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Identification of Active Agents for Reductive Dechlorination Reactions
in Cement/Fe (II) Systems by Using Cement Components

Yu-Yeon Jeong - Hong-Seok Kim + Inseong Hwang*

Department of Environmental Engineering, Pusan National University

ABSTRACT

Experimental studies were conducted to identify the active agents for reductive dechlorination of TCE in cement/Fe(II)
systems focusing on cement components such as CaO, Fe,0s, and Al,O;. A hematite that was used to simulate an Fe,0O4
component in cement was found to have degradation efficiencies (k=0.641 day™') equivalent to that of cement/Fe(IT)
systems in the presence of CaO/Fe(Il), only when it contained an aluminum impurity(Al,Os). When the effect of AL,Os
content of hematite/CaO/A1,O5/Fe(Il) system was tested, the mole ratio of Al,O; to CaO affected the rate of TCE
degradation with an optimum ratio around 1 : 10 that resulted in a rate constant of 0.895 day™. In the SEM images of
hematite/CaO/Al,05/Fe(Il) systems, acicular crystals were also found that were also observed in cement/Fe(I) systems.
Thus it was suspected that these crystals were reactive reductants and that they might be goethite or ettringite that are
known to have acicular structures. An EDS element map analysis revealed that these crystals were not goethite crystals. A
subsequent experiment that tested reactivities of compounds formed during the ettringite synthesis showed that ettringite
and minerals associated with ettringite formation are not reactive reductants. These observations conclude that a mineral
containing CaO and Al,03 with a acicular structure could be a major reactive reductant of cement/Fe(Il) systems.

Key words : Reductive dechlorination, Hematite, Calcium oxide(CaO), Aluminium oxide(Al,O;), TCE, Acicular crystal
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AﬂﬁV—‘L‘?E & 0] 2 BAE ool v

% o8] 3yl A o= kR o]

801 Tow_u}g Z04] 93 IHAEIER, SA9F

A}, 2006). SHAIRE 200653 S35 FAIA N Uehd A
sl FAVIE 2L %ﬁ%ﬁuﬂ L4607 A& =

& A3} & solaelr 2 Ve 28Il 59 ©]

Z 171aolx = GAA] f718A1Q1 TCE(Trichloroethylene)

7} AEEHJATHEEH-, 2006).

TCEE A3l L9 sl tsEzQl E4dolH,
A T o] 8EE ARSEI JANE W] =4
o2t FA4o] A HH S 9 Ao Alzkek
7 LAde® ARGt T8l Hige] BXHY A
£l tigh g8l=rt “H—?‘ 7] el Bl A}
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(Hwang and Batchelor, 2000). ©] *&] 7]&S o|83h
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3} e REgmdR AMSER= ARIE Fe(Il) "V\Fiﬂg A

Aoz FUE Fe(lle] AHE ARy} wkg-alo] 7

SRS AslaL olE Bl TCE 59 ‘rr7]°ﬂ4—7ﬂ
HEZY] gHAsEES do)= § Hold #4l &

I} A o]-"S 7P AN Hwang and Batchelor, 2001)
AHES B AR 53HLe- A] YAEE UL
EXe 245 whitol] o A4 f718A wslel Bt

HFAUZo] WesA HEA] gkt 1=l Fe(Ile ©|
B a SR YU Woht FEEOR 04
d slele 99 BAEE AR A7 Lo
I 5ol 45H vl JohEAE, 2000; Hwang et
al., 2002; Hwang and Batchelor, 2002; Hwang and

Batchelor, 2000; Kim et al., 2002; Butler and Kim,
2001; Charlet et al, 1998). ©]& 7|9kSZ Fe(lly’} Al
HE $31E Y EASkE Fe(lll) oxide T AIWIE
mineral?} §ESS & RES-S 3Y3HCh= 7MdS(Elsner
et al., 2004, Jeon et al., 2003) B[RO Z 3o T)3EHQ
HaA F718A120 TCEZF ATHIE /Fe(ll) Al2<Floll 2JafiA]
el AAUSS Welar I favkedEs Esks
2 A7E AAAAT. o)F Ea) AMEFNE o)&F
Fxzle] fEISHRS WS fEATS 7
3lek ShAA2ES Tidele] QdE Ede] st a&
Zog 2ol 7ked ZoF dddr

