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ABSTRACT

Experimental study was conducted to identify the active agent for reductive dechlorination of TCE in cement/Fe(II)
systems. Several potential materials-hematite (c-Fe,Os), lepidocrocite (y-FeOOH), akaganeite (B-FeOOH), ettringite
(CagAl(SO4)3(OH)yp)-that are cement components or parts of cement hydrates were tested if they could act as reducing
agents by conducting TCE degradation experiments. From the initial degradation experiments, hematite was selected as a
potential active agent. The pseudo-first-order degradation rate constant (k =0.637 day ™) for the system containing 200
mM Fe(I), hematite and CaO was close to that (k= 0.645 day™") obtained from the system containing cement and 200
mM Fe(Il). CaO, which was originally added to simulate pH of the cement/Fe(II) system, was found to play an important
role in degradation reactions. The reactivity of the hematite/CaO/Fe(Il) system initially increased with increase of CaO
dosage. However, the tendency declined in the higher CaO dosage region, implying a saturation type of behavior. The
SEM analysis revealed that the hexagonal plane-shaped crystals were formed during the reaction with increasing
degradation efficiency, which was brought about by increasing the CaO dosage. It was suspected that the crystals could be
portlandite or green rust (SOy) or Friedel's salt. The XRD analysis of the same sample identified the peaks of hematite,
magnetite/maghemite, green rust (SO,). Either instrumental analysis predicted the presence of the green rust (SO,).
Therefore, the green rust (SO,) would potentially be a reactive agent for reductive dechlorination in cement/Fe(Il) systems.
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2]31 FY A]F9] XRD(X-Ray Diffraction) #433 F3)|4+= hematite, magnetite/maghemite, green rust(SO,)°]
= Q1 4= IUTE. SEM E XRD #40llA FFHOZE VeSS green rust(SO,7}t FERFSAIEY 715430]
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1. M =

o] FUled A ATl wEd oy
Ql AZ&A F718AQl TCE(trichloroethylene)2} PCE
(perchloroethylene)’} A A5l =27 2=
Z¥7} 36%9k 16%= AHASkaL glom, vid T Aol
7kl e Ao= VERRTHEER, 2004). L T &
e} Mol Bdele] thgo g AlxEo] oy §x=
ARE-E|3L Q)= TCE(trichloroethyleney= WA 4o,
W34 DNAPL(Dense Non Aqueous Phase Liquids)
EZo|t}. TCE?} 22 DNAPL &2 HFo] EHT}
a1 2ol thgh gal=r vl W] wiizel] Edelv A
slol] m=HH ol ofsl] okl ® olsste] F7IRie
24 gallEo] g8 Al At S TAE
deoz AEITHIF, 2003).

ofe] A5 Fsl o] daA f718AIE Alolsk=
7lzo] AEEo] gkom 1 F AE Fe(ll) A125E o]
|3 SUAE Tleo] Hol| 4/EATHHwang and
Batchelor, 2000). ©] 7]&& 71& 133103} 7]&
ot TEE M3 T L9E EelleAs Add 7
E2A], A7HAE 22o)= o] A3 E ol= AHE
oF RhgS A9 o7HEF tiEe SlEs WS 5 qle
E4Z H3Eo] EoRl PCE, TCEZ acetylene =
ethylene® 2 2HA3] SUAIZL 4= Sl2o] B8 vf ot
(Hwang and Batchelor, 2001). A|HE/Fe(ll) A]2~Elol|A]
ARIES F3l717F g Aol @Al ZBstdvh=
o) YR @R, 1998), Fe(N olo] Ba) SHekE
o Wass) Mo} F%0R odd AHE 9
& Bl A7 A} glof 1 Do) 4EH v
ATHF 7, 2000; Butler and Kim, 2001; Charlet et
al., 1998; Hwang et al., 2002; Hwang and Batchelor,
2002; Hwang and Batchelor, 2000; Kim et al., 2002).

