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Aerobic Cometabolism of Trichloroethylene by Ralstonia sp. P-10 using Toluene as the
Primary Substrate
Student : Yen Ru Kuo Advisors : Dr. Jin Gaw Lin
Dr. M.C. Tom Kuo
Institute of Environmental Engineering
National Chiao Tung University
ABSTRACT

The aims of this study were to confirm the function of aerobic co-metabolism of
trichloroethylene(TCE) by Ralstonia sp:P=10 using toluene as primary substrate and to
estimate the first-order rate coefficient of TCE:cometabolic biodegradation. After a
batch experiment, the toluene removal-efficiency was up to 100%, and the TCE
removal efficiency was 13%. The 13% TCE removal efficiency proved Ralstonia sp.
P-10 could cometabolize biodegrade TCE in the presence of toluene. The first-order
rate coefficient of TCE cometabolic biodegradation was 0.16 + 0.05/day.

According to the toluene multi-injection experiment, the effective time duration of
toluene presence from 1 day to 3 days, the TCE cometabolic-biodegradation efficiency
was from 21% improve to 33%, and the bacteria count were enriched from 10° to 10°
CFU/mL. The duration of primary substrate (toluene) presence in the microcosms
was the key to achieve higher TCE removal.

Keywords: Ralstonia sp. P-10, toluene, trichloroethylene, aerobic cometabolism
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& ~ R BB E AT o €33 BT e F K
" 1
B
A PepiE (LR &G ¢ Tlpmp
2 £ QERMHMEEI L AT RTRR
EEd
EIDN ,;‘b g\.c%gl\pﬂ_/ﬁ\,bﬁf-v%\g?&""i\ZE’q_J‘,,‘;}Ejfi,#ﬂgo
LED A FE €@ " T2 75 B4
2@ g aA g G AR A AP B B SRR S
Bl | e R ed m s
3.5 &> 100~630 ppm kA T B T M 4 E 0 LB T R
Pl o % g5l deid g kR o

Fe B2 M

PR ~ B~ SR ~Bs ~ AL LF W CRERF A F L
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2-2-5 BN A Bk AR

TEFEfZ AR RN RBELT D AARRRF L ZEHE S
Z o fUR AR 90 EFRFEF AL LB TORFAIRE T Pk - A -
BEEAIE > AR A 1.00 2 1000 mg/L o = § ¢ e - 1 % A

B &% 5 0.005 2 0.050mg/L > 4o 2-7 #75F o

j

R F OB EEITLE AREY HERR o e EFAER
AFREE - RFpEII LK FREREEL 2%2 71 (NIOSH)
ERHZFCFIL AP TS T FRA 1990 E@ D TFE g § 2
2r %k, (CAAA)Title I # » ##H 7] % 3 2§ = 44 (air toxics) ° ¥

— R AR G R R A R

e
a8
™
g
2

Z AR BB SRR A MR

\‘ﬂ
3w
kg
-‘}\\3
i
i
/\‘

25 - gz — e I E RE R A EE T (WTO) #-51% k@ = g 221
#lER TS5 003 mgl> ¥ RMEB FEF T2+ 2kAR (MCL)
0.005 mg/L » & i @ 5 % (Barkach et al., 1990) - >* p & > 5 > 33

TR E LT 13 0.03mg/L (P AIRE S £ 0 1998) o

19



%27 BPREF LR TRE GIEE

# 4] & (mg/D)
s % 4 P ~ ~
¥ - HE ¥ - HE
BF 4 RRE L& F
% (Benzene) 0.005 0.050
? % (Toluene) 1 10
SR ¥ 4 % RE £ F
%z (Naphthalene ) 0.04 0.40
O W SO -
V= & it g (Carbon tetrachloride ) 0.005 0.050
% ¥ (Chlorobenzene ) 0.1 1.0
% 7 (Chloroform ) 0.1 1.0
% 7 % (Chloromethane ) 0.03 0.30
1,4-= % ¥ (1,4-Dichlorobenzene ) 0.075 0.750
1,1-= % ¢z *= (1,1-Dichloroethane ) 0.85 8.50
1,2-- % ¢ = (1,2-Dichloroethane ) 0.005 0.050
1,1-= % ¢ % (1,1-Dichloroethylene ) 0.007 0.070
g 12-- 5 ¢ “ _(cis-1,2-Dichloroethylene ) 0.07 0.70
5 -1,2-= % ¢ % (trans-1,2-Dichloroethylene ) 0.1 1.0
. (phenols) 0.014 0.140
2 % ¢ %% (Tetrachloroethylene ) 0.005 0.050
= % ¢ % (Trichloroethylene) 0.005 0.050
% ¢ % (Vinyl chloride ) 0.002 0.020
3

2,4-% (24-D) 0.07 0.70
4r (%3 (Carbofuran) 0.04 0.40
¥ % % (Chlordane ) 0.002 0.020
+ 41+» (Diazinon ) 0.005 0.050
i£ 5 +» (Methamidophos ) 0.02 0.20
= v| (Paraquat) 0.03 0.30
L %\ ( Parathion ) 0.022 0.220
# #. % (Toxaphene ) 0.003 0.030
T 25
7 (As) 0.05 0.50
4 (Cd) 0.005 0.050
% (Cr) 0.05 0.50
4 (Cu) 1 10
45 (Pb) 0.05 0.50
A (Hg) 0.002 0.020
4 (Ni) 0.1 1.0
# (Zn) 5 50
- 4 7 P
WEe®g (2§ 3) (NitrateasN) 10 100
LTAEEE (2F3H) (NitriteasN) 1 10
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4 $ 4 5 $iF (bioremediation) rE & A A e A P AR 0 B

RAFDIE~FRERAY Pt EPFERMG )RR RS S

RAHEr > ARRAE A RGE T BI AL F R RERT AP

DEFI]-IERN R SR F S e S RO Y R ¥ L I AT

N

ARARE ST APRRBRE AP Ry Y EEE > e 5 Hghcft

PER T EFRRE TR ALBARF R RIPIAFA T g
AR T REISE A A SR AR TAG £ il Aa

AR B R T 0 2 PRy R ERR G M3 A 2 A AL AR

EH S Bt AFERAY AL RS AP o 2 RS R

"

PAFRT S SR EEIRF R GAILE S BB T €5
TAantgo AR ERY AL aFRF T o
b (in-situ) 4 4 v €81 T3 H EF 3§ B FF 0 EF RS
Ped P nlcd > MGERP A P EEAHFT L2 E 1 2 F g
x4 275 24 (Roberts et al., 1990; Semprini et al., 1990; Semprini et al., 1991 ) o B &
S BB RJIPE A RY A T A KR
2 7% -2 (biostimulation) © Jxde 2 7 4 R 2 U Y IR N R

SR > LN RGP PR
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4 J7 i vz (bioaugmentation) : f1* F F11 ARHHCE Ao BT LA S
$ AR 4 S A o 8 A TIE s P D p RS

RTINS £ 5 S EXEE SN SER £ BUNES ER] TLE s

%L
tﬂ*
éT

4 ¥ k2% (biological treatment) @ #-/5 4 4~ 53 # (bioventing) s 2
ji (soil flushing) 122 5 #7k2 4+ F BE S LI # ik - 2 ik il

3 ",’TT S AP N EET 2 (landfarming) ~ 357 & J2 (composting) e

22



2.2 $ 5 %
2-4-1 kv %t FRY AL
BRF EET 0 Z I B A R
TR ERI IR EE

1 E‘E_
B R R

e - dwre (N BH{r 2

E

w

e FEE o Kg R

cZ % ¢

(reductive dehalogenation) i 42 3; = "8 -12-- % ¢
(cis-1,2-dichloroethene) ~ * -1,2-

g RE
# ¢ % (1,1-dichloroethene)

5
# (trans-1,2-dichloroethene)# 1,1-=
#2_ A= & ¢ % (vinyl chloride) * = ¥ i
B H OS2 S Ae @] 2-2 7ot (Vogel and McCarty, 1985) o iR¥ %t & 4%
PEME A RY AL F MY

F 75 R T
/ﬁ%ﬁjif‘ﬁ_ °

A0

-
EFe G B FCFEF G
(Kleopfer et al., 1985; Vogel et. al, 1987; Zylstra-et al., 1989) - % & EPA = -
; % 5

LEEH A S 43§ o N e

\H

§ e
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c=¢C PCE
cl” ~cl
H2
HCl
CI\C H
= TCE
cl” ~cl
H2
HCl
H H
c=c__ c=c__ c=c__ DCE
Cl H H cl Cl cl
H2
Unale
H_ H
C:
P ve
Y
Co,

B 22 = %2 ’fﬁ;ﬁ)ﬁr'b‘_ﬂniﬁ Bl - 3 (LB e ™ a2 1

(Vogel and McCarty, 1985)
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242 ZF eI FEF RIL
BAFRRT d A RZE RN F LT AR AT RS

