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DESALI NATI ON RELATED APPLI CATI ON [ 0001] This application clains priority to
Uni t ed StwbesiRetast Application Serial No. 12/868, 150 egtriush@d/oPBEBRIFORATED
GRAPHENE DEI ONI ZATI ON OR DESALI NATI ON, filed August 25, 2010, the subject
matter of which is hereby incorporated by reference inits entirety.
BACKGROUND [ 0002] As fresh water resources are becom ng increasingly scarce,

many nations are _seeking solutions that can ver.t ter is

cont ani nat ed WERF%ATg%RAP&%NEP%@MMSRk ﬁk&é@@iﬁ“é&?‘ﬁw. ng water.
[ 0003] Exi sting techniques for water desalination fall into four broad
categories, nanely distillation, ionic processes, nenbrane processes, and
crystallization. The nost ef fRELATEDWAPRIDEATION i zed of these techni ques

are nultistage flash distillation (MSF), nultiple effect evaporation (MEE)
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sol ution. Exanples of ionic process desalination nmethods include ion

exchange, electro-dialysis, and capacitive deionization, |on exchange
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crystallization. The most efficient and most utilized of these techniques are multistage
flash distillation (MSF), multiple effect evaporation (MEE) and reverse osmosis (RO).
Cost is a driving factor for all of these processes, where energy and capital costs are
both significant. Both RO and MSF/MEE technologies are thoroughly developed.
Currently, the best desalination solutions require between two and four times the
theoretical minimum energy limit established by simple evaporation of water, which is in
the range of 3 to 7 kjoules/kg. Distillation desalination methods include multistage flash
evaporation, multiple effect distillation, vapor compression, solar humidification, and
geothermal desalination. These methods share a common approach, which is the
changing of the state of water to perform desalination. These approaches use heat-
transfer and/or vacuum pressure to vaporize saline water solutions. The water vapor is
then condensed and collected as fresh water. lonic process desalination methods focus
on chemical and electrical interactions with the ions within the solution. Examples of
ionic process desalination methods include ion exchange, electro-dialysis, and
capacitive deionization. lon exchange introduces solid polymeric or mineral ion
exchangers into the saline solution. The ion exchangers bind to the desired ions in

solution so that they can be easily filtered out. Electro-dialysis is the process of using
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WO 2012/ 027148PCT/ US2011/ 047800 cation and anion sel ective nenbranes and
vol tage potential to create alternating channels of fresh water and brine
sol ut i on.wOapexi2ti4se dei oni zation is the use of volt ageprpotusediliak7sb® pul |
charged ions fromsolution, trapping the ions while allow ng water

nol ecul es to pass. Menbrane desalination processes renove ions from
solution using filtration and pressure. Reverse osnosis (RO is a wdely
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[ 0004] Evaporation and condensation for desalination is generall Cé)nSI dered
to be basedjpndhé pbeeamenbathateystalssiormyyatecentialy vdeehine IRBStPY When
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saltwater solution to form methane hydrate, which occurs at a lower temperature than at
which water freezes. The methyl hydrate rises, facilitating separation, and is then
warmed for decomposition into methane and desalinated water. The desalinated water

is collected, and methane is recycled.

[0004] Evaporation and condensation for desalination is generally
considered to be energy efficient, but requires a source of concentrated heat. When
performed in large scale, evaporation and condensation for desalination are generally

co-located with power plants, and tend to be restricted in geographic distribution and

size.

[0005] Capacitive deionization is not widely used, possibly because the
capacitive electrodes tend to foul with removed salts and to require frequent service.
The requisite voltage tends to depend upon the spacing of the plates and the rate of

flow, and the voltage can be a hazard.
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w dely used for water purification. The ROfilter uses a porous or

sem per meabl2eimemasane typically nmade from cel | ul ose acetcatus2an/opwbyi m de
thin-filmconposite, typically with a thickness of 1 nmm These nmaterial are
hydrophilic. The menbrane is often spiral-wound into a tube-like formfor
conveni ent handling and menmbrane support. The rrenbrane exhi bits a
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the actual tortuous nature of the typical path. Also, the path illustrated

as 20 egainstthexperpeliaiptessyee. iThusr Odiitea teRdsniorha engyoy ‘rﬂﬁfﬁ@'?@tam apertures
and nmultiple downstream apertures. The path(s) 20 through the RO nenbrane
10 are not only convoluted, but they nmay change with tine as sone of the
apertures afeodr]jockedFIGUREAY (8 dablienalalustsation\@Da cross-section of an RO

2012/ 027148PCT/ US2011/ 047800 [0008%95& tE‘J?atl ve water desalin %on or

dei oni FambRnes! 4’ e RESUVDERL P00 91C&186D P 4ASYRaTT § AGNLPt es,

chl ori peFOdhUBHRM,UBbNE S0ILRBA 16 and a downstream surface 14. The ions that are
illustrated on the upstream side are selected as being sodium (Na) with a + charge and
chlorine (Cl) with a - charge. The sodium is illustrated as being associated with four
solvating water molecules (H;0). Each water molecule includes an oxygen atom and
two hydrogen (H) atoms. One of the pathways 20 for the flow of water in RO membrane
10 of FIGURE 1 is illustrated as extending from an aperture 20u on the upstream
surface 12 to an aperture 20d on the downstream surface 14. Path 20 is illustrated as
being convoluted, but it is not possible to show the actual tortuous nature of the typical
path. Also, the path illustrated as 20 can be expected to be interconnected with multiple
upstream apertures and multiple downstream apertures. The path(s) 20 through the RO
membrane 10 are not only convoluted, but they may change with time as some of the

apertures are blocked by unavoidable debris.



fromwater. The ion-laden water is applied to at |east one graphene sheet
perforated with apertures di nensioned to pass water nolecules and to not
pass t he woabi2rri4sel evant ion. The deioni zed water fl owrcmgstémourghot he
perforated graphene sheet is collected. The ions which are not passed can
be purged. In another enbodinent, the ion-laden water is applied to a first
graphene sheet perforated with apertures dinensioned to block chlorine ions
and through_a second graphene sheet perfaorated, with apertures di mensioned
to bl ock sot8%8li ons. %W?é“%tb"r?c‘é(ﬁfterré‘teéa'r'ﬁp@r(?rr‘f@'%aatggh'? SI"6fls

accunmul ating at the first and second perforated graphene sheets can be
separately harvested. [0010] A net hod for deionizing water carrying unwanted
ions conprises the steps of perfor &UMYARY¥heet of graphene with plural
apertures selected to allow the passage of water nolecules and to disallow
t he passage of a selected one of the unwanted ions, to thereby generate

perforated gypmpjene. AssapuratibeaRingementisonees, dfoiagdtoe sl pwef wrat ed
can be provided. The water carrying unwanted ions is pressurized to thereby
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met hodséparatly banaster.wat er carryi ng unwanted i ons conprises the steps of
perforating a first sheet of graphene with plural apertures of a dianeter
selected to disallow the passage of a selected first one of the unwanted

ions, and tme@Eldjow t ha mageader aéionadie] watlreanlyrs Urdentediidis coraplissd ed
second one of the unwanted ions, to thereby generate a first sheet of
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t he j uxt aposed sheet. [0012 ter deionjzer c ' I heet
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apertures. [0013] A separator conprises a first ,gr aphene sheet perforated
with graphene with a backing of a polytetrafiuoroethylene grid.
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apertures dinensioned to allow the flow of water nolecules and to disallow
the flow of ions of a first type, and a second graphene sheet perforated

wi t h aperwoner/drmsnsi oned to allow the flow of water npcEsk@s/ oxrsdot o
disallow the flow of ions of a second type, where the ions of the second
type are smaller than the ions of the first type. A source is WO

2012/ 027148PCT/ US2011/ 047800 provi ded of water laden with ions of the first

and second t path js ovi ded f or w.of the water |aden
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the fl f th f th
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col | ec accunul ati ons of i1ons. BRI EF DESCRI PTION OF THE DRAW NGS
[ 0014] meauaEsmeucs‘tae fuodtaroreeld shaﬁss@@@tmmmel@ﬁwl%émw@mmmea prior-art

t 5
Fepr s SRBRIRGH S1eck psdar Bpi Tae apgapd St e Pedaist Sl Biferanse o,
using @& %@f 1] %b%bygﬁ@@h@@%o&hﬁ@ﬂy d4ioniked M4EEREhs ncfmlaaw deionizedesaet at i on

of a perforated g hene sheet
molecules are col ected from the second side of the juxtaposed sheet.

