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A Study on the degradation of Trichloroethylene
by Ferrate(VI)

Ju Hee Nam

Department of Environmental Engineering, Graduate School,

Pukyong National University

Abstract

Trichloroethylene(TCE) which has been widely used as industrial
solvents for decreasing metals and for dry cleaning is a major concern
and a serious threat to human health . Many soils and ground water
have been contaminated as a. result of leaks from underground storage
tanks and improper disposing practices. This centamination is one of
the recent major “issues- because.this " chemical 1is toxic,
non-biodegradable and extremely persist in the environment.

There have been many recent works on oxidation processes even
though the half life of oxidative degradation for chlorinated organic
compounds 1s of the order of several minutes in Fenton’s reagent,
ozone, and O3/H-0, systems. An apparent limitation with these
reactions are that the key reactive intermediate, hydroxyl radical
generated in these advanced oxidation processes(AOPs) strongly reacts
with common inorganic species in ground water.

Ferrate(Fe(VI)) is a powerful oxidant over wide pH range and can
be used as an environmentally friendly chemical in treated and natural
water. The redox potential of ferrate(VI) are 2.20V and 0.72V under



acidic and alkaline conditions, respectively. During the oxidation
reaction, ferrate(VI) is reduced to Fe(Ill) ions or ferrihydrite(Fe(OH)s),
resulting in the simultaneous coagulation in a single unit process. In
addition, ferrate(VI) is an efficient coagulant for removing toxic
contaminants after oxidation. Therefore, ferrate(VI) can serve as a
dual-function chemical reagent in water treatment.

In this study, the degradation characteristics of TCE by Ferrate(VI)
oxidation have been studied. The degradation efficiency of TCE in
aqueous solution was investigated at various pH values, Ferrate(VI)
doses, initial concentrations of TCE and aqueous solution temperature
values. GC-ECD was used to analyze TCE. The optimum conditions
of TCE degradation were obtained pH 7.0 and-25Cin aqueous solution.
Also, the experimental results showed that TCE “removal efficiency
increased with' the decrease of initial concentration ~of TCE. And
intermediate / products were identified by GC-MS techniques. Ethyl
Chloride, Chloroform, Ethylene, 1,2-dichloroethane and
1,1,2-trichloroethane were identified as a reaction intermediate, and Cl

was identified as an end product.
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2.1. Trichloroethylene(TCE)

21.1. B9 &2 54

TCE= olsd st 9l el 7F 370, a7 1 2ol e
TEE R UAE Ve T FEE AAEA, AL [ =d
A FFS 2RA AAR, 55 28 Az, AR AHF o

i
=
N

A Ak G AL A SAA, ey 2T AlFA B 9 H e A
AAA o2 48 A&H= 7718

DEs=3p BSA

TCEE A=A AA=2 EAc BCEE #5539 AxE & v &
TE U5 =9 AMgekA drh 1y B olste stdetE A%
4 TCEE XH&& o £58 Fo|H T7|¢te] S#7HA =2 3ur}
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(2)&3 =
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21.2. =933 54

TCES £ 3}e4 54 & Table 19 eI

Table 1 Chemical identity of TCE

Characteristic Trichloroethylene
Acetylene trichloride
Etylene trichloride
1-chloro-2,2-dichloroethylene
1,1-dichloro-2-chloroethylene
Synonyms

Ethinyl trichloride
Trichloroethene
1,1,2-trichloroethylene
1,1,2-Trichloroethene

Molecular Formula

C-HCls, CIHC=CCl»

Chemical structure

ClI. :Ci
Wl Cl

CAS number 79-01-6
Molecular. Weight 131.39

Freezing Point -73C

Boiling Point 87T

Density

1.46 g/cm® (liquid) at 207C

Solubility in Water

1.280 g/L (25C)

Flash Point

No data

Appearance

Colorless lLiquid
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2.14. TCEY &332 2 A& THBAPE

A g7kA el TCE Atshalidtgy ddd AG=2 n|Fo] & uf o4
255 F43%] Fig 1-(2)9 Fig 1-(b)oll YR At
AMAZ FAS F = B4 =Z+= TCEZ} Dichloroacetylchloride

