehEgsstRaf b ok Theudl Pr ol ERENAR, Sine
rel ati velpyesdri@xrefioh \canaiish FétRice! Rt ineeGCRBIUTHE etddioanong t he
pressure sensors, data processing unit, and possible control unit

can be |®9P§I‘ﬁ§ﬁ$€tﬁﬁﬁﬁ rejativecermapedional t echni ques which may al so be
rel atively inexpensive. For instance, a conventional conputer may be.

used as 9659]0f Eﬁ?la%&@st%[n?fﬁ Ilelﬂ/?gér}ﬂb&(% it ogg'l;]elt [?re\é’@h Ryv8Ron

al r eady e provi n-an eX|s i'onal ~equi pnent

cost nay niexy anage diesin sﬁrtablssfer dé- cmmtrahimﬂonemta[l dibidt theatrrere sgstems or

i nvention ca mai nf enance, cost.. . The_det ect |c@n {a\&? ratus
i mep the

e B, ¥ et g &t IP ISR OB REAS NG
ermbod e s i /BAIBH ARSYTAISHHEERIAIRRlY RBYERRo, L hem sui tabl e f or

de-centralized or small Tluid treat rrent systems or plants. For |arge

treatnment plants, inpl errent ation of an enbodi nent of the
[0060] The embodiments described above do not require highly skilled

operators to operate and maintain. The components of the apparatus may all
be of a type commonly used in a typical fluid treatment plant, and no special
components are required. Thus, labor costs may also be low because no

special skills or training are required.

[0061] Apparatus 100 may also be conveniently used to petrform other
functions instead of monitoring the integrity of an upstream membrane. For
example, it may be used in on-line fluid quality test, e.g. water quality test in a
Reverse-Osmosis (RO) wastewater treatment plant, in place of a silt density
index (SDI) test. It may also be used to detect the presence of a certain

foulant, such as particles in-a solution.

[0062] For example, the relationship between the concentration of a

selected foulant and the ratio IT (or dl1/df) may be predetermined using fluids

containing different known concentrations of the foulant. This relationship

may be stored as a database, é table, a chart, an empirical formula or the flike.
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present invention may al so be relatively inexpensive. [0060] The
enbodi nents descri bed above do not require highly skilled operators
to operate and maintain. The conponents of the apparatus may all be
of a type conmmonly used in a typical fluid treatnment plant, and no

speci al Tdengetmetedsradio &1 (arqul0éd urifiguactudlaipmratios mayrhey cerhparedevitow
b , i kil traini eqguired. [ 0061 t
100 mmy aneSKBEALBIHEn PEHER] Ba BT 9 e vapHERl hemuia: (herim R net ead
of monitQﬁé@gjréb%oheémaétidhyofqhe%maﬁ@w@@aé@fm.ane- For exanple, it

may be used in on-line fluid quality test, e.g. water quality test in

a Reverse-Osnosis (RO wastewater treatnent plant, in place of a
silt dend00§3] i nAeth¢ siio)Itiensensitivady change eflaw sate; pratisetiow rate
presence of .a certain foulant, such as particles in a solution.

[ 0062] F&Png%%yé'!mtbﬁé'e%ﬁr%q'i onshi p between the concentration of a

selected foulant and the ratio Il (or dll/dt) may be predeterm ned
using fl Joos4] comheiembtaitehfsedattibld Above PRBEHE Fdifsts 16 exdmple,
foulant. This relationship may be stored as a database, a table, a
chart, amsSigsicribgdibele.nula or the like. 16 The detected ratio il (or
df 1 /dt) during actual operation may be conpared with the stored

val ues, d i i L cal ive
roasur ed IOOSSEL Poadhe tiforbh SrpBofiferio.  ma b SayidiPa IPh sY e,
the rati andlapmoxinegtesdrines. For eRamgie,iwhdrl Py ;e eqpatien 61§ mapper at e
control may not be required. [0064] The enbodi nents descri bed above
may be mSHNPHEE a§ior exanpl e, as described bel ow. [0065] In some

di fferent enmbodinents, Il may be calculated in a sinplified and

appr oxi mat e manner oL I n P2 >> P3, equation (1) may e
sinplified as: 111 t(!i -ﬁp??%@]/g\f??)] 1P2(t) (1 a) [0066] V\henéﬁlgﬁ >>
P2, and P2 >> P3, equation (1) may be sinplified as: 11(t)

-P1(t)/ P2Q@§6] ( 1Whlen P4 >> P, and P, >> P3, equation (1) may be simplified as:

TI(t) =P1(t)/Pat). : (1b)

[0067] [n both of these cases, it is not necessary to monitor the pressure
Pa. The equation (1A) or (1B) may be used io calculate I1, when P is
relatively high and P; remains close to 0 (gauge pressure). This condition
may exist, for example, when apparatus 100 is operating in a pressurization
mode. While for equation (1) the pressures may be expressed as absoluie or
gauge pressures, in equations (1a) and (1b), the pressures should be
expressed as gauge pressures.

[0068] Alternatively, IT may also be calculated in other suitable manners.

For example, the fransmembrane pressures in equation (1) may be inversed.

[0069] When I1is calculated using a different form or equation, the range
and threshold parameters in equation (2) to (4) may be different, and may

need to be adjusted or re-selected.

[0070] Different forms of I1 may provide different performance in a given

application. Thus, an optimal form of IT may be selected in a given
17



[0067] In both of these cases, it is not necessary to nonitor the
pressure P3. The equation (1A) or (1 B) nmay be used to cal cul ate H,
when P, is relatively high and P3 remains close to 0 (gauge
pressure). This condition nay exist, for exanple, when apparatus 100
i s oper atémigodimeat.pFesingtancet doa formpay pravide Hetter sgusitivinin@lyivene

Bauat | ontiator e BAEREFBra” 15 S88la ol Bhiof 1H8 RETEPEEXeehdng auge
pr essur esnohi@ed] probesy and EMF‘%M,’[US! $inipwy, inlviicP BasalLathlingd Fompbher

suitable manners. For exanple, the transmenbrane pressures in
equat i on If maynks uped whesrtbe simpljiisdeolm\masrprovide aceaptablaatasdltusi ng a

cquat | on PRSPt Eshall ser e BRE ndRatong] 'S BctBRiE M vened or
re- sel ectRerorh8ACOHLEHS FaRat aﬁ@'b@ﬁnéﬁnéittve”i%yeﬂér?i;ﬁ tdhs sl en et

performance in a given application. Thus, an optimal formof Il may

be sel ectupstreameflay vaie of pressuveichanges, Rowristregampressorectiangasyay

provi de 3 n?r sensitivity in a given situation than another form
In sone %% Cations, it is desirable to keep the nonitoring process
and apparatus sinple, in which case, a sinplified formof 1 may be

used whe00TH siApbetwesh quationan1panyi(te), apsapti@btalcluRsibhs shdwed
suitable formof n should be a reliable indicator of the reduction in

menbr ane th@jdhe demmpEe!)deiare seasitivedo faingiban theslesmigfidb}. oit Breer nal

pr esaur ¢ SFRGaand HER R Dbrr it "R le iRt e FORRRER Al emet Sna
(1 b), simmetalion &b‘},%@.ﬁlﬂ%ﬁt&e%@%@ﬂiﬁc@ahﬂ? witheinh @ ifMI Afas(chlcigtedor €
sensitive to fouling than the formof (1 b). It has been found that
af t er upssingeeauadionrdneout eniinereasasligbilyrilcalostated usingremradion=£1b).
n(t=tcurrent)/ 11 (t=0, would increase significantly with time if II
I

cai cut at SPTAN ngt BB PO R e By eRG R Gidioriiitent, |
be cal curr@hem)pma)mr@r(1lbguﬁ¢m@ing<ﬁ SdiRibed bolyhb Al (cklexpbheatlal Actiohd) .

I ncl udi ng_a suitable polynom al or exponential function

of P, and P,, and optionally P, or the respective transmembrane pressures. It

is possible in some applications, a more complicated form of II may produce
better sensitivity. 1t may aiso be desirable that the selected form of IT
provides sufficient sensitivity or a relatively short response time. The
response time is the time it takes for the membrane detector to indicate failure
after actual failure. When the response time is short, the membrane detector
is considered to have good sensitivity. For certain applications, such as in a
wastewater treatment plant, a response time on the order of 10 to 90 minutes

may be adequate.

[0073] When selecting a suitable form for I, one may consider whether the
form provides good stability, that is, how much ITyema varies under normal
working conditions. For instance, it may be advantageous if the fluctuation of

Inermal during normal operation is within 5%.

