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ABSTRACT

In recent years, many soil and underground water sites in Taiwan
have been heavily contaminated by chlorinated organic compounds.
These compounds are, in general, toxic, some carcinogenic and having
endocrine disrupting effects.  Therefore, it became a major
environmental concern in Taiwan and the remediation of the

contaminated sites is of great interest.

The objective of this research is to investigate the effectiveness of
using zero-valent metals for the treatment of chlorinated organic
compounds. This compasses three methods: firstly the single metal
methods using Fe? or Zn0, secondly the bimetallic methods such as
Fe?/Ni?, Fed/Pdo, Zn%/Ni, Zn%Pd° and Fe%Zn? and thirdly the
enhancement method by external voltage. Column tests were also used
to simulate the conditions of underground aquifers and to investigate the
feasibility of the application of these methods in the field by monitoring
the degradation rates and the concentration variation of the treated

effluent.

Results have indicated that, Fe® without receiving special storage
and treatments will have almost no conspicuous effects on the
degradation reaction of TCE and CCl,. However, under the same
condition, the degraded capability of Zn® on TCE was nearly 10 times
higher than that of Fe?, the t, , could be as short as 26.8 hours. On the

other hands, in general storage condition, the activity of Zn® could be



preserved longer than that of Fe?.

For the combinations of bimetallic seem to be the most viable
solution. They effectively degrade chlorinated organic compounds such
as TCE, CCl, and their daughter compounds. By using Zn%Nif, the t, ,
for TCE was about 0.86 hour; and by using Zn%Pd", the t, , for TCE was
about 0.46 hour. The concentrations of the intermediate chlorinated
organic compounds were greatly reduced to below detectable limits.

The degradation rates were 50-times faster than that of a single metal Zn?
only. The quality of the treated water meets all standards for drinking

water of the R.O.C..
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BEBRMELHEZ HRNFERIBEERLRES - NS RA K
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R22HEEANRSSTHREAZAEDE

H # it 4 %

B Dioxins and furans Benzo(a)pyrene

#4¥ ~ E 48 4% 7 |Polychlorinated biphenyl (PCB)

Fire retardant  {Polybromobiphenyl (PBB)

RHE#E Hexachlorobenzene (HCB) Pentachlorophenol (PCP)
Benomyl Manzeb (Mancozeb)
Maneb Metiram
Vinclozololin Zineb Ziram

B A 2,4,5-Trichlorophenoxyacetic acid Amitrole
2,4-Dichlorophenoxyacetic acid Atrazine
Alachlor Simazine (CAT)
Nitrofen Trifluralin
Metribuzin

% & A Hexachlorocyclohexane Heptachlor
Ethyl parathion Heptachlor epoxide
Carbaryl Methomyl
Chlordane Methoxychlor
trans-Nonachlor Toxapphene (Camphechlor)
1,2-dibromo-3-chloropropane Mirex
DDT Aldicarb
DDE and DDD Kepone (Chlordecone)
Kelthane (Dicofol) Cypermethrin
Aldrin Esfenvalerate
Endrin Fenvalerate
Dieldrin Permethrin
Endosulfan (Benzoepin) Malathion

¥R 2 5T ¥ #| |Di-(2-ethylhexyl) phthalate Dipentyl phthalate
Butyl benzyl phthalate Dihexyl phthalate
Di-n-butyl phthalate Dipropyl phthalate
Dicyclohexyl phthalate Diethylhexyl adipate
Diethyl phthalate

Chlordane K. #t £ 4 Oxychlordane

TR~ B5EE| Tributyltin Triphenyitin

@A R Alkyl phenol (from C5 to C9)

it Rs Bk Bisphenol A

M T 4 Dichlorophenol

AAREBBZ BN Benzophenone

2,4-dinitrotoluene ¥ fsj4y  |4-Nitrotoluene

RIS HE A Octachlorostyrene

Non-reacting substance of styrene-rubber plastic

Styrens

Synthesis intermediate, for liquid crystal manufacture

n-Butylbenzene

F# R R - http://www.eic.or.jp/eanet/e/end/sp98.html.
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KB EHIBEANTFAER W RUHAELEKTZEAES 1100
mg/l > at25°C mA P ERBEHKAAKBRKEREZEHIREMES

0.005 mg/l» % 2-3 &% B2 4 fA #it b 1K ¥ 2% A% & (Gavaskar
etal. » 1998 ; Karel » 1984) » R H A K KBRZ ¥ H4RZ EAATHIRER
1% 4k B KK B G AR ¥ 2045 0 2000) - Bt A F HILS

T ARPFER G T HE AR —ARTF GG F]RE -

23, A EA RGOSR b 2B BAK R AR IR E

1464 Ky EBE *B R KK IBRAKREARE

(mg/L, at 25°C) (mg/L)

“w=d FR(R) 9300 0.1

EX R 1100 0.005

9 f#Aba 800 0.005

LLI-Z& Tk 1250 0.2

12— f5 8600 0.005

LTI 2000 0.002

H-—f X 79 0.075

* P ER B AKRKEIRER AR O KBEITREFARE A RAH
K~ K B KR AR D TR 2 oK B R Z A KRR
% ABE—ABAKTRBOZIME -

REFHEFHI  ARRIBHUBE TEET  FAEABE
BHTAFHH > A 2RAERLEYPHREIRMBBHZAILE -
LERAERILEY T » ROBRKEALS > Ao — Loz AR

S - HAHN SR T MR TEOUNBREY T EBZRA

m At (Vogel et al. » 1987) -

24



2-2.54 M A& - SR 2B 2 RBM S AR
2-2-L.EMEBREEHZ R

#€ 3UBK £ 84 18 3 (Gavaskar et al. » 1998) > & 5 B4 B A L&
TREMKICEMZMEA S MR IEL B 1972 F 65 Sweeny &
Fischer(Sweeny and Fischer » 1972 and 1973) - %?B#%ﬂ B4R its
RERFTROBERAIAMRELE  ARLEREFRLTET » 44
p.p-DDT I KA AMENMAS BUR  E2AMBH LR
(ethane) - 4£ Sweeny 7% &% A 3% & 89 5F % 38 % F (Sweeny > 1981 and
1983) » JR4% i 48 ~ ¢ R et ¥ AE K ¥+ éiﬁé\i%’#ﬂté\% BHE=ZRT
#(TCE) ~ m L ZH(PCE) ~ —ZRTH(TCA) ~=ZH 95
(trichloromethanes) -~ f 3 #&(chlorobenzenes) - % #.# £ (PCBs)& £,
7t(chlorodane) % 2 4 A% sk s Bt %) = 14 & 9% % %8 4 Senzaki and
Kumagai(1988) » KA AR T MR LHRORLEE - ML

ZA HNFREB IR S RET EBRAKGREFE -

EARETBEBRMERERMA T IR LG ALNEX
Waterloo X £ &4 —2£#7t 3¢ 4 Reynolds et al.(1990) & Gillham and
O'Hannesin(1992) - IR AN R EB LB RS I M A LR RIESL S
A BICS WS F 23T K EMN 1993 £ BUF B2 EH

(Gillham » 1993) » A b » T4 4B #7185 ALt R & Mt BIE -
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2-2-2.3, 3 3 K] R ¥ % #:(In-situ funnel-and-gate treatment system)

BRI Al — 845 R RICPT A R e T KR IE
Wi WEREALEEAH ARG - H— A ARG EIR
oo B BRITVEL - EXFRAMTERE T #HE—ER-F
Al G E 7] 2%k 0 BpAr3E ” funnel”3f 5 0 75 3 %(plume).%ﬁ?—i Bt 3]
WA R IEE L R IT B LB AT IR gate”3f 4 o F =18 A Gate 3 5
— A% X 4% A R JE ML 1% KA (reactive permeable barries) £ X £ 444 4
R —ERE RN FREBREZRIZE AL BT
WRFEATURAMREF 5 - WEREH ERAICPREF K -
LR RIFR TR EMMECBREF L SRR XIREEAAL
ARBEREHZTELBBANEES L BEA HEAREZEH - F AR
ZREFATUREEX T TRREZFZEEHMASHEA LB

AREEERX  RA K2 &8 E B 2-1 A77(Smyth et al. » 1995)

HNHF S o RAFBICOMBEN— R F ERBFERBEZIRYE

R ko — [ 3 REXILESHTRRBASALELERGF X » 2R

WEFIR AWM kRIS GACEY F R B2 #Ek 5 5% R(Vogel et
al. 1 1987) BIPA ST R2MT R ShpzEHEE S HHLER
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A FMASLTURFAASSHRIEZETL ) ETHAS42 A KL
Yo RSB FTEMFE2ZTAZER - M3 ALTRNEER
WFKXAEFZHE ML E e B AR E X § (Gavaskar et al. »

1998) » Btk A LA EH B2 R

RIZE T

> (Cleaned water

Contaminant

—_—

plume

SINGLE GATE

™ C(Cleaned

water

Contaminant ________

plu%\

MULTIPLE CELLS

2-1.3 Ffl % #(funnel-and-gate system)&z &
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3FMELBER)H S EAMICAYZREDRER

Sweeny 4£ 1981 #(Sweeny - 1981)Br #+ T1E 2 B #1 4 5L A # 4 4

MZ IR RIS T F 5] AT e 9 14 48

(I). Fe"+H,0+RCl — RH+ Fe * + OH +CI (2-1)

(2).  Fe’+2H,0 + 2RCl — 2ROH + Fe *2 + 2CI + H, (22

H ¥ RCI R %4 £.4 #1544 - Gillham and O'Hannesin(1994) -,
ﬁiﬁﬁ%%éﬁ%%wé%z&&%ﬂﬁ&T%ﬁw%&’ﬁﬂ
Bk P RAFEK- FRBA S RAMIEAMRCY) s Bl 4 4P T4

£ FTHRAE:

2Fe’ — 2Fe *2 + 4e¢ (2-3)
3H,0 — 3H' + 30H (2-4)
2H' +2e¢ — H, (2-5)
RClI+H"+2e — RH+CI (2-6)

EHRER(23) - (2-4) ~ Q5HRQ-6)K » B R X 4o F A7 7

2Fe’ + 3H,0 + RCl — 2Fe+ 30H- + H, +RH + CI (2-7)

2-8



FAR QKRG ARERIE R EREXQTNTHE LT

Fe’ + H,0 + RCl — Fe**+ OH + RH + CI (2-8)

] 442 1994 & Matheson and Tratnyek 4.3 3 T 354 &Y 5 A2 441

Fe’ + H + RCl — Fe?+RH + CI' | (2-9)

Matheson and tratnyek(1994) 2] B 47, 41 R JE 4T 69 7T ER 1242 iy T 40479

R 3R

FHRREREHCAABICAOMELALBBADHEZIR
B2 RARIESYMLERMELBBAT > STFTHBREBR DG
ABMAELRRMARIE » B 227 - B ERETAS BE
BEEET (D) RAERICS DR ERTEEELB AT QLRE
BALEMEBLBRABDAELRMER  Q)BRMAR BB A BE
T ORBEMZMMER s O)REEMAEZR P 2% - X EFEE
THTUGHEEBA AR ERS REHRBRELFRERNGY

B EMTEBRERISR  IARAREALZEAMLT -

BINRER TR AT BIEMZEBBAOR L EL AT AT

HEBREZRELZRF -

2-9



e RH + CI

22 RBEHH —-ARBABRE  SRABRICEOYDEALALE

REEBELE T THS

FoAREEBBLEKBERAGT  FEBARKERE AT

7| RX(2-10)2 R J&:

Fe® + 2H,0 < Fe*? + H, + 20H" (2-10)

HAHAQ-10)XAr AL Z BR AR % PHICE Z BT E £ 4(2-11)
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AZXREATARE » RIERIE 4o B] 2-3 A7

catalyst

H, + RX—"2= SRH+H" + X~ (2-11)

H,0
RCI
OH + H,
f RH + CI' + H'

catalyst

Bl 2-3. 0 AR A =ML BALRE © S RA RIS D EHERLER

KR IEFTE A 6 SR AAEILE X X B o5 A 4E A

HERETFET  EEAARARXAMILENFLAT  AHOIR
b R HBRAEA(Weberr1996)- m B A A B S A AR EHALL
B ABMEREGET  RMRERBZiEE {2k BH BRI
AT SRARTUHEELERERALRARES - AT 4
BAREBORTEN RRERBASTA R CEABNEHFLE > T

AR EZ A BRAEALE IR R RERSAFHILS Y - B 1,5k F]



AREALAZAEARMEREBTELSRABRLSHZIRATHERIE {2t

— % % ¥ 3t 3k R 7T fe(Weathers et al. » 1997 ; Ballapragada et al. » 1997) -

4.2 RAMILESHZ B R o R H

SRABILEMARBEZERMAREA - ST HRZERRE
(Vogeletal - 1987) RN REZHE —FTHAE T FahdiL  Ha—

R B &k HRE(2-12)P7 5%

RCl+e — Re +CI (2-12)

F-ARESHRERZSAHZMARE  F—EEREELDHARAR
J& (hydrogenolysis) » & % %A H ¥ 69 SRR, E R E 40 F K(2-13)

Pl

Re +H +e — RH (2-13)

% = AB:E R R RS B4 R T 69 4 I & FE(dichloro
-elimination) > #f 7 B R Y B A F —ERBETF AL —EARIELTH

M AL A4, R o X (2-14) i o

2-12



RiCl — Ry+ +¢ — R, =R, +CI (2-14)
F = AB:E B R RIS 51845 R M (coupling) 14 %18 B AL LOL
—Ae WA — RO B R 4o X (2-15) =
R +R+— R — R | (2-15)

RIELHIZSH > Eiam AL AR EB AT HBRHARERIE T

1 %o B 2-4 7 7~(Criddle and McCarty » 1991) -

Bl SHE-MAERREREB/BEOVENALE AL
ZE-TMASRRIE4E 2-5 Fr7 (Vogeletal. » 1987) « i

AERRERIERIBRRM 5 b 7 &SPt 2 BB & o
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CCly
1 e

—

\\\1/

CCl3 ¢

Hydrogenolysis

Dichloro-elimination

(I 3

N (/”
R f Q‘
\._./ -

Coupling

X 2

A 4

CCl3-CCl

CO HCOOH

v
?

(& 2-5)

2-4. w9 ALK LR AT LT LB R AR AE
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HPHELEUWU2W LT

*HO*HO
1
*HOID™HD /
HOHD L , .
,m._o i ID*HDIO™HD ‘IDOHOHD
| HIDDIDHD | : . ﬂ
- — , _umUmo HD O0HO
_ou_omo T ﬂ
.................................................... N —Ummwr—omo UU—UNEU
100100

uonRUIWI-O[eYIq

sisAjouago1pAy :
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ERACERHNENER  TUETEA KT REZTITH » #1H

T RT3 A b e 6 AR R oo A bl 2 M 1%

AGEFE = —nFEceH (2-16)

AG ss : Gibbs & d At % 1t(cal/mole)
n: HEEFIERE
F: ki # (faraday) % $t(=23061cal/mole-volt)

Ecen : R M &4 8 0 E £ (volts)

—EATHAEZRE  HFAGnBEBE > FE B ZAEBE - #

AdkHNemst) F 2K > TR RS ELRE A% T 2 Ee

=E!

