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Abstract '*’Cs has the strong radioactivity and long half-life. In the event of leaking, it will pose a great danger to human
health and the environment. The effective removal of *’Cs™ from complex radioactive waste streams remains a challenge
due to its high solubility, easy migration and the influence of interfering ions in the waste streams. In this study, two new
three-dimensional microporous lanthanide metal-organic framework compounds (Me,NH,)os(H30)025NagsLn(OH)(stp)e
0.25H,0 (FJSM-LnMOF; Ln=Eu, Tb; H3stp=2-sulfonic acid terephthalic acid) are synthesized by the solvothermal meth-
od, which have the good water stability and acid-base resistance. The adsorption performance of FJSM-LnMOFs for Cs™ are
tested with solid-liquid ratio of 1 : 1 under stirring at room temperature for 8 h. The adsorption kinetics of FJSM-EuMOF for
Cs' are tested with low-concentration Cs' solution. FISM-LnMOFs show fast kinetics and high adsorption capacities of
Cs” ions (the maximum adsorption capacities ¢,"° of FISM-EuMOF and FISM-TbMOF are 229.25 and 211.28 mg/g, re-
spectively). They have good selectivity for Cs* ions (K& value up to 2.18 X 10° mL/g). Even in the presence of interfering
Na*, K, Mg?", Ca®" ions, they still show selective adsorption performance for Cs" ions. Impressively, we successfully
obtain the single crystal structure of Cs'-absorbed product by soaking FJSM-EuMOF crystals in 20,000 mg/L Cs* solution,
which confirms that the adsorption mechanism of Cs” ions is ion exchange by the means of single crystal structure analysis
combined with various characterization methods including X-ray photoelectron spectroscopy (XPS), infrared spectroscopy
(IR), energy dispersion spectrum (EDS), elemental analysis (EA). The results indicate that the highly efficient Cs™ adsorp-
tion of FISM-LnMOF mainly originates from the strong interactions between COO and SO; functional
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groups from organic ligands and Cs™ ions, and the presence of easily exchangeable [Me,NH,]" cations and [H;0]" located
in the channels. This work indicates the potential application of lanthanide metal-organic frameworks in the remediation of

radioactive cesium.

Keywords lanthanide-organic framework; crystal structure; removal of cesium; adsorption mechanism; ion exchange; ki-

netics; adsorption capacity; selectivity

]l

1 5l

BEE % RE R PR R R, U YRR A b B A
B9 — AR kR, PTCs i PSU A e, R
Fbr 32 BRI P B R R R AT A AR
ME, FHEMLN 3024, BERH BREI y $2&P). Z%
BERAREERH L VCs BT R, AR,
HOERE R RAETE, HAGRENEDTE, A
NRJG EBEERTENIA S, RN RS, 51 R E%E
W, W NS R fE E AR YCs it = ks b
ML RS R R A ) R, MRS e
BRI ARR PCs HAT EEILEE L.

H AT RBRR T Cs" B PRI R BEA WL, %
PRI [iBiE R PRI TAs k) 51
LHAE R . AR RBCR E, B2 R 25k
HEPLH RO ARE B TR AR R E AR AU, B
IR RO B AT et AR AR gl R R AR
LA WX S b kb Cs™ 8 7 25 BRAT SR 77 75 T b 33 %
18 IR 22 55 ) L.

& RAVAHELEMOR) AW — R F M2 LI
REM B, 7R SR HEASE 7 T R I H AR
SEHPERE BT MOFs (4s 5. ar s LB
FEREER Z RSN S, OOV —RIRA RIERT S £
Fa B PR B T B A REOS H T, E A #RiE MOFs 2
BB EAZ R T FT, 1 UiO-66-COOH 38 i W i vg: 2=
B Th* 124, HKUST-1 ] LAWK fff UO3™ ), MOR-2 ] LAt
i B AR k2 8 ReOy 045 U J L4514 MOFs i
Tk EGR CTE TP R, W Sz-619
MIL-101-SO;H?7#1 FISM-InMOF' 2144

