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Abstract

ABSTRACT : Degradation of benzothiophene(BT) in the aqueous phase by potassium ferrate(Vl) was investigated. Potassium

ferrate (V) was prepared by the wet oxidation method. The degradation efficiency of BT was measured at various values of pH,

ferrate(Vl) dosage and initial concentration of BT. BT was degraded rapidly within 30 seconds by ferrate(Vl). While the highest

degradation efficiency was achieved at pH 5, the lowest degradation efficiency was achieved at pH 9. Also, the initial rate constant

of BT increased with decreasing of the BT initial concentration. In addition, the intermediate analysis for the reaction of BT and

ferrate (V1) has been conducted using GC—MS. Benzene, styrene, benzaldehyde, formaldehyde, benzoic acid, formic acid, and

acetic acid were identified as reaction intermediates, and SO~ was identified as an end product.
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o}l Wk 83144 (PAHs, Polycyclic Aromatic
Hydrocarbons) & 271 ©]732] sl g2 o] Fo|x vk
= slgkEolth. Gl wol AR AT WEAR! Y
sekllo] of 7)ol &she, Apaat widde] 3 U] &
Az Il Mz AT vk ek gslpioltt A
2= el A 5 3R] Wol 5o 9lo] dmrt <l
2 o F2 AU Aot Balehs Aol #7115 do]
o dad it BEXIT(EE &, 2003).

o] 3t PAHs®l &al= =4 &, 53] the = {71

ﬂ

B

3 w3} A(PASHs, Polycyclic  Aromatic  Sulfur
Hydrocarbons)+= crude oile]l 91+ PAHs9] ¢F 10~30%
= A&k Qe Eolth(Z, 2006). PASHs &-2-2 &
o] A 9> PAHsET FAE, A= 183 =4
o o 1974 =" thBoehm et al., 1982; Ogata and
Fujisawa, 1985). o] B4 Ao} At A3} Ag o =y
B U2 ggol] Wol 23t glom, Afu A T
2 2949 Ecfolu} Ak, iz dldoA T2 HaHH
23X IREHL T 7P a7k oF HE 234%F sk
2 47 2k (Smith et al., 1978; Berthou et al., 1982;
Teal et al.,, 1978). 3t o]2]dt EAE QG| HofA
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& v A0 AEEY] witel 2999 ek
3 AE EARE ALH7%E &3t (Hoffmann et al.,
1995). PASHs+ A =315 58l A& 02 HAE
W AE T80 s8] 24 Fol| FAH A gl A
A oA AgplozE o] 22 54 RES avro

2 AP = glth(Petrasek et al., 1983). uwlebA
PASHSJ W AETH el witel ARIo R WHEy
= PASHs® &74Q1 45 sk =getes Wi
o] @7¥}(&}, 2003; Kim and Cheong, 2003).

FH ookt T2 LAEAES andos AT &
= Ak ZA ferrate (VD) 7F B2 A42&9 #4S
T3 9tk Ferrate (VD) = 67F Alsldele] A= pH & o
Ao 75t AbahA| 9 SHAR 2Hgsh, 53] A9
o s R ezl @F, ojAlsli A W HkslEAse]]
H|ske] Ak3lelo] o) %UH(Sharma, 2002). ©]2d 54 4
Hof ferrate (VI)+= arsenic, hydrogen sulfide, thiourea,

ol

thioacetamide, cyanide, thiocyanate, phenol, and
chlorophenolss-2] 2.E4 Atsle] #4o] 7}538t, &
3] sulfur 1= nitrogens 13 571 2 G &3 v
o] F Aoz dHA th(Lee et al., 2003; Graham et
al., 2004; Sharma, 2004; Licht and Yu, 2005). I3+
*@Pﬂ}" Fof| Fe () B+ ferric hydroxide® 2+l %]o]

oA AL s & ¢ qlom, falfsh s
*ﬂ*é ] e FSAHAQ] AEAR o] go] 7lssitt
Ferrate (VI) = KyFeQy, NasFeOy, BaFeOy, AgoFeO, &
o] FEAE EAlek= o] T 7P Wol o] 8H = fA
£ KoFeOs potassium ferrate (VD) ©|t}. Potassium
ferrate (VD) & TFE 3K 94do] Ha, 1133 84
oA @Bk g3t Wil o] 7HA] HEA] FellA
713 o] o] g8t} (Delaude and Laszlo, 1996).

