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1. T SR J5 B A AR A ek

! k k
@Ej +>MnO, l [ >MnO, "AT-N+-0_ 2 [>M11”---Ar—N+-O_ RAH Higk+Mn**
— ky
el (0]
A H SR *]{1\ e
@) =
2. FAH MR 8RN
> Mn’*

8

0 OH C % ¢ H Mn** E|) . COH +
C > 1\|/ln“ N - O(}J I:]\ OH OOH
-H ¥z @(j +H' H 4

gy 2 Il

B8 mEntk N-E ALY 7E K -0 AL R 2 b (4 SR AL B
Fig.8 Proposed reaction pathway of QNO in the presence of MnO,



7 IR R AR DL DR AL T 7S 1295

WERk NS T B AR S 2R A A SR TS 7, i e AR R A, B — A T A
A4, TR TS B, a-C AU AR B o3, 00 568 AU AR B 255 JE 4 T R
m/z 305 HH A=), m/z 305 HE— 2R 2= 1) 2- Rk, 7Emsmk N-S Ak 95 40 A AL 104 I iy 1k 3R
A IR AKX RTRE R T N IE FL T A S0 800 BEL RS 5 S I e bk N-4 A6 1 P ik R A A
SIS KA A T8 ABAE R A5 F T M obk NSRRI ANFaE | B R 2L R it g 3R TP %38 N JRT
AR FEL TG 5 —NO, 2R 0L, 4 2-F2 JEms ot () N BELAS T 4 LAk it 2 T A bk — 5 S8R 0 TR
2R AR 14 T 5 A 7 AR R T 0 2 B T A W A e A RV 3R R 2 ) iy 7 ikl 2-%%
5k s b A Pt 5 R A K Sy T A ) SR PR 2 —

JWF2E (—NH—NH—) F1 5 JF 3¢ (—CO—NH—NH—) %5 ¥4t 68 5 5% S Ak 9 = ni, A4 il & Ak 9
(—N=N—), 4k £& & A B & & B A& & [ i 20 |20 aE o, R R R iR g
(CH—N =NH—) J A7 o5, 4nE 9 Fiar , whiala [ 7e4d S b Ve R e 2 A i 36 1T, RN JR
TFREBEAMST C JR T, FZEIE AL ¢ o my iR g5 i, Bt 3k 11 25 & S A W) 3= 1 0 58 3L AR il
m/z 279 A=), i — 20 S A AR R N, R S A ™= 4.

@:jﬂ \n/\>Mnoz @[r \[(

> Mn*'OH
b > Mn**+H,0 ?
+ . 0
Cr r N Y
— O
N OH
Mn*"+OH q
K/ > Mn** o

>MnO
e B N, B \n/ ~
SR

m/z 279

B9 REZf AR R TR HLEE
Fig.9 Proposed reaction pathway of CDX in the presence of MnO,

2.5 PR3
AL BE S RIS I S A AR SN, AR PG A R S R 28 15 e W A JIE 4 MinO), M 2R ek &= ]
SCIE ALK AR TR SRS P B STEA A FL MnO, 4T B0 €0 0 AL A 4 4 S 13X R B AT
BB AR R AR I X T 1A SR P85 v o By R S5 M A HILTS e R R Ak IR ML e 3 BT H A
RN WR KA R NE R | o- 3235 T IR Y685 58 Ak W & A LIS SN, I 17 16 1 U
KA CETR > BT RGN > WO, i AT T JB F IR o S A ol IE B R 6 K & T 1R S Ak WY R, 44 T )
iz 2,3- T FlSA b R CBR. SO o R, He— R e XU F iR I B PE TR, A C—C #EEl C—P 4
I R e PR B - R | -C KT C—C HEbr 4 it — 2 Sk, ROV HLE 40 A 10
%%[42]'
IR R AL o [ REFREE RIEL | LRI BRI N I LR AKON TSR G B, A 3-FR AL
2-THA KGR IR, SR BRI AN «-C ERS K Z Rk IR & H h

OH O Hq\ /0
£ R—C—C—R—> )c=c'\ +H' @



HiC——C——C——0H +H;0 —— H,C——C——OH + CO, + 2H"+ 2¢"

ll

o 0 HyC——C——C——0H — H,C——C—— CHy+ CO, + 2H"+ 2¢~

HyC——C——C——CHj + 2H,0 ——3 2 H,C——C——OH + 2H"+ 2¢" CH;