[0012] A water deionizer comprises a graphene sheet perforated with
apertures dimensioned to allow the flow of water molecules and to disallow the flow of
ions of a particular type. A source of water laden with ions of the particular type is
provided. A path is provided for the flow of the water laden with ions of the particular
type through the graphene sheet perforated with apertures. In a particular embodiment
of this deionizer, a purge arrangement is coupled to the path for the flow, for diverting

the flow away from the graphene sheet perforated with apertures.

[0013] A separator comprises a first graphene sheet perforated with
apertures dimensioned to allow the flow of water molecules and to disallow the flow of
ions of a first type, and a second graphene sheet perforated with apertures dimensioned
to allow the flow of water molecules and to disallow the flow of ions of a second type,

where the ions of the second type are smaller than the ions of the first type. A source is
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whi ch may be used in the arrangenent of FIGURE 2, showi ng the shape of one
of the plural apertures. [0017]FIGURE 4 is a plan view of a perforated

gr aphene wbeet2/023t18W ng si x nanoneter di aneter perforatiPOmAISCN11APEOE Ur €S
and interperforation dimensions. WD 2012/027148PCT/ US2011/ 047800

[0018] FIGURE 5 is a plan representation of a backing sheet that may be used
I n conjunction with the perforat ed graphene sheet of FIGURE 2. [0019] FI GURE

6 i ti t t d fil di
aspect Brooadel wPERISET uth S hATSATE FRrordoey paprisne BREIL 1o, °
fff’ﬁ;??g?&n@f %?IEWU&Q%Wéﬁb@Qn wahSions BP#HY frsGREsdcdrid §pek iptHd fired di agram

graphene sheet perforated with apertures dimensioned to disallow the flow of the ions of
the first type. As a result, (a) ions of the first type accumulate on an upstream side of
the first graphene sheet perforated with apertures dimensioned to disaliow the flow of
the ions of the first type and (b) water laden with ions of the second type flows through
the first graphene sheet perforated with apertures dimensioned to disallow the flow of
the ions of the first type to a downstream side of the first graphene sheet perforated with
apertures dimensioned to disallow the flow of the ions of the first type. The separator
further comprises a path for applying a flow of the water laden with ions of the second
type to an upstream side of the graphene sheet perforated with apertures dimensioned
to disallow the flow of the ions of the first type. As a result, (a) ions of the second type
accumulate on an upstream side of the second graphene sheet perforated with
apertures dimensioned to disallow the flow of the ions of the second type and (b) water
free of the ions of the first and second types flows through the second graphene sheet
perforated with apertures dimensioned to disallow the flow of the ions of the second
type. A collection arrangement is coupled to receive the water free of the ions of the first
and second types. A further collection arrangement may be provided for separately

collecting accumulations of ions.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] FIGURE 1 is a notional cross-sectional representation of a prior-art
reverse osmosis (RO) filter membrane.

[0015] FIGURE 2 is a notional representation of a water filter according to
an aspect of the disclosure, using a perforated graphene sheet.

[0016] FIGURE 3 is a plan representation of a perforated graphene sheet
which may be used in the arrangement of FIGURE 2, showing the shape of one of the
plural apertures.

[0017] FIGURE 4 is a plan view of a perforated graphene sheet, showing

six nanometer diameter perforations or apertures and interperforation dimensions.
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arrangenent correspondi ng generally to the arrangenent of FIGURE 6, in

whi ch the perforated graphene sheets are spirally wound and encl osed in

cyl i nder swoRERAREER DESCRI PTI ON [ 0021] FI GURE 2 is a not ipomais2oiepumsent at i on
of a basic desalination, desalinization or deionization apparatus 200
according to an exenpl ary enbodi nent or aspect of the disclosure. In Fl GURE
2, a channel 210 conveys ion-laden water to a filter nenbrane 212 nounted
in a supporgt.i chanmber e L,QN: Be
seawat er or[togrqglzki sgb@/a %’%é E\ %‘5@1@93@%&%@@3@@%@@%@ Sqéﬁiret ﬂ??(tlaf?gir/
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e pr ovt ded08Bher  byE GABE or BRI SrRICoTHo0R BT e p g e i T o "
236 anéicc%:f‘g’mﬁltb %%’Bl%@tlrs?cﬁttﬁé’ﬂis%foshpé L%Pr‘rt! FRIHle beAotAee grapiedie. shicatafopar at us
t , 11t e 21

or arrangene er nmenbran is a perforated graphene sheet.
G aphesupdratien sf thg! eraeotrated iager -t hi ck | ayer of carbon atons, bound

of a. ot ngl l0eAbnene SRIIRE & ol e oS Wi o Wt pl e

graphe Hﬁ’f'?@h BRvio e reaigimdiict FIBIRE Ghe vadckhte at ons
of thegrg?g%ﬁﬁ%@ gﬂ&atﬁ%glo go FelrcﬂéE 3 defi ngga repeati n_%dé)attern of

hexagopatforatethgsiphect whests drerspiiady Wovgs) ancoadesrd BEYIRdLSx car bon at ons,
which forma honeyconb |attice of carbon atons. An interstitial aperture
308 is forned by each six carbon atomring structure in the sheet and this
interstitial aperture is | esPETAILED'PESCRIATION across. This dinmension is
much too small to allow the passage of either water or ions. In order to
formthe perforated graphene sheet 212 of FIGURE 2, one or nore

erforation made Bl 4 s - i ) iby e
gener al | ;/ oﬁm%ii nal | 5'@‘3% %ﬁ%@%'15%9’%?5%??%85%1%&%%’0@2% ure 312
i s def yoesliniZnionglt ddisnigataphepearatuse20BACordipgIto @nesx@I laryserabedimand or
o bl oaRpeai SHBMisEbRuST § RICUBS 2uhFEAMIR 3 YRS T o50 e £,
sal t 0Hwe%%h%%gv@wﬁt’ed"miacéhéig%rttirﬁfcﬁé}ﬂbéﬂ?iQ”Fheﬂbﬁ-lg@étemlérynépbadfwhape
12 1's affect b

of the aperture y The fact that the edges of the aperture
are debimegle, iseapatdr,ortyackish hetergtmane exemetary ertposimendt theefiltir « he

raphene sheet 310. [0022 erture 312 ; i i i on,
gy \R/ni m?m%raﬁﬁa?ﬂé @{L%‘%prﬁgdm&gﬁ 89'f%]i'9ir§ﬁéwgggnt ‘?brPPégF@l‘ e%% égpl;%'rsgf’)%' of
éi ne. EF hﬁéiohﬁ%]&&v fRtdrTRwihd Era gk tHERN@ 12 (CefF IGIURE Recdnase prodiddd eitherAs
escribed in

