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Oxidative-Coupling Reaction of Aromatic Compounds by Mn Oxide
and Its Application for Contaminated Soil Remediation
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ABSTRACT

Immobilization of contaminants in subsurface environment is one of the major processes that determine their fate.
Especially, immobilization by oxidative-coupling reactions, which is irreversible in the bio-chemical reactions and results
in a significant reduction of toxicity, can be successfully applied for the remediation of contaminated soil and groundwater
more effectively than conventional degradation. As a catalyst of this oxidative-coupling reaction, manganese oxide has
many advantages in practical aspects as compared to microorganisms or oxidoreductive enzymes extracted from
microorganisms, fungi, or plants. This paper is to present recent research achievements on the treatment mechanisms of
various organic contaminants by manganese oxide. Especially, treatment methods of non-reactive organic compounds to
Mn oxide are the main focus; i.e., application of reaction mediator, PAHs treatment method, combination with an
appropriate pretreatment such as reduction using Fe’, which suggests the potential of a wide range of engineering
application. Concerning the natural carbon cycle processes, immobilization and stabilization by oxidative coupling
reaction can be effectively applied as a environmentally-friend remediation method especially for aromatic contaminants
which possess a high resistance to degradation.
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Eo 2ol 143K immobilization or binding) /g2
EkHd olld L9E4e] AsS sk 78
9] et} BRI U2 fEsv LE9E2F A%
T2 B 3 oa agstEe] 7] 8uijE o83
F=o osir= gGA 8EFHA e =ThHRoberts ef dl,
1984). 0|3t 1143}e] ArE Q@AEHo] EUSHE] =
=8 7RI LEEHe] 724 B4, 183 EY Y
Ae] B4 Sl 98 AAE ) (Hatzinger and Alexander,
1995). “C WA FAYUAEE o]83 st f7|ed9E
Hol| gt A3 AHIME 5= %ollA 90% oPde] C
WAbsol Edom uAsigoe] gRld wh o
(Calderbank, 1989). ©|&1st B Wjollre] 1173} &
e QA=A osds Alglsle] ARl o &
2RE ARRite HolA 1 7 F8/o] Atkal &
g k. Eg 1gshE e @EEe & ol ot Sl=
LA vlE) A gt =F 7|37} 54 =
o] BESAQI ol A% JA] 748 Frk(Alexander,
1994; Dec, et al., 1997).

Ee] ofgt 0 AEHe] 143} e de F2 9
3 B84 wkg, 52 FUEZA (humic substances)O|U &
= YA Y REEAS TS AN dolu=
38k dkg-o] 7]kt (Calderbank, 1989; Dec and
Bollag, 1997). 5, Txr 2 143ke] 71 i34l
@oletar & ¢ Jom, T AHE Rl B
PR mAE= U2 Ftkelo] F2 2l (partitioning)
9 317 (entrapment) o @Al o nAHI), =
‘sequestration’ol] 23] Ro} A3 A3 F# Ao
(Alexander, 1995). ©]ZA 143}8 3IHE-2 F7|&mjol
ot At F=ol| o3t I 7Fssht YukERl E
873 WollAe] &3ke 8o]5}A] 2TH(Hatzinger and
Alexander, 1995).

B Yollxe] =E3ARE SVl mE & tE &4
< AE3H T2 vAESE Q] 28l o3t IFAH
o] W} o]2 QIF EYRVIERS 381 Ajtelth
(Calderbank, 1989). ©] 7%= 371st 11783} S} &
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JE AAA 7HoE AMSE S 9lE Aot

FHO| : AstEFA vk, RIS, st 5

= Ao] fo|3kA] &tH(Roberts er al., 1984). &, &
A% FPo= Q3 A7ILEEEL EGIEY ¥
b =, webA] mlEe] ZRgolu 2 31EhE A
E 5 A&=o] wWlg ofHAAA HrhDec and
Bollag, 1988). Ax}&o g B3 YoA k= 11
A3t AT Al o 14t o= Tt
S oz 1w 40 ok

g, B, AA, Agk 2 A A Folv w0k,
45, B4, FEE 2 AR SoE2RE fEEE U
S3EolY W ol SEEY 2 54 U1
HELES EYEE WolA a27l olsf 17gs) ¥
= OsEd9l 9B dolthKlibanoy, ef al, 1980). 2]
sk HlE 2 opdYUA LEEHELS 24D Y EE3pd
(propanil) T3 2 TS| wAIEol o3t Falol <
3 EEHE el 2Rk tisEAQl LAEHe7% a8t
THHsu and Bartha, 1974; Bollag, 1992).

