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[ 0001] The invention generally relates to nenbrane nodul es and nore

parti cul avotzhss/areqadf act ure and arrangenent of menbrane mroGiSes 2andcuses

t heref or. BACKGROUND [ 0002] Menbr ane- based fluid separation systens (for
exanpl e, osnosis and pervaporation) are generally known in the prior art.
Typically, these systens include a nunber of conponents that are plunbed
t oget her, which can increase the conplexity and overall size of the
systens. Additionally, needi MEMBRANIDMOBUYAS ous conponents toget her
results in the need for still nore conponents (e.g., valves, fittings,

etc.) and results in additi gnaipdopwatksvERTIONCh systens (e.g.,
addi ti onal conponent costs and pl unbing | eaks). [0003] Furthernore, those

convenpo@Ral  $HSHSPRidnGR ey PRaRE {ANGGHrahO IncdhiRgafd ARPL pAALIANS.
manufacture and arrangement of membrane modules and uses therefor.
BACKGROUND
[0002] Membrane-based fluid separation systems (for example, osmosis and pervaporation)
are generally known in the prior art. Typically, these systems include a number of components
that are plumbed together, which can increase the complexity and overall size of the systems.
Additionally, needing to plumb the various components together results in the need for still more
components (e.g., valves, fittings, etc.) and results in additional drawbacks for such systems
(e.g., additional component costs and plumbing leaks).
[0003] Furthermore, those conventional systems tend to be arranged for single applications
(e.g., a single pass or type of process). So in cases where multiple processes need to be
performed and/or additional stages of a single type of process are desired, additional
componentry and plumbing is required, again adding to the complexity and size of the systems.
Specifically, multiple modules would need to be plumbed in series and/or parallel to suit a
particular application, and once constructed, would not be easy to modify to, for example,
accommodate a change in the system’s requirements or repair a defect.
SUMMARY
[0004] Accordingly, it may be desirable to integrate multiple membrane-based processes into
single modules to reduce plumbing and the overall size of the systems. The various membrane
modules of the present invention allow for the manufacture and arrangement of a variety of

membrane-based systems into single, simplified modules that are easily assembled, minimize



(e.g., a single pass or type of process). So in cases where nultiple
processes need to be perfornmed and/or additional stages of a single type of
process awe degize®d, additional conmponentry and pl unbi n@Crasse@gqoi99ed, agai n
adding to the conplexity and size of the systens. Specifically, multiple
nodul es woul d need to be plunbed in series and/or parallel to suit a
particul ar application, and once constructed, would not be easy to nodify

to, fo anpl e, accommobgdat e a,change in.the stem s requjrenents or
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integrate multiple nmenbrane-based processes into single nodules to reduce
pl umbinryiudgtdukthes psRradafar thy interdpngenbildy of membrangs aRdiel HeHbrREEBIsAElIFDdUl es
of the present invention allow for the manufacture and arrangenent of a
var i etfyciltfatinge mbimdgrentea sepirs yst/ ensisiontizatenmd e, medutpd.i fi ed nodul es that are
easily assenbled, mnimze WD 2013/022945PCT/ US2012/ 049960 pl unbi ng, and

r esul 10005] s main &ie Qpek,ahd infvemid ieites. to 2 teniBrahd Mbde thohadink €pltalithese
menbrane nodul es further provide for the interchangeability of menbranes

and/ ofrj FRRBh A9k ARRETPHLESi @fcéekéﬁcﬁrhieﬁgraﬁéb&%&?@?ﬁ?aht& BPRkfbrARhQks,
custom zation of the dul es. [0005] 1 n one aspect, the invention relates to

a menbrane modul e i, ncl udin uralit f tirst nmemhrane.plates.. a
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pl ur al rane plrates, a and
first and second cover plates. Each nmbrane, pl.ate i ncludes an inter] ocking
mecharfi PRI %ﬁ%ﬁé@eaéb%a rtigh Oféaglﬁphg% fobAD cfpingean I r3n ek 208 S gl

defining an inlet, an outlet, and a fl ow path therebetween and a pl anar
sur f agethdbeiebetivgemamdpplansiguffaeaadiniigeneepeningiformeegstheigie Avdlatit ape sheet i s
di sposed on the planar surface of each of the first and second nenbrane

pl at esnanigamosheesipdisgssed@nttheplapaniurfgs: dfanoedf thhdirgiand sddoad phemitabne y of
first and second nenbrane plates are secured to one another via their

i nt er Ipakd i OREHRALS 5tha BflerdfigsA0BREH thBred) Pie BuAREY i PEdd&EsbndThe fir st
cover plate is disposed bel ow the assenbl ed nmenbrane plates and secured to

at | eqsinig. @E}Sg% g% s%%& B ePnBIHRP v RNfeik ﬁ?erﬁ)%gﬁg%&ﬂé{@gmp b grrz-in}teg %"ﬁgos ed

above the ass rane plates and secure o at east one

membr %pl%ltgrlng"}lr?g pattern. The first cover plate is disposed below the assembled membrane plates

and secured to at least one of the membrane plates and the second cover plate is disposed above
the assembled membrane plates and secured to at least one of the membrane plates.

[0006] In another aspect, the invention relates to a membrane module including a plurality of
membrane plates, a plurality of membrane sheets and first and second cover plates. Each
membrane plate includes an elongate body having a first end, a second end, and a substantially
planar surface that defines a generally centrally located opening, a first inlet formed in the
substantially planar surface and disposed proximate the first end of the elongate body, a first
outlet formed in the substantially planar surface and disposed proximate the second end of the
elongate body, a second inlet formed in the substantially planar surface, a second outlet formed
in the substantially planar surface, a first interlocking mechanism disposed about at least a

portion of a periphery of a first side of the elongate body and defining a first flow path between



[ 0006] I n anot her aspect, the invention relates to a nenbrane nodul e
including a plurality of nenbrane plates, a plurality of nenbrane sheets
and firstweandigeeand cover plates. Each nmenbrane pl at e iPaTIUSA@E2/089%6&€] ongat e
body having a first end, a second end, and a substantially planar surface
that defines a generally centrally |located opening, a first inlet formed in
the substantially planar surface and di sposed proximte the first end of

t he el ongat e, bod .first outlet fqormed in the substanti all | anar

sur t adk SRbUT S0 st fferang o Strendade e o e Srotigne e Dol a
second inlet fornmed in the substantially planar surface, a second outl et

f or nedortipnt ¢ dhespayhgit ofay segonst sadeae! theiglopgae bedy andsdetiniiger seseid e watkhani sm
di sposed about at |east a portion of a periphery of a first side of the

el ongdeovdsodie sndndliatdat and theaefandstutlel. ot lpast ndeembeme\ABeet is disposed on each
2013/ 022945PCT/ US2012/ 049960 the first inlet and the first outlet, and a
seconaf k¥ méhbaké pRtsIRah aﬂﬂrésgbﬁﬂlﬁb aeshealpy defiied BaGE pRinpOSUrfaoes BErebhe

peri phery of a second side of the el ongate body and defining a second fl ow

path BekwaaHlid ke nreatnd ikeh-a8ditd® Sek 8d: Oi‘alttheeﬁlterl%kki'ng Alch16m IR ane

sheet 1s disposed on each of the nmenbrane plates and corrésponds to the
openi ngs.. def ined the planar surfaces thereof... The plurality aqf. menbrane
ol at e ¥ Ep R 1SRE Dl G Bt BARR TR B et iRtttk oend g
arranged 180 oyt .of phase in an alternating pattern, such that alt{ernating
i1 ot tnirsae Bdbidrodmoiei Salemanng psptd B toeord Rusteant Bkt ng
second inlets and second outlets are in fluid communication and the first
and seeomiinidagan pad te fabtaad seqcaddlomseatint dlieanage camsecutivelyt Theviest qovenate s

di sposed bel ow t he assenbl ed nmenbrane plates and secured to at |east one of
t he mantisposed ptlatvehe assdmbled sanianoke plates ang katieedits adiespoae df dleavenbrage
assenbl ed nenbrane plates and secured to at | east one of the nenbrane

pl at e?)latéghrﬁﬂﬁe IbRIEIRRA blatd 9 QispBSANB ol R tasdetn i SREOSBANR AN sTHAH Qeduh&l f i1 st
end of the el ongate body and the second outlet is disposed proximate the

second, gﬂgas‘?foné QPth@lnﬁe%%Er?e O{ﬁ%tgée/.'nléll d#%@ﬁoéoﬁﬁfcn@,@@%é&ﬁ@%nlettipSisﬁé’s%ﬁi”d inlet is

di sposed proxinmate the sec ongat e body and the second
outlet is djspose 0Xi| e the first end of the.elongate body., J0007]In
Dar i oo amBsaRuRR ShbET bRE et E Dot REuE Sl obllE SeREREHE RS eahs ol haes
at | east one manifold assenbly secured to the assenbl ed nenbrane plates to
di r ectseepndicad of thegdongaischody. & aoshas embedingig thetecond i indishessd &' Hdddte vi a
the first and second inlets and outlets. In sonme enbodi nents, the at | east
one nulg fegbutl erwlsdithd glongat¢ belbsand the sesbndramildtad dispesse pivixymale dposwdensiniat

| east one of the cover plates and in fluid comunication with the first and
secondhd ¢lbedate Bddyt he menbrane pl ates and a second manifold assenbly

di sposed on at |east one of the cover plates and in fluid conmuni cation

with 306@73 angh weea0Emesihehe o@fthetf{a?egﬁ‘ﬁ%barsﬁ&@s, Phedh&Sbrak@module includes at
2013/ 022945PCT/ US2012/ 049960 The menbrane nodul es can i nclude additi onal
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or additionally, .a nmenbrane nodule assepbly can.include a housi
process streams into and out of the membrane 1’1’10({{[1?6 yla the first and seconad inlets an goutlets.

In some embodiments, the at least one manifold assembly includes a first manifold assembly
disposed on at least one of the cover plates and in fluid communication with the first and second
inlets of the membrane plates and a second manifold assembly disposed on at least one of the

cover plates and in fluid communication with first and second outlets of the membrane plates.



having first and second inlets and first and second outlets, where the
menbrane nodul e is disposed within the housing such that the first inlet
and t he fwo013ge448t of the housing are in fluid conmuniPCRILSEII24960 t he
first menbrane plate inlets and the first nmenbrane plate outlets and the
second inlet and the second outlet of the housing are in fluid

communi cation with the second nenbrane plate inlets and the second nenbrane
plate.gutlets. In e or .nore enpodi nents, the housing can be e of a

Pl oxt o6 i Gneap g ShnBRude bl and O P pe e aRRH R Gl e
desirable in applications where the nenbrane nodule is subner%ed and fluids
may b@rogsshrirears ang payarmbi ot myaifokl asyaadbligs gai housedie aF@snBedntasades- i ncl ude
a plurality of nmesh sheets, where at | east one nesh sheet is disposed

bet wed®008dj acAlternaevddy analditiataly, a mhembewampidale admisly ofin frichsle adwdsisgcond
menbrane plates. The first and second cover plates can be secured to one
anot helavivie dirsfead 3gioaalinlt@he figdt Snd bdrehe byitlas, aviekdi@e inhentassembiyle of first
and second nenbrane plates. In sonme enbodi nents, the first and second

menbr e Rldal#i%in Q}?é’hclﬁ%ﬂ% shOPthanfhe PRLLAIN SHrhABRS 0B o RieBduSnE iaRGin fluid
mechani sns di sposed on both the top and bottom surfaces of each nenbrane

plat e'co %Qu%? ahnn aqt%l tflflz an?lme%{gcr)gn%l rf?[@ tlrﬁ ts ?1%% Hlecffrsttnqemﬁrla% afaket é’ tl%ts arfrl?i fg ane
pl ates can FfePude a pofynerlc SF AT e pfura Ity of “menbrane sheet s
can include one or nore of forward osnosis nbranes, heat exchange

merbr 3604 TRghRsdbe HenBH AL of 1988 3 SRRl WER fheshlanes,
and absorber nenbranes. |In one enbodi nent, each of the forward osnosis
menbr arsebregmpaicselstsant geaisespribmambirage péatereettcss. sh@ae hgroraerabeshingnts clie on

t he nenbrane plates such that for any two adjacent nenbrane plates, either
t he péonEag earsbad@sdasten R0 B HMZRBYS EXPhhtFRO M fcDidD 98 Blek trid Ingnsa@ahayobdher or
the feed sides are facing each other. In another enbodinent, a plurality of

heat exXGRANIR JFPNA&HRAE Vhele@hdmSROSAE ndtulig sﬂlbrﬁé%bdl buyd @hid§ hfa?tbe BhbY e
plates and a plurality of contact nenbranes are di sposed on the plurality

of s e‘iﬁ%ﬁgﬁ‘&%@é@d&feu lrohfet rt‘ﬁ;é/mtg%%%é el Y& %(Tlgo thRldd ra?%ﬁr%%tyﬁf ntfe‘%ﬁtsgg%sg Q\tﬁlﬁ%e

menbr anes” an al i contact nenbranes C sSpose

menbr an | ates jn_an. al.ternating nmapner 0010] 1 n, anpt her pect, .th
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second nmenbrane plates, a plurality of heat exchange nenbranes, and a

pl ur alapd yecopd grsptbizie Matshr Ghreldrst mkisceond ¢aver Paiepcaihke picuted o Rag athern| et |

an outlet and an opening formed in a planar surface thereof. At |east one
heat excmasigeicakizbicaere, therebeclampthgttbe esembbyf oftfhret dnidrse¢ondendinizmee plagses and
oriented to cover the opening formed in the planar surface thereof. At

| east [9BEmE eMmbadimeABihedite and sé@aU mednBranedlefes 04n hidve tseaaiisbtisinirrfies pl at es
and oriented to cover the opening formed in the planar surface thereof. The

first ,aa ﬂltéﬁé‘dkﬁ% HEHLRRR dﬁp@&e%son%o%h %%S@'%cﬁﬁot’idﬁl aleREL S D2k hachoigner ;
however, other arrangenents are contenplated and within the scope of the

inventﬁqg. [0011] I n various enbodinents, the first nmenbrane plate inlets
are in truid conmuni cat i on,

[0009] In additional embodiments, each of the plurality of membrane plates can include a
polymeric material. The plurality of membrane sheets can include one or more of forward
osmosis membranes, heat exchange membranes, contact membranes, evaporator membranes,
condenser membranes, and absorber membranes. In one embodiment, each of the forward
osmosis membranes comprises a feed side and a permeate side that are oriented on the

membrane plates such that for any two adjacent membrane plates, either the permeate sides are



the first nenbrane plate outlets are in fluid comunication, the second
menbrane plate inlets are in fluid comruni cation, and/or the second

menbr ane woarw/@eset s are in fluid comruni cation. | n secE/UsSawedisvent s, t he
first and second nenbrane plates are identical and define longitudinally
asymmetrical flow paths between their respective inlets and outlets. In
various enbodi nents, the nodule is disposed within a housing having ports

that interface with t jnlets and out] ets t he nmenprane plates. In other
bodtHiRE Seheri b e Bt Rt Pt R DAL ARG Bt SR ehpas. o
menbranes to accommodat e additional process streans. The nodul e may al so

i ncl udeatpEabanga embiRes arg¢ipRRsehan thesuratiiyy fisiraembiage platesjagshr piarality

2013/ 022945PCT/ US2012/ 049960 nenbrane plates to create different flow paths
wi t hi rf chactoknhtaancFhes dispabdil O oreaplurmbitsboiasaesndanethbranerphbasadteplatively, Tan

i ncl ude or be manufactured frommaterials that can assist the various

pr ocegps@slityakhbg cRtiam@e Wehibrihek Aad Apdithiey oFosntgotaMadhigand chh 8t Gispega oaf a

hi ghly conductive netal can be used to siphon heat out of the system In

anot hefe GXRABPING plResTRARL AN A hefndyETOr ane plate can be coated with a
catalyst to assist in a chemcal reaction, such as accelerating the

absor pd of  draw sol utes. .[0012] 1 n_another aspect he i nventi.on,.relates
o a RO o HReT R e reentBhuFaBl R e PR Rhocul e R A BRUNE
rane plate defining an as trical flow

steps .of providin first ne ;

pat h tBHAPAAEORY YRR TR PGP €t P iRl Mol ?Xéﬁa%ﬁdn%brélbf‘én%/%g‘? Pl 0{ n a
pl anar surface of the nenbrane plate, securing a first nenbrane sheet on

t he plcanaet mempranes. dingh ol the merabispeplatey hﬁwrn@gett equsichandunospieginggomneskcond
menbrane plate defining an asymmetrical flow path terminating with an inlet
and arin aptanet suafade drrabe Al kg stfaneneak dxohangp namahrasLis keaweedo dableofnthatbirane

pl ate, securing a second nenbrane sheet on the planar surface of the second
nMenbr aignithdd MaRBenOYEENEN® PREWO SR RAMEN ST Bk PlandNshriakt BeRdoTd Al Qst
second nmenbrane plate to the first nmenbrane plate, wherein the asymetri cal

{1 0w RaL RSyl ddiforihd RlseARch RAGONGr FRIBIABSARALES0IE afl) SRARE LA dear ees
out of phase. e nethod 1 ncludes repeating the o?e90|ng st eps as nany
times as necessary, 1o, construct a.nmenprane.npdul e having, a set nunber of

bl at edRCRRERETPENL oytné BB e nERA BB P e P R Pl e o
suit a particular application and to achieve a desired result, for exanple,
X gal 13w§blediayn 3fteiigiing RenprysRsye e 0dhfg ATrangeatans e 6QHBEPL et MaHen
nodul e. I n various enbodi nents, the first and second nenbrane sheets can

i ncl udles scbpe oethampiesfiof.or war d osnosi s nenbranes, heat exchange nenbranes,
and contact nenbranes. The nethod can al so include providing a third

menbr §o@1 19| at B, vasieasemnbedimehR] thd fing Mixmatienspiertinkes drdi fllid comiRmivades pl at e
and attaching the third WO 2013/ 022945PCT/ US2012/ 049960 nenbrane plate to

ei t herpd &t fehdlanpl REGANGs AR HP ARG Rl B dRnaGE QTR A EntRdel 1515@ RAktsPr 0Ccess
streans. The nethog can al so include attaching top and bottom cover plates
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housi ng. raspect, e inven re 0 a spiral wound
menbrane nodul.e ipcludin .center tube, a nepbrane assenbly, and an end
t ube. SPRENEGIIGR- P‘Uﬁ?énﬁh %ﬁmE‘i‘t&ﬁ %1%1%“ B%‘HVCB%%PW&“&P?‘F% ut dgatcd and nner

| umen. The menbrane assenbly defines an inner surface and an outer surface,
wher e defiee longndisalhf asgmmedrigah flpwnaghsdstivieeni theit respecsive Mlethand pgtdats. | lamen  of
the center tube. The end tube has an el ongate body defining an outlet and
an i nivariobsmemdimbigs,eh¢ tredulenedispasee within & hensarpchavidgepars tha ifitbtiact with
comuni cation with the inner surface of the nenbrane assenbly. The nodul e

can algoinlddChdddutReshadsd MemBavt PhtéN Th BHRE eidBediARnBUthk dlodanteadghdliddg a
chanber for receiving the center tube, the nenbrane assenbly, and the end

tube. (FioPAYSLAGRIAIRE ind &b Oof hilhfrfOTUNLGALLARC Whlilloh N B QULEL SHE ace

of the nenbrane asse y and'is in urdic iIs romthe center tube
I nlet ﬁg%lgc{?l?e 85‘9 altsgI li)nei\:h? etnllgntlbrane plates including insulating materials or blank



[ 0014] These and ot her objects, along with advantages and features of the
present invention herein disclosed, will becone apparent through reference
to the fowvbawidng2déscri pti on and the acconpanyi ng drawi RGI/USEuROk®sMOre, it
is to be understood that the features of the various enbodi ments descri bed
herein are not nutually exclusive and can exist in various conbinations and
per mut ati ons. BRIEF DESCRI PTI ON OF THE DRAW NGS [ 0015]In the dramﬁngs i ke

f h t | | to t t.th
i 1 ortrergnanac 4 ot A e reghod Bk RRMRE bR REH IR bt asi <

|nstead6penerally belng pl aced upon illustrating the principles of the
i nventNdRr BINENDEYE Mhes antiBHEdOTRS mamdiqtwied fiom Birtefipks ﬂlla}t (PR 3555t thehe

i nvention. For purposes of clarity, not every conponent may be | abeled in
WO 2013/i02294&REH/ ISR pRLO WY B 0the wendyled Fawexaple,m plhte niaglel ob wihnghly
description, various enbodinents of the present invention are described

Wi th rceh@icene tnetad chiBe fi@Udlt@WipAen BEaRVLNEZhe bytdMli Tino[H3O &6dnf1€3 a theinBrade
perspective view of nenbrane nodul e assenbly in accordance with one or nore

enbodi fBRt theRibridd&1dt0¥ENbd Qfhted with a catalyst to assist in a chemical reaction, such as
accelerating the absorption of draw solutes.
[0012] In another aspect, the invention relates to a method of manufacturing a membrane
module. The method includes the steps of providing a first membrane plate defining an
asymmetrical flow path terminating with an inlet and an outlet and an opening formed in a planar
surface of the membrane plate, securing a first membrane sheet on the planar surface and over
the opening formed therein, providing a second membrane plate defining an asymmetrical flow
path terminating with an inlet and an outlet and an opening formed in a planar surface of the
membrane plate, securing a second membrane sheet on the planar surface of the second
membrane plate and over the opening formed therein, and attaching the second membrane plate
to the first membrane plate, wherein the asymmetrical flow paths of the first and second
membrane plates are disposed 180 degrees out of phase. The method includes repeating the
foregoing steps as many times as necessary to construct a membrane module having a set
number of plates (i.e., layers). The specific number of layers will be selected to suit a particular
application and to achieve a desired result, for example, X gallons a day of solvent passed
through a forward osmosis membrane module. In various embodiments, the first and second
membrane sheets can include, for example, forward osmosis membranes, heat exchange
membranes, and contact membranes. The method can also include providing a third membrane

plate, securing a third membrane sheet to the third membrane plate and attaching the third



[0017] FIGS. 2A and 2B are end and side views of the menbrane nodul e of FIG
1 in partial cross-section; [0018]FIGS. 3A-3C are plan views of various
conf i gur avpans/R4venbr ane pl ates for use in the nmenbrameTrsdule4960 FI G 1;
[0019]FIG 3D is a perspective view of an alternative configuration of a
menbrane plate for use in the nenbrane nodule of FIG 1; [0020]FIG 3E is
schematic plan view of the plates of FIGS. 3A and 3D, [0021]FIG 3F is a

erspective view of. an alternative manner of assenbling the nmemrane nodul e
gf Flpglenibrane plate to eltl?er tﬁle %1rst or second membrane piate to accommogate agdltlorqu process

streams. The method can also include attaching top and bottom cover plates to the assembled
membrane plates or disposing the membrane module within a housing.
[0013] In another aspect, the invention relates to a spiral wound membrane module including
a center tube, a membrane assembly, and an end tube. The center tube has an elongate body
defining an inlet and an inner lumen. The membrane assembly defines an inner surface and an
outer surface, where the inner surface is in fluid communication with the inner lumen of the
center tube. The end tube has an elongate body defining an outlet and an inner lumen, where the
inner lumen of the end tube is in fluid communication with the inner surface of the membrane
assembly. The module can also include a housing having an inlet and an outlet and defining a
chamber for receiving the center tube, the membrane assembly, and the end tube. The housing
chamber is in fluid communication with the outer surface of the membrane assembly and is in
fluidic isolation from the center tube inlet and the end tube outlet.
[0014] These and other objects, along with advantages and features of the present invention
herein disclosed, will become apparent through reference to the following description and the
accompanying drawings. Furthermore, it is to be understood that the features of the various
embodiments described herein are not mutually exclusive and can exist in various combinations
and permutations.

