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Molecular Simulation for CO, Adsorption in Amine-Functionalized MIL-101(Cr)

WANG Zhi-Jing WANG Jun-Chao ZHAO Xing-Le MA Zheng-Fei*
(State Key Laboratory of Materials-Oriented Chemical Engineering,
College of Chemical Engineering, Nanjing Tech University, Nanjing 210009, China)

Abstract: The adsorption of CO, in MIL-101(Cr)-NH, and MIL-101(Cr)-ED (ED: ethylene diamine) obtained by
amine-functionalized MIL-101(Cr) at 298 K were investigated by using experimental and molecular simulation
method. The adsorption isotherms and the heats of adsorption of MIL-101(Cr), MIL-101(Cr)-NH, and MIL-101(Cr)
-ED were compared and the results showed that MIL-101(Cr)-NH, obtained by pre-functionalization approach has
higher CO, adsorption capacity than MIL-101(Cr)-ED obtained by post-synthetic modification. Snapshots and
radial density functions were further compared to analyze the adsorption sites of CO, in amine-functionalized
MIL-101(Cr) and it was found that adsorption first occurs in the microporous super tetrahedron at low pressures
and then in the bigger pores with increasing pressure. The presence of amine groups in MIL-101 (Cr)-NH,
increases the adsorption sites of CO, which results in higher CO, adsorption capacity. Similarly, the presence of
ED molecules in MIL-101(Cr)-ED increases the CO, adsorption sites, resulting in higher CO, adsorption capacity.
However, the adsorption strength of Cr to CO, is weaken by ED molecules since they occupy the Cr adsorption
sites. Furthermore, the adsorption sites of MIL-101(Cr)-ED are less than that of MIL-101(Cr)-NH,. Therefore,
MIL-101(Cr)-ED has lower CO, adsorption capacity than MIL-101(Cr)-NH.,.
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Table 1 Unit cell parameters of MIL-101(Cr), MIL-101(Cr)-NH, and MIL-101(Cr)-ED

Lengths of the cell edges / nm

Angles between the lengths / (°)

MIL-101(Cr) a=b=c=6.284 a=B=y=60
MIL-101(Cr)-NH, a=b=c=6.284 a=B=y=60
MIL-101(Cr)-ED a=b=c=6.284 a=B=y=60
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Table 2 Employed force field parameters

Atom o/ nm elky 1 K
C_CO, (TraPPE) 0.280 27.00
0_CO, (TraPPE) 0.305 79.00
C_CO; (this work) 0.275 36.00
0_CO;, (this work) 0.303 94.00
C_MIL-101 0.343 52.84
O_MIL-101 0.312 30.19
H 0.257 22.14
Cr 0.269 7.55
N 0.326 34.72

2.3 MRIEBT

R 3R Materials Studio 24 7 #) DMol3 #&
HeAs S0 4Rk B BRI 0 H s oA AR A R e R
HH Perdew-Wang(PW91) 3¢ 8 ¢ Bk 1 oK B 1512 5L T
MUEUE IR AL (DNP) S 20 | R JH %5 B2 0z pR 3198 J7
73 2] ESP HLfaf . H T MIL-101(Cr) 1 MIL-101(Cr)-
NH, B A X R, B A SRR T MIL-101(Cr) il
MIL-101(Cr)-NH, W1 1 by 25 B A ) 158 141 72 | 8
W FB A7 R FH B AR FN % T MIL-101(Cr)-ED, B 42
fif 5 MIL-101(Cr) /B 22 s far A [R]  3H58 ED 431 F1
CO, 7> T W I far A 5 vE 5 EaRAHTE] . MIL-101
(Cr)Fl MIL-101(Cr)-NH, B9 A1 7% | J5 4 5 FlH fa7 3
15 W, Supporting Information H1/& S2 83 3% S1,

24 ERITEHET

AR B IEN 5 RE (GCMC) ikt A
298 K H CO, £ MIL-101(Cr)-NH, Fl MIL-101(Cr)-ED
AR BT R T RASPA R AL B &
TREH 1 AT, eI b = 2 1k
R GAE BN 1.2 nm, FEA R (1 48 b 7F
TR R FEAAE SR B PE IR IRECH 1x10°, H i
—PHTPERR G —FH TSI R, A
PRI A MR 58 Hesh 4 Mgz X e Rh
B sl 07 X A0 A R A A

FEEE N R 25 op AL 2% 3 () AR FR (V) R B2
() i1 5 A, Ak 27 35 it B2 3155 JH Peng-Robinson
ARZS Ty B 3 e Ak Sk R gl R TR T B
A A5 ) p A [ R A R R SR e S A
F1RY R Ay O R (U GCMC B ALL S 3] 45
IR 245 W B O T P LA T R S X R
e A9 R R A B o e A S = () R

