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Figure 1 Structure and morphology of MXene [12-14]. (a) Sche-
matics of the MAX crystal structure and MXene layers; (b) SEM image
of Ti;C,T,; (¢, d) cross-sectional TEM images of Nb,CT, sheets and
Ti;C,T, scroll, respectively (color online).
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Figure 2 Data fitting diagram of EXAFS [53]. (A) Raw U L;-edge
K’-weighted EXAFS spectra and the best theoretical fits of U sorbed to
V,CT, under different solution pH and initial U(VI) concentration. (a)
pH 4.5, [Uliniia=100 mg/L; (b) pH 5.0, [Ulinia=100 mg/L; (c) pH 4.2,
[Ulinitia=200 mg/L. (B) Corresponding nonphase shift corrected Fourier
transforms (color online).
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Figure 3 Hydrated intercalation synthesis strategy of Ti;C,T, MXene
for efficient U(VI) uptake and imprisonment [52] (color online).
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Figure 4 Snapshots of uranyl inner- and outer-sphere adsorption configurations on Ti;C,(OH), nanosheet [50]. (a) TiO,-UO,(H,0);, (b) TiO(OH)-
UO,(H,0); and (¢) Ti(OH),-UO,(H,0); are uranyl bidentate adsorption configurations; (d) TiO-UO,(H,0), and (e) TiOH-UO,(H,0), are uranyl
monodentate adsorption configurations; (f) [TiOH---UO,(H,0)s], and (g) [TiOH:--UO,(H,0);s], are uranyl outer-sphere adsorption configurations

(color online).
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Table 1 Removal of U(VI) by MXene and other nanomaterials

ME W B A sk Oumax (Mg/g) m/V (g/L) pH fERHLH 22 3CHik
. BT e
JKETi;C,T, 214 0.4 5.0 R 7 Fi [50,52]
BErAcH.
V,CT, 174 0.4 5.0 R P [48,53]
PIKEN R 122.6 - 5.5 AR JFE I [64]
Fe;0,@GO 69.5 0.3 5.5 Hic o7 A FH [68]
UV GO 299 0.4 4.0 Hic oz 1 FH [69]
Nano-Fe;0, 80.9 0.2 5.0 - [70]
Ui0-66 109.9 0.4 5.5 BT [71]
UiO-66-NH, 114.9 0.4 5.5 B [71]
MOF-3 109 1.0 2.5 BT [7]
gt 20 5.0 5.2 Fic Aoz FH [72]
£ %l 9.6 2.0 6.8 [ DR (] [10]

F 2 MXene & HE EYITENLZ A 3 55w W b A2 H

Table 2 The application of MXene and its complex in the adsorption of toxic and radioactive metals

Hbre ¥ WS B A e W B 25 B (mg/g) Pt 1A] pH ML R
. [
KA Ti;C,T, 214 6h 5.0 Py [50,52]
v e
o
V,CT, 174 45h 5.0 A e [48,53]
W(%%DSCN“; (Fm():z' 140 2 min 6.5 BT [42]
Xt 2—x.
Pb(II) Ti“?el%imcﬂsf)%& 285.9 20 min 5.0 BT [54]
Tiﬁfiggﬁﬁ 218.3 200 min 5.0 BT [54]
) # 2 Ti,C,T,MXene 78.5 5h 5.0 LA [45]
JK & i JZMXene 45 120 min 5.0 - [52]
Ball Ti;C,T,MXene 9.3 60 min 6.0 BT [55]
b AL Ti,C, T, MXene 46.5 24 h 7.0 BT [73]
E= I ]
Ti;C,T,MXene 250 2h 5.0 g;}; éfg [62]
Cr(VI) _
T‘OZ‘,C}(%T%TC)E 225 120 min 6.0 P iz 45 [56]
Cd(In) KA ZMXene 35 60 min 5.0 - [52]
Hg(IT) T Ti;C,T,MXene 1128.4 300 min 6.0 i FEL I B [57]