BRIEF DESCRIPTION OF THE DRAWINGS
[0015] In the drawings, like reference characters generally refer to the same parts throughout
the different views. Also, the drawings are not necessarily to scale, emphasis instead generally
being placed upon illustrating the principles of the invention and are not intended as a definition

of the limits of the invention. For purposes of clarity, not every component may be labeled in



[ 0022] FI GS. 4A-4M are various views of the assenbly details of certain
aspects of the nenbrane nodules in accordance with one or nore enbodi nents
of the i rwenni3gm294p0023]FIG 5 is a schematic represent ®CIrams2@/ 049960
operation of a nmenbrane nodul e in accordance with one or nore enbodi nents
of the invention; [0024]FIG 6A is a perspective view of an alternative
menbrane nodule in accordance Wi th one or nore enbodi nents of the

i nvent i on 0025 F 1? rt al I 0 ed spect i ve. vi ew of an
A1t or AT HEREREo 8 oY nERE R BB AHECHOH P PSR < DBYBTFPAe 6C 1 5
A X tbed Mith TBference to the Tollowing drawinge, 1 which: 0! et of the
[0016] FIG. 1 is a perspective view of membrane module assembly in accordance with one
or more embodiments of the invention;
[0017] FIGS. 2A and 2B are end and side views of the membrane module of FIG. 1 in partial
cross-section;
[0018] FIGS. 3A-3C are plan views of various configurations of membrane plates for use in
the membrane module of FIG. 1;
[0019] FIG. 3D is a perspective view of an alternative configuration of a membrane plate for
use in the membrane module of FIG. 1;
[0020] FIG. 3E is schematic plan view of the plates of FIGS. 3A and 3D;
[0021] FIG. 3F is a perspective view of an alternative manner of assembling the membrane
module of FIG. 1;
[0022] FIGS. 4A-4M are various views of the assembly details of certain aspects of the
membrane modules in accordance with one or more embodiments of the invention;
[0023] FIG. 5 is a schematic representation of the operation of a membrane module in
accordance with one or more embodiments of the invention;
[0024] FIG. 6A is a perspective view of an alternative membrane module in accordance with
one or more embodiments of the invention;
[0025] FIG. 6B is a partially exploded perspective view of an alternative embodiment of the
membrane module of FIG. 6A;
[0026] FIG. 6C is an exploded perspective view of an alternative embodiment of the

membrane module of FIG. 6A;



menbr ane nodul e of FIG 6A; WO 2013/ 022945PCT/ US2012/ 049960 [0027]FI G 7A
Is a plan view of one enbodi nent of a nenbrane plate for use in the

menbr ane woaolae2afs FI GS. 6A and 6B; [0028] FIG 7B i s aPrprams2uewed t he
orientation of two adjacent, alternating nenbrane plates; [0029]FIG 7C is
an enlarged view of a portion of the nenbrane plate of FIG 7A; [0030] FI GS.
8-10 are schematic representations of alternative configurations and

operalhons of it ”}tK 208, 134128 ohl e 2B5ANAANSE: W LB00812 raT RS GfpOd! ment s
membrane modules of FIGS. 6A and 6B;
[0028] FIG. 7B is a plan view of the orientation of two adjacent, alternating membrane
plates;
[0029] FIG. 7C is an enlarged view of a portion of the membrane plate of FIG. 7A;
[0030] FIGS. 8-10 are schematic representations of alternative configurations and operations
of membrane modules in accordance with one or more embodiments of the invention;
[0031] FIG. 11A is a schematic representation of a vapor absorption cycle that may be
carried out with one of the membrane modules disclosed herein;

[0032] FIG. 11B is a schematic representation of a membrane vapor absorption cycle module

in accordance with one or more embodiments of the invention;

[0033] FIG. 12A is a plan view of a prior art spiral wound membrane module in an unwound
configuration;
[0034] FIGS. 12B-12E are various views of a spiral wound membrane module in accordance

with one or more embodiments of the invention; and

[0035] FIGS. 13A-13C are various views of an alternative membrane module assembly.
DETAILED DESCRIPTION
[0036] FIG. 1 depicts a perspective view of a membrane module 10 in accordance with one

or more embodiments of the invention. The module 10 has a plate and frame type of
arrangement and includes a housing 16 and a plurality of membrane plates 12, 14 disposed
therein. It is noted that there may be two or more different membrane plate configurations
included in any given module to direct the flow of multiple streams through the module;

however, the membrane plates may also differ in type to perform different functions depending



[0031]FIG 11A is a schematic representation of a vapor absorption cycle
that nay be carried out with one of the nenbrane nodul es di scl osed herein;

[ 0032] FI GvOR0B/G28948 schenmatic representati on of a nmenbr XOE/USAWRH04%I6&G Or pt i on
cycle nmodul e in accordance with one or nore enbodi nents of the invention;
[0033]FIG 12A is a plan view of a prior art spiral wound nenbrane nodul e

I n an unwound confi guration; [0034]FIGS 12B- 12E are various views of a

Che | 0AR P R ObaEy E Gy SRS oA el PBLEwP BT SYIRAIN or nat i ve
menbr ane nodul e assenbly

membranes, vapor contact membranes and heat exchange membranes. In one embodiment, the
housing 16 includes a central body 15 and bulkheads 17 disposed at each end of the body 15. As
shown in FIG. 1, the housing 16 has a substantially rectangular shape; however, other shapes are
contemplated and considered within the scope of the invention, for example, cylindrical with
domed bulkheads, similar to a typical pressure vessel. The body 15 and bulkheads 17 can be
assembled via any known mechanical means, e.g., welded, threaded, or flanged connections. In
the case of a threaded connection, the bulkheads 17 can be removed from the body 15 to perform
maintenance on the membrane stack (e.g., replace an individual membrane plate) or replace with
an alternative bulkhead with, for example, an alternative porting arrangement.
[0037] The membrane plates 12, 14 include complimentary shapes and flow paths, as
discussed below, and are arranged in an alternating fashion to direct different process streams
along predetermined flow paths. The bulkheads 17 and body 15 include a plurality of ports 22,
23 providing inlets and outlets for the various flows. As shown in FIG. 1, the module 10
includes an inlet 22a and an outlet 22b for a first process stream and an inlet 23a and an outlet
23b for a second process stream. In the embodiment shown, the inlets 22a, 23a and outlets 22b,
23b are located in the same general end of the module 10, such that the process streams will flow
in the same direction; however, the location of the inlets/outlets for either stream can be reversed
to provide a counter flow between the two streams. In some embodiments, the body 15 and/or
bulkheads 17 can include additional ports for accommodating additional process streams or for
maintenance purposes (e.g., introducing air or a cleaning solution). The ports can be, for

example, threaded, flanged, or fitted with quick disconnect fittings. One example of an

arrangement of membrane plates 12, 14 and ports 22, 23 is shown in FIGS. 2A and 2B.
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DETAI LED DESCRI PTI ON [0036] FIG 1 depicts a perspective view of a nenbrane
nodul e 10 in accordance with one or nore enbodi nents of the invention. The
nodul e 10wbase13z2pi4at e and franme type of arrangenent andPChalSedesd4®ehousi ng
16 and a plurality of menbrane plates 12, 14 disposed therein. It is noted
that there may be two or nore different nenbrane plate configurations

i ncluded in any given nodule to direct the flow of multiple streans through

t he h e nmenpr.ane .pl at es na al s ype rform
i 1t onUAST: unﬁi&ﬁ\sﬂe@é&w% oo BiSheo8Rt s Rdtrrbab due Do B ot
t he nodul e. For exanple, nodul es can include any conbination of osnosis
menbr anesulkheasbl” rearvad fo MepiaRsInembianhplate WaBURYY. FEFPRARECS Pn one
enbodi ment, the housing 16 includes a central body 15 and bul kheads 17

dis pospedia.hsideatciw @rtbe ofentbnanchoetuld 5) inAgosshwwnorn. nA§¢48, belseen,Hiee modslerd§ 16 has
a substantially rectangul ar shape; however, other shapes are contenpl ated
and caigidisaenwiitdinembhgie pLagel 2014 shrddwiiihitknhodsiig, extamalrectlycot vinedd cal
wi th donmed bul kheads, simlar to a typical pressure vessel. The body 15 and
bul khg@ﬂés A7 26 arrhpﬁleaﬁ%ﬁt}h&qﬂé/n@s@% HHERVEs ARECHA &8 p11BEKSanddwd-outepe! ded,
threa or fl anged connections. In the case of a thp aded connection, t he
bulkhea 1 &an renn m t he inte anceron t he
menbr SRaP Sat% 221 h1c% are saneI%a((): éheghousm l\gla&é{/olr %uﬁﬁn%agig%igoom[ Br psHphe %I g%re With
an altern tive bul ad with, for e n alt tiv portln

ar r ang&m8 1“[@6?*7]‘%’?&@1% ¥ Her e}daéi%tg?iéca eRlER e COrhgPFHaRY B 9 Bhapes
and fl ow paths, as discussed below, and are arranged in an alternating

f ashi drdy &5 of thedrousing fl 6 endh tncmd@@eg@ng& theeangh velighticperades membried pfatesviZpat hs.
The bul kheads 17 and body 15 include a plurality of ports 22, 23 providing
i nl et d4aiask. OLiel ra¢mbifane plates avasehlzdse.kl, olasweldmgsin ovrer neclikdnisal ﬂqeamm thamdul e 10
includes an inlet 22a and an outlet 22b for a first process stream and an

inlet o23ar BAAd 8dlg. O hfleod B8 HAlaqReSRGBN/IORT QMmsHSy SbwaRFWechpaftR@l@Mbodi ment
shown, t he |nIets 22a, 23a and outlets 22b, 23b are located in the sane

gener %llerﬁ%gné) la{epgs ﬁ'ﬁ%lﬁe Qy}[)ﬁ%clp tﬁ@%us}@eooapqg%ﬁé/oﬂ)ﬁ ?g%l?lf%lah fleow in

t he sane tion; however ocation inlets ets or elther
stream ¢ be reversed to provide unter,fl ow be en.the t str

T oS RE LT b BB Lok s BelS fon eREL R A REn 21 i bR o1 onal
ports for accommodating additional process _streans or for maintenance

pur podaghip ghepulkhepds, Hd@éil ssyednbous thedr pariphgiigighersinytihsppter tad Plséstd @Bn be,

for exanple, threaded, flanged, or fitted with quick disconnect fittings.
One exdnophdudd opmenings than gbore the mémbemb phites tplpatsaberdtrouph. dihd nportirane22, 23 is
shown in FIGS. 2A and 2B. WO 2013/ 022945PCT/ US2012/ 049960

plates also sealingly engage the outer end plates 24 so as to direct the flow of a liquid or gas

between particular membrane plates based on the porting in the bulkheads 17 and the membrane

plate porting. In alternative embodiments, additional end plates can be used in conjunction with

additional ports to direct more than two different flows through the membrane module 10.

[0039] As shown in FIG. 2A, inlet 22a is in fluid communication with the openings 34 of the

first membrane plates 12 (see FIG. 3A) to provide for the introduction of a stream to the

associated membranes. The stream will flow across the membrane surfaces of the associated

plates, but will be blocked from the other membrane plates (e.g., alternating membrane plates 14)

by the end ribs 133 that form the closed ends thereof. The stream (or a portion thereof) can then

11



[0038] FI G 2A depicts an end view of the menbrane nodule 10 of FIG 1 with
a portion of one bul khead 17 renoved to illustrate the nenbrane plate

ar r angenew0.208/022942B depicts a partial side view of thePgEMsc@n®4996@ul e 10
in cross-section. As can be seen, the nodule 10 includes alternating
menbrane plates 12, 14 secured within the housing, either directly or via
end plates 24, 26. The nenbrane nodul e 10 shomn i ncl udes two inner end

pl at es and two. out e nd pl a , i sea 0 th ousi ng 16
Pa) o EborEedtl T el Halh hEn G Poile L e bt 1 Cunialob i mant
the inner end plates 26 can be sealed to the end o enln s 19 of the body 15
of t h@lHalilgiohdnlats 23nlisnesedider pBRIangs th@rﬁrné@gﬁaw &adrli’To e nbr ane

pl ates 12, 14 pass. The nenbrane pl ates are seal ed (e.g., via wel di ng or
ot her nmdgplamile@l22re@ndesved matongungasn with] fiogeaxangle. lgfilingor adeesustwes 39
non- aqueous solution) can only flow between particul ar nenbrane plates as

det er nhai@skobiatedch snlet22bheithaupedific Beeibrdife plardoosubised dtheastsade/plated. This
menbrane plate porting. In one or nore enbodi ments, the outer end plates 24

can beydingpassthn g?ﬁ@mrautoh@ dRUhERBALS nbaufNh S8t L ihbRkkaRERs Pheri es

t herein. The out end plates 24 can also I ncl ude openi ngs that aIIOM/the
menbr an ass therethro ane. . Q sea |n |y
engaod st B bl S PRI AL Sl (P el TERRNBRE R B3 IR ARG Yo
bet ween cular nenbrane pl.ates based on the ortlng | t he quheads 17
and t %0% YRS PRI SRR ttﬁg@errsw PIF O 309/06 CBIBETB AF SiCURie bSIBNal end
pl ates can be used in conjunction with additional ports to direct nore than
two dil8@4M ent Ap Swgn inHFlGugR, thedirsmitneanyrarptitl entars the 0od9¢ AQ thyegniniey FI G
2A, inlet 22a is in fluid comunication with the openings 34 of the first
menbr poea 2hahe §illd the(spee delfiGed BAthet tnligrend ildand @pws herosnthe ockudiraeen pidtesal 2
streamto the associ ated nenbranes. The streamw || flow across the

nMenbr Lo sided 38 SnAkhd e bASS prekdtit @b PA sS4 1. bitd hdel24b8a1R f@%&@gé&ftﬂm t he
ot her nmenbrane plates (e.g., alternating nenbrane plates 14) by the end

{her edTy L 1@5%6%@%‘%4{%?@%@%%%@8@ ‘06 B{ E??’tt(lt? S ef?@Pa

out | et 22 ativ enbodl n |ncI

o1 ur aimiggige ofuPReE HSEBRG; EuCHR el SR Fafhpue PoRnkEY SR tsrretetef  ne
bul khead 17. The nmultiple inlets 22a' can be used in conjunction with, for
exanp |Péate%‘aﬁhlputhrgme¢uletlﬁ@fld BreveRs theesscayl RpgRss AEeHt PR freMeairating awpunsh o

with a specific nmenbrane plate or subset of nenbrane plates. This

al t er magmiwencapln@rgensps 13 | Bwsendpdatee?v 2awen aivd playidedsuppord exdp tmamiraiep| e
inlet streans of a particular source, for exanple, where a solvent-enriched
sol ut ipliled. In ity ¢a0€l BEBEEet @@ nidie typeEbf Aetbidm@plfes] Additidndléhd pptes cat beans at
different pressures and/or tenperatures, as discussed bel ow. [0040] As shown

in Fl Groded doliretd thétdcﬁﬁtem§§eﬁt§eaﬁelﬂ&rﬁea5&{d§n¥@ntﬂg%bes.1@115 icomgh inl et

port 22a and fills the space defined by the bul'khead 17 and flows across

the 5@%) gsn%f]eagtl ﬁ)t c%%er%ﬁt Vﬁlg e ? Vﬁqﬁle§ OrtQ and I‘g}hg rlg:éace ﬁ@{u?esdetp e%% by

arro <09t |ng y “éngab e arrangenent

wi thin_ the nd hel ps ent. the flrst roces eam from rating
ar ounddt Wéw e i 68%%:%%‘1%%&%8%@8 T35 P t‘?ﬁ %Ylﬁﬁp%%sg
menbrane plates within the nodul e 10 and prevents the second process stream
50 fr d094hl gr alhanlywer pontian vk e adtedeitiets eheapieriatiye arapentehe whsee Brlipks 24, 26
can al so provide support to the nenbrane plates. In the case of three or
nor e tiylpe22ef, 28 rdod andetp2ab’'e83b’addi shoomahreened. pAatlesvic anltyde (birowsireeas t o
direct the additional streans to their correspondi ng openi ngs/ports. The
secondgprec assinGbdRMNShe e RIS1( tig imedube . IhcKistedmUet, 4801t diRdRdand fills

t he space defined by end plates 24 and 26. The second stream50 is directed

al ong ARIPEAREMBLAL ﬁﬁtte’]szk/ié/ Bﬁﬂﬂ&e&i sHfarkffctures 39 that divide the space defined by

the bulkhead accordingly. Only one alternative inlet 23a’ is shown in FIG. 2B; however, there
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[ 0041] The | ower portion of FIG 2B depicts the alternative arrangenent,
where nultiple inlets 22a', 23a' and outlets 22b', 23b' (not shown) are
used. As Whawss/o2eubtiple first streans 48, 48" are intPodiSead20ehe
nmodule 10 via inlets 22a'. Each stream48', 48" is directed to a subset of
menbrane plates via baffling or simlar structures 39 that divide the space
defined by the bul khead accordingly. Only one alternative inlet 23a' is
shown in. F.G, 2B.. however, ther ,2013/ 022945PCT/11S2012/.049960 woul d

li kel W%‘é‘f {ﬂﬁf‘éy ﬁf‘am? SAGHLPIOsE Oflﬂf“*é% ;sgoazéég}}"oﬁec‘%“rﬁi&?@%@ d?% Orré}é‘hﬁ?%b*““e&@ for
the first stream 48' . The specific nunmber and arrangenent of alternative
por t s 482" Thospecifjcinqumpsy ynd yragpgement b aHematiyeaportsidl i SatiilbyaryAp it Aat i ve
inlets 23a" will introduce nultiple streans 50° into the space defined by
end plpattesla@4pplRBtiomhAbbrmafivd inkits2Babevild inttaglbbe/mditiplelgttalng 0affté 8w spaceot her
structures. In sone enbodi nents, no baffling or end plates are necessary,
as t helefieglby &dl [HhtesI24, 068 §hivhnvillealsaie suithly diidke] BESHIeN® dthatsgactiiensel ves
separately or formed when interconnected. [0042]1t should be noted that

al t hoyghohbemPBEHAR, A6 BafPidd Bl Pl SHLRSRMM, (B (HESRERI diRcRRIRLARE
pl ates, these structures can also be applied to hollow fiber nmenbrane

bundl es.,,. For .exanpl e nodul e coul d | | ude t [ re bundl,es of hol | ow
11 ber HHEPAES R e o P PR P Bab T KRR oo TR BB et "