Ne=Nou=V,p @)
N N, 53 1) hy o 785 W 5 R 46 o W o o
v, AR MR A AL p SR W B 5T 43 A 45 0 Ui
JERE ST E R, AR SCR A Peng-Robinson 77 2
TR AR SO B 45 SR 140 Ay 2 A A

CO, 1£ MIL-101(Cr) " W B £ 1) 7 552 75 325 1 =X
QR)FTR

0 Uiol]a_Uimra)

=R 1| Wt lo) @)
Aof R OZRHEAR SRR B, T R U, 2 5%
B, U 2 W BRE T 14 207 I BB B N2 4 W 199 437
AR

A8 1) 5 B 3 A R O RUR T R 2K

<AN, (r,r+Ar)>V

=" 3)

4mr ArN,N,
b r BET T j Z AR ES | <AN,(r, r+Ar)>
JE RS - B re Ar IR D58 FBLAS 5D 1Y A
P80, v R B ARARR N, N, GBI R R

Fo 2R T AR ALK FUTE RASPA #2742 bt 3545

gi(r)



1970 Jd Hl fk

#o% 4R %34 %

2 R AR E A H—EEHR 0.368 nm A5
F/INER | DA/INER 520 75 W B 551 1) 3 T VR Bl it 7 2R 1Y
FIEP ) AT He 2 FAE R IR T, FUIRE PR
W B N R AL SRR v 2 L Sk .
v _N kT, @
op
Kbk RN IR %G 2 R

3 HR5E

31 X S5T& M KRATH RIE(XRD)

MIL-101(Cr)#J XRD K 4ni&l 3 fros . M Hap
DL H MIL-101(Cr) fh M ) 32 ZERFAE 06 (20) 7 B 0
2.9° 3.4° 5.2° 8.5°F1 9.1°, H i Wi ¥ 5 SCHR PR
TR — 2, W& 1 T MIL-101(C).,

3.2 WHMERLS W

Kl 4a Ryl GCMC RIS 2/ MIL-101(Cr) 5
S BUME MIL-101(Cr) 7€ 298 K B2 B CO, 14 1 Bff
SR XTI, TR RT LA A S Ok Y MIL-
101(Cr)H1 MIL-101(Crr) Y W B 55 itk 2 i e S AH 7] | B
IS THE,CO, MW= TEZ A K # 4b
Shy Wi B 45 Ui 2k 1 R B e 7 AR AR L DAL R RT DL

80

(a)
[ —=— MIL-101(Cr)
60k —e— MIL-101(Cr)-ED
—A— MIL-101(Cr)-NH,

N_ /(cm*g™)
S
(=]

1 1 1 1 1
0 20 40 60 80 100
p/kPa

" 1 1 n 1 "
4 8 12 16 20
20/ (°)

K3 MIL-101(Cr) XRD K&
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Fig.4  Adsorption isotherms (a) and slopes of the adsorption isotherms dependence on pressure of CO, (b)
in MIL-101(Cr), MIL-101(Cr)-NH, and MIL-101(Cr)-ED at 298 K
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Fig.6  Equilibrium snapshots of CO, adsorbed at different pressures in MIL-101(Cr)-NH, and MIL-101(Cr)-ED
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Fig.7 Radial distribution functions of CO, and Cr, atoms (a), CO,and Cr, atoms (b), CO, and -NH, groups (c)
in MIL-101(Cr)-NH, at 298 K
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Fig.8 Radial distribution functions of CO, and Cr, atoms (a), CO, and Cr, atoms (b), CO, and -NH, groups (c)

in MIL-101(Cr)-ED at 298 K
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W ik 25 5 K T MIL-101(Cr)-ED H' MIL-101(Cr) 9%
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Table 3 Physical adsorption properties and adsorption site content of MIL-101(Cr),
MIL-101(Cr)-NH, and MIL-101(Cr)-ED

Pore volume /  Specific surface

Porosity

Content of unsaturated

Content of amine Content of total

(em?-g™) area / (m*+g™) Cr site / % (w/w) groups site / % (w/w)  adsorption site / % (w/w)
MIL-101(Cr) 0.810 1.848 3 364 15.263 0 15.263
MIL-101(Cr)-NH, 0.788 1.686 3180 14.317 5.8 20.117
MIL-101(Cr)-ED 0.728 1.467 3058 13.475 54 18.875

4 £
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RBEPEDL AT LAY CO, KAk W I, 32 T MIL-
101(Cr)-NH, 1 MIL-101(Cr)-ED X CO, W [} 75 i
W Bt 285 B2 3 A1 LR Y FEAIRIE B D0 R, €O, 5Bk
A AE AL 20 I T A v | B 2 S T R 3 R R B T
ATEE R AL R 5% B o A R R Y] 2
CO, 73 T W B T A AN Cry O ASBEE, THAS 2
FEMI A Cry BLA, Cry B2 CO, Z IR B AE
58T Cry (78, BERCE AR Cr A7 50 ED 015
P T MIL-101(Cx) " Cr, B W BFEAE A5 fif 45322358 43 %
CO, W fi s 55 | fiff MIL-101(Cr)-ED 1 MIL-101(Cr)

