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system for the study of confrned nol ecuflar transport.

Aedunet 6o molecular diameters and a high flux of the permeate molecule can be

achieved. On this size scale, however, little is known about the behavior of fluids;
deviations from continuum transport can occur as the channel size becomes
comparable to molecular diameters. For example, it is known that the intra-pore
diffusivity (as compared with the bulk diffusivity) decreases when the pore size
becomes comparable to molecular dimensions (éee for example, Deen (1987) AIChE
J. 33:1409-1425). In electrolyte solutions, if the pore radius is comparable to the
Debye length (electrical double layer thickness), a situation can arise where the ion
concentration within the pore exceeds that of the bulk solution (see, for example,
Cerver et al. (2001) J. Membrane Sci. 191:179-187), which may have some

interesting consequences for the development of ion-selective membranes.
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fabricated (H nds et

supra). However, the resultant pore diameter in these materials is again large (about

150 nm). A method that has managed to produce membranes in the single nanometer
size regime involves creating damage tracks in a polycarbonate film by use of a
collimated fission fragment beam, followed by etching in basic solution (Harrell et al.
(2003) supra). With subsequent electroless plating, single gold nanotubes of order 2

nm were prepared.

More recently, a polystyrene-coated CNT membrane was fabricated (Hinds et
al. (2004) supra). The pore sizes of this membrane are reported to be consistent with

that of multiwall CNT inner diameters (about 7.5 nm). However, extremely small
2
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al . (2004) supra). The pore sizes of this nmenbrane are
reported to be consistent with that of nmultiwall OCNT
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6Hx1st(1i2th64i)eldsupra) and by tenplated growth within
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struct the nanotube interior (Cui, et
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or catal yst mgratlonfor SWCNT or doubl e |
particles that can migrate to and obstruct the nanotube 1nter10rV@u1 et al. (2000) J.
Appl. Phys. 88, 6072). The consequence of such blockages is a significant reduction
of the active membrane pore density. In contrast, there are few, if any, reports of
“bamboo” structure, formation or catalyst migration for SWCNT or double-wall
carbon nanotubes (DWCNTSs). However, several groups have reported that it is
difficult to produce vertically aligned carbon nanotubes of this size (Hata et al. (2004)
Science 306:1362). No admission is made that any reference cited in this section or

any other section herein is admitted prior art.
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car bon nanot ubes (DWCNTs). However, several groups
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to transmenbrane protein J%or e€s such as_aquaporins
aqppering (Aegre et F2G001) Currr Tordfembeabil-381: 1-38) . The
various enbodi ments described herein include - _

menbr The sariaustentod snemsidaenibeddsrain mslidsi membrents: aristes and

nd net hods. of king these a articl .
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and gaseous fluid transport despite_nanoscal e pore |,
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conprising: (i) a vertically-aligned array of carbon

nanot gheemboliRA&it providesAahahbibeson axtaneve flageranepat
size of about 2 run or less, and (ii) a matrix

Femprsing: @i aswg@élybaéig%@%mqm C@gqogdﬁnﬁtgh%s[, l\j\gxggem the nanotubes
ﬁ%%m{aﬁgﬁagfeaﬁzé il efbgﬁ’% %f]ﬁl%f 1&€, a ﬁr(fq & ﬁlaltrlgk RbitegAt@sposed

carbon es an e matri’x contained on a porous
$ufeen thenmilem minosibed Asothapspect isehb paaeof yartigatlyraligned
weave. |In one aspect,. the vertically-aligned arr f
SHIPBD RN dBRS SP el SR IR g rPoR hetBralh e sl es
%g AVREABRNR YRy REL& Wav@bout 7 nmor [ess with a

rix material” di sposed between the carbon nanot ubes,

wher e L hg Ban e URAR 2 13%ReA% P ray of carbon nanotubes are contained

on a membrane and have an average pore size of about 7 nm or less with a matrix

material disposed between the carbon nanotubes, wherein the nanotubes have open
ends on each side of the membrane. The membrane can provide enhanced gas

transport compared to Knudsen predicted transport for same sized pores.

Another embodiment provides a membrane comprising: carbon nanotubes
encapsulated in a matrix, wherein the nanotubes have average pore size of about 7 nm
or less, wherein the membrane provides enhanced gas transport relative to Knudsen

diffusion.
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ends on each side of the nenbrane. The nenbrane can
provi de enhanced gas transport conpared to Knudsen
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nanot Ub@gotbecembndimeatdpionidad nad membrank @pmiprisingea vertically-
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conpri sing gaps between the anne a cefam
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the carbon nanotubes, filli ng gaps between t'he car on
riareoeh BesnenbiEneer anic matrix nmaterial, wherein the
carbon nanotubes are open providing flow through the
menbr ahleo prividsd is owicthed dfsnakingsd menhbrine wakipriging: fabricating a
menbr ane..conprising: ,fabricating, a vertically-aligned
e g p et oL Kanbtah danotibssr Whweiihe AT somaisr e
dRPSedaeha\efbort Robides) ‘thﬂ%@aﬁis%ﬁﬁeenfthé ¢arBih SRfubes with
bet ween the carbon nanotubés with pol ynmeric matrix
Rl EReriy matjj dpateriply wberemrtb@wrh@hmn@ms alieepsp @rpviding flow
%l%\ékﬁlt%%%&%é hrough the menbrane. Al so pr ovided is
a method o

I'ng a nmenbrane conprising: fabricating
nanot ube.

ically: d of carbo
aher ei hSs RRHISR B AR St a%%ﬁ@ﬁlseﬁwesﬁoeneslegr%ﬂcatlng .
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with ceramc or ymer matrix material, V\hereln t

RFRsH thea%bmombes dpking msxheamg t@mme@pn@ e$ Welly
ﬁafa%g By {:}&g fﬁg{rmat% 91%11# 1%8 'ﬁgno%l;efs léf'é 81%11 éorowdmg
a rret ric a :

SO provi nanop

rembdoicad gss ﬂmnuitrbsgm@m ngsmiwamngccanpmd ﬂod@iddyeradhrf@md
carbon nanotube array on a substrate with high aspect

rati o Afspprdviiedees nieliRdtanfbtbaihe ocdrog ﬂl&ﬁbﬁhés%bmpnsmg :
with a conforrral matri x material capabl e of

BV BeReNsTcatly pligned qarRonagpiube praex on aﬁwtr@@p\glﬂbbe%@mct
A
5 SRS L D8 S5 O e e
appatilagl ¢cdndorenatily filfing the higinedpebiaatio gaps between the nanotubes to -
immobilize the nanotubes upon hardening of the conformal metrlx material; and

opening the ends of the nanotubes.

A further embodiment is a method for separating analytes and therefore
purifying a fluid or gas by passing the fluid or gas to be purified through at least one
carbon nanotube as described herein. In one aspect, the na.notube‘s are contained
within a membrane and the fluid to be purified is water for example from fresh water
sources or sea water containing salt. The method may also comprise collecting the

liquid or gas after passing through the one or more nanotubes.

Another embodiment is a fabric comprising the membrane having the array of

nanotubes and a porous polymer or fiber fabric supporting material.
5
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A further enbodinent is a nethod for separating
anal ytes and therefore purifying a fluid or gas by

w@awsoegos he fluid or gas to be purified throupdiI/as2006/033180

| east one carbon nanotube as described herein. In one
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after passing through the one or nore nanotubes.
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i Cl. t prise a plurali of . menhr anes :
A SR CNE oGRS 18e & BrnliSmatob Pl 3 3P&Rast i patymer
MesEce) eiicoBitN@ Has aslegu%ﬁbl%rfﬁoleadal%yrh@aﬂﬁliwﬁaﬁh@ the cores of
menbr anes are placed on top of each other In

rembedied €NTs a5 hstoply mirevindhe membeanch dn addition; the nanohihgs can

f [ L NGl . f €SS

B B DB AT RS TR R RE AP TRe tercon
retseledtivelp véineed by gkilation. An6iNdr adetimanef didonthigide is its vapor

ceram c matrix materjal. In contrast to polymer

ré?fq% sitigp, ﬁ@&ﬁm j ePPﬁEedﬁlaéhedlwgpha@? 541631 PR gplymers
0w .

R B ot oy & Ruly R QR i ensure

melentiobeSaligameat. so serve as a tenplate for the

production of nanoporous silicon nitride since they

can beilsebasideddlerein Brmebastowoid-ficel ateirrﬂﬂaneAhﬁtdaﬁ ibe used for the

advant age of silicon nitride is jts vapor phase

&&5’3@% tommopgE afian sf produdiesdvhigh hasebaep gifrarediis e

processes to reduce CNT aggl oneration and ensure

 regitheddédoim acfilicoini ngimide ntatrixal 4 mapemrowsedlidoamiiride ingngbrane was

b id={r. th d the . .
B e R G DR RSB B MR
beefix pTap ghLebrvabili§ @Hab hitepot AR siIREHAItHISHembRRie was
menbrane conprising nmultiwall carbon nanotubes

srpBrardpndihe nifiogerparmsrie; determiitedi xAssumipgdopssoutype
A AR #R%ack YolPL2 N dellin 8k BELUR A, which

renov €S€ car boh nano
rwasrcothparabler toxhat D thegmdtipall meadiube dwteradiatmbes The calculated rate

nanoporous sjij.icon nitride, rane was confirmed and

VAT BT (R R DRdYebie T YHeBeling through a smaller
KRR a0 e RRenttirhAd SR Bet RaPHBNHLEGHORE g@ ‘§1\z/t\il‘%eﬁﬂkhfor liguid-
average pore size of 66 nmwas cal cul ated, I ch wa
dosaslarxabliments antaanofiiidihideviedst Degabsitioapatmbiersoanédre controlled
qlo g\?}?ptreesrs 'theTg?mgt%ncol‘fj“%grg oé’aéﬁTs, as well as fabrication of an analogous
double and single wall nanotube membranes, which allow examination of some of the

exotic molecular transport properties for CNTs.

Further described herein are gas and water flow measurements through
microfabricated membranes with sub 2 nanometer (inner diameter) aligned carbon
nanotubes as pores. The measured gas flow exceeds predictions of the Knudsen
diffusion model by more than an order of magnitude. The measured water flow

exceeds values calculated from continuum hydrodynamics models by more than three
6
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white lines in the image. Figure 3 provides a TEM
| mageFighread Muktratvedldw e vérs Srd¥rob H%a%kan@é@br a
arrows indicate raphltl c shells that bl ock t he
RAREBOLOYS Sifpon HidrideBambigpar act eri stic of "banboo" CNTs;
the dark material is iron catalyst that has mgrated
to t haighyererlusirates plotef gasBew (Eogpealized farirhelseulatvesiglit) vevsus

ﬁr@gsﬁr cﬁ%ﬁ Yerobd & WE&H%&?{ nqg&lgragg tofa Y rﬂgldpcfrg §iz& This illustrates

~ the significant enhancement in flux (up to 1000X) offered by carbon nanotubes

compared to Knudsen prediction for similarly sized pores.

Figure 6 illustrates parylene-N coated (five micron target thickness) MWCNT
array, with supporting silicon substrates removed. The polymer is seen to effectively
wet the nanotubes, with the top few microns of this membrane completely

encapsulated.
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nanoporous silicon nitride nmenbrane. Figure 5
illustrates plot of gas flow (normalized for nolecul ar

wawrioghejlover sus pressure drop across a MACNT/ SPE®US2006/033180

menbrane of 7 run pore size. This illustrates the
si gni Figraest 74 ahd@Be Figure 7A showx vettipaltyoalighed Xjrap bf SWENTs and

carhon nan t ubes.co dse e tionfor
JER PR SPad BT e BRI, B e b e B
%?@ihﬁﬁza{icf)ﬂ Mol keGhq Widnddta8 in thRilcknsile MYINT array,
wi th supporting silicon substrates renoved. The

pol 'y ”@‘igdfré 8 $8&Aralel SSI ?ﬁq{rhééﬁﬂ)rﬁné’\ﬁbrﬂ: neitd ARAL gﬁgl%ted%frﬂ CB

the top few mcrons of this menbrane conplet
ecprawstsladty@dthétiw rchemizal/binkbgikal agenty wheclvganshiopesmeate through

t al i d S .and 7B.i

¥ b Biand a0 h2RES Ghigih. % iR Fbpi? Roncrund mieffal il be
dﬁﬁgﬁ@d%ﬂgﬂh@ BIW ENZahéaPrafd) dPdritrRbNeY infhraveRt @fScanndlhd
1-2 nmsize range. Figure 8 illustrates SWCNT nenbr ane

ffanstiogalization of the manotnbrseyreithersidweithe apmbtspieds apkisvabody
IR R S TR AR oS 30y
PO" U5 AR PHBIESE T BB Aol BRERD e o s

lanehathl@icf ofmed fa@ﬂaétiohqirbwas -af Mify@sdaddgit elestion (8 KON etching),
side of the nenbrane to. achi eve body side

Ry §eiapist depepitipnanacadingi 3 SAWE BtovAksdt- &w@d‘ﬂhég wjthilgw-pressure
%&%ﬁﬁva@} ?%Posﬁé’cgk 31%55?’ Me'ﬁkb‘}éi{eeﬁeﬁé’glﬁgtﬁj@g&g /i%.%g lsz)tl%Blc Si

on process
Sbtdiiﬁ{@,t 6. Silidontrtiide atuhi to ekpaza (N IBemdsembve ddtadysseadmrticles (by

f (by. KOH
a%be% e gﬁﬁw@ﬁﬂb%‘e igstl l?z'r@%eamﬁwcaﬁls Séagﬂ fGNT RgpPPing
K%Jﬁ‘gtn}eqyyﬁ Bichiy r‘?.}]?ﬁ ek %hlb\‘ﬁfé‘ye Eﬁiﬁ ROSkHiBH g S?é}ﬂleabﬁhty at this

rane area nition (by XeFZ2 isotropiC i
estephiFiggire 9B.is SISEM arvsssdactionl of e ebrgrove dpdde waNtEN End’ lgure

R st o AR e dto Aot Bt ettt g 25

WNERRARItAde. ( FiRafd 91V & 4 PhbtedrepH ¥thé ofinEmmbiadne afsasbvienge inset:
begi ns to exhi bit gas perneabil :9% at this step
f

FShg*grme agmosesupao fSmpmagrefranes dtigpre aﬁahgtoggap@,og\mp membrane
AU A S SR g%hh@nga%%@a@%@a%ﬁ%&
menbr 4 ’%‘ssﬁ 14 %uwg}ﬁféﬁﬁg%a SRR S s fige °F%“re

QR 418 TPV Rfagekiof Ué-8roWn CNT8, ;ﬂé&té&ﬁ}aﬂmdﬁng ﬂiem from the silicon
menbrane chip that contains 89 open w ndows,

Wibstesie ansl dispersing them i dimethylformamide. The majority of the carbon
nanotubes are double-walled, as identified in the high-resolution inset. Figure 10B

shows pore size distribution, derived from TEM measurements of the inner diameter
of 391 individual carbon nanotubes, revealing an average pore size of 1.6 nm. The
average outer diameter of these DWCNTS is estimated to be 2.3 nm. Figures 10 Cto
10E: Plan-view TEM images of carbon nanotube membrane taken with the beam
parallel to the CNT axis. Figure 10 C is the nanotube membrane showing continuous
nitride coating on the scales examined in this image (about 0.2x0.2 pm®). No
microcracks or microvoids can.be seen. The bright white spots (circled in yellow)

revealed in the figure are carbon nanotube pores, which can be identified by the
g .
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Figures 10A through 1CE illustrate the nanotubes of
this invention. Figure 10A are TEM i mages of as-grown

w@hng/02qane£pared by renoving them fromthe siliPORUS2006/033180

substrate and di spersing themin dinethylformam de.
Bogonmjing hhg—shﬁpetcbetutgamﬂ)sdmmammiel bBer darity, not all visible CNTs

iR ellet o, 1 g Shbop sRotPesds Breatfe i iegpout £5x10'" em?
ct%m vl rsﬁmaﬁ@mﬁ& s€ & @D 51{1131013151%@1 RERLESn PEM

