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Oxidative Coupling Reaction of Chlorophenols by Natural Manganese Dioxides

Sun-Young Jeon - Seok-Oh Ko*
Department of Civil Engineering, Environmental Research Center, Kyunghee University

ABSTRACT

Removal of 4-chlorophenol (4CP) by natural manganese dioxide (NMD) catalyzed reaction was investigated in this study.
Tests were also carried out to evaluate the effects of pH and natural organic matter (NOM) on the degradative oxidation of
4CP. Experimental results proved that NMD was effective for the removal of 4CP. Extensive kinetic analysis suggests that
overall oxidation of 4CP by NMD is second-order reaction, the first-order with respect to 4CP, and the first-order with
respect to NMD, respectively. Also, 4CP oxidation rates on the Mn-oxide surfaces were highly dependent upon
experimental conditions such as pH, initial concentration of 4CP or NMD, and existence of humic acid. As pH increased
above PZC of NMD, the reaction rate of 4CP was decreased, due to the low affinity of 4CP on NMD at high pH. At pH
lower than PZC of NMD, reaction rate of 4CP was also decreased. It was considered that humic acid was involved in the
oxidative coupling reaction of 4CP by NMD, resulting in the enhanced degradation rate of 4CP. This study proved that
natural manganese oxide can be effectively applied for the removal of chlorophenols in aqueous phase.

Key words : Oxidative coupling, Reaction kinetic, pH, Humic acid
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S WAl sl EYelM aiel £43517] uiw
e AEHRA A7 AElE FAE DA A
o} dukxo g FRIERe] Moz W Wl
o] Agxlo] gkor 11 FoME FE 2RV AETH
ahu FEEE SOl o) da A=l At
(polymerization) |0 T8}l BRS-& o83l Alsl=
WiHel] oish B 77} IBEO] Shrk(Stevenson, 1994).

e oyl Ao FeOOHY Mn-oxides, TiO,
(D'Oliveria et al., 1990), Sn0O,-Sb,Os (Zanta et al,
2003) 59| FEA8HE0] Tt ZEER] skt
S0l S FHIIT 75 AEE F w2 vlE
& AAEHE WRHAEES vl AAS] o
Pentachilorophenol®] Al EF& oW Tlokst =
HEF SBEQ AAH 53 vhgujd= Prkea )
Ch(Petrie et al., 2002). °]H3 WrHIsES] ¥R
pHoll uhel W38k8kAl =™(Stone, 1987; Stone and
Ulich, 1989), 3M18l=-5 o83 Hlasiahee] A7l
FulEAo] Age & 4% Ut Al-degs et al, 2001;
Park et al, 1999; Weber et al, 2003). &E3F W1tilks}
E2 TRk el AL Jhseh 8 W AskE
gelol] FEYA7)| AT Merkle et al., 1997), U7+ A8}
7reled EAdRe] S o] =7 |E Slal(Semushin
et al, 1984), ZlEol Hol29] o] 2uhs olgsjo]
2RkskEe] o] EEAY Aashe e vERY
% SH(Segara et al., 1989).

wEy FE2IERFe M2E S 3759 FAF
Wi 98-S 58 1Y ), AdH R EAske
e B 22 F45FE WRAIEA 83k Wikte
AZHoz Av" FHavt ok WISEL oy g
ol ofsf 1 ezt vl tdsly] viiEel] edEe
FAREEOI ¥hgAoll 1ol 2lelE RRITHTipping et
al., 1984; Park et al, 1999). we}x] ®zslEd] 2|3k
2R Falgel oM ¥g mFUSe] g
71221 olslE =R Tist FEzd e He-&
W2 Hrie davt gtk B dFoale A Bt
51E0] AAF gl S Fewslzol Ul Wes HY
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WRISIES AT F-RE e R S
A EAEP A7) WY Ex= de) 1089 19

