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Abstract |

This study is conducted to determine the potential of zerovalent iron (ZVI), pyrolusite and bimessite to
remediate water contaminated with chlorothalonil. The degradation rate of chlorothalonil by treatment of ZVI,
pyrolusite and birnessite was much higher in low condition of pH. Mixing an aqueous solution of chlorothalonil
with 1.0% (w/v) ZVI, pyrolusite and birnessite resulted in 4.7, 13.46 and 21.38 hours degradation half-life of
chlorothalonil, respectively. Dechlorination number of chlorothalonil by treatment of ZVI, pyrolusite and
birnessite exhibited 2.85, 1.12 and 1.09, respectively. Degradation products of chlorothalonil by teartment of
pyrolusite and birnessite were confirmed as trichloro-1,3-dicyanobenzene and dichloro-1,3-dicyanobenzene
which were dechlorinated one and two chlorine atoms from parent chlorothalonil by GC-mass. Degradation
products of chlorothalonil by ZVI were identified not only as those by pyrolusite and birnessite but as further
reduced chloro-1,3-dicyanobenzene and chlorocyanobenzene.
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k52 Fe 2= Mn 59
Aoz g rkSingh F, 1998).
=491 FeQl Mn2 42
2 Wy s o] ARGEL
TNT(trinitrotoluene), TCE(tetrachloroethylene) et
Z BaAle AR AL Q98 A
AREE Y QItH(Doong &, 2006; Doong &, 2005).
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HA 7o AHEE I TR 5, 2002). ZVIE FeO7}
ferrous cation®] HWA 2712 AAE WEsiHA FFEE
< YA ZLES F} AL A ferrous cationd ferric
cation®] E|HA A7} spE P&t §Y We-e ¢S 7}
&5t} ZVIE= #A| annealed type?} unannealed typeo©] ©]
£ 1 91+ unannealed typeo] B u&AJo] & Ao
EIHJHKim &, 2007). £3F & Zo)= nano sized ZVI
2 7153 ZVI 5= E0 T3S S7HA71EY) 9
452 AHF 5, 2007).

Manganese oxide:= EY £

=

0>

A 22 o|go] EL 9l=r] 6-MnO,¢] bimessite7} 7}
& 8ol #2 Aog BrhE L Qlrk. 7 5ol 9Jshd Az
Al bentazon®] AHAFE¢] 8-hydroxybentazon- birnessite
ol 2Jsto] =7 coupling Hkil 111 (Kim 5, 2002) H
52 PCP(pentachlorophenol) = biressiteo]| 2|&f W=7
HEEE AR YA 5, 1999).

Chlorothalonil(tetrachloroisophthalonitrile)-2 19634
Diamond Shamrocko| A 7J%3}o] Daconil, Bravo 52| AF
FOE SEHo AAAF R de o] §HH, Sl
9559 EA7E FEE o] rh(Litchfield, 1996). dA) =
Yolld Ao Qs BRYesA 4 S2aEayd e
A= o= Igez EREo] 9101 US. EPAd 93
A Td7s EHRA ARE o] Wt FAE SATE
o] 4] B2 group(probable human carcinogen)o] Z3}s1 )
THTomlin, 2006; -, 1996; Park %, 2002). Chlorothalonil
o] E¥ F F2 YAIEL 4-hydroxychlorothalonil £ A
2tz i) FAEA0l 308 o4 w3 EF F HFA
7 olFAdol F7tElo]l S A Fgg vE sFsAol
e Aoz deA th(Liichfield, 1996).

webA 2 dtolAl A=A chlorothalonil?] £3E 7}
ESHA717] et A9 Yo A H 9 YrhikslE A
of &3 At chlorothalonil®] Hal =& Yotrr] 3}
of 88 XA A ZVI, pyrolusite Y birnessiteS | 2|3}
3 chlorothalonil®] BgA3} A w9} HatEe L12E &

AL Bk

AltA| chlorothalonil(purity 98.8%) E&&2 SDS Biotech

AHLR)olA FAste] AHESEATE FEF-L acetoned] &
A A stock solutions ZASL WEI(-20°C)e] HLs}
A BQ3 =& 3|48le] working solution©.&2 ARE-5}

