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Abstract

This study examined the treatment characteristics of hard-to-degrade pollutants such as TCE which are found in organic
solvent and cleaning wastewater by nZVI that have excellent oxidation and reduction characteristics. In addition, this study
tried to find out the degradation characteristics of TCE by Fenton-like process, in which H,O» is dosed additionally.

In this study, different ratios of nZVI and H,O», such as 1.0 mM : 0.5 mM, 1.0 mM : 1.0 mM, and 1.0 mM : 2.0 mM were
used. When 1.0 mM of nZVI was dosed with 1.0 mM of H,O,, the removal efficiency of TOC was the highest and the first
order rate constant was also the highest. When ImM of nZVI was dosed with 0.5 mM of H»O, the first order rate constant
and removal efficiency were the lowest. The size of first order rate constant and removal efficiency was in the order of nZVI
1.0 mM : H;0, 1.0 mM > nZVI 1.0 mM : H,0,2.0 mM > nZVI 1.0 mM : H,0,0.5 mM > H,0, 1.0 mM > nZVI 1.0 mM. It is
estimated that when 1.0 mM of nZVI is dosed with 1.0 mM of H,O, Fe’* ion generated by nZVI and H,O, react in the
stoichiometric molar ratio of 1:1, thus the first order rate constant and removal efficiency are the highest. And when 1.0 mM of
nZV1 is dosed with 2.0 mM of H,O,, excessive H,O, work as a scavenger of OH radicals and excessive HoO, reduce Fe’* into Fe™'.

As for the removal efficiency of TOC in TCE by simultaneous dose and sequential dose of nZVI and H,0,, sequential dose
showed higher first order reaction rate and removal efficiency than simultaneous dose. It is estimated that when nZVI is dosed
30 minutes in advance, pre-treatment occurs and nanoscale Fe”is oxidized to Fe*" and TCE is pre-reduced and becomes easier
to degrade. When H,O, is dosed at this time, OH radicals are generated and degrade TCE actively.

Key words : nZVI(Nano-sized zero-valent iron), TCE, Fenton oxidation
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Wk 1 A 7] dAAIAL 9l
o 4= Ak o] 2g Ao L d =S
SHAZIAY B o] FdE oF7IsHA] AL
-SehA] AEE 010151 A o &
T = A7 e SHEe 9 Sagt 3HA
o} ey tﬂXHWW 50 2 FEsiA
A o) Ao thet &A%l 7] ko] mlH|gk
ofojx] oo thgt ¢15t7} o= wj e} A4S
S{,\E](Chm 5, 1999; Patterson, 1985).
oA oA He A e edEdEe
718 R A= wo| A= f7] 4t
(organic chlorocompounds) 9] TCE(trichloroethylene) 2}
PCE(perchloroethylene) 2 UHFZ 0 2 3161 ]2 7]
%ol ol85= FHEEEE oFl(Zn), F4(Sn), Y
Z(Ni), Zehs(Pd), A(Fe) o] =t BAIEH} 1t
8 H 54S oIsHA] Stk SHellA] Hol 7t
ol A+, A8StE o] A8E Qe Aot
(Shin¥} Lim, 1995; Gilliham¥} O'Hannesin, 1994;
Orth @} Gilliham, 1996).
3R] F7kol T A7) m&e) Waks o
447 olollaliz 27 Aol7} gl Wil Mol kg
3 AYAE] A7), & wEHEA ] A7)0 FH9-E=
Aoz dHA Qlrt. 53] f71daASRHES A9
ARollA Aol WS Ao nisE Ao vl ek
AIE HolFal §lo] HO| HEHA 9] 47]= 7]&
e A 4 Sl Tast Hedes o o 3l
CH Agrawal T} Tratnyek, 1996; Tratnyek2} Matheson,
1994; Jeffers 5, 1989). wfebA] tjx2Ql G771 A4S}
3HEQl TCES] H2jol] -2 HTHAS 74 e
ARE olgat wo H7iUZE} HKe) el
gt A5t7F ER8tHQuinn 5, 2005; Robert -5,
1996; Arnold 2} Roberts, 2000). 57| G ASFeHE2] A
Aol qlolA] G7HE ol g3t sfeka el e §
714 271014 Qojubiz opel ofet shala 2l
o ol AR AY f71RaskE 2l
FEeld 2AES AEA 0 R G A Felist
3l=d] a3}&o|tRoy 5, 1996; Joo, 2004; Johnson
. 1996).
QoA Aol TR UlEe
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013131} 7]2&9] Fenton AFSE-A-2(0, 1993; Park,
2005) -85t G-A} Fenton 33 0.2 A4 tiAlo
W97 Felsto] T, o)
7Vale] Felulgo] ot 71200 A2 gt 13}
NES4 g pfoksto] 2|70) H2) 2718 oopugh
om, TE)T edrba 9] 308 T H.0,8 FY
Slg o] H2Ege Qotiol o) A& 3
24} sieick. TCEO) EAek 71220 24A®
2L TOCE AFEaTh

