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B 1 MAX (a) MTi;C,T, (b) FISEMEE; A5 ZE R ZIF-8@Ti;C,T, (¢, d) FIZIF-67@Ti;C,T, (e, ) FISEME%
Figure 1 SEM images of MAX (a) and Ti;C,T, (b); SEM images of ZIF-8@Ti;C,T, (c, d) and ZIF-67@Ti;C,T, (e, ) at different magnifications.
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Figure 2 XRD patterns of MAX, Ti;C,T,, ZIF-8, ZIF-67, ZIF-67@Ti;C,T,, ZIF-8@Ti;C,T, (color online).
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Figure 3 FTIR spectra of Ti;C,T, (a), MAX (b), ZIF-67@Ti;C,T, (c)

and ZIF-8@Ti;C,T, (d) (color online).
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Bl 4 UO,(CO,)," TEZIF-8@Ti;C,T, b [ — 23N /134
i1 25 (a) 1 E — 28 3 )1 243045 28 (b). UO,(CO,),” 7EZIF-
67@Ti;C, T, L MHE— 3 S -a 4 (o =230 71%
A2 (d). (pH=8.3£0.05, m/V=0.1 g L', Cy(UOL(CO5),")
=10 mg L™, T=298 K)) (I 4% hz % &)

Figure 4 The pseudo-first-order kinetic fitting curve (a) and pseudo-
second-order kinetic fitting curve (b) obtained for UOZ(CO3)22_
adsorption on ZIF-8@Ti;C,T,. The pseudo-first-order kinetic fitting
curve (c) and pseudo-second-order kinetic fitting curve (d) obtained for
UOZ(CO3)227 adsorption on ZIF-67@Ti;C,T,. (pH=8.3+0.05, m/V=
0.1 gL™", C,(UOL(CO5),") =10 mg L™, T=298 K) (color online).
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muirf& Y, §E 2k ANFreundlichi® M), ZIF-8@Ti;C,T, (c)FIZIF-
67@Ti;C,T, ()R FHUO,(CO;), 1 FEhIn(q/Co) 5 CHI e
%% ZIF-8@Ti,CoT, (e)FIZIF-67@Ti,C,T, ()W FUOL(CO;),>
ARt InK X 1/ T 22 Bl (pH=8.3+0.05, m/V=0.1 g L™") (%
e A

Figure 5 Adsorption isotherms of ZIF-8@Ti;C,T, (a) and ZIF-
67@Ti,C,T, (b) on UO,(CO3),”” at 298, 313 and 328 K (solid line is
Langmuir model, dashed line is Freundlich model); linearity of In(¢g./C.)
versus C, in the adsorption of UOZ(CO3)22_ by ZIF-8@Ti;C,T, (c) and
ZIF-67@Ti;C,T, (d); linearity of InK versus 1/T in the adsorption of
UO,(CO3),” by ZIF-8@Ti;C,T, (e) and ZIF-67@Ti;C,T, (f) (pH=8.3
+0.05, m/V=0.1 g Lfl) (color online).
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£ 1 ZIF-8@Ti;C, T MZIF-67@TiyC,T, 22 R UOL(CO,),” HIHE— S FIHE — 203N 1 3 B (A 6 250

Table 1 Parameters associated with the pseudo-first-order and pseudo-second-order models for the removal of UO,(CO;),> by ZIF-8@Ti;C,T, and

ZIF-67@Ti,C,T,

W B 71 ZIF-8@Ti;C,T, ZIF-67@Ti,C,T,
k, (min™") 0.3627 0.2117
HE— 2B 1R A g. (mgg™) 82.04 85.57
R 0.9034 0.9549
k (g mg™' min™") 0.0017 0.0085
it TIP3 BILE RS g (mg g™ 218.8 88.50
R 0.9999 0.9998

%2 ZIF-8@Ti,C,T FZIF-67@Ti;C, T FHUO,(CO5),”” HILangmuirFl Freundlich 4 [ AH 56 2 41
Table 2 Parameters associated with the Langmuir and Freundlich models for the adsorption of UOZ(CO3)227 by ZIF-8@Ti;C,T, and ZIF-

67@Ti;C,T,
Langmuirf&i £ Freundlichf% %!
R Bt 75 T(K) G K, 2 K " @
(mgg) (L/mg) (mgg) (Lmg )
298 4474 0.22 0.82 120.54 0.40 0.97
ZIF-8@Ti;C,T, 313 459.7 0.24 0.83 127.08 0.40 0.97
328 4355 0.33 0.85 147.45 0.35 0.96
298 453.6 0.31 0.90 125.63 0.43 0.81
ZIF-67@Ti;C,T, 313 459.9 0.36 0.92 136.74 0.42 0.83
328 465.0 0.46 0.95 153.55 0.41 0.86
FRICBENL R, MALD44TAmgg !, ZIF-67@  pp0— ATSO _ A}%O ©)

