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Research progress on adsorption of heavy metals in water by synthetic
porous materials

ZHANG Jiarui WANG Yubing YAN Wei LI Shanshan ™

(Xi’an Key Laboratory of Solid Waste Recycling and Resource Recovery, Department of Environmental Science and

Engineering, Xi’an Jiaotong University, Xi’an, 710049, China)

Abstract The development of new materials for heavy metal adsorption is a major challenge for
wastewater treatment technology. Synthetic porous materials have attracted much attention due to
their high adsorption capacity, high selectivity, and flexibility of structural regulation. Represented
by inorganic mesoporous materials, metal-organic frameworks and porous organic polymers, the
latest achievements in the research of synthetic porous materials as heavy metal adsorbents are
introduced in this paper, including the preparation of new materials, methods of structure regulation
and adsorption effects. Compared with the commonly used research methods to determine the
adsorption mechanism, such as Fourier transform infrared spectroscopy (FT-IR), X-ray photoelectron
spectroscopy (XPS), etc., the calculation based on density functional theory (DFT) can be more
efficient. Clearly expounding the relationship between adsorption sites and functional groups or
atoms in materials has become an important means for in-depth exploration of adsorption

mechanisms and interpretation of experimental results. This paper lists the principles of
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representative functions commonly used in DFT calculations and literature examples applied to the
study of synthetic porous adsorbents, including structure optimization, calculation of binding
energies, analysis of adsorbent electronic properties, and study of intermolecular interactions. Provide
reference for new material development and adsorption mechanism research.

Keywords porous material, heavy metal adsorption, structural regulation, DFT calculation.

Bl Tl AR & R, SR Tl Al A 7= 4 R i 8l 320 i il ok A58 7K A B 4 i 1) F2 2ok Y.
Ban, g I BRIEEAE Tl IR Bh & A K S AR R K, RN AE e 5 e HEIOKR & S kK, BRI
SRV A sk A B R OK g 220 AR K B 4 R A B OR . O R YRR A
Ref M o B HEBOK AR B s, B B AR R ANE, A B IRE ., WAL, &R
GuSew . AR AR A L O KR E &R 0 KRk A W BRI A Ik S P B R R R AL
R | A R A K 4 B TS K R Rk 4 0 B ok, R R AR SR IOV, AT HRAE T AR
R ANZ 5 7K A M S5 O A5, AEURA R [l AC AR 5 A 8 ) 2 B ) 4 B RS 7 FH 7 PR 2R 0L Ak
T2 04 JE PR S 2 BN Ak 2= 25 R K R 9 T 4 R B T U I A SRR B, 18 T A R R B R
K, IR A TTTE TR | AL | AR IRk | AR IRAE. SR, th FREZ R RE . R K Efb a5 PR
TV U AE A EI A, AR I AR R ). A R i S Ak B AR B AR K A, X R AR B ) A S T
WERE ), HLIEARA =4 — k5 e, B Z 07 ke 7.

A 2 W 5 500 (O A e 55 ) 2 Ah B3R I AR S5 R 28 ) B ail, xfl LA il J2 P 7K Ak B 17 5 B2, 30T AR
HRUNRZ B 550 09 I A 8 A AT AR S X R RL AT 43 S AR SAS W B R L AR W B R L ALK R RS
BLZ AL AL DU SIS0 100 5 R R 2, X R SR ok i A5 28 R B ek e A 3RS 21 1) Z2 AL A RS TR L
AT B R0 A . S B AL R BN T T IF 5 B R B R, B s . Z LRSS R REE, JLRBAR
s 1 FH AR A7 RTE (R B85 R R4, 380 W BRE7 5. P2 7K v i) B 43 i 8 Bl A R A 6 L 22 L I of 5 e 1o
SR HESTORE N A FLAE BB, Fe S5 W BTG 7 o5 & AR 5 A U, A L FL RN E 4 T A R o
FBE PR T I A AR}, AR K & R 25 ). St iR e e B R IR B R0 A 11 B, 3 2o B A
PRS0 25 4, B 52 W R 500 R0 o 4 i 3 =2 D) X R EL AR FTMILARY, 2 2RI 5 v 0 S B0 B A S 56
77 2 Xt R R T 6% 2 B AR R A T SR AR AT B (4 FT-IR 1 XPS), BRISHELL 2 X6 W Fff i #2 9847 DFT 3
B, HE ST A A FEMESE B AR A TR i k.

ARG T UL AR LA G 1 22 PR T 2 R OGE E 4 T W R 1% 107 FH 8 R, 1 X 3k S 8 e R i)
WFFE J7 B4 T . S5 46, 45 T DFT #5350 AN H P D BE, I8 28 SCHR S5 i B AR e B ik,
ISR BB R S S T B,

1 AR LW BT & -5 M i (Development and application of synthetic porous adsorbents)
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PRI AL, EOETE TR 2 W A AR IR W RRCRE LA L2 R, AT A i 2 AL
BHEAT G 38 T34 2 B FLAR A R4 i A 2 R e e, JF T i A0 8 RE B 1) J7 =X i bR ) S 2 o 45
Ja BRI SE AT, RIS B FLAD R B A AR RIS 25 8]0 AR 3G 41 A 54, X ZepRE £ 203 9 0
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Table 1 Comparison of the adsorption properties of synthetic porous materials for heavy metals

BETLL &RV R B e/
A M 51 (m*g™) R FefdipH (mg-g™) TEHRCR PGS
Type Adsorbents Specific surface Heavy metals Optimum pH Adsorption Reusability Ref.
area capacity
TR Cu(Il) 5.2 182

