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Abstract : An investigation on the removals of PAH-quinone compounds, which are commonly produced from the biological and/
or chemical treatments of PAH-contaminated soils, from the aqueous phase via birnessite (6-MnO)-mediated oxidative transformation
is described. It was demonstrated that acenaphthenequinone (APQ), p-PAH quinone can be removed via birnessite-mediated oxidative-
coupling reactions, and anthraquinone (AQ) and 1,4-naphthoquinone (1,4-NPQ), o-PAH quinones were efficiently removed by birne-
ssite-mediated cross-coupling reactions in the presence of catechol (CAT) as a reactive mediator. The removals of PAH-quinone
compounds followed pseudo-first-order reactions, and the rate constant (k, hr'') for the removals of 1,4-NPQ under the experiment
conditions (1,4-NPQ = 10 mg/L, CAT = 50 mg/L, 8-MnO, = 1.0 g/L, pH 5, Reaction time = 6~96 hr) was 0.0426, which was about
4 times lower than that of APQ (0.173). With the observed pseudo-first order rate constants with respect to birnessite loadings under
the same experimental conditions, the surface-normalized specific rate constant, K., for 1,4-NPQ was determined to be 8.5 x 10"
L/m” - hr. The analysis of the kinetic data with respect to birnessite loading indicated that the cross-coupling reactions of 1,4-NPQ
consist of two different reaction steps over time and the results have also been discussed in terms of the reaction mechanisms.
Key Words : PAH-quinones, Birnessite, Oxidative-transformation, Cross-coupling, Kinetic Constants
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(e}
AL S 7 PFE @olears AR 29 & un PriArE 53 Y 9 9EA9 PAHs A= 95%
A dn, oA A, stetEd Ax T4, Aute] 2ot & o] AALS Byou EH7IEA(TOC) 71529 AAE
& A3 1Y 5 st o gYel oste] B 34 Fof © 50~80%0]H, A5 97]EkA40] YjEHo] PAHs W3k A
de] 28k agAe] dEs) 4 sigEolch” PAHs .4 e sigdhe Bk vl Qlrk ®3, Freemand} Harris”
Eofo] Ao RE 53| u]YES o] 83 AESHA B L pAHs S QRO BYo| glojA 253t ofo] AslA7}
so} MEA O, ©F 5o vk sEAS AMgEls B =olE) A ok 3leHA AT oy SR B ngEo]
sty Bef So| de] HgE1 k. PAHsO| 1514, 8 ZAaiA] o= Qe Bl A$ v o)
sk Bejigo e f718ES] S8dst Ballet Mgt PAHs HIYAHE0] Eoof] A= 4 Q&S A AR TH
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e PAHs Bl 8 AlAeh RS dhREel A9vk 9 @Aelol HAAQ) wHA AN vk gk Yk
A=A AA AA ] 28 FaL o] Aapgolal A =ofl gt A4 g2 LdEE AAE =40l Ha
4 4 Qe chke MBAAES) 9R ¥4 Hel Sol B nEx 2AR wasAL 2okqxele] vrtels 3t
diak A g Agolt. & §ursto] bound residue e SH BBk Y
oxy-PAHs (oxygenated PAHs)<= PAHs2| &35+, sla}%] o|thBY E3], 22 Soji PAHs, PCBs 53} o] 1
weluheo] MBAAER 14 Bo] mass BARAY AR B7HEEEd o) ¥ w4 BAE 4]
A E(ketones), F+=(quinones), ¥d|3]=(aldehyde), H|+(phe- (-OH)E A v vl 7 A|(reactive mediators) =AY 3}of A
nols), 7}=2 22 XK(carboxylic acids) 59 AFA3Z3EF PAHs & W Z}-A g (cross-coupling) B2 E3 AlA 7153 <l
EAS EFFLY Oxy-PAHs 5 @& SigHzol E43 & 3 b ok Balk 57 wlisA wbSHAHA 24 Shol A
o] FEdE dAH, ¥ PAHs Ht} o 2t =4 BRSO 2J3t Sulfonamide ] A| A= F SFetEAlo] 9]
& AUE BerEe) A4E B8 BIELY) £eh oy RA-ATel 71A%E NMR EAE o) A% v gle
PAHsS 4Ha®lA7h 238 BA7% 544 PAHSO] B3k vl Kang 50 9b4ioke 24 shol Aol ma- 292
of FoAe &l W AE o8 7HsA 5ol Eof A gk Cyprodinil®] A|A A5 F3f ¥ AAES HJ%UH7H
sk B 2R S o = o] Shito] golste] AEjA oo A 5=, pH, ¥HAIRE 59 REgxA0 IS WSS
ao] 2 4 ot 5o, AR A=ARe] oxy-PAHsE 3wl v} ek olelgt WALAT WSS ol 87 2B
= 7FEEAAE AE9] PAHs Ao HISke] Ao HeE A A= PAHs, FoF, A & Hob okt ds
2 S43 ARl Fob 8 el diate] HoEUYD o] wras shage] A7ol WbebEo] 2yA Hgu
FHMn(IAV) 4TS BE4F YA Foll g Exshe= T Ak AollA gt A7 7|t E = wokelH, 2 A
SE5ARHERA B2 AtgtE o g Qs HisA B ofdHA Foll 49 oxy-PAHE th o= 3F g7HitelE o] Akgh-rist
of sl BEEel B ABEH AS-AT Weoxd  AASH AT 2o oulE s
tive-coupling) & E3+ A|7 ol H3H# o2 285t Bollag E Qo] A= PAHsO| AJEEHE - 315hY MShHgAHE R
e BARY BojAERA B £3] EAEHE thF A B3] RuE =7 9] oxy-PAHs (ie., PAH-7|i=81¢
g v 3o Abs-Ae Bhg-2 f9E - (humic subs- )2 o R PrHEEe o3t Alsl-HE A AEALS

