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Abstract

Catalysts based on organic compounds, transition metal and metal-organic frameworks (MOFs) have been applied to degrade
or remove organophosphorus toxic compounds (OPs). During the last 20 years, various MOFs were designed and synthesized
to suit application purposes. MOFs with Zrs based metal node and organic linker were widely used as catalysts due to their
tunability for the pore size, porosity, surface area, Lewis acidic sites, and thermal stability. In this review, effect on catalytic
efficiency between MOFs properties according to the structure, stability, particle size, number of connected-ligand, organic

functional group, and so on will be discussed.
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Figure 2. Organophosphorus-based toxic compounds and simulants.
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Figure 3. o-ldosobenzoic acid (IBA).
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Figure 4. Stoichiometric hydrolysis reaction of O-isopropyl methyl-
phosphonofluoridate (sarin, GB).
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Table 1. Representative Catalytic Reactions Using Transition Metal Chelates and Metal Oxides to Degrade the OPs Compounds
Catalysts OPs tin Reaction condition Reference
Cu(I)-TMED" PNPDPP 1,149 s pH = 8, UV/Vis 39
Cu(Il)-BIPY PNPDPP 11 s pH = 8, UV/Vis 39
Eu(Ill) cryptate(2.2.1)Cl PNPDPP 385 s pH = 9, UV/Vis 40
Cu(II)-dipicolylamine DFP 5.68 h H = 8, F electrode 38
Cu(II)-aminoethanethiol DFP 245 h pH = 8, F electrode 29
Diaminatedpolystyrene-Cu(II) GB 369 s pH = 8, UV/Vis 41
Diaminatedpolystyrene-Cu(II) GD 177.7 s pH = 8, UV/Vis 41
Nano AP-ALO; VX > 64 d B¢, PAl *'P MAS NMR 34
Nano 7 -ALO; VX 6.8 d *'P MAS NMR 35
Nano AP-ALOy/ 7 -ALO; GD 1.8 h B¢, PAl *'P MAS NMR 34, 35
AgY zeolite VX > 6.6 h 3'P MAS NMR 31
NaY zeolite VX >50d *'P MAS NMR 31
Zr(OH), VX < 1 min 3'P MAS NMR 37
Zr(OH)4 GD 8.7 min IP MAS NMR 37
Nanotubular TiO4 VX 58 min 3P MAS NMR 36
Nanotubular TiO4 GD 1.8 h 3P MAS NMR 36
TiO4/acrylic imbed paint VX 7.7 h 3P MAS NMR 42
TiO4/acrylic imbed paint GD 10 h 3P MAS NMR 42
Nano AP-CaO VX 93 h ’'P MAS NMR 33
Nano AP-CaO GD 45 h *'P MAS NMR 33
Nano AP-MgO VX 68 h 3P MAS NMR 32
Nano AP-MgO GD 28 min 3'P MAS NMR 32
* N,N,N’,N’-tetramethylethylenediamine (TMED), 2,2’-bipyridine (BIPY).
* All data shown on this table were acquired under different experimental conditions.
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Figure 5. Structure of zeolite A (left), zeolite Y (center) and MOF-5
(right). MOF-5 Reprinted by permission from Springer Nature Customer
Service Center GmbH: Springer Nature, Nature, Design and synthesis
of an exceptionally stable and highly porous metal-organic framework,
H. Li, M. Eddaoudi, M. O'Keeffe, and O. M. Yaghi, Vol 402, p.277,

copyright (1999)[70].