e publication Nano Lett. 2008, Vol.8, no.7 935-1 70,
t he noby gsavisy fgdrnfaotankrd pesrfram & penp Bat/alesi 6 3 ?g%?"ﬁi‘ﬁgeéeﬁ BA&he film
ith dilut ' j in,
thr oughnSpEIEa L ons R EECr h AREEABLE S EERGETEH! 200 MheLRRFRLARE 21236l 1
B P O e B ot ot botos s Lol at od
to def etarssj bouritetogetshéndebrats ﬁa3ﬂ%ea%'i”%%tréiﬁgt'ﬂg%\%%&g%‘?B]‘Cjinggsto

the T esi denos. Lt TS d: % BSlEeueslchos Renbligichs eis nadipRidiagnés maki ng

the de® graphene uct ures. e structures may be
gr apherpcaRNER! I6¢ RIraicsl, Andingraedten thickmessi Bbetarborhatomsapdhe grahene t he

desired be f db h i dati '
mvol vaheats Hog BOUBEC: fabee hrepeainore s o hes sl BRaeiEEs ™ Sooo
Xxx, Ol(e@ér?zger epﬁg%égic%ﬁ&r@cté&'off sBSSRPBh RSl diBR fortathopegedrab latiomsk

suitab rning using reactive ion etching. A P(S-blockMVA) bl ock
copol ymerbdroatmmnamraintaytitall apbNBred08 imformeetbyf six earbeprate MM E upon

ol o 1s0uEhRe inMecatas) Adhisneesiiia nefih S nat Mgk iRl et teBste ©f
wei ght 'Ft{l@?ﬁﬁé’&l@ ist G Al thaIRL ThdMassade ftthematdiercbriiass. tiherder

potentia 0 produce perforated graphene sheets. [0023] As nenti oned, the
gr aphene fehette gdrforatedryra@ORENG shast 412 of FIGURE 2, one or more perforations are

made, as illustrated in FIGURE 3. A representative generally or nominally round
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t hi ckness of but a single atom Thus, the sheet tends to be flexible. The
fl ex of the graphene sheet can be aneliorated by applying a backing

st ruct ur ewpaotde7slieet 212. In FIGURE 2, the backing st rattusee 1087800
perforated graphene sheet 212 is illustrated as 220. Backing structure 220
in this enbodinent is a sheet of perforated pol ytetrafl uoroethyl ene,

soneti nes known as pol ytetrafl uoroet hane. A thickness of the WO

2012/ 027148PCT/US2011/ i e b :

11 e e SEOUDaT e ST RE el B 0 Rpeyle ZIAR FnoRifa

ar r anggppitte 06 (SRR Randrheteps. cRsusie-rahontiet didemsiuat isrsesgoped tdblopk iggh

path 210 to the perforated nmenbrane 212 can be proyided by gra it%from

tank 29®allester &g isvpmaish 21aidd SrENaIlY bEeSResiaRd © %?;{t qrﬁga%ﬁwgﬁs 550 That

s, unliKe L08R Aliforah Mol d ARl dng LBBRARE ShRAITedIS bpid fot { he
rane 'S h p

perfor'&t drophobi ¢, and the water passing through the

pi er cegha@pes buges o Bie2apafrtuFe GuREeBryd,iis padt by ipebiexpgonal perbaitinget i ve
forces attributable to wetti q%, | so, as nmentioned, the length of the flow
path t Bireciye ehbe5apPenesnea> 1 graphene sheet 310 is equal to the

thickness ofyqg sheety éﬂ‘drérﬁb@%é}?%tmé’dé\ sEhicsivé ergation soymhichliess t han
the lengths o he rancPom pat hs extendi ng through a RO nenbrane

Consequaaint gxpommy tb iantdxdipingsagent fare selgatiedaenos gitins. deistelieved fhahther

ly, the fli t i i ' t ed
o aphensediset (e A s ar-nid. °88 drSeifel e B Pl Aor Nahd Eefivs0t 202
f Ogbi Ovoﬁtépy?(;.fﬂ bgﬂgabhdm hed hpLestraibptiotied peedsation steredy sdoitread tRO

nme rane (0] orc

wat er through the nmenbrane agai nst osnotjc ﬁée(ir@}l%e.
i ncl udgsapeinei fimi wittatilderqxygentn argashatreleyated tﬁ?rﬁpﬁ@é‘t'riengg SCHee F'ine.
Conseqyent | y, sqme of r ' | & R&ngenbr ane
does n FOBQX?BﬁﬁPEGSO eﬁoggﬁﬁﬁn@%?sgn@t@g&e@?%ﬁ gﬁe?&?ér?gﬁeéargpgégzes into heat.
Si mul ated rhesrlof 8x rt hatmodshave (hionedrgdn gt 8pAd éorshbetrsr EHadepet he

T oht rerpnebH Bragp SRR bRt EbipR e ep oGP CHE SRR e
UPSt T eam sy Q6 fid GEL BFhehdll id fldidl 16 kR AfddiRieQine SThitdy 88licvedo be

partic n-concentration, a perforated graphene sheet for the sane flow
rate nmiye peAsiree neitbbd fdShakingltes sesirad poifaetioaatn orsienesuskiredrilg ons

312 | h heet 212 of FI i val ent L. 310
of  Fl Comchysamey v 6RemaBP A dsr St or e calR i p i R p PR er o ne
to be %Hf‘ecaé’é?réd“ra%até SAWERMRHEY: SHOMRS DR IRAIbhYimeAnotws recreahvaloedr

| arger in size than“the smallest wll notggass t hr ough t he perf8r t ed
gr aphemestsbe ets d&k2ribetth BOh10.0A21/604A0823 B paspd@tt & sl AEOPH an

upstream si de 226 of e graphene- =S td Bk ushid s
accunulUHtFshd ¢ i%ﬁ%mﬁﬂn%ggﬁpf%%ﬂﬁaiﬂg%&#pr%% Sluggtr)lg? gf?%?je t (;;@huer'g? n as
e ud9‘?—eé(g%que'téhiﬁd%W@dldcmm@IddR&:ofpbWM@ffoms en artayofdtiviide
perforated graphene Sheet 212, thereby tending Ttho .

columns that form vias for the RIE upon redeveloping. The pattern of holes is very
dense. The number and size of holes is controlled by the molecular weight of the PMMA
block and the weight fraction of the PMMA in the P(S-MMA). Either method has the
potential to produce perforated graphene sheets.

[0023] As mentioned, the graphene sheet 310 of FIGURE 3 has a
thickness of but a single atom. Thus, the sheet tends to be flexible. The flex of the
graphene sheet can be ameliorated by applying a backing structure to the sheet 212. In
FIGURE 2, the backing structure of perforated graphene sheet 212 is illustrated as 220.
Backing structure 220 in this embodiment is a sheet of perforated

polytetrafluoroethylene, sometimes known as polytetrafluoroethane. A thickness of the
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WO 2012/ 027148PCT/ US2011/ 047800 render it ineffective for deionization. As
illustrated in FIGURE 2, a further path 230 is provided, together with a
di schar gewoab1222@38, to all ow purging or discharge of tireTalSoeige47sdhius,
operation of the apparatus or arrangenent 200 of FIGURE 2 may be in a
"batch" node. The first node of the batch operation occurs with flow of

i on-laden water through path 210, with di scharge valve 232 closed to
prevent flow.  The ion-Iaden vvatler fil I.I tgere upst ream si de 226 of the
suppor P2¢fiRgBRFELTAY ben T XA L Y ﬁrge F{MIM) owed to f1ow t hrough

perforated gopapene shepbuidlize Abtel! R theaishdrbieuguridigenasiitiongIGbee 220
to the downstream side 227 of the su g}(%rt chanber 214. Thus, dei oni zed

wat er 2ctbernreaswe df iordiagestwaigmapelied ooy pety 210 ieetheqerioratedmeemirng s

