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2 Aol Bulld /3 (solvothermal method)ys ©]-8-3t0] WlAE 73] &Fwut FE AAA] 9ol vy
Cuy(BTC), FelHha AZBIAT. In-situ LIS o)88h= A1, A= 7]+ &Fnu AXA| 2o 7dst
AWGr} gL Bl dEAo|a 7o) i Cuy(BTC), 5 FAd3H] offth & A7elrs $mddy dol &
Fuu X)2|A TS 200 °CE 7FE8E 2deoll A Cu WA §oe BFst] XA A S HAT 3, ud
£ Fasto] AL 01 FHo| §lE Cuy(BTC), FEH |2k A58 4= U3t I/ ¥ Cuy(BTC), &7 XRD,
FE-SEM ¥ 74153 A9 5-& 53l 24330tk 5 umé] FE 711 Cuy(BTC), FEH welvs 53 dd71A F
A A}, 80 °CollA HyF 7HAE T3 = 7.8x107 mol/sm*Pad] 1L, Hy/N,, Hy/CO,S] oVdMei T 717} 11.94,
12.82% Aik=] St
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Abstract — In this study, nanoporous Cu;(BTC), membranes were synthesized on macroporous alumina tube supports
by solvothermal method. It is very difficult to prepare uniform and crack-free Cu;(BTC), layer on macroporous alumina
support by in situ solvothermal method. In this study, continuous and crack-free Cu;(BTC), tubular membranes could be
obtained by in situ solvothermal process after surface modification of alumina support. The surface modification was
conducted by spraying Cu precursor solution on the alumina support heated at 200 °C. The prepared Cu;(BTC), tubular
membranes were characterized by XRD, FE-SEM and gas permeation experiments. H, permeance through 5 pm thick
Cu,(BTC), tubular membrane was calculated to be 7.8x1077 mol/s'-m>Pa by single gas permeation test, with the ideal

selectivities of H,/N,=11.94, and H,/CO,=12.82.
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T2 ARERE IEAF v 7] dEo w2 A sk de uigAd,
7118 A% S0l W] wle] a2 9 19| Fzdofa] Algo] A
ghe) 3 gl olef gk At v SHAlE SHEsh] flE ]
ghatol] et A7 Daks] 8|3 Qe 1-4].

FH 7] 55| 42 MOFs(metal-organic frameworks)7 |
FFES v gt} F55 o] T F5 cluster?) 0] A=
F71 E=R A ER= MOFs AlS4= Li 5ol 28l 19994 Nature
Aol A5 WEE Gl om, 7|E Algeo|EY e 53 H|wste]
L53] T HEEA (33,000 mYgyS 5O SHH5]. 53], ARgE