391 i ndi vi dual carbon nanot ubes, reveal i ng an average
pmaeeszscpfzseleotﬁd aregs from RigareadO€); algcemngm@nfonn eeating ofsilicon

R TAEPHR Tl Vel e uegy b Ba e Tt fRndter & the

mafﬁma{aﬁoﬁ;a&en with the beamparallel to the CNT axis.
Figure 10 Cis the nanotube nenbrane show ng

cont i i I
chts IrFinng@ 1(‘? 51%1?3?%8 g@@ﬁélébﬁxﬁg (deied ‘a‘ﬁ]ﬂ gr%glgfrfgdgllgﬁ Jelhtive to He)

rdatay fov sitdgnme AWV SéIE(émnglesh endaM\ﬁﬁNTvﬂmrt:IGS)sp@nbranes Open
Sap gy e ARG G o b 85 AT Re) and

tﬁl%ﬂti;?lm@bll%dieﬁlnafté 156B6h g@@i (@H,, ThHg ¢ H; 00,HY, CLHPEThe solid
For clarit not a visib CNTs were circled. The

diwds e power léwfg@ﬁ th%rmrlny[slé@,ca@nrﬁ@agﬂwém%la@e slmmag a scahng
r
ol SR MRS B bty SES ATRGE, T dyhed i
dehpotvedlaarfgad tﬁerlmdnﬁ:agmnegaiﬂm,a mmmgwgdmatﬁmﬂmh the Knudsen
coating of si brl white s otS|n
(el ﬁf‘gﬁg@%eqﬁ il # e byt e e G b s et
'}gﬁfgcﬂﬂ%ﬁ gaf He%' ra%a&xjﬂlhitfa‘ﬁ%% %@fe@ﬁqe%‘[ﬁﬁﬁe eGhdd¥ed Hodel scaling.
efined as the permeability relatlveto He) data for

sub- 2 |
menbr %@%ﬂt{&%&%&(&&geél g at e t é@%ﬁécﬁ%ﬁh’%g arr%eablhty as
gasssre(] 2y, thide dohlele V\Nll, cafiin nAnptuBOmemiednea (ndteirndllyechbmgnated

AR, BV e BB Li5h & SElerte G2 Mppingine 1 Rpreghetdrapie

rb%ﬁsﬁé’ﬁﬁl?%ﬁfaﬁ@z%cﬁ@&z@se kl%oﬁérfﬁbiﬁlhﬁ’é%tf@r alPHWERT Aembranes
scaling predicted by the Knudsen diffusi on nodel

(@ﬁ%lyrﬁecn@eddhoae of e, Mycarhmwetedasmbmnt,u speclﬁealh' thewis petnagebility
b o et R RGBS s BRSSP BN 1) M migher.

t th h ocarb
gns. ddeBredahems e Sarh %@P@@H@ﬁ?ﬂ?\k s, B RemBlane
Kanelseeon "PHE lovs wavdnithbeFhEhis E<F0 dnkHsd 4iBtRePiolsingle wall
(darker; left) and water (striped; right) perneability

aﬁ@rhma@mﬂ@besc preseri eitberddansl o carinl wisl blsnger dvhst @sepredominant

TP e e AR By O S

orlgmates from amorphous carbon in the sample (Osswald et al. (2005) Phys. Lett.

402, 422), while the peak at 1580 cm™ is the graphite ‘G’ band conventionally

observed in carbon nanotubes.

Figure 14 shows pore size distribution of a multiwall carbon nanotube
membrane, illustrating an average pore size of 6.5 nm, with less than 10% of the
surface area being contributed by pores 10 nm or larger. Such a pore size distribution

would enable filtration of albumin for use in dialysis applications.

9
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consi derably smaller pore sizes, the perneabilities
for all DWCNT nenbranes greatly exceed those of the

w@eiloyozribpnat e menbrane; specifically the air PCT/US2006/033180

permeability is nore than 10 tinmes higher, while water
per meabi | i MODESTROR CARRYING OURTHE GREENTHONIre 13
shows Ranman spectrum of carbon nanot ubes used in
Defihitwne fabrication. The | ow wavenunber peaks (<300
cnt ) are attributed to single wall carbon nanotubes,
presenk y8id Re&inhe Eb@m‘)fcoﬁ@ﬁ%(l'n% 1sVihfeHdé1 tfoah@aa rthdt ke

(the predom nant vari et The defect 'D
bempbrentsayy pratiidsancdide tm@ mlt@dmlzmemsew net @@ﬂudam&@thﬁm m

BB SRS o, BB B el iy
bRudih@pihet €leménts bﬁm_l/ és@ént@mlﬁmﬁahﬂcy 16 ifecsortidthation.
car bon nanot ubes. glpre 14 shows pore si ze

¢

aC@nsastmgpfowaBﬂn%n&ﬁ dinginore shagdrace slesrenise ! olies ingsedients or
%t#}ljnﬁ&%é ta!s %l 2 sﬁ%‘?{rﬁﬁ?m@ﬂﬂ)a s gg h e?éro@es@. Mbo r%alté &ctthed
I ng y

oof e surface area ontri bute
ppeash ciltﬁhd‘smhfansfuat gens alsueithia thepccepsofzhisdinemtiphut i on
woul d enable filtration of albumn for use in dialysis
app! i eatuseBer S e R SARMY! Meekddh childliddy| Ei‘ﬁﬁlafﬂ‘dtructure of
Definitions As used herein, the term' co r| SI n

Piichrbe mosbinpeHarneiet sigeéesdstiprsRdht smand anotubes are

#a'ﬂgebvj,t%gt &Fc‘f\.%sh% %LI%HR EHO? cufidl Wft}nen usg%b &ties %hat make

essent i a Iy o o derine
derppstemiailyasefibintioeile vatietlylof applivatimug indiangtedinobigy,

ElsrBTHGS PBes: ML ET o P faRa SRals PR TR SN g nary
Eatg’é}f\kﬁéﬁ 5 ACEIBLETEMi Sl BfopRitlRS! arld ¢ EffcRAL SorRlicteABTARANT S

as substantial method steps in a process.

Enbodi nﬁel{ﬁtgﬁ%bg 6 4 BRfhbbY. ?fecﬁﬁ RuRtereRG RSt ?zﬁﬁ‘l'l}I 'v@ﬂcﬂ A5 hcludes

are Wi he scope o I's I nvention. used herein
bh&ybeﬂs’nWlmemthmka’ballm trersgSerévat inl shapk, |amahotub|ebl.$l @yhndncal with

T

Bithe ROderRXE IHds ek sze Q@ﬁ&Qﬁe Hﬁhféﬁé@é e namdubracss tenehe order

properties that nmake them potentially useful in a wde
véa ifer pansimeipp (apperxinatsly 50 %@m&:&mﬂ%&m the width of 2 human

ctr, tic and e
§3’I%eﬁ’v&1éet%¥e g’fllil?%? fevgratl r&or d %ﬂg%ﬂég& er;[%? {1 ‘{ré ﬂl’gmam types
dhhaiituiRk eghdle-SallehaRbuties esvaami ad muﬁf-tvamcemnotubes
conductors of heat. A nanotube is a meg:i)er of the

MW Teh Desthlgrwvelipdnanpiibes (an alpq baprgPaiedi nel udes

Nanotubes are composed primarily or entirely of sp” bonds, similar to fhosc of
graphite. This bonding structure, strongér than the sp> bonds found in diamond,
provides the molecules with their unique strength. Nanotubes haturally align
themselves into "ropes" held together by Van der Waals forces. Under high pressure,
nanbtubes can merge together, trading some sp° bonds for sp’ bonds, giving great
possibility for producing strong, unlimited-length wires through high-preésure
nanotube linking. A

Nanotubes are comprised of various materials, which include but are not

limited to carbon, silicon, silica and selenium. Inorganic nanotubes such as boron
10
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-primarily or entire

buckybal | s. Whereas buckybal |l s are spherical in shape,
a nanotube is cylindrical, wth at |east one end

wa ypo2d1by capped with a henmisphere of the buckgibab1006/033180

structure. The nane is derived fromtheir size, since
tHuidgihane else been synthepiged; Hearbemnanmtalres idudersitegle whllalouble

R4 B EER GROPAERNFY i98n OB ek 1Ry SRR tgppoous, of
taarlsmve&d)mk witihl driwigoert & cdpnat klenagids, wHiled €dodbR WK iFBVE

t ges of _napot ubes: singl e-wal | ed nanot ubes ( SWNTs
diY? CERTE FUbHAT layaTse a%gltt%mwm)carbm@mn@amh peyithout a cap

t d
NABRS HAS SarfRia ™ n?t!tlﬁ%afl’i i &‘éth%ﬁ%sﬁ%%&ﬁtgﬁé SIS LGS
oftraighé phiotrteousT lof sarbamekiomg vethrcnmmurcmi asip artgeendshan t he
sp3 bonds found in diamond, provides the nolecul es

with tTie ﬂanuﬂlbqyéarﬂjermggdfd inNaRelay Mtrdia b phahlity ofhh@ubes
t hensel v%i intq "ropes" held to]%et her by Van der \Wal s

57 LREENIZESh Hespafplgr aﬁﬁ@@@tt Peth G35k o thah cBoR aAmHE: they can be
LAQRLBralldl rt@gé(ﬂ]l%t QT 2 $P41ibf %ﬂﬁg’ﬁ Md é@&en‘%&"l‘l%r s%sﬂnﬂgﬂy

great possibility for producing
uekpemidicebhr It(tem gubstrader é@nbtmbemg:h Hei gdsrw:p bﬁ.‘ec&f $tfacea molt bive

tube ar rised of variopus, material s,
vrﬁF i’ﬁt S%IF'\%B ISBate g’?rrﬁ%ardmd@ariﬁswer &1 con,

silica, and sel enium | nor gani c_nanot ubes such as
bor onrfht ¥ied er?élt»éheate% @é@ﬁr@ynmt@sdsmm@anﬁwl whose lateral

r@ﬂeﬁu&@ﬁ sr i ytargult nvr@t 'd aﬁ}b%gcge;@g and

mul ti1wal | I's one tubuI ar | ayer,
strai ght or tortuous of car bon atons with or w thout
Ant¥Audliod Ne ends, while a "double wall™ is two
concentrr c tubular layers, straight or tortuous, of

b h
by A DOR BB o
|mylesdar rﬁérhbttagléﬁ oraiieve hifeWdestBibe @f ascad D hpplicdnYb fhe OF

without a cap at the ends. The nanotubes, can be
ARGaPIgRRIOT Hevn Lor exymplpcieusral methpds Hr fabyicatiomelvaerbrages are

Q‘fe?crﬁfeg%ﬁ‘%ﬁfﬂ dafboﬁ%hbt@t)esas'éf\%rhg ?%Fe'gt C}N "f%]co%gfeﬁ VQLmsefﬁcone
For exanple, they can be aligned parallel t0 eac

otitnide fillp C&JTS\n@np]red atltharapatydepaﬂtbdt;mlmereﬁlhION’Tsoa:oupled with

subtsé i al I nd *I ar, ubst.rate. Nanot ubes

Spene ‘?ft?d\ﬁq t us Tz?tpé% RYYEORat al yst

partic¢les dis osed on the surface in an ordered or

di sor glgteseaw rangg capshaye Retesizes opike melesitanisels (Gnging from

SR 65 5y 5, TSRS
Ichemizdlly siable. Enhanced gas transport through the membranes compared to other
materials of similar pore size is demonstrated. Molecular dynamics simulations
predict high water flows through these materials too. Due to high molecular flux and
possibility of size exclusion, the possible applications of these materials include but
are not limited to: 1) Gas separations such as (but not limited to) removal of
hydrocarbons, CO, sequestration (data showing high gas transport described below);
2) water desalination/demineralization (described below); 3) dialysis; and 4)

breathable material for protection from chemical and biological agents.
The nanoporous membranes can be fabricated from a variety of a vertically

11
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Vari ous nenbrane materials and nethods for their
fabrication for high flux nol ecul ar nenbranes or

W@ @vessied e descri bed, as well as applicati onsPCf/U$1966/033180

menbrane or sieve. For exanple, several nethods for
faéilgnd:Cbmaymf sifglerently dovbk-waleddesmnitibwdll ON'Dsh polwncds bon

not bes serve res s..coupled with sili one
REpiuthamy presrefan B PR RHO B Fssg by the AT, For
F&hl‘{lﬁﬁr ethilehe, Hilsheh! OeHﬁl #@Ebnah lbe GOGH @odprﬂ@ésg @hs%ls Sand a thin metal

deposi fed” using Atom c Layer Depositi on.
melaame@p@&tﬁdlmhmrc@nwz@ s B subﬁérauﬁmtoemmbme the gﬂowth It is

R L AR IS e,

Sihélbdhﬁg SEnOEme.gd a%ﬁtldaﬂyl abgedtarti) fa&ug)boiédl&o FREoth AR @R plane of
npared to other materials of simlar pore size is

db@rﬁ}ﬁ@tratﬁt Hais vebicalbupligned pranpicaanstubes tipicsHy has igeraal
m1g%t¥@tr (ﬁjr{l%ﬁ@?lr E”J}reg i @gsgn{ﬁaa %Be%ﬁe Is %m %‘ﬁes& %han Snm,

ux a posSSsi rty of ust on,

tmefembgisl blte5appl, brdis height (Gficknessy @f ﬁatthxmal\/SWON]r aekeys have
ut a not limted.,to: Gas separations such as

(%‘iﬁfnaLg‘@“\qu‘ﬁ %Hﬁ%ﬁ*emééb@amn of hydr ocar bons, C2

sequestration (data show ng gas_transport

descr iOes %@W@V@le ngnotyfet aélfay can e coated by a matrix material to

PR ERASER SIS A A BEEth oL Mhordht o

fireomis ¢lieeuse wdila canfbrinblohaigridlahatage fillthe Rgd aspmombo us

nenbr anes .c rricated froma vari et
J@Pnrp@a}ari}%ﬁ%(ﬁ@ag@? Hagelgp sapshirucsaipse B %%F@%W%edcarbon
HanbMbds seWr! ds tﬂé\ﬂ_ﬁy pgf&%‘th\é'n?atéﬁhl a‘A”@a%i%B%f Iﬁan?i&“%ﬁa?téﬁaﬁs

chem cal vapor deposition process, as krnown in
a*amgngﬁ"omeocmmlce(e otsHigos misridesilicon dinxida) do aolgrmrso(arg baylene,

d
FERRuRELIaREER, PESR e RER bt PR RieatYlitdn B ana TEOS
Qfxﬁc&l (ERethbeydlapwblide) Were Suddassfulli Giedne achi®fe doneoriml, abid-
catal yst layer that enables one to _grow carbon

EascOaREs o meltiyagi] n@nwmmaysmwtar diameters0tj 3P-H) pghaepulting in
R P RRRRRHe b I pd0id iR AT P (CHEmical Vapor
tygpositibh)cdatings, tif g wkain hdlaalme%&lnﬁsmmgmng Layeniedosition.
exanple, 0.8- 2 nm a tube-tube spacing of |ess than.
Snm [t vaafr&blhc}tmlg tRattoerami€iliRe sflivdnaitiide @it partidiilakness)

of 5-10 arrays have internal djaneters on

ta%aréweps 35 dssai@gﬁﬁamleﬁ@a%oamphqaﬁ@nﬁ e batheo dhginhigh
qg’xﬁg&@tu?@ﬂ&lﬁﬁgb%ﬂﬂs H%Sd'sitéd ﬁak@db@ lind 9%%2%14‘[%0@ ({ol'k@rong

and ena essing Into’a

‘ Iamnis/fbamsl whadt WDulldefacalltaE fehevals thdf orgaionhd inmaganic foulants on

et: renfal %rane hlélaryl%%g hef1sI ellllso é)H]?bi{yd%gnir%%gglcgro{)ea&ilesoon multiwall CNT

arrays, with both high temperature stability (melting point up to 420°C) and solvent'
resistance. Another important advantage is to ensure adhesion between the carbon
‘nanotube and the matrix such that the composite material as a whole is mechanically
robust. To this end, tensile strain tests on the mateﬁal, as well as nanoindentation
tests to examine closely the nanotube/matrix interface can be carried out. After
coating, the excess matrix material can be removed from the membrane, and the

carbon nanotubes can be opened, as they are initially capped at the top and blocked at

12



(approxi mately 1000 | ength/di anmeter) gaps between
t hese tubes, such that the carbon nanotubes serve as

w0 b@7oed1y4 pores in the material. A variety of PEX/DE2006/033180
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materials, ranging fromceramcs (e.qg. silicon

thiethoitolm, wigh ¢atalpst pditiwkdsdEhiscan potas ﬁghl?@dd?y Yg0f p@lasma

Eo{}\%di nmet hyl si | oxane, polyim de) nay be used.