2 AelM= ARIE/Fe(ll) AlHl] TCE Z3fjell v]
A AMIE YRS Fgska ABATNN FEHS
A|ZElo g FAEE hematite/Fe(INA]2=5lo] TCER3H ]
Jape WAk AR AHE 422 W7hsle] TCE
2l Fde AvEsltt. T2)a 7P avbEl sk
AHate] SEM-EDS #41S AAlekal fanke/di Fu
9] AT APS S8 AREFe(ell g Gaisht
&9 FAENRSAES TrEskaat st

2.1. A=

A&ol] 221 34 hematite(Fe,03), tricalcium aluminate
((Ca0);A1,0;, C5A), ettringite(CagAl(SO4);(OH),), mono-
sulfate(Ca,AlLSO,(OH),, Y= 3/381] A188199.9 Bayferrox
hematite(Bayferrox 110M, 95%, SiO,, ALO; 2~4%, Bayer)
9} Kanto hematite(HPLC grade, Kanto chemicalj= -1
A5k ARESIATE TCE #4 2 mineral A|Z0l AR
Aleke T2} th TCE(99%, HPLC, Acros Organics),
Hexane (99%, HPLC grade, J.T. Baker) FeSO,7H,O
(99+%, Kanto Chemical), CaO(97%, Kanto Chemical),
KOH(Cica reagent, Kanto Chemical), Aluminium oxide
(ALOs)guaranteed reagent), CaCO5(99+%, Kanto Chemical),
Ethyl AlcoholHPLC grade, J.T. Baker), CaSO,2H,O
(98%, Samchum), Aly(SO,4);18H,O(HPLC grade, Acros
organics), Fe(NO;);9H,0(98.5%, Samchum), NaHCO;
(98.5%, Samchum).

Journal of KoSSGE Vol. 13, No. 1, pp. 92~100, 2008



94 B4 - 3

2.2. Mineral &

Hematite T4 WHS =3} Zth. 90°CollA 1A7F
AT HYX 75 500 mLoll 40 g Fe(NO;)9H,0S 5
o3 90°CollA] ol EA1A FHIgE 300 mL/M KOHE Eil
o719 90°CE | BAIA THISH NaHCO,= FH7Isict, &
212 F 90°C] ovenoll A 4817t B¢t Hle-T} 48A|710]
AU SRR 3 AS A¥sla PZE ol gsly 4=
= AAT & 12¢ AE AATARE AIZITHCornell
and Schwertmann, 1996).

C:AS] AL that 2ot =8 CaCO0s, AlLO;
E Fhjsle] Zizt Agmg 3012 FHg FH)E A
< 1,000°CoNA 2A17FE3E H$IA XS] FeElZ) HEs
St} 48 231, o3 oflgkgoll A o JdsAAl
317) YA etk 1 & 1350°Co0A] 327 Bk 98
7k}, o]} e WS Sk WHESH} (Radwan and
Heikal, 2005).

Ettringite(CagAL(SO4);(OH)»)e] AFE 7189 A7t
H(Baur et al, 2004)° we} HA 4°Co| A bottlell
1M Aly(SOy); - 18H,0 &4 300 mLE 3 M CaO &
o] &g 300 mLoll 718l S 52t F 200 rpm o
2 kit 2Eja g & B9t AN B - F
FE Al W AE $ 3352 045 um nylon filter2
filteringA|7]13L filter cake= A1 AZ3ISIT}.

Monosulfate $H3-& 4°CY] A1~ %04 Ca0;AL0;
9} CaSO2H,0Z 4L, bottledte] S} 8o w7} 12
7F A Ssi) o] e A2olA BRIz
o] o] oA 4°collA 48217 BQF 200 pmOE rotary
shaker2 WIS} T&E-L A41EE](10 min, 9000 rpm)
2 e E919] BRES A ¥ Motk IAlE &
gz 7)o AejErt. o] $3] FUEH oMES 2
wj7lel] 2j9-ar, A9t 43l FPS ke o] HPS
33] HFESICHBaur et al., 2004).