RT
E cell — Elﬂ Q

cell

B’ : 445 B2 ERAT REZ T

7
v
RE

¢ 73
T: & E(K)
Q: REBME, T RALERMBAREMIETHEM 2L

HRAFRER QIHE - 4% RITE S A LA W(w fibs) 2

2-16



DR ERHBARRESN  ARERAT  FEMRGIAZERR
T %40 F (3% » 1992 ; Benefield et al. » 1982):
Fe*? +2¢ — Fe
Eo=-0.440 wvolts
Zn*?+2¢ — Zn

Ey =-0.763 volts

Hwfibs s 80 - —AFRECLGMABEREMEZERAT
(pH=7 » at 25 °C, #% ¥ 5%&, f.8E 75 0.001M)4& 1 H 4o F (Vogel >

1987):

CCl, + H +2¢° — CHCI; +CI
EO0 = 0.67 volts

CHCI; + H +2¢ — CH,Cl, +CI’

EO0 =0.56 volts

CH,Cl, + H +2¢ — CH;C1 +CI’

EO = 0.49 volts

CH;Cl+ Hf +2¢ — CH, +CI

EO0 =0.47 volts
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Bt A A FREBEEASE) » RER LEEB ALY

AN ZHBBRELTITN  AREZHF X T (2-17)KX A1 5w:

Fe’ +RX+H* - Fet? +RH+ X~ (2-17)

BT IRTREAT PR AHARREREBRE R TR A RER 48

TLUE

2 5. F R RMEBRREARZIRBRF

FRBH S RA RIS MZI N REREE B HEMRBI IS —
BAEERMAZILLRE  Z—BHA LT ZEHBE > ENTHE

BRERELE S BARANDRIEAL ST 2454 -

HNBRAE LB RABHFLRNZIREGEAET)  — BT OB

— B R o BRI E ko T AR

dt

HPEELEILEN > LSEERRMMRHIZRE  ARERELE

& R M (zero-order) » B R ik £ 4o F &5

2-18



dc _
dt

0

HEMAEREHT  TRMBHSRABCEMZIMATHR
JE 2 — & — M R (pseudo-first-order reaction)(Gavaskar et al. » 1998 ;
Gillham and O’Hannesin » 1994 ; Matheson and Tratnyek » 1994 ; Orth and
Gillham » 1996 ; Agrawal and Tratnyek » 1996 ; Johnson et al. » 1996 ;

Scherer et al. » 1997 ; Gold et al. » 1997) -

2-6. R Bt KH pH 281t

EARBRAKT  BEBHSAARICEMZERRARE » /A

HAEKPZ 88T HRETF K

Fe’ +RX+H" »>Fe*? +RH+ X"

A BREBBAALNTRKELRE  MAEL BRRETF £

R4 T K

Fe® +2H,0 —»Fe*? +20H + H,y,,

Bt A ERBERET RS0, EHAN %R MBS - # pH

2-19



BEeH ELieyrgs -

pH &5 EF > &8 3 F 7K P 64955 8% (carbonic acid) & &% Bf SR & F

(bicarbonate) % 4 2 5 B% 4R # -+ (carbonate ions)£ R4 F:

H,CO, + 20H™ — CO3% + 2H,0

HCO; + OH™ — CO3;? + H,0
R ERAR IO AL 0 T R P &) — b2, 5 0 RPLR 1S X ARk
FRHE T AR T4 4o :CaCOs ~ FeCO; & MgCO; (Gavaskar et al. »
1998 ; Reardon » 1995) « A s g B 2 AR LB R & » Bl €
VH YA RE RSN A B R TR R R B E D i

TF KRR -
Hit» REZ#% T pH YRt —BELTH L THRRE

BEYpPHMANEIL ARALTPHAHREREZLE » Hopn

4+ pH 245 4] R 3k 3t -

2-20



2-7. LS F %5 4 8§ 2649318 F B (Hydrogen overvoltage)

HRAEBLBRTASRAMRICEY  EZHBAEREN B
b FREBHER BRENRAEZFENEETZ— - BRED
693255 AT RILBREMA —EFL R » AL ARNE

CRNMEA—ELEHT X -

LEEHMREY B4R ABETHERTERE > RKEELE X
B EEAAR  EREFFEIEHHBFTERHY  —BRERB I
—HHERAIEEAREL NEHBASOTRFP LB ZHL A
RHBER - ZHRLBNFALARNBERREAZULE TR EYH
BRBELNES - R 245880 B0HARHBER(BFES

BR > 1980) -

LEMRET BRELETEAFLQNBERHEENER
RNAERBREZARE - TEAIN LA CEREANS THELH AR
B MR CERBERBREN BEGOBARBENEIZRENETF

ARG 8, > AT R SR B T XA
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(). H+e—H

(2. H+H - H,

HNEARGZIRLE QN BERLB AR —EREH+H — H, &
REZER  HeFRSIRTFRARELN LB NRE » dosb@iE
EEBROERESN - ARLBEELERANBERZATREAE RS
B2 BRAENES HELRBERBZILE  £HLBABZ A%
FTREGHRMART &ALTF BEmEXHLBERAESN > A5 AREY

AE  QERLALE AT LEHREEATIERIAEE -

& 2484 ReHiGER
E & @ERWNV)

ad(MEadLi) 0.005
4 0.02
RO HE4R) 0.08
a4£CEE) 0.09
274 0.15
8 0.21
47 0.23
‘e 0.46
% 0.48
& 0.53

0 0.64
i 0.70
K 4R 0.78
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2-8.% 44 & (bimetallic) ¥ & & ik £ 2 3 %

MARSLBRIMBERABILEMBME —TIFLB 24
BRBROGMBT - BHEA LB RITHAALE 148 RiTis
RABRICSH IR - ML XE—HEBPHROA L —
RO —FEER B RERBREM AN E-_HLENE 4
B R 2 A £ 5% — 18 B 7% R st.4a(galvanic couples) R 3% pu i th &
FayEt e F_HERARAMANGE 1648 BA BRI R

(Gavaskar et al. » 1998) -

BATEHR B 244884 034 (1) Fe/Cu (Gavaskar et al. »
1998 ; Fennelly and Roberts » 1998) » # B AT M X & £38 4 Cufr
BRABERNE—HFA > 22 HBRAAFe M2 ERMENKR— ]
ERBORFETFBETHES - ML Ry i£4F o (2)Fe/Pd »
X &5 & &35 Muftikian et al.(1995) ; Wang et al.(1997) ; Zhang et al.
(1998) & Lien et al.(1999)% o — 232 AdupidEt) A & BIEACAS 42
f Wang et al.(1997)32 A 4o T £ 4L > LR TH LA S
fAet 2 A, - (3) Fe/Ni » £ £5F £ # 8.3 Gillham(Appleton » 1996) -

Fennelly et al.(1998) & Zhang et al.(1998) » # B #7325 485735 58 69 /A &,
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JE 3% A ALAE AL - ()R © 8 .32 Pd/Zn & Pt/Fe (Zhang et al. » 1998)

?j_o

2-9.4 8 - X AL 4

%%%E%%%*%’%ﬁ@%ﬁ@%iﬁﬁﬁﬁ’éi%%i
VKBRS AR A BB R B AL ERM R - 4
BEgr AL R @R FAZHI EHESFARLSETHOLAHD
SREMIEY > HOILERMBIGRIME - & 2-5 HEHELRE Y
EHAMY TZACRRMAN - ¥ T+, AFBICERM > Tx 4
ETFCERN o -y ATREFREMCERN - KEAFTUHER > &

EER —AAA B AP RN o

BEEBEETFAYNFALRNBHRSE —BRSFEARY
B d-EF,—RBARRPG T FREBRBRBRHAOABRYT FREE
28 B8 & @k — B4 S RN R &38R Ak A8, b P Rk B8 2 A %,
BB EEAIL BB REZEILE . MIFBRL B HEA S KPR
EF. B ERMZEAELHERKBZFERAL S EALILERN

K H(Bond > 1987 ; 48 » 1998) -
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BANFEASEETHE AN EEAELEB AREEILERN #
% 4B it B SALRE S — 18 RAFAS R - B AT 85 FAEAR LR
FRRMAELBEB - RAARKELSLE,—RAHHAHAILRE
Z FAEEE A A AU A S RE RIS Y AL AR EZAHRE

SR — 18 RAT 8 -

K258 HLRHARRA RS FIALFERMAE

a%) 2 R E 1

0O, CH; | CH, | CO H; CO, N

Ti~Zr~Hf~V~Nb »

A |Ta~Cr~Mo> W - + + + + + + +
Fe~Ru~ Os ~

B1 [Ni~ Co + + + + + + -

B2 Rh~Pd~Pt~1Ir + + + + + - -

B3 [Mn -~ Cu + + + + X - -

C |Al~ Au + + + + - - -

D (Li~Na-K + + - - - - -

Mg~ Ag~Zn~Cd
E |[In-~Si~Ge~Sn~Pb -
As ~ Sb ~ Bi

Pty RTHILERM » Tx 5 ATHIEERK » -y ATHEFRIICERR

+
'

!

(]
]
1
]
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FE=F MRNERF &

3-1. HEAE

ARARLZ BB -1 AT, 220 A8 —2B I - HA04BK
WR A ERBEM =B - F— 4N E— 2 B2 E LS4t
HEREBHLRABRCEOMZ ) BBIETHARMRETRRELEX
R P 2 2 B S — 2 K A FUH AL D W R0 AR Z M B 13 R
FIERE2RB FEESGHHRERERRBEEMZHE > 3 I IF4t
H R XK H B AT, AR S Tk R M F K256 40
o HREKRTRERDOMBKRA AR - A L i b By 2 FF 5 55

ARG THREELB BT R B R RT 28 -

ARRAR BB LBHMZIAR 2 E2MEHALLEY
TREBICOYMZNMBHE S PRBHALEEKEZR4H AR

B-PHRAAMBEFT RAITZTI7M -

FEMBEHAHASERRRETELE HA A BILY2
W RERNE > Ay Ak LAY XA KA SIS S e B R B AT A R A

b2 5 s E -

N EFIHR » AR TH A SRR - B T BI85 M
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RS RS KR AR R — F @476 Fr 35 0 45 fE#d K
m%z%%n%%ﬁ@é&ﬁ%ﬁ%%m%%z%ﬁ%%%mﬁi%
ey »%4,»2&iﬁ$ﬁ§‘%é@£§asﬁ,¥a‘%¢t&%kfﬂ% REKER ZRMIE

BEMERGH 5 -

3-2. MREF %k

3-2-1.% %3t
34&13&&5%%&#&%%%(9%%$&&ﬂ

HNEHTBLB  REMEELLE BeHERABILOYZ 5
%i$%ﬁ’i%%éh%ﬁzﬁiﬁ%kﬁﬁ’ﬂﬁéﬁxﬂﬁé
E’x@%%mﬁ’QWﬁﬁ%%ﬂﬁﬁ’iﬁﬁﬁmﬁﬁﬁﬁmz

E MR -

HNE -8 bk Rk AR BOIEHM -4 42~ 2%
m’%?%ﬁﬁ%ﬁ%z%aw%m%ﬁéégm%ﬁﬂﬁom%%
F#RAB=EARE Y RE » wIER ) 63845 - AN KK RIEA) =
&’#%ﬁﬁﬁﬂﬁkaiﬁmﬁﬁﬁiﬁxﬂﬁ%’@%ﬁ%*%
AU o fm 44K 69 4% R SR AK 84 42 - A LA B R E AR~ R F] A2

UREAF A Z % R TREFEELE HEHERA RIS Y
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¢

DRk B2 B E LS LB A tLiEH Z/Ni~ Zn/Pd ~ Zn/Fe ~ Fe/Ni
B Fe/Pd: #hAE#HASLB IR BBREREH S A HBILLY
ZRRREABRBENHEMZRILER Rit—F TREEELLE

HERABRILS M B AITEER -
321 2. ERREEFR LB UL LA BRICA M BRREAER

BHBAREORETLF4  ARALTRERRAE S LMY
E ARG kR ) — B E BABS o 418 Metheson B A7 ¥ Z4F 85 8 B A £
REMBREORERS I ()R F ROV EBLALE A B
AL TFHS - QAR SFBAEKERAKT RBEAAELZ BA
BHEBRALTR TN T 2R LE T A - 84S R0 R B
o WERRERRIRE AR ARAF AN ERRIRERLER
BEABANE—BAAEBAFTR - BhTRAGEH > TUEEEH R ER

EZ AW -

T Z ERBNZLBLERAELBERY L LE1EL B
EREABARELRTF ALERTARBERAENZ EEMA T
PR ERAMPILER FHAR - HNE —ARERS » £ H
F oo & R RAT i R 8% 5 R %@%%&ﬁdéﬁ%%%ﬁ%ﬁzﬁﬁ

ALABER RAZALER AHdALT 2BRA TN oM
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R > RAR TAL—RE -

AR AH A ELA— M BEELBLIRELGEN—
CHAREARZIME S — S ERENLBZ EAE L BE R
RIBART A A R EFOH A HEARBAZRRLNRL B A
BEE W — R FEF I EREN LB LEZ 4 A
EBERE L BEMELGREAMFERE T MMEAYE

REDGAAT LB ERREICLRAE -

AH RN AR A 22 R RIFH I seAo TR Y4 FF BRI
Y EACKEZ AR ERE LB HHERBTERA AN A2
BERERBERFGEARALBMEATIARZ I ELSRE BT
%%é%%%ﬁ%’%@%m%éééwﬁ%%%’%%’&&%%

Z pH & ORP 2z # 4t fe KB K #4745 3T
3-2-1-3. AR A E R RB BB M A % KBS KM 2 R%

AHATREHAFWERZEH A B ERALEELE RALHEE SR
RS T X REME AN  BRGES R BT EE5EFWTARZ—K
BoOMBRARGUTAPZTCERAREKE  REH TSN ERE

KA BBAKEEN I E P RIFH BB LB AR A2 B Fe/Ni
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B Zw/Ni # TCE Z M » B RBABR KT B ETFZE
A LI B AR Z G o AR AR S AT T A K 2 R 2 T AT -
3t 3 — B RAF AT Z E TR S R UAMA R F TRRT A

o

322K EH

3-2-2-1. K B % 5%

AR ERFHZSRARCAY LI T I W 1w A b5
(carbon tetrachloride, CCly, P.A., Merck) -+ 2.= f, ¥ $t.(chloroform,
CHCI;, PA,, Merck) 3. = # ¥ #z(dichloromethane, CH,Cl,, L.C. grade,
ALPS Chem. Co.) » 4.= & T H(trichloroethylene, C,HCls, G.R. grade,
Merck, 99.5+%) - A4 B RLE s AR2ZTF A4 EX-1,2-— £
Z #i(cis-1,2-dichloroethylene ; Fluka ; GC grade purity >95%) & #.-1,2-
= £ T M (trans-1,2-dichloroetylene ; Fluka ; GC grade purity >97%)&
1,1-= $ Z#(1,1-dichloroetylene ; Fluka ; GC grade purity > 99.9%)) -
¥ A ¥ 8% (methyl alcohol, CH30H, P.A. grade, ACROS 99.8+%)# % %

e RA AL 2B E -

B 4% % A 4% A 28 #] K & milli-Q reagent water system £ & 4 Z

AB LK - £ K B ¥ #) A &% B (sulfuric acid ;. H,SO4, G.R. grade, 95-97%,

36



Merck) ~ & &% (hydrochloric acid ; HCI, G.R. grade, 37%, Merck) & i& £,
&% (perchloric acid ; HCIO4,G.R. grade, 60%, Merck) R 38 %% pH {4 & 3%
hoiER 2 B ERE - 48 A & 8 (nitric acid, HNO;, G.R. grade, Merck)#4 %
E2B MBI SRR - A A @ T A4S AL
(tetrabutylammonium perchlorate, (C4H)sNCIO,, 99%, Acros)R 3% Aok
HZEMARE  c#EATRERPEBXFH% » Lo kiH(purge)
BAR A8 B AR Z R AR B AR A AZ & 46 L R A(nitrogen gas, N,
99.9995 %) - FEiX A R A% ~ R E AL AR T B &6 B 2 TAR 4K,

HIRAE R G B o T AT T

(1).iron powder, 99%, -325 mesh,(nitrogen flushed), Acros.
(2).iron powder, 99%, R.G., made by reduction, Riedel-deHaen.
(3).iron powder, 97%, -325 mesh, (store under nitrogen), Aldrich.
(4).iron granules, 99.999%, 10-40 mesh, (store under nitrogen),
Aldrich.

(5).iron wires, 99.9%, 0.25/1.0 mm diam., Aldrich.

(6).iron chips, 99.98%, Aldrich.

(7).iron rod, 99.98%, 6.3 mm diam., Aldrich.

(8).iron foil, 99.99%, 1.0/0.5 mm thick, Aldrich.