vari o ndl es, can be staged or staggered within the housjng where the
ends i&"‘fﬁe bl nBpied be aﬂtes31%a&tlewﬁé%%aﬁumwﬁ@a@%@h&ﬁersaé PRAFCBER s pond
to the various spaces defined by the baffles/end plates that in turn

cor r espmiangplatee theseistugtuiesican alsahel aprlicidde §ollaw élgér membrage denden Bdrso

provi de the flow paths as necessary to facilitate fl ow between bundles to
sui t axpaplel €ulodnlezppldiicdtdotwo dihsredundleg efsritovafibawsenlbrbfi@rtkattpetfotrh ow

fi ber bundles (e.g., forward osnosis, heat exchange, and contact nenbranes)

t o be diffGbadanktions aIsSdiedng et Sthe Whs & HuRled umﬂb@ﬁagerd%rata%g&@d BthGAr Iy
out successive operations on the various process streans. [0043]FIGS. 3A-3C

depi Cty,d Mu‘%ﬁlﬁ%ﬁefrg{h%%d?ﬁ@g ?P@‘dlé}! &heaeg)ggkgi Qx'czjc[/é‘lt i@n@l‘ﬁaf m%if#)ﬁs fky three

configuratiofis are spec escri additi1onal configurations can be
derived fromthe three configurations,desc iﬁgf and are within t& cope of
the. 1 RUBRERBH.S BreATF Bupacs e & T8 AP E R R duafed s ko fl 8R open
end configuration is shown and described. The Egate 12 has a generally
pl anararipecipletioandLutlsia Jaeserpii{ndds captahierpretidp s flveptBhteifseatedoand
wi thin the scope of the invention. As shown, the plate 12 includes a
gener dhdiltagsl fovabetsweer bemllertolsoidy padicular application. This arrangement allows
different hollow fiber bundles (e.g., forward osmosis, heat exchange, and contact membranes) to
be included in a single module, where the bundles are staged to carry out successive operations
on the various process streams.
[0043] FIGS. 3A-3C depict three different membrane plate configurations. While only three
configurations are specifically described, additional configurations can be derived from the three
configurations described and are within the scope of the invention. With respect to FIG. 3A, a
membrane plate 12 having an open end configuration is shown and described. The plate 12 has a

generally planar, rectangular shape; however, other shapes are contemplated and within the

scope of the invention. As shown, the plate 12 includes a generally planar surface or body 28
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WO 2013/ 022945PCT/ US2012/ 049960 and two ribs 30 (i.e., interlocking
mechani sm running the length of the plate's |ongitudinal sides. The ribs
30 defi newDizost02293d second openi ngs 34 di sposed at the @eqdaisedi2iok®epl at e
12. These openings 34 will correspond to ports in the housing 16, as
previously described or may interface with other porting structures (e.g.,
mani f ol ds, bulkheads) The ribs 30 are configured to allow for stacking and
interlo kln h c nt ar rane Iates | p.sone .enbodi t he
be. 300 0 B8 Shherdeni by hE Rsphalr agnE HRAERE b ROk S S0 Tabn

pl at es, In ot her enbodi nents, the ribs 30 of one plate can be secured to
the riskssofharby Hedetpiedirat apdgeemdapraiapy & dizapsgr ﬁgthe@fld%@fﬁh@ plscHani cal
nmeans. For exanple, in one enbodinent, a top surface of the rib 30 has a
concavidesshereings 3éthb coirepodefa pats ia theelms'mgtllﬁaas previoostpdesveibedoymbyp a
bottom surface of the rib 30, such that the bottom surface of the ribs of
one nenbifaiewith ather Sating Mg tires (d n%t Batif@dd, OpIkhYAdsACEhOfibg FRart icbsfigledio
anot her nenbrane plate. In one enbodinment, the top surface of the rib 30

can hayiewa, adissd éﬂﬁi ifliesBOSRY wﬁﬂﬂ%ﬁipﬁnieﬁta?y A¥irfbSarR ﬂldt&ku' 1-sbinght seal
bet ween nenbrane pl ates when assenbled. See, for example, FIGS. 4A-4H.

E?ggﬂggl ST ftsa tﬁﬁ: r%$ 3£6eﬁ° \ ? %gnr}a ime tgrgfls rlllggefszto faCnhtflg 1nteﬂJO a(llilggfr:}wlgl glm?ehet he

|rec oW 0 eans plate

12 fr ne en end 0si ng, open end 34' acros t he opening
32. ﬁﬂﬁ ?Chaleaﬁe Fﬁf& §§ ?engglﬁ@rca%bﬁ SFREERiRg e Hbs ?fﬂangﬂﬁgbe afgga an

centrally dlsposed in the surface 28 and runs a substantial portion of the
sur f aeehexdvel welbshinge or pdepmechadicabmarnsi oreearerlatin one pebbdimeat sdel stace
exposure. However, the overall size, shape, and |ocation of the opening 32
can vaf yhetrib 3Whas aacqmaa\tei shapasr @jphviealefiaes a tekesadilittis complirthentaynd abett@8 can
define multiple openings 32. For exanple, in one enmbodinent, the surface 28

i ncl udggadet tRPERBOGHcR VRN boRBmERTae btBe SiHE bAGR: BEmbMhé Bla&! dinansh Apeni ng
arrangenent s correspondlng thereto. In one enbodinent, the opening is

cover S BEUEEAR Lot e bl S S QBT RS TR °
surface of the rib 30 can have an adhesive disposed therein to provide a liquid-tight seal between
membrane plates when assembled. See, for example, FIGS. 4A-4H.

[0044] The surface 28 defines an opening 32. In the embodiment shown, the ribs 30 direct
the flow of any process steams along the length of the plate 12 from one open end 34 to the
opposing open end 34’ and across the opening 32. As shown, the opening 32 is generally
rectangular in shape and centrally disposed in the surface 28 and runs a substantial portion of the
surface 28 in order to provide a maximum amount of membrane surface exposure. However, the
overall size, shape, and location of the opening 32 can vary to suit a particular application. In
addition, the surface 28 can define multiple openings 32. For example, in one embodiment, the
surface 28 includes two openings evenly spaced in the surface 28, with rib and opening
arrangements corresponding thereto. In one embodiment, the opening is covered or otherwise

filled with a mesh sheet 36 and a semi-permeable membrane sheet 35. In alternative
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enbodi ments, the opening is covered with either a nesh sheet 36 or a
menbr ane sheet 35 depending on the intended function of the plate in the
nodul e 10WORhs/02esl sheet 36 can act as a spacer to nai RCAIUS201RH49p@CI Ng
bet ween nenbrane sheets 35 and assist the flow of a |liquid or gas between
menbr ane pl ates and nenbrane sheets. The nmesh sheet 36 can al so provide
aeration to any |iquid passing between the nenbrane plates [0045] I n one

enbodi t he .menbr ane sheet a for d nosi s ne t_hat

o B bogidal ot e s SEEv i bt aanthShEon 3B R R pRear el SPE e s
constructed, the orientation of the nenbrane sheets 35 on each plate wll
be al tdePensingrn he intended (Argiion os theentaie am deroeinle 10 oThemagsdsel it,éopantaﬁteasweed
si des and perneate sides of the nenbrane sheets 35 will be facing one
anot hepadentcamaiataietheapaqge betsheromembrmnglsheatn i andeaseivbibd iflorndfsy liquid ongsh
sheet can be di sposed within the opening 32 or fornmed with the nenbrane

pl at e befvasen exciifizhiis plateh aid mebsdne Ybéats, ETHeOM BCkhwéttIBi dantahe ppPedd Rgatibirtong a
nol di ng process. [0046] Alternatively, the opening 32 can be covered with an

|npergﬁepggdqg&ﬁﬁgg@mkglﬁkqﬁgmh ég%§§age of any material therethrough (or
a nenbrane plate t hout openlng can be used) t hereby creating an

: 22‘3} g{f(ﬁSI] f‘geir’% (ﬁnfe re;[m Odﬂlle'%’lttrﬁg. rr%le brane s%nt{%g ip g fory orWarcP gsmg?smerlﬁemlmi aﬁlape f g‘p

exanpl. e, 0 nt of a duI use for a nultl-sta rocess
descr ibtHares ”&q Ir%e&%tﬁwgo egiiley g CPREGHE B eas, for

exanpl e end reglons 38 t hat incl ude one or nore nubs or other geonetric
st r uctotiertatipmp @eﬁn@@@rsrpa@e?:ts 3a0nfeaeh phaterividibeiatigmated, spides werbdeween t he

pl ates when they are assenbled in the nodul e 10. The spacers 40 can al so
provi adeenshranciodalk 18 uppeehbled, thééeplsaleesnd pameetcaidek ef thadakmigrand ghedist3p
and/ or supporting the wei ght of adjacent plates. WO

2013/ %ﬁ%gf&gﬂ e@m&{'@%ﬁwrnating fashion. In alternative embodiments, the mesh sheet

can be disposed within the opening 32 or formed with the membrane plate, for example, a lattice
structure formed within the opening during a molding process.

[0046] Alternatively, the opening 32 can be covered with an impermeable material to block
the passage of any material therethrough (or a membrane plate without opening 32 can be used),
thereby creating an inactive layer of the module. In one embodiment, the material can be an
insulator to minimize the transfer of heat between membrane plates, for example, in an
embodiment of a module used for a multi-stage process, as described hereinbelow.

[0047] The surface 28 can also include areas, for example end regions 38, that include one or
more nubs or other geometric structure that act as spacers 40 for maintaining the spacing
between the plates when they are assembled in the module 10. The spacers 40 can also provide
structural support to the plates, for example, adding rigidity and/or supporting the weight of

adjacent plates.
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[0048] FIG 3B depicts an alternative nmenbrane plate 14, where the plate 14
has a cl osed end configuration. The basic construction of the plate 14 is
subst ant ivaDI29130de9asi cal to that described with respect POTRIS®12849960 nsof ar
as the plate 14 includes a planar, rectangular surface 128, ribs 130 (i.e.,
i nterl ocking nmechanisn), an opening 132, a nenbrane sheet 135, a nesh sheet
136, and spacers 140. The shape and configuration of the second plate 14 is
conpl i ary he first plate 12. However d te S ribs
1357 TR B iy Bt e i BHPIR o SheR RS tiS 4 oo

| ongi tudinal side. The ribs 130 do not extend the entire |ength of the

| ongi tcadreRiigusatings Therhasiesgnssugtion plgthe atass bt isspbyamHigdy igatiediotit bet ween
ribs 130 and ribs 133 and di sposed adj acent end regions 138 of the plate
14. Thieswibedethatspepemiliigs3 i inkofat asahe plateeBpionlidea planarsregtangtler hwiase ng 16
(or other porting structures) to direct the flow of a process stream across
t he pliaseribsd30[(D04kdrldckingetBphicihy, aappthias 132 tehaabiave shebianenghat e 13,
where the plate 13 has an open side configuration. The basic construction

of theyplase ohd s g&e%uflﬁ)t aﬂfe'sﬁ!lﬂe)’an'd%ﬂﬁlfnﬁ@dloﬁ &f th@@écoqggﬁﬁé ped with respect

to FIGS. 3A and i nsofar as the p ate 13 i ncl udes pl anar, rectangul ar

surf a%%mﬁ)ﬁn‘ieﬁ{ar btsojﬁggrst p?ﬁ?e # S]ﬁl ?Veégt é lsé%:%léa gpatenﬁf: Qam X %%h Scﬁ eo%ci1 g 232,

a nenbra pacers pe and

configuration of the thlrd e 13 i | i.ment to the t and
secon&?%‘lgé’tPB%s“i&en &nd&rsuaﬁ%t@ﬁ Reitiop |0§F§§qaﬁl$wdm§ &itfe fhe gb%&%ﬁ%ﬁl%d. 't
shoul d be noted that not every nenbrane nodule in accordance with the

i nventexignd peeeansirg lgnpthet @u%lovgit@enadl pidpe tearebyptraatingdatafal gperangsol?d fardedray
i ncl ude any nunber and configuration necessary to suit a particular

app! i datween rib¥NB8 andbdbd 833 ind Pispsedadjagneatd kehexs b33 of the pbute b4. €Biidsag
menbr ane nodul es from standardi zed parts to suit al nost any application.
The t hited] Bpelfys WA1IRES dotB§podd o pddod !h@‘h@ﬁilf?g? k6 0 dﬁ}ﬁ@@aﬂi@mcﬂréﬁaﬁ ed

al ong opposi ng ends and portions of each |ongitudinal side. The ribs 230 do

not e?%§QQh%HSW§gghﬁﬁf$§ﬁﬂﬁﬂlgﬁm&%%gﬂm9 %013/022945PCT/U82012/049960

| ongi I na I nstead cov a portlon of the | ongitudinal sides

corre i ng end r s 238 of eating
opr PRl o1 Y i B AlEmEPe BrbEn Pl T Serd G LS b B bove,

t he openllas 234 wll correspond to ports in the housing 16. Additi onal

pl at e OPBMFIFG GPHIgUEHONa rTde hagis F%‘I‘Séma‘ﬁ‘%ﬁ ofethg Plaienl%nlérsybstﬁwallﬁ gty 818t and
extent of the ribs along the periphery of any particular plate to form
openi migscribhdwithanspeet toddGdi hdiaad 3B inkofinhas theo phitd bhingfudpoa penamrackraghlausi ng
16 (or other porting structures). [0050]FI G 3D represents an alternative

conf i guifade 228, Abs 230 28 ity dnerlptiah e mbéh e )¢ i fpdnin g2 33, a 3Embr@aveshest, Sone
or all of the alternative features can be incorporated into any of the

Ti”br ans, Phalitshetess! hQﬁﬁmE’é’rE Sia- Tﬁéslﬁb@%ﬂ &dhfi%hgmoﬁ e tﬁehﬁlrﬁf?f!&r pR plate

is substantially simlar to nmenbrane pl ate "14, he openi ngs

134 Lmhent R, @5 RRVIRD.JanahhHI D2l 4 3) de Q&F%Qste w%ewl%% yi{ 0. addi tion,

t he heludes space gate con |gurat|on

assembled. It should be noted that not every membrane module in accordance with the invention
needs to include three different plate configurations and may include any number and
configuration necessary to suit a particular application. This modularity provides great
flexibility for creating membrane modules from standardized parts to suit almost any application.
The third plate 13 has ribs 233, 230 (interlocking mechanisms) disposed along opposing ends

and portions of each longitudinal side. The ribs 230 do not extend the entire length of the
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[0051] FIG 3E depicts the interrel ationship between two of the nmenbrane
plates 12, 14', where plate 12 has an "A" configuration, plate 14' has a
"B" confiyoratyme4sand the nodul e is formed by alternat iPag/US2@ER 8498360
configurations, e.g., A B, A B, etc. The relative streans are shown by
arrows 11. A nodule 10 in accordance with one or nore enbodi nents of the

i nvention can include any nunber and type of menbrane plates assenbled in a

i ke nner t|ve the plate n be .as led in a.vari.et

arr ang‘51 ‘Hfiglaﬁ%}a E@" Iyt d@%&%l"gﬁw%‘f %e%@gl%%dm Pliges PR “}&,afo ‘%/‘,“

C, etc., which is another advantage of nenbrane nDduIes nanufactured in
accor daHers st thmplasr Snihieeeby sbsdneeprrexmmately sentpliyrpsas laeodoppEng  3F
depicts an alternative nanner of assenbling nmenbrane nodule 10', where a
separéﬁé.H@@gkn@edahnat&weQQMngﬁ2&ﬂWﬂbauﬁﬁan@en@nnshsmtyph@agﬂ@ bet t er
suited to a | ow pressure application as it relies on the interconnection of
t he i ndiaviishadplatessiatigmnatiPhsadre foskible At @Nd ibpanlon thocation and extent of the

2013/ 022945PCT/ US2012/ 049960 top and bottom pl ates (not shown) for sealing.

Al ter pakig thé)}BerﬁﬂQM ronal lefrcufanla[@QLfBﬁn@ SEAR! Hat<@R bPEoGhifIRAdy HP@Et her
using the top and botton1pPates as discussed in greater detail wth respect

5.(2)3!:| ?%%811 of‘sor% 1nV\f11(% O?ugmgsqge 3 ﬁhgs %El}gstl?*uc%ure 124, 126 and sealing rings

are attached to the assenbl ed

menbr Iat out the o en areas of the es i ch are.nmade
up of ?B‘fﬁéﬁ al iﬁfﬁﬁ BIFSTRYS apalterngfive configuryt Ofa ii‘ﬁgleﬁ} %r@éﬂaf\zﬂﬁ“ depigteg iy

sealing rings 123, 125 can be secured to t he nDduIe 10" via an adhesive
and/ orFQFGt MRrhaveyRaPBalr plbafhthe abpaposicptres dee hefncorpeiatedhinto any effgenent is
that it provides access to the nenbrane plate openings 34, 34', 134, 134",
such Uﬂaﬂbﬁm&@h&ﬂd&kﬁbabmhmgsAmamobﬁimFHRkﬁmthmnmhﬁnﬁmqmﬁe®4tmfor exanple,
a nenbrane rupture. Additionally, this arrangenent al so nakes other

nai Nt @eE%RIaAY sinfitar 1O HHehBrak fpm@wﬂﬂt Q/lth[tﬁ@gjgﬂn‘}f@rs'lgklsluﬁﬁﬂwmte%nﬁﬁoﬂ he
nodul es can be manufactured froma variety of materials including, for

CXATD! i AEIOKTSES of MOPUAPLy Dl QAo AT Phcks: GRIRRLWIRES P0Gk be |

nanufact xtrusion,
nanufa turln %gchnlques The vari ous nenbrane sheets can be manuf act ured
fron1§ LRGP et erial s, such as those disclosed in U S. Patent

Publ i Catl on Nos. 2007/ 0163951 2011/ 0036774,
[0051] FIG. 3E depicts the interrelationship between two of the membrane plates 12, 14°,

where plate 12 has an “A” configuration, plate 14’ has a “B” configuration, and the module is
formed by alternating A and B configurations, e.g., A, B, A, B, etc. The relative streams are
shown by arrows 11. A module 10 in accordance with one or more embodiments of the
invention can include any number and type of membrane plates assembled in a like manner.
Alternatively, the plates can be assembled in a variety of arrangements such as, for example, A,
A,B, A, A, B, etc.or A, B, C, A, B, C, etc., which is another advantage of membrane modules
manufactured in accordance with one or more embodiments of the invention.

[0052] FIG. 3F depicts an alternative manner of assembling membrane module 10, where a
separate housing is not required. This arrangement is typically better suited to a low pressure

application as it relies on the interconnection of the individual membrane plates 12, 14 and blank
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2011/ 0073540; and 2012/0073795; the disclosures of which are hereby

i ncorporated by reference herein in their entireties. The nesh sheets can
be manuf awowpBd2RHOM any suitable polyneric nmaterial. TRETABR2OWI6Y
materials used will be selected to suit a particular application and should
be able to withstand the various process conditions, for exanple, high
tenperatures, and for fluid conpatibility. [0054] The overall size and
nunber of rane dul es nmenbr an |l ates wil]. .be selected to suit a
ot coi s BT RSP Bt Oor BEBE on TR TEr At FRT FHE HERA rarbr ane
surface area. In addition, the menbrane paranmeters will also be selected to
suit @sEamly ean ke clapgydioggheaporshetopysdPriteobasdasdiprustestin grealiirdatadl f ocus
on obtaining a particular flux rate, where flux (Jw = A (An -AP), where A
= speovifh esgret wdbI. bAt YAy simbwhab G 37 portinggpiases 24pd 26 st eealing fiegehlde at
surface of menbrane selective |layer, and AP = pressure across nenbrane. The
flux rasei.eM hangbBlaskenbli¥pactede bitadhbé td thewsdeaibesl MEmbhge plaasy 2866 theed
solutions, which will be chosen to maxim ze residence tine, but mnimze

COWe%ﬁE@BﬂeQ@onﬁé gfaite%eltzi, o 1N are!hdRRS o?%}?cr@ir%%ed 8p |2 Baving 13@,
menbrane plates, each having an active nenbrane area of about |' by 3 (3

ft2) will . resi t bn_an approxi e tal, effective ne a surfage .area of
150 1 03 oSk 2 R R R T 1 S et RS B TSRS o R ¥
menbr ane, desi gned for osnotically driven flux, a flux of approximtely 1500
gal | oﬁgg/ﬁépﬁﬂag ol @éa@x&&@aSIQfE&%fﬂ@é Péﬂ@ﬁgwgmﬁbﬁé& PrR¥IEES i n” a
seawat er desalination environment with an average flux of 10 gallons per
ft2 peecdaip therpmbrigodsp Apewngai4. vél.y 34mad i sprlethermdivedualrepdnizgsecandeaul es
can be used in series or nultiple stacks assenbled in a single housing to
achi ewwdodkbe irstharevaper,abr aqnpdt, amedmbane faprurex Adpitienaltye thisedad gemenayisde
arranged such that the first five have areas of 300 ft2 each and are

ar r anggfkel BtheLmhR%onah@ dfaneholilef 1oV pos¥mall es with 150 ft2 each, also in
series. A nodule array of this type could be expected to produce

appr 0’{06@] el yV%%o&Q:%nﬂ)%h&Rg' 8t 8 mddRYes 2hn BEMMR@aCtured from a variety of materials

including, for example, polymers, polymer blends, and block co-polymers and can be
manufactured by, for example, molding, extrusion, stamping, or other known manufacturing
techniques. The various membrane sheets can be manufactured from any suitable materials,
such as those disclosed in U.S. Patent Publication Nos. 2007/0163951, 2011/0036774,
2011/0073540; and 2012/0073795; the disclosures of which are hereby incorporated by reference
herein in their entireties. The mesh sheets can be manufactured from any suitable polymeric
material. The particular materials used will be selected to suit a particular application and should
be able to withstand the various process conditions, for example, high temperatures, and for fluid
compatibility.