.
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Zerovalent iron(ZV1)+= electrolytic-powderd) ©. 2 Fisher
Scientific Co.(USA)O)A Y3t A48}t Pyrolusite
(B-MnO,)= 5 micronu]Tte] F7]2 Aldrich Chemical
Co.(USA)9A FJ3te] AF&-3}191 1, birnessite(5-MnO,)+=
Mckenzie B o] W} 2A5}0] AFE-51G T Mckenzie, 1971).

Chlorothalonil2| 235}

Chlorothalonil 2.0 mg/L &2 & A3t & pH 3.0,
5.0 283 7.0 274 ZVI ¥ manganese oxideE 0.0
1~2.0%(wiv) 222 747 APstgth. 9% AIEgt
orbital shakerof]A] 200 rpm .2 HF-A|7} A|RES 0.45 (m
membrane filter= QT A A& £9] Ho}9)= chlorothalonil
9] F=E HPLCE 0| &3t B4 stoich 717184 At
45 HPLC= UVAE7](235 nm)7} A% Shimadzuile]
10A Zdo]3 column Intersil Phenyl-3[150 mm(L) x 4.6
mm(i.d.)]E A3 o]FARE acetonitrile/water(55/45,
viv)yE& 0.9 mL/min?] §&02 Z#F90ch

Chlorothalonil2] EfgA S}

40 uM chlorothalonil -89 20 mL9] 1.0% acetic acidZ
1 mL #7135t & ZVI Y manganese oxideE 27} 02 g &
T QRABEL WA, Wgo] AZH Fo Wl
0.45 m membrane filter2 oJ7}3t Z ion chromatograph
Z chioride ion®] 525 AFR4 3T 7]7]84 o AHS
H ion chromatographs= conductivity detector(S3111)7}
A2E SykamAl9) S-135 EElo) 1 column LCA anion
separation column [250 mm(L) x 3.0 mm(i.d.), Sykam]&
AR5 A4 conductance= 100 uS, AELE= 70°C,
HIZQHL 24-2.6 mPa, 42 1.5 mL/min9] A0t

siitEel &

Hl-2-ol-9- n-hexane, ethylacetate @ methylenechloride =
12t sl 5 97180 28 Folol 5%, AT 5 acetone
Z A&e thx GC-MSE o]-§-38to] BajAHE2] BateF
gelstgon ojufo] 717|184 271 Table 13} th.
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Table 1. GC-MS system conditions for analysis of transformation products of chlorothalonil

Model Varian 3800 GC system

Detector
Column

Injection port Temp. 220°C

Column Temp.

Varian Saturn 2000 ion-trap mass detector
60 m (L) x 0.25 mm (i.d.) DB-5 MS capillary column

100°C (2 min, hold) — 180°C (12°C/min) —

280°C (4°C/min, 20 min, hold)

electron impact 70 eV
acquisition 40 - 400 m/z
Mode Scan mode

Az ¥ g
pHO|| I} chlorothalonil2] £3H

ZVI, pyrolusite % birnessiteE 1.0%(w/v) A& s}o]
27) B 279 pHOIA 24417 W A7 F 2AS
chlorothlaonil®] 3|4 =+ Fig., 13} Zth pH 3.0, 5.0 ¥
7.00014 ZVI A2 4] Z+7+ 98.8%, 43.3%, 32.3%7} Haf=|9]
o, pyrolusite= 22} 55.3%, 27.3%, 0.9%7} Eaj% ok
1)1 bimessited] 7-%ojl= 27.4%, 8% U 3% Sal=Egich
AAHE 3789 Az A o) oI5t chlorothalonil®] Ha)&-&
pH7t YE45 S71k= 202 Uy on Mn AsHe Hot
= ZVIL &8t of#et Axk= ZVIe| 9% TCE(Chen 5,
2001) ¥ atrazine(Tombek %, 2001)2} dechlroinationS L
< pHOlA 2 dojdrtal 3 Avel YA|3}Gic.