4% 2 (Bouwer et al., 1981) » =7 gd A fRBHS = § ¢ Sip i b A f2
PRFELZARZEATAETNSE - gHR2ZPFEFTILIL L R AFTRLAR
AR RRPF EMFAEAL T 5 F (oxygenase) KA fEA & A LA
FompRBAMBME - d 2 F PEdak - RN 2T AR EAT
FRLG AR F i o Mz e AR RS s § e
k% (Criddleetal, 1993)- s fiffd 1 & 2 £ A Forf A2y “ph M
EE R Nt T S 3 0 f S 4EF S (aerobic cometabolism) ©
Wilson and Wilson(1985) & = & R85 % K- R 5 (7 ==)% 5 § #

WG R ZF LS Rt B RETIR S R d R 50 2

PRERE G R APz et 2k F
1. ¥ %% (methane) ¥ it T;ﬁ (Wilson and Wilson, 1985; Vogel and McCarty,

1985; Fogel et al., 1986; Little et al., 1988; Semprini, 1990; Eguchi et al.,
2001)

2. FHREGALEFRZT F > & pp A fRFF (Wackett and Gibson, 1988;
Hopkins et al., 1993a; Hopkins et al., 1993b; Nelson et al., 1986; Nelson et
al., 1987; Nelson et al., 1988; Hopkins and McCarty, 1995; Jenal-Wanner

and McCarty, 1997; McCarty et al., 1998; Kuo et al., 2004; Morono et al.
2006; Han et al., 2007)

25



3. (= (propane) % f%p] (Wackettetal., 1989 )

4. % (ammonia) ¥ " FX A 1t 7 (Vannellietal., 1990)
5. B (propene) % ji# ] (Ensignetal., 1992)

6. £~ = (isoprene) 4 f& 5 (Ewersetal., 1991)

7. £ 3 A% (isopropyl benzene) % % (Dabrock etal., 1992)

Wackett and Gibson(1988) 4 %|12 ® % /4 %7 Pseudomonas putida F1

2 ® 2z % it ) Methylosinus trichesporiumOB3b = *#= & fs S5 T
FOMRAHZ & L o BAERPEART 2 i F o

S

N}
&
2N\

3 2 et X AEAE SR FAALT FSARE T
RSk FL SN LR CESEEN SR ER AL R L e R S

F OB TR)ZFLAECEFIEEFF ONBPEF o HHF

o
\<
-

FAHR O REAFRATHET AR AL AT Ao 7 F 7 %2 g
S IARE LR R F 2 a4 2 Fik (Semprini, 1990; Hopkins et al.,
1993a; Hopkins et al., 1993b; Hopkins and McCarty, 1995; Jenal-Wanner and

McCarty, 1997; McCarty et al., 1998; Kuo et al., 2004; Han et al., 2007) > 3 »

FE TIME 2 - ip ek o Hopkins etal. (1993a) 7 ~ 7 % -

e
=y
W
fn
ED)
)
-ﬁ;\:
(54

TR E GARAT  FHRB AP EFHE G G A PR SH

BEHNEIRRFTT A F LS F G FFEAYE 24
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g-DO/g-phenol ~ 3.1 g-DO/g-toluene ~ 4.0 g-DO/g-methane % 3.8

g-DO/g-ammonia » o FFdg 1100 F s 2 A R AT i 5 b %

v

i

F oA SR (290%) -
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2-5 AFEA

RRFHRAY 2P FE2RAT AR ZAE RS MBI 50
oA F AR - BRI BRI RAEAT N LG AR E
cfriid o EARATEE A RS aRE A BTk
Ay RAT AL SBE F L F S o P % W) A TR ok
(competition) » Hubert et al., (2005) 45 &1 7 FH#>v = & ¢ Fengrd| <20 = &
O T Fendrdl o BEAML RS BARF P EF LR EF R
T Mfer ¥ d Monod * A25¢ ¢ 2 X 47 e ¥ #c (half-saturation coefficient)
K H R0 X ik Hodom el P k2 L 4 (Alexander, 1994) 0 §
BfEA T L o § Bl ARG 4 M ¥ (Speitel and McLay,

1993)= % 2-8 7} v e} GoRFUEOIF AR FepE B FE SHE o

\\\ﬁr

J"T\':' ﬁjé" 4 gi o

Folsom et al. (1990) r4f= i 5 Pseudomonas cepacia G4 Ftrrt— ik

IH

LRHZF o RRERY ORI ERFS R
BEACOFIRRM AT = F C g rdIfs 0 R0 e e00E R SRR .
M EE A (1999) Ut = B%E HF LB I RRIFEAR A RS S
HZF oY RREFRTFRFRRRE 4mg/l B B kR DR § T

PAFRLIFIZ BE LA BPML P E RHEF o e .

Fuller etal., (1997) 45 #1303 4 M Hc2 5% H 7 F2 2 § ¢ G o E



BH BT o d A GET A PR §F P A R LT ¥
S "v ' - 2 /ﬂ{’ J12 22, -;-9§ - S yf’ s )/, /\
FoWER B P fed P EFEDEAD € 7 ﬂge‘t«gmvwz’,,;b{ﬁmfﬂ,?

SOEHRF LAY FERB 60 pg/mL € Frd i el FoRE A R

Fhod %4 (1999) FI¥ Fie 2R RF L 2 ARERA D FiRE

BERILZ & 2" FhF > 5807 FTRARIF > 24 fBY

o

Foaongz b - Eagin T FERAZE 896 g/mT = F ¢ FH%F A TS

g T A AA ST L PRERT > RFENT FRAT BN P S

g\.

FRIDT FF ER RF AR R - LT Tk

RAGEHL 7 ) R W G AL Frdl R g o i3 % = 4

e
o
-5

BEFPBE I R § 2 CHRERER P T PR AR 0 ¥

e
=
S

ﬁ\
43
—h

7
e
=%
=
oo
'

o
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28 P FLjRFAbrEiEz 5 0 ’frv%ié‘ Monod ¥ B#H + N e
Batch/Continuous/ Ks, oL ktcE Ks, tce
Strain Reference:
Semicontinuous (mg/L) (h™" (mg/L)
P. cepacia G4 Chemostat 0.79 0.040 0.79 Landa et al., 1994
Chang and
Mixed culture Batch 1.02 0.00708 8.64
Alvarex-Cohen., 1995
P. cepacia G4 Fed-batch - 0.0035 - Mars et al,. 1996
P mendocina
Batch - 0.066 0.96 Sun and Wood, 1996
KR1
Mixed Culture Biofilm 0.027 0.016 0.173 Arcangeli and Arvin, 1997
In situ
. - 1.0 0.029 10 McCarty et al., 1998
community
P. putida B2 Batch 2.7 0:054 6.4 Kelly et al., 2000
P. putida TVA8 CSTR Y & 0.054 6.4 Kelly et al., 2000
Mixed Culture Batch 0.80 0.095 14 Lee and Liu, 2006
In situ ) .
] Semicontinuous - 0.025 - Han et al., 2007
community
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26 ZhCHHMEFLER

FIFThRNTRBEA AT R 2 F C GRRER P 0 § Bk
dr@gsa il Pkl FoEE A HZ & ¢ GaFE it (Mu and Scow,
1994) - Oldenhuis et al. (1989) #-7 ik & = & ¢ %ix » 0.42 mg-cells/mL
FERRY B4 2P EEER SRR kB3RY 280 kA
%3t 0.2mM B - ik Methylosinus trichosporium OB3b + * #= & ¢ % i
P g R BRI . b ?b > Wackett and Householder(1989) 45 41 = & ¢ ’fﬁ%’ﬁ d

—

Pseudomonas putida F1 Z # eh® ¥ g% § (‘2% (TDO) {74 $ = N2
P R ATEAA 4 0 & P g4+ Pseldomonas putida F1 =4 £ - i 7
& L2 R Fibri o Luvand Lee(2003) 45 1 % = % © A ek B
1.1 pg-TCE/g-soil 3§ e 3] 105 pug-TCE/g-soil ¥ » = & ¢ i ehd 3 & ik
Fd 65% 53 20% 0 FiE-H ‘iib‘{fﬁﬁﬂ”ﬁé%&i@{%tﬂ 169
ng-TCE/g-soil f& > = & ¢ % @2 55 & e s 42 oo

3R ABHTZ & e G4 7 RARR SF o Marsetal (1998) r
Z AP Er A7 F 4 f# ] Pseudomonas putida mt-2~P. putida F1+P. putida
GJ31 2 Burkholderia cepacia G4 = & ¢ " e 5> = § ¢ A4 » 5o
rAFRDFREREY CF =4 ¢ % 4~ {8 > Burkholderia cepacia G4 ~ P.
putida F1 §= P. putida GJ31 = faFteend i 4 - B 7 p "2 i< 50 ~ 1000

