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&2 Aol A= modified Fenton &7 01]/\'1 Fe(I)2} Fe(llD)oll thet -F71 249 E" A H71E 913 BTEX(benzene,
toluene, ethylbenzene, xylene) -8l -85 TESIALE A48 F-F712A 2 F7+ oAk} B 2904k 731
Fe(IlH)z} -<4to] 7‘“15]01{] modified Fenton &7g°llA, TI4ke] E%=7} #7]-3%—3 BTEX/] HallEo] TASIIA
Rh, 921N ol Frh S/ S BTEXE wal&o] S7Fskaltt. Bt Fe(lle] 2-8-%1%1 modified Fenton
Tl F712AIR] T ZMhte] A-gwolzl A, H712HAIR] TAte] A guolzl ARt oA o= 52 BTEX
9] el YRS Fe(iholl 571 2A171 885913 modified Fenton 3782 Bl st A3}, Fe(Iy} 4k
LZH)7} 112 o) pH W3S H 2341703 SA)o] BTEXY] S Bl éﬂrﬂi TeAe] 587,
A HAE Yo, o9& 5ol 1o ul, 100 ppme] HALESNE S1$F A Fe(ll), 7-Art 18]2 2}
ARl A] % 2702 7 mM/7 mM/500 mM3Ath.
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Abstract — The effect of in-organic chelating agents with Fe(Il) and Fe(IlI) in modified Fenton was evaluated to deg-
radation BTEX (benzene, toluene, ethylbenzene, xylene). Citric acid and pyrophosphate were used in experimentals and
an optimum chelating agent for BTEX degradation was determined. In H,O,/Fe(lll)/citric acid, degradation of BTEX
was decreased when concentration of citric acid was increased. In H,O,/Fe(Ill)/pyrophosphate, degradation of BTEX
was increased when concentration of pyrophosphate was increased and degradation for BTEX was relatively high com-
pared with H,O,/Fe(Ill)/citric acid. In H,O,/Fe(II)/chelating agents, degradation for BTEX was high and pH variation
was minimized when molar ratio of Fe(I) and citric acid was 1:1. Optimum molar concentration of Fe(Il), citric acid
and H,0, were 7mM, 7mM and 500 mM for degradation of 100 mg/L of benzene to obtain best efficiency of H,0,,
least precipitation of iron and best degradation.
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ofl thsk A7 o2 71 31 1& (e.g., pump-and-treat)®] SHAIES
3= Q)= ok o 2 X|53}8HA A} (in-situ chemical oxidation,
ISCO) ﬂﬂ o]z Qlu1]. A% ﬁlﬂ/\]@}ﬂﬂ el
AL 3 QP IREREA(H,0,)E 1 A8A 9 GgAdo] AEy
R, 1 X}Zﬂi 2kskEE 7R, AREA 0 & AHd 4 (pH 3-5) ©ll
2] Aol ((Fe(I)Z} HF5-5104 B]A B4 (non-selective) ] ™ HE-5-4do]
%2 hydroxyl radical (OH-)2 AAIZITH2]. 5 Al hydroxyl
radical S 918 A HO) & (Fe(ll)y> AbalE! Zo]&(Fe(IlN))2}
ISl ael W07 A=, o] st A EIFel T F



2873 ZA7} 2185 modified Fenton

W84 2491 superoxide anion(0; )02 2] WHglo] 753k &
23E<] perhydroxyl radical(HO, )& 3433t} ShlA|ZA 2] &
7HAE superoxide anion(O, R = FE0] TSl A ek
0.3 mol/lL Vs A-8sh= -9, 1 whe/de e = glor,
hydroxyl radical= #1£]3F 2Fe]Z 9 Fo]2(hydroperoxide radical,
hydroperoxide anion, superoxide anion &)< &2 2HE29]
SRS SRR 0= Heass 1Y R AT3]
TRl A Hllel] &gt HE FARES ket BE AR £l
U= ARl thgh 24} @4 7Fs/do] §lths 54 % 714 Qiet.