BAT A/ NATEIR R A —4E(2D) ZIRE = 4E(3D)
TAFLAE 2 1D B B 7 22 b ) 25 Bk TS S 12 28 - T X
BT RIE TR, RATR I, BIES FHELE A ZE 1A
BUALIE PO B B TR B A R R T
YRR, 8 F A HLE (N [Me,NH, ] F[MeNH;] )%
S A R BH T 4R LA O S S T T A e
AED33-371 AW 5t b B [Me,NH, ] A 9 45 74 5 1 771
(SDA)IFE TG A T P[RR 1) = 4 FL B R & s - AL
HE LA & H)(MeaNH,)o 5(H30) 25Nag 2sLn(OH)(stp)e
0.25H,0 (Ln=Eu, Tb; Histp=2-fEZ 3L X 7K — IR, iy
%K FISM-LnMOF). ‘EA TR A & /K FR e A — 2 1
i BB, AT DAZESRETE ) pH YEFE (pH=3~10.9) N {#FF
sEffasE Fma LR s, HFAAE Na', K, Mg,
Ca® ST FIAAE T X Cs' B ik Lpk.
IE HL R GER TR X SR BT RERE(XPS) . FIH R

Acta Chim. Sinica 2022, 80, 640—646

© 2022 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

AEE (OHUE(EDS) JGEHT(EA). ZLAMIR)EE 2 PR AL
TNFEVE S AL A YIxT Cs B T2 HLFE A Cs™ 5B
BT HE SR LI TR LT B T [MeoNH, ] A [H;0] 1 158
.

2 HR5WR
21 SR
2.1.1 FISM-LaMOF #2545 5 % 42

FISM-LnMOF 1] DLisE e 745 . — % B4 5 [ 77 34
A (A 1a), 3B PXRD X UGN TSRS L &9 R
AiAH(E 1b. SZHEEE S2). LA FISM-EuMOF Al
Y5> BT FT IR A DI d AR 4584 . FISM-EuMOF (1) 5L X
FHERATHEHEAE 100 K T SuperNova E U BT BT
S _EFE (Mo Ka, A=0.071073 nm). FISM-EuMOF [f]
p RS BN RE B3 ST FR, #ast K M HuE
WHFHEER S2, AH MK, MAWFEER S3
Fiw. B XS R AT S AT R EAGC RS B3R
S5)ffiE FISM-EuMOF 153 3N (MeaNH, ) 5(H30)0.25-
NagosLn(OH)(stp)*0.25H,0, # & 4 #r (TGA) £ W]
FISM-EuMOF # FISM-TbMOF 7£ 20~300 °C 2 [f] 4 5]
RH 5.14%7F1 5.39%, %Rk E LT 0.25 /> Hy0, 0.25
A H;0 A 0.5 4N[Me,NH,] (K B CLEE BB S3a,
S3b). I A X FLEATH(PXRD)(GLRHE B S2) A1 &
Ji1 2 H06] EE A i€ FISM-EuMOF 11 FISM-TbMOF Jy [ #)
WA YI(FISM-TbMOF K24 @=1.8011(11) nm, b
=1.8019(11) nm, ¢=0.8489(6) nm, a=p=y=90°, V=
2.755(3) nm’, I #T).

FISM-EuMOF J&Y 7 &, BN -4, 2 HEc
1 stp® A OH &z Bu' ' B T R = 4ERL LA 55 7 HE
2 1c). HAMMEITTAE A B B . 025
Na'®F, —4 stp’ Wik, —4 OH . 0.5 4
[Me,NH,] "+ 0.25 > HO Al 0.25 AN itk 73§ G E
B Sla). Ev* B 15 )\ AR R K[ EuOg I8 A
Hth 0+ A CCRE BB S1b), Hdr YA R 4
R E T stp® Fofk LRI, —ANEETRE
stp’ FiAk BRI E, AAA=EAERTRA T =4
OH , Eu—O [ K 1E 0.2351(6)~0.2462(6) nm []. Na*
B RBONEAL, B R R E A stp® Btk i
BRIECLRHE R Sle). B4 stp” Bk 504 Eu’' 8
FHI—A Na" B s, HP®RE 0()5 02) 4 lik
B BT, BRI 03)5 O@)H43 R -1 24
EE—A BCTE TR Na' BT, 5 04)EEN
Eu’ "B 7[RI SRR _ER o)A S1d). HIARH