o7 AT gl EE Bl BaAlslo]
Ak 2o wAUEL obd WHs PR 2o g
efjoltt. A[MIE= =A| alite(3Ca0 - SiO,=CsS, trical-
cium silicate), belite(2CaO * SiO,=C,S, dicalcium silicate),
aluminate(3Ca0 - AlL,O;=C;A,

tricalcium  aluminate),
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ferrite(4CaO - ALL,O, - Fe,03=C,4AF, tetracalcium alumino-
ferrite)2] 4t AJH-O0 2 o]Fojx] lom 1 o= MgO,
S0,, K;0, Na,O, CO,59 Bd% ¥3s|o] o}, &g
olgfgt AMIEY} S-S o A= us 53
gk 5450 AdE o]FA HRg RS 7 A
HEo]7] wiito] 1 AMES}H Fe(I)S ©]&3 &as)
R3] FaE WAUSS Hske 3t €A 82
Holot, gk, AIE] E3}ejo] Qe HEES ol8gh
AEH] Fafjo 3 E 7HA| A97F Bard wf e
olg 7= sl FENNAIRT HhgH|ZISEl
igt 7HEE AlaL A XSgskt

HA], Fe(Il)°] hematites2] Fe(Ill) oxided} 3= 7
T TSlES Y438t EaA RS SRES vl
2 £52 IR ARIve dAdapt daed Aol 9l
O™ (Elsner et al., 2004) o]} 37 8 Jej= 7}
H Fe(Il©] Fe(lll) oxide®} HHSE 749 Fe(lll)e] EH
o] F2=O] Fe(ll)-Fe(lll) 315 F4sh=s A4
(Jeon et al., 2003)2} G=8-HN 2] Fe(llel HIS| 1=
7} o] EAPRIAY 18ES] FeHE SAT HF daA
W SIREl tigh Esllee] €953 HoRlte 7
A7 (Stumm et al,, 1992)= F3HH o7 Azls|] HH of
oz H7KE Fe(lly} Fe(lhe} ¥H3-3le] AWAE Fe(ll)-
Fe(Ill) F8lEol Jallr A WalE sighEo] 3w
the 7MES Az & ¢ ok B3 golsd 1
interlayerol] £0l& % Eo] A7|H ¢3S o]Fi U=
Layered Double Hydroxides(LDHs) 7-%Z A|'d green
rust A1E9] SlekEo] guis) vhe-S X ofe ¥hg
o 384 dFs "Rk WEs 3 A7 F
HAoH, ARIE 43815 Yo LDHs Alge] 40| o}
F EARIRE AME AA ST Taylor, 1997). Zsgh
Fe(Ill) oxide®} LDHs= &5 AHEZ} AAH 02 g
3l AU AHIE F81Eo) E3hEo] Qe Aol

B A= Fe(lyl AHIE 53812 U] SAI8k= Fe(Ill)
oxide == LDHs9} ¥H&-3F & Eal9h8-5 afsit= 7}
AL v g sto] disEAQl A4 {71841 TCEZF
AHE [Fe(Il) Al2=glol] o3l == wAUSS Bs
3 71 FERRAES HEke AS HAH0E o] 1

X lo
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2 AT ffste] UA ARE A 52 1 3k
A 4Es oFF F3t 2 714 minerats TS
2 31 Fe(I)#e] w18l o3t TCE #3livke<= 113}
Aot WA Hematite(a-Fe,03), lepidocrocite(y-FeOOH),
akaganeite(B-FeOOH), ettringite(CagAl(SO,4);(OH)0)S] 4
7} minerats ARS8l L 24 TCE &3l
9 13l 54d0] 71EY AIEFe(ll) Al2=¥l7} HIS:gH A]
28he et ae)ar, o] AjEe] tigk XRD B
SEM #4% AAlsle] AJRIE Fe(llpl] 23t Edashik-S-
o] FANESAES TrEskaAtk skt
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2.1, 8=