2 ATFolA ferrate (VD& ©]8-s PASHs 3154l
tjste] dolr ot o]8H ferrate (VD& 524
o8] A4 g3t potassium ferrate (VD) o], tiE2 2
= PASHs9] tix4el 354 24 572 PASHsS)
7|RA Q) BAAZE 7FA| 3L Qlon, gl 2 e
E721¢1 benzothiophene (BT) & A1®l5}3tHkim et al.,
2003). Ferrate (V) & ©]&3to] BTE #alloh= & A+
9] & QA== Y, pH, 24 271557 1H
=3t} vixEke g BT el A2 gt A7 A3l &
HREY AW E O H4S T8tk

9|5t Potassium Ferrate(VI) M=

Aglo] o] &9 ferrate (VD) >80%) = o}#j4 S o] &3
w2 S 712E sto] AlZsATHL et al., 2005).

2Fe (NO3)3 + 3NaClO + 10KOH — 2KsFeO, + 3NaCl
+ 5H>0O + 6KNO3

W4k B ¥kE NaClO 300mLell 90g KOHE ¥l Wk
o Y By F GF/C oA E o] 8351 014 st & 3¢
o el ferric nitrate 20gS A4 0.2 H7lste] wHk
a9lth. FeO,” ©]2A4H9]  ferrate(VDE et
potassium ferrate (VD) 13 JAPSElZ 7HE7] Y38l 50g
o] KOHE 9¥il thA] aRksto] 1AIR7FE W Bakeksl
o} W B & gNS G4 glass filterE o]g3lo] HEY
< 8t § oA o] F2 BEES AASI, Al
ferrate (VD) 9] &35 H23k6l7] 93l of2te J‘l"“% z
5} KOH §-e Z1lz "olA| =5 3iglt). o]F &S v}
Al B Bsto] g8 Lol A ferrate (VD) @@0] 1Hz0]
1 A

=

-

0 _I

A EF s}, ghEolzl 4748 GF/C oA & o] &3fo
2 = oA el A2M8] o] WA E=d] o]
Ho] HFAH o7 A|ZH potassium ferrate (VI) o]t}

2% &l Folble Eeaw Zﬂﬂ% A38te] hexane,
diethyl ether& ©]€35}4] A& % potassium ferrate (VI)
£ A3 2 HEAA Bl £ o] 2 ¢
ol AHE 47 HalAE FATGE Aok ghrh. WA A
Z¥ A74& 3M KOHell 103}t =<1t} o] GF/C o3}
| o]gsto] ofifst & x3le KOHe| Yo ¥ nt
w50zl A4S Gl glass filterE ]88k o sl
D}. hexane, diethyl etherg ©o]8ste] AlF sk #4S
HHa519 potassium ferrate (VI) & A| 23} 23 2743}
oA AZAA BEsiglct

AZH AAo| potassium ferrate?} H=%] #<1sl7] 9
&t UV—Vis spectrophotometer (Hach DR/5000)Z ©]
f3sto EASILE Alxd A% 0.01gs JAketEg-o
100mLel] Y1l 355 =43}, sigma aldrichAF)
potassium ferrate (97%) & 7F¢sto] 22 WO = &34
T2 S48l Ay A7) potassium ferrate”} SH=%]

FETES

N y

olt

2.2 M| =&l Potassium Ferrate(VI)E 0| &%+ BT =Za

F2aaksl el ©]3)] Alz% potassium ferrate (VD) ©]
|3to] sl £491 BTE wallshaitt. BT+ 119 &
Tl 0.01gs WOl stirrerg o]&sto] & 7FetA 24
13F S}k wrkete] 59l vy 2715 % Smg/LE 348}
o Ade] o] g8t wkg719] 8% 400mLel™, BT
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7} Fkehs AAS 71A7] wRel vk TS WA TS 12C/min® £52 180T7HA A58k 3 78 59t