Ti,C,T e K 28 A453.6 mg g, [FI ZIF-8@Ti,C, T,
FIZIF-67@TiyC, T, W B 55 i 2 5L P (1) 4 v T 8
B, IR IR ER A R T A RIRTUOL(CO,), I B 4R
FRAEA SR 1 18] 9 2 50(RY), Freundlich# 7 55 4 by
A T ZIF-8@Ti;Co T, I 50, HHIUOL(CO5),>
TEZMBLR AT 2 A IS 2, Langmuirfs 284 56 4
L& T ZIF-67@Ti;Co T [Ty 2 550, i BH I Bt
FEAT B2 I B - L5 1 I B AN i 35 50 b 23 P PR Bf 711)
J‘_‘[28]_

T RNFE R AAT I, @ 5] N BE IR AR
IR B S 2, DAk S R [ # T 22 R , n
1A (AS", T mol™ K. #AF(AH’, kI mol )l A
H7 E B R AL(AGY, kI mol ™Y, T fE=l:

AG’=—RTInK"° (5)

Horh, REFEASAEE, —#N8.314Tmol K,
T (KREIF/RSCEE. KRR, R
In(g/CHXCHI MR EInK® (El5c, d). IR S5 5E
i, AT LURYEAG (HR(5)343), AH (th R (6) R 5e, £
IRl ERD), AS” (R(6)FNE5e, ELIEIRID) HE
Wi L E R AGY AH'. ASUHEAREUEF T
3. BEE LN, AG HIBUE MR, X F R bt i
FEN B RGHAT I, FF H A IR () e, WP R 13Tt
AH{E J9 IFAE 3 B ZIF-8@Ti,C, T M ZIF-67@Ti;C, T %
U0,(CO,),” £ it B2 R T HUZ . UO,L(CO,),>
FEKFR S P R LF RIS I, (/R UOL(COs)," HIRL &
W& e 2> B AS HAE ZIFs@Tiy C, T 3 T IR I SN . il
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%3 ZIF-8@Ti,C, T FZIF-67@Ti,C,T ARG E TR IUOL(CO,), i 124 25
Table 3 Thermodynamic parameters of UOZ(CO3)227 adsorption at different temperatures by ZIF-8@Ti;C,T, and ZIF-67@Ti;C,T,

W 551 T (K) AG® (kJ mol™) AH’ (kJ mol™) AS" (I mol™ K™
298 —11.1
ZIF-8@Ti;C,T, 313 -11.6 79.5 62.98
328 -12.8
298 —118
ZIF-67@Ti;C,T, 313 -12.8 743 64.68
328 -13.6
ﬁ: UOZ(CO3)22_$&%%%}?‘iEﬂHE@7 -‘[’J‘-E%UOZ(CO3)22_ (a) ZIF-8@Ti3CoTx (b ZIF-67@Ti3CyTx
EpRl 18] i SR 0 . @
3.4 PR £ £
7 SRR, BRRRANSR PR TR, ek ) .
oL FE (R NaC) B & 5, 050 B R 364 22, 5 1 5 1 g 2 15 5 S
X B W B R S B S T K, IR e g B c¥ach o ceach on

SRR, [RIURAE 7 R P B S 5T ZIFs@Ti,C, T, & B2k
FRAhE R A H 2 . wE6fR, ZIF-8@Ti;C,T
ZIF-67@Ti;C,TAEW HUO,(CO,), I, £k B ot el ok B9
TWHELW RN, EiR%EREYZIFs@Ti,C,T
UOL(COs),” MR B T A R R T 48 4, %A R
TR A LA e e 4 S P A,

3.5 WHHHLER

W 7aftR, JRAEMITi,C, T, 1 1 ¥ 5] /3 A gk
(Ti)s BR(C). H(O)EILK, ZIF-8@Ti;C,T, 1EM
UO,(CO,),” ™ il J& M BE 2 T 545 51 73 A5 % 8 (Zn)« %k
(Ti)~ B(C). A(0O)FEILE. ZIF-67@Ti;C, T, 18k fft
UO,(CO;),” B J& M EL 2 T #5451 51 43 A 5 5 (Co) %k
(Ti)~ BR(C). E(O)E L&, RN Ti,C,T,HITi 2p. C 1s
1O 1893 AL T~458.14. ~284.17H1~530.24 eV, ZIF-8@
Ti,C, T, fAITi 2p. C 1sF10 1853 L F-~458.32. ~284.92
M1~529.92 eV, ZIF-67@Ti;C,T,fTi 2p. C 1sHMO 1s7
R T~458.52, ~284.55%1~529.88 eVE L LEA BB
M & RN ZIF-8 5 ZIF-67 5 Tiy,C, T, E &K, 755
Ti;C,T R H W B el KA TAHEAEA. & 7~97] 1,