LA (HMBAR ) 552 81K, >90% 14
bt . Pb(T) 35 173 e
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BET L3R MR W75 4/
2 W ot 551 (m*g™") e fefEpH (mg-g™) TEARR E = DU
Type Adsorbents Specific surface Heavy metals Optimum pH Adsorption Reusability Ref.
area capacity
Cu(1Il) 128
PVP-SBA-15 378 Pb( 1) 5 175 — [15]
Ni( 1) 72
AN
%ﬁ% Co(TN) 156
Cxir6-100-5 23
Ni( 1) 149
5 — [16]
Co(1I) 141
Cgr-100-5 0.66
Ni( 1) 130
Ui0-66-DMTD — Hg(1l) 3 671 101K, 85.4% [17]
Pb( 1) 559 51K, 73.92%
UiO-66-EDTMPA 131 cd(m) 55 271 51K, 70.28% [18]
Cu(Il) 211 51K, 66.56%
Pb(1I) 244 4K, 84%
UiO-66-EDA — Cd(I) 6 217 4K, 76% [19]
Cu(ll) 208 4K, 67%
Ui0-66-AT 887 Pb(TT) 246 4%, >90%
555 i [20]
SIRA Ui0-67-AT 920 Pb( 1) 367 41K, >90%
HIHESE Pb(Tl) 5.5 273 SR, 92.32%
Niy ¢Fe, 40,4-UiO-66-PEI 22 [21]
Cr(VI) 3 429 51K, 99.79%
Fe(1l) 3 195 61, WK I188.1%
MIL-101-NH, 455 Cu(Il) 5 57 61, FIK78.8% [22]
Pb( 1) 5 228 61K, WK 176.9%
Pb(1T) 1120
ZIF-8 937 5.1
Cu(1Il) 455
— [23]
Pb(1T) 1348
ZIF-67 1289 52
Cu(Il) 618
COF-SH 40.4 Pb(1l) 5-6 239 — [24]
COF-SH 235 Hg(1I) 7 1283 101%, >97% [25]
COF-BTA-DHBZ 816 Cr(VD) 1 384 — [26]
CMP-2a 118 63 —
Pb(1T) >4 [27]
CMP-3a 168 93 51K, >80%
Ni( 1) 290 AR, TN 74.6%
ZAL cu(l) 324 4UR, HIVCHI80.2%
AL PTIA 139 6 ) [28]
PN Cr(1) 179 4R, YIKAT5.0%
Zn( 1) 204 AU, WK I81.4%
SMP 517 He(1) 1 596 41K, >98% [29]
POP-SH 1061 Hg(1l) — 1216 41K, >90% [30]
4AS-MBP 167 He(1) 5 312 51%, 92.13% [31]
FC-POP-CH2TETA-H 599 1134 61, >90%
Pb( 1) 28 [32]
FC-POP-CH2TETA-E 413 561 61, >90%
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1.1 AL LA R
L1.1 AL bt

FLARAE 2—50 nm 5 N EORHRIFR A FLAT R, B RE R R RN LR 2 —, Has iy e A
¥, A 5 2 1 5, B R R BRI = AW B . AL SR AR A I B RE ) RS S SRR R T ik
SRR G, B, T DLFLIE KN T B i P 1 e 0 0 R B ) ) B . AR L R
DT M -2 IO, B S IV I R S e AL 3E , 1o I T s P V8 700 2 I 2 v T R0 45 204 AL 5 7 R A
0, AT B AS [F) RH  H BR 5 e e,

AL A AR R & R AL, 255 HLR, AR FS2BbR i A, H BTVF 2058 FH AR IBE R e FLiE 17 3=
T Ak 2 A, et D A R 4R R A R4 4, Awual 250 5 5 5 I B 6 6-((2-(2-F83k-1-28 1
P 3 ) L ) FY L) 2K Y iR (HMBA) 10 78 78 — S Ak i 115 3 — Rt A A FLIR B ). Cu( T sk Pb( 1) 5
HMBA %5 & 250 B 7510 (4 5 55 640 8%, 1 B0 b 9 B €6 28 1. R O — 624 4k, 1200 R RE i
R IN K H R & 8 CuC I A1 PoC I ) 2o Bk, S 56 00 75 5 W B 25 &2 43 71~ 182 mg-g™' Al 173 mg-g ™',
HEA G IEMEH 8 RATIFEIRRF 90% LA L B2, XK B 5 4 | %I 7K Al R RAG: I Ak B AR A
()N FH ¥ 7. Betiha %5 AR SR HG 1682125, XL A Ak kE SBA-15 SR AL 3-20 0 3k — H & Sk ik
e, W8T A HE 5 R ORI el (PVP) & 2B A R4 & [ i 15 21 5 & A fLA KL PVP-SBA-15. %41 K}
RIESAFEEREA, Retgl it 2R L0 EVE I SO B, Bifmf E 5 S HES B NS S
ER b B S HE B E 7 HIEN; PVPE M C=0. C—N—CHL R ™ 4 i) C—O.
C=N'—C X 4 )8 B F A 4. S2363iE R, PVP-SBA-15 % Pb( 11 ). Cu( 11 ). Ni( I1 )% 3 #h4: 8 25
T BT A W B R, de KB 25520 9k 175 mgrg™'. 128 mgrg™. 72 mgrg ™. TR G M e
PEL AT, B RTE L SO RE I B 48 58 D N R 2, ABATS A7 A RN A T 20 L A fh 15
AT T ) i 4 i B 2 R TR T AT AL LA R BR A ARk i 5 AR A A L SR AR R it T ik, i —
A e R B R
1.1.2 L%

A AL — 3 B s S 0 A4k, ELAT R TR FLIRBUR | Rl nl R4 S U a5, TR e
BRI O A KA ST A FLAm ) 1 85 5 15 0 A RS 325 N A ABE AR 325 7P Ao 41, B ABE AR 12 02 DAL — Ak
REAE BT, FH % A 10 B R 47 T 02 308 0 3 Fe AR AL, 7 R TR T X B -rE A R E AT R A, )R
NaOH/HF B 3B ) ot 33X Fh oy s A e v, #RAE S 2%, B3I F AL ol S iR, IRt sl A L)
I 2 258 A OB AR 1 20 T R R 0L, 120k TR R ST USSR BT, PSRRI 0 R AR SRR A RN, FE
. AT, REWZ AL AR BN FLk.

