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Figure 1 Three technologies promise to reduce the energy requirements of

desalination by up to 30 percent (National geographic, 2010).
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Figure 2 Pore size range of commercial membrane (microfiltration, ultrafiltration,
nanofiltration, reverse osmosis) and vertically aligned carbon nanotubes (VA-CNTs)
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Figure 3 Structure of carbon nanotube (Dresselhaus et al., J. Raman Spectroscopy,

1998).
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Table 1 Water flow rate through carbon nanotube from molecular dynamics (MD)
simulation (Hummer et al., Nature, 2001; Kalra et al., PNAS, 2003; Corry, J. Phys.
Chem., 2008).

Hummer et al.

(2001 Kalra et al. (2003) Corry (2008)
Diameter (A) 8.1 8.1 6.6
Length (A) 13.4 13.4 14
Flow rate (water 20 58 104 + 0.4

molecules/ns)
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Table 2 Structures and performances (water permeability, rejection) of various VA-
CNTs membrane and polycarbonate membrane (Majumder et al., Nature, 2005;

Majumdr et al., ACS Nano,2011; Holt et al., Science, 2006; Du et al., Langmuir, 2011).

Majumder et Du et al.
Holt et al. (2006
al. (2005) olt et al. (2006) 2011)
Materials MWNT DWNT Polycarbonate DWNT
Diamet
tameter 7 13-2.0 15 10
(nm)
P it
oredensity 5 4« 10° 25 x 10" 6 x 10° 24 x 10"
(cm™)
Thick
fexness 3-70 2-3 6 ~4000
(pm)
Water
permeability 462 268 3.5 2091
(LMH/bar)
Enhancement ;- 1521 3.7 3.9 x 10°
factor
Reiection 10 nm 1.3-2nm 13 nm
1 . . - .
! (gold particle)  (gold particle) (gold particle)
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Figure 4 (a) An as-grown, dense, multi-walled CNT array. (b) Schematic of the
target membrane structure. (¢) The cleaved edge of the CNT-PS membrane after

exposure to HO plasma oxidation (Hinds et al., Science, 2004).
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Figure 5 (a) TEM images of as-grown nanotubes. (b) Pore size distribution, derived
from TEM measurements of the inner diameter of 391 individual carbon nanotubes.
(c to e) Plan-view TEM images of carbon nanotube membrane taken with the beam

parallel to the nanotube axis (Holt et al., Science, 2006).
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AR A2l 100 nm
]_

°
pul

o] of

4nm ©]%+e] A7)
o

s
-
| —

T

dl

A

1 um, <
AAYRG & F1tel

T

-

I
]

A

ek 71A1e] Aol

A A<
= 7l

Point quantity 2} transport quantity 5= %3 oFH,
IR

5]
15|
=

O

9
7ok
A
9

A

Zk= CNT 9

el
RO
NI

el 1-10 nm 2
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T3 =429 ol FAMEIE Tbeke WEOR olEstAl H=d CONT
A AFA Q] Frow FAMETE B EA Hol dgHow & £AU}

(Hummer et al., 2001), °|& <3l

oloh e WAL olalsy] SIs wAEeIs Azelolus 2 4 Aelet @
Phase thermodynamics) SIEZ¥ FA41 A7} P QIch CNT kel A= =
wAbEe] CNT U Ads whsEA Ha o HAoA & A 719
cadgol SbANA WEAh el Hu, AEms} ZaA
A

o]
Zo] ONT ¢to= Audom we Sojrb drk: Aol el Ho)
o

O

(Figure 5)(Lin et al., 2003; Pascal et al., 2011). ©]¢} & &4 YA
& EAEo] ONT WiF2 AhdAow why Zol7bAl o] CNT 22 wi{

we Fabgss sbE QU EE Zol,
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A S0 B 22 0.8nm rotational —m—
40 20 & translational ——
e %
:z: 30 1;
E 20
=
o 1D o
2
G -
10 ¢
-20 : : : . .
0.8 1.2 1.6 2 2.4 2.8

CNT diamater (nm)