2 2FgE Ay Chloroforme.2 3= HFHo= CO, CO2, H, Cl &

F HARZ FAY ¢ e BlHHS TCEA Cleo] "Wolx yrhd
A Dichloroetylene . & &% A1}, TCEolA Cl ¢ H 7} 37 "ojA 1}
7FA A Dichloroacetylene 2 & # 3% += Zo|t}. Dichloroetyleneol 4] CI
7F 39 o "ok Y7bH Vinyl chloride® 3% a1, Dichloroacetylene
ol Cl7F  "@oxlaz H7ZF &2 chloroacetyleneo & 3l ¥t},
chloroacetyleneoll /| Cl 7} @o] Ay 1H  acetylene® . 3% 31, Vinyl
chloride®} acetylene©] 4+3¥ W FEthylenee® Fai¥ 5 v dAZ
ethane o & &3 gt} &9,

ethane A 42 ¢l wkS-o. o8] Clycolic acid, Glyoxylic acid, Oxalic

acid= %)% 1,3 £ 0= Carbon dioxide® 23jsle}!?,
H
| T Cl
Cx._ _CI
e’ TSe”  — cg—¢—C

Cl \0

N N

CO +CO2 +HCQC
=]

A 7

cl

Fig 1-(a). Reaction pathway for TCE oxidation
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s N H OH HO OH
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Fig 1-(b). Reaction pathway for TCE oxidation



2.2. Ferrate(VI)
2.2.1. Ferrate(VI) 71 &

Ferrate(VD)9] FZ2& FeO, 2 Fig. 27 o] ‘479 AxAA7 F
Fol H ARl T AFH o A, AAHA FxRE Ho Jda He 4bs)
FElE ‘6 (VD7) olth ferrate(VDe A|GEo] ¢tge o &= A
2 g 7] wiEel, 7159 A R 71 Ao AstAl Sl vl ste], A
A ek aea a2 A Aol v "esive FRlo] vk EF
ferrate(VD+= 1 #HF AMsgks B Eof &l =7t w4 e 3 D7}
Adolgte HolA SFHHsA AstAolH, 7t A9 SHAZANE &

23 = ). dF AsdA o o, ferrate(VD) = A€¥A AHaak$-S

BN

Mo

sk, 53] ‘sulfur’ X+ ‘pitrogen
So] wE Aow BRuHe Qo ES e Ao Atshige] A &3k

, E¥jgtZ vgko]} H R olE

Dhisinfection

Fe(VI)

O xidation
Fe(VI)

Coagulation Flocculation
Fe(llI) Fe(llT)

Fig. 2 Structure of ferrate(VI)
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o A 73t Al3}A| otk Potassium ferrates= 73t Ab3}A] 2 A
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dZAY LTt =55 TSR o =gAAR, A HE= Fe(OH)s7F
Bafjurgo] ZA QS Zrh a8dte] ferrate ion(FeQs ) #a]&
ferric hydroxide7} &= & A5od% SA] M HET) T3k oF7ke] ojw
5% fFrlEe] Ads W A de]l &AMk ferrate(VI)o]=o] 7
AEAY a7 dojdnt B2 & vkEEoly ferrate A H
A2 (H0, NaCl, Fe(OH)3)= 84 JeollA Ferrate(VDe F3HEEE
w=A gkt o]y gk ol = ferrate(VI)7F /A A Fo] wlg 2o

dRHoR AEH7] oHe F Ave EAV A7 U 2y A

>

rr

5= Fe(OH)se SFAIZA S 7|6 62 X3t 783 7|52 7HA

AT,

Rl

Table 2 Comparison of reduction potential of ferrate(VI) with

other oxidants used in water treatment

) . 4 Potential
Oxidant pH Chemical reaction v
Acidic | FeO,~ + 8H + 3¢ < Fe’ + 4H’0 2.20
Ferrate . B D B
Basie _ 0.70
<.Fe(OH); +50H
. Acidic HCIO + H + 2¢ < 2Cl + H.0O 1.48
Hypochlorite
Basic ClO + H)O + 2¢ <« 2Cl + 20H 0.84
Acidic O3 + 2H" + 2 < O, + H0 2.08
Ozone
Basic O3 + HO + 2¢ < O, + 20H 1.24
Hydrogen Acidic HoOo + 2H  + 2e < 2HO 1.78
peroxide Basic M0, + 2¢ < 200 0.88
Acidic | MnO; + 4H' +3e <> MnO: + 2H.O 1.68
Permanganate . MnOs + 2,0 +3¢ < MnO, +
Basic B 0.59
40H

_11_
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2.2.4. Ferrate(VI) &% 4
ferrate(VI) 9
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oA FAL EUY] YA ARLS sl AlgEt T3 kg o
254 AN R HE BEES AASAY @aZ AP A AL HT