ol#g HIZFAA FHAgel o3k s} WS EY
37 lol] EAlsh= =0l o3l ErlE= Aksskda
Zx(oxidoreductase)’t TEH HEES = ZoE dEA|AL
o, H&=2k8lE A (phenoloxidases)Elal B A]7|= 3}
= ol BAEL EURME Ul EAlgite ARe] o]
"] RyE H} lth(Leonowicz and Bollag, 1987). ©J&
< B Ul Akst-a-rAgS-(oxidative coupling
reactionys YOoA g1 T FIHHLZHE AAdE
= 79 A= (humic monomers, T2 HE IEE
EZRYH FYEES X T8 9 oA I
(Skujins, 1967). B2 =z 2 ofdTA QHEEA A
olgfgt AdF o T WAskE FY FAAETY] A
fAMIC R <Qlsf vkt 2lslehel Be] sl =& Wk
A 7L lom, b AR AERke-S Bl E
F7IE= Aet] 117838 2 4 UkBollag, 1992).
28tE-fAgkgel ofgt vAshe e @EHe] 7L §
© SAS EATIE BloE dHA o, mebA o]
23t o] AR E gt & FHoE A8d 5
o] AAE o] Yrh(Sjoblad and Bollag, 1981).

2Bl Akl ofg 1At gL A o]
T EFA Tl Ak voFst a5 AskEo] oaliA
HIBESHH o2 dojd 4= 3t} o]= Shindo®} Huang




WsHE o3 WS 718t Ash-a ARt B ol o] 83 LHEY A 117

(1982)0] EFsoll EAlshz el 54 G nlelEo] &
9E4o] Aol vl 93] TS Ae Hashd
Al A7) AEelAT 53] tdst S5AREET
IsEe] HhgAdo] Aduldes Fo] HigEglon, o
5 ole} TG AFollA] o]59] ¥k 7]Eo] LlsleklE
2ol oz 2 vl ARGl B AAl Hol(Bollag, er
al, 1988, 1995; Kung and McBride, 1988; McBride,
1987; Stone, 1987; Stone and Morgan, 1984) ©] <A]
SLAEY] A Sl A2 7 Udsol ARG
(Kang et al., 2004).

53] RkslE-e Alsldteasrt iAe O, S,
FAA A, 75 Soll 2QEE Hlgo] ofFe A
o|x] gFom, IsHEo sk T e W] Xzt
F&A7F daside Alge] glvke Aol g8k <l
olgol wi-¢- 2 S 7KL vkl & 4= Stk wet
A Earolx= olegk 1783t Ao o] ] disl 1 F
ote] AT ARES 7ER] Avlslar, AkelEk wkge] &
i E=A ISR o835 R 719 EEe] At
SL3rAS WSl o3 BAvHY g H2o) IO
ANES Nkt s

Fig. 10 VR v} o] A8l 243Rkee dls=
FE A 2 odRte] &4 o8 AdEE #E
(radical) Ftol Loful= et Adhsoz Hojd &
ATHSjoblad and Bollag, 1981; Dec and Bollag,
1994). ol&fgt Ahg-2 wlEsdtEe] 4% C-C 2 C-
0 2%, obdd e 49 CN % NN Z3ks &
& o]FolAA FrhBollag, 1983). =, 2518kl G40
oJs)| 4kskd F 7)e] 2z ortho ¥ para $IA|ollA
A= Agtete] o] (dimerys F/dsHAl =M, o]k ¥F

go] Mo 3 FTAY L FeIE W FA

Q=1
L

Coupling

Fig. 1. Mechanisms of oxidative coupling reaction induced by
oxidoreductive catalysts.

g g o, o]2RE g g EAlE s}
| "} BC 32 NS ARSSH Aoz RE REEAY
AE] tigk NMR 241& BaXME 2% 340 oy
sk 2H A SA7F AAE vh AcK(Thorn et al., 1996;
Dec et al., 1997). A% ZHF=(bound residues)® U2
A= oldst HiAl= 4t E rlel ot s, E
A, vlAEel o3t #al Sl sl w2 S
7HAAl FthRoberts, 1984).