H,0, + OOH: = O; - + H,0 + OH" (1)
OOH: © O; - + H', pka = 4.8 )

ox L fo
o o

Modified Fenton Al~819] pH7F S57Fek(pH 6 ©17d)ell ket
Fenton 373 2] &&°] 7HAshs S Helsl| st 3=, A
O] &(Fe(Il) 1= Fe(ll))= A AAA TG oM e witst
48] S AN F ATHA4L A8 7Fs e JAlE = gl
t]ol g)] E 2to}Al E Ak(ethylenediaminetetraacetic acid), <A
(oxalate) 1221 YEZHZ E}o|o}A| Exk(nitrilotriacetic acid) 5°]
Slon}, oec]oll e Eglol EAlr} YEH R EJo|olH EARS
Fraldel gt EAd o2 W} 1 #go] 7hastar JlThs5,6]. 18]
B2 T AEEAA0) 52 G873 9 AAlef digt A7 XS
E|oj A3 QT 7). A, HE PYsIAIZ1 7] AsE 51 2R1S] A8
radicats BHIA|7 = A2 WhSHoNA {7 2HA| 9} v wste] $-
T3 2 A] Fenton FE| ¥H-2] E84& SUIXZA 7Fs7do] 3ATHs).
tjated, F712A09] A-8-2 F 77]8kx(total organic carbon, TOC)
£ TUAZIA] S0 2A F F71EARS] AlATE F2Q1 A7 Edell
A 2 o]do] 7], F712AI A4 (pyrophosphate) Fenton
P ] FAolM HolS MHsIr717] 218k ZAZA BHLASHA
AREEO1A] 3L QIeH8]. Hol&} AEEE o] F Al Hls)
FaE G Qs a7l AAdo] o)A ATellA] Mgl e
o, o] o]galo] AP elN AaASFES Walish=d alolA,
Fenton FEN] 37d A& Al, 3789 a&0] XS Hils
RATHS]. T3t A 3ol M 2] B8] D/do] AL ol fE A8l &
Holl AgFaht, 4 = Frelx o] FdFAtel A8 Al ik
(phosphate) 28] 2]t §-% %8 eutrophication)s A = U=
o] ATHS].

7128491 Tk (citric acidy> EoF W XSl £ Al H e oF
A el T Al 2R AdEel St % ol E E3tE A7
u| AL JofFdo] FAY AR widel 3 HslHo|H,
H|-go] AHsto] AA)2]o]1, @Al Fenton FEN] F7golA HS <t
517171 S8l de] ARS-E L JIEH7,9-11].

FE0l 23 ZA| XSHE (affinityys 945202 WAl
HES-0] A3l Qg 3} Ad<r(stability constant, K)& 7 2]E] o2 4=
2001, Table 101 LFERA A%k 3] 214k PSP H(Ke Y
WO R %8 log K k& 7H A4 S50 o] st 434S
7= B8 (complexes)s 3817 FTH12]. Fenton 3732 =2 =
£0] 221 Fe(Iy> #rtsla9l whgoll 9lo] QFg7do] Fe(Tinoll W
& JolF o ® "o Zlo® whwlojxint olrH12]. T8y &=
T} AT Al oJehH BTEXE £.93% EoF Eglo] 9lo] Fe(lll)=rh
Fe(Ilo] #Atslrae] WheAE S7HA AT ¥ & BTEXS] A
28-S eIt 13]. web] & 9] 522 BTEXE 299

7S o83k BTEXE 2% #Jslse] =4l 639

Table 1. Iron-chelate equilibria

Equilibrium constant, K

Equilibrium reaction

Pyrophosphate Citrate
Fe?" + L « Fe(I)L na 10"
Fe?* + HL < Fe(IHL na 101
Fe?" + H'+ HL « Fe(IH,L na 10%42
Fe’" + L o Fe(IlIL Fe(INH,L,:10%%2 10
Fe’* + HL « Fe(IlHL na 10%78
H"+L e HL 1083 10
H'+HL < H,L 1046 102!
2H"+ HL < H;L 107! 10763
3H"+HL < H,L 108! 103

Note that for simplicity, the charges for ligand (L) and L-containing species are
not shown (Citric acid:L*" pyrophosphate:L*"). na: data not available [11].