gep, A7 gAelAe] 2k} - gkl Fagh A
S 3lth, MnOOH [Mn(11)] 2= MnO, [Mn(IV)j9 3
o2 FEAShs Wrt AslEe] e 28 3zl
o] sht e F 7le] AR (electron transfer)
o] o]Fojdo gy H71Y HE AgdEo] WEHrKStone
and Morgan, 1984a). WZHAELE THoAMe] S22 2=
(ArOH)] ¥h8- PIAYSEE ohad) o] k] vepd
%= 910 (Stone, 1987), B}t 23 U182 B} FuEd
(Musso, 19679 A<= 3o},

e

g

Surface complex formation:

k

>Mn""-OH + ArOH %) >Mn"OAr + H,O0 (1)
—1

Electron transfer:

k

> Mn"-OAr (kEZ} GMn', A0 - ) @)
-2

Release of phenoxy radical:

k
(>Mn", Ar0) + H,0 % > Mn'-OH, +Ar0 - (3)
-3
- Release of reduced Mn(II):

k,
>Mn"'-OH <74$> Mn* (+>Mn", free underlying
site) - “)

Coupling and further oxidation:
ArQ - + ArQ - =
quinones, dimers, and polymeric oxidation products (5)

FEAHE o3t SR 2ulEe] ksl We-Sat A
Ao e staiAle] BT WHeES T B ot
STARES] P FES et dekEeR s
2814 (Substituted Phenols)®] W3- siEdo|E 2ol
(AroH9] 2hstagd S Fate] WAskd HEAl gz
(phenoxy radical, ArO - Yll*} A28 (Stone and Morgan,
1984b), AR WA= 2 AAS AA FisA] Bz
7re] AJaahe-S B3l el Aol o] FoiAH, Dimert
FAE olgA ¥4E #HE Dimers MonomerSHTh
O AkE]7] 47] el Asbage] A& o)FoiA|
o, HFHoz AAFFo2 T S Al EiE
(oxidative coupling products)S- B3l Er}.

3. 4ExNE ¥ oY

3.1, AEIIE 9l BEajurd]
ER2HEFEA B aoMs 4-chlorophenol (4CP,
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99%+, Aldrich Co.y& AMBISIT). HAMTIISHE (NMD,
Natural Manganese Dioxide)> oA 78 A&
A3t on, AL BET WFHOE 213 £0.124 mY/g2
ZA=. NMD®] Point of Zero Charge (PZC)= Zeta
Potential ¥271%) ZetaPlus (Brookhaven Ins)E ©]-8-3}%
o 3399 gks JERIICE B840 E BuEolR)= &
e I7REHERL HulrlelES] pZC 3D 150014 3.09)
g Ho & g& HTHealy et al, 1966; Mckenzie,
1981; Murry, 1974). YE=E2]7](Malvern Mastersizer S,
Version 2.19, B)& o83l 438 NMDUAR] Z7[=
1544 um (Volume 50%)2 ZA=ch.

4CPY] FEEML AFEM77H 484 HPLC (397
71)E ©]83I51th. HPLCY o572 acetonitrile (Sigma
Co ¥}t E7FE 70:3008 39, #5-< 1.5 mL/min,
AH2 XTerra C-18 column (Waters Inc.yS ARSI
o HEL CTS30 (B7171)el™, 30°CE LAsH
A AT. 24 3FL Ulraviolet (UV) detector
(UV730D)E 224 nmZ A3l 23319t

3.2, 4CP ¥ MAUZRMSIE S0 (M2 4CP M7HE

4CP =Y FES HUsly| Sleled 2l AJEHH(250
mL)l GIREIET} 898 1:10(=1,150 mM NMD)¢]
HEE ¥e 3 wEEe 4CP £4L AR FUslo]
4CP =7} 50 mg/L, 100 mg/L, 200 mg/L, 1,000 mgL
o] H52 Pk A29 pHE 69, MPLEE 25002
A3 AT WA B¢ AIEE wHHZ)(MS300,
MTOPS Y *£3! magnetic barZ ©]-83}] AU3HA 4
ZuA) WSARPER 10mLe] AEE AFs 73 ¥
ojdel 71 & 2500 rpmOE 1087 94 st

2l 459 HPLCE 2 mL-sample vialol &7 o}
2 2u3.