At}7} potassium ferrater= 7FAAE 9] H.SE Atow A AsA|Z
T den ofdel @A el wiavls, QtEE, HAE AAY F= 3
t}.(U.S. SR. invention certificate No. 378472, which issued to New
zov et al in April, 1973)

Foly A=A = Gl EHE A}
ATk AEA, FAzd EXASF flue gas clean-ups, @O =2 W
o

Moo gl Estal F8ACl dE ASHe AT e MEE

go WEAY UIRAEA B AL ) MR Fa@ 249
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2.2.5. Ferrate(VI)¢] 34

FerrateE W=+ WHol= o2 7FA7F vk 2 FolA =4 NaOH
T8 Ao A ferric hydroxide®] @43} ¥F3-o 9)&] NaFeOss AT &
KOHE H7tste] wt=x sAWE Y, dAst=S 128t AstAE 3
, A7]Eslel ¢ste] NaOHE X33+ dafd

Ao A NaFeQ,S A3 3o KOHE =o ZAAs o] ferrateE A

A

Aol wE AA Y

B

3= wHWol  glt}. o9l %= potassium nitrate®  Ho]u}  ferric
oxide(FeO3)E KOHA A =] (fusing) st WHS o8 7HA7F
A9k e A AF3k 37K W gl s Al ek 7] =5k T

2.2.5.1. 24 AF3}H (Wet oxidation)

oy

>
oty
i)
rlo

©
r]I.
2

(0]
e

Ao @®Hl NaoH fdd A ferric

hydroxide ¥#%25 9438} HFS-(Chlorination)S 3lal o] S KOHeol| 2]3f

2Fe(OH)3 + 3NaClO + 4NaOH = 2NazFeOs + 3NaCl + 5H20 (3)

NasFeOs + 2KOH — KoFeOs + 2NaOH (4)



Fo] A hypohalite®} ferricd ¥ NasFeO; <
wjitoll f&3kA etk A WA dAeA FALER
2ot YEF EcEC AL o2 <34 NaOH9 KOHe &3

A=)
=
& 4S frst= mother liquors A/Adste] o] F &5 A ARESH]7F

2.25.2. 424439 (Dry oxidation)
F€203 + 3Nax0; — 2NasFeO, + NaZO (5)

H AbEE(ferric oxide)S L2(350~370C)stoll A AF3}Al (sodium
peroxide) 2 AFSIALA HEE-AL (5)9} o] ferrate(VDE LA+ WHl ot} o]
e FAakstH ol Hr]slke 4 akst el dls] Az wHo] B e

s Aol BEHE gl oM, Ag@FA WAsE By A

i

2+8l ) 7] & (iron oxide) S A &85 ferrate(VDE W=i= W o2 A F
& 2 FES A ok AW 1 EE ugte] e dew s,
Azd AAo] AZF Aol whet 3haFo] FhAste] b A dH FA 7
] S
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ferrate 2]

}

0]
pul

713873 23} H (Electrochemical oxidation)

A712sfel <
2 745 Acel)ol

2.2.2.3.

)

—
fite)
0

ToR

B
N

(6)
(7)
)

=

=

%= ofl A1 NasFeOq

o

gl

Fe + 8NaOH — Na:FeO; + 6Na’ + 4H.O + 6e

6Na" +.6Hs0 + 6e —.6NaOH + 3H, 1
Fe' + 2NaOH + 2H»O = NasFeQ, + 3H> 1

A=y

%
= (catholyte chamber)

LIS

%k = (anolyte chamber)

KN

ferrate(VI)

=

)

)
w5

Ol

X
T

NaFeO, + 2KOH — KsoFeO, + 2NaOH

B AA E-(co-products) o] Aol {lar, v ¥

-

1

St

°©

H
HA

°

oA HolA =

=

Al
qedes 53



m. 2=y
3.1. 23439 93 Potassium Ferrate(VI) A%

o] &3] A# potassium ferrate(VI)Z

ftlo

2 AFo M= F22s
A F8to] Ao ALE3A T Potassium ferrate(VD)E ¥H3-2(10)S o] &
g FAABES 727 ato] Axatgon, AxwHe Fig 33 2uplY

2Fe(NO3); + 3NaClO + 10KOH
—.~2KoleO4 +-3NaCl +-5H0 + 6KNOs3

(10)