Atk 283 o] &A7E A5k 98l 0.05M NaClOo, = A &G Ak, T 15C/ming] 55 230C7H] A58t

A7kt T FEIEE stk 4 EAEY] didt mass

BT+ liquid—liquid extraction WH o= FE3}o]
UV—Vis spectrophotometer (Hach DR/5000) & ©]-&-3}
o] B30tk Whe-L ferrate (VD) S Y SA] ik} 3
Al A&l 1087 W82 AT Al E8ll&
< 9lgto] AE AF $ hexane O= 1112 FZ31 YA
2= A7) TS spectrophotometerE ©]4-3199 254nm
oAl S4ste] BT wall &S Lottt

10,

e
> oX o

23 EUMMEE B

BT7} ferrate (VD o] 23l &3l WHSH2E dolr
71 9l S ES 24l BT 27 ke
20ppm .2 &} ferrate (VD) 100mg/L 2} RES-A1Z Tk
ol Zt}7]e] 400mL2] sample NS Y1, hexane
20mL FY3 ¥ 5% Bk AHslA] E5] sampledtol
U= WA ES hexane layer® $43] FEHES &)
St} hexane layer ¥He w2 Eojate] Aartas S
= AElellA hexanes FUAIA HE Fe gol SmL7t =
T2 39tk o]gA AFE samples GC/MSE ©]&3}¢7
A3 ot FX2= AT-1  column
(HELIFLEX®, 0.32MM x 60m x 1.0 zm), 240} &317]
%7 (flame ionization detector (FID)), 123 A= #4
7] (mass spectrometry) 7} &2 ShimadzuAl QP2010
GC-MS7F AHEEQITE @20 22X Z 732 7] 35T
oA 10% AL} 8C/ming] 52 120T7HA] A5
3t o2, thA] 1059 holding times 7FAA 3t} 1
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Fig. 1 Effect of the ferrate(Vl) dosage on degradation of BT.
(Experimental conditions : Cg=5ppm, ionic strength=
0.06M NaClQ4, pH=7.0)

spectrum=> NIST (National Institute of Science and
Technology) ¢ WILEY?] Hlo|EjHlo] A5 n]wale] F7t
AYES FAsIIT

T1E)a i) AWH WA SO, 7 A EEA Lol
Skth MZ Ao 10mLe] sample §N2 A|-¢-11 Sulfaver
4 Reagent Power PillowE Y1l 5% 52 HH-53lw5 7|
th & UV-Vis spectrophotometer (Hach DR/5000) &
o g3e] B eI

w
il
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e
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Holl 2|5 A== Potassium Ferrate

A Z% potassium ferrate (V) & H-222] 1149107
T8 Aol = Agk Bepds gl =EE oF 80%
o|qick AxH AY] FFEE S5t A IS A
st 47, 390nm IHFeA W FHETE SPE 0
510nm 3¢7H] FF=7F 57kl 680nm IH7HA] &
ARt Ak AEE eI oles Ak Hile
%3] 97 potassium ferrate (VD) 2] 3% UX|sh
sigma aldrichAFollA 913t potassium ferrate (VD) 9] &
A 574 Axele dAslt(Licht et al., 1982). &
N AJefell ] feto g Hol= M3 FHE 54 AIE v
FolHol AxH AAo] potassium ferrate (VI) 2}al Tk
l=H

3.2 BT Blank Test

Ferrate (VD) o] 2J3t 23| g3= gt s7] $13l1A4
WA blank test®: AAISITE 10% 53t magnetic
stirrerg ©]&38to] R A& AF 27155 3%THo|
SRR APThE Ao SIS

3.3 Ferrate(V)e| FI2F #Hslof| 2 BT 25l
BTE &allst7] stod o] &= HA Y ferrate (VD) -§
55 dotny| $J3te] BT 8-9¢] pHE 72 17dste] A