[0054] The overall size and number of membrane modules and membrane plates will be
selected to suit a particular application with a focus on providing a specific total membrane

surface area. In addition, the membrane parameters will also be selected to suit a particular
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[ 0056] FI GS. 4A-4H depict a variety of edge connections for the assenbly of
the nmenbrane plates. FIG 4A is an enlarged cross-sectional perspective

vi ew of awpaptiew4sf two nmenbrane plates 12, 14 and depiPCTaISoe/opws&i bl e
node of interconnecting the various nenbrane plates. As shown in FIG 4A
and previously discussed, the ribs 30 can include a recess 31 in an upper
surface thereof that is sized and shaped to forma snap-fit with a bottom

surface 43 .of the ribs 30. .The reces can be sized,suc hat, an adhesi ve
ot e aaptiopsSp ith opdSer baibiie e Tadah: PeRibSlisbed F s uiter
secure the plates 12, 14 when assenbled. In the enbodi nent depicted, the
menbr #ha SPrcatiePeEeARNLF @ebiared Ay esatictireiuiestidetispce atwntace of membrane

2013/ 022945PCT/ US2012/ 049960 [ 0057] FIG 4B depicts an alternative to the

ar r angeleemite Isyaywand APH @essar, aondse meenbiyeng. | The3ux wteswillghsd ke ingraged by ghe
accommodat e a double snap fit and two recesses 31 for receiving an adhesive
37. THRW faks oBthecriwhad $¢cdaduaiods, Sitagedilt be fiosen Mthiiplif eao@ice mei, aay

proj ections and recesses for providing the multiple snap fits and create an
ext er ifQhichizOUGRefirati RApoifEalYE OP)CaMbid Q&ﬂle,%trhs&uléﬁ@shhggo LRl - FI G
4C depicts a simlar A%rangenent where the ribs 30 form@a snap fit, but

W t hout .t he e of an adhesive. |nstea the b, ks forned with a silicon
ceal  dpsufidigt e M Bl RRnFne afls T AP oudeDy s BokE AR GE Gepi ct <
three alternative nnection arrangenents that opay be used with nenbrane

pl at eSPPIRAIMaF Bt ﬁ%\*eomﬁ@gr.anftﬁéfla%r%i I5pd aﬁa%sﬁ?,afﬁb@ﬁéf}ﬁle,m& e rib
30 is essentially a V-shape formation along at |east a portion of a

per i pHgmycopipopitepatearbida meenpiraicedesigped fiorospotieatyrdriven ek, sHapes are

contenpl ated and considered within the scope of the invention. The nenbrane
pl at esppdxinatelgarié0h ghltbrispgedhewond e tekpectainfpdrin renddarey of thisttepd, asdd ing shapes
and an adhesive 37. FIG 4E is substantially simlar to the arrangenent of
FI G 4BhwdeitdeshitlatibyVenyifdn@ichO@hth AF aCQAR! fIHEBE BF Yallohbperd? pRdaR&3PO). at ed
adhesive lines 37. FIG 4E represents an alternative arrangenent where each

membr i?@dﬁ | at gltj:ﬁiaf-i%\}\%Pﬁ?lﬁg{e%ileﬁngﬁgag}k Ao QAR Be Qé’edﬁﬂ‘@er?e%%?'ﬁﬂﬁ ! ates

conne via sonic e cartridges are 1 nterconnected via adhesive

37 bets}’a\%l%sn as%f(:)rm))lleéi e tsi?iggl% h%ﬂ%ﬁg go gclh?esve I(l)e saarr]ﬁje/ o%reraafglglptalra%{]e?fl:rs.s ROy gxavn\ﬁ)heq tend:

modules may be arranged such that the first five have areas of 300 ft* each and are arranged in
series, followed by five modules with 150 ft* each, also in series. A module array of this type
could be expected to produce approximately 22,500 gallons per day of permeate.

[0056] FIGS. 4A-4H depict a variety of edge connections for the assembly of the membrane
plates. FIG. 4A is an enlarged cross-sectional perspective view of a portion of two membrane
plates 12, 14 and depicts one possible mode of interconnecting the various membrane plates. As
shown in FIG. 4A and previously discussed, the ribs 30 can include a recess 31 in an upper
surface thereof that is sized and shaped to form a snap-fit with a bottom surface 43 of the ribs 30.
The recess 31 can be sized such that an adhesive material 37 (e.g., a glue bead) can be added to
the recess 31 to further secure the plates 12, 14 when assembled. In the embodiment depicted,

the membrane plate is manufactured by injection molding.

19



[ 0059] FI G 4G depi cts an additional enbodi nent where the nenbrane plates
are manufactured via injection nolding and interconnected via sonic

wel di ng. we 28tsaee94st he ribs 30 are formed with a gap 29Palrangoiioed9co edges
defining a space "X' that is sized to accommpdate the sonic horn. FIG 4H
depicts a variation of FIG 4A, where the interconnection of the nenbrane
plates 12, 14 is acconplished via a snap fit and the use of an adhesive 37;

howev 0 229 PCT/ US2012/ 049960 a 14, and
o pad00T o PR RS it e crah e Pt BUaC g Shefhe 630
assenmbl ed, for exanple, as shown. [0060] FI GS. 4l-4K depict the attachnent
of t has shehty diecidnaseunmadatg adogkle sip fHend twn secspsss @6 farreceiving ag adliesivg i n
FIG 41, the nenbrane plate (the plate is | abeled 12, but the attachnent
met hod7i & hapibk 36 alh be sioedaamd shhpedhte fommrbrudtnede p(braplerncmimlfyi mokatiorsnsd depi ct ed
herein) includes a trough 70 fornmed in the planar surface 28 of the

menbr aaR sk dbreprdddapdhexiuaipié Sgpahowid érbge pe ek R tyoudh 45¥8r fReRingg 32
formed therein. In at |east one enbodi ment, the trough is designed to

recei %@ulﬁﬂlrg%? RER: K@allﬁé rﬁaQéria‘i.eFKE.izﬁgcriTéeﬁi‘&s HRRIR AR S RERIt WReleQnd A6s SBRRMANE

plate 12 nthis arr ngenent t he nbrane sheet 35 rests on t he pl anar

S age 8B oy YRS ORI TRAN P, S AR B HERGSER, SNhPkal B L7 Ough
m

Uri zed sur e adhe S|ve 'cohiéct i on.
or nore t es and nents of adheS|ve may be used to suit a partlcular
appl i &tip elﬁ@@%@? ]ngﬁ¥°8§%1cts an alternative arrangement where the
pl anar surface 28 includes a recess 72 di sposed about the periphery thereof
and t h8038 oughlG) 4Ds4F depietd thipe hltainative capeestige pirpragnipptstithet mackeseseqd yvithThe
menbrane sheet 35 is simlar attached to the nenbrane plate 12 via one or
nor e adinetshmeslady thabate thértrofdrimesh Bt 4D depibls aneacesgemct wharettherib&6és of an
i njection nolded nenbrane plate 12, the depth of recess 72 will be

?ﬁ ge 2 :éggeéhgglyt {h iges#eﬁpn%{dgﬁlgm{ AbRe hNk&K BEORINTY ﬂéh?her%f e@MéAbiahy ?m@ cussed,
pl ates and overall nodule will be selected to suit
a par t1'29 PAL% W%Q&J, bihdf éhgtﬂes are contemplated and considered within the scope of the invention.
The membrane plates 12, 14 are held together via the complimentary, interlocking shapes and an
adhesive 37. FIG. 4E is substantially similar to the arrangement of FIG. 4D, but with two
interlocking complimentary ribs 30 and associated adhesive lines 37. FIG. 4E represents an
alternative arrangement where each membrane plate is in the form of a cartridge formed by two
separate plates connected via sonic welding. The cartridges are interconnected via adhesive 37
between complimentary shaped ribs 30 and/or additional sonic welding.
[0059] FIG. 4G depicts an additional embodiment where the membrane plates are
manufactured via injection molding and interconnected via sonic welding. As shown, the ribs 30
are formed with a gap 29 along their edges defining a space “X” that is sized to accommodate the

sonic horn. FIG. 4H depicts a variation of FIG. 4A, where the interconnection of the membrane

plates 12, 14 is accomplished via a snap fit and the use of an adhesive 37; however, the
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[ 0062] FIG 4K depicts yet another alternative arrangenent for attaching the
menbrane 35 to the nenbrane plate 12. As shown, the nenbrane plate 12

i ncl udes wheosiae®sent i oned recess 72 and trough 70 andPardis20mnou99des an
insert 74 that can be attached to the nenbrane plate 12 via a snap fit

and/ or an adhesive. The insert 74 further secures the nenbrane sheet 35 to
the WD 2013/ 022945PCT/ US2012/ 049960 nenbrane plate 12. In an alternative

enbodi ment, the insert 74.can.be soni. | ded tq. the plate 12. In

o ¢ B o afchis RRuaFy Gty A7 & ot ot taReRerngr preatafesur  ace
28 of the nmenbrane plate 12. In another enbodinment, the insert 74 is flush
wit h tpemblek fagexampls; aathopn. t he nmenbrane sheet will be slightly recessed
relative to at | east a portion of the nmenbrane plate, e.g., the ribs 30
and/ o0¢d0dnar FGHf HeK d&pic the 63JchEst of4he ammchbdMedbpits 85,1136 tadwentthirané at

| east a subset of nenbrane plates 12, 14. As shown in FIG 4L, each

menbr angel At &, A3,shdwn imEIGIdeshénghivgie preeithapkitedd ldjetcCizedutthe t he t op

pl anar surface 28 thereof. The plates 12, 14 are stacked one upon anot her

and seehHRithnt hiREho 8RR abl¥ it@-a%r SNAP nfehibrRRIMARE Rofkii R3aRfs ARG cRA hadfpgsi ve
37. The optional nmesh sheets 36, which can provide Support to naintain the

spaci ng. bet ween rane .sheet.s 35 and yr qQvide turbul ence,to. the streans
ot MG AT e RT MHARR T S0 2uR0E B FRCGMtReRAE 2 B bille 55
fornedbmh}ﬂlqathe p”@ gs gz, 4f Th gpsh h% t%t36 C q) eesetured t% t he
pl at eSPUFANGH Bsthvae gpengt KMENCHEL hdh?'CES! e, Helhf &O
therewith. Additional nmesh sheets 36 can be di sposed between nenbrane

sheet sleggnegstoneceesaradhedves g for sequimgiteamambegnp shesa 85 dhthe marebrasg ploel y, t he
menbranes 35 can be attached to the top or bottom surface of a particular
menbr dde Iptat aringeswnt, the mManbiacebleet ApEisisoatthoplandronrfeccalpl Ia,vaciomd r ol | i ng

t he space between nenbrane sheets 35. For exanple, in one enbodinent, the

nMenbr aRdoaeaks thdplai@ saficRngesdayate tdidh 70heay RAd asbHes Qf subfae fg] acent
menbrane plates are di sposed closer to one another with a nesh sheet

i SPOSERIR FOUNRRR cotflicliBn ! Bific BRHIRAL BoSlifiGRa AR RRACATL Rh{IL, ARA" T

[ 0064] depi cts an arrangenent rane p s two
menbr ane . heﬁgs]35 aﬁt%phed thereto form ng a nmenbrane cartridge. As shown,
a mend? AHE? BHEEY B¥PBISAURY ached to each of a top surface and a bottom

surface of the nmenbrane plate via any of the aforenentigned nethods, and a

mesh 400 36FIG 4idepissan aemagenat Hgemenoy igie therdatag sgitacg pd includes a

recess 72 disposed about the periphery thereof and the trough 70 is formed within the area
defined by the recess 72. The membrane sheet 35 is similar attached to the membrane plate 12
via one or more adhesives 37, but sits flush within the recess 72. In the case of an injection
molded membrane plate 12, the depth of recess 72 will be dependent on the minimum plate
thickness possible. As previously discussed, the size of the membrane plates and overall module
will be selected to suit a particular application.

[0062] FIG. 4K depicts yet another alternative arrangement for attaching the membrane 35 to
the membrane plate 12. As shown, the membrane plate 12 includes the aforementioned recess
72 and trough 70 and also includes an insert 74 that can be attached to the membrane plate 12 via

a snap fit and/or an adhesive. The insert 74 further secures the membrane sheet 35 to the
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WO 2013/ 022945PCT/ US2012/ 049960 can be secured to the nenbrane plate 12,
14. This arrangenent provides for a thicker nenbrane plate, which nay make
t he pl at e80easiee9450 nanufacture and result in fewer adRETIUSR0ROUIWE when
assenbl ed. However, the openings in the nmenbrane plates will be nore
conplex to accommopdate a flow path between nenbrane sheets 35.
Alternatively, the nenbrane plates nay be surrounded by a franme that is

confiqured to allaw for the bolting.together of the nenbran | at. e stack
such thoRePRiedLedn & ahgtiadte conbiRin il SpiaRr4gan Resoms e dhne piac
arrangenment can be used in place of or in _conjunction with the use of
adhesildedn a patigsiarembodimeapthe igsat eyt sicHrihwith thegphaansyréise dP of e basi c
menbrane nodule 10 that utilizes two different nmenbrane plates 12, 14 to
cr eat enanlpand pletel 1ar Ifi hoethgraemtmdnmernsuthe anssitgliefloshpeitio themastdOangpidallyt hi s
case a forward osnosis nenbrane. In this enbodi nent, the nenbranes are

or i enttgdmefbidne shdet RN BE klicht BB sodactiaé BSatiléhsBa PRFIOL LI HéGherhhiahe plae,
perneate and the feed sides of adjacent nenbranes are faci ng one anot her.

As shown t0,ibd & ai/oPplhidr ShrfRieORess stream 48, in this case a feed solution
is introduced to the nenbrane nodule 10 via inlet 22a. The first stream 48

ent er sp reat bet ween al ter i ng henbr.ane pl.ates via ni ngs
3 g 00 " PRE SE R DR R LA TR B B B £ o
2A. 2B, and 3A). A secaond stream50,_ in.this case a draw sqglution, is

i nt r odtic®aVPdn ﬁ% ‘the TBTHRE™, BE@W,J?‘&HQH 2 ke MPARrAE IO asIHda S0
enters the spaces created between alternating nenbrane plates via openi ngs
134 ditepplend sudage 2hbewatisThf platge [ Aelfnra sacksidame 31per agesber, anfl gecuescaiigh e,
FIGS. 2A, 2B, and 3B). A solvent passes through the nmenbranes fromthe feed
sol ut ieetmple, tihe sda@fit savednd s Iandoan adGgsivd B0 6Bl elbpaionol vedht shekepBetveldch eed
solution exits the nenbrane nodule 10 via outlet 22b as a third stream 52.

The t Rk grovideappHetLaRinken Helspadifebdt@eadhembein@lshRIs aepavdeh@buRhce
el sewhere for further processing and/or recycling/disposal. The sol vent

enr i chethedtayns Abitd g%twé/ég g ﬁl%t{eg 21%,9f14§ agélHﬁ%Q& ¢iBAORe gpenings 32 formed

within the plates 12, 14. The mesh sheets 36 can be secured to the plates via an adhesive or other
known mechanical means, or be formed therewith. Additional mesh sheets 36 can be disposed
between membrane sheets 35 as necessary to suit a particular application. Alternatively, the
membranes 35 can be attached to the top or bottom surface of a particular membrane plate to suit
a particular application, for example, controlling the space between membrane sheets 35. For
example, in one embodiment, the membrane sheets 35 are arranged such that the feed sides of
two adjacent membrane plates are disposed closer to one another with a mesh sheet disposed
therebetween, while the permeate sides are spaced farther apart.

[0064] FIG. 4M depicts an arrangement where each membrane plate includes two membrane
sheets 35 attached thereto forming a membrane cartridge. As shown, a membrane sheet 35 is
attached to each of a top surface and a bottom surface of the membrane plate via any of the

aforementioned methods, and a mesh sheet 36 is disposed between the membrane sheets 35 and
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exits the nenbrane nodule 10 via outlet 23b as a fourth stream 54. The
fourth stream 54 can also be directed to additional nenbrane nodul es or

el sewher ewpapifareedier processing. I n sone enbodi ments, trhg/USeurolwIst ream 54
is directed to a recycling process to recover draw solutes and produce, for
exanpl e, potable water. [0067] FIG 6A depicts an alternative nmenbrane
nodul e 310. As shown, the nenbrane nodul e 310 includes a plurality of

al ternati menbr tes 2 4._.1n one enbodi Iate 312,
S14° arah b SsBEdo WP BiTE pBES 1 %0 dubir R BOHTRG Tor b sttt
descri bed W|th respect to FIG 1. Alternatively, the rrenbrane rmdul e 310
can b@lHeydHeN Bgy awky drechlptbepsifr thmapyigeute and Eyudisn faweradhasive iobtts oI r e
the use of a separate housing. For exanple, the nodule 310 can be assenbl ed
wi t h tasgndetl. ddoworer,phadpsiRe 8a the36@hbitahaplaias otill dbe nzoremoinplekdo or port bl ock
378 that interfaces wwth the internal porting of the nmenbrane plates (see
FI GS. aédvntiapdand flohitidBawesiemiemibeine 3NELLOBS.| Rlterpatitedy, IB2medBeant Plates
interfacing with the various sources of process streans. |In sone

e”b()d'nﬁ%flﬁessurﬁoﬂﬁdéd POt f&rElo?h‘éé 138 AR ISR O%E@\@?off @ bol ting

t he rane plate stack together formthe finished dul e 310. In one
enbodlrre p 2..31 e clear o] t hat can
ccomibaarar Bk S%hrti'ladtha iy RGPS SFRROIPET AN B M, are

di sposed outsi de of tH ow paths to ér event Ieakag I.n anot her
enbodi?HeRgeMenh gan BpUuseA dn BBEE 8PN SPRIENEns Witk hediss § %4 hgsives ger out si de

di nensi ons than the nenbrane plates 312, 314 such that bolts or threaded

rods 30@Xan EX Sriiepiset whemaitally éke apsaion36sle basiconetabishe medulst I§dhaetd

menbrane plates 312, 314. In sone enbodi nents, the top and bottom pl ates
366a, uBihsds taoaliffelent ime@braae dlaarsd 2r b4 aicﬁdat&S(paﬂngae fswapéein, buthi single type
arrangenent tends to be easier to assenble, because the use of the cl anping

for ce ghigmmaieem thheaheetbrivard SMmRisimadaasd. rlnttﬁlsa:ﬂ;boaﬁﬁeaﬁ 8Be BRIHPAneS 8RS
for caul king, if necessary. In additi on, the use of a

2013/ Q22Rdak Pgﬁelﬁ%gr}a%ﬁg%? an IR Gl m%ﬁﬁe?@gé}?’thg%g mei&)/e %Jdl Wedfie modul e

310 to operate at pressures t e Wt out a housi ng

assenbl ord o the ther nmet hod r| bed rei 0068] FI G 6B
Gont cOUEAAT SRt Brbe fs Tt Th T HE T e SNE ToFE ek HEAPTRE SHSR, t he
nodul e 310 includes a plurality of stacked nmenbrane gl ates 312, a top plate