[0074] Itis noted that when P, and P; are maintained at constant levels, a

change, such as a sudden de_crease, in the pressure P, by itself or the
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of Pt and P21 and optionally P3 or the respective transmnmenbrane
pressures. It is possible in sone applications, a nore conplicated

formof Il nmay produce better sensitivity. It nay al so be desirable
that the selected formof Il provides sufficient sensitivi t?/.or a
r el at i velpgroaatetflixebpaghememirangd 2, maypodisateta ahange indbetfiuic | t

t akes for rane det .or_to,indicat .ail.ur after. actual

failure. C&h@ﬁtﬁ'& raés(g%%@egﬁ'ﬁ‘ge Pgt%&ﬁ%ﬁhﬁﬁlﬁgﬁgﬁrg{)@&%ct or is
consi der efbwevehay(hgaPihdiiidhtis bt Mwalys relflé aTRisABMecaasé Pandsuch
as in a wastewater treatnent plant, a response tinme on the order of

10 to 90ths Reteeate fy ase deaeqderton Poend]Pen asdiasgeiin £24a81e el e
formfor 1d Iﬁ]&"aecﬁ‘?ﬁ’ A, Geb. \MeLhek, BRE A %r‘&rﬁf’%'agec?\aﬂBQ?jue to
A P oW ' 1 et Rorma

stability, I'"norrnar “vari‘es 'un Wor'ki ng
condi t i onariok®redsost dmgeding tsysteyn flactadiionttegpeusturd chivegds, upsti@amon
of Ilnormai during nornal ﬁc,g)erati%nis within 5% [007&4 It is noted
t hat wheAUE PreagueThangesapittaate giftient Bawirate changsss of e'&‘ﬁaﬂ@e,
such as € Ayl | the 18

er meate 17 LR HBAE AE ey dled BaRCR I Epffecilctiobiprisdlie P, 2
fluid cohaeges. buxintmst, duativaofahé iahemendirabb eregmtres aan providedi on

b . Ho h indi cation i t al | i.abl e, Thi
s becaultorBaciahle ndication Shibe si4th & Uik UPSIER FesinbBANeP, SSHA Y, @ and
a change ity fitheararRtdmiSranedsiebdures i91ee8aRasitive t&sySentRuct@atidiet h P1

and P3. Pl or P3 may change due to various reasons’including system
f | uct uat Pod otherrpdemalitasiorahge $)e ngdidusd pregswiesiopinsidddual changes,

mode. - PavaRy s s BAE A TineBh difie refs b R onges. 1n

cont r ast insenkitive @o @e eXterndl FASORIDTIANE tNs RERUGES fldftlionlod thelmtd nore
reliable indication of the state of the upstream nenbrane. Generally,

a rati om#Y hadvaniageeysly Haed foraalerlaling H. ladkisgeasid iend folb syst em

or 't neir v PR, ShERlaEELE LB 1o LhoREaL} BRa A Gkl B Por 10"
I s al so figlctibn\¢Elthe rdtinsernbBetstate. to the external factors. Thus, the
ratio or a function of the ratio

[0075] The correlation between ratio IT and the state or event to be
determined, such as the failure of an upstream filtration membrane, may be by
way of correlating a selected function of IT to the respective state or event.

For instance, the function of IT may be its derivative, a polynomial function of
IT (such as I1° or the like), a tigonometric function of IT (such as sin(IT) or the
like), or an exponential function (such as exp(I1) or the like). Other more

complicated functions of IT may also be used.

[0076] [t has also been found that operating the detection apparatus under
relatively low pressures can iﬁprove stability. In this regard, it may be
advantageous to keep the gauge\ pressure at the feed side of the first
membrane below 95 kPa.

[0077] While the conduit 106 depicted in FIGS. 1A and 1B has a cylindrical
shape, it should be understood that in different embodiments the conduit may
have other shapes and sizes. Accordingly, membranes 102 and 104 may
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may be advant ageously used for calculating H In this regard, and for
clarification, correlating a ratio to a particular state includes
correlating a function of the ratio to the state. [0075] The

correl ation between ratio Il and the state or event to be
det er m nédso kansndifierarichapes aneg sizfesarT hgo@lap@ararfd sizeaof v ooandibitane,

be b f | at cted t I to t
reepect i pacdf¥épierbrined ity BY AR e patiSiiartedlatiors A WAED be
its derivieg Eyﬁara@ué)@wé@lnbﬁinafytﬁtcééléae@fbasbb dnSatRBr %%tdrb%u@h dshe
i ke), a trigononetric function of such as sin(ll) or the Iike),

or an expyaianiity fungteralitn co%mmm@ﬂ X;1and tbe likBe |i ke). CQther nore
conplicated functions of Il may al so be used. [0076] It has al so been

found ¢ higoAe! hld feEndEK REH A APRR AldiBel T¥RIs! Fh B V2. O

pressure i nprove s s regar
advant agether tym&@memamngﬂiut&mym wed. For fratahcy, d\@ll@\fv fibles, f i r st

menbr ane ow 95 kPa. Wi le the conduit 106, depi ct d i n FI GS.
1A and 1@9914 8r§9!r?|n‘ﬂ?'1[]Wg ]r%trfaB%S may BhHEee [f@t%ﬁﬁj% SPgdothat i n
differ .ema,'rﬁﬁﬁéﬁifeﬁ? g éeé@%nSQIg%ch@Urrem 95 eﬁﬁ@ﬁpﬁﬁg%@usﬁ Z€S.

Accordi ng menbranes 102 a 104 may rent shapes
and sizes. The shapes and sizes of the condU|t and t he nmenbranes nmay

be di ct al@¥W Ay tIhestead of dicgcily coppectest todhe existingidownstrieemafipedmatius i s

ovart ant P MFafE) FiahE B BBt neRe Bhfrtoriia Broonnggted
[0078] Whdirecily & treh@sstrammaieiBanal Foteritanesl dmeL&St rebbrvolmand 2,

ot her types of nmenbrane nodul es nay be used. For instance, hollow

fibers, bewsayided between the sensonapparivaasd thegysiemilad pathsvhiehi of

cross-fl r I

ar r angentiy HESABIFHRA ani®, HEELR Wnal b RBe GBI BN IRY. cd 1o

t he exi sp'rersgudnamrmft neeaiadiomimirqoﬁmb threughtike Behsarahembramedr ane, the
menbr ane- based detector nmay be connected indirectly to the upstream

e a0 ot o 135 . e AT B WS Tl B St
feed stream to the membrane-based detector to improve performance.
NaOCI can reduce biofouling on the membrane 102 and 104. Biofouling may
cause increase of I1, but may not be indicative of failure of the upstream
membrane. The concentration of NaOCI in the feed to membrane 102 should
be limited to a suitable level, as high concentration NaOCl may also inhibit
other types of fouling including physical fouling, such as due to deposition of
large particles that are present due to failure of the upstream membrane.
When NaOCl is to be added, membranes 102, 104 should be made of

materials that are compatible with NaOCI.

[0081] FIG. 3 schematically illustrates a possible arrangement of a filtration
membrane plant 300 incorporating a membrane-based detector 302,

exemplary of an embodiment of the present invention.

[0082] Plant 300 receives an influent 304, which is initially stored in an
upstream influent reservoir 306. Plant 300 may include one or more filtration
- (including any separation) membranes 301. Influent 304 is fed to
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may include a fluid tank. The tank may be pressurized to provide the
pressuri zation needed to drive fluid through the sensor nenbranes.
[0080] Optionally, a disinfectant, such as NaOCl, may be injected
into the feed streamto the nenbrane-based detector to inprove

per f or mame@mbraneG 3tkthrewghuinpubpipetine 863. dimetdwvnsireanapermeaeand

104. Bi of L Be dyaci gat i '
of Tail urdth BenspofBd Mol iiRe Y1l < BrterR b PenOE e Rackr i n
the feed rémrmrpm@nﬁ@s1m%rﬁsb@nb the Rxd flumd ‘i’@ﬁatrmg?‘oﬁ hd abéteeérﬁ\éﬁie as
hi gh concentrati on NaCCl al so inhibit other tgggs of fouling

i ncl udi n@aﬁhwrﬁlaent@er\w 06, tom recsirguletion. fepedipe Imonne&tegiam

I
fhen naoBPT2! (54 BoRIGRE ot pf bR"aL M 38 g iR GRRIMAEST "
mat eri al thmu@bnaolecmmaént@IwoM ddwdiéX’lgaugesBglmps @nd3he tke(miti cal |y
Illustrates a BOSSI ble arrangenment of a filtration menbrane plant

300 i ncoPpBAL PrigSas Fihist)dnay basevided.cx will lioondersioaddnatnpser an
enbodi marggi Iga "ﬁz\,ﬂ% esent invention. [0082] Plant 300 receives an

i nfl uent J) isinitially stored in an upstreaminfl uent
reservoir 306. Plant 300 may include one or nore filtration

(i ncludi heE83]y depiacturiddd)is riimmahmiescfmmmidaﬁj(limmwaﬂ@mili imn HFl&d4t o 20

menbr ane 01 ro i n elipne 308. The, do ream per neat e
stream i ?%?éﬂ%ﬁ@?{@ 1180 6%3(8 l%’étldf a@% Gogtrg! H@'x\ﬁégt e reservoir
312. A return pipeline 314 transports the feed fluid renmai ning on

- the upst [@@84]Si dBendertitt3R0 m&lhu@@ta méﬁﬁfré(r% otfe B24 thatisi r cul ati on.
Det ector 302 is connected in parallel to agportlon of pipeline 310

by feed CPREMYLied sitcflaskyrtreaedulpit@d shown indil@S Hvand B, cogiorledes
h FI G
2 Sray b2 T¥ETenBRHRE So0 RIS s MEmltrAfc 898 and BRIA pidkhuReC, [

art. [008&3hsiwtars3G0, 382, 331 a$ prestsust sehswrbedispossd &y shownpremitebai |
unit 320 and a,conirol

ni 1 322 PUTSORE PAaHElRd impeTaote e Hidder sUrroRone SRSGRicE 34 t hat
I'S bypass pipeline 338 connects the feed side of first membrane 326 and

permeate line 318 through a pressure adjustment valve 340. Valve 340 may

be used to regulate the flow through pipeline 338 to selectively allow a portion

of the effluent to bypass membrane module 324, in order to adjust the

transmembrane pressures. -

[0085] Each of pressure sensors 330, 332,'334 is in communication with a
PID control module 342. Control module 342 is connected to a computer 344.
Computer 344 may include hardware and software for operating control
module 342 and other control components (not shown) within control unit 322.
Computer 344 may also be in communication with an external electronic
device, such as the control system for plant 300, or an output device (not
shown) for presenting a signal, report, alarm, or the like to a user, as

| discussed above and can be understood by a person skilled in the art. The
electronic communications within detector 302, and between detector 302 and
an external electronic device may be by wired or wireless communication.

