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Abstract: Techniques for selectively separating molecules of gas and liquid states using various separation membranes
have been widely used in variety of applications such as chemical, biological, pharmaceutical, and petrochemical industries.
As the nanochannel diameter, inter-channel distance and length of the nanochannel of the anodic aluminum oxide (AAO)
membranes can be precisely controlled, various studies to effectively separate mixture of various molecules using AAO
membrane have been widely carried out. In this study, we fabricated AAO membranes of cylindrical nanochannels of vari-
ous diameter sizes and of through-hole structure, that is, nanochannels of which both ends of each nanochannel are open.
Using those AAO membranes of through-hole nanochannel structure, we studied the selective permeation polymer chains
dissolved in a solvent based on hydraulic volume of the polymer chains. We found a precise, quantitative relationship be-
tween the radius of gyration of polymer chains that permeated through nanochannels inside AAO membrane and the diame-
ter of nanochannels. In addition, we demonstrate that the behavior of the polymer solution flowing through nanochannel of
the AAO membrane can be successfully described with the Hagen-Poiseuille relationship. It is, therefore, possible to theoret-
ically interpret the nanoflow of the solution flowing inside the cylindrical nanochannel.

Keywords: AAO membrane, hydraulic volume, separation, nanochannel, nanoflow

.M B tofstA S8 o AdHo= uf a3 &
ofolt}, wetA EL =Y A ALY HAYgy, SES

2] 2H(Separation membrane)& ©] &3t 1A Ee TS zhe B sl tigk d7 gastA
IAZNE EAde BEASL Agzgos Ress Y= An1]. B 22l S&2 FHistetr] 918t
7lee 338, AE, A 78 59 RofoA ¢ o BIEE EASY EAY B9 Fxo49] 4

TCorresponding author(e-mail: hslee@inha.ac.kr, http://orcid.org/0000-0001-9176-402X)

291



292 Yong-Joon Choi + Han Sup Lee

AL s A7 vl 2

EgHo gt BAES AnHoE Bed] 99

A Beme 2 b 2% 94T 2Folo

fufe] Ee HUAT FRee 2] AHAE B
g

i

o] ZA)3}= nanochannel®] 217o] Uim] —’F—i‘—oﬂ/ﬂ
AYSA ZHEo)oF 31, nanochannel®] 74 =7} &

ofof 3}al, T (porosity)©] ook 3dhH, -cﬂ‘lh‘l]
FAE FAA Fotok atH, £ 7|AH Hxs 3t
2 AL JMA ok -5—}1:].[2 3]. theksl 2149 nano-
channels 7+ 82 dutd oz {7], F7] 4
EdAE 59 o8 ARE wEolxt4-9].
dutA oz FHLSHA AREE F7|LEA &
T8 544 94 kA o] AgA ot
71 221 anodic aluminum oxide (AAO) &
540 v i, getHow we g4
Holm, f7]A 5ol o3t ghof nlste] wj
=& 9159 Yk 37|19 nanochannel S
AAO & AZst7] fjste] AHEEE &
{‘_ﬁl-(anodlzatlon) FAo &5 QrtHet 9@ AHs)d
THE HAFo=ZH nanochanneH 7“7ﬂ, nano-
channel 7t 18] @ nanochannel®] Zo| 5 g aA
Z?g?‘i__]‘ 2}\]‘;]— 0]31?5]- 1‘4-0]:3]- O]CE—A]-j./] X]—X-] o=
A3t AAO & o] &3to] ZIAE 9 EAHEE[10],
AR 2719 @A 2 #23], UxEgEdY &
2[11,12], T3 DNA[13] 5 Aegdoz Zgsie
A7t %L‘?J_’Ol AP glet.
29A FFAkst 3AE Tt YW o R A AEHE=
& F 7] HEAAO 9 Ul EAdtE ¢
nanochannel> &% £o| @d8gles F2
2o g A4317] 93] A= nanochannel
= U AEZ(barrier layer)S E L,
dFrF 71AE At AHHoE AAO Yol EA
3= nanochannel®] ¥Eo] ¥E#%l& through-hole T
ZE 72 3= Zo| ¥ Z,O]ﬂr. A2 (barrier layer)
< A|A 3= tip opening W 2. 2= chemical wet etching
[3,14-23], hard anod12at10n[24,25], re-anodization[26,27],
ion milling[28], voltage pulse detachment[10,29-33] &
of o] ARG ¥y HHA 07 AMREE chem-
ical wet etching ¥H 02 (=S A ASH, A=
nanochannel®] Z7|7} W3} & Qlth[34,35]. §IH]
voltage pulse detachment HH-& 23t &doA Z
AR Ate A7kt dFelEr]dd 1 fol ¥4

EE

DS (1A = L=}

15

rlo
¢

o
i bl

O
"
1o oy
[o}
= mlm

].