Bood s A ERERZ § 0 Y 0 ZBERET Femged g



M9 BOBAZE AP HAT AR Sindlz & o

y &

31*11—*

Mgl 8 ?;ﬁ“é FItR e 4F ;,9]:4 LY LT S R

2R FIBRE Z & ¢ el o R FEIRGEIARAE (BERAEE A 1999) -
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27 O ¥ AREE AHEF o wﬂ

TEAfRRE S F o enisdl AR et A 4 en? R
H3 3 itf22 (monooxygenase) == 7 ¥ fF% 3 it ;¥ 2 (dioxygenase) %
HzFef o FHFF MR 2 AR BF RFENT F LS
P A5 ¥ fs (cresol) 2 F T F& (benzoic acid) c H P BLIVA N T A2 FEEE
PREGEZFe%F i F R 8 » 2 F o am et 2 & ¢ ik
5§ piEt 5%y 4 (TCE epoxide) Sipen? WA o 7 ¥E§
FVREE T QI EBRES BE RS E AT F LS Y A58 cis-toluene
dihydrodiol » & 4 ¥ § I Fr Rl G- & o % > RIFEA & 5 -

/"

(hydroxylation) > ¥ J + ¢ &

9)‘{

FOAEELE G = % LR

lH
\\\

RS BA Y -

TEAREABREAY T FRFEAT L FRRAAL DY P
£FTELB R PputidaFl TALs A4 T FREF § Rt A HE
Y FHFFCpEEiEr T 5 9 ¥ e L cis-toluene dihydrodiol ; @ P.

cepacia G4-P. pickettii PKO1 % P.mendocinaKR-1 4 %t 432 ? T H 3 3

ey

,Lﬁ%mn*’iﬁwéﬁg_ﬂﬁg\ﬁ&_ﬂﬁggﬁ%_ﬂﬁgo5’?]-,/z‘—»ﬁ\? H §

o
ey

k|

=t

b p % TOL FRE> g fg e F kP 0 A7 A7 g it ivs &

N

PR EFF MR RS E LR RPEY g1 TOL

Wb r) FIRATA JEEE MM A o GehpERaer AE R o SR
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BT A EREFRL hF CHEALTRRERL T AR SR 2§
e 2 F s o Wackett et al. (1988) 4517 FHF §F " Z 2 S e g
FLIER S PREVREFHES MIEY B B3 RIEFHRGCEP o
1T FAf2E Poputida F1 £ S3#z §F e F R §pieriy
B argk o Poan @ dren® F4FF R BHE SAsdeF AR 2 H R A B

2-3 #7515 (Shieldsetal., 1991) » H i j& B3+ £ 2-9 o
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Cny

P putida F1

ofoe
\ |/
o

P, cepacia (G4

P. pickelti PRO1

2

P. mendocina KR-1

/7 I\
(019
l

— TOL plasmid

3.
@[m

B2-3 4 k7 ¥ A j2Eek § g/ (Shields etal., 1991)



£29 Y ¥4 § A fREAHEL S 2 A KT (Shields etal., 1991)

Organism Enzyme Enzyme attack position Intermediate
P. putida F1 toluene dioxygenase benzenyl cis-toluene dihydrodiol
P. cepacia G4 toluene 4-monooxygenase ortho- o-cresol
P. pickettii PKO1 toluene 3-monooxygenase meta- m-cresol
P. mendocina KR-1 toluene 4-monooxygenase para- p-cresol
TOL plasmid toluene monooxygenase of the TOL CH3- benzoic acid

plasmid (pWWO )
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CEE I LR E

31 R s
3-1-1 Ra&™* -k

PRCEHRIIE AR HRE SO LR Pk R o g
KRG E RS Bt E UV RSk A2 (ELGA, Ultra-pure
water system) > f£ (5=

q—/T

Dﬂ% (REXALL, LS-2D) ** 121°C ~ 20 psi i% i+ T ;5 4%
= ) 20 A 4d o

312 ARAY

AFE

s
Zz_ L

47 (MERCK, GR gradé) * 2 HYL-QTI(Ralstonia sp. P-10)
2EARN O S S R

Y

f

2k B

=
=g

x{

A Syl SR P A L SR o etE
o f& ¥ WA E FkfeE 2 % 400 mg/L 2
4°C k454 F ik * o

fEH B TR

‘\

3-1-3 PEFRF

|4

Jui
’“T
_ﬁ‘f

(MERCK, GR grade) = HYL-QTI1(Ralstonia sp. P-10 12 ¥
FLRAEAE

FERT R B PERF AL P R B AR kRUIER
X 13179 mg/L 2 B5% 3% 0 W B 4°C ks m * oo
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cERR > WFE S BEE

&
([
s
([
b
5
EX
s
-
3
aH
4y
-
i
ok
W

‘ﬁwo@ﬁﬁggéﬁﬁﬂfﬁi

PoEEAS Efoh D R HTr > R kB RTCE o - KA T 0§ R MK

010001001 0 ARG R Y APBY A RASZ ERIE 310 H P s
(NH,),S0,) ~ Fife4f (MgSO,- TH,0) ~ Fifie 4¢ (CaSO, - 2H,0) ~ 7 fik 4
(FeSO, - TH,0) ~ Fifit 4 (ZnSOs- TH,0) ~ £ it 4 (MnSO, - H,0) 2 5 it 4
(CuSO, - SH,0) % i (T fic & ~ % olified, - 40 (K.HPO,) 2 Bifk & - 4
(NaoHPO,) % 4% e 4+ 3 K s Z B S 095 4 b > " $433 £ % £ 3 e iF

*oory kit B iR EE Y L 4L K MERCKEZR d73 &

315 AnTHEuii

&2 % @& * Nutrient Broth 3§ 75 T 45 32 & 7 & {7 HYL-QTI(Ralstonia sp.
P-10) Fficz Bl X2 #tE % o NB T s Api-s % 15 65g
Nutrient Broth(HIMEDIA, = f>4c% 3-2) 4v 7.0 g Agar powder(HIMEDIA,
CAS No. :9002-18-0) /A% 500 mL & g’k ® » R &3 1 > B3 121°C

121 psi T B BRBRFFEE 20 A4 F NB R i ARAS D 45 ~

3

50°C *mF#Eirop %38 NBRAAG A FR A Y - FEFR %

w ¥k fi NB 3 & SRR - B3 4°C skfad i * o

38



%031 RBYEABILZER

Component Concentration ( mg/L )
(NH,),SO, 4.7
K,;HPO, 1.23
Na,HPO4 3.57
MgSO,- 7H,0 0.62
CaSO,-2H,0 0.0031
FeSO,-7H,0 0.0062
ZnS0O,-7H,O 0.0062
MnSO,-H,0 0.0031
CuSO,-5H,0 0.0062
Na,MoOQOy4-2H,0 0.0062

# 3-2  Nutrient Broth § % # = &

Ingredients Concentration(g/L)
Peptic digest of animal tissue 5.00
Yeast extract 1.50
Beef extract 1.50
Sodium chloride 5.00
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3-2 A3 2EEG
3-2-1 % FA o Faat

KGR AR B 02 2 k¢ LA G L R
= 7% (NIEA W785.53B, 2003) » f1* § 48 k& 7 # +# &k (Gas Chromatograph
Mass) » fie & *& § 4f #k 45 & #& (Purge and Trap Concentration) 4 47K % ¥
TEZZF G ELENG WA RR R T F 2 25 HA a2 ATk

R RT O fRA E NP R F A AOESREL 2 F AR AT TR

- . "R # #IkHE k3t (Purge and Trap Concentration, TECKMAR)

(1) R # 4 ik 4 % s AE L Teckmar Velocity XPT

(2) # %3 #ig 315 ¢ Teckmar Purge Trap K

B) &* x4z B4 : 3¥HF (Nitrogen) » 70 psi

(4) *Xf FFREF 2 52 £ ¢ 11 min > 36 mL/min

(5) MR ~ B R Z A E D 4min v 260°C > 300 mL/min

(6) W HER © 150°C

(7) @ﬁ;f]”g OEEER SRR 2 G E D 15 min 0 270°C » 300 mL/min
= . # 40k 7 B 3% & (Gas Chromatograph Mass, AGILENT)

(1) # 48 & +7 & 3|5 * hp 6890 gas chromatograph

(2) & &35 hp 5973 MSD

40



(3) #* 7% : %% (Helium)
(4) % 7 &+ 2 xE 424 psi » 25 mL/min
(5) iLsr B R Z A im0 265°C > 25:1
(6) # %% 5 $3)55 © Hp 624(60 m x 0.32 mm x 1.8 um)
(7) = E AR