A0 FUAR A FLAZR 4 5T A0 T ot D vk 5 A FL A RE AR, 8 2 95 A B P 45 R S EOR AR A1 R
AR BT, DA T3S 5 I BRF 8 7. b, 38 AT DL RR BT A FLAR R A T 2% 1 k27 0P . Marciniak 550 i
PR 3 RS 3 1 4 1 A FLBR IR B35, I 40 51 7E 70 °C 1100 °C A 5 mol- L AY G FR SA kil 1. 41
AR JE AR b2 BRI FLARFRIEAIG, (P 2 1 3 420 AR A1 2. S0 R B, WIRN 7 v 5 B A Ak I B30 R
F2, T A0S I BRI 7K A CoCTT ) T NTCIT ) 1) Wi B 25 dob 28 1m0k o AR F b R B e v (2
1L 100 C AEFRSAAL, XF CoC I1) BTt I 66 mg-g ' F1 71 mg-g™' 344 /%) 135 mg-g' 1 148 mg-g "),
0 A 2 0% R RT3 2 A FL A W BFF 551 A =5 20 B E
1.2 &mAHHES

4 JE A HUHELE (MOFs) f2 4 J8 $h VA T 578 MLEC IR TR & J5 A s o 45 21 i A HL-TE ML 2% 1k 22 FL S 1A
WAL, B R R, AV TR | BT L PO L B L R S L MU AR AR, SR T
a4 B 5 A HLIC VR o TE A B 5 4, TR A MOF 1 4% 3 HL R M R 2 ALk, S ok I 15 4 8 S5 A HL
PC A4 ) L 451 B AT 8 45 22 FL 25 # 0°. MOF X 5 4 Jag 1) W B — s 2 22 b W BRI Ak 4 LRI 5 VR FH B9 45 21
YERAE AL SRR AR R L YEAEAR T R AT HUVE A, AL E A A B 1288 A 1EH L TR Uik
SHEAEDT AR AR TR B I, AR 1 MOF A4REAT LA 43 Sk WAl — 7 J2 58 Bl e A (451 G 7 356 ) 5 B 7 5 1
4G, FEA MIL RYH UIO R85 55— P2 i Fe R (ks | nikbms | =R 45) 53008 55 25 5, Lhih
A7 BRI B 48 (ZIFs ) AR 0,
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UiO 5B RL B 4514 vh & A B 1Y Ze—O HEAK 8 1Y W B2 8, BEAEAS [RIV ) . A [l PR B BA 5 v
PRIFEE R BFeE 1, 2t BRAR A FE 4 R R B A RESSL 1V 298 3R B, A WAL & Pkt Uio #4 ke 1%
3 P T 0 B AR Liu 2507 J 2,5- % 3 -1,3,4- — 186 (DMTD) 201 UiO-66-NH, il £ T — F 57 784
MOF W [} 5], DMTD RE 8 5| A K 3t 9 %t 2 F1 U -, 1R 3 28 5 R A A9 26 5 18 T8 v e B 571 2485 &
Hg( 11 ) (HEJ7, {# UiO-66-DMTD F I B 52 D\ 2e T B9 A 21 200 mg-g ™' 39 %8 671 mg-g ', I-XT Hg( 11 )%
IR HE A ) W R S o AR PR R FH I, S IR PR 5 22 BR R A 93.8%, 10 IRAE IR 5 % 2 85.4%. Yan 1'%
FH 2 — iz U I 3 IR iR (EDTMPA) B0 Ui0-66, 51 AR . SR 15 A W B 47 45, fff Ui0-66-EDTMPA
SFPo(1L ) . CA(I ) . CuCll ) By W B 25 2 J0 90 384 28 o 7 Wi A9 8.77. 5.63. 5.19 /% . Ahmadijokani
L0 ] 2, i (EDA) gt Ui0-66 Ji, XF Po( 11 ), Cd( 1), CuC T ) B fft 75 543 31 ok 243.90., 217.39,
208.33 mg-g™". Morcos 459 F 4 JE A IR (AT) #h M Ui0-66 Fil UiO-67, Xt Po( 11 ) it W Jh 25 H 43 5 384 i 1
5150 6.5 1%, FH EDTA-2Na FRATE I 4 5 L BR BN ORFETE 90% LA, SRBLH A B A% W 6 A A 246 1)
PR Wang 2501 J 55 & B 719 88 20 0 i (PED) FLEA G PE Y Nig gFey 404 BUPE UiO-66-NH, 15|
— P UG PE MOF W B350, 5230 7 %5 PoC D) A Cr( VD) By i 25 . s e M T 3260 0 B 1 1k A )
T HEAT 43 B M A, S W B A 38 5 %5 PoC I ) A Cr(VI) #8925 BR 2R 4 51 R 92.32% F1 99.79%, 2 1
Nig ¢Fe, 40,4-UiO-66-PEI HA 58 H (1 AL 7 7.

MIL Z I F1 ZIF Rk A 2R 5 s, B, Ly 2502 B3 i & L ko A1 BE MIL-101-NH,, 3 5%
FRF N 56 AL RS P AP S BE, % Fe(T) . Cu( 11 ). Po( I ) fity f5e A Bk 25 & 43 1) &y 195, 57 . 228 mg-g ™.
Huang %5 ™13 2 15 57 A i 45 T ZIF-8 Fl ZIF-67 W ff 5%, Horp ZIF-67 (9L ¥95], H 3 m FUR K
(1289 m*g™), X E 4 J& Po( 1) Al Cu( 11 ) A9 e R B 75 4 =ik 1348 mgeg ™ Al 618 mg-g ™. AI I, R1fI'H
A P P 2 45 =5 MOOF A} I B 25 £ 19 DB vk, T A 235 R R AL ) 75 450 1 Ak ) R o 25 A% L R T AR
AL N

H Hr 280 5 807 TXF 5 — 8 4 8 (Y BE B L BR, 1T Peng 4857 BT % W B 57 BS-HMT X
22 PR 4 JE B TR JE W A9 S BRACR . BS-HMT 94 s 40 1& 1 iR, L MOF-808 Ay 5k}, I 2
T U 218 (EDTA) B 26 1 19 HFY 782 DA T 4224 #1) MOF-808 % 1fii. EDTA fig5 & Fh ki . iR | IIfi 5
M2 4 @ B 1 R A4 G, TR A ARG JL T A 5 4 s #0A SARAE . 76 19 i & )i B 7 L2 I T
W, BS-HMT X A 4 i 110 1 25 W 25 [ SR AT HE T 100%; 75 [ 5 R sh S B 244 F, kb ird &8
PIRE SR ARR E (1.9x10° mg L™ LLR), R B R AR BER 7. SEPr K PR A e 2 Fh i 4
JETG U, PRI, AR T W B 500 B4 T & T R 2 B ok T B B 5 T 1]

b < ('
AJDH )
Bt L
T Complexation
N\ A
> ¢C

a

MOF HAEDTARMOF BS-HMT R Mt 428 &+
BS-HMT Metal ions@BS-HMT
—C EDTA @ HEMAEAT o HEMERHT
Hard acid metal ions Soft acid metal ions
HCOO o imERAT

Borderline acid metal ions

B 1 BS-HMT R385 W BT R 5 1A
Fig.1 Synthesis and adsorption mechanism of BS-HMT®!

