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The degradation of pollutants catalyzed by metalloporphyrin derivatives
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Abstract; The recent growing threat of environment and energy crisis have aroused increasing
concern due to the rapid development of industrialization and urbanization. The aggravating release of
recalcitrant pollutants in water and soil poses great threat to human health, demanding for more
efficient strategies/to. address the environmental issue. Considering the photosensitiveness and redox
properties of metalloporphyrins’in nature, porphyrin-based chemistry has reached an unprecedented
period of rapid development for the application of pollution abatement. This review summarized
recent advances of porphyrins chemistry, highlighted Fenton-like redox chemistry and photo-
excitability of porphyrins. The generation of high-valent iron oxo porphyrin species, 'O, and O were
also discussed. Finally, challenges in current research were identified and perspectives for future
development in this area were presented.
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species, heterolysis, reaction mechanism.
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Fe( M) /Fe( I ) 3R RIS AYBRE o0 T g — )8, AF 5% & 01T 4h R 235 i R UL G ry 2%
S . — 7 T, —SE ARSI A 0 2o 4 AR an g i B BN A R S5 T DL AT G S S T
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PUBCARRER 1E 4% B 178 s e s v pH R D03E 2o IRV B A H: [ B (438 JE P, in ik Fe (1) /Fe ((11) 18
PRI TR 5 H, 0, BRI FH R R TS5 ey W i
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1 £ ENMRFE 353 & M # B9 S A ( Application of metalloporphyrins in Fenton like reactions)
1.1 BAHZE ISR R A 75 e )

VSR — Tl e 5 P A 2 0 S A AR, 4 T8 PNk RT DAL H, O, 45 S8 Ak 550 1Y 53 i, 7 A 15 P S )
KR £ Fh H bR TS Yy, & R & LRI H,0, Na,S, 0,5,

HLAE 1981 4| Groves 252 FERFFT AN (225 P4SO AN S HE %9 N T AR DU B B, A i 1 — b 14 v
Wrek-IR LA, WA T T 3RAE, I8 T A WL IR . 2 5, 53 T 11 58 4 T bk ) 4 46 44k
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JFHE T 2 Iy WIS Sorokin %' SR I PR B (FePeS) AL H,0, 1L = ST (TCP) 7
WIS 3 FePeS/HL0, PR RERIE TCP 40 F BRI 508 T T 52 AL TCP 0 X HLE 38 LA
FLF LT HE R AR B Sorokin 6 R FRC 1AL 4 BRI 4 B FePeS/H, 0, FR 5 T BLitE—
S TCP LT P COL RS IE LY L B SRHE A0 LA, FePes/HL0, P R T LA S5
O b, AT AT LI 1. — 6 R I B HLRTAE I L2 AR 1 .

a. FePcS b. Mn(TPPS)  SO;Na

c. Fe(TPPS)CI

B 1 5 TRk Al 2t L 2
(a)FePcS: 2,9,16,23-PUBHBLERILTS ; (b) Mo (TPPS) « U (X -BEHRIEAIE) RN ;
(¢)Fe(TPPS)Cl. PURARABESEIHLARIN ; (d) CoTPPS, : meso-PU-( 4-REHEHEH ) SNk

Fig.1 Chemical structuré of some typical metalloporphyrins'** ¥

(a)FePcS: 2,9,16,23-tetrasulfonyl iron phthalocyanine; (b)Mn(TPPS) ; Tetra ( p-sulfonylphenyl) manganese porphyrin;
(¢)Fe(TPPS)Cl: Tetrasulfonyl phenyl iron porphyrin; (d) CoTPPS,: Meso-tetra-(4-sulfophenyl) cobalt porphyrin

T 1 BGE T AR AR 59 AR S S50 S N H X S [R) A HILTS Y 0 4 5 it 5k SR Sorokin 25T R B, LU
KHSO, i 470 ik, BN 46 5] 5 TCP FLAE M 0.1% , ZEJL434h Pduv] LWL B i W ok 58 4 Ak I A
L H,0, %40 (0 S84k R KHSO, bt n] RLFRAS 42 1 A9 5 1L 2. Crestini 25 (U 52 45 R W, 78 H, 0,
TEAERT | BB 1 A1 PRS- 7K ¥ P I AR b 42k I wbk mT LB A 2550l 8 i A T 3K 5 R R R AR UL A 9.
Colomban 258 % 14 1 VU FE LTS 2R (FePceS) MAHR ) w-nitrido SR A& [ (FePcS) ,N AL TERE , 75 )%
I3 h JF, LA 0.5 mol%H (FePceS) ,N F1 FePeS E Ay fi A0l Bl — S A1 (DCP) |, W] 43 515K 15 92% 154 4k,
091 FIBLGE 33% 1 B HILAR < BR RN 81% AU %5 1L R (0.81 A B A L 27% Y AT HLAK 25 BR %K.
Fukushima 251" % B8 A — 52 W A DU R BR FEZR FE RO (TPPS ) il Fe ( 1) AZKIE A pH 6 BISME T
AT LLVE AL 0,774 H, O, Bt LA (PCP) , A8 IFLIR LR ( ASC) 222 1 PCP AYFAEf#.

FER N L FE T, 0—O BEAFAEI2FN S 28 PR iy 50 ¥ 20 f9s 0—O # BT Y, S 24t A4
O—H HAE Wi 24, SR J5 0—O 5 P74, K [R] 11 1T 24y 5 XoF ¥ e 400 19 o figt 280 SR A T Kudeik 2602 X6
(FePc,Bu, ) ,N/H,0, /K Z Fl( FePc'Bu, ) ,N/'BuOOH & &R &AL =31 75087, % BL( FePc,Bu, ) ,N/H,0,
R Z I (FePc'Bu, ) ,N/' BuOOH A& 2 257 A AN [ AU 1) 6 1 8 Ak 4, oA il 42 an &1 2 s A H, 0,
AR ALFII i E NS PeFe (IV ) uNFe ( IV )-O0H (Pe) i@ i 0—O0 #3274 T Wi T 24 7= )
PcFe(IV)uNFe(IV)= 0 (Pc™ ) ; i fifi A i %0 A6 U T B (' BuOOH ) 50 &0 £k I B, PeFe ( IV ) uNFe ( IV ) -
00'Bu( Pe) it 0—O HE 2= B ~— i T AL A= tBuO - Fl PeFe (IV)uNFe (V)= O(Pc). FiH
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TR B SR A A 8 2 AT DU Y e v Al 2 M RS E 1 C—H B IRT L A, ARk A5
K3 pH X H,0,/9 0—0 #ERIIBr 27 2OATRAFE I , 7EH PERR T 32 R0 5] R T 7 24 fh 1]

R BIBINHEIR LA A BTSSP 1 R RCR

Table 1 Degradation of organic pollutants by homogeneous catalytic oxidation of metalloporphyrin

. . y SN i IS
e AL W Ca/eb® e SR R
. pH Reaction Conversion

Catalyst Oxidant Substrate /(mol) % Temperature/°C . .

time/ min rate/ %
TpyMePMnAcs 3¢ H,0, NI — 50 3 6 72.9
Fe(PcS) 37 KHSO, TCP 0.1 20 7 1 97
Fe(PcS) 7] H,0, TCP 3.7 20 7 5 100
(FePcS) N H,0, DCP 1 60 — 120 94
FePcS 3! H,0, DCP 1 60 — 120 61
Mn(TPPS) (%] H,0, MB 100 60 — 240 97
CoTSPc! %) H,0, [lrgean — 25 7 240 60

1+ Cat./sub &7 A Ak 0 ¥k B TS Yo W00 4 vk B2 1 LB+ Cat./sub represents the ratio of the datalyst concentration to the initial

concentration of the contaminant.

O—O f5HH
Heterlytic O—O cleavage
_onl” _ ol
oV N 0 0
N _— N > N N N
s
Strong oxidizing properties
O0—0 R
Homolytic O—O cleavage
r~ (% - 7> At
o O'Bu ‘{—/OBu _lf
(0] O
'BuOOH '
—_— N «—> N _> N + -O'Bu

EA-RTRkNEm
Formation of two one-electron oxidizing species
B2 KUDRIK %5242 H i i o v ) (A) it 72

Fig.2 Formation process of active intermediates by Kudrik et al.'?"!