Aol 221 471X minerals lepidocrocite, akaganeite,
ettringite= $/38}e] A3} 2™  hematite(Bayferrox
110M, 95%, SiO,, ALO; 2~4%)= Td3l] ARE3ITh
TCE(99%, HPLC stabilized, Acros Organics)= Hexane
(99%, HPLC grade, J.T. Baker)®2 FZE3}o] 43514
o 7le} 4 2 mineral A|Z00 AREE Aok T3}
2}, Fe,SO,7H,O(HPLC grade, Kanto Chemical), FeCl, *
4H,0O(HPLC grade, Kanto Chemical), NaOH(HPLC grade,
Junsei), AlL(SO,); + 18H,O(HPLC grade, Acros Organics),
FeCl; - 6H,O(HPLC grade, Kanto Chemical), Ammo-
nium carbonate(HPLC grade, Kanto Chemical), KOH
(HPLC grade, Junsei), CaCOs(HPLC grade, Junsei), CaO
(HPLC grade, Junsei), Methanol(99%, HPLC grade, J.T.
Baker), Ethyl alcohol(HPLC grade, J.T. Baker)

2.2. Mineral &4

Lepidocrocite(y-FeOOH) 313 7182 A1 (Antony
et al, 2005)°] w2} Nanopure water 100 mLE 200
mLe] glass beakerdll BOFA stirrerd]] 2 & pHE A
&xog ZAY FHIE ST Beakeroll 4 g FeCl,
4H,05 7K £, 500 rpmO 2 WHHEFHEA 1 M
NaOHE A& og Yol Fo pHE 6.3-6.59 W=
FAEkA T Al7to] AdshHA] Aol dark greendl| A
oranget 0 2 WHIl=AS 21 & S UANeH, pHrt
SrolR)R] a1 QPFET RESo] g ACJEZ filtration
st 2k HAxEH

Akaganeite(B-FeOOH)= 7| 74k 34w (Bako-
yannakis et al., 2003y Farsle] Aox 2 L =7]9]

8 37

it

beakerl 0.1 M FeCl; &< 500 mLE ¥ U5
7 B3 HHE] Hrlsle] pHE
105102 ASAIATE BES3he B2t ¢F 200 rpmo=
wHRSIL ¥R & ] HAES R 4 Utk
2 Na °o]2& AAH| $l8] SHT= 721 Al
23t & 21 AF3A
Ettringite(CagAL(SO,)3(OH)p)e] A= 7189 A4t
H(Baur et al, 2004 W2} WA 4°ColA bottleol] 1
M AL(SO,); * 18H,0 =89 300 mLE 3 M CaO &
Aol slurry 300 mLoll F7I8kd 31 B<F <F 200 rpm
o2 wRksidtt. 18ja & & E?F room temperature
A Bt & FHFE Al W ATk AH & 1¥
E2 045 pm nylon filter2 filteringA|7]13L filter cake
= A Az
Z}7}+9] mineral> XRDE &3l 3dS 18K

2 £ A vkeRE ARSI e, o]
gk TCES] ZZAIZE agtol] ofgk 4SS Haslkslr] <lsh
712 vial septum®l lead foil tape$} teflon filme ©]
23l 3502 sealingdlith. ¥Hg-Z2] S/L ratio’} 0.1
o] == 3o, WksFE T controk> Eol249}
TCERTEC.Z2 74319 controk duplicate sample, Tl
A3} TCE F&d4o2 749 W-SAIETE triplicate
sampleZ A|ZSIATH vHZ W FEHHA WA=
headspace= 1 FFS TAIE F IS BEE HAs)e}
of AT TCEY FYU2 stock solutions THE0]
Z¥zko] AlFol| gas-tight syringes ARSI T3
%27] TCEEEE 025 mmZ 1338}93 mineral/CaQ/
Fe(I) Al2=8lollA H718F Fe(IDS] 7% 200 mMS 5
319 o ™ CaOE 1223 g 47}A mineralE2 Z+7}
mineral : CaO2] 4817} | : 47} H=5 H7isiich vks-
4 T Ca0= Z7|7H(Hwang and Batchelor, 2000)
9] AS =& pHE FAA7)7] 9% base materialZ 3
7V QAR Fe] AFEFAE, 2006)01M= CaO7}
SHESolA IFg TS she s o= YERth vk
ol TCEZ Y3 & rotators ©]83] 8 rpme] <
2 aRksien, Ay Alole 3%t 1500 rpme] -
2 QAR F 45 5 mLE F3l hexane® E F=
¥ GC vialol &7 GCE ©l-83lo] 2433t