Some of the communications may be wired and others may be wireless.
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constructed simlarly to nodule 101 shown in FIGS. 1A and 113, and
includes a first nenbrane 326 and a second nmenbrane 328, and digital
pressure transducers 330, 332, 334 as pressure sensors, disposed as
shown. A mcro unp 336 is installed in perneate line 318 for
suction ﬁ@ﬁﬂﬁ]opegamipdter 344 mayp stikzep P2 matls 382 to pronddess innprevéded si de

of first rane 326 and erneate |ine 8.t hrou ress

o ust meECR sy BT P nolseS,, T relhik dB, BOfTE 2.,

t hr ough maapdak@Qhéﬁ%és@ré@éigﬁaiswﬁjm thé bRMsBrd6idaP8 asAhplitmded ftpuent
to bypass nenbrane nodule 324, in order to adjust the transmenbrane

pr essur e@.prppodienaksighaldndipaties of @tiodhsanda sedvatbarsigaalindicative of
conmmuni cat | ith a PID control dul e 342. Control le 342 is
connect od TV o bt Fosal Mediat Pepranes SR Vi RerHie B4 e sand
sof twar e ; i ; ; I
corponenfz (it RbW e tbaral sigRRiateofas byl of PV me
alhso be 'rrnalqycaiamlmig?wr@teldwirtdnm expaforal a@di’&mﬁag@alwlat?lﬁmi asc?]ﬁlbe? as
the control, syst or p t, 300, or an output device (not shown
for pr eséﬁti?rr%ooo@eg;'&me,slﬁﬂ Ptthe&Marm or the like to a user, as

di scussed above and can be understood by a person skilled in the art.
The el egiggn)i C COMPURI-SAY MRS boidda RlRusA? o @t ween

det ectorf%ogzﬂand an feH;terna??el ect rpgt?ﬁj’?uge%cue ma;slobe IE)§/ wired or

wi r el esscemwinationanfisshwaresand herdwaee, ¢ padain aniexesmplaty Ibgicwirr ed and

ot hers may. be w.teless,, 2 086 [ 344 tilize PID nodul e
342 to p?@ﬂ”ﬁgni"hﬁ@%%byiﬁ%ﬁ?%%, 2L sgfﬂ?"%’/ﬁ‘ {rl/'gﬁ:':{i | ower signal

noi ses. For instance, PID nodule 342 may take the pressures signals
from t he[(U88]sur&t SBOE @Usrens vallps of nsksuve PR, P2 apd gpadre abtgihedi gnal
indicative of ratio Il, and a derivative signal_ indicative of dlUdt.
The out pbesed gRANR PreSpUrh gignBls fscaivedJaaperiivelyiRmdressure seiepsas
descri be . i j et &, QL iV f i r

over i melrest L 15 AR vaRle™R tnl BROTRIa e oo e oy fAEler pt

cal cul at sehnt®, zeas. dmsoine casedePsbofd iy bd esietosk cohstdni, sucheasaeto

i ft
[0087] Cgsr‘r% 5\%1. ?n4§ucq1a nge,alg ﬁ%yergdt bseur%]ce%garlfrstlo%getesﬁ or monitor the

constant pressure.

[0089] At S504, ITis calculated from Py, P;, and P; according to equation
(1).

[0090] At S506, dil/dfis calculated based on the current and previous

values of I1. The initial values of £, TI, and dT1 /df may be set to zero.

[0091] The calculations at $504 and S506 may be carried out at computer
344 using the measured pressures. Alternatively, computer 344 may receive
output signals indicative of IT and dIT/df from PID module 342.

[0092] At S308, IT and dll/df are tested according to equation (2) to
determine if any of them is within the respective pre-selected range. The
values of the range parameters may be initialized earlier or input at 8508, and
may be adjusted during the monitoring process. A positive test result may

require that at least one is, or both of TT and dTT/dt are, within the pre-selected
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conbi nati on of software and hardware, to performan exenplary |ogic
or algorithmillustrated by the flow chart S500 shown in FIG 5.
[0088] At S502, current values of pressures Pl1, P2, and P3 are
obtained based on the pressure signals received respectively from
pr essur e rgegs,aepengBQ, o3 8® a@dicatiame Thisi i iaddo wiad rSHH2 amkSPpr6ssur es
may be sg}t the user or set to zero. In sone cases, Pl or P3 may
be set t ‘onstant, such as zero as shown. In such a case, it may
not be necessary to detect or nonitor the constant pressure. [0089]

At S504, 10693]s calreultatesstfrequn Blposiie, aﬂ@BB’ﬁ ne@LBE dbRenliflcedabizon
(1). [0090] At S506, dll/dt is calcul ated based on the current and

pr evi ous Usgringicating that thedinstreemamegriraes isworkingnommallygat 8518t may
be set t(ﬂ'h[%% ort n%ﬁ@:%rcgﬁﬁugﬁb%h%'tﬁ@ﬁsgm%ﬁ'g/dsﬁféﬂlest%%ﬁngméugﬁ as

carried ou using the pressures

Al t er nat lttyelqo,mmﬂapultlt@m Srdveray neteveek Yoot shistgp)t si gnal s i ndicative of
n and dHI /dtfrom PI D nodul e 342. [0092] At S508, n and dfldt are

w thin ¢ K04 p oo die TesErbartatiigehonst emisRkebat S92 ange

par anet e%%c&i%}'g&ﬁ) edlidtion (43, %9 o%?éﬁﬂlﬁé |foSt5}péBth%tf TPRAS orfdchremay be

adj usted during the nonito process ositive test resul t may
require within tie neeaectlvmranlges or both of | I and dl 7/dt are, within
the pre-selected 22 range, depending on the application This is also

true for 516, bel.qw. 93 est resul t

oot v 10055 O et (ed Bl Litd (ol el e ORI B nat ¢ e
upst r eamyBBfH EHA 41 digditiclBatAEBRLY is 8bndPdd-andT i éx@ﬁﬂflé gy be
comunicated to the user in any suitable nmanner, such as to a

conput er f@lapiauchrasieege paristesoare pmentmnmﬂunq 0094] V\hen the test
result is negative, the next test is taken at S512 according to

equati On#‘edjdreést Af ﬂ'f'ef/ %fsmé%%n'.é 895, thOhBxQks! fs taRch 91 §548 23L& rding

Wi thint pec e ran
to equation (3), to determlne if one or both of IT and dIT/dt are higher than the

respective threshold.

[0097] If the test result is positive, an alarm report may be communicated
to the user at $518, indicating that the upstream membrane has failed, and
there is a high concentration of foulant in the effluent from the upstream

membrane.

[0098] Additional criteria may be tested and reported such as at $520,
$§522, §524, and $526.

[0099] Here, some other possib[e operating conditions may be identified.
For example, it may be determined if there is any effluent flow received by the
membrane sensor. Such a condition may be determined based on whether
dP/dt, dP,/df, and dP,/dt are negative, and whether P, = P, (or P,/P,=1). It
may also be determined if any of membranes 102, 104 is broken. Failure of
membrane 102 or 104 may be determined based on whether dP./dt, dP,/dt,

and dP,/dt are negative, and I1 is zero or near zero (indicating failure of

membrane 102), or there is a sharp increase in IT and dTI/df (indicating failure
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[0095] If the test result is positive, a report may be conmuni cated
to a wuser, at 5514, indicating that the status is abnormal and, for
exanple, a foularit such as large particles, are present in the
fluid. [0096] If the test result is negative, the next test is taken
at S516 addoerdbrame t@)equation (3), to determine if one or both of Il
and dl 1 dt are higher than the respective threshold. [0097] If the

test res LS POSI LI | arm.report may be communicat.ed t.0 the
Leer nt 4001001 PP Ariss. ik Mt Bn A e i af S B LR nekC and
there is igrdicghbye pasivg & $802.01n freuh@iliteratidnh eheeitératien indexowr ishe
upstream, nenbrane. [0098] Additional criteria may be tested and

repor t ed IBgeMesded by 89gpand Frpupdaisd presatiesyalbes 2009sedHer e, sone
ot her possible operating conditions nay be identified. For exanple,

it my b rmn i i Y I fd.o i by the
menbr anqugﬁés r. St?&ééa{] %%%gﬁ{%%ﬁaﬁ’a@'%%fgu g?@f rl’?izh%hda ﬁﬂg?é on whet her
dP, | dt, dR@hittired @ndtinlR8/stit, carat regglar intervaén dneteedhefrih@ cureRg ( or
P1/P2 1). | al so be deter if an ranes 102, 104 is