tances) o] AAol FF WAL ANSIGoB, olejet A ZABIAT # A7 T e dmaphthalen), obH| U E
AZ ZdSHhumification) IS HEHF2 9% EoF9] (acenaphthylene) @ <}FE =Z}All(anthracene)] =8 AFsHHES-

Table 1. Physical and chemical properties of the PAHs-quinones and a phenolic mediator used in this study

Name Formula / Mw (g/mol) Chemical structure Svi(mg/L) log Ao’
1,4-Naphthoguinone
(1.4-NPQ) C1oHsO2 / 158,16 668 1.71
(0]

PAR-quinones Acenaph(rsg)%qumone CroHe02/ 182,18 0.1 195

Anthraquinone
( AqQ) CiaHs0,/ 208,22 O.@ 35 3.39
Reactive Mediator Catechol CeHeO2 /110,11 ©/ 461x10° 0.88

45, : Water solubility, mg/: at 20~25C |
® K, : Octanol-water partition coefficient, L/kg.
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2.1. A =2
PAH-#=3}3HE2 1,4-Naphthoquinone (1 4-NPQ), Acena-
phthenequinone (APQ), Anthraquinone (AQ) 52 AMESIS
o) ol ZH7F vhaEl, opAuE C’JEEW‘ S A
SHHESAFEZ A PAHs 24 B9 #}ol F3H(weathering)
W B - set 2ol Ee) wAHE v
o Ez w¥aEe? Table 12 oS PAH-7| =332 9
29 - 33t 7| REAS Uehd Aot PAH-7=sieHE
VHF TERUE FH5) Y2 N, 291715}
#4171 = PTFE (0.45 um,
PALL. Co. Ltd) A= o] WlE el We|& o]}t HPLCE
=& AAsto] AFESEA T BESul 7 Al (reactive mediator)
2 AFESE Catechol (CAT)-2 Sigma-Aldrich®} Fluka 2 K€
TAE A== 99.5% oY) ﬁzv‘%’é% F7HA Q1 A=
8 6l hgsidlon, Selsiti sy Tt ¢
oh. CAT XPﬁonﬂ w4z o

7] HUP Eﬂ‘ﬁ}ﬂ ; Ha} !
McKenzie'o] oaf A8 Wlell Eatol GAsto] A
ateich 4 WrHsHES XRD £4 A Fo Aol
birnessite (8-MnQO»)ol] @35+ .2, BET-N, 7} Z2HH&
ol gsto] e vl Fhe 41.05 m*/gol ik A o
s Qb Aol 94 2eSE ARESt Al &
A Axste] 1L Bk AR ARgskolch

=

GH oA o] PAH-F|=3etEo] gt WHEHE S
HES- 21310 20 mL -85F2] serum bottle S AF&-3}o] F]EA]
(batch test) 2.2 4=3Y35}9c} HF-8M.O 717}0] serum bottle
o APQ9} 1,4-NPQ EZ8H(~11 mg/L) 20 mLE & =,
birnessite 20 mg(Z, 1.0 g/L)& H7}sle] A8 AQ
o] A% @ &ll=E st AQ EF8(1.0 mg/L)
20 mLo| HUAFOIE 5 mg (025 g/L)S H7lste] zA5}
gtk ojuf Hhg-goHo] pH= NaOH®} HCIS o] &3}to] pH
s2 stk W 875 gIE Ao Ay ok
Wl AOR s R B, ARU NS AgFte] U
of §9e AT 5 HA4 Bl 30 pme] HES
24A17 B9k THA T WSS AlZte B A7)
2 Z} serum bottle Z2F-E 500 pLo] E4 A|g2& A F s},
0.2 pum syringe filter (PTFE, PALL. Co. Ltd)2 oJ¥}3t & ¢
olg Eoh2 HPLCE AMgs}el Hlsisir.