E 4 JE POk 3 S IR Ak SN Hh A SR B AR T o = A R R O, Hodh A
BRI Rl S AL = B NIRRT s A Ak PHES T B R e — B O R, 4@ kAL H,0, R
RIS, e i 4 Jm k-t S S0 &4, Z NG 01 0—O SN I 244 ¥ 28 7 24 i Fp oy =X, AN 1)
W2 )5 SRR RE T 7 A AN TR) T P TR AR, BV A 4k S A 2 8. Bruice 451 R TE K SR, G
IR 0—0 SIS 5 B - OFVRI— LTS8k =40 i M R SRR, 2 Ji5 S B — 1 S Ak 7= W vl 55 4k R
LT, B M R SRR BH T B fH 3. 458 Traylor' 7' Meunier'™') Nam %% AR 58 AT L&
B, A 0—O0 SRSy 25 7 00 IR C (R B 7 B 1 VAV pH %5 A K. Stephenson 251 it 4 J@ b
WAt AL HL, O, 45 I PR S AhAs i v 532 0 0% 1 v B4R 1) 25 o DR 38 00 AT T IR AU A9, 220 1 eh A bl £k
H,0, EALMAE B SEBEMLIRIEL, 43 M7 T PSR A% 28 T 700 8y o A — AL R s i, LA AR &l 3 BT,
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R 4:
BRI
LR
R 2: Reaction 4:
H,0, FVEHI 2 [E1# 437 6 No solvent effect
M HEERRN Electron-rich porphyrins =~ — A
BEAT ROH 1 ft - A < - +
Tk LT Bk ky OH " b
Reaction 2: 22
Minimal intermolecular interactions \
between H,0, and solvent @ ;
Lower ROH concentration -OH
Electron-poor porphyrin -OOH
A N o+
r N + H,0
4 _ ks 6
| H:0: ViooH | b HoO, il 2 G437
-1 n
ky ky H\ / 0 Reaction 6:
ROH H,0, [e) Reduce intermolecular
—_—> _ ks interactions between H,0O,
e — @ Z  and solvent
X X ROH ; ;; Electron-rich porphyrin
_ _J ROH H,0
+
BURL 1: ROH
ESEHIGEES N v )
B4 ROH 4 Lewis B8 R 3:
CLERUN 3 n ROH fyme i
Reaction 1: B ROH Ak F
Weak axial ligand i HL - HIBR
Reaction 3:

Increase Lewis Basicity of ROH

Electron-rich porphyrin Increase ROH acidity

Increase ROH concentration
Electron-poor porphyrin

B3 W) L S92 7000107 et S S 17 e S>>
Pl BT 2 K (T S5 A B 1 9 17

Fig.3 Effect of composition of porphyrin and solvent effect on oxidation reaction of iron porphyrin'®’

The reaction conditions listed in the figure facilitate the progress of the reaction at each stage.

1.2 gk ARSI T A 15 Y )

AR 4w PNIRAE A4 A9 2 S5 0 f i o R B R4 B A TR M (ELU A S Y 4 PSR R T B e
) T SR A . BRI I — 2.5 AR 255 T B %) A 389 AH 2 2501 s I Ak R 5 T T RS & AT )iz
K.

T PERREF 4 (ACF)BRAK AT IR & S BA BRI LR AL 5 025 (M 254 , B2 AE i)
AR R AR T )2 A PR SE 0 I, v 40 T R A 2 e & e e A B R e v TS R AR B R 2K, I o
HEAL R A AL Rl AR AR B R > 3 2 BZE T U TR TR AW b B 4B nhebore 38 2 A 28 250
S INE FR XS [ A8 AL 5 Y 40 1 [ i R SR Sorokin 25070 43 BIDEE R B AL B Fe (PeS) |4 fiff AL Bk 75 17 28 %)
Amberlite B3R g L, K45 T HEFIH H,0, =3k L TCP Ak, H 2 G P8 F S fE A 16 dE AR
FifaE Ren 54 % PR N0k ( FeTPPS ) 1 3R B i 4 A IR K431 ( dendrimer ) JE 34 454 1Y FeTPPS/
dendrimer FJ LA Z U A#AL H, 0,84k 7K H 9 TCP, flifI1IAH FeTPPS &5 dendrimer 2 [H] (14 4H EAE FH AR T
FeTPPS [ A ALK , FEBi7 11 T 3B R w-oxo BRI AN INBR 6. Zha Z505°) (B9 45 SR 26 11
FePc/PAN YKL 4E/H,0, REAEHAT T 8 IRTEMAFEAR 5 , %R 5 75F (CBZ) 9 K BRBANIREFTE 99% A2
A A L 2000 5% B [ 72 A0 15 PEBRZT 4 (ACF) | 8945 BE# ( Co-TDTAPC-ACF) 7E %% pH(3—11) {5 [H
WAL BA R AF r A 16 v iR RE .

AR IR 4 o WS RR A 79 A R P 19 280 AT 56 Shen 28106248 (T ) DUk £ 18K 75 ( CoTSPe ) [
SEFEFCRAEMER I 308 T HA MR R mhese v m s v | AT I 4 A ) CoTSPe@ chitosan , 55
K E R CoTSPe AHLL, C.LFRPELL 73 (AR173) R BRFIE N T 35% 247 {0 )&, £ CoTSPc@ chitosan |-
AJ58R AT LIS BN FI A SR 1 — R4 CoTSPe. X R, B SR CoTSPe i i Mo 4 [ 1 75 72 R BH IR
BT b XN RERS IR TG PR CoTSPe RAKAITFE L. T M3 T CoTSPe AYFEEM: , Shen 258 4K ¥k
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PEFHA L — A AL i ( MCM-41 , MCM-48 FI1 SBA-15) | 73 L i 45 R £k ( ZSM-5) Al A [] £L 42 1 & 4k 41
(y-AL,0,) [ CoTSPc, I LEAS [FIME A X Z i Gt i R A 8O 25 3R W, 76 pH 12 IR Bl
TE MCM-41 — 45 ALkE AR CoTSPe@ MCM-41 FUE P el il eI S A2 2 1 CoTSPe AL 19 il
2 IR T EER AR 4 BTR 1) PR pH (EE 12 2245, 18/0 CoTSPe - JEIRAY A 1, B (7 L 05 ik
FEIY) CoTSPe A ;2) L1215 CoTSPe R4 Y K /INAH DT L Y 22 FL AR, 38 2 A PR 1Y) %85 PA] =55 1) 3kt fie
CoTSPc FR{RIEEE.

R 2 TG E NN H, O, A AR BRI 2 A LTS B () e g A SR

Table 2 Degradation effect of supported metalloporphyrin/H, 0, heterogeneous reaction system on organic pollutants

HRRE )

. SE UMk B JH g DI ¥ =

e Bk Cadyw PRy HEE RN R

. . Substrate pH Temperature/  Reaction Conversion
Catalyst Carrier Substrate  concentration/ . % . . )
o concentration C time/min rate/ %
(g-L7")

[Fe(PcS) ]-Amb!?7] Amberlite TCP — — 1 7 20 5 80
CoTSPc@ chitosan'*] RN AR73 10 50 mg- L™ — 7 25 240 95
FeTPPS/0.5G2[54) Dendrimer TCP — — 0.01 — 20 100 35.8
FePC/PAN!) PAN nanofibers CBZ — — — 3 70 90 99
Co-TDTAPc-ACF 3¢ WPk 4 4-NP 2 0.5 mmol-L™! — 6.84 25 300 97
CoTAPc-MWCNTs (7] MWCNTs Rh6G 0.5  0.05 mmol-L™ — 7 200 90
CoTSPc@ MCM-411%8) Si0,(MCM-41)  ART3 3 10 mg-L! — 10 180 82
Co-TDTAPc-F!®! F YR % ARI 20 0.05 mmol-L™"! — 2 60 98

MCM41 w1th matchmg

; s pore51ze
T g g O
Tuning pH @

4 CoTSPc@ MCM-41 K75 5 iy i A I P 7T AEAIL ]
Fig.4  Possible mechanism for higher catalytic activity of CoTSPc@ MCM-41"*!