http://sioc-journal.cn 641



R F F R

V9N [EuOg] 25 A4 o el 18 77 OB U A% 1K) Bu-S%
B IC(CAE[Eu) Bot, B le). [Eug)Brciliid stp’ AofAkiE
B RIRE ¢ FaE ) —4EE, Na 8k /e DUk A% E)
(B 1), —defEdt—Pimid stp® e M B2 i i = 4
[Nag2sLn(OH)(stp)]," "™ B &5 FHESL. HI N,N-—FIEE
I i (DMF) 5 771 43 1 75 V5 770 2 1 26 A0 1 0 i TR R Ir) —
2 BH 25 7 ([MeoNH, 1 OPHRITK & S0 7 ([H;01 O 1E A
PO BH = F A1 S A% K 2 AL T HEZE N U3 ¢ by Tl 3
EH
2.1.2 FJSM-LnMOF-Cs #9454 5 % &

B Z, BATIEIRTS T FISM-EuMOF Wt Cs™ &
T Ja PA I B 45 R4 (FTISM-EuMOF-Cs). FISM-EuMOF
W ARSI S IR EE Cs VA W(4000 mg/L, 10 h Ffhi)
)G A ARFEALE 1a), AR IR Q20000
mg/L, 12 h)JEfKIH A DLER+F df A&, b ol
FISM-EuMOF B RIFHKFREM. W 1b FISCRHE
BB S2 Fiow, 22#e Cs BT a1 PXRD 55161
FISM-EuMOF 3R —5, 1 B 28 3 i J5 A 2R 465 14 £
R, MR BA S5 RCCRHE B3R SO N & &
/INTF0.3%, AT LLIESE, [MeoNH, ] Ct 52 a8 e, 4545
i 25 KRR AT AT LA FISM-EuMOF-Cs (458 5N
Cso.7sNagsEu)(OH(stp)*2H,0, 4iknm K 1d fis.
TGA £ W] FISM-EuMOF-Cs #1 FISM-TbMOF-Cs £ 20~
300 ‘CZIA1 50 AR E 10.25%F1 10.16%, K w72k <4544
12 4 H,O #1 1 A~ OH MR ECGLHHE B & S3a, S3b).

B X R AT B S5 84 3 BT B 7R FISM-EuMOF-Cs 1)
TRFF -4 ZSIEHE, HERRSE o WK E B EGLEY)
) 0.85000(7) nm Z& 5 % 0.83968(7) nm. Cs 54 2 &8
“AHVEZE A HLEAAR COO F1SO5 B it 1+ i %
fi. FISM-EuMOF-Cs 5847 Eu’' Fl Na' &7 1B 5
R RN, H stp’ Bk RIRLA T R A T2k, W
YRS BB SIFFTR, B stp’ BAAAE R FrE A FLAL
A R B RN Cs BT OEE .
FISM-EUMOF-Cs #' [f]  O(1), O@2) 1 0O(6) H
FISM-EuMOF " [fss, 1 Ay BEREAE 3 028 My, a5
Flpy B, IR MGAE Y F, BERR I b A7 70 R B AL 1)
OB O(7), BEWLI Cs' B 125, 05 O(7)¥5
Cs" B THEAER. Cs B FIEGM PG/ A e AL
H_ I Cs(1), Cs(1B), Cs(2)F1 Cs(2B), H 5H K55 N
0.36, 0.105, 0.25 A1 0.14. Cs(1)3H i 52 I Afif iz E 114
JRT5 44 stp’ BARAIELAER, T Cs)NA5 3 4 stp’™
Be A A EAF . {E FISM-EuMOF-Cs 1, Cs™ & 747 T
[Nag,sLn(OH)(stp)],>"" B &5 T HE 22 py FL3E b, HLPBA B8
THELEHT ¢ #7711 FLAE N B 5 4B FISM-EuMOF {6 &4
O 0.57297 nmX0.57297 nm 4 /N A 0.56737
nmX0.56737 nm. K2, IXEE G5 R A543 BT iR I L IE S
7 FISM-EuMOF fEWBt Cs' i AR T 7 i B 45 4
ARG, WO R BE R B T FISM-EuMOF

