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Abstract: Carbon nanotube (CNT) based membranes are promising candidates for separation membranes by showing
high water transport rate and ion rejection rate according to their radii. The ion selectivity is an important factor to discover
the full potential of CNT membranes, and it is affected by the functionalization of CNTs. With multivalent/size ion
mixtures, the ion selectivity is affected by not only ion-functional groups interaction but also ion-ion interactions and ion
size exclusion in a complex manner. In this study, molecular dynamics simulations are performed to study the ion selectivity
of functionalized carbon nanotubes when multivalent/size ions are contained. The permeation energy barriers are calculated
by plotting potential of mean force profiles, and various factors, such as CNT size and partial charges, affecting ion
selectivity are investigated. The results presented here will be useful for designing CNT membranes for ion separation,
biomimetic ion channels, etc.
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Fig. 1. (a) Construction of SisN4 Matrix (b) Functionalized
CNT embedded in SisN; matrix.

vl £ & F3}E(Permeation rate)[3,4]S HYSZH
i RE]
—-

e WEHCEM Al 7heAE BATH6-8].
T3 7158 53 o] Y %Néf&?a}aa i
F3tR0mM[2,9], ol& o] wdte] 811017 A =

Al o] A H”i”ﬂ«] 7]’“”‘3 1] YeRITh
Majumder et al.[9]2 33t ¥5 #AE CNTE
7158 TS 7T, ol FAEo] 543 STk
AL BEsH o™, olHfgt AL ionic strengths &
7]"\]2’-—1 A5 AHAE As #EEATH9]. CNT Wi

7hERY OF° 2 MY 7153 A A5, K

9} Na'e] fAF Z7]dlx= B3t Na* ojv] KH Al
< HEZ & do11]. ol CNTY A¥s 7ls
F3te] AEZHY] KesASF 22 o2 AE Ade
g F Udes HYEh

ot dArhaz)e ole] £d A, ol
NT 715713t BR7]4 2-g=into] ofje} o] -9
2 ko] BAV|A g9, 0|28 YAV T v
g 94so] TS WXt 9 At 9 5Y A7)
o] FIpermeation)$} 8] (selectivity), ©]-<> Hl
Al(rejection)ol] W A& &3] o]Fofzl WA, A
olgt A7)/dA7E EF o]l Wik AFte mHIsHY,
B AFoMe EAs9E AEHoldE o] &ate] A
ojgt Al A9 o]0 % FHH &ujef o] A
43} wjAlol thglk Pontential of Mean force (PMF) &
A ATE FPTE PMF Z29YAS 53ke] o]

o4
3‘;]_.‘::'_

=
L=

A

@)

Solutitl)n Bath

Mem}:rane Solutioln Bath

4 nm 4 nm 4 nm

4 & o> € HO @ K
=

Fig. 2. Simulation set-up. The half of membrane atoms are
removed to show the inside. Total simulation box size is
4x4x12 nm.
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Table 1. Force-field Parameters for Functional Group of Table 2. LJ Parameters and for SizNs,, CNT, Water and
CNT Ions
Functional Group Atom Index o) & (kJ/mol) q
. Si 3.39 2.45 0.768
SizNy
N 3.25 0.711 -0.576
. CI:{T | C 3.75 0.439
ucn}:ofs : (6] 2.96 0.879 call?lll:z;l;ion
C 3.39 0.290 (Fig. 3)
CNT
H 242 0.126
Force-Field Parameters Water H - - 0.424
Bond Length Bond Angle Dihedral Angle Y 3.17 0.650 -0.848
i A i-j-k G I-j-k-1 D S0, S 3.55 1.05 2
1-3 1.26 1-3-2 125 1-3-4-5 63 o 3.15 0.837 -1
2-3 1.26 1-3-4 119 2-3-4-5 -116.5 Ions K 3.33 0.418 +1
34 1.53 2-3-4 116 3-4-5-6 -164.6 Cl 4.40 0.418 -1
3-4-5 120 Br 2.60 0.377 -1
A%t 282 (Bonded interaction) S The #A| 2]} 7o) Lorentz -Berthelot mixing rule< ©]-&3}e] Al4Fs}S T
Bond Stretching 3 Bond angle> harmonic 3=
Dihedral angle consine 32 X H3HT. 2.2.2. CNT 22 Tstak A4t
CNTY 244 A2 &t chirality)dl w2} o
Ve LG ) L (00,0, B 59E s, & dredde weAs 9e
202 o d A Z2A L CNTE o] 838131, CNT9 °o]&/& &
+E {1+ cos(ng =) } (M 2} Abole] AH7A 289 Adks fsted CNTY
BAsIFS A4ketth Gaussian ZZE 1S ]85}
COO 7157+ Al 845 BF 1dsiylon, #d 6-31G**/B3LYP FZoA WERgo| 28 28319
S} Bl S-S Table 19 YERAJITE SNy ¥ CNT 3, B8 A5S CHELPG Schemes E3lo] #HZ 4
A A8 Akt Qlo] AlEdeld A F¢ 1 H ZHEIATE ONT AetdS 29 9o HJFetEE[14],
AAE o]833ATh SO,” ©]&2 Bond Stretching 3! ARk AIZE Aok flste] T F9S AAs Adtst
Bond angle= 112fste] 2832 Akskinh. A Aslgo] RSl FF, UF FRANFE 0
=, o], WEHR Ato]o] HZET 2-8-2(Non bonded of 77k A& FRISIAT 71%57] COO- 152 €9
interaction)2 Th& ¥A4/3 Z°] Lennard Jones (L) AstEFS +0.770, 09 AatFE 22 -0.786, -0.648%
Potential ¥} Electrostatic Potential2 XHE 4 Ut} ALE AT CNTE T4 Ce 715719 238
S0 Ao wet e AstFEs 7, ¢ A
v 46,'{ %)” ( % “} L1 gy o E USEE Fig 3@l M2 drigl. =4 2
Ty Tij dmey 1 o By = ek dstEe Aol wet Hes ol
Fig. 3(b)el YeRATE £ & F9lollA & H3lEs
AR Eujoll LR LI b e}t Hsh= TR Ak, sdstES ek S BelE 2
Table 20l AE|sl¥ o, CNTS Hi& s Aske T5 40| glolA= Ae & 4 Utk
- Aol Amatdth CNTE LI St ElE 117904
Attt M2 o0& B 94 31 L) gehE s 2.3, MiZAL 2HY