o 5818 Y4 2 YD F ArH4445]. MOFst= 71£9] they
B4 AgelolEnt ®HA 0 AZe) 27k Ak dwsow

o

)R AMEEE dBHQ gy E el Figure 504 R wkel
o] Al&eto| EeF MOFs7} Ut Zeolite A cage 72 21742 4.1
AolH, zeolite Y= 7.4 A2 A71E 7IX 1L AtH46]. Figure 6914
Hi= ulel 2o NU-1000 MOFs2| 71g 2 628 Alge] 272 ok
31 Ao|th47]. Al&eelEL 9 mHo] ~900 mig' ] HhHe[48]
MOFs¥ ~7,000 m’g'©]™, NU-110E¢] 7% 7,140 m’g'¢] W4
7= AoR RIEQITH49]. F7HA O R o] ATt 2JshH MOFs
= 249 725 7] Wil Axkelehs o] 43t e A S
7 a9, RS E35lo] MOFse] At 3 2S 14,600 m’g ' 7}
2| 7Vseitkal Baskeleh w3 MOF-399% 0.126 glem®s] 7Hd 2
& WIEE, IRMOF-74-XI:= 2827119 akze] a2l @/dst] 98 A
9 7V T AR AE T AR ATERIT50,51). ARTAE
Ul e BAE AlSTo|Er) gl AM-E ] itk Algelol
Eo] 39 pAoln Alwel 7] Zdo] AlgtE= Ao nlste,
MOFs= thefst 7157155 ARgate] BHe X4, &7, v &
238 2 3 o o f7) BREe] 718 2EFoEA A
39 AVNE AR E4el uAl wigs 4 ik o]y olf=
MOFs+= et} g7k 5o] A%(52-56], =22 e][57), &4 =
3[58-60], ET[61-65], FEZL66] T S&iok] da] AMgE
ATk 2 2lHellAs MOFs7F £ 4], & 9] 9} B4 A, g
7], T2, sk 9 A g T FHElEA ) ks Sskst
T Q= 5AS 7] ulEe] SR ARESE Al wkete] Tl

(¢}

e

MOFsE2] Sl 582 Folx Ak 2]l 34 ==
el oR2 wFE T gt=ol HAEth MOFsE ARS8 3}
g2gAe] L3 A} AgoR FIYEJ[71], ©]F HKUST-1
[72,73], MIL-101(Cr)[72,74], UiO-66 types, UiO-67 types, NU-1000,
MOF-808, PCN-222,/MOF-545[75,76] 53} #Z< t}okdk MOFsE©°]
£ 57 Fajdtel ARgE ol ghtl

CuE 2% w2 WAl Eg7EAARS linkerZ o] A%
HKUST-1 (Cu;BTC,, benzene 1,3,5-tricarboxylate)= A&-3F OPs 59
EA ASATE in-situz AP, P MAS NMRZ H4 35130t}
=49 s )= VX, 29 h3t GD, 2 dayolQltH73]. 22t
HKUST-12 £33 37]] tigh W2 g/ wigol] S4dE82 AA
Sl ok AH o Aksiick

Pyridines Z@°]E A]Z1 chromium(IIl) terephthalate metal-organic

Fol2: 917]

3sst ® 30 H A 5 =, 2019

A5
TBAPy* R
Y > A 7
XX 2 1K | f 10\%
T;,Z:I RO PO
2 A r ¢ B : ¢ )
-ﬁ o ",1:-‘- .
SRS s 31A e
organic linkers S, RE—— Y
Zrgnode (j X j K
Tt R RN > v

metal ions

(b)

Figure 6. Structure of (a) NU-1000. [Zrg(1s-O)4(uz-OH)4(OH),(OH,),]**
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SotA oIl VX elnkes ARelan, vX el P-s Aol EolA
VX FEAIR EA-21928 AGshs Zlom A=A, w7 l=
7 min®Z MOFs& A B ol oojdEle] AR 71 5 &
< Ho]F=3ITh Koning {841 W& AH8-814] 93l Ui0-66-NH, &
©]-8-3t°] paraoxon, VX9 GAS] 3Rk ATkl en, Z47+] §h
A7 99, 5, 39 min % H IS} F7HH 0% o] Aol A N-eth-
ylmorpholine ¥ & AFHEEFS -9 VX & 7] 35 mino| }lth
opml7]7} B-2EA] 9k NU-1000, MOF-808, PCN-7775-% 13 ¢l
o] VX #allWg Al A W37 47t 8.7, 6.3, 17.3 mino & 2
2 27 sl A o717} F-2He Ui0-66-NH, 2] ¥17] 5 min2} Bl
3RS o basicity’} 973 MOFs2] ZFvjlAdso] 71 $-<=3l5ith
Farha®} Koning®] 97-5 &g wj ofu17]7}F H-2H¥ MOFs7}F vX 9]
aNkSell $siths 4 48 4 Uitk