25
25
50
— Rk Hufk
Dimers Monomers
Eﬁ ILEEE E‘J ?L{é

B RER T [E RIS F BRI AL , 38 ATV R SR A L T2, B 5 B F 5588 Yao 251 2 B0KE
MLZTZ (hemin ) 856 2INEHE AR LT 4E (ACF) I, AT DL 1958 hemin X6 PE 21 4k (RR195) 1940, 9 L
hemin () pH i 52 P FTES M B 8 23 ok — B2 ] LA AW 7 TR A 6, 4l S BTz . (1) ACF 19 55—
AN ZEAE R 2B 1 hemin 78 S0 it B8 HOR B 2R A B T RRBRAG RS E PR FhTE T ALY pH 18 HYE
Bl 5 (2) H,0,/F A ALFIE  hemin FH ) Fe( 1) 4kl Fe"-O0H, Fe"-O0H 3t — 44 4k 4 i PR A 9 b
Fe" =0 1 -OH, i T ACF E & A7, H EEEE%M ACF 5% % hemin ik T Fe" =0 1] Fe( I ) i
1 AT hemin-Fe ,hemln-Fe OOH F1 hemin-Fe" =0 =% Z [ FIEER, AT LU= 2 00 - OHL LA,
7E hemin-ACF/H, 0, /& Z P AR IMLAR (AA ), 7] LMEFE RR195 R, 7E3% 5 Ferb , ACF 1 M 1%,
FURIAL R AE S o 7 HE 1A B B T4 3% 45 hemin-Fe™ | fill # hemin B4 i AL 75 38, 772 B £ 19 -OH
FiFe( V),

TEH PR I R rh | FESE g AR AT e 2 7 A 23 X, 28 X EA SR AR, AT UG BT e ) T 3k i
PR SRR L 557K B K ( CoTAPe) [ 72 7E 22 BE Rk 94 K 45 (MWCNTs ) b, 7248 58 & & #1677
CoTAPc-MWCNTSs Y S WAL % B - OHAN - OOHAN2: = SARAL I N, 145 5 B Ak 27 S B0 HE KT MWCNTSs
S HIES 5 RN PR PR A R b A 28 O A0S A ™ A v FL AT, DA T 2 o
TEMEALT I Z FH 6G (Rh6G) AfL.
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% BRI 213 -ACF A4kt
~ Dyes adsorbed onto hemin-ACF

M43 -ACF
Hemin-ACF T\

RR AO BG MB

L ] A * »®

[ ] A * ®

L] A * ®

[ ] A * »®

[ ] A * »®

o 4 & H,0+-O0H €<— -OH+HOOH
[ ] A * ®

H'+0;" <> -OOH
OH +'0, «— 0;"+OH

Tl gkt HOOH+'0, «— -OOH+OOH
Industrial dyes

=

Bl 5 hemin-ACF/H,0, 1k Z bR
(a)RR:IGMELL 195, (b) AO: FYBERS; (¢)BG: BllE=4t; (d)MB, WP 5L s
0]

Fig.5 Catalytic cycle of hemin-AGF/H,0, system'®
(a)RR: Reactive Red;(b)AO; Acridine Orange; (¢)BG. Brilliant Green; (d)MB: Methylene Blue

2 StfE{L = M ( Photocatalytic reaction)
2.1 BHeAEfL

IEAER B PREE IR Y H 45 I o/ A=l A T8 A EOR fr T B sy 25 4T R g
FEAR 0T DA R S8R | 5 G/ NSRS, 32 B OR B 22 19 DG, FE I /K A 35 TR ELA ) 1) A9 1 g
FHRT.TiO, 75 54 (10—400 nim ) B8 SR BE 7= Az AL PEAR G (1 8 3% [ 320 AT LUAS %50 s g 22 b
15 Y EA] WO (380—780 nm ) AYRER S, XE L BB SRR T ] WG R 5 245 K P AR
FERREEY 50% , RAMNXEL T R 7% 2247, TiO, WA Ak i 157 98 A R, e A BHOG A4 R R AR 76 B
SR — B4 TR NS R, G040 (3 R P-450 R4 R | AR RG240 M, mT LATE 6 IR i 38 &
TSR R B2 I RR , — 4 JE RS ) Tt B R TR R R TR O H R B — 2 1
PRTE " 2 3 A T 4 TR I bk B LA A= 0 e AR DG AR A S BT H 6 AS TR A LTS G 0 4 B R R Guo
LG T — Rl B EEIRTS (ZnPe) 029K S5 T WG RS T 2 P H B(RhB) MAEAL IEE, B T
T 5 R R S R A PEBE , AT LR A AR TR AT RhB ¥ W 4R A0 07 22 A b o7 5, 94 55 T K BB #0
IR, 5358 ZoPe M HOGHALTEPE B35 Luo 5% He#E T 4R R AR IIMHAE S E IR 4 F X 2698 [a ]
BE (BaP ) BGREMRRCR K44 K a AEFSIL 95.8% 1 BaP.tbAh , 44K a th T H B AR E 7= 4 1 ERE
=N T BaP AYFEAL. Kim 25 JERH T KR8 1Nk (s-SnP, [ Sn(OH, ) ,(TPy"P) 1 (NO,), ) 1E
A WX 4-F0KE (4-CP) FIERTERS 7(AOT) ¥ HA K AF 0 B A . Tai 517 RIS T 76 0] WG R 5
T ZIREEBRE B AW (ZnPPe) AL I A# ALUES A (BPA) , WLEL RN W 9 BPA 7 20 min N 5825540 K
CO, FRAR ,40 min J& BPA e rpa] Pyl 43 Ak

YRy — 43U 5 AT, bk ( SRR ) 25 5 55 o0 9 48 B I8 B , 33K (A5 P bk ( I8k
) TEA] WOG X BEA B A7 A WSO E. H A1, I obk b 1 42 8 25 1 0 A s 2552 i 4 J Pk (4 D A Ak
TR 4 5 A Y R B BRI LN bk ( THPP ) e H 4 )@ i 07 4k &4 (MTHPP ) 5 Ti0, DL EEZE A )
HAAST]EE IR WG 280, AT 2 B0 N [R] B9 [ i 580 . Oliveros L0044 FIRILANSL ( TcPPCu , TePPFe |
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Table 3 Degradation effect of metalloporphyrins on contaminants in homogeneous photocatalytic reaction

. AT e 5 YLk BE , JF s b
A =y k57 e ek g R SR ?LH 1 E
. Catalyst Substrate pH Reaction Conversion
Catalyst Substrate . . Temperature/ °C . .
concentration concentration time/min rate/ %
TDCPPS 2] [TEEEIAE 4.3 pmol-L™! 43 pmol- L' 2.1 — 1(d) 64
TPPS[2] ametryn 4.3 wmol - L7! 4.3 pmol-L7! 5.8 — 5(d) 77
ZnpPcl* RhB 1.0 g-L7! 10 mg-L™! — — 660 88.5
4R Z al®] BaP 0.001 g-L™! 1.0 mg-L"! — 22 4(d) 95.8
s-Snp 0] 4-CP 0.05 mmol - L™ 0.lmmol-L™' — — 50 100
s-SnpL%0] AO7 0.05 mmol-L™! 0.lmmol-L7"  — — 120 100
ZnPPc!®] BPA 0.021mmol - L™ 1.0 mmol-L™" 12 — 20 100
TNCuPc %! RhB 0.5 g-L™! 10 mg- L™ — — 240 91

o LR N H R AL 0,.The oxidant in the above reaction is O,.

T LI R 7S 4 T R 5 LA O A FH RS e B ML A AR i 6 R, — Rl Rt AL

il 1724 O oy —FEd@ ALl 1A SR (10, BIERIBOLZ Jig , Ik 3] = 5135, JF HoAB it %
B RIS A, T80, P —AHF ABEREIE AL 0, KB ARANTE 7 WK (B2, H RT3 T 48 bk
TE ] WG HEALRE AR K A HLTS B W RIDT B AN 08 5873 TR IR pHL HEAL ) 0 8RE ME S5t 25 2 IS )
ISR, R LI R o 5.