W 3 #E NaClO(Junsei Chemical Co.; Ltd) 300mLel KOH(Junsei
Chemical Co., Ltd., 85%) 90g& Fil ulHkste] W w3 & GF/C o3
A (Whatman filter paper)& ©]-&3t¢] o3 st = u59t Je9 ferric
nitrate(Katayama Chemical . INC., 98%) 20g= A &4 o= A7bste] 1A
7V wukel gl FeQg o] &A1) ferrate(VDE 943 potassium
ferrate(VD) 124 JA B} =Rk 7] §1al:60ge] KOHE % il thA] uyh
sto] 1AIZM7FE W Basidvh ¥ 2 5 89S G4 glass filters
o] &ste] AEHS & F
ferrate(VI) o] #3lE A3
ZHL R "olX| =5 k¢t o
ferrate(VI) 27 o] wtsoj#] %

o] &ate] A=A HWH oA fo &M Edo] HA Hed o EH

o] HF Ao AxH potassium ferrate(VDoltt. ZAA o Folde &
&

sttt whEol X AA S Gl glass filters

% A 7S 938to] hexane, diethyl etherE ©]&3te] A1% % potassium

ferrate(VDE 3 278t A AxA1A Basteoh
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F H =2 o=k 245 27 AdiMe AARLES AAHoF g |
A Az 24L& 3M KOHOl 10#3F =41tk o] GF/C oJ#AE o] &
sto] of gk £ xstE KOHO Yol ¥d Byt 5 wsoxl Z2AS Gl
glass filterE ©]&3lo] o] 73}A ). Hexane, diethyl etherE ©]-&3}o] Al
2l = IS wHE3Fe] potassium ferrate(VD)E A 235t A8 A3}

A AEAA RAsrg?

| NaClO +KOH ]

v

[ Filtering with glass paper filter ]

—=

——

Fe(NO,)y 9H,0 |

| Stirring for 1hr ]
= « [ KOH )
( Stirring for 1hr |

{

Filtering with glass filter ]

|

[ Recrystallized with sat. KOH |

{

( Stirringfor 2hr ]

!

Filtering with-glass filter ]

v
[ Washed with hexane, ether |

JR—

e,

[ Dried and stored in desiccator |

Fig. 3 Flowchart of wet oxidation method
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3.2. A|Z49 Potassium Ferrate(VI) % #4]

AR} BRI el olUAE wow o A WAL ot
d, olw oluxe] =] whel 1 @Ae thErh S/t BE Wolen
REE A7) BAF FAA 1 s 897k oF 100nmel A 1000nme] o]
2t AA-RAY GUAE QA 2R ewde] gt ARES
Aol A7) e F2E ofuAolth thAl Wb, mhebdeel Qi A4

BA7E AR W A S FRSE Axpdo]l Aol Yol

i)Y
>,
e

3t o 2= A3 potassium ferrate 10mg= pH 9.2% 9ol %l
phosphate  buffer  100mLell AR FJelk,  o]F UV-Vis

spectrophotometerZ o] &3to] A 3% WY ZAx FAEE =AY

Aolt}, ol&A U= FFE 9 potassium ferrate(VD ] =537
g3l AzE Az =& A 4 ok Ax® A8 E phosphate

bufferol] =o]l+= o]+ pH 9.2 o]Aol A ferrate(VD+= ‘67l A ‘37 =

i
ea
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TCE #3) M$71E olF8 F2& o] 90w §F] 500mLel A%

agnetic stirrerg A Xx|ste] REE&Ho] d A3 FEHE 1A

space7t 719 HA FE=F siglen Hhg7] FHS HEES o8& ¢4
3 "ttt we7] el sample A FHFol A FHRE G,
FTHE 2o 04mLe] sample®t AFH ke F4el o]k u, AEFANA=

gk Al <8HAl 3 sh AT

BT ARgE ®ES-7]o] 4 Z2E Fig. 49 vEIW AT TCEE head
space’} AS AF Eol wA @i FUrE B E head space’l SIEE &
71l &8 M5 AL v Img/bell sdst= TCE
syringe® FHg H & JFstHA 24A17E Bk wHlkste] =2l ohg 4l
ol o] &3ttt TCEx HFAMHS o83t Alx3k potassium

ferrate(VDE F4sto] A nwts} g7 Al zhsto] wbgAlA AlZkdid &

(o

HS micro

e F4e flete] &8 04mLE FHAM 2mL septa vialol FU T
5 vortex mixerg °©]-§3ste] 13 ALsiA E59 e e TCEE
712 A7l oS vialel head spaceFEol UE 7IAES 1000
A w=A GC-ECDel F94atitt. ==X E4714 ¢ 34 S Fig.
50 b At
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pH meter