A5k M2lE £18 282421 modified Fenton 37§ 48 A] Hol&
(ie. Fe(Il), Fe(IN)] F5+2} AR - 771204 @ 2143l whe
YEFS BTEX woll A& ol Wi 24 shke Zlofu), E=gh e
modified Fenton 37 (i.e. Fe(Il) + T-A4HH,0,)] #23l517] S8 th
Fst Fakelzkie. IAFEFEASL Fe(IQ] w23} 18]a Fe(Il) +
TArte] FEmshel thet Ae st

2.4

2-1. MEE

1 Ao 2939 AlF=E AR Benzene(CgHg> YAKIRI PURE
CHEMICALS, Toluene(CgHg), Xylene(CgH,)<> CARLO ERBA
REAGENTI, Ethylbenzene(CgH, ) JUNSEI CHEMICALSOI|A] -
QIslo] ARg-8Isl o, e dds &3] $151o] Fisher scientific®]
dichloromethanes- AR5} T},

H,0,% JUNSEI CHEMICALS®IA 91319332, Iron(ll) sulfate
heptahydrate(FeSO,-7H,0), Tron(Ill) sulfate hydrate(Fe,(SO,); xH,0)2t
sodium pyrophosphate decahydrate(Na,O,P,'10H,0)= SIGMA ALDRICH
o Al F+J8FA 1, citric acid monohydrate(CH.0,H,0):= DAEJUNG
REAGENTS CHEMICALS®IA 7-¢3t0] AR5t H,0,9] 2=
ZFS S35 Yste] AR Sulfuric acid (H,S0,)9} Titanium(IV)
Sulfate hydrate(Ti(SO,),nH,0)= JUNSEI CHEMICALS®I|A] 4]
ato] ARSIt Aol AHEE B
(Young-Lin Co. Ltd)E- ©]8-5}%] A1 %% deionized waters A3 T},

412 AquaMax system

2 AYS 8 LGENA = 2.8 L stainless-steel reactor®]]
benzene(B), toluene(T), ethylbenzene(E), "1 1L xylene(X)< 22}
160 mg/L7} ¥ =5 7} 3 headspace”} A5 &= “JEljoll A 12
AIZF 1RbE A1A A Z=BIIT

40 mL glass vialoll Alz=® 2989 H,0, 18|31 A H&A| e
Fe(Il+7-4F, Fe(ID)+3] ZQ14F, Fe(Il+7-AAF 12]31 Fe()+3] =
QD S-S 180! 2.4-8-90] 100 mg/L, H,0,8] 557} 500 mM
o] H &5 Igith. A o2 H3HA /43S A3 7 12Ae} 7712
A= T D Zhke 483131 aL, £712HA1 9] kg e
918l A o]2(ie Fe(I2} Fe(Ill) 5 mMel| 14k F5E5 2.5 mMellA
10 mM=, 77124191 I 214k Ft= 2.5 mMellA] 15 mM7ZEA]
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o] WslE o] TASIGIT). oju] f7]1ZA R} 771 2A1 9] st
oA o EA A8E 2 A B3 IS Sl 2] F

L7F 71 H,0,8] REsAdol S7kshs &) 71 Aol
HEE| Q7] v o THS]