*MPC ™ +0, —MPe<+0,,

*MPC * +Subs ——MPc < +Subs <

MPc+ +0, —>MPc+0;

_H
0; —=HO0,-

HO,*+Subs-H —H, 0, +Subs
Subs <", H,0, ——Oxidation products
6 A3 JE MR 5 HEZS UM LA FH R i 5 e A WL T2
(a)MPc: &JENNK; (b) Subs: WY

Fig.6 Type I mechanism of metal porphyrins interacting with ground state oxygen to degrade pollutants'®’

(a) MPc: metal porphyrins; (b)Subs: Reaction substrate

1 . ISC .
MP¢c — MPc™ —3MPc
*MPc* +°0, —'0,
'0,+Subs ——Oxidation products
7 A JE IR RS SR ELAE R i s e e LR I
(a)MPe: @/ (b)I1SC: RIAHM; (¢) Subs: KIIEY)

Fig.7 Type Il mechanism of metal porphyrins interacting with ground state oxygen to degrade pollutants'*’

(a)MPc: Metal porphyrins; (b)ISC; Intersystem crossing; (c¢)Subs: Reaction substrate

2.2 dEefEf
EFYAAZE T B N AR, 4 PNIRAE A R 23 B AR o R AR R B AR A R R SRS T W E
FEVR I P AET I SR TN T A AR e RE O S R P i, I EL T AR 2R il FH G e i fe v, 3
SRS T R SE T 0 3R 4 BN AIESE . 36 4 A T — U0 258 4 MR ) LR I f 0 .
5 DT RET &S T REY LA JE ke 3E A G AR RN TR AN R A #L TS G 4 1) B A
S Wu B DUR 2 PR 1 3R ER T (PDVB-ZnPe ) AL, 78 0T WO BR 5 R 2R 4 T B 25 52 B
X 22T B G 28 1 A AR U 0 A R Alvaro 25 XL T FePe/SiO, (45 8k B 35 W [ 7E Si0, F) F
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FePc@ NaY (kB H A ETE NaY 3ha ) PR LL ) 9 i AL RR M, &I FePe/SiO, #E /K 1 HAT TR
SRAYHEIL TG M, FePc@ NaY 764 ML FILEA B0 SR AL 16 v, BLJR & B o s RS M, A R i
T 4 JRBRTE A U . Chen 2502005 DU SR Bk B3 ( TCFePe ) [ 58 16 4% 58 BURE e 0™ — E AL ik 94 K kL 1
(NPs) 2210, LA% PEB] B(RhB) FTH EL4& (MO) i BAR Bl 1 4L 7] P-M/Si0,-NPs B GAHEIL I,
SEIRFI B AL FE R 1Y pH YU BN A R AR AR TE P, 120 min PN RhB F1 MO A B A 8 AT 1K
90%.Cabir %% ] TiO, 41K K 571 2 E (CuPe) , 345 19 T 208 CuPe-Tio, YoM M0 7E 52 56 rh 22 31
MRS BB A AR JEAESE 5 YRR & A AR B8 T AR AL TS P Y 80% . Gorduk 251 il £ T R IR) 2K
R BRE-TiO, 0K S A 4B MPe-TiO, ) , & BLAEFD MPe-TiO, 94K 52 A b4 B B A Ak 1 R Ak o 4230, HL7E
100 minPN E/0F7 95% 9 H I (MB) Bl P A L AT , 30400 58 2 B TS50 | 67 38 000 4 Ja n bk A7 25 49038 L
H—EMARERES.

R4 NG IR DL 1805 X
Table 4 Typical types and loading methods of supported metalloporphyrins

A Carrier #1277 50 Way of loading
TeHl sk WA/ 5T gk Tyl e A 5 R

St B A7 PR B FoE vk

A AL5 A7 LS

Tk IR e L7576 i [ DA
H LA KA NGE AT LN &

Rk S e A 787 e B

£S5 FERTGE R NNHAR S ADCAE R A IS Qe i AR

Table 5 Degradation of organic pollutants by hetérogeneous photocatalysis of supported metalloporphyrins

e pF

et Ak W o N TR PO i
Catalyst Carrier Oxidant Substrate concentration/ SUbStratfi ol l.{eactw'n Conversion

(g ) concentration time/min rate/ %
PDVB-ZnPc ) R_TIH H,0, 2,4-DCP 1.0 163 mg- L™ 13 60 82
FePc/Si0, 81 Si0, H50, HET 1.5 40 mg-L~! 7 180 100
FePc@ Nay 8! NaY i f1 H,0, ESit D) L5 40 mg-L™! — 120 40
P-M/Si0,-NPs 82! NPs H,0, RhB 0.5 0.01 mmol-1”" 5.7 60 90.2
P-M/Si0,-NPs[#2] NPs H50, MO 0.5 0.01 mmol-L™" 4.8 60 91.3
CuPc-Ti0, %] Ti0, 0, MB 0.33 20 mmol-L™"  — 150 54
MPc-Ti0, * [#4) Ti0, 0, MB 1.0 3.0mgL” 6-7 100 95
CuPe-4/Ti0, % Ti0, 0, Cr(VI) 2.0 10 mg-L7! 2 150 100
TPP-nanofabrics | RABAKIEL 0, 2-CP — 1.0 mmol-L™Y 9 45 81
ZnPes@ Al-MCM-411%) MCM-41 0, B 0.002 0.1 mmol-L7" 7 300 80
Ti0,/FePc*) TiO, 0, MB 1.0 0.04 mmol-L™"  — 90 97
Ti0,/FePc ™) Ti0, 0, B 1.0 0.04 mmol-L™'  — 90 88
SDS-LDH-PdPes,, [ SDS-LDH 0, TCP 1.0 0.31 mmol-L™' 6 60 90
ZnPe-Ti0, TiO, 0, 4-CP 1.0 13.0 mmol- L' 7 30 99.51
CoPc-Ti0, %) Ti0, 0, 4-CP 1.0 13.0 mmol - 7" 7 30 99.99
TNFePc/Ti0, % Ti0, H,0, MO 0.5 10 mg-L~! — 180 94
Zn0-CuPcl*! Zn0 0, AL 0.6 30 mg-L~! 11 300 95
CuPp-Zn0'**) 7n0 0, RhB 0.2 0.01 mmol-L7!  — 36 94.6
CuTCPP/Ti0, TiO, 0, MB 50 16 pmmol - L7 1 180 99
TCPP/Ti0, %! Ti0, 0, MB 50 16 pmmol - 17" 1 90 100

T # MPe-TiO,fu % Pe-Ti0, ZnPe-TiO, ,CoPe-TiO, NiPe-TiO,  CuPe-TiO,. * MPe-TiO, include Pe-TiO, ZnPe-TiO, CoPe-Ti0, NiPe-Ti0, , CuPc-TiO,.

LA SR R R 00 A3 Mk ] 5 ) A2 AR P E DI i AL A b — e 27 AR 2 T I P SR b,
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O . -OHAE A HLIS YW 2R MY BT 4 DM RIFE R B4 A o3 SR SE A5 G B B bk ) T At
AT LEATUT B WA X 48—y, 3ot A S A 2 P ACAS TR Al 30, e B MO A i 7 o A 32
FANE TRV AR -OH 0, FRERZSAE(10,) 4 22 5070 5 B AU 2l Tk 671 2R 7E UIB 2 £ BB 0/
WA =R A b, TR A HLALRN S P B (RhB) S8 KGR BN 2 346 0 %) 1 -OH L 0
T O, S5 A S A 0] U B 45 %) A BF 5 1 TR 7 280l B M OB A AR AR PR 2 B - OHLL 05 %59
(h") S5 DR T A DL R B4R,

225 NI s PO GRS S AR AT WO AT METE AL 5 T Ti0,. ZI0UWF SR, 4 T ik
TERAE TiO, R M5 725 n] WG IR T 2 Bk, Wk 25 09 4 Ja ok 'e A= it 1 1% 3 51 Tio, 1Y
Sl b, B LR T SR AR AR R 05 Y O T O WL E SRS TS Ye R AR, O — T,
0, AT LAE i — R F 0 RN AE S M IR 1Y - O, - OH AT LA I e AR O Ff A HLIS 44,
K 8.