Hesddh SARMEEZARLSAREME - SERERAR

CE KR

KEATIRA ZERB O T FI R4

(1).4%4x (zinc, granular, 99.8+%, -10-50 mesh, A.C.S. reagent,

3-7



Aldrich)
(2).4% 4= #: J& (zinc, granular, 99.7+%, 30 mesh, P.A. grade, Acros)

(3).4% 4 (zinc, powdered, 90.0+%, G.R. grade, Hanawa)

(4).4% K (zinc foil, 99.9%, 0.5/0.25 mm thick, Aldrich) -

SHMEZARRE > 4 ARMA TR - ?%ﬂ' RIS FAR 42
(aluminum foil, 99.99+%, 1.0 mm thick, Aldrich) - B 0% B L1845 4
J& %> % (nickel powder, -100 mesh, 99.99%, Aldrich, A.C.S. reagent) & &
1 ¢2.4 B # X (palladium, powdered, 99.99%, Acros, A.C.S. reagent )
4 3T 2 AR A 55 IR R A 1000 ppm (Zn(NOs), in IN HNO; ; Hanawa)
S8 F 2 AZ R 808 B A 1000 ppm (NiCl, in 1IN HCI ; Hanawa) ©
SR BT 2 42 % 58 E A 1000 ppm (FeCls in 1IN HCI ; Hanawa © )

BT 2 AR &IRKAE A 1000 ppm (NaCl; Hanawa) e
3-2-2-2. 4 M L e

HRTBEAIREZaFiE ZEAH LS B AAITEHREMH
H PR AL BE - B 2 42 % ( seal with PTFE / silicone liner 20 mm,
Supelco)i¥ B A Kk X d F R E 3 o L3 F R R A% 2 BAL R 4% A RIAL
#.F 7E 4% 41 (syringe, 25ul, 100ul, Hamilton) » T $Ak 0 B 4HE A%
Ao WEEHHETEAR —BIEZRES > 545 100 EH - A

KERELE 2 F 6 5 3748 9 BE £ (teflon tube) » MLk & H WAL O WA B
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MZRR - £XREE V1A K F F 4 % B (proton permeable
membrane, Nafion 117, Du Pont),# 2 R A4 12 55 F AR B 2 (388 » st %
BABFLABT I ZMEFE - A REX T RIEEL
(sample bag, 1L, SKC) - Rt & % 4x RIRBEZAT R BB Z KA £,
B2 o b ERRER Y 0 £ A KT TIREE Z(power supply,
2AV~8ABEFI MRy R B) MBS ERZ RIR 0 45 AR RLRE IR
BZ R BUATEERRZIBH S H ARG S UEE T EE

EBZHEHE -

K 5@ 42 ¥ pH and ORP % € :8/#% A pH and ORP meter(Orion
expandable ionanalyzer EA920) » wi35%) & & B E 41 K4E » A5,
TR —HEH R KA LN EEHAEIMEZ AR S LENEE

fa (Firstek scientific Co.) ¥ » &4 £ £k M £ 2] T4 -

3-2-2-3. K Bt

HRESSRABRICEHZ o4 > KA RABRBVREEE T
1R 7] % (Gas chromatograph- electron capture detector; GC-ECD, HP
5890 series I1 ) » #17> — MR FL A AL A2 AL A A B R RELE
Kt X, B T4 R % (Gas chromatograph-flame ionization detector:;

GC-FID, HP5890) = Ktk ¥ £ /& & F 2 5474k A B F 9% i Sk 381K
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(Perkin-Elmer 4000 ) - HiiK ¥ ABEFREZ SHIRABEFRT

( Ions chromatography, Dionex) -
3-2-24. 5%k Y

4 . H MAE 4 Yk 4 25 & (stock solution) & ¥
SRAEBILOMOERAILSE ZAFTHR - —AFHRRZALH
HFREEREREHI00ml 2 T EEHMREE » ARD EH FE
(methanol) » ENEMA > B FEA TR —RENMFERTFLEEFE
A Wo BRI UEERGAK - ZH TR —RFRRZAT
MEEL ARAMHEZEHRN AEZMENZIEERARASES
BHik > BEREEZAW, ) LB L EMRRYE BANWTEELE
EHRZLE P RARBHERIEE - FEBEEREEEELFR
¢’u%§%€%ﬁ’#ﬁ%mo%%%ﬁz%&W%meMIW

mg /100 mL CH;OH » 7k B 2 10(W1-Wo) mg / mL e
3-2-3. KB ok

AARZEREEETETE A=A » F— 20 A hFEGY
HRER - F N AHRBEHZIREZK R - B EAHELE

GERLE

3-10



3-2-3-1. fo 7 6 bR KB

R T AR AR EE U F RO RERE

P R ER BRI GER AR AT THE -

TR BEAZBEEOER  BAOMA NBRBHIERE 2422
MAES  REEBREZFBLR BN FIRT » ERELERR
P& 2 ARAHR M 0 R+ 3 S BP IARE A R I A AR B 6448 % ho il 5
3o XBERE AR 0 FHRENER E E Z(110 rpm ; 25~30°C) 3%,

e 35 £ (30 rpm)ig K344 R4 -

3-2-3-2. R B Z bkt k5

REAEZREFRR AR EW B 32677, X B/ £

S B R RE 2 3 4

REAG e R 500 EAGEE - PRIAZEBmany - ik
P &9 34 Bt 2 E F T /8 3% % 8% (proton-permeable membrance, Nafion
117) » @14+ #8(DuPont) > 3} pr A A M ik - N EMZ EF + H BT »
ENBA R - T - 4% - BEH pH & ORP §4% -
MIBRME—EREABER > MBI NER, B IR ERS T &

BL-HuERARARMBEY TR AR RIEZ LS —
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$MEEARALUAR R Z T 2L c RAFEITIE A Z 3L Bt
RS0 mpm £ A 428 02kg B4 B FRLERENS T4 Hh
BHE o TRIEP AR 80 B Mot 8 - 28 T 5 € 05 LU 8 4HR4E

AR & AEILSHIRE 0 324k R pH ORP RBAE X %1t -

RRLERFEMG— ARG EE  EREETIENER » X
BHHBER TREZZELR A FBZ LB Bl E E

Rleeas e i s AERENAER -
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3-2-3-3. AATHZIERER

MAETHZEZRSR  AEHBAEwR 3-3./A7 0 22K

#t4 3F K] % #u(funnel-and-gate) ¥ 2 — 418 8B 42 -

TR 100 N5 0 A& 22 24 B AEADT » L EHES 30

DR BEERIL FREEROEE 2B RABELBEAERETR -

ARRFAFALZLARF LB MHERBTRR F—RELH
B Zn B Ni,Z M HEFLA 5:1,4F 1000g » 48 200g > 345 4R
4 © $% 4 Aldrich 2> 8) 4 & - granules, -10+50 mesh » 4 & 99.8+% >
A.C.S. reagent » 82 75 & Aldrich /» 8) 7 & & » powder, -100 mesh » & &
99.99% > FRZILKEFH B 055 F REBABALZRAH
A BRI te R A 5:1 0 48 1000g » 42 200g - £ 4% 3 Acros 4 3]
Fir £ & » powder, -325 mesh » & 8 99% » F A2 FLMAE 34 4 042 -
FEXEBRPERE 2B > 485 Acros N 8 p7 & » granules, 30

mesh » PA. grade » & 99.7% » A2 FLE £ 344 053 -

2 TCE Z ABBEN— 2L 245 & i HhEH T EY Hir
WA AKFR 0 #F TCE KIBEAFHZ P - LBRBEMELB 2 HiA

KA EAETREE —MEARET R EERERT -
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3-24 44 ok
3-2-4.1 L 3f % Fi] £ 7% 4 #7 74 (headspace)

HANSEFHRZ AR AR RESLEHABIHF L -
FIA 10ml 35 38 7% & 61 5 3R BOK 4k Sml > JEA 15ml 245 & b 75 H#E A
SLEPRANAEAREZ S A E 4 0 EMN30°C2EEBHA T 0 EHBMA
L ABNEE > R AR EE T B —F 5 o it hF AR
bR AER 2 KA L IR BUR R Z BFJE LU 414 B BFIE N Sml 2 48 46

SRR » A RSIEF BRI KA o

ST HAER 2S5yl REKES4 > wRA LTI ARS
pl BEEIHERBENKT -
3-2-4-2 f.49 B #7 B4 H $#14K (GC-Mass) 2 #f

KoL A2 AT 0 QIR AAB B MR ELD T A e
Bl N FHREASABIGR LT AR SN 0 ENMEEE RIEIE

FE2ALSY AR RMERKILE  BF A AN E BRI 54
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3-2-4-3 FAAR P REAEFH MR B(GC-ECD)

HAZHRZEHEHRA RIS RIAZRRLASAHA
GC-ECD 547 » #P mwfibs ~ Z A FRA R TR YL SIEH LD
W 3 57 4 A 4o F 149 47 % #x: DB-624, capillary column (30mx
0.53mmx 3.0 £ m), AR AE: A8 %&b £ £(99.9995%), 5% 44 2[5 /& -
220°C AR R BRI JE: 220°C 4858 - 40°C. 38, 4 A 9 ALAR Ak 182
m/min (4 ml/min; 4 psi) °#7 = F T2 54 H A8 R 2R 22 T4

%o AR RIS R L 250°C, 4R IR B 50°C &g o

3-2-4-4 748 R 47 Be 4 K 1 X & F 14 3] B (GC-FID)

RS RZAEF M TIRA #4654 > BIA A GC-FID 48 3] 4

HIRE » B o445 1438 2 4 ] GC-ECD -
3245 ELRBBF oW —RFRUEAEEAA)

HANMRRBRRER R R BEE A T4 B AL REZ ¥
RRARFRUEAME - AL A R 045 um 2 FHKiBE% » B LU EEEE
ACZpH 2 Ut - ELBI M OIEH4E ~ RS K65k

F 2 9 A b o TP



*E& - EHBE 187 % B
i (nm) i (mA) (mg/L)
# 2483 02 12 0.3~10
4% 213.9 0.7 15 0.05~2
4% 232.0 0.7 15 0.15~5

3-2-4-6 fEFRE > —8FRF(1C)

BT fETIEE 2 Wk 8T B4 H % 541 & 4 lonPac

AS12A(4mm, 10-32) + sk ik 2 4% 8£48(2.7 mMNa,CO;) B 4% B €144

(0.3 mMNaHCO;) » #i& % 0.5 ml/min °
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FwoE LREMNH

CILEREBEHSRARCANZITHRE

R PEFERT= #ﬁﬂiﬂﬂ’tﬁlﬂ%ﬁz SR RERE
ATAHERGER - H—HFEMHA Aldrich 23 el » & 97%
2R LB AM A =44 Riedel-deHaen /> 5) | Fi B 8 &
FRPr B i 2 R AR BB 0 4 99% > FASSE B o B =B TIBMT A
Aldrich 2 3] # 3% » 4.8 99.999% 2 Fa 41 ik 4% (10~40 mesh) » 45 ot 8§ 4%

LF-TERATRY B THRA RSB R 5w s - 8454
ZRTI A RRA A R E AR RRR ST DR E S
BmiE > — AR 1Sml KPRl %0 5 —#5%5 15ml K45 ho
05%  WEAHZMGREEABI0uUM ZR PRI BEEL S
0uM> Z—RFHHNE 8uM > &8 T 120 @/ 854 L2 R JEIFR] -
BREMICEMEFEFAEARERRHEYE B 4-1 bwfiibs R =
AT IREE RS Z S - MR B {4735 69 do 8 #1838
oo 2 ANEFREPTEHOALRER A TR S EEENEER

Boe ATERE—F HEA R REM Z R AR 0 A AHB Hmf
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Figure 4-1. The degradation of CCly and CHCl; by using 1g and 3g of Fe’(A). Batch
test conditions: the initial conc. of CCly was 10uM, the initial conc. of CHCls was
20uM. The reaction take place at 25°C » 130 rpm.

B 4-1. $(A)H 9 RALE B R X5 RIE o bR R B4R - @ fibm 2 inds ik

B2 10uM > Sy ZndiRAE A 200M « 2 FHmENn S 1 LR 05 % - REL
25°C » 130 rpm 2 1858 48 P i 4T -
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L AT AR IE > B iAo BB R B4 650 ml)Hio 30 %, 64
ol RIBERBT WAL EE L | B 54 E — RS0 &
EAREARAARIR AT » ML T2 L E P LA 100 885 RIES
RYZRAFRRE-AFRZEE G B 42 T 2 UA—ERIES)

MRS AT H KA A 0.17(day™) -

HINMAREBZRBBEREH AN ER AR BET
REB ROV L E AR A BT 2 BArdlde - B 7 S i — S k0 » AHF
RAERGHZRTHAI R A - 4B R4 C #47— RIELH K5
BLEFSE A RAE B IEF — kPSSR A £ 52 X > $METK
Z AR LR O M C RIABI M2 S4B MR
KRERLB 43777 RARREZBA  BEEREHRERAK
AL MRABEAREMZE B LEBEFOERIE  RH=Z
Ut 2 57 FRAE /] A 42384238 250 1B/ NS ey R B 14 1 E R H R = £
UHABENRBAEN - ENMCRAH R LHZ REL L TR
TEHEEAARGSRER  ZRLHZ N AEERIMG S 239 8.5

A e

HINOFALRRZROCHZMANRRE €A REREMGE

HME R AR R — B RRBAZ AR TR 5%
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Figure 4-2. The concentration of CHCI; and CH,Cl, correspond to the time of CCly
degradation in the batch test. Reaction conditions: each reactor (650mL) was added
30 g of Fe(B), mixed at 500 rpm, at room temperature (about 20°C).

B 4-2. iB)Hw i n B  ZAFHRA AT ZEESMLER -

REEARH © KB 25 € % 30 g/ 650mL > RAELL F:8(20°C) » 500 rpm ¥ it
ﬁ o
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Figure 4-3. TCE degradation by using Fe’. Batch tests were performed by using 3 g
of Fe’in serum vials (15 mL by volume) in contacted with 3 mg TCE L™ solution at
30°C, and mixed by a shaker at 130 rpm. Fe(A) come from Aldrich, purity 97 %,
powder. Fe(B) come from Riedel-deHaen, purity 99 %. Fe(C) come from Aldrich,
purity 99.999 %, granular.

B 4-3.7 Fl R R = RTHZ 2 AHEI o BRAIKR RS > # 15mL 8
oo AR P Ao 3g #4948 0 30X 3 mg/L 2 TCE KAL M ¥4 do 4 7R R &AL 30° » ,130
rpmiREIRF X ERE R B NAT o #(A) S Aldrich ik > & 97 % Kk -
$#8(B) A Riedel-deHaen #i& » 48 99 % » # &k ik - $#(C)% Aldrich % » & &
99.999 % > FEAL K o
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% 0 A b2 A1(1997) - AE S F XRRIR L E—ERAR > fAH R R
AEEm AT Ha b AR BRE A REHEE - UBNY

FHREM -

FRBEOFE R PR B R T RATRE RGP » 4ot
Zhang et al (1998) - fA#F R X BRP > HRAAMMARLER FHHRN
PCE A8 RIEY R % - T Ptk A 694878 & Aldrich 2 3] fr & 2 A8
$8ky - ™ 2 Su and Puls (1999)77 85 % 64 SUEK ¥ 75 4% %] # st — P 2842 ik
Wi EEMARY A TAAARZSBERNEZMA EREE
4% 7 TCE % # R JEF #8% 2 40 - Su and Puls(1999)¥ 34| /A 68 & &%
o WERTRERAAREN S RBETHNEA ZABENIZH

ER -

RABZAHBLYTEEK HNECRAABRICEMZITHRESE
o db K6y £ £ 44 £ B A5 4 2 22 3% (Bond> 1987) 24 & Su and Puls (1999)
2R AARAHBALE SHRALABHNR SR FHPELY
TRARISMZMAN BZREM &K 2 bk BHkHL— B
AKX 8 BAERZ A AMIR—BAEOBER | - ERE
B = F & 4% B(Matheson and Tratnyek » 1994) » £ B % @ 84 F 7 %

TUAMGBILR BT ERALLBI AR EABRESLAES
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ByE M o SR Aot EHFRA HRE TR RAHRET

R EY E B RsEz — o

A LA Z P R AR PR BB T AEMAK 2AFR
BA ) EMARE B o S8 B AR H T H AL A R
FREZ MR EHEFENHD > LEFFRROER K

FALE (B 4R ZACHEZREEAABARBRAR -

a3

1B RIBIEZARG T SR AR A L RIE T XM E  MF
% e R 3 4 R AN BT 0 48R @ AL B B € IF A H RE HE(Matheson and
Tratnyek » 1994 ; Weber » 1996 ; Wang and Zhang > 1998 ; Su and Puls >
1999) » 2 % ey W X AL 448 A 2 BT R L5 A A BB EL ALk - DR K
E®EMN > T R4 T RS HE R AEM(Gillham and O’Hannesin >
1994 ; Matheson and Tratnyek > 1994 ; Su and Puls » 1999) - {24 € f&
RIS  BRAMME  BA TR S BT URBBRZBMESR
WIER Z ATA L LM% RZ A8 % 2 AT IR T RIS

REBEHEN SRR IRMEREMEL R
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Figure 4-4. CCly degradation by using Fe’(B). Batch tests were performed by using 3
g of Riedel-deHaen powdered Fe’ (unsealed more than 6 months) in serum vials (15
mL by volume) in contacted with 1.6 mg CCly L™ solution at 30°C, and mixed by a
shaker at 130 rpm.