2. Mz 3 Y

2L M B

2 Lol A thAke =4 & TCE(Trichloroethylene,
C,HCl3, 99.5+%, A.C.S. Reagent, Sigma, USA)E- 50
mg/L 2 3|44510] ALEBIcE. Ut/ B3t AR
ZH(FeCl; - 6H0, 97.0%, Aldrich, USA), SFAF 7xﬂl =
(FeSO4 - TH,0, 98.0%, °Fe|ststa-<, Japan) 2 5
A3} B4 EF(NaBHy, 98.0%, Aldrich, USA) = A
AAoA Azt e g7HE S ARE-51 S (Zhang,
2003; Wang®} Zhang, 1997), ZAFskeA(H,0,)-8-2Y
(28%)Z A8 5522 Duksan(3=n) A=A E -
slo] AFgs}elck Aglol Ag T i 27} SR
2 305 o]AFN, purging 3 & A3

Fig. 1o] & ¢15to]] 283 Ul 7 Al ol ARE-
T AR 9] s YRl H, Fig. 2+=20kV
2 ZHE5h= JSM-5610 SEM (JEOL Co., Japan) 2 £
A g rhae) AIS e ol

FeCls (or FeSOs)

v Magnetic stirrer

Fig. 1. Schematic diagram for nano-sized zero-valent iron
synthesis.
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Fig. 2. Scanning electron micrograph(SEM) photographs of
nZVI manufactured by chemical solution method
(x10,000).

2.2, Ay 4
7jILo] A ske] AZEE 40 mL HFo| Yol A =3t
Ui 7R3} ISR A4 (HN02) S 529 moleH] &
Z}z} defsto] FQlskal SRS S AlEgE 50
mg/L2] TCE 8-94(0.381 mM)< s|=AHo]| A7} §1
A Fsta, 2oz FHAH npS o]8st
of Al&3] gt} W7 3SR E 50
mg/L TCE £83}0, 1,2, 4, 8, 12, 24 hr YR-S-A|A 7t
Zko] Z79] tigte] TOC AALES FARII O™
ot} 22 221 02 AFS 34sel)
1) TCE 4o W=7 Ho0o & FAl0l 9
5to] TOC A|A
O Y=97Fd : H0, FYB|(mM) = 1.0 : 0.5,
1.0:1.0, 1.0:2.0
@ =g 7FEE 1 mM $2913}o] Blal A%
@ H0,7F 1 mM F¢J3}e] vl A
2) TCE | W=d7Pae F=Usto] 3021k vt
& 5 H0,5 F9sto] U= 7Hd Ao ¢

FHTOC A A
D Y=97Fd : Hy0; YH|(mM) = 1.0 : 0.5,
1.0:1.0, 1.0:2.0

@ U=g7rHETE I mM FY3te] Hla A g
A H,0:7H mM F=¢J3}ed v Alg
T[S I ERRSA| RS (2542 0), AQl(1atm),
pH72] 2704 Zg7|(Jeio TechA}, SI-900R)E ©]
8501 200 rppm O = ZITFA|7|HA] Z}2o] HR-AIF

E 2R ds A254 905

ofch A& 20 mLE vlo| 22 FEE 53l AF o]
TCE €9 39] TOC %% E TOC 4] 7)(Shimadzu,
TOC-VCSN)&2 HAJ5te] {7] A5 AAGE
S A E QI

Fig. 30f i o] A3 A A] 9] e g U
Ef STk

syringe

Micro Fillter

e

nsvl
HzOz |

TCE —} -

Fig. 3. Schematic diagram of reaction vial.