A A v} o] EY dAlsel SARE 2567)
AsHEL B WellM FrelEde] A Fagh H
B2 93kS Fhth. Shindo®t Huang(1982)S dihy-
droxybenzenesS ARE3IY] ESF o EAlslE tdst =
& Akl ot FEEA 4 whee] ddd 58S
23] 913k AARR] APS sl EYRE el
A wRRlelE 98] FoAS FESIFoH, Bakero}
Mayfield(1980y= F4x18 H=3l3teyt 28 77
LAEAE o3 BAESE A T3HE 5 U
A5 Barsieth.

AR o8t Akl ARk HE 2 old
A SRS ABAA Bz 9 F= SEs AT
e Aol 2kl g4l o3 wkea) v Akt
(Bollag et al., 1988, 1995). Zl=3l5tE<] gk vHSAH=
< dEe P irhlelE e wrkdsier At
(coordinationyg 2 ZM A|ZFET), oA ZAjtd xkks}
=} HE=3IekE Alelell xxke] wdle] o)foizl £ 3y
B Wz kel sEsitE, S gude 89 T
2 WEHHMcBride, 1987; Stone, 1987; Stone and
Morgan, 1984). o]&A] A% e Piikels 52
|k o8] o AslEo] = SES s F
o, F= 2 SFZe A2 FHEES FozZN BAEF
o] & F3HIZ IS BtHMcBride, 1989). E4EH
oA o]elgt 8E Mn*E ST F8% FYo]
7= s, Mn*7F AA] -89 Tl EAldke A
B Mn*7} 8EARe] o8 Ak} He AR ¢
3l AYETHMcBride, 1989). Fig. 2 7182 2 th
& Akl BAE] o3t FlE 9 opdY e

[e]

k3ol ot 7] A EES TAIS ZoEH HRt
AslEo] ok Whg- AAJELS peroxidase H  laccase}
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Fig. 2. Oxidation of phenols and anilines in the presence of various oxidoreductive catalysts (Park et al., 1999).
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Fig. 3.Proposed reaction processes for the ring cleavage of
polyphenols and subsequent release of CO, (Wang and Huang,

ﬂfﬂ% Rt = /‘*i} *v@?ﬁ‘*"
HE3ghee] agTEE Sslo]
H +9-0 }‘H]—B‘h:]-—- 7—]0] Hkgo g
% Z79%ro =24 usizl bl glom
(Majcher et al., 2000), Fig. 3& o]&3F Eafuks-o] 7

= EAZE Aot ‘“EP 2X% HEsRtEY Aee
GHNEES FRITR= ’\P‘]O] TE&AFe Paole F
Asto 24 BRIEUtHDec and Bollag, 1994;
Pizzigallo et al., 1995). ¥4} ojye} HIRkskE-2 FH)
S Fallete] At E4S A4E 4 29 (Sunda
and Kicber, 1994), o]= Mn(IDE WIRIEIEZ 2k3)s)
of PAES] W SAshs WIS rldlEe] FrYlE
S B0 R o]8dh= Tagt FEUS AN A

olgial & 4= Stk

wrkise) sl Eok il EAsie % 53
o) AlE G A A, ol ) 73
Aol 54 9 olgAol FIE A Bk ol

—E2E =X
= T

=3

=
=]