B 4-4. 5B 4B v RALsR 2 5 AF 5L ° 485 Riedel-deHaen 72 3] i & » B 31 8%
FIABEF(R4MERAREBP UL R EH > ENFREMPRAE) » THHt
KRR MEEAT > # 15mL ¢ fu 4 8 F % o 3 694K » 324 1.6 mg/L 2 CCly KM%
fEHE 0 REAE 30°C > 130 rpm IRk:BSE R 2188 B % BNk 4T -
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2.5 FEBHHETRABRICESHZ 0 HRE
4-2- 1. ZFELBAH ORI T HRE

s AR A BROR JEAS Z bR LR RE 2B 4 H m fbaR X
WHERIE > AR RABEM RS EFRIRMAME - PARF O REE DR
T fAbR S KB RES B ZAFRAE A FI o2 — R
BB ROTRY TUEREREGRIATUE SR H —#ey
fboth RAefEEBH ELERAMELE AT RZA AERAEN
MR EEE R M A R ey G - B 4-5 B MR S o RACH 2 A8
Y REREFEAH GC-ECD froir 2 A4 B # - HWH T
TFHRIRBERERESMB LM AFRYLETRANA T HRR
KK EEFRABESRRII B TAGNRESRMK AHEFAALIZ

PSRBT ok » R AT EIA B AR -

A RIFAIR KRB RIFES Zn H CCLr Mk T 2R R -
CCly KR ZAN4EEE S 1.6 mg/L > Zn £ /8 F18 A AT 34 K 8B4 4T
BARRE £ B4 A mEAR ISmL 2KERAMWIg 228 %

M EMNIC I REER(EEEE A 130mpm) ¥ RE -
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FI A Zn £t CCly Z m MR ERER » & RE 4-6.777 - Bl A%
#o Zn # > CCly B 3 4 #2-F & 49 CHCl; & CH,Cl, z i JE g R B85 P 2
GAEAES - CClife 1 @/ eF oAt > B3 CCly %708 % -
CHCl; & CH,Cl, &8 4848 % 3%, > CHCl; 2 2 B R a1 1 18/ 6% >
B CCL &4 MaFiE s s > MEBPRMRD » NS RIESL 418
NEFR Y BAARN R RAAEIR CHCL 2 B &R B 4 48 CClLd it EZ
21%% % < i % CCly B CHCly 2 9 #2354 % » CHoCly 2 38 JE 3% 97 3% o -
## CCLA CHCL Re&n M4k EFRHRE 4B CCLBREZ

17%4%2 % -

2 4-1.5BAT Xk L3 £Bzma b s ZAFH - A F R
BEZRUMZyRERL BT TUERMNAZEHRIBERE

#Aibbd o R Fmgeydh -

# R E K (Lienand Zhang » 1999) m i b2 X 20 AWM A
ZHRFPR S —RFIRAR TR - 4 3# % 5K (Gillham and O’Hannesin »
1994 ; Matheson and Tratnyek » 1994 ; Lien and Zhang * 1999) & K&} %,
ZHRHBER B FEL BB AT RZIMATHERTARA
TEAFINORERF REHAGRESZIBESLRTHABECHR

By AL AFERE Py A A I dhia g2 BRKABE
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Figure 4-6. The concentration of chlorinated methanes for CCly degradation by using
Zn®. Batch tests were performed in serum vials (15 ml by volume) by using 3 g of
Aldrich granular Zn® in contact with 1.6 mg CCl,L™" at 30°C, and mixed by a shaker at
130 rpm.

B 4-6.4% #fvo fAbs 2 5 AR DL o B B SAHL R RJE i 47,7 15mL & o 5 38 P Fs fo
3g 49 4% (Aldrich, B 4K), 3 54 1.6 me/L 2 CCly k455054 fa 3% #5, K& 4 30°C, 130
pmiREIEFR 2B E R B NEIT -



R 41 5B B HRILARICESYZ MR E

Gillham and O'Hannesin (1994)

fieo4h ti/2 (hr) conditions
CCl4 0.25 10 g of 100 mesh Fischer iron / 40 mL solution.
CHCl; 33 CCls:1631 £ g/L; CHCI3:2013 1 g/L; CH,Cl2:2751 e g/L
CH,Cl, no decline
Matheson and Tratnyek (1994)
144 tin conditions
CCly 15 min (k;=0.045 min™) |I g of 100 mesh Fisher electrolytic iron / 60
CHCl, 3 day(k;=0.032 day”’)  |mL solution. At 15°C, 15 rpm.
CHCI, not measurable
TCE 30~40 days
Lien and Zhang (1999)

1644 AR conditions
CCl, 72 h reduce 98% 10 g of Aldrich iron (99%,<10 ¢z m) /20 mL.
CHCl; 100 h no detected At 22 °C,30 rpm.
CH,Cl, at 70 h,71% of CCl,4
CH4 at 100 h,25% ofCCly
1té-4h o AR conditions
CCl4 20 h completely reduced  |CCly 47458 /:15.86 mg/L
CHCl, 100 h, N.D. with nanoscale iron
CH,Cl, at 100 h: 51% of CCly
CH, at 100 h: 41% of CCl,4
1b4-4h o B conditions
CCly within 1 h, N.D. with palladized nanoscale iron
CHCl; at 0.3 h: 25% of CCl4 CCly #n 45 R 5 :15.86 mg/L

at 1.5 h: N.D.
CH,Cl, after 1 h reached max.,23%

OfCC14
CH,4 after 1 h: 45% of CCly

after 2 h: 53% of CCl;
144 o AR conditions
TCE ti: 15.4 ~ 8.7 (h) Column test |TCE #7%5 & /& : 268 mg/L

k;: 0.045~0.079 (h) at 23°C flow velocity: 8.9 cm/day
TCE ti2: 124 (h) Field test iron:sand = 22:78

ki: 0.0056 (h") at 10°C




Bl A AT — AT R FIRATA L BBk [§
22 frie e va AL E R LR BT 0 R TREHEE T4
HMBEAALALTFOHEGRRE REHBEORELSMAREL T

o e

i& Hardy etal R 5 & R+ L EA LBEAELATIARRERSK
PR RAE T AR R ERME T IR T AR MK
COBRBFI LI~ UH ~ ABATHEMREHE(C ~Cs)2 i
it e— BB A TRAALG LT FIRRA—EMIHILESHZ

B AEBH -
4-2-2. 57 B TCE X5 MR

LRFRTERTARRR » FAEAMAE » URFEELEZ Zn >
f#t TCE 47 9 AR i AR Rw B 4-7 pio t B 47 ARERR
B A E A g e st TCE 2 5 HE A £+ Zn(A)R & 7 Acros’ Zn(B)

& Zn(C)R B # Aldrich » Zn(D)2& & #* Hanawa °

EABR Z % Zn’ # TCE Z 5 AR JEAS ) 7 — I 4 REAR R,
(first-order degradation reaction model (R*>0.99)) » X R & ik % 5] 4o F

5 7 42 XA



Conc. (C/C,)
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Figure 4-7. TCE degradation by using Zn°. Conditions: batch tests were performed by
using different mass and sources of Zn’ in serum vials (15 ml by volume) in contact
with 3 mg TCE L solution at 25°C, 130 rpm. Zn(A): Acros, granular, 3 g. Zn(B) and
Zn(C): Aldrich, granular. Zn(B): 3 g; Zn(C): 58. Zn(D): Hanawa, powdered, 3 g.

B 4-7.7 F] R B2 484 TCE Z 9 #2450 o T I IAI R R JE £ AT, 7 15mL 8 fo i
AR P A hod%, 32X 3 mg/L 2 TCE KR4 5% o % R, R ME & 30°C, 130 rpm 3R 3% 38 %
2R KR B NEAT o B4R Zn(A) B 7 Ao 3g Acros, granular #4%;¢h 4% Zn(B) &
Zn(C) & #s Ao Aldrich, granular #94%:Zn(B):# Ao 3g,Zn(C)Zsfo Sg;dh 4% Zn(D) & s Au
3g Hanawa, powdered &4 4% o
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Co_ ookt
Co

Co % TCE zandsi E(mg/L) » C, ARMEA t 852 TCE ;£ &
(mg/L) -k &R MEik 2 F#h") - #1784 £ Hanawa 2 3] A7 4 & 28
Kk 2 Zn° ( guaranteed reagent) # A2k F ¥ k 4 0.0278 (W) A &
Ao Bty A 26.8 hrs> H =k & Aldrich /) 3 pF & 2 Fad 4k 2 Zn° (-10+50
mesh, purity 99.8+%, A.C.S. reagent) » A2k %% k % 0.013
(W) » ti2 2 56.8hrse % =48 Zn % & B Acros 2 3] Z B ik Zn’( 30
mesh,99.7+%, P.A. reagent) » H# TCE 2 M KR E L4 H A —% 8
% o WiLid =48 Zn° ¥ Aldrich granular Zn® st 23X %] B 43 85 7 €, 4818 —
FZA(RAIMERBR AP AL BT EHENEREBT AR M A H
TCE 2 5 M F MR T In’ fa B Ty kA8 €6 b > disb T ol
FEMZEBFBFA AR BEHIRAREBREBRFENE > FTH

W EMABE TR > I 25528 F 23RS -

£ Zn’ ¥ TCE 2 5 M8 ¥ » AR E 2o o B 4 R G
BREZZE A 15mL & TCE KiExk ¥ 95540 3g & Sg 2 Aldrich
granular Zn°» & £ 887 HAo 3gZn’ £ k £ 0013 (0" > i B 56.8
hrs » # Ao SgZn® » H k 2 0.0255(h") »t,, % 35.7 hrs » TCE 5A2ig

7’ Fho G2 Wb 0 LA EIE P o 40T BLE b 64 B4
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A RAIR ZInB)RIRH B MR LH 2 »AiBFE ¥ > TCE &
R A 2R R RACM 4R AR R F 854 A GC-ECD & GC-FID =
AR B BT ARG EIREE M5 > REFHREZE 2
GC-ECD & GC-FID [ # 4o 4-8 & 4-9 pf5= # ECD & FID —# [
ERRLHT TUHR HXEREAMS
trans-1,2-dichloroethylene ~ cis-1,2-dichloroethylene &
1,1-dichloroethylene < H 5 A% & 4715 0% B 2 2 B %46 Bl 4 40 ] 4-10 #7

CHE TTER T ME X ZMEE R AR B E R
trans-1,2-dichloroethylene 7% & # &1 1 TCE #7442 B 2 16.1% »
cis-1,2-dichloroethylene i¥ 8.6% > 1,1- -dichloroethylene £ 1.3% < #
Gillham and O'Hannesin (1998)#] B % £ A % B/5 45 4 EHwb R AR =

RUMHZ R P EFRIAT IS QX5 R TS HE cis-— fLLH(=

LA iR E Z 1.4%)~1,1- = £, T #%(0.28%)~trans- = £, 2 4 (0.12%)
B E 69 R THH(0.009%) » fad B 4x 50 A9 O &R cis-= £, 2 4 1%
£ 018%  1LLI-—f ¥ % 0.07% > trans-— R LIFTE E 0.03% »

AR S EAABIRMRO0.5 £ g/L)ATF o

# AR % & Gillham and O’Hannesin 2 #F X4 £ & 857 » =46 —

RUIHTMAEMZBEE=ZRUHZ B LB EN D GORAR
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Figure 4-10. The concentration of TCE and its daughter compounds for TCE
degradation by using Zn(B). Batch tests were performed in serum vials (15mL by
volume) by using 3 g of Zn(B) in contact with 180uM TCE at 30°C, and mixed by a
shaker at 130 rpm.

B 4-10 #| A 4¥(B)%#% TCE @42 ¥ » TCE RE D MAMZ R ESILER - T

AR RIEAT, 7 15SmL 84 a3 58 P Fho 3g a4 4%(Aldrich, B k), 3£ 32 180pM
2 TCE AKHR % fo 5 R, R MEA4E 30°C, 130 rpm 4R B % 2 158 BB B ik 47 o
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BT RARGUH=ZACHFBERMAZERRIE -

& Amold and Roberts (1998)4F % 4% 1 £ T M 58 1L - 401 2 5> AR 4%
WERBET > BHACHBILS 2B R EKE > S -elimination

RIEGBINFEEZREELNAE 4 30% =804 » 85%8 cis-

ﬁ

R M AR 95%8Y trans- — R L AL R JE AT AAER - R JE
ZYRAMARLE 2RIz E—F Nk ER TN LE KL
FELA T RRIBAZ PARIE] - R EZ R4 E ML T (acetylene) 2%

EEEMEBLALE CRILRABTRIHZEE G EMD -

Zn ¥t CCly B TCE % ## R & 2 AT i 4F R iE 4o T 46 2 32 3% A7 76 20 A%
IR Fe ReY4F - Zn BABRAZAZERRENURAAAAZBE
/& (hydrogen overvoltage) & & B £ £ 2 52k « Zn 1 Fe 448 ] & K 4%
HZARGET o A4 CCLZ RIEMAD R 4745 % - &34 TCE & CCly
NREREZAEER SN ERAIHE 2T M T SN RA
WALS M2 AAREAE R > Zn JE% & — B 69842 > A A Zn
R Fe A XS RAMACEW T LS 2 508 TR BITHE

— ke o
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4-3. RLLBHERARILLEMZ TR

4-3-1. Pd" & Ni’ % Fe' 5% TCE 2 {2 £ ¥

A T78s2 PA° B Ni®# Fe® & Zn® %2 TCE 2R3 £ » K5F
TE 48386 P B N4 TCE #4783 » @27 » 81564

Pd’° B Ni’# TCE 2 5 #sE T 2 4K Hi4ER -

AR P E iR F 468 =44 B Ni° & Pd’ # TCE » #
REREZHE - MELEEBT  Ni' & P # Fe’ # TCE 2 2R
JE ke FARE 64T E A - BB 6948 B # TCE 2 » MR 48 69 R
BAE 0 42 A0 A Kk 69 Ni’(Aldrich) & % & 4% 69 Pd’ (Acros) % 1R JE
#% R TCE BRE ) RBHGHE RV XS > & R E 4-11 77 -
4-11 BF| M 4 KK B &4 Ni° & Pd’ # TCE 2z % # & J& » TCE
BRI R E B P 2 A0 B 44 o $00 B B SRR IE T R RE T M2 4
B: 44 N’ G ¥ TCE 2 5k & » & t, TH4EE 14.3 hrs

& $456 Pd°(50 me)#h 2 # TCE 2 4 #8ik % + &ty T 4542 % 32.8 hrs-

EHAOMCHTCE 2 5 BRE » LRERD —£4F 239 hrs

FTHREANCOEF4E TCE »MRIE » RiBERYD — L2 MG
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Figure 4-11. TCE degradation by using powdered Fe® (B) combined with Pd® and Ni’.

Batch tests were performed in serum vials (15 ml by volume) in contacted with 3 mg
TCE L™ at 25°C, 130 rpm. Curve Fe(P)/Pd: 3 g of Fe” and 50 mg of Pd® were uesd.
Curve Fe(P)/Ni: 3 g of Fe® and 3 g of Ni° were uesd.

B 4-11.7 A RERB) LS LB R RERTHEZRTH o TRUIR R AT,
# 15mL ¢4 o34 R ¥ 5 ho 3g 84 4% (Riedel-deHaen), #h 42 Fe(P)/Pd it Fx Ao 50 mg &4
4e,;dh 4% Fe(P)/Ni 3t 7 Ao 3 g 6948, 38 14 3 mg/L 2 TCE /KA£ 3 ¥ do i #R, R JE A2
30°C,130 rpm 4R B SE R 2 1B K B B Wik o
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56% 45hrs> 2 P 454 # R %51 TCE H MRE  LRERY —¥2
BFF] T 4552 2 13 hrs, 88 R4 B 4-12.757° B 90 B 4-11 B B 4-12
4530, TCE 2 5 #3842 » £ R 2 RIED X 304830 62 M 45 18 ROk
R E8B—HYXRAENME  EomRER XA HHA K2
Prad AR K AR E AR R EA SRR E B AL B S

4] T &K E R £ (Burris et al. - 1995) -

Pd’ & Ni® 2 5 ho 3t Fe® # TCE 2 4 BB #k & 4 48 & K 6942
EAER - HRAMR T Bk REF L2 B, P & NI’ 25 ho sk 3

BEAEGAZAER -

Bl 4-13 %45 £ /& Fe/Ni #f TCE 4 # R JE £ R FE 85 ) 46 o oF »
Flex#| M GC-ECD & GC-FID fr 41 8| 2 A4 Bl s o X — 46 B 3448 &
PEH T T AR A1 Fe/Ni 58 TCE» HA4 R ¥R & 48 43k
T R-FHAMABBUT » REVESESHRBREEZ
1,1-Dichloroethylene » 4 GC-FID 4 #7 Bl 3T sA 5538, » & £ #6165

TEXIHEALEMAEL -
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Figure 4-12. TCE degradation by using granular Fe’ combined with Pd® and Ni°.
Batch tests were performed in serum vials (15 ml by volume) in contacted with 3 mg
TCE L at 25°C, 130 rpm. Curve Fe(G)/Pd: 3 g of Fe® and 50 mg of Pd® were used.
Curve Fe(G)/Ni: 3 g of Fe” and 3 g of Ni® were used.