Figure 7 (A) Relative entropy AS, for water inside the various CNTs. The 0.8 nm
CNT with single-file water molecules inside has the largest entropic gain (42.7 eu/
H,0) relative to the bulk, followed by the 1.0-nm CNT (19.9 eu/H,0). The 1.1- and
1.2 nm CNTs have lower entropy (—7.4 and —4.1 eu/H,0) relative to the bulk due to
the formation of rigid ice-like motifs (1 eu  1J - mol™” - K'l). (B) Decomposition of
AS, in terms of rotational (Srot, red squares) and translations (Strans, blue circles)
atomic motions. Both rotational and translational entropy are the dominant
contributors for water inside subnanometer CNTs, whereas the translational
entropy accounts for all of the entropic gain beyond 1.2 nm. (Pascal et al, PNAS,
2011).
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233 CNT H9oA2 @743 E (Slip flow)

71E fFAYGE o] =W & ZE Newton F47F 25 & o
Ao mpzho] ol £I7F 0 ©] WA Y= HZA (no-slip) AolA T2
Aot shARE olsh= el FAIVE WHel WY sE2A He 4SS

Glip flow) @dol defub=dl v He w2 aE2A A 49 (De

1B

o

Gennes, 1980; Léger et al., 1999), 15 3F= LA (vibrated solid) ¢l 3553l
+ 714 & (Mak and Krim, 1998), @& % Z--&A (superfluid)(Tholen and
Parpia, 1991) ¢ A% wi-¢ 22> F25 SH4E o FA2 npaFo] FA|H
o] &FaFo] dojyA "ty BuEo] Ut} (Reiter et al., 1994). o] H o

2 Agel wel RN @5 Eo] dojd & 3laL, 53] 27 &

2+ # %It} (Eijkel and Berg, 2005; Zhu and Granick, 2001).

A5 wiZel ONT WF2 Eo] 597 =H4d =
BAES BelA ZElEo] @5 Fol Suist HA e Zolth (Hummer et
al., 2001).

CNT oA &5 Fel o3 FA8 Fah&EE A ngdd =105 7t
3= Hagen-Poiseuille 2] (2] 4) & #§o] oA Hr} wepa] HHox e &

55 F7o] A% slip modified Hagen-Poiseuille 2] (2] 5) & o]&3dfo] +

o

gk 4= 13l (Holt et al., 2006), Figure 8 ol &7} o] (slip length) & 7@l ol 3l
e ST

22

o
CNT HHe 7oz v ml179 37 CNT 9 Uis A25AS v 9.
=z ]
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z(d/2) AP

QHP = SﬂL (};]' 4)
4 3
0 - ald/2) +4(a/2) b(@)AP A 5
SuL
b(d)=by.. +£ 2 6)

d : Pore diameter (m)
AP : Applied pressure (bar)

M : Kinematic viscosity (g/cm)

L : Thickness (m)

b(d): Slip length (m)

b .. : Slip length on graphene surface (m)

c : Fitting parameter

9 Ao FHREHEEE Fatr] HAsiAe @Al (b)(2 6) B Lofok o
tF &44ol= Figure 8 oA & ¢ Slol fFEHHdA A5 Fo] drkvt
21tk Hagen-Poiseuille 22 H| &7 %7

ZA7o)7F 0 o] Har, ¥ slip o]
AdFE 5 A Al AR JHAE S3dolrt A3 Skl fh

T3 FAs s AlEEoldS T3 ONT 2 o] 1.66 nm oA 4.99 nm
o7 AA w, 9 E7Zo]= 110 nm oA 30 nm ® FAste] Aol AA

%

7ol 7t #olA = BAE &ASHA T (Thomas and McGaughey, 2008).
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A, AA FH48e F3 H 7 om 9 o]FH CNT oA 533 4+ 14.5 ym

Lo g7 7dolE zhi=tta B HTh (Majumder et al., 2011).
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EEEEEE—
/.~ partial perfect
no slip slip slip
e
bI /‘/’
b=0 0<b<w b=oo

Figure 8 Illustration of slip flow past an immovable surface, with the slip length b

given for each of the scenarios.
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234 = TA9 F ©]F (Cooperative motion)

TAEE ONT HiF-=2 So{7H &
a27dE W HEoRRyH Wold & wAE/E Eo MR A%

2AFTE o)A "k Al FREATRE @ B BAES AETXE
Al Hal Mz sty wEA ONT WHE wAu7kAl €k (cooperative

motion)(Chan and Hill, 2011; Hummer et al., 2001).

el gl el B ONT WRE ARdom we Eole ¥
2Psg] gd T EASS Az Bold HI F23RL F
AHETEZ ONT S Was] s bl 5 Zelu,

26
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24 FAHE CNT 29 AAo|E

vt AL dabzAel wATely 27, Weh a4 B 4de) 4d
o] A (molecular weight cut off, MWCO), 7]&°] =7, 1WA} &
2ol S s JEFE ol dojuA "ok (Schifer et al., 2005).