=

Journal of KoSSGE Vol. 12, No. 5, pp. 115~123, 2007

S, As(llhe IRt 93] As(V)Z 2HlEo] &

A g olsAo] 7HAElAl =W (Oscarson ef al., 1981),
1A Cr(ll= Cr(VDE AkslElo] 54 9 o]5Ade] 57}
3 EtH(Nico and Zasoski, 2000). ©]&3+ A A=
ZHE Ae] G40} 3 EES EYRE Ul
oA LEEAS A Al H83tarx) ke thdst
A7E0] F35ojx)1 Atk(Kung and McBride, 1988;
McBride, 1987, 2004; Baker
Mayfield, 1980; Majcher et al, 2000, Pizzigallo et
al., 1995). tl5o] WIRIEEL A g uke} o]
2Bl ARRS A ARG 2 ZREB)7] witol| A
shghel maet de] Rl AAGEAE 85
ok ole} Uit BRSOl EAlshs Ad =4
olgfe oM LAESF 2 Al Azl 173 wiA|
22X &84 F

Kang et dal, and
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LSlES 08

2Blgk 54 9 IskEe] ofgt AkskaRA Bt
Sl o3l frelguiet 1S Hole £ 9
= 9 opdaA sizkE H|w 2 Aghaloln, o=
2 rAe whee] H8A oA ol wEt AljkEs
oJujgl= Aot} 1L o] 1 Els d% "]‘i]rﬁ‘% Zfel]
sl gt WS THE SREES WS miZIAIE AL
gstogx ZEo| 7153t HKim e al, 1997; Kang et
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YRS o3 W f718kgkee] 4tet-

g 4 Qe GAF HH|ER] Eglo|x B3} oxalate
U veratryl alcohol 53 22 UARMES #HIste] o]
5 WS WAAIR ARSsle] Blds Ealiditke AR
o] By¥ ©|Z(Evans et al., 1994) 2,2'-azinobis(3-
ehylbenzthiazoline-6-sulfonate).} 1-hydroxybenzotriazole 5
I 2L FIES W W7 HAIE ARSsle Alsiekd Sfol
sl 28] BEgAS 7HAIA] S QFEE dEEY 71

EAS AA ARIEC] B ATKCall and Miicke, 1997).

T} o|oh Tt tiEe] AFEelA] ARSSE WS
7Rl A S vl o] E OE eEdes 2}
£ & e I frIEelERE AldES A o
olE FH37] Ag A9 YO = Kang F(2002,
2004y 71E9] 3 f71ES dAlshes 318 Algela
g e glad T el oERE AdHew W
Aok 1350 bt wlEstEs sk A= ARSsE
o o]59] A&A ARE WL AslEk B4 5
< YRR disl] W3S ARl R el -
712 8E2R1 Ale]Z 2T (cyprodinilyS ARESH Agoz
T HSAVIE Ze dEsldEY] A9 AlelZEr e
AA BEAHLS Rl o5 53] Add s
Hcog gdsiAl BEA AlolzE2rd S ARS AF
SZRE AAE Ale|Zzrdo] tiFEe] WrHilskE
5| 2kekd wisslglEate] e A3ES-(cross-coupling
reaction)s YA IAE FAs] FRAo=RE AA

< ERISHA g IS FAsA] ol whEAkEo]
Wol] EAlsle BT Alelzzr]do| HEsikEdt
T A3ke-S B3 THAE TS s HEVIE
o83k LC ¥4 ¥ LO/MS oz HE RIS

320 EGEEAS] 3R] PAHsE 22 559
M F4do] s, iR WHEERE dEA Qo] Al
= EPAY] 93l 8 EYHEAE ERFA Utk 1
g} o5 SIRME2 F2ARI EgAdoE QlEl alel o
3 w9 =2 WS 7L e disEA] LAEEEA
2kt ARl A w9 Qs slekEolnt
Weber & Huang(2003)2 peroxidaseE ©]-8-%+ #H=29]
238} -FAHES- ATZHE] phenanthrene®] A|AHEE
o tigk 28 A7E T3Esk vl 1O} phenanthrene®]
Ao R Jhgo| sl v ARH FTAE AN
34 Xalgiom, siEe] SRkl o5t I FA A
HEZ] S} E8)3] 117 (sequestration) Tl 23H
AAE F8 WAYUFeE dHsial Uk

Wbk PAHSE Hroh 82 0= Asr] 5 ol%
SRIES AR AElsl] BEoke Ads dxE] S A

2GS G o) o83 2 AEF FahH 119

FozA FHARQ) AEt-ErATe-S friEshs 3lo] &
L3}tk PAHsS] mAEC] o3t Fa e A= aETt
Zo] BiEA Ha2RE AAEE hydroxylated PAHsO]
H, o] Al-FradukEel tigh wkgAdo] wie- =
0] 2 3 A7AEd o8 glE vk sk 53] ol
hydroxylated PAHs= PAHsol| HI3l 542 ARG vWbA,
37} w9 ot 4 2] 99 o)t o}
olsAe] FoHlE 54 7HAL Qo] F8 T &
FEHolo}.