3. Zut { n¥

n

3.1. LI-E7H30 H.0,E SAl Q| Z2 TOC HA

U7 Hy O, & FAI5%](simultaneous dose)
51905 uel 2t Z<ulo] dhek TCE g9} 2] ToC
&= 0] H3lE Fig. 40 Ul ITh Wheg7hHd 52
H0p ThE 52903 749 7 9] A A7} o] FoI 2| A] 3%
th o7& L= 7HE o] TCEE Fafigt o |l(CHy)
W ofelCiHg 2 Wat A|AIT e Alskele
7H¢] OH radicals A/JsH4] 523l TCE o] 7]
QA BAE F7E COE AR Z|A] Sbhs RS
o 4= 2loek

LWe@7HEY H0,0] F=YHIE W7k 1.0
mMej| thsto] Ho0,9] =9 212F 0.5 mM, 1.0 mM,
2.0 mM 2 th=A] =4S o =Y Hjo] 213 TOC
AARLEE Y971 1.0 mM : H0, 1.0 mMZ F
st 797k 7 Honl Lhea7hd 10 mM
H;0, 0.5 mM & =331 77 Al AaE0] 7 4
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tt. TOC AAREE2] 27]=nZVI 1.0 mM : H,0,
1.0 mM > nZVI 1.0 mM : H;0,2.0 mM > nZVI 1.0
mM : H;O, 0.5 mM > H,O, 1.0 mM > nZVI 1.0
mM <=A] o] let ol= Al(1), ()04 UEklol Y
e o7bgoIA] A e ol 23} IAIBIA(H,O0;)
7} slslok=2] EH|(stoichiometric molar ratio)Ql 1:1
2 1S 5] W] 22187} nZVI 1.0 mM : HO» 1.0
mM ¢l Zlo] 12} W31t 9 A Aago] 7 &
Ao ek Thole) FAsL 229l nZvI
1.0 mM : H,05 2.0 mMojlAj= 21(3)} o] kel o] 1t
4t8l=227F OH ght]Zbe] tfshe] |4 A(scavenger)
= Ag3)e] Eat A2t o] 3] st
Fe'' & Fe'' & A7l 2 02 AR E| 9l

Fe’ — Fe’™ + 2¢ 1)
Fe’ + H0, — Fe'" + +OH + OH )
-OH + H,0, — -HO,; + H,0O 3)
Fe'" + H0, — Fe*" + +HO, + H 4)

Ut d7F T FAISIH00) S A et S
S HESAIZE 1A oA TOCH] A A RS- Weg7HE
1.0 mMef| tfgte] Hy0,2] $2¢10] 0.5 mM, 1.0 mM, 2.0
mM & o Z}2} 14.6, 20.6, 16.4%0] 9100 HESAIZF 12
AZFell A TOC ] AlA f-8-2 L9371 1.0 mMoj| of
3lo] Hy0,2] 39101 0.5 mM, 1.0 mM, 2.0 mM & o
7}7}82.4, 89.2, 84.8%0]91.0.1, 0] BRS-A]7F24A]7F

o

FIN

st

i

Sl

7HA] mjulsk 27188 Ho3zglc). E3F H,0, 1.0 mM
9FnZVI 1.0 mM ] A-o0] BREA|7F 124]7 ]| 4] TOC
O] A AFE-L4.8, 4.0%= ]| st

R 100

< 0|

2 80t

(]

5 0

60 —8—nZVI(1mM)

2 50 —a—H202(1mM)

g 40 —e—nZVI(1mM):H202(0.5mM)
e 30 —a—nZVI(1mM):H202(1mM)
22 —=m—nZVI(1mM):H202(2mM)
O 10 B

o & =]

— OF :

0 5 10 15 20 25 30
Reaction time(hr)

Fig. 4. TOC removal efficiency with simultaneous dose of
nZVI and HzOz.