WRAH e
Porphyrin -

btk hv
Porphyrin® [VAVAV, S

\/ b
€

e/H"
05 > H,0,

. AHLG Gt
Porphyrin l Organic pollutants
~ sk on
TiO, P& =4

Degradation products

8 4 Jmnhuk-Tio, e AL RIAE I ILE R LA pLEE
(a)CB: Fiffy(b) VB M
Fig.8 Photocatalytic mechanism of metalloporphyrinphotocatalyst-TiO, under visible light'®’
(a)CB: conduction bands (b) VB: valence band

3 #it 5B (Conclusions and perspectives)

T4 R Pk B A B AR M AR A 4 TC s e SO A A BRER S Th oG HILTS e O T
A2 PV I A T 5B AT TR A AR RS T AR K i | (22 S RS g g FH 3 A AR 22 1)
T B O AR A A ) R SRt R, LT LA DGR R) RN 2 90 T A A

(1) 20 HR 5T il e 1A o 4 B /M RO SR A 45 R 22 6T 4 S WS b e £ 2 8 7 52 i) RV FH
HLEE.

(2) BFRAEARIS I 54 T 42 PN ) fi AR R A A8 | IO e 45 T I P 1 4 Ja M b £ 741

(3) FRGE N S5 XF BN 16 PR R e Z e, LAARAS SE AT (R R AR

(4) i — L IRAIFE NI G R WM AE AL RS, e & T v b AR T B B A0 S5 n) i, 345 mT 1
7N b iORE et i

2% 3L ( References)

(1) JABER, @erte, e, 55, S mnbukfEAsn b T S B R IESE R (1] A HLIE, 2007, 27(9) :1039-1049.
ZHOU X T, JIH B, PEI L X, et al. Progress in the application of metalloporphyrin catalysts for homogeneous oxidation reactions[ J].
Organic Chemistry, 2007, 27(9) : 1039-1049(in Chinese) .

[2] EZ, POUu, WEks, & SR YR KON SR BT [T]. SR ( BARFHEM) |, 2011, 33(5):
84-92.
WANG P, LUO G F, CAO T T, et al. Characteristics and photocatalytic mechanisms and applications of metalloporphyrins[ J]. Journal of
Three Gorges University ( Natural Sciences) , 2011, 33(5) : 84-92(in Chinese).

(3] XU, SRR, ) nbuh i A= AR C-H SIS AL SER DT SRR IR R (0], AL A, 2012, 42(10) ¢ 1399-1416.
LIU Q, GUO C C. Basic research and application progress of metal porphyrin biomimetic catalytic activation of hydrocarbon C-H bond[]J].
Chinese Science: Chemistry, 2012, 42(10) : 1399-1416( in Chinese) .



9

AR IGE B 2E . <5 o MINOARAYT A i A KA 15 e T 7 o T 2077

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

PHTZE, SR Jm okt & 4 BB i 0 A AL A [ D] Rk, 2004, 21(6) ; 541-545.

YANG W J, GUO C C. Metal porphyrin compounds and their biomimetic catalytic oxidation of alkanes[ J]. Chinese Journal of Applied
Chemistry, 2004, 21(6) : 541-545(in Chinese).

XU, TERE, 2530, 4F. 5,10,15,20- 10 (2-BEWE ) 2w MMRAE UG TiO, SGHEALTH B & SO HEALPERE )] . fh2r2A 4, 2011, 69
(23) . 2821-2826.

LIUJZ, MAWY, LI W, et al. Preparation and photocatalytic activity of 5,10,15,20-tetrakis ( 2-thienyl ) metalloporphyrin modified TiO,
photocatalysts[ J]. Journal of Chemistry, 2011, 69(23) . 2821-2826(in Chinese).

FRUE, e, 2N, SF R PGECBORALE R Tl BER A B BT IR T ] . RORRHE, 2017, 23(2) : 55-57,64.

LI FJ, SUH, LIX L, et al. Progress in the application of advanced oxidation technology in the treatment of refractory industrial wastewater
[J]. Environmental Technology, 2017, 23(2); 55-57,64(in Chinese).

TriadE. 85 HIAFAE T2 Fenton TN FEARK P HLIS RTIE[ D] MG/RIE : IR/RIE Tl R, 2015.

YIN Y W. Study on degradation of organic pollutants in water by Fenton reaction in the presence of complexing agents [ D ]. Harbin; Harbin
Institute of Technology, 2015(in Chinese).

BOKARE A D, CHOI W. Review of iron-free Fenton-like systems for activating H, O, in advanced oxidation processes[ J]. Journal of
Hazardous Materials, 2014, 275, 121-135.

RUSH J D, KOPPENOL W H. Oxidizing intermediates in the reaction of ferrous EDTA with hydrogen peroxide. Reactions with organic
molecules and ferrocytochromec|[ J ]. Journal of Biological Chemistry, 1986, 261(15) ; 6730-6733.

BREGJE V. D W, BALK ] M, HAENEN G R M M, et al. Elevated citrate levels in non-alcoholic fatty liver disease: The potential of citrate
to promote radical production[ J]. Febs Letters, 2013, 587(15) ; 2461-2466.

HUANG W, BRIGANTE M, WU F, et al. Assessment of the Fe( Il ) -EDDS complex in fenton-like processes: from the radical formation to
the degradation of bisphenol A[ J]. Environmental Science & Technology, 2013, 47(4) ; 1952-1959.

SUBRAMANIAN G, MADRAS G. Introducing saccharic acid as an efficient iron chelate to enhance photo-Fenton degradation of organic
contaminants| J]. Water Research, 2016, 104; 168-177.

ZMEZE. Fe(lll)/H,0,2 Fenton 1R Z8 HpBRABER A #2 MO A R 730 HH RE R MERERO DT 5E[ D ] . iR AEHh IR, 2016.

QIN Y X. Study on iron cycle regulation and degradation of herbicide alachlor in Fe( lll ) /H;0, Fenton system [ D]. Wuhan: Central China
Normal University, 2016(in Chinese).

LENTE G, ESPENSON J H. Oxidation of 2,4, 6-trichlorophenol by hydrogen peroxide. Comparison of different iron-based catalysts[J].
Green Chemistry, 2005, 7(1) . 28-34.

SERRA A C, DOCAL C, GONSALVES A. Efficient azo dye degradation by hydrogen peroxide oxidation with metalloporphyrins as catalysts
[J]. Journal of Molecular Catalysis a-Chemical, 2005, 238(1-2) . 192-198.

FUKUSHIMA M, KAWASAKI M, SAWADA A, et als Facilitation of pentachlorophenol degradation by the addition of ascorbic acid to
aqueous mixtures of tetrakis( sulfonatophenyl ) porphyrin and iron ( Il ) [ J]. Journal of Molecular Catalysis a-Chemical, 2002, 187(2) .
201-213.

MURTINHO D, PINEIRO M, PEREIRA M M, et al. Novel porphyrins and a chlorin as efficient singlet oxygen photosensitizers for
photooxidation of naphthols or phenols to quinones[ J]. Journal of the Chemical Society. Perkin Transactions 2, 2000, (12); 2441-2447.
SILVA E, PEREIRA M M, BURROWS H D, ‘et al. Photooxidation of 4-chlorophenol sensitised by iron meso-tetrakis ( 2, 6-dichloro-3-
sulfophenyl ) porphyrin in aqueous solution[ J]. Photochemical and Photobiological Sciences, 2004, 3(2) ; 200-204.

MONTEIRO C J P, PEREIRA M M, AZENHA M E, et al. A comparative study of water soluble 5,10, 15,20-tetrakis ( 2, 6-dichloro-3-
sulfophenyl) porphyrin and its metal” complexes as efficient sensitizers for photodegradation of phenols [ J ]. Photochemical and
Photobiological Sciences, 2005, 4(8) . 617-624.

REBELO S L H,,MELO A, COIMBRA R, et al. Photodegradation of atrazine and ametryn with visible light using water soluble porphyrins
as sensitizers[ J]. Environmental Chemistry Letters, 2007, 5(1) : 29-33.