1.3 ZIAHNEEY

Z LA PR G Y (POPs) 2 1 it I 88 K 45 S N T3 S AT Z2FLES A B A BIL s 2 1 4 R
POPs 40 5 ¥ 2 ¢, Fob LA A HILHESR (COFs) i AR b1k, JH At K 22 B J6 5 T2 1 AR b AR R0,
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POPs X 5 4 J& 1 W B 203 . 25 0 . SRRt ANE BRI FH AR = T R SR AR, HLA& RN 45 07 v 24,
VLA R AE TS Ye ) 25 BRI Z 8] 12 R 1E.
13.1 AFHLHEL

M A HUHEZL 2 — P 208 K s LM A IE N Z LR A, 0 AWK EA Y, etk
FE 2R M R A7, AR IR B AR, Rk, =k | (R, W . PORR, WY A BE AT DAL i B A
ALY 1, A T 4 A I BRI 7 a2,

L MOFs 2&1b), COF's X} 5 4> J& 1) W B 5 22 FLA5# AR RE A1 9 R IR VR T, Hodh B e A — it pe o
PEVE . %00 02 B Y ) B, X AR 125 1A 05 1) S5 R T . Cao 5629 SR ek COF, X Pb( 1T ) e Kk
M 255N 239 mg-g ™!, SEIR T Ak, R IR B Ma Z505 4145 i COF-SH % Hg( 11 ) i W% Fh 25 5 i ik
1283 mg-g !, I H i T M B2 i & A 1 4 B ) B A9 5% 78, COF-SH iR ELAT B4 () Ak 2 s M AN 34 i
FRHRE 7, FEERAE R 10 YRJG Z2BRHATMEE 97% LA L. Cui 2509 I ERBL &1 XUAL COF Wz R3], B 1.27 nm
1 2.2 nm PHFR /N FL, 78 BRI R 6T Cr( V) B 5 R W B 25 ik 3] 384 mg-g ', I FL B /5 /N FLAR
(oA AR 58, B /NEFL, 17 2.2 nm A9 K FLILT-ARAE. AR G5 FLAR 43 A 1R FL AT XPS ZRAE AT LAHEN, ¥
B2 s v /N L RE S A B 22 i W B A5, I L Cr(VID) BEWEER L TR /030 I, PR I 2 30 1 B 36610 2 B e
IR, Jiang 0K TpPa-NO, R A1 Y F 3L 10 )5 23, PR EDTA, 15 8]) 1% 02 [ 551 TpPa-NH,@EDTA.
I EDTA B3 454 fiE 77, TpPa-NH,@EDTA 7£ 5 min N X} 6 FhAKAR . AR . s L 1R 42 )8 55 T #B k&
3| 85% LA LA B, t bl WL, W BRI A S | R I A0 51 A RE 3 SR AL X R a2 4 S T 1 W
VB4R i W B AR, v A% A EDTA etk
132 HIEHALREY

ARG Y (CMPs) BA Y &1« L4 48254, PR FLIE 2540 BA NIE, b fese v AR
TEPERAF . B TR FL A Ak 2SS BRI, A R B A O A B MU Ak 2 BURN L T b5 BRI
P4 CMPs™. 5 F iR AL PRSI, 38 9855 BRAR A 2540 . Lufl . By S50, DA KA UG B 4 T vk
A LAXE CMPs 43 (T 5 L 25 A 1A T R 36 A5 A SE B [R] A D BB . Qiao %P7 [7] CMP 4544
[F] Hsf 25 A 250 56 At e A5 3] 79 A FL AR AS [ 1 8 B 5510 CMIP-2a( L A2 48 /N ) Fl CMP-3a( FL AR K ), X
Po( T ) AW FF 25 0 5910 h 63 mg-g™' 1 93 mg-g ™. Wi Fh & B ELH RE S5 Po( T ) FC AL, 1 54 (1 2 FL45#
LA T v O o 5 e R M R R, HALR L R AR AR 1) CMP-3a R T 4F:. Wang 509 51111
PTIA W B 570 DL = ol Wk 254 S B 52 Broe, oA & B W 1 o I P R W, & 2l fH 2 -
nHEAEAW M ESRE 7, BRI a4 6 & B E 7 ik 2 frR), % Ni(l) ., Cu(ll) .
Cr(M) . ZnC 1) By f5e KW BfHEEE 179—324 mg-g ' 22 [8], (R B H B 1) 38 W R RECR . ml L, #2351 IF
KT R B R A, R LA R BH S - sl A R S A B, TRD B v A5 4 R B SR RN

C C

Qo @cC

C
© (®) eN CH

AE=34.86 kJ-mol™!

B2 PTIA WM Cul 1) AYHLIR /R 22 &2
Fig.2 Mechanism of Cu( II ) adsorption by PTIAP