1296 7 s " - o
i i o o ¢
1 e o, -
HO—!! Irll OH +H,0 CO,+ HoPOy + 3H' + 207 i TH 1 y R_ﬂ_ﬂ_ﬂw .
I R—C—C—0OH .
i BT I
. o2 o o Ty
HO cl—!:l—ou ———— > 200, +2H"+ 2¢" i R: H or CH; e
1
0 Q [} OH O )
Il I A B R e [ 2, 26
HO—C——C——0H +H;0 — H—C——O0H +CO,+ 2H"+ 2 | HiC——C——C——CHy———» H;C——C—C——CH; — +H,0 H;C——C—— OH
: 2
o H )
|
! OH O
1
1
1
1
1
1

10 AHURZETE — SR 1A F b i SR LB

Fig. 10 Postulated schemes for organic acids oxidation by MnO,

2.6 HiAth

ARAT B2 R —Fh 2 B B A 4 22 TG B P R B AP AR 3., 76 B 0l P 4R 5 7 o T
B e 2 sl )2 I, K0l S SO e e 5 B2l R R R R R A A 4 AT
iR RAEAL G KA BT 25 il LA 5B, IR IR 58 e 4G Hh B i AR R 22— 1Y) Stephen %8 A B 5T
TR ST s s 255 S ALY 0 S, 00 R AN 11 Fios ).

C3H;

CHy

m/z 409(M-16)
+0
C3Hy m/z 439(M+14) \ > 4

0 OH
~N

| N

N HO

o

OH

S—0
m/z 455(M+30) C3H;

B 11 FEHEES MnO, i N HLE

Fig.11 Proposed pathways for transformations of clindamycin by MnO,

AR T R A SO S BR A FEME R B I e SRR GRTETC & 1, kSR 2L K
fif% ALY LR i ). LI A | kB A T 28 T B A 2 IR 71, R 8 A e 1k R i A
e, SEAREE 2R S T I B I iR T LA i A T 3 T 1 F R R NS B IR -1 Y S R
HErL 45 Mn** | C-1 BTE ALK AR TR B T AR 7S Jo 3 B B A Ak IR & v i) OH - HE XL C-1, K fif2E
JL(M +18) 74y, BT AR (M +16) . (M + 16) 5450 A ALY VE T, 78tk Wi b 285 4 b 484008 i ) — 4>
I (M +14) 2K i s B AL A (M - 16) FH(M +30) 724, 5 E ALY % e bk K i B AL 1k 321K
F A A BH S 5 A A 2 TR B AR ) K Y F R I A LIS B pHL B TR, B2



7 IR R AR DLTS G R AL AT 2 o 1297

55 SRR 3R 5 R A RO T B RS 3 .

3 BEERE

Zi B RTIR B AR A SR S AL RE ) ARtk Y < SR A, TR VR 22 AR A TSN Y HE T 2
TR, AN Bl AL R AR B[R] A A, BA e AL . B S i RE AL B AR A Wy 2 v, 19 0 1
SSERE T 5 HA R DL AT AN A A R A AL S SRR L Bl SR Tt A i Y SR AL RE
I, 7 - HERTORR ) v s B A AR A ) A R, A DA A ) R R 5 A R T Ak B
152 A SRR T57K L3R GURY A TEHLRE LTS G, LR A AL = G0 65 B el 4L, SR A% Ik
PR ke A 2. AE KA AL AR R b ol T S AR A — € i Lo, A BILTS ey i S I R
i SRR T BC 5 490 , J2 1 R A T A P4 AR A B Y S 732 PR 2 v By 295 e vl e & AR B
SRRSO, SR A 32 B L 7 RO, (iR 5 ) RISE RSSO 1 R 55 A 2K 05 eyl e & 2
A R, A2 AR R IR IS5 Gy ml e AR A 4 AR DU 5645 S 7. SRR B0 N-SE AR T fiE &
A RE KRS SN A IR BRI RS B RE AT A5 R ) T G mT RE SN A S R ). B2 TS e
BORA RS NE. LA, pH JEFEIR AT B I e Al S T ) Ei 2 i R R A SR AR AN AT LA
&N T AN S SEIATIY L, BEI AR/ 7> T LY 00 A W0 8k FRE A 5 b mT LA AR AL
I KRR LR T, MRS A DTS G, (2 S AR R