Fd3t minerals A5317] 93l XRD(Rigaku D/Max-
A, Japan)Z ©]83150°™ 10~80 20 ‘HlolA =43
% JCPDS card®] 3 strongest linesS B3} mineral

2.3, AEuHY
23.1. 32 9k Y
oF 24mL &%) borosilicate 2] clear vialks 3]

3
T2 SelE] A vheE=E AR8Slon, 3ol A
gk TCE®] ZAAIZE nimlel] o3t &8s HAskstr] <is)
&9 vial septum®l] lead foil tape®} teflon filmS ©]

N
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83l 3522 sealingstth. §F&ZS] S/L ratio’} 0.1
o] HEF sl9or, vHEE F control "ol49}
TCEYES 2 A3 controk> duplicate sample, Vi
A3 TCE F8&4o2 FAE WAL tiplicate
sample=Z A&t ¥hg-2 9 FEHAoA WAls=
headspace= 71 @S FAIE + d& =R Hasle}
of AT TCEY F9U2 stock solutions THE0]
Z}zro] AZo|| gas-tight syringeS A3l FUSA
%7] TCEFEE 025 mMZ IA3FA AL mineral/CaO/
Fe(l) Al2=5lolA 71E Fe(De] 4% 200 mME
3190 CaO= 1223 g, hematite : CaO] EH7} 1:4
7} H== 37l pHE 1252 FA111717] 918l 6N
KOHE #7Istdth. ¥kg-=o] TCEE F9U3 F end-
over-end WHI71E o]835le] Srpme] HE2 wHESIN O
o, MEF Aol 322 1,500 pme] SEE QAEE
T &5 smLE Fd) Hdos F= F GC vialll &
A GCE o83t &4siant.

2.3.2. TCE ¥4

TCE £2Jolli= FID(Flame Ionization Detector)’} “3&;
H Gas Chromatograph(Younglin M600D, Korea)S ©]
g3ttt FUATFY 25E 260°C, HE7Y LE e
290°C, AH9] 2%+ 57°CoM 52 fAXEIHoH, o)F
A 7k AAE ARSI H, f3S 2 mL/min, split
ratio= 3:12 3}k EI, GC ZHL HP-VOC
(Agilient, 0.5 mm x 30 m)Z ARS3I. 2, pHE= OrionAt
°] model 4207} 9159BN =S ARE3l] MEH &
=] A3 wEAe] ARl = SEM-
EDS(Hitachi S-4800, Japan)Z AR&3}ich. wHS-E-2 9]
EHS osmiume 2 FHFIY] HEAS FoAT o
SEMOZ FHEFGS Ao, 715892 5kVellA
=S 10,0001 2 =43kt

3.1. 7Y Hematite/CaO/Fe(I) A|2H9| TCE &35{
2y

Hematite/CaO/Fe(Il) Z32 AHES] 714 Bo] EA)js}
= Ca09} AHE o]l &A= iron oxide(Fe,05)2 &
A}gE Ao g Hwang?} Batchelor(2000)0l] 2Jsf] #l|<te
AHIE Fe(ll) Al2=8l9] FaEAE 7HIQ1 Fe(ll)-Fe(lll)
hydroxide &4Jo] 23} H==2 FAJE A|2Elo|t} A3
+(Kang, 2006; 734 5, 20060l oJshA o2 FHF
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Fig. 1. Degradation of TCE in various hematites/CaO/Fe(II)
systems.

9] AHE mineral/CaO/Fe(Il) Al2=%] % hematite/Fe(Il)
Al2=8le] CaO #H7I= <3l TCE &3l o] ZA Y
ERth o]E BRIOZ 35/ hematite/Fe(Il) Al2~%l2}
CaOE FH7igt A3S Atk 1 A3 Kanto
hematite(k = 0.0029 day™)2} T4  hematite(k = 0.0031
day "= A9 23S 7HAA Rkl ot ATl A
A8 Bayferrox hematite7te] 38l (k = 0.641 day ™' y=
HAKFig. 1). o= A3JA72] Hematite/CaO/Fe(Il) 2]
28] 12} WRSEE ARE 0637 day (B 5, 2006)
FALER AJE AJ2Ele] 12} HRSLE AR 0,645 day !
A= Aol LXFHHZA 5, 2006). Kanto hematiteS}
3 hematite®] CaO 717} TCE E3flof ths] 3dkS 1
A FPATF Bayferrox heamatitedll 1= 184 TCE
37} dojul= 32 Bayferrox hematiteol] tHaF 112-9]
FAdS A7k}, 112 A3} Bayferrox hematite(AlLOs
4% e U2 72 hematite®} A AHES] 14
AR Z SRR ALOE Sl gl Zo] BEEII
o5 HiEkOZ ALOy} TCE 23llel oJugh Jaks: mlxith
3 o] 7RI AFS STt

3.2. TCE =8l{0f| 0|X[= ALO:Q| A&
7} hematite/Fe(Il) A12~Eloll ALO;YF 7}ske] TCE
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Fig. 2. Degradation of TCE in various hematites/AL,Os/Fe(Il)
systems.