t . m i ned of ne
br oken. ~ BATROEBCBIS PResFe HalUSoD 6,7 verae NAlerR! GHEDGRPSHEE BEE8d on
whet her  ¢fa{idlis tiffi|1|°e%(1ﬁ$r\(/al_rlﬁa[i‘ﬁl bgﬁlﬁeﬁaaesﬁigé dUReRL Bglésu?é!dAUe#a'@_eA%ﬁlﬁésor

near zero (indicating failure o rane 10 or there™is a sharp
i ncr ease May be legsosusiceptiblgita diotsstsi argther tandempiuciiatinensindhe systém.
[ 00100] At S528, the nonitoring loop nmay terminate, or go to the next

iteratio eturmd | t i iLon, t [ teration
i ndex " n'rl‘oﬁzoﬂi ncr?@ﬁtc é%d%ﬁgf&&ﬂ@&{%@ﬁ@lg&? é%é Bﬁ&saﬂj?@gg/\tp ues
are usedmodifidddt opimizad Hiethapprskiticdtiethe atessures P1, P2, and P3 may
be nonitored continuously, on at regular intervals. Instead of the

current, | ant aneous pressu val ue, the ayerage val ue of each
pressure[g@ﬁéla pﬁ%\?i%’?@a??%{g‘ﬁtﬁgmﬁpzdﬁﬁ%{ rdeglae Q?tﬁcﬁﬁncurrent
pressur e-apﬁa%tang%iié&%ﬁemotbg n\qhﬁsépp?rbléﬁﬁetrh%iﬁcét%ﬂé%ﬁi%ﬁ Wil pat her

random fl uctuations 1n the sys
apparent to those skilled in the art.

[00104] EXAMPLES
[00105] Setup

[00106] A membrane-based detector similar to detector 302 was
constructed and tested. The sensor unit used in the tested detector is
illustrated in FIG. 6. A control unit similar to control unit 322 was also included
in the tested detector but is omitted in FIG. 6 for simplicity reasons. As can be
seen in FIG. 6, the arrangement of the tested sensor unit was similar to
sensor unit 320 shown in FIG. 4, except that the test detector was not
connected to an actual membrane plant. Rather, the membrane module in
the test detector was connected to a test beaker 600 through tubes 616 and
618, which formed a closed fluid loop. Beaker 600 had a volume of 5 liter. A
fluid pump 602 was provided to drive the circulation of fluid within the loop. A
flow meter 604 is disposed in input tube 616 for measuring the flow rate in
tube 616. |

[00107] Different membranes were tested. The membranes tested were
24



[00102] Flowchart S500 is for illustration purposes only and may be
nodi fied or optim zed by those skilled in the art. [00103] The
operation of detector 302 is simlar to the detection apparatus 100
di scussed above with appropriate nodifications which will be

appar ent fermnachokfiatshieet mnhbranaﬁws qumdeDEmm,E%e[tGmlOS] Set up

[ 00106] A nepbrane- bas«;-(\h ctor sim b ﬁt egt ﬁ‘ 302 S
Lonst r uc T BRie deads e HErEHRE R0 s Dttt e The Bdnbbeect or
i's IIIuweaéa@lednhEir%a@fa&uﬁé}@tarrﬂlpr@ eﬁue‘éle{g;&r@mabe mﬂhheﬂacuneﬁ 322
was also included in the tested detec but is omtted in FIG

for sinplresupRmarzedns Tatée takaple of ﬁwefﬂrst angperons] rrteimraﬂeament of

t he test i Q G
4. excopt 'Bral ofne et BloBble b e et rondi B HBrinier e
menbr ane |fleritas liAéM @Y Tabledl.menbrane nodule in the test detector was
connected to a test beaker 600 through tubes 616 and 618, which
formed a closed fluid | oop. Beaker 600 had a volume of 5 liter. A
fluid punp 602 was provi dedTabledk iMembr@nelayarsati on of fluid wthin
the loop. A flow neter 604 is disposed in input tube 616 for
measuring the flowrate in |[tube 616 : ff
wer e testleQVer‘ﬂ'W@enenMﬁéﬁiﬂ:l t|eSIGHCRe| e[\l%%;llﬁ ! % q}rh zjit s,he
menbr ang—tayers made of PVDHE or CA. The 1 % memr a “ are fh) he
menbr ang senslor vvasHQd,@%ﬁ,[,@nQ The menbr a|®e22layers uﬁ?ﬁi the|7|0
manuf act[ur erﬁ[ and opepE es blillipereyirded %‘gg’r&nur actu e,
summari zZed | Table I Each lof the first econd nj rames (55ee
FIG 6) [of thie menprane nodyl es tested vvasofzormed of e o twg

menbr ang—tayerss—acdlidRd |i Agvere H—Febte—t+—rMerbranertayers
Layer Type M¥erial Spuffe Nompped pore TH-4kness|PorBfity| sib8e (jpm
(pm (/q) v 0.8 125 72

Table Il. Sample Membrane Module

Module First Membrane Second membrane
Number | First layer Sf:fg'rd First layer S;‘;‘;?d
: Type | - ‘Type | -

Il Type li Type Il

Il Type lll - . Typellll -

v Type IV - Type il . -

v Type V - Type V

vi Type V Type IV Type V Type I
Vi Type I - Type ll -

[00108] EXAMPLE 1 (Pressurizatioh mode)

[00109] [n the {ests of this example, the flow rate through the me_mbrahe

module was varied to vary P, and P,. P, was relatively constant at about 1
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| Hydrophilic MIlipore 0.22 125 70 Il PVDF 0.45 125 75 111 0.2 125
66 |V Cellul ose Advantec 0.45 125 68 acetate MFS V 0.8 125 72

Table I1. Sanple Menbrane Mdul e Modul e First Menbrane Second
menbrane Nunber First |ayer Second First |ayer Second Layer |ayer |
Type[ - EypelnwalslcaTqmmbd a'E:)aDE!:ilmgtd éct]uéfme(‘l)l Fol calcliatiag lthé - |V Type
IV - Type Il - Type V Ty eIVTypeVTypeIII
VIl Type rqewonse—ﬁmﬁﬁef |[Q'M'1@)S?nQE@IMbUEe&hQ[FLrC@%W%&‘@FQ)HS%&eT

[ 00109] | tl dastszof this exanple, the flowrate through the
rrerrbrane ul'e 'was varied to vary Pi and P2. P3 was relatively
const ant at about 1 25 atm Il was cal cul ated according to equation
(1). For [@GdH}]l at i Apettbst congsptmusiaciuded stakhlidy tedts osensijivity hests aant
threshold.@ﬁ nts were used: a =0, b =1.5 and ¢ = 3. [00110]
The test '@ Eﬁ%d i ncluded stability tests, sensitivity tests, and
failure tests. [00111] In a stability test, no foul ant was added to

the circpp@difgn of |f é%tébﬂﬁ?'t@dlf; n@m|éhtwa§aaa@cut@fr@clwawn%fmm how
it changed over tine rate was varied in sone cases to

det er ni néow and Thwasangnitsired ée determine bowil ¢hanged over time. The flow
rate was varied in some cases to determine if it had any effect on the stability

of I1.

[00112] In a sensitivity test, a foulant was introduced into the circulation
fluid (added to test beaker 600). The change in IT was monitored and a
response time was determined, as an indicator of sensitivity. The apparent
response time was the length of time between addition of the foulant to beaker
600 and the first instance when IT was found higher than the given threshold
c. The actual or effective response time was the length of time between the
first arrival of foulant at the feed side of the first (top) membrane in the
detector and the first instance when I1 was found higher than the given
threshold. As can be appreciated, the effective response time equal to the
difference between the apparent response time and the time it took the fluid to
travel from beaker 600 to the feed side of the first membrane (referred to as

the retention time in tube).
[00113] EXAMPLE 1.1 (Tap water tests)

[00114] In this example, the feed fluid used in the testing was tap water,
in some cases with bentonite particles dispersed therein as the foulant. The
average bentonite particle size was 5 microns, determined using a laser
scattering technique, with a Mastersizer™ 2000 from Malvern Instruments™,

- A cross flow was passed above the feed side of the top membrane in the
membrane sensor, with a flow rate from 20 to 50 ml/min, and the

corresponding Reynolds numbers from 61 to 411.
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of H [00112] In a sensitivity test, a foulant was introduced into
the circulation fluid (added to test beaker 600). The change in n
was nonitored and a response tine was determ ned, as an indicator of

itivi h t ' t I th of ti
bt veen 4081 19on oIS TAENEAB B! SFOuORRARIRISHS: | not ance
when |1 vwasdleeadidhg MRimbraae Mégugiven threshold c. The actual or

effective response tine was the length of tine between the first
arrival of foulant at the feed side of the first (top) nembrane in
the det d80b1t6land tHESE i7Asand RBthowerasuls of stalilidy testsidomdugted usingn

t he give d., As.can be.. reci ated, .the fective response
AR B O P M S A R e o
the time vigreta@osliéwe (ihlriidi)oA 1 4Bl 50 am-eaker 2608 L gothe Jeed
side of the first membrane (referred to as the retention tinme in

t ube). [ 60403} =0WBeremlly, EIefangsdavith &5 trsihel Srome gjreciion,tansl Bxanpl e,
the feed fI,ui? usg&in the testjng was tap water, in sone cases with

bent oni t yapgd foam Fﬂ 3 lerieean ; gespend Fli@ }%lﬁ;’@rﬁﬂy afteiP Waer age
soat ter | M ERee RS RN B SRR A S8 bR B ey
| nst r unerbadidnt Ansteas of il PRANRS WRSS edngeg,}aggé&% tlﬁ@ﬁﬁe?r@@eé&fwé?e top

nenbrane in the nenbrane sensor, with Wrate from20 to 50

m/mn, aolststainable weendhesogplReyasdids PuweReighér em&/D kRa dikély 26
[00115] FIGS. 7A and 7B, and 8 to 11 show the results of tests
conduct edugd? hguliisneauned ywlsagesparticlesin tieg tap \@ster7 An this paBioskasw

Dot on t Sl Rk dbel B Pl AU R Wan PNt Gy hdRle . ) o
as fol | owho(kddowsrthan 20 «PE0; It Ban beQinderstod@thd? the 28w rBte rr%g;algo -
- 50; H- 20. G | P2 P n the sa

30; G nerally, changed wth P, 1|

di rect i ofve lamited fo maintaisctabilifh ¢avever2the. masinem floeents sy dhangeG.
7A, shor . r_ _Pi. inGcreased to,hi r than 70 _kPa,, P2
exchi bi t elf $ Rwelichine. g TUREY Efppfa SrBiREr Llths SR B8 n

contents of the feed fluid.

