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FEL LA TSR0 4 F T AR B 4y 10121,
TEAH R B 23 g 03140, RIS 10158 ] 5 . Lin 5507
fo A RR 5 A R G i T — P A I — 4 5L
TH 188 fk AL 4 s A MLAE 22 [Ca(C,0,)(H0)], 1E
(TS S N Y - L o Q= i | e
2.5 mmol/g #10.098 mmol/g. LiZEM8HRiE | A
sqc FA H 45 #  HIAM-402, 5 5L H R T 7 6%
W B 75 B9 B 133.3 emd/g, P /PR O 1 B AR,
B ¥ % 2 12 (Ideal Adsorption Solution Theory,
IAST) £ PE 1,43, IE4ER, 53 MOF 721§
T J 7 8 v R B HE B OO0 R A 2 8 P R (1) i
M. Zhang FEOHRGE [ UI0-67 £E % i H & T
XA RE S L H T I IR & 4 i o 8.18.
3.00. 0.45 mmol/g, M SLAUEHRGEREIR G
B 2 Jot TR I 147 TAST 328 5 M 29 31l ik 21 8 A1 65
Wang SO TE 7 M TN S Hh D0 5 IR TR e 1) -
C;N,@Zr-BPDC A1 Zr-BPYDC, % i ¥ JE N g-
C;N,@Zr-BPDC [1) A %t 45 & 114 8.79 mmol/g,
1Ml Zr-BPYDC X P %t/T8 M 11 TAST i 5 4 1A
F1.52,

XF MOF ] I 2% 45 ¥ #. 75 (Second Building
Units, SBU) #AT40# A G %, 7T LA —2
$E T+ MOF MR WL B 73 B 1t e o AR SO 451
Fa e HALIE Kk K Zr-TBAPy (NU-1000) 1F W
B 7N, i = 0% — I (TED) BUAX Zr-TBAPy
BB KAy T, AR B PR SR T AR 2
RS () BRIk P o 38 PR AR FH S A L X e
JE 1) C—HO--NO-# U B AEHT, 15 2R 55
21 g 1 — 2D 3 58 11 8 2 TED@Zr-TBAPy #4
BEo 25 A W Bt S 56 A 4> T BB 5T TED@Zr-
TBAPy M H 5t A IR Bt 2 Be FTR BE - PR /TR 6 43
B CWEICEE R, R HIRGTLER

2 SRIGERSY

2.1 XEEFNIRF

{X#5: BPI21S ks LK1, #8 [ Sartorius
AF]; DZF-6020 F25 T146, g5 ok 24X
AR AT ; KQ-500DE AL, EilimidH1x
WAMAA; 3-Flex &= W)ReR 2 WL, EH
F T EREG A F] s ASAP-2460 Lt 2 T AR AL B 4 #r
13, EEZE BRI A F): DS Advance 4= H 5l X
BHERATA, 15 [E Bruker A A s Vector33 fi HLiH-A%
P o1 AN GIEAY (FI-IR), 8 [ Bruker /A .

R EAbEE (99.5%) FKHR (99.5%). 1,
4- —ZBFMIN[2,2,2]F FE (TED, 98%), ikl
P T AR A IRA R 1,3,6,8-1Y (4-R2%%
) TE(98%), At E REBEHAIRAF; N,N-—
FEEHIT 2 (DMF) (48T 4li). iR ER IR (43 B4l
PIBR (99.5%), | ARCHEREIRM AR A A .

2.2 Zr-TBAPyHI#I%&

Zr-TBAPy I & Bl2Y: K & 1k 5 (70 mg,
0.30 mmol). 2K H & (2700 mg, 22 mmol) Fl
DMF (8 mL) I NI HT, #7530 min {fH 5
WM. KRPRE T 80 °)CHHIE 1 h, Wi =
FEIIFIMAL,3,6,8- VU (4- 52 5 7K) EE (40 mg,
0.06 mmol), #4720 min 5 120 °C1Ei7 48 h, i
JEAF R Zr-TBAPy.