Falloll ojut S vX=A] AHEIUTE. Fig. 20 Y
Elt b9}l o] Kanto hematite®} 343 hematiteol] A
ALOE 3718 A9} Ca0 37} el 1A vk
= et vlargh Ay oF oighe] Halls s Bk
HhAo| Bayferrox hematite®] 3% (k=0.071 day ')
231 A AFES B9 o5 53l Bayferrox hematite
of F=lo] U= ALOF Ca0°] LA Hkg3le] E3
oo Wl 302 AHET o] CaOFre] E3fl 3
&S A= Ao] ot ALOs9F FES W) TCE £3ls
o] IR 7P 7FsE A= o FE I

3.3. TCE &a8li0f| O|X|l= Ca02} ALO.2| A&t

Ca0%} ALOy} BAlol EAIE 7% TCE &3/t &
o= 78S HS37] 9181 hematite/Fe(1l) AlZ=Flol|
Ca0%} ALOSE FAlOl H7lehs A8S Attt 1
A7} Fig. 3) 2t hematite’} 2VdE F3lls-S Eo Kanto
hematite®} 33 hematite®] 13} ¥FET A= 718}
A e 75 Hr} oF 300 SVttt 53] Bayferrox
hematite/CaO/ALO5y/Fe(IT) Al2~8] (k = 0.895 day )] H-3f
T2 AME/Fe(ll) Al2~E(k=0.645 day')¥} Bayferrox
hematite/CaO/Fe(Il) (k= 0.637 day ') A]¥lH T} 9k}
FEAS 2y B A3} hematite/CaO/AlOy/Fe(Il) A2

glo] TCE 23l $he] vie- HZ3kEo] = Al=Tde
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Fig. 3. Degradation of TCE in various hematites/CaO/Al,O5/
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Fig. 4. The effect of Al,O; content on TCE degradation kinetics
in hematite/CaO/Fe(II) systems.

o 7 Ak ol9} B AY AR w|Fo| & uwf Al
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E A d7EHEA 5, 200602 vFEO R ALOSH
Ca0®] Hl&o| TCE 3ll%50l o Jaks mx=A] ot
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Fig. 5. SEM image of hematite/CaO/Al,O5/Fe(1l) systems ((a)
ALO;: Ca0=1:2,(b) ALO;: CaO=1:5, (c) ALO; :CaO =1 : 10).

Rtk FYUHEE Ca0 H7FFS 1AL ALOY FH
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ZHFig. 4) 1:10 B1E&2] #3l5(k=0.895 day )] ALO;
o] FPES =73t 2:10, 5:109F 743 0.5: 109 &
dlsHEct =4 Vel ol ALOSH Ca07t 54 HIE
Z 98- & ) TCE E3lE S7M7Ie 2oz s
T2)a Z} vlgol Fgsle AlEE SEM v B3 &
Zalgch. B4 A} Fig. 5 Uehd nlel 7o) SEM
TAeAE Bl AdEgle] HEARS ofFe vt
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S.hemalCaO/AI203/Fe(ll)
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K.hema/CaOJAI203/Fe(ll)
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@

=

=

=
B.hemalCaO/AI203/Fe(I1)(5:10) [T

——
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B.hemalCaOJFe(ll) ]

B.hemalCIAI203/Fe(ll)(0.5:10) |
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Fig. 6. The pseudo-first-order rate constants of the current study
and cement/Fe(IT) system (B.hema: Bayfeerox hematite, K.hema:
Kanto heamtite, S.hema: sythentic hematite).