avail a to, be dr ff _thr h I

il ust?L? &g 5’? %{gf/@gg @ﬂ?vﬁgﬁﬁﬂﬁﬁﬁ% tﬁf Hﬁe?régiﬁnnﬁhé? %w%r}élggﬁgeans . gﬁ on of
i ons | §f HREPIpRRAUB @O0 ThaRidbualike hite RIppeintbrahentherpesddratetierdphend sickte t he
flow of water through the perforated graphene sheet 212. In order to purge

the codtefarmitethe pareried MaMOraee il iatwerahosic. ARdithe WakRitRass$ii% hanber  or

side 2 ve . | j ; ﬁﬂw water m x
to be ﬁ?‘é@@%ﬁ"ég&tdh%)eﬁ’g}s??gg%%ﬁfﬁ%ﬁk% l%@? ¥ I's"w téﬂr%g%tpggg%@wat er
from t pinkeLadritutaplenp wdtng Valbe ca 8 ntisnédethe dérugth of drelflewm patrethroudit thet i on
cycle begins. This results in the production of dei onfi ed vva{zer. nd
accunuPRetyrssY 24RSrARNVIA %’&Ptv@aﬂtoég equaE@ﬁBQitWQ'I‘”%Sf@ tF@@?@f MASRES4 is a

repres t4 : te A r il f bRMisgsuch as
it - or R T R s B o P P
aper t uthesugh a R®imemptane. Cunsehoenthatverwiittle phessoire poreuiagito peovideflaiger t ur e

density. As the aperture density increases, the fl t pertures
may beﬁ%‘?‘reo“' ?%}Vﬁﬁ%}‘rttf{@?m %tha H‘&{?na&ﬁ@%ﬁ%@I'?/”%Cﬁecg?gﬁgﬁﬁe'hh%mqrggedgi ven
pr essug@yphBhe@hed 31 DeTmRahttufE tdpBRidytd AREaReRy rebeiremeantar lorof the
under | yi ng graphene sheet maé be locally reduced. Such a reduction in

|

st r engséparafion.uhisehelicyae thattbamsesaue seduieasiing RP mgptainee & faree Waksfor ane.
Th ter-tQq- t i X .
opt(:a i (r:n? rS\ggh gr%gfn rrﬂrj%%%@%} Bgﬁ'\\gﬁg 'Bréaé%%g% H{cﬁﬁjélssa ﬁ%}tlbﬁ%ﬂ]ﬁ%rﬁﬁ’o%t Wit

pertures a value O een nanoneters.

[ 0027] RsG¥Rin hehtndosthenhéfnbeshe.|Carsdeathty) soing bethetprassureevioéh endshbki ng
sheet which may be used with the graphene sheet of FIGURE 2. In FlI GURE 5,
backi ngpelirsko thedR® nermb@ne res NPLERIPNArd YOy BY PERLSMIEST B8t Pl ene,

al so k o] | [ t itd and
bonded 81 4 Sad e Frar SHARRS, 1aPEs kAR e b BT BRPR set Bns. s
wi th t keluyeesitios addregirmpbsure mhatdeast déacthmaiiiveofibus, iwhdre avelsi ng sheet
shoul d be as | arge as possible f8r maxi mum f | o%\% ?ogmensuratetvm' th

suf f | cMaRbIaNE dAGNhrearie Q% PPHEODBENSI R RIPCI TS SHPESSHEE ¢F ifrent s 520
ori ent ' F)n%f I I ki iFed Witet@Pa ik ibpe filaments
may haggsgébr\%%?dne; |%ﬁgf&éﬁ'§?]aﬁg&ﬁ%¢d$ﬁ?ztb§nsi l e st??r?gth of the %r aghene
sheet tengprdmtionaagesioratae grapharessheetiferthe samafiperatednay eeguifeneighiePS!
backi ng {sqheet shoul d not present problens. [0028]FIGJURE 6 is a notional

i 11ustPatSS8n of a deionization or desalination

[0025] As mentioned, the perforations 312 in graphene sheet 212 of
FIGURE 2 (or equivalently graphene sheet 310 of FIGURE 3) are dimensioned to
disallow the passage of the smallest ions to be expected in the source water.
Consequently, any ions equal to or larger in size than the smallest will not pass through
the perforated graphene sheet 212, and such ions can be expected to accumulate in an
upstream side 226 of the graphene-sheet-supporting chamber 214. This accumulation
of ions in upstream "chamber" 226 is referred to herein as "sludge," and will eventually
reduce the flow of water through the perforated graphene sheet 212, thereby tending to
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apparatus 600 according to another enbodi nent or aspect of the disclosure,
in which multiple layers of differently-perforated graphene sheets are
used. | n WoGURW26148el enents corresponding to those of FIPGDRK2® 1447800
designated by |ike reference al phanunerics. Wthin support chanber 614 of
FI GURE 6, upstream and downstream perforated graphene sheets 612a and 612b,
respectively, divide the chanber into three volunes or portions, nanely an

t 1 harber 6264, . a. ty i h 626b, and
an”1 nt BT el BB ERaRDeAS 48NSR ELIHr 2 A AE OHet 6124
and 618R>vic§ecﬁ}ft§%§héF ffhw <§chtgargé%!\@zﬁ}Q@tauowtm@giia@rdr'oﬁ“éah@?éé'of fper forat ed

gr aphene sheet 2a I s backe y a sheet 620a, and perforated graphene
sheet slugpei Shivackeedatinn of heewpag2tob or B@ngentent 200 o § 16U REh2 npet beima ed

oot r o G aphane GROBt raised: Bleliafn phBEBAR AR V) 1o R B Rregh 1,

di sal | sirbggh BaEaR1 @ willedisbeargefvaid 282 BRskans paabr So@NThk gort-Reichl Watepf
wat er | aden with sodiumions; these apertures are nine nanoneters in

noni nafillsdingrenséreanTBide, 226nvTdhe selpper Chambar ] 4a The awater melecalasi are di aret er

t han nj . 612a,
but oA OF ROTE By R @A b A e R B B e O i
i ons chacKihgehesr 22@to therdowrastedny skl eofstheauppfd2@hantber 2ideihesli at e
chanber 629. Downstream Perf,or at ed gﬁra hene sheef 612b is perforated with
aper t ufeionFedn¥ales pecyBH/aeS i LY aﬁgpeft%b??g & Reriad IS ANGHSi ons and
lo ena9b£|aﬁdg§ta b?Wré% WtRfo 'e?Pé'l'hefQZ fohé’%ﬁeﬁp@(/éége‘?ﬁlu%frﬁte%'%%QWterS
in nomnal di aneter. r:fhus, chlorine Tons, having a greater effective

di anet 224t Beentoalhe tmapocwheledion ocacootemeatont dfriongin @pstrebor perti®b 226 off

o oo RS el Btk MEEl PSR NS LR gy oo 1o
t hr oug t r o]
i nt er NP eGMEDSY 2 63%rdSOR ;suggle@ﬁé cEABEIRFatBA TS/ WBTeP WEIR sdeumSIdteadn

perforated WO 2012/027148PCT/ US2011/047800 graphene sheet 612b, and so
r emai nooin thecpstreamechamben et siee 226 evalue £38ns operehieh gilows e wat er

nol ecul.es (H2 .fre f . (] i i f.l.ow from
ot or medat Wee KRB iRl bE oS Wb IR SRR bR 28 P v oo
gr aphepgephester frdAPtaARP 116N rgpLheNRS BT Yave B2 ik diferptlosBa ah e rano e, filttatam
whence the deionized water can be collected through path 222 and col | ection

vessel cygia bepe dhissreariisin the rradiection efieionrizeth Walri i agquaMgaRMe! B60 of