PIPSHE T W 4CP AALY] WS Yoln
7] S5k 24 A2 (250 mLpl R4S A Wt
ABES 5 g, 10 g, 25 g, 40 g¥ o] ZZY AlRelM
Fgols) wrhakslEe] ulgo] 1:50(=230mM NMD),
1:25(=460mM NMD), 1:10(=1,150mM NMD), 1:6.25
(=1,840mM NMDYy} H%2 39t 4CP E5E 100
mg/LE Y3 sgon, magnetic barg ©]83l
A HoiTHA vSAIZPEE 10 mLY) ABE A3
3lo] s

3.3. pH Haj0l| ME 4Cp H7HE
pHel FFe dolsy] Al BE Alge 24 AR
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(250 mLyl HZRkEES FHFE 1:109] HE2 ¥
I, HCIH NaOHE 0|83} pHE 3.1~109) Y= %
A3k & 4CPE 100 mg/Le] FEE 3l AP35t Al
85 sl ¥k AR 3 30%, 60%, 100%, 180%
o A& 10 mLE 33l 045 pL (PVDF) ¥EZ H
Hg & HPLCE ZAFsIich w83 ¥hg-3-2] pHe
Ao TYstH o, ol whEY AAES] EXRE 3
o o3 pHZt A - 2'E%7] witolg}l sekEnt.

34. FEEE SECZ QIft 4CP MHE

22 EF ARl 9% 5838 oxidative
coupling) gl FEERo] ojmst F3FS F=A 9 o
3 Hrislr] g A8S AT Al AR8g F
52 Aldrich AF] FEAAE o3} 2ol AAISH]
ARSI FERE GRS Z2edell ¥3 SN HCL 694
o2 pHE 200312 ZA3I 6000 rpmellX 158 B2t
AR AAE (humin} ashye] E2j=ojxc), ohe-
02 AF5NE 5N NaOH §do=Z pHE 82 ZAslH
AR Aoz Hulile] Reldrt. AR @
2 JAE i oleidt IS 473) wHESle] HTfelo)
254 nm® UV absorbance oA 259} & g o
BRI fulvico] BF AAFIZ Aoy, &gt Fejit
& 8& F ot AARE Fbe 2] S8AR &
He] ¥ TOC 71FCE 31.02 myLE SAEUT

Z}ztel Algol| disl Fate] 57 0 mgl, 5 mg/L,
15 mg/L, 30 mgL7t H=E 3 &, wWziielEs) 8o
S 1:109] HEE ¥, Z4z7te] Algd] 4CPE 100 mg/L
9] =2 FYsH FUs] APk ABE T3}
o WS AIZHEE AR 10 mLE At 045 pL
(PVDF) filter2 WEIYT § HPLCE 4314t &
Z719] dAFe] A5E AFH8I 2500 rpmollA 1087¢
14 s B Ay Felibo] 7SR g2 Al H
1 dgo] EE|A A= Aol A=W, FH o]
A3 FElite SEkee] AAETe] Aanked
ol AR EN B} FAIAR] a7t Hast
T}
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4. @z ¥ O

4.1. 4CP ¥ MAYZHIEE S0l HE 4CP MAHE

4CPY] FYEEd W& 4P AAL g e
AAE Fig. 1] YRS 4cpe] 27) %01 S8t
TE AA ARt g LR E Padhe HoE YE
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Fig. 1. Changes in 4-chlorophenol concentration as a function of
initial 4CP concentration (NMD 1150 mM, pH 6.9, 25°C).