A8 % FEPER D 40°C > 5min

R B 8°C/min

B EAFEPER D 180°C > 11 min

B or2 R 1 33.5 min
@) LE M T B FTEEE RE MR R

? % 1 17.02 min > 151pg/l

=% ¢ % 1478 min > 2.6 pg/L
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3-2-2 %3 RlE

Za - A

o

FREERT ¥R AP oo E
HYL-QTI1(Ralstonia sp. P-10) =<5 & > ;g,u T FEA P EENT S

£ o ®REHHA S YSL 5100 -

3-2-3 Phdk EiRE

ARG R ik B P R E P&

o

o2 fhde B JF MRS
HYL-QT1(Ralstonia sp. P-10) *t ¢ M B T & £ o &K BH A 52 WTW,

pH/Codi 3401 -

3-2-4  OD g5 iRl T

MEF R &k kR E R HYL-QT(Ralstonia sp. P-10) &8 - # &
k£ 605 nm T FR kR ;ﬁd ARE G kRt kR LR
Bl D EREALY AL AP e B2 kB o KRB 5 MERCK,

Spectroquant NOVA 60 -

325 HiE A+
7 2 HYL-QTI(Ralstonia sp. P-10) fifzk@EA® & £ 2 % ) ehff
A5 MY FIE B Y % 4R (spread plate; NIEA E203.54B, 2005) ©

i E kR éﬁﬁ&% % 107 ~10° % 7|k & (serial dilution) » £ % B~
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50 uL AR RN EFZ £ 5553 545 NB T ER 444
Boo FE TR A AN 36°C EERAEY 48 S EE T
B & R TR 2 BT Hc o WA 1 sk 1 T M4 0 30 ~ 300 K
vt R ¢ S S B o )J% #iir CFU/mL(Colony Forming Units/mL) # -7
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3-3 #FERFMA
3-3-1 FMkimz %
AT RYAXFTIRIMLL FRPHEFFRTI T OF L AL R
k4 gedianE ik HYL-QT1(Ralstonia sp. P-10) 5 9 5% F48 % /& (Han et
l.,2007) - ~ 3 t& Ralstonia sp. P-10 13 *% 20% &4 7 @ » 33 -20°C
TRELS R FT
3-3-2 AAETZHASE
B BT LR EIREPRE Y 20% H o P ehE bR I FlERE
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= 737 HYL-QTI1(Ralstonia sp. P-10) 14 ® ¥ 5 32 & A F 4+ 3 & S 38f
EFEz & L ahe At o B £ 14 % 5 HYL-QTI(Ralstonia sp. P-10)
ARG RF 13T e (332 mg/ll)is - A %3 126 mL ik 5
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Hoe - I Bmai 7 Ami-Bi0m08 A4 AH
HYL-QTI1(Ralstonia sp. P-10) = €452 & k¢ 7 ¥ 2 = § ¢ A4k
RoGERTFAGRENT F R ATET K RPE F o it il 2R E Rk
Fo¥ - sk R 16 445 ~ Fik HYL-QT1(Ralstonia sp. P-10)
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FZ2Z & e AER 7™k HYL-QT1(Ralstonia sp. P-10) & 3= & ¢
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Goend g R F e B b0 RERMCA B A2 K C e

HYL-QTI1(Ralstonia sp. P-10) 4+ % £ #4975k » A T X % e o 77

@R T F el o V- B g FR Ak R K 500 pg/L £

EQp

1Y

F o R BRI TR S A - BERT ¥k

Bt e B L7 R RATE R E PR o

£33 PR Sk ER

Batch test Microcosms Conditions

HYL-QTI

Toluene-fed microcosmes 3 x 1000 pL toluene

| x 450 uL TCE

HYL-QTI
Non-toluene fed microcosmes

1 x 450 uL TCE

Sterilized water

Leakage Controls 1 x450 uL TCE

1 x 160 uL toluene®

% Avoid toluene concentration higher than the Instrument detection limit.
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POEAE S BBk P il A et o~ SR Lo~ BB 0 AP

>

\“‘1“-7

? %71~ HYL-QTI1(Ralstonia sp. P-10) 4 i & p > #5337 ¥

=
WG TR R R & 2 5 R el - HYL-QT1(Ralstonia sp.
P-10) 3 7833 & chgf (745 Fde 3-3-2 §9rmo® FRAF 5 L %% 4 5
T A B T F o Sl o WANEES S HY (R25°C, 150
rpm) 55 X H - AP L ENDF HRE LA 34 2 AR
3-3+3-4 2 35953 o

126 mL st Rk R 0 PR R (9 400 mg/L) oo~ MF A
3000 pL > i r R 5 1.2imgh Hc2 f kN " ¥ER YA 10mgle 2 A

BT LB BREALEE > e FEI30000 pL hT FRE G R R A

=5
x

=

J? (1x3000 uL 7400 mg/L " F g Bk )sB B2 & 12 ) R &~ 3 =%
2~ (3x1000 uL 7400 mg/L ® ¥kt a% CEA2I N A 652~ (6
x 500 pL 17400 mg/L ® ¥ #E% A0k BDE A3 I ] A 91~ (6 %350 pL,
3 x300 pL =1 400 mg/L T ¥ k%A ) o 450 pL fh= F o kg AR
(131.79 mg/L) #£x » % - EN RN SDE SPNY e U L R S &
FOGERN G 500 ug/Le AP EK Y BT S FRE T F nfpdlle
PR EBRRERT = & o FIMIRE S A o

TEFAT IR BRFIHFHATE LG AFRTHN G
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VL AR TR T T

Toluene-injection schedules

A B C D

Day 1 1 x 3000 uL 3 x 1000 puL 3 x 500 uL 3 x 350 uL
Day 2 3 x500 uL 3 x350 uL

Day 3 3 x 300 uL
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yrEx RBEEEH

RIpa AT N P HEFENLT FLAORATHT S8 H= 525
oA PR ke ayi § £ 5 £ & 984 ]S (Jenal-Wanner and McCarty,
1997; Luetal., 1998) » 3 § 2 if 42 % 38 % 309 ¥ 2 Rzpe 7 ¥ 53 4ok faph

BEEFT FhA DN n Hh o FAFRIL IR BT L

ey

2LE
P B R end PR g LR 0 B RG]0 T FARRFWE L Az
e gk o R AT AR A% (NHe)SOs) T3 F R > 7 FF it 2 v
& = F g enit 825 44245 Jenal-Wanner.and-McCarty(1997) #772_ 38 5% i2

PCACT fron

C,H.,CH, +9f.0 +9; (Hco +NH, ) N

(4-1)
Q;SCHON ( 3?5]002 £18f 8? szo

#Hd CHON 5 BExkehimie o+ 58 0 57 33 PFEAL R EDe 5

T FFLEY RE S wmeas 5 (f=1-f) - Jenal-Wanner and

ey

McCarty(1997) i * @ §33 %k FRH%KAp 7 FL PRz 5 £ 5 6.0
+ 0.1 mole-oxygen/mole-toluene ; Lu et al. (1998) g #=xz@sedp 117 F 2

P freng § £ 5 4.5 mole-oxygen/mole-toluene - Hanetal., o i 4 ir %
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BAFRpN? 325 a5T 5 £ 5 5.1 mole-oxygen/mole-toluene- 4 #2
1 19954 ) HYL-QT1(Ralstonia sp. P-10) r? ¥ 5 A F4+3 & A= 5 ¢

ot X EERTRESHT FAE PR BRETEE L 53

I+

0.2
mole-oxygen/mole-toluene - ¢ 9f, =53 P& - f, =06 AFTF 4% F (5§
By gy T FREF DT FAPERRCFLE T
C4H;CH, +5.30, +0.72(HCO, +NH,") —
0.72C,H,0,N +4.12C0,+3.28H,0
WP FLPFEREEFES 2 P 32 FHENF5 25 184
mg-oxygen/mg-toluene -

A B4 7 HYL-QT1(Ralstonia spsP-10), #+ =< 35 % Rk pF » #-51 % 14
XBERRF 2T A fooMlA B R £ 5 4.0mg-05(126 mL x 32
mg/L) - 400 mg/L P ¥ ik 3R iR P B~ £ 5 3000 UL 0 H &
AR AP EY EABAHI LT o T FAFEf2
pF 1.84 mg-oxygen/mg-toluene c1% ¥ & - 7 REF A & Ap 1.2mg ® F =
PARAPEIR2 2 F R L 22 mgOyc o REHT M2 A 40
My-O, % % E Xk FAfEFAAE12 mg 7 F97F o Flb > adr=x

ree AR P o Ralstoniasp. P-10 s/ 27 € Flia 3 £ 7 & m X Flard] o
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4-2 HYL-QT1(Ralstoniasp. P-10) % #“#{= & 2 H# X #%
HYL-QT1(Ralstonia sp. P-10) 17" % % i & A4 § £ ¥z § ¢ %
R I X S R AR =¥ BRI I R FAETS Y W
5 77+02mg/L 2 503+ 13 g/l - 5 7 % chEF 3 % > 7.7+ 0.2 mg/L
" ¥ 4 Ralstonia sp. P-10 #c# f 4 ¥ 42" f2 5] M0 K B @ per (11