Chlorothalonil®] ZVIo)| o3t Ba712-2 Fe'7t H' o] 2
A A ferrous ion 2 ARBLE AU L ferrous ion®] ferric
ion0 2 ARSHEE A AAE Az H'E 297 hydride

100 -
Zv1

o MnO.
s
S 80 - L
d Birnessite
=
g
= 60
<
&
= 40 1
[
=

20

0

pH3.0 pH50 pH7.0

Fig. 1. Transformation of chlorothalonil by ZVI and manganese
oxides at different pH. Amount of reagent; 1.0% (w/v), Reaction
time; 24 hrs.

1on(H )2 FAsHEA Al chlorothalonil®] g47]¢F A
Bto] Hof FALIIL Eof Bef7t He AR AlmHL:
HE, A& Bl ZVIET WA pyrolusite®}

birnessiteS &3t A|R M E WS pHOA chlorothalonil

9} Eafg-2 #7) VEhth ol Manganese oxide”} £

U ZoA 57132 Aol ol AoR o

4] A(Zhang %, 2003; Marcos 5, 1998)1} Ux|el+= A&

Xo] 29)th 12U} manganese oxide: W pHolA &

Mo Mn' 712)1 Mn™'2 o] ey o)F o] 250 t}

A Akt 2ok 22k MnO, 813 Mn*'2 Agto] 7}

53t} o]gA Mn®'e Mn’'2, Mn’' 7} MnO,2 4 ¢

T ARKE o) BEtdA RS 4 -1.51 V 1831 -095 V

ojt}. o] ¥4 2 chlorothalonil®|] manganese ion®] AF3lE|H

A APE ARHE E53te] o] B Aok AlsEHY. o

2}A] chlorothalonil®] EZ3HHA S Miesslerd] A%S

2 (Miessler, 20002 Z4 0.95 VoAl Ao 2 ArEth
pH 5.0014} ZVI, pyrolusite ¥ birnessite?] A=|HFS &

7HNFAS u) AH2lgFo] F718 4= chiorothalonil®] £3)&
T Z7lele Aog UEyth ZVIY F$ 0.1%, 0.5%,

1.0% 2 2.0% 7FA A2stEe 49 17.2, 24.4, 780 ¥

84.0% A= HaHe AR Yt 27] 443 Zdw

LO%ol el Ae a7t 3= Hie AoE e o]

gl A3t= Ghauch 5] ZVIE 40 mg/LY carbarylo] A&

3 ﬁ% A% 0.9%01 ol A= Sal&e] St ol RolAA &

A3 Aot GARE Ao 2 LtERdth Manganese

Ao AYES 571 AHE ¢ chlorothalonil

o Haf&E Fbele AR YET

Chlorothalonil2| £aidtzt7|

ZVI ¥ manganese oxide®] A 2|20 wZ chlorothalonil
o] B8-S o7] Yot Mgt Eall&e A ak A3
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Aoz Fayct B &= A AL T first-order
rate 4]& o]-§3to] A4kt

C, = Coe™

Cr= t AZPIA Y 25 Uehn Goe 271558 U
Wt} ke SEASKOIT TH BAEEAS
el AR tehd 23 ARAd ) Qo] BE
0.960|4M& LJENN AL abiotic reagents®] il WhSL
A%e7ke] BANS F510] Table 3] eppgic

20| A ZVI, pyrolusite I birnessiteS 1.0% X2 A9
217t pHolM ¥171& 8t 34t = 0.693/k, B k=
9] 44498 ol431] Refu7l7| S ZAE ke Table 4
o 2tk pH 3.0, 5.0 2 7.0 270 ZVIe| 8] Bl
pyrolusitel} bimessite ®th= %A Lelytth pH 7.09) 4
5 dB2 4HEE ZVI9 W7 2447TAFO 2 A
pyrolusite 2] 48.591} birnessite?] 109.23X.ch 24 Vepydch