AAL F wMAYES 2243 5ol AViApole] wel ZyAoR AAEHE
7] WjA| (size exclusion) &¥fell st A|A<}t v Wy ZA] HHA7]H

/\01—

ot AAZE A

2kgof o AAEE FA71E HbEe g3} (electrostatic repulsion) ©f]

fol

241 37| 84A] &3} (Size exclusion)

7] WA EIe el o] o@ Zeld WAl mue §49 =77
wol 7y A7|HY & A5l A AT @4 (sieving phenomenon) ©f 23]
AAZE deojdnh. o] R 9o Y]¥S A (cylindrical capillary) &%
7pgeta, g4 FHoR spEste] whel Wy v1¥e Avlek §49 Ut

A& (equivalent sphere diameter) (8] #AE o] &3} UhS Ferry-Renkin 2

A 7 S olgst] AAE B = AT F Quh dd, u¥EA EAL
FEo] ol 7] wite] FA7)E BExFo g Aolste] ubo] B3 B ek t)sto]

-

S-shaped curve A|ARZS zt=t} 9o FIIAFRT T FAHFS 2=
2A5E e ANE 24 Hu, BHRAYNG 2e BT Rt BAL

S A7 ES KolA #h

27



r r

2 4
R= 1-2(1-% +(1—ﬁj x 100 A 7

a : Solute (spherical particle) radius

¥ : Membrane pore radius

9A Haug FAME ONT 2 A= 98td 7 nm o WAS e
thEH CONT 22 o] &€3t9] 10 nm A7]E 2= 739 Fuwegdxzt AA
=913l (Majumder et al, 2005), 2 nm ¢ WHES 2Zt= ©o]FH CONT 9=
o] g3}o] 1.3-2 nm FU =% A (Holt et al., 2006), 283 10 nm ¢ WAHS zt=
°]%5H CNT U ©o]&€3lo] 13 nm F=d &) AlA7F BarESth (Du et al.,
2011). ©] AFERFE FFuA CNT o] =7] wjA &l 23 AA

o,

S o)
= =

i
ol
32

o]
As 2= A
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2.4.2 AZ7124 Hbbe §3) (Electrostatic repulsion)

T FAEY wo 2uE A2 179 deE 7hA A Wal 3lew, pH
U o2 % 2 A3} E4A (water chemistry) S wel 7| F o7 A=
2old7IAY dojdl= 545 7L ok T4 pHolA 9 ZHE SHsHE
W H7]0]5S  (electric double layer) ©] FAEo] HA 7]Fe A7|HT}
ZrolA Al Ha, SHsE W 2dEo] AHV[HoE whlEo] AAHE=
295 HolA v @ Ritf HstE v EAES U ZWoE Hees
Zlol oty AYAH BYEe SF7] 98 Donnan  ERIEC] ol )
FHOZRE ey AAVE H= v

714 mbdEe] % AAEALL £ pHl AA dFE Tk

X
i
m|N
o
)
o

o
S

H7}
Sdldoe]l FrtelAl Hol FA71A wkde mairl AA AAGIdE SIHEH
¥} (Childress and Elimelech, 2000).
shH 2008 I Fornasiero &< Hi 2 nm ©]3te o]FH CNT Y&
Alzstalal 9 wes Eeh=vl Aeste] wWeke] JhE2547] (-COOH) &
(functionalization) A|ZAtF. A 2%k CNT =9 7] Xt} 1.3-2.5 v 2
o] =245 ((Potassium ferricyanide K3;Fe(CN)s, Potassium sulfate (K,SO), Calcium
sulfate dihydrate (CaSQ,), Potassium chloride,(KCl), Calcium chloride (CaCl,), Tris(2,2’-
bipyridyl)dichlororuthenium hexahydrate (Ru(bipy);Cly)) = SJZAI#A pH <}

ol &7 o wat A A H7ME &t} (Fornasiero et al., 2008). CNT wheo] 3w
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AA &=

gA71A whdk g gt

o8 pHE

Z7he} ol 2R} Aadtel wek AAFe] bt Ads nyvh EH 7

o] Ay==HFE M=

BolAl H= Zlojtt

E xS
1 0=

30

AAE] A

stHAl ¥&= A3¢S BTt (Figure 9).