A F7HA] FolL50] L Lewis acidityS 7HA 1 B ZAAH
= ATIER ZrIV)E 7REe. R 3H= MOFsE°] 5424 w35
24 Wol ARg-Holgktt Zr, 71RE Ui0-662] &4 Aol Ce(IV)S A
213 Ce-BDC2] MOFsE AH&-319] Zr(IV) 9} Ce(IV)] &3S H] s}
v ATE AEEHACH8s]. olde] ATAT=(86] TS HIsl
MOFsE°] OPsE2 AF-S A= u] Ce(IV)S] 749 4f LB Al
7} Frasted 7k AAA )T HEE 88 ¥ g4 0% OPsES
o7 A frka STk =S OPss} A Al 4f B4 en|Es ¥
AJ3kaL charge transfer’} Lol Ful @37} o E4dsldvky Byusk
Gk Y W2 ShellA Ce-BDCS] DMNP #3f HEF7]+= 8 min
O F Ui0-662] W] 19 mind Blwste] O == ZOE A
= %131, GDE #alN-E W72 Z-9-o| = Ce-BDC 3 min¥ UiO-66
~4 min2Z Ce-BDC7} 510 Ce(IV)S] 4f &4 @n|ge] slo]
RS E e JE mHths el XSk

A F7HA] O] s ATt Sehk-s oz ZlsH Yy
Hupp 5{87] ®ghe 4 ZollA methanolysisS ©]8-319] UiO-662}
paraoxon, PNPDPP2] H-a41-8-5 <17"38131th PNPDPP2] HIZH7]+= 50
min %2 7]&2] Al-porphyrin-based organic polymer (Al-PPOP)E A}
43t methanolysis 17 AYHTH= #FSEE7) 2~34) A= SITHSS).

OPs 3}5HE2] AFQl #A|FA| 2 AHE-%+= glyphosate (N-phosphono-
methyl glycine)E NU-10003} UiO-67 MOFsE ©]&-3&lo] S2HlH o
2 Jaleh] Y8t A7 W EHSITH79,89,90]. o] FyA o] o]f-
i MOF9] Zr-OH 15°] glyphosate”} 7}4]:= phosphate “135 3} 733t
21318& 71x)7] wjiEolek Table 201 thEA<Q] MOFsE-& A3 OPs
EAEAES] BElNkS Aol wist AvE UdsiSith AM-E MOFs
9} OPsEY) o} AFFAL MZ U2 24 sloll R8e dujo|ck

OPs =4 8}3E #allshz Sl 2A] MOFsEo| a4 olets W
ATES 7IZE 3o, APHE BEo 9 WEd e 48357] 9
3 AIEE0] AlEGE I Qv TiOE WAl PA-6° F9 3 PA-6@TIO,

I
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Table 2. Representative Catalytic Reactions Using MOFs to Degrade the OPs Compounds