HESTiZNAl EA] skl A2 1,4-NPQ2| HE-g-§-H2 1,4-NPQ
FE2N(20 mg/L, pH 5) 10 mLS A& LT
bolttleo] 20 mge] HFIHiIZE FJstal pHE =Es &
(pH 5), 282 u]g] £H]3F CAT §9(100 mg/L, pH 5) 10

mLE H7lste] Azt iwli— Teflon A& 2
of Wl oF2ul oz 9bde] WEE & Ry $Y2
ZH o] §-918 Ajetsla, 844l wuks|(FINEPCR®, AG)

A 30 ipm&EERE 24A17F o wHHA T WHASHE
U Wl g AAELRSE=AAL AA)E =
317] 913l Hhe-g oo oAl=w o] ] 4-NPQ HEL9(10
mg/L)T} CAT(50 mg/L)E ZFst= whe87)o] A9
YSRGS, 10, 20, 50 mg)e 47Fsto] 2A|EFAT:. WL
Al Z(contro) 2= FY 2704 CATE H7bskA] &2 vt
S&Ne 2AIStA ARSI o] = A EE AYH
3 Al2o] diF HPLC B4 ob4l 3184 A8} SUs
e Bl A

=0 U =5 R vEgo o] High &
A2 PlysHACME 9000)2] HPLC U WaterAKSupel-
cosil LC-18DB)2] C18 46 x 150 mm (5-um particle size) &
XA Agsle] BEA31TE 0] 5AN(50% acetonitrile) 2]
TS 1.0 mL/min® 2 3F4on, 20 pLo] A|2E 35}
o] 254 nme| UV #&7]2 olgate] RAsIoL)

L—(Né
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Zhitet=0f 2|8t PAH-#=stelE 2| BtSd 8ot

Table 21= PAHs-7]3=3lg52] Y1Hitshzo] o5t §h&-
H71A3HE foket Aolch AQS} 14-NPQE WTHke S
Ex2] goRE WeAS Molx) ghgrorh, APQE ¥
Aok WO RE WEAS Beo B AYEACI
mg/L PAH-quinones, 1.0 g/L 8-MnO,, pH 5)°]|4] 24 hre] Ht
& 3 99% ol4e] A7 &S Bt ol V)& AN 1
g 47l HmAet obddA SgHEol Lol A=A =

£ BAPE gejol bl WrHEHETe) HWS

&3l AA 7Hsee AARTE HE, AQSH 1,4-NPQ= W
SUNACATIZ BASES W Bk 49 B 4
2004 24 hre] ¥hE 3 Z4ZF 75.03 95.1%9] A|AES
e &, APQOF 2 o-F| =3 a2 W EE B
A7l osf AAZF 7hset Hhd, AQeE 1,4-NPQ5-2] p-7
=L A WY AE Fal AA s

ri roox

£ & 4= Qi) o83t Aul= PAH-F =315 2o thst it
AFSlE O] HES o] F=latEo] LA EAo o&FHS
A A8t GAFSE ¢ 24] Chang Chien S'7- wlAl 1] o
2719 $AICOME 71 27} Hlwsgtas dides W
THikstEatel whedg Wl Ak o-91A % OH7IE 7}
A 3lgHE(Z, Catechol)2 m-1} p-$]x]of] OH7|E 714l o
7| 3}%H=(Hydorquinone, Resocinol)oll H| 3l -2 A3}
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Table 2, Reactivity of PAH-quinones by birnessite (8-MnOy)

PAHs-quinones Removal efficiency® (%)
Retention b without with
Compounds time(min) Control catechol catechol
APQ 471 NR° » 99 » 99
AQ 1043 NR NR 750
1,4-NPQ 460 NR NR 90.1

Experimental conditions : ~11 mg/L PAH-quinones (APQ, 1,4-NPQ)
and 1.0 g/L 8-MnO. (1.0 mg/L AQ, 0.25 g/L 8-MnO,), 50 mg/L
Catechol, 24 hr incubation at 20°C and pH 5 in the dark, bWithout
catechol and birnessite, “Not reacted
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APQY| AA7} WA E = l oJgt 4 i} a3 ukgol 7l
ol3+e Fig. 1S E3fo] 2Hl% %tk HPLC A EntE

o] APQ 1 Z(RT 4.7 min.)= H7HASHE £7) shof 4] ¥t
SAIZre] Apst A DAsHA sk AFFE Eilow
BEE 10A17F o] % HEEA] &trh(Fig. 1(d). vHH, ¥H-g-48