it ole} Z& A= 4cPe] Hhgo] AElE ¥W
oA gt FRIXEE AldEs Ao o] ot gk
Hog WREES Bl oA LF9E BExlg}
ABEEHY Hol|x 9] AFazRgo] ule- Fasl] wEel, A
AL whe-go] IA W % vk A Jot
(Stone and Morgan 1984b). wEbA W7HAEHET} 4CPY
H-&-2 ¥4 38} whgo g 295, Mo o)Fo
vEol2e] fE7h dojur] Mo $HFog QEEe)
A HAYS Alolo] WA Ao] 275 o)A
71E A7l sl FEEdiEe] s uhee A
EAHo7 FrlEt} YPgAIZte] 3EW F7180] 7hAE
= 73S Uehin] o)A Mn(I)et ¥HZ)] igh A
o] Yoju} BAFL Aoz FHHTKScott, 1991). Z,
BRYRsES S eA wAE Wrlol&(Mn(ll) EE
Mn(IIN)E AF2ES], MnO, EHol| &3 slisRol Ak}
& Ak 28-S h(Pitrie et al, 2002). wElA 3
grol2o] Z3st 3ol o8] BHol SZ=2uso] Hol
A v g 9ler, BAA skl ¢d &
Ae 7H = glon), wihe-e g o] ¥3lgo) weat
54 & Aot} 2 o7 4CPe FYeke] Zvls}
A=A skl 3tE7) A7RE whe-go] 718}
AA T, FHASREG o2 Q8 wWxtole © J|et HAHE
o] A IzlElEe] FHFE) sl B
wizoll FAIZE] ALbE w88 M3} 7AshA Pt
Zyze] AU E(NMD)Y] 5o e 4CPe] A
7h8 FEHELE (C/C)e Fig. 20 YERRTH A8ax
ISR BTt Z71EE 4CPe] AAE0] 2718k
=], o]gid Ax} JA] FTEAEIRS] 71018k RoE,

® Mn:solution=1:50
f Mn:solution=1:25
10 + + A Mn:solution=1:10+
EH r's O Mn:solution=1: 625
08 P + control
Q
Q os (A 2 & ¢
&) O
041 A
@]
02 JAY
O
00 : 6 : ‘ 6
0 100 200 300 400 500
Time (min)

Fig. 2. Changes in 4-chlorophenol concentration as a function of
NMD concentration.
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Fig. 3. Estimation of the order of initial reaction rate with respect
to 4-CP and NMD concentration.

AshEo] Bol AFdes whge] 715} S8 9
Lo At

4.2. MAUZHISIED} 4CPO] HISE

HAALYIBE(NMD)} 4CPe] ¥hgol| th3h vhg-8-S
AEslapr] sl ARAANE o] 83l HhgAe) vk
A48 =230t Y dlojEdl] 93k Hhs-8-2 o)A
AR 1I2RRE-S Holi QK] o= ARE Uehiy o]
=, §k3o] Zage] mwel NMD FHolAe] vhg-Ao] u}
e Ad 71Q0g. a8Eg SRS sidslr] Y8t
o] 27] ¥kl tiF AHAE o}g3le] WS T
skRom Fig. 30 23 JeERiY =, 2omkege
4-CP9| Fxol| ZdA o2 nigsier 1.019 718712
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7EA 12 BRI BS € 5 itk FARE W
o2 NMDel 9§t BREAE F817] 218l NMD &
TE WHIAIHOH Fig 30 Uehd mke} 2ol 71e7)7}
1.09] Zh& B 4-CcPe] E3lo] 3loiA NMDE 131
WSS 7= A0 g wetEn o] ZaE o] &3]
8l Aol A BTRSIES o835 4cpe] A|A
3749 A9 AFAIE 59 AAE AAT 5 Sk