(Ca(I/Mg(ID)FFERHMKIR X POADA R EFRIEFENE. 31 FERW, WAT A 5 iE AL TifL 5 AR A7 5K,
JIFSER R, WA 8120 s, SERRANVFELRT MXeneM RV 53 = 45 M LLROE AL G B 8 B 2
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NS S R PO H AR T ERIRI . 2016
4, GuoZ 'l it 55— 1 JF R HT AT T Pb(I1)7EMXene
B B PHAT J9. AMXene bt RHE W A4 £ o (1
HEEREY, HTHUNERE, AROHZEERINE LT
I3 FIMXene 4 #4 1T DASEAE T IR, LR AN R
AbTE b I 4 JEMASE p b (R AE R B AR s 1) — Pl 24
(& 7 Z1r,C. Nb,N. Hf,C. Ta,CHlITa,N). i it %} 3Fh i
RS HTE, B T Sc,C(OH),M1Zr,C(OH),%IPb
(ADEAE WM a5, HRFAEM X(OH)2 & 4 1)
MXenett BExf Po(ID) # A BT 2 Brde /), HATi,C
(OH) X T H & & %%E’J%&%»&S‘Eﬁﬁ%. 20174E, Gu
25540 e LR 47 I SR BN aO HZI T MA XA BF T, ALC,,
153 Ti; A1C, 44 K 21 4 (e- TACFs) FITis A1C, 44K F (e-
TACSs) (K5). S5 45 R AR T HAUER] T e-TACFsHI
e-TACSsIX W Fi A REG Po(IT) AT 1R I W B g, e
T FH S SRR 2 T B I S HOER W, AR
st PO(LT) R Bt 08 /2 1 R R FIR 41, e-TACFsfile-
TACSsHE A & e Mg M AIsR4 & 68 f1, fEpH 5.0/1%%
AR X PO(ID) AR B 25 5 5371 9285.9F11218.3 mg/g. X
TN 55 G B FL R A2 DA B v e B 2% B A 43 Tis ALC, 40
KA 4 (e-TACFs) I Ti; AIC, 44K Fr(e-TACSs) A il A
AR (K Pb(ID) W P A kL

4.2.2 Cu(IDiyZBE

Cu(Il) 5 Pb(ID AL,  [RIFE B A AW AW B fig 1 A0
WM. ShahzadZ PIHF S 7 — 48 2R Ti,C,T.M
XeneZHK Fr £E 7K A J51 X Cu (1) AR 5 B AR i B et 752
5% 2Ti,C,T MXene (ML-Ti,C,T,MXene)H tt, #IE5
J& I 2 Ti,C,T,MXene (DL-Ti;C,T,MXene)#l A 5 K
ML TR FE4F ISk PR DL IR 2 (3R TH ' R
JEIL T X Cu(IT) 58 4 (14 B 1 DL-Ti3C2Tx%ﬁE’J &

5 M NaOH 15M NaOH &

Pristine Ti,AlC,

e-TACFs e-TACSs

Bl 5 TisAlC, (49K H Fghk o ) ] 4 2 B (R4 i
K

Figure 5 Schematic of formation of etched Ti;AlC, (nanosheets and
nanofibers) [54] (color online).
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AR T Cu(IDMMR FHIE R, Seie g RN, &
RS IGI Bf 25 B 18 78.5 mg/g, 80%[ICu(I1)7E1 min
Z BB HR T 2 T S TR B T R D R A
FIE 5 1 EDL-Ti,C, T, MXene Xt Cu(IT) ) b & 2
i FE 9 1 2 112, 7 £

4.2.3 Ba(IDAjZfR

e B AL SV B BRAFAE, WBaSO, M
BaCO;. /KA rf— & WL LT fE 2 3 500 PR X

METHeE . BEAE . WK WLATE S, SRR
. BT DATRIBE, A RTRES 51 R T, Fard

25 i M Xene M RH Tiy C, T,) 2 KR /K VA I Ba(Il).
45 R B oR, Ti;C, T, MXeneX Ba(IT) W b i F2 B A5 bR
IR BN 1125 . BRI I 78 S EdE B, B
TAEpHAN6~7. TEWIGHBIR L NSS ppmiy, K EbrE
9.3 mg/g, TEARALAEAE T REIA R 100% 1) 25 B 242, )
B R AR T P R B AR . TR B e HEpHON6~T7. B
b G fIMXene (AIK-Ti;C,T,) W B 12 B > i 2 1R v
Muéé””ﬁﬁ?ﬁ;ibu Alk-TiyC, T B A KU 12 8] 25 1 5
RERE A R0 2% BRAZ R 7K R B B0 1
Ba(II) (E@. Alk-T13C2Tx>_(ﬂLBa(II)E"J%ﬁ%ﬁﬁ?@%\
46.5 mg/g, & ARBEALTiZC, T, W Pt 725 & 11345