FI GURE?giD Héa ﬁ&ggg@&éﬁafﬁgr%&angemnt 600 of FI GURE 6 accunul ates or
concentral 6s i ons dufi ng deioni zation operation. Unlike the apparatus or

ar r angenent [026f| GURE R2GURBW\ie B, regeaseniation @0gnapbdoe sbeett witheagiunaéityt i al |y

d i f i . icul arl ith a fl f
atdon @ £HTCRIGR RECAR LA FIo LB peePestdaPLIRR AoieToRs Moge daeh of
appar %pﬁvegoage%fe%g% ?hﬁﬁig%, $he' iR raRNGRN BlobBRIGHRNE el dpritié BEhd).| y of

ns, and in I chanb

chl orine | er ate portion or anber 629 accunul ates a
concenAsdhé apepuiendenstyligcrebsssdha ffioiwdhgoudhhibsaapestuces mayttegomens can be

| Jacted b | ect i | of ' ' 630 d
5300 ardrERy Bir S updieSe Rt fieslon oCp sbtPSariS ARG a8 e ar .,
val ve §§8@ur‘éadbr%‘ﬁ%/%@§§’e§,Qh@%{r@M%ﬂwftﬁ tROUBEBHYIAY GeaHYrerdHeet hensbd o fl ow

from upstream porfi on or chanber 626a to a collecting vessel illustrated as
a t anklogalareduedy 8uok agBductinminssrensdn 8wy, onaen Ne KECYOREEGEs JeeH!t ébdi um

vassel (AT EETE bR ThB Esh brcu PR S ER ARt LRRRLEY

bef or etdops aeBBopimUAT BF FRRIsiRir@inBATdte0aparturtaak a6a%ig of fifsgumardmdtbat. somre
pressure i s maintained across perforated graphene sheet 61Zaf to (ﬁ{iovi de a
fl ow of wat E0A7hr oughF e REr Biisctl sigrrlbied nisitabien of thesstirtdieOli ba¢kiddi ng t he
sodi ungy On- 1. 1t ' i 632a
and 65oBOEINER pELAO0 Bscd AR HAE SrARREh Rt FRBORE 2 38 TIODAIOS, MAET o
and cokhestt22) isansdmfroat fdments52@ v pelytataiiuoroshyiene, asd bnowo@sger si on i nt o

solid formin the case of sodi.um or gaseous. formin the cas chl ori ne.

It shoBplteleafiyereainanaared9erdn & ree f"ﬁsgr@i W?Qd(frﬁ{]oraﬁﬁ%‘ﬁtag{wr beryl i um
salts, and these salts, if preferentially concentrated, have value to the
pharmaceutical industry as a catalyst, [0030]Also illustrated in FI GURE 6
are cross-flow val ves 654a and 654b, d&mrunicating between a flow path 658
and upstream portion or chanber 626a and internediate portion or chanber
626b, respectively. Unfiltered water 201 | oaded with



WO 2012/ 027148PCT/ US2011/ 047800 ions can be routed to flow path 658 by
openi ng val ve 652, or deionized water 202 can be provided fromtank 224 by
oper ati ngwe 2p1np76G80. From punp 660, the dei onized wat erciriusesi 1iolrsough a
check valve 656 to path 658. Cross-flow valves 654a and 654b are opened and
cl osed simltaneously with purge valves 632a and 632b, respectively, to
thereby aid in purging the sludge fromthe chanbers. [0031]FIGURE 7 is a

coor dMGoRGaR. ASugt e irsdin e RaEhE S BFL By R e psyhekAg ="t
cor r espondisRguidohd B@%%%fasﬁic@é@e foranaxigesh goat edmpyersukatenvafres eficient
| GURE 7, the perforated ﬁ;raphene sheets 612a and 612b

al phananerics. In FI _
are rostranptor Thpspatingdetweshrvitesly adipceiTarpents SA%CieNed e e

housi ngs il lustr d iLASRRS H Ko RO
menbr a léecéppsqa%[%ggﬁaélgé@ﬁﬁ 8@?% {Ilﬁe ar%Hﬁﬁﬁ\ é"t?n%é?st' and I%rﬂg@ibgﬁs
ot her Aham,iMeoehbite senghdif thne grapHes ersheet edgreat randescethebgladiselydaioeel y

perforated graphene sheets. 0033 t hod f i oni zi
car ryi wesupRPRaiFeTeRs i thedo k"&Q)ﬁ'i‘ﬁ%tssg@“l@%‘%@g@nt&%Bgﬁ%Pg: 23 gla:[sﬁreet of
graphene (3 ’ gj‘”h pﬂ-‘l‘lﬁ@hE%’?é Héﬁ&wéllﬂﬁ%ﬂaﬁﬁn%la)décﬁ{i.@é?tto?pbrtdbs@hh@t%rt he

passage of { nol ecul es and to disallow the passage of a sel ected one of
t ?2 Eng\mzrgiug mA2¢Mdirnl°gdo ancdingrl @pbodinertor abpegiafshedisclostfeimmdich

gr aphene . an alternative, a graphe heet d b
provi dewtiot EYRES @Pd'gﬁF%WﬁyﬁgerfﬂﬁM%fagf‘%ﬁ Sﬁg%t%)aergéjséae@%bﬁjz%%%( 2?2?/ 2?8)
to the%@%e{ggg&fréégormiﬁ%fdlfHo%%be\meeJRE PheeRiceRpatd By ikgttErdnseappl i ed to

afirs surface t he perforated lgraphene (212), so that water

nol fecubl@ﬁaﬁhmrita \élit_iis_'ﬁnwﬂbos‘i clanbarn4 of FIGIERE&: fupshea ichppngraditet in
preference to,ions. t | . ]
D e (BaBaP S SREegPaDREReE LRbanE Bl aBorss PGt il SRS biatnBer PIEIFEEOTE

one of \igdsBtHdrosd) aimdlg antupstr@par poities drehaditealoléapadewostream chl ori ne
ions are nom nally of

nogihngbo?iﬁmsfwaméﬁngggng PrCEIe RSB PERST | AL A7 nb e G H B¢
met ho e i i i . ,
di sal | g(ﬁepﬁggagﬁh%%hg‘?%%gﬂd%zmg a's?b‘aafeﬁ ﬁ@fb%kﬁﬁg%ﬁé@ﬁ AORY pAHi8afPr

Iumions of nomnally six nanonmeters di aneter, and

t he appefforssd graphene drdket §13pdc baclaayt alshebl 620 rndayesfeeatedgraghensaret hod
may include the ste

W i n ashaei iR (6 ZE0Ke0 RAHaRp 206 Thg OeOEioaR ol e gL SR Pa20)

sheets 612a and 612b differ from one another. More particularly, upstream graphene

sheet 612a is perforated by apertures 612ac selected to disallow or disable the flow of
chlorine ions and to enable the flow of water laden with sodium ions; these apertures
are nine nanometers in nominal diameter. Thus, chlorine ions, having a greater effective
diameter than nine nanometers, cannot pass through perforated graphene sheet 612a,
but remain in the upstream portion or chamber 626a. Water laden with sodium ions can
flow through perforated graphene sheet 612a into intermediate chamber 629.
Downstream perforated graphene sheet 612b is perforated with apertures 612bs
selected to disallow or disable the flow of sodium ions and to enable the flow of water
molecules: these apertures are six nanometers in nominal diameter. Thus, chlorine
ions, having a greater effective diameter than nine nanometers, cannot pass through
apertures 612ac of perforated graphene sheet 612a, but water laden with sodium ions
can flow through the apertures 612ac of perforated graphene sheet 612a into
intermediate chamber 629. Sodium ions cannot pass through downstream perforated
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WO 2012/ 027148PCT/ US2011/ 047800 [0034] A net hod for deionizing water (201)
carrying unwanted ions conprises the steps of perforating a first sheet
(612a) ofwgraphensswi th plural apertures (312) of a di ameras:seloesved to
di sall ow t he passage of a selected first one of the unwanted ions
(chlorine, for exanple), and to allow the passage of water nolecul es |aden
with a sel ected second one of the unwanted ions (sodium for exanple), to