MO/L) > A% 5 100% - 7 ¥ X = § o 4 A Al e(E Bk Wi 2

10 pg/L » #8745 15+ 2% A 4e ¥ F5Rm 0 = & © ek R 0 2
491+ LApg/IL > #7%% % 5 2£08% THA s ? B F P 5 67 ¥k
e E 5 %\;‘?J: e ® R w i 21£09mg/ll 2 6.8+0.4mg/Le &%5;’]: 4
v ¥ a2 HYL-QT1(Ralstonia sp. P-10) %] 5 4% 2 3 & @ 8jicd 4 4 £
SRR P R Y R AR F YT P midRe o d T Y
TR EE R e T FpH%em 13% =3¢ Jﬁ%%“fﬁ L B E RS
JA2ehi B oo #9% HYL-QT1(Ralstonia sp. P-10) & " ¥ 5 1 & fAF - &

;’gcj SRR F ALy PR L ARz F Lo
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%4-1 7 %~ 2 HYL-QT1(Ralstoniasp. P-10) 4§ & 3= & ¢ @R 5 %

Toluene-fed Microcosms

Non-toluene-fed
Microcosms®

Leakage Controls®

TCE Remaining Concentration (ug/L)? 430+9.9

TCE Removal (%) 15+20
Toluene Remaining Concentration (mg/L) ND"
Toluene Removal (%) 100

Dissolved Oxygen Remaining (mg/L) 13+0.9
TCE-degradation Rate Coefficient (day™) 0.22

OD 05" 0.025/+.0.003
Bacteria Count (CFU/mL)® 10° ~ 10°

491 + 1.4
2403
NA®
NA
27+0.4
NA
0.008 + 0.001
10°~ 10*

498 + 3.9
1+0.8
357+54
1+15
NA
NA
NA
NA

% Results are averages and standard deviations of triplicates. Initial TCE concentration and dissolved oxygen concentration were 503 + 13 pg/L

and 34.1 + 0.5 mg/L, respectively. Total toluene injection per microcosms was 0.97 mg.

® Not detectable.

° Not applicable.

9 Initial OD gos was 0.004 + 0.001.

® Non-toluene Fed Microcosmes were HYL-QT1 plus TCE only.

" Leakage Controls were sterilized water plus toluene and TEC respectively.
9 Initial bacteria count was 10° CFU/mL.
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*F 7 g HYL-OT1(Ralstonia sp. P-10) 12 ® ¥ 5 4 & JAF 475 &
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EFFFL > TEFREFRT F G F - PP MMF S o Luetal (1998)
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3 1% =3¢ Tﬁ—‘@«'&ﬁ;%*:;ﬁ AT FRIMEGFIIFE = F L -{’T“,:’a‘
Pr AP F Ty 29% -

TFLCFLHRMETADE - IR Z & L EfET G § X T
AFHLF CEER RS @A = § o ke Luetal. (1998) L%
Plg " A4k R B S mo/ll P T R4 F ot fRandr it g g
4 o Leeand Liu(2006) {451 % ¥ FA-4k& 5 30mg/L B> = & ¢ 4ieh

SRR E SRR BN T S S e e L

%

Z A 77+202mg/ll 0? ¥ FE i ® KRR L 26+0.1mg/L s g
JE AR Lu et al. (1998) Z.ilee andiLiu (2006) 45 21 e® ¥k R ¥
B KSR = F o e EfRE A g X DT FaA edliEr o

o AR 2 E o Gk R TR (508413 pg/lL) - = F ¢ T ¥

A
et

Frdl B EH €8 2 o Fanetal (1993) 7ig 4 3 s 3 iAo
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o OPEER)PEREE R 6 o
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Toluene Remaining Conc. (mg/L)
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Mo fE T ¥ A(F - FER)PFRE G § iR s

nNS

F

&\-ﬂ}

4 Sl ¥ EE RN 2 M BB S IR % 7 % © Jenal-Wanner and
McCarty(1997) i * Michaelis-Menten = #2 ;% (Eckenfelder, 1970) %
Monod = 423:% (1949) H£P~2 & N3z & ¢ fFF i F Sl 4 F 407

S

s _ kS (4-3)

iC _ _kC (4-4)

He SrCLiZ AR (" )@z A%y (24 ¢ %) RARMIL)S X,

B R R (ML) ¢k fok s BFE PR @ SR 2§ LR

\\\

PEAL S SR iR g% 5 (hour) s K rK A R T F ez & ¢ e

’fr"#?ﬁi: (Mg/lL) - 5 = % ¢ "T%/}E}ilf* %/\mf‘—"# i Ky (C < Ky) 7 3
(4-8) 7 e p & TR
_dC K yc—k'xec  when C < K (45)
dt K

FELmie kR X, bR EART 553 07 0 2% (4-5) VEE ST
C _ Cie—k'Xat (4-6)
HecarCabliazgdgepns i -RBA2PRELAFNER
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(Mg/L); t 5 F BePE ¥ (hour) - HYL-QT1(Ralstonia sp. P-10) #&c# # % se¢ #
Fl* 2 fe5 (4-6) k== F e 2 Prifar ubo 4 Sl

Hanetal., (2007) 4 ¥ty S A0 - F %z L2 FE R R ]ji,; 2 4
HYL-QT2(Pseudomonas putida) +-iF2 = & & Y- ¢ & sd 4 Sdcm &) 5
2.0/day ~ 0.6/day % 0.5/day - Bl 4-2 = *F 3P HEZ=ZF - IWF &

FEBOBY T R AR AR Y e AL 4% (100 ]
) chH - B ERHRR T FRASE - FEE T 1R o332 2N (4-6)
ML BRENF-RPEZF AP R AWEGE- S R Y

= AR N o

C = 46862 g 00! @-7)

dAa B aET = B (R® = 077) Far— PFF R4 N ® 204 F 2 (N
fRiE S AR o F A K FE s 10° CRUML pF > = 52 a2
R R B S Fa (KX)) BT OF R RS - RS

0.22/day(0.0094/hour x 24 hour/day) -
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TCE Remaining Conc. (ug/L)
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4-3-2 35 £ % ODgys % 1

i bt R R A S BER o d Bl 43 7 o T AT G hnd

S

R OMAE AN E EEFFRFR A B %5 Y - B
e 343mg/L %3 174mg/ll 7 FR2FEEFFE(F - PR )ALk Y ep
BFES TR A LB o B A B ke ODgos 7 F i ey
- PR ERE F N E > ODgs & 24 | ek P d 4- 45 0.004
LEBE2L 2 00265 A 7 F 7 AR ODggs 0 L F et o

R R%Y T35 €7 ODes B2 F w2 f 5P 20F BpPF
g it odg % > L SRR @ F HYL-QT1(Ralstonia sp. P-10) s A4+ ¥ ki
T fER R T ;ﬁr} k& f32® ¥ pEer A 4 en ATP(adenosine triphosphate) i& =

e & z&;@ﬁ?j%ﬁmﬁg{ o
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Toluene Remaining Conc. (mg/L)
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Mt ik ? FMa L ¥ d ODes 175 Zypst > 77 d B ¥
AR ER o F A o R B 24 ) PR RPN (5 - FEE)
4 10°CFU/mL i 3 £ 3] 10°CFU/ML; A% = BiEskrif» 715 7 ¥
FHETed o 4 2§ ¢ g gl a gkt e L i
#cs j€_10° CFU/mL "% 3] 10° ~ 107 CFU/ML o 43354+ = 32 5 w0 14

HYL-QT1(Ralstonia sp. P-10) «]4p BI(®) 4-5(a) % B 4-5(b)) 7 5 & e

SGRSREFH R A B KRG £ ok FEE 40 FAAE R R

RopEETLAER S F HYL-QTI(Ralstonia sp. P-10) m 5 i 127 ¥ &

ARG AT AT F AL GE Sk T 2 S P r M
Pz § e A
34 I ER

B¢ PR 0P A R BARFIE 0 GETRRRR

oS R BEE ORI R T P A A SRR 2 & o
4oB 4-6 om0 FEEHRIDF A R kP ek E 5 836 A3 7.18 >
HYL-QT1(Ralstonia sp. P-10) &2 f& & chphdk B84 & 6~8 2 B » & &
EMcAI L LGP R BAFTY o RKREDRT T §EF I