CNT 2eke] Fx7]4 Adel ofsf whdkso] A7
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% Rejection

(@ | o0e 0.5 mM Na,PTS
80%
£ 60%-
g o] _
20% 1 . |

07
zb

pH=7.2 pH=38
S Cation W Anion

(b) KFe(CN)s
100% r
K>S0 3 Cation
80% BN Anion
: 60% —~8— Donnan
% 40%
=4
o CoCl ¢ abipynCl
u(bpy):Ch
- W i
3.0 2.0 1.0 1.0 0.5 0.5
-20%

Figure 9 (a) Effect of pH on measured rejection for a 0.5 mM NasPTS solution. (b)
Rejection coefficients (bars) measured for six salt solutions that have the same
equivalent concentration but different ion valence. Points (filled circles) indicate
rejections calculated with the Donnan theory with a membrane charge density C,"
= 2.0mM [this value was chosen to fit K;Fe(CN) rejection](Fornasiero et al,.PNAS,
2008).
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9 @& (Membrane fouling)

2.5

)
.
o

x
N

Ho

Ho

J)
fite)

&

J_,NO

)

—
fite)

Ho

% oge] B4 A

2.5.1

LO._
s

ol
=l

} (Childress and Elimelech, 2000; Hong and Elimelech, 1997),

45

SRS

9

4 7PN E QoFs 4= STt (Scott, 1995).

el

(1) Inorganic fouling / scaling

(2) Organic molecule adsorption (organic fouling)

(3) Particulate deposition (colloidal fouling)

(4) Microbial adhesion and growth (biofouling)

(gel layer)

o

7_]E]i

il
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Aol de ymA sk A Agsde daAn olgs {UlE
2P E do7]i= &2 protein, polysaccharides, amino-sugar, nucleic acid, humic
acid, fulvic acid (NOM) 5.2 FA ¥ o] 2t} (Manka et al., 1974; Rebhun and
Manka, 1971).

F715 292 Y,y 42 348l =7 (pH, ionic environment, foulant
concentration) ° Wt F7]=3 " ®WHITY A, TR/, AT JTFE

dhol  {alEt, wAlEo & FH|¥ <= alginate U polysaccharide #

IAIA ed=e] v 39 FFo] F7kskAl "t} (Katsoufidou et al., 2007).
F71&2 & t& A= O F protein (borine serum albumin, BSA) B3+ o] 27} % 9]

=712} pHO Aol wel v 2 do] Z7ekAl ®t}h (Kuzmenko et al., 2005).

oo e, 4718, vAdEd A EdEed ol dojul HaL

1

e MAYUSSE T Be LAANA FAEEE F2AIY (Kim et al,

=

1992).
(1) Surface adsorption / deposition of solute

(2) Gradual, irreversible changes to the polarized layer (such as cake consolidation)

(3) Adsorption / deposition of solute within the membrane
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A (gel layer

(€]

(pore blocking), 2l Z 9]

ol &)
e

dojubAl Hrk

3

& 2F (pore adsorption) ° <

=]

formation), 7| %

E 7R ]

3
it

dpore)

~
=~

o
73 na (dparticle

st

Aol A717F Nwe) A8 Hl%

=
=

(dparticle > dpore), .9.

[e)
73

(dparticle < dpore) 7]50,‘ LHl?‘oﬂ Ti:

o
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3.1
311 = Ax
= Aol A i CNT =He] A
CVD) & AF&3k1al 800°C =9 &4 nk$
g F

A 3% AT BH

o EA
= &

T2 HE CNT %9 Az

FC/A1203/SI 7]‘*"]‘ Hoﬂ E}'ZH:] CNT
1 QoA EEAA F3tE CFAE

o FA] H3HA= wlo]A=EF (HM 340 E, MICROM Lab., Germany) <
ko7 el F2uld CNT 9= A X3 (Figure 10).
Z A F, CNT-o ZA] Afo]
skl CNT WA 7

U

3

H
R

1

2]

=z
5

=
=

£+
g-3-7]°ll CH,¥ CH, gas & &85 °]
=

CERE!
AAA ARG A5 B CONT-
o] g-3}o]
ER

ONT %, o %A
SRR

S|
ax

s}8t7)7%d5 2 (thermal

] AT A Z¥ CNT thk

k4,

el st giet.

iy
T CNT =] f=
25 7Fedol 371 wEel o
T Ake] (4.3,8.8nm) AA AEE Tl
g e EYeE
Korea)(MWCO:

AFoln AlgH

= 4
3} 9] of 7} ut (UE4040, Woongjin Chemical
E% = T

2 %ol Wb st

35

22

25 7
(polysulfone) A7l 9]

=

(€]

s

T8

50-100 kDa)

S
=



(b

)

(a)
I = W

A4
(c)

'‘'w — ::Hﬂ -

Figure 10 Schematic representation of preparation procedures for the VA-CNTs
membrane: (a) Vertically aligned MWNTs array was synthesized onto FE/Al,O5/Si
by water-assisted chemical vapor deposition. (b) Outside of MWNTs array was filled
with epoxy resin. (¢) The nanotubes ends in the membrane were opened by

microtome.

36



TAWE CNT 2o x5 #4387 98 a5 2ol FHsslth
S o7 wdy ONT 9] %+ CNT thte] =W-S FE-SEM (field emission
scanning electron microscope, S-48000, Hitachi, Japan) ©. 2 =7 3}% 11, CNT ¢ U
JF AH7AHS AZ]= CNT & NMP (N-methylpyrrolidone) ©f <+A4F A7
T128]= (HC200-Cu, Electron microscopy sciences, USA) ol 7AFA|AH TEM

(transmission electron microscopy, JEM-2100, JEOL, Japan) = ©]-&3}o] oj&] 7] 9

oL

CNT & =Hsto] Hugier ZEAsv. &3 FA4ud ONT 9 E3 9
n A2 71Ee el oS SEZulo]gZE (MTX, RMC, USA) <
o] g-3to] gkl FHWE o7 #e} TEM (LIBRA 120, Carl Zeiss, Germany) <
o] g3te] AT Ax ®H FHME CNT 9o F7= wio|aAZuHE
o] &3le] ZHeP L WO HFAE CNT WHLS dAnAFow o|u]x 3}l
HA AL X273 (Dinocapture, Dino Lite, Taiwan) = ©]&3} F3
b, skejoy k] W Fx9} SHFFEE FE-SEM & 0] 83519 1S

ool WA wo | o] fEH FRo|y] W wEe] ww S

|\t
o
ol

o

al,

M
1%
ol
2

3

flo

FAMA ONT whah @olojstel mwle A &5 q5 5470 @

H

By

Kriiss DSA 100 goniometer, Kriiss GmbH, Germany) & ©]-&3}°] captive bubble
W o g ZA3Eglar, B % AE7]= SPM (scanning probe microscope, SPA-
400, Seiko Instrument, Japan) < ©]|&3to] AFM (atomic force microscopy) A

& Skl
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Membrane

N, gas

()

Figure 11 Schematic diagrams of stirred cell membrane filtration system for solvent

transport experiment.

Stirred cell
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322 & RIERE S5H

ZAujed ONT 23} gh9)of shutol

&L= o] & #Ql pore model # vletr] 913 AA| FHEEE

o~

=
o]& %O = ¥ enhancement factor (¢) (2] 8) & T-3tAT o]& #H> = =
°] Hagen-poiseuille 4 (4 9) & ]33, Axte] Fag glgs o 72
el Tk 130 AR @), FRE (e, FS FEFA L) FE T

AxbstRqot. FA= FAMA ONT 22 o dA 575 o] &st3ila, iy 3

off

oo vpute- &GS (active layer) ¥ A A5 (supporting layer), -+ & S%E U-0]
A QARE AA T2 Bl vle sl A3 x2S P ol A4 R
el GBE A9 FA 27 el BRI FARNE Axe] meis

.

c= Jobseved ( /,;] 8)
JH P
€ ,ore(d]2)° AP
Jy_p = (é]l 9)
8L
€ pore - Membrane porosity
d : Pore diameter
AP : Applied pressure
M : Kinematic viscosity
40



L : Membrane thickness

323 €19 Axo & Eysr =34

o] HAxe] wE T FRdss SHsE] A vE AEE THH = o
2] T 8WE At Eo FaEE A sdsA AT AE
of AFE ¥ full= &Y hexane (296090, Sigma Aldrich, USA), octane (296988,
Sigma Aldrich, USA), decane (457116, Sigma Aldrich, USA), dodecane (297879, Sigma
Aldrich, USA) ©]" Table 3¢ 7t &uje] W%, A% 5 &Esstd 54 #=