424 Cr(VDHZ:%

+6M e —MELEE LR, &M KRS,
JZ BT RS, KA R4 i T4 Tk
AR O e T K B KRR B ICH(VI),

OH OH
OH
40% HF 24h

chboc())g m OH )

Ti,AlC, powder

N
o
e

-

Ti,G Ty

uogzeARd:
HOEN

ONa ONa .

om
Barium Adsorption I . |N:)|Na WIden

AIK-Ti;C,T,
AIK-Ti,C,T,-Ba
Bl 6 MXene BRI AL ES 1 JEEE T (9045 iR )

Figure 6 Schematic diagram of the adsorption of barium ions [73]
(color online).
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A L E LT E AL HERL, SR K R
P R FR S I, Y. SR AR E A .

Ying 251Ul FYHF %I i1 % 7 TiyC,T, MXene,
ks H R H T Cr(VD R B I8 SR 72, K ILTiC, T,
MXeneX Cr(VI) A 1R UF (WP RE 7. 10% HFH] &
() Ti;C, T, MXene Bl Xt Cr(VI) WL I 2% Bk 5 T
250 mg/g, fEpH SH WP 280 R et W B i v i R
ICH(VI{KT5 ppb, ik F-th 5 T A 41 4000 (1))
JKFRIK E(0.05 ppm).  Ti;C, T, MXeneZl K A4 Kl 7] AZE
F AR PR R Cr(VY), ¥ — 2Pk JFUO KB 1
FICr(IIT), SEILAFCr(VI) ) e 00 B 38 Jii.

BEAR, ZouZ POV Y [ 4255 K45 BT 15, EFeClL A
T, Wit MXene (TisC,(OH),gF, o) AL FHAS
#il % T HEIRIR 440 A TiO—C (u-RTC)ZN K E & FHEH K]
7). TiO,—C (u-RTO)A K K A B A4 RHE IR 858 3 FH Hh R B
AL B R, XFCr (V) IR B 2 B ik
225 mg/g, izt T RHAM BIMXene (~62 mg/g). 25—
JRFR SRR, TiO,—C (u-RTO)AKE A witt
EXF Cr(VT) P e S B 52 11 Ji DA A e 1) 25 S 25k AT 4
THO% PRI, % TAEAER ] T —Fp B4R (1)
Cr(VDWR P AA AL, 3 38 ik 42 i) J5L Ao AR A% 1 7 2QxF — 4
PORIEAT BB 0, itk — 25 F- M Xenef) H A AT
AR TR T

4.2.5 Hg(I) =k

Hg (1)=& —Fh ] Z AL B T5 4. Shahzad
AT b K 3 IR % T BEPETICLT, MXene®E &
MEHMGMX), H T ZBRAKETHAEHRET.
MGMXAKE AW BHET 12 FIpHTE H 4(3.0~9.0), %
AL O H(ID) 25 BRPERE, X Hg(ID) K B oK SEER IR I
REEIL1128.4 mg/g. fEMg(I). Na(I). Ca(II)FIK(I)

TRE TAEAERS, IR 98% I Hg W RCR, I T
P FEIE. MGMXAK R G FHRHE I L2 5 U -
e E R, BRI R A A
MGMXZRE & FBL R A MR R ke ki
L KARRREE ATEIAIE. KPR RY], MGMX
AR R G ROREE — P s TR I 570, T T AR K Ak
ARG R BREUE ITHE(ID).