GG PFEES: si | i con nitride and TECS oxi de

ggetraet hoxxsi | ane oxi de) were successfully used to
rb@yNapfPeY nal , voi dfree coatings on mul tiwal l

nanot ube arrays (outer djanmeters of 20-50 o .
Fasul T s ech IPHHE BUEIRGE R ORI CMREAD Pbfticaly aligned
?ﬁi%& Lt coa?bog%qla?{?fuggs, G 'Iql{%ﬂ%ﬁ@tjub Q€ a@&@%@p&b QN (i.e., internal
oatrngs, fiTTing can be achieved usi rjgl At om c Layer
Bepesd) oDdbout 2 ninsordesstahd hotd augatixanatesdlabisposed bagween the

i1 i itrid ti ly ad f or.
RN ABTADR (it PR BT L gHtes S ot ARG deacififop of
&xggéggg‘gcg%sk@m%g;aﬂé_e stability (filns deposited at
- an

sol vent resistance (to strong aci ds/ bases),

whi ch o ldl/%%%%gd#s k8l & 1%2 g%lé nfotitRen@hsianésccadMd for example

I norganr c ts ont rane. Parylene has_ also
ahitloi.3 e tc abdud 2frmin, pr olert tlines toorborti2 ¢ iwa L omngmbodiment,

arrays, with both high t erat ure sStabi| it 4
St o sttt SRub S PR BT e o
1L BQY. ﬁgli{ HAGR1ds $o bsTRoUEIetHREN et ulfeiaiee Bmbbdiments
gar@cghgﬁ%%o u%e and tsh%bm;tri xésuch t hat. t he conposite

imdledd minotbeshaning averageporssaives af ey thapalaut 1y qjk,; o

end, tensile.strain t . [

e e i Sl LR of BubiEER, b Blan BBl bt
NRBRLHRE) BBkWekX abdii OrF 1@ and aboth @ neg for kkeinatinely Bétwveen about

coating, the excess matrix material can r ved

O i o B S, Koo A AR EAR AR vet further,
ned, newhdial 1y capped at the top and ,

g%g%ﬁgébgﬁttqﬁgﬁ%loa?lfi%%b%jt‘hlﬁbat al yst particles. This can.

be easjly achie ] f NG GES9b

Car bonHMBT B s UL bt fe LR Bhfe Mg I i orane

retYe Een ehkr inardbeft 40661 orcdietnatiadly greatér dranzapout 45 %, or

carbon nanotubes, wherein the nangtubes have average
piegnasively mare ghan abptexthdy Olbqqfﬁﬁé’?%?ly » gpred %gbcy\fﬁﬁ]@ror
| ﬁt%ﬁ%aﬁog hAY¥& BaBdut 30 BRIELidhatdetPRsRANDE bVRLBS5 Phr
nanot ubes’ such that the spaces betveen the tubes nay
naterratively npere étanabbutr7 ¥, omaltsrnagivelyangre shantabeut 75 %, or
menbrane. The aver age re sjpzes. of the.car 0

iTeRane FerD AL o) Beor Sl-rau R atE SR AARe8s v o

e abou

agﬂ_%ﬁ“%ati%@ly'}ﬁ%re Hanaipeut 90LodvPalternabiedly, réenian dboubPe%, each of
enpodi nent , . o _
the total number of pores in the membrane. Typically, pore size 1s determined by

TEM (Transmission Electron Microscope) or Raman spectroscopy method, although

other methods are known in the art.

The carbon nanotubes in the membrane can be substantially single walled
nanotubes or alternatively double walled nanotubes or alternatively multiwalled
nanotubes or yet further comprise a combination of any of single-, double- or

multiwalled. An array of substantially any one type of carbon nanotube (e.g., single,
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they are on average |ess than about 2 nm but still of
sufficient internal dianeter to allow gas and |iquid

wornlogoedies to pass through them Thus, alternap@wes2006/033180

enbodi nent s i ncl ude nanot ubes_havi ng %veégaq%e E res .
doutde opmultb dutendsagicaigsshan abopb 76, i, o B0 401 {iggpnotubes in
ggs aty%%o%gt pe1 5 nm or alternatively, less than

nmorcalter nat ively between about 0.5 nm and

about .2 n or..al ternative n

° o s btidietsel Bt fhck AERATE ShsRARE oB ok L3y cach

Bi@lb QF tﬁé%erﬁb&rah@ eOpert Vet @RHindd. Hy forrexantplefioid trahsport
The nunber of pores having the aforenentioned pore

Sitoash fn cotben menuberks wlhassaBtish TRthRAsSHCR pRPANRRGHIR electron

tcofhpdRitedor cold
AterGhordly BbGhB8! okl Bk plighiogR S0 eoipEsiaor oo

Bliteers asrebibe haddubld is opembdit butrakisidel oy is oypenentreither side.
about 60 % or alternatively nore than about 65 % or

al t er nakdMEtasesTRaDoh Aambtabewan R0 %mpflsaadate&ysnahho{ﬁkt}cles at
nore than about 75 % or alternatively nore tha

b

g0e 95d. oForghe purese; af dilystiatipn oplp a¢ptalle @@nwﬁ%esolpauge it are
t 0 r

Aot BRI Gy o Blel 160, ARRICnicRL Qb thlbl M. Tn one
pabedinent,trhere mmm@f tHéwnnoajbb:yare;fme@f sitakyst mnoparticles used
determned b Tr aps i on ctron Mgr pe
3ot e pespebe Favebok T Pite Srbetagre Betbberaf AbgLye
?ﬁlﬁé&?&%ﬁﬁctg{t]h %(5‘%, 8f Even-lﬂiﬁh&q‘ﬁ&@ Rhadheg%0% WSS nahotubes are free of

e Substantially single walled nanotubes
eatabist sanopitivkh ysadlcfubb%bmmr@@lbf?é"ﬂmamés or
alternatively multiwalled nanotubes or yet further
conpr iBe agrag alsbicaabé drarm‘termegl byfansiread) Hensjty d Gabéamplg, areal
mul t.i wal ra syhgtanti al |
ipsbi o drBeRl et RgPe agiss et o siorifefie
9E£RE 8k f&apsq?@ﬁ%kntﬁgete@ oP ﬁlt@rﬁ&ﬁvew at9084 ok I'OH)G/ square
nanotubes in the array are of that type. In one
erbibaEes o altcrhetmbh@tlwé’é Saak)' hbsa a@;y@ntl@ﬁf@é op alteymatively, at

10 each 7 inmg cbe
j%a[sg;” Fflq]Qednsﬂ arpg?n e % Pr 51%? 5 Bragnegasto ‘%trlt?r s&ﬂgf
Cb@ﬁtb&@teﬂ&ﬂ@tt&i’ﬁ@u@@ Mﬂédst 4 la)lLPa/I syjhare @kntimad¢trods such as
nanoscal e el ectron microscopy. Nanotubes can be used

i N applieCataly QRS bS behadsiiAa By Qs aveRgOheighl fir Bi¥ichit@hhanotubes.
wher ei n the nanotube is open on but one side or is

6H@mp|@nr e arhesight iseot prwicyleply lnitedgind (A bondisds of pigrons
35 8 GPTBLURE RPN PR S R o

NHBAPA N ticdods td abolit2Emidaois, ar gbout 0.2 microns to about 20 microns, or

about 0.2 microns to about 10 microns, or about 0.2 microns to about 5 microns.

Average height can be greater than about 0.5 micron, or alternatively greater than

about 1 microns, or alternatively, greater than about 3 microns, or alternatively,
greater than about 4 microns, or alternatively, about 5 microns to about 12 microns, or
alternatively, about 5 microns to about 11 microns, or alternatively, about 5 microns

to about 10 microns, or yet further about 1 micron to about 5 microns.
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not limted to pure or alloyed iron, cobalt, nickel,
nmol ybdenum and pl ati num I n one enbodi nent, nore than

wQ@ 200902104 he nanot ubes are free of catal yst PCT/US2006/033180
nanoparticles used for carbon nanotube formation. In a

f ur t hehe agyoennrherpharagtsriged btalalgh @sDet 1atiogaps baivesithe
a’g%‘&}b&? m@o’t\%es ‘%‘E M& gth'l%%cﬁ ?e% e thattBd wgd%ﬁ For
ano es are Fee o cata y nanopar es used

&ainl4e) aspero tatioeofftigsseghpsaan bﬂaeleastrla)ooabﬁgih/@\admbe
characterized by an areal density. For exanple, areal
NensiktMategfal be for exanple at least 1 x 1010 / square
centineter, or alternatively at least 1.5 x 10 10 /

squar g ﬁ@tﬁ%‘ﬁ'&@ﬁzﬂ ca?be ﬁéeﬁ%lﬁﬁﬁlb \(f@ftiéaﬁlﬂ? alllg‘%ﬁatca%oﬁ nafbkbe

/ square centineter, or alternativel | east 2.5 x
4640 Stasduanotbereny, ithienatrix contaiistthe nmormk@B pligned pegpgsdicglar to
centi net.er. al ter

s mspangsop DR EpE SRl ER % 5P xRl Rl ff oy p e

h 8a8iidmAtekial@ o sEmuBIe: amblo@lich niftie, arweyalow shess
characteri zed by an average hei ght for the carbon

silioon vitéde. The upper end on height is not particularly
limted and CNTs hundreds of microns |ong such as 300
m cr ofibe hotrix materibkcamsdio, berfor exaname he oxide aratgyial sishgr dor

can bout l.mc bout, 20
Sl sfG0 of Sudilt OSHe Pie SR grids iy s el bor
Eﬁarﬁ’ﬁl@ TE®S) feuGét ﬂl@xyﬁlan@ bord meerk WateriginduldalabiactiudSsilicon

m crons. Average ht can be greater than about 0.5
fiiony, §or, exemple, aéﬂwan SWF%/ Rplesaliean qapds vsgsbut 1 ni cr ons,

~or alternatively, greater than about 3 microns,
aI t er rfmymumm o@acblatncmal mhaix miteuals sambevssAgs lang as they have

T

@k hldeates Y&ults fralRodHanteldhrones bg eheoipeuiial l@admofltltm&rbomr
yet further about 1 mcron to about 5 mcrons The

gmcayba@ar@tb@ funeiionak derasteaistis qan dreludepatical impermeghiy, or
BERURAT s, sl haitRhin AEDSHTL BAAL BRGSIy BRG o eRoinge of

aspelehgthatdompafedttb dscngaps span obtheatrioaasnottb@Matrix can also
| ength/width. Matrix Material A matrix material can be
&8 #3033t he vertical ly aligned carbon nanot ube

array. Stated another way, the matf X contai ps
nanot JbemaTix givisriaberia adbickress gt for sxamplg 4 O‘EJ%&H‘@
}B&t%{c'r STBE SohBhoPAR 1P Sodt %b%ﬂh material such as

a ceramc nateri al .g. such as for

exanpl esrrlleltth)% Ahedtlat e e&%pé’ﬁfﬁité: ﬂ@sbah%w h&@8Ss. St LoD

nitri
conformally coat the carbon nanotubes. The matrix material should be substantially

free of gaps between the outer surface of the nanotube and the matrix material
surrounding and encapsulating the nanotubes such that transport of materials such as

gas or liquid occurs almost exclusively through the tubes in the support material.
Membrane Properties Including Enhanced Fluid Transport

The membranes can be robust, mechanically stable, and chemically stable.
Ceramic membranes, such as for example silicon nitride, can be particularly

advantageous for desalting and demineralization applications and gas separation due
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The matrix material can also be for exanple an oxide
materi al such as for exanple silicon or alum num

wW@200d02518i | i con oxide materials can be made f rpT//82006/033180

exanpl e (TECS) tetraethyl oxysilane. The matriXx

teafoBeXAID ebxghderap%mrwmbef @ﬂmtr’ denesitedah abput SO g,
%c%l%é% (ﬁ%?s&n%@ﬁ{ ‘f\ngdt é:) Hocs%ng Q&d?gndjﬁz?sgs TR lc{tlryfg?%fcample

I'ona erlals can be used as
fAoftitath eargovalh of 6ngamt:|and alorgmiv fontaats @t the snenfbrinaevi ng
negligi bl e nol ecul ar perneability so that flow of
ol ecuh&meh®dedtlel sard R poRaiRS 0n the Mmoledarir b(}alé firh as for
i nternal space of the carbon_ nangt ubes.

example ghralt 1 avmicerhost 2Q e ﬁ@awnﬁﬂwb%sl@yld Rafiacture when

TRTNRPo s RRBATSE0, 1 1 Gl g o

Ry gdtanat %ctl@ﬁﬂmfn&ﬁatttbeﬁ dixeu]drﬁoe pmlpaﬂn%@rmﬁnmmﬁwules such
car bon nanot ubes. Nhtr can iﬁ’&%&%ﬁans ar ent i
e example dP am x4 MR SRORSToRiI Iabeled noty s nee@@&ﬂi)%me‘fal ic

ﬁ%%@%mé%g of %rt APRULZZo, 6 AND ! TRRRKKE orthD Qm@fﬁs&ﬁnc and
rrat rix raterial should encapsul ate

smtrompmrtea’rmnmtesu nsiag ARM éatomiqfomnﬂmmd)pw and &tV-ivhe

car bon nanot e he mat ri.x

SRRSEPSEAPY 71 %fcha%@% SEHL G BB Pl el epligige

ﬁgn(;plaﬁlc[b@riﬁm%rﬁ%ehﬁ@atﬁt” x material surrounding
and encapsul ati ng the nanot ubes such t hat transport of

rm\énc, (ﬂisaée §;>r l'iquid occurs al nost

exc u3| ve roug e tubes in the support material.
I\/Ierrb
rf*‘ﬂ%eé;’%lgﬁse%l%%ﬁéef&%%‘ﬂgfaﬁ@%an. Sy et 306 Bickt