Thermomether Sampling
wg ¥

{, port
sealed up =

with Teflon —» —
T _—
Aqueous
&———— solution of
| ' TICE
I
Cooling Ll b |
water "o 7" 8

@ stirrer @

Fig. 4 Schematicof experimental ‘setup for the reaction of

aqueous TCE
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L Reactor J [ ToE s00mL
15 Ferrate(V])
( E L pH control
0.4mL sample
i 1' ™
Volatilization
' ‘L ™)
Head space
i ‘L )
100p2 sample
J’ Ty
[ GG/ECD

Fig. 5 Diagram for TCE analytical procedure.

_22_



35. TP E £

M} TCEY ferrate(VDol ot &3 AL ES dolry] 9l A9
S FdAt TCE W84S A4S AF 402 30mLy 3 alA
purge and traps ©]&dA HSE Aol e BEHES FHFHEA FEFA]
21 F As dgF FHHAAE ol &l GC-MSE Fdstat. 4=

9l8t FxZ= AT-1 column(HELIFLEX®, 0.32MM x 60m x 1.0um), &

_—

o)l % 7] (flame ionization detector(FID)), @i A= FA7
(mass spectrometry)”} &2t¥l ShimadzuAl QP2010 GC-MS7F AF&5 A
oh e 8o 2EZR M%7 3BT A 1082 &= h7F 8C/ming] 4
T2 120C7HA A3k oS, oA 1029 holding times 7FA Al &1t}
I v 12C/min® £ 2 180TC7HA A3 & 7% &Sk A% A &
i, oAl 15C/ming] £ER 230C7HA s & TR}=F 2453
t}, zZ+ EZEo 3 mass spectrume NIST(National Institute of

Science and Technology)¢t WILEY S H|o]EjH|o]~E wludle] F7HAY
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V. 23 2@ uz

4.1. A|lZ% Potassium Ferrate(VI) &4

Az potassium ferrate(VD)©= 242 nA| P om F=8 8 Aol A

= 2% BapAES »drk UV-Vis spectrophotometers ©]-&3sto] 74 ¥
tg =}

Ferrate(VD 9] 510nmell A & & &3 A+ pHoll JEA A, =37l
g pH 92 % 510nmolA el EFAASE 1,150M 'em o]tk whe}
A A=ebC #HAAES A&t potassium ferrate(VD e %2 A4S
t}. A& 510nmelA e §3 %, e potassium ferrate(VDe] =534
(1,150M 'cm ), b= A& A Ale] Zo(lem), 12 i C | 8 949
ferrate(VD) F=(M)E YEkth A £ potassium ferrate?] = oF
90% % oH, FRAM Sy g Y,

A=ebC

0.523 = 1150 M 'em™ ' X1em <€

o C=4.54782 x 10 ' M

10mg  lmol . 1g 1000mL

= -4
100mL ~ 198.04 ~ 1000mg 7 = 504945107 ' M

4.54782 X 10" * M
5.04945 < 10" * M

X 100% = 90.06%
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4.2. 9FJAA W& TCE £ & &

Ferrate(VDell ¢ el &5 HeatA 7] fsliA WA blank test
S ArEd e, A AEHdA REEe £, e vE7] i
gqo] Ak HA HopeF whE7] Q)45 Sl head space’t §i
= WhgEAS &7 7I5 A H testE AT TCES %7]%
72 49 30% 59 magnetic stirrerE ©]
&oto] wuknk AJAFH A AZF 1HA O F sampleE A AT 1 A
7} Fig. 69 UEtwo]l &3l &S oF 2% 2 UEgen, arks SAe

TCE®] w37} AS) doutA] 58S & + AATh

4.2.2. Ferrate(VI)o] &3 BT £ 352 vt-&x4+ 2A

Ferrate(VD)ell 2lgt TCE A EAle] TCE ®alvts S ofglef 22
7| 2S4S mhtA o] R A= AR A5 Th
Fe(VD) + TCE — Fe(lll) + Products (11)
- d[ZfE] = k,[Fe (VD" [TCE]" (12)
a8l k=ko[Fe(VD]" & HSf-ol= oldle Aoz s xdT
A
— d[ZfE] = k[TCE]" (13)