KA ) B BEE S B/ T MIL-101 (Cr)-NH, H (9
MIL-101(Cr), W B 14 J5 F0 e B A7 a5 7% & 26 B MIL-
101(Cr)-NH, & 47 5 2 (1 -NH, W B 057 55, Fo Ak 27 1
B 25 5 5 T MIL-101(Cr)-ED, 4% 35 W [k A1 £k 27 mg [
iy 3 6] 4 FH 5 30 CO, 78 MIL-101(Cr)-NH, H 9 12 B
AT MIL-101(Cr)-ED 5 b i >R B 425 0l
P T bR A BRSO Y O vk B
CO, M i 75 i, 3 S 5538 %5 F 4 J5 T et MIL-
101(Cr)$2 it T — & BB K45 | % MIL-101(Cr) i 5
CO, A—EMMFEX,

Supporting information is available at http://www.wjhxxb.cn
B3k .

[1] https://www.esrl.noaa.gov/gmd/ccgg/trends/full.html
[2] Desideri U, Paolucci A. Energy Convers. Manage., 1999,40
(18):1899-1915



1974 gl

e

#

E ¢

n2
¥

[3] Ma S, Zhou H C. Chem. Commun., 2010,46(1):44-53

[4] Czaja A U, Trukhan N, Muller U. Chem. Soc. Rev., 2009,38
(5):1284-1293

[5] Li Q L, Wang J P, Liu W C, et al. Inorg. Chem. Commun.,
2015,55:8-10

[6] XU Hong(¥F£1), TONG Min-Man(Z f2), WU Dong(% #5),
et al. Acta Phys.-Chim. Sin.(# 2.4 5 5 3R), 2015,31(1):41-
50

[7] JI Qing-Yan(Z= W), WANG Qian(F %), LI Hong-Xin(Z*
BEWTY, et al. Chinese J. Inorg. Chem.(RAUAL % 5 3R), 2017,
33(11):2031-2037

[8] Li H, Eddaoudi M, Groy T L, et al. J. Am. Chem. Soc., 1998,
120(33):8571-8572

[9] Bao Z B, Yu L, Ren Q L, et al. J. Colloid Interface Sci., 2011,
353(2):549-556

[10]Yang Q Y, Zhong C L, Chen J F. J. Phys. Chem. C, 2008,
112(5):1562-1569

[11]Babarao R, Jiang J. Langmuir, 2008,24(12):6270-6278

[12]Abid H R, Shang J, Ang H-M, et al. Int. J. Smart Nano
Mater., 2013,4(1):72-82

[13]Wang X R, Li H Q, Hou X J. J. Phys. Chem. C, 2012,116
(37):19814-19821

[14]ZHANG Fei-Fei(3k & K), SHANG Hua(i%#), YANG Jiang-
Feng(# [LU%), et al. Chinese J. Inorg. Chem.(F%ALAL % %
1), 2017,33(9):1611-1617

[15]GUO Jin-Tao(384: ¥ ), CHEN Yong(W&5), JING Yu(Jl4£E),
et al. Chem. J. Chinese Universities(# % F AL F F IR),

2012,33(4):668-672

[16]De Lange M F, Gutierrez-Sevillano J J, Hamad S, et al. J
Phys. Chem. C, 2013,117(15):7613-7622

[17]Chen Y F, Babarao R, Sandler S I, et al. Langmuir, 2010,26
(11):8743-8750

[18]Lin Y C, Yan Q J, Kong C L, et al. Sci. Rep., 2013,3(5):1859

[19]Jiang D, Keenan L L, Burrows A D, et al. Chem. Commun.,
2012,48(99):12053-12055

[20]Rappe A K, Casewit C J, Colwell K S, et al. J. Am. Chem.
Soc., 1992,114(25):10024-10035

[21]Potoff J J, Siepmann J I. AIChE J., 2001,47(7):1676-1682

[22]Perdew J P. Phys. B, 1991,172(1/2):1-6

[23]Dubbeldam D, Calero S, Ellis D E, et al. Mol. Simul., 2015,
42(2):81-101

[24]Dueren T, Millange F, Ferey G, et al. J. Phys. Chem. C,
2007,111(42):15350-15356

[25]Talu O, Myers A L. AIChE J., 2001,47(5):1160-1168

[26]Ferey G, Mellot-Draznieks C, Serre C, et al. Science, 2005,
309(5743):2040-2042

[27]Teo H W B, Chakraborty A, Kayal S. Appl. Therm. Eng.,
2017,110:891-900

[28]Huang X, Lu J F, Wang W L, et al. Appl. Surf. Sci., 2016,
371:307-313

[29]Babarao R, Jiang J. J. Am. Chem. Soc., 2009,131(32):11417-
11425

[30]Nalaparaju A, Babarao R, Zhao X S, et al. ACS Nano, 2009,3
(9):2563-2572