Table 19] W=7} H0,2 EA] 3918192
o TCE -§-212] TOC A|A9] ¥kzt7], 12} REg-&5%/
5, BUA Ak 9 AAA=E e Qdok vzt
7= Y97 1.0 mMeo tigte] Hy0,2] 5291 0.5
mM, 1.0 mM, 2.0 mM & ©f Z}z}4.98, 3.97, 4.56hr
ojglom 12} RESEEAR: Ko Ueg7Hd 1.0
mMoj| g3l H,0,9] ¢ 0.5 mM, 1.0 mM, 2.0
mM & wf Z+z}0.1393, 0.1747, 0.1521hr" 2 Lo

Table 1. TOC removal characteristic with simultaneous dose of nZVI and H,O,

Input ratio Half life Kobs K Determination
nZVI : H;0, (hr) (hr'l) (L/m2~hr) coefficient, R?
nZVl: HzOz

(1.0 mM : 0.5 mM) 4.98 0.1393 0.0892 0.9352
nZVl: HzOz

(1.0 mM : 1.0 mM) 3.97 0.1747 0.1118 0.9096
nZVl: HzOz

(1.0 mM : 2.0 mM) 4.56 0.1521 0.0974 0.9012
H,0, 1.0 mM 210.0 0.0033 - 0.4955
nZVI 1.0 mM 266.6 0.0026 0.0017 0.5999

* Kobs : Observed first order rate constant
Ksa : Surface area normalized rate constant (Kobs/Csa)
R’ : Determination coefficient
nZVI surface area : 27.9 mz/g, dose : 0.056g/L(1.0 mM),
Csa (concentration of surface area) : 1.562 mY/L, (surface area x dose)
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ghelo ofgt EFjERREH A2 54 907

7P 1.0mM : Ho0, 1O mME 918190 4-¢-7F7F - mM =4 o] 9l

A 2o =97 1.0 mM : H,0, 0.5 mM 2 ¢ Ut G7PS FU8kaL 301 RS - Ha0;

St A5 7P Ak A S Kez W & FU8hs <A F%(sequential input)QF 7-¢-2] vk

=97 1.0 mMof| tite] Ha0,9 =1 0.5 mM, 1.0 SAIZE 1AIZEll A TOCS] AARES WYeg7Hd 1.0

mM, 2.0 mM & uj Z}z} 0.0892, 0.1118, 0.0974  mMeo]| thalo] H,0,9] F¢lo] 0.5 mM, 1.0 mM, 2.0

(L/m* - hr)Z YeRfigich. mM & u} 217} 26.0, 38.2, 30.4%0] 9.2 HE-A|7H
124]7Fe| 4 TOCE] AA8E2 Yieg7Hd 1.0 mM

3.2, LEcQ7IE =9 305 0|3 H,0,2 =QUst #Q
2. LBt 28 % H0.2 Faet B2 ol th3ke] Hy0,9] Z9J0] 0.5 mM, 1.0 mM, 2.0 mM

X7 ®
;OC 4ﬂ01 =0]3 b 3heluke B o wf 717} 86.4, 92.6, 90.2%0] .21, o] F ¥RE-AIZE
= 5 =z & 5
WeQ@7HES skl 30271 SHukg 5 H0; 24N 7¥7hA) n)u|at 27188 B ozt
£ FY5H= 2152 (sequential dose)S 1G-S w)
o] 7} Z¢lulo] th3t TCE 8- 29] TOC H%0] 1

100
90
80
70
60
50 | —&—nzZVI(1mM)
40 - —&—H202(1mM)
a0 | —e—nzVI(1mM):H202(0.5mM)
—a—nzZVI(1mM):H202(1mM)
20 1] —=—nZVI(1mM):H202(1mM)
10

3}= Fig. 5o Yeh itk

a7l H0aE 5] 213 392 o)
AR oS RS 0T BUES 3
H0, 5 U5 7490l W=97Hd 3 Ho0,9] =
qulE Uricﬁﬂ’d 1.0 mMe]| thste] H0,9] 390
217}0.5 mM, 1.0 mM, 20mM§E}E7ﬂZQJo}3§—g— EE———
o] F¢Hjof 93t TOC A|AZEES Y974 1.0 0 5 10 15 20 25 30
mM : H,05 1.0 mME 2291519 73%7} ) Reaction time(hr)
‘3'1 =974 1.0 mM : H,O, 0.5 mM = 3215}

TOC removal efficiency(%)