KUDRIK E V, SOROKIN AB. Oxidation of aliphatic and aromatic C—H bonds by ¢ -BuOOH catalyzed by p-nitrido diiron phthalocyanine
[J]. Journal of Molecular Catalysis A; Chemical, 2017, 426 499-505.

MARAIS E, KLEIN R, ANTUNES E, et al. Photocatalysis of 4-nitrophenol using zinc phthalocyanine complexes[ J]. Journal of Molecular
Catalysis A; Chemical, 2007, 261(1) ; 36-42.

FEdE. SRR AL AL S8 %T BB R 48/ X R EOR B RS [ D] deat: et Tolk K%, 2013,

WANG W Q. Catalytic oxidation of o-p-cresol to o-/p-hydroxybenzaldehyde by metalloporphyrin [ D ]. Beijing: Beijing University of
Technology, 2013 (in Chinese).

H4IF, WeRde, NEE. DUERIEIRIL 4 G Ik (MTHPP) /TiO, & & G MEmAFE (1], 4> T4k, 2011, 25(5) .
435-441.

NING J F, YAO B H, LIU T T. Synthesis and photocatalytic activity of tetrahydroxyphenyl metalloporphyrin ( MTHPP ) /TiO, [ J].
Molecular Catalysis, 2011, 25(5) ; 435-441(in Chinese) .

P WA, TS, A SLEESUEIY (4-RE BRI ) BENN AL AL IR C et RE[ ] A>T 4L, 2016, 30(1) : 20-28.

FENG Z, YAN Y J, HAO F, et al. Catalytic oxidation of cyclohexane with zinc oxide supported tetrakis ( 4-Nitrophenyl ) cobalt porphyrin
[J]. Molecular Catalysis, 2016, 30( 1) : 20-28 (in Chinese).

STEPHENSON N A, BELL A T. ChemlInform abstract: Mechanistic insights into iron porphyrin catalyzed olefin epoxidation by hydrogen
peroxide; Factors controlling activity and selectivity[ J]. Cheminform, 2007, 275(1-2) ; 54-62.

SERRA A C. A view on the mechanism of metalloporphyrin degradation in hydrogen peroxide epoxidation reactions[ J]. Journal of Molecular
Catalysis A; Chemical, 2004, 215(1); 17-21.



2078

7 A 14

pS

38 &

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

GRIGOROPOULOU G, CLARK J H, ELINGS J A. Recent developments on the epoxidation of alkenes using hydrogen peroxide as an
oxidant[ J]. Green Chemistry, 2003, 5(1); 1-7.
STEPHENSON N A, BELL A T. Mechanistic insights into iron porphyrin-catalyzed olefin epoxidation by hydrogen peroxide: Factors
controlling activity and selectivity[ J ]. Journal of Molecular Catalysis A; Chemical, 2007, 275(1) ; 54-62.
SILVA M, AZENHA M E, PEREIRA M M, et al. Immobilization of halogenated porphyrins and their copper complexes in MCM-41;
Environmentally friendly photocatalysts for the degradation of pesticides[ J]. Applied Catalysis B: Environmental, 2010, 100(1) : 1-9.
MELE G, DEL SOLE R, VASAPOLLO G, et al. TiO,-based photocatalysts impregnated with metallo-porphyrins employed for degradation
of 4-nitrophenol in aqueous solutions: role of metal and macrocycle[ J]. Research on Chemical Intermediates, 2007, 33(3) ; 433-448.
GROVES J T, HAUSHALTER R C, NAKAMURA M, et al. High-valent iron-porphyrin complexes related to peroxidase and cytochrome
P-450[ J]. Journal of the American Chemical Society, 1981, 103(10) ; 2884-2886.
SOROKIN A, SéRIS J L, MEUNIER B. Efficient oxidative dechlorination and aromatic ring cleavage of chlorinated phenols catalyzed by
iron sulfophthalocyanine[ J]. Science, 1995, 26(39) : 1163-1166.
SOROKIN A, DE SUZZONI-DEZARD S, POULLAIN D, et al. CO, as the ultimate degradation product in the H, 0, oxidation of 2, 4, 6-
trichlorophenol catalyzed by iron tetrasulfophthalocyanine[ J]. Journal of the American Chemical Society, 1996, 118(31) ; 7410-7411.
FRE, WP, AR, S KIE SRR L S R AT R I B 2R ()] 4 TR, 2011, 25(6) : 534-540.
LU Y, XIE B, HUANG C, et al. Kinetics of hydroquinone hydrogenation catalyzed by water-soluble metalloporphyrin [ J]. Molecular
Catalysis, 2011, 25(6) : 534-540(in Chinese).
CRESTINI C, SALADINO R, TAGLIATESTA P, et al. Biomimetic degradation of lignin and lignin model eompoundsby synthetic anionic
and cationic water soluble manganese and iron porphyrins[ J]. Bioorganic & Medicinal Chemistry, 1999, 7(9): 1897-1905.
SOROKIN A, MEUNIER B. Efficient H, 0, oxidation of chlorinated phenols catalysed by supported iron phthalocyanines[ J]. Journal of the
Chemical Society Chemical Communications, 1994, 146(15) . 251-255.
COLOMBAN C, KUDRIK E V, AFANASIEV P, et al. Degradation of chlorinated phenols'in water in the presence of H,0, and water-
soluble p-nitrido diiron phthalocyanine[ J]. Catalysis Today, 2014, 235. 14-19.
A, WUNEE, 2ot S IO -TRERFERSE ) I i (b R g S YRR SRR [ ] b2 TR 54, 2011, (3) : 174-177.
YUAN Q L, XIANG X Y, WU L L, et al. Catalytic degradation of methylene blue dye wastewater by tetrakis( p-sulfonylphenyl) porphyrin
[J].Chemical Engineering and Equipment, 2011, (3): 174-177(in Chinese).

SHEN C, SONG S, ZANG L, et al. Efficient removal of dyes.in water using chitosan microsphere supported cobalt ( II )
tetrasulfophthalocyanine with H,0,[J]. Journal of Hazardous Matetials; 2010, 177(1) : 560-566.
ZRURK, BIEE, ZRJ93E. Meso- Y- (4-RHEETREL ) NI/ ek B AR -1 48Tk Stk AL ST R AR A 25 BT B [ 1] A AL2%, 2011, 28
(9) : 1035-1040.
LI J B, ZHAO Z Y, LI N Q. Catalytic oxidative degradation of pesticide dichlorvos by meso-tetra-( 4-sulfophenyl) porphyrin cobalt/sodium
persulfate-hydrogen peroxide[ J]. Chinese Journal of Applied Chemistry, 2011, 28(9) : 1035- 1040(in Chinese) .
ALMARSSON O, BRUICE T C. A Homolytic mechanism-of O—O bond scission prevails in the reactions of alkyl hydroperoxides with an
octacationic tetraphenylporphinato-Iron( Ill ) complex in aqueous solution[ J]. Journal of the American Chemical Society, 1995, 117(16) :
4533-4544.
BRUICE T C. Reactions of hydroperoxides withmetallotetraphenylporphyrins in aqueous solutions[ J]. Accounts of Chemical Research,
1991, 24(8) : 243-249.
BRUICE T C, BALASUBRAMANIAN P N, LEE R W, et al. ChemInform abstract; The mechanism of hydroperoxide O—O0 bond scission
on reaction of hydroperoxides with iron( Ill ) Porphyrins[ J]. Cheminform, 1989, 20(9) ; 7890-7892.
HE G X, BRUICE T C. Nature.of the epoxidizing species generated by reaction of alkyl hydroperoxides with iron ( Il ) porphyrins.
Oxidations of cis-stilbene and. (Z)-1,2-bis(trans-2, trans-3-diphenylcyclopropyl) ethene by tert-BuOOH in the presence of [ meso-tetrakis
(2,4,6-trimethy[ J]. Journal of the American Chemical Society, 1991, 113(7) . 2747-2753.
LEE W A, BRUICE T €. Homolytic and heterolytic oxygen-oxygen bond scissions accompanying oxygen transfer to iron( Ill ) porphyrins by
percarboxylic acids and hydroperoxides. A mechanistic criterion for peroxidase and cytochrome P-450[ J]. Journal of the American Chemical
Society, 1985, 107(2) : 513-514.
TRAYLOR T G, XU F. A biomimetic model for catalase: the mechanisms of reaction of hydrogen peroxide and hydroperoxides with iron
(1) porphyrins[ J]. Journal of the American Chemical Society, 1987, 109(20) ; 6201-6202.
TRAYLOR T G, CICCONE ] P. Mechanism of reactions of hydrogen peroxide and hydroperoxides with iron ( Il ) porphyrins. Effects of
hydroperoxide structure on kinetics[ J]. Journal of the American Chemical Society, 1989, 111(22) . 8413-8420.
TRAYLOR T G, XU F. Mechanisms of reactions of iron ( Il ) porphyrins with hydrogen peroxide and hydroperoxides: Solvent and solvent
isotope effects[ J]. Journal of the American Chemical Society, 1990, 112(1) . 178-186.
TRAYLOR T G, TSUCHIYA S, BYUN Y S, et al. High-yield epoxidations with hydrogen peroxide and tert-butyl hydroperoxide catalyzed
by iron ( I ) porphyrins: Heterolytic cleavage of hydroperoxides [ J]. Journal of the American Chemical Society, 1993, 115(7):
2775-2781.
MEUNIER B, ROBERT A, PRATVIEL G. et al. Metalloporphyrins in catalytic oxidations and oxidative DNA cleavage. The Porphyrin
Handbook , Volume 4. Biochemistry and Binding: Activation of Small Molecules| M]. Academic Press, San Diego, 2000 119-187
NAM W, CHOI H J, HAN H J, et al. Use of 2-methyl-1-phenylpropan-2-yl hydroperoxide ( MPPH) as a mechanistic probe for the
heterolytic versus homolytic O—O bond cleavage of tert-alkyl hydroperoxide by iron ( Il ) porphyrin complex [ J ]. Chemical
Communications, 1999, (4) . 387-388.