@t&pﬁn ad fingt stegs bhaearra@emfamtmaﬁe ahgrwde:arboamahoiabes‘ @n be
exanple silicon nitr , can be rti ar | . .
RTEe o Do SecrBH SlBotit Ehmg EaNep B PSP s 228 b filled with matrix

a §ansl§‘eolﬁ @k RnnauntR aepsexanpl e hi gh
?g%prgrf'aYE ?Hﬁt@? Errs rdep03| t ed at about 800

©) andygal) égﬂ Elaxgﬁgbe%tcgﬂ %%_Rfd%‘éése&l Eé‘ﬂw{ &Rl %l;eaé?ltfﬁ&gntly open and
strong aci ds and bases. I's can for exanple

foaeiidd foafleid ewyval of organic and inorganic foul ants

on the menbrane. The menbranes can have pore sizes on

t he noh st Bdses GRd Alisgatepaan bocarekadopt whabthetcarbon maa@ubes

about 20 run. Addltlonally, t hey should not fracture
osloteds b dhar R CBrOBRBaRRIISS SH Po YRS EREBHE OBFsf. oy R example

% pect, the nmenbranes are characterized
inc 'onaIIy in that they should not pass particles or

oD oSS Ra g AL AP 8, Ml

Jeave open channels free of or substantially free of carbon nanotubes.
Fabrication Of A Vertically Aligned Array Of Carbon Nanotubes

Vapor deposition can be used by methods known in the art and described in
the working examples below. The carbon nanotubes can be grown on a substrate

comprising metallic nanoparticles or metallic layers.
Filling Gaps Between Carbon Nanotubes

Vapor deposition can be used including chemical vapor deposition.
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nanoparticles of for exanple size of 2, 5, or 10 nm
In additional, mcroscopic and spectroscopic

w0 e@hiexees using AFM (atom c force m croscopyPCHOS2006/033180

UV-VI S spectroscopy can functionally characterize the
d4ethods And dfpplicationsol d col | oi dal nanoparticles in

menbr ane perneation. Fabrication Methods CGenerally

Fabr i @aé nendbranes hadse fised it hevidevdiegheSanpinatiomspndleding for

gErteale aitre derTg Aty s drmme et oBh Pt pg il fmoval
'of‘h?d f&%}ﬂ &6 diblRe Gé’f?ﬁstﬁi‘e&foﬁﬁﬁﬁlyﬁ@ eandasredthdles matial for

ed wth matrix rial. Vapor deposition can
peotersiod ffomy clemibarand biddogivelggeds. The car bon nanot ubes
can be processed so that they are sufficiently open
an d pBoti crerdecemdfsiagi effebtsean ithpacs exusiers eBhe nanetubes e

LS, AR e CoL bR b FREE.A B
§ 38648 Hila¥c@RENR Dabtub & (b ?%Hkhﬁy FleGdit @Q)artldcle from entering

i red, carbon nanotubes can renoved b

élmmmbmbowT@r?tght pthervaay enteipba nanediedf 80% éthe@#la@fs Charge
st ant a ree of. t.
X ingreiegRiad mIRkE @ﬁs%*%efﬁg*ﬁoﬁ%gé oug ot

dep05| can b b thods |n t

descr il\ﬁ ﬁest%e?wwf oA B! 18 i B s
RARHHRES KANaRrOlsBstPles? SUbST T at e Con‘prl si ng

metal l1c nanopartlcles or netallic layers. Filling

Gaps Bgi ﬁﬁ?cr EQI'? 1s|\ﬁ QLUREMi MALRhciHERRABI HchPMatedBl, D

used |nc ud| em ca vapor deposition. Met hods And
/%gg{e s%ﬂ?ﬁ]ﬁl The menbr anes can be used in a w de
(5 0 appl)]l i cations including for exanple water
g np

desal I(ﬁ’ﬁt 19 ’R\{;\%f"%{} Pg ﬁlm 1%2 %1‘18&5%1518 by hgﬁ?}l sgﬁ%%cgt Ilngtﬁlmds, e.g.,

i nclu ons, car
SRANesTTRAEH) delﬁir@kaﬂ‘ihﬁon andl dbsniadtivablFer H@bmrala‘eviémof

protection fromchenical and biol ogical nts t
cﬁq:aalg@uamgrogﬁ:%%eieﬁ cBegewa thepee ﬁgaém A et R\’Fépcatlon
t
negie%l’% éﬁRﬁar o So %@ﬂoﬁ thd D8 @J‘S’tai’é‘s%&%%ft}ie\éfan&'hon

char ge particles can
regitddsisteoDepirtnicant b thetintetine Serrdioubesxangiabigh Hm;nt Nos.

O} S0 6. 3 BRN05h £od S QTSR 576 5,376,253,

The CNT membranes can operate on the basis of both size and charge
screening (Donnan exclusion and Coulombic repulsion) effects. Although many
conventional membranes rely on both effects, a novelty point for this CNT membrane

lies in the higher water flux achievable under conventional operating pressures.

While the present embodiments are not limited by theory, some principles are
noted. The nanometer size of CNTs (for exarﬁple, 0.5-2 nm), which approaches that
of many solvated ions of interest to desalination process, suggests that many species
would be unable to enter the nanotube and make it across the membrane. Indeed,
recent molecular dynamics simulations of osmotic water transport through carbon
nanotube membranes (Karla et al. (2004) PNAS 100(18):10175) suggést that 0.8 nm

diameter carbon nanotubes are sufficient to block species as small as hydrated Na+
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t he nanot ube which m ght otherw se enter the nanotube

if not for the charge. Charge effects can be nore
woeantam in liquid flow with ions rather thaPCESB0&E33180

fl ow. Menbranes can be used on substrates includin

dnst Chx Xapinother sereamngeffept souldsheraupast byschagge layar |°V§=gap at the

bstrates. ' ' S, |
Aot S ap e Ry Ao SR b BBP W TRGRRE MRl LSRR
. (MBlefedlr @008) 08 bX498EIB 36 nhasashb e shat learbdn aandtileputi can be
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nmoranes can operate on the basis of both size
elrutge Withdlee Binctéanl grgup Oy pstsiitietuaterigReitoqass Bweygh the

HEABP ot it 0 gt PR p AR e ERTURRUE B oy acid

RlHcs oty @ Hafcan@ribagsfunetidadity) t@henisvien.ek chidracteristic of this

achi evabl e under conventi onal operating_ pressu e;.
taie|of exelasipn sedaperdepey PhrEif Co-igp &2 liBey- ?E%e%@ap%y or a base-
heory... i NGi . The.: 28] 28Mo 2
SR RRizpR Bt BEGu A IRR, RpaRRNR, £ S hkeMe
afoullyrefotedat adrdatm exeht that ercasvalens spedes liked¥d oand K

keiorhai Aot Drtepat BRREARE S LS e hentr ane.
I ndeed, recent nol ecul ar dynam Caéli?i | ati ons of

osnot Figharaisr permealibisr tor ¢ JGRPse ang-Gagogisartied out and the
I el Ol

TR e el el 00 (ERAOICR 100 00 s

400618%: e115; Hunirharc&. @O6L) Watueest IdniBSt Kaga.ley ol £209d) Nature

Na+an ' . Yet., t.h ' t .

3308 S v {5 R IR B 5 TR SRR B g

%ﬁl{?&ﬁbﬁ@ta{%qfa%ﬂ% 6@%@&3&@ 85inBé@nPIteaRManoilibe interids, ovhich leads

er et al.

er et al. (2001) JACS 13(49) :,1233511
haseahyofrictiotlass trraspsoh Aveetberfbetor ivdhicheappens (ks Brigygte the

S P LB SR B B8 o
(thib @8 forRsteORPRS IThescahale@dart dyntnée fimmittionn Gahgred ab2WH)
RS DG S 3PP GrioB) DXVEHGH S8 BBFt obi-C00m,
QAR 2%02) RRR Suudl Sht A&l HELoIdRNRE Sf REEHMBlecties
confined within carbon nanotubes, leading to single hydrogen bonds between them.
These so-called "water wires", which are of relevance in biological systems (Rouseau,
et al. (2004) Phys. Chem. Chem Phys. 6:1848), are able to shuttle in and out of the
carbon nanotube channels rapidly as a consequence of their ordering and non-
interaction with the pore walls. Recent experiments using neutron diffraction have
indeed confirmed the existence of there “water wires" within carbon nanotube pores
(Kolesnikov, A. (2004) Phys. Rev. Lett. 93: 035503-1), suggesting that the predicted

rapid transport rates should be experimentally observable. For a practical
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net effect of this is the creation of an "ion gate"
that will exclude co-ions of |ike charge with the

wo aovcoezanal groups and only permit counteri onsSPEDURASE033180

t hrough the channel. As a result, the CNT nenbrane
comparisen, dablednsbaws dhe waies Bux desalinasiondndnbrendsdiélliamg)et al.
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r esul tFablent:eWatetfkst enhanceentaiffesaley sihgls il @sbonfrhotubes

-exanpl e, Kahn et al. (2004) PNAS 100(18) 10175;
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whi cANH,&2asel Hb® nearly frictd.dnl ess transport. 185t her
fact or SWEINEh appears to bel.4ini que to the non-pdsar

CNT/ pol ar nol ecul e system relates to nol ecul ar

émﬁm@e édpagositivn 288 ter Rfleviali SroParlies B Qles bRl $n WINRSR et al.
Y &YE}Meﬁ'HbH%QIO 136¢3<ahn et al . (2004) PNAS
]3@)% Q)nt;egxls g&trmfvec (% D6 Al el 882002 F?NAS
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one nenS|ona ering wat er nDIecu es cg%P

th| not ubes Ie di t 0 .Si ro
bonds BEELASATABRcR R tariEE bl it tﬂ@g’%ﬁ multiple
\fﬁﬁn@d‘raﬁs% gfodu@é B@fEoh Whithab R8s for §¥a§ﬁ8ﬁg§t eReys %ﬂﬂe
et .al. hys. Chem Chem Phys , are able

{DETCE Py pt meleaslﬁ 60 moloperesst, artableastyanola @ﬂmmua er aiteash80 mole
FRRu ¥ e BORFAENGT s B O BE P30 o

whionide pesddiom. di f fracti on have i ndeed confirned the
exi stence of there "water wires" wthin carbon
Fapeicsibe pores (Kol esni kov, A (2004) Phys. Rev. Lett.
93: 035503-1), suggesting that the predicted rapid

t r ansQid sebBéL SsSB4 tRe &lﬁrefa?ﬁféh‘[ m&@rlﬁalmgéﬂeﬁ k{bB) agent-

For a practical conpari son able 1 shows the Wat
resitard axantiree based rporbredmesianuiube inchslieg single v(all%ﬂ)on

e Res. 10);.3683) ver.sus
R R Plenf 2 T PRio (e po AR QBB o eyt ize
3l SWENT agvaﬁfsr 1afg% (i.&nderdee 0 MyDHhdlenAts, Qlé@té Rfto which many
pressures SWCNT nenbrane exhibits a X greater
G agents fall (e g VX Sarin, Mustard). The size selectivity of the nanotubes enables
air and moisture to be exchanged, while acting as a barrier against CB agents. This
combination creates a "breathable material" that can be eventually incorporated into a

CB garment, suitable for use, by a warfighter.

A robust membrane comprising vertically-aligned CNTs of 1nm approximate
diameter embedded in a biocompatible, gas- and liquid-impermeable polymer matrix

material can be fabricated. The nanotubes can span the membrane and will be open
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Two key characteristics offered by the membrane are size selectivity and high
air/water permeability. Size selectivity is ensured by the use of for example single
wall carbon nanotubes (SWCNTSs) as the membrane pores, with sizes ranging from
0.4-2 nm in size. Such molgcularly- sized pores should protect the wearer from CB
agent exposure on the basis of size exclusion alone, as opposed to relying upon agent
adsorption, as do many conventional CB protective garments based upon

charcoal/activated carbon impregnation.

Prior examples demonstrate the fabrication of robust membranes consisting of
multiwall carbon nanotubes with inner diameters of approximately 7 nm embedded in
silicon nitride (J. Holt et al. (2004) Nanoletters, 4(11), 2245-2250), which is a size
that is too large to achieve the desired size selectivity, but was believed that a similar

process can be applied for single wall carbon nanotubes. Starting with a Si (100)
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PP (02 AR BRGS Br P sl C fton i Elsgryed

%lv@fage p@E sRBRPS ath, b9 weklay kA BppR diniogRItre detsiy RYuAINe tHas of the
convent i onal CB prot ective garnents based up
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2245- 2238 dataMtosherih8nédsdag €lux through a carbon nanotube membrane.
This enhancement in gas flux through carbon nanotubes has previously been predicted
by molecular dynamics simulations for SWCNTs (A. Skoulidas et al. (2002) Phys.
Rev. Lett., 89, 18590-1), related to their inherent atomic smoothness, leading to

specular rather than diffuse reflection of gés molecules from the pore surface. In
particular, single wall carbon nanotubes are predicted by these simulations to exhibit a
three order of magnitude higher gas flux than comparably-sized nanomaterials such as
zeolites (nanoporous alumina or silica materials); this flux is also three orders of
magnitude higher than predicted by assuming Knudsen diffusion. More recently,
simulations on SWCNTs of up to 8.1 nm in diameter (S. K. Bhatia et al. (2005)
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sg %gﬁlcalll}pahgned SWCNTs, confirmed by Raman spectroscopy to be 1-2 nm in

diameter and approximately 3-4 um in height; recent experiments have demonstrated
up to 500 pm height. Void-free coating of this SWCNT array presents a challenging
task, as the SWCNT areal density (10 - 13cm™) is approximately three orders of
magnitude higher than that of the MWCNTs (10 10cm™), translating into gaps
between the tubes with aspect ratios exceeding 1000. Many conventional deposition
processes are not suitable for coating of such structures, given their high deposition

rates, which does not allow sufficient time for precursors to diffuse along the surface,

22



10

15

20

25

30

particular, single wall carbon nanotubes are predicted
by these sinulations to exhibit a three order of

wore@nieaoe hi gher gas flux than conparabl y-si zRGI/US2006/033180

nanomat eri al s such as zeolites (nanoporous alum na or
strauslatingrinte thedeyplopmantsofivoigs. The highoempermbirormet-deposition

d b Knud
TPRP T PREE! vl B RGR LR 57 et e P Senrtie
tpe@rablafor ithis dpplivetier. (S. K. Bhatia et al.
(2005)subnmitted to Ml ecular Sinulation) have

si i | anladdiioads G hash aappe%haapoﬁﬁtythmgh%ﬂ&f e%e@ i wg@y to the

enhancenent as conpared wi th fhe di ffu ere
|supgessiulenplichidorefitbe propesed nafmbrahebSéverd asent mnleclaam,mamms