Zr-TBAPy [P35 4022 A 1) 7= #1120 78
DMF (12 mL) 18 (8 mol/L, 0.5 mL) HI7E &
Wh, BT 100 cCHYEIGAE 24 he FH DMF
FITIEA - BE2 %, FHNENRIE12 h, HEEHE =
YIFE 120 °CHZ T8 6 h, 155 Ze-TBAPy W 5.
2.3 TED@Zr-TBAPy B4

il % Zr-TBAPy I 55 — &, ¥4 TED i i 3
DMF HiE 75 ik, J5 405 SRR IE 1f) Zr-TBAPy
Hil %D —8 . Hb, TED MR IN&ED 5k
225, 150+ 11.3F17.5mg, 43 HlbRic A TED, @Zr-
TBAPy. TED,;@Zr-TBAPy.TED,,@Zr-TBAPy.
TED,s@Zr-TBAPy (TED 5i& {5 Zr, i AN FIfL
MR 0 10 2030 1: 20 1:3).
24 WikFE

1 F} Bruker D8 Advance X 5 £& 7 54 3 47
AR X ZATHRAE, K CuKa 4k, JGEH
JE 940 kV, HLJi 40 mA. f# H Bruker Vector33
B0 3K AN 3 AT (B b AR 4 41 A8 )% 1 (Fourier-
Transform Infrared Spectroscopy, FT-IR) % fif .
{§i F§ Micrometrics ASAP 2460 Lt 3 1H 2 Fl 5L
BRE A M &2 77 K FRIN, S5 2k . A
Micromeritics 3-Flex 4= H /)3 [H 43 BT A3 344 4}
E298 K FHIGe. LKy LM TABEA TR i
(IR
2.5 SFEMAE

TR g . Af ] Planas SER TE ) Zr-
TBAPy fi k454, XF SBU fk 22 45 #y 3k 4Tt 4k
Fl TED ¥ #e fic Az 76 Zr £ 1K 2 7, 15 5
TED@Zr-TBAPy )45 %4 .
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WY B ik FEAR AL, . H Materials Studio 2017 [
Forcite 152 8 4 45 14 85 84 A0 4k 22 g & (K, H
Adsorption Locator %% £ 1 5 W B A4 7Y 1 fg & .
{81 H UFF 3 FH 7150 R B A i B g I, fd
F QEq V5 ik i SR 7 Higig o SR 1031720 A
1004650, e, 201. NJI. LRSS 4y T

5 B N 2x10°° keal/mol. 0.001 kcal-mol-'+ A-l.
0.001 GPa. 1x10° A. WP AE Eq i ARH ' '
E4s= Erigia + E et (D ‘

X ) H ErigiﬁaﬂlJ‘r%\ﬁ}-;@@ﬂ& B 3k 2 R | R e L B
e s E defj’g W 93 T AR AL R A 45 ) st R I Figure 1 Definition of pore parameters in molecular
FIANMIRER AR simulation.

FLIE S5 . AE Zeo ™ HERPFROFLAZ R AE
A4 1.86 A BOHREF (N Sr b dLigg  HOE 5 i TED@ZeTBAPy 7 5.1°, 7.4°,
JUTE R, A R R RILEEA (Gep), 3L 102°INAA 5 Ze-TBAPy AL RS GiE 16, 3t ]
FisHE B B 4% (PLD) R K AL B 4% (LCD), a1 TED@Zr-TBAPy #K | Ze-TBAPy ) i fh 25 f

B 1. H TED A4 [H#% TED@Zr-TBAPy i fi 4 AH 1 2E
K. E2(b) thi 1 2 M RHERNE 25 (FHXHE

NN
3 £RSE 1 2459 50%) HHHCE -4 BLS HI XRD &, ik
3.1 EikLE ERB R R U, W TED@Zr-TBAPy H A #

—
5

=
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=
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Intensity +Constant (a.u.)

2 (a) oK) Ze-TBAPy AT I 5 s kie) @R TRE 1
TED, ,@Zr-TBAPy
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mf
1/3
2 Zr-TBAPy M TED@Zr-TBAPy [f) XRD &l: (a) A~ [F] TED 41 £k i) XRD K; (b) TED, ;@Zr-TBAPy il & -4 ) XRD [&] .
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Figure 2 The XRD patterns of Zr-TBAPy and TED@Zr-TBAPy: (a) XRD patterns of different TED addition amounts;

\ |\ TED,,@Zr-TBAPy
5 10 15 5 10 5
(b) XRD image of TED, ;@ Zr TBAPy placed for six months.