HYL-QT1(Ralstonia sp. P-10) 4 % & “ &= & & “famesy -
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pH Value
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- ————————— PS
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POEFT T F 3L RIL Y hy ok BERHZ F LGP
fEaF R ROBR T FAT I A % Mer e A ~D k) 2k
PREAEE LA KEFE ST 32~ HYL-QT1(Ralstonia sp.
P-10) e fi 4 ¥ > £ @Y Fix o SR L o A LA 330 7 F U x oif
FUDEEBE BAPA9IFTA ) AER4pF (- 1)

el dxchE-gAPe Al ~DezFekAkd 465 £ 25
ug/L & %)% 2 370 £ 10 pg/L(A 2)~349 £ 3 ug/L(B %)~ 345+ 9 ug/L(C =
2 312+ 21 pg/l(D ) 5 = & 2 e ket A G 21+ 2% 25 &
1%°26+2% 2 33+4% > ® FAR 7 AL G k72 4 4-20 1245 7
ATIXL>»FREFFET G 0PI P R 0IpeF o ? 3 05 =
oo P & HYL-QT1(Ralstonia sp. P-10) #c2 i 4 cg »cp B g & -
EEPAPERZ G GFRTAF P o B HRATT b e

S g iR R 2§ 0 2 b E R Eped -

71



2042 9 CFRE SRk

Toluene injection schedule

A B C D
TCE Remaining (ug/L) 370+ 10 349 £ 3 345+9 31221
TCE Removal (%) 212 25+1 262 334
Toluene Remaining (mg/L) ND" ND" ND ND
Toluene Removal (%) 100 100 100 100
Dissolved Oxygen Remaining
17+£0,5 16 £ 0.5 16+0.5 14+0.7
(mg/L)
Oxygen Consumption
57+0.2 58+0.2 58+0.2 6.6+£0.2
(mol-DO/mol-toluene)
Final Bacteria Count (CFU/mL) 2.67 E + 06 3.36 E + 06 7.70 E + 06 1.36 E + 08
OD 605" 0.038 £ 0.003 0.038 £ 0.003 0.039 + 0.003 0.054 + 0.003

 Results are averages and standard deviations of triplicates. Initial TCE concentration and dissolved oxygen concentration were 465 + 25.4
pg/L and 32.9 £ 1.2 mg/L, respectively. Total toluene injection per microcosms was 1.03 mg.

® Not detectable.

“.Initial OD g5 was 0.040 + 0.002.

9 Non-toluene Fed Control plus TCE only.
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45 T OFRE S L 5k

RAFEY 0 50 LIEAMFT FAF =0~ HYL-QTL
(Ralstoniasp. P-10) 4% & 3" f2= & ¢ Fen@ Lo B (7 342 &
A r)E D (YRR I )@k ERLD 4 (100 ) PE)N BB H R
AT FESZFCHIRRE RRETF]F O o T T ERE DS -
Fefez 2 e d k- F BESF WA HEFLF»TE
FRACHNRAZF L FLEPEROTE o AAIRRY F - BERY

SO R S R R R o RS ke 43

4-5-1 = F o F 2 PR R R

d B 4-7) 2 4-7(b) T A MART FAZHE L S T ¥
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3043 RTFAT S BA%EE A

B D
Injection Frequency 3times /1 day 9 times / 3 days
Toluene Remaining ND ND
Toluene Removal (%) 100 100
Initial TCE (pg/L) 654.8 545.3
TCE Remaining 531.6 383.9
TCE Removal (%) 18.8 29.6
Initial Dissolved Oxygen (mg/L) SRR 30+04
Dissolved Oxygen Remaining 14.78 11.18
TCE-degradation Rate Coefficient (day™) 0.14 0.12
Initial OD g5 0.005 0.011
OD 605 0.022 0.037
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C = 641.92 ¢ 0059t (4-8)
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0.14/day(0.0059/hour x 24 hour/day) -

D lerig | T3 3medhs - BEZF 2P vil- 1 F B ¥
¥ RF AR e T

C = 554.40 0009t (4-9)
R?=0.88

ZE AR R R S e (K'X) BT FE A - FER S

0.12/day(0.0049/hour x 24 hour/day):*

76



2% HYL-QT1(Ralstoniasp.P-10) 2 3 7 £ Bl keg o 2
FFAPFEET LT TN TE o d B3 JHEENLEVET T F
e Rk pFRVAXE oRalstoniasp. P-10 127 R A AT F X Nz &
z ‘)T’F l;’f’ﬁ;t:‘i*‘ﬁr'g o

40

Dissolved Oxygen (mg/L)

30

20

10 -

< B-phasel %{

AV

D-phase 1

0 10

] 4-8

20 30 40 50 60 70 80 90 100

Time (Hour)

OFAR SR R B R R

77

110



4-5-3 padk BRI R

d Bl4-9vtd B 22 D 2 h@B@%PAP aplag@t o 71y

‘El\“\
It
o

2% D eophékE e kAP Y 57 sk (PH8~9) > i 4 = 2 (2
fadk B HP HE (PH7~8) - d Bl® FH V¥ MEZI A D 2% » @ 72
PR E ARG A KA Y T B R ERBFRARY > kYT
FAZ ORGEERBRADN S SR s 2E% Y HYL-QT1(Ralstonia sp.

P-10) ehjicd 7% 15 Fl 5 fhde @7 <X PR -

10

5}
S
©
>
S s
K B-phase 1 %i
6 D-phase 1 >||
5 T T T T T T T T T

0 10 20 30 40 50 60 70 80 90 100 110

Time (Hour)

B 4-9 7 FAF 5L r @ R R

78



4-5-4 ODgps % FE ™ 1 ik

FLEE 410 ¥ U R B 23 D ARSI R Gk B OD g o0
#itoB 22 D 2 0Dgs % - FFAd@Sl 30T h- B = £ ik
o HaMAP B FEE AT FIELA L AT ARGESRE o Bk
Y FHEE024 | FS OB BRI FOERHERABEFR G - D g
HFE T FD T2 PEREA AR TURA P RERRE DR LR P
B o U R ey ok § BT AR £ o

I P BEe 2 5 % ¢ Bk HYL-QT1(Ralstonia sp. P-10) #aj7 %
B 5 o R enT L E T A (B B L c 8 AU 0 Z 47 ¥4h B
e H3 4 e D e g ek - BB TR G LA R Y
BEFA LR ATUT N EF e (W BLE T Ralstonia sp. P-10 7%

L AA

PR AT R ¥ D PR B EaFE ERR w2 ks

N

il

N

TR LRURGEIEL T 2 & e feha arls Ko B3 G LARDEIR

79



OD 605

0.05

D-phase 1

AV
{
W O

0.04 -

<— B-phase 1%{
0.03 -

0.02 -

OOO T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100 110

Time (Hour)

Bl 4-10 7 FAF 5 A nEsk? 2k B OD g5 % 1 Tt 2

80



Bacterial Count (CFU/mL)

le+10

le+9

1le+8

le+7

le+6

le+5

le+4

le+3

< B-phase 1 %|
D-phase 1 >|'
0 10 20 30 40 50 60 70 80 90 100
Time (Hour)
Bl 4-11 7 F AR5 CA x5k ¥ s g L ot )

81

110



A& 3 1 HYL-QT1(Ralstonia sp. P-10) % % F =% Ak * 4=

TR R E

_\-—'-_; H]
"%

%

48 kEE o AR p i (1) #7371 HYL-QT1(Ralstonia sp. P-10)
Far§ £ 83z § ¢ e it (2) B HYL-QT1(Ralstonia sp

R R A B RS EL S I P2 S
#i>(3) #F"

FAT S50~ 30 T ¥ el PAJL LAY ook
FRRFEHZ & ¢ %4 08 B op J0ss - % & kL TR 2 BihdkeT
(1) & BB EmT

» HYL-QTL(Ralstonia sp. P-10) &t #-#c4 & %
FEAEd 77202mg/lL g3 &k B W R (L1ug/L) T o % &
= 100%-° fFpF > d B % ﬂ]‘ﬁpé%% B2 AR FRKRERF 13% = 7
FH# % F L 3% P HYL-QTL(Ralstoniasp. P-10) 127 ¥ 5 1 & A

ity vz a ¢ ﬁmﬁ i o

(2 LE-=xHhmaor REFERFN (4=) " ¥4 HYL-QT1(Ralstonia sp

P-10) 43 it 2LH B AR T 0 2§ © 4 hof o RLAR $HBT U 2

Mo 24 ] pRenE PR o B2

AR P R N P FRE R K
RE G RNET (LLpgIL) T oo Rypsct B kY T FEZF G
FEFDMG TR FHASENHZF O FPERE T TR

82



Lpr o ZE B EAEET S F T TR 2R S RARSE
CEEAVARZAIBHE  ZF A PR AR EEEE L
FORE R R S o

(B) PR A RBOEE BRE - R BP Rl AN AATT ¥
IR A4 2 E L e BEE b4 A ]G
0.22/day ~ 0.14/day % 0.12/day - &&F % ¥ > ¥ ¥ 15 feig 2k k )
B =& e 4en- I4F foif 5 %M 5 0.16+0.05/day -