AR Syl BT BT P A o) 4k oy
chbdtmenizg 80B) hm pﬂaﬁ@éd abisnilas aﬂtanaéd watrey*)@fﬁﬁai}ihty through
?ubst ituted %/ p- xyl yl ene) and Paryl ene-"N

i vall grbog AAbeEbasC R PEgicsushich s o et diengloerbon
%}g{ﬁé‘gﬁ% %vhl&pﬁ 5{8?15 d}ﬁh %Hh l)*cfey Pf ﬁlggllx\il?l)dfe %? tﬁla% oI cort] tlnuum

bicity, pin ree“con
vdatclulaebimnsetvbe]dtprgnapt, feldted awlmtaphé)aﬂonﬁqsxﬁ@ﬁhmls bf thie callbon
199 Vac. .Sci . Techn A .15, 3138)
'(%P?‘iuﬁ? Syransand fumelsauigs Or?iﬁrén%ﬁaaﬁ S qqcvsprb@etlfmgél scale of

FHWGNSI% T%se%ﬁﬂﬁlhﬁ%s%{fé’ﬁ& E@&P&ﬂéb $hensio Jrﬁgrﬁl\%gf%@é’r
d@%w val ent substrate thi c ness) Pary ene- N

osilescepnined wathgocanynananatybest, ldW@lg'Ife single hydrogen bonds

SeRRatERY, S o e IR, e R s

fsygtem@ dReuse N EQI NRDOD PR b, ThemMOHRnt, PRyd. GP1 848)Vafd M PRSshuttle
of this free standi nglbie menbrane (the supporting silicon
A

dnBad Pet & theerbempanetibe shansiels repidly) ascorppbesuenge of their ordering
oRa 2Bs! YhidtL0o0%ih e }g&!e WARE AR LEGE LADS dubh gcgo%hoblc

eposi ti on process, OV\ET pressure oper
ahendelgik i ﬁn:‘pm%hsiedetor reiﬁdde\ftoﬁf tHeh;Grﬂ&kﬁH VRezogt e(xpe@rhemtk fising

Fobbo Rt R SRR bR o B i
ga%hrnﬁgothe M@maesrﬁm &'(Igb@r ) FE9SR &Y L_@M@\ffoﬁsbm

s of controlled’size and in
\séggqsmg that ‘dlelrgm@ted: oapid igansporit m’te$womldﬂvleexpemmmaﬂyr ane
bri qtl on is desired. Achieving size and orientation
nefry%f ‘of SWCNT growth is a challenging task and has

thsf eported b Aly a few research rou
(i i SRR RRRb6 et reibil pipEor piopprics & Sy
Konvdntidndtfa@ios. ft@@%ﬁv%%@'vﬁﬁ% co'ﬁ% mﬁ?’@szl)ehance upon size

Vertically-aligned rowth by use of a tri-Iayer
@aelamyg of S&ﬂg@g@dasofpm@@ tsa\amorptmn/mhde st thantainihg comparable

r %r%ﬂj en%%@eszﬁ?dm A vgntggelzssmglu & ﬁg}[llbllgy ecﬂura%&l{tg,nand

r:]es(;;tsllsc;z (t)o fouling with the use of polymeric matrix materials such as parylene.

The key requirements for any such garment include protection against CB
agents, higher that previous garments, greater flexibility and durability, the ability to
be laundered, and reduced beat stress. Currently utilized overgarments have an outer
shell consisting of 50150 nylon/cotton materials, with a durable water-repellent finish.
The liner layer is comprised of a nonwoven front laminated to activated carbon

spheres and bonded to a tricot knit back. The use of a charcoal or activated carbon-
23



10

15

20

25

30

these vertically aligned SWNTs, confirnmed by Ranman
spectroscopy to be 1-2 nmin dianeter and

wapproxiomtely 3-4 mmin height; recent experiPERNUS2006/033180
have denonstrated up to 500 nmm hei ght. Void-free )
ewiaining liser leysrsinovigsT therallapnnertastdrl sgent elsdrpionyiakes place, is

: Aliyng ; _
hbfon FrbiR A PR RRloRTER bkl BartBE ) LR

that of th .(10,.10cn . i.

ot veBRETHS TUOSER FEaSeRtAribel ibBh ilishiftidp B A Taree
Mader 0 Wafilé OR@inidenasbinde (VOCS): asesatiddfield&denario,
sui-table for coating of such structures, given their

¢rivigonaienieb¢antaspinanis such agtvigarctigoarokeoiet Bielsoanddipsal exleayst

' f . ' . . .
T
Eirbdh sreiARBIitakhdlf Ritidd @8dorpt&poi B.iRueht efdl 0fiRédidal Life Indicators -

ossible with polyners such as paryl ene nakes fhese .
bfhemisaldpeeeprif/sedieMepmret AATREX PEAC e Gapon b

. . , i Y i |t i

- bR Bl RELTRER Rl o B o OE PReh s S fozar
Gefporaion Repertir hlis the aent patarlsexfeitecnt adtivated carben whichtlénsis its

di Hi t al .. ( , : K
PN TN I O A
aflgfﬁ}go atliroglréﬁé REEHisVRKRH nRIhABAR. | Ad ¥ rdsQrtome Bdsorpt@inproperties

' on nanot ubes. The predicted high flux of
vhdctivated cabghs arizomphxembiration o peface arepp PArCSHEN one
rder  of itude greater. t [ N . u | ons
et gtoets SPsPLERhTany P Fthe T T efld 00
ednsideeablav RRbilia iothe eotsetivk abititpofladtivatedlcedbohdmsed garments,

FrieslaghaaieroABmREAAL RSyt G PO EL0 (S Sy Idieste the
ageqﬁrrg@gina{% égggﬁﬁ, %%H:%gﬁ?%&ﬁnf i ned within carbon

nanot ubes, g to si ydr ogen bonds bet ween

them These,so- cal " | LeSH j . .

e BB e m R e Bt ppnc i
BhyEveloh@ht JBTBngdibyssistéit E84B} givan cheadritizal matslewt thedr service

in and out_of the carhbon nanotube channel s rapidl
eEEnBeEsdif @ ssHet o HerPAr PeEcaN © %Q?Idwr%eﬁeﬁ gats
el o deSpltied o AMRACRR FFIE DRt 1HcS: B0 dpor permeation
bf S (@B sandf MostardREEBtone kigeidicoetatdnativnn gonthetvaper

CHHERON PoEva R TITE HPERR REOCARET BOTEd “TRU D iokigeen

%ﬁpl(e%@@‘@/mp}'%_sthe F@?Vsurﬂa_ﬁé, twhil3 I RBRR03 akkaled HogaRtli Pgconstant
that the predicted rapid transport rates would be

exgseure dept &l 0. 1/ingh o8 makes (@004 psi) was maintained across the swatch by

drawing air into the lower test cell chamber. Over a 24 hour period, gas samples were
acquired sequentially with a miniaturized gas chromatograph sampling system,
utilizing a 2 minute desorption time from a pre-concentrator tube followed by a 1

minute gas sampling time.

The evaluation criteria used in these studies were determined by the
percutaneous (skin) dosages at which certain physiological effects would be observed
(Table 2). Sarin, for example, can produce incapaéitation (twitching, convulsions, or

loss of consciousness) at dosages of 8,000 mg—min/m3 and can be lethal at dosages of
24



10

15

20

25

30

The SWCNT- nenbrane can exhi bit superior properties to
those of conventional fabrics. Its primary advantage

weewe®2a4 h its reliance upon size excl usi on 0OPCIZBS2006/033180

agents, as opposed to adsorption, while still ) .
0A0 aienmingmc ofkp aetosedesswas erfarmeg 3s %‘i‘p fRosipiulate hiological or
| J
R SRRl AR PSSl B, FhE 0 R e
peiigtiakomef £challeagscoah-oinemaoltherugh gapeebdtegen ensemble
requi rerrstats f.or any such garnment include protection
SerHpeRant ﬂé"g@ﬁ?%",mqqpéﬁé‘%t t hat previ ous garments,

greater flexibili t%@gnd durability, {{‘f ability to be,
| aunddhe§ W @NE-merabraneicaseeifer gmuabst olafvaRAEES OV FprvEational

SRR B ] A SR Wil i
2002)sTestHsultd sfeAirPeyacablsChanprl Inprtgodted Sndnteolielenge by
Coomioat frbpiokgaieal Budfere et el Sdedh eyan) dferott . US.
a‘i{& YaliRd A @B Rﬁg&ﬂt@kﬁﬁw Cohdeind| FeYp8Ft; ECBOMIRCAbEBSn

I mpor t ant agent adsorption takes place, is )
Coowing) Graund, Ml & NCEAFSBHIEDdRepert).i Bhptimapy gstventege pves fabrics

85 B 1t B Shind BP G R ge R R BT D Bihanyaheil s
Foskank uSRITBGHIEE1E M SeratidnntiR shatektiaioflod CBCagRarlsl given the

envi ronment al” contam nants such as cigarette smoke, )
jcemppugblesr lasger sifiecaf spresetianel Chhageatspscmparad ivth the pgre size

t 0.d] | r : i

Rl SPLAFESTEBIO QAL FAR0" MR SSPOTT el AR Brty won
(adsorptionRaebbes@tANK, arndRbsbi silrdficanilf eeduneli itafontisg tenBencyt In the

ST L AT s pedeb e L o0 e o .
@gh{l&{bﬁﬁe Cﬁﬁgoa%blt%%ﬁétigf SRRt al 1By ¢RirSical ARAEIbIERE]

rporation Repo I's the non- polar surface of |
a¥ viifara tAenis and Simulhits iSuremay Reportdf ¥iSaAmy Seldies anpBicdegical

sor.b S |i Vi PLiQ ari h
Sl s R epom B EE S B At Oe o ik kol RAD!
nesuLihs stmgnwﬁ,taxpas@é fRehbide sddiincaat incatred demity@fagent
are a conpl ex conbi nation of surface area1 %ore si ze j
e

requieed de perencaiedbo pBbioerTedire ara e nhapologital eidethwere calculated
o A _ ; S
08 e A g s by et

e prote car ase
Gigeiiee atenot BEtidEsdd @tjengedid ecrdevit opmbrinepindibes thealkposure

o Satore (B S ik chy 0 cate e Uhel bl e
oSS oD e et s ot Sty
flafgei pwe gizewrandibuscthesd thesholdrating aof a raguired spacificagion. Other
physical propetties of this membrane are also favorable for this application.
Conventional fabric air permeabilities (pressure normalized) determined in the study -
by Lindsay et al.(R. S. Lindsay et al. (September 2002) “Test Results of Air-
Permeable Charcoal Impregnated Suits to Challenge by Chemical and Biological
Warfare Agents and Simulants: Summary Report”, U.S. Amy Soldier and Biological
Chemical Command Report, ECBC-TR, Aberdeen Proving Ground, MD,

UNCLASSIFIED Report) ranged from 1.1-23 cm*/cm?-min-Pa. By comparison, these

25



10

15

20

25

30

requi renents. For a series of different air-perneable
charcoal inpregnated suits, protocols were devel oped
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use of a polymeric matrix material such as parylene, along with carbon nanotubes,
which unlike many other fibers in reinforced composites, can undergo severe bending
(angles of, up to 110°) (Tijima et al. (1996) J. Chem. Phys.: 104(5):2089-2092) and
still preserve their structural integrity. The key issue for the durability of the
membrane concerns the nanotube-matrix interface and the degree of adhesion at this |
interface. Results coating MWCNT’s with parylene-N show excellent wettability

(due to the similar hydrophobicity of the two materials). A comparison of our
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Qgstolrpr{%n, it should, in principle, have an indefinite lifetime. An illustration of the

SWCNT fabric, in its final integrated form is shown in Figure 8.
Dialysis

The material as described herein also finds use in biological applications, e.g.,

. for nanofiltration similar to that performed by the kidney. For example, the nanotubes

and membrane containing the nanotubes can be used for separation of analytes in
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gases in the form of molecular weight-normalized flow rate versus pressure drop,
along with the Knudsen prediction. These results constitute the first experimental
demonstration of enhanced gas flux through a carbon nanotube membrane. This
enhancement in gas flux through carbon nanotubes has previously been predicted by
molecular dynamics simulations for SWCNTSs, related to their inherent atomic
smoothness, leading to spectacular rather ban diffuse reflection of gas molecules from
the pore surface. In particular, single wall carbon nanotubes are predicted by these

simulations to exhibit a three order of magnitude higher gas flux than comparably-
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Figure 8. Dialysis The material as described herein
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lower density array of nanotubes. Samples are next placed into an atmospheric
pressure CVD system (1” diameter tube furnace) and initially exposed to a reducing
environment of Ar/H; (600 scem/400 scem) as the temperature is ramped up to the
growth temperature of 850 °C for a period of 20 minutes. At this point, discrete iron
nanoparticles form, with diameters in the range from 20-100'nm. The diameter
distribution is skewed towards smaller particles as the iron thickness is decreased.

The iron nanoparticles serve as the catalyst and nucleation sites for nanotube growth.

After temperature stabilization, C;Hy (1000 scem) is introduced to initiate nanotube
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menbranes offer both the requisite porosity control
(filtering out album n on the basis of size
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under conditions of 0.5 kV ion energy and 1 mA/cm* beam current density; due to the
lack of material selectivity, this process typically produces a much smoother surface.
It is important that this tube-opening step occurs after the KOH wet processing to
avoid the possibility that the exposed carbon nanotubes are filled by liquids.
Examination of the interface where the silicon was removed by KOH étching
(referred to as the “backside” of the membrane) reveals a number of bright particles
(Figufe 2C), which were confirmed by Energy Dispersive X-ray (EDX) analysis to

contain iron. Consideration of their size (20-50 nm), comparable to the outer
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these testing conditions. Using an expression derived from van Rijn et al. (Rijn et al.
(1997) I. Microelectromech. Syst. 6:48-54) the theoretical maximum pressure drop a

solid silicon nitride membrane can withstand prior to rupture (delta P) is given as:

E

m

C..
AP = 0.29[1%]oy,.eld e
r

(Reproduced from Sun et al. (2000) supra),
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of permeation through the membranes of 2.4x10° mole/m*-s (as determined by the
sensitivity of the analytical technique). This is in sharp contrast to the flux of 0.29
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particles not renoved during the prior processing
steps. As many of these particles would bl ock access
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diameters. Given that the membrane in this study was created by oxidative removal
of the CNTs, one would expect larger pores, representative of CNT outer diameters,
which in turn should lead to a larger membrane permeance and a low percentage of
open tubes. Data obtained from TEM measurements (Figure 3) suggests a size

distribution of CNT outer diameters ranging from 20 to 50 nm. To determine whether
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(Reproduced from Harrell et al. (2003) supra),

for a typical membrane pore density of 4 x 10"%m™ and an effective diffusion
length of 10 um (accounting for the membrane thickness and nanotube tortuosity), an
average pore diameter of 66 nm is determined. This value is slightly larger, but

comparable to the outer diameter of CNTs observed by TEM. This larger-than-
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measuring the flow rate as a function of pressure drop
(see Phegrieisdhe liquid vipeesiwake & thé molier viobmixy affveatey ahdialb ether

R T AN SETEN L B

and £p1EBsufe Bapwdd el £ wateh 8dx off DO nEAFRALSES cifblilBted. Fora 1 nm
val ue of 2.6x1 QO 6 nol e/ n2-s-Pa, determ ned for

et Sinietor BN ey Hle S eTIOnAIng o edey Theis OHdg mealefya-s7 s order of
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gueprrTBy "ﬁowever, it is unclear whether the assumption of no-slip along the walls, used
in the hydrodynamic model, is satisfied for the smooth, hydrophobic interior of a ‘
carbon nanotube (Zhu et al. (2002) Phys. Rev. Lett. 88:106102), and this alone may

account for the discrepancy in these two values.