Fig. 5. TOC removal efficiency with H,O, dose after 30min

pretreatment by nZVI.
T AAREC] 7P Ak 3.19] A=Y 7‘01
TOC AAELS] F7]= nZVI 1.0 mM : H,0, 1.0 Table 20 U= 7FES 98k 3087 ghut
mM > nZVI 1.0 mM : H;0, 2.0 mM > nZVI 1.0 L B 0,2 FQ5H= &3} 295k9S ) TCE &
mM : H,0; 0.5 mM > H;0, 1.0 mM > nZVI 1.0 ollo] TOC A7 2] BH7], 12} HFSLsm Ak i %]

Table 2. TOC removal characteristic with H>O, dose after 30min pretreatment by nZVI

Input ratio Half life Kobs K Determination
nZVI : H;0, (hr) (hr'l) (L/mz'hr) coefficient, R?
nZVI : H,0,

(1.0mM : 0.5 mM) 4.47 0.1550 0.0992 0.9415
nZVI : H,0,

(1.0mM : 1.0 mM) 341 0.2032 0.1301 0.8832
nZVl1: HzOz

(1.0 mM : 2.0 mM) 3.78 0.1832 0.1173 0.9394
H,0, 1.0 mM 210.0 0.0033 - 0.4955
nZVI 1.0 mM 266.6 0.0026 0.0017 0.5999

* Kobs : Observed first order rate constant
Ksa : Surface area normalized rate constant (Kobs/Csa)
R’ : Determination coefficient
nZVI surface area : 27.9 mz/g, dose : 0.056 g/L(1.0 mM),
Csa (concentration of surface area) : 1.562 m?/L, (surface area x dose)
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&k 9 AAAE YR s vie
714 1.0 mMol| diste] H,0,2] %29 0.5 mM, 1.0
mM, 2.0 mM < uj zFz}F4.47, 3.41,3.78 hr 0]3]oH
1A} 94 A Ko U= 7HE 1.0 mMof| s}
o] H,0,2] ¢ 0.5 mM, 1.0 mM, 2.0 mM & ufj Z-z}
0.1550, 0.2032, 0.1832 hr' & =714 1.0 mM :
H,0, 1.0 mM & £9J3}90& 97t 7 7low thie
714 1.0 mM : H,0, 0.5 mM& 398192 4% A
Afgo] 7H¢ Aotk HHA &/ Kas Yed
7F4 1.0 mMo] tijate] Hy0,9] $¢] 0.5 mM, 1.0
mM, 20 mM < ] 2+ 0.0992, 0.1118, 0.1301
(L/m” « hr)E JeR} ek H,0, 1.0 mM&} nZVI 1.0
mM 9] ZJ-olli= TOC A|AFEO] 5%E dA ¢7]o
o) gl= grEo] HA| sl

3.3. LI=G7HEnt H0.9 =8 Xlofofl &gt TOC A
E4 Hlu

U= 73} Hy0, 2] 5-A15¢](simultaneous input)
7} 308 &xEQ(sequential input)o]] tiste] 713 A
A&o] Hold =g 7Hd 1 mM} H,0; 1.0 mM 9
Yol o3t 50 mg/L TCE|| EA5H= TOC 2] A|A
BES WSS o AN o= FAFY T A}
FYol 12 ¥heEErE A Htp & AlA a&S
Holear Qi) o] A W g7HE S WA sk
3087 Al A1)} o] L= Fe'o] Fe''2
AksE]H A TCEE pre-reductiondlo] 444 &3 71
AR BEL 10,2 FUstel A} 2ol
OH zitjzh5 TEAIA {7]&<Q] TCEE &'33] 24
Al7le Aes ghEglom HhGAIZE 1A A 9]
FAFUET SAFEY Y AAREC] Ao = =2
ZoflA & 5= AT RESAIZE 1AIZFe) A TOCE] A
ARELE SAIFYUY] A9 22.6%, x| ¢
38.2%%= 15.6%2] A|AEE AJo]E H o, H--A|
1217004 TOCE] AARES FAIFYS] B¢
89.2%, 25291 9] AL 92.6%= 3.4%92] Aol L}
ERRSIct

Fig. 6] Y4=47}4 1.0 mM3} H,0, 1.0 mM 2] &
AlFATE =210l 213 50 mg/L TCE £-94 52
TOC A Ao QlofA] 12} Whg-<5 e d= 0 W-G-AIZE 12
A|ZFol| A o] A A A& v aLske] eItk