FdE B

3.4, HISEE T (K)E S8 2afis

A sk o] AlZEle] gk TCE &3l 13k ¥k
&% AKE Fig 60 VERIZOH AJHE Fe()?] 1
2} WESEE Al v WSt Hematite/CaO/ALOs/
Fe(ll) AlZ=Elo] ThE AAHIERT 52 Eolis-s Bl
™ 53] ALO;SH CaOM&©] 1:108 79+ AHE/Fe
() A28l (k =0.645 day ) = %2 13} ¥hEEA
TE B3k ol oY 71| SRMES el Btk
AHE 72445 FollA] hematite(Fe,05), ALO; Ca0O®]
ARSI AY -2 FEAAES] Al dEks mizl
thal Fgeug ojg AAE nEe R sl Fanks
AE e 91 IS AEs st

3.5. Hematite/CaO/ALO+/Fe(Il) A|AEIS] SEM-EDS
24

AFPATFIEA] T, 2006)2 AHRH AHE Fe(Il) A
2Hlo] SEMEAeIM S7iad AR TRk 4
Ao] Wol EAlslaL Atk 183l CaO H7bS gt
AT CaO 7o) 71 S5 dgelr] &
g Aoz WelEl= AS FEEQI ol9) 2ol o
£ AAo] Yehte ool disia el drgake]
CaOE X7I5l9S W] Bayferrox hematite W 3E§=|o]

o} R vl 2o We =AY Bl Cao% A
e e W F e Caodl S8 Sz 3
2 HyEATa AgEn. aEa A" HiEdel oy
S48 1 Caoe] Avlol w2k TCES] Rakol
Z7ka7] Ateke Aol vehd Szl 2ol
e FRAS S8 25 o) RS 9l Feqll)
7 ASEEA Uehks b 9wl 3kl Feql)
oxide?! goethited 7}FsAdo]l Atk goethite= 38<] 4
ARENE 7ML QAR Fe(llyt AbsE)Es 2o wiet
2, o) 5 olz] ) Rehel BYRES Pspe Ao
2 <A UK (Comell and Schwertmann, 1996). 3}4]
gF AJHEFe(Il) Al=dS EARE hematite/CaO/ALOy
Fe(ll) A]2=819] SEM-EDS element map(Fig. 7)°14 =}
tEefe] SANShs PEFEY SAHA] e QB8 i
< HWEER Fe S FHiFoR QEF Hito| Bol
w¥skl Qe Zo=E AFHEL) ol faENES R
A= 2 AaAo] Fe(lll) oxideZ Fe RS thek ke
SlaL U= goethite?} oFd 7Fsds SISk Qlot.

S AL 73 2719 A pm Zol2 AAEE
ettringite®] 37} w9 FARSIHKo, 2005). SHAIRF 41
FATHEA 5, 2006004 ettringiter= TCE 3%
A3 fh= Aoz Yepdtt AT CAY 52381 kS0l
A ettringite’} AA%= 2 S TCE E3llol] A3

SIal o AT ettringite’F S AE. 478} 1RS-
< A AAS Al

3.6. FEHIS M2 TYE ¢Ist A3 AE

Ettringite™ A|RME F3RES QGNP ==
AFt(aluminoferrite-triyA] 2] mineralo]ct}. oo HES-2]
7 o] AWMES FAAFELL CABCa0 - ALO)S}
Portland A|HES] g7 A3 (gypsum)d wH3-3}
ettringite’} /3™ (2]-1) AAHH ettringite’} T C:A
<} ¥ES31] monosulfateE AYAJSHTH(A]-2)(Taylor, 1997).

iz

3Ca0 - ALLO3(CsA) + 3(CaS0O, - 2H,0) + 26H,0
— 3Ca0 -+ ALO; - 3CaS0O, - 32H,0(ettringite) €))

2(3Ca* ALO;)(C3A) +3Ca0 - Al,O5 - 3CaS0O, * 32H,0 + 4H,0
— 3(3Ca0 - ALLO; + CaSO, * 12H,0)(monosulfate) (2)

ofu] MYAGAA ettringiteTFE Z= HflTo] L
7] %= HE ekt slEkSollA AAE ettringite

Journal of KoSSGE Vol. 13, No. 1, pp. 92~100, 2008



98 A - 43

Electron Image 1

S Kat Fe Kat

Fig. 7. SEM-EDS element map of hematite/CaO/Al,O5/Fe(Il)
system (Al,O5;: CaO =1:10).
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Time (day)
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H C;A/gypsum/200mM Fe(ll)
@ C;Alettringite/200mM Fe(ll)
A Monosulfate/200mM Fe(ll)

Fig. 8. Degradation of TCE in C;A/gypsum, C;A/ettringite and
monosulfate system.
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Fig. 9. SEM image of C;A/gypsum/Fe(Il) system.
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