Fe(I+72121} H,0, AIAE“OW BTEX 28l19] Al7HA] iAol
gt A3l HAakstri o] s skie [Hy0,]=50-1000 mM,
[Fe(ID]:[Cit]=7 mM:7 mM) Fe(I)2] -5 =3} (i.e. [Fe(ll)]=1.25-10
mM, [Cit]:[H,0,]=7 mM:500 mM) “12]aL Fe(ll}+7Ake] Zu)7}
1:1011A4 Fe(I2} 714t s 3kie. [Hy0,]=500 mM, [Fe(ID)]:
[Cit]:[H,0,]=1 mM:1 mM-10 mM:10 mM)°]l th3+ 3-8 =385
A B3] st BTEXS] 3l Y& #2s17] S35t control 2
&S stk ol gAl AFE MEL shaking incubator(LPN-
0201F-S, Hanbaek ST.Y& ARE319] 200 rpm, 25 °CollA 12417+ <k
WAzl o, e whgAIRbel A 5 mLe] A= 8} 5 mLﬂ
dichloromethanes <3+ WHEZ|(TTS3, IKA)YE ARl 123 5=
Alg} AE7F T8 AR sllth Be A T W %%o}fﬁ
Baks Ak%o}m_, 5N NaOH ¢} IN HNO;E ARgslo] B &
Mo] 27] pHE 7.00.7 FASAT}

2-3. EAjHpH
BTEXE #4517] $J5lo] &4to]=3} 7% 7] (Flame Ionization
Detector, FID)7} 42 Gas Chromatography(HP-6850)%- ©]-8-5}1

S rc s sl

AT 9T

2481900k Columne HP-5% W17 0.53 pum, Z0] 30 m= AMg-a}

QI AEFTY] L5 200 °Co]H], HE7)9] L5 340°CE
ARE-EFI 01 split rationt= 10:18 ARSI Oven 27|+

40°C(2 min), 52 &5 10°C/min® = 31 100°C, 40 °C/min®_F
slod 280 °C7HA] -2 ¥ FHF: 285 °ColA] holding time 238
SITH14].

H,0,9 & FE&
207)E o]&-3te] 467
Ak RIS
slo] SAsISlT)

S & spectrophotometer(Milton Roy Spectronic
me] FFRolA] T ke Dol H,0,9] 5
15] pH =79& pH-200L meter(ISTEK)S AR

3. du 3! nE
3-1. Fe(ll)/7-571&WI7t MBEI0{Zl modified Fenton 2|8t
BTEX =53]
Fe(Ill) (5 mM)@} QAR (2.5, 5, 10 mM)ell WH2 BTEX -3l
A= Fig. 19 YeERASITH
BTEX 2312 ¢l 2189 Fe(lI)Z T4kl FALeFAS 2 8-
3t Ayl FAA] FE7H2.5~10 mM) $2<75 BTEX &3l &o] &
7¥eh= e eI, ol Flslras) whgate] e 9=
o] T35 98- Tdsh= hydroxyl radical®] AAIHS 29}
Fe(llDS] =Hle} FA e Aol S & F USTH16]. Hst

12
R == . x v x X x x
- SIS — & NS >~
~ T~ T - ~ ~— -
O o081 \@\\\\\\\\ ‘‘‘‘‘‘‘‘‘ O 08 \g\ s ~—_
6 S~ O & = \\ \\ﬁ ~—
< ~e._ -8B o N O 6
Qo6 T-—~_g O 06 |l T~ T
c c ~ ~o
o) ) ~ o S<_
l&| S ~o ] \\\\\
8 041 X Control |(—) 044 \‘@\\ -~
O 25 T~a
Qs ~~
024 O 10 02 e
0.0 T T T T 0.0 T T T T
0 2 4 6 8 10 0 2 4 6 8 10
Reaction time (hr) Reaction time (hr)
(a) (b)
1.2 12
. to@ X x X X 1.0 x x * ]
o N3~ N
O N E\\
~ S~ — N~
O os SNONB-~ © 08+ PN ST
Py S N Q NN~
5 o \\\\\\\\ Rox —— o g . N %\\ '\\ -
.6 ~ S~— =Y © S~
E \\\ = S~ =] GC) \@\\ \\\E\\\
g @\\ ‘\\\\ % \\\ \\\\\ - \?
= 0.4 4 \\\\\ >< 0.4 \\@ \\\\\_
= ) S~ =
w -~
0.2 0.2 4 ==
@
0.0 T T T T 0.0 T T T T
2 4 6 8 10 0 2 4 6 8 10
Reaction time (hr) Reaction time (hr)
(c) (d)