5 HEHRYE

MXene M BHE M AL 5 AU B A T i 8L Ji
5. KRG BT H T MXene PRI AH S 7T H;
A, mER I E ., RS AR R, g T
MXene 4 EHR B 7510 TBCH A% 2 (U (VD) FIf 3 5
4 JE(Pb(I1)~ Cu(Il). Ba(Il). Cr(VI). Hg(II))% 10
AT A, AH G SRIG I S AT AR 25 SRR B, FEM Xene
MEHH TR M E S 5 1 1 L bR B A R 2 &
B GBI ERS. AR RMXene M BHE T
SHERZ R M A R SRS 8 S B A A B
W98 25 18] 5 ke 77, 3 EAHE LU 34N J7 1

(1) HHEIRTMXene 5 85 14 70 % 0 AH BAE W
FTAFRAE i I Ti;CoT,n VLCT, BAKUVI), ok
IR B Ho A 2R M Xene LA K U T TC R B T 15,
2 R LA BR H O B (W 8O P 6 2 (Am. Pu. Np.
Tev St Cs55) @MU E S R R, THRE
XL R ARG H (1) 5 WS 5 MXene I AH BAE FH
FAEE Y] HK, AT ARFEKMXene, J=451 5
BV AR e T ENE AR ZE 5. IR
ANBFRAE FhZEMXene 5 B i 2 T 17U, 88
fiTAE M XeneM BE 73 BSR4 T 3R DL & T8 B 111
FEORAEFE . W, Ti,CT AR T Ti;C,oT = B 1
B, AR A AL AP R BT I AE U e e Rl B B AT

Bl 7 oA, (@) Z1i 5 M XenelISEMIE; (b) u-RTCHISEMIE; (c) (b)) J5 3Ok fif % 1=

200 nm 2y

i

Figure 7 Microstructural characterization [56]. (a) SEM image of Al-removed MXene; (b) SEM image of the u-RTC; (c) the local high

magnification of (b).
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Abstract: Two-dimensional transition metal carbide/nitride (MXene) is a class of new layered nanomaterial discovered
in 2011. Due to the novel structure and unique characteristics, MXene-based materials have been widely explored in the
applications of energy storage and environmental remediation fields. MXene materials have the advantages of large
specific surface areas, abundant active adsorption sites, good hydrophilicity and controllable layer space, and such
purely inorganic materials also exhibit excellent radiation resistance and thermal conductivity, thus can be considered as
ideal candidates for the sequestration of radioactive element and heavy metal ions. Herein we review the research
progress in the controllable preparation of MXene materials and their removal performance for radionuclides and heavy
metal ions in the past five years. The related experimental techniques, adsorption behaviors and interaction mechanisms
have been systematically summarized. The prospective investigation trends and possible directions in this field are also
proposed and discussed.

Keywords: MXene, radionuclide, heavy metal ion, adsorption, environmental remediation

doi: 10.1360/N032018-00155

38


https://doi.org/10.1016/j.cej.2013.01.038
https://doi.org/10.1016/j.cej.2012.09.030
https://doi.org/10.1016/j.jhazmat.2015.04.032
https://doi.org/10.1007/s10967-015-4108-3
https://doi.org/10.1007/s10967-010-0510-z
https://doi.org/10.1039/C8DT00917A
https://doi.org/10.1016/j.jhazmat.2009.02.090
https://doi.org/10.1029/93PA02559
https://doi.org/10.1007/s11270-008-9893-7
https://doi.org/10.1080/10643389991259164
https://doi.org/10.1360/N032018-00155

	材料用于放射性元素及重金属离子去除的研究进展 的研究进展
	1�� 引言
	2�� MXene的可控制备与基本性质
	2.1�� 可控制备
	2.2�� 基本性质

	3�� MXene材料的吸附研究技术
	3.1�� 理论计算
	3.2�� 批次实验
	3.2.1�� 动力学实验
	3.2.2�� 热力学实验

	3.3�� 光谱技术

	4�� MXene材料的吸附行为与作用机理
	4.1�� 放射性元素离子的去除
	4.2�� 有毒重金属离子的去除
	4.2.1�� Pb(II)的去除
	4.2.2�� Cu(II)的去除
	4.2.3�� Ba(II)的去除
	4.2.4�� Cr(VI)的去除
	4.2.5�� Hg(II)的去除


	5�� 总结与展望