B 4124 B R EHELECL BB RERTHZRATH - TRUMRRIE HEIT, 7
15mL & do 5% #R F Fs Ao 3g &4 48 (Aldrich), ¢h ¢ Fe(G)/Pd it Fs Ao 50 mg 494e;¢h 4%
Fe(G)/Ni 3t Ao 3 g 64948, 3t 34 3 mg/L 2 TCE K45 38 7% o 75 78, R JE££ 30°C,130
rpmIRBIEFR 2B E R BRI -
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4-3-2. Pd’ and Ni’ # Zn® - # TCE z {2 s 45

LEAFRE ¢ R E 4 Zn’ zé,:/c—,\%.:ﬁ.éé Ni’ & Pd° & % g2 TCE
Z MR > A Ni' B Pd° # Zn° 9 #2 TCE RJE 2 AR 4/ o 57
RERBT > Ni' B Pd" 2 5o > 1845 Zn" # TCE % A2 R JE ik JE 44 &)
H8E RO NS 2 h, R RAE G, THE4E 5 BI548 A Zn' 052 3% 2% £ o
H R4 B 4-14. 777 - 15 F E 3564 Hanawa 5 K ik ey Zn’ 8% » £ TCE
AR tin B 26.8 hrs 44 Ni’ 14 & t1, & 0.86 hrs» B354 B Aldrich
FaALAR 8 Zn' 8% » B TCE 9 #22 t;p % 56.8 hrs » &4 Ni®%% » & t1
2 1.69 hrs « $7 R JEM 5552 Acros SEfak Zn Mz » R 23 2
Ba% o B15469 Acros Zn’ > f£423% 237 hrs &9 R JE 85 R 4% » 2 TCE 43
RN BONZIRERBENMR > AR NP LB RESL Rt BEE

AF 1hr-

B4 Pd RREEEZIRIF M o Aldrich ik ey Zn' &4

Pd’°#% > TCE 2 £ £ tin 548 % 046 hr » & £ 4o B 4-15.p5 7

Ni® & Pd’ g1 Zn° 8 - i 7 g 2. 38 & 28 # TCE 2 .4 A2 R_JE. 48 ey

MAE EREERZY  FFH A GC-ECD & GC-FID #47 % %
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Figure 4-14. TCE degradation by using different Zn® combined with Ni’. Batch tests
were performed by using 3 g of Zn® and 3 g of Ni’ in serum vials (15 ml by volume)
in contacted with 3 mg TCE L at 25°C, 130 rpm. Zn(A): Hanawa powdered Zn,
Zn(B): Aldrich granular Zn, Zn(C): Acros granular Zn

Bl4-14.F AR B RIRAFESLBR/RD M RTH o KRB R R EAT 7
15mL &5 o 38 P 5 ho3g 89 4% B 3g ey 4%, 1 1X3 me/L 2 TCEA A% 5 5% o 3% HR, R
4£30°C,130 rpmik & 4E % 2 1578 B & % W i 47 ° Zn(A) AHanawa powdered Zn;
Zn(B) & Aldrich granular Zn;Zn(C)#% Acros granular Zn °
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Figure 4-15. TCE degradation by using Zn° combined with Pd°. Batch tests were
performed by using 3 g of Zn® and 50 mg of Pd” in serum vials (15 ml by volume) in
contacted with 3 mg TCE L' at 25°C, 130 rpm. Granular Zn was obtained from

Aldrich.

B4-15HAERLBHLELLBLRATHZALTH - TRUAMRR LT,
15mL & fo 7% #R ¥ 75 Au3 g4 48 (Aldrich, granular) & 50mg#d4e, 3t £43 mg/LZ TCEK
A ¥t AR, R EAE30°C, 130 rpmiR B3R 2 BB B B B W ik4T -



BB BREGEAFPHAMZBEELARTFRZAARFEIRIAT

4-3-3. BB HETRESH CCLREZALEAER

A EAN B IR IRSR S Fe S Ni &4 » —B R %41 CCl, 2%
MR E » R R4 R do B 4-16.97 7 o CCly JE B %6 R JE14 6 18 /)N o4 2%
AEHKR  UA—BIEHRAEXRER  Ht1,8529 @08 K
ek F %k 4 0.1(h")> Fe/Ni # CCly 4 2 R ME 2 AR e 20 R 428 B b
SARAARBE R EREHCCLZMATBRESNMENTLS B

SR P ALY CHCL B CH,Cl, Z ;B E # 48 E 84 /) o

# Pd” & Ni° 2 Fe' & Zn" & &7 % B 2 #8. 44 & # TCE & CCl,
ZRBRBERTUAER » A RMEEHR %) wik TCE & CClLy 2R
B AR —HUALSAZTHAMENET ) - AKX RAILASL
BABRBAERER BLBBEE A AERILOMZ IR TH %
POYRMAES > fEB S RABILOMBRMAE  BEEAMARER AR
RbAhe BB PARA NI 2 ERRARE L4 82 FHa E4H8A

D e
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Figure 4-16. The concentration of chlorinated methanes for CCly degradation by
using Fe/Ni. Batch tests were performed in serum vials (IS mL by volume) by using
3g of Riedel-deHaen Fe’ powdered combined with 3g of Aldrich powdered Ni® in
contact with 1.6 mg CCly L™ at 30°C, and mix with the shaker at 130 rpm.

B 4-16.7)F BIE KL 52 B 4R » M w fAbs o TS UILR R E 47,7 15mL
&4 fo 75 #R F s Ao 3g ¢y 4% (Riedel-deHaen) & 3 g #4948, 3t 14 1.6 mg/L Z CCly /K434
o AR, R EAE 30°C, 130 rpm AR BSEFE 2 SR B E B kAT -



4-3-4. Fe/Ni & Zn/Ni # CH,Cl, 4 B R B Z 42 s 45 A

¥ % o % 3 & (Gillham and O’Hannesin » 1994 ; Matheson and
Tratnyek > 1994) » Fe #3# CH,Cly, 7 #2:2 B AR4T 5T ¥R 0143 8] 2 20 & -
A REGHH In R 5w CHCLBREZAFRLRER EIL2
ABH o N ATZ BRI Fe/Ni A A 208945 CClLy £ 2 I AR B 4
Ao WA A TR Fe R ZIn @ NI &4 RBEAYH CH.CL 454
REZAREX S - ARG R4 B 4-17 FAT > #2887 » Zn B Fe #i
Ni 2 & 455§ 7T A H 36942 i CH,Cl 2 5 AR B  Zn $2 Ni 2. 454
ST LAtk Fe #1 Ni 2 454 8 Bk 6948 CH,CL 4 A2~ #] B Zn/Ni & Fe/Ni»
A& CHoCL R B R E R 2R 50%FR & 2 65 Ml o %] % 30 /N85 & 75 /) 8o

AR Zn/Ni » CHCly £ F 57T s 42 235 18/ B A 2 AR o

4-3-5.Fe/Zn ¥ CCl4 & TCE Z 4 B R &

FABRE T Fiad Zn’ g1 Fe’ #8491 CCly & TCE 2 4 #2
BRI » R4 4-18 B 4-19 fis - # Fe M &.,7n 2L &A% T
Ui FAEAAR G Aok H¥ CCLZ MR JE > 24 Zn @5 Fe 2 846K
Mk T HE CClL 25 Mk % > R TUK TILLTH kg

HR—RASORELBERZELRM T HREALTAERAEHR
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Figure 4-17. CH;Cl, degradation by bimetallics Zn/Ni and Fe/Ni. Batch tests were
performed in serum vials (15 mL by volume) by using 3g of Aldrich granular Zn® or
3g of Riedel-deHaen powdered Fe’ combined with 3g of Aldrich powdered Ni° in
contact with 1.3 mg CH,Cl, L™ at 30°C, and mix by a shaker at 130 rpm.

B4-17FHREELBHERABELLRBRTH R TR - THRUIRRE T,
F 15mL & o #R ¥ 5 ho 3g #9485 (Riedel-deHaen) &, 3g #94%(Aldrich), & s A0 3 g
#94%,3t 24 1.3mg/L 2 CH,Cly 2K 45 3858 o i R, R BE4E 30°C, 130 rpm 3k B4 % 2 48
BmER BN
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Figure 4-18. The concentration of chlorinated methanes for CCly degradation by
using Fe/Zn. Batch tests were performed in serum vials (15 mL by volume) by using
3g of Riedel-dehaen powdered Fe’ combined with 3g of Aldrich powdered Zn® in
contact with 1.6 mg CCl, L™ at 30°C, and mix by a the shaker at 130 rpm.

Bl 4-18. % A TMRRLE L 2B 41 R 9 M w RALH o TIRUAFLR R M i 47,7 15mL
4y do 7 R ¥ A Ao 3g #9 48 (Riedel-deHaen) & 3 g #94%(Aldrich), 3 34 1.6 mg/L 2 CClq
FKARIE ¥ o 35 AR, R ME A 30°C, 130 rpm IR B 4B R 2 158 B % B Wi 4T o
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Figure 4-19. TCE degradation by using Fe/Zn. Batch tests were performed in serum
vials (15 mL by volume) by using 3g of Riedel-dehaen powdered Fe’ combined with
3g of Aldrich powdered Zn® in contact with 3.0 mg TCE L™ at 30°C, and mix by a
shaker at 130 rpm.

B 4-19. 4R TRBMLEE L BB R MR TH o THRUIKRE #4757 15mL

4 o 3 A8, ¥ s ho 3g Yy $#i(Riedel-deHaen) & 3 g &4 4% (Aldrich), 3t 3% 3.0 mg/L 2 TCE
KARIE ¥ o R, REAE 30°C, 130 rpm 3R B4R R 2 188 K % K N ik 4T o
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BEARELBERZLBHEF RHEBREAAELBER  mE

&

BEBRAEN HZnmT @ Fe 2B 0B WATRAREABT

BzeBks#E RmgETHERLESD -

4-3-6. 64 B 2 i EIF

AR ZER TUETLBBRIEETHEB LB SR LY
TRAMICEMIBERMAREHBEFORERT LRHNE S

REXRMEMZEBEMET  PHERLOLAGKER -

R 2-5TUUES M- RIEHNSBAEN FHEE BRI
LRRMAES LR EALR B RITABY. - 2 AT IERER Ley#
TR OMBAARFABEGFN  EaN LB SRS MER » B f
BHRERLBHATFN  SERAEBB O B F BB —
A BB - A9 RATREFB/YY—BEL AL THE 428
NRELR HAREAREY AU R ERGRGT  EANS AL

R F o ATIRER L 2L — i egE42 -

WR S TR FELEBHRXSHI AR, FHREAL

FRMAESN  TFRBHEACREZ RAFABLE > Bk 42484 FUE #1b
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4-4. 5 mERHEFF/ELBMETRREZ AT EIER

9k o R H TR 2B IR RS AT K0 B SR

B3RS FHARARRAARRI & AALLE R 4T
(1).5h /o T B BAR BB R w9 FALEZ AR

A RAIHE 3-2. 2 FEE B RIRA N ER Y TE MO, A
fibs 2 AR EAE R 0 A 8948 B A Riedel-deHaen 2 3] Fr 4 & &5 %) B
BRI EHEZHE 09% théih > HAmEEABEREM 30 %, @
FACH Z R EA N ERZ R B 1Ay MR EHWERZ

RIEMEZ 10uM > FExf 3% 20°C) ¥ i# 47 -

FTRER LS wERZREE T > wHAALREREL 4 2405 T
BRNRRER - A EMZRAFREFRBY 0@ EFLL - £
BAEINERZHBRENS Ao LREE24 1\ FHExesn
e mMEAMZ A FIRZERMYAE 100 5 £ 4 > ko B 4-20 T 1L
AERA L  ERFINIWERZERNT  ZAFRZ » AR FENT
%o B 421 P EE I ERT Ak FE—MEREX

B 422 BEAH Mo ERZEAT » ZRFRES ARG EREEN
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Figure 4-20. The concentration of CHCl3 and CH,Cl, correspond to the time of CCly
degradation in the experiments. Experiment without external voltage, the initial conc.
of CCls was 10uM, the max. conc. of CHCl; was 8.8uM. Each reactor was added 30 g
of iron(B), unbuffered, mixed at 500 rpm, at room temperature (about 20 °C).

Bl 4-20. T RE0 O RIRBEY ZRFRA_RFREEZ SIS - BA
BRI ERFEAT AR EEL IO UM Z A PR ERSZ AR A
8.8 uMe= R # 4.2 487 o B 2518 REAR(650m)iA Ao 30g &b B 99% 2 4K 43 (B),
##) 20°C £ B ik 500rpm 2 R M 454 T 47



Conc. (micro molar)

0 50 100 150

Time (hours)

Figure 4-21. The concentration of CHCI3 and CH,Cl; correspond to the time of CCly
degradation in the experiments. Experiment with external voltage(13 volts), the initial
conc. of CCly was 14uM, the max. conc. of CHCl; was 7.5uM. Each reactor was
added 30 g of iron(B), unbuffered, mixed at 500 rpm, at room temperature (about 20
°C).

B 4-21. X B A RALRBR P ZAFRRA—AFRREZEILER - B A
£ 90 A B RE(I3 volts) W L F A w S ke i A B 1A uMZ R PR H 2k
BATS5SuM- RIE 4 %2 8075 /8 A 518 R MEH(650ml)H ho 30g 4 B 99% 2 4
#(B), 7 # 20°C ¥ i, ¥4k ik F 500rpm 2 RE #5144 F i 47 ©
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Figure 4-22. The concentration of CHCl; corresponds to the time of CCls degradation
in the experiments. Experiment without external voltage. The black line was the first

order best-fit predicting for the degradation process.
B 4-22. 4 A R EH SRR EFER I AORICREREPZAFHRREZIELEL -
BYERAHBEHR BRI ERRE R A TR D wE A EEREHE 30g/650

ml
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ER B A2 550 0EREALT  ZAFRZISBENL - Kot
A AT — P RO R o B AL A — PS4 XA HE 42 & S o
TRT HoBREFTHAOBIWERFEATZIO,Z— o K

4200 T REEIR LB AN ER T HA R FRZEEEILE ) -
WA LBERBT SMERHNTBELEIERRATBREHLETA

HAig#s R -

Q) ERHERERR S AW REKZIAR

AR RFERAI AR 3-2. 2 F5EE RIRH I TR 20
A w fAbs P A A ZAREHOR o K ERAT A 6948 & Aldrich 2 8] A
A A2 99.8%Z 484 0 HAn4& ££-10-50 mesh = B » B8 R fE 48 =
ThoE A 20 G mRALRZMBREATSUM THRE R E 4-24
BB 4-25 prow o Mo ER Z R EAE > f4838 0.67 NeFiE 2 F —
WG Hof b 2 R CABERERRAT BARAEIEERZ
RIEAE Ko QAL 2 2 BRIER T S R FERMMA S8 oLt
BT RO IEERH LB MAERERAMF LR LR A 1T A

B e

AR S ERRAETF & BB H S RA MBS HZ Y ER

BHTRARICS ML BET AR EHREZIREER 20454
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Figure 4-23. The concentration of CHCI; corresponds to the time of CCls degradation
in the experiments. Experiment with external voltage(13 volts). The black line was the

first order best-fit predicting for the degradation process.