=55 o] 4l {7 BlRk=e] Sl mEkA] 18] =27 9 HElE
AT 4 s Bk oe}, 7)e FEE Ve 7es 3T
4= Q7] whitoll 54 7kAE Eelehs 3ol vl 2 avE B
ol Zlog FHEuby 9t} Wdl MOFs: 34 0|20 % <13 =
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] oJgto] 71587 wiiTell Rk Aol 7k E EEE
HE37|ZA S GEE 7FsE Ao ® Z|diErh. MOFs AlEs
ot} Feluke] FeE A|zshH Fejdtel] 7] &3 #ee,
22 5k 2k o)t vekel 579 &8 ThsAo] T
AN AdHl= MOFs BHere] @do] 14] o] well A7k
= AP PR Aol X)L 3lth MOFsE o83 Blo 2= 1)
2 0% MIL, ZIFs, IRMOFs, Cuy(BTC),, SIM 5°] 2/tH6-10].
53], Cuy(BTC)i= Cuy(H,0), ©1 A7} benzene-1,3,5-tri carboxylate
15 AR o] 33k A AT EE FAsEH, SR Ulelle
35,5, 9A & Al T2 7158 Xgska Qlof, kst 714 E3E
S9] B2]7} 713t 11]. Gaston 52 TH3Ad A|AA] o] A5
B FUKseed crystal)E AT IS o]l XA
Cuy(BTC), BHekS 3/3318IrH 12]. Z12fvt, T2 AE ol et A=7}
EollA] W Ag B Al vkt AL o] XS 02 A
ZHAT Guo F[13}2 & 72 (copper net) Yol “dual copper
source”E ©]-83107 in situ WO ZE Cuy(BTC), 2] 9-& A3t
HyN, AEE7} 7 oPdo] = & A& Ve o glovt, A A7
Slo] Az = mlo]FE8] BF Fejo]7] wiiel 7121 #HlelA
gL FHokst Ao 7 oAkETt. Guerrero 52 T9E TUAE
A7 Al (thermal seeding)ys AHE8FO] A XA FAMAZ =,
TUAL} AA A Aol o] Agtelo] L55] B ATH14]. Noh T
o] HhH-& Aste] G4 5 Al (thermal spray seeding)ys
w3l om, FE Cuy(BTC), 2]t M Avls HAAF3ITH15].
71E2] oA S F3 Cuy(BTC), 222t Al 25 4,
SIS Bl TUAE T T AP IS AR T T
SIS o] g-sto] welvs AAs] Wil 378 el A
3 BRI, et Eeluke] AAIAR] $-8-5 HlEM e B B
FHFo] o7t £ ATelME U 439 A& AX
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2] k71, B4 0] &8 Eakal= ATA| LANRS o] gate] EH Y
of Qv A Fo] Leol TR T U §
3l Cuy(BTC), 7 Felu-s Alxstax} s,
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2-1. Cuy(BTC), FEH F2|9lo| M=

S FAE B3 Cuy(BTC), T8 st TS 23l 41 &
S} A 1]A 9 Fol Cu A A f9S I3 0.183 g
copper(Il) nitrate trihydrate(Cu(NO;),-3H,0, 98%, Sigma-Aldrichy=
5 mLe] Sl o] A e At FEAEH ] &
L} X2 A (length: 10 cm, O.D.: 7 mm, 1.D.: 5 mm, 7]&"=17]: 0.2 um,
TE 40%)E 200 °C] @FollM F2s] 7FAE Aol Cu A
TA| GNE T o] AxYo]iS ARSI 3 mL/min®] %
O F 30% FRF EETH14,15]. O ollghe AellA] 1377 257
AAE Bl SFulu AAA el AFEA e Cu A7l YA}
S5 AT AT A SN dF el 253 A F 339
A W AR sto] G 2|2 A| 9] 1S SEHAVRASE S, 50 °C
9] QoA 24117k E1F 1AL}

o] /e FEE SFuu A Hel Ao
Cuy(BTC), w2lvhs Ad skt 4 1.75 2] copper(Il) nitrate
trihydrate(Cu(NO5),-3H,0, 98%, Sigma-Aldrich)S 48 mL2] 5-57<=0]]
=01 FNE-MAY 0.84 g2] benzene-1,3,5-tricarboxylic acid(trimesic
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Fig. 1. Schematic diagram of single and binary gas permeation set-up.

acid, 95%, Sigma-AldrichyE 48 mL2] og-g-e] =<l §-H(Z-MB)S-
RSk}, okA] Tt A | FEFE Y SFuu A A=
HEIE S0 & o] &35t HZE golyrt ols LESdon
(autoclave) tell YIXAIZITE, Qb4 FH[gE = F-H(ZHAL}L ZAB)YS
Z3tela 1002 B1t whkel 3 @ EFgo]He] Yol ARA|7}F ek
3] J4 ¢ T st YA Yl Ao e EFHolHs
115°Ce] 22ollA] 6AIZF 53 HHGAI7| AL, HhS- 3 A=271A] 2dxd
8] A&l Hhg 5 A E vk oekES o] &sto] S Al