[00117] FIG. 8 shows the test resulis of sensitivity tests conducted using
a mixture of tap water and bentonite. The operating pressure on the feed side
of the top membrane was 30 kPa, and the flow rate was 30 ml/min. Initially,
the ﬂuid contained only tap water. A solution containing bentonite particles
was injected into the tap water after two hours of operation. The bentonite
concentration in the feed to the membrane was 50 mg/L (or 50 ppm). IIwas
monitored and was found to be relatively constant until bentonite addition. As
can be seen from FIG. 8, bentonite particles were detected 8 minutes after
their addition to the feed.

[00118] FIG. 9 shows the measured dependence of sensitivity on the
supply pressure (P,). The test conditions were the same as those for FIG. 8,

except P, was varied. When P, increased, the response time decreased,
indicating that the sensitivity increases with the supply pressure. Without
being limited to any particular theory, this is likely because in the

pressurization mode, the supply pressure is proportional to the flow rate, and
27



constant, instead of increasing with Pi. This suggests that the
process was not sustainable when the supply pressure Pi was higher
than 70 kPa, likely due to fouling caused by trace particles in the
tap water. In this particular case, it was expected that to maintain
good st alai highgr, suppdy prgsplise garepsumeteFPastes hardicte depdsitiaT on ten 70 kPa.
It can be ungerstoo that, the flowr a}te may also be limted to

mai nt ai n &EBIANG SHAG5 R Ve SeRsY R Gum f1 ow rate may change in

different applications, as it may depend on other factors such as the

cont ent s [941{d]e fe%efﬂeﬁt&ute[&webﬁ}raﬁbﬁwa% aﬁé@‘@ﬁné@ﬁ) gy thiesul ts of

sen5|t|V|ty tests conducted using a mxture of tap water and
bent oni t éensidtiogependangemndaenipaite gponcantrasion. ﬁewitsmere ipdtaingd for

i d cotvariiteunm it tdfenlob o 187 23 P mdlgob it & "
parti cl esuppipressiees 30 and SOtHFR. tRife veduits aré showhve FIGUE. fifwas
operation. The bentom te concentration.in the feed to the nenbrane

was 50 mipund Hat.s exerted, thesensiki is Sighera digtes tm&nmtet o be
rel ati velynConsint. WrihstBe %H'SQEHF%d%é F%'bon’g‘é tln?@{}\‘/fa? gfo‘?m
m nut es_ a

FIG 8, benfonite particles were eéted
addi ti on 12 migd. bEkentohde, 1] abdud.2 a@nrﬂhesvﬁ)rtﬂﬂ)emgﬂaeﬁb@dodmendence of
sensitivity on the supply pressure (Pl). The test conditions were

th E t, P . Wen . P

| nor oasel0O T4 r o5 s8R cliert Abto GRS reffinsimgs shainim Ere. 11
sensi ti vigppatrditregssiseirhds Waee $él§f|\|ré{y Bbﬁé?célclf @lth%w%l‘flowbﬁte@ﬁbut
limted to any particular theory, this is because in t

pressur i £Herie fesaense timesingepsed eb@ﬂlyemmen Hraothew ratensas elanges, f | ow

rate, an P a

deposi ti geﬁ&gtn‘?q E‘ ggﬁérﬁ%r @nge"}bg?}? ﬁg‘%{%hf‘e € s@@gpébim eﬁl'?%’ﬁ% The
bent oni t decrrasediwitt inoreastsy fiw eatedikeBtbdoaust tiyhdriuheas ettesdasvint y
dependence on bentonite concentration. Results were obtained for two

di f f er enthe oW SpedeeccrATEicls danosEion raton flie MEmPrage suriaee: wo

different supply pressures, 30 and 50 kPa. The results are shown in
FIG 10. (40124985  FIGS. 12 and 13 shows results obtained using Modules Il or IV,

with a flow rate of 30 ml/min. As shown in FIG. 12, IT was relatively stable in
both cases over the supply pressure range of 20 to 50 kPa, with tape water.
FIG. 13 shows the apparent response time after adding 25 mg/L bentonite.
Shorter response time and better sensitivity (by 10 -15%) was exhibited by
Module IV, as compared to Module Ill.

[00122] - FIGS. 14 and 15 show the test results obtained using Modulee
IV and VI. FIG. 14 shows response times measured for both modules at
various bentonite concentrations. The flow rate was 30 ml/min and the supply
pressure was 50 kPa. Shorter response times were observed with Module Vi
(double-layered), by more than an half, as compared to Module IV (single-
layered). For bentonite concentration of 0.5 mg/L, the response time was
about 1 hour.

[00123] For comparison purposes, the bentonite concentrations were

also measuréd using conventional standard turbidity meters, including both
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found that, as expected, the sensitivity is higher at higher
bentonite concentrations. For instance, at 50 kPa, the response tine
was 6 mnutes for 12.5 ng/L of bentonite, and about 2 mnutes for 50

ng/ L of bentonlte [ 00120] The effect of flow rate on the response
tinme i s $HEwAdpRdmidie aht turkisiresters.e dpengeulis showvaskinat thasgt i vel y

const ant 83()4’[% %?fé’ﬂe\?\‘ﬂlvfe'lf ﬁlﬁ\?et ntoﬁﬁé%ﬁﬁ i gftl%ﬁg?mﬁ?rtﬁw'aﬂels

I NCr ease ent ow rate was change resulting In a

change i mgs(Upm gopipasson eMbdaen\dGahaddeciiimtoriteecaraesitrativhs at least
decreased with in because hi gher shear

r ing flowrate |ikel , ,
stresses POV ERL- "@)Q?(,f ﬁ/ é@wﬁ'éi;?n?ﬁrgm&'@ﬁ%én@“ B‘?lWﬁ%'&%ﬁ'W@r
menbr aney, ofn%EQrmé goﬁq%gptdﬂigs 12 and 13 shows results obtained

or ,

usi ng I\/bd es Il wth a flowrate of 30 mM/nin. As shown in
FIG 12, Il was reI atively stable in both cases over the supply
pressur e[G%&j& of Z0etreduredsespanse tmgdewam@ence @ trbidBy ihshwwn he

appar ent tine after. ad [ L be Shor t

e ponse T i (i aris Fesrsg ot e etil e SR A 4 ol im B 9,
Modul e 1Y, NRS v iemeshdu® 108 Boemindutes.[ 00122] FI GS 14 and 15 show
the test results obtained using Modules [V and VI. FIG 14 shows

response_tinmes neasured for both nodules at various bentonite
concent r Q1Z8 . ThEXANRLE dt2 (\Wasteywtal Tasts) and the supply pressure

was 50 kPa. Shorter response tines were observed with Mdul e VI

(doubl e- tcfig?fsﬁed) PE) 33 :?ambré“trﬂé‘te%@!sét tpﬁz'a‘a%mﬂ%?%?'urgﬂxéf?ﬂ}& 131' Mut

(single- entonite concentration o
r esponsethd st defectartwas cdnriested tq @@mbm]erg?@j nmmanemreamopcﬁM&R) t he

bent it t |
ot andar dcply BREteS daseape Rl edh R Bang isadtz DY shedifierdathe
l'ight tupMBRiWag W@ét@ﬁv%ter-rhfheréfﬂUéﬁtSfrcﬁhQH@(MBRWastf@G&@ thé‘?é&rs wer e

relatively insensitive to bentonite concentrations |ower than 1
ng/ L. | ndg®efdri son, Module VI can detect bentonite concentrations at
|l east as low as 0.5 ng/L. Even |l ower concentrations may be possible