ARSC 1o B R ML B TS S e K A A R P B I i e A AL B S e PR 3R, A v o di
RUAALTS GEYIAE IR TR S AU LR I A BRI XU B 17 i, o S 26 15 e B IR K AL B 15
Gt R B SR ARl AR . BORITAFIT R T K 6 TR B AL T S i S AL HL 7 T A IE 5, A
IRZ IRE R FFRABTTE. B, A BTG Qe K- E A R 2 b e A A2 il — R B i v 18] 7= (80
{HL RIS 28 (R ) ) 7= 04 A A RS ARONE A MU RE IR RS A R 32 B2 A8 9 5T R, A LTS QW 1E 5 A
A2 T 4 B 3 T8 TE 45 0 BB TR i 6 R A B A B AR T i, R BT 8 T 5 1 Ak T Ml e IR R B
B, iR AU B K XA AR S 64705 SORE T 58 HAT 3 20 3 5 = A e AR —
A (9 AT , B 22 Rl YA 75 Qe e A SN, E G S Bl A B R 5 e - 3/ DLW ) Al 18 52
Ak B AR R R e /0 O PRI S A 15 T T .

& % X o

[ 1] Bartlett R, Manganese redox reactions and organic interactions in soils//Manganese in soils and plants [ M]. Dordrecht: The Netherlands
Kluwer Academic Publishers, 1988

[ 2] Huang P, Shindo H. Catalytic effects of manganese (IV), iron (Il ), aluminum, and silicon oxides on the formation of phenolic polymers
[J]. Soil Sci Soc Am J, 1984, 48 (4) . 927-934

[ 3] Stone A T. Reductive dissolution of manganese ( lll/IV) oxides by substituted phenols [J]. Environ Sci Technol, 1987, 21 (10): 979-
988

[ 4] Ukrainczyk L, McBride M B. Oxidation and dechlorination of chlorophenols in dilute aqueous suspensions of manganese oxides; Reaction
products [ J]. Environ Toxicol and Chem, 1993, 12 (11); 2015-2022

[ 5] Klausen J, Haderlein S B, Schwarzenbach R P. Oxidation of substituted anilines by aqueous MnO, : Effect of co-solutes on initial and
quasi-steady-state kinetics [ J]. Environ Sci Technol, 1997, 31 (9) ; 2642-2649

[6] LiH, Lee LS, Schulze D G, et al. Role of soil manganese in the oxidation of aromatic amines [ J]. Environ Sci Technol, 2003, 37
(12) : 2686-2693

[7] LinK, Liu W, Gan J. Oxidative removal of bisphenol A by manganese dioxide: Efficacy, products, and pathways [ J]. Environ Sci
Technol, 2009, 43 (10) ; 3860-3864

[ 8] Rubert IVKF, Pedersen J A. Kinetics of oxytetracycline reaction with a hydrous manganese oxide [ J]. Environ Sci Technol, 2006, 40
(23): 7216-7221

[9] XulL, XuC, Zhao M, et al. Oxidative removal of aqueous steroid estrogens by manganese oxides [ J]. Water Res, 2008, 42 (20) : 5038-
5044

[10] Zhang H, Huang C H. Oxidative transformation of triclosan and chlorophene by manganese oxides [ J]. Environ Sci Technol, 2003, 37
(11) . 2421-2430

[11] Zhang H, Huang C H. Oxidative transformation of fluoroquinolone antibacterial agents and structurally related amines by manganese oxide

[J]. Environ Sci Technol, 2005, 39 (12) . 4474-4483



1298

7 A {4

g

25

[12]

[13]

[14]
[15]

[16]
[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]
[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

Zhang H, Huang C H. Reactivity and transformation of antibacterial N-oxides in the presence of manganese oxide [ J]. Environ Sci
Technol, 2005, 39 (2): 593-601

Nakayama M, Tagashira H. Electrodeposition of layered manganese oxide nanocomposites intercalated with strong and weak polyelectrolytes
[J]. Langmuir, 2006, 22 (8) : 3864-3869