B 4-23.#] F st po ER(13 volts) RALiE RE Mo M RiLs  ERBBEFT=ZRTF
HREZEILE N -BPERAFA - REEAERZ R REASL PR
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Figure 4-24. The concentration of CCl; and CHCls correspond to the time of CCly
degradation in the experiments. Experiment with external voltage(13 volts), the initial
conc. of CCly was 7.5uM. Each reactor was added 20 g of Zn°, unbuffered, mixed at
500 rpm, at room temperature (about 20 °C).
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Figure 4-25. The concentration of CCly and CHCI; correspond to the time of CCls
degradation in the experiments. Experiment without external voltage, the initial conc.
of CCls was 7.5uM. Each reactor was added 20 g of Zn®, unbuffered, mixed at 500

rpm, at room temperature (about 20 °C).
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Figure 4-26. TCE degradation by using single metal Zn and bimetallics Zn/Ni, Fe/Ni.
Columns tests were performed. The initial concentrations of TCE aqueous solutions
were within 2.5 and 25 mg/l, and the flow rates were between 27 cm/day and 20
m/day. The best-fit predicting for TCE degradation by Zn was:

C/Co=0.96¢%%" ( R?=0.996).
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cm/day £ 20 m/day 2 f - FIAE— 4B B2 —p &k ABBER B C/C=
0.96¢ " ( R?=0.996)
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Figure 4-28. The variation of the pH value for TCE aqueous solutions and milli-Q

water degradation by metals Zn and Fe.
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Figure 4-29. The variation of the pH value for TCE aqueous solutions and milli-Q
water degradation by bimetals Zn/Ni and Fe/Ni.
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Figure 4-30. The variation of the pH value for the inflow TCE aqueous solutions and

the treated effluents.
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Figure 4-31. The variation of the dissolution of zinc ions concentration corresponded
to the time of TCE solutions and mili-Q water contacted with Zn. The initial

concentration of TCE solutions were 17.64mg/L.
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Figure 4-32. The variation of the dissolution of zinc ions concentration corresponded
to the time of TCE solutions and mili-Q water contacted with bimetals Zn/Ni. The
initial concentration of TCE solutions were 17.64mg/L.
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Figure 4-33. The variations of the dissolution of zinc ions in the effluent from a
column packed with bimetallics Zn/Ni and a column packed with single metal Zn.
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Figure 4-34. The variation of chloride ions concentration corresponded to the time of
TCE degradation by using Zn/Ni and Fe/Ni. The initial concentration of TCE was

17.6 mg/L.
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Figure 4-35. The variation of the chloride concentration for NaCl solutions treated

with different metals. The initial concentration of chloride ions was 1.8 mg/L.
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Table 4-2. The formation constants of various chloride and hydroxide
complex of Zn*?, Fe** and Fe**.(33)

K, K, K K4

chloride

Iron (1) 10%% - - -

Iron (I11) 1048 102" 10" 10%0!

Zinc 1 00.43 10().6] 100.53 1 00.20
hydroxide

Iron (I1) 10°° 10°77 10%¢7 10538

Iron (I11) 10'1% 10211 10%¢7 -

Zinc 10]4.3 1028.3 1041.9 1055.3

Nickel 10477 10%% 1013 -
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Figure 4-36. The variation of the concentrations of chlorine ion in the effluent from
the bimetallics Fe/Ni, Zn/Ni columns and the single metal Zn column.
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Abstract

The feasibility of treating underground water contaminated by a chlorinated organic compound with bimetallics Fe/
Ni, Zn/Ni and Zn single metal was studied. Column tests to simulate a reactive permeable wall in a funnel-and-gate
system were used. Research results indicated that bimetallic Fe?/Ni® and Zn®/Ni° all had a very strong degraded power
to trichloroethylene (TCE ) at concentration up to 25 mg/l under different flow rates (27 cm/day-20 m/day). Fur-
thermore, the concentrations of TCE and various ions in the treated effluent were nearly lower than the values specified
in related standards for drinking water in Taiwan. These results showed that this technique could be effectively and

safely used as an underground water remediation process. © 2000 Elsevier Science Ltd. All rights reserved.

Keywords: Chlorinated organic compound; Bimetallic; Remediation; Funnel-and-gate

1. Introduction

Trichloroethylene (TCE) is commonly ‘used in the
industry, mainly for degreasing, production of resins
and plastics, and extraction.of organic compounds. The
use of TCE in large quantities without:proper disposal
procedures can often cause soil and underground water
contaminations. For example, RCA factory at Taoyuan,
Taiwan, has caused serious soil and underground water
contaminations in the factory site and the nearby
ground due to improper treatment of chlorinated com-
pounds, such as tetrachloroethylene and TCE.

Zero-valent iron in combination with a funnel-and-
gate system is a new finding in the underground water
remediation technique (Smyth et al., 1995). Researches
on this technique carried out by others (Gillham and
O’Hannesin, 1994; Matheson and Tratnyek, 1994; Orth
and Gillham, 1996; Weber, 1996; O’Hannesin and Gill-
ham, 1998) have demonstrated that zero-valent iron
indeed is effective in removing chlorinated organic

* Corresponding author. Fax: +886-2-2362-9435.
E-mail address: d4541004@ms.cc.ntu.edu.tw (S.-f. Cheng).

compounds. It has been shown that under natural con-
ditions, the surface of zero-valent iron is liable to form
an oxide film thereby reducing its reactivity, and con-
sequently affecting its value in in-situ applications
(Wang and Zhang, 1997).

The dechlorinated reaction of zero-valent iron to
chlorinated organic compounds essentially involves two
mechanisms (Vogel et al., 1987; Smyth et al., 1995): (1)
the chlorinated compound is adsorbed on the surface of
metal iron and directly generates an electron conversion,
and (2) the zero-valent iron first reacts with water mol-
ecules in the reaction system

Fe’ +2H,0 — Fe*’+ H, +20H" (1

and generates hydrogen gas which, in the presence of a
catalyst is able to dechlorinate the chlorinated organic
compounds

catalyst

RCl+H, — RH+ClI” + H* ()

Based on the above-mentioned two reaction mecha-
nisms, the metal needs to have a high reducing power or
a high hydrogen overvoltage from the electrochemical
point of view. The term “hydrogen overvoltage” means

0045-6535/00/$ - see front matter © 2000 Elsevier Science Ltd. All rights reserved.
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a voltage below which hydrogen generated by a metal
undergoing the reaction of Eq. (1) in an aqueous solu-
tion exists in an atomic state. Hydrogen in its atomic
state is the source of the primary reducing power in such
a reaction system. When the voltage exceeds the hy-
drogen overvoltage of a metal, hydrogen atoms will
combine together hydrogen molecules that no longer
possess the reducing power. Therefore, a metal with a
higher hydrogen overvoltage will have more hydrogen
existing in its atomic state thereby generating a stronger
reducing power. Zn® not only has a higher standard
reduction potential £y = —0.763 V (Selley, 1977), but
also is a metal with a high hydrogen overvoltage 0.70 V.
Therefore, electrochemically Zn® is a good substitution
in reducing a chlorinated compound.

When hydrogen atoms form hydrogen molecules, the
reducing power thereof requires the assistance of a cat-
alyst. Nickel is a good catalyst in the hydrogenation
reaction and can dissociate hydrogen molecules into
hydrogen atoms adhering on the surface of nickel metal
(Bond, 1987; Appleton, 1996). Furthermore, nickel also
has a rather strong chemical adsorption property to
many chlorinated hydrocarbons (Bond, 1987). From the
catalyst theories, for a molecule to undergo a catalytic
reaction on the surface of a solid, it first must be
chemically adsorbed. The surface atom of metal nickel
has an empty orbit and is capable of adsorbing a com-
pound having an un-bonded electron pair through a
strong chemical adsorption (Bond, 1987). Therefore, the
use of nickel as a catalyst for the hydrogen-dechlori-
nated reaction of a chlorinated organic compound
should be a good choice.

In the past, our research project used batch tests to
compare the dechlorinated reactions of zero-valent iron
and zinc to a chlorinated organic compound (Cheng and
Wu, 1998, 2000). The results demonstrated that zinc had
a better reactivity than iron, ‘and the reactivity of zinc
would not deteriorate rapidly even under oxygenated
conditions. Furthermore, our research project also used
batch tests to compare the dechlorinated reactions of
bimetallics formed by adding nickel to Fe® and Zn° on
chlorinated compounds. The results indicate that the
addition of nickel significantly accelerates the reaction.

This research mainly used columns packed with zero-
valent metals to-simulate the reactive permeable wall in
a funnel-and-gate system. Experiments were carried out
continuously by simulating the typical flow rates of
underground water. The concentrations of TCE aque-
ous solutions represent those present in the RCA con-
taminated site. The objectives of this study were to
investigate the TCE degradation by zero-valent zinc and
bimetallic Fe/Ni and Zn/Ni. It is hoped that the results
from the research may offer an alternative remediation
technique that could treat a contaminated site.

2. Methods
2.1. Experimental apparatus

This research used circular glass columns packed
with reactive metals to simulate the reactive permeable
wall in a funnel-and-gate system. The column had a
length of 100 ¢cm, with an inside diameter of 2.2 cm (a
cross-sectional area of about 3.8 cm?). The bottom end
of the column was a water inlet. Sampling outlets were
installed at locations 30, 60 and 90 cm from the bottom.
A TCE aqueous solution was stored in a 2 | brown se-
rum bottle. A vermicular metering motor was used to
control the flow rates into the columns. After flowing
through the reactive metals, the effluent was collected in
collection bottles through a Teflon hose connected to the
top end of the column.

2.2. Packing material of columns

This research simultaneously used three columns,
each packed with different metal materials. The first
column was packed with a mixture of Zn® and Ni® with
a weight ratio of 5:1, i.e., 1000 g of Zn® and 200 g of Ni®.
Zn° (Aldrich) was in the form of granules (10 + 50 mesh)
with a purity of 99.8%. Ni® (Aldrich) was a powder (100
mesh) with a purity of 99.99%. The average column
porosity was 0.55. The second column was packed with
a mixture material of Fe? and Ni°, also with a packing
ratio of 5:1; wherein Fe® (Acros) was a powder (325
mesh) with a purity of 99%. The average column po-
rosity was 0.42. The third column was packed with a
single metal Zn® (Acros) in the form of granules, 30
mesh, P.A. grade, with a purity of 99.7%. The average
column porosity was 0.53.

2.3. Preparation of TCE aqueous solutions

TCE was obtained from Merck (99.5%). The TCE
stock solution was prepared by dissolving 1 g of TCE
solvent in 100 ml of methanol (Methanol, Acros,
99.8%). TCE aqueous solutions were prepared by di-
luting the stock solution with Milli-Q reagent water. The
Milli-Q reagent water was pre-sparged with argon gas to
remove dissolved oxygen.

2.4. Column operator

The concentrations of the TCE aqueous solution
(2.5-25 mg/l) follow the actual pollution concentration
range at the RCA contaminated site (Kueper, 1998).
Due to the rather large flow rate differentials in the
underground water, the flow rate of the aqueous solu-
tions flowing through the column was gradually in-
creased from 27 cm/day to a maximum of about 20 m/
day by using a vermicular metering motor.
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2.5. Sampling

During the experiment, a 10 ml syringe was used to
periodically withdraw 5 ml of aqueous sample from the
sampling ports and the sample was immediately injected
into a 15 ml brown serum vial, and sealed with an alu-
minum crimp cap with a Teflon faced septum. The vials
were placed in a thermostat at 25°C for over 1 h to let
the compounds reach the equilibrium between the
headspace and the aqueous phase. Furthermore, sam-
ples were also taken from the effluent to analyze the pH
and the concentrations of chloride ions and metal ions
of Fe®, Zn® and Ni°.

2.6. Analysis

The concentrations of TCE were determined by using
the gas chromatography headspace equilibration meth-
od. For each sample, 5 pl of the headspace gas was taken
by using a glass gas syringe, and then injected into the
GC instrument.

Analyses for TCE were conducted using a 589011
Hewlett—Packard gas chromatography equipped with a
30 mx0.53 mm (I.D.)x3.0 um (thickness), DB-624
capillary column (J&W) and an electron capture detec-
tor. The temperature was set as follows: oven tempera-
ture: 50°C, injection port temperature: 220°C, detector
temperature: 250°C. Nitrogen was used as the carrier gas
at a flow rate of about 4.5 ml/min. The method detection
limit (MDL) for TCE was 0.2 pg/l.

The chloride ions were analyzed by ion chromatog-
raphy (Dionex). The packing column was IonPac ASII
(4 mm, 10-32) with the MDL of 30 ug/l. The ion con-
centrations of nickel, zinc and iron in the effluent were
analyzed in an atomic absorption spectrophotometer
(Perkin-Elmer 5000) of which the detection limits of
zinc, nickel and iron were0.02;:0.15 and 0.02 mg/l, re-
spectively. The pH value was measured by an electrode
method (Orion, EA 920).

3. Results and discussions
3.1. TCE degradation by bimetallic Fe/Ni and Zn/Ni

Before column tests, batch tests had been performed
in serum vials for TCE degradation by using single
metals Fe®, Zn® and bimetallic Zn%Ni® and Fe/Ni°.
Results are shown in Fig. 1. Glass columns packed with
bimetallic formed by homogeneously mixing Fe? with
Ni°, and Zn® with Ni? were used to simulate the reactive
permeable wall in the funnel-and-gate system. Results
indicated that bimetallics Zn%/Ni® and Fe?/Ni’® had a
very good TCE degradation. In fact, the column packed
with Zn%Ni® exhibited a nearly complete TCE degra-
dation immediately after the column study. The con-
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Fig. 1. TCE degradation by using single metal: F& (3 g), Zn® (3
g) and bimetallic: ZI/Ni® (3 g/3 g), F&/Ni® (3 g/3 g). Condi-
tions: Batch tests were performed in serum vials (15 ml) in
contact with 3 mg/l TCE at 25C;-130 rpm.

centration of the TCE aqueous solution was increased
gradually from 2.5 to 12.5 mg/l and the flow rate from 27
cm/day to 20 m/day. The concentrations of TCE meéa-
sured at the first sampling port of the column (30 cm
from-the inlet) were all below the MDL (0.2 pg/l). A
trace amount of TCE (about 2.5 pg/l) was detected at the
first sampling port only when the concentration of the
aqueous sample was increased to 25 mg/l and the flow
rate at 20 m/day. The TCE concentrations of the aque-
ous samples taken at the second sampling port (60 cm
from the inlet opening) were below the detection limit.

For a column packed with Fe?/Ni°, the effluent still
had a low concentration of TCE after the start up.
Under conditions where the TCE concentration of the
let water was 2.5 mg/l and the flow rate was 125 cm/
day, the concentration of TCE measured at the first port
was 48 pg/l 10 h later, 38 pg/l after 18 h, 2.5 ug/l after 34
h, and below the detection limit after 58 h. Thereafter,
the concentrations of TCE measured at each sampling
port were nearly all below the detection limit when the
TCE concentration of inlet water varied from 2.5 to 25
mg/l and the flow rate of the inlet water from 27 cm/day
to 20 m/day. These results seemed to be similar to those
of batch experiments done previously (Fig. 1). The batch
experiments showed that the bimetallic Fe®/Ni° had a
slow degradation reaction to TCE at the initial stage of
the reaction. However, TCE can be rapidly degraded
after a slow reaction period of about 3 h.

The column experiments of Zn°/Ni® and Fe®/Ni® of
the present research were carried out continuously for
two months. The results showed that the degradation
effects of the two columns packed with bimetallics after
two months were still good. Under operating conditions
where the concentration of TCE was 10 mg/l and the
flow rate 3 m/day, the TCE concentrations of the
aqueous samples taken at all sampling ports of the two
columns were nearly all below the detection limit. Even
though the results of one or two analyses showed the
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presence of a minute amount of TCE, the concentrations
of TCE were all below 1.0 pg/l, far below the 5 pg/l
specified in the drinking water standards in Taiwan. The
results of this research indicated that the use of bime-
tallics Zn/Ni or Fe/Ni in treating underground water
contaminated by chlorinated compounds, such as TCE,
was a reliable method.

3.2. Degradation of TCE by single metal (Zn°)

Under same operating conditions as bimetallic (the
concentration of TCE aqueous sample varied from 2.5
to 25 mg/l, the water flow rate varied from 27 cm/day to
20 m/day, and the average reaction temperature was
around 25°C), this research also studied the effects of
using single metal Zn® to treat the TCE aqueous solu-
tion. The results showed that the degradation reaction of
TCE was carried out in a first-order decay model. For
example, Fig. 2 shows the results at the initial concen-
tration of 10 mg/l TCE and the flow rate 96 cm/day. The
first-order degradation rate constant was about 0.23 h™!
and the half-life was about 3 h. Based on this degrada-
tion rate, if the TCE aqueous solution concentration of
the underground water at a contaminated site was 25
mg/l, the retention time of the aqueous solution in the
reactive Zn® metal wall shall be designed to exceed.37 h
in order for the concentration of the treated effluent to
meet the regulation of 5 pg/l specified in the drinking
water standard.

3.3. Variation of effluent quality

3.3.1. Variation of pH

The increasing of the pH would make the carbonic
acid and bicarbonate that are present in-groundwater
produce the following reactions:
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Fig. 2. TCE degradation by using single metal ZA and bime-
tallic Zn’/Ni® and Fé’/Ni°. Column conditions: The initial
concentration of TCE aqueous solution was 10 mg/l, and the
flow rate was 96 cm/day. The fit equation for TCE degradation
by Zn was: C/Co= 0.96e%%¢ (R = 0.996).