3.2 PR 3.3 ERE
K3 (a) £W, fE298 K. 1bar F, *4TED K 4 %75, TED,;@Zr-TBAPy [AlIf B A Zr-

U E N 130, Ze-TBAPy (WA =A% TBAPy 1 TED 4L 4R 3006, 3 B TED # &
KPETt BN s —emitm. Wik,  Zh5 A TED,;@Zr-TBAPy &5 . Hrp, X+
J& 8 A%t TED, ,@Zr-TBAPy #H 47 3F— L (I fE TED,;@Zr-TBAPy, 1425, 1529. 1602, 1699 cm™' >k
ST FIPLERER 7T, B3 (b) B, Zr-TBAPy BA H Zr-TBAPy 1 [l 2K I 4R B I . b 4h, TED fE
PIRE/ IR . e/ LG EBE DL IR 1680 cm &b ) C—N R 2/ 7E TED, 5@ Zr-TBAPy
Rt/ O/ iR a A BtERt. UTED fidE  FRAETAR, U C—NEMEEETED, ,@Zr-
N3, HAME T EME, Ze-TBAPy Ak TBAPy HH#iHISS, XIRAAEZ HH Zr 5 TED [ RC
LS ZhE R B B o0 B i T 2.9% 5.7%. AR 5l . BCALAE A AT LAE TED 7£ £LiE
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3 (a) 298 K. 1 bar %44 Zr-TABPy 1 TED@Zr-TBAPy 5} A e FH A 4 B [ 2:; (b) 298 KK Zr-TBAPy Fll
TED, ;@Zr-TBAPy [{JW ff 25 28 .
Figure 3 (a) C;Hg and C;H, adsorption amount column diagrams of Zr-TBAPy and TED@Zr-TBAPy at 298 K and 1 bar;
(b) Adsorption isotherms of Zr-TBAPy and TED, ;@Zr-TBAPy at 298 K.
®: C;H; (TED, ;@Zr-TBAPy); O: C;H¢ (TED, ;@Zr-TBAPy); ll: C3Hg (Zr-TBAPy); [1: C3H, (Zr-TBAPy); *: C,Hy (TED, s@Zr-TBAPy);
¥¢: C,H, (TED, ;@Zr-TBAPY); A: C,Hy (Zr-TBAPy); A: C,H, (Zr-TBAPy); ®: CH, (TED, ;@Zr-TBAPy); <: CH, (Zr-TBAPy).

TED, ,@Zr-TBAPy

Tl
"
;\/""W

2400 1600 800 0
Wavenumber/cm™!

4 TED,;@Zr-TBAPy 1 Zr-TBAPy [ FT-IR Y& i .
Figure 4 The FT-IR spectra of TED,;@Zr-TBAPy
and Zr-TBAPy.
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REIEAM L R T RFLAE R BRI (R,
RRVELREIE, I35 BRI M g J9 A5 K L
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34 FLiEgH

N, 2505 28 [R i 2 T () ATV (a) BRI 2610
FHIE, N, W B & AE AR H 7754 0.00~0.02 FI 3
WPRIRIE N, FFAEADN R 09 0.2~0.3 I IR 1
H2 (b) B[R ER, U B 3 3 B RIE B AL 45
RN FLEE R . REJEE N, TED,;@Zr-TBAPy
(RS W B B EE Ze-TBAPy 9 n B %, i B
TED,s@Zr-TBAPy B A5 5 KA I fLfLi&, TED
5l NG 08 7 LI PRI . B S (b) 3R B
TED,,@Zr-TBAPy #1 Zt-TBAPy f{1 L4243 Aii 4 i
11 Af127 A, " TED,;@Zr-TBAPy t 2. 45 Zr-
TBAPy K&k K fLiE &5 M . H 2, TED,@Zr-
TBAPy LA 2N 74T, SSRU I O AE H A
SBU St MM K A HRER7,  3xX 32 BLH KT TED
()51 NG KT LA (%) 2 T RE A R R R 338 B A
M. #1875, TED,;@Zr-TBAPy [] BET L3 [
TN 1568 m¥g, Lt Zr-TBAPy &7} T 51.5%; L%

5(a) 7N, TED,;@Zr-TBAPy fllZr-TBAPy  N0.92cm’/g, EMEHET T 37.3%.
@ 800 - b, 5[ —s—Zr-TBAPy
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Figure 5 (a) The N, curves and (b) pore size distribution of Zr-TBAPy and TED, s;@Zr-TBAPy.
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F1 W BET HERHIFAFIFLA .

Tablel BET surface area and pore volume of the adsorbents.