368a, 4&nid thlSﬁé%%f?F%ﬁ%ltl@OfB@Slbtrodn%d Boihe snegpanegpadule 40 visriptet2 e rBre iyt i n
the top and bottom pl ates 368. The plates 312, 368 are secured via any of

t he afsoeandBeneretic mcmdsated\bttwemaaltareatylgdnelamt phalMiyopenimgspdrt s 322,
323 in the top and bottom plates 368 can be threaded, flanged or other
conf i @glipatddait thetends oD MeBtkaLIfraNEPpln@YS 2 Picp] fog eSatople TGN JACOB @RI/ ONA
[ 0069] FIG 6C depicts yet another alternative enbodi nent of a nenbrane
nodul .18 stream 50, in this case a draw solution, is introduced to the membrane module 10 via inlet
23a. The second stream 50 enters the spaces created between alternating membrane plates via
openings 134 disposed near the ends of the membrane plates 14 (see, for example, FIGS. 2A, 2B,
and 3B). A solvent passes through the membranes from the feed solution to the draw solution
(arrow 76).
[0066] The solvent depleted feed solution exits the membrane module 10 via outlet 22b as a

third stream 52. The third stream 52 can be directed to additional membrane modules or

elsewhere for further processing and/or recycling/disposal. The solvent enriched draw solution
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Simlar to the nodule 310 of FIG 6B, the nodule includes a plurality of
st acked nenbrane plates 312 and top and bottom pl ates 368a, 368b that are
used to swOdwi2uble assenbly together. In this particulPal/tSatoaisvent , t he
nodul e 310" al so includes a blank top nenbrane plate 371 that includes
openi ngs that correspond to the nodule ports, but no opening where the
menbrane would nornmally be | ocated, and a bl ank bottom nmenbrane plate 373

t hat does not i,nclude any_ openi or nbranes. I n_so odi nent s t hat
ol uders HE Thratend R SR o BB ST At SR pER S47 10 Bt VREnCE i
bottom pl ates 368 that are used to secure the assenbly can be repl aced by

| i ght atsopsiditseted it edditionab meprpians madylesi o elpepheiedgeiuHBe: RIPEFSsiAg s bt $QiBe of
fasteners 369 that nmay include spacers to suit. The nodule 310" can al so

i ncl uaterbodBadoey, sheXpbrth streees b4 s direced pporedynigng prooess itmgcowardiror sblaredlandg t he
assenbl ed nodul e. [0070] FIG 7A depicts one enbodi nent of a nenbrane plate
312 f giodige, forneddndl@lpoeibnakatee menbrane nodule 310 of FIG 6A or 6B. As
shown, the nmenbrane plate 312 has a generally rectangul ar shape, but with

sl i ghtiphoe7 OUNHRY cANEkPiQRYLPAR ARe hémHAAEMBARL il TR AL Show R heREmbRGEeONS 338
correspond in shape to the ends of a pressure vessel or housing. However,

the sha 2013/ 022945PCT, 2012/ 049960 of, _th l,at e, 312 can vary to
su v AR YR ARG PR O AR B LTI b B Tec im0 SRR
si ngl e menbrane plate configuration can be used and assenbled in an

al t er 3 PIAGS Séﬁ@é?‘ﬁ?@ NERUFAHH BT PresufieY GaFhor agl@u%%@ggla& IR RCR A and B
configurations that are, in one enbodi nent, asymmetrical to prevent

conf ugtignrespect togF16s 4 e ddteynatizielyt theynepzinargmmodide 348 sambsl asgernpled aedesaribrst |
[0071]Simlar to FIGS. 3A-3C, the nenbrane plate 312 includes a planar

sur f acathi328pechat FIGSE #AetH amd ngeadquig tB8Ascanfch sepantefoutiag 3B, exddple, Thee ports
342, 344 are disposed in the end regions 338 of the surface 328 and the

openi Rgod3R23 BXaA M s R & HR SSpAHdl dktodh §10Es 8684, BESH BAGHhBILAE a hiirslardrace
328 and between two opposing ports 342, 342'. The ports/openings 342, 344,

2 ST SRS B SR S RIS S SR
i i 12 . i .
o 00 E1e ST R PISAL s, B8 24 RS BERI BE R RFelT0 (o

menbrane plates 12, 14 in FI.GS. 4A-4H The plate 312 includes additional

ri bs PFephdfcadsr MbeHer ¢rRRodMmeRts rfhe fapeangdiottemaates 36 ean ipglpgegmgans fos42'  and
openi ng 332 are bounded by the ribs 330, 333, which define a flow path

bet weérltpgrthe mnPrang4pRdte stack @eethsstodpenihegiB8rd nRaules3 B4 4p 0B4 4mbadigment,
isolated fromthe streamfl ow ng between ports 342, 342', and provide a

pat hwaye plateaB1Ad1acHEIY indRgdERMAN¢ 1ail€s thdth@an heddnofibddie balescorahrehdiel aggTbr ane
plate 312 has a substantially symetrical rib pattern to the top surface

rib p%@?&zﬂer& CheR1ORER hbIS afd AYRED BuiSiRE BPheRIRE SRS RIfrEAT RakyReN, port s
344, 344" and the opposite side of the nenbrane i1tself. [0072] shown in

FIG g%othgﬁl\@ml!)&ﬁ%&ilt(}%le tgﬂ AP @ot%%@pl%{eg 38% hg\;‘&t s%%hﬁ}r/] gargesrso%[g%eecﬂm%%igﬁsetﬂan

the membrane plates 312, 314 such that bolts or threaded rods 369 can extend between plates
368a, 368b outside of the stacked membrane plates 312, 314. In some embodiments, the top and
bottom plates 366a, 368b are identical and are rotated 180° degrees apart. This arrangement
tends to be easier to assemble, because the use of the clamping force eliminates the need for

smooth edges/ribs and creates better seams for caulking, if necessary. In addition, the use of a
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180 degrees to each other. This arrangenment produces a | ess expensive
nodul e, as only one plate configuration is required. The plates 312 are
flipped owvoretsaredsduri ng assenbly. However, in alternaPCraserodinent s,

pl ates 312 having different configurations are provided, for exanple, WO
2013/ 022945PCT/ US2012/ 049960 to reduce possi bl e assenbly errors and/ or
accommpdat e addi tional process streans. \Wen assenbled, the stream passing
t hrough, port, 344 enter ort 342 in th cent e, 312 and i.s directed
e oos ety oenth S el by ala® sisnmpaite 3T BESPS R EhighT i NGs HinGh wher e
in the stack the particular Flate is located, across a second adjacent

nenbr mwgéhoeaélouﬂpg apsaEblegacersding tgthe othormethodsaliseihsd petsiss st r eans

to pass through the nmenbrane nodul e 310 across the adjacent menbrane pl ates
312. [[00683] FI HG. 76 depicnarenltcanaiod veisew afthampduleiddd o6 FIG HeA.mbrblrawre td at e
312 and depicts one possi ble node of attaching nenbrane sheets thereto and

i nt er GREIELS I0Ngclub &/aluiaditys ofMidRe@ AR bl &eqfate A1 25 AAyWIplate FOBG and @, bodtdeh
previ ously discussed, the ribs 330, 333 can include a recess 331 in an

upper r%%!é Boge fri o?@f32§ hats 48 fo%h%@‘éu@&ﬂr ﬁhﬁ@ﬁ% 4n@ bfo%ﬁ{‘ t8I54%. fite 'tE@ a
bott om surface of the ribs 330. The recess 331 can be zed such that an

adheSI \{g’]_%%t eré sé%‘:lure%?’ gréydofbt% ﬁl)r?mentlone mle]t’ho(é\l étgr%%tl{[f#%fofj 5 ci; Hr e the

pl at es en asse exa ?endlng

about por he surface the Iate bl ocks t he f|OM/Of a

pr oced8rt %E"?iéﬁ"?ﬂ? B ton %tr(tm a@t%§é8€ﬁ% ttﬁeaéﬁs,?*ﬁa@é o other SoBHEYAHE" [ at e
312. An identical rib arrangenent i s di sposed about port 342, but on the
bot t orrreuRmnadae Biriqus @ipragrbyséares pidaoengtigns.t o bl ock the fl ow of a process
stream fromthat port across the bottom surface of the nenbrane plate 312
(and 6% op Bl foatdepidfts g aadthacakinatieabmanéinphadea itpranEmaiuder 3 HNgenment
of ports and ribs 333 direct two or nore process streans across the proper

si des philhih® tREMBEABS 16 BERIG 335 thd HOIAE t&lmea?mg@tws@@taekédhﬁerﬁmm ng 332
i's sllghtly smaller in size than the area bounded by the rib 330, thereby

creatl ol a?ld Qnd"tﬁl&t@'ih éﬁ%s %8%’?{3?@? h%t‘%%tu PR o ggtgw%eﬁ ool %Qé}ﬁ@ t

menbr ne S eet can ecure e surface via any o met hods

g: fggﬁg ﬁ?ﬁga 1F13e)l% %?hboagp %?%tegtgz cfu]fl e%ﬂf (ag;E dnch?'gles ast)}fan(ittol:)3 %%:m%r}gnerﬂlgt% 3%?0
that includes openings that correspond to the module ports, but no opening where the membrane
would normally be located, and a blank bottom membrane plate 373 that does not include any
openings or membranes. In some embodiments that include the blank top and bottom membrane
plates 371, 373, the top and bottom plates 368 that are used to secure the assembly can be
replaced by lighter-weight rings. The module 310’ is held together with a series of fasteners 369
that may include spacers to suit. The module 310° can also include brackets 375 to assist in
supporting, mounting, and/or handling the assembled module.
[0070] FIG. 7A depicts one embodiment of a membrane plate 312 for use in the alternative
membrane module 310 of FIG. 6A or 6B. As shown, the membrane plate 312 has a generally
rectangular shape, but with slightly rounded end regions 338. In some embodiments, the end

regions 338 correspond in shape to the ends of a pressure vessel or housing. However, the shape
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WD 2013/ 022945PCT/ US2012/ 049960 a gas or liquid) laterally fromone port
(e.g., inlet 342), across the nenbrane surface, and out the other port
(e.qg., owbep13@am245. As shown in FIG 7C, and as descri lpea/usaib/os®spect to
FI GS. 3A-3C and 41-K, the nenbrane sheet 335 is attached to the nenbrane
plate 312, for exanple, via a recess 372 and a trough 370. The nenbrane
plate 312 may al so include a nesh sheet attached thereto. [0075] The

menbr a dul have general ly been described where the ne at es
oy e Chgeanat Tt dirads PaL APt e S o e seudr R G Fhe
nodul e may be oriented such that the nmenbrane plates are aligned vertically
on t heingld Bagbrangipkg caifigaentiop can by usedang pesembéadiig an @fteinafipg paterhe wei ght
of the assenbly. Additionally, the various nenbrane plates with nesh and
nmenbr adershieelys thatmautrede plhes etrocaaninbk apd Bhwobdumasosubatassembh¢ es and
finally assenbl ed and stacked vertically to prevent the bottom/layers from
bei ng eafbedfigsht bigyihhe iRl @hire @t thiEusi oo Saseanbly anehe) ednesnly bOLEIhblea
precedi ng types of construction can also be used for a variety of contact
menbr gnes. AsnMg! | . such as those disclosed in U.S. Patent Publication No.
2012/ 0067819, the entire disclosure of which is hereby incorporated herein

by 1 efgEACe. SEOL XA & Shay. BA% pURl Licat 0n, A1acl 0oss, LAELGS, 49 and 10

the use o iple ¢ es, Ich'co asse ed as

0077 A ERr R TRy B Al PPy g hE PUR AR EYp BT @S SHe i ot 6

can be used in a single nodule, for exanple, heat exchange and contact
menbr aggiens 3¥ecof thesuwfacedly piyl Ge wpaingAdl prtendsaleig substtiadlydhg entire length
configurations (i.e., flow paths) allows for the custom zation of a

menbr afi ehemodiate3 epelricdinenawotdppodes pored34P 84 2t iThg poltaiopatiegs R 844,662
functions thereof. For exanple, the size and nunber of nenbrane plates can

be chea®Be fundUiduard, BRbhE, G, & sifil PPartiadier APALAon MR I ddT rBdruacture.

Addi tionally, the nunber, types, and arrangenent of nenbrane plates
The plate 312 includes a rib 330 that extends along the entire periphery of the plate 312 and
provides a means for interconnecting the plates 312, for example, as described with respect to
membrane plates 12, 14 in FIGS. 4A-4H. The plate 312 includes additional ribs 333 that
surround the alternative ports 344, 344°. Ports 342, 342° and opening 332 are bounded by the
ribs 330, 333, which define a flow path between ports 342, 342’ and across opening 332. Ports
344, 344’ are isolated from the stream flowing between ports 342, 342°, and provide a pathway
to an adjacent membrane plate. The bottom surface of the membrane plate 312 has a
substantially symmetrical rib pattern to the top surface rib pattern to promote the flow of a
second process stream between ports 344, 344” and the opposite side of the membrane itself.
[0072] As shown in FIG. 7B, two identical plates 312 are oriented and assembled rotated
180° degrees to each other. This arrangement produces a less expensive module, as only one

plate configuration is required. The plates 312 are flipped or rotated during assembly. However,

in alternative embodiments, plates 312 having different configurations are provided, for example,
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WO 2013/ 022945PCT/ US2012/ 049960 can be selected to suit a particular
function, for exanple, nulti-stage distillation. The nunber and arrangenent
of ports wo20tse2a@dul e can al so be selected to suit a pRCTIUS2012/049960
application or function, for exanple, the introduction of a single process
streamas nultiple streans having different operating characteristics.
[0078] FIGS. 8-10 are schematic representations of possible nenbrane nodul es

that can be constructed in accordance w var.j.ous enbodi nents_of the

| nvents BRI S URRYy eRatd g AP oulo it bR PR aHERTS M al 0 be
produced in accordance with conventional nenbrane nodule formats, such as,
for exasepiteed. fieatisampassipgmEougimortaldhsatmuporaat Wohe adiaganpalate H2@Egd ig- 11
al so depict the use of nultiple types of menbranes in order to achieve a
mul t i sliragted acrosaithe oppdsite side @€ thiecrembmne Heeet 3¥earst dependimgangemenin the
accordance with the invention or a plate and frane type arrangenent, the

di f f ersewk theesubtiaine play & 18catkd, lacsd & Yecdhd héjaesmt neinbeaRBhedt335haleantvel a
hol | ow fi ber type nodule, both types of fibers are m xed with potted ends

to se %_%ft@@@é},tﬁ@’ Sl dve B prok &1 48 IHE RSN @l HERRHBRM TR ES FRPoReISed
in conjunction wth forward osnosis nenbrane nodules to assist in the

recov%aacgﬁn%: eS|rqgw§ hyent and/or to recycle solutes, for exanple, as

condenSErs. T ehoi1ers, Crystallizers, multi-effect distillation devices,

and j-eff ol ute stri pping.devices. In addition, these menbrane
modu ﬂ@@n B JR4 cRl3rged Ty Bha ppiAn of Higrmerppyage Blﬁfedﬂganfi (&PICEP G t s,
such as, for exanple, the forward osnosis systens disclosed in U S. Patent
Nos. @®osglle 2o8le o dttchieonenbranp shepeTthapisl dnddnicmenngssing HETY WSO NGIRIBP,
filed June 22, 2009; PCT/US10/054738, filed October 29, 2010; and

PCT/ UpLdé¢ 0 AShdwnfin [FEd. TCtambdeirev2&ysl did@issddh éhedits Q30 si33amndficludy clecesse
hereby incorporated herein by reference in their entireties. WO

2013/ 023294 aP6JP S0/ tR48GGR[i N8 ArldGhafedd@RbEN & sRapPOf Witk A beftoAnarfR@ssi bl e

menbr ane nodul e 810 using two different
of the ribs 330. The recess 331 can be sized such that an adhesive material 337 can be added to
the recess 331 to further secure the plates 312 when assembled. See, for example, FIG. 4A. The
rib 333 extending about port 344 on the top surface of the plate 312 blocks the flow of a process
stream from that port across the top surface of the membrane plate 312. An identical rib
arrangement is disposed about port 342, but on the bottom surface of the membrane plate 312, to
block the flow of a process stream from that port across the bottom surface of the membrane
plate 312 (and the top surface of an adjacent membrane plate 312). This arrangement of ports
and ribs 333 direct two or more process streams across the proper sides of the membrane sheet
335.
[0074] In one embodiment, the opening 332 is slightly smaller in size than the area bounded
by the rib 330, thereby creating a lip upon which the membrane sheet 335 can be disposed. The

membrane sheet 335 can be secured to the surface 328 via any of the methods discussed above.

The placement of the membrane sheet 335 and ribs 330 directs the flow of a process stream (e.g.,
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types of nenbranes. For clarity, FIG 8 depicts the nodule 810 as having
four contact nenbranes 812 (for the exchange of vapor) and two heat
exchange worbriane®s814 di sposed in a housing 816; howev@CT/USR012/049960
configuration, there would be additional heat exchange nenbranes 814

di sposed on the other sides of the outernost contact nenbranes 812 and
additional alternating contact and heat exchange nenbranes 812, 814 could

al so be inc t pl at es coul ssenb ed without fhe

epar dias Ao TG R alnd 8P € Enisteimtiar Sog o M SHTPae Tur bt add put {hﬁo
contact nenbranes 812 and two heat exchange nenbranes 814; however,
nunbethen@od 678 ARG A2 0f AvshowaieEIGrel-. Béd aefeseribad wish &spect 50 BIGY: |3é\u| ar
application. The systemdepicted in FIG 8 also includes a conpressor 846.
[ 0081]3Chandfd-Kerthotiembrdne shést 35® moatankedno did me@bOine plats 812, dor exavplestvald i zer .
In general, a heated fluid or steamis introduced into the nodule 810 to
provi aecebest2 4 DtrdughlB7d. Jhe edsimigond Fhtei3ng nssedednpluae h pickhbiepatiched es vi a
one of the heat exchange nenbranes 814. Water vapor will be produced that
w il eyapgrate through one of the contactor nenbranes 812, such that
precipitation will occur on the seeded particles within the liquid streant

s A0S ot BB D s SrcRebueELaBHRRD B A ERER S 81 7
or nore |nIets 82 d in the housi ng 816_(.0r e 81 cond
st r eardfpHerked iyya plag ere"eﬁﬁ using 358 RIS g e UG-t ﬁt&%%t g’eéPﬁlénRS nor e

additional inlets 823a disposed in the housing 816 nDduIe 810).
shown sb¢h thaGhe gremjraneapratgsarejatighas yasdetlednisbeiptoagity ealtsms It der feimtpémge
menbranes 814, while the first stream 848 is introduced to the opposing

si des befteitdigribetatheeweiphnefaheressmnblye AAdildoralig, thbeadi@adnanidese pihtet ndéth
contactor nenbranes 812. The first stream 848 is heated causi ng water vapor

t 0 pasgeshRh@U@MUrAR HOAt AGichBE IHRFANEM Bolgroddded 24B4IRhssKABAEs Ad HifaB@m can
exit the nDduIe WO 2013/ 022945PCT/ US2012/ 049960 810 t hrough one or nore

out | eta§ d%Pa%ﬁgcgvérﬂcélﬂfetz %%{%h%e %6§0§q£&eg%%£§)§g&%%&bg bg @lgau\g

recycl e to the conpressor e secon
wat er ﬁq% r enoved frﬁgtthﬁ'nodule 810, via outlet(s) 823b as a th|rd stream
852. % "BIESABEIPHBRENS PRESf i rst stream 848 is reduced to its constituent
solutes that are renpved fromthe nodule 810 as a fourth strean1854 via one
or nmol@07%dq; t Tempiecesling wpes grrpstiicsion sayalse be Heeddous vaets ebcéct nodul e
810). In an alternative enmbodi nent, solutes are vaporized out of the first
st r eam@di@amncs wWetlosigh as ieose dischestd imdAbr BatentPip]icarva No. Q01 6H67518, e,
water) is recovered via outlets 822b. [0083] The nodul e 810 depicted in FIG
8 couledtiRalists@draas vhiviats lekabydhcdpdtheahetipeneiffignce. For example, the ‘819
publication discloses in FIGS. 9 and 10 the use of multiple contact membranes, which could be
assembled as a membrane module in accordance with an embodiment of the present invention.
[0077] Alternatively or additionally, more than one type of membrane plate can be used in a
single module, for example, heat exchange and contact membranes. The use of multiple
membrane plates with different configurations (i.e., flow paths) allows for the customization of a
membrane module depending on the desired operating characteristics or functions thereof. For

example, the size and number of membrane plates can be chosen to suit a particular flow rate

and/or installation site. Additionally, the number, types, and arrangement of membrane plates
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on the nature of the various streans introduced into the nodule 810. In one
enbodi nent, the nodule 810 is used as a condenser, where cooling water is

i nt roducewsonoiyepie heat from a condensi ng stream vi a @a&/Uskomieedbeat
exchange nmenbranes 814, such that an absorbing streamor distillate is
cooled, allowing a gas streamto absorb into it through one of the porous
contactor nenbranes 812, which do not allowliquid flow. In one enbodi nent,

t he absor bi streamis a dilute draw solution and the.gas streamis the
tops apBY Nk P aipr Gulisgtiiofr G SonalbeBarRies tir B FHEMRebE: ane
nodul e 810 coul d al so be used as a reboiler, where heated water or steam

i nt r odé agangearent of porisihemedplegan glsq beseleged ihwitRpti@lyRRBEtPBI9Br anes
814, which evaporates vapors through one of the contactor nenbranes 812.