MOFs Toxic compound ti2 (min) Condition Reactions Reference
Ui0-66 DMNP* 45 pH = 10, P NMR Hydrolysis 83
Ui0-66 Paraoxon 45 MeOH, UV/Vis Methanolysis 87
Ui0-66 PNPDPP 50 MeOH, UV/Vis Methanolysis 87
Ui0-66 DMNP 35 pH = 10, UV/Vis Hydrolysis 81
Ce-Ui0-66(BDC) DMNP 8 pH = 10, *'P NMR Hydrolysis 85
Ce-Ui0-66(BDC) GD 3 pH = 10, *'P NMR Hydrolysis 85
Ui0-66-NH, DMNP 1 pH = 10, *'P NMR Hydrolysis 83
UiO-66-NH, Paraoxon 35 pH = 10, P NMR Hydrolysis 84
UiO-66-NH, Paraoxon 99 No buffer, *'P NMR Hydrolysis 84
UiO-66-NH, VX 22 pH = 10, P NMR Hydrolysis 84
UiO-66-NH, VX 5 No buffer, *'P NMR Hydrolysis 84
Ui0-66-(0H), DMNP 60 pH = 10, UV/Vis Hydrolysis 81
Ui0-66-NO, DMNP 45 pH = 10, UV/Vis Hydrolysis 81
UiO-66-NH, DMNP 1 pH = 10, UV/Vis Hydrolysis 81
UiO-66-NMe;, DMNP 2 pH = 10, UV/Vis Hydrolysis 81
Uio-67 DMNP 4.5 pH = 10, *'P NMR Hydrolysis 83
UiO-67-NMe;, VX 1.8 pH = 10, *'P NMR Hydrolysis 83
Ui0-67-NMe, VX 7 No buffer, *'P NMR Hydrolysis 83
Ui0-66-NH,@LiO'Bu DFP 0.4 pH = 10, UV/Vis Hydrolysis 94
PA-6@TiO,@UiO-66-NH, DMNP 7.3 pH = 10, UV/Vis Hydrolysis 82
PA-6@TiO,@UiO-66 GD 3.0 pH = 10, P NMR Hydrolysis 82
PA-6@TiO,@Ui0-67 GD 23 pH = 10, P NMR Hydrolysis 82
NU-1000 DMNP 15 pH = 10, UV/Vis Hydrolysis 78
NU-1000 GD 3 pH = 10, UV/Vis Hydrolysis 78
NU-1000 GD 36 pH = 10, UV/Vis Hydrolysis 78
NU-1000 CEES 3.8 UV LED (395 nm) Photocatalysis 64
NU-1000-dehyd DMNP 1.5 pH = 10, UV/Vis Hydrolysis 78
NU-1000-dehyd DMNP 1.8 PEI buffer, *'P NMR Hydrolysis 91
NU-1000-dehyd GD 4.8 PEI buffer, *'P NMR Hydrolysis 91
NU-1000-dehyd VX 12.7 PEI buffer, *'P NMR Hydrolysis 91
NU-1000 (size = 75 nm) DMNP 2 pH = 10, P NMR Hydrolysis 77
NU-1000 (size = 15,000 nm) DMNP 80 pH = 10, P NMR Hydrolysis 77
MOF-808 DMNP <05 pH = 10, P NMR Hydrolysis 80
HKUST-1 GD 2,880 *'P MAS NMR Hydrolysis 73
HKUST-1 VX 1,740 3'P MAS NMR Hydrolysis 73
PCN-777 GD <1 pH = 10, P NMR Hydrolysis 84
PCN-222/MOF-545 DMNP 8 pH = 10, blue LED Hydrolysis 75
* dimethyl 4-nitrophenyl phosphate (DMNP), polyethyleneimine (PEI), 2-chloroethyl ethyl sulfide (CEES).
* All data shown on this table were acquired under different experimental conditions.
£ Zre 719F2] MOFs?l UiO-typesE°ll F2A1A S48 &3y 23 9= AFEE A% AQATHI1]. A 2,500 g/molQ! PEI H
S A3 PA-6@TiO@Ui0-672] GD -3l HH7]+:= 2.3 min®. 3 3ol Al NU-1000= HH-3A13S 74-F- DMNP -3 ¥H17]+= 8 min
2 7 avdolgitt. ol 5A4EZHEC] PA-6@TiO,@Ui0-66 2.t} © 3, 0]7 2] N-ethylmorpholine W3] d}eflA NU-10005 AH-3+ &3]
PA-6@TIO@UiIO-677F 7HA 1L Q= iAo s & 7|30 s ity Hkg Aol FUs T, TRAL W E AR kg avvt 9l
o] Fufjzkgo] G EG] Wit oE A 6T LEAE ©] & gRlskSlth NU-1000/dehydrated S PEI W ¥ ollA] ARE-SS -
&3 MOFs F1fl 38179 & o= Zslik-go] dojvh= w1t 971 I WEP1E 1.8 minlE ARAME T s anrt Srekles
A B Wy 218 A53H7] 218l polyethyleneimine (PEI) 8-} ko151 Kim ${92] WAf5 S AS2 9 A9 Wl Ql= &