LA/ (cm?-g)

B A 751 BET HLR I A/(m*g'!)
Vt Vmicro Vmeso
Zr-TBAPy 1035 0.67 0.17 0.50
TED, ;@Zr-TBAPy 1568 0.92 0.18 0.74

3.5 TAST M
{5 FH XUAL 5 DSLF #2784 (72 2) %o 45 i 2k 3k
TIA, HH Myers ZER8 1) TAST 11 55 0% it ik %

P, HEARN
blp“l n bzp“2 (2)

q_qm,l 1+b1p"‘ qm,zl_i_bzpn2

e g s W BRI ST 4 U B B, mmol/g;;
Gon TN BT A5 OB ANIR 25 5, mmol/g; by
FORBLIT i IZER R EG mRoR LB i AR 5]
T ZE. F£25H T DSLF R HIA S5 K
FHR RHL

&2 DSLFEMIULESHA R R HL.

Table 2 The fitting parameters of DSLF model and the corresponding correlation coefficients.

- Zr-TBAPy TED, ;@Zr-TBAPy
C;H, C,H C,H C.H, C,H, C,H C,H C,H, CH,
G 9.64 9.06 13.92 13.04 13.85 15.74 17.68 12.99 2.47
b, 0.0037  0.0037  0.0018  0.0025 0.0016 0.0017  0.0016  0.0017  0.0019  0.0019
n 0.96 0.96 0.99 1.04 0.97 0.99 0.98 0.99 0.99
I 3.52 3.62 0.26 0.053  0.0039  4.94 437 0.56 0.23  0.00017
b, 0.068  0.044  0.034 00027 0034  0.056 0.043 0.030  0.035 0.035
1y 0.94 0.89 1.01 0.99 1.01 0.97 0.99 1.01 1.00
R 0.9999 09999 09999 09999  0.9999 09999 09999  0.9999  0.9999  0.9999

K6 (a) fil (b) %W, TED,;@Zr-TBAPy %}
S 5 PR D S D N 28 L TR R e 1
PESr 5N 1.32 F111.49, L Zr-TBAPy 4 B4 1
15.7% f13.5%. K6 (c) fl (d) &M, TED,;@Zr-
TBAPy %454 51 1) & 8 e/ TR e A e/ FR e TR &
SRR 2 ) 287 AT 14, b Zr-TBAPy 43 53l
P T 116%A119.7%.

K 7 b T TED,@Zr-TBAPy 5 £ ) i Y
F AR B 7] (4 UPC-98129),  JUC-100830), JUC-
10380, JUC-1065%, LIFM-ZZ-181, MIL-142AB2],
Ui0-671"9,  PCN-22431,  JLU-Liu734, JLU-
Liul5B5),  JLU-Liu22B¢, Ui0-6657, RT-MIL-
100(Fe) 381, MOF-30383%, MIL-16083%, UTSA-
35201, PAF-40-Mn“, PAF-40-Fel*!l, Ni(TMBDC)
(DABCO)ys42, DUT-52B71,  JUC-2201431, FJI-
C1441, MFM-202alsl) 5 P J5/ F e A1 2. J/ PR J
(R B 43 B 1 e . TED,s@Zr-TBAPy X P ¢/ FH
Jt F1 0 He/ H Qe 1R P B 2 B 9 AR 15.9 T8,
AL Ze-TBAPy #2155 1 13.0% 1 15.2%, 1 H.

I K % % RS (1 MOF W B 7], ZEAR BRI 2>
BN B R T .
3.6 5 FiERL

WK 8 (a) fME S (b) i, WHIE Zr-
TBAPy Al TED,,@Zr-TBAPy fL i H 5 & 78
W B A7 s R BE S 3l 5.5 AR 49 A, ] L
TED,;@Zr-TBAPy %} N %t W B /E F o 5 .
K8 (c) &<, TED,;@Zr-TBAPy X £ F fik fix
P [ B8 B 5 Ze-TBAPy AH HL ¥ A 1 3m, —
J7 18, TED B 51 N AL A b ) B 5 W B A7 A
B SR A7 A8 9 TED AR 7, Rl 2 1%
Gy R PEAL S, JE & R 5 ke C—H 8 ¥ ik
C—H¥ - N FLAE FH (1 2% 5 il 47 o 57
—7Jj T, TED 7 ¥ A& B A B A AR,
% 3 £ W TED,;@Zr-TBAPy £ f fLiEZ ¥ 5
Zr-TBAPy #H EL ¥ A W 4. mT WL, TED 5] A
ANAN 38 58 T FL A X bR AR, i —
A0 38 It L 38 PR 0T 3% 3 B P IR B AL o gk AT
T A 54



152 [ S (= R 2024 4F

(@ 1.40 (b) 151 °

1.35 1.50 %,

< \'\\A

2 1.30 1 2 1494 cosete
Z 2
E=] = 1.48
S 1.25 1 3 8
% 120 ¥ 2 L7
= o 1.46 -
J s $) —e—TED, @Zr-TBAPy
= o 1454 ——Zr-TBAPy
JLI10 144