I T 1 ongefoq 124§ PONShL ifuent (RSSERAER) fod to the MBR had a mixed liquor
suspended solid (MLSS) concentrationof 8to 10 g/L,apHof 610 7, and a

chemical oxygen demand (COD}) of 265 mg/L.. The effluent (permeate) from
the MBR had 5 mg/L of total organic carbon, a pH of 6 to 6.5, and a color of
35 to 39 mg PVL. 1 ppm of NaOCI was added to the effluent from the MBR
(feed to the membrane sensor) to improve stability. The supply pressure at
the feed side of the first membrane in the test detector was 50 kPa (gauge),

and the flow rate was 30 ml/min.
[00128] Simulated-failure Test

[00129] FIG. 16 shows measured values of Py and P,, and calculated
values of I, as functions of time. Initially, the membrane sensor was fed with
the effluent from the MBR with no added contaminant. After 120 minutes,
unfiltered wastewater was added to the effluent, to a concentration of 0.5%, to
simulate [eaking of the MBR filtration membrane. The contaminated effluent
was then fed to the membrane sensor. As can be seen, the membrane

sensor exhibited both good stability and sensitivity.
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[ 00124] The neasured response tinme dependence on turbidity is shown
in FIG 15. The response tine for detecting bentonite at a turbidity
from0.5 to 1 NTU was from about 10 to 60 m nutes. [00125] EXAMPLE
1.2 (Wastewater Tests) [00126] In this exanple, the test setup was
simlar t[@0130]ExarrﬁI@. 17 showatthe thpendanceddtthe Bppavend rmpmeettmeto a

subner ged ne rane orea(%t r (Nﬁ%)”t unj t . [i\l'gﬁ test gdetector PCl uded
a Menbraff® F%%‘Pf‘u‘é( e AT YRICABR VAR Ksepira
ef fl uent of baged hﬁluMﬁanme dfderito Tth@qo\tveﬁt c&eteﬁﬁ*aaén wa{sQﬁi%thT&re

i nfluent (wastewater) fed to the MBR had a m xed |iquor suspended
solid ( MceBpse@tashioraresponse tigna of Ibmiputesa pH of 6 to 7, and a
chem cal oxygen demand (COD) of 265 ng/L The effl uent (permeat e)

from f%r of]had %LEH %?It-'@ur%r'f%% c carbon, a pH of 6 to 6.5,

and a co of NaOCl was added to the
effluent fromthe IVBR (feed to the rrenbrane sensor) to inprove
stabilit {00138 suppi thiperasmple aahembinand deldckirdwdttoMenttarahe Mddule

nb h he fl
e A Rn S B S R e S
measur ed pyR{uies EécIPMI@ﬁﬁi)dB% m@ﬁ‘ﬁie@f’d ?W@Flﬁﬁem&ﬁ*bHé%yefr obtaif&d frO{nh

functions of tine. Initially, nbrane sensor, Was fed wth
ef f | uent Siatwriusié (FBRNanY)h Te Ntll-'dm@du@rhaﬁm RB3BtcmAfneaTbrane argaut es,

unfilter wast water d ta the effluent Q tyation
of 0. 53 g METRIA aldi g e Winhsie 4 Pt peRefl PLRE 8

cont am nMé?ﬂbl%fn@fumm’e wd@@n‘imﬁ@dftﬁﬂcrbgtlrﬁgaa mﬁmé&rﬁ\mesﬁlﬁﬂémbé’éne?an be
seen, the nenbrane sensor exhibited bot ood stability and

sensi ti viMith.a piahptsodigoleten «f abput Soumem t Q@e@pw@mmﬂetwr@w%nt
response L{Heemeﬂ{br R@Erﬁfﬂeﬁ@lﬁth%E‘éen”at'on which was varied by

varyi ng the concen I on of added influent in the effluent. The
| owest concentration was 0.1 % which corresponded to a response
~time of BIOT83jut esA solution containing 500 mg/L of bentonite particles was used

as the influent. The supply pressure was 50 kPa. The total effluent flow rate
from the MF module was 100 ml/min, and the flow rate through the membrane
sensor was 30 ml/min. Fluid flow was driven with a mechanical overhead
stirrer operating at 500 rpm.

[00134] Test results are shown in FIG. 18. The ratio IT was calculated
using equation (1). The pinhole was created at the 180th minute. The
presence of bentonite particles was detected within two minutes, and

membrane failure was detected within about 6 minutes.

~ [00135] EXAMPLE 2 (Suction Mode)

[00136] The tests under this Example were conducted in the suction
mode.
[00137] - In this example, the test setup and conditions were similar to

those in EXAMPLE 1, except that the membrane sensor was operated in the
suction (vacuum) mode and that the membrane area in the membrane sensor

was 0.63 cm? and the flow rates above the surface of the first membrane in
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[00131] EXAMPLE 1.3 (Failure Test) [00132] In this exanple, a

menbr ane detector with Menbrane Module 1V was used to detect the
failure of flat-sheet mcrofiltration (MF) nenbrane nodules. Each M
nodul e included a Type Il nmenbrane | ayer obtained from SaturoiusTM
( Ger many the MemRNEsEncer fm@ed e®s 301t alfdrﬁﬁ effgniamdth.the The menbr ane

verbr ane Paerey SRS abRaTuibdS E2daToieN pinnol e i the v

menbrane, wth a pinhole dianeter of about 0.7 mm One pinhole was

made on qo@13g]de  Fbr s BXaMYIENE wds ddiuidfedmidbldng EQ0AGH (1.

sol ution containing 500 ng/L of bentonite particl es was used as the

I nfluent. The supp%@pressure was 50 kPa. The total effluent flow
rate frd@9@t3W ek Rels(PruticleiDeteetiorafestt he f1 ow rate through

the nenbrane sensor was 30 mMi/mn. Fluid flow was driven with a

mechani Cﬁ%ﬂfﬁ r heaﬁ'[Gg} g) %ﬁg.%&? jg{h?toeﬁkr&%ﬂs ‘B m%@%ﬁlﬁ]mgﬁ@mne

results shown i n was ca at ed
equat i on Mdo)ule Thnethpi mhmﬂb%rvmdetecem dthedttstimgcdititnswerd: & = Thé =

pr esence bené 261 ill cl e s et ﬁct ed m thin two g1 nut es, and
menbr ane Tf48 1G0T El e P\é’d'a ‘f"ﬁ?’ BB gnehithi pressureltL ¥8F ZE5ANPLE
2 (Sucti ggy 99’01[%31?1 tﬁé‘@ HHQﬁr é@tba b‘éﬁ?dﬁ?ﬂeepéﬁﬁélésm“ ed
in the suct node 00137 In t 'S exé the test setup and

condi ti opprmeBefoa;e rehtmite onjections &1 ms@@N@kﬁretz leuwespt 1113zdnd Rg
menbr ane sensor was operated in the suction (vacuun) node and that

t he menbRAfA&E avers relatively apsstand Ab- 28 eod -244skida.gespentivehd T f1 ow

Cencor r HERIO HE B35S 4indiBE8 WAS Aot s RRer bEUPPES FRAIGT P2

cal cul at Bl Eacisty Begfeeltibrich Sonsetiensl, Hhordeta iR Busl, B

Det ecti 0RO EPSWs the apparent response time, the detection time, and the time lag at
different bentonite concentrations. For the bentonite concentration of 1 ppm,

the detection time and the time lag were 62.7 and 18.3 minutes, respectively.

[00141] FIGS. 21 and 22 show results of tests conducted with Module Il.
For FIG. 21, the conditions were similar to those for FIG. 19, except that the
bentonite concentration was only 1 ppm. Before bentonite injection, I'l was
stable over 2 hours at 1.11 and P, and P, were relatively constant at -5.3 and -
10.1 kPa, respectively. The apparent response time in this case was 11.3
min. As shown in FIG. 22, the time lag was comparable to the detection time
when the bentonite concentration was higher than 1 ppm, and shorter than
detection time the bentonite concentration was lower than 1 ppm. It appears

that Module Il provided higher sensitivity than Module I.

[00142] FIG. 23 compares the dependence of apparent response time
on turbidity between Modules | and Il. As shown, Module [l detected the
particles at 0.3 NTU in 36 minutes.

[00143] Example 2.2 (Failure Test)
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[00140] FIGS. 19 and 20 show the test results obtained using nenbrane
Module | in the nenbrane detector. The testing conditions were: a =
0O, b= 1.23, ¢ = 2.46, and the flowrate was 30 m/mn and the

pressure P, was zero (gauge). For FIG 19, the concentration of
i nj ect ed[(d4ddni t eThafittiatibeamembrane mpduleBet:ludedtﬁemmmuhI&faaq' fatt i on,

[l was stabl ver hour s 3.and nd el ativel
const ant SBRetMB rEimfraneida fesahit e Finm i embetites, Bibfig Tdre 1 o
the tubi 5§ éfheriSstARO 4t 380 rem WekLlisdPdl @Mtiof fdURhE EridthkeP2  and P3
both decreased and, consequently, Il increased, continuously. FIG

20 showsdepesitigipfardhe besloniaselutiomemicrofitrations cThe aaps betweerttherflatt i me

concont r heeiingRicE Sk B hih, SRATERIShUANES wenh ubHE. ATResisBie o
62. 7 andfid8 raterwasJBQSnllmkhsan&i:ﬂmwgdi)ﬂareclﬂ%hﬁé]m&rhﬁ&ne’%bagéwdat%cwﬂow
results of tests conducted with Mddule 1l. For FIG 21,

condi t i of®§ iNtegatydeieetion. t the ﬁ@@@rﬁtﬁiwmm&thqbenf@ﬂﬂeﬁplthatwamé S5g/L
bent t bent t t
vas ot ot 68 BohepyfiohioQe pha pAREIIORE. DS Ol ol ety

constant at -5.3 and - 10.1 kPa, respectively. The apparent response
tinme in [0145tase F\K?:S]ZHABaandB ﬁlsowltfm&vxmaasul%lct? aad R;temdt i ne | ag
was corrparable to the detection tine when the bentonlte

concent r edlcuatathl qvegBamerwaak peppeh FAGd24B shows thaaertiereekaepbn ti ne

Moaur o1 Shuibed AOHENHSRE WBeEFGURR). ERRclitieritoRBhTas e o s

conpar eSapﬂs@réemmep@incmn@@@rﬁmemﬁmﬁ@pérm@ate@réam BofH the
bet ween Modules | and I . shown, Mbdule Il detected the fartlcles

at 0.3 NY mpMigane. nmh@§lovy mtidgijecmfé’zzar@ li’fahww Fia34A weas

ot sHBGY e 18 Bl eRuTRg Bl T smal BarRS Al Pagiiitiialdt e
Bubbl i nngemamer head stirrer at 300 rpmwere used to control

fouling and cake deposition for the bentonite solution
mcrofiltration. The gaps between the flat sheet nodul es were nmm

and coar[@@"&ﬁbbl esAﬁm@dgg%gDZ,ﬁgea@@mg@p@me relatively stable at —10 kPa

-13.3 kPa, and 3.8 respectlvely. The range and threshold constants were
selectedasa=0,b=4.5 andc=9.