4) 57 FAT S it » BRSSHT %7 ¥ Ml B 47 ook
BePS I d fo] PR S 3 3 AERR iehd $os iangd 21% #
7] 33% > 3§ f 422 ODegs M B4R 2 2 7% fics o 10° # 4 7] 10°
CRU/ML = 5] » £ d 2 RAGIIEER &2 b 4Lk d v sk Pt
> ¥ ¢ HYL-QT1(Ralstoniasp. P-10) t#fE 4= > &m 3 223 4o

EN R R e

83



A7 E - & HYL-QT1(Ralstonia sp. P-10) m ® % 2 A F 45 3

S

ERHZF e FOT AR BIEAFEL T F AT AR ERTZ §

#%

(1)

(2)

3)

(4)

=

FERE T AHAR L SA RN SHEE T EAF L2

\\\?{r

;,'; o
## 7 11 HYL-QT1(Ralstonia sp. P-10) & {74+ =t 32 % ¥ pF » F| 4 ¥
B IR TR BRI o I E B S fRF)F (dophdk S B AR 2
EFRE)ENE N 5 TRE R o ZRmA KT B AR F]F R0
Ralstonia sp. P-10 4§ & 3= & ¢ F e B R & F %R H Ik
B TS o

AR 7 ¢ %P HYL-QT1(Ralstoniasp.P-10) 127 ¥ 5 1 & A H 4§
£ F o REORAEIIRE A 4 0T K AN A
PR - ERARTULFE LT FF AR ET -

PFRAT A RRESET AT AT AFF R R pk

Jui

FARE > =2 § 2 G enf e e AdF o a A3 5 A8 ik 5
Fopmnd PR BT g g o 1224 d Ralstonia sp. P-10 73
RN ST RSl S s R s S T

PERAT SR BERNEE S ALY > T KRS TR
GRh - FERF RE S VR ZRART UREA BRSO A IR

BFE g4 58 FBF R S W o d A PR aE B4 E



SR dc Y FIMB L2 F o GiT AR REEEP AR T

RIS 2 o

85



340 e

33 phdg R R 2 o (TRCATRE RE % - NIEA S410.60C, 1995 -

I B TORF AR R o (TR R F o http://sgw.epa.gov.tw/public/

KR ATE G I SR R G FRIF AR T HR o AR
% . NIEAW785.53B, 2003 -

ko R EE BRI 2 B2 o FrtkakB REF o NIEAE203.54B, 2005 -

IAL Rk g cHIR T FRAI R RERANAEEERE L4
Btz g o @ ERF €48 > % 169 # > 55-69 5 1995 -

IR T IEFATRISZBRE YR 0 ¥ T BIEFAPISFHER?
% > 17-18 5 1997 -

ERECFER I FARRE AHE AL AE TR B e

B Bk K ESEHTFE 3§ th 2 Bab 481-492-, 1999 -

FArE S EHE R B JI AR N F Y o 5 BE
B e F o 171-177.: 2002 ¢

B A PP R o f o Aok % F - NIEAEL01.01C, 1999 -

Fle @ Torqli A 22 e FUARPFE ST R 0 #L%
20 W AEAERAES L 2006 -

HES - HFR - pIAFFRTORSBHAHZ G FEF 2 b AR
R 5 NER RS €m0 1993

RoAA ALl BB B Y T FRFR 1 £ 400 ¥ 29 80 102-177

1989 -

I A o TR LS o B YA oA 2 1997 -

AT FLARAFTRE BT L OHE A L RREERE Y

Bl®m=2 o Rzax A FFhig L 2007 -

554@;‘;\&_; A \_‘;*_éfF’] “ﬁﬁﬁ’}‘ ~ ERpE g oﬁ,,/\ F]"’ [ &j’ z ﬁ pﬂ
By B AL R o WD L EBRCRESEEF I € e & 0 179-184
1999 -



MEESI2EK T3 EFAp A ARLERET > > 5 BEIREFTLEP IS
Fitgwm~ B 21-36 0 1990 -

Few W BT K E R ZERBLFRAFIF AR 0 L EGFAY
e 0 % 41 3 > 145-160 > 1992 -

Alexander M.  “Biodegradation and Bioremediation” . Second edition, 1994.

Ball BR, Edwards MD. Air stripping VOCs from groundwater: process design
considerations. Environ. Prog. 11(1):39-48, 1992.

Bouwer EJ, Rittmann BE, McCarty PL. Anaerobic degradation of halogenated 1-
and 2-carbon organic compounds. Environ. Sci. Technol. 15(5): 596-599,
1981.

Criddle CS. The kinetics of cometabolism. Biotechnol. Bioeng. 41: 1048-1056,

1993.

Dabrock B, Riedel J, Bertram J, Gottschalk G." " Isopropyl-benzen(cumene) - a new
substrate for the isolation of trichloraethylene - degrading bacteria. Arch.
Microbiol. 158: 9-13, 1992.

Dorigo U, Volatier L, Humbert JF.“. Molecular approaches to the assessment of
biodiversity in aquatic microbial communities. Wat. Res. 39(11): 2207-2218,
2005.

Eguchi M, Kitagawa M, Suzuki Y, Nakamuara M, Kawai T, Okamura K, Sasaki S,
Miyake Y. Afield evaluation of in situ biodegradation of trichloroethylene
through methane injection. Wat. Res. 35(9): 2145-2152, 2001.

Ensign SA, Hyman MR, Arp DJ. Cometabolic degradation of chlorinated alkenes
by alkene monooxygenase in a propylene-grown Xanthobacter strain. Appl.
Environ. Microbiol. 58(9): 3038-3046,1992.

Ewers J, Clemens W, Knackmuss HJ.  Biodegradation of chloroethenes using
isoprene as co-substrate .  International Symposium on Environmental
Biotechnology. Royal Flemish Society of Engineers, Ostend Belgium: 77-84,
1991.



Fan S, Scow KM. Biodegradation of trichloroethylene and toluene by indigenous
microbial populations in soil.  Appl. Environ. Microbiol. 59(6):1911-1918,
1993.

Fogel MM, Taddeo AR, Fogel S. Biodegradation of chlorinated ethenes by a
methane-utilizing mixed culture. Appl. Environ. Microbiol. 51(4):720-724,
1986.

Folsom BR, Chapman PJ, Pritchard PH. Phenol and trichloroethylene degradation
by Pseudomonas cepacia G4: kinetics and interactions between substrate.
Appl. Environ. Microbiol. 56(5): 1279-1285, 1990.

Fuller ME, Scow KM, Lau S, Ferris H.  Trichloroethylene and toluene effects on
the structure and function of the soil community. Soil. Biol. Biochem.
29(1):75-89, 1997.

Futamata H, Harayama S, Watanabe K. Diversity in kinetics of
trichloroethylene-degrading-activities exhibited-by phenol-degrading bacteria.
Appl. Microbiol. Biotech. 55(2): 248253, 2001.

Gavaskar AR. Design and construction techniques for permeable reactive barriers.

J. Hazard. Mater. 68(1): 41-71, 1999.

Han YL, Kuo MC Tom , Tseng IC, Lu CJ. Semicontinuous microcosm study of
aerobic cometabolism of trichloroethylene using toluene. Accepted by J.
Hazard. Mater., 2007.

Heald S, Jenkins RO. Trichloroethylene removal and oxidation toxicity mediated
by toluene dioxygenase of Pseudomonas putida. Appl. Environ. Microbiol.
60(12): 4634-4637, 1994.

Hinchee RE. Air Sparging for Site Remediation, Air sparging state of the art.
CRC Press Inc., USA,: 1-13, 1994.

Hopkins GD, Munkata J, Semprinl L, McCarty PL. Trichloroethylene

concentration effects on pilot field-scale in-situ groundwater bioremediation by

phenol-oxidizing microorganisms. Environ. Sci. Technol. 27(12): 2542-2547,



1993a.

Hopkins GD, Semprini L, McCarty PL. Microcosm and in situ field studies of
enhanced biotransformation of trichloroethylene by phenol-utilizing
microorganisms.  Appl. Environ. Microbiol. 59(7): 2277-2285, 1993b.

Hopkins GD, McCarty PL. Filed evaluation of in situ aerobic cometabolism of
trichloroethylene and three dichloroethylene isomers using phenol and toluene
as the primary substrates. Environ. Sci. Technol. 29(6): 1628-1637, 1995.

Hubert C, Shen 'Y, Voordouw G. Changes in soil microbial community
composition induced by cometabolism of toluene and trichloroethylene.
Biodegradation 16: 11-22, 2005.