642 http://sioc-journal.cn

© 2022 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

B Cs" BT HOHLE i T A e LA

b FUSM-EUMOF-Cs|
JTTBVETY T e

Simulated FJSM-EUMOF-Cs

—_
~

T W T U
FJSM-EuMOF

Simulated FISM-EUMOF

Relative Intensity

B 1 (a) FJSM-EuMOF #1 FJSM-EuMOF-Cs ¥ KA G EIE . (b)
FISM-EuMOF }% FISM-EuMOF-Cs 130 F1 525 PXRD K. (c)
FISM-EuMOF ¥ ¢ %l 77 [7) (1) = 4E 544 1. (d) FISM-EuMOF-Cs ¥ ¢ i
T = 4E 45/ . (e) FISM-EuMOF H ffI[Eu ] ¥ 7C. (f) [Euy] 708
T stp® BRACSEBIY BNV ¢ B e 1Y) — 4t

Figure 1 (a) Photographs of FISM-EuMOF and FJSM-EuMOF-Cs
powders and crystals. (b) Simulated and experimental PXRD patterns of
FISM-EuMOF and FISM-EuMOF-Cs. (¢) Three-dimensional structure of
FISM-EuMOF along the c-axis direction. (d) Three-dimensional structure
of FJSM-EuMOF-Cs along the c-axis direction. (¢) The [Eus] unit in
FISM-EuMOF. (f) A one-dimensional chain along the ¢ axis formed by
interlinking [Eu,] units via stp®~ ligands
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Figure 2 (a) Kinetics of FISM-EuMOF for Cs* absorption plotted as C (mg/L) (black line) and R (%) (blue line) vs. the time # (min). (b) The fitting
results with pseudo-second-order kinetic model for the Cs™ absorption kinetics of FISM-EuMOF. Adsorption isotherms of FJISM-EuMOF (c) and

FISM-TbMOF (d) for Cs™ fitted by Langmuir (blue line), Langmuir-Freundlich (red line) and Freundlich models (black line)
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http://sioc-journal.cn 643



RIE

(@) ) - 70

KC(mLg™)

B
2 62 o2 4% & &7 o 9P

pH
(c)
) [ Solution 1
1077 I solution 2
o
|
£
8,
X
102..

Na* K* Mg?* Ca?* Cs*

(b) B K Cs ke

180:1 383:1 802:1
Na/Cs molar ratio

6:1 55:1

(d)

501
404
301

RI%

204
101

0 L]
Na* K*

I

M92+ Ca2* Cs*

B 3 (a) FISM-EuMOF 7ERFAWILE pH H NI KSR REGEE). (b) AN Na/Cs ¥ = B4l N, FISM-EuMOF ) K1 KM, (c)
FISM-EuMOF £ A 7 1 AR 2 TR I #2571 K. (d) 7EVRIN Cs™ 11 I 2koK T FISM-EuMOF WP % 8 71 R

Figure 3 (a) K, (column) and R (line chart) values of FJSM-EuMOF at various initial pH values. (b) K; and K** of FISM-EuMOF under the differ-
ent molar ratios of Na/Cs. (¢) K4 of FJISM-EuMOF for various metal ions in the solution 1 and solution 2. (d) R values of metal ion adsorbed by

FISM-EuMOF in tap water spiked with Cs"
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Qb BN H Cs 3ds;, AT Cs 3ds, FRAEIECZHFE B Bl S6d), T
P TE 402 eV LA TN s RRAEUETH GRS B B Sée,
K S6n2Y. X ELHL RN, Cs it B A B ok A
T FISM-LaMOF fig5krh, RN FEREE [Me,NH,] B
FF. LA G HR Al DL B 3 FISM-EuMOF-Cs Al