A, LA BESKE AR I A PR )], RAEBEIAR, 2002, 28 (5) : 263-265

Zhu B 7Z, Mao L, Huang C H, et al. Unprecedented hydroxyl radical-dependent two-step chemiluminescence production by
polyhalogenated quinoid carcinogens and H,0,[J]. PNAS, 2012, 109 (40) . 16046-16051

Taylor W I, Battersby A R, Oxidative coupling of phenols [ J]. J Am Chem Soc, 1968, 90 (25): 7134-7135

Louw R, Ahonkhai S I. Radical/radical vs radical/molecule reactions in the formation of PCDD/Fs from (chloro) phenols in incinerators
[J]. Chemosphere, 2002, 46 (9/10) ; 1273-1278

Fukushima M, Tatsumi K. Effect of hydroxypropyl-8-cyclo-dextrin on the degradation of pentachlorophenol by potassium monopersulfate
catalyzed with iron ( Il ) -porphyrin complex [ J]. Environ Sci Technol, 2005, 39 (23) : 9337-9342

Brooks P R, Wirtz M C, Vetelino M G, et al. Boron trichloride/tetra-n-butylammonium iodide: A mild, selective combination reagent for
the cleavage of primary alkyl aryl ethers [J]. J Org Chem, 1999, 64 (26): 9719-9721

Chang Chien S W, Chen H L, Wang M C, et al. Oxidative degradation and associated mineralization of catechol, hydroquinone and
resorcinol catalyzed by birnessite [ J]. Chemosphere, 2009, 74 (8) . 1125-1133

Harrison F, Mallon B. Selection of representative organic compounds for in-depth studies of mobility in soil-water systems [ R]. Lawrence
Livermore National Lab, CA, USA, 1982

Stoicheva N G, Davey C L, Markx G H, et al. Dielectric spectroscopy: A rapid method for the determination of solvent biocompatibility
during biotransformations [ J]. Biocatal Biotransfor, 1989, 2 (4) . 245-255

Laha S, Luthy R G. Oxidation of aniline and other primary aromatic amines by manganese dioxide [ J]. Environ Sci Technol, 1990, 24
(3):363-373

Clarke C E, Kielar F, Johnson K L. The oxidation of acid azo dye AY 36 by a manganese oxide containing mine waste [ J]. J Hazard
Mater, 2013, 246-247. 310-318

Wheeler O, Gonzalez D. Oxidation of primary aromatic amines with manganese dioxide [ J]. Tetrahydron, 1964, 20 (2); 189-193
Cann C. Equations of atrazine transfer from agricultural land to surface water [ J]. Phys Chem of Earth, 1995, 20 (3/4) : 359-367
Xue N, Xu X, Jin Z. Screening 31 endocrine-disrupting pesticides in water and surface sediment samples from Beijing Guanting reservoir
[J]. Chemosphere, 2005, 61 (11): 1594-1606

Shin J Y, Cheney M A. Abiotic transformation of atrazine in aqueous suspension of four synthetic manganese oxides [ J]. Colloid Surface
A: Physicochem Eng Aspects, 2004, 242 (1) . 85-92

Barrett M R. The environmental impact of pesticide degradates in groundwater [ M]. Washington, DC; Am Chem Soc, 1996 ; 200-225
Wang D, Shin J Y, Cheney M A, et al. Manganese dioxide as a catalyst for oxygen-independent atrazine dealkylation [ J]. Environ Sci
Technol, 1999, 33 (18) : 3160-3165

Shin J Y, Buzgo C M, Cheney M A. Mechanochemical degradation of atrazine adsorbed on four synthetic manganese oxides [ J]. Colloid
Surface A ; Physicochem Eng Aspects, 2000, 172 (1/3) . 113V123

Albini A, Pietra S, Chemistry of the Heterocyclic N-oxides [ M]. London: Academic Press, 1971, 587

Katritzky A R, Lagowski ] M, Chemistry of the Heterocyclic N-oxides [ M]. London; Academic Press, 1971 369

Verhagen H, Deerenberg I, Marx A, et al. Estimate of the maximal daily dietary intake of butylated hydroxyanisole and butylated
hydroxytoluene in the Netherlands [J]. Food Chem Toxicol, 1990, 28 (4): 215-220