HES A (13)o A] n=2¢] o]x}w&x1<S 7}A4s 1/C - 1/Cy vs timeS

_25_



EAEAS W e EEAFKk e} XY FAAAR)E TRk

d[rcE)
[TCE] d
_ —k /[ d
f . f : (15)
1 1
TcE] [rcEl, - M (16)

L

AA A (13)e A )= 14 & vs s (160 73 1/C -
1/CoE toll W3l A =Alste] AdS et = A ol B gkt

2 Ao ARI9 A 7k 225l TCES %7[% %7 1ppm,
Fe(VD9 T =7} 4mg/L, pH7F 791 21 wo] AHZANE nigfoz
A ot
28747 9] data® AHgekgom, 1 A R® 7ES 09063= HlawE Ao
A9 24 M ow BeHy,

w3 B Aol A9gd e o 2AME 2% wgs mEe

F

Aoz wustel WILE(E FAHSE W NG F oAaHo

AL EAEG 2 2 EAH 0T ferrate(VI) HE-S-o] Zrb

ol
e

ferrate(VD)  ®h-go]  &@alA  dojd 2&87H4 9] datas  HIR S

Tahee,

4.2.3. Ferrate(VD) 9] F4HF ®¥sld @& TCE £l & &

TCEE #3lst7] 9lste] ol &5 HA 9 ferrate(VD) F%=E goln7]
913kl TCE 489 ¢] pHE agste] AYE Pkt

Fig. 72 Tl Wslo] w2 TCE? 38| &olth Ferrate(VDe 9]
2SS g7y 527 47 1mg/L, 4mg/L, 8Smg/L, 10mg/Le. 2 % A 7
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2 A T, ferrate(VDE FY3g). & 3089 wkg A 7bEel 7hzh
8%, 50%, 79%, 83%°] all7F dolwk=d whE 27] 28 olule] &=3HA

Jgre] FHE4% WIEENFI AT ot BE AT AtelA

= -

Lo

o
&
o

H
SHAF A0l ferratest L A=27He] WE WMSHEES Hol= A dA

'(:5]- S\)i 1:]—11)’54)’55)’56)‘
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1.0 # & =

—
0e -
N
o
O
[
04 -
02 4
—~#— Hlank
no T T T T T
0 a 10 15 20 25 an

Time(min.)
Fig. 6 Blank test of TCE. (Experimental conditions : CO0=1ppm,
pH=7.0, Temp.=25+17C)
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o j
1
0.8 —llﬂ —a#—— Blank
K ———p——  Fe(\l) 4mg/L
k III — —z-—---  Fe{Wl} Bmg/L
06 o — = —  Fe(v1) 10mg/L
\
&5 Yy -—v——— == ¥ —————————— =
o
04 -
- — % — — — — — — -
00 T T T T T
] 5 10 15 20 25 30

Time{min.}
Fig. 7 Effect of the ferrate(VI) dosage on degradation of TCE.
(Experimental conditions : CO=1ppm, pH=7.0, Temp.=25+17C)
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600

¢
*
500 4 .
(=]
[}
400 -
[m]
Q_ * Fe(/l) 10mg/L
< 300 ©  Fe(vl) 8BmgiL
o ¥ Fe(Vl)4dmg/L
= & Fe(Wwl) imgiL
200 -

100

Time(min.)

Fig. 8 Time vs 1/C = 1/C0 plot for Fe(VI) dosage. (Experimental
conditions : CO=1ppm, pH=7.0, Temp.=25217C)
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400

~ 300
£
£
=3
t
s 200 -
[1)]
=
o
[+ )
3
m
o 100
I] T T T T T
0 2 4 6 8 10

FefVl) Cone. (ppm])

Fig. 9 Fe(VI) dose vs. rate constant(k). (Experimental conditions

: CO=1ppm, pH=7.0, Temp.=25£1C)
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4.2.4. pH ¥3ld W& TCE £ & &

TCE &9 pH7F El&&e vA= IFS dotrr] 913t
ferrate(VD 9 FA S 4mg/LZ A nAsta, w87 We] pHE 247
3,57 9 112 FAsHA A8S Wttt

Fig. 1091 TCE®] &ai&< Yetilal 2=7] 2% ool w&o] T2
ATk pH 3, 5, 7, 9, 1149 #3l& 2H7 8%, 61%, 50%, 8%, 5% =
ety T4 3 R 2ol A Falgol TP A usta, 9714 =
A A 230AM T4 F7ol Hlel wkgo] A ow =2lA Py