AER F(2006)2 ©]|g hydroxylated PAHSs(1-
naphthol)] AF}-a-A3Heel st Whe-4S 71e}]
g AROZHE o]Eo] WISk o) w9 4%
3] AAES RIslon, ol#d vhg-2 AL 13} ¥k
< W23 IS ARSI ESE vhgo] T HEsE
FHA dojdth= AMERE 7} iRIskEe] 4
gei3t Ao g RE o] s WHIsHE sErZel tis)
FE3E W, Koye 71 AXEIAT BEgE W
o] PEHA WhZAREo] BAHES WA WE vk
$-8&49] HPLC A e=yiE 2lsion, ol A
UVwvis 3% 24 2 LO/MS, GOMS 5% ]88
pro2rE] $3H9] B40] 1-naphihols] TR A7 7]
Holg el 3l

Jung 5(2007a)% G2F717} 2]2HE phenanthrene 3
pyrene®] AFs}-3-F-A3%t kS0l oJgh kg dol| tigh 7k
= eIt 53] o5 Whe-S 8 o)At o}
Yzt B EA slolx Faliste] whgo] Eke] EA)
slolA] KT} 21538] dolhs ERIsIIom, 53] whe &
EH7IEe] 243 0E2RE ol PAHyF EY 171
Ee] FHAg el ogt AdRFE(bound residueyS B
s Ao BRI

PAHs®| Z3ljoll 23 4=117]9] 222 PAHs®| T4
g g sl AAA Helld 1 F=r) vlg- =g,
webx] PAHs®] Bt} 4l&sial a3l AE flsiad
Zdgk HAele] deAde] diFsiAl =t ols® &
2007y o]k Are] LBOZ Sphingomonas yanoi-
kuyae B19] SAHONAR] S, yanoikuyae B8/36 strains
o]-&3l PAHsE #dfiste] IS 7 SMAES
FAAL, olF RRISHES o]83le AR
A AAskE o] 7Fsds RS B3l ERlsiant A
AomRE WPIslES Fi7t rAES] 24l AslE
XA -2 ERIE e, el fJa 471E 7t
A& F7ME(dihydrodiol)d] 4843}, ©]¢] wrAkslEo|
ozt AAE SRISKAT. 5, Table 19 UERH nio} 2
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Table 1. Dihydrodiol formation from phenanthrene degradation by S. yanoikuyae B8/36 (20 mg phenanthrene + 10 g soil in 20 mL

MSB-succinate) (°] 53} 5, 2007)

Time (hr) 0 2 5 24 48 72 96 168
. 0g 0 0.12 48.20 - 68.50 85.10 100 98.38

Mn Oxide
0.1g 0 0.03 20.15 30.30 35.74 31.63 14.55 0.02 N.D.

o] W3R ] (18 79 phenanthrened S. yanoi-
kuyae B8/36 strainl] &J3f w3|E|o] G717t X]$HE
dihydrodioks /33t S2== WA, WiRkslEo] &
A& 73 A4 dihydrodiolo] Ak8}-a-5-A%r-s<l 2
3 FRAS AU EdRTIEH] Frads Bl
AAES APH o= Rl T3t o)A AFE 4
FFES] B4 HrPIAE 2383HE(phenanthrene)ol] Bl
3l H/do] A=A e RIS

o]o} o] WrkikslEol o3t Aksla AR Wk ok
&t WA BgY A 2= JEHem FHed S
AT kR <3k whgo] Akshikgolgba, 7390
e 3 AxE] wkea 23 =k glon, o)
A Mg & e dlEFQ QHEo] ek A43))
Eolgtar & 4 Aut. Agrawal E  Tratnyek(1996)
TNTS 33 TRt el AasighEo] 7) Hel 9
3 FlE < USS AFHoE JFsle] Harslslor,
A-e S 3T 23S 58l 4THeE AE
g 5 USS AR vl Q)