< YeRRRIt} (Perry’s Handbook 8" (Perry and Green, 2008) & %), T3t 4
o] J/AaTdE vlstr] da &zt S EE & 4 3= solubility parameter
e ok AL, o] #k Hildebrand’s solubility parameter (8)(%] 10) (Barton, 1991)
o] &L o]&3to] -3} Tt Hildebrand’s solubility parameter ©]&of &3} -
%t solubility parameter #k2] o7} &S5 &ujit HITrt & S v
o} kA =9 solubility parameter 73} Ho]A4E XstE 7l 2holx| 7] wlE

°f|, solubility parameter #ko] Zold 45 Gul= & w2 9n|sin

0_>C,
ftlo

AH,6 RT
v A 10)
AH | : Heat of vaporization
R : Ideal gas constant
T : Absolute temperature
V., : Molar volume
41



Table 3 Solvents with varying density, kinematic viscosity and solubility parameter

to study mass transport through VA-CNTs membrane (Perry’s Handbook 8™).

Density Kinematic Solubility
(g/cm3) viscosity (cP) parameter (MP")
Water 1.0 1.0 45.9
Hexane 0.66 0.3 14.9
Octane 0.7 0.5 13.8
Decane 0.74 0.9 13.4
Dodecane 0.75 1.5 13.2
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o]
Ei=y

}$t (TMP, transmembrane pressure) & <4
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® AYe FASAE Ao ARRE AF oA A AT Skl

2 A AHE | g EAS ol2EA, dMAdEAY Yl T
AR T o] &5 A S NaCl (89625, Sigma Aldrich, USA) 2000 mg/L &<
AFEEFA T AT T =3 7] (DS-51, HORIBA, Japan) = ©o]-&3a €92 NaCl 2
5 FAsGh v EEE 277 e avxdA

_":4
(752568, Sigma Aldrich, USA)(752584, Sigma Aldrich, USA) ¢} 21}

of\

o

d

(STU206011, ABC Nanotech Co., Korea) 50 mg/L NS A3}

)

=AY A7) TEM 4S5 Fdl 100 /Mo 4AA7E Hatule] 77
43 nm 8.8 nm ¢ AAE 7k Zow FAHUN, v YA A7]= ELS
(Electron Light Scattering spectrophotometry, ELS-8000, Otsuka, Japan) & ©]-&-35}¢]
DLS (dynamic light scattering) +4]& &3l B+ 45 nm o] A& Z+ A=
SAEAT felA SHE =Y AE TEM 24 A3l ezl
DLS #4ZA3+= Figure 12 o YERAEE Ux=Ae] FXE UVAs
spectrophotometer (Agilent 8453, Agilent, Germany) & ©|-&3}o] S AFe} (A

= 516 nm)(Haiss et al., 2007), == AF2] (A =400 nm)(Park et al., 2012) T =&
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e

Qi) s

ARE3F 31 BSA 9] Z17]& 66 kDa (~ 6 nm)(Valstar et al., 2000)

=722 BSA (Borine Serum Albumin, A7906, Sigma Aldrich,

USA) 50 mg/L &

o] &%= Lowry protein assay H= ©|-83}o] #2413} th (Lowry et al., 1951).

deg Fol APl EHI ux JAFRL, AELS] FU59
s el sRE S8 oE A (1) & olgss AAES
2489}
Cf B Cp
R=—""—""x100 & 11
Cf
C s+ Feed concentration
C ,- Permeate concentration
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7
O Gold NPs (5nm)
@ Gold NPs (10 nm)
¥ Silver NPs
] 45 nm
] O ‘.' ...'._.
A i1 48
9 ' ;e i
‘s 20 O a H v
o R y H
| : 2 o :
0 i 3 H :-,- ‘.I ]
(8] Q a 4 i i
01 ® . L
/
T / T T
0 10 40 60

Particle diameter (nm)

Figure 12 (a) TEM image of gold nanoparticles (NPs)(5 nm). (b) TEM image of gold
NPs (10 nm). (c) Size distribution of gold NPs (5 nm, 10 nm) and silver NPs derived

from TEM measurements and dynamic light scattering (DLS) analysis respectively.
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Figure 13 = 9 ¢ AdS A AA 552 v oA AJAgelA
Arolth, oA Ahde A7= 1 x 1 em’ 0] 0.1 cm 9] =0]5 7[A L

olth. uhe AP fwe] nFAAY W Atole] T FHHYT ¥ A

FAFE AZE F A FFF (feed reservoir) o %9 255 2ET
T A LE=FAAA (temperature controller), FUTE TG A o Hol &8