4.3. HHSMNE

W7 R 23t 4CPe] AkslAFHIS O R AEE
ZAFAES FRI8P] 8l HPLCY] 2E vlyo] 7t
o] B8] HBed], 224 nme] el Alzte] xdel
me 2R g2 9327} SRR A4S B 4 ASlTh
Jeht BRsla Qe HPLCEE AHsE A8 4 5
N ow, Hhg-Eo] FAlo EAsty] WE FTIR
Spectrometer, Polarimeterg®] TR AR o] A&
= EJlsslsth. LC-MS (liquid chromatography-mass
spectrometer)& &3l AAES B4 A7 A8 A
TER1o) E7Fsd B7HAl w2t HEHUAL, 24 929
Ex1Ego] 300 PO E YER} 4CP] AEAR1 FHENS
o] Anz W BE5A4e 1A} s§ES dvkdEnt vt
SAIH WE AES] Wl e BU) Y81 Fig. 4
7 2ol 100 mgLe] 4CPE RESAIZ F = Al 2 3
o Fo] AZrfETRS VeIt 18 eRd v}
#2o] 4CP= AFstE o] ofF vre s YEhdTh
product 1, 28] B Whe 271HE A&H R F78)
o} 38 Fol) Alzte] BRE sk AS Ve
WSt} WA z7)dle VA 29k product 39
e Alte) BARE Sviehe AYS vERSD 1
A9} el oA FElshA vehbA] g st Bof
S BAFAY. ole AlZte] AAEE TEARI 4CPY
23 2FER) SIS Aeakgo] A&l mEf 1L
el F9A| slghEo] whlstel IQIsitiar vttt
Z, NMDol| ] 4CPe] 37} A== AL A9 &
935} ¥hS-(humification)®] Lol Faake] 2p4o] 18]
Hoa gaEg, gAkelEd| oft SR 2eEe] uhe-
< Frize] A WE tfst ARe] b A
Jo) s X&) Hhgo g g Fulgl Hgo] o
ot B2 Rurt dci(Petrie et al,, 2002; Bollag,
1992; Da Silva et al., 2003).

4.5. pH #slol e 4Cp MHE
B AFelA pHe d3s A¥SH E3 Fig. 59 e
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(a) Chromatogram at initial stage (4CP concentration=100mg/L).
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Fig. 4. Chromatograms of 4-chlorophenol and byproducts with
time.
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Fig. 5. Effect of pH on the changes in 4-chlorophenol
concentration with time.

o oupe} o] AAEC] glojA g2 AolE YEhiSith
88| pH/b 4-69) ELlOME AR EaleS e
Uigiort Hot & pHellAE 4CPe] Al o] HAEHA
ZE3L, NMDY] PZCl pH 3.39 ©J8ke] pHelM=
whg-go] njula Zadle S B & Ak olHe

e B A7ansl AR YERIE 9t Nicosh
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Zasoski (2000)E Hausmannite®} BirnessiteS ©]-83F
cr(ine] Akspikgol] thgt AFoNA Bimessite®] 79 pH
7} Z7V5h) wht Y 2o Wkg-Fo) ouf 7HASh=
Ao Z ERIT} Petrie (2002) manganese (IV) oxide
(MnO)°ll €3} pentachlorophenol (PCP)2] 4ks}ol] tish
Aol -&F PCPY A4S pHll wle} FA| EEbA|
™ pH5.001A HNDS BAF}. o)A A PCP &
zto] Mn(Ie] Hi 8 pHe} 22 MU pH 5.07]%H
o w2 ik AR Aol rkal RSyt Stone
(1987)2] E4218120) o3t F22uERY] AALF
A WS-go| pHr} olel wel xR FIeH
I, B2 pHolA ¥kS-& FdslEE AnE A9tk
o213t pHO| FF2 ZE HEFIA} tlEo] dolH
Bk Bk} B8 258 >Mn"OH,", > Mn™OH,
>Mn"O 0 E Y glom Fgdskd Pl > Mn"'OH,"
o] FAEEA] k2 FY(>Mn'0) Hr} AR W At
3l ¥He S A =Y, wije] AS- O wAl 2
Ch(Balistrieri and Murray, 1987). PZC ©]%d<l pHollA]
© 2klEHe] g3 WA HEE 4Cpe EE27]9
FFOZ pHr} Z7IESE Akl A=A E 4CP
9] o] EAEA Ho 5 WARE sk 3 &
o}% Aolo}. mgh, rkilslEe] EehkEs WE WUzt
ol& (Mn(ll), Mn(I1)& & pHOA= 418} 3o o)
3 Mn(I9] &) Z71817] W&ol (Stone and Ulrich,
1989), 2B FEHAA o]FoAX = 4P| Eatol| olskd uh
$o] AE), wabr B2 pHellME Q=] Agells
w27 F7RIcr T Ajgte] Agel] wlet jRgo] FolE
=, #& pHAAE A& 7Pk d4F WheEn
vepdth A@e] A= Fig. 5ol UeRd Bt
o] HWiZRElE) o3k 4CPY] WRS-S pHY} EOMAWA