[ 0084]fEicBonSfod exinaipls, the merwidnetine ofmchinge prboesistredranas rultifie strmdsihav@g0 of

FIG 8, but with the addition of a heat punp nodule 960. In one enbodi nent,
t he megtgdrent®beraciap chaasteedicas a crystallizer to further concentrate brine
providing for zero liquid discharge. As simlarly described with respect to

FI G %07%;“ I BIGS 8L RPUTe 984R nlafic L QAMESHS dPRsibREndRIARARBIIRIHaEcRUR Vi a
inlets 922a between a pair of contact and heat exchange nenbranes 912, 914,

and a second stream 950 i.s introduced via iplet(s). 92 int.o,t nodul e 910
ot wes s cAdh PEQRER puh O EEEhE st e eisBlio oADseRifuifales 074

In one exanple, the first stream948 is a salt solution or seeded slurry
and t HNQECBHADEHF AHMESASNCIRABARE PEadieed Foprrpanee Wlheqs eptionbs er r ed

t hrough t he heat exchange nenbrane 914 to the first stream 948 causi ng

wat er membrapompdele forenapasecht dsr ou gkample, Rlaktad framentiimhwound. 2nd holes] As
shown in FIG 9, the heat punp nodule 960 includes a heat punp 962, a

boi | erfib@64F TGN E- 1d addu ddpéat 136G of henltiydatypes opm8mbraansinbotbed ablidvea omitde t he
second stream 950 of steam The chiller 966 provides a fifth stream 956 in

the f Qage of nfu@pbifed deeiter Inf thatadeSflaR hir@sbeeRAt frtackhRafdiite th3kventian bph et s
921a. The cooling water absorbs the heat, via additional heat exchange

menbr r Eﬂ%ﬁﬂ . 9 to
creat @§§§$§?FP§§ﬁ§?5?ﬁ% @lng??§%§QQX|ts ?ﬂg5ﬂ§%%?2%§9%%@ﬁﬁgﬁS%%ﬁgs%ﬁ
third stream.9 via,outlets 923b.. The n heat ed. cool.j. n ter exits the
modu dsee oT anaiy Bbettensoadestn fyiks 8 Hhd i A aReT NGt b rent s
this third stream 952 is a desired solvent, such water. The remaini ng

sol ut 88PF G MG WEAMSr st st ream 948 exit the menbrane nodul e 910 as a fourth
stream 954 via outlets 922b. In sone enbodi nents, these solutes can be
recycl(@é@/%o comseahriousenenhwes modties narobe esed imwprg wiation ovithusedard wsmofior war d
osnosi s system In other enbodi ments, the fourth stream 954 can be

concenidnabirett Bodiles ohatiscianhdRcofedy ofxaske solvemyaled o ticgposadiedffor or
further processed through another nmenbrane nodul e to renove additional

wat er -ex[ungl%,GJsl d%n§8{§§rs?f5%9@ér§f%?§§alli£é}§, RO dithioh i&ic&, s mdltnerrle used
as a nulti-effect

solute stripping devices. In addition, these membrane modules can be used in conjunction with
other types of desalination units, such as, for example, the forward osmosis systems disclosed in
U.S. Patent Nos. 6,391,205 and 7,560,029 and PCT Application Nos. PCT/US09/048137, filed
June 22, 2009; PCT/US10/054738, filed October 29, 2010; and PCT/US10/054512, filed
October 28, 2010, the disclosures of which are hereby incorporated herein by reference in their

entireties.

29



distillation device by using alternating heat exchange and cont act
menbranes 914, 912. The first stream 948 in the formof, for exanple, a
seeded slwOrg13/2948t r oduced into nmultiple channel s, eachkcatusaodiosfoer ent
tenperature and pressure (e.g., streans 948a, 948b, etc.), such that as

st eam condenses in one channel, seeded slurry on either side of the heat
exchange nenbranes 914 evaporates steamthrough the contact nenbranes 912,

whi ch co ses. on the next set | 2013/ 02 PCT/ US2012/ 049960
non 00 6 PIE AR bR Gons P ssBleanBhaae Blodif o LV HINEH. soeded
slurry stream but at a |ower pressure and tenperature, and so on, thereby
provi dYRs§ ofiembsnss EPIT@@W?FJ«S? S depigdretiie modylest jOms Maviag fQHFOREAL , t he
menbrane nodul e 910 can include the necessary porting to introduce and

r enov enambhrhngs| 84 24 far danescchangard vhpaimideyaipduéeh8igr mémbaescs lidodsboabbine, t he
menbr ane nodul es can accomodate single streans passing continuously

t hr oughholukiag BDEH ey Q36 ir0this@dnficPlados,tth&@a MouRBBS AdiitidraDhigh ek drangodul e 910 in
paral l el . [0087] The nenbrane nodul e 910 can be al so used as a nulti-effect

sol ut en&hBhRRIgNg d?h%;%éé%mn Bk BtHeRSidE Cofnibhbinsk BGRaG PhhiBaflis S blahat i on.
system but in a nenbrane configuration. The nodule includes a plurality of
al ternati.ng -heat excha a qnt.act  nenbrane t he .appr.opr.i.at e

por 1 AR FBnafE RN o b B} MRERFRETR AN SR PRI B one,, .
is introduced to. the nmbrane nmodul e 910 via an inlef to a particular
channdh Blaies coplfl Pe Az Sripehoat {iceisa R pRIERE PRIsINEs AHERHEhHTERYIS n one
channel , draw solute stripping on either side of the heat exchan

e
menbr &6 soeldbedimiteddo WP aeriactinprmalrghestdiad aadjivie beat cxginae tnen@ﬁﬁmagé@, whi ch

t hen condenses by itself or into an absorbing solution on additional heat
exchamhgeenanrnamesher and thabohtiar ofsheabahesnvnby be sedeaedsiorsuitarpastiauigopi ng
stream but at a |ower pressure and tenperature, and so on, to get the

nul ti pbplica@bh eThs sys@im dstiaee s FId. 0B} iitadeslOcspnt&began addi tional
menbrane nodul e 1010 arranged for use as a multi- stage distillation system

in ac Zﬁq%?”c?ln‘g}ﬁg off38irfnt TR0 ﬁeg{ﬂfg@%;rﬁ?dlﬁésﬂf istdl€d Lé‘é’g%thﬂﬁer. %ng%&hl', Y, the

modul 0in es a plura ernati ng heat ange ranes

msul JERRD B P PE TORA G BB st tona e pet ot kedn her or )

bet ween particul ar nmenbranes. The nodul e 1010 nmay al so i ncl ude insul ated
bar r i éPBtagdng¥edecipre¢indaty prigiclesyir oneentpheabrat prehpdge mempigeodet eVRiCEi ency of
the system As shown in FIG 10, the nodule 1010 can be used with an

ext er rvapor will be produced that will evaporate through one of the contactor membranes 812, such

that precipitation will occur on the seeded particles within the liquid stream.

[0082] As shown in detail in FIG. 8, a first stream or solution 848 (e.g., a salt solution or
seeded slurry) is introduced into the module 810 via one or more inlets 822a disposed in the
housing 816 (or module 810). A second stream 850 (e.g., steam) is introduced into the module
810 via one or more additional inlets 823a disposed in the housing 816 (or module 8§10). As
shown in FIG. 8, stream 850 is introduced between the two heat exchange membranes 814, while
the first stream 848 is introduced to the opposing sides of the heat exchange membranes 814 and
the feed sides of the contactor membranes 812. The first stream 848 is heated causing water

vapor to pass through the contact membranes 812. The water vapor or steam can exit the module
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WO 2013/ 022945PCT/ US2012/ 049960 boil er 1082 for supplying steam (stream
1050) to the nodule 1010 and an external cooler 1080 for supplying a
cool i ng IwQuoth/o2g445eam 1054) to the nodul e 1010. An al t @CmaiS2Me/osdul e can
include an integrated reboiler. [0089]In one exanple, nmultiple dilute draw
solution streans (streans 1048a, 1048b, etc.) are each introduced to the
menbr ane nodul e 1010 via an inlet 1022a to a particular channel at a

di fferept tenperature an ressyre. The_dil ut.e sol uti streans are
"t r odUDORHY St A0S Sonpdioro g et Sy BLG 3fadle F1uah EPe

i ntroduced to the nodule 1050 via inlet 1023a and provides a source of

t her mafcyslserigtherqeapresais®d. e sagtndisieay 80P 6yt be fedyesd tefvatangwemeeed1 050
serially. Athird solution stream 1052 (e.g., water) is introduced to the
nmodul érobde modulonH), gra envied s) §3btas a TR streaTh@S . duonk esbpdiarend GAfise. g., a
source of cooling water from cooler 1080) is introduced to the nodule 1010
Vi a oRgefh s0®iLredidea!ts itd Oenktinfed edined hgt 48 réheyadUrde theahodill@gEFagdtbuayer al |
configuration of the nodule). [0090] As shown in FIG 10, the nodule 1010 is

di vi deded 894 YU dreR)r Erc3t RABHork? bQfets 89800 spokOd Athe BbEsind 81 PR nRldARN 1 O% ?_;

steam (stream 1050) is introduced on one side of a contact nenbrane 1

g.n t h%n 0}1 gﬁérngiv%eemqgod%érﬁhséhﬁag z;]rg V%“ Ar‘flzte 091{ &g 1|rsltltsi oy §Bf§ z%?‘ t %‘(%4§'thf;r he
ilute draw solution 1S heated causing the solutes erern to vaporize and
pass through the cgntact nepbrane 1012 and into the ste The renai ni ng
draw $8Pift reﬁ?gqagggliﬁédeép PR B A1) (HIECHEI G SIS $120 an out| et 1022b
as potable water, where all or portions thereof can be used for various

pur pod@@83dr fUhe medulpBde depieigd iMEI(sHovanld be wedas agariety pbeeviens dspendieg wat er
is sent to the boiler 1082 for use as the source of steam a portion is

di r ectoadhdaatiretad thicdhearivns streanisdiodised heo the modyde Bt sk @ik reatiodibim?, thand a
portion is used, for exanple, as potable water. [0091] The steam now

cont aipbdide § 1eis RIS Z@AdSRE % re RABAL Hated i AMBLARId ¢h amBle Heht frd1f anDdul e
1010, which is bounded by an insul ated barrier and a heat exchange nenbrane

1014. condensing stream via one of the heat exchange membranes 814, such that an absorbing stream

or distillate is cooled, allowing a gas stream to absorb into it through one of the porous contactor
membranes 812, which do not allow liquid flow. In one embodiment, the absorbing stream is a
dilute draw solution and the gas stream is the tops vapor from the stripping of draw solutes. In
addition, the membrane module 810 could also be used as a reboiler, where heated water or
steam introduces heat to a liquid stream via one of the heat exchange membranes 814, which
evaporates vapors through one of the contactor membranes §12.

[0084] FIG. 9 depicts a membrane module 910 similar to the module 810 of FIG. 8, but with
the addition of a heat pump module 960. In one embodiment, the module 910 can be used as a
crystallizer to further concentrate brine providing for zero liquid discharge. As similarly
described with respect to FIG. 8, a first stream 948 is introduced into the membrane module 910
via inlets 922a between a pair of contact and heat exchange membranes 912, 914, and a second

stream 950 is introduced via inlet(s) 923a into the module 910 between two heat exchange
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WO 2013/ 022945PCT/ US2012/ 049960 On the other side of the heat exchange
menbrane 1014 is the potable water (stream 1052), which is heated by the
st eam causDrg1¥M94§t eam t o condense within its channel 200/ BR012A3WH0 a
portion of the water (stream 1052) to turn into steam which is then
directed to the next stage (e.g., stage 1010b) of the nodule 1010 to
provi de heat to the next channel receiving a dilute draw solution stream

(e.qg., stream 1048b The dense solut S |t t he nodul e t hr ough
e o TR et it SaE P s B3t HETESts B8 LSy B tot SrofRv s U au
solution or further processed. The afore nmentioned insul ated barrier could
i ncl udecoadsaaam 990 &y stenen.f Beardeprp theptapnt is tfansferredhthrongh the Bept gxehagse g
catalyst to assist in the recovery of draw solutes, for exanple, a catalyst
t hat acaebrena? kstotthefimb storapt 94fhcanfing evateitn vemirut esd passghrougIOhe contaot
solution. Alternatively or additionally, the catalyst or other material
coul d naentraeRrgaer ated i nto the heat exchange nenbranes or additi onal
plates. [0092] The process continues as streans of dilute draw solution are

I ntroqgesd | NARMA Bl FIEO 9SHE ‘B@ét?u\ﬁg) rﬁB&H@%@fncH@l@s ey ‘ﬁg}%@ a BBidre the

source of thernal energy is pass erially through the various stages of

Lhe mb%h!l nda JhOller-ng A %tlpomps)f?‘a%ea boﬂ 9t6qe \F ﬁ]lelsg&n%o dl tl9gBS of the

vari ous reanB can be co tO SUI app |cat|on

Exanples of __op araneters c e found in_ U Pat en Publlcatlon
No. 20580 z’@%@%ﬁrﬁﬁgpgq adtihest r&mﬂ%%ﬂ thesora o8 593}%%%@041%&1@8“ uced
reference herein in its entirety. For exanple, five stages may be created
wher e te e rpdule @) vieavesSRla.i he ¢dobing Waterphsaabs b hea. eiagddisioagidicatout t he
thermal energy flows in series fromone stage to another, being effectively
I eus ecdxeanpe tiembrands 9t hedrdnasie wipagesssal thraugh mlmacoatdaodienﬁ)rctrm a12 ercreate a
predeterm ned nunber of stages, the cooling water (stream 1054) is

| Nt r ockgiBidtet Orhigstimaebxes iH2kRePrahdimoatiloen 0k denitf straheds? |x ehdngerenbr ane
1014 adjacent a channel containing the steam and vaporized draw sol utes,

condengl.Ng AealB23b1it 16 1 4ARAT tﬁ@ﬂmﬁﬁl@‘@lé% Hof B 2SQNHENSEAnfo Y [{ol ut es
nodul e ?% 6 %2%? wﬁ

exit the Ia one or nore outlets

2013/ 022945PCT/ US b | ed i h d
depondP g TIRTHETEy Ue i g 1 5K li%ﬁff%rﬁar@a?cr%&%%ﬂ”r SoBtnBESERE i o
outlet 1027b_and is returned to the external cooler 1080. [0093]FIG 11Ais
schenmdfdt thed Fplesiepm B 611t e memhpor magstsrPliass feyeh étr@caﬁh%‘b‘&ﬁ opideth ¢ 3tor ned,

for exanple, using all nmenbranes, as can be configured in accordance with
any ofln séree embodimen it fegemiriehen egraicted tasostihdvhe ¢amcFit@tioh bBa didve cheni cal
process is simlar to that of a conventional absorption cycle, but the

conponrentisn akel i6arfsiwdie betdo9f sysener Incabdr aftbsaimdes, blesdrtiBiredn 854 canbd ch
significantly decreases the overall cost. These conponents include; a

menbr %Bf?ce%ﬁﬁﬂ%@'%ﬁh@’fhat ARy, @&%xﬁ%@ﬁef&?éled r@éﬁ&"s&ﬁ@f @Pﬁ%&eﬁm@é&‘é’ed‘fﬁfﬁ% gne
heat exchanger, which, in one embodi nent, can be contained within a

nenbr%ﬁg d%%%%n%?n%)%?tbq qkﬁnun?ﬁeg%yse the systemcan be entirely

construc neric na e cost can be as nuch as 90% | ess

t han itio aI net -all oy constru (% addition, incorp |ng t he

var i oié nct 1"o1084 eﬂi‘% %rit%/]d eemﬁﬂﬁﬁ%éb PEF% gbrcaé‘l alss) t?equgg % ‘h@“@if%

reduces its overall footprint, and nakes it nore readily deployable
distillation device by using alternatmg heat exchange and contact membranes 914, 912. The first
stream 948 in the form of, for example, a seeded slurry is introduced into multiple channels, each
at a different temperature and pressure (e.g., streams 948a, 948b, etc.), such that as steam

condenses in one channel, seeded slurry on either side of the heat exchange membranes 914

evaporates steam through the contact membranes 912, which then condenses on the next set of
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[ 0094] The absorption cycle was invented in 1846 by Ferdi nand Carre for the
pur pose of producing ice with heat input and is based on the principle that
absor bi ngvareniza45n wat er causes t he vapor pressure toPAEAISRE2M49960
Absorption cycles produce cooling and/or heating with thermal input and
mnimal electric input by using heat and mass exchangers, punps and val ves.
An absorption cycle can be viewed as a nechani cal vapor-conpression cycle,

with the conpressor replaced ener at or, .absor.ber and i quid . The
Bbsor BT SRO e S atrois R feotdh ol S5 pT hBichiis R RgE pras sror SRR

el ectrical input, plus uses the natural substances anmoni a and water,

i nst edda KFves PerreLIg apd Epegathigt drchyosuh sherghycaeyigyngrmylipler sfees't & Blages1A,

t he basi c operation of an ammoni a-wat er absorption cycle is as foll ows:
Heat (IQeychi & apppéreeht: the neentgemenadwde 91WWharcinclode theinesesaaryglodtinigan of wat er
rich WD 2013/ 022945PCT/ US2012/ 049960 i n ammoni a. The heat causes high

pr ess GiteoduigEaid @ntap dfiultiple 4880 Ptofana Mrdnh theShddilld 910, AeddscEbdd Bobkahe be from
conmbustion of a fuel, such as clean-burning natural gas, or waste heat from

engi Ne, EXhakShod AENEM dPAHROHARinRICERERE Passif @ntiRGRk! tﬁfou?HYheo&lB@lﬂe heat
source. The high pressure ammoni a“vapor flows to a cona%nse , typically

cool edfy, UL AOLAIL kine TG ATIORLAYGRPN SpRienses into a high pressure
| i qui d, "rel'easi hg heat I can be used for prodiuct heat, such as space

heat i 0096] The hi gh pressure ammoni a |iquid goes through a.restriction
to thigw[\l« prﬂf‘sﬁlﬁ@bﬁ%aéf%iﬁlfet ngglsoﬂ%F%a%%ﬁ’BﬁH? St SPIYIR Y RAEREPEM-boi | 5
or evaporates in the evaporator. This provides the cooling or refrigeration
pr oducstmilariie ajngiiprags selvanvdigdlatipn sypsern.dout fiea glssbrangrconfigiretors oheai ns a

water-rich solution obtained fromthe generator. This solution absorbs the

ammoninaoduhd ineluded eplsiatigy dfetelesing b atadasioangt iand conkinit sndheatnesand ldee used as
product heat or for internal heat recovery in other parts of the cycle,

t hus tapb@gﬁihﬂa@ohh%. tRAE R @Fav@§luti O RSt Pes Ysthe8me Dl 8 £ioapk W48l hac sRI ution in
t he absorber, now once again rich in amonia, is punped to the generator,

wher e idoduSed BAY nfethth SREASIENE1 EViG R inlet to a particular channel at a different

temperature and pressure. As steam condenses in one channel, draw solute stripping on either
side of the heat exchange membranes evaporates solutes through the adjacent contact
membranes, which then condenses by itself or into an absorbing solution on additional heat
exchange membranes, on the other side of which is a similar stripping stream, but at a lower
pressure and temperature, and so on, to get the multiple “effects” or “stages”.

[0088] FIG. 10 depicts an additional membrane module 1010 arranged for use as a multi-
stage distillation system in accordance with one or more embodiments of the invention.
Generally, the module 1010 includes a plurality of alternating heat exchange membranes 1014
and contact membranes 1012. The module 1010 also includes a series of insulating barriers 1084
(or other additional plates as discussed herein) between particular membranes. The module 1010
may also include insulated barriers as part of the outer most membrane plates to improve

efficiency of the system. As shown in FIG. 10, the module 1010 can be used with an external
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[0097] FIG 11B depicts a vapor absorption cycle as enbodied in a nmenbrane
nodul e 1110 in accordance wth one or nore enbodi mnents of the invention. As
shown, a wonrstd/eeséam 1148 incl udi ng, for exanple, watePCaAb2@wIYE (i.e.,
the generator) is introduced to the nodule 1110 between a heat exchange
menbrane 1114 and a contact nmenbrane 1112 at a high pressure. A second
stream 1150, for exanple, steam (i.e., the heat), can be introduced to the

nmodul 15 t he ot her si of heat exch nbrane 1114 i ng
The amsii DedptipeBiicken Nrandgpi Poh moneeandEarEe sRaRardtle B oogn
the contact menbrane 1112. The high pressure amoni a vapor flows al ong

anot hdpr weatyingaerohige liguiddstasren 1434 toismaodule Q10 oy a¢gprpafivg npegulecadt r eam
1152, for exanple, cooling water (i.e., the condenser) introduced to the
nodul endddeanontegid@RRBBIID22945PCT/ US2012/ 049960 t he ot her side of the
second heat exchange nmenbrane 1114. The anmoni a vapor condenses into a high
pressyo8d]i quinthnelerb@pki R@lthtadilutt ABMKBIolho M Ht@EMP 2Rk @ 04880048, kicgui d can
go through a restriction R either forned within the nmenbrane nodul e (for

exanplyg, efh iRFLEd QREOHRMbrheNSIR 14106 i TR RIANS P /L iQllarhafd §f Hal

valve, to a |l ow pressure side of the cycle. This liquid, at |ow pressures,
boils evapaor at es ovi di ng~coel ing. The | ow pressur NN apor can
be. r eCHTEU AP SRl Gl i TS sy 1 Res ket T Bl G P Blgh. an

B T R M G R R

contact nenbrane 1112. On the other side of the second contact nenbrane
1112 iasd pryidesw sprice of theghalfdnexgty thatrpasses thrageh thoipidonsataees bisthe modaknoni a
vapor through the nenbrane 1112. This solution, now once again rich in
ammonilas0 sainllge A éhirdrsnbxioh otrédne 18%L @/ waae iainavdadedno éle mdduld 0 todal e

1110, where it is ready to repeat the cycle. The now heated stream 1152 can

be 1 etgde BERHotOinldPT028%XAMRE Courth sEilkthinl €54 Q¢ g Us 86urk& oPEVMINEG fvakdd Frbph EdAdr
process as stream 1152'. The now depl eted heat source, stream 1150, can be

retur 0 I { | I 1150 .
The. f oY agbR i RBLecl (Bl mdaa 100 R e A AT 73REBRAR R B R 1
a conbi.ned menbrane nodul e.in cordance with one or nore enbodi nents of

t he iﬁ$éﬁé?ﬁﬁ@HﬁBV@6€ng?ﬁ%° ﬂ%FQH)HG§por absorption cycle could be
carried out with separate nmenbrane npdul es interconnected by any suitable
means [089  exAsphavn mIdGyil B the moduled§dp ds Gided prto pyflidp)esiagentiddpel 01900,

al ong with any of the menbrane nodul es descri bed herein, can be used with a
cont r dOILeg, efcorln ad¢ stegé. e seam egughat i0AG) s antralusedspent sdodf & trmtayst ens

i ncorporating the nodules. [0099]FIG 12A depicts a prior art configuration
of a spdnidhnenvIdomeRtRdeided whechlid Gk dilhednmdisl@ioh200arh Nok8IdERe dil@ent er

tube 1202 and one or nore |ayers of menbrane nateri al
draw solution is heated causing the solutes therein to vaporize and pass through the contact
membrane 1012 and into the steam. The remaining draw solution, less the solutes, exits the
module 1010 via an outlet 1022b as potable water, where all or portions thereof can be used for
various purposes or further processed. As shown in FIG. 10, a portion of the water is sent to the
boiler 1082 for use as the source of steam, a portion is directed back to the module 1010 as the
third process stream 1052, and a portion is used, for example, as potable water.