[00147] After 8 days, a pinhole was made on one side of the membrane
in the MF module. The pinhole diameter was approximately 0.8 mm. The
presence of bentonite particle's in the effluent was detected within 17 min
(apparent response time) of making the pinhole. The turbidity of the
contaminated permeate after the membrane process failure was 1.9 NTU.

[00148] As can be discerned from FIGS. 24A and 24B, as well as FIGS.
8, 16, 18, 19, and 21, the value of dIT/df, which is the slope of the line that
connects the 1T points, also increased substantially subsequent to the
introduction of the foulant into the feed to the membrane detector. For
example, in the case shown in FIGS. 24A and 24B, the calculated values of
aTl/dt Were 0.001 before the pinhole was created, but increased by about 10

times to 0.01 after the pinhole was made.
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flowrate was 80 m/mn and flowed directly to the nenbrane-based
detector for integrity detection. The concentration of the bentonite
solution was 1.5 g/L wth fixed concentration node and perneate

recycl e. 5] FI.GS. 24A and 24B show the neasured P2 and P3 and
cal cul at &w&lﬁover & -""%E@ﬁldtﬁféﬁ gan F’é\’arﬁge%l?%)ﬁ?@ fREOHBIAN®N of
graph  eqebansdh hirehRoaaedh) hihofief! RAgRSL ignt al
data, it appearedet ha('-tJ S ??S[ gﬁt@ﬁgga\%@?yéﬁg%sent |F§BPﬁgRﬁﬁlrtmn§ate
st r eam f descrigion v thendreairegs hthoskbekillediinitipé adecr ease of P2 and P3
shown in FIG 24A was |ikely due to slow fouling resulting from

| |G th t h.th IVE . .[0Q146] Aft 5
Sl RoIOAS, . Fhe RGBT b ERUP b ce G i) 201
kPa, andir&;ofﬂpcﬁr@wﬁﬁéﬂewdfyrefgl’t#]oéange and threshold constants were

selected as a =0, b =4.5 and ¢ = 9. [00147] After 8 days, a
pi nhol e was made on _one side of the nmenbrane in the MF nodul e. The

pi nhol e @AM er W& cappictiabersdeswibes enbhedimants arrciatasidesdatsni t e
ticl i : f t : 1 i 1.7 0.0y t
P ponse Tusltab oty areiind ey AR, cFhdliedehetiobigmdoaren

cont am nausceptiblereameanygmaiifiddtienseiifvan arpmyeessntiofpbbrts edetaids and@ NTU.
[ 00148] As ca? be c{i sc%ned fromFl GS.  24A a%% 24B, as wel |l as FIGS.
8, 16, 18Mdef@f opgeAten. ThrdnyRntioa. Bither i Eiendas forericomrassAleiehor t he
l'i ne t hatyodifuH i ' | gpfd substantially
subsequentoto tﬁg%ﬁ}f&]r?ﬁgﬁggﬁ,%§%?ﬂe§go%gﬁﬂm I'nto the feed to the
menbr ane detector. For exanple, in the case shown in FIGS. 24A and
24B, the cal cul ated values of dfl/dt were 0.001 before the pinhole
was created, but increased by about 10 tines to 0.01 after the

pi nhol e was made. 32 [00149] O her features, benefits and advant ages
of the enbodi nents described herein not expressly nentioned above
can be understood fromthis description and the draw ngs by those
skilled in the art. [00150] The contents of each reference cited
above are hereby '
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i ncorporated herein by reference. [00151] O course, the above

descri bed enbodi mrents are intended to be illustrative only and in no
way limting. The described enbodi nents are susceptible to many

nodi fications of form arrangenment of parts, details and order of

operatio The, | t rather, is intended to enconpass all such
nmodi fi caﬂwmh'ﬁﬁ {}r)iz‘w'kgﬂ%ope, as defined by the clains. 33 WHAT IS
CLAIMED IS: 1. A nethod for detecting failure of a filtration

menbr ane,1-cOripethedigr defgrtirg failbge aha g'ftfﬁlt@érmembﬁﬁﬁ% SOMArisiE at i on
menbrane to perneate through a first perneable nmenbrane, and from

said first merdieatieg b effeiritéaing shidrfivgliorameatnade ke paaadate thrstghane;
determning a ratio between (Pl - P2) and (P2 - P3), P, being a first
pressure at a & Wshpainrakle maembranes ahd frorbpalddirstrpesdirane & second

pressure bet %mﬁa{%@fr@ g%gﬁgggggﬂﬂ%g@m&ﬂg%neand P3 being a

third pressu at a r second meénbrane; and

The. method of detamibid i vakh iPE. PoLa ke 2B bR RERE i mo
that said fil tgresdure afrerfbedsRle of daid first adribradieals beliea abcorkpst one
of said ratio and a tine derivative of said ratio is higher than a

respective L resHie petweerrraidfistang stcandanpmprangie @i skeiag a

{hroehol o for (14 Bépsl abapEmhBAbiLg of SaidULoRRLMERAEILE |\ ¢
ol | aots > ) . .

ST n the pr esSaRBuChay e Wit b BOTE i Ref RO g BBt O OF

claim4, wherein said correlating said ratio with the presence of

sai d f oulZanThe mefhpd oétipindnwheseipraaid somelatingricampgisen deteratining

tango 6 - ThET SER Ao Hrohd e S BFRASRNE Dl &t eBstOdgblsdd, | o
Zét iT(r;e met hediodinda Yimenderbiatiob af BRidlratio iShigheetreinna sedpkotieé er mi ni ng a
threshold.

3. The method of claim 2, wherein said respective threshold for said ratio is

3, and said respective threshold for said derivative of said ratio is 0.01.

4. The method of any one of claims 1 to 3, further comprising correlating said

ratio with the presence of a foulant in said effluent.

5. The method of claim 4, wherein said correlating said ratio with the
presence of said foulant in said effluent comprises determining that said

foulant is present in said effluent when said ratio is within a range.
6. The method of claim 5, wherein said range is from 1.5 10 3.

7. The method of any one of claims 1 to 6, wherein said determining a ratio
comprises sensing said first, second, and third pressures, and calculating
said ratio at time {, I1(f), as 1L(f} = [P() - Po(D))[P(t) - Ps(b)].

8. The method of any one of claims 1 to 7, comprising presenting a

correlation result to a user.
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conprises sensing said first, second, and third pressures, and
calculating said ratio at tine t, 1I(t), as r1(t) =[Pi(t) -
P2(t)]/[P2(t) - P3(t)]. 8. The nethod of any one of clains 1 to 7,
conpri sing sentin correlation result to a uyser. 34 9. The

re a [ ! :

met hod of: aﬁ@e giethed gf:%y REe PT £lgins Tiad: athereindhe figyy ralg throwugly said
said firstg mﬁ%% i r m/mn. 10. The

nmet hod of afﬁrsp%?](zgg clains I?HtS%ISJQ?O@m@rBe!?%d ﬁ@qgauge pressure in the
feed to said first nenbrane is from1l to 95 kPa, and the gauge

pr essur e 10nThe metpedt obaneose o ceims ditd % edwneintbelyaage pressurein 00
to 100 kPa._  11. The hod ,of any, one, of .cl ai ns to 9, conprising
establ i shi 5o 1o SAELEaH Somttnes B eemaL 28 kg and 1S paloBEReYiR
menbranes, thaigbrmRaRS SiHE Sf Sald SsRneaERbRENSRIYEARN100 &ndod kPAO kPa.
12. An apparatus for detecting failure of a filtration nmenbrane,

conprising:_a first perneable nenbrane and a second ger meabl e
nenbr ane,l1ebBgmetiad atanry paeaf slaias e % cpamtisingeesipblishing dondui t f or

mentr ane_arioF o LA s P Ac ooy I A eePRE AR s et ot 2

first presspesswerndifcrchoe beirmdbetivegnd anéds00tekBa.gnal indicative of a
first pressure, Pl, at said feed side of said first nenbrane; a

second pressure sensor for pro ing.a pressure signal indicative of
2 cecona 18- AR i dralistonsBleding el b1 Bl Siaumstdae sHBPEseY: o
third pressure sensor for producing a pressure signal indicative of a
t hi rd pressur afirfqerateable thepeymapatands secofd pammbabde arainimambr each
and a data prﬂcessiq% i.t in_ comunicatjon with each one of said

plurality of "BY'89&, @HQ@%BP@,& REMGRE &89 ng pressure signals from

sai d pressure sensors, .calculating a ratio_ between (Pi - P2) and (P2
- P3) pbased oA CoRAHit for directing an efflgent from said filtration ngembrane t)o said (

first membrane and from said first membrane to said second

membrane;

a first pressure sensor for producing a pressure signal indicative of a

first pressure, P4, at said feed side of said first membrane;

a second pressure sensor for producing a pressure signal indicative of

a second pressure, P,, between said first and second membranes;

a third pressure sensor for producing a pressure signal indicative of a
third pressure, Ps, at said permeate side of said second membrane;

and

a data processing unit in communication with each one of said plurality

of pressure sensors, for
receiving pressure signals from said pressure sensors,

calculating a ratio between (Pq - P;) and (P> - Ps) based on said

pressure signals; and

correlating said ratio with a failure of said filtration membrane.