B

FIN

o
ok
Sl

i

I TOC removal efficiency (%)
—&—First order rate constant Kobs(hr-1)

100 0.3

X 4 0.25+=
E\; 0.2032 L
o 95 £
O

= 2
(0] -
© 9 | 89.2 1 0.15 &
¢} G
5 1 0.1 8
© 85 o
o 1 0.05 ¢

80 ‘ 0

simultaneous sequential
Dosing method

Fig. 6. Comparison of TOC removal efficiency and observed
first order rate constant with dosing methods at nZVI
1.0 mM and H,O, 1.0 mM.

Table 30| U}=%7}4 1.0 mM I} H,0, 1.0 mM 2]
FAIFEYT 2ol 213 50 mg/L TCE -89 9]
TOC AAEEE 5-SA|7F0-1 hr, 1-2 hr, 2-4 hr, 4-8
hr @ 8-12 hr ¥ & YR ITE W--A|7F 4 he7bA] Z+
7} 74.8%, 83.6%2] =2 TOC A|AELE e
om 71 37 TOC A|ARES] F7P7F 5435 "olid
= o 4 Rk o2 A A9 WhEAITRE FAITY
A5 HE 4 hrel S 4= Agioh

Table 3. Comparison of TOC removal efficiency(%) on reaction
time with dosing methods at nZVI 1.0 mM and H,O»

1.0 mM
Reaction time  Simultaneous Sequential Remark
(hr) dose dose
22.6 38.2
0~1 hr
(22.6) (38.2)
31.8 20.0
1~2 h
’ (54.4) (58.2)
20.4 25.4 optimal
2~4 h
' (74.8) (83.6)  reaction time
5.2 32
4-8hr (80.0) (86.8)
9.4 5.8
8~12 hr
(89.4) (92.6)

* () : cumulative TOC removal efficiency
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2 ATolAE thegdr18a BEG2(H0,)9
5403 7 Folo] 308 1 7 34
2FelEa(H0,) 5 Fsts We] TCEY] 77|29
299 A=y 9 USRS 2R TOCR
Qlekgon) o 2o ARG EESIT
1) We=g7HE T Ho0,9] F=YHIE Y97 1.0
mMof| thte] H,0,9] 2945 22 0.5 mM, 1.0 mM,
20 MME ThEA F519S 1) 2tz Zulo] ot
TOC AAZEL U714 1.0 mM : H,0; 0.5 mM
2 2SS A 1A} S EA 9 A7 R go)
71 A om, =714 1.0 mM : H,0, 1.0 mMZ
FASNAE A9 1 WA R AATEo] 7}
% 9k}, ol Uhedhalol A4 Fe ol
AR A (H0,0) 7| SFekF=4] %Hl(stowhlometrlc
molar ratio)2} L 2|5}T) 12} HH-ETEAR: T A7
889 737]1=nZVI 1.0 mM : H,0, 1.0 mM >nZVI
1.0 mM : H;0,2.0 mM > nZVI 1.0 mM : H,0, 0.5
mM > H,0, 1.0 mM > nZVI 1.0 mM 224] o]tk
2) Y=97Fda H0,9 EAF%(simultaneous
dose) ¥} =252 (sequential dose)o]] 25k TCEof &
A= TOCS] AA RS ANFA 0 2 A% mr)

L=

o

J!‘i

Lxl9lo] B r )l g Hrl =2 A 58S
Hol2a 9k o7 U g7HES WA FUste]

3087 A oAl Uie Fe'o] Fe' 2 AlstewA
TCEE pre-reductions}o] 47 B3 7153t Aej=
S-S ¥ H0,S 5510l OH g wain7
$71291 TCES Bs) Halx e & 4 ik

3) W=7k 1.0 mM#} Hy0, 1.0 mMo]| oJ3t 50
mg/L TCE 2 %] TOC AJ710] 1014 Z1Ze] 1t
SARLE WGARPER TOC AATRS] S7HES

MBS o) ST AT B HRSAITH
hrel 2 o 5= e,
zAel 2
Bl 2012W % HAFE sk wujshedl

]2 el eJsto] =am gl ch

FEZZZZ2odd A2 EA 909

il

o2t
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