H,CO; +20H™ — CO;? + 2H,0
HCO; + OH™ — C0;? + 2H,0

The formation of carbonate ions would react with ions,
such as Ca*?, Mg*? and Fe*? that are present in
groundwater to form the precipitates. It would deposit
on the surface of the zero-valent metals, potentially re-
duce the reactivity of the metals and decrease the po-
rosity and hydraulic conductivity of the permeable wall.
Therefore, the variation of the pH value in the system
would be an important factor.

The effluent at the top of the column was also sam-
pled to observe the pH variation of the effluent flowing
through the reactive metal. The data in Fig. 3 show the
pH variation with time for the feed and effluent of the
three columns. Results showed that the pH of the ef-
fluent flown through a bimetallic Fe/Ni column had a
conspicuous increase. The value of pH of the inlet so-
lution. was nearly all within 6.5 and 7.1. While the ef-
fluent pH values through bimetallic Zn/Ni and Zn single
metal were within 7.0 and 7.5, respectively. The increase
of pH was less than one unit and the pH had no obvious
change during the experiment. Furthermore, there was
no conspicuous relationship between the variation of pH
and the concentration of TCE in the inlet aqueous. The
effluent pH value through a column packed with bime-
tallic Fe/Ni varied up to pH unit of 4. During the initial
stage of the experiment, the effluent pH value could be
more than 11 (pH = 11.4), and gradually decreased with
the progress of the experiment. The pH value was below
11 after about half a month into the experiment, and
dropped below 10 after 25 days. Base on the solubility
product of Zn(OH), and Fe(OH),, when the indepen-
dent system of Zn"—H,0 and Fe’—H,O reach a state of
equilibrium, the pH value of the Fe®—H,O system is
about 9.4 (Ksp, Fe(OH), = 5 x 10~") and the pH value
of the Zn"—H,O system is about 8.6. For a long period,
the effluent pH value in the Fe/Ni column nearly reached
the equilibrium status. Another reason for the decrease

w\A—_‘\“'\*\,\_.

m‘»—aq.\\;
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4 —— ZoNi
—=—Fe/Ni
2 —a—7n
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0
10 15 20 25 30 3s
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Fig. 3. The variation of the pH values for the inflow TCE
aqueous solutions and the treated effluents.
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Table 1
The formation constants of various chloride and hydroxide
complexes of Zn*?, Fe*?, and Fe*? (Dean, 1973)

K, K K; K,

Chloride
Iron (1I) 1003 - — -
Iron (III) 10148 10213 10190 1000t
Zinc 10043 ]00-61 ]00.53 100_2()
Hydroxide
Iron (II) 10556 1077 10967 10858
Iron (III) 101187 102117 10267
Zinc 10143 10283 1049 10553

i 97 8.55 11.33
Nickel 10¢ 10 10

of the pH value was that, after a long period of time, a
portion of Fe had been oxidized into Fe*?, forming
Fe(OH);! precipitation or other hydroxide ions of Fe*?
(refer to the formation constants in Table 1). As for the
results of the effluents from the Zn and Zn/Ni columns,
the variation of the pH values are all near the neutral
range. Since Zn(OH), is a amphoteric compound, it
provides great buffer capacity for OH-.

3.3.2. Dissolution of metal ions in the effluent

An atomic absorption spectrophotometer was used
to measure the concentration of Fe, Zn and Ni ions in
the effluent at the top end of each column in order to
evaluate the metal content of the treated water for
drinking water source. The analysis results showed that
the concentrations of Ni ions in the effluent of the Fe?%/
Ni® and Zn%/Ni® columns were all below the detection
limit. Here, Ni° plays a catalyst role and is not consid-
ered a main reactant. Therefore, there should have been
no dissolution.

In a pure water reduction system, Fe® is essentially
dissolved in water in three forms of Fe*?, Fe(OH)*and
Fe(OH); (Benefield et al., 1982). Through a theoretical
calculation, the total solubility is about 0.16 mg/l at
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Fig. 4. The variations of the dissolution of zinc ions in the ef-
fluent from a column packed with bimetallic Zn/Ni and a col-
umn packed with single metal Zn.

pH = 10, and about 0.016 mg/l at pH = 11. Therefore, it
was reasonable for the content of Fe ions to be below
the detection limit in a complex reaction system. The
results of experimental and theoretical calculations all
demonstrate that the contents of heavy metal in the ef-
fluent treated by the bimetallics Fe/Ni are all below the
regulation of 0.3 mg/l specified for drinking water in
Taiwan. The plots in Fig. 4 show the dissolution of Zn
ions in the effluent from separate columns packed with
bimetallics Zn/Ni and with a single metal Zn°. The ef-
fluent through the single metal Zn column had a higher
concentration of Zn ion. The concentration of Zn ions
reached a maximum of 1060 pg/l, decreased gradually
along with the progress of the experiment, and finally
stabilized at about 200 .ug/l. The concentration of Zn
ions in the effluent from the bimetallic Zn/Ni column
was lower, generally below 200 wl1. Zinc is one of the
elements essential to human body and has a higher
standard of 5 mg/l for drinking water (Taiwan). The
concentrations of Zn ions in the effluents of the present
study were all far below the standard for drinking water.
Therefore, if underground water were to be treated ac-
cording to the technique of this research, the treated
water as a drinking water source should not cause a
human - health hazard.

3.3.3. Concentration of chloride ions in effluent

Ion chromatography was used to measure the con-
centration of chloride ions in the effluent collected from
the top end of the three columns. Results showed that
the concentrations of chloride ions were higher in the
effluent from the Fe/Ni column, and those from Zn/Ni
and Zn columns were almost below the detection limit
(Fig. 5), with a few detectable concentrations below 100
pg/l (the standard of chloride for drinking water in
Taiwan is 250 mg/l). The variation of the concentration
of chloride ions in the effluent from the bimetallics Fe/Ni
column did not have a special trend and ranged from the
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Fig. 5. The variations of the concentrations of chloride ions in
the effluent from the bimetallic Fe/Ni, Zn/Ni columns and
single metal Zn column.
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initial maximum of about 2 mg/l to the minimum of
about 70 pg/l (Fig. 5).

According to results mentioned above, the samples
from the Fe/Ni column had lower concentration of Fe
ions and higher concentration of chloride ions. Samples
from the Zn/Ni and Zn column had higher concentra-
tion of Zn ions and lower concentration of chloride ions.
This phenomenon could be explained from the theory of
complex metal formation. Zn*? was easier to form a
variety of complex compounds with Cl~ than Fe*?, and
the complex formation constant of Zn*? is larger than
that of Fe*? (Table 1) and most of the chloride ions in
the aqueous samples from the Zn contained column
combined with Zn*? to form a complex thereby causing
a reduction in the concentration of chloride ions in the
effluent. The formation of the metal complex also causes
an increase in the solubility of the Zn ions, and subse-
quently an increase of the concentration in the effluent.
The situation of Fe was opposite to that of Zn.

4. Conclusion

Columns packed with bimetallics Zn/Ni, Fe/Ni or
single metal Zn were used to simulate the reactive per-
meable wall in the “funnel-and-gate system” for TCE
removal. Results indicated that the concentration of
TCE aqueous samples taken at the first sampling port of
the bimetallic Fe/Ni and Zn/Ni columns were nearly all
below 1.0 pg/l; and the TCE concentrations of the
aqueous samples taken at the second sampling port (i.e.,
60 cm from the bottom inlet of the column) were all
below the detection limit (0.2 pg/l), far below the stan-
dard of S pg/l for drinking water.

Regarding the aqueous quality of the effluent from
the column, this research has demonstrated that the
dissolution concentrations of Fe, Zn, and chloride ions
are all far below the standards for-drinking water; and
the dissolution concentration of Ni ions is also below the
detection limit of the instrument. Therefore, treated
underground water can be used as drinking water source
without causing a health hazard.

The use of bimetallics Fe/Ni and Zn/Ni as a packing
material -in the gate of the funnel-and-gate system for
treating the underground water contaminated by chlo-
rinated organic compounds not only is an efficient
method, but also meets the standards of drinking water.
This technique should be a feasible method in treating a
contaminated site. Further studies of this technique
should be carried out in order to understand how to
effectively and economically apply this method to a
remediation process of a contaminated site, or even to
the treatment of industrial wastewater.

5. Uncited references

Moeller and O’Connor (1972).
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ABSTRACT

The objectives of this study were, first, to compare the effects of Zn® and Fe® on the
degradation of chlorinated organic compounds and to evaluate the feasibility of using Zn® in a
groundwater remediation practice, second, to investigate the catalytic effects of nickel with the
company of zero-valent iron or zinc, bimetallic Fe/Ni and Zn/Ni, during the degradation
processes.

Results indicated that the degrading capability of Zn” on TCE was nearly 10 times higher
than that of Fe’.  Also, in a typical storage condition, the activity of Zn® lasted longer than that

of Fe’.

Results also indicated tliat bimetallic, Fe”/Ni® or Zn"/Ni°, showed significant promotional
effects on the degradation of TCE, CCls, and CH;Cl,. The degradation rates were 50-times
faster than that of a single metal only. For the Fe® that had lost its reactivity, the bimetallic
combination was able to increase its reactivity toward chlorinated organic compounds.
Moreover, while using bimetallic there was only a rather small amount of chlorinated

intermediates produced during the remediation.

Keyword: Chlorinated organic compound; Zero-valent metal; Bimetallic



INTRODUCTION

Chlorinated organic compounds, such as perchloroethylene, trichloroethylene,
carbontetrachloride, chloroform, dichloromethane, pentachlorophenol, hexachlorobenzene, are
widely used in the industrial and agricultural uses as solvents and pesticide intermediates. In
recent years, the improper use and disposal of these chemicals have ied to contamination of the
subsurface, including soil and the groundwater. Many chlorinated organic compounds are known
or suspected carcinogens and a lot of them are suspected of having endocrine disrupting effects.
Therefore, their presence in the environment is of our great concern.

The use of zero-valent iron as a reductant in the degradation reactions of chlorinated
organic compounds was a new discovery and the effects thereof have been confirmed by some
recent studies (Matheson and Tratnyek, 1994; Gillham and O’Hannesin, 1994; Smyth et al., 1995;
Orth and Gillham, 1996; Agrawal and Tratnyek, 1996; Weber, 1996; O’Hannesin and Gillham,
1998). In natural environmental conditions, however, zero-valent iron tends to develop its oxide
state. Therefore, the surface of iron was often covered with an oxide film thereby losing its
reactivity.

Researches of Su and Puls (1999) and Zhang et al. (1998) and our past studies (Cheng
and Wu, 1998; Cheng and Wu, 2000) indicated that Fe’ from some specific origins or not
properly stored, had extremely low dechlorination reactivity to chlorinated organic compounds.
Matheson and Tratnyek (1994) and Su and Puls (1999) prewashed Fe® with aqueous solution of
HCI to remove the oxide film on the surface thereof to revitalize the reactivity of Fe’. Ruiz et al.
(1998) used the oscillation of ultrasonic waves to remove the oxide film on the surface of Fe’.
More researches are needed to look for treatment methods to enhance the reactivity of Fe’.

Matheson and Tratnyek (1994) proposed three pathways for the reductive dechlorination

reactions of Fe” to chlorinated organic compounds: the first was a direct electron transfer from



iron metal at the metal surface; the second was catalytic hydrogenolysis by the H; that was
formed by the reduction of H;O during anaerobic corrosion; the third was reduction by the Fe'?,
which was resulted from the corrosion of the metal. From the viewpoint of electrochemical
theory, the first pathway means that a metal with a stronger reducing power was preferable for
the dechlorination reactions of the chlorinated organic compounds. In an oxygen-free Zn-H,O or
Fe-H,0 system containing H+, the surface of a metal (such as Zn®) will generate the following
reaction:

Zn’ +2H" — Zn"+H, 1
According to electrolysis chemical theory, the reduction power of a cathode in an electrolysis
system is mainly derived from the function of hydrogen atoms. Once the hydrogen atoms,
through the reaction of H¥H—H, 1 , combine together and form a hydrogen gas in a bubble
form, they no longer participate in the reductive reactions. Furthermore, the accumulation of H,
gas bubbles on the metal surface will hinder the progress of the reactions (Matheson and
Tratnyek, 1994; Ballapragada et al., 1997). Due to the different characteristics of metals, the
formation rate of hydrogen gas on the surface of each metal varies; this was called the hydrogen
overvoltage of the metal. The second pathway means that a metal with a higher hydrogen
overvoltage was advantageous to the reduction of the chlorinated organic compounds. The
reduction potential of Zn® is stronger than that of Fe’, and Zn® is a metal with a high hydrogen
overvoltage, second only to that of mercury. Hence, from the above two points of view, Zn"

should be the better selection in degradation of chlorinated organic compounds.

When hydrogen atoms form hydrogen molecules, the reducing power thereof required the
assistance of a catalyst. Nickel was a good catalyst in the hydrogenation reaction and could
dissociate hydrogen molecules into hydrogen atoms adhering on the surface of nickel metal
(Bond, 1987). Meanwhile, nickel also had a rather strdng chemical adsorption property to many

chlorinated hydrocarbons. From the catalyst theories, for a molecule to undergo a catalytic



reaction on the surface of a solid, the molecule first must be chemically adsorbed. The surface
atom of metal nickel had an empty orbit and was capable of adsorbing a compound having an
un-bonded electron pair through a strong chemical adsorption. Therefore, the used of nickel as a
catalyst for the hydrogenated dechlorinated reaction of a chlorinated organic compound should

be a good choice.

The primary ébjectives in this study were to compare the effects of Zn® and Fe® on the
degradation of chlorinated organic compounds in order to investigate the feasibility of using Zn°
in a groundwater remediation process, and to investigate the promotional effects of combination
with other metals to form the bimetallic on the degradation of the chlorinated organic compounds.
The bimetallic include Zn’/Ni® and Fe%/Ni°. Through the experimental evaluations of various
metals, a better technique for the remediation of sites contaminated by the chlorinated organic

compounds could be found. The chlorinated organic compounds studied were TCE ~ CCl, and

CH,Cl,.

EXPERIMENTAL SECTION
Chemicals and Materials  Chlorinated compounds, trichloroethylene (TCE) was obtained
from Merck Co.(99.5+ %, GR grade); 1,1-dichloroethylene(1,1-DCE)(purity>99.9%, G.C.
grade); trans-1,2-dichloroethylene (trans-1,2-DCE)(purity>97%, G.C. grade) and
cis-1,2-dichloroethylene (cis-1,2-DCE)(purity>95%, G.C. grade) were from Fluka. Chlorinated
methanes, CCl; and CHCI; were obtained from Merck Co. (P. A. grade), CH,Cl, was obtained
from Alps Co. (L. C. grade). The stock solutions were prepared by weighting pure chlorinated
reagents to dissolve in methanol. Methanol was obtained from Acros Co. (99.8+ %, P.A. grade).
The aqueous solutions were prepared by diluting the stock solutions with Milli-Q reagent water

that was sparged with argon gas previously to remove oxygen gas.



Three kinds of iron were used: Fe’ (A) was obtained from Aldrich, powder Fe’ (purity 97%), Fe°
(B) was obtained from Riedel-deHaen, powdered Fe® (99+ %, R.G., made by reduction), Fe’ (C)
was a granular iron, produced by Aldrich Co., with a purity of 99.999%, stored in N3). Zinc,
granular Zn® (-10+50 mesh, 99.8 %, A.C.S. reagent), was obtained from Aldrich. Nickel,

powdered Ni® (-100 mesh, 99.99 %), was obtained from Aldrich.

Methods Batch tests were conducted to investigate the degradation reactions of chlorinated
compounds. For single-metal tests, three grams of metal were added to each amber serum vial
(with measured internal volumes of 15mL). Each vial was filled with the aqueous solution of
chlorinated compounds with no headspace, and was then sealed immediately with aluminum
crimp caps with Teflon faced septum. All of the vials were placed in an oscillator (with an
oscillaton frequency of 130 rpm, at 30°C). At each sampling time, SmL of sub-samples were
transferred via a syringe from the samples to other clean vials, and then were sealed immediately
with aluminum crimp caps with Teflon faced septuxﬁ. Before analysis, all the sub-samples were
stored in the oven (set at 30°C) for more than 0.5 hour to let the concentration reach equilibrium
between the headspace and the aqueous phase. For bimetallic tests, 3 grams of nickel and 3

grams of tested metal were added to each vial. The remaining steps were the same as those for

the single metal tests.