F7F AUtk

Ferrate(VDE &4 9] pHel we} HiFeO,, HiFeO, HFeO, %2 FeO,
o A7HA Fom EAFLT. e
ferrate’} TS =¢HAstal wkgAdo] 1 =27) wiwol 44 pH B ol A
ferrate®] WHs-Ao] © F718tAl o meba pH3el A 27 )

ferrate= O % ¢ EAS A vr3Ao] AR A = ferrate(VI) 7} TCE

pH < 9ol A £A3}= protonatedd

g BAAME SEad S71A2 #98E £571 WA TCES
88 ferrate(V)7h 445]9] Ashurgol Fa] Qojubx %
Ao BaRth g gl ferrate(VDE-F54 Sh AT S w w
H Abshibgo] AR5 E Al WA Pol

s |tk elzle 67 Hol MR ABHE AL ou@nY. 53

o
M

Fig. 139+ pHel W& TCE®] vE&HLEE

79 FAZANA WbSELTL =gkom pH 3, 9, 1194 WU F
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el
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3

p=H
=

o], Ferrate(VD)= pHel wz} EA3t= 59
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o
e

N

ol
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E]_]—
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ferrate(VI) 9] =}A| &
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1

o
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ol A
A dojrt7] WZel TCEY =

g 2t
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A
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=

1ol A pH

9]

wzkA TCE ¥
H ferrate(VD e} -
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ol
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1.0

LT e
I
0.8 —ll"
I
\
0.6 lll!-
-
g |I‘r-v—---‘r———‘r———————v——————*r
0.4 - i'l--l——._ £ 0T Rodpgend S ot ol o Lgge oy T ol W et b -
—a— pH1!
e pHO
0.2 - ———=—— pH3
——y—o- pH7
— —r — . pH3
I].I] T T T T T
1] ] 10 15 20 25 30
Time{min.)

Fig. 10 Effect of pH on the degradation efficiency of TCE by
ferrate(VI). (Experimental conditions :° CO0=1ppm,

Fe(VI)=4mg/L, Temp.=25+17C)
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1ICIC,

Time{min.)
Fig. 11 Time vs 1/C - 1/C0 plot for pH. (Experimental
conditions : CO=lppm, Fe(VI)=4mg/L, Temp.=25+1C, pH
3,517
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1IC-1IC,

Time{min.)

Fig. 12 Time vs 1/C = 1/C0 plot for pH. (Experimental conditions
: CO0=1ppm, Fe(VI)=4mg/L,, Temp.=25+1C, pH 9, 11)
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120 -

100 -

80 -

60

40 4

Rate constant{k, min')

20

pH
Fig. 13 pH vs. rate constant(k) by Fe(VI). (Experimental
conditions : CO=1ppm, Fe(VI)=4mg/L, Temp.=25+17C)
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4.25. 7] TCE &% W3 ©& TCE &3 &8

Fig. 14 TCE®¢] %7] v% w®Wglo]| we} TCESY ZEaf&ol mx|&= F3F
of tia]l veErd Belth Fe(VDS FA&FE 4mg/L= 114 3til, TCE]
27]% %2 0.2ppm, 0.5ppm, 0.8ppm, lppmO 2 T to] A X3
sHAT B whgx7] 28 dld &gk whgo] dojyown TCE ¥%7F
0.2ppm¢% W, V%= 71 & F3E&S HITh 28l 0.5ppm, 0.8ppm,
Ippm% W 22 57%, 54%, 49%7} #E3iE o] TCES ¥ %7l S7t&+%
el &2 FrAsklTh

I2]3 Fig. 169 TCESl %7] &% Wglo w2 S5 =5 Yely
. TCE %7] %27t QA& MEERdT7t A8 5718t s ¢
4 Atk F=7F 1ppmol A 05ppme = A4 s WS ELAALT7 254 &

7Fakeb7k 02ppmel A B AR EobA & Al S 5 A
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—e— C=1ppm
BE e Cu=|]_Empm
—————— C=0.50pm
——gp—..  C=0.2ppm
o
o 2
W e T T s o R
il ol e, et N e, e o i Wt o
0.0 T T T T T
1] L] 10 15 20 25 30

Tim e{min.)
Fig. 14 ' Degradation of TCE at different initial TCE
concentration. (Experimental conditions : Fe(VI)=4mg/L,

pH=7.0, Temp.=25+17C)
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1200

1000 -

800 -

600

Uc-IC,

400 -

200

0 % T T T
0.0 05 1.0 1.5 2.0

Time{min.)
Fig. 15 Time vs 1/C - 1/C0 plot for initial TCE concentration.
(Experimental = conditions : Fe(VI)=4mg/L, pH=7.0,
Temp.=25+17C)
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600
500 - T
400 -
300 -
200 -

.7y i \m\‘

I] T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Rate constant(k, min")

TCE initial conc.(ppm]}
Fig. 16 initial TCE concentration vs. rate constant(k) by Fe(VI).