15 ERYA o] S 2=
T IYEE (pump), FFY 4E€S 24T 4 Sl WH (by-pass valve), T

-

W5 S AANFe R A= AL (balance) ¥ FHO WIE AT
z S AHE (PC) = AE Sl AlaEe

A~
T
Aol FEe Fhrt £z @ Aeh

o
Ry

ot

=
=]
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Needle
valve
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Pressure
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Temperature
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By-pass
valve

Pump

Membrane cell

PC

Balance

Figure 13 Schematic diagram of cross-flow membrane system for membrane fouling

experiment.
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3.4.2 Resistances in series model

B A= o o Pl EA357] 98 resistances in series model =

o] g3t v oS Yoy AF AAES AT (Cho et al, 2000).

S
5
bt
Jdo
i_r"
1o
o
kit
=
=2
=
ok
12
Y
ot
=
D
off
kit
s
ul
Y
oot
=]
>
12
=3}
B
1o

A5 AT R, LPEY VT FF AT (R T T % 299
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Figure 15 (a) FE-SEM cross sectional image of MWNT array produced with CVD
process. (b to d) Plan-view TEM images of VA-CNTs membrane surface. The bright
white spots (circle) are CNT pores. (¢) TEM images of as-grown nanotubes. (f) Pore

size distribution of CNTs, derived from TEM measurements of the inner diameter.
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Figure 16 (a) FE-SEM image of UE4040 membrane surface. The black spots are
membrane pores (circle). (b) FE-SEM cross sectional image of UE4040 membrane. A
dense layer is active layer and a porous layer is supporting layer of membrane. (c)
Pores size distribution of UE4040 membrane, derived from FE-SEM measurements

of pore diameter.
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Table 4 Specification and properties of VA-CNTs and UF membranes tested.

VA-CNTs membrane UF membrane
Membrane code Fabricated (this study) UE4040, Woongjin, Korea
Materials CNT, Epoxy Polysulfone
Pore size (nm) 487 £ 0.87 5.74 + 2.49
Pore density (cm™) 6.8 x 10" 8.8 x 10"
Thickness (pum) 200 £+ 50 ~0.1
Area (cm?) 0.1 + 0.05 0.44
Contact angle (°) 74.6 £ 2.8 59.3 + 3.0
Roughness (nm) 19.3 + 3.21 577 + 0.24
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(Joseph and Aluru, 2008; Lin et al., 2003, Whitby and Quirke, 2007).
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Figure 17 Experimental water permeability and theoretical value calculated from

equation (6) through VA-CNTs and UF membrane. Enhancement factor (g) of VA-

CNTs and UF membrane calculated from equation (5).
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J pservea - Observed flow permeability (LMH/bar)

J yp : Calculated flow permeability (Hagen Poiseuille equation)(LMH/bar)
b : Slip length (m)

r : Pore radius (m)

off
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Table 5 Summary of various solvents permeability through VA-CNTs and UF

membrane.
Kinematic VA-CNTs membrane UF membrane
viscosity” permeability permeability
(cP) (LMH/bar) (LMH/bar)
Water 1.0 1100 + 130 477 + 30
Hexane 0.3 906 + 180 953 + 80
Octane 0.5 493 + 40 617 + 24
Decane 0.9 212 + 32 220 + 16
Dodecane 1.5 45 + 32 71 + 8
a) Perry’s Handbook 8™
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Figure 18 (a) Relation between permeability and viscosity of solvents showing

inverse proportionality (black dotted curve) through VA-CNTs and UF membrane.

(b) Slip length for various solvents as a function of their solubility parameter.
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Figure 19 Water flux as a function of transmembrane pressure (TMP) through VA-

CNTs and UF membrane.
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Figure 20 (a) Water flux as a function of temperature through VA-CNTs and UF
membrane. (b) Relation between flux and viscosity of water showing inverse

proportionality (black dotted curve) through VA-CNTs and UF membrane.
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membrane.
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Table 6 Summary of resistance in series of VA-CNTs and UF membrane.