In summary, a robust, void-free membrane that can be used for the study of
nanofluidics has been developed by standard microfabrication techniques, consisting
of multiwall carbon nanotubes embedded in a silicon nitride matrix. A nonporous
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The next step of the fabrication process involves coating samples with low-
stress LPCVD silicon nitride (at 805 °C) to fill the gaps between the nanotubes and
form the membrane structure. Excess silicon nitride at the top of the membrane and
metallic nanoparticles on the back of the membrane are removed by argon ion beam
etching, and the nanotube pores are opened by reactive ion etching in an oxygen
containing plasma. It is not until the reactive ‘ion etching step that the membrane

begins to exhibit gas permeability.
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arrays having internal diameters of less than about 2 nm.
Fabrication Procedure
The schematic of the fabrication process is given in Figure 9A.

The starting substrate was test grade silicon (100) coated with about 250 nm of
low pressure chemical vapor deposited (LPCVD), low-stress silicon nitride (SizNa).

Photolithography and reactive ion etching was used to define the device features and
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form the membrane structure. The remaining (50 microns) of silicon beneath the

membrane was then etched away by a vapor-phase XeF; process, which exposed the
membrane from the back. The diameter of the exposed membrane in each of the 89
pits was approximately 50 microns, resulting in an overall exposed membrane area of
1.7x1073 cm?. Excess silicon nitride at the top of the membrane and metallic
nanoparticles on the back of the membrane were removed by argon ion beam etching,
and the nanotube pores were opened by reactive ion etching in an oxygen containing
plasma. It was not until the reactive ion etching step that the membrane began to

exhibit gas permeability.
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containing plasma. It is not until the reactive ion
etching step that the nenbrane begins to exhibit gas

w@eoomezdind i ty. Gas Measurenment Setup Gas sel ectP@i/U$2006/033180

nmeasurenents were perfornmed in a high-vacuum setup
usi ng Membranedageatzhtibhow cel | . The apparatus used
is simlar to that used for the characterization of
nanopo¥ivaiExdndomdhé thirer Flswedeisnremenanes (see for
exanpl e Acharya and Foley (2000) AlChe J . 46:9 11).

The i rSiegexdlysiaf addwatet floWeheaQBEMERS wWehd ?érfd}%ﬂ ®¢ nnting the
perfgrm’ ng | eak rate checks using an unetched neinbrane

URELOWES :rg%orrﬁfgeqeﬁ{@ggloev_ cellh Anpseximatebag enlaef ﬁ@éyts wehplaced
S AP e S e g PNl s

wiepe diyv ddisaliqdd tvolumepwasssifficiert fo Weﬂthﬁffcq);j 6ff tata lehegﬂlﬁéhehand fill

bot h, si.des. were isolated fromyvacuum an illed wt

118 PIFSC (iPingn hedsr sids Was presviited il B (87 emrrncihmypte of
' r Jhe

SSRGSkl RESNS R by SR o MRS T

stubizgy Lipdd emengingfronghe betomeside afithe cThevas colidcged into a

d t. m si.de.was.isol ated f t hewvacuum all.ow n
che gds T airile riei@ineen (Ribpulhe) tegniietop, g alet was
kivesmined| by BV - VRDIPSREGHEpE I Bl RBicnb@ 61 2 AFUAE datddarticles in
remai n constant over the course of the experinment. The

rthe walsr permesty sodutiansas; %t%tedrhygltmclfﬁ@emgrqmém (@Fad).

- 2 DI |t ran er -
0 L SEOD R RGBSR Dot i
diuffhcesi U]bdrydr@iigeﬂfecmf]feo?lwﬂ @aR}chhﬁﬁth@hcﬂAF F/ﬂ??llie sensitivity for

t. 3:283). T ow C was co ete )
AL B T 2i2 0 I o0 56| e orplSLely L ion
ORREAFMNMabb 8f eI d ARG mﬁ@inlitﬁﬂ ¥olSn FRESKE DodiBximately 100

ensure tha rrzodific-atlons in e menbrane properties
dhagtickestpend gum” dyea. WAEM exapémdtion of severed sinniterly sized areas from the

rmnation.of the flowrafe across the. rane,.
Lo bRt Pesmiea KRRt S B St idTer i Betifds were
rebedrkedibothadtHetentabitie #eisd paarueRos hiE&tthy edgbN&he water
val ues determ ned by this nethod agreed well wth

ttFsROTE R nn 2l flvatiomtheough the DV aNIsuembiane was
SHRLE T o R BB B W ABSHL, 6
i vietses izl Q'émbepmsmnaiﬂy ldes & paniddl bidalage &f thesub-2 nm carbon
E}aagét:g %t :@DQ@E{(,‘@%] dﬂ{eelqbg%?glso%%%gﬂeggt aOIfOOt-g?d Ife?ieétlio%aiL It}?en
concentration of 2 nm particles in the permeate and the observation that these
particles do pass through the larger pore MWCNT membrane, it was estimated that
less than 0.1% of the water flux could be attributed to pores larger than 2 nm.
Concentration of the 5 nm and 10 nm Au nanoparticles could be determined using
spectroscopic methods due to the distinct visible absorption of these solutions. The
sensitivity for the spectroscobic detection of these nanoparticles in solution was also
approximately 1% of the starting solution concentration, limited by the detector of the
UV-Visible spectrometer used. Table 2 presents a summary of the size exclusion tests

performed on DWCNT and MWCNT membranes, with the molecular flux of each

species indicated. The molecular flux was determined from the concentration of the
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Data Analysis

Table 3 in the main text presents the data in the flow per nanotube basis which
was generated by dividing the observed flow rate by the hanotube density. To
calculate flow enhancements, the ratio of the observed flow through each nanotube
with the flow was computed calculated by classical equations provided in the notes.
This way. of presenting the data allows for direct comparison with simulations and

captures the flow enhancements due to transport mechanisms different from the
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process produced crack-free and void-free membranes. TEM plan-view images
(Figure 10C-E) of a slice of the membrane also demonstrate that the silicon nitride
coats the DWCNTs conformaly and does not leave any gaps between the outer
surface of the CNT and the silicon nitride. One can also use the same nitride-
encapsulation method to produce MWCNT membrane. (Holt et al., Science (2006)
312:1034-1037), which is hereby incorporated by reference herein in its entirety

including figures and cited supporting material.
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Tranport Phenomena Wiley, Ed. (New York), pp. 19) the Knudsen diffusion model is
frequently applied. Indeed, the pore geometries are characterized by Knudsen
numbers (Ad) of 10-70, which places them well into the free-molecular transport
regime. However, the flux measured through the membranes exceeded the flux

predicted by the Knudsen model by at least 1-2 orders of magnitude (Table 3).

For gas flow in the Knudsen regime, the overall membrane flow rate can be

determined from:
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@WTE ?s‘éle, e.g., Skoulidas et al. (2002) Phys. Rev. Lett. 89:185901; Chen and
Sholl (2006) J. Memb. Sci. 269:152; Ackerman, et al. (2003) Mol. Sim. 29:677 and
Chen, et al, (2006) J. of ‘Phys. Chem. B 110:1971). In atomically smooth pores the

nature of gas-wall collisions can change from purely diffuse (as in the Knudsen

model), to a combination of specular and diffuse collisions, (Bhatia et al. (2005) Mol.
Sim. 31:643) thus leading to observed faster transport.

Single-component selectivity for most of the gases exhibited the expected
inverse square root scaling of molecular mass (Figure 11, inset) with the exception of
hydrocarbons whose selectivities were higher. This result is not surprising for a

molecular diffusion process since it reflects the mass dependence of molecular
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silicon nitride (Si3N4) matrix (Figure 90).
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liquids as the molecular diameter (e.g. ~0.3 nm for H;O), the Knudsen number for a
1-2 nm pore is 0.15-0.3. These values lie on the border between “slip flow” and
“transitional flow”. In this size regime where the pore is only ~7 water molecules in
diameter, continuum theory concepts such as a velocity profile may be difficult to
define. For this reason, MD simulations are often used for the prediction of water
flows through carbon nanotube pores of order 1 nm (Hummer et al. (2001) supra and

Hummer (2003) Proc. Natl. Acad. Sci. U.S.A. 100:10175). However, the

44



10

15

20

25

30

unlikely for the solution concentrations used in these
experinments. It was concluded that the transport in
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Interestingly, the observed water flux compares well with that predicted by the
MD simulations (Kalra et al. (2003) supra). The simulations predict a flux of 12
water molecules per nm? (nanotube cross sectional area) per ns; the measured flux,
extrapolated to the simulation pressure drop, corresponds to 10-40 water molecules
per nm? per ns. The simulation considered water transport across the carbon

nanotubes driven by an osmotic pressure of about 100 atm. The experiments used
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ity (F :
SRk bl ARl 1 B ROl s b 0

PR pbisitile Foithé highpete fﬁiﬂﬁtssfobééivéﬂmdh dhmlatges OdWstusédsin the
deviation. One can attribute the devi ati.on 1%
prrerigreats PRIt theflew sebansement cap b gtsbyeds hf 0 thpgresence of 2

ﬁgﬁﬁp@wﬂgggg%gghg dewal I s. The hydrocarbon transport
nce

nent nost |kely occurs due to surface

di ff '
(LegeMafbrdie RRTEURIY ol Pl 6ot {3’ BRR AR Rlnce
Eﬁi%ﬁacﬂhallja{@ilsatﬁfns Vﬁfspgwglaomgaglo@dar@ﬁ'nmgl flﬂiﬁdefmll‘ehpum size, the
strong sorption o rocar bon ecules (e.qg.
sehearie) oy e andevicien pg ngt Bkl zum
&%nﬂﬂar?ets R ok it BbthhShd vler %lerméa%gg;? Yelb@Fet8Ronventional

1: 1231 t |s worth noting that the hydrocarbon

pellyeaxbomrdte membratee {Eigaierig).cPaorepbititnis deliped asthevelumgiric flux,
R nounced for practical gas separation

BPW ﬁ% Re& UPRs are invol ved (Chen et al.

(2006) supra). The nmenbranes al so transported water

across the carbon nanotube channel s, at
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rates that cannot be accounted for by continuum fl ow

nodel s. The neasured water flow rates reveal a flow
wendvanedanent (Table 3) that is nore than 3 or deeBUSI006/033180

magni tude faster than the no-slip,_ hydrodynam c fl ow,

as calahl¢ 2t Sixeferelysion destiayedoublograbaid multivepdiarkon: nagptube

wh P.j i i t
HPEbERP il Eipt A Tl sl MU e af8R) 4% 4106 apalyse
Nt&d: 0Baltys denbtbdlbyi ‘S tvige dErivied diven thei livkinesfidetddtion Kstakn

of this, continuumnodel is nQt surprising for 1-2 nm
eqneeniratinn msaFyemEnts ghenayeastigireingthy Reredts soludignyvsre not

a | -A15A0rs o G ghRldR HeBwddniiisdinififie YiGe and the:
%%%5%312?ﬁ%§g%§?€? (e_§§°E§$§ nw1fgr Hn%yfqﬁﬁb %nuggg% °
fluxrbithe hext smalle@ specigraindicats tint e giveh anblyes diduadt pess thioggh
?E the border between "slip flow' and "transitiona
PeRPmORe- t hi s size regine where the pore is only ~7
water nmolecules in dianeter _continuum-theory _concepts-
such as a velocity profille RS S abriies ¢ PYVCILk pyppprane
For this reasopn, . S|yl jat i r Len u 2
or edbfon of AMapER tn%‘ltisdet et RIR8 fafbenl D
-porges, of -order Ty (HummeT et al ik 2001) supra B
Hurtte PP 2003) Pr oc!gl\latl T acad. B9 °0s A Rl

chmﬁﬁﬁﬁﬁﬁ' wwv3+%4lHELUHpUIaL59RﬁT eXpense of [ Nph
Si ations, |as.- we as opbservations of a flinite fluid

stpphngsvel ottty at—hydropholizc, gNt erf aces ( Baugnry,
ot CPRE (330 ¢ Lan%#ﬁ?r 17:5232)‘?552 not i vat ed 516
attermpts to stmutrghg Trow through SWONTS UTT TTZ1I B o7
nesoand nmacr oscopi c fl ow jmodel s (Kotsalis ét al .
(2004)—tt——3— Mo tTph—Frow 307 995). Thes
simul ati ons cal cul ated a corresponding "slip | ength",
whi ch descri bes the nonconti nuum behavior of a |iquid
near the pore walls. If one applies a sinilar
formalismfor the flow through the sub-2nm CNT

menbr anes, one can calculate slip lengths as |arge as
1400 nm (Table 3). Wth the inclusion of a slip flow
correction, the Hagen-Poi seuille equation becones:
LI P where L is.defined as the slip length. The slip
l ength is given by: where Unau is the axial velocity
at the wall, and dU/dr is the radial velocity gradi ent
at the wall (or shear rate).
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These val ues are al nost three orders of magnitude
| arger than the pore size and are on the order of the

wer@rabilnsi ze of the system (pore length). |In PONUSZSE/(33180

the pol ycarbonate nmenbrane with a pore size of 15 nm
r eveaT@Dla3n@©mp@nmri c&mxstmlpentel@n il‘howatf&@xseefed T SEHersl

DL PO bR gL oS Rl s fow

ﬁ@d@%t}b@ﬁmn@tﬁﬁ Flob} Mo@l Hrédictions. gl“l’ﬁ: chfédeﬁcdS Qﬁfwmftwmree
éCottl n-Bi zonne et al. (,2002) Eur, %‘H‘ . E 91 47)
WENT sagnabranespast fikely @eﬁmtom%léfﬁre nhss of RpYss APEned in

@@8@5 %gﬁ%tg%ott@s?.e V(ageg'tf g}?&lycaa on%%qgélr)lblp Y Bre IB@\V ci-gsta

nteres observe wat'er

efopaees wel | with that predi cted by the M

imulations (Kalra et al. (2003) supra). The

imulatidns predict a fljux of [12 water pehieetshes P& culated
2 (nanqtupe cross sectl onal |aenbaipenpat | reyer nohlp, |° oo
eASHELE |fdite Xt QRgl at ko QVhleKI%ﬁiSﬁml at ihgho-pr elssugg
rop, cor|regRpnds feyl0- 48 (Wt jer il & sdﬁi@g‘cnnz R&%D!
s. The gimulation consijdered WEPBHY ans acriossgnm)
N —f

ha r\orlnn gncﬂ-nlnr\o Arinron vl an Aot d sV A ] v
Ae—eafF b eR-ahRoetHpes \.u H-ett oy arUSTiutd TS 3SUT

[e9-28K88r | mBAt s| usBdpe es<tur1+500c¥|4®ps 8$0-1100
Alsg ohserved is linear dependencelbetween the

ppPWVeéd prédsdr ﬁ #25p0and Bhe f 1 00f-$0at e | achBH3&0t hie 170-600

nhr ane As_an _approxi ion - one thetefore uyse

a
i N3 exlt RARAI at 0gax00 co?réar e t%“ﬂew urséer3fPows Ittey500
the_similatiaon rQQLHIQ y differences-
blet wBen tlhe léxper i BT @néot h{e si fbl at I[ ons>371.) the’!
Sy Arnmt Aar. CN

(a¥a'al Ly M|
nU! atJ RS “fl I L_’DA ('L 8 THTT dn et etr—GNTrSoWH1-€- t e

é@mﬂt@ﬁmndarbyasv&re&gesmmn@sdmﬁmﬂm TEMdhedsatedtentaand 2. )
the fpressure drops in_the simulations were about 100
agyres SPgsEieHON )t he 1 at m pressure drop in the
[ 'hﬂﬁ{' %ssdetaﬂﬂn#cf frbd G EREu e 8hd hﬁﬁufa'cﬂl?@}rsgeciﬁcaﬁons
0 ronin ow rate versus pressure drop i
(/R(T,)l d over this range The MD sinul ati ons attributed

\,\gﬁgoﬁ)@ vl VedPﬂhﬂ% @%hielfsgt\gd)f%ég% fQr t..kgger%fon and
KotWise Prag AERE Mig @q%“ st Vﬁ‘é‘“% S're of
tee Weger-Ppigeuihecqaiionsuiidanet er (Koga, et.al. (2001)
r 0] es that small differences in
%H&?aﬁéﬁt&éﬁ %%alﬁﬁ lgﬁl%'ar ge effects on the transport.
Therefore, it is uncl ear if-the mechani sm proposed by

QSO 533 WMLW;

)

bobW #10Q &80

Q

%%)gls rfspon3| ble for the high water flow rates

%Y with the | arger CNTs used in the

This example demonstrates that the carbon nanotubes will separate analytes in
liquid and are therefore useful for the purification of water, e.g., desalination of sea

water.