e RS el U B LA PRI oy

sheet plural apertures selected to
al | ow e NRSAALs reblewabeTHI), geid efsatasssttonlatineadricosoditie ipas sayefiay frote

| d d i
Sheet | DlrpmialE A0S GPEHRMBE] BA2E)/oNan AHPER NG AL BEa A vEe Gt | er
di amet %igét?ﬂ%b}g}\% ‘%Pcf@{{‘géﬁ?%%@ ddrGort BF ?Iﬁarﬁgj@%ﬂeﬁjﬁ%ﬂ whenegrh®taiopted

graphe I'rst secon 612 sheets of perforated graphene
are j uxhanesete toldcher ghyudopatha22and pobedioshuesteMddh a first side

defined by the fi h .
def i ned by (W28 econdis nebrineeest) e feirbrlioaa g anin: 20050 FIOHEE  s29)
for t hf%ef%gﬂgldr%?ﬁwg&@%@%ﬂﬁ@euﬁﬁﬁ%&h&ﬁ%ﬂr RENEENENESbrisons | S

appliedt irTst si (612a) of the juxtaposed sheet, so that water
mol ecubiesng telonidationgipetation. Wktiap dsedppaieéts ooarrangement ofd | BAMRE £629) to

t he dsid f the i ) _
bt oducBoMBHF B 0 TEHOGER 8t eaqieriik Mo ha e dua®tls of Bt ccur s
are COMQ‘?& %ﬂidcurléjr!}) Wie SE6RM wiHtdeatBA 2ath eHlofineandisbaipes@tssiyesttean) 0035] A

wat er deioni zer c nprises a graphene sheet (212) perforated with apertures
(312) gdortiensiramedtier 6260 appardtle §08facss atﬁﬁ?eﬁi@ﬂ%cwnﬁ@“ai‘sarl ow t he

flow of iagns of .a. ticular t ' .

| aden pRReTshe RN g S, e p i hediSle AR LR Lo obodRe 06, "52%)
i s proyieedufaess b henéémmtion piriyalyerf sodiem iosist Thesesonderttraded frmsi can ke
type through the graphene sheet perforated with apert S In, a
part: cae?araﬁi]%@dtra@tﬁﬂ byf salegty eqanyigl EEP?FQH‘%QRWCEP?%%Q%%%@5’@%2) is
coupled to e Nl i : Vo)

graphe LS 'érgf %Z\%%@oégaemﬁ%g’?gép%ﬂ@y ?@%@f%ﬁ%@%ﬁ |separ aé'; %?‘T?%gg)
glolrrg\er téﬁén@d té BRdw Hiapherentisiedthipent dors ©dlow frimapestiaane ORIOMEIsi oned t o

Firot chpbensaay 1o adlacTLerRrepl dphele Sre A rareatia 3 Sha B os

Vo 201%{)8%5&?@5@% WR20d 1M BOP sodium ions to flow from intermediate portion or
chamber 629 to a collecting vessel illustrated as a tank 634b. Ideally, purge valve 632a
is closed before purging of intermediate portion or tank 629 is begun, so that some
pressure is maintained across perforated graphene sheet 612a to provide a flow of
water through perforated graphene sheet 612a to aid in flushing the sodium-ion-rich
sludge from the intermediate chamber 629. Purge valves 632a and 632b are closed
prior to proceeding with the deionization. The purged and collected concentrated ions
have economic value, as for conversion into solid form in the case of sodium or
gaseous form in the case of chlorine. It should be noted that sea water contains
significant amounts of beryllium salts, and these salts, if preferentially concentrated,
have value to the pharmaceutical industry as a catalyst,

[0030] Also illustrated in FIGURE 6 are cross-flow valves 654a and 654b,

communicating between a flow path 658 and upstream portion or chamber 626a and

intermediate portion or chamber 626b, respectively. Unfiltered water 201 loaded with
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di mensioned to allow the flow of water nolecules and to disallow the flow
of ions of a second type (612b), where the ions of the second type (Na) are
smal | er tweanotde7isens of the first type (). A source P2IAIS20116478808) 1S
provi ded of water |aden with ions of the first and second types (201). A
path (210, 626a) is provided for applying a flow of the water |aden with
ions of the first and second types (201) to the first graphene sheet

Phe. 11108t copie 1oatanle I 4T BaE PY SFEa)h R Bpe brdtfonicdt pidter G 47 ©
accunmub @besifle@ftoPEhk €2 t? Siserafirga)purhp 660. Fions bugpagbteilee shieeized
perforated wth apertures di

d to disallow the fl f the, i f
the fiwstertipps theReH)a ah@cwwﬁ%gggmé@ﬁﬁf ng— Iy gﬁ"’??ﬁ&‘i@@fﬂ%i“%z (()Na)

flows through the fir ' t ivel

di rrens?r(?n%[bg}eéjt %st3‘PF§@VS%®%§&SW®Eggﬁ)efn@lg%se?%%g %ﬁ? gtg Q?y%@(@%tlzvga "to a
downst epBtesydad ($2B)gind thdelutige Stongtraptieareberiseet perforated with apertures
di mensi oned to disallow the ow of

fl of the ions of the first type 2a). The
separator (BOSHIfurt hgﬂG&J&ﬁ)Vi'%ésS"ﬁpygﬁ%re(pé ntatgn %%P?PH&Y@ ?'I(‘g’\aﬁv 012 t he
wat er | aden.. i [ i irea i of FIGBRE
gr aphe%}%oagr%gpé\eg gﬂgbggﬁlgﬁ {eéz"%ﬁﬁj %;tge%ﬁ %%(%?t g?mlig@ﬁg%@t g] eg?gglsl ow the flow
of the7iconespbndihg té tiiee dfFIEURHE Boyre designated by tike (efpranseiphanaiged@cond

| i de ,(629).. of
baPT or b B VREL. dhe PRLTPBIC SRR Gt s are an SR o R SrIpLWRERY
the Seﬁ?@%@@ﬁg(@%@bné%eﬁﬁh e Bbudingeillnbtrated dsomeaodnd ne2B,i rst and

second 't S ws through the second graphene sheet perforated with
aper t urespedtivainsaokeavn frodi e ROwnembrane@tsf the i ons of the second type

(6120). A chidggt | on 31l A0GGRAL, (222 SR HhdbRERIBLRIQRECRaKE et et

free of the econ further collection

ar r anggAg Rbd(LAs Ay 98 Rano @ ombester b§IkectiGdiperivegtet @rapluan alshedter

separately col |l ecting accunul ati ons of ions. W)

2012/ 027148HOAAYS2011/Amrd0ed tor dleianiipgvater earRfifgesnyanted ions (2Q1) A et hod
steps BITEERGY 1 ngPs T BB o e O e 10
al | ow hBe1passRERMb alstetheissayk ef waner moledulesl dnoiotdiealipasbegeasspog
o apheAta Slasketphe PR anusviatar s N yPhavamtsa 8 s sy SEReHEr oy
gener ape . PES YRR (212). As an alternative, a graphene sheet so perforated may be
provided. The water carrying unwanted ions (201) is pressurized (216, 218) to thereby
generate pressurized water. The pressurized water is applied to a first (212u) surface of
the perforated graphene (212), so that water molecules flow to a second side (212d) of
the perforated graphene sheet in preference to ions. The water molecules (202) are
collected at the second side (212d) of the graphene sheet. In one mode of this method,
the selected one of the ions is chlorine, the apertures for disallowance of the chlorine
ions are nominally of nine nanometers diameter, and the apertures are nominally
spaced apart by fifteen nanometers. In another mode of this method, the selected one
of the ions is sodium, and the apertures for disallowance of the sodium ions of nominally
six nanometers diameter, and the apertures are nominally spaced apart by fifteen
nanometers. The method may include the step of reinforcing the sheet of perforated
graphene (212) with a backing (220), which may be a polytetrafluoroethylene grid (520).