133 GRIEFHZIREY

% T COFs fil CMPs iX BEHFIRLEH, —BE R ARSI AR . B AL 15 0 5 4 A0 W B 1
7 p, W RRE AR 0 3R S W bR B 4 8 B 1 s Ay, o S B A L2258 FH Tk b Heg (T i 2%
PR Xu &2l T & SR MALR S Y SMP (B & 24 31.4% wt) KBRJE & He( 1), SMP £544 o i 6
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5 Heg( ) I B &4, BEAE 3 min PUEF Hg( 1) M 0.2 mg- L' [ FHKbRAELL T, H SMP FAE 1R
fifi I 4 YR 5 W 83 ATh i 35 98%. Aguila 55 PO il £ 10 W B 771 55 R HE B B i 1AL, AE S 1Y pHL Y L N AR
SEME R, XK R Hg (I ) iYW A 25 2 835 1216 mg-g ™', IR B 4 AN i 30 5 25 B 3678 90% LA | 2540
(IR Ryu 2500 ] 8 1 & BB FLE AW 4AS-MBP, % Hg( 1) i KW il 2580 312 mg-g !, L8 &
P, 4AS-MBP Xf Hg( 1 ) 5 H AL E 4@ 2 7 (Pb( 1), ¢d( 1), Cu( 1), Zn( 11 ) ) Ay 23 2 50HE
54—823 Z[u], Bk 1 MR X Hg( D) i s e B2 1, I H 4AS-MBP #E ¥ H 5 Y5 % Hg (1) 19 £ BR
RN 92.13%, PRI H B4 B FEIR A P, Zhao 2502 i i = BXAK A8 5o b 3 AL SO 7= B R AW B 4L, 7
PR =W BE DU % (TETA) 15 21 BLAT PRI 22 LBl A1 GE A S JL 4 (0 P Rl 2 FL R &1 (4> F 850 U1K 3).
FH Langmuir 155 B4 500545 21 0 B A4 LT PoCTT ) (9 45 R W B 25 543514 1134 mg-g ™' Fl1 561 mg-g !, Zead
6 AEFXF Po( 11 ) 19 K BRI REFTE 90% LA L. FIFH DFT TRl R 1 W45+ 0 W B 500 22 72 ek
¥ AL, FC-POP-CH,TETA-H WA T5 Po( T ) BE B 83T, Xt Po( 11 ) A 454 RE R -2624 kJ-mol ', iz
KT FC-POP-CH,TETA-E(-988 kJ-mol "), Bl ¥ JE Z A 2544 % Po( 11 ) A S sm Ay £ A1 ). ml WL, 72 2 4L
REW G AZ T 0T DL 46 w0 W i, 108 BE A5 | AS [ 07 5 A 2t vl e 800 it 1 B K

S A E BIEgE T, T LAE T DFT 1506 58 LR A 18 B W B R 4540, FRadEA T & sORnil i, {5 fg
O e KA M K A, TR s B e i 9 50

FC-POP-CH,TETA-H FC-POP-CH,TETA-E
3 TETA &ifi PRl POPs (454450
Fig.3 Structures of two POPs modified by TETAF

2 DFT HEBE S REILA B M 5T 5 5 v (Application of DFT calculation in adsorption study of
synthetic porous materials)
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Fig.4 Optimized configurations of PECMP-0 binding to Pb(II) and Ca(II), respectively™”
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Fig.5 Binding energies of three hydrated forms of Cr( Il ) bound to five COF fragments, respectively™”
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Table 2 Structure and HOMO energy comparison of four adsorbent materials®

o ) SERRE HOMO#E H/eV
Adsorbent Structural feature HOMO energy

TMU-6 MHEE 52K B % -0.2361
TMU-21 MHEE 5 ZE B 4 -0.2398
TMU-23 R AR AH -0.2239
TMU-24 I SZRI I -0.2283

2.4 MEAEFHS M
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Fig.6 Correspondence of RDG coloring isosurface drawing

2.4.2 NBO 7#t
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Table 3 Calculated parameters of adsorbent G1.0 complexing Cd( 1T )©”

NBOF43HL fif

R 454518/ (keal mol™) NBO partial charge CA(ID) i, T4 2

Complexes Binding energy i Ligand cd(m) Cd(II) electron configuration
G1.0-Cd(ID)-1 ~224.53 0.81 1.19 5505 4d°95p 26 00!
G1.0-Cd(11)-2 ~260.79 0.36 1.64 55%3%4d76p™
G1.0-Cd(IT)-3 ~271.73 0.35 1.65 55034705 pP01 60!
G1.0-Cd(11)-4 -280.36 0.30 1,70 58"4d°”6p"*
G1.0-Cd(11)-5 —291.85 0.29 1.71 58"4d76p™*
G1.0-Cd(I1)-6 -300.12 0.33 1.67 5509247950 P!

3 4585 ¥ (Conclusion and prospect)

G AL BRI A S AT 3 R TR AL & Jm -AT HLHEZR RN Z FLAT HLER G ) =28, dlad ik
S SN LR AT | S IR B  A5 T 1% BE A R A B 7R A9 L 45 ) AR 3 T A 2 R R A SR R 4. 2 T
P R 2 e A B 80 S DXL 3R, TR P DR 22 R AT BILA A e 2 s e o 1) A2 590 ) 0 45 4
I AE 2R (R S BAE) B RE R, e (0] B 4 T AR S R 538 M, A 200084 A i o 5 26 T
R AV, DA o S o W B A8 SR T ATk, DFT 3307 W B 2w %) o P A ofe bk, = 2 FH T A
TAOWL AR B8 3 BT R ) B 0 o 7 v A 45 5 1 e A P A B HG At 55 A B A PR, TN e e S 2
SR, A 22 AL B 57 899 0T & A1 DFT SHRR ST I HLBRATS A7 AEVF 22 R B R BRAE, 45 BT 5 v o 5%
LA E [R)

(DB ML BRSO S LU BCRT 21, S 1 38 R SR R K 8 R RS Ak B 5K, BR800 2% i TT
R B R v R 3 TR P TT

(2) B AR A B PRS2 W R B AT, OO DRSS AT 20 b s 5GTE 1 Rt sl R i
0L, RAKA Z FLA R T R AT 58 I A 3 2 Pk U s PR B 2 i DA, R 9™ A Ry .

(3) VR Z 5T A W R BILBE 53 B LT T, 22 BOCHRAGE 33 DFT T30 25 48 D0 AL AN 25 5 RE i e S 50
IGIFHEMIHLIE. WIFFE AT 10 7873 FH DFT 350 A 5 R Zh RE#E— 2523 B T REAFAE A AH B4R HY, Sy
A 6 500 14 A S8R, Sy 3 R AR F s At 2%

S % 3Lk (References)

[ 1] ALI H, KHAN E, ILAHI 1. Environmental chemistry and ecotoxicology of hazardous heavy metals: Environmental persistence,
toxicity, and bioaccumulation [J]. Journal of Chemistry, 2019, 2019: 6730305.

[2] VAREDA J P, VALENTE A J M, DURAES L. Assessment of heavy metal pollution from anthropogenic activities and remediation
strategies: A review [J]. Journal of Environmental Management, 2019, 246: 101-118.