(Experimental conditions : Fe(VI)=4mg/L, pH=7.0,
Temp.=25+17C)
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4.26. &9 2= WA3td @& TCE &3] 2&

FE&H 2xe] Wsle] wE TCE #3l&S Fig. 174 YEhyidth
TCE &9 &%2 10T, 25T, 35T, 45CE t%siA WH3s Fo
™, ferrate(VD 9] FU &S 4mg/LZ AAsA st FdstA 2823
10T, 25, 35T, 45Tl ®al&S z+7zt 40%, 50%, 47%, 44%= }E}

Wk 7P e 25l 10TCAA M ve BEee How, 25C¢l

aga exdstd 2 Mgsrds TEEs Figo 199 Uit

10CeA 3BCTE 2271 SHdFs WeEEAF7E 571 silen, 35T

ferrate(VD)ell, ¢t TCES) tall& =7k Wl A v HF2 o= 25Tl A
TCE7} © ol ®afzk o] Fo] b 3& & F7k AN

ol 2% wE-ferrate(VDHe] AHJdmd et S k2 Ao
o]} @afja 2= Wslo] wrel ferrate(VDe} St A o] &bzl
e Qo maka 2x7b ol whel ferrate(VD ] b A o] 443
7Fast A H W, ferrate(VD) 7} 67kl A ‘3712 s w = A &) 7p wz}
7(] 7ﬂ %]:]_59)”62)‘

RS AL 10T B 2xeld ¥ 2ER el MeEE:

o

S7FIAIR 257 dALEEANA v s AS ferrate(VD AAE
ol 213te] TCES} whS-3oF ferrate(VI) 9] #HARE Ea&o] Wojx+= A
o= yekET

ferrat(VDE ©]&3to] LAEdS AT 45 A== ool oA

_42_



d A= ferrate(VD AAEs7F il Eo] HALEE e Ao T8

g Aol

4.2.7. 273} A=A

Ferrate(VDell 23t TCE #ajuk$-olr e A3} oyAE Lolr 7] 9
 FgAer Wale wE TCE #3831 23¢9 Arrhenius equationg A
3}t Arrhenius equatione 3}8HHES-o A HES-E T A)S4=9l o] I

& YEhlE= 422 Arrheniusell old] d@H o= FrEsdnh

k = AelF¥ED (17)

Ink = InA - Ea/RT (18)

(17)2¢] Arrhenius equations UEH AS = ki= wI-SET A (sec ),
T AH2%K), RS 71444 (k]/mole-K), A

AH(sec ), Eats 243t A (k]/mole)E YEATE (172l Ad=1g
HAstH 184S d'F dEH, HEEEoede B

Ink = InA - Ea/RT = 7.6492 - 1064.4/T (R*=0.983) (19)

(192 o =7y Ao =7} 885k]/mole ¢ o= T3 F7F QU2
ot

_43_



& 45°C
—————- 35°C
— —y-—  25°C

]
o
L]
0.4
0.2 -
0.0 T T T T T
0 i 10 15 20 25 30
Tim e{min.}

Fig. 17 Effect of the temperature on degradation of TCE by
ferrate(VI). (Experimental conditions : ' CO0=1ppm,

Fe(VI)=4mg/L, pH=7.0)
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Fig. 18 Time vs 1/C - 1/C0O plot for temperature. (Experimental
conditions : CO=1ppm, Fe(VI)=4mg/L, pH=7.0)
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Fig. 19 Temperature vs. rate constant(k). (Experimental

conditions : CO=1ppm, Fe(VI)=4mg/L, pH=7.0)
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Fig. 21 Comparison of TCE degradation to appearance of chloride
ion. (Experimental conditions : CO=1ppm, Fe(VI)=4mg/L,
pH=7.0)
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Fig. 23 Mass spectrum of TCE (Ret. time: 11.401 min.)
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Fig. 24 Mass spectrum of Ethyl Chloride (Ret. time: 3.608 min.)
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Fig. 26 Mass spectrum of Ethylene (Ret. time: 7.458 min.)
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