TCE ¥#299ll= FID(Flame Ionization Detector)’} 732}
H Gas Chromato-graph(Younglin M600D, Korea)s ©|

H1HTOEN
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L3149} Injectord] €% 260°C, detectore] 2% 290°C,
column®] =% 57°ColA T2 F-X31H.2H, carrier gas
9] flow= 2 mL/min, split ratio= 3: 12 3}k HE3k,
GC columne HP-VOC(Agilient, 0.5 mm X 30 m)&
ALEEI o™, pH= Orion k2] model 4203 9159BN
ASE ARgsl] A& § SA) S8Rtk

W22 o] A= SEM-EDS(Hitachi S-
4800, Japan)s ARESIATE. HESEHS] THE osmium©
2 T8 A=AS T3 v SEMOE ¥udde
FEsIH oM, 7R 5 kvelld Sl 10,0000 2
Sk, TS AR AR 45 98l XRD
(Rigaku D/Max-IIA, Japan)E ©]&3l32™ 10~80 26
HoM =3+ & JCPDS card®] 3 strongest liness
Hlwsle] Ao RS I8t

>
!
T

3.

gdn ¥

3.1. B LSIE/Fe(Il) ¥ A|HE +31Z/Fe(I)?| TCE
=S

E Aol st AHEL 7|EA O F mineral/Ca0/
Fe(ll) A28 nlgo g slaigle) o= CaOF7PT &
s ol & dES vXIchs 7189 A7 ARt
9, 20060 Wt 7132221 mineral/Fe() A2~ CaO
£ F713 Blolth. AEWS] Fa3E-S PEske I
ojlm® M AEW] HES v s AIRE
3Pk Fo] S3EF Fe(I)et RS v 935S
7HA Aolglal dl’d=l= minerals AHsle] AEHS 438
S TR0 FE MAH lepidocrocite, hematite, aka-
ganeite, ettringites oAl 3¢ mineral/CaO/Fe(ll)
AlZz=glol| #8351 TCE #afl A3 F3fsiglor 1 4
I= Fig. 13 £ Aoz FA)E BE-LS Excel pro-
gram®] nonlinear regression methodZE ©]-83}o] 3+ Wt
SEEITKE A3t YAHESIEHS(pseudo-first-order
degradationyS EAFSF A}o|H  hematite/CaO/Fe(Il) A2~
del oJgk TCE #alE Z tisishe 2102 Ut
Fig. 19] YEho], hematite A|Z=BlolM= oF 59 &
025 mM®] TCEZ} SR HL JAT YA 3714
minerak> ¢F{Fe] WEEAITES Ho|3l @)t} Hematite/CaO/
Fe(Il) Al12=El3} 71E0] AJHE /Fe(ll) Al2ge] HhgEw
AF RS Bl BH 0637 day'9F 0.645 day '2 ]
53 Ty HalAES RYS & 4 Ak oA A4
S Fe(Il)-Fe(lll) $73k=0l 23k ®all7Mde] oA
o AP A= tet o] A% 7Fed 2o E Btk
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Fig. 1. Degradation of TCE in various systems containing Fe(II)
and Fe(Ill) oxides (hematite, lepidocrocite, and akaganeite) or a
cement hydroxide (ettringite).

Sk RO B w Fe(ll)o] ettringitedl s EASh=
231 akaganeite®} lepidocrocitedll= g+ BAFE 15 EA)
3= WPH hematitedll= 28 S8k Q7] wEol| Fe
(2] o] FASHA e hematite’} HTh BS Fe(Ill)-
Fe(I®] 4B}E-S 3A3siaL o|= I3l #3lise] Axt=
20| 7Fs3itt siA|Rk o] 7P U ARS F9
of gRlalloF & Aojrt. F Al2Fle] FalEEo] niSzat
th= ol hematite/CaO/Fe(ll) A12=ElS F-awk-3AlE-
o= 7Pgslal 1 Ralled wheAES sk fIg
7HR1 AEE sl