FRANCESCOCIARDELLI, CARLOCARLINI, PAOLOPERTICI, et al. Polymer effect on catalysis by macromolecules/transition metal



9

AR IGE B 2E . <5 o MINOARAYT A i A KA 15 e T 7 o T 2079

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

complexes[ J]. Journal of Macromolecular Science; Part A-Chemistry, 2006, 26(2-3) ; 327-347.

REN Q, HOU Z, WANG Y, et al. Noncovalent interactions of metalloporphyrins with polyamidoamine dendrimers give rise to efficient
catalytic systems for H,0, oxidation of trichlorophenol in water[ J]. Chem Sus Chem, 2011, 4(8) . 1063-1067.

ZHU Z, CHEN Y, GU Y, et al. Catalytic degradation of recalcitrant pollutants by Fenton-like process using polyacrylonitrile-supported iron
( II') phthalocyanine nanofibers: Intermediates and pathway[ J]. Water Research, 2016, 93 296-305.

LU W, CHEN W, LI N, et al. Oxidative removal of 4-nitrophenol using activated carbon fiber and hydrogen peroxide to enhance reactivity
of metallophthalocyanine[ J]. Applied Catalysis B: Environmental, 2009, 87(3) : 146-151.

LU W, LI N, CHEN W, et al. The role of multiwalled carbon nanotubes in enhancing the catalytic activity of cobalt
tetraaminophthalocyanine for oxidation of conjugated dyes[ J]. Carbon, 2009, 47(14) . 3337-3345.

SHEN C, WEN Y, SHEN Z, et al. Facile, green encapsulation of cobalt tetrasulfophthalocyanine monomers in mesoporous silicas for the
degradative hydrogen peroxide oxidation of azo dyes[J]. Journal of Hazardous Materials, 2011, 193. 209-215.

CHEN W, LU W, YAO Y, et al. Highly efficient decomposition of organic dyes by aqueous-fiber phase transfer and in situ catalytic
oxidation using fiber-supported cobalt phthalocyanine[ J]. Environmental Science & Technology, 2007, 41(17) ; 6240-6245.

YAO Y, MAO Y, HUANG Q, et al. Enhanced decomposition of dyes by hemin-ACF with significant improvement in pH tolerance and
stability[ J]. Journal of Hazardous Materials, 2014, 264(4) ; 323-331.

BWEE. WG PERRE 2k 51 204w MR R A DTS RS [ D], BUM . WiVI3E TR, 2015.

MAO Y J. Study on degradation of organic pollutants by activated carbon fiber loaded metalloporphyrin[ D]. Hangzhou: Zhéjiang University
of Science and Technology, 2015(in Chinese).

SmdE, AR, ER, & MINR-TIO, A G T4 KR 4-NP 19BFFE[ ], = 4R 724, 2010, 31(7) : 1391-1397.
LU X F, LI W, WANG C, et al. Preparation and degradation of 4-NP by copper porphyrin-TiO, composite photocatalyst [ J].Chemical
Journal of Chinese Universities, 2010, 31(7) : 1391-1397(in Chinese).

w4, g A UOGOCHELIRRI AR (], Tk Ak, 2007, 15(3) : 5-11.

HUANG L, PENG F. Research Progress in Visible Light Photocatalysis Mechanism| J] 2 Industrial Catalysis, 2007, 15(3): 5-11(in
Chinese) .

GUO Z, CHEN B, ZHANG M, et al. Zinc phthalocyanine hierarchical nanostructure with hollow interior space: Solvent-thermal synthesis
and high visible photocatalytic property[ J]. Journal of Colloid and Interface Science, 2010, 348(1) ; 37-42.

LUO L, XIAO Z, CHEN B, et al. Natural porphyrins accelerating the phototransformation of benzo[ a] pyrene in water[ J]. Environmental
Science & Technology, 2018, 52(6) : 3634-3641.

KIM W, PARK J, JO H J, et al. Visible light photocatalysts based on homogeneous and heterogenized tin porphyrins[ J]. The Journal of
Physical Chemistry C, 2008, 112(2) . 491-499.

TAI C, JIANG G, LIU J, et al. Rapid degradation of bisphenolA using air as the oxidant catalyzed by polynuclear phthalocyanine
complexes under visible light irradiation[ J]. Journal of Photochemistry and Photobiology A: Chemistry, 2005, 172(3) . 275-282.
ZHANG M, SHAO C, GUO Z, et al. Highly efficient-decomposition of organic dye by aqueous-solid phase transfer and in situ
photocatalysis using hierarchical copper phthalocyanine hollow spheres[ J]. ACS Applied Materials & Interfaces, 2011, 3(7) : 2573-2578.
GRANADOS-OLIVEROS G, PaEZ-MOZO E A, ORTEGA F M, et al. Degradation of atrazine using metalloporphyrins supported on TiO,
under visible light irradiation[ J]. Applied Catalysis B: Environmental, 2009, 89(3-4) . 448-454.

SENL, ZRTYFE. BRI ML A O AL R S FO AL AR X [ 1], BRI AL, 2013, 32(11) : 2142-2148.

WU JY, LIN Q. Preparation of imitation enzyme catalyst by modified natural heme and its photocatalytic degradation of hydroquinone[ J].
Environmental Chemistry, 2013, 32( 1) : 2142-2148(in Chinese) .

ZHAN B Z, LI X Y. /A novel ¢ build-bottle-around-ship’ method to encapsulate metalloporphyrins in zeolite-Y. An efficient biomimetic
catalyst[ J ] Chemical Communications, 1998, 3(3) . 349-350.

JR K J B, GABRIELOV. A G, BELL S L, et al. Zeolite encapsulated cobalt( Il ) and copper( Il ) perfluorophthalocyanines. Synthesis and
characterization[ J ] Inorganié Chemistry, 1994, 33(1): 67-72.

BARLOY L, BATTIONI P, MANSUY D. Manganese porphyrins supported on montmorillonite as hydrocarbon mono-oxygenation catalysts :
Particular efficacy for linear alkane hydroxylation [ J]. Journal of the Chemical Society Chemical Communications, 1990, 19 (19) .
1365-1367.

LIU C J, LI S G, PANG W Q, et al. Ruthenium porphyrin encapsulated in modified mesoporous molecularsieve MCM-41 for alkene
oxidation[ J]. Chemical Communications, 1997, 1(1): 65-66.