=
Fh 5, 40 °CE] Q2ollA] 48417 FRE 54 AZAIZAT

2-2. EM 2N

A FH CuyBTC), FHE Fe|ute] AAdS dotrr] 913l
XRD(Model M18XHF-SRA, MAC Science)Z ©]-&38IT}. 40 kV,
300 mA°lA CuKoh=1.54056A) target®} Ni filterS AFE-3 20=
5~25° WIS 19min®] 2~ SE= XA 3] d|lS S48l
sk Fejuke] ¥ 4 o R%5= FE-SEM(Model Leo Supra 55,
Carl Zeiss STM, Germany)= ©]-&3l #-24J3}3Ic}, vix]eto 2 714
3 A5 A3} 80 °C, 120 °C 52 25914 H,, N,, CO, 717
£ olgato] TV £ AF 9l £371A 2 AES 13l

o}, 53} Aol AMESF gx)e] RATE Fig, 1of] YER)SITE
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% aFE
ATANAE in situ SNETTS T3l dLS Cuy(BTC), w2
=5 A e, SR AR A S Cu WA g0 TS}
o] XA mEE AT, FHE cu AFA7F 2 s
ol FdAke S aF7] HBIAE, Cu AFA7F EFru XA A
of| A Agw]o] glojof i}t THE Cu A7 dFuli} ]
A2 Ateol2] AEES 54311 A3, Guerrero S [14]0] ARSSH W
He S8t cu A7AE B AR G AA A E olgkE
Slof|A] 223k A7 A7 AZF 22 XRDE 5743510 Cu
A9 F9)31.9] % (intensity) H3E Eal] A48S Ay B3t
t}. Fig. 28} 7ol 250k 24k Al7ko] S71gte] wlg) okke] cu A
TA ATt o5 A 8118 4= ik 13U, 603 Tl Cu
ATAS =7t 84.7%%E dF-2e] Cu AFA7E LFuvt A A]A)|
of| s AgElo] Sl AL gRlg 4= 9l
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Fig. 2. Relative intensity of the Cu main peak on alumina support
(XRD) as a function of sonication time.
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Fig. 3. FE-SEM images of Cu3(BTC), membranes: (a) top surface, and
(b) cross-sectional view.

Detector = InLens  Photo No. = 7905
Date :14 Feb2013 STver

Fig. 3¢ Cu 2742 58 A48 G2o)u 42 Aol $uiel &
el oI A CuyBTC), FHE Hejue] vl vl v e &

3t SEM Aot} WA, Cuy(BTC), F-euhe] B AR 2
X 34% 2] Cuy(BTC), 27 2717 thesiAlet, A3k glo] A
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Fig. 4. XRD pattern of as-synthesized Cu;(BTC), membrane.

Atk FE Cuy(BTO), w22
Fejuto 2 AW Cuy(BTC), & Hh
&g WS EwA] W& Z3(crack)
JAbRe sk HelM B E = 2] A, o

Iprgellx] vhekZel] A ke el whE Q17 (tensile
stress)Oll 23l WHYEHA] HT) 2 Aol = F22) S oAlsH
7] 9180, e el 3719t A shelA xS 7
ato] T Siog Hojgk AT S Tl Alxw
ES] Cuy(BTC), BH] F7l= Wl SEM ARIS: 53] & &
oF 5 um J R 7158 HAAFHE AKX Cuy(BTC), e 7
2] A=) o 4= QIUH15]. Fig. 4= FAE Cuy(BTC), FHE =
ko] XRD &S YERAITE. 0] Chui 5{16]°] B3t Cuy(BTC),2
ATz}t Qe dAshs Ave BolFal qlk.