AHIJETi 2ps C Isy N IsFIO IsHIUEAL, IERRE,
Boe . AR T A, IXUEBHAETILC,T, 5 ZIF-8 1
ZIF-67TH G0, fh2tr MM E/EH K T HE
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Bl 6 NaClikEXIZIF-8@TiyC,T, (a)fIZIF-67@Ti;C,T, (b)
FBUO,(CO5), (5 (pH=8.3+0.05, m/V=0.1g L',
Co(UOL(CO,), )=10 mg L™', 7=298 K) (M5 ki F &)

Figure 6 Effect of NaCl concentration on the removal of UOZ(CO3)22
by ZIF-8@Ti;C,T, (a) and ZIF-67@Ti,C,T, (b). (pH=8.3+0.05,
miV=0.1 g L™, C,(UOL(CO5)," )=10 mg L™, T=298 K) (color online).

(a) —— U+ZIF-67@Ti3C, Ty (b)

U+ZIF-8@Ti;C,Ty, U 4f

—— ZIF-67@Ti3CyTy

L

i i
—— U+ZIF-8@Ti3C, Ty,

Intensity (a.u.)

375 378 381 384 387 390 393 396

Intensity (a.u.)

Binding energy (eV)

i

(c) UHZIF-67@TisC, Ty, U 4L

——ZIF-8@Ti3Ca Ty

—— Ti3CyTy
"

0 300 600 900 1200
Binding energy (eV)

Intensity (a.u.)

380 382 384 386 388 390 392 394 396
Binding energy (eV)

B 7 (a) Ti;C,T, ZIF-8@Ti;C,T MZIF-67@Ti,C, T, W i
Ja FIXPSEIER; (b) ZIF-8@TiyC,T,« (c) ZIF-67@Ti;C, T,
BHUOL(CO,)," JEU 411 i 43 HEXPS s e (90 245 HURZ )

Figure 7 (a) XPS survey spectra of Ti;C,T,, ZIF-8@Ti;C,T, and ZIF-
67@Ti;C,T, before and after adsorption; XPS high-resolution spectra of
U 4f for ZIF-8@Ti,C,T, (b) and ZIF-67@Ti;C,T, (c) after UOL(CO5),>
sorption (color online).
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Figure 8 High-resolution XPS spectra of N 1s (a), O s (b), C Is (c) and Ti 2p (d) of ZIF-8@Ti;C,T, and N Is (e), O s (f), C 1s (g) and Ti 2p (h)

after adsorption of UO,(CO5),”~ (color online).
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Figure 9 High-resolution XPS spectra of N 1s (a), O 1s (b), Ti 2p (c) of ZIF-67@Ti;C,T, and N 1Is (d), O 1s (e), Ti 2p (f) after adsorption of

UO0,(CO5),”” (color online).
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A composite of metal-organic framework and MXene for efficient and
rapid uranium extraction from seawater
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Abstract: As a novel environmentally friendly material, MXene faces challenges due to its inherent chemical instability
and ineffective compensation of interlayer electrostatic repulsion. The accumulation and clustering impede its effective
surface and the rate of electron and ion transport, thus limiting its practical application. Metal-organic frameworks
(MOFs) have rich coordination, tunable porosity and ultra-high specific surface. In this study, composite materials of
ZIF-8@MXene and ZIF-67@MXene were synthesized via hydrothermal method. These composites combine zeolitic
imidazole frameworks (ZIFs) nanoparticles with MXene nanosheets and were employed for the uranium extraction from
seawater. Macroscopic experiments revealed that both ZIF-8@MXene and ZIF-67@MXene exhibited excellent
adsorption effects and were able to reach reaction equilibrium quickly (~30 min). The adsorption kinetics data were
found to be more consistent with a pseudo-second-order kinetic model. The Freundlich model fitted the thermodynamic
data of ZIF-8@MXene well, with a maximum adsorption capacity of 447.4 mg gfl, indicating that UOZ(CO3)227
underwent a multiphase adsorption process on the composite surface. The Langmuir model better fitted the
thermodynamic data of ZIF-67@Ti;C,T, with a maximum adsorption capacity of 453.6 mg g_l, indicating that the
adsorption process was monolayer adsorption and the active adsorption sites were uniformly dispersed on the adsorbent.
According to the analysis of XPS and FTIR before and after reaction, it was found that hydroxyl groups (~OH), nitrogen
groups (C=N-) and oxygen-containing functional groups (Zn/Co—O and N-O) acted together during the adsorption
process, and chemisorption and surface complexation were the mechanisms for the high adsorption capacity of
ZIFs@MXene. This study provided theoretical guidance for the design of high adsorption performance materials and the
extraction of uranium from seawater.

Keywords: MXene, UOZ(CO3)227, ZIF-8, ZIF-67, adsorption, surface complexation
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