Be APk,

FY¥ ferrate (VD %S RF71U 557 22t 25mg/L,
50mg/L, 75mg/L, 100mg/LE 4| v)g] A=t 5, 874
Hel potassium ferrate (VD) & T4k} & 1029 vE
& AZFERE 242} 43.09%, 73.23%, 86.70%, 97.98%2)
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Fig. 2 Effect of the ferrate(VI) stepwise dosage on degradation
of BT. (Experimental conditions : Cg=5ppm, ionic
strength=0.05M NaClO,, pH=7.0)

3|7} EAthFig. 1. T3k BTE vh-go] AlZEar 27|
30z ojulel Ao R faEo] Hhgo] AT
Ferrate (VD) &= 7]&8 A& B34 sulfurE &35 &
Ay} gEgAdo] wl- Iy wE RAow dHA Qi
(Sharma, 2002). ¥ A& 3t sulfurs st E4
)1 BT7} ferrate (VD) 9} v~ wh=7] whg-afo] afju]= A
= & 5 Stk

SEARE Zsk Akshy T S 2 HEgo] o]Fojx] 1L
50| TAE o] HFEEE It glo] o7 &) Sl
wAg ghgel tist o35 Fo)3 W&l gt &
uld3l7] 9151 ferrate (VD) & w714 0= 315191
. & 74 F9%S 47 25mg/l, 50mg/L, 75mg/L,
100mg/LZ FA k3L, 2% 0= U] dAlol AAA]
ferrate (VD& FY38to] Whgo] dojues: f=aigitt
(Fig. 2). ferrate (VD) & ©AIZ S 2 FUI S 45 -3l
20| Z}Z} 43.55%, 75.00%, 85.78%, 98.43% = EFSE
o, 271 139 F4318E 799 vlaste] A9 vl
3l oS Hola Ut} Potassium ferrate® 7] sh
vk e A dAF o7 e Ad A3} 100me/L
ol 7P =& AFAE HIoy AAE s
75mg/L2] potassium ferrateS A4 FYsEE AA35}

Atk

i

S/ A e
wy -

34 pH Hstoll ut2 BT 2elae

BT 5819] pH7} #all feoll A= 9Jake Qhojiy]
S13fo] ferrate (VD 9] %1% 75mg/L2 57 193k,
we7) ol pHE 247 3, 5, 7, 9% fAaEA AR
A93hehFig. 3).
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Fig. 3 Effect of pH on the degradation efficiency of BT by
ferrate(VI). (Experimental conditions : Co=5ppm, ferrate
(VI)=75mgl/L, ionic strength=0.05M NaClO4

pH 3, 5, 7 233} S ZHeA&= wkgo] 7] 30%
oljel] A=t pH 5 w 88.59% % 71 2 -3
fro] YERtom, pH 39 w 85.95%, pH 7 Wl 88.30%
o] ®aj&o] Yelskth(Fig.3a). pH #koll wel 254 zjo]
7F YA SAdolake] 2ol pH #ke] Afol= Halla

o 33.51%2] w3ll&o] UeRsTHFig.3b). AH T £
7oA whgol] Ze- A1ZE Ulell REg-o] FAESH vk,
A7 ZAodAM = -gol =ElAl JgH Falass d
AAE= Ae & ¢ ) HHolEx: §H4e] pHefl wet
HsFeO,", HoFeOy, HFeO,~ @ FeO,” 9] 4714 o7 &
Alsc}, whE pH 27004 EAETE Aol EV v &
QPgsta Hh-gAdo] A7) wlel A Z7olA HiEo]EL
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k2ol o F7kskAl Eok(dk 5, 2006; Graham et al.,

2004). ©] 2 o]f& 7} pH 593_011 we} Ak 7
o1 E F9] 4kshe zlole] wiitel FAJolske] v pH &
7oA = REgo] gids] g Al Yol o] Foix]1 BTE]
el ggo] A veht e 9714 el whgol A
202 71 A7HERLE o] Foxm] BT9| s ago] "ol
A= Roz ek