-13-



wat er; applying said pressurized water to a first surface of said
perforated graphene, so that water nolecules flowto a second side of said
per f or at estogoephene sheet in preference to ions; and colpceaisengosmsodd wat er
nol ecul es from said second side of said graphene sheet. 2. A net hod
according to claim1l1, wherein said selected one of said ions is chlorine,
and said apertures for disallowance of said chlorine ions are nomnally

ni ne nanomne 0 erein said

apertures a&%ﬁﬂm nal IA ng’%tggg é@%g?&g@ \g/gﬂ‘epg%(%ﬂ Cfﬁ@ﬂ{g% %rp\g\a’w}e dions "4 A

met hod cacgoisdsige epsl cﬁlg@rfb,ratwhﬁa ¢irdl shabtl(esllag ot gthipprec Afitrs@ueh iapBR Ut
sai,d apertures for disallowance of said sodiumions are

di d
flgml ﬁg]l@%s‘?fﬁ fignutet eslgcted to disaligw thepasgage Qéé&e!ﬁoﬁ%fj f”@t engiolhe  wherein
sai d apRl&Si g%gcm%ﬂh %héxg daa@% émgx g5§§% AGiE Fﬁ{o?%puues 6.

A nmet hod accor to claim 1 f’EI n sal saiaions is

chl ori federanilh sadalecpe stooms oherof mesaMWQmmqen@(scﬁMrd fonlegaimpie)] ons are

nor nalﬂlwgret)%le\rqgra gréo‘gl’ret sﬁweet of perforated graphene (612a). A second sheet of
graphene (612b) is perforated with plural apertures selected to allow the passage of
water molecules and to disallow the passage of the selected second one of the
unwanted ions, to thereby generate a second sheet of perforated graphene (612b) in
which the apertures have a smaller diameter than the apertures of the first sheet (612a)
of perforated graphene. The first (612a) and second (612b) sheets of perforated
graphene are juxtaposed, to thereby form a juxtaposed sheet with a first side defined by
the first sheet (612a) of perforated graphene, a second side defined by the second
sheet (612b) of perforated graphene, and a path (629) for the flow of liquid
therebetween. The water carrying unwanted ions is applied to the first side (612a) of the
juxtaposed sheet, so that water molecules flow through the juxtaposed sheet (612a) and
the path (629) to the second side of the juxtaposed sheet in preference to ions, to
thereby produce nominally deionized water. The nominally deionized water molecules
are collected from the second side (612b) of the juxtaposed sheet.

[0035] A water deionizer comprises a graphene sheet (212) perforated
with apertures (312) dimensioned to allow the flow of water molecules and to disallow
the flow of ions of a particular type (sodium, for example). A source of water laden with
ions of the particular type is provided. A path (210, 226, 227) is provided for the flow of
the water laden with ions of the particular type through the graphene sheet perforated
with apertures (212). In a particular embodiment of this deionizer, a purge arrangement
(220,232) is coupled to the path for the flow, for diverting the flow away from the

graphene sheet perforated with apertures (212).

[0036] A separator (600) comprises a first graphene sheet perforated with
apertures dimensioned to allow the flow of water molecules and to disallow the flow of

ions of a first type (612a), and a second graphene sheet perforated with apertures
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WO 2012/ 027148PCT/ US2011/ 047800 7. A nethod according to claim®é,
wherein said apertures are nomnally spaced apart by fifteen nanoneters.

8. A nethwodaomrdsng to claiml1, further conprising thecstEspoiaind7soo
reinforcing said sheet of perforated graphene. 9. A nethod according
to claim8, wherein said step of reinforcing includes the step of backing.
10. A nethod according to claim9, wherein said step of backing includes

t he st : i ' ' - i NG : | ai m 10,
wher oi SrRs BAEEA e Folfdvater molequlds oft FEFLRARDFELIAN Y i &2, 7 1
met hod sacood dypeg(6t1@bg | valhere the idres ef thesaicdng tye fa)presndilieg traarstheddnobf

h ith pl I | d, | h f
orsphene. WA RLACAL japerLu o, sabested o ol owLie nassagk i aler |
i ons copRrdResSedoRd 5HEL (A1), A path g@t}?@zﬁébp% ﬁél/ﬂ!eg%r é&plgiﬁwggaeﬁcﬁk ofitHePr tion

of said sheet of graphene to ther generate said apert 13. A
met hod wadeoladengvitroiook af thellrst Bad tskeond typesi (8D hptotthe fisstegrapbedesikeatai d st ep

O PP O S P TR EADIn 95 GisBRE L R Fo R or P4 S SRS Akt Hpe! "
(612a). As a resutlt, (a) ions of the first type (Cl) accumulate on an upstream side (626a)
of the first graphene sheet perforated with apertures dimensioned to disaliow the flow of
the ions of the first type (626a) and (b) water laden with ions of the second type (Na)
flows through the first graphene sheet perforated with apertures dimensioned to
disallow the flow of the ions of the first type (626a) to a downstream side (629) of the
first graphene sheet perforated with apertures dimensioned to disallow the flow of the
ions of the first type (612a). The separator (600) further comprises a path (629) for
applying a flow of the water laden with ions of the second type to an upstream side of
the graphene sheet perforated with apertures dimensioned to disallow the flow of the
ions of the first type (612b). As a result, (a) ions of the second type accumulate on an
upstream side (629) of the second graphene sheet perforated with apertures
dimensioned to disallow the flow of the ions of the second type (612b) and (b) water
free of the ions of the first and second types flows through the second graphene sheet
perforated with apertures dimensioned to disallow the flow of the ions of the second
type (612b). A collection arrangement (222, 224) is coupled to receive the water free of
the ions of the first and second types (202). A further collection arrangement (630a,
632a, 634a; 630b, 632b, 634b) may be provided for separately collecting accumulations

of ions.
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14. A method for deionizing water carrying unwanted ions, said nmethod
conprising the steps of: providing a first sheet of graphene
per f or at estowntdn2pi4ar al apertures of a di anmeter sel ect edpro/ues@lokmoo t he
passage of a selected first one of said unwanted ions, and to allow the
passage of water nolecules |aden with a selected second one of said WO
2012/ 027148PCT/ US2011/ 047800 unwant ed i ons; provi di ng a second sheet

of graphene perforated with plural Sﬁgj'{qgres selected to all ow the passage
of water nol ecules and to disallow ssage of said sel ected second one
of sai\WHATWEhCEAIMBRSIS: sai d apertures in said second sheet of graphene
having a smaller diameter than said apertures in said first sheet of

per f or at ed gr aphenesthod for deipnixingpueatengarying unwestedionsssdidiaetdneet s of
perforated graphene to thereby forma juxtaposed sheet with a first side
def i ne®@rmyisng &g pieep ofheet of perforated graphene, a second side defined

by sai d Sec&g%\ﬁi&&%h%t Pegrhphahe ditaraoheagertaed selquasditd aifow tre passagef
i quid therebetween,; appl él ng said water carryi ng ynwant ege4 ons to
sai d fofnedtes midemfles and tg diselipudbe persege okd selegiedRier $aif sEWAEES | ow

t hrough sai d, | uxt aposed shegt and i ath to said second side of said
j uxt ad@@%cfostﬁér@(byi f eq»egﬁgate{qogr?@h%j&to t her eby produce nominal ly

dei oni zed V\@Ja%éuriﬁaysaid water eahrygtirvearted tbrectoithadeby gieiecatez prsaatizad
nol ecul es from sai d second side of said juxtaposed sheet. 15, A nethod for
dei oniwateg, wat er according to claim 14, wherein said step of

applying said pressurized water to a first surface of said perforated graphene, so
that water molecules flow to a second side of said perforated graphene sheet in

preference to ions; and
collecting said water molecules from said second side of said graphene sheet.