Macinstosh A, Neville G. Liquid chromatographic determination of carbadox, desoxycarbadox, and nitrofurazones in pork tissues [J]. J
Assoc Off Anal Chem, 1984, 67 (5) . 958-962

Igbal R, Ebrahim S, Ziaulhaqg M. Some oxidations reactions of isomeric pyridine carboxylic acid hydrazides [ J]. Turk J Chem, 1997, 21
200-208

Vasudevan D, Dorley P J, Zhuang X. Adsorption of hydroxy pyridines and quinolines at the metal oxide-water interface: Role of tautomeric
equilibrium [J]. Environ Sci Technol, 2001, 35 (10) : 2006-2013

Elguero J, Marzin C, Katritzky A, et al. Advances in heterocyclic chemistry, supplement 1: The tautomerism of heterocycles [ M]. New
York: Academic Press, 1976 302

Haksar C, Malhotra R, Ramachandran P. Oxidation of hydrazides of salicylic and substituted salicylic acids with active manganese dioxide
[J]. Indian J Chem B, 1979, 17 191-193

Bhatnagar I, George M V. Oxidation with metal oxides. IlI. Oxidation of diamines and hydrazines with manganese dioxide [J]. J Org
Chem, 1968, 33 (6) . 2407-2411

Sun S, Wang W, Shang M, et al. Efficient catalytic oxidation of tetraethylated rhodamine over ordered mesoporous manganese oxide [ J].
J Mol Catal, 2010, 320 (1/2). 72-78

Wang Y, Stone A T. Reaction of Mnlll, IV (hydr) oxides with oxalic acid, glyoxylic acid, phosphonoformic acid, and structurally-related



7 IR R AR DLTS G R AL AT 2 o 1299

organic compounds [ J]. Geochim Cosmochim Acta, 2006, 70 (17) . 4477-4490

[43] Lopez M I, Pettis J S, Smith I B, et al. Multiclass determination and confirmation of antibiotic residues in honey using LC-MS/MS [ J].
J Agri Food Chem, 2008, 56 (5): 1553-1559

[44] Sin D W, Wong Y, Ip A C. Quantitative analysis of lincomycin in animal tissues and bovine milk by liquid chromatography electrospray
ionization tandem mass spectrometry [ J]. J Pharm Biomed Anal, 2004, 34 (3): 651-659

[45] Calamari D, Zuccato E, Castiglioni S, et al. Strategic survey of therapeutic drugs in the rivers Po and Lambro in northern Italy [ J].
Environ Sci Technol, 2003, 37 (7). 1241-1248

[46] Kolpin D W, Furlong E T, Meyer M T, et al. Pharmaceuticals, hormones, and other organic wastewater contaminants in US streams
1999—2000; A national reconnaissance [ J]. Environ Sci Technol, 2002, 36 (6) : 1202-1211

[47] Lissemore L, Hao C, Yang P, et al. An exposure assessment for selected pharmaceuticals within a watershed in Southern Ontario [ J].
Chemosphere, 2006, 64 (5); 717-729

[48] Chen W R, Ding Y, Johnston C T, et al. Reaction of lincosamide antibiotics with manganese oxide in aqueous solution [ J]. Environ Sci

Technol, 2010, 44 (12) ; 4486-4492

A review on the transformation mechanisms of typical
organic pollutants by manganese oxide

LI Yuan WEI Dongbin* DU Yuguo
(State Key Laboratory of Environmental Chemistry and Ecotoxicology, Research Center for Eco-Environmental Sciences,

Chinese Academy of Sciences, Beijing, 100085, China)

ABSTRACT
Manganese oxide is one of the natural components in soil/sediment, which would adsorb and transform
some organic pollutants due to its high oxidation potential. This paper summarized the transformation
mechanisms of organic pollutants by manganese oxide, especially pharmaceuticals and personal care products
(PPCPs) containing typical functional groups, e. g. phenol, amine, heterocyclic nitrogen oxides, acids. This
summary would provide basic data and theoretical guidance for scientifically evaluating potential environmental
risk and controlling pollution for these emerging environmental pollutants in practice.

Keywords: organic pollutants, manganese oxide, transformation, mechanism.