The membrane internally designated as DW #3 was used for a sodium chloride
(NaCl) ionic solution filtration test. RIE was carried out for 1 min on both sides of
the membrane to facilitate hole opening. Having verified that the membrane showed
enough air permeability, the membrane was loaded in 10 mM pure sodium chloride |
(NaCl) solution. The membrane with its upstream being filled with about 2 mL, 10

mM NaCl solution was pressurized by a nitrogen line under about 15 psi. After 30
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experinments, or if the flow enhancenment can be
attributed sinply to the presence of a nearly

wo edoc2zaMd ess surface. Menbrane perneability pPOWUSES6/633180
figure of nmerit for nmenbrane performance for practical -
ks PEBmningsan maeypit o€ extrast WS ¥erifindpad pipettsd ghd sQpRamount of

| ' ; t
B 5 G0 T, S B g s
mopidraent ishowal dhidide iam donv@hedtiqae(Or adautidryby €5 abolesgercent
S B BEn B e A e
7e € BihdbYed J%?en'ﬁéﬁyﬁ E#:rsﬁmg ri?rprel‘%l%ﬁ cRarackérffics when tested in
ouble wall a [ .

excl usioh tests on mul t1 wa car bon
theseme enmenbr anes, with the nol ecul ar flux (per unit
menbrane area) of a given analyte |isted. Val ues
denot Ehroughdut thiveiselosies | weidus pabiichtiens| pateits axd published patent
detection for the concentration peasurenents when Au
gheeilications arprafprenced biraay dendiying cE#iche HhetcTosties o dise
B BhGHRC Loki $EBF Tdolbctated b
R e R e O
sferenesiniontic pesent disatostiedo giove fullyriesgrite thé statewif tigaartto
tgr g‘uHh .t he .nenbr ane. Tabl e 3. Conpari son of
WRISB ITAREeRHon PErtqiSy ¢ at es observed for several DWONT
menbr anes w t h Knudsen de redictions, and. .
exper Hiei b ungststqo fth%}\?()’qg]&tt %PW?W%PF%‘%W@PW

%@%ﬁ;ﬂ%ﬁ ﬁ@{hcllhb qBSve ehitoadhidie BN eRSfoRGLMER sériifRiohMh8 @xamples
menbranes nost likely arise due to a different
agriveendesi toplustatecind metilingt thérecopalof theanvestiopr Odhes gspects,

Val ues for, a | ycar bopat g nenbr ar e .pravi.ded

P v e SodBediRl A et Jdfe By bR et o
R3S WiREE M the arl EMVARA Y @RERicH, pedtdthsmanuf act ur er
specifications (PC) upper limt, as determ ned from
TEM neasur enents and manuf acturer specifications (PC
* J. K Robertson, Ph.D. thesis, University of

M chi gan, 1996, and J. K Robertson and K D. Wse,
Proc. |EEE Mcro Electro Mechanical Systens 7 (1994).
See Hagen-Poi seuille equation, supra. 1 1 Holt et a
(2006), Science, supra. Exanple 4 This exanple
denonstrates that the carbon nanotubes will separate
anal ytes in
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liquid and are therefore useful for the purification
of water, e.g., desalination of sea water. The

woressziied i nternal |y desi gnated as DW #3 was UBETUBII06/633180

sodium chloride (NaC) ionic solution filtration test.
Rl E wlsHAASidABMEDIDdY 1 nmin on both sides of the
menbrane to facilitate hol e opening. Having verified

1 hat meinbrame ity enthencet dlvititraspong homprisipgr meabi lity, the

(raQ & Egtoaty oS er e b PRER MDA PR REer Al e have
bbdrh@ome sike 8Pt 2 nidd-or 1463, ™ NaCl  sol ution was

pressuri zed by a nitrogen [ine under about 15 psi .

Af t er a30WGumeatesial digpesien fetween theoarhonofanetubesact was
verified and pipetted and sone anmobunt of extract was

pi petted out for use in capillary electropheresis (CE)

8x pbe imeprtraneCrconding o etrimt1, sihowedulthe leadhondendtobes are single wall
concentration (C ) reduction by 45 nole percent and
B@Hﬁ@%?ion (Na+) reduction by 6 nole percent. The

ot her two doubl e-wal | ed nmenbranes produced essentially

he, sane .ion rejection,characteri sticg when tested,i

B h IS SHFe GRS OTOPH DT DPRIELD esaitoR ot ER o gaible-
pbldagstibans, patents and published patent
specifications are referenced by an identifying

citation. The disclosures of these publications,

RAt®R LA e PARbIGHNEE BALEN WHRREE tHel HaRbtuBEShaAE %Pé}?érﬁi@)bn

i ncorporated by reference into the present disclosure
tachreideeofithe mendeaner i be the state of the art to which

this invention pertains. It is to be understood that
whil e the invention has been described in conjunction

i {Tthe tnieen tarbiosy g cerdigiorabainsl,, vehieretin trioee thon 0% crfjghe nanotubes are

escr.i ption and anpl are intended.to i.llustrate
SR b R OB R s Tor et BT Fohatibbhor
aspects, advantages and nodifications within the scope
f _the invention | e rent .to those skilled in
O aha Fadefbs it shedibeto i mnb T fie-Ariay SHERTSTSd {88 hidat
AP at Rastd XA0HERREAN Eerltigfet@nhanced fluid transport

conpfising: a vertically-aligned array of carbon
nanot ubes, wherein the nanotubes have average pore

i Zfe HherfRAM ackofMOI0 dIRSE, vﬁleg@ﬁ _Elﬂe&aﬁﬁﬁlﬁési edve diRRDS eflabout

bet ween the carbon nanotubes. 2. The nenbrane
Aclcmicdonsgotabowt] 29 micionswher ei n t he car bon nanot ubes are
singl e wall nanot ubes.

8. The membrane according to claim 1, wherein the nanotubes have a height of about

5 microns to about 10 microns.

9. The membrane according to claim 1, wherein the nanotubes have a height of about

1 micron to about 5 microns.

10. The membrane according to claim 1, wherein the matrix material comprises a

ceramic.

11. The membrane according to claim 1, wherein the matrix material comprises

silicon nitride.
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3. The nmenbrane according to claim1, wherein the
car bon nanot ubes are doubl ewall nanotubes. 4. The

woreeoniozsied according to claim 1, wherein the naPOr/ukm®g6/033180

have open ends on each side of the nenbrane. 5. The
i nbereamembrane adéarding o clabn h Whersinghe imatrirometetinlgpnggiyes low
ﬁfe tglﬁ nnanlrtcgebes are free of catal yst nanoparticles
B8P HEYR ¥ Son nanot ube formation. 6. The menbrane

according to claim1, wherein the array conprises a

be areal density. of .least 4. X 1010./ sguare .
L P @brens Becanting to fhim I Shergindpe st RlHR Gmprises
Theseixidet he nanot ubes have a hei ght of about 0.1
m crons to about 20 microns. 8. The nenbrane according
to claim1, wherein the nanotubes have a hei ght of
d0Vke PebFn® %cdr@in?t@@ dlaind @, Wh&ERtRe ndtrixI MeteARIIHs3BEligible
according to claim I, wherein the nanotubes have a
meleghlar pérmepbility.1 nmicron to about 5 microns. 10. The
menbrane according to claim1, wherein the matrix
material conprises a ceramc. 11. The nenbrane )
4%.c Shaiinagbrane @bedrding to whisn & wherkia themainx mateslpl il rigid
CO{%p.ri'ases silicon nitride.12. The nenbrane accordi ng
P8%¢* i m 1, wherein the matrix material conprises |ow
stress silicon nitride. 13. The nenbrane according to
aim1, erein the matri terial comprises,; JEOS, . :
G5 5B e BReEh ot E AN Bl o PRy B A e Rl Adhiglaness
bhgbowad 1 inticrons 86 hdut Dasicragl | gi bl e nol ecular
perneability. 15. The nenbrane according to claim1,
wherein the matrix material is arigid nmaterial. 16.
TheTHEARIBRRc2EERHRINE clafin Al Fh&Reindhb ala@fi-dmbateiaMBdsid thickness
materi al has a thickness of about 0.1 microns to about
of shout 0BnmxF abaEOfwmbr ane according to claim 1,
wherein the matrix material has a thickness of about

400 nmto about 800 nm ) _ '
18. The membrane according to claim 1, wherein the matrix material encapsulates the

carbon nanotubes.

~ 19. The membrane according to claim 1, wherein the matrix material conformally -

coats the carbon nanotubes.

20. The membrane according to claim 1, wherein the matrix material is free of gaps

between the outer surface of the nanotube and the matrix material.

21. The membrane according to claim 1, wherein the membrane does not fracture

when tested with a one atmosphere pressure drop.

22. The membrane according to claim 1, wherein the membrane does not pass 100

nm fluorescently-labeled polystyrene beads.

23. The membrane according to claim 1, wherein the membrane does not pass 25 nm

fluorescently-labeled polystyrene beads.
51



10

15

20

18. The nenbrane according to claim1l1, wherein the
matrix material encapsul ates the carbon nanotubes. 19.

wab@7oeithy ane according to claiml, wherein t hRECTYEHE200&033180

material conformal|y coats the carbon nanotubes. 20.
The Themembrane aceasdiag ig claim d| wherein, thomemdranerdoss patpask2 nm,

. Sﬁte’roir% .ul Soflﬁage? ofrtg?ergs bet ween t he outer surface of

nano hd PREMat ri x material. 21. The menbrane
according to claim11, wherein the nenbrane does not

acture en tested wih one at r essure..
4F ophe 5EmbE ahEinE et d, PR ™ AP ERAHE pREREL fatio eaps
bhgbdre Mooe i gdndasmset opRss 100 nm
fiuorescently-1abel ed pol ystyrene beads. 23. The
menbrane according to claim1, wherein the nmenbrane

dee Thé Renm®am® addorBimoith YRR IC FRbleir thabgsetde Rph)shact el gaps
beads. 24. The rrerrbirﬂgne according to gfqiai m | 5v\,hefr)ei n S

phet lpastrbbouh d0Qlsasth/diemelsss 2 nm 5.nm or 10 nm gol d
nanoparticles. 25. The nmenbrane according to claim1l,
wherein the gaps are high aspect ratio gaps of about
27.00be msmpranedicenrdingrto glim ds wherp@ thy mempsssr Awides enhanced

B PR e Bpiad W Rh kIRt BT BT P By AL

The nmenbrane according to claiml1l, wherein the

ane provi des .enhanced .gas _tr ort, co red t
Phe TR maelr g SRR S PRl ReR SRR, bhenced
28 trdfipoespREE the Wrilidsg thdssdrapmiiittionf@rsame sizeé pores,
menbr ane provi des enhanced gas transport conpared to
thereim thg sahancemprtis pt lepit dirpe prders of sragaiinde for ap girfloveste.

wherein the enhancenent is at | east three orders of

magni tude for an air flow rate. 29. The nenbrang

28.c dhaimembranecicegrding, to whemdi Whetsin the memhiancoprevidgeenhanced
enhanc rans :
SPLRLEe Fahe A AR BB RER st s
evhaaie gigenharicemaht ik aalehst 16 tineayrlsat tfbredn dioflovamatai r  f 1 ow
rate. 30. The nenbrane according to claiml wherein

t he nenbrane provi des enhanced gas transport conpared

0. trie nitftsRMctsrdiigo clainrie diheicirothe et ameprovidesienhanced
pores, wherein the enhancenment is at, | east 50 tlngs
LRntranspert sampdred 19 B knpdgen tansperh predichipR S aRe SHERIPRESS:

e RHD chha VBB BH 18 af REst TBIRERNBat REOM ALflow rate.

31. The membrane according to claim 1, wherein the membrane provides

enhancement of water flow over no-slip, hydrodynamic flow prediction.

32. The membrane according to claim 1, wherein the membrane provides

enhancement of water flow over no-slip, hydrodynamic flow by at least 10 times.

33. The membrane according to claim 1, wherein the membrane provides

enhancement of water flow over no-slip, hydrodynamic flow by at least 500 times.
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enhancenent of water flow over no-slip, hydrodynam c
flow prediction. 32. The nmenbrane according to claim

wo 3wheedans t he nmenbrane provi des enhancenent OPCTVEEENNG6/033180

fl ow over no-slip, hydrodynamic flow by at |east 10
Bfdse nembraecacnedingan elaandomileredn the nednabiranelprovides ei air

he ra rovi des enhancenent of water. flo ve
REEREBIRY ROG B il oL gca v i@hep misahilpy St gt one
e’ /sembrane according to claim1, wherein the
menbrane provides an air perneability of at |east one
cc/s-cn2-atmand a water permeability of at |east one
BPBMhe GERHMIP acd®dink6 cFRANT ABreRfE:e 'ix?@rﬁ’tﬁaﬂe%r@{/i@b%air
wherein the menbrané proyides an air perneability o
aermeahiity oiws least Bvacerss-emiratan antha watee perpeahisigbof attlgasbtwo

i east, mB/s-cn2-atm 36. The menbrane according

3 /f‘%?& a&%/l\p\l\fner ein the nmenbrane provides a gas

selectivity relative to heliumwhich is higher than

f Knud del . .37. Th nb ar di ng-
o8 e e SRR G ot DEES: A PETID G R 01 & E0
sdleditvit) relative fodiRHuiOn B0 tthi BhetiednQns fr 8 KihisdiBhbder.

material conprises a ceram c or polymer. 38. The-
menbrane according to claim4, wherein the nanotubes
BV ghenfeaitgde REorahigub cRim 4MvhERASthE AaRiIbts hayéTh RERRSof
and the matrix material conprises a polyner. 39. The
Aot Oahaicaensde @bewg Strvicedngi andahe whagiematetinkcommiseud eeramic or
EgﬁﬁFﬁ hei ght of about 0.2 mcrons to about 5 m crons,

n e matrix material conprises a ceramc. 40. The
nmenbrane according to claim 37, wherein the nenbrane

ovyi des enhanced .gas transport conpared to.Knudsen
b o b ERpARRGREER e SR 3 Bhtre LR B b pEN AR Rt of
ABR 0aNRidrOs t8AbaRGadicfdrd] ghd the ABBOL MaREAPIINSIrRes a folymer.
vertically-aligned array of carbon nanotubes, wherein
the nanot ubes have average pore size of about 7 run or
B@S The thelfHriredactBtiRizita klatth SIP Ao ek DGt WeRitubdl @1at@k BeiBht of
nanot ubes, wherein the nanotubes have open ends on i
abt 033 microts to RBOWOIICEANS, angtbe giaiDt Matepahpmpiises a ceramic.
provi des enhanced gas transport conpared to the
Knudsen predicted transport for same sized pores. 42.

 the The msrdnacacewdimgrig claon 3 avherain thomembranetrievides tnbanced

QQ&%&B&& c&lﬁﬁaﬂ%ﬁ '&Qlkﬁudsen transport prediction for same sized pores.