2. A method according to claim 1, wherein said selected one of said ions is

chlorine, and said apertures for disallowance of said chlorine ions are nominally nine

nanometers.

3. A method according to claim 2, wherein said apertures are nominally

spaced apart by fifteen nanometers.

4. A method according to claim 1, wherein said selected one of said ions is

sodium, and said apertures for disallowance of said sodium ions are nominally six

nanometers.

5. A method according to claim 4, wherein said apertures are nominally

spaced apart by fifteen nanometers.

6. A method according to claim 1, wherein said selected one of said ions is

chlorine, and said apertures for disallowance of said chlorine ions are nominally twelve

nanometers.
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providing a first sheet of perforated graphene and providing a second sheet
of perforated graphene both include the step of applying oxidizer to a
surface olWoamumpesforated graphene sheet. 16. ApeatuseoidaiTsne zer ,
conpri si ng: a graphene sheet perforated with apertures di nensioned
to allow the flow of water nolecules and to disallow the flow of ions of a
particul ar type; a source of water |laden with ions of said particular type;
and a path for the flow of said water |aden with ions of said
particul ar type through said graphene sheet perforated with apertures.

2t angenent’-coudt ST B8rdrRutd & TRibP e bt Se BB Tl BBy 11 ow avy
f r om spadedr=pphenefifddwebamanéerated with apertures. WO

2012/ 027148PCT/ US2011/ 047800 18. A separator, conprising: a
first graphene sheet perforated with apertures dinensioned to allow the

flow of watger ol Geuh&S 28084y @ 3K PWUHAS: ELABHSHhg tRESteY oftelribRing Y PE:

said sheet of perforated graphene.

9. A method according to claim 8, wherein said step of reinforcing includes

the step of backing.

10. A method according to claim 9, wherein said step of backing includes the

step of backing with a grid.

11. A method according to claim 10, wherein the material of said grid is

polytetrafluoroethylene.

12. A method according to claim 1, wherein said step of providing a sheet of
graphene with plural apertures selected to allow the passage of water molecules and to
disallow the passage of a selected one of said unwanted ions comprises the step of:

applying oxidizer to at least a portion of said sheet of graphene to thereby

generate said apertures.

13. A method according to claim 12, further comprising the step, before said
step of applying oxidizer, of masking those portions of said graphene at which said

apertures are not desired.

14. A method for deionizing water carrying unwanted ions, said method
comprising the steps of:

providing a first sheet of graphene perforated with plural apertures of a diameter
selected to disallow the passage of a selected first one of said unwanted ions, and to

allow the passage of water molecules laden with a selected second one of said
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a second graphene sheet perforated wth apertures dinensioned to allow the
flow of water nolecules and to disallow the flow of ions of a second type,
wher e saiwoizorem20f48sai d second type are small er than saipdTiusesi 10878s@i d
first type; a source of water |laden with ions of said first and second
types; a path for applying a flow of said water |aden with ions of
said first and second types to said first graphene sheet perforated with
apertures di mensioned to disallow the flow of said ions of said first type,
wher ebywadited ims; of said first type accurul ate on an upstream side of said

first grap e ed with apertures dinmenpsioned to disallowthe
fl ow of salrbg&lﬂgﬁg ag%egogoggrg%tso? g{%bengp OJ?F%W@P p[%@'e@P%W?F PORSeS s ai d
seconalibyneeflagvagé bf auedt rasledufdsraiid 1@ BRAIRNEtHENSRIsaBe df bRt fdeMbl h

apertures dinensioned to disallowthe flow of said ions of said first type

to a §6RARY PEEMT Spfkuvarigddons rseid gperwesdn Shiseteoenrishiest etigrabhenaper t ur es

di mengy LSAl f i.d,. i . ,d.first . tvpe: ) a
patn §aoes pifaor Slanie! Ban ceblafler it BT8R oL bblOlatb BRI ¢y pe
to an upst jedapcsiog said firai angsapdrehshedisef ppeofadsdbetbhainkho aRereby fesn

di nensioned to dLsaI | ow t he fl ow ﬁ{wsai d ions of said first type, whereby
(a) i Gr¥xigprosed gheeluit aifiplside dgHuedPY saidl tist shretiod Rerferaled gfarheng. 8econd
gr aph r i i i i e flow
o B R R i ek SRR R B Y g Al Ao bR° s
first flanddfdiguishthergtpeteethpws t hr ough sai d second graphene sheet perforated
with apertures.dinensigned ta disallowthe flow of said.ions of said second
type; and .app.Fymg %\a'aéﬁ'eﬁgﬁ??r&H”%r‘“’P&’ﬁ@gﬁkaSéBﬁﬁl%@q 8g?é’éé?\¢duétépes%ter
free ghesisd thansatel nicabeliés nel tARK GheERD Lk aRARd sheet and 33id FatRERILRE OF
according to claim 18, further conprising an ion collection arrangenent
coupl acery pidedlf veidkivixthrasedahieat inpretarener: tajons alodheehy mbdeed d first type

and saLehin AR Sbni38h A1 9Rd typPe
collecting said nominally deionized water molecules from said second side of

said juxtaposed sheet.

15. A method for deionizing water according to claim 14, wherein said step of
providing a first sheet of perforated graphene and providing a second sheet of
perforated graphene both include the step of applying oxidizer to a surface of an
unperforated graphene sheet.

16. A water deionizer, comprising:

a graphene sheet perforated with apertures dimensioned to allow the flow of
water molecules and to disallow the flow of ions of a particular type;

a source of water laden with ions of said particular type; and

a path for the flow of said water laden with ions of said particular type through
said graphene sheet perforated with apertures.

17. A deionizer according to claim 16, further comprising a purge arrangement
coupled to said path for the flow, for diverting said flow away from said graphene sheet
perforated with apertures.
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18. A separator, comprising:

a first graphene sheet perforated with apertures dimensioned to allow the flow of
water molecules and to disallow the flow of ions of a first type;

a second graphene sheet perforated with apertures dimensioned to allow the
flow of water molecules and to disallow the flow of ions of a second type, where said
ions of said second type are smaller than said ions of said first type;

a source of water laden with ions of said first and second types;

a path for applying a flow of said water laden with ions of said first and second
types to said first graphene sheet perforated with apertures dimensioned to disallow the
flow of said ions of said first type, whéreby (a) ions of said first type accumulate on an
upstream side of said first graphene sheet perforated with apertures dimensioned to
disallow the flow of said ions of said first type and (b) water laden with ions of said
second type flows through said first graphene sheet perforated with apertures
dimensioned to disallow the flow of said ions of said first type to a downstream side of
said first graphene sheet perforated with apertures dimensioned to disallow the flow of
said ions of said first type;

a path for applying a flow of said water laden with ions of said second type to an
upstream side of said graphene sheet perforated with apertures dimensioned to
disallow the flow of said ions of said first type, whereby (a) ions of said second type
accumulate on an upstream side of said second graphene sheet perforated with
apertures dimensioned to disallow the flow of said ions of said second type and (b)
water free of said ions of said first and second types flows through said second
graphene sheet perforated with apertures dimensioned to disallow the flow of said ions
of said second type; and

a collection arrangement coupled to receive said water free of said ions of said

first and second types.

19. A separator according to claim 18, further comprising an ion collection
arrangement coupled to receive said accumulation of one of said ions of said first type

and said ions of said second type.
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