Ishida H, Nakamura K. Trichloroethylene degradation by Ralstonia sp. KN1-10A
constitutively expressing phenol hydroxylase: transformation products, NADH
limitation, and product toxicity,+*J. Bioscl. Bioengine. 89(5): 438-445 » 2000.

Jenal-Wanner U, MaCarty PL. Development and evaluation of semicontinuous
slurry microcosms to simulate in situ‘biodegradation of trichloroethylene in
contaminated aquifers. Environ. Sci. Technol. 31(10): 2915-2922, 1997.

Kelly CJ, Bienkowski PR, Saylar GS. Kinetic analysis of a tod-lux bacterial
reporter of toluene degradation and trichloroethylene cometabolism.
Biotechnol. Bioeng. 69 (3): 256-265, 2000.

Kleopfer RD, Easley DM, Haas BB, Jr., Deihl TG, Jackson DE, Wurrey CJ.
Anaerobic degradation of trichloroethylene in soil. Environ. Sci. Technol.
19(3): 277-280, 1985.

Kuo MC Tom, Liang KF, Han YL, Fan KC. Pilot studies for in-situ aerobic
cometabolism of trichloroethylene using toluene-vapor as the primary substrate.
Wat. Res. 38(19): 4125-4134, 2004.

Kuo MC Tom, Chen CM, Lin CH, Fang HC, Lee CH. Surveys of volatile organic
compounds in soil and groundwater at industrial sites in Taiwan. Bull.

Environ. Contam. Toxicol. 65(5): 654-659, 2000.



Leahy JG, Byrne AM, Olsen RH. Comparison of factors influencing
trichloroethylene degradation by toluene-oxidizing bacteria.  Appl. Environ.
Microbiol. 62(3): 825-833, 1996.

Lee CY, Liu WD. The effect of salinity conditions on kinetics of trichloroethylene
biodegradation by toluene-oxidizing cultures. J. Hazard. Mater. B137,
541-549, 2006.

Little CD, Palumbo AV, Herbes SE, Lidstrom ME, Tyndall RL, Gilmer PJ.
Trichloroethylene biodegradation by a methane-oxidizing bacterium.  Appl.
Environ. Microbiol. 54(4): 951-956, 1988.

Lu CJ, Lee CM, Chung MS. The comparison of trichloroethylene removal rates
by methane- and aromatic-utilizing microorganisms. Wat. Sci. Technol. 38(7):
19-24, 1998.

Lu CJ, Lee MS. The effect of toluene on the cometabolic thrichloroethylene
removal from soil. Journal of the Chinese Institute of Environmental
Engineering 13(1): 7-15, 2003.

Maier RM, Pepper IL, Gerba CP. “Environmental Microbiology. Academic Press,
San Diego, CA, USA, 2000.

Mars AE, Prins GT, Wietzes P, Koning WD, Janssen DB. Effect of
trichloroethylene on the competitive behavior of toluene-degrading bacteria.
Appl. Environ. Microbiol. 64(1): 208-215, 1998.

McCarty PL, Goltz MN, Hopkins GD, Dolan ME, Allan JP, Kawakami BT,
Carrothers TJ.  Full-scale evalution of in situ cometabolic degradation of
trichloroethylene in groundwater through toluene injection.  Environ. Sci.
Technol. 32(1): 88-100, 1998.

Monod J. The growth of bacteria cultures. Ann. Rev. Microbiol. 3: 371, 1949.

Morono Y, Unno H, Hori K.  Correlation of TCE cometabolism with growth
characteristics on aromatic substrate in toluene-degrading bacteria. Biochem.

Engineering Journal. 31: 173-179, 2006.



Mu DY. and Scow KM. Effect of trichloroethylene and toluene concentrations on
TCE and toluene biodegradation and the population density of TCE and
toluene degraders in soil.  Appl. Environ. Microbiol. 60(7): 2661-2665, 1994.

Nakamura K, Ishida H, lizumi T. Constitutive trichloroethylene degradation led
by tac promoter chromosomally integrated upstream of phenol hydroxylase
genes of Ralstonia sp. KN1 and its nucleotide sequence analysis. J. Biosci.
Bioeng. 89(1): 47-54, 2000.

Nelson MJK, Montgomery SO, O’Neill EJ, Pritchard PH.  Aerobic metabolism of
trichloroethylene by a bacterial isolate.  Appl. Environ. Microbiol. 52(2):
383-384, 1986.

Nelson MJK, Montgomery SO, Mahaffey WR, Pritchard PH. Biodegradation of
trichloroethylene and involvement of an aromatic biodegradative pathway.
Appl. Environ. Microbiol. 53(5):'949-954, 1987.

Nelson MJK, Montgomery SO, Pritchard PH. " Trichloroethylene metabolism by
microorganisms that degrade:aromatic:compounds. Appl. Environ. Microbiol.
54(2): 604-606, 1988.

Oldenhuis R, Vink RLJM, Janssen DB, Witholt B. Degradation of chlorinated
aliphatic hydrocarbons by Methylosinus trichosporium OB3b expressing
soluble methane monooxygenase. Appl. Environ. Microbiol. 55(11):
2819-2826, 1989.

Rabideau AJ, Blayden JM, Ganguly C. Field performance of air-sparging system
for removing TCE from groundwater. Environ. Sci. Technol. 33(1):
157-162, 1999.

Rivet MO, Feenatra S, Cherry JA. A controlled field experiment on groundwater
contamination by a multicomponent DNAPL.: creation of the
emplaced-source and overview of dissolved plum development. Journal of
Contaminant Hydrology 49: 111-149, 2001.

Roberts PV, Hopkins GD, Mackay DM, Semprini L. A field evaluation of in-situ



biodegration of chlorinated ethenes: Part 1, methodology and field site
characterization. Ground Water 28(4): 591-604, 1990.

Schaumburg FD. Banning trichloroethylene: responsible reaction or overkill?
Environ. Sci. Technol. 24(1): 17-22, 1990.

Schroth MH, Oostrom M, Wietsma TW, Istok JD. In-situ oxidation of
trichloroethene by permanganate: effects on porous medium hydraulic
properties. J. Contam. Hydrol. 50(1-2): 79-98, 2001.

Semprini L, Roberts PV, Hopkins GD, McCarty PL. A field evaluation of in-situ
biodegration of chlorinated ethenes: Part 2, results of biostimulation and
biotransformation experiments. G. Wat. 28(5): 715-727, 1990.

Semprini L, Hopkins GD, Roberts PV, Grbic-Galic D, McCarty PL. A field
evaluation of in-situ biodegration of chlorinated ethenes: Part 3, studies of
competitive inhibition. G, Watx29(2): 239:250, 1991.

Shields MS, Montgomery SO, Cuskey TM, Chapman PJ, Pritchard PH. Mutants
of Pseudomonas cepacia G4 defective in catabolism of aromatic compounds
and trichloroethylene.  Appl:Environ. Microbiol. 57(7): 1935-1941, 1991.

Speitel GE, McLay DS. Biofilm reactors for treatment of gas streams containing
chlorinated solvents. J. Envir. Engrg. 119(4): 658-678, 1993.

Vannelli T, Logan M, Arciero DM, Hooper SR.  Degradation of halogenated
aliphatic compounds by the ammonia-oxidizing bacterium Nitrosomonas
europaea. Appl. Environ. Microbiol. 56(4): 1169-1171, 1990.

\Vogel TM, McCarty PL. Biotransformation of tetrachloroethylene to
trichloroethylene, dichloroethylene, vinyl chloride, and carbon dioxide under
methanogenic conditions.  Appl. Environ. Microbiol. 49(5): 1080-1083, 1985.

Vogel TM, Criddle CS, McCarty PL. Transformation of halogenated aliphatic
compounds. Environ. Sci. Technol. 21(8): 722-736, 1987.

Wackett LP, Gibson DT. Degradation of trichloroethylene by toluene dioxygenase

in whole-cell studies with Pseudomonas putida F1. Appl. Environ. Microbiol.



54(7): 1703-1708, 1988.

Wackett LP, Householder SR.  Toxicity of thrichloroethylene to Pseudomonas
putida F1 is mediated by toluene dioxygenase. Appl. Environ. Microbiol.
55(10): 2723-2725, 1989.

Wilson JT, Wilson BH.  Biotransformation of trichloroethylene in soil.  Appl.
Environ. Microbiol. 49(1): 242-243, 1985.

Yang Y, McCarty PL. Biologically enhanced dissolution of tetrachloroethene
DNAPL. Environ. Sci. Technol. 34(14): 2979-2984, 2000.

Zylstra GJ, Wackett LP, Gibson DT. Trichloroethylene degradation by Escherichia
coli containing the cloned Pseudomonas putida F1 toluene dioxygenase genes.

Appl. Environ. Microbiol. 55(12): 3162-3166, 1998.