COOKE P R, SMITH J R L. Alkene epoxidation catalysed by iron( Il ) and manganese ( Il ) tetraarylporphyrins coordinatively bound to
polymer and silica supports J]. Journal of the Chemical Society Perkin Transactions, 1994, 1(14) . 1913-1923.

BATTIONI P, CARDIN E, LOULOUDI M, et al. ChemInform abstract; Metalloporphyrinosilicas: A new class of hybrid organic-inorganic
materials acting as selective biomimetic oxidation catalysts[ J]. Cheminform, 1996, 28(1) . 2037-2038.

BRICHE, )M, WL ARG E AR AU (1], ASEIETE S, 2006, 18(8) : 889-895.

QIU W G, BAI G M, MENG S. Research progress of heterogeneous metal porphyrin catalysts[ J]. Chemical Research and Application
2006, 18(8) : 889-895(in Chinese).

YU X Q, HUANG J S, YU W Y, et al. Polymer-supported ruthenium porphyrins: Versatile and robust epoxidation catalysts with unusual
selectivity[ J]. Journal of the American Chemical Society, 2000, 122(22) . 5337-5342.

NEYSP E F, VANKELECOM I F, L'ABBE M, et al. Manganese- and iron-porphyrins embedded in a polydimethylsiloxane membrane: A
selective oxidation catalyst[ J]. Journal of molecular catalysis, A. Chemical, 1998, 134(1-3) . 209-214.

WU L, LI A, GAO G, et al. Efficient photodegradation of 2, 4-dichlorophenol in aqueous solution catalyzed by polydivinylbenzene-



2080

7 A 14

pS

38 &

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

supported zinc phthalocyanine[ J]. Journal of Molecular Catalysis A; Chemical, 2007, 269(1) . 183-189.
ALVARO M, CARBONELL E, ESPLa M, et al. Iron phthalocyanine supported on silica or encapsulated inside zeolite Y as solid
photocatalysts for the degradation of phenols and sulfur heterocycles[ J]. Applied Catalysis B: Environmental, 2005, 57(1) ; 37-42.
CHEN X, ZOU J, LIU L, et al. Preparation of magnetic silica nanoparticle-supported iron tetra-carboxyl phthalocyanine catalyst and its
photocatalytic properties[ J]. Applied Spectroscopy, 2010, 64(5) ; 552-557.
CABIR B, YURDERI M, CANER N, et al. Methylene blue photocatalytic degradation under visible light irradiation on copper
phthalocyanine-sensitized TiO, nanopowders[ J]. Materials Science and Engineering: B, 2017, 224. 9-17.
GORDUK S, AVCIATA O, AVCIATA U. Photocatalytic degradation of methylene blue under visible light irradiation by non-peripherally
tetra substituted phthalocyanine-TiO, nanocomposites[ J ]. Inorganica Chimica Acta, 2018, 471 137-147.
ALBAY C, KOG M, ALTIN i, et al. New dye sensitized photocatalysts; Copper ( I ) -phthalocyanine/TiO, nanocomposite for water
remediation[ J]. Journal of Photochemistry and Photobiology A: Chemistry, 2016, 324, 117-125.
MOSINGER J, LANG K, KUB4T P, et al. Photofunctional polyurethane nanofabrics doped by zinc tetraphenylporphyrin and zinc
phthalocyanine photosensitizers[ J]. Journal of Fluorescence, 2009, 19(4) ; 705-713.
SHIRAGAMI T, MATSUMOTO J, INOUE H, et al. Antimony porphyrin complexes as visible-light driven photocatalyst[ J]. Journal of
Photochemistry and Photobiology C: Photochemistry Reviews, 2005, 6(4) . 227-248.
GMUREK M, MOSINGER J, MILLER J S. 2-Chlorophenol photooxidation using immobilized meso-tetraphenylporphyrin in polyurethane
nanofabrics[ J |. Photochemical & Photobiological Sciences Official Journal of the European Photochemistry Association & the European
Society for Photobiology, 2012, 11(9) . 1422-1427.
SILVA M, CALVETE M J F, GON¢ALVES N P F, et al. Zinc( [l ) phthalocyanines immobilized in mesoporous silica AI-MCM-41 and
their applications in photocatalytic degradation of pesticides[ J]. Journal of Hazardous Materials, 2012, 233-234. 79-88.
PRIYANKA K P, SANKARARAMAN S, BALAKRISHNA K M, et al. Enhanced visible light photocatalysis using TiO,/phthalocyanine
nanocomposites for the degradation of selected industrial dyes[ J]. Journal of Alloys and Compoeunds, 2017, 720 541-549.
XIONG Z, XU Y. Immobilization of palladium phthalocyaninesulfonate onto anionic clay for sorption and oxidation of 2,4 ,6-trichlorophenol
under visible light irradiation[ J]. Chemistry of Materials, 2007, 19(6) ; 1452-1458.
MAHMIANI Y, SEVIM A M, GiL A. Photocatalytic degradation of 4-chlorophenol under visible light by using TiO, catalysts impregnated
with Co( II ) and Zn( I ) phthalocyanine derivatives[ J]. Journal of Photochemistry and Photobiology A: Chemistry, 2016, 321, 24-32.
GUO Z, CHEN B, MU ], et al. Iron phthalocyanine/TiO, nanofiber-heterostructures with enhanced visible photocatalytic activity assisted
with H,0,[ J]. Journal of Hazardous Materials, 2012, 219-220. 156-163.
MAYA-TREVIiO M L, GUZMaN-MAR J L, HINOJOSA-REYES L, et al. Synthesis and photocatalytic activity of ZnO-CuPc for methylene
blue and potassium cyanide degradation[ J]. Materials Science/in Semiconductor Processing, 2018, 77 74-82.
SUN W J, LIJ, MELE G, et al. Enhanced photocatalytic degradation of rhodamine B by surface modification of ZnO with copper ( II )
porphyrin under both UV-vis and visible light irradiation[ J]. Journal of Molecular Catalysis A; Chemical, 2013, 366; 84-91.
AFZAL S, DAOUD W A, LANGFORD 8 J. Photostable self-cleaning cotton by a copper( Il ) porphyrin/TiO, visible-light photocatalytic
system[ J]. ACS Applied Materials & Interfaces, 2013, 5(11) : 4753-4759.
B, HEE, Buify, & ABMA SR/ WAL =HRE S 0 8E AR NOLRARER AT R 1], k¥ 5EY T
H, 2018,35(5) :16-19,25.
CAO L, YANG C J, DENG K.J, et al. Nitrogen-doped graphene/ferric oxide complex loaded with sulfur-containing aza-cobalt porphyrin
photocatalytic degradation of organie pollutants [ J].Chemistry and Bioengineering, 2018, 35(5) : 16-19,25(in Chinese).
XUREH , SkWeE, 25 75 T8, R Sk 0 280 A 5 B U bk o' Ak 00 A o) 4 Sz AL MR RE BT ST (1], BRIRAL S 24, 2015, 35(10):
3157-3162.
LIU X Y,/ZHANG X N, LI'N X. Preparation and catalytic performance of magnetic microsphere-supported nitrozinc porphyrin photocatalyst
[J]. Chinese Journal of Environmental Science, 2015, 35(10) : 3157-3162(in Chinese).
CAI J H, HUANG J W, YU H C, et al. Synthesis, characterization, and photocatalytic activity of TiO, microspheres functionalized with
porphyrin[ J]. International Journal of Photoenergy, 2012, 2012 1-10.
AHMED M, ABOU-GAMRA Z, MEDIEN H, et al. Effect of porphyrin on photocatalytic activity of TiO, nanoparticles toward Rhodamine
B photodegradation[ J]. Journal of Photochemistry and Photobiology B: Biology, 2017, 176 25-35.
LIU X, YU M, ZHANG Z, et al. Solvothermal preparation of copper( Il ) porphyrin-sensitized mesoporous TiO, composites: enhanced
photocatalytic activity and stability in degradation of 4-nitrophenol[ J]. Research on Chemical Intermediates, 2016, 42(6) : 5197-5208.