Analytical Methods  The concentrations of chlorinated compounds and their daughter
compounds were determined by using thé gas chromatography headspace equilibration method.
For each sample, 10 1 L of the headspace gas were taken by using a glass gas-tight syringe, and
then was delivered into the GC injector.

Analyses for high chlorinated compounds were conducted by using a 58901I Hewlett
Packard gas chromatograph equipped with a 30 mx0.53 mm (1. D.) x3.0 u m(film thickness),

DB624 analytical column (J&W) and an electron capture detector (ECD). Analyses for low



chlorinated compounds and hydrocarbon compounds were conducted by using a 5890A Hewlett
Packard gas chromatograph equipped with a 30 mx0.53 mm( 1. D.)x1.5 ¢ m (film thickness),
RTX-5MS analytical column (Restek Corp.)and a flame ionization detector (FID). The
temperature program was set as follows: oven temperature: 50°C, injection port temperature:
220°C, detector temperature: 250°C.  Nitrogen was used as the carrier gas at a flow rate of
about 4.5mL / min. The method detection limits (MDL) by GC-ECD were: 4.9ug / L for CCly ,
5.0pg / L for CHCls, 7.7ug / L for CH,Cl,, 0.2ug/L for TCE, 27.8ug/L for trans-1,2-DCE,
57.6ug/L for cis-1,2-DCE, and 5.0ug/L for 1,1-DCE. The method detection limits (MDL) by
GC-FID were: 78.5pug/L for TCE, 13.4pug/L for trans-1,2-DCE, 5.5ug/L for cis-1,2-DCE, and

10.7pg/L for 1,1-DCE.

RESULTS AND DISCUSSION

The effects of Fe’ and Zn® on the degradation reactions of CCly

Fe (B) and Zn° unsealed for over 6 months under general sealing and storage did not
receive any pretreatment prior to their use. Fig. 1 shows the trend of the concentration of CCly
and CHCl; along with time after the addition of Fe (A) and Fe® (B). The results indicate that the
concentration of CCls and CHCl; almost showed no conspicuous decrease during a reaction
period of more than 120 hours. Fig. 2 shows the trend of the concentrations of CCl, and its
degradation sub-products CHCl3 and CH,Cl, along with time aﬁgr the addition of Zn®. CCl, was
fully degraded within one hour; and CHCl3 and CH,Cl, consequently appeared along the gradual
disappearance of CCls. The concentration of CHCl; reached the maximum an hour after the
commencement of the reaction, i.e. at a time when CCly was fully degraded; and the
concentration thereof fell below its detection limit after four hours. The maximum concentration
of CHCI; was about 21% of the initial concentration of CCl,. The concentration of CH,Cl,
increased gradually along with the disappearance of CCls and CHCls, and reached a maximum of

about 17% of the initial concentration of CCl, after CCls and CHCl; were fully degraded.



The effects of Fe’ and Zn" on the degradation reactions of TCE

This research used three types of Fe’: Fe’ (A) was a powder ion, produced by Aldrich Co.,
purity is 97%; Fe® (B) was a powdered iron, produced by Riedel-deHaen Co., with a purity of |
99%, made by reduction, and had been unsealed for a few months under proper sealing and
storage and showing no oxidation, FeO(C) was a granular iron of 10~40 mesh, produced by
Aldrich Co., with a purity of 99.999%, stored in N, and never unsez;lled prior to its use. Results
showed that Fe’ (A) and Fe’ (B) had almost no promotional effect on the degradation of TCE
after nearly 250 hours of reaction, as shown in Fig. 3. On the other hand, the Aldrich granular
Fe’ (C) had a significant effect. Under the system used in our research, the degradation reaction
of TCE indicated a half-life of 239 hours, about 10 days.

Results indicate that the degradation reaction of Zn® to TCE approximates to a first-order
degradation reaction model (R2>0.99) as shown in Fig. 4. The reaction rate thereof can be shown

by the following equation 1:
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where Cy is the initial TCE concentration (mg/L), C,is the TCE concentration (mg/L) at a
reaction time t (hour), and k is the degradation rate constant (h™). Zn® system has a degradation
rate constant, k, of 0.013 (h™') and a half-life of 56.8 hours. Zn° reagent had been unsealed for
more than one year, and yet the degradation rate thereof to TCE was quite fast in comparison
with Fe’. Therefore, the activity of Zn® lasted longer and the diminishing of the surface activity
was slower than that of iron. In other words, the preservation of Zn® was easier than Fe® before
using in a remediation pratice.

The results of Fig. 1 to Fig. 4 clearly indicate that the use of Zn° to the degradation of

TCE and CCly is more effective than that of Fe’. The formation of a superficial oxide film should
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be the major reason of the inactivation of Fe. In recent years, many researchers, such as
Matheson' and Tratnyek (1994) and Su and Puls (1999), proposed the use of acid-prewashing to
remove the superficial oxide film of Fe® in order to increase the activity of Fe’ during the
reactions. However, the formation of oxide was a spontaneous reaction for Fe” in a natural
environment and the oxide formed was at a most stable state. Therefore, it was quite difficult to
maintain the surface activity of Fe’ in a natural environment.

The effectiveness of Zn” on the degradation reactions of TCE and CCly, as predicted base
on the electrochemical theories, are better than that of Fe®. A higher standard reduction potential
and a higher hydrogen overvoltage are the major reasons that Zn° had better effects. On the other
hands, in a general storage environment similar to that of Fe®, Zn® maintains its reactivity to TCE
and CCly. From either the results of the metal to the degradation reactions of TCE and CCly or
from the stability of the metal material per se, Zn® is a better selection for the degradation of the

chlorinated organic compounds.

The effects of bimetallic Fe"/Ni® on the degradation reactions of CCly and TCE

Batch tests were used with the combination of Fe” (B), which had lost its activity during
storage, and Ni’, in the degradation reactions of CCls and TCE. Results are shown in Fig. 5 and
Fig. 6, respectively. Fig. 5 shows the trend of the concentrations of CCl, and its degradation
sub-products CHCly and CH,Cl,, aléng with time after the addition of Fe’/Ni®. CCl, almost

completely disappeared six hours after the commencement of the reaction and the t,,, was about

2.9 hours.

Fig. 6 shows the variation of TCE concentration to the reaction time in a degradation
reaction system of TCE where Fe® (B) in conjunction with Ni° was used. The degradation
process of TCE approximates a linear slow attenuation model at the initial stage. After a short
period of reaction, however, the degradation reaction model approximates a logarithmic rapid

attenuation model. It can be assumed that the reaction rate at the initial stage was predominantly
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controlled by the transport mechanism (Burris et al., 1995; Scherer et al., 1997).

Results of Fig. 5 and Fig. 6 indicated that the degradation of CCls and TCE by Fe/Ni°
was not only faster than that by a single metal, its reaction was rather complete. The
concentrations of the chlorinated intermediates such as CHCl;, CH,Cl;, trans-1,2-DCE,
cis-1,2-DCE, 1,1-DCE and so on, were all rather small. The results indicate that the introduction

of Ni° into the reaction system conspicuously increases the reducing power.

The effects of bimetallic Zn/Ni on the degradation reactions of TCE

This research combined Zn® with a second metal of Ni° in the degradation reaction of
TCE in order to understand the promotional effect of Ni” on the degradation of TCE by Zn°. The
research results indicate that the addition of Ni® dramatically increases the degradation reaction
rate of TCE by Zn’. As Fig. 7 showing, when Ni’ is added, the half-life of the reaction system
can be reduced to about 3% of that of the reaction system where Zn® is used singly. The half-life

by the Aldrich granular Zn® was 56.8 hours, which fell to 1.69 hours after combining with Ni’.

The effects of bimetallic Fe’/Ni’ and Zn%/Ni’ on the degradation reactions of CH,Cl,
Many researches have proved that Fe® had not any apparent measurable effect on the
degradation of CH;Cl; (Orth and Gillham, 1996). Since previous experiments indicated that
Fe’/Ni® could effectively and completely dechlorinate CCly, therefore, this research tried to
combine Fe® and Zn® with Ni° to investigate their promotional effects on the degradation
reactions of CH,Cl,. The results clearly indicate that the combination of Zn® and Fe® with Ni°
can indeed effectively promote the degradation reaction of CH,Cl, (Fig. 8). The combination of
Zn° and Ni° could degrade CH,Cl, at a rate faster than the combination of Fe® and Ni’. Using
Zn’/Ni° and Fe?/Ni’, the time required to reduce the concentration of CH,Cl; to 50% of the

original concentration is about 30 hours and 75 hours, respectively.



The bimetallic formed by Zn° or Fe® in conjunction with Ni’ have a tremendous
promotional effect on the degradation reactions of TCE and other chlorinated compounds.
Moreover, there was almost no formation of any chlorinated organic intermediate during the

entire reaction process of the degradation of TCE and CCla.

CONCLUSION

Results clearly show that Fe® without receiving special storage and treatments will have
almost no conspicuous effects on the degradation reactions of TCE and CCls. Under the same
condition, however, Zn° could generate effective effects on the degradation reactions of TCE and
CCly, and the promotional effects were rather conspicuous. Therefore, due to the convenience
and efficiency of applications, the use of Zn’ in the remediation of sites contaminated by
chlorinated organic compounds is worthwhile for further evaluations.

Results of the degradation tests of TCE and CCl, by using the combination of Fe? and
Zn® with Ni° showed that their reducing power were rather good, and they could be effectively
and completely dechlorinated and degraded. Moreover, there was a rather small amount of
chlorinated intermediates produced during the reaction process. The bimetallic Zn’/Ni° and
Fe’/Ni° could even effectively promote the reductive degradation of CH,Cl, that was hard to be
reduced and degraded by using single zero-valent metal Fe® or Zn°. By using Zn’/Ni’, the t,/, for

the degradation of CH,Cl; was about 30 hours.

Regarding Fe® which has lost its reactivity, the formation of bimetallic is able to increase
its reactivity to chlorinated organic compounds. The most interesting point is the strong reducing
dechlorination power of bimetallic Fe’/Ni® and Zn”/Ni° to the lower chlorinated organic
compounds.

Acknowledgements The authors gratefully acknowledge the financial support provided by

the National Science Council, R.O.C., (Contract no. NSC 89-2621-Z-002-010) for this research

work.



REFERENCES
Agrawal, A. and Tratnyek, P.G., 1996. Reduction of nitro aromatic compounds by zero-valent
iron metal. Environ. Sci. Technol. 30, 153-160.
Ballapragada, B.S; Stensel, H.D_; Puhakka, J.A. and Ferguson, J.F., 1997. Effect of hydrogen on
reductive dechlorination of chlorinated ethenes. Inviron. Sci. Technol. 31, 1728-1734.
Bond, G.C., 1987. Heterogeneous catalysis: principles and apﬁicalions. Oxford: Clarendon
Press.
Burris, D.R.; Campbell, T.J. and Manoranjan,V.S., 1995. Sorption of trichloroethylene and
tetrachloroethylene in a batch reactive metallic iron—water system, Lnviron. Sci. Technol. 29,
2850-2855.
Cheng, S.F,, Wu, S.C., 1998. Enhancing chlorinated methanes degradation by modifying the
Fe® reduction system. Physical, Chemical, and Thermal Technologies, C1-5, 299-304, Battelle
Press. U.S.A..
Cheng, S.F, Wu, S.C, .2000. The enhancement methods for the degradation of TCE by
zero-valent metals. Chemosphere, in print.
Gillham, R.W., O’Hannesin, S.F., 1994. Enhanced degradation of halogenated aliphatics by
zero-valent iron. Ground Water 32, 958-967.
Matheson, L.J., Tratnyek, P.G., 1994. Reduction dehalogenation of chlorinated methanes by iron
metal. Environ. Sci. Technol. 28, 2045-2053.
O’Hannesin, S.F., Gillham, R.W., 1998. Long-trem performance of an in situ * iron wall” for
remediation of VOCs. Ground Water 36, 164-170.
Orth, W.S., Gillham, R.W.; 1996. Dechlorination of trichloroethene in aqueous solution using
Fe©@ . Environ. Sci. Technol. 30, 66-71.
Ruiz, N.E.; Reinhart, D.R; Clausen, C.A; Geiger, C.L. and Lau, N., 1998. Enhanced zero-valent

iron degradation of chlorinated solvents using ultrasonic energy, Designing and Applying



Treatment Technologies, C1-6, 71-76, Battelle Press. U.S.A..

Scherer, M.M.; Westall, J.C.; Ziomek-moroz, M. and Tratnyek, P.G.,1997. Kinetics of carbon
tetrachloride reduction at an oxide-free iron electrode. Environ. Sci. Technol. 31, 2385-2391.
Smyth, D.; Cherry, J. and Jowett, R., 1995. Treat groundwater in place- in situ funnel-and-gate
system corrals water for treatment. Soil & Groundwater Clean up. December, 36-43.

Su, C. and Puls, R.W.,; 1999. Kinetics of trichloroethene reduction by zerovalent iron and tin:
pretreatment effect apparent activation energy, and intermediate products, [nviron. Sci. Technol.

33, 163-168.

Weber, E.J., 1996. Iron-mediated reductive transformations: investigation of reaction mechanism.

Environ. Sci. Technol. 30, 716-719.

Zhang, W.X; Wang, C.B. and Lien, H.L., 1998. Treatment of chlorinated organic contaminants

with nanoscale bimetallic particles. Catalysis Today. 40, 387-395.



25

20
g
g 15
O
g
E
g 10 |, A A + &
= 9\\\_0_,_’;—3—"”’/ \\
5}
O
s _o— TCTe(A)lg
—.— TC:Fe(B)3g
—a— CFTce(A)lg
() —1 1 1 1 1
0 20 40 60 80 100 120

Time (hours)

Fig.1. The degradation of CCls; and CHCl; by using Fe® (A) and Fe” (B). Batch tests were
performed by using 1 g of Aldrich powdered Fe’ (A) and 3 g of Riedel-deHaen powdered Fe’ (B)
(unsealed more than 6 months) in serum vials (15 mL by volume) in contacted with about 10uM

CCly and 22M CHCl; solutions at 30°C, and mixed by a shaker at 130 rpm
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Fig.2. The concentration of chlorinated methanes for CCly degradation by using Zn°. Batch tests
were performed in serum vials (15 ml by volume) by using 3 g of Aldrich granular Zn” in contact

with 1.6 mg-CCl4L™" at 30°C, and mixed by a shaker at 130 rpm.
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Fig.3. TCE degradation by using Fe’. Batch tests were performed by using 3 g of Fe’in serum
vials (15 mL by volume) in contacted with 3 mg-TCE L' solution at 30°C, and mixed by a
shaker at 130 rpm. Fe(A) comes from Aldrich, purity 97 %, powder. Fe(B) come from

Riedel-deHaen, purity 99 %. Fe(C) come from Aldrich, purity 99.999 %, granular.
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| Fig.4. The concentration of TCE and its daughter compounds for TCE degradation by using Zn°.
Batch tests were performed in serum vials (15mL by volume) by using 3 g of Zn® in contact with

180uM TCE at 30°C, and mixed by a shaker at 130 rpm.
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Fig.5. The concentration of chlorinated methanes for CCly degradation by using Fe”Ni’. Batch
tests were performed in serum vials (15 mL by volume) by using 3g of Riedel-deHaen Fe’

powdered combined with 3g of Aldrich powdered Ni® in contact with 1.6 mg CCls L™ at 30°C,

and mix with the shaker at 130 rpm.
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Fig.6. TCE degradation by using powdered Fe’ (B) combined with Ni’. Batch tests were
performed in serum vials (15 ml by volume) in contacted with 3 mg TCE L™ at 25°C, 130 rpm.

Curve Fe(P)/Ni: 3 g of Fe? and 3 g of Ni° were uesd.
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Fig.7. TCE degradation by using different Zn® combined with Ni’. Batch tests were performed
by using 3 g of Zn° and 3 g of Ni’ in serum vials (15 ml by volume) in contacted with 3 mg TCE
L at 25°C, 130 rpm. Zn(A): Hanawa powdered Zn, Zn(B): Aldrich granular Zn, Zn(C): Acros

granular Zn
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Fig.8. CH,Cl, degradation by bimetallic Zn”Ni® and Fe?/Ni°. Batch tests were performed in
serum vials (15 mL by volume) by using 3g of Aldrich granular Zn® or 3g of Riedel-deHaen
powdered Fe’ combined with 3g of Aldrich powdered Ni® in contact with 1.3 mg CH,Cl, L™ at

30°C, and mix by a shaker at 130 rpm.