< A

Chlorothalonil2| EEAS}

ZV1 9 manganese oxide®] 2|2 ¢15}od chlorothalonil
o] = HA WA= chloride ion?] S =& &9 3t 2
= Fig. 29F 2tk ZVIE A2 oA 3528 uM9)
chlorothalonil®] transformation =1 A%} chloride

oM
Jal
12

—@— Chlorothalonil (treated birnessite)
—O— Chloride ion (treated birnessite)
—W— Chlorothalonil (treated pyrolusite)
—5/— Chloride ion (treated pyrolusite)
—l— Chlorothalonil (treated ZVI)
~{1— Chleride ion (treated ZVI)
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Fig. 2. Effect of ZVI and manganese oxides on chlorothalonil
dechlorination and chloride ion effluence in aqueous solution.
Graph shows the transform of chlorothlalonil concentration
(M, ¥,@) and increase of chloride ion concentration (L1,%,0)
versus time.

Table 2. D/N” value of chlorothalonil by ZVI and manganese oxides

Reaction time (hr)

Reagents Avg. RSD.
1 3 8 24

ZV1 3.32 2.12 2.94 3.01 2.85 0.512

Pyrolusite 1.08 0.90 1.26 1.23 1.12 0.165

Birnessite 1.02 1.12 1.12 1.11 1.09 0.047

YD/N value means number of chloride ions able to be theoretically

released per one molecule of transformed chlorothalonil.

Table 3. The linear regression of K, versus ZVI and manganese oxides

2

Kobs r
ZVI 6.588 [Fe’ content (%)] - 0.416 0.965
pyrolusite 0.084 [Mn oxide content (%)] - 0.027 0.998
Birnessite 0.014 [Bimessite content (%)] - 0.028 0.984

Table 4. Transformation rate constant (Koss) and half-lives of chlorothalonil by ZVI, pyrolusite and birnessite

at different pHs

Kobs Half-lives (hr)
reagent
pH 3.0 pH 5.0 pH 7.0 pH 3.0 pH 5.0 pH 7.0
VA" 435 0.15 0.03 0.16 4.70 24.47
pyrolusite 0.11 0.05 0.01 6.20 13.46 48.59
Birnessite 0.04 0.03 0.01 16.70 21.38 109.23
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ion?} FE= 108.36 uMo|3lt}. PyrolusiteS Xa]st Ao
21.74 uM9] chlorothalonil©} transformation =|$1 26.68 uM
9] chloride iono] A=t} Bimessiteo] 93t chlorothalonil
9} transformation2 16.55 uMo|¢ o™ ojwjo] chloride
ion?] FEx 1845 uMoTh Z4Ze] AlZitjdo) BAE
chloride ion®] %% E transform¥ chlorothalonil®] %2 L}
ol 3 2219| chlorothalonilo] Ha1E o) AjA=|= chloride
ion?] 7§4=& Yely& D/N(dechlorination number) -2
Table 28} 7t}

188
1zaaq

11aa 1

raaa

D A A e
eaa c

vaa

caa
s
<aa. 137
aaa

oa
o

E=C) s ka= B0 I T- A EF- M - AR K Y- M VAR F 7 M 7ML -1

(A) Chloro-1,3-dicyanobenzene (m/z = 165)

[ A

(B) Dichloro-1,3-dicyanobenzene (m/z = 196)

7oma ct

=== | L !... T s o oae 1‘||

eI I IR e e e i Tae A R et YT

(C) Chlorocyanobenzene (m/z = 135)

(D) Trichloro-1,3-dicyanobenzene (m/z = 230)