644 http://sioc-journal.cn

© 2022 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

FJSM-TbMOF-Cs 7E 3061 cm ' 4bf) N—H #REhIEM
2729 em ' AbH) C—H PRENIEH RCLFHE R STa, B
S7b), X 1 B [Me,NH,] 4 56 A A . [R] B 5. &t 45 440 11
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MEZE E COO M1 SO; BREBMEAIMEM. &2,
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BT LATE 60 min ik 250 /% P45, 758 pH (3~11.8)
V0 B A B O AN B2 5200 5], FISM-EuMOF A
DIEFHE T (Na', K', Mg?", Ca® )it BAEERIEIL T,
HARTT DA B E L 5 B Cs B 1. UbAh, i L ah
fi#hT, EDS, XPS, IR ZEHAFIFSE T FISM-LnMOF W% B
Cs B FIIHLE A [Me,NH, ] FI[H;0] " 5 Cs " 2 [A] 1 &5 ¥
. XITAE 9 T MOFs B 158 bt LU T
TR P B i Je s R T A 4.
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Figure 4 (a) The elemental distribution mappings of FISM-EuMOF-Cs. (b) XPS spectra of FISM-EuMOF before and after Cs” adsorption. (c) XPS of

cesium for FJSM-EuMOF-Cs

4 SLIGERGY
4.1 FJSM-LnMOF B9l

¥ 0.1 mmol Eu(NO3);¢5H,0, 0.2 mmol X Z& - FIig-
2-TilifR AN, 8 mL DMF F1 2 mL 7KJ#N 28 mL 45902 4 4
AN N ZE T, 75150 CZ&HE T4 d, 24 h A3
FiR. RGP KB GE BRI, 152106
FoR A (FISM-LaMOF) 0.0290 g, LA Eu =% K
64.4%.

F B3R 57326 Eu(NO;)3+5H,0 #:4 Th(NOs)325H,0
Al LATE 2] FISM-TbMOF TGt AR db A 0.0310 g, PL Tb
THE =% K 67.8%.
4.2 WRBHMERESILE

W B Sz 6 A FH B S 0 Vb AT . Cs il it
¥ —E 'MW CsCl EMAEEAKFHI&K. B 50 mL
5000 mg/L (¥ Cs" WA 100 mg WHEE S FISM-
EuMOF 53 FISM-TbMOF #; K, = T8 h, &
REVBORFE M, KEBXBRTE, 53 FISM-
EuMOF-Cs 5{ FJSM-TbMOF-Cs #} & . ¥ 10 mg
FISM-EuMOF /A FE i Il 5 mL 20000 mg/L [ Cs' ¥
W, EETE 24 h, KB KB R T HES T
FISM-EuMOF-Cs [ it A4 RE .
421 BMHHFER

EZRBFLBEOT, B 50 mg FISM-EuMOF 5%
FISM-TbMOF #3 KN 50 mL Cs™ 57K, 7EAS[F B [A] Y
Hb B BiE, €, FH 2% HNO; #iF 5 i ICP-MS
MsE Cs" IR,
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422 FiRAMER

3 HIFREL 10 mg FISM-EuMOF 8% FISM-TbMOF
AN 10 mL AN FEYIIEIREER) Cs IR, =ik N
P8 h. UL EiE MO JER R ) ICP-MS & Cs iRk
423 ik pH xt R PR AR 69 RS0k 5K 50

43 FIFREL 10 mg FISM-EuMOF # A& I E] 10 mL
AN pH I Cs ¥, =i FHidE 8 h. B L EiE L 3
FBeJE Bl ICP-MS Wl Cs k.
424 HBFHER

7F 10 mL Cs' 5 Na A4 5 1) & LR A i i
43BN 10 mg FISM-EuMOF ¥R, =i #iHE 8 h. 76
Na®, K", Mg*", Ca®> Al Cs" 721 10 mL B & IE W 4
BN 10 mg FISM-EuMOF ¥ K, =iEAiHE 8 h. £ 4
KoKHIMA Cs il &R AW, A 10 mg FISM-
EuMOF ¥R, =iEH+E 8 h. B Bk i FEEBGE
JERRE G ICP-MS W€ Cs'¥FZ, ICP-OES Il Na',
K+, CaH, Mgﬂﬂ?ﬁ.
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