(31 X4, XIS, BEdoR, 45, B4 Jm K I b BEAYRIF ST ke (1], FREE4k7, 2018, 37(9): 2016-2024.

LIUJ Y, LIU L H, XUE J R, et al. Research progress on treatment of heavy metal wastewater by adsorption [J]. Environmental
Chemistry, 2018, 37(9): 2016-2024(in Chinese).

[4] SALL M L, DIAW A, GNINGUE-SALL D, et al. Toxic heavy metals: Impact on the environment and human health, and treatment
with conducting organic polymers, a review [J]. Environmental Science and Pollution Research International, 2020, 27( 24) : 29927-
29942.

[ 5] ZHU Y, FAN W H, ZHOU T T, et al. Removal of chelated heavy metals from aqueous solution: A review of current methods and
mechanisms [J]. Science of the Total Environment, 2019, 678: 253-266.

[ 6] VARDHAN K H, KUMAR P S, PANDA R C. A review on heavy metal pollution, toxicity and remedial measures: Current trends and
future perspectives [J]. Journal of Molecular Liquids, 2019, 290: 111197.

[ 7] AZIMI A, AZARI A, REZAKAZEMI M, et al. Removal of heavy metals from industrial wastewaters: A review [J]. ChemBioEng
Reviews, 2017, 4(1): 37-59.

[ 8] CRINI G, LICHTFOUSE E, WILSON L D, et al. Conventional and non-conventional adsorbents for wastewater treatment [J].
Environmental Chemistry Letters, 2019, 17(1): 195-213.

[ 9] SARMA G K, SEN GUPTA S, BHATTACHARYYA K G. Nanomaterials as versatile adsorbents for heavy metal ions in water: A


https://doi.org/10.1016/j.jenvman.2019.05.126
https://doi.org/10.7524/j.issn.0254-6108.2017110105
https://doi.org/10.7524/j.issn.0254-6108.2017110105
https://doi.org/10.7524/j.issn.0254-6108.2017110105
https://doi.org/10.1007/s11356-020-09354-3
https://doi.org/10.1016/j.scitotenv.2019.04.416
https://doi.org/10.1016/j.molliq.2019.111197
https://doi.org/10.1002/cben.201600010
https://doi.org/10.1002/cben.201600010
https://doi.org/10.1007/s10311-018-0786-8

9

R E A A 22 AL B K R < A BT 3101

[10]

[11]

[12]

[13]

[14]

[15]

L16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

review [J]. Environmental Science and Pollution Research International, 2019, 26(7): 6245-6278.

AYANGBENRO A S, BABALOLA O O. A new strategy for heavy metal polluted environments: A review of microbial
biosorbents [J]. International Journal of Environmental Research and Public Health, 2017, 14(1): 94.

BARAKAT M A. New trends in removing heavy metals from industrial wastewater [J]. Arabian Journal of Chemistry, 2011, 4(4) :
361-377.

JEISE, P 2R VRE A e 438 R e 4R B B B STt R (0], R AR, 2021, 38(8): 897-910.

ZHOU W, TONG S S. Research progress on novel adsorbent materials for separation and enrichment of noble metals [J]. Chinese
Journal of Applied Chemistry, 2021, 38(8): 897-910(in Chinese) .

WU Z X, ZHAO D Y. Ordered mesoporous materials as adsorbents [J]. Chemical Communications (Cambridge, England), 2011,
47(12):3332-3338.

AWUAL M R, RAHMAN I M M, YAITA T, et al. pH dependent Cu(II) and Pd(II) ions detection and removal from aqueous media by
an efficient mesoporous adsorbent [J]. Chemical Engineering Journal, 2014, 236: 100-109.

BETIHA M A, MOUSTAFA Y M, EL-SHAHAT M F, et al. Polyvinylpyrrolidone-Aminopropyl-SBA-15 schiff Base hybrid for
efficient removal of divalent heavy metal cations from wastewater [J]. Journal of Hazardous Materials, 2020, 397: 122675.
MARCINIAK M, GOSCIANSKA J, FRANKOWSKI M, et al. Optimal synthesis of oxidized mesoporous carbons for the adsorption of
heavy metal ions [J]. Journal of Molecular Liquids, 2019, 276: 630-637.

FU L K, WANG S X, LIN G, et al. Post-functionalization of UiO-66-NH, by 2, 5-Dimercapto-1, 3, 4-thiadiazole for the high efficient
removal of Hg(Il) in water [J]. Journal of Hazardous Materials, 2019, 368: 42-51.

YAN Y H, CHU Y T, KHAN M A, et al. Facile immobilization of ethylenediamine tetramethylene-phosphonic acid into UiO-66 for
toxic divalent heavy metal ions removal: An experimental and theoretical exploration [J]. Science of the Total Environment, 2022, 806:
150652.

AHMADIJOKANI F, TAJAHMADI S, BAHI A, et al. Ethylenediamine-functionalized Zr-based MOF for efficient removal of heavy
metal ions from water [J]. Chemosphere, 2021, 264: 128466.

MORCOS G S, IBRAHIM A A, EL-SAYED M M H, et al. High performance functionalized UiO metal organic frameworks for the
efficient and selective adsorption of Pb (II) ions in concentrated multi-ion systems [J]. Journal of Environmental Chemical Engineering,
2021, 9(3): 105191.

WANG C, XIONG C, HE Y L, et al. Facile preparation of magnetic Zr-MOF for adsorption of Pb(Il) and Cr(VI) from water:
Adsorption characteristics and mechanisms [J]. Chemical Engineering Journal, 2021, 415: 128923.

LVSW,LIUJM,LICY, et al. A novel and universal metal-organic frameworks sensing platform for selective detection and efficient
removal of heavy metal ions [J]. Chemical Engineering Journal, 2019, 375: 122111.

HUANG Y, ZENG X F, GUO L L, et al. Heavy metal ion removal of wastewater by zeolite-imidazolate frameworks [J]. Separation
and Purification Technology, 2018, 194: 462-469.

CAO Y, HU X, ZHU C Q, et al. Sulthydryl functionalized covalent organic framework as an efficient adsorbent for selective Pb (II)
removal [J]. Colloids and Surfaces A:Physicochemical and Engineering Aspects, 2020, 600: 125004.