% Cuy(BTC), FEE el A2 2 80°C, 120 °CollA
H,, Ny, CO, 7AZ @74 9l E71A] Tl d-& AT
Fig. 5% ©71A T3] Tt Avs RojEth H, 71419
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Fig. 5. Permeance data of various gases through single gas perme-
ation tests as a function of temperature.
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Fig. 6. Ideal selectivity data of H,/N, and H,/CO, as a function of
temperature.

Table 1. Permeation data through binary gas permeation tests

Permeance (10~ mol/sm*Pa)  Selectivity

Feed gas Temperature

H, N, CO, H/N, H,/CO,
20°C 7.74 0.65 11.88
H/N,  80°C 7.87 0.66 11.97
120 °C 7.73 0.65 11.94
20°C 773 0.61 12.72
H,/CO,  80°C 7.87 0.61 13.0
120 °C 7.72 0.59 12.99

o] FE=E 71T 80 °CollA] Hy7t 7HAl= S 7.8%107 mol/
sm*Pa CO,, N, 52 7|45 F7%2] 6.1x10°* mol/sm*Pa 4
6.5x10" mol/s'm*Pa¥} W] wate] 35 ks Helvh mgh, 257}
204 80°C, 120 °CE S7Flel| Ztglo], Fakes 79 gt
e e As B ol

Fig. 6= Cuy(BTC), 7128 welvhg 53t H, 7]*
(ideal selectivity)g H.o15== 12 2Zo]c}, thi-E-9] 7]AlE &
A1 120 °Co] &5 JSlelld Ak TS WISl o E =
5 250 Aol A Ak ahg HolFrh. 80 °Colld HyN,,
H,/CO,2] oA e ei= 712} 11.94, 12.82% ARSI, o] 3k
Knudsen diffusions ©]-8-3fl ZAlAFe o A el=R] 3.74, 4.69 Kt &
A glolth, o] A¥R= Guo S13]0] LR =l A3 nel
9], Cuy(BTC), BT 7R N, CO°ll thet E2520] Hel
gk F2FsE el vlsl 58] 271 el Hyo] ol B st Hoh
= At} X3} I =5 H,y/NL(50%/50%), Hy/CO,(50%/50%)2]
EIIAZ sl T APE AT AR 2L 7 |A1S] FE 9 A
BI 32 Table 13 o] @l T3k A Axe) v FAkE ghs
1ol A& gelg 5= Ql3ie}. 80 °ColM £33 |4 T e & 7
FE HyN, B Hy/CO,8] A=} 11.97 2 13.000.% A2] fALsH
714 T3} ARl e] o e =gl fAksESATt
AtelMes F2 v FeRet IAgE Y] gk Cuy(BTC),
UE T Feutew AlRelgl ow, vl wt fAReE e
e 1S F1E 4= Ql9dth & Aol A|AE Cuy(BTC),

LR 2 AIE RS MOF e2]uke] vk Fuld 3
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A5 T AL 9 L3l 7]

vy AR A E o] gt Al olsl Ajtglar 7
Cuy(BTC), FBE 2aluhe A3tk Cu A7 g8 71d=
ZHEE] A flol] ek g Aok ek 7399 vl
slo], Cu d7A|e} LFru A1 1ke] Agele] FA] =3Ik
115 °CollA AR -5t Sl A d <& &3l AZ38F Cuy(BTC), 7+
By Feukd oF sum?| FAE Btk ©d7A] e A,
80 °CelAl HyZk 7M4E F2=E 7.8x107 mol/sm*PaZ CO,, N,
2] 71AE vlwste] & ghs B3loH, HyN,, Hy/CO,2] o1
A= Zh7E 11.94, 12,823 A= ek 2 Aol AtE
Cuy(BTC), FHE 2ldk 3d 2 A1z W2 MOF #-2]2ke] 27
Ay 2 g3l 7]ofe Ao w ket

O] v 201095 H-QLEIel7 e o] Al e Sheelt
ko] 71 2ATAR A 9E ol e 214 Y ThNo. 2010-
0023307).
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