23t Ml 30 & M 5 F, 2019



7190 AL 545eE w8l
W19 8 277 o] Aelol] Uio-66-NH, 2 25}l 1
5 910w, o] MOFs A2l ¥AIE olgslel GOl A5 W ¥
SIS QI D7 AT P8 AU e i)
7% 120 pg em?0] o), MOFs® ]2 3F WA 4% 5 pg cm?
= gt sleEslon, A% 79 48 GC-MSE 4% At 3

Favvt ol Aol ope} F3keS 5
3t3ick

ool dElel -5-8-sk71 21l Aol MOFsE F2A17 38148
AE AHEA7IE Q75 AIREHATHI3]. Al 283t Al

e ZullE A7gsl] fl8 2l@E ArellAE Uio-66°l LiBuO9}
LiEt0 55 ¥-2F A| DFPE #3llsh= w7171 242F 58F 30 min©] %)
v B aksiv) o] A= BuO 7 EtO KU} basicity 7} T $-5738}7]
& o7 ddslith o] MOFsE o] &3k Eajdtolr F23k o
kS Bl 9550129 Lewis acidity % ol 2} —rXLEl alkoxide 5-2J
basicity7} w-allHH-g-ofl AlUA] @& F37] A8 o]
ARs B3 AYE el at e5skd Uio-66@L10tBu% A=
of] A-&3} silk[UiO-66@LiOBu]2] DFP2} DMMP -3 ®k7)= 7}

&3 GD7} E3llE AL gl

\:l

7} 209} 50 min % S0, AREAR] OPsEel 7= P-F, P-O
ATE Bole 8hiSo] Sgo] Hasigik
A it e 99 WS MORT} OPs TSR

olN

I 1) S92 WE

O

e FARR 3t T2 o) E-5 U
S AEE3Thd, MOFst &3t ol A A58l S3A7)=
QY% TS 7S T E Ao|BR, ko AR 4
st MOFsE A17d3tal, T4 - F7tste] §871A o|2A] s &
3 AFE0] Fad Floju}
3. 4 B
FHSeE AFE F3He] IBA, olw%, U MOFs+= OP 7|4t 54
EAES waleta AASH=d a9 Y-S BAFsLh Fuiv) 71K
T E49] k84, §IAke] 371, pH, AR BRt=9] §, AR s
719] 44 Fell w}i‘r A=A E8l ATt TS A HE E<l
g 4= SISl MOFs i) 749 Bof tist ezt |42 HgAds
A3 Q= Zrg = 71HEe] MOFsE©°] SAE4 2] 2o 74 W
o] AFEHE T} Zry = EZ 7HX= MOFsgt g2k zke] @177}
A2 AFY 7|7 A3 FH 0] BEFE 98 Bl s

7HRaL, A e v = 7“’\9} organic linkere]] A2 % 7]h7]—‘§—

T gl age] IS FULh W E AREA] 2 pH T4
]l g EiellM & - MOFs+= %?f& Rse e 7;9_; ol

A gol hsato] wEHol}

o] A7 A TA L] AL o} FHHHF UL Figure 59
MOF-5 T-Z[Yaghi et al, Nature, 402, 277 (1999)]2} Figure 6(b)
[Farha et al., Nature Materials, 14, 513 (2015)]i= Springer Nature 2]
3]71(4646821344279, 4646801413692)%F WFol, Figure 6(a)i= Elsevier

[Truhlar et al., J. Catal., 360, 161 (2018)]°] 317}4646800973735)=
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