Fig. 1. The effect of the citric acid on (a)B, (b)T, (c)E and (d)X degradation in Fe(III)/citric acid/H,0, system at pH 7. The concentration of cit:
(O) 2.5 mM, (O) 5 mM, and () 10 mM.
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Table 2. The apparent first-order rate constant, residual H,O, and the final pH for BTEX degradation in Fe(IlI)/citric acid/H,0O, system at pH 7

([Fe(IID)]:[H,0,]=5 mM:500 mM)

Citric acid Kgeg" (h™") Residual .
[mM] B T E X H,0,%, % pH
25 0.063 0.160 0.122 0.180 87(x2.0) 49 (£0.6)
5 0.044 0.108 0.093 0.119 90(+2.9) 6.2 (+0.1)
10 0.027 0.055 0.063 0.095 94(22.6) 6.6 (£0.2)

First-order rate constant for BTEX degradation.
"Values are average percentage of remaining oxidants.
‘Final pH, which are average value of B, T, E, and X experiments.

BTEX % AHddllo] 71 =2 &S vehfglo, wiale] 71
S Balgs vEh L Sl

Table 2= Fe(IlN2] 2A|91 eiitke] Fro thst 3
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Fig. 2. The effect of the pyrophosphate on (a)B, (b)T, (c)E and (d)X degradation in Fe(IlI)/pyrophosphate/H,0, system at pH 7. The concen-
tration of pyrophosphate are (O) 2.5 mM, ([J) 5 mM, and (<) 10 mM.
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Table 3. The apparent first-order rate constant, residual H,O, and the final pH for BTEX degradation in Fe(IlI)/pyrophosphate/H,0, system at
pH 7 ([Fe(Il)]:[H,0,]=5 mM:500 mM)

Pyrophosphate Keg G Residual H
[mM] B T E X H,0,, % p
25 0.058 0.109 0.110 0217 90(=1.3) 6.6(0.1)
5 0.090 0.166 0.164 0.176 90(x1.3) 6.6(0.1)
10 0.105 0.229 0.290 0.486 89(+1.9) 6.5(0.1)
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Fig. 3. The effect of the citric acid on (a)B, (b)T, (c)E and (d)X degradation in Fe(II)/citric acid/H,0, system at pH 7. The concentration of cit-

ric acid are (O) 2.5 mM, () 5 mM, () 10 mM.
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Table 4. The apparent first-order rate constant, residual H,0, and the final pH for BTEX degradation in Fe(II)/citric acid/H,0, system at pH 7

([Fe(ID)]:[H,0,]=5 mM:500 mM)

Citric acid Kieq (h™h Residual -
[mM] B T E X Hy0,, % P
2.5 0.756 0.624 1.083 1.584 41(£12.5) 3.9(+0.5)
5 0.303 0.758 0.832 0.832 56(£10.0) 5.5£0.1)
10 0.030 0.036 0.054 0.099 95(+4.0) 6.8(0.1)
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Fig. 4. The effect of the pyrophosphate on (a)B, (b)T, (c)E and (d)X degradation in Fe(II)/pyrophosphate/H,0, system at pH 7. The concen-
tration of citric acid are (O) 2.5 mM, (00) 5 mM, (<) 10 mM and (A) 15 mM.

Table 5. The apparent first-order rate constant, residual H,O, and the final pH for BTEX degradation in Fe(Il)/pyrophosphate/H,0, system at

pH 7 ([Fe(ID)]:[H,0,]=5 mM:500 mM)

Pyrophosphate Kgeg (1) Residual -
[mM] B T E X H,0,, % P
2.5 0.039 0.049 0.049 0.043 92(£2.2) 5.1(=0.4)
5 0.050 0.066 0.181 0.152 88(£10.3) 62(:0.4)
10 0.114 0.174 0.500 0.426 86(26.2) 6.4(0.1)
15 0.199 0.325 0.541 0.850 85(%6.0) 6.5(x0.1)
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H,0, system at pH 7.
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