3.2. CaO EH71E0| TCERsH ¥ HFSM 20| 0|X|= Q&

Ca0®] 7P} 3l s 7HH7 e sARE 1
A1 WPy} #adhgol vlX= e oFF] Barg vtk
S}, Hematite 153} HES3 = CaO Yol W3S FojA]
CaO 7P} TCE #3ll's 2 ¥hgAdie] @l ofd <
kS HX=A] LolH AT Hematite 153 wHS-3=
Ca02] EHIZ Z}7} 0.2, 0.5, 1, 2, 2.8, 42 W32
Aom 1 F3feel tigk AFA#E Fig. 20 UYERAA
ot 283 CaO 71 Eéllsahe] JadAlE gokk
7] 93l CaO H7FF} REEE (kS BAE 2 (1)
o] 713t saturation models &85l 1 ZAI¥E Fig
30l FEAISISAT.

Vinax[€a0]

k " K, +[Ca0] M
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0 A
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Time(days)
X control O Hematite:Ca0=1:0.2
B Hematite:Ca0=1:0.5 ¢ Hematite:Ca0O=1:1
¢ Hematite:CaO=1:2 A Hematite:Ca0=1:2.8
A Hematite:CaO=1:4
Fig. 2. The effect of CaO content on TCE degradation kinetics in
hematite/CaO/Fe(Il) systems.

0.6

0 2 4 6

mol Ca0O/mol hematite

Fig. 3. The effect of CaO content on pseudo-first-order rate
constants of TCE degradation in the hematite/CaO/Fe(IT) system.
The dotted line represents the saturation model fit.

Fig. 2, 39 RAZ|= nle} o] CaO H7bee] $71&
= Bl 9l ARE ERIF 4= oM Ca0g] 7t
o] AEF o= FTIslE 1 Else] SV A%
A= o2 Hol I A= saturation model
o] YAAE AHHslal e AO0E HRITh EES CaO
H7hgol S7FTE pHAA F5dhs s ERIg 4
AL} o= Ca0 FH7F= QI vhg-xule] OoH7 It F
7kal7] wiitol pH} EobdaE TCEL 2 wslilEthe

>

fr ol

GALBRRES] ANk 39

Fig. 4. The SEM images of the mixtures with various mole ratios
of CaO : hematite. 1:0.2 (a), 1 : 1 (b), 1:2(c),and 1 : 2.8 (d).

71&9] 97+ ZF(Danielsen and Hayes, 2004)S HF435}
I ek olell weh TCE &8i7F Ca09] 73/3e <
F12] CaO H7IZ QI3 W pHASS] FIRIAE 7t
g Fg7) qlokar wdEo] o)F 9% o ARS
skt
SEM E4S B8 AHE Ca0 71 wsll] wE wt
/389 F4HEE Fig 40l YERAITE ZF AlFelA
Azl w2 Fogshs ol FESlem el
2 sk S}tz A FRIFE F IS A=
StAsks & = QAT CaO 7o) FV1EE wh)
2] ARRTh= 21 wde] AAo] skl St
e E S ot oleiet R $24 wode] 23
2 g A ] EdoME B F Id ZoEA
hematite/CaO/Fe(Il) Al2~5l12] WES<) 23] FAE =g
Aielgla BoZint, wEka 7S allse] Hold AR
NN F2 Yehe S48 de] 2Ae faidiolst
3 7Pl wlad 9 RS FUHEeE Sas)

At

o2 of, oot

i

do
Rk

3.3. CaO EX47} TCER2al ¥ HSM20] 0|Xl= A&t

o Aol yeRd ulel o] TCE w37F Ca09]
FERINA T pHY FERIAE HESHA u8]7] Sls)
O3 22 AFS 39T Ca0E F7ISIA] ¢l KOH
5 o83l pHE A FaS Al T2 791 122
ZH3l TCE w3lEES 73438199t Ca0e IHER
el F7EEIAaL KOHe Sl 8alAXl & &
Ae] FElE 717 wiiEel] Sl HEle A A
Aree] IMH= 0.15 2= KRR el AF
AvR= Fig. 59 20] Ca0Z 7R Al79] Ealso] ¢

Journal of KoSSGE Vol. 11, No. 6, pp. 35~42, 2006



40 %A -

0.250
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O 0.100
0.050
0.000
0 2 4 6 8 10 12
Time(days)
X control

®m Hematite/ KOH/Fe(ll)

A Hematite/CaO/Fe(ll)

Fig. 5. The effect of CaO addition on TCE degradation kinetics in
hematite/Fe(IT) system(pH value of each system is 12).