Qe el 937t RS AZHRT) ~1.4 min. 52
&9 437} APQ2] A
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o A E AT Fig. 2t -4
7%t AW AP BASH] Jske] WSARE Aol wh

= APQ 9 WISAINE WEAYIe) 57 % Urebdl Aot
TelA B 4 gEol W F 10 hr FIAHAA APQ
b b AbeRE kY] Whe-S Eal AAHEA U AR
5 ZRT ~1.4 min)7} QRS Z7HE 2L 1T 4 9]
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Retention Time (min.)
HPLC chromatograms of APQ and its reaction pro-
ducts by birnesstie with time of (a) O hr, (b) 2 hr, (c)
6 hr, (d) 10 hr and (e) 24 hr; experimental conditions:
106 mg/L 1,4-APQ, 1.0 g/L 8-MnO,, 20C and pH 5.0,
in the dark,

Fig. 1.
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Fig. 2, Disappearance of APQ and increase of its reaction pro-
ducts by birnesstie with time (same experiment as Fig. 1).
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29 APQ7F A (>99%)
4 hr Aol A RS =
oF 3ufj o4 AA F7kRE RS WESHTh
(Fig. 2). o]&= & A3 x4 APQ (10.6 mg/L=0.058 uM)
=2 SHE(1.0 g/L=11.5 uM) 9]
b Abel-wgk whgA A=l W hAkSE
Ete] F7h HEkeS S8 Hoh 9= & WA
o2 AT 4= Qlrk. o 2Et sf4
A7t A Lu S & 2(laccase)o] 2]
2k Acetaminophen®| 4to}-#HHF-Z-7]2; Sty A= EE
Wk 2710l F/d% Acetaminophen®| 13} 4F3h-Ag} W3-
AHE(Acetaminophen dimer)2 HWHS-A|7F X| <o wh2} trimer,
tetramer 52| Kt} IEASIE FEjE HehE o] e W
©u, Huang®} Weber'”= Bisphenol A (BPA) &-9o] 24
Lo A3 E=ul] aA(peroxidase)E TAIFOoR F
et AP AT Q2L WA Hof 5av} AbE
A BRI E O] AlSl-AgHE2 o] x| &H o0 F2 AP B
Tk v} oleh. B ATATRS WrHAeHEe] o3t APQE] AL
S-S AA THsAAS AAT Aoz ou|rt glem, APQ
FeH FAol g ek FAH AR vhg-golo]
Wt LOMS ®i EAeiMw) 5¢| 37} R4S B3k B
Aol ol Waw Aow WA
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3.3. Catechol ZXxHf StollA2| Lzt
NPQ2| mX|-ZAetHtS 5l A
WS ZH A = A CAT A oA o] rhikslzof
p-A=3FEY AAEL A= LANPQE o=
Shoith CATS AHAf7]1=¢ F9E2 9 E%@ﬁ%@ﬂ
BrAsE Yiste] =2 BREAAE Ay vhSuisiAl R
de] defAw, 1,4-NPQ AQof HluLsl 4=8-Hoxfo] &
et ol AAEAL Akl Bt golg E4& 7Ht
(Table 1. 14—NPQ0] CAT &7 3lof|A19] W 2}-ZAgH(cross-
S &l AAEE Fig. 39 A=nEIHS F
3o ﬂd?‘;} 4 9k WS 1A17F 3k -, CAT (RT=231
min)9| I = YA ETY] ASL-HSE BEES Sl 2

HAFSE Ol ol3t 1,4-

>£
09% e
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380 3 9 olo] whe AAET SRS 58 EE3 Fig,
300 | 14NPQ | 4& CAT (50 mglL) EA] StelNo] Yrrakehs FUPE
» LANPQO] A|Ao| w2 HisEmgl)E EAF Zolth.
g 20 1 CATol EA151X) ¢k o (control) Gl A WEE-AIRH
§ 2o0p feesten Sl | B 1LANPQ o) Mabh B gsket. WA
8 ol A (a) 24 H7IE CATE Wb 1A A3t F o (-09.5%)
2 7 A A= Q0P (Fig. 3(b)), FAlel 1.4-NPQ] ‘s 90AI%H
100 ka ®) ] o] ZUHA 78% (0.25 g/L, 8-MnOy)ollA] 98% (2.50 g/L,
- (c) MnO;)7HA) Zh4stolet. 2, whg27] 6 hr ZakA 74|
” */}\hgb @ 1 9 LANPQ sEE WASHE il BA gl Al
0 AN e e oot AT FAEE BAOM, W 6 hr HIpAHA