O o Hif & 2
rlr
)
i
)

lo |

rr
[
of
ofl
—
e
fo

Mgl A 26 @ A 4 F, 2016

AFstdFrlE 9 AAO = AL

o A nanochannel< B3l 8l @S o] i3] AA5
o, AzAog ¢ Zo] dEys o

o] FAHT. dRtHoE ALHE & FAH 2y
voltage pulse detachments ©]-83tH W2 A|ZF ol
AAO g EE& 4 9o 1 BA =9 nanochannel
of 724 W] A dojUA F=

Halute o] g3 MulA Ext HP%‘OE = A=
2eshe A7 ol AYHL o, g4

938t 73] (hydrodynamic vol-
99 Aee e

A=}

of EAst= nanochannnelﬂ 37)
=]
E‘I

= A9 §le AFolt. wepA B 1_-\:01]"1“ T/}‘*f‘}
27]¢] nanochannels 3= AAO £2|7%Hs AH&3}
of &R L&A A AYd FHE AESA
t}. o] B}& O Z nanochannel®] 7)<+ AA AHe) 9
IEA Abse] YA Ruote] A FAAAE
#A#3519 2, nanochannel® ZE2E A9 A%E
Hagen-Poiseuille (HP) #A|4-& o] &3t o2 o=
st AFE APt

2. &

2.1. Through-hole AAO & H|=

29A FSAA8H36-41]

AAY: 1eE EF0H(99.999%, Goodfellow)< 20
B ol Bl 2g9 A&, 60°Ce $<F(HCI 20
mL + HNO; 10 mL + ©°]2% 70 mL + HF 1 mL)°]
127 @7FF0] 299 E¢E AAZ & DI waterZ
w38 AAFATt. dFrFY ZAYHY A7E H
&F7] Al da 971914 400°CE 343 Tt &
A=

7] Au}(Electropolishing) : WA 2]® &Frjg FH
o FAE 43t AAY SFEHE FHY FEE
E—f@l—%—” 34 Ad3A 60% HClOsL CHsOHE

4 53 Hli 515{?’5‘}04 Azd AsdES AHEstal

L ofj

243 1.1 mA/mm2 @54 Az 7} Trxm 5
17 FF448) - dr)dnt Ao B ¢Fn lﬁ%
o] &2 MFsta AR WAL Agste] FF4



Sieving the Polymer Chains through Anodic Aluminum Oxide Membranes 293

Figure 1. SEM images of AAO membranes. Top (a) and
bottom (b) sides of AAO membrane before removal of
barrier layer. Bottom side of through-hole AAO membrane
after voltage pulse detachment process (c), (d).
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(a) Top, bottom section
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(b) Cross section
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Figure 2. Through-hole AAO membranes of various diameters (a) Top and bottom SEM images, anodization conditions
(anodization time and electrolyte used), widening time, porosity, and nanochannel diameters. (b) Cross section SEM images of

sample B(top, bottom part, overall view).
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Figure 3. GPC curve of feed solution (2 wt% PS in
DMEF). Positions of My, M, are shown.
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Figure 4. Experimental setup to monitor the selective per-
meation of polymer chains (a). Schematic diagram showing

the selective permeation of polymer chains through nano-
channel inside AAO membrane (b).
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MV

10 20 30
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Figure 5. GPC curves of polymer solution at various per-
meation time permeated through AAO nanochannel of 45
nm diameter. Intensity-adjusted GPC curve of PS feed sol-
ution is also included for comparison.
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Figure 6. GPC curves of polymer solution at various per-
meation time permeated through AAO nanochannel of 38
nm diameter. Intensity-adjusted GPC curve of PS feed sol-
ution is also included for comparison.
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Figure 7. GPC curves of polymer solution at various per-
meation time permeated through AAO nanochannel of 32
nm diameter. Intensity-adjusted GPC curve of PS feed sol-
ution is also included for comparison.
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Figure 8. GPC curves of polymer solution at various per-
meation time permeated through AAO nanochannel of 21
nm diameter. Intensity-adjusted GPC curve of PS feed sol-
ution is also included for comparison.
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Table 1. Characteristics of Polymer Chain Permeated through Nanochannel and Parameters of Polymer Solution Flowing Inside

Nanochannel
Nanochannel diameter (nm) M,, M, 2Ry(My) (nm) 2Ry(M,) (nm) AQ AQ/Dp4
21 52,000 144,000 12.80 21.20 0.00188 9.6400
32 111,200 360,000 18.70 33.60 0.00957 9.1300
38 137,000 483,000 20.80 38.90 0.0193 9.2600
45 221,000 698,000 26.30 46.80 0.0392 9.5600

M, : weight average molecular weight, M, : Z-average molecular weight, R, : radius of gyration, Q : volumetric flow rate, D, : nanochannel

diameter. A is arbitrary constant.

7
50 ® Mz //
A Mw [ 02
)4
s
4 s
40 .
s
s
s
— a9 s
g % s
£ s A
2 s
7

~ i [ % A

20 s A

s
s
3 A
10 s
7
7
s
7
0 . : . : . : . . . .
0 10 20 30 40 50

Nanochannel diameter(nm)

Figure 9. 2R,(M,,) (A), 2R,(M,) (@) of polymer chains in
permeate solution obtained from M, and M,, respectively,
as a function of nanochannel diameter.
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Figure 10. Total area of GPC curves (total mass of poly-
mer permeated through nanochannel) as a function of per-
meation time of four AAO membranes used. Number in
the inset is the diameter of nanochannel in AAO.
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Figure 11. Volumetric flow rate (Q) through one nano-
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