35



pressure signals; and correlating said ratio with a failure of said
filtration nmenbrane. 35 13. The apparatus of cI aim12, wherein said
ratio at tine t isII(t) calculated as I1(t) [P, (t) -

P2(t)] 1 [P2(t) P3(t)] he appar at us of cIa|m12 or claim 13,
wher ei n 8 e appallis ng@'mﬁ)?-iWB@re'fdjéﬁ'erﬁi'(hﬁhbm@Hdﬁ TKAi ealeulaiacht i on

menbrane is | east one of said ratio and a
time deri va?él ﬁ&g @égfdpabﬁt%(é\g%% 1‘gher than a respective threshol d.
15. The apparatus of claim 14, wherein said respective threshold for

sai d ratid. Theagparaibs sdigint ¢2 peeldime! 3, irséinl shid @dﬁrrél@tlﬁ? dermpridks ve
of said ratio is 0.01. 16.The apparatus of any one of ains 12 to

15, wher ei rieigimaining thap said diltsatien membrage igiam Bied statg wharsatdeasti d
ratio with C ; i f. I The

appar at us Oér{bg?%eﬁ?T%t,?r?%‘?éeggknﬁ]é)%ﬁgétc})e%fﬁ dggaet@slfs,ngﬁl{btrth&ﬁ?g adapt ed
to deter mmepéttate theagholdul ant is present in said effluent when said
ratiois wthin a range. 18. The apparatus of claim 17, wherein said
range is,_fr aratsof one, o0 laims 12 to
13 ur ¢ ABr b ArareRuRpteRim T BRI ror Teskedivb dRieRyCld By Sediald

di f ference j3g apg spil fbshbtdle W@slﬁﬁ@%ald@mﬁ%ﬁyﬂs@ldﬂfd%ﬁsb‘O*I' d

flow through said first and second menbranes. he appar at us of

. claim19, wherein said pressure difference is betvveen 0 and 1,000

kPa. 21. 16hEheppparatusofcinyone eheaiots 4240 A5, wlzetecuzealdvciﬁa@rmp@tsmgeast

said first e or r ons.

32 “he. aprAlEp puebfeBo AN faftihitn W BrpoRth br Bipt Bl

sai d first effiesitr ane conprises a plurality of nenbrane | ayers. 23. A

fI uid treatnent system conprising the apparat us of any one of clains
to 2 d said filtration menbrane,, s apparatus in fluid

com"rum ci?u SRPRTRtUSATEIAIM 16 4 %rﬁ'mé%r%%@pff@r%%@éwﬁ iqdgRied to

ef fluent t heyigimiRBthat said foulant is present in said effluent when said ratio is

within a range.
18. The apparatus of claim 17, wherein said range is from 1.5 to 3.

19. The apparatus of any one of claims 12 to 18, further comprising a fluid
pump for establishing a pressure difference across said first and second

membranes {o drive fluid flow through said first and second membranes.

20.The apparatus of claim 19, wherein said pressure difference is b_etween 0
and 1,000 kPa.

21.The apparatus of any one of claims 12 t020, wherein at least said first

membrane has an average pore size from 0.05 to 5 microns.

22.The apparatus of any one of claims 12 to 21, wherein at least said first

membrane comptrises a plurality of membrane layers.

23. A fluid treatment system comprising the apparatus of any one of claims 12
to 22 and said filtration membrane, said apparatus in fluid communication

with said filtration membrane for receiving said effluent therefrom.
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36 24. The fluid treatnment system of claim 23, further conprising a
control unit for controlling operation of said system said control
unit in conmunication wth said data processing unit for controlling

sai d operatjon_in response to said correlating. 25. A nethod of

det ect I ngAd HeolHid eanhent WSE@ra,osf&@ﬂW ifgherd 'ﬂﬁlrﬂ@ascanémf Wit BTt o
perneate t i i nel I f4 St
Tabr ane 6o g e o S e P A EBh Ry flddre

det er m ni ngvith said idatd prosessingrmit foP2Yntaniling Bid-opesatiorPin lespomsatd i r st
pressure at_a feedlgﬁi de of said first nmenbrane, P2 being a second

pressure beALENTEEMEfi rst and second nmenbranes, P3 being a third
pressure at a perneate side of said second nenbrane; and correlating

sai d rat pp. Aridthdder etesens 8 fofilaftinth figd! edvhplisingai d fluid. 26. The
met hod of claim25, wherein said correlating conprises determ ning

that said fou . 1S pres in said. fluid n.said ratio s higher
than o ¢ hr estioraineat AL AduBle ap s 8P helPierkiCiethtrfip s hol o
is 1.5 28. Thed feimhesiddirstan¥mdigndio seraidiiie Aroligh d'sec®ddbermeable

determining a ratio conprises sensing said first, second, and third

pressures, anteg¥raifating said ratio at time t, 1I1(t), as H(t) =
[Pi(t) - P2(t)]I1[P2(t) - P3(t)]. 29. An apparatus for detecting a
foul ant in a détgrmiinirgpapaiicbatyean (R1r-dt2) padrBablRe),fenirioge fusid a

second pernea rape, . each. havi feed side .and a perneate

side; a condu?'{e%g";rén%iqaﬂe&di ?{Qg%ﬁﬁ‘ ff|r§r}19f88mr§%?’ %9??'99 ar%ei’fg’Pgne and
fromsaid fipslssornbatarentsaid tist ap@eesdndamdimBReiesar,t belklg PiRgSur e
sensor for generating a first pressure signal indicative of a first

pressure, PI,Prgesyisqf 4 peaneatasidg oksaid sprerd mambieageand7 a second
pressure sensor for generating a second pressure signal
correlating said ratio with the presence of said foulant in said fluid.

26.The method of claim 25, wherein said correlating comprises determining
‘that said foulant is present in said fluid when said ratio is higher than a
threshold.

27.The method of claim 26, wherein said threshold is 1.5.

28.The method of ény one of claims 25 to 27, said determining a ratio
comprises sensing said first, second, and third pressures, and calculating
said ratio at time {, I1({), as I1(f) = [P1(f) - P2(O)/[PaAt) - Pa(t)].

29.An apparatus for detecting a foulant in a fluid, comprising:

a first permeable membrane and a second permeable membrane, each

having a feed side and a permeate side;

a conduit for directing said fluid to said first membrane and from said

first membrane to said second membrane;

a first pressure sensor for generating a first pressure signal indicative

of a first pressure, P4, at said feed side of said first membrane;
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i ndicative of a second pressure, P2, between said first and second
menbranes; a third pressure sensor for generating a third pressure
signal indicative of a third pressure, P3, at said perneate side of
sai d second sensor; . and a data processing unit in comunication with
each one of sd& ECONISYEFPUESENSOY Br JeHErattded seeRCsRIcgSHiecHigale

signal s from sai; SHGRES, | Gl Rle ki i ' en (PI
- P2) and (Pzﬁdlg%@esggﬂég%n sai §ur&, ga'sﬁre tgbgrg%écngS@tghg S(%gépr{\gl ating
said rati o w tmiembeamasesence of said foulant in said fluid. 30. The

apparatus of claim?29, wherein said ratio at tinet is H(t),

cal culated as thirtprasdure Sehsor 82 gehbrdting(d third Cij?ééét)rb-sigﬁjlal indi€ative

apparatus of claim?29 or claim 30, wherein said correlating conprises
det er ni ni ng t Ph@ BB PreTuranTs iad spidassmteate sislg of spidiseransesenserd
ratiois hig than a threshold. 32. The apparatus of claim 31,
wherein said threshold is 1.5. 33. The apparatus of any one of clains

29 10 52, whercip, gl ok eanla 5L LR dRBRANC LA oRDoPYZE0C POT e
pressure sensors, for. '

receiving said pressure signals from said pressure sensors,

calculating a ratio between (P; - P;) and (P; - P;) based on said

pressure signals; and

correlating said ratio with the presence of said foulant in said
fluid.

30. The apparatus of claim 29, wherein said ratio at time t is TI{f), calculated
as II(t} = [P«(£) - Pa(O[PA(f) - Ps(B)].

31.The apparatus of claim 29 or claim 30, wherein said correlating comprises
determining that said foulant is present in said fluid when said ratio is

higher than a threshold.
32. The apparatus of claim 31, wherein said threshold is 1.5.

33. The apparatus of any one of claims 29 to 32, wherein at least said first

membrane has an average pore size from 0.05 fo 5 microns.
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