Hojykom WA= (S Bl Ayt Ca0Z 3
7181S 739-9] kgke] 0.637 day'SlH] ¥l KOHE AMS-
slo] pHE ZH3I 59 K 0210 day'& CaOZ
AREFS wol] BIE] 33% x| 82 Hol= AOE
UERTE o= Ca0E AMES 75 pHolelel T &
27} TCE &3l | miAle A Wsshs detal
B 4= it} olor 433 SEM AHME CaOZE
7heE AgelA veld HolEYa} S48 el 23
UERFA] o33l ¥k 9] syt A9 Qlo] A
Feje] AgNhs 1 & 4 USUTHFig. 6). o1 UE
S AFAFNE AT S48 W] AAol
TCE &3] & 9T vX= 24dhe S Sdshe
A NS = s Ae=E ®il)

o ottt rlo

34. BISEEMT(KE S8t 2dllsH|n

de] Aol Fadsld e Al2~glol| tig TCE
Baj MRS )E Fig. 79 UBRIQLOM ARIE/
Fe(I)?] Whg&=dsrole vlws] Bkt 7]18 wkgu)d
o] mineral?] &5l wWE AT} CaOF7}ERN 20|
Fol A¥3d e AxHES Bus] 2 Ax
hematite:CaO2] EH8]7} 1:4°]H 200 mM Fe(1lyS 37}
3t hematite/CaO/Fe(Il) Al&=glo] 717 ol Ea)ls-2
Hojom T WA kghS 0.637 day 'Sith 71E9]
AJHIE [Fe(Il) A28 T A7l YeRd A[HE /Fe(IT)
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Fig. 6. The SEM images of the hematite/Fe(II) systems after 1
day (a) and 6 days (b) of incubation (pH fixed at 12 using KOH
instead of CaO).

Hematite/Ca0(1:4,pH12)/Fe(ll) 0.637

Hematite/Ca0(1:2.8)/Fe(ll)
Hematite/Ca0(1:2)/Fe(l)
Hematite/KOH(pH 12)/Fe(ll)
Hematite/Ca0(1:1)/Fell)
Hematite/CaO(1:0.5)/Fe(ll)
Hematite/Ca0(1:0.2)/Fe(l)
Hematite/Fe(ll)

Akaganeite/ Ca0(1:4)/Fe(ll)
Lepidocrocite/Ca0(1:4)/Fe(ll)
Ettringite/Ca0(1:4)/Fe(l)
Ettringite/ Fe(l)

Cement/Fe(ll) 0.645

0 0.2 0.4 0.6 0.8
k(days™)

Fig. 7. The pseudo-first-order rate constants from the current
study and the cement/Fe(IT) system ([Fe(IT)]o= 200 mM).

S Holu Qth= Z& & &= Ut} o9} o]
RS S BIsssIARE o] THA] slekEe] B
Al 41 e AHES] H|E| 2 A]2~E]S hematite
(Fe,05), Ca0S] AAEo2 A= leEE 1 faEdE
o] W7} =4 Foldokr 2 = Qi) w3 A3 F
43+ TCEY 271552 32 mg/L(0.25 mM)e] o 59
<kl 0.5 mg/L ©J3l2 Sold AR} TCE Wt 318X
7} 8~40 mgked @EE3EE EFLATHIE)S A0S
H 3 F8ox a8 7R 0] AlzHlolzt
3 g ol disiae AAl LAESS o8t 4
s T3l A7 Aol

o] WhEE 0.645 day'oF Hlue] B W A HIs=g
=)
=]
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Fig. 8. The SEM (a) and XRD (b) analyses of a hematite/CaO/
Fe(Il) system(hexagonal-shaped crystals were created during
reaction and Green rust(SO,) peaks were appeared t0o).
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