[0091] The steam, now containing the vaporized solutes, passes to another channel of the

module 1010, which is bounded by an insulated barrier and a heat exchange membrane 1014.
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WO 2013/ 022945PCT/ US2012/ 049960 1204, where the center tube 1202 includes a
plug 1206 centrally di sposed therein and corresponding with a glue |ine
1208 al orwyjotzhss/azendsr ane 1204. The plug 1206 and gl ue |i RETARR@2m¢1960 0 f orce
a fluid (e.g., a draw solution DS) out of the center tube 1202 and al ong a
predeterm ned fl ow path through the nenbrane 1204, and back into the center
tube 1202. The fluid DS enters one end of the center tube 1202 and exits

t he other end thereqf. This., arrangenent sul.ts in.a nu r of ad.zones
e O e S RS RE el Sl ST 001 e bt Sy BTGl 19585

osnosi s cross-fl ow nmenbrane nodul e 1210 that elimnates the need for a plug
wi t hi As hepéeddantbe stepgsausing theestqam o qopdepse Hdihy its ¢hapndfand af lest@ POSIFYIm t he
center tube 1212 to the end of one or nore nenbranes 1214. FIGS. 12B and
12C delp wateosaeant 082 e arnohtotskeanmyeinehain ¢hemobieked 1@ e nert drgeungostige
configuration. As shown, the center tube 1212 is open on only one end

(i nl et101@h b tedf mbd e @b bM@Airevidodyat t@tHehekt @mnn@edeadhih eduerdras sdusdandar d
tube nodified by plugging or capping one end, with its interior lumen 1213

in fl lélrgarﬁ‘? ob Eﬂr&aﬁ{ lmbw Tﬁ'e &Hﬁeﬁgegﬁrm sélﬂﬁ%s gﬁ?ﬁfe@ﬂ@tﬁﬂé&%ghﬂﬁ@ o.k Hio?é _1211
can be threaded, flanged or otherw se configured for iInterconnection with

ot her syst onpanents. 1.n the .embodi nent,shown,. there.are two [ anes
Tora it AORRRCE PRI S S el RE MR Y S iah AR Bok¥ReyPRLS oG
along i.ts opposing sides to define ap inner surface 1215 and. an outer

sur f a@d&Prgaceptio ﬁl&?fﬁgialﬁler aIf el oaRe Ohe émecél ed matdiaLNaEayr ¢ he
perneate sides of the nenbranes are facing one another when assenbl ed. The
ot her alsadicbds a ¢éalyiv i pssrse inads eerohgry 02 tdraw salutgs.ifer ¢xanipleijadatabysiribal cat i on
with an end tube 1216 that is structurally simlar to the center tube 1212
havi ngcadierefes tigaibeorbooty ofiedftaim sodutes (eprE®OD22D sahdioan Adtaidaetelydt9. Thi s
arrangenent allows a raw solution DS entering the center tube 1212 to fl ow

radi alabyitioHinaern daheyebr oMtamnetcRet WRRNbd iRBorbYWRLIMBARY O RSt 2Rdhngd e dr aw
solution DS then enters the end tube 1216, where it is dlrecte% to the

outle i : e or both ends thereof. The nodule WO
2013/B%%@%E%%f?%@%gggﬁgﬁg 60 1210 can be placed in a housing with
appropriate parting to introduce a s nd {1 ui .e.q., feed soluti FS) to
the’ oRMBAT  PEh< RS ol e s STITE dralaflulify FijntfEed B il
[00101] FIG 12D depict an alternative enbodi nent of the nmenbrane nodul e
1210, wHesees Yhages @f thepaodude &9 i0nvhale &e soMererah dhegmalenseniisipatredsialyns out  of
the ends of the menbrane assenbly 1214, 1218 and, for exanple, into a

housi rigroa@p e vasoshsages ioh theln@dul@ K) 1 0Refhermuimbgr viostégeSand #f€, opeheingound

menbr ane nodul e 1210 is disposed within a chanber 1227 defined by the

housi rgndiBdms ofwht CArididstrtdies dxmarRsDatyllqboisaitapdrtiail Spplicatbn.eBtarplds aw
solution DS and a feed solution FS through the housing 1220 and across the

menbr anenaHE bassR elldd bek@dd inAS.SSHAWR. PublieatimaVh. 98horbb oMm3PShekiel3uene end
of the housing 1220 and center tube 1212, where it flows radially outward

|1
and al ong.th 1 S t . I de. por 2 L. SPos iLn_the
mous. 7 VoS LERET AP Rut ! Gy PREr RS tsiin T80 SR Te S5 T3 ek Pk
within the housing 1220 at both ends, such at the ends of the housing
defi n@eﬁmakaﬁe‘gl&e aﬁéﬁétﬁd‘d’éﬂ‘f’ SeyteR fIgys Jhpy qﬁ%e‘?ﬁlftsFaéGu &hﬁo‘iﬂFWH ETRE
wound nenbrane 1214 at one end (via inlet 1223) and exit the nenbrane
nmodul dlor310 seifesttipm eppesagaty aaadiey, brmgsifiertetel epsyd epsh fimeo ftdhe laat séage, or
solution. Alternatively, the feed solution can be introduced via the center
t ube I12idnaadbodimedsaliesopretietorminad niv@bemtfrsegac elee adoding natdn ostsiamgl 0622 B.
[ 00102] Those skilled in the art should appreciate that the paraneters and

conf i ghtigduc@N tHe foduReED 1 D@ h ehdlothéSsi@XEMIN At dxchlthel ahbasé Ul 4 REdRARE er S
and/ or configurations will depend on the specific application in which the

; i i i Ll Pt t
varl Ogﬁ%‘rﬁ‘g‘;&q{tﬂﬁfﬂ%ﬁh@;w%ﬂ grédl O%{%?ltzé@araw HIHSE gonciléﬁgiﬁ aﬁl%h%l@vdp@n%@dl@&/.

shoul recogni ze or aple to ascertaln, usin re than routine

eXPe IR0 UL O RO B RABSYRPAC Bl MEAHBR "

are presented by way of exanple only and
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WO 2013/ 022945PCT/ US2012/ 049960 that, within the scope of the appended
claims and equi val ents thereto; the invention nay be practiced ot herw se

t han as swecofywad4ssy described. [00103] FIGS. 13A-13C depirats2@an/osdsser nati ve
menbr ane nodul e and a net hod of manufacturing same. The structure of the
nodul e 1310 is simlar to the types of construction previously described
and is essentially a plurality of alternating |ayers of nenbranes and nesh
sheet mnth ut th f ar a | gt es. first sh
Sheet T1S¥sisA B oot Soffes BRREHE( S Pendi nahe sy onhERen o fup et pie t o
define a flow path across the nesh sheet 1336a. |In one enbodinent, there is
no gl &@mn@edﬁlt We awdet W7k and saetusfedtp hagsdginalirester 18%ka. I n some

enbodi ments, the nmesh sheet 1336a can include solid end regions 1338, which
may i h809%de sPKcdr4 i3 3d@nuitis pegestn@ioriof heapdrhbsdrpipororychathttordar f ace to
provi de additional spacing between |ayers. FIG 13B depicts a second nesh
sheet ptddfhed, hatexB@pleausihghll Bfenb@iifeh fd4@hh 08 casidun& ihiacsdrdams withastof1336a,
but with a different flow path defined by the glue |ines 1337. The gl ue

l'i nes (334 AAmbRS d8&FBBEnIRRN 1 S8R% i 33E01 A f TRecRAfit AW RAL s RAViIR Y an
inlet and an outl et correspondlng to the ends of the sh sheet 1336a. The
”BuﬂﬂeCSheet 336ab efgggf flow.path

gl ue ltftaq %ajc 1’:1%V7en801’1 lagso yc onen s are consirt wep Cost
having an in nad a 5%%? % rrespoﬁa T hESETHSS P he Hesh sheet

1336b r oxi he en her eof, ue I|nes 1337 ¢ be manual |y

appl | streranch Eﬁ& paesials 3{5? Ogél%fﬂféﬁatf égcreeﬁs B Ve S ekiese HBPYERE | i nes

1337 can be preprinted onto the various nesh sheets. A nenbrane sheet 1335

can bencludes e meainhranceyehoitos hmehbiane ¢@BB N c@epp@ne aBEybayjand mepdranedigabf t he
glue lines 1337. Typically, the nenbrane sheet 1335 will be generally

cent r akéhankac ahéd, anthesintedirhant caneebeatained oxithin & hentbopenfiodrieas dfsctiteed nesh
sheet 1336 and be sealed thereto to prevent the passage of any fluid trough

the maghidNB&sssd the RRf&EASal B OMEBIytBEsTRIA FPpRlynricahntatiAly &hy c&¥k can be as
addi tional ly, the nmenbrane sheets 1335 can be attached to the nmesh sheets

1336 apd menbrane
WO 20%@?8%5§Q%H%$%B§2§%g1@%68§%ﬂ%?82ﬁgﬁ%%%p&1 Hﬁ?@’%£&363@9§ rectangular
i n shape wever ,. ot her . sha ar.e cont Iated and consi dere

scope BRoPENHTS R aRTE OaB e ST R GRS e e GES L e B Pl
portion _of a menbrane_nodul e 1310 in accordance with one enbodi nent of the
i nventangmakenth 8roaf rgpdily derleyabdd i on of the nodul e begins with a first
substrate, for exanple, the first nesh sheet 1336a; however, a separate
subst 16A%] may Theahssmdioasyee vas énveoredas 4 84bby ngdtrtaed Geddlier the parpebe ¢f t he
first nmesh sheet 1336a attached thereto. The first mesh sheet 1336a can be
secur ggodwinighiee withtdtdhgut ahd idis8el othe Prinkipte ey AbROBIng arAmbhia $i waribr ane
sheet 1335a having a configuration (e.g., size and shape) that corresponds

to that,Qf Hehapiesbsstietdedd33ga AtﬁoﬂitQHQ?@lgs %dﬁé@co%hﬁ%%né/é@l@&tlﬁg %11:'1"196" ed

(e.g., via glue or ultrasonic welding) alfong its periphery to the mesh

reed dann iy 4R Pl AR okl G ook B BT ETh PRl B RS, ©

menbrane as it passes Iongrahe flré .mesh sheet/ nmenbra ne she t assenbly
(e.g. rh‘fbdﬂﬁmpﬂéyt EAYT A° BFVPHAS _XISE38YF sdP SR OP O I’f@c A target
solvent is free to pass through the nenbrane.

compressor replaced by a generator, absorber and liquid pump. The absorption cycle enjoys the

benefits of requiring a fraction of the electrical input, plus uses the natural substances ammonia
and water, instead of ozone depleting halocarbons.
[0095] With reference to FIG.11A, the basic operation of an ammonia-water absorption

cycle is as follows: Heat (Qj,) is applied to the generator, which contains a solution of water rich
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[ 00105] The second nmesh sheet 1336b is then disposed on to the first nesh
and nenbrane sheets 1336a, 1335a and sealed at its ends, along the entire
| engt h ofworeerdegst udi nal side of the first nmesh sheet PC3RB2012/049960 ong a
portion of the length of the opposite |ongitudinal side, as defined by the
glue lines 1337, and fornms a "pocket" that defines the aforenentioned flow
path for the first process stream 1348. Two different glue |line patterns
(i.e., flow paths), are sh . _however, any nunber o | ue patt.ern re
poss] B A e OB AL L RO GPmeh PaaRs! PoestiP R B PolEan aFies
application. [00106] A second nenbrane sheet 1335b is then disposed on to
t he sé&abpidhandshrosheambusggepf afiigl.sagh avclegobumingdapuli g9petyvastsdicat gomThe
second nmenbrane sheet 1335b is arranged so that its WO

2013/ @22i94 sRCTAUSHRL dod8siedofaens, siladehehtaorsnyt dtberfleetsmirate ok higte fir st
menbr ane sheet 1335a. Alternatively, depending on the orientation of the

first piecieantnstieedpot 83Ha to h bendeasdiegpraly devled by bedsaan@ ypMtecane sheet
133b can be oriented to face the perneate side of the first nmenbrane sheet

1335a-anFn%m%wkgndéngbsqnmrm%@gﬁsgmgﬁ GdUSRAsihOhe ft QMR GinGRRSd for the feed
and perneate sides of the adjacent nenbranes are oriented to face one
anothe&mlntﬁgi%l&§5§agég manner . The previously nentioned spacers 1340,
whet hér dFspoge of tHe” Dot tom of the second mesh sheet 1336b or the top of
the first mesh sheet 1336a, act as .stand-offs and.provide additi onal

spaci rﬁé‘?%ét we Ui RIGE Prrssie aivernia iguid gpodhinueh  drittoRdRBiIRY RFRER S el y
w || be disposed on the second nesh sheet 1336 and attached thereto al ong

t he gloighd dyales Thaatuid.sx bye dresvresh boil oy eyapdraiee itothe ergposaien nbhispvideheet
1336b, thereby form ng anot her pocket/flow path for a second stream 1350
(for ekanpliag oardrigawaisal podon) The lgyapssiie oygih fiohs te fernbrgbeavbing t he
unseal ed ends between the second and third nenbrane sheets. |In operation as

a for wahiRarPaéSrFRdhiRme bR Bom teodnkratdr. SthiLaMtibad®s@bt fHeinthénigodul e
as, for exanple, a feed solution and exits as a third stream 1352 in the

f (1 - f i:
or M Qihifd rglggsﬁﬁgglg%ﬁtgqf a§§og}r>§6}l. uﬁ}lgﬂeat Ihensa&eand g?&dh@?i{@fa%gﬁ%ﬁ G GhSheh e

nodul e as, aw solutiron and exits as a stream 1354
in the form.of .a dilute. dra | ution,. 0107] The process of senbl i ng
msh Sireary sy B e bl ki SingsB Bt r bR B Sl TR R oo e
nunber _of |ayers and pockets/fl ow paths therebetween. Alternatively, the
menbr dhe SSERR & s 3bsbelt RYK RBEE 331N Heh ReFHNAHR D BUBPFDIC the LRSEX P MeTeFor
exanple, a plurality of mesh sheet/nenbrane sheet assenblies can be

pr eassenidady té6 mpeatgbecyfle.manuf act ure and can be stocked for readily
produci ng cust om nenbrane nodul es. The assenbl ed nodul es can then be

di spogeeb t hFIG.a 1Balepidith Mol Bigkosptionalitie a8 embedieaitlh Agnedide Medul@sl10
previ ously described. [00108] The nesh sheets/nmenbrane sheets are descri bed

as as 3R ARGt wah RIn8 BRMRBAESi RENE Ve the ihNGitibh NS RRG oAUk £y @3
oriented such the then nmenbranes are aligned vertically on WO

2013/ G l?cﬁ?g.‘?g! %%%ﬁ@’&a‘&%%ﬁ? a%%{t{ila L@NGhd n%q%ie&%r) RIiflgSakcQa «f AE nBRPL So
better dist¥ibute € weig 0 e asse y.
between a heat exchange membrane 1114 and a contact membrane 1112 at a high pressure. A
second stream 1150, for example, steam (i.e., the heat), can be introduced to the module 1150 on
the other side of the heat exchange membrane 1114 causing the ammonia vapor to desorb the
solution. The ammonia vapor passes through the contact membrane 1112. The high pressure

ammonia vapor flows along another heat exchange membrane 1114 where it is cooled by a third

stream 1152, for example, cooling water (i.e., the condenser) introduced to the module 1110 on
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Addi tionally, the various nenbrane and nmesh assenblies can be produced as
sub-assenblies and finally assenbl ed and stacked vertically to prevent the
bott om | ayensei1fnemsbei ng crushed by the wei ght of the nREEAUSCGL20¥9%60 anes
and nesh | ayers. Additionally, the assenbled nmesh and nmenbrane sheets can
be trimed after assenbly to provide a better interface within the housing.
[ 00109] The si ze and nunber of nesh and nenbrane sheets (layers) will be

selected it articul ar lication, in rticular to duce. a

spect Ficohr it shafio bt i PhBRBs bE iR AT RBh b rishR v pRe SRS as an
overaII S|ze of about 1 nmeter wi de, about 10 neters |ong, and about 1 neter
hi gh. ahhgh presessliqwd. releprie & [t m t hi ck mesh/ nenbrane sheet assenbl i es,
approxi mately 4000 assenblies can be stacked in the 1 neter height,

resul H1008]i n &pphigh ipraswet ymatn@0liquie caugd ticeughraaastrittien R| eisher frmedi | | var y
dependi ng on the nenbrane paraneters and the flow rates of the feed and

draw sxthiih thensemb@Rd AoHulMhedr ekSmplead redcddSopeniM@in one of the membrane plates) or
2013/ 022945PCT/ US2012/ 049960 CLAIMS 1. A nenbrane nodul e conprising: a

pl ur alah ey eBfal VhlSlto %%rp?é’s%@'sﬁfe%ﬂheﬁ‘%&ié A BqR@RIdW hf&@sur@é‘bbﬂ'st&f I ocki ng
nechanlsn1d|sposed about at |east a tion of a ‘peri phery thereof and

gﬁ]; :c 2'0 ggl%)eé}l ﬁlpﬁOgVI%IHg Sg@m h,'re a\%&)&g‘s[ere ar g‘rElQ vap rcgrtl) LSS Hed/A amtz%ngci anar
within the module 1110 where it can go through an absorption cycle. In one embodiment, the
low pressure ammonia vapor is introduced to another channel of the module 1110 on one side of
another contact membrane 1112. On the other side of the second contact membrane 1112 is the
now water rich first stream 1148’, which absorbs the ammonia vapor through the membrane
1112. This solution, now once again rich in ammonia, can be returned to the second/generator
channel of the module 1110, where it is ready to repeat the cycle. The now heated stream 1152
can be returned to, for example, a chiller or used in another industrial process as stream 1152°.
The now depleted heat source, stream 1150, can be returned to a boiler or used in another
industrial process as stream 1150°. The foregoing membrane vapor absorption cycle was
described with respect to a combined membrane module in accordance with one or more
embodiments of the invention; however, the membrane vapor absorption cycle could be carried
out with separate membrane modules interconnected by any suitable means, for example, PVC
piping. In addition, the foregoing module 1110, along with any of the membrane modules
described herein, can be used with a controller for adjusting or regulating various aspects of the
systems incorporating the modules.

[0099] FIG. 12A depicts a prior art configuration of a spiral wound membrane module 1200.

The module 1200 includes a center tube 1202 and one or more layers of membrane material
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a plurality of second nenbrane pl ates, each plate conprising: an

I nterl ocki ng mechani sm di sposed about at |east a portion of a periphery

t her eof awo 2dB8fi2e48g an inlet, an outlet, and a fl ow paPhTiusesieloetveeen; and
a planar surface defining an opening formed therein; a plurality of
menbrane sheets, each sheet disposed on the planar surface of each of the
first and second nenbrane plates and corresponding to the openings forned

t here

secur da0te s %h%ﬁ%{l‘t%aﬁﬂ% 12*)%%%11%@% el TR e R e S he SRR T anged | n an

alternating patter first cover plate disposed bel ow the assenbl ed
nenbr £ABCPORLIES vaﬂw glue Uﬁ@é2Q80ala1@g the aagmiyage bi04 Héie by i0ang|ghtedine and

a second cover plate di sposed above the assenbl ed nenbrane pl ates and
secur @08 actao foreas fluahie.gofa drhw spkition &8 opt eft ths center tube 1202 and along a

predetermined flow path through the membrane 1204, and back into the center tube 1202. The
fluid DS enters one end of the center tube 1202 and exits the other end thereof. This
arrangement results in a number of dead zones within the membrane module 1200.