MA Z Y, LIU F Y, LIU N S, et al. Facile synthesis of sulthydryl modified covalent organic frameworks for high efficient Hg(II)
removal from water [J]. Journal of Hazardous Materials, 2021, 405: 124190.

CUI F Z, LIANG R R, QI Q Y, et al. Efficient removal of Cr(VI) from aqueous solutions by a dual-pore covalent organic
framework [J]. Advanced Sustainable Systems, 2019, 3(4): 1800150.

QIAO X X, LIU G F, WANG J T, et al. Highly efficient and selective removal of lead ions from aqueous solutions by conjugated
microporous polymers with functionalized heterogeneous pores [J]. Crystal Growth & Design, 2020, 20( 1): 337-344.

WANG Q, LI R, OUYANG X, et al. A novel indole-based conjugated microporous polymer for highly effective removal of heavy
metals from aqueous solution via double cation-n interactions [J]. RSC Advances, 2019, 9(69): 40531-40535.

XU D, WU W D, QI H J, et al. Sulfur rich microporous polymer enables rapid and efficient removal of mercury(I) from water [J].
Chemosphere, 2018, 196: 174-181.

AGUILA B, SUN Q, PERMAN J A, et al. Efficient mercury capture using functionalized porous organic polymer [J]. Advanced
Materials, 2017, 29(31): 1700665.

RYU J, LEE M Y, SONG M, et al. Highly selective removal of Hg(Il) ions from aqueous solution using thiol-modified porous
polyaminal-networked polymer [J]. Separation and Purification Technology, 2020, 250: 117120.

ZHAO K Q, KONG L K, YANG W W, et al. Hooped amino-group chains in porous organic polymers for enhancing heavy metal ion
removal [J]. ACS Applied Materials & Interfaces, 2019, 11(47): 44751-44757.

LI H, CHEN X P, SHEN D Q, et al. Functionalized silica nanoparticles: Classification, synthetic approaches and recent advances in
adsorption applications [J]. Nanoscale, 2021, 13(38): 15998-16016.

GANG D, UDDIN AHMAD Z, LIAN Q Y, et al. A review of adsorptive remediation of environmental pollutants from aqueous phase


https://doi.org/10.1007/s11356-018-04093-y
https://doi.org/10.3390/ijerph14010094
https://doi.org/10.1016/j.arabjc.2010.07.019
https://doi.org/10.1039/c0cc04909c
https://doi.org/10.1016/j.cej.2013.09.083
https://doi.org/10.1016/j.jhazmat.2020.122675
https://doi.org/10.1016/j.molliq.2018.12.042
https://doi.org/10.1016/j.jhazmat.2019.01.025
https://doi.org/10.1016/j.scitotenv.2021.150652
https://doi.org/10.1016/j.chemosphere.2020.128466
https://doi.org/10.1016/j.jece.2021.105191
https://doi.org/10.1016/j.cej.2021.128923
https://doi.org/10.1016/j.cej.2019.122111
https://doi.org/10.1016/j.seppur.2017.11.068
https://doi.org/10.1016/j.seppur.2017.11.068
https://doi.org/10.1016/j.colsurfa.2020.125004
https://doi.org/10.1016/j.jhazmat.2020.124190
https://doi.org/10.1002/adsu.201800150
https://doi.org/10.1039/C9RA07970J
https://doi.org/10.1016/j.chemosphere.2017.12.186
https://doi.org/10.1002/adma.201700665
https://doi.org/10.1002/adma.201700665
https://doi.org/10.1016/j.seppur.2020.117120
https://doi.org/10.1039/D1NR04048K

3102 7N 54 1t

3

2%

[35]

[36]

[37]

[38]

[39]

[40]
[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

by ordered mesoporous carbon [J]. Chemical Engineering Journal, 2021, 403: 126286.

RU J, WANG X M, WANG F B, et al. UiO series of metal-organic frameworks composites as advanced sorbents for the removal of
heavy metal ions: Synthesis, applications and adsorption mechanism [J]. Ecotoxicology and Environmental Safety, 2021, 208: 111577.
KOBIELSKA P A, HOWARTH A J, FARHA O K, et al. Metal-organic frameworks for heavy metal removal from water [J].
Coordination Chemistry Reviews, 2018, 358: 92-107.

WEN J, FANG Y, ZENG G M. Progress and prospect of adsorptive removal of heavy metal ions from aqueous solution using metal-
organic frameworks: A review of studies from the last decade [J]. Chemosphere, 2018, 201: 627-643.

FENG M B, ZHANG P, ZHOU H C, et al. Water-stable metal-organic frameworks for aqueous removal of heavy metals and
radionuclides: A review [J]. Chemosphere, 2018, 209: 783-800.

PENG Y G, HUANG H L, ZHANG Y X, et al. A versatile MOF-based trap for heavy metal ion capture and dispersion [J]. Nature
Communications, 2018, 9: 187.

LEE J S M, COOPER A L. Advances in conjugated microporous polymers [J]. Chemical Reviews, 2020, 120(4): 2171-2214.

MODAK A, BHANJA P, SELVARAJ M, et al. Functionalized porous organic materials as efficient media for the adsorptive removal of
Hg(ii) ions [J]. Environmental Science:Nano, 2020, 7(10): 2887-2923.

LV S W, LIU J M, WANG Z H, et al. Recent advances on porous organic frameworks for the adsorptive removal of hazardous
materials [J]. Journal of Environmental Sciences, 2019, 80: 169-185.

JIANG Y Z, LIU C Y, HUANG A S. EDTA-functionalized covalent organic framework for the removal of heavy-metal ions [J]. ACS
Applied Materials & Interfaces, 2019, 11(35): 32186-32191.

KHAKBAZ M, GHAEMI A, MIR MOHAMAD SADEGHI G. Synthesis methods of microporous organic polymeric adsorbents: A
review [J]. Polymer Chemistry, 2021, 12(48) : 6962-6997.

SHENG X, SHI H, YANG L M, et al. Rationally designed conjugated microporous polymers for contaminants adsorption [J]. Science
of the Total Environment, 2021, 750: 141683.

AL-MAHAYNI H, WANG X, HARVEY ] P, et al. Experimental methods in chemical engineering: Density functional theory [J]. The
Canadian Journal of Chemical Engineering, 2021, 99(9): 1885-1911.