0 1 2 3 4 5 6 7

Retention Time (min.)
Fig. 3. HPLC chromatograms of 1,4-NPQ, Catechol and its
reaction products by bimesstie with time of (a) O hr, (b)
1 hr, (c) 24 hr and (d) 96 hr; experimental conditions:
11.5 mg/L 1,4-NPQ, 50 mg/L Catechol, 1.0 mg/L 8-
MnO,, 20°C and pH 5.0, in the dark,

= A A= 2 ckFig. 2(b)). =3t 1,4-NPQ (RT =4.60 min.) T
L uke AHof H|3le] oF 84% UAE|HA HEE A|7F
(RT) ~1.3 min. FHo|lA RS YE w27} ¥HarE Qi)
HhS 244|740} 96A17F A3 F(Fig. 3(c)-(d)) 1,4-NPQ2] %]
&2 A AL} RS E 929 F7HE Hilem, 1L,4-NPQ
< WhE 96 hr 7 & B> 99.9%) AlAE ik 2, o
22 A7F ~1.3 min. FFojA Q] HFSMAE "I 14-
NPQ9] A4S wFSZ=7hdA|2 7%= l-naphthol Z}LE]
o] RESAE = fAeF Ak, o] Fa+= LOMS &
AA3 £ (m/z) 400~2,000 H 1] FHA 00 siEehE
wkalul 9)rh*” Majcher S MC labeled CATS tjAfo
2 3 A¥e B3 CAT+= YihitslEe] <3t Atsk-wsh
a2 S8l WEA(< 1 hr) A|A =™, CATO| tfF(76~
95%)°] FA=t YPoF 5o FASE L o5 Aol
AT ES AT Budh v 9lov], Kang 572 o
ZHAFsHE O] thste] H] BRS-AS ]l MC labeled Cyprodinil
o] =4 RESuiZNAl A shollA o] Atal-HeikS A4
2o gigt WAl 9@ AFEAT|(MS) 242 E3) C la-

beled i 42| thF-Eo] ‘&#ﬂﬂﬂixﬂ-‘z}«l AAARS F

3l gQlgh vt qick. ol Ay}
+ CAT©] 1,4-NPQ9| 43} tB_%‘ﬂJ%OH AN A 2 At
EA], p-quinone 3}tz

CAT &4 3ol 4 ﬂivaia% g9 BHHoR 47

AEE ZABIYTL, ol2iE 47 ‘%}{Hﬁl% o 4

oF 36%2] A7 &S BT} o]F 14-NPQ AA &L WS
A7k o] et kbR o] Zelake] ZrlaleE A%
7 Z7hels Age Bk weAzt Aah Aol o
ol3t Aol wkgulZiA] EA) sol 4ol LA
of ot 14-NPQ2] A|77} WS AIzbe] Wl A= e

SN AL 4 4o AN

(L oo rfu

12

. , . : . . .
-,
— %’ ST L n-
= 10F W=l Teem
> %
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5 8 ~o-&Mn0,=025gL |
i F e
© i A 5-MnO,, = 0.50 g/L
2 6f : .
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ol , 1 . 1 P I ”.6"3'1 M u 3
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Reaction time (h)
Fig. 4. Disappearance of 1,4-NPQ in aqueous suspension at
different bimessite loadings; experimental conditions: 11.5
mg/L 1,4-NPQ, 50 mg/L Catechol, 20°C and pH 5.0,
in the dark,

Table 3, Summary of kinetic constants and half-lives for the
oxidative transformation of 1,4-NPQ in the presence of
catechol by birnessite

Birnessite 1,4-Naphthquinone (11.5 mg/L)
Loading 025g/L 050g/lL 100gL 250g/L
K (AP 846x10% 808x10% 7.98x10% 829x107
IS 0.989 0.994 0.995 0.992
te (hr) 82 86 87 8.4
Keurr (/M = 0r)° avg, 18 5x10™
k(hr)P 138x10% 254x10% 426x10° 4.45x10?
IS 0.981 0.996 0.997 0.998
tye (hr) 50,2 273 16.3 156
Keurr(L/mM? + 10 85 x 10™

# Initial rate constants for the reaction time up to 6 hr
® Rate constants for the reaction time from 6 to 96 hr
° Normalized to bimessite surface area of 44 37 mz/g
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