Fig. 3. Mass spectrum of transformation products of chlorothalonil
by ZVI and manganese oxides.
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ZV1, pyrolusite ¥ birnessiteo]] 2J3} chlorothalonil €] D/N
Zro] WS 7171 2.85, 1.12, 1.098 Upehgt}. Chlorothalonil
o 4he] Q2712 AT gt ZVIG) 3] oF 3R] A
Ax}7} o] E 1l manganese oxideEo| A= oF 179
ALY} ogEE Ao 24H,

chlorothalonil2| 23548

ZVI 9 manganese oxide®] 2|3t chlorothalonil®] 34t
5% GC-MSE of&sto] £4% spectrum Fig. 37} 2
t}. Chiorothalonil- ZVIof 9] 471} EajiHEE(A, B, C,
D)o] A== A o2 FlEQl o pyrolusite®} birnessite
o o3 279 EajAlEo] A=t Mass spectrum
gl g A3t zvie] &gt EejitE B, D2 pyrolusite2}
birnessiteo]| o]k 2712 HIPAEL FUs EAE e
. B&AE B EAEF 1962 & chlorothalonilof| 4] F7)
9] 477} o]€H trichloro-1,3-dicyanobenzene, S3jA
2 De 24 2352 Yehd sl gaiart ojgd
dichloro-1,3-dicyanobenzene 0. & 57| 3ith

ZVIE A & follA Eejibg A% CY EAFE &9l
st Adt Z4-2F 1659} 1352 LreRUA] Z+2) chlorothalonilof 4]
A} 749] chloride ion¢] ©|2= chloro-1,3-dicyanobenzene
T+ A 749 chloride ionT}t 3}Lto] cyano groupo] o|EtH
cyanochlorobenzene 0.2 HtHch ICE o] &3t £447
ol A} chlorothalonil?] ZVI ¥ manganese oxideo]| 2Jgt D/N
I 1 BeAEY SARE & YAjste A3 B 4
B AE peak ] ionization fragment9} oAlE = ZF Bt
&9 F242 Fig. 49 2t}

CN
Cl Cl
ZV1 final product
/ Cl CN ﬂ
CN ct
AN chiorothalonil CN
| | o
/ Z CN Manganese / =
Ci3 oxide final c
trichloro-1,3- product chlorocyano-
dicyanobenzene / benzeng
CN CN
AN AN
| — |
/ 7 CN / ZeN
cl cl
dichloro-1,3-dicy chloro-1,3-dicyanobenzene

Fig. 4. Proposed reductive transformation pathway of chlorothalonil
by ZVI and manganese oxides.
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Zerovalent Iron ¥ Manganese Oxide0f 2|3t 42Xl Chlorothalonil2| EfHAS}
232 Uehst- e
2%

ot 4Rtk

2 % Arylnitriled] 47491 chlorothalonil®] BHA3E Zx1A]7]7] Y5te Z4&EmQ zerovalent iron(ZVI) 2
manganese oxide(pyrolusite % biressite)E 4% x|2|3}o] pHol| WhE chlorothalonil®] A=, g4} 121 BafjAk
=9 12E AR ZVI, pyrolusite Y bimessiteS X 2]3l9S 4% pH7l Y&4E chlorothalonil®] BajA&-2 =4
UERTh pH 5.0004 ZVIL, pyrolusite @ bimessiteS ZFz} 1.0%(v/iw) 283198 o chlorothalonil?] Eaj¥7)= ZVI
4.7X)7}, pyrolusite 13.46A]17F W birnessite 21.38A|17F0.2 UEehdt}. Chlorothalonild] B@43 AEE e D/N
value®] H#gh2 ZVI, pyrolusite 2 birnessiteS #2]3}3-L 4% 742k 2.85, 1.12 2 1.09 0]t} Chlorothalonil®] a4t
E2 GC-MSE o|gao] B3t A} pyrolusite®} biressiteo]] 2]2] chloride ion©] 3hu} o€ trichloro-1,3-dicyanobenzene
3} & o]24d dichloro-1,3-dicyanobenzene 0.2 }¢1¥|9} oo, ZVIo| 2J3t Ha|AHE-L pyrolusite, birnessiteQ] EaA e} &
U3t trichloro-1,3-dicyanobenzene, dichloro-1,3-dicyanobenzened B Es}o] g-¢o] &} 213 chloro-1,3-dicyanobenzene™}
chlorocyanobenzene ©.2 3-¢i%| 9t}

MO10] Chlorothalonil, %7}4, pyrolusite, birnessite, & @43}, D/N value, 34