HE Y, LIU Q Q, HU J, et al. Efficient removal of Pb(II) by amine functionalized porous organic polymer through post-synthetic
modification [J]. Separation and Purification Technology, 2017, 180: 142-148.

HE Y, LIU Q Q, LIU F, et al. Porous organic polymer bifunctionalized with triazine and thiophene groups as a novel adsorbent for
removing Cu (II) [J]. Microporous and Mesoporous Materials, 2016, 233: 10-15.

YANG R X, WANG T T, DENG W Q. Extraordinary capability for water treatment achieved by a perfluorous conjugated microporous
polymer [J]. Scientific Reports, 2015, 5: 10155.

SHAO P H, LIANG D H, YANG L M, et al. Evaluating the adsorptivity of organo-functionalized silica nanoparticles towards heavy
metals: Quantitative comparison and mechanistic insight [J]. Journal of Hazardous Materials, 2020, 387: 121676.

HALDER S, MONDAL J, ORTEGA-CASTRO J, et al. A Ni-based MOF for selective detection and removal of Hg** in aqueous
medium: A facile strategy [J]. Dalton Transactions (Cambridge, England:2003), 2017, 46(6) : 1943-1950.

LIJ, DUAN QY, WU Z, et al. Few-layered metal-organic framework nanosheets as a highly selective and efficient scavenger for heavy
metal pollution treatment [J]. Chemical Engineering Journal, 2020, 383: 123189.

GENG S Y, LIU J, WANG C, et al. Experimental analysis and theoretical studies by density functional theory of aminopropyl-modified
ordered mesoporous carbon [J]. Applied Surface Science, 2015, 351: 911-919.

WEID L, ZHANG A R, AI'Y J, et al. Adsorption properties of hydrated Cr** ions on schiff-base covalent organic frameworks: A DFT
study [J]. Chemistry - an Asian Journal, 2020, 15(7): 1140-1146.

XU T, ZHOU L, HE Y, et al. Covalent organic framework with triazine and hydroxyl bifunctional groups for efficient removal of
lead( 1) ions [J]. Industrial & Engineering Chemistry Research, 2019, 58(42): 19642-19648.

WANG C, LIN G, XI'Y H, et al. Development of mercaptosuccinic anchored MOF through one-step preparation to enhance adsorption
capacity and selectivity for Hg(II) and Pb( ) [J]. Journal of Molecular Liquids, 2020, 317: 113896.

REN B, WANG K, ZHANG B 8, et al. Adsorption behavior of PAMAM dendrimers functionalized silica for Cd(II) from aqueous
solution: Experimental and theoretical calculation [J]. Journal of the Taiwan Institute of Chemical Engineers, 2019, 101: 80-91.
ESRAFILI L, SAFARIFARD V, TAHMASEBI E, et al. Functional group effect of isoreticular metal-organic frameworks on heavy
metal ion adsorption [J]. New Journal of Chemistry, 2018, 42(11): 8864-8873.

FER, MR R AT i T L (D). 3R A A, 2012, 28(1): 1-18.

LU T, CHEN F W. Comparison of computational methods for atomic charges [J]. Acta Physico-Chimica Sinica, 2012, 28(1): 1-18(in
Chinese) .

BOTO R A, CONTRERAS-GARCIA J, TIERNY J, et al. Interpretation of the reduced density gradient [J]. Molecular Physics, 2016,
114(7/8): 1406-1414.

WEINHOLD F, LANDIS C R, GLENDENING E D. What is NBO analysis and how is it useful? [J]. International Reviews in Physical
Chemistry, 2016, 35(3) : 399-440.


https://doi.org/10.1016/j.cej.2020.126286
https://doi.org/10.1016/j.ecoenv.2020.111577
https://doi.org/10.1016/j.ccr.2017.12.010
https://doi.org/10.1016/j.chemosphere.2018.03.047
https://doi.org/10.1016/j.chemosphere.2018.06.114
https://doi.org/10.1038/s41467-017-02600-2
https://doi.org/10.1038/s41467-017-02600-2
https://doi.org/10.1021/acs.chemrev.9b00399
https://doi.org/10.1039/D0EN00714E
https://doi.org/10.1016/j.jes.2018.12.010
https://doi.org/10.1039/D1PY01145F
https://doi.org/10.1016/j.scitotenv.2020.141683
https://doi.org/10.1016/j.scitotenv.2020.141683
https://doi.org/10.1002/cjce.24127
https://doi.org/10.1002/cjce.24127
https://doi.org/10.1016/j.seppur.2017.01.026
https://doi.org/10.1016/j.micromeso.2016.06.024
https://doi.org/10.1038/srep10155
https://doi.org/10.1016/j.jhazmat.2019.121676
https://doi.org/10.1039/C6DT04722J
https://doi.org/10.1016/j.cej.2019.123189
https://doi.org/10.1016/j.apsusc.2015.06.034
https://doi.org/10.1002/asia.201901686
https://doi.org/10.1016/j.molliq.2020.113896
https://doi.org/10.1016/j.jtice.2019.04.037
https://doi.org/10.1039/C8NJ01150H
https://doi.org/10.3866/PKU.WHXB2012281
https://doi.org/10.3866/PKU.WHXB2012281
https://doi.org/10.1080/0144235X.2016.1192262
https://doi.org/10.1080/0144235X.2016.1192262

	1 合成多孔吸附剂的开发与应用（Development and application of synthetic porous adsorbents）
	1.1 无机介孔材料
	1.1.1 介孔二氧化硅
	1.1.2 介孔碳

	1.2 金属有机框架
	1.3 多孔有机聚合物
	1.3.1 共价有机框架
	1.3.2 共轭微孔聚合物
	1.3.3 含杂原子的多孔聚合物


	2 DFT计算在合成多孔材料吸附研究中的应用 （Application of DFT calculation in adsorption study of synthetic porous materials）
	2.1 结构优化
	2.2 计算结合能
	2.3 电子特性分析
	2.3.1 静电势分析
	2.3.2 原子电荷分析
	2.3.3 HOMO和LUMO能量分析

	2.4 相互作用分析
	2.4.1 NCI（RDG）分析
	2.4.2 NBO分析


	3 结论与展望（Conclusion and prospect）
	参考文献