1.05 - —e— TED, ,@Zr-TBAPy 143

—»— Zr-TBAPy
1.00 1= T r : : : 1.42 T T T T T T
0 20 40 60 80 100 0 20 40 60 80 100
Pressure/kPa Pressure/kPa
c d
(©) 300 4 (d) N .
.9 .9
d )
2 250 o = &
E o = &
k31 o° st 13 4 o
2 o > o
o 200 A o° ) o°
m« .... Q .0.
jan) m" | o°
© 150 - ,.0". o 12 o
o o o ° o
1, =) o

3 o \. o

100 + 114 ‘.J

»
s —e— TED, ,@Zr-TBAPy —e—TED, ,@Zr-TBAPy
] —>— Zr-TBAPy 10 —>— Zr-TBAPy
6 2b 4'0 eb 8I0 160 0 20 40 60 80 100
Pressure/kPa Pressure/kPa

6 Zr-TBAPy #l TED, ;@Zr-TBAPy 7£ 298 K ' I IAST 1% 1% (a) C;Hy/C5Hg; (b) C,H/C,H,; (¢) C3Hy/CH,; (d) C,Hy/CH,,
Figure 6 IAST selectivity of Zr-TBAPy and TED, 5@Zr-TBAPYy to (a) C;Hg/C;Hg, (b) C,H¢/C,H,, (c) C3Hg/CH,,
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Figure 7 The comparison of the reported adsorbents for (a) C,Hg/CH, and (b) C;Hg/CH, uptake ratio against C,Hg
and C;Hg uptake.

A SCHEH T HR i MOF W B 7 B 42 20 25
PE e 1 I gk 45 46 B o0 I 4% SR g, A TED BUAR
Zr-TBAPy 7 SBU fit. £ (1 /K 40 7, il % Hi Xt
C1~C3 bt Ja M Jee H AT 5 i W B 70 5 418 e 1 o 2
W Bt 75 TED,,@Zr-TBAPy. #l B #f 5% % B ,
TED [n] MOF fLi& A 5| A\ T W 5 2 B8 ¥ il C—

HO*-- NS5 FL A FH 0T W B A7 55, I [R] L 1E
PRI 1F F B Ak T 0k B R OB Ay B M RE .
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Figure 8 Simulated C;Hg adsorption site in (a) Zr-TBAPy, (b) TED,;@Zr-TBAPYy, (c) adsorption energy of gases on Zr-

TBAPy and TED, ;@Zr-TBAPy.
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Pore Confinement Enhancing Strategy and Light Hydrocarbon Adsorptive

Separation Performance of Zirconium-Based MOF
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GUO Zi-yang!, LI Zhong', ZHOU Xin'*
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Abstract Recovering C2/C3 hydrocarbon components from natural gas and separating ethylene/ethane and

propylene/propane are of significant industrial value. Adsorptive separation technology can efficiently separate
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hydrocarbons at ambient condition. The adsorption separation performance of MOF can be improved by
regulating its secondary building unit (SBU) to construct the pore confinement, which enhances alkaline
microenvironment with new adsorptive sites. In this work, TED@Zr-TBAPy adsorbents with higher alkane
adsorption capacity and selectivity were prepared by replacing the water molecules from the SBU of Zr-TBAPy
with triethylenediamine (TED). Among them, TED, s;@Zr-TBAPy showed the preferential adsorption for alkane,
with the IAST selectivity of 1.32 and 1.49 for propane/propylene and ethane/ethylene, respectively, which were
15.7% and 3.5% higher than that of Zr-TBAPy. Besides, the IAST selectivity for propane/methane and ethane/
methane under normal temperature and pressure reached 287 and 14, respectively, which were 116% and 19.7%
higher than Zr-TBAPy, respectively, surpassing most adsorbents in literature. Mechanistic studies showed that the
TED enhanced the pore confinement effect and introduced new alkaline adsorption site, which synergistically
promoted the C—H?%"---N?® electrostatic interaction between alkane adsorbate and adsorbent’s pore, thereby
improving the selective adsorption mechanism for light hydrocarbons. This work demonstrated a feasible and
general strategy to enhance the adsorptive performance of MOF adsorbents for the separation and purification of
light hydrocarbons.

Keywords Alkane selectivity, Metal-organic framework, SBU-tuning, Adsorption, Light hydrocarbons
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