olgigt A7 A¥}= HIEIOE Kang 5(2006)> TNT]
TRl SRIBAE-S tio g WrsEe <3t k)
AT ¥k 58S Wlkslson, o|2RE 7 Hol
ofgh by S ARAS ¥R TR e A 35}
Eo| FANke-S WrhalslE] o3k Aksl-g5-a% ks
7 Aoz wig- 2l&slar ARl o
Ae&d F AeS Ruslgth 5ol o dFdlAe
TNTE 7} d9 REER &3 22shdA] TN}
FUIEEY AR UV 3385 548 7He uds 5
FAE P33tk AFEAE Baslal SltkFig. 4).

WrRdslEol ofgt TFA|, T2 AFEEY 34 W
HE olHgt vk Aapt QAEAY 54S ARA]
TAe] oo we} JFA0 & A8 ot A%8E
Aot} 53] A2 FHEE 9 EYR7IE] A7
Aol gt ABAA IFEY] YRS EYY HSE
(fertility)?} #AFE F8F2Q1 FHAA o] Foix] gkom,
o] QI3 LAEAL] AE-FFAF WHAHEe] A
ek A= WhS 1 A tigk Aol Blisl oA &
We] ofFolz] 94 XA Zlo] Aot e

Journal of KoSSGE Vol. 12, No. 5, pp. 115~123, 2007

2.0+

Fe” and MnO, Treated Fulvic Acid of Sail
(Jeju Island, Korea)
| '\\

! \\

TNT Standard t I ———
200 Wavelenth 800

Absorbance

Absorbance

0.8
Fe' Treated

0.4 -

Wavelength, nm

Fig. 4. UV-visible spectra of TNT standard before and after the
incubation with Fe? and Mn oxide, consecutively (Shown inside
was a spectrum of fulvic acid extracted from soil of Jeju island,
Korea) (Kang, ef al., 2006).

Jung 5(2007a, 2007b)2  Microtox System®(Azur
Environmental, USA)S ©]-83}o] WHAslEl] o5t H
= % hydroxylated PAHs®] §Fg4HE] TS 544571
33t v Jlom, o5 HkE o2 RE HAdo] A3 A
S ®ysial ok

RS SY5AQ YA FejEA EF el 3
HesAl SAlskaL = E4ola, 1 EF 94l v o
sttt A0 AEZ T cryptomelane, pyrolusite,
nsutite, birnessite, artridgeite, husmanite, feitknechtite,
magnatite, todorokite, buserite 5°] o1, o] U=
Zog AHgs] A v FHE dla Ae AR
dHA Utk LAEA AAE A WHRIsHEe] FEH
85 SEiAE 719 HREEA ATl 2 ARSI
U= Y WREBERTE AAAA doR= A
2 2k gEdAe] o} go] AAde] . HdellA 4
AR = WAL Tkt A% g rklslE SHEE
A Sl wet geket 24 54 2 AskEk H9E
Zhk=t}, olol] kgl SA2HE] A HhdAe] B4 8
LAEATS] MEEA dFe WA I &8-S
FEiA F83k ofulE 7t

Kang 3 Park(2006y2 U= 9= 47 A4S
ol-g3le] teket A Tl 9 opddl SjtEC) digh
TS A WAEEERD WUlALo] Ebimessite, 8-



YRS o3 W f718kgkee] 4tet-

MnO,)¢} Hlal H7HIRES Fslon, o]27E ol
o] A& 7FsS ARslaL St ©oF3] F(2007)% 1-
naphthots ©1-8-3F Aol tafgt AAzisl=at &
AR R E el o3t vhg- 5439 Hul, H7}
ATE AT ol e M xWIskE ¢
23 W8kl tigk FTHIR 2 XRD #4853 34
RSz o] HiRE WUl EL] AAHEAS HolFal
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Fig. 5. Biogeochemical turnover of natural and anthropogenic
organics (Weber and Huang, 2003).
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