=

il

1

m\l

HEe] Bk A 7EAE Hole Aoz Uehdor pHrl

solald well= 4CP FErt Ao R FAhshke vheo
FE UEt

3, HA=3FE(AOH)S] FH H9IE pHY| Frol”
wiiol], pHoll whet rHkslE HeslgEite] vhe-2
37 b2 BEAE Fgske AoZ dEA dom ¥R
312 2 A9 ArOHS] &0 ojojr] FAHE BiA
734 uke-go] ol grf d&A Acl(Stone, 1987;
Balistrieri and Murray, 1987). W&hA NMDS] pzC ©]
3le] pHZ Z<5 4CPe] Whg-So) YolAle d3E U
Eldit}, o]9} o] MAMSIERE 71 s Aol
HAEe] M) E3A Fd AR HHEst vk
S8 oA HEZ 89| pHe} DA HEE 2

—_—

1.0 ['] & Humic Acid  Omg/L
O Humic Acid  5mg/L

08 AHumic Acid 15mg/L
o O Humic Acid 30mg/L
o 06
G

04 | ﬁ

02| B g

8
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Time (min)

Fig. 6. Effect of humic acid on the changes in 4-chlorophenol
concentration with time.

=, Z2RHog HAYMISHE =3 pH4-79] T8
7oA B3] whgmjdo] | Aow 7

a

6. EUERo| ZTESZ QIFt 4CP HHE HWII
2| E2o] Jaks dolrr] Sl AA|
mg/L, 5 mg/L, 15 mgL, 30 mg/L¥

fe &
re
.y
2
Y
o
ot

LAy Zo] F=iHhumic acidyel 7}
S ) g wkeAdS BRYor, RulEEe] vt
Z71EPE 9L Ul I ezl g
vk A2 AA8] ZEE 4CP free radicald] &
Aol FHEAR Q8] v w=A Y=, ZztelA 2
< Fel2 B ABMIAPESC] AEdEEAN HE O A
off A3l cross-coupling F|317] WEolzt ek
=, WZbslEol 23k 40P AARRS-2 AlslAsRbS
o 98 Fasl g ezA A FHBAEHEH A
Fot. weba] ZdAl EXlshe FEER o8 RS
LS 4= Qlth(Bollag, 1992; Fossey et al., 1995). Yyt
FozZ ¥kgAdo] e LHEY M & 48 ve
FeAdEo] vidErd oS EE RS A o
(Dec and Bollag, 1990). Fossey (1995)2] I7olA&=
laccase, peroxidase, FE+= bimessite?}S] HHg-ol 9|k
4Cpe] ME-E-0] 40% =N syringaldehydeE 7138}
S ol ¥R3-EE52] cross-couplingdl] 2J81d 100%7HA]
SRRSO Bollag (1992)2] A7) A= chlorinated
phenol (CP)# anilineS 714=Z sf 438kl &4
£ bimessiteol] 23+ 213}A3HI-2] AH catechol2- Al
e FEAARS FEUF $718) mel 4cp] g
T Z7RkRe ZoZ Jepgtow, olgjgt 73 AEel ¢

ofs

nE

Journal of KoSSGE Vol. 10, No. 4, pp. 62~69, 2005



68 g -

g 4cpe] W@ e IYAGolAY free radical
coupling® X8l 714U 790l H8=H, 1 29 7
ol coupling FIOIE W&o} o] ghe = Stk
Btk

ey Hot BEt dFUEe S H8ld FoF <
TE B3] WrElEd] FEe e de AY
33 Bart dn 7 FER3T nAVel EAfshe FE
Alo]| &< (absorption)=] = 4CPY] FEEAS T3t EHl
AGE =28 davt o

5.4 e

AA F5a31E T iRl Wl A8lES o]831
4-Chlorophenol (4CP)9] #3fi3lE 3t A& AAISHA
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