41. A membrane for enhanced fluid transport comprising:

a vertically-aligned array of carbon nanotubes, wherein the nanotubes have
average pore size of about 7 nm or less,

a matrix material disposed between the carbon nanotubes,

wherein the nanotubes have open ends on each side of the membrane,

wherein the membrane provides enhanced gas transport compared to the

Knudsen predicted transport for same sized pores.

42. The membrane according to claim 41, wherein the carbon nanotubes are single

wall or double—walied nanotubes.
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wal | or doubl e-wal | ed nanot ubes. 43. The nenbrane
according to claim41l, wherein the carbon nanot ubes

wae@7/ed104 wal | nanot ubes. 44. The menbrane accPeTURY0E/@33180

clai m 41, wherein the nanotubes have- a hei ght of

2D 0ovhe membrdHe GO 8in Qo oM U1 AWhdTbig RO SarbdPnanbiites are
menbrane according to claim 41 wher ei n t he nanot ubes

maltvall resogibes.of about 1 micron to about 5 microns.
46. The nenbrane according to clai'm4l, wherein the

matri x materi al conprl ses a ceram c or p0| yner.
%eTh@mbmévmea@degﬁg clagn ¢ awherain, thevhanosities hae mhﬁlghtpf

tride. 48. Th nb
BB s S BB P e i ' the matrix material
conprises a vapor deposited polyner 49. The nenbrane
di t | ai 4 in th
RS Rh et Rt o b EE b BESAAntu i Shbitor

g&m@qthegmtt@ aBb@ Ifttonswher ei n the matrix material is
arigid material. 51. The nmenbrane according to claim

41, wherein the matrix material encapsul ates the

B& RO RAHRANRRSerd RS- to Tfin AR WhABR tBE fRH Matelifl Wniiri¥es a
41; "wherein the matrix nateri al conformal Iy coats the

eqammnmhan@bes 53. The nenbrane according to claim

41, wherein the matrix material is free of gaps

bet ween the outer surface of the nanotube and the

At Tha mentbeatezccorging tTlekimdhbwhereindbe owattingatetialcqomprises

%} e (ﬁl n the nmenbrane does not fracture when tested
P B3 at nosphere pressure drop.55. A nenbrane

conpri sing: carbon nanotubes encapsulated in a rratrl X,

erein t e nanot ubes h ore.size of
B0 T Pretrtipoe St e e D) FhERE BERBrEHE5sTol Rtihes o
@hﬁ\@@g@gﬂga olyihepsport rel ative to Knudsen diffusion. -
he nmenbrane according to claim55, wherein the

average pore size is about 1
49, The membrane according to claim 41, wherein the matrix material has negligible

molecular permeability.

{

50. The membrane according to claim 41, wherein the matrix material is a rigid

material.

51. The membrane according to claim 41, wherein the matrix material encapsulates

the carbon nanotubes.

52. The membrane according to claim 41, wherein the matrix material conformally

coats the carbon nanotubes.

53. The membrane according to claim 41, wherein the matrix material is free of gaps

between the outer surface of the nanotube and the matrix material.

54. The membrane according to claim 41, wherein the membrane does not fracture

when tested with a one atmosphere pressure drop.
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nmto about 20 nm 57. The nenbrane according to claim
55, wherein the matrix conprises ceram c or polyner.

wG070aosrenbr ane accordi ng to clai mb55, wher ePCT/UR®06/033180

menbr ane provi des enhanced gas transport in which the

snhaAns&nBRhe Lémpl mh%ast three .orders of magnitude for
an air flow rate. A menbrane conprising: nanot ubes

encap&uber ewnptybes eaeapswlatednidr @ Maltke wheteinutbesnangiubes have
u o about 20 nm

a%g&%gﬁ)?%EgOPé%ﬁggeI§E%V% é% enhanced gas transport
r el at ivieretrothénumemerandi rfré\lddetsoenhaﬁ@d gelseramepdat aeletive to Knudsen
ﬁpégrdi ng to claimb59, wherein the nanotubes are

¥&ni ¢ nanot ubes or carbon nanotubes. 61. A nethod
of maki ng a nenbrane conprising fabricating a
vertically-aligned array, of ca anot ubes, wherein
phe The map Wp@é@ggasénaéém © BYSIRASTPONR Fige ipbeut 1
Bhg£a9 @@qﬁnbetmeen t he carbon nanotubes with ceramc
matri x nmaterial wherein the carbon nanotubes are open
provi ding flow through the nenbrane. 62. The net hod

%90?59%91&&3%95&)31 glm G 58 \Qhé]rﬁﬁt %ﬁg@%@g&rgg gég%a ic or

ri'ses vapor rtron
pb@hﬁ&6l mhereln the filling step conprises vapor
deposition. 64. The nethod according to claim61l,
wherein the fabrication step conprises vapor
3P UEé teMdrar@ndcdridigftb lclaim § 5 stvhremah riegdsanegpovides enhanced
deposition. 65, The nmethod accordipg to, clajm6]
greiashor Hewhigh theetpareIangls & gﬁ%ﬁﬁtﬁ@s 91451808 BagRytude for an air
ﬁBQﬁr%fe?‘te surface conprising netal nanoparticle
catalyst for vapor deposition. 66. The nethod
according to claim®6l, wherein the filling step

I L SEBraGl 8oy in¥-apor deposition. 67. The nethod
ggg%r%%ﬁgm?o {ﬁjg?%hnél wherein the filling step
conpr namsubea eacapsulated in a matrix, wherein the nanotubes have average pore
size of about 1 nm to about 20 nm,

wherein the membrane provides enhanced gas transport relative to Knudsen

diffusion.

60. The membrane according to claim 59, wherein the nanotubes are inorganic

nanotubes or carbon nanotubes.

61. A method of making a membrane comprising:

fabricating a vertically-aligned array of carbon nanotubes, wherein the array
éomprises gaps between the carbon nanotubes,

filling gaps between the carbon nanotubes with ceramic matrix material

wherein the carbon nanotubes are open providing flow through the membrane.

62. The method according to claim 61, wherein the fabrication step comprises vapor

deposition.
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deposi ti on when the carbon nanotubes are capped. 68.
The nmethod according to claim6l1l, further conprising

wetr@hbzgoon both sides of the nmenbrane to openPCTES2006/033180

car bon nanotubes. 69. The nmethod according to claim
@B, Thembdiksd 08MingSiorthimed ) whegid the fitliidxep m?msébe or
70. A nmethod of neking a nenbrane for enhanced fl ui
t4eBPs¥IFt conprising: providing a vertically-aligned
array of carbon nanotubes, wherein the nanotubes have
average pore size of about 2 run or |ess, disposing a

- fd riihe mathed gogerding: tpetaimy Ge Whanehuihe fapaisatioresiep pomprisgs vapor

TReh&ehd, 9hd ﬁl@k}fﬂiﬁ%&ég%lﬁﬁf&?%}?&%e fiAnes
conprisrng: grow hg vertiically afigned carbon
nanot ube array on a substrate with high aspect ratio
p . 0 ; i ith.a
o AP NAD, ERBE AT e Mot
fprdtiding atsobsthigdurfaspesahpridhd Me@ipsndpaitioResatdlii for vapor
nanot ybes to i nmobilize the nanotubes upon hardening
PeHOonf ormal natrix material; and opening the ends
of the nanotubes.72. The nethod of claim 71, further
conpri sing renoving the nanotubes after hardening of

tofe Thgmsthodaceending to cladm 61t whessimibg fibinggten panpprises chemical

' . nanot ubes are renoved by oxidation. 74.
%Egﬁ%e{aﬂ%gg%f claim 71, wherein the high aspect ratio

gaps are about 1,000 |ength/dianmeter. 75. The met hod

chai e -k
N aRisiRuice actBRLR) B A8 1T GhpRl ik T SREF N vapor
alepodidomwidn thekabeh naddiebesard ¢apped.y- al i gned car bon
nanotube array is a mult-wall array. 77. The nethod of
claim 71, wherein ethyl ene, hydrogen, and argon are

68e d' ha Inquli@cessrdiipse14imr6 19 figtken gorhhiésimpetoliiu g en dothegides of
78. The net hod of cl %i m 71, wherein a thin netal
WWWEV@P"%I% ¢ EYLHMNWANRESH s used as the

substrate to catal yze the gromh. 79." The nethod of

claim 78, wherein the thin netal nmultilayer is Fe.
69. The method according to claim 61, further comprising femoving the carbon

nanotubes.

70. A method of making a membrane for enhanced fluid transport comprising:
providing a vertically-aligned array of carbon nanotubes, wherein the
nanotubes have average pore size of about 2 nm or less,

disposing a matrix material between the carbon nanotubes.

71. A method for fabricating nanoporous membranes comprising:

growing a vertically aligned carbon nanotube array on a substrate with high
aspect ratio gaps between the nanotubes;

coating the array with a conformal matrix material capable of conformably
filling the high aspect ratio gaps between the nanotubes to immobilize the nanotubes
upon hardening of the conformal matrix material; and

opening the ends of the nanotubes.
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80. The nethod of claim 79, wherein the thin netal
mul tilayer has a thickness of about 5 "M to about 10
wmpe07832510The et hod of claim 71, wherein the cpeif/U82006/033180

material is silicon nitride. 82. The nmethod of claim

72, Vither @ethotl hef clainf omrelirth@t esrhgiising rdfé¥n®xhel @and@bes after
he nmet hod, of cJaim 81, wherein CVD is used for the
Henpg ofthewakix maferisthe et hod of clai m 81, wherein

ALD is used for the coating process. 85. The nethod of

claim 81, wherein the nanotubes are opened b% renovi ng

e ddis mrthed of claimet?, sihereinhemaaotybepnra rranaygd bylexidation.

nmet hod of claim 85, wherein the excess matrix materi al

i s renmoved fromthe nmenbraneé usi%g a plasma etching

pfocéhe maghod of plaie fdr sdsrove thsr hish gsperiuetiel 2apt eredabmyit 1,000

t i . 88. The nanoporous nenbrane of claim 87,
\}\ﬂlé?ﬂé/lair?@e e(]er' vertically aligned carbon nanotube array

is a single wall array, and the nanotubes have

' . f. ] . : -t ub .
50 o TG i s B 0
tagiddde Waltagag. 89. The nanoporous nmenbrane of claim

87, wherein the vertically aligned carbon nanot ube
array is a multi wall array, and the nanotubes have

dicamEeansthed of Fgin® 7 UewhétinShe RerdtiealbPalithed @atbéhernhotdBe array is
spaci ng_of less than 5 nm and a height of 5 nicrons

agnulowallarsiis. 90. A net hod of nmking a nenbrane
conprising: fabricating a vertically-aligned array of
carbon nanotubes, wherein the array conprises gaps

Bet wkbe matkodcaf plein Tdnstharsés ethylane; hydrgags apdtaneen atchused as
T T M

nano r'e open providing flow
t hrough the nenbrane. 91. A nethod according to claim

, ereirn,t I LG X teri.al c [ SES ... .
%g'r yﬂeénéséhg(i .OE] ilagr@ t7%g§f1%r%m2££}{1fﬁ énegaq élﬁlgfr%gﬁre&%snede on silicon is
weedid the Bgbstraho catalyzditheqrywthl | cal | y-al i gned array of
carbon nanotubes, wherein the array conprises gaps

bet ween the carbon nanotubes, filling gaps between the
Gar e niahed stdEmi s, lvheRirathe Ghif fm 281l e lay BBk [Fie X

80. The method of claim 79, wherein the thin metal multilayer has a thickness of

about 5 nm to about 10 nm. 1

81. The method of claim 71, whereip the conformal material is silicon nitride.
82. The method of claim 71, wherein the conformal material is TEOS oxide.
83. The method of claim 81, wherein CVD is used for the coating process.

84. The method of claim 81, wherein ALD is used for the coating process.

85. The method of claim 81, wherein the nanotubes are opened by removing excess

matrix material from the membrane.
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materi al wherein the carbon nanotubes are open
provi di ng enhanced gas fl ow t hrough the nenbrane

w@eooparam t o Knudsen di ffusion. 93. A chip conpri/Bs1eg6/633180

plurality of carbon nanotube nenbranes.94. The chip
Boc Afteimethd d ol ain18 ) Ivheydhe thei dxcédl enatiax bRferiapRtnbeed from the

nmenby anes .conprise a_vertically aligned array of
i) nﬁﬁﬁﬁgﬁ@gémérﬁ’&hﬂl&ﬁlt)?qs% materi al di sposed

bet ween the nanotubes. 95. A nethod of separating an
analyte froma liquid bg passi ngi the |iquid containing
te ‘%H%Q}”PFPWSH‘PQW%UQM@ yesfBeeprdingfto glaim dt. clains 1 to
60. 96. The nethod of claim95, wherein the liquidis
sea water. 97. The nethod of claim 95, wherein the

138 (g neBoRArewsdmembigne shelainp87, vhenein tesivesticadls plignad ¢agbon

i i_Si FNg. t he,.qa
T T RN TCT ——
©f @i §wm o R anb Q. tuBBtubdspashigi of 1€ Min ShmPaddehdigtitiof mgicrons to

cording to nmenbrane of any of clains 1 to 60 and a
3§rr81l9§9nspol ynmeric or fibrous supporting material .

89. The nanoporous membrane of claim 87, wherein the vertically aligned carbon
nanotube array is a multi wall array, and the nanotubes have diameters on the order of
5 nm to 10 nm, a tube-tube spacing of less than 5 nm, and a height of 5 microns to 10

microns.

90. A method of making a membrane comprising:
fabricating a vertically-aligned array of carbon nanotubes, wherein the array
comprises gaps between the carbon nanotubes,
filling gaps between the carbon nanotubes with polymeric matrix material

wherein the carbon nanotubes are open providing flow through the membrane.

91. A method according to claim 90, wherein the polymeric matrix material

' comprises parylene.

92. A method of making a membrane comprising:

fabricating a vertically-aligned array of carbon nanotubes, wherein the array
comprises gaps between the carbon nanotubes,

filling gaps between the carbon nanotubes with ceramic or polymer matrix
material

wherein the carbon nanotubes are open providing enhanced gas flow through

the membrane compared to Knudsen diffusion.

93. A chip comprising a plurality of carbon nanotube membranes.
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94. The chip according to claim 93, wherein the carbon nanotube membranes
comprise a vertically aligned array of carbon nanotubes and a matrix material

disposed between the nanotubes.

95. A method of separating an analyte from a liquid by passing the liquid containing
the analyte through the membrane of any of claims 1 to 60.

96. The method of claim 95, wherein the liquid is sea water.

97. The method of claim 95, wherein the liquid is blood or plasma.

98.. A method of separating an analyte in a gas comprising passing the gas containing

the analyte through the membrane of any of claims 1 to 60.

99. A fabric comprising the membrane accofding to membrane of any of claims 1 to

60 and a porous, polymeric or fibrous supporting material.
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