VA-CNTs membrane UF membrane

Resistance (cm™) Ratio (%) Resistance (cm™) Ratio (%)
Ru, 12 x 10° 30.3 9.22 x 10’ 13.7
R, 3.59 x 10° 9.1 9.59 x 10’ 14.3
R, 0 0 0 0
R, 239 x 10° 60.6 4.83 x 10" 72.0
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CNTs (carbon nanotubes) are allotropes of carbon such as graphene with a cylindrical
nanostructure. CNTs have been getting an attention in electronics, telecommunication,
environmental technology, energy and other fields of materials science and technology
due to its extraordinary mechanical strength, electrical conductivity and fast mass
transport. In particular, owing to nanostructure and fast mass transport properties, VA-
CNTs (vertically aligned carbon nanotubes) membranes have been in the spotlight
recently for water treatment.

The objectives of this study are to evaluate the feasibility of VA-CNTs membranes for
water treatment. Therefore, we investigated structure analysis, permeability, rejection
performance, and membrane fouling of VA-CNTs membranes by comparing with
commercial ultrafiltration (UF) membrane.

To evaluate VA-CNTs membrane for the water treatment, we used fabricated VA-CNTs
membrane consisting of aligned multi-walled carbon nanotubes (MWNT)s, with graphitic
inner cores (diameter about 4.87 nm) and a high area density (6.8 X 10" cm?),
crossing a solid epoxy film.

As a result of structure analysis, it was appeared that fabricated VA-CNTs membrane
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has similar pore size (diameter about 5.74 nm) and area density (8.8 x 10'%) with UF
(ultrafiltration) membrane. In the permeability experiment, it was observed that water
flow velocity in VA-CNTs membrane was 2.3 times faster than in UF membrane despite
of similar structure due to the slip flow condition in hydrophobic CNT channel. To
analyze rejection mechanisms of VA-CNTs membrane, we conducted removal test with
various materials such ion, gold particles and protein. As a result, we figured out VA-
CNTs membranes removed particles by size exclusion rather than electrostatic repulsion.
From resistances in series model experiment, VA-CNT membrane and UF membrane
showed similar membrane fouling properties.

The results of this study confirm that VA-CNTs membranes have similar structure,
rejection mechanisms and membrane fouling properties with UF membrane, whereas they

have better membrane performance such water permeability.

Keywords: carbon nanotube (CNT), vertically aligned carbon nanotubes (VA-CNTs)

membrane, nanofluidics, slip flow

Student Number: 2011 — 21028

82



	제 1 장 서  론 
	1.1 연구의 배경 
	1.2 연구의 목적 

	제 2 장 문헌 연구 
	2.1 수직배열 CNT 막 
	2.2 수직배열 CNT 막의 제조 및 평가 
	2.3 수직배열 CNT 막의 투과이론 
	2.3.1 나노유체이론 (Nanofluidics) 
	2.3.2 열역학적 안정성 
	2.3.3 CNT 벽면에서의 활강흐름 (Slip flow) 
	2.3.4 물 분자의 협력이동 (Cooperative motion) 

	2.4 수직배열 CNT 막의 제거이론 
	2.4.1 크기 배제 효과 (Size exclusion) 
	2.4.2 정전기적 반발력 효과 (Electrostatic repulsion) 

	2.5 막 오염 (Membrane fouling) 
	2.5.1 막 오염의 발생 원인 
	2.5.2 막 오염의 메커니즘 


	제 3 장 연구 방법 
	3.1 수직배열 CNT 막의 제조 및 특성 분석 
	3.1.1 막의 제조 
	3.1.2 막의 구조 및 표면 특성 분석 

	3.2 유체투과 특성 분석 
	3.2.1 유체 투과실험 시스템 구성 
	3.2.2 물 투과속도 측정 
	3.2.3 용매의 점도에 따른 투과속도 측정 
	3.2.4 막간 차압에 따른 투과속도 측정 
	3.2.5 온도에 따른 투과속도 측정 

	3.3 제거 특성 분석 
	3.3.1 제거 특성 실험 시스템 구성 
	3.3.2 대상물질의 특성 및 제거율 측정 

	3.4 막 오염 분석 
	3.4.1 막 오염 특성 실험 시스템 구성 
	3.4.2 Resistances in series model 


	제 4 장 연구 결과 및 고찰 
	4.1 막의 구조 및 표면 특성 
	4.2 유체 투과 특성 분석 
	4.2.1 물의 투과 특성 
	4.2.2 유체의 점도에 따른 의존성 
	4.2.3 막간 차압에 따른 의존성 
	4.2.4 온도에 따른 의존성 

	4.3 제거 특성 분석 
	4.4 오염 특성 분석 
	4.4.1 Resistances in series model  


	제 5 장 결 론 
	참고 문헌 
	Abstract 