3.
EAE Y8 HAFEARE GROMACS ZEE 0|83
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Fig. 3. (a) Charge distribution of functionalized CNT.
CNT end is protonated and functionalized by COO-. Red
color indicates negative partial charge and blue indicates
positive partial charge. (b) Average atomic partial charge
of CNT along its axis. The first carbon rim of the CNT is
positioned at z = 0. The functional group and hydrogens
reside z < 0.
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Fig. 4. Potential of mean force analysis for (a) KCI/KBr ion mixture and (b) KCI/K,SO4 ion mixture.
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Fig. 5. Potential of mean force analysis for (a) COOH functionalized CNT and (b) charge removed (24,0) CNT and (c)

charge removed (30,0) CNT.
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Table 3. Comparison of Maximum Free Energy Barrier for
Ions Passing through COO™ Functionalized Carbon Nanotubes

KCI/KBr KCI/K,SO4
K 1.06 1.48
cr 2.40 1.74
Br- or SO 2.20 3.67

F3 2718 44 2dsioh

3.3. Mstatel A&

SO, o] & iAo Y&Fe mMAE F IR U=
CNT9 71571¢} Fol& 3t &8st Ax7])4 v
(electrostatic exclusion)®} SO, ©]£-2] =717} CNT W
5 AR 2Rl wet dAskeE 271 §PEE(Size
exclusion)& A2 & dok. F 27 F SO, ©]& ol
A&S A3 205 dotry] st o]3} HXA
%L 72584 IH(COOH)2.E 7]53E s e
PMF Z23YS A4FIATHFig. 5(a). CNT-COOH
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Table 4. Comparison of Maximum Free Energy Barrier for
COO  Functionalized Carbon Nanotubes and COOH
Functionalized Carbon Nanotubes

COoO COOH
K 1.48 1.28
Cr 1.74 0.93
S0~ 3.67 3.46
Hugle] A W M3l & A A AsF

002 F4-& Yepdth. CNT-COOH HE 31 %
SO 9] AGuaE 346 keTZ 2 Wal7} gl%loH, C

9 AGun= 093 ksTZ ZH43FATHTable 4). ©)%E CI
o] & ujA| AAtol= A7) A whatE o] 28384S oF S
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Q1% WL oleh 2T 5 Aok,
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Fl
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FATS aEste] AlEHIMS SISt WA st
FE AAZ (24,0) CNTO thek AlEHo]HE T35k
om o]& (30,00 CNTS] 7--¢} Hlwatgict. Table 5°
Bz o], AetegFe AATE (24,00 CNTY olyA] A
& 485 keTE ZAHICH, (30,00 CNTS] ¢ 1.34
kgTE 2 ioi Hashs AL #AFsQT ol )
o o WhEHo] SO ol HjAl] FUclo s 285
=2 \JrE}ﬂdE}. TG K9 CI o]9] oflyA] AL F 7
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Table 5. Comparison of Maximum Free Energy Barrier for
Small CNT (d = 1.54 nm) and Large CNT (d = 2.17 nm)

Small CNT Large CNT

K" 1.62 0.95

Cr 1.32 0.87

SO~ 485 1.34
& o] A7) Aol wEtA o] AL ARE =H
g T e BAFH, MR 758 CNTY
FH Mot E3 o] AY Aol dFE FE AS
& Atk B A= 7153 ONT HEHIY o]
AgAd Al =& £ A0 7|tish, =3 A
A ol AG AHde] o] MHHE olsffstE ] &
g ZAog 7t

<+ 97 Ay e B oS 2018%PdE Foj
Su wdAFHle oF FHEHASA(HAAHS: 2018
02860001).

Nomenclature

: interatomic potential

N~ =

: spring constant
. distance between atoms
: bonding angle

: dihedral angle

SN Y

: Lennard Jones energy parameter

Q

: Lennard Jones distance parameter

&9 @ vacuum permittivity

q : atomic charge

z : dimension in the perpendicular direction of the
membrane

zo : z-coordinate for the center of the solution bath

ks : Boltzmann constant

T : temperature

F : force acting on ions in the z-direction

P(z) : probability for ions to locate at z
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