[00100] FIGS. 12B-12E depict a forward osmosis cross-flow membrane module 1210 that
eliminates the need for a plug within the center tube and results in a radial flow of a fluid DS
from the center tube 1212 to the end of one or more membranes 1214. FIGS. 12B and 12C
depict one embodiment of the membrane module 1210 in an unwound configuration. As shown,
the center tube 1212 is open on only one end (inlet 1211) of its elongate body, either as
manufactured or as a standard tube modified by plugging or capping one end, with its interior
lumen 1213 in fluid communication with one side of the membranes 1214. The inlet 1211 can
be threaded, flanged or otherwise configured for interconnection with other system components.
In the embodiment shown, there are two membranes 1214 with a spacer 1218 disposed
therebetween, the entire assembly sealed along its opposing sides to define an inner surface 1215
and an outer surface 1217. Depending on its intended use, either the feed sides or the permeate
sides of the membranes are facing one another when assembled. The other end of the membrane
assembly 1214, 1218 is in fluid communication with an end tube 1216 that is structurally similar
to the center tube 1212 having an elongate body defining a lumen 1221 and an outlet 1219. This
arrangement allows a raw solution DS entering the center tube 1212 to flow radially outward
therefrom and between the two membranes 1214. The draw solution DS then enters the end tube

1216, where it is directed to the outlet 1219 disposed on one or both ends thereof. The module
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2. A nenbrane nodule conprising: a plurality of first nenbrane plates, each
pl ate conpri si ng: an el ongate body having a first end, a second
end, and wWoOogRawsi al |y pl anar surface therebetween defPCmiusgoia/ogeaer al |y
centrally | ocated opening therein; a first inlet formed in the
substantially planar surface and di sposed proxinmate the first end of the

el ongat e body a first outlet formed in the substantially

pl anar di osed ox i mate the.secand nd of t e body;
D S ecdail i pRG B TR Ra? LﬁBBfOzQHP?eaHOF?ngﬁOéWé‘? e paol B B o ot
formed in the substantially planar surface;

2013/ ookt an BSIIa 8o onpysta 9gigpof the membranes 1214. (See for example, FIG. 12E).

[00101] FIG. 12D depict an alternative embodiment of the membrane module 1210,where the
end tube is eliminated and the draw solution DS flows out of the ends of the membrane assembly
1214, 1218 and, for example, into a housing 1220, as shown in FIG. 12E. Referring to FIG. 12E,
the wound membrane module 1210 is disposed within a chamber 1227 defined by the housing
1220, which has the necessary ports and seals to direct a draw solution DS and a feed solution FS
through the housing 1220 and across the membrane surfaces 1215, 1217. As shown, the draw
solution DS enters one end of the housing 1220 and center tube 1212, where it flows radially
outward and along the membranes 1214 and out of a side port 1222 disposed in the housing 1220
as a dilute draw solution. The membrane module 1210 is sealed within the housing 1220 at both
ends, such that the ends of the housing define bulkheads where the feed solution can be
introduced between the wound membrane 1214 at one end (via inlet 1223) and exit the
membrane module 1210 at the opposing end (via outlet 1225) as a concentrated solution.
Alternatively, the feed solution can be introduced via the center tube 1212 and the draw solution
can be introduced via the housing 1220.

[00102] Those skilled in the art should appreciate that the parameters and configurations
described herein are exemplary and that actual parameters and/or configurations will depend on
the specific application in which the various embodiments of the invention are used. Those
skilled in the art should also recognize or be able to ascertain, using no more than routine
experimentation, equivalents to the specific embodiments of the invention. It is, therefore, to be

understood that the embodiments described herein are presented by way of example only and
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a first interlocking nechani smdi sposed about at |east a portion of a
periphery of a first side of the elongate body and defining a first flow
pat h bet weorzote2945rst inlet and the first outlet; PCT/US20128496€ ond

i nterl ocking mechani sm di sposed about at |east a portion of the periphery
of a second side of the elongate body and defining a second fl ow path

bet ween the second inlet and the second outlet; a plurality of

bl St R e e S

surfaces thereof; wherein the plurality of nenbrane plates are secured to
each @Fﬁ@?ﬂbwa@Wﬁgﬂmﬁ@é?ﬂ@éﬁ?ﬁ@yﬁﬁﬁﬁ -sns and arranged 180 out of phase in
an alternating pattern, such that alternating first inlets and first

out | e{80103¢ i KIGY. UB4- Béhdepidteatal tematveimambemn atdduty melcondthpdbet s and second
outlets are in fluid conunication and the first and second fl ow paths

al t er madn@feaiEgGdineV ghy structure of ghe tbdile ¢OMETs sphiddr@o eestppssad cogdtaitibie
assenbl ed nenbrane plates and secured to at | east one of the nmenbrane

pl at ez)'re\fi‘&gly describe $8GOBde YIS ﬁ?ﬁr’ﬁh? SH3P038A, ARONSF LR IRSRETRY Gfsh
menbr ane plates and secured to"at | east one of thé nenbrane plates. 3. The

rerbr 2 eeetsn\%ﬂﬂéu% él?eltc us%![offl isg?)a%atg rﬁ%]%és. fP%:TEan ﬁifgpcf% I;%E[flzrisstn %sﬁé;hfl:e%q?%a? (g}}ew iC iaf ol d

assenb y Secure 0] € 'asse ed ne Irect a east two

process str intg and out of the nenprane _nodule via fhe first
Secondleinedy | 3Rt lioatbon s tomapfﬁ%ts Hee rblaw I@ﬂb?cre%seﬁi%ng,sh et @i@gat he
at | east one manifold assenbly conprises: a first manifold assenbly

di spodednopmbedimens thephis nefgludenccedie bpitemeurfagecptithe miesh sheeohAdoni bratonenm
with the first and second inlets of the nenbrane plates; and a second
mani f ehbodssend) the deshphsad 336a atn ihaladd sdideendfregibes 1888,.evhiph atagsncundt i n 1 ui d
comuni cation with first and second outlets of the nenbrane plates. 5. The

nmenbr apgePPHA0RI Posdd G dMnbr thfeltdcsjﬁ BEFotoMRUrTask RIpRvide léﬁ@iiﬁ@nél%ﬁ@dﬂ%ﬁ&@eéﬂ rst
and second inlets and first and second outlets, wherein the nenbrane npodul e

L N e i
plate |0} 8k S 395a B ik £ irfRIR AR 8lfed by B! Bt MBS MGt and
1337 on the second mesh sheet 1336b define a flow path having an inlet and an outlet
corresponding to the ends of the mesh sheet 1336a. The glue lines 1337 on the first membrane
sheet 1336ab define a flow path having an inlet and an outlet corresponding to the sides of the
mesh sheet 1336b proximate the ends thereof. The glue lines 1337 can be manually applied or
the process can be automated. In one embodiment, the glue lines 1337 can be preprinted onto
the various mesh sheets. A membrane sheet 1335 can be attached to each mesh sheet 1336 (see
FIG. 13C) via a portion of the glue lines 1337. Typically, the membrane sheet 1335 will be
generally centrally located and sized to completely cover the “open” area of the mesh sheet 1336
and be sealed thereto to prevent the passage of any fluid trough the mesh unless it passes through

the membrane. Alternatively or additionally, the membrane sheets 1335 can be attached to the

mesh sheets 1336 via ultrasonic welding. As shown in the figures, the mesh and membrane
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WD 2013/ 022945PCT/ US2012/ 049960 t he second outl et of the housing are in
fluid conmuni cation with the second nenbrane plate inlets and the second
menbr ane woavs/@eset s. 6. The nmenbrane nodul e of cl ai m PCoOUS201R20499%@r
conprising a plurality of nmesh sheets di sposed between adjacent nenbrane
pl ates. 7The nenbrane nodule of claim1 or 2, wherein the first and second
cover plates are secured to one anot her vi a nechani cal fasteners. 8. The
menbr ape 2 vvher ach of uralit nbr ane
o1 at eatunbitts B orf ofyituly enbeutl 5 Rarks B0 hpRue it Sria@iar | o
2, wherein the C{)I urality of menmbrane sheets conprises forward osnosis

nenbr AR@ sonsidered within the scope of the invention.

[00104] FIG. 13C depicts the basic assembly of a portion of a membrane module 1310 in
accordance with one embodiment of the invention. Generally, construction of the module begins
with a first substrate, for example, the first mesh sheet 1336a; however, a separate substrate may
be used as a base for assembling the module 1310 with the first mesh sheet 1336a attached
thereto. The first mesh sheet 1336a can be secured to the substrate, if used, about its periphery.
A first membrane sheet 1335a having a configuration (e.g., size and shape) that corresponds to
that of the mesh sheet 1336a is disposed on the sheet 1336a and sealed (e.g., via glue or
ultrasonic welding) along its periphery to the mesh sheet 1336a. This arrangement forces a first
stream 1348 (for example a feed solution) introduced at one end of the module to flow over the
membrane as it passes along the first mesh sheet/membrane sheet assembly (e.g., along the
length of the exposed feed side of the membrane). A target solvent is free to pass through the
membrane.

[00105] The second mesh sheet 1336b is then disposed on to the first mesh and membrane
sheets 1336a, 1335a and sealed at its ends, along the entire length of one longitudinal side of the
first mesh sheet 1336, and along a portion of the length of the opposite longitudinal side, as
defined by the glue lines 1337, and forms a “pocket” that defines the aforementioned flow path
for the first process stream 1348. Two different glue line patterns (i.e., flow paths) are shown;
however, any number of glue patterns are possible to accommodate any number of streams to
suit a particular application.

[00106] A second membrane sheet 1335b is then disposed on to the second mesh sheet 1336b

and sealed about its periphery thereto. The second membrane sheet 1335b is arranged so that its
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10. The menbrane nodul e of claim9, wherein each of the forward osnosis
menbr anes conprises a feed side and a perneate side and are oriented on the
menbr ane Wohars2gush that for any two adj acent nenbr anePplTaiSes2/o¢9%her t he
perneate sides are facing each other or the feed sides are facing each
other. 11. The nmenbrane nodule of claim11, wherein the plurality of

menbr ane sheets conprises a plurality of heat exchange nenbranes and a

plurality.of . contact nmenbranes. 12 The ne, .modul e of claim 1

her oif b TaFo b ey R a6k oA GEe Sl e MR EodeiriinEidhe
plurality of first nmenbrane plates and the plurality of contact nepbranes
are diosisdiaten ehthe hisst prambypne shegf 1 398a.dhelperaieBicaide ?fltgft gsond mgmbre shegthr ane
nodul e of claim 2, wherein the plurality of nenbrane sheets conprises a

pl ur all3Bly cof bdhemntakioHaregbe pamzatersed: elribe Airspmgndiraneyshedt 1305 alodr emmmpleanes,
wherein the heat exchange and contact nenbranes are di sposed on the

menbr ane nndir@se thode usddtor firvRithsimRREthe fedd@nd PEah&L2Q4&ATTh&IRBALAL 049960
14The menbrane nodul e of claimlor 2, wherein the plurality of nenbrane

sheet $nGRERAdsSES oddntd LRFhcONHR a%th%f‘inea‘ﬁaﬂf%f&fﬁﬁ% AL AR prd i GANARRR I ned
menbrane, an absorber nenbrane, and a heat exChange nenﬁ}ane. 15. The

R i o y RI N
L{,Q_Eﬁr %%%ﬂé%% gsgéas, ggt a%rsgmg—io%fggﬁg %ro%?debz%[dﬁignglesptagi%g %Q‘cc\ivelgg ttﬁeOnTes usrh];:gg.es of
A third mesh sheet/membrane sheet assembly will be disposed on the second mesh sheet 1336
and attached thereto along the glue lines 1337 disposed on the top surface of the second mesh
sheet 1336b, thereby forming another pocket/flow path for a second stream 1350 (for example, a
draw solution) to pass through the openings along the unsealed ends between the second and
third membrane sheets. In operation as a forward osmosis membrane module, the first stream
1348 enters the module as, for example, a feed solution and exits as a third stream 1352 in the
form of a concentrated feed solution. The second stream 1350 enters the module as, for
example, a draw solution and exits as a fourth stream 1354 in the form of a dilute draw solution.
[00107] The process of assembling mesh sheets 1336 and membrane sheets 1335 continues to
produce the desired number of layers and pockets/flow paths therebetween. Alternatively, the
membrane sheets can be attached to the mesh sheets prior to assembly. For example, a plurality
of mesh sheet/membrane sheet assemblies can be preassembled for ease of manufacture and can
be stocked for readily producing custom membrane modules. The assembled modules can then
be disposed within a housing having suitable corresponding porting, as previously described.

[00108] The mesh sheets/membrane sheets are described as assembled in a planar manner

however, the finished module may be oriented such the then membranes are aligned vertically on
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16. A spiral wound nmenbrane nodul e conprising: a center tube having an

el ongate body defining an inlet and an inner |unen; a nenbr ane
assenbl y woRom/azg4an i nner surface and an outer surfacePCRASE@ER2/0499€ i nner
surface is in fluid communication with the inner [umen of the center tube;
an end tube having an el ongate body defining an outlet and an inner |unen,
wherein the inner lunmen of the end tube is in fluid conmunication with the

i nner urfac f the rane ousi conpri sing an
ot GotboRg T SEEs R R artiae o SR AN g veig 3t DR IS cont er ¢ abe.
t he nenbrane assenbly, and the end tube, wherein the chanber is in fluid
comurfiddiionalysihe Handis resipleanesyId mesd assenlies fainbe Bivduersdsis rbysERdliEsand,

fluidic isolation fromthe center tube inlet and the end tube outlet. 17A
menbr dinellyreshamdledomp siaskergvertically to arqyentrth¢ botyonolaykisrfsam treimp canbepbuthes,
each defining an inlet, an outlet, and an opening forned in a planar

sur f aceeigher eefriumerous mémbilabésadnidtestflayreat A @K tbgetherRihithesmegagid secur ed
to one of the plurality of first nmenbrane plates and oriented to cover the

openi @&ﬁ&ﬁﬁ@aﬁeb@ chilBe BARAY B &aGb1) REPBVHde a better inferRbéh@thid e RbusBEONd
menbr ane plates, each deflnlng an inlet, an outlet, and an opening forned

ina Ffb@l%ﬁ S'ﬁf'ﬁf]:c as¢ a& nGurmeber of medh and membrane sheets (layers) will be selected to suit a

particular application, in particular to produce a specific total membrane surface area. In one
embodiment, the module has an overall size of about 1 meter wide, about 10 meters long, and
about 1 meter high. In the case of using 250 pm thick mesh/membrane sheet assemblies,
approximately 4000 assemblies can be stacked in the 1 meter height, resulting in approximately
40,000 m® surface area. The flux rate will vary depending on the membrane parameters and the

flow rates of the feed and draw solutions.

[00110] What is claimed is:
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a plurality of contact nenbranes, each secured to one of the plurality of
second nenbrane plates and oriented to cover the opening fornmed in the

pl anar suwbaos/b@seof ; wherein the first and second nerbTarseo1Rloatves are
assenbled in an alternating manner. WO 2013/ 022945PCT/ US2012/ 049960 18.
The nenbrane nodul e of claim 17, wherein the first nenbrane plate inlets
are in fluid communication. 19. The nenbrane nodul e of claim 17, wherein
the first nenbrane plate outlets are in fluid communication. 20. The
menbrane nodul e of claim 17, wherein the second nenbrane plate inlets are
in fluid communication. 21. The ngﬁfr nodul e of claim 17, wherein the
second nenbrane plate outlets are i ﬁﬁﬁgd conmuni cati on.

1. A membrane module comprising:
a plurality of first membrane plates, each plate comprising:
an interlocking mechanism disposed about at least a portion of a periphery thereof
and defining an inlet, an outlet, and a flow path therebetween; and
a planar surface defining an opening formed therein;
a plurality of second membrane plates, each plate comprising:
an interlocking mechanism disposed about at least a portion of a periphery thereof
and defining an inlet, an outlet, and a flow path therebetween; and
a planar surface defining an opening formed therein;

a plurality of membrane sheets, each sheet disposed on the planar surface of each of the
first and second membrane plates and corresponding to the openings formed therein, wherein the
plurality of first and second membrane plates are secured to one another via their interlocking
mechanisms and arranged in an alternating pattern;

a first cover plate disposed below the assembled membrane plates and secured to at least
one of the membrane plates; and

a second cover plate disposed above the assembled membrane plates and secured to at

least one of the membrane plates.

2. A membrane module comprising:
a plurality of first membrane plates, each plate comprising:

an elongate body having a first end, a second end, and a substantially planar
surface therebetween defining a generally centrally located opening therein;

a first inlet formed in the substantially planar surface and disposed proximate the
first end of the elongate body;

a first outlet formed in the substantially planar surface and disposed proximate the
second end of the elongate body;

a second inlet formed in the substantially planar surface;

a second outlet formed in the substantially planar surface;
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a first interlocking mechanism disposed about at least a portion of a periphery of a
first side of the elongate body and defining a first flow path between the first inlet and the first
outlet;

a second interlocking mechanism disposed about at least a portion of the
periphery of a second side of the elongate body and defining a second flow path between the
second inlet and the second outlet;

a plurality of membrane sheets with at least one membrane sheet disposed on each of the
membrane plates and corresponding to the openings defined by the planar surfaces thereof;
wherein the plurality of membrane plates are secured to each other via the interlocking
mechanisms and arranged 180° out of phase in an alternating pattern, such that alternating first
inlets and first outlets are in fluid communication and alternating second inlets and second
outlets are in fluid communication and the first and second flow paths alternate consecutively;

a first cover plate disposed below the assembled membrane plates and secured to at least
one of the membrane plates; and

a second cover plate disposed above the assembled membrane plates and secured to at

least one of the membrane plates.

3. The membrane module of claim 1 or 2, further comprising at least one manifold assembly
secured to the assembled membrane plates to direct at least two process streams into and out of

the membrane module via the first and second inlets and outlets.

4. The membrane module of claim 3, wherein the at least one manifold assembly comprises:
a first manifold assembly disposed on at least one of the cover plates and in fluid
communication with the first and second inlets of the membrane plates; and
a second manifold assembly disposed on at least one of the cover plates and in fluid

communication with first and second outlets of the membrane plates.

5. The membrane module of claim 1, further comprising a housing comprising first and
second inlets and first and second outlets, wherein the membrane module is disposed within the
housing such that the first inlet and the first outlet of the housing are in fluid communication

with the first membrane plate inlets and the first membrane plate outlets and the second inlet and
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the second outlet of the housing are in fluid communication with the second membrane plate

inlets and the second membrane plate outlets.

6. The membrane module of claim 1 or 2 further comprising a plurality of mesh sheets

disposed between adjacent membrane plates.

7 The membrane module of claim 1 or 2, wherein the first and second cover plates are

secured to one another via mechanical fasteners.

8. The membrane module of claim 1 or 2, wherein each of the plurality of membrane plates

comprises a polymeric material.

0. The membrane module of claim lor 2, wherein the plurality of membrane sheets

comprises forward osmosis membranes.

10. The membrane module of claim 9, wherein each of the forward osmosis membranes
comprises a feed side and a permeate side and are oriented on the membrane plates such that for
any two adjacent membrane plates, either the permeate sides are facing each other or the feed

sides are facing each other.

11. The membrane module of claim 1, wherein the plurality of membrane sheets comprises a

plurality of heat exchange membranes and a plurality of contact membranes.

12. The membrane module of claim 11, wherein the plurality of heat exchange membranes
are disposed on the plurality of first membrane plates and the plurality of contact membranes are

disposed on the plurality of second membrane plates.
13. The membrane module of claim 2, wherein the plurality of membrane sheets comprises a

plurality of heat exchange membranes and a plurality of contact membranes, wherein the heat

exchange and contact membranes are disposed on the membrane plates in an alternating manner.
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14 The membrane module of claim lor 2, wherein the plurality of membrane sheets
comprises at least one of an evaporator membrane, a condenser membrane, an absorber

membrane, and a heat exchange membrane.

15. The membrane module of claim 1, wherein each of the first and second membrane plates
comprises a top surface and a bottom surface and the respective interlocking mechanisms are

disposed on both the top and bottom surfaces of each membrane plate.

16. A spiral wound membrane module comprising:

a center tube having an elongate body defining an inlet and an inner lumen;

a membrane assembly defining an inner surface and an outer surface, wherein the inner
surface is in fluid communication with the inner lumen of the center tube;

an end tube having an elongate body defining an outlet and an inner lumen, wherein the
inner lumen of the end tube is in fluid communication with the inner surface of the membrane
assembly; and

a housing comprising an inlet and an outlet and defining a chamber for receiving the
center tube, the membrane assembly, and the end tube, wherein the chamber is in fluid
communication with the outer surface of the membrane assembly and is in fluidic isolation from

the center tube inlet and the end tube outlet.

17 A membrane module comprising:

a plurality of first membrane plates, each defining an inlet, an outlet, and an opening
formed in a planar surface thereof;

a plurality of heat exchange membranes, each secured to one of the plurality of first
membrane plates and oriented to cover the opening formed in the planar surface thereof;

a plurality of second membrane plates, each defining an inlet, an outlet, and an opening
formed in a planar surface thereof; and

a plurality of contact membranes, each secured to one of the plurality of second
membrane plates and oriented to cover the opening formed in the planar surface thereof; wherein

the first and second membrane plates are assembled in an alternating manner.
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18. The membrane module of claim 17, wherein the first membrane plate inlets are in fluid

communication.

19. The membrane module of claim 17, wherein the first membrane plate outlets are in fluid

communication.

20. The membrane module of claim 17, wherein the second membrane plate inlets are in

fluid communication.

21. The membrane module of claim 17, wherein the second membrane plate outlets are in

fluid communication.
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