36 EUHMME AF

%715 % 20mg/Le BTE 100mg/L2] ferrate VD) =
0]-§3 }01 1027 HEgA1A BTE w3/ v 57HAY
AES AT A3AI} benzene,
benzaldehyde formaldehyde, benzoic acid, formic
acid, and acetic acid’} FAEF oW, 1 EA Qo=
GRIE A 2 ofe] 7HA] A2 937 HEFH ST

Ferrate (V1) 9} BTS] HhS Eellws 2 elM B E=
FA =) W 5 Fs|u, ferrate (VD ol 2
3 BT thiophene rmgOI 7oA AL styrene©] A E T}
(Furimsky and Amberg, 1976; Cheng et al., 2006).
Styrene2 thA] AFs}E| o] formaldehyde 2} benzaldehyde
2 E3lgct(Haber et al., 2003; Nie et al., 2007).
Benzaldehyde+ 2t~ 9A7}F AE38He] benzoic acidE A3
A3+ (Bulushev et al., 2000), *|&A el Wkl 2]s)
acetic acid, formic acid 52| f7]AF0.Z wal|H = Fo

2 A"}

ZLFJJ_ BT7} ferrate (VD ol 9lal &all€ o, HEAAE
2] SO 2*7]. AN E = AL AR Eslo] glolsk 4=
gtk BT7F #ad o 229 sulfur (S) 7} 25 SO =
AREE Aolgt 7P Pls - o] &40 A Eofof
& S0,7 FE2] 58.50%7F A= ATk ol & SO,%
gl A 248 SO FETh Aloluis A0 Kol
S7F SO, 9] Gt obd S 233 e E4E YA
o] EAE Aoz FA4Hr}

styrene,

4. 4 E

T ferrate (VD) o] 73 418l & o] &3510] falla2
S APsh= o] IS Tl Qi) E Aol = &4

*}i}‘ﬂ 02 A|Z3 ferrate (VD) & ©o]&3lo] PASHs &4
Ql BTE #3llehes AdS 5ol v 22 488 9
T A3k

}1/} A) 64 A) oﬂ
o] &3l potassium

1. Ferrate (VD) &= 53t 48 AA7]=
Al Agol Thest FAAEPHES
ferrate (VD) & #|Z3sF5ith

o™

o —
s
Benzothiophene CgHgS Styrene CgHg
o H
o>+ -
W
Benzaldehyde C;H O Formaldehyde CH,O

|
A= g —

oH W

Acetic acid C;H,0, Benzoic acid CHsCOOH Formic acid CH,0,

Fig. 4 Reaction pathway for BT oxidation

2. 5ppm8 BTE #3)|5}7] 2)8to] ferrate (VD) & F9=
S 25mg/L, 50mg/L, 75mg/L 100mg/LZ &= o], BT
&S 247t 43.55%, 75.00%, 85.78%, 98.43%= 1}
Rk om, 100mg/LellA] 7HE %2 AdE Bl o} A
A& aefste] 7omg/LE AA FlEER A
3. Ferrate (VD) ol 2Jgt BT€] 3= pHell €]t J3ks =
A = Roz Yelth ferrate(VD 9 FUIHES
75mg/LE 17gstal BTE #alld st d¥ 1714 (pH 9)
ZA e vkl 1A17F 30 B9 MalEe] 33.51%7}F
W= Yo, A (pH 3, pH 5) ¥ 49 (pH 7) Z=7dellA
© Wkgel x7] 30% olufell whEAl Hxe] zhz}
85.95%, 88.59%, 88.30%7} %HEJO*D} o] ﬂ?ﬂ *W?Jr
/9] W gl 2 Belags e 2oz B
o}, 752 BTE A&|& wli= pHell Z1A Zﬂz ‘ﬂc A
Aoy S99 Aol ferrate(VD ol 93t &8
B S o 5 Q& Ao )

4. Ferrate (VD) ol 93t BTY] S EZR =, A4S
23l benzene, styrene, benzaldehyde, formaldehyde,

U= AL

o)
it
b
£l

©, m

benzoic acid, formic acid, and acetic acid’} &
HEANERZ SO,5